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Abstract
The present PhD thesis studied under-expanded gaseous fuel jets, in-cylinder flow, in-cylinder
mixture formation and spark ignition combustion with emphasis on their applications in advanced
direct injection spark ignition gaseous-fuelled internal combustion engines particularly with hydrogen
fuelling. Open-source and commercial computational fluid dynamics frameworks based on
OpenFOAM® and STAR-CCM+® were developed, validated and employed. A fourth-order accurate
Runge-Kutta solver specifically for modelling shock-containing compressible flows including underexpanded jets was developed using OpenFOAM® C++ libraries. An adaptive mesh refinement
technique was created for STAR-CCM+® and employed to study highly turbulent under-expanded
jets. Reynolds-Averaged Navier-Stokes and Large Eddy Simulation techniques were employed to
investigate sonic and mixing characteristics and also three-dimensional structures of various underexpanded jets including air, nitrogen, methane and hydrogen. Various nozzle profiles, ambient
thermodynamics, injection pressures and nozzle pressure ratios were also examined. Additionally, a
new methodology was developed within the STAR-CCM+® framework using its JAVA™ scripting
capability in order to simulate the in-cylinder flow, mixture formation and combustion in advanced
hydrogen engines with complex geometries.
It was noticed that the compressible in-nozzle flow in high pressure gaseous injection from a
millimetre-size nozzle exhibited a significant transient behaviour, finished by the formation of an
under-expanded jet with a nozzle exit Mach number higher than unity. Existence of a strong transient
vortex ring in hydrogen jets (unlike those of nitrogen and methane jets) was found to be a
contributing factor to the flow instabilities in the vicinity of the intercepting shock that promoted airhydrogen mixing before the Mach reflection. It was noticed that increasing the injection pressure did
not necessarily increase the penetration length of under-expanded gaseous fuel jets significantly and
there would be an optimum injection pressure which could provide desirable mixing characteristics
while maintaining manufacturing and safety-related costs at a reasonable level. It was confirmed that
the azimuthal star-shape (petal) structure is a natural characteristic of under-expanded jets which
through a vortex merging process promotes mixing at the boundary of gaseous jets. It was noticed
that a cylindrical nozzle with lower length to diameter ratio would result in a relatively higher jet
penetration. It was found that with a conical nozzle profile, if an under-expanded jet formed, a higher
penetration length was obtained compared to that of a simple orifice nozzle. It was shown that flow
around the intake valves and its associated vortical structures had significant effect on the formation
and evolution of the in-cylinder flow and its tumbling motion. It was found that higher level of
turbulent kinetic energy could be obtained by retarding end of injection timing. It was concluded that
a double pulse injection strategy could provide desirable level of mixture richness, fuel stratification
and turbulence around the spark location. Finally, by applying a detailed kinetic combustion model it
was found that the impact of the fuel stratification was less dominant on the hydrogen flame
propagation characteristics compared to that imposed by the velocity field.
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Chapter 1:
Introduction
In the current chapter a brief introduction to the global energy perspective, energy sustainability,
hydrogen economy and hydrogen-fuelled internal combustion (IC) engines are given. Afterward aims
of the current research are briefly described and the layout of the thesis is detailed.

1.1 Hydrogen Economy
According to the BP energy outlook (BP Energy Outlook 2035, 2014), global energy demand will be
surging at an average rate of ~1.5% a year until 2035. Refinery or petroleum products extracted from
crude oil such as gasoline, Diesel and kerosene will still be the main sources of energy for the global
industrial, transportation and domestic applications with a current share of ~40% of the total energy
consumption (BP Energy Outlook 2035, 2014). However, three major challenges have been
threatening the world’s fossil-based energy supply and accordingly the global economic growth
predominately since the mid 70’s. The first issue is the ever increasing cost of fossil energy carriers
which is extremely linked to the second problem that is fuel supply uncertainty due to geopolitical
and economic challenges. According to the US Energy Information Administration (EIA), as shown
in Figure 1.1, these types of challenges have been responsible for the crude oil price volatility for the
last 40 years. The third issue, which has been brought to the attention, largely since the early 90’s, is
the climate change and global warming mainly due to the carbon-based emissions produced largely
by fossil fuels consumption. Based on the aforementioned challenges, the only solution to strengthen
the security of fuel supply and also to comply with the international obligations to reduce carbonbased emissions is to diversify towards the use of sustainable and cleaner energy sources.
Many alternative sustainable energy scenarios have been proposed which are mainly based on the use
of various advanced fuels including alcohols (such as ethanol, methanol and butanol), hydrogen (H 2),
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biogas, biodiesel, propane, ammonia, dimethyl ether (DME) vegetable oil, boron, P-series fuel (a
unique blend of NG liquids, ethanol and methyltetrahydrofuran) and electricity (Balat, 2005;
Arcoumanis et al., 2008; Surisetty et al., 2011; Blakey et al., 2011; Salvi et al., 2013; Claxton, 2014;
Pearson and Turner, 2014; Mintz et al., 2014; Sharma et al., 2014). Among them a hydrogen-based
energy system with a corresponding financial coordination namely ‘hydrogen economy’ has received
certain attention, primarily as a result of some remarkable characteristics of hydrogen which will be
discussed later. The concept of a global hydrogen economy has been proposed in the mid-70s
(Bockris, 2002; 2013) and is considered as a feasible strategic preference for delivering high-quality
energy in an efficient, clean, safe and sustainable fashion using hydrogen (Ogden, 1999; Barreto et al.,
2003). Schematic of a possible global hydrogen economy is shown in Figure 1.2.

Figure 1. 1 Crude oil price volatility due to key geopolitical and economic events (EIA, 2014).

Any energy system consists of three key elements specifically production, delivery (and storage) and
end users (consumers). In terms of production although the current industrial method of hydrogen
production is the methane (CH4) steam reforming (Xu and Gilbert, 1989) but it can potentially be
produced in industrial scales using various sustainable and relatively clean sources including nuclear
power and renewables (Bowman, 1974; Abanades, 2006; Dincer and Zamfirescu, 2012; Chaubey et
al., 2013, Wong et al., 2014). Hydrogen can be stored in either gaseous or liquid forms. Hydrogen can
be distributed using either high pressure gas pipeline networks or tankers (canisters), however due to
very low boiling temperature of hydrogen (-253 °C at NTP) its liquefied form can only be distributed
practically using well insulated canisters. Therefore, due to safety and logistics issues it seems that the
gaseous form of hydrogen would be the first choice in any possible future hydrogen-based energy
system.
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With respect to the application and end-users, hydrogen can be used as fuel in all main energy sectors
i.e. transport, industry and domestic sectors. The current study focuses on the possibility of using
hydrogen as a fuel for the conventional Internal Combustion (IC) engines particularly for road
transportation. However, it is worth mentioning that hydrogen can be used as a fuel in other types
of transportation and also in industrial and domestic sectors (Lokurlu et al., 2003; Momirlan and
Veziroglu, 2005; Edwards et al., 2008; Verstraete et al., 2010; Shabani and Andrews, 2011; Cuda et al.,
2012; Stafell and Green, 2013; Gandiglio et al., 2014; Cecere et al., 2014; Parra et al., 2014).

Figure 1. 2 Expectative of a possible hydrogen economy.

1.2 Transportation and Hydrogen Fuel
According to the annual reports of the United Kingdom Department of Energy and Climate Change
(DECC) the transport sector (including moving individuals and goods by road, rail, air, water, and
pipeline) has been responsible for the most portion of the UK total energy consumption
predominantly since the early 90’s. For instance in 2013, as shown in Figure 1.3, the transport sector
was responsible for 36% of the UK’s total energy consumption. In the global scale also, according to
the EIA, the transport sector has always consumed a significant portion of the total annual world
energy supply; for example ~27% of the world energy consumption in 2012 was devoured by the
transport sector which put it in the second place after the global industrial sector with a share of
~52%. According to the EIA, world energy consumption in the transport sector increases by an
average of 1.1% per year. Therefore, making hydrogen a reliable source of energy for transport sector
would be a significant leap towards a global hydrogen-based economy system.

Figure 1. 3 The UK energy consumption by sector in 2013 (DECC).
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With respect to power generation for road transportation, hydrogen can either be burned in various
types of IC engines (e.g. reciprocating, rotary and jet engines) or be used in fuel cells to produce
electricity. Either methods are fairly efficient and will lead to entirely clean processes in terms of
production of destructive emissions such as Particulate Matter (PM), Unburned Hydro-Carbons
(UHC), Carbon Oxide (CO) and Carbon Dioxide (CO2). In recent years the use of hydrogen fuel
cells in electric vehicles for road transportation has been widely proposed as an encouraging
technology (Veziroglu and Macario, 2011; Garland et al., 2012; Pollet et al., 2012; 2014). Efficiency of
a hydrogen fuel cell car would be ~60%; this is near three times higher than that of today’s advanced
petrol-fuelled vehicles i.e. 18–20% reaching 40% at maximum (Pollet et al., 2012). Nevertheless,
despite this relatively high efficiency of fuel cells, their current expensive manufacturing cost, issues
related to the existing battery technology and lack of durability are the main ongoing challenges in
front of electric vehicles which make the concept of hydrogen-fuelled IC engine a direct competitor
in the market (Chalk and Miller, 2006; Garland et al., 2012; Pollet et al., 2014). IC engine technologies
have been advanced through decades of development and are comparatively far less expensive than
the existing fuel cells. Turning a conventional gasoline IC engine into a hydrogen-fuelled engine does
not require much in terms of modification. Primarily, a durable gaseous injector and safe highpressure fuel delivery and storage systems are the only essential parts needed in order to burn
hydrogen in a conventional IC engine (White et al., 2006; Verhelst and Wallner, 2009).
It should be noted that for the rest of the current thesis the denotation of IC engine refers to the
reciprocating internal combustion engines analogous to the configurations are currently being used
in conventional gasoline powered vehicles.

1.3 Hydrogen-Fuelled IC Engines
Hydrogen has several exceptional thermophysical properties most of which are quite different from
conventional fuels thus making it an excellent fuel for satisfactory performance of IC engines. Some
of these properties are summarized in Table 1.1 (Das et al., 2000; Karim, 2003; Rosati and Aleiferis,
2009). Hydrogen has a wide range of flammability that can lead to very low nitrogen oxide emissions
(NOX) simply by operating under lean mixture conditions with equivalence ratio (Φ) of less than 0.5
(Verhelst et al., 2006). Hydrogen combustion leads to total absence of PM, UHC and carbon-based
tailpipe emissions. Furthermore, the autoignition temperature of hydrogen is relatively high. This
allows larger compression ratios to be used for efficiency enhancement (Heywood, 1989). The Lewis
number (Le) of hydrogen is lower than that of most conventional fuels due to its high diffusivity and

thermal conductivity which contributes substantially to some combustion characteristics that are
particular to hydrogen such as high turbulent burning rate (Bradley et al., 2007; Mandilas et al., 2007).
The laminar flame speed of hydrogen is almost one order of magnitude higher than that of
conventional hydrocarbon fuels. Both high laminar flame speed and turbulent burning rate result in
fast energy release rates around the Top Dead Centre (TDC) and consequently higher power output
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and efficiency (however, for very lean mixtures, the laminar flame speed of hydrogen decreases
significantly). Moreover, the fast burning characteristics of hydrogen result in low sensitivity of engine
performance to changes in the shape of the combustion chamber, level of turbulence, as well as the
intake air motion (Karim, 2003).
Besides the aforementioned beneficial characteristics of hydrogen there are various challenges
concerning hydrogen IC engines. Hydrogen has a low heating value on volume basis (see Table 1.1)
which results in reduced power output particularly in lean operating conditions (mainly in naturally
aspirated engines). Hydrogen-fuelled IC engines could face serious problems associated with
abnormal combustion modes such as pre-ignition and backfire into the intake manifold. Hydrogen’s
low Minimum Ignition Energy (MIE) (less than one tenth of that of gasoline) and also its small
quenching distance contribute to the aforementioned combustion abnormalities (Rosati and Aleiferis,
2009; Yang et al., 2012). Pre-ignition and backfiring typically occur together; in fact, backfire occurs
when the air-fuel mixture is ignited during the intake stroke (by heat sources) before being ignited by
the spark, resulting in combustion inside the intake manifold. Spark-plug electrodes and/or lubricant
deposits are believed to initiate a hydrogen-oxygen chain reaction that leads to pre-ignition and
consequently backfiring. Another challenging issue with hydrogen combustion in IC engines is
‘knocking combustion’ (Li et al., 2004; Kawahara and Tomita, 2009). Flame propagation in hydrogenair mixture increases the pressure and temperature of in-cylinder unburned mixture namely the ‘endgas’. Low ignition energy of hydrogen may result in spontaneous ignition of a portion of the end-gas.
This produces high-frequency oscillating pressure waves so-called knocking. Pre-ignition, backfiring,
and knocking must be avoided in any type of IC engine; these phenomena have an adverse impact
on efficiency and performance and may destroy the intake manifold and several other engine
components (Heywood, 1989).
Employing a suitable injection strategy can eliminate the aforementioned issues associated with
hydrogen’s abnormal combustion modes and at the same time may increase the engine efficiency.
Port Fuel Injection (PFI) and in-cylinder Direct Injection (DI) of hydrogen are two possible options
for hydrogen fuelling (Verhelst and Wallner, 2009; Verhelst, 2014). High pressure DI after the Intake
Valve Closure (IVC) is believed to be the most preferable approach as it can eliminate pre-ignition
and backfire, as well as overcome the volumetric efficiency losses associated with hydrogen’s low
density and air displacement when introduced by PFI. Therefore, hydrogen DI can lead to the same,
or even a higher, volume specific power than those of conventional gasoline engines (Verhelst and
Wallner, 2009). DI of gaseous fuels is typically conducted using high injection pressures. Because of
relatively low densities of gaseous fuels (specifically hydrogen) it is necessary to apply high injection
pressures in order to achieve fast fuel delivery and optimise mixture formation particularly at late
injection timings. Such high pressures (in excess of 10 bar) lead to turbulent under-expanded fuel jets
past the nozzle exit (Messner et al., 2006; Scarcelli et al., 2011a, b).

33

Introduction
Table 1. 1 Properties of hydrogen, methane and gasoline.
Property
Density [kg/m3]
Stoichiometry [kgAir/kgFuel]
Stoichiometry [Volume%]
Lower Heating Value [MJ/kg]
Lower Heating Value [MJ/m3]
Higher Heating Value [MJ/kg]
Higher Heating Value [MJ/m3]
Boiling Temperature [K]
Flammability Limits
[Volume%, λ]
Minimum Ignition Energy [mJ]
Autoignition Temperature [K]
Research Octane Number
Kinematic Viscosity [m2/s]
Thermal Conductivity [W/m K]
Diffusion Coefficient into Air at NTP [m2/s]
Diffusion Velocity in Air at NTP [cm/s]
Combustion Energy per kg of λ=1 Mixture [MJ]
Quenching Distance [mm]
Laminar Flame Speed at λ=1 [m/s]
Adiabatic Flame Temperature at λ=1 [K]

Hydrogen
0.09 (273 K)
71 (20 K)
34.30
29.53
119.70
10.22
141.70
12.10
20
4 – 75,
0.15 –10
0.02
858
≥ 130
110×10-6
182.0×10-3
6.10×10-5
< 2.00
3.37
0.64
2.00
2318

Methane
0.72 (273 K)
423 (111 K)
17.20
9.48
46.72
33.95
52.68
37.71
111
5.30 – 15,
0.70 – 2.10
0.28
813
≥ 120
17.2×10-6
34.0×10-3
1.6×10-5
< 0.51
2.56
2.03
0.40
2190

Gasoline
730–780
5.10 (vapour)
14.70
1.65
44.79
216.38
48.29
233.29
298 – 488
1.00–7.60,
0.40 – 1.40
0.25
500 – 750
90–100
1.18×10-6
11.20×10-3
0.50×10-5
< 0.17
2.79
2.00
0.40 – 0.60
2470

DI Hydrogen-fuelled IC engines can generally operate using Spark Ignition (SI), Compression
Ignition (CI) or Homogeneous Charge Compression Ignition (HCCI) techniques. Using a spark plug
as the ignition source seems to be the most desirable technique for hydrogen IC engines due to the
relatively high autoignition temperature of hydrogen (Verhelst, 2014). However, in order to achieve
further enhancement in efficiency, studies have been conducted on CI and HCCI hydrogen fuelled
engine mainly for large displacement stationary engines (Boretti, 2011; Yadav et al., 2015; Chintala
and Subramanian, 2015). Yet, the high autoignition temperature of hydrogen has resulted in a limited
operating range for CI and HCCI hydrogen-fuelled engines as well as difficulties due to high rates of
Exhaust Gas Recirculation (EGR) or intake charge pre-heating as prerequisites to achieve
autoignition temperatures. Moreover, HCCI operation has generally been limited to low engine
speeds and loads typically because of issues related to stable combustion and engine operation
(Gomes Antunes et al., 2008; Rosati and Aleiferis, 2009; Ibrahim and Ramesh, 2014).

1.4 Aims and Outline of the Thesis
Due to the increasing demand for developing advanced technologies in order to burn clean and
sustainable energy carriers such as gaseous hydrogen in conventional IC engines, a computational
study on various aspects involved in such technologies would be beneficial for a carbon-free future
automotive industry. Therefore, the primary intention of the current work is to formulate and develop
computational frameworks based on the current state-of-the-art commercial and open-source
Computational Fluid Dynamics (CFD) capabilities for modelling various physical aspects involved in
direct injection spark ignition (DISI) gaseous engines particularly with hydrogen fuelling. Moreover,
the present research aims to shed more light on the physical behaviour and fluid dynamics of various
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complex phenomena involved within the concept of advanced high pressure gaseous DI systems and
DISI gaseous-fuelled engines including under-expanded jets, in-cylinder engine flows, in-cylinder
mixture formation and SI combustion of gaseous fuels. The main work of the present thesis is
organised into chapters 2 to 9. An overview of the contents of each chapter is as follows:
Chapter 2 reviews the existing experimental and computational studies on and fundamentals of four
important concepts associated with the subject of the current thesis i.e. under-expanded jets, incylinder flow and mixture formation, and hydrogen combustion with respect to DISI gaseous-fuelled
engines, particularly hydrogen engines. The chapter finishes with a list of specific objectives that
reflect the structure and content of the subsequent chapters as laid out below.
Chapter 3 includes numerical methodologies and computational schemes used in the present study
followed by descriptions of the commercial and open-source computational frameworks employed
and developed within the objectives of the present research.
Chapter 4 reports validation processes undertaken in order to evaluate performance of both the
commercial and open-source frameworks employed here in modelling various under-expanded jets.
Chapter 5 focuses on the key characteristics of under-expanded gaseous fuel jets (mainly hydrogen)
under various thermophysical conditions. This chapter aims to expand the current knowledge
regarding under-expanded jets with respect to gaseous fuel jets issuing from circular nozzles with
comparable diameters to those of real gaseous injectors.
Chapter 6 investigates the effect of nozzle design on under-expanded gaseous fuel jets. Various
length to diameter ratios and nozzle profile designs are studied. This chapter also includes some
parametric studies on the effects of turbulence model and grid resolution/type on computational
representation of under-expanded fuel jets.
Chapter 7 evaluates the performance of a newly developed computational framework in the present
study for modelling in-cylinder flow of IC engines. Various operating and thermophysical conditions
with different turbulence modelling techniques were examined.
Chapter 8 investigates mixture formation in DI hydrogen engines using several injection strategies.
Moreover the effect of the injection strategy on the flame propagation characteristics in DISI
hydrogen engines are also discussed. A comparative study on the performance of RANS and LES
techniques in modelling in-cylinder mixture formation in DI hydrogen engines are also provided.
Chapter 9 summarises the procedure and outcomes from the current research and brings a closure
to the thesis. The aim and objectives will be considered against the achievements to draw conclusions
from the research. This chapter finally suggests recommendations for future study.
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Chapter 2:
Literature Review
In the current chapter fundamentals of under-expanded gaseous jets, in-cylinder engine flow and incylinder mixture formation, and combustion with focus on applications in gaseous-fuelled DISI
engines and particularly hydrogen engines are presented. Furthermore, existing literature and current
developments in the aforementioned fields are reviewed. It is obvious that these subjects could be
focus of a thesis in their own right, however, the current research emphasizes on the interactions
between these subjects and also influences of each one on the development of modern gaseousfuelled DISI IC engines predominantly with hydrogen fuelling.

2.1 Under-Expanded Jets
As highlighted in chapter 1, DI of hydrogen offers higher volumetric efficiency and eliminates
abnormal combustion modes such as pre-ignition and backfire. These attributes, in addition to the
possibility of applying various injection strategies (i.e. different injection pressures, injector locations,
nozzle designs, injection pulses etc.), make DI the most preferable fuelling approach for hydrogen IC
engines (Verhelst and Wallner, 2009). However, hydrogen’s low density requires high injection
pressures in order to achieve fast fuel delivery and optimise mixture formation particularly at late
injection timings. Such pressures lead to turbulent under-expanded jets past the nozzle exit (Messner
et al., 2006; Scarcelli et al., 2011). Therefore, fundamental understanding of the under-expansion
process and turbulent mixing just after the nozzle exit is necessary for the design of an efficient
gaseous injection system and associated injection strategies for enhanced mixture quality hence
efficient and clean combustion. Within the next subsections of the current section, definition and
important characteristics of under-expanded jets are described together with a brief review on most
relevant experimental and computational studies available in the literature with respect to applications
in DISI gaseous IC engines.
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2.1.1 Definition and General Characteristics
The ratio of the nozzle total pressure (P0) to the ambient (in-cylinder) static pressure (P∞), namely
the nozzle pressure ratio (NPR), has a significant effect on the characteristics of a gaseous jet issuing
from a circular nozzle. Donaldson and Snedeker (1971) categorized gaseous jets into three major

types based on their NPR (P0/P∞) and under-expansion ratio (P1/P∞); specifically, subsonic (1 <
NPR < 1.894, P1/P∞ = 1), moderately under-expanded (2.083 < NPR ≤ 3.846, 1.1<P1/P∞≤2) and

highly under-expanded (3.846 ≤ NPR ≤∞, 2≤ P1/P∞≤ ∞). Schematics of these three types of jets
are shown in Figure 2.1. The pressure ratio values provided are for air jets; however for hydrogen jets

very close values can be used. This is due to the fact that the sonic characteristics of gaseous jets is a

direct function of their ratio of specific heats (γ) (Anderson, 2003). Therefore, because of the very

close magnitude of γ in air and hydrogen (γ ≈ 1.40 and 1.41, respectively) similar NPR ranges to that
of an air jet can be applied in order to categorize hydrogen jets. Donaldson and Snedeker (1971)
reported one of the first comparative experimental studies on jets issuing from rounded nozzles

including under-expanded free and impinging jets. These authors used Pitot measurements to
examine the velocity profile, spreading rate and decay characteristics of air jets issued from a circular
converging nozzles with exit diameter of D ≈ 13 mm (NPR ≈ 1.25, 2.69 and 6.76). As shown in
Figure 2.2. Schlieren visualisation was also used by the latter authors.

A potential core bounded by a mixing region is the general feature of a subsonic jet. Mixing between
jet and the ambient fluid takes place within the surrounding volume (see Figures 2.1–2.2). This mixing
region spreads inward to reach the centreline in several nozzle diameters downstream of the nozzle
exit. At this point the core no longer exists and the mixing region continues to spread and the velocity
decays at a rate required to conserve axial momentum. In this portion of the jet, the mean velocity
profiles approach the self-similar shape of the fully developed jet (Donaldson and Snedeker, 1971).
When the critical pressure ratio is reached (i.e. 1.1 < P1/P∞), a very weak normal shock forms at the
nozzle exit along with a pattern of ‘shock diamonds’ (or shock cells) composed of intersecting oblique
shocks in the core of the jet (see Figure 2.1 (b) and Figure 2.2 (b) and (c)). This jet structure is referred

as ‘moderately under-expanded’ and persists until P1/P∞ ≈ 2. The core of a moderately underexpanded jet includes shock cells due to the supplementary expansions required downstream of the
nozzle exit. Specifically, within this length the jet pressure gradually reaches to an equilibrium with

the ambient pressure. Similarly to the subsonic jet, the bounding mixing region diffuses inward
through the jet core, and eventually results in the dissipation of the core. Afterward, the jet becomes
subsonic, and spreads and decays comparable to an entirely subsonic jet as can be seen in Figure 2.2
(b) (Donaldson and Snedeker, 1971).
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Figure 2. 1 Main categorizes of gaseous jets issuing from a circular nozzle (based on Donaldson and
Snedeker, 1971). (a): Subsonic jet, (b): Moderately under-expanded jet, (c): Highly under-expanded
jet.

For NPR ≥ 4 the air jet is considered to be highly under-expanded. At such condition, infinite number
of Mach waves, namely the Prandtl-Meyer expansion fans, form at the nozzle lip that spread out to
the jet boundary and reflect as weak compression waves which form the intercepting oblique shock
that is ended by a slightly curved strong normal shock so-called Mach disk as shown in Figures 2.1
(c) and 2.2 (e) and also the schematic near-nozzle zoomed view of Figure 2.3 (Crist et al., 1966).
Specifically, shock-like discontinuity starts evolving from the nozzle exit and growing in strength as
the Mach number is increased (Panda and Seasholtz, 1999). The intercepting shock and the Mach
disk form the first shock cell which is labelled ‘barrel shape shock’ since it has a cylindrical shape. On
a two-dimensional plane a reflected shock and a slip line is seen at the ‘triple point’ which is the
merging location of the intercepting shock and the Mach disk (see Figures 2.2 (e) and 2.3). The flow
behind the Mach disk is subsonic, whilst the flow behind the reflected shock is still supersonic
(Donaldson and Snedeker, 1971). In fact, the boundary between the two concentric subsonic and
supersonic regions is defined by the slip line or more precisely a vortex sheet in a three-dimensional
perspective. For higher degrees of under-expansion, e.g. NPR  6, the subsonic core behind the Mach
disk rapidly accelerates and becomes supersonic once more, which then shapes a second shock cell
that may resemble the first shock cell and even include a normal shock comparable to the Mach disk
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(Donaldson and Snedeker, 1971). At extremely high levels of NPR, a very strong and large Mach disk
forms at the nozzle exit, with no additional normal shocks downstream, and the flow then decays
through a structure of oblique shocks (and far downstream decays resembling a subsonic jet). As it
can be seen from Figure 2.1–2.2, for the highly under-expanded jets the bounding mixing region
around the core exists similar to the other jet categories. However, the radial diffusion of the mixing
region towards the jet centreline is relatively small since the core of a highly under-expanded jet can
be extremely long (Donaldson and Snedeker, 1971). The core length of under-expanded jets is highly
influenced by effects of compressibility and turbulence level at the nozzle exit (Chuech et al., 1989).
Specifically, high turbulence level at the nozzle exit, may increase turbulent mixing rate which
accordingly reduces the core length of under-expanded jets.

Figure 2. 2 Schlieren photographs of typical types of gaseous jets (based on Donaldson and Snedeker,
1971). (a): Spark light, subsonic jet, P∞/P0 = 0.552. (b), (c): Spark light and continuous light,
moderately under-expanded jet, P1/P∞ = 1.42. (d), (e) Spark light and continuous light, highly
under-expanded jet, P1/P∞ = 3.57.
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Figure 2. 3 Schematic of the near-nozzle shock structure and Mach disk of highly under-expanded
jets (based on Crist et al., 1966).

Mach disk dimensions, shock cell spacing after the Mach reflection and length of the shockcontaining core are the most important sonic characteristics of any under-expanded gaseous jet.
Additionally, angle of the reflected shock at the triple point and also width of the inner shear layer i.e.
the maximum distance between the slip line and the reflected shock are also important parameters in
under-expanded jets. These characteristics and parameters can be used as important measures for
comparing under-expanded jets with different values of NPR and also for validating computational
models of this type of flow. In the next four subsections first formation process of Mach disk in
under-expanded jets is investigated through a theoretical approach then the aforementioned key sonic
characteristics are evaluated and quantified.

2.1.2 Mach Reflection
Nature of the Mach disk in an under-expanded jet and its associated flow behaviour may be
investigated theoretically by studying various patterns which fluid flow might follow by passing
through an oblique shock. By solving the gas dynamics conservation equations it is possible to derive
‘shock-jump relations’ that relay the downstream conditions in an oblique shock to its upstream as
follows (Whitham, 1958; Hornung, 1986):

ܲ =

ܲ (1 − ߛ + 2ߛMaଶ sinଶ ߚ)
ߛ+ 1

ߩ =

tan(ߚ − ߠ) =

(ߛ + 1)ߩ Maଶ sinଶ ߚ

2 + (ߛ − 1)Maଶ sinଶ ߚ

(ߛ +

2

1)Maଶ sin

ߚ cos ߚ

+

(ߛ − 1)
tan ߚ
(ߛ + 1)

(2.1)

(2.2)
(2.3)
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tan(ߠ) =

tan(ߚ)[Maଶ cosଶ ߚ − cot ଶ ߚ]
1
1 + Maଶ(ߛ + cos 2ߚ)
2

ܷ cos(ߚ − ߠ) = ܷ cos ߚ

(2.4)
(2.5)

where subscripts A and B denote states upstream and downstream of the shock, respectively; β is the
angle of inclination of the shock to the horizontal axis and θ is the deflection angle as presented in

Figure 2.4 (a). For fixed MaA and γ, as β increases, MaB decreases from MaA to unity (sonic point)

just before θ reaches a maximum value (maximum-deflection point). Further increase in β causes

MaB and θ to decrease until θ = 0 at β = π/2 which represents a normal shock (Hornung, 1986). It
should be noted that Equations 2.1–2.5 are accurate for regions where shear rates and temperature
gradients are minute and shear stresses and heat flux may be neglected. In under-expanded jets this
assumption may be valid for the initial formation period of the jet and also for regions upstream of
the Mach disk. A detailed formulation for the shock interaction with shear layers has been derived by
Moeckel (1952).
Generally, there are two major reflections that may occur in all types of flows which are regular and
Mach reflections as shown schematically in Figure 2.4 (b)–(c). For a regular reflection the incident
shock deflects the flow to angle θ2 and a second shock is needed to deflect it back to the initial flow

condition which is θ3 = 0 in this case. This situation may be represented as a (θ, P) graph by
eliminating β between Equations 2.1 and 2.4. Through the regular shock reflection process the
direction of the flow downstream turns back to the upstream condition and the pressure reaches a

‘proper’ value. If β passes a critical value that is a function of the upstream Mach number and the

ratio of specific heats, β = βd (MaA, γ), then the regular reflected shock cannot turn back the flow
properly and, as shown in Figure 2.4 (c), its locus does not reach the pressure axis. Therefore, a near-

normal shock forms which allows the triple point to move away from the wall or the symmetry plane
which is called Mach reflection. Similarly to the flow upstream, the flow after the Mach reflection is
parallel to the wall (or the symmetry plane). As mentioned earlier a vortex sheet separates the flow
stream processed by the reflected and near-normal shocks. The density, velocity and entropy are
discontinuous across this sheet but the pressure and streamline deflection must be continuous
(Whitham, 1958; Hornung, 1986). The Mach disk in highly under-expanded jets issuing from circular
nozzles represents a Mach reflection process from the nozzle symmetry plane.
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Figure 2. 4 (a): Flow through an oblique shock (left) and its corresponding shock locus in (θ, P)
diagram for constant MaA and γ. (b): Schematic of regular shock reflection (left) and its corresponding
shock locus in (θ, P) diagram. (c): Schematic of Mach reflection.

2.1.3 Mach Disk Dimensions

Dimensions of the Mach disk are typically characterised by the axial distance of the disk from the
nozzle exit, i.e. the Mach disk height (Hdisk), and the distance between the two triple points (see Figure

2.3) i.e. the Mach disk width (Wdisk). These, not only provide important information regarding the
upstream condition and effective injection pressure, but also have significant effect on the thickness

of the annular shear layers and consequently on the mixing characteristics of under-expanded jets. By

conducting experimental investigations and with the assumption of choked condition at the nozzle
exit (Ma1 = 1), several correlations have been suggested for estimation of Hdisk and Wdisk of underexpanded jets. Crist et al. (1966) suggested that the relation between NPR and the Mach disk height
can be given by:
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ܪௗ௦
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ܲ
ඨ
»
ܦ
√2.4 ܲஶ

(2.6)

By assuming a relatively large Mach number at the location of the Mach disk (Madisk >> 1) and by

combining Equation (2.6) with some isentropic relations, Crist et al. (1966) also derived a correlation
which relates Hdisk to Madisk and γ as follows:

ଵൗ
ଶ

ܪௗ௦
ߛ + 1 ߛ − 1 ఊ⁄ఊିଵ
~ ܽ ܯௗ௦ ଵ⁄(ఊିଵ) ቈ
൬
൰

ܦ
4.8ߛ
2

(2.7)

It was found that the location of the Mach disk was weakly dependent on the ratio of specific heats,
as well as insensitive to the solid boundary geometry of the nozzle lip and absolute pressure level.
Instead, NPR was the main parameter to determine the Mach disk location (see Equation 2.6). The
latter authors also observed that the Mach disk width, jet boundary, and the length of the intercepting
shock increased with decrease in the ratio of specific heats and decreased at very high upstream
stagnation densities (e.g. P0  20 MPa for N2) where intermolecular forces were dominant.

Ewan and Moodie (1986) and Antsupov (1974) separately suggested the following correlations in
order to predict Hdisk and Wdisk:

ܲଵ
ܪௗ௦ = 0.77 ܦ+ 0.068 ܦଵ.ଷହ ൬ ൰
ܲஶ
ହ

ܹ ௗ௦
ܲଵ ൗଶ 3
= log ൬ ൰ −
ܦ
ܲஶ
4

(2.8)
(2.9)

where P1 is the static pressure at the nozzle exit. Velikorodny and Kudriakov (2012) reported that by
using theoretical analysis based on dimensional groups the following relations can be derived for the
Mach disk dimensions:

ଵ

ܪௗ௦
1
ܲଵ ߛ + 1 ൗସ
= ඥ ߛඨ ൬
൰
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2
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(2.10)
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൬
൰
ܦ
ܦ
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(2.11)

where ζ is an empirical constant that accounts for the growth of the mixing layer. A commonly used
experimental correlation for the Mach disk height was proposed by Ashkenas and Sherman (1965) as
follows:
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ܪௗ௦
ܲ
= 0.67ඨ
ܦ
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(2.12)

2.1.4 Shock Cell Spacing
The shock cell structure of an under-expanded jet is formed initially by expansion fans and then by
either oblique or normal shocks. These are generated because of the incongruity of the static
pressures inside and outside the jet. Specifically, these shocks allow the static pressure to decrease
gradually to that of the ambient. An expansion shock radially propagates until it impinges the mixing
layer which then reflects back into the jet plume. The reflection process may be repeated several times
until the shock is dissipated by the highly turbulent mixing region. These frequent reflections of the
shock bring about the core shock cells which have a quasi-periodic nature (Tam, 1995; Panda, 1998).
Main works on the shock cells structures of under-expanded jets were primarily conducted to
investigate the aeroacoustics involved in this type of flow (Pack, 1950; Tam, 1995). Specifically, the
level of sound emitted from the expansion process (so-called ‘screech tone’) due to the quasi-periodic
nature of the shock cells has been the main subject of study in the field of near nozzle shock structure.
Emden (1889) carried out the first quantitative experimental study on the near-nozzle shock cell
structures. Using Schlieren technique he noticed that the jets had a periodic structure with a specific
‘wave-length’. By examining various nozzle designs, he discovered that the wave-length ߣ could be
expressed as a function of the nozzle exit diameter D and NPR as follows:
ߣ =  ܴܲܰ√ܦܭ− 1.9

(2.13)

The shock cell spacing (Ls) was found to be the longest wavelength. This resulted coefficient K varies
in range of 0.77 – 1.02 associated with the nozzle design (with a mean value of 0.88). Prandtl (1904)
is believed to be the first to theoretically study the shock cell spacing by using a linear vortex sheet
jet model and develop an approximate partial solution. He considered slight perturbations about a
steady state and tried to estimate a value of K comparable to the Emden’s value. Prandtl’s mean value
of K was 1.2 that comparatively was too high. After several attempts by various researchers (Rayleigh,
196; Hartmann and Lazarus, 1941) finally, a complete vortex sheet shock-cell solution for the
moderately under-expanded jets was derived by Pack (1950) as follows:
ܮୱ =  ܦܭට Maଶ − 1

(2.14)
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where 1.15 < K < 1.3 and Maj is the fully expanded jet Mach number. By assuming K = 1.22 and γ
= 1.41 and using Bernoulli’s equation (to replace the Mach number in Equation 2.14 with NPR),
Pack (1950) derived a correlation for the shock cell spacing as follows:
ܮୱ = 2.695 ܦඥ NPR.ଶଽଵ − 1.205

(2.15)

The vortex sheet shock-cell model used by Pack (1950) is not valid apart from where the mixing layer
is thin i.e. near the nozzle exit. Tam and Tana (1982) and Tam et al. (1985) developed and extended a
linear shock-cell solution to jets with realistic mean flow profile using the method of ‘multiple-scales
expansion’. They concluded that a good approximation to the spacing of the shock cell structure can
be given by:

ܮୱ =

.ହ

ߨܦ൫ܽ ܯଶ − 1൯
2.405

(2.16)

For under-expanded jets with relatively low Reynolds numbers Re and also for micro jets, smaller
cell spacing values compared to Equation 2.16 have been reported in the literature (Hu and

McLaughlin, 1990; Scroggs and Settles, 1996; Phalnikar et al., 2008). Thicker boundary layers due to
the low Re and associated viscous effects were suggested as the possible causes of such discrepancies.
For instance, using Schlieren imaging on under-expanded jets issuing form micro nozzles with

diameters ranging from 100 to 1000 μm, Phalnikar et al. (2008) suggested an empirical correlation for
the shock cell spacing with 10 – 30% difference compared to the Tam’s correlation and as follows:
ܮୱ = ܦ൫0.57ܽ ܯଶ − 0.15൯

(2.17)

2.1.5 Core Length
The core length (Lc) is an additional parameter that can be used to characterize under-expanded jets.
It is defined as the distance between the nozzle exit and a location downstream where the static

pressure of the jet plume and that of the ambient are in equilibrium (see Figures 2.1–2.2). For

moderately under-expanded jets within this distance the flow is supersonic and the length is normally
referred as the ‘supersonic core length’. Linear relation between Lc and NPR has been reported by
various researchers such as Shirie and Seubold (1967), Donaldson and Snedeker (1971), Wishart

(1995), Scroggs and Settles (1996), Phalnikar et al. (2008), Inman et al. (2009) and Mehta et al. (2011).
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For micro jets issuing from circular nozzles with diameter ranging from 200 to 400 μm, Phalnikar et
al. (2008) suggested an empirical correlation (based on the Schlieren photography) as follows:
ܮୡ = ܦ൫(1.8NPR) + 2.9൯

(2.18)

It should be noted that there is still not a universal correlation available for the core length of underexpanded jets. This may be a result of significant differences in values reported by various researchers
(Phalnikar et al., 2008).

2.1.6 Mixing Characteristics
The jet tip penetration Ztip and its volumetric growth Vjet are two key parameters of under-expanded
fuel jets when it comes to the air-fuel mixing and mixture formation in DI gaseous engines.

Volumetric growth, which is a direct function of the jet penetration, has significant effect on the
mixing and entrainment (entrapment of one gas into another gas) which are two vital processes for
in-cylinder mixture formation. The jet penetration under conditions similar to those prevailing in DI

engines (under-expanded with Reynolds number in order of 105–106) has been found to obey a linear
dependency of the square root of time (Chepakovich, 1993; Ouellette, 1996; Ouellette and Hill, 2000;
Petersen and Ghandhi, 2006). Turner (1962) developed a model to approximate the geometry of a
gaseous jet as a spherical head vortex and a quasi-steady jet region that conveys the momentum. Hill
and Ouellette (1999) employed this model to develop an analytical relationship for the tip penetration
of under-expanded jets. Specifically, it was assumed that momentum is constantly supplied thorough
the nozzle orifice and is passed between the quasi-steady region and the head vortex. Hill and
Ouellette (1999) used the relationship reported by Ricou and Spalding (1961) (Equations 2.19, 2.20)
for the entrainment of the low momentum ambient fluid (air) and derived a correlation for the jet tip
penetration as presented in correlation 2.21.

݉  = ܭ௦݉ 
,

ܭ௦ = ܭ

ܼୟ
ܦ

ߩஶ
ߩଵ

(2.19)

(2.20)

where me is the entrained mass, mj is the jet fluid mass, Za is the axial distance from the nozzle exit,
and ρ∞ and ρ1 are the ambient and nozzle densities, respectively. K is known as the entrainment
coefficient and would normally have a value of K = 0.32 (Ricou and Spalding, 1961).
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(2.21)
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where  ̇ܯis the momentum flow rate supplied by the nozzle and ߁ is a scaling constant which is a
function of K and the ratio of the jet’s head vortex diameter to its tip penetration (Petersen and

Ghandhi, 2006). The value of the scaling constant ߁ for turbulent under-expanded jets issuing form
rounded nozzles is ~3 (Chepakovich, 1993; Ouellette and Hill, 2000).

Schlichting (1976) derived a relationship for the centreline velocity of a steady turbulent jet as follows:

ܷ =

ߩ
3ܦට ଵൗߩஶ ܷଵ

(2.22)

16ߨଵ⁄ଶܥ௧ܼୟ

where U1 is the jet velocity at the nozzle exit and constant Ct relates the jet diffusivity to the jet
kinematic momentum. Abraham (1996) used Schlichting’s centreline expression and by assuming

self-similar velocity profile and employing conservation of momentum derived expressions for the
jet tip velocity (Utip), tip position (Ztip) and the entrained mass (me) as follows:
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(2.24)

(2.25)

where Km = A1U12 is the kinematic momentum flux of the round jet at the nozzle exit and Cf is a
certain fraction of the local steady centreline velocity. Specifically, the position of the jet tip is defined
as the point where the fraction of instantaneous centreline velocity over the local steady centreline

velocity has reached Cf. Different combinations of Cf and Ct have been suggested in the literature.

For instance, Song and Abraham (2003) employed Ct = 0.0113 and Cf = 0.305 and successfully
managed to reproduce the penetration curve of an under-expanded jet.

Yuceil and Otugen (2002) also proposed several scaling parameters that could be used to obtain
universal asymptotic values for jet growth and centreline property decay rates. It was concluded that
the decay rate of the centreline velocity of under-expanded jets is a strong function of the underexpansion ratio.
Mixing characteristics of under-expanded jets have been investigated experimentally since the mid1950s mainly for aerospace and aeronautical applications. Experimental studies have been conducted
by several techniques including wind tunnel facilities, Schlieren and shadowgraph photography,
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Rayleigh scattering, Laser Doppler Anemometry (LDA) and Planar Laser-Induced Fluorescence
(PLIF) in order to visualise and measure mixing behaviour of under-expanded air/nitrogen jets.
Recently, Yu et al. (2012 and 2013) used PLIF in order to study characteristics of under-expanded
nitrogen jets with NPR values ranging from 4 to 30 with two different nozzle exit diameters of D =
0.5, 1.4 mm. Figure 2.5 illustrates instantaneous and time-averaged PLIF images of a transient

nitrogen jet with NPR = 10 (D = 1.4 mm) as presented by Yu et al. (2013). In this figure within the

period of t ≈ 0.05 – 0.3 ms a subsonic jet existed after the nozzle exit; after that until t ≈ 1.1 ms the
jet was considered to be moderately under-expanded; after this period a highly under-expanded was

formed. This transient process took place since the nominal injection pressure was not applied in full
amount to the system instantly after the injector needle was lifted. In fact, even if the needle delay

(that can be up to 0.5 ms and is due to the electrical causes) is not taken to account there would still
be a building up delay for the effective upstream pressure to reach its nominal value. As presented in
Figure in 2.6 the latter authors noticed that during an injection pulse the effective upstream pressure
(P0) was much lower than the nominal injection pressure (Pinj). This was attributed to the high

compressibility of the gas flow inside the injector. It was found that under high NPR values (i.e. NPR
≥ 20), the turbulence and consequently mixing took place immediately after the Mach disk due to the
strong shock-induced instability (Richtmyer–Meshkov instability). On the other hand, it was noticed
that by increasing the NPR the growth of barrel shock led to an increase in the jet cone angle. This
consequently increased the volumetric growth of the jet. Figure 2.7 shows the tip penetration of the
under-expanded nitrogen jets studied by Yu et al. (2012). It is evident that up to 0.15 – 0.2 ms after
the start of injection (ASOI) and within a distance up to ~20 mm downstream of the nozzle exit the
penetration rates of the jets had very close values and followed a significant transient behaviour.
However, after this transient period all the penetration lengths seem to increase linearly with time
(with different slopes). It was shown that increasing the injection pressure under a fixed ambient
pressure and increasing the ambient pressure under a fixed injection pressure would increase and
decrease the jet tip penetration respectively. However, Figure 2.7 reveals that increasing the level of
NPR reduced the increasing rate of the tip penetration. For example, the difference in tip penetration
between the jets with NPR=6 and 4 was ~2 times higher than that of the jets with NPR = 6 and 8.
Due to the higher mass flow rate and momentum of the jet issuing from the nozzle with diameter of

D = 1.4 mm compared to the jet issuing from the nozzle with diameter of D = 0.5 mm the former
jet showed a longer tip penetration compared to the latter one under an identical injection and
ambient conditions.
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Figure 2. 5 Time evolution of under-expanded nitrogen jet with Pinj/P∞ = 10 (based on Yu et al., 2013).
Left: instantaneous images, right: time-average of 100 instantaneous images. Subsonic jet for t = 0.05–
0.3 ms, moderately under-expanded jet for t = 0.4–1.1 ms, and highly under-expanded jet for t ≥ 0.3
ms.
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Figure 2. 6 Building-up delay for various nominal Pinj/P∞ ratios. Value of P0/P∞ was calculated based
on the Mach disk height (Hdisk) of the corresponding under-expanded nitrogen jet (based on Yu et al.,
2013).

Figure 2. 7 Tip penetration of under-expanded nitrogen jet under different NPR based on timeaveraged PLIF images (Yu et al., 2012).

2.1.7 Vortical Structures
Transient Vortex Ring
Under-expanded jets (similarly to many other liquid and gaseous jets) exhibit a transient threedimensional vortex ring upon injection. Figure 2.8 shows this transient feature in a two dimensional
view which is called tip vortices. However, vortex ring has a highly three dimensional poloidaltoroidal structure and may include various types of vortices with different strengths (Golub, 1994;
Thanganduri and Das, 2010; Dora et al., 2014). In gaseous flows this type of behaviour occurs due to
the rolling-up of the shear layers and typically when a low density gas is issued into a high density
environment or a cold gas is injected into hot ambient (Smarr et al., 1984; Bulgakova, 1992; Bulgakov
and Bulgakova, 1998). The transient vortex ring of under-expanded jets may include a complex
structure of embedded shocks including initial stages of the Mach reflection as can be seen in Figures
2.8 (c) and (d) for moderately and highly under-expanded jets, respectively. The transient vortex ring
evolves to annular shear-layers in a semi-steady under-expanded jets. The annular shear-layers have
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also three dimensional poloidal-toroidal structures containing various types of vortices namely
streamwise and spanwise vortices.

Figure 2. 8 (a) and (b): Transient evolution of the vortex ring in an under-expanded jet, experimental
(Thanganduri and Das, 2010) and corresponding computational prediction (Zhang et al., 2014),
respectively. (c) and (d): Computational representation of embedded shocks in transient vortex rings
of under-expanded jets without (c) and with (d) Mach reflection (Dora et al., 2014).

Streamwise and Spanwise Vortices
Glotove and Moroz (1977) are believed to be the first who observed the presence of streamwise
vortices in axisymmetric under-expanded jets (Krothapalli et al., 1991). These relatively strong vortices
are located either within the jet boundary and the intercepting shock or within the supersonic region
of the jet at the border of the inner and outer shear layers. The vortices have a three-dimensional
poloidal-toroidal structure consisting of a complex vortical structure on the azimuthal plane (normal
to the nozzle axis) which is the ‘spanwise’ component or ‘toroidal’ component and is typically termed
‘spanwise vortices’. It should be noted that the term streamwise vortices has been used in the
literature for both the poloidal and toroidal components. However, in the current thesis, the
components of this three-dimensional vortical structure on the streamwise (poloidal) and azimuthal
(toroidal) planes are referred to as ‘streamwise’ and ‘spanwise’ vortices, respectively.
Several experimental investigations based on pressure measurements and optical diagnostics have
been conducted to identify the origin and characteristics of the aforementioned vortical structures of
under-expanded jets by working on the azimuthal spanwise vortices. Novopashin and Perepelkin
(1989) investigated the cross section density field of under-expanded jets (He, N2, CF2Cl2 and Ar)
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with NPR = 15–400 using Rayleigh scattering. They found a dramatic departure from asymmetry at
the cross section of the jets which they referred to as a ‘petal’ structure. This behaviour was attributed
to instabilities related to the flow peculiarity at the supersonic jet boundary. Later, Krothapalli et al.
(1991) used shadowgraph and Mie scattering techniques to visualise the streamwise and spanwise
planes of under-expanded air jets with NPR = 3–10 issued from nozzles of D = 22.8 mm with rough
and smooth surfaces. The authors investigated a length of 2.2D downstream of the nozzle exit (Hdisk
≈ 1.4D) and observed the existence of spanwise vortices as a sinuous type variation on the azimuthal
cross section of all the cases studied. They also noticed that the magnitude of this sinuous type
variation was directly related to the distance from the nozzle exit. Specifically, the angular distance
between two successive peaks at 0.5D and 1.7D was found to be 10° and 20°, respectively. This was
attributed to the existence of a vortex merging process (Cerretelli and Williamson, 2003) and was
considered as a further proof of the existence of streamwise vortices. Moreover, by probing the total

pressure 1.1D downstream of the nozzle exit at several angular locations and at two radial distances
from the nozzle centreline, they noticed that the streamwise vortices (and their spanwise

counterparts) had stationary and time-independent structures imbedded in the jet flow. The stationary
nature of this sinusoidal or petal structure was also reported by Novopashin and Perepelkin (1989).
Arnette et al. (1993) also examined the azimuthal variation of pressure, in addition to Mie scattering
visualisation, on cross sections of over-expanded, fully expanded and under-expanded air jets. The
formation of the sinusoidal structure on the cross section of under-expanded jets was attributed to
the instabilities arising from the streamline curvature, i.e. Taylor-Görtler instabilities (Hall, 1982; Saric,
1994), and substantial radial velocity. This was also concluded by Zapryagaev and Solotchin (1991,
1997). Similar petal cross section structure was also observed by Fourguette et al. (1991).
The origin of instabilities which initiate the azimuthal petal structure has not yet been identified
entirely and some researchers emphasised the potential effect of the nozzle surface on the formation
of this kind of instabilities. Novopashin and Perepelkin (1989) reported that the small chaotic
perturbations at the nozzle edge resulted in the formation of the petal structure. Zapryagaev and
Solotchin (1997) and Korthapalli et al. (1998) concluded that the roughness of the inner surface of
the nozzle may have contributed substantially to the formation of the azimuthal sinusoidal structure;
the disturbance of the nozzle shear layer due to nozzle roughness was identified as a key parameter
in the presence of the stationary streamwise and spanwise vortices. Moreover, examination of an
ideally expanded jet by Korthapalli et al. (1998) concluded that the instabilities due to streamline
(and/or shear layer) curvature were neither necessary nor formed a sufficient condition for the
amplification of the azimuthal petal structure in supersonic jets. In contrast, Zapryagaev et al. (2004)
showed that the negative streamline curvature in the barrel-shape shock may have significant effect
on the characteristics and evolution of the poloidal vortices, particularly the vortices generated by
artificial micro-roughness (or tabs) on the inner surface of the nozzle. However, near a decade prior
to the latter authors’ work, Terekhova (1996) explained the dynamics of the formation of spanwise
53

Literature Review

and streamwise vortices due to streamline curvature using numerical simulations. It was shown that
the compressed gas motion trajectories between the intercepting shock and the jet boundary were
affected by different levels of centrifugal force due to velocity and curvature differences at various
radial locations. This would lead to additional radial azimuthal overflow of the gas which would
consequently form a system of counter-rotating vortices. Inman et al. (2008a, b) suggested three main
locations which could initiate or amplify vortical flow structures in under-expanded jets; the lip of
the nozzle exit, shock wave reflection and/or intersection locations (such as the triple point) and flow
antinodes were reported as the prime sources of instabilities.
Usami and Teshima (2005) were among the first researchers who used advanced CFD methodologies
to study the spanwise vortices of under-expanded jets. They used both RANS and a Direct Simulation
Monte Carlo (DSMC) method to investigate under-expanded jets issued from a nozzle with D = 2.0
mm at NPR values of 20, 50 and 100. It was found that on vorticity and density contours representing
the azimuthal petal structure, the number of peaks were twice as many for vorticity than for density.

This was attributed to the counter-rotating nature of the spanwise vortices and resulted in the
conclusion that each petal was generated by two vortices, as it had previously been suggested by
Krothapalli (1991) and Arnette (1993). These authors also concluded that the vortices grew up
gradually while advancing downstream (they observed the same number of peaks at different cross
sections), unlike the prediction of Krothapalli et al. (1991) where it had been assumed that the vortices
grew by a merging process of many small vortices.

Figure 2. 9 Azimuthal petal structure of under-expanded jets (Mie scattering). (a) and (b): Azimuthal
cross sections at 1.7 and 2.2 diameter downstream of the nozzle exit for an under expanded air jet with
NPR = 5.1 (Krothapalli et al., 1991). (c) and (d): Azimuthal cross sections at 1.0 and 2.0 diameter
downstream of the nozzle exit for an under-expanded ait jet with NPR = 17.5 (Arnette et al., 1993).
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2.1.8 Modelling of Under-Expanded Jets
Before the introduction of high performance computers early theoretical studies on compressible
flows were conducted using analytical approaches such as the method of characteristics (Anderson,
2003). For example, Abbett (1971) developed an algorithm based on the method of characteristics to
determine the location of the triple point, centreline pressure gradient and the shape of the slip line
downstream of the Mach disk. Early computational studies of under-expanded jets were conducted
by solving the inviscid compressible Euler equations by finite differencing schemes (Prudhomme and
Haj-Hariri, 1994; Irie et al., 2003; Cheng and Lee, 2005; Suzuki et al., 2013).
In order to study the mixing characteristics of under-expanded jets solution of the complete NavierStokes equations is necessary. Since direct solution of these equations is still not feasible for such
complex flows (due to huge computational costs), RANS or LES have been used instead. As one of
the very first attempts to use RANS to investigate the characteristics of under-expanded jets, Chuech
et al. (1989) applied a compressibility-corrected k-ε model (Launder and Spalding, 1974) in line with

parabolised Navier-Stokes equations. Recently Dubs et al. (2011) used a steady-state RANS
methodology combined with a second-order upwind Total Variation Diminishing (TVD) scheme to
study free and impinging under-expanded ideal gas jets. Chauvet et al. (2007) used a second-order
RANS Spalart-Allmaras methodology with Roe’s flux difference splitting to study the mixing
characteristics of gaseous jets issuing from the afterbody of a combat aircraft at NPR = 3.1. Lehnasch
and Bruel (2008) used a compressibility-corrected k-ε with a hybrid finite-volume/finite-element
method coupled to an anisotropic mesh adaptation algorithm to simulate highly under-expanded

turbulent jets with NPR = 1.00–15.53. They managed to reproduce the main features of the complex
jet structure but they found that the Roe’s scheme used for the inviscid fluxes induced excessive
numerical diffusion within the strong expansion zone. White and Milton (2008) examined the
characteristics of an under-expanded natural gas jet issued from a circular nozzle with D = 0.2 mm

and P0 = 16 MPa. They compared computational predictions with the realizable k-ε model against
shadowgraph and Schlieren visualisations of the near-nozzle shock structure. It was found that
applying a mass flow rate boundary condition to model the nozzle exit resulted in a higher

corresponding injection pressure (in comparison to the experimental injection pressure) by 10%
which was claimed to be due to the pressure loss inside the real nozzle. Chin et al. (2013) used k-ε
and k-ω SST (Menter, 1994a, b) RANS models to perform computational studies of supersonic free
jets with under-expansion ratio of 1.03 and impinging jet with under-expansion ratio of 1.9.
Comparison between RANS results and shadowgraph images showed a good prediction of the nearnozzle shock structure. However, the RANS models underestimated the Mach number for distances
greater than ~6D from the nozzle exit. This underestimation claimed to be most likely a result of a

higher spreading rate predicted by the turbulence models. Chin et al. (2013) also concluded that RANS
turbulence models can satisfactory predict the sonic characteristics of supersonic free jets.
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LES Modelling
Although RANS simulations are low in cost and have been proven accurate at capturing the shock
structure of under-expanded jets, their ability to predict the mixing process of highly turbulent jets
remains unclear. Very limited number of LES studies are available in the literature on under-expanded
jets particularity jets with NPR ≥ 4. For aerospace applications where massive attached faces (e.g.
nozzle inner wall) and complex shear flows exist with strong compressibility at high temperatures,
Detached Eddy Simulation (DES) has been suggested for modelling under-expanded jets. DES is
based on a hybrid RANS/LES methodology where RANS is employed at regions close to walls
(attached) and LES for the remaining volume of the domain. This is a more feasible option to LES
since the latter requires considerably finer grid close to the walls (Chauvet et al., 2007; Deck, 2009).
However, for conditions relevant to injectors of gaseous-fuelled IC engines, it has been shown
(Dauptain et al., 2010, 2012; Vuorinen et al., 2013) that if the injector body has been included in the
computational domain by assigning a slip wall condition LES could be used with good level of
accuracy. For example, Dauptain et al. (2010, 2012) used Smagorinsky LES model (Smagorinsky,
1963) on an unstructured tetrahedral grid with an explicit third-order solver that featured a centred
shock capturing algorithm to study free and impinging under-expanded jets as presented in Figure
2.10. Different number of cells were investigated by these authors and it was found that a grid with

D/40 cell size close to the nozzle exit could provide grid independency of the results. The grey legend

of Figure 2.10 was based on the magnitude of the density gradient |∇ρ| which was able to distinguish

three general compressible effects in under-expanded jets including (Dauptain et al., 2010) as follows:


First level: Generation and location of strong, weak, and reflected shocks.



Second level: Flow instabilities with the generation of vortical structures and strain.



Third level: Propagation of the acoustic waves spreading in the ambient medium

Figure 2.11 shows the axial profile of time-averaged velocity and pressure of the under-expanded jets
investigated by Dauptain et al. (2010). In this figure the LES was compared against results with an
experimental data obtained by Digital Particle Image Velocimetry (DPIV). Simulations with D/30
and D/40 both showed a strong deceleration after the Mach disk location, while the simulation with

D/20 was speciously closer to the experimental observations. According to Dauptain et al. (2010) this
discrepancy can be due to both underestimation of the turbulence behind the Mach disk in the

simulation and bias of DPIV in sharp gradients. However, for the time-averaged pressure relatively
closer agreement was found between the three grids and also between the computational and
experimental observations.
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Figure 2. 10 Instantaneous magnitude of the density gradient for three legend ranges obtained on
three different grid resolutions at the same instant (based on Dauptain et al., 2010). Top: supersonic
patterns; middle: shear layers; bottom: acoustic waves.

Figure 2. 11 Time-averaged velocity and static pressure of an under-expanded air jet along the axis of
the nozzle (based on Dauptain et al., 2010).

Recently Vourinen et al. (2013, 2014b) modelled the injection of a passive scalar (with nitrogen and
methane properties) through a circular nozzle with D = 1.4 mm with NPR in range of 4.5–8.5 using
an implicit LES technique. The near-nozzle shock structure and the strong compression effects were

taken into account by using a bulk viscosity model in conjunction with a second-order filter. The
latter authors showed that the Mach disk dimensions and shock structure were predicted

computationally in a very good agreement with the experimental observations of Yu et al. (2012,
2013). Figure 2.12 shows the instantaneous snapshots of temperature and Mach contours for a
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nitrogen jet with NPR = 6.5 as reported by Vourinen et al. (2013). At the nozzle exit the velocities
were very close to the choked condition. The extremely fast expansion led to high Mach numbers in
order of ~3 just before the Mach reflection. It was observed that the gas endures strong cooling
(~65% reduction compared to the upstream (reservoir) temperature) leading to temperature ~100 K
(cryogenic) at the Mach disk location. Immediately after the Mach disk the flow became subsonic
again and formed the second shock cell. At least three shock cells (containing subsonic flow) after
the Mach disk is observable in Figure 2.12. The thermodynamic conditions within the subsonic shock
cells were close to the ambient values. Vourinen et al. (2013) also noticed that turbulence started
developing after the Mach disk reflection and there was no mixing outside the barrel-shape shock.
They concluded that the existence of the mixing before the Mach reflection was associated with the
turbulence level at the nozzle exit.

Figure 2. 12 Instantaneous snapshots (LES) of temperature (top) and Mach number (bottom) for

an under-expanded nitrogen (passive scalar) under-expanded jet with Pinj/P∞ = 6.5 (based on
Vuorinen et al., 2013).

Important mixing characteristics, e.g. jet tip penetration and jet volumetric growth of under-expanded
nitrogen and methane jets properties for NPR ≤ 10 were also investigated by Vourinen et al. (2013,
2014b) and a new scaling parameter for the volumetric growth of under-expanded jets was proposed.
Figure 2.13 shows the jet penetration and volumetric growth of the aforementioned under-expanded
jets based on the scaling parameters used by the latter authors. The scaling parameter for the
volumetric growth was derived based on the penetration length scaling parameter suggested by
Ouellette and Hill (2000). It is clear from Figure 2.13 that the scaling parameters collapsed the
penetration rate and volumetric growth of the under-expanded nitrogen jets into almost one single
line (after the initial transient jet development).
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Figure 2. 13 Normalized tip penetration and volumetric growth of under-expanded nitrogen jets with
various NPR (based on Vuorinen et al., 2013).

2.1.9 Hydrogen Under-Expanded Jets
Most previous studies on under-expanded jets have considered large diameter nozzles with gaseous
air/nitrogen as the working fluid. There are very limited data in the literature on the injection of
under-expanded hydrogen jets (or other light gases such as helium), particularly from circular nozzles
with diameters comparable to those of IC engine injectors. Velikorodny and Kurdriakov (2012)
studied computationally under-expanded air and helium jets issued from a circular nozzle with D =
1mm and NPR = 30. The numerical methodology employed a modified version of advection
upstream splitting method (AUSM+) (Liou and Steffen, 1993) for the convective fluxes and direct
solution of the governing equations without SGS turbulence models. It was found that the near-field
shock structure of the helium jet required more time than the air jet to reach a quasi-steady condition.
Owston and Abraham (2008) conducted one of the first computational studies by mean of RANS
modelling on under-expanded hydrogen jets with various injection pressures but fixed mass flow rate
at the nozzle exit. Effect of injection pressure on key mixing characteristics of hydrogen jets was
investigated by the latter authors. However, the use of a relatively coarse spatial resolution was found
to have significant effect on the accuracy of the jet behaviour investigated. Drozda and Oefelein
(2008) was the first to use LES in order to study under-expanded hydrogen jets issuing from
millimetre-size nozzles for DI application in IC engines. Figure 2.14 compares qualitatively LES
framework of the latter authors and experimental observations of Petersen and Ghandhi (2006) based
on a hydrogen jet with NPR ≈ 30 injected in to a quiescent nitrogen ambient. It was found that unlike
RANS modeling the LES framework was able to capture macroscopic structures of an underexpanded hydrogen jet comparable to those of experimental observations.
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Figure 2. 14 Comparison between LES-predicted density iso-contours (Drozda and Oefelein, 2008)
and Schlieren (Petersen and Ghandhi, 2006) of and under-expanded hydrogen jet.

Schlieren visualisations of Petersen and Ghandhi (2006) were the first to provide high quality details
of sonic and mixing characteristics of under-expanded hydrogen (also nitrogen and helium) jets issued
from an engine injector with three equally spacing nozzles with D = 0.8 mm (very little plume-to-

plume interaction). These authors used injection pressures of P0 = 52 and 104 bar for helium and
hydrogen jets and P0 = 52 and 69 bar for nitrogen jets. For all injection pressures, nitrogen ambient

with P∞ = 1.0, 3.3 and 7.2 bar, and CO2 ambient with P∞ = 4.6 and 7.2 bar were examined. Figure
2.15 shows transient development of the hydrogen jet with P0 = 52 and 104 bar into CO2 ambient at

P∞ = 7.2 bar (3.7 litre quiescent chamber with ρ = 12.8 kg/m3). Under the high chamber density, as
shown in Figure 2.15, the spherically propagating expansion waves (emitted sound) in the chamber

can be observed clearly. It was noticed that higher injection pressure (with NPR ≈ 14.5 compared to
lower injection pressure with NPR ≈ 7.2) resulted in longer jet penetration with little apparent change
in the jet structure.

Figure 2. 15 Time sequence of injection of hydrogen at 104 bar (top) and 52 bar (bottom) into a CO2
environment with density of 12.8 kg/m3 (based on Petersen and Ghandhi, 2006). The time between
images is 100 μs.
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The top row of Figure 2.16 shows individual images of hydrogen jets issued into nitrogen chamber
with various pressures i.e. P∞ = 1.0, 3.3 and 7.2 bar as presented by Petersen and Ghandhi (2006). At
the lowest chamber density (P∞ = 1.0 bar) the structure of the Mach disk and shock cells can clearly

be seen, indicated with strong density gradients normal to the jet axis. In order to exclude the effect
of the mixing (hydrogen/nitrogen), Petersen and Ghandhi (2006) also studied the injection of
nitrogen into nitrogen ambient as it can be seen in the second row of Figure 2.16 (It should be noted
that the magnification in the nitrogen injection cases was increased). Without the intense effect of
mixing, in nitrogen jets of Figure 2.16 sonic structure close to the nozzle exit are more visible
compared to the hydrogen jets. The same as the hydrogen jets, for nitrogen jets the shock cells spacing
decreased with increase in the ambient pressure (density). Petersen and Ghandhi (2006) also found
that the length of the barrel shape shock (in both nitrogen and hydrogen jets), when normalized by
the jet diameter, scales linearly with the under-expansion ratio. Comparable trends between the sonic
characteristics of nitrogen and hydrogen jets was attributed to their very close ratio of specific heats
(γ ≈ 1.4 for both H2 and N2) as discussed earlier in this chapter.

Figure 2. 16 Sonic and mixing structure of under-expanded hydrogen jets injected at 104 bar (top) and
69 bar (bottom) into nitrogen ambient with density of 1.15 (left), 3.8 (middle) and 8.2 (right) kg/m3
(based on Petersen and Ghandhi, 2006).

Roy et al. (2011a) used an Ar-ion laser beam to visualize hydrogen jets issued from a GDI swirl
injector (with nominal 60° cone angle and D = 1 mm) into a constant-volume nitrogen-filled
chamber. Figure 2.17 compares structures of hydrogen jets issued into three different ambient

pressures with P0 = 50 bar injection pressure as present by the latter authors. Direct comparison
between structures and more importantly penetration length of the jets shown by the latter authors

and Owston and Abraham (2008) and Petersen and Ghandhi (2006) revealed that the hydrogen jets

presented by the former authors (Figure 2.17) may not be under-expanded and in fact exhibited
subsonic behaviour. Due to the specific design of the swirl injector used by Roy et al. (2011a) a
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chocked condition might occur inside the injector volume upstream of the nozzle exit which could
result in significant drop in pressure and consequently formation of a subsonic jet passed the nozzle
exit. However, Figure 2.17 shows macroscopic irregular structures due to the high diffusivity of
hydrogen and its rapid mixing characteristics.
Ruggles and Ekoto (2012) used Schlieren photography to visualise the near nozzle shock structure
and planar laser Rayleigh scatter imaging in order to measure the instantaneous mole fraction
downstream of the Mach disk in an under-expanded hydrogen jet issued from a nozzle with diameter

D = 1.5 mm and with NPR = 10 (P∞ ≈ 0.9837 bar, T∞ ≈ 296). The Mach disk, reflected shocks and
oblique shock trains after the Mach reflection were clearly captured by their visualisation technique
as presented in Figure 2.18. Ruggles and Ekoto (2012) noticed that air and hydrogen may have mixed

within the slip region and bypassed the Mach disk, therefore, theories that assumed that all gas passed
the Mach disk (notional nozzle boundary conditions using pseudo source models) may not be
accurate enough (see Figure 2.18). They combined various pseudo source models based on different
combinations of mass, momentum, and energy conservation with the Abel-Noble equation of state
and predicted density weighted effective radii; however, the results were off by significant percentage
relative to their measured values. Therefore the latter authors concluded that certain physical
processes such as the thermodynamics before the Mach disk were poorly remodelled in the pseudo
source models available. It was recommended that more experimental and computational works were
required in order to clarify the hydrogen-air mixing behaviour very close to the nozzle exit.

Figure 2. 17 Hydrogen jet injected from a GDI swirl injector with 50 bar injection pressure into
quiescent nitrogen-filled chambers with different pressure (based on Roy et al., 2011a).

Gorle et al. (2010) and Gorle and Iaccarino (2011) conducted both experimental (Schlieren) and
computational (RANS and LES) studies on under-expanded hydrogen jets issuing from a circular
nozzle with diameter of D = 2.0 mm and NPR = 30 (P∞ ≈ 0.40 bar, ρ0/ρ∞ ≈ 2). Computational
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mesh for the LES consisted of ~17 M hexahedral cells. The cell size on the edge of the nozzle was
0.02 mm and the resolution decreased to a maximum cell size of 0.08 mm at a distance of 7.00 mm
from the nozzle centreline. Further away from the centreline the cell size was increased to a maximum
of 1.00 mm. These authors used a computational framework named CharLES flow solver which used
WENO and a third-order Runge-Kutta temporal discretization. The RANS simulations were
performed with a mesh of ~6 M cells. The cell size close to the nozzle exit was 0.02 mm and its
resolution decreased to a maximum size of 0.2 mm at a distance of 3.00 mm from the nozzle
centreline and to 0.35 mm at larger distances. For the RANS modelling k-ω SST turbulence model
was utilized. As seen in Figure 2.19 Gorle and Iaccarino (2011) found a satisfactory agreement in the

near-nozzle shock structure and Mach disk dimensions between their experimental and
computational methodologies. Mach disk height was also found to be in good agreement with the
Equation 2.12. However, the latter authors did not investigate the jet behaviour and its sonic/mixing
characteristics more than 5 diameters downstream of the nozzle exit.

Figure 2. 18 RMS Schlieren image of an under-expanded hydrogen jet with NPR=10 issuing from a
circular nozzle with D = 1.5 mm (based on Ruggles and Ekoto, 2012).
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Figure 2. 19 Comparison of experimental and numerical (RANS and LES) Schlieren images for the
semi steady hydrogen jet issuing for a circular nozzle with D = 2.0 mm with NPR = 30 (based on Gorle
and Iaccarino, 2011).

Recently, Rogers et al. (2015) investigated various sonic and mixing characteristics of under-expanded
jets of hydrogen, CNG and a 25% hydrogen/CNG blend. The latter authors used a PFI injector with
modified solenoid driver and nozzle exit diameter of D = 3.65 mm (and straight length of 2.55 mm)
in order to study free and impinging under-expanded jets with NPR values ranging from 2.8 to 12.
Schlieren images of Figures 2.20 and 2.21 show transient evolution of under-expanded CNG (NPR

= 4.3, 8.6, 12) and hydrogen (NPR = 4.3) jets, respectively. Results presented in these figures are in
good qualitative agreement with experimental data of Petersen and Ghandhi (2006). For the identical
NPR = 4.3 hydrogen jet exhibited a considerable more voluminous jet compared to CNG (methane).
Similarly to Figure 2.16 in Figures 2.20 and 2.21 shock structures are clear in the less diffusive jet i.e.
CNG (compared to H2). Moreover, for NPR = 4.3 hydrogen jet penetration was near 50% longer
than that of the CNG jet. However, it was found that by increasing the NPR this penetration
difference between hydrogen and methane jets reduced gradually. For NPR = 10 the penetration
difference between hydrogen and CNG jets was measured to be ~30%. In addition to the
penetration, Mach disk dimensions, reflected shock angle and spread angle of various underexpanded jets under different NPR values were also quantified by Rogers et al. (2015).
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Figure 2. 20 Schlieren images of evolution of CNG under-expanded jets for three different NPR values
(based on Rogers et al., 2015).

Figure 2. 21 Schlieren images of evolution of a hydrogen under-expanded jets with NPR = 4.3 (based
on Rogers et al., 2015).
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Transient evolution of Mach disk in under-expanded jets was also visualised experimentally by Rogers
et al. (2015) as shown in Figure 2.22. The latter experiment is the first to capture this transient process
with high resolution experimentally. It was found that regardless of the NPR value Mach disk
dimensions reached a semi-steady value in t ≈ 600 μs after injection. However, after the first shock
cell reached a semi-steady condition, still small fluctuations around a mean value was observed for

both Mach disk height and width. This kind of fluctuation in Mach disk dimensions was also observed
by Golub (1994).

Figure 2. 22 Initial transient evolution of the Mach disk and first shock cell in an under-expanded jet
(25%H2/CH4) with NPR = 12 (based on Rogers et al., 2015).

Finally it should be noted that hydrogen has a negative Joule-Thomson coefficient which cannot be
captured using the ideal gas equation of state (Nasrifar, 2010). Therefore, with high injection
pressures the near-nozzle temperature field may not be calculated accurately. However, based on the
work conducted by Khaksarfard et al. (2010) it can be concluded that for injection pressures below
100 bar the ideal gas equation might be used with an acceptable accuracy. Recently, Bonelli et al.
(2013) used k-ε RANS in conjunction with three different equations of state, specifically ideal gas,

van der Waals, and Redlich-Kwong. They studied high pressure injection of hydrogen (P0 = 75 MPa,

T0 = 300 K) into still nitrogen (P∞ = 5 MPa, T∞ = 300 K) through a nozzle with inner and outer
diameters of 0.3 and 0.6 mm, respectively. It was found that with respect to temperature, the van der

Waals and Redlich–Kwong EoSs calculated higher values just downstream of the Mach reflection (by
~15% and ~12% i.e. 335.90 K and 326.90 K, respectively) compared to the value predicted by the

ideal gas equation of state (i.e. 292.81 K). However, further downstream the temperature profiles
predicted by the real gas equations of state were generally below that of the ideal gas one. It was also
found that at very high injection pressures (P0 >> 10 MPa) the ideal gas equation of state
underestimated the Mach disk height and overestimated the Mach disk width in comparison to those
predicted by the real gas equations of state.
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2.2 In-Cylinder Engine Flow
2.2.1 Flow Characteristics
The in-cylinder flow field of DISI engines (normally with pent-roof head design) is characteristically
three dimensional, extremely turbulent and includes a wide range of spatial and temporal length scales
(Heywood, 1987). This flow field is normally composed of three separate macroscopic motions
namely swirl, tumble (or squish) and sideways-tumble (Goryntsev, 2007). These three components
are presented schematically in Figure 2.23.

Figure 2. 23 Three main components of the in-cylinder flow in pent-roof engines namely tumble, swirl
and sideways tumble.

Rotation of the intake charge around the cylinder axis due to its initial angular momentum is called
swirl motion which is typically formed during the intake stroke. Rotation of in-cylinder flow about
the diametral axis (perpendicular to the cylinder axis on the asymmetric plane) is tumble. Tumble
motion appears during the intake stroke and is generated by the inlet flow momentum and its
interaction with intake valves and piston crown. Tumble is easily created in most modern pent-roof
engines mainly due to the intake valves offset from the axis of the combustion chamber. Rotation of
the in-cylinder flow around the axis normal to the cylinder axis which is on the symmetric plane is
sideways-tumble motion. It is worth mentioning that the existence of the swirl motion is depended
on the intake manifold design (and the degree of the angular momentum it can introduce to the intake
charge). In fact, swirl motion may or may not exist in pent-roof engines.
There are two parameters that can be used to quantify the tumble and swirl motions in IC engines
that are tumble ratio (ܶజ) and swirl ratio (ܵజ) respectively and are defined as follows (Huang et al.,
2005):
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݅stands for the number of grids set up for the data-points in the target plane, ݊ is the total number
of grid points, and ߱ is the crank shaft angular speed (radians per second) which is calculated as

߱ = 2ߨܰൗ60 (ܰ is the engine speed in RPM). The tumble ratio (ܶజ) and swirl ratio (ܵజ) can be
considered as the ratio of the mean angular velocity of the vortices in the target plane at a certain

crank angle degree (° CA) divided by average crank angle velocity (Heywood, 1988; Hill and Zhang,
1994; Huang et al., 2005). High tumble ratios is beneficial in air-guided injection (such as DI gasoline),

where tumble transports the fuel from the injector to the spark plug (Adomeit et al., 2000; Bucker et
al., 2012). However, the effect of the in-cylinder motions particularly tumble on DI hydrogen engines
has not been widely studied. This will be explained further in this chapter.
As illustrated by Khalighi (1990) a well-defined swirl or tumbling flow structure is more stable than
other large scale in-cylinder flows and, therefore, may break down close to the TDC giving rise to
high level of turbulence. This is known as ‘tumble breakdown’ which can deliver both faster flame
propagation and higher reactive flame surface area that are both beneficial and increase the
combustion quality (Hill and Zhang, 1994). Tumble breakdown was first noticed by Lee (1939) and
Rothrock and Spencer (1939) from the National Advisory Committee for Aeronautics (NACA) in
reciprocating aircraft engines. A review on the effects of the in-cylinder coherent large-scale rotations
such as tumble on the quality of combustion in IC engines can be found in a review paper of Hill
and Zhang (1994). Lumley (2001) used observations of Obukhov (1969, 1976 and 2000) and Gledzer
and Ponomarev (1992) in conjunction with those noticed by the aforementioned NACA engineers
in order to explain the in-cylinder flow motion, the tumbling evolution and its breakdown up to the
TDC in IC engines. Specifically, he suggested that the multiple small vortices is produced by the
tumble breakdown close to the TDC that would be effective in transporting the flame, resulting in
faster rise times of the pressure during combustion. Fogleman et al. (2004) was the first to study the
existence of tumble break-down computationally by applying proper orthogonal decomposition
(POD) techniques on sets of LES (and PIV) data obtained from idealised engine configurations.
However, it should be noted that the occurrence of the tumble break-down cannot be extended as a
general fact to all pent-roof engine designs since the literature is still divided on its incidence and
mechanism.
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2.2.2 Experimental Studies
The in-cylinder flow characteristics in DISI engines have been studied by several researchers. Various
optical techniques including Particle Image Velocimetry (PIV) (Reeves et al., 1995; Rouland et al.,
1997; Li et al., 2002; Bevan and Ghandhi, 2004; Huang et al., 2005; Heim and Ghandhi, 2011; Salazar
and kaiser, 2011), digital PIV(Jarvis et al., 2006; Justham et al., 2006; Towers and Towers, 2004), 3D
PIV (Brucker, 1997), tomographic PIV (TPIV) (Baum et al., 2013b), stereoscopic PIV (Bucker et al.,
2012; Baum et al., 2014), micro PIV (Alharbi and Sick, 2010), particle tracking velocimetry (PTV)
(Khalighi, 1990, 1991; Kuwahara and Ando, 2000; Lee et al., 2001), laser Doppler anemometry (LDA)
(Hill and Zhang, 1994; Nadarajah et al., 1997), laser Doppler velocimetry (LDV) (Lee et al., 1993,
2007; Johansson and Soderberg, 1996; Kang and Baek, 1998; Esirgemez and Olcmen , 2005)and
Magnetic resonance velocimetry (MRV) (Freudenhammer et al., 2014) have been used in order to
study the velocity field, turbulence characteristics and complex fluid behaviours (such as the tumble
breakdown) of in-cylinder engine flows.
In-cylinder tumble motion and its breakdown have been subject of many experimental studies such
as works conducted by Kang and Baek (1998), Bevan and Ghandhi (2004), Huang et al. (2005), Jarvis
et al. (2006), Stansfield et al. (2007), Salazar and Kaiser (2011), Brucker (2012), Baum et al. (2014) and
Zeng et al. (2014). For instance, in order to investigate the effect of tumble ratio on in-cylinder flow
field Salazar and Kaiser (2011a) conducted PIV experiments on a hydrogen engine but without
fuelling. Figure 2.24 shows the phase-averaged time series of the mean velocity fields and the
combined magnitude of the RMS of the in-plane components of the velocity presented by Salazar
and Kaiser (2011a). For the low-tumble flow, the mean velocity fields indicated that at BDC (the
intake valves were still about halfway open) two counter-rotating vortices existed. In fact, one with
its centre at the top left and another one at the bottom right. The flow structure observed was
generated by a combination of wake recirculation under the valves and flow redirection by the
cylinder liner and piston top. On the other hand in high-tumble case, a distinct tumble vortex was
observed in the vicinity of the piston crown, accompanied by a relatively weaker secondary vortex
under the intake valves. Salazar and Kaiser (2011a) also noticed that at the Bottom Dead Centre
(BDC), the high-tumble case had less than twice the fluctuation in tumble ratio as of the low-tumble
case. This indicated that a more repeatable intake induced flow would be expected for the high tumble
case. For either intake configuration the RMS velocity at BDC was not uniform and there were
regions with high levels of RMS located in the regions where the two counter-rotating vortices met.
Similar patterns to the PIV data of Figure 2.24 can also be distinguished in PIV results of Lee et al.
(2005), Stansfield et al. (2007), Malcolm et al., 2011, and PTV results of Khalighi (1990, 1991).
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Figure 2. 24 Time series of the mean in-cylinder flow field for low and high tumble (two left columns).
Magnitude of velocity RMS (background colour) and mean velocity (arrows) for low and high tumble
(two right columns) (based on Salazar and Kaiser, 2011a).

2.2.3 RANS Modelling
In addition to the aforementioned optical experimental studies the in-cylinder flow in DISI engines
has been subject to various computational studies from the mid-80s. Computational studies based on
RANS turbulence modelling made a significant contribution to the advances in IC engine technology.
Early works with various RANS models (including k-ε and Reynolds stress models (RSTM)) on incylinder flows in engine-like and also complex IC engine geometries were conducted by
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Gosman et al. (1984), El Tahry (1985), O’Rourke et al. (1987), Shah and Markatos (1987) , El Tahry
and Haworth (1992), Haworth et al. (1990, 1991) and Khalighi et al. (1995). Various computational
RANS studies have been conducted on vertical valve compression ignition engines which can be
found in noticeable number of studies such as Bianchi et al. (2002), Payri et al. (2003), Nordgren et al.
(2003), Jemni et al. (2011) Bari and Saad (2013), Gnana Sagaya Raj et al. (2013) and Perini et al. (2014).
In-cylinder flow structure of pent-roof engines (usually with two intake and two exhaust valves),
which are mainly used for DISI, have also been examined computationally using RANS techniques
by several researchers including Haworth et al. (1990), Takahashi et al. (1994), Khalighi et al. (1995),
Hong and Tarng (2001), Li et al. (2001), Nomura et al. (2004), Yang et al. (2005), Varol et al. (2010),
Malcolm et al. (2011), Ronald and Cleary (2013) and Beavis et al. (2015).
Li et al. (2001) conducted a computational study on the in-cylinder flow of a 4-valve pent-roof engine
using KIVA3 code with k-ε RANS methodology. They only simulated half of the engine from the

symmetry line) which filled by about 30,000 structured hexahedral cells. The formation of the incylinder tumble motion and its breakdown near the TDC was studied with both CFD and LDA.
Comparison between variations of the mean fluctuation of the turbulent kinetic energy obtained for
the RANS study with the variation of the RMS velocity fluctuation found to be follow the same trend.
In fact, Li et al. (2001) noticed that these two parameters increase during the late ° CA of compression
stroke and reach their maximum values at a certain ° CA (~340° CA ATDC) prior to TDC. It was
concluded that the breakdown of the large-scale tumble vortex would increase the velocity
fluctuation.
Nomura et al. (2004) also conducted series of RANS k-ε studies in conjunction with LDA and PIV
on in-cylinder flow of a pent-roof engine (with complete geometry). They also investigated the effect

of the grid resolution by conducting simulations on a coarse and fine grid (with 2 times more cells
than the coarse one). This authors noticed that CFD can capture more details of the flow structure
compared to LDA. Clear difference was noticed on the number of vortices and their centres between
the RANS and PIV on horizontal planes as shown in Figure 2.25. This Figure also shows a level of
asymmetry for the CFD (unlike the PIV measurements) for both coarse and fine grids with a higher
level of asymmetry for the fine grid. However, the latter authors did not discuss the possible causes
of this asymmetry. Nomura et al. (2004) also examined the velocity distribution and the turbulence
intensity on specific axes inside the cylinder. It was found that LDA and PIV measured highest and
lowest values for the velocity distribution and turbulence intensity respectively and RANS values
were between the two. The latter authors concluded that the LDA results were closer to the real
nature of the in-cylinder flow and the difference between the two experimental methods was due to
the laser reflection from cylinder wall and also measurement accuracy deterioration due to its
curvature. These caused the poor quality of the PIV images. However, RANS under-prediction of
the velocity magnitude and turbulence intensity can be explained due to the time-averaged nature of
this technique which can eliminate the effects of some dominant instantaneous flow fluctuations.
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Similar flow structure to what was discussed for Nomura et al. (2004) can similarly be found in RANS
(k-ε) work of Hong and Tarng (2001) and also RANS (RSTM) work of Yang et al. (2005) which both
were conducted using KIVA3 code. Hascher et al. (2000) also reported similar in-cylinder flow
structure using k-ε model within STAR-CD software. Although the standard k-ε RANS model has
been widely used for engine related flows but the performance of other RANS models, including the

RSTM and k-ε RNG, on prediction of in-cylinder flows were also reported in the literature. For

instance, Yang et al. (2005) showed that RSTM was able to capture most recirculation structures,
including those arising from the turbulent-stress anisotropy which is characteristically impossible to
predict using k-ε. In the work of the latter authors noticeable differences between the location of the

tumble vortex centre and also recirculation area below the intake valves were noticed between the
two different RANS models.

Figure 2. 25 Comparison of mean velocity field between PIV and RANS on various horizontal planes
with 20, 40 and 60 mm distance from the fire face (Nomura et al., 2004).
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2.2.4 LES Modelling
Although RANS modelling has been shown to be able to capture the main structures of in-cylinder
engine (i.e. tumble and swirl) in a reasonable level, but improving the spatial and/or temporal
resolutions beyond a certain limit does not inherently increase the dynamic range of scales that is
resolved (Haworth, 1999). Also, as it was discussed earlier, RANS has been found unable to predict
the high level of turbulence and velocity fluctuations of in-cylinder flows. Therefore, after the
enhancements in computational processing technologies, LES studies on flow characteristics in IC
engines have been practiced by several researchers largely from the late 90s. Reviews on early LES
works on in-cylinder flow characteristics can be found in Haworth (1999) and Celik et al. (2001).
Haworth and Jansen (2000) were the first to investigate the suitability of various LES Smagorinsky
based models for modelling of in-cylinder engine flows. They conducted several LES studies on
various canonical flows and also on a simplified axisymmetric piston-cylinder assembly (moving
piston with fixed central valve that was first introduced by Morse et al. (1979)). This simplified engine
configuration has been subject to several computational (mainly RANS) investigations largely for
validation purposes. A review on some early works on this assembly can be found in El Tahry and
Haworth (1992). Liu and Haworth (2010) extended the study conducted by Haworth and Jansen
(2000) by using STAR-CD® software to conduct several RANS and LES studies on the simplified
piston-cylinder assembly. It was observed that the RANS turbulence levels were severely underpredicted compared to the very close LES and experimental data. The results on a baseline (1.3 M
cells) and a fine mesh (2.6 M cells) was found to be close to being grid independent. In terms of the
temporal marching, the results for the time-steps less than 0.25° CA were found to be insensitive to
the time-step.
Celik et al. (2000) can be named as one of the first researchers who used the late 90s technological
advancements in computing systems to apply LES with relatively reasonable accuracy (at the time)
on advanced IC engine geometries. Majority of the LES works on IC engine geometries have been
used vertical valve configuration (Celik et al., 2000; Thobois et al., 2005). However, there are LES
studies available in the literature which used pent-roof shape configuration (mainly with two intake
and two exhaust valves). In one of the early works Vermorel et al. (2007, 2009) conducted nine
consecutive LES simulations (Smagorinsky model with Cs = 0.17). The unstructured grid used by the
latter authors was composed of ~250,000 and ~630,000 hexahedral elements at TDC and BDC,

respectively. A cycle was divided into several mesh phases in order to account for the piston and
valve movement and also to keep a roughly constant mesh resolution (non-regular meshes decrease
the accuracy of LES). In fact, as soon as the grid became to dilated, distorted or compressed it was
replaced by a new mesh by means of a second order accurate mapping algorithm. Cycle-to-cycle
variation was captured by their LES methodology as shown in Figure 2.26 for the intake stroke.
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Figure 2. 26 LES prediction of the velocity magnitude on a vertical plane at 125° CA ATDC in 4
consecutive engine cycles (based on Vermorel et al., 2007).

Goryntsev (2007) and Goryntsev et al. (2009, 2010) investigated in-cylinder flow and its cyclic
variation in DISI engines by conducting up to 50 consecutive LES simulations (Smagorinsky model
with Cs = 0.10) using a modified version of KIVA code family (50 consecutive cycles without

combustion). A total number of 320,000 hexahedral grid (~1.0 mm cell spacing) was used and a good
agreement was observed between the time-averaged LES and PIV data. The difference in the peak
velocity magnitude obtained with LES and PIV did not exceed 7%. Also it was shown that the
computational grid allowed to resolve about 70%-90% of the turbulent kinetic energy.
Lacour et al. (2009) conducted LES on in-cylinder flow using similar dynamic grid handling
methodology and to what was used by Vemoral et al. (2007, 2009) but with a relatively finer grid (0.6
to 0.9 mm cell size). The LES mean flow fields exhibited a tumble structure that looked comparable
to the averaged PIV data (100 cycles) in terms of shape and intensity. Later Enaux et al. (2011a) used
the computational and experimental frameworks developed by Lacour et al. (2009) in order to
investigate in-cylinder flow and CCV with 27 consecutive cycles.
Vitek et al. (2010, 2012) conducted a series of comparative computational studies on in-cylinder flow
structure with both RANS (k-ε and ζ-f ) and LES (Smagorinsky) using the AVL FIRE code (~1.0
mm cell size).It was concluded that for second-order moments such as turbulent kinetic energy a

minimum of 40 consecutive cycles are required for a statistically converged data. Work conducted by
Vitek et al. (2010) showed a noticeable difference between the in-cylinder flow structure between the
LES and RANS models. In term of the turbulent kinetic energy LES predicted significantly higher
values compared to the RANS models. The k-ε model predicted a more symmetric solution
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compared to the ζ-f model on the engine symmetric plane. Later, the effect of various inlet boundary
conditions (un-throttled operation with constant pressure boundary condition and throttled
operation with imposed mass-flow rate), intake valve timings (intake valve opening (IVO) before and
after TDC) and engines speeds (2000, 3000 and 4000 RPM) on in-cylinder flow structure and at the
spark plug location were investigated by Vitek et al. (2012) using 10 consecutive LES simulations.
Interestingly, it was found that the influence of boundary conditions was relatively low, particularly
for the main in-cylinder parameters including the velocity components, turbulence kinetic energy and
pressure. With respect to the different engine speeds it was found that the bulk in-cylinder flow
structure was very similar for different RPMs. As it was expected, increasing the engine speed resulted
in the higher levels of both velocity and resolved fluctuations of kinetic energy; thus a higher level of
cyclic variation is expected. It was shown that velocity scaled linearly with engine speed while
turbulent kinetic energy was proportional to square of engine RPM.
Baumann et al. (2014) developed a numerical LES (Smagorinsky) framework using STAR-CD®
software in order to investigate the in-cylinder flow characteristics. The computational framework
was validated successfully against the experimental PIV data of Baum et al. (2014). These authors
used two grid resolutions which led to total cell count of ~600,000 and 1.5 M cells at BDC. As shown
in Figure 2.27 a level of discrepancy can be seen between the LES and PIV data on the location of
the tumble vortex. This was referred to as a result of a slightly different inlet conditions in LES and
PIV. Also, the limited sample size (50 cycles) of LES data was suggested as the other source of this
difference. In fact, the number of LES cycles were too small to ensure the statistical convergence of
the phase averaged and hence to establish with confidence the location of the tumble core. Di Mare
et al. (2014) examined the LES data of Baumann et al. (2014) for its accuracy and applicability. It was
suggested that the coarse mesh used did not have enough resolution for LES studies.
Lately, Schmitt et al. (2014, 2015a, 201bb) conducted DNS within an incompressible framework in
order to investigate the flow characteristics inside a simple piston-cylinder assembly. The DNS results
were used to calculate the turbulent kinetic energy, Reynold stress components, and the integral
length scale which can be used later to define various model constants of the current LES models.
Although, the use of DNS for complex pent-roof geometry is not feasible at the time being (due to
the significant computational costs) but the future perspectives show the dominance of this approach
for modelling complex in-cylinder flow of advanced IC engine.
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Figure 2. 27 Flow field of an engine cross section during compression at 270° CA ATDC (based on
Baumann et al., 2014). Top left: phase averaged flow field of coarse mesh. Bottom left: phase averaged
flow field of fine mesh. Right: phase averaged flow field obtained by high resolution PIV.

2.3 In-Cylinder Mixture Formation
2.3.1 Experimental Studies
As discussed earlier high pressure DI after the intake valves closure is believed to be the most
preferable fuelling option in advanced hydrogen engines. Great flexibilities in terms of the injection
strategy and consequently mixture quality are obtainable by employing DI. An injection strategy
within the DI concept is typically defined and adjusted based on the injection timing and duration,
injection pressure, injection pulse, injector location and nozzle configuration. Limited experimental
and computational studies have been conducted to identify optimum DI strategies under various
engine operating conditions. The rest of this subsection aims to evaluate the existing knowledge
regarding injection strategies in DI hydrogen engines based on the most relevant data available in the
literature.
White (2007) used OH* chemiluminescence imaging and PLIF to qualitatively evaluate in-cylinder
mixture formation in DI hydrogen-fuelled engines with hydrogen injection both prior to and after
the IVC. The test engine was a single-cylinder optical research engine with pent-roof head type in
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which the injector was located between the two intake valves and orientated at an angle of 40° to the
horizontal line. An experimental prototype injector was used which had six symmetric nozzles each
with a diameter of D = 0.56 mm. Experiments were conducted under half bar intake load at 1200

RPM. Except one test case with start of injection (SOI) prior to IVC (Pinj = 32 bar and SOI = 90°
CA ATDC) six other test cases had a SOI after IVC as presented in Figure 2.28. This figure shows

the PLIF images at 328° CA ATDC. It was found that for SOI coincident with IVC in cases with Pinj
= 25 bar near homogeneous mixtures were formed whereas as SOI was retarded from IVC, mixture
inhomogeneities increased monotonically with high hydrogen concentration (high intensity regions)

located under the injector location. For cases with Pinj = 100 bar the snapshot for SOI equal to IVC
indicated a near homogeneous mixture distribution, similar to the low injection pressure case with

similar SOI timing. For SOI = 270° CA ATDC the high injection pressure case exhibited more
homogeneous mixture compared to the low pressure injection at the same SOI timing. High injection
pressure with SOI = 320° CA ATDC, similarly to the low injection pressure at the same end of
injection (EOI) timing, showed that fuel-rich regions were located under the injector side. White’s
observations that, for the late injection timing the rich mixture zone was located predominately under
the injector location (for both low and high injection pressures), was considered by the author as an
unexpected result and therefore a further investigation was suggested in order to obtain a definitive
answer.
In order to investigate further the White’s observations on mixture formation Kaiser and White
(2008) used PIV in addition to PLIF and investigated the in-cylinder mixture formation under similar

engine operating conditions studied by White (2007) and with Pinj = 25 bar. PIV helped to examine
the effect of the in-cylinder flow field on the hydrogen-air mixing process. As shown in Figure 2.29
it was found that for the early injection timing (248° CA ATDC), hydrogen jets changed the in-

cylinder flow and the velocity magnitude increased considerably compared to a non-fuelled flow field.
For the early injection timing, the mixture was essentially premixed. In fact, based on the PIV vectors
a central, counter-rotating vortex pair transported fluid from near the cylinder walls to the central
region of the chamber. This flow pattern was significant and produced a relatively homogeneous
mixture. Kaiser and White (2008) also observed that their intermediate and late injection timings
(270° CA, and 282.5° CA ATDC) produced fairly similar flow fields to each other. Specifically, rich
and lean regions were separated by a mixing region with a strong mean flow towards the injector and
a highly turbulent region near the injector (injector location is at the top in Figure 2.29). The overlay
of the PIV and PLIF in Figure 2.29 shows that the two regions and their separation line were spatially
collocated in vector and scalar fields.
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Figure 2. 28 Single-shot LIF images for various injection pressures and SOI timings. (based on White,
2007).

Based on the flow fields observed for both intermediate and late injection timings, Kaiser and White
(2008) concluded that after the jet-wall interactions (predominantly with the pent-roof surface) the
flow was redirected vertically back down towards the injector. Figure 2.30 shows a schematic of this
explanation in which the returning flow created an intersection by facing the opposite flow guided
by the piston crown (probably created by the jet-piston impingement). The latter authors also
concluded that the jets issued toward the cylinder liner could supply extra momentum to the flow
moving towards the injector (after wrapping around the cylinder). The net result of these two effects
could explain the high hydrogen concentration under the injector location, consistent with the PLIF
images.
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Figure 2. 29 PIV vector plots for different injection timings: a single instantaneous velocity field (left
column), the mean over 165 fields with the mean equivalence ratio as background (middle column),
and the RMS of the velocity magnitude (right column) (based on Kaiser and White, 2008).

White (2007) and Kaiser and White (2008) showed that SOI and its retarding should be adjusted
carefully based on various important parameters, including engine geometry and injector design, in
order to avoid formation of highly inhomogeneous mixtures at ignition timing. Similar studies such
as works conducted by Wallner et al. (2008, 2009) also explained how selecting an appropriate
injection timing, injector location, and injector orientation could improve the combustion quality and
consequently enhance the engine efficiency.
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Figure 2. 30 Conceptual sketch of the opposed-flow situation created by the wall-jet interaction as
proposed by Kaiser and White (2008).

Salazar and Kaiser (2010a) conducted a series of optical PLIF experiments on the influence of SOI
in an optical hydrogen-fuelled engine (with 1.0 bar intake load at 1500 RPM) using different nozzle
configurations. They injected hydrogen at SOI = 220°, 280° and 320° CA ATDC with a centrally
mounted single-hole injector with diameter of D = 1.46 mm. A 6-hole injector (each hole with
diameter of D = 0.54 mm) and a 13-hole injector (each hole with diameter of D = 0.38 mm) both
mounted centrally were also studied. These authors also used the aforementioned 6-hole injector in
addition to a 5-hole injector (with asymmetric hole placement on one side of the transverse axis each

hole with diameter of D = 0.61 mm) with a side-mounted injector configuration. For the side-

mounted 5-hole injector two tip orientations were studied i.e. holes pointing upwards along the pentroof and holes pointing towards the piston crown. Based on the injector design, an injection pressure
of 80–116 bar with a duration of 18.5–22° CA was employed in order to maintain a global equivalence
ratio of Φ ≈ 0.25.

It was noticed that with the single-hole injector the hydrogen jet was not affected by the in-cylinder
tumble motion. Therefore, it was concluded that the fuel distribution was dominated by the
momentum of the issuing under-expanded jet as redirected after impingement with cylinder walls. It
was also noticed that with the single-hole injector the injection timing has a significant effect on the
mixture stratification at the time of ignition. Specifically, for the early SOI it was noticed that the
hydrogen jet produced a tumble-like motion after impinging the cylinder liner and then the piston
crown. This tumble-like motion distributed hydrogen efficiently inside the combustion chamber and
resulted in a quite homogenous mixture at the ignition timing. For the intermediate injection timing
(SOI = 280° CA ATDC) it was seen that redirecting hydrogen cloud (after impinging the liner) hit
the piston crown earlier compared to the early injection timing. This slowed down the
aforementioned tumble-like motion of the hydrogen cloud and consequently spread the fuel into the
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squish zones (opposite side of the jet impinging location with the liner) and produced a lean mixture
at the centre of the chamber (typical spark plug location). For the late injection strategy (SOI = 320°
CA ATDC) it was found that due to the relatively shorter aspect ratio of the cylinder volume the
hydrogen jet impinged the piston top before the liner thus the tumble-like motion was not formed
and the fuel remained highly concentrated within the same side as the jet was initially injected to.
Unlike the single-hole injector, momentum may not be so spatially concentrated in multi-hole
injectors. In fact, it may be dispersed over a range of different directions corresponding to the various
nozzle exits. This could enhance entrainment, but means even more potential exists for jet-wall, jetjet, and jet-bulk flow interactions which need to be taken into account. Salazar and Kaiser (2010a)
noticed existence of a complex jet interactions with piston and cylinder liner for the 6-hole side
mounted injector and with the early injection timing as presented in Figure 2.31. The volume close
to the injector had the lowest equivalence ratios during the mixing process. This occurred since
hydrogen jets travelled a long distance before impinging the piston crown which created enough
entrainment thorough dilution. Therefore, as the piston pushed the mixture upward, the region below
the injector remained lean. For the intermediate injection timing; at 40° CA ASOI much of the fuel
was directly below the injector and to the sides. This distribution was explained by the latter authors
to be due to the impingement between the side jets and the piston crown. At 334°CA ATDC the top
jets reached the squish volume opposite the injector location, and the piston pushed up the fuel below
the injector, so that a lean pocket in the centre of the combustion chamber was surrounded by richer
regions near the cylinder walls. For the late injection timing jet-wall interactions were found to be
limited to fuel from the bottom two jets being pushed up by the piston crown thus the highest
equivalence ratios were found close to the injector location. In general for the 5-hole and 6-hole
injectors, Salazar and Kaiser (2010a) noticed fast jet penetrations and significant wall-jet interactions
for the early injection timing. For the later SOI timings, slower jet penetration was noticed and the
mixing process was not dominated by jet-wall interactions significantly.
Figure 2.32 compares hydrogen distribution at the time of ignition for the injection strategies studied
by Salazar and Kaiser (2010a) with the intermediate injection timing (SOI = 280° CA ATDC). As it
can be seen from this figure, the mixture stratification for all six configurations was quite similar,
except for the single-hole injector, where high levels of stratification and fuel confinement in only
one side of the combustion chamber was seen. All multi-hole configurations featured a very lean
zone in the centre, with equivalence ratios of Φ ≈ 0.1 and less, and conversely most of the fuel was

concentrated towards the side walls of the combustion chamber, with peak equivalence ratios of Φ
≈ 0.3–0.45. Also, in all configurations horizontal inhomogeneity dominated vertical stratification.
Specifically, in each image set all planes followed a comparable trend. From a practical point of view
all six combinations of nozzle designs and injector locations were reported to be unfavourable with
the single pulse injection strategies employed. Specifically, due to insufficient time for the jet to
emerge back towards the centre of the combustion chamber the rich mixture remained within the
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squish zone and very close to the liner in all test cases. This may result in combustion with high wall
heat and crevice losses.

Figure 2. 31 Time series of the mean equivalence ratio measured by PLIF for 6-hole side-mounted
injector (based on Salazar and Kaiser, 2010a).

Figure 2. 32 Mean equivalence ratio at MBT spark timing for SOI=280° CA ATDC. Injector
configuration and spark timing are as indicated in Figure 2.34 (based on Salazar and Kaiser, 2010a).

In a further investigation Salazar and Kaiser (2010b) studied effects of the jet orientation and incylinder tumble motion on mixture formation in DI hydrogen-fuelled engines. A single-hole injector
analogous to their previous work (Salazar and Kaiser, 2010a) was used. However, as presented in
Figure 2.33 three different orientations for the 50° inclined hole were studied that produced different
types of interactions between the hydrogen jet and the in-cylinder tumble, specifically jet and tumble
in cross-flow (β = 0°), in counter-flow (β = 90°) and in co-flow (β = 270°). Figure 2.33 shows time
series of the mean fuel mole-fraction in the vertical plane through the injector axis for the mentioned

injector orientations with SOI 280° CA ATDC. Generally, it was found that for the standard intake
configuration the effect of the bulk in-cylinder flow on the mixture formation process was pretty
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subtle. In fact, the cross flow condition had negligible influence on the mixture formation. However,
for intermediate and late injection strategies, the alignment of the injector nozzle with the pent-roof
at the cross flow condition produced differences in the final mixture distribution when compared to
the other two orientations. It was found that with early injection strategy for the counter-flow and
co-flow conditions a weak tumble motion acted against and with the jet momentum, respectively.
This resulted in a fairly similar mixture stratification for both counter-flow and co-flow conditions at
the early SOI timing. However, for the intermediate injection timing it was found that the co-flow
resulted in significantly greater mixture stratification towards the end of compression. These authors
could not explain if this was due to interaction of the bulk flow or the slight asymmetry in injector
location with respect to the centre of the bore. However, for the late injection strategy it was
concluded that the differences in final mixture distribution in the counter-flow and co-flow
conditions caused unlikely due to the intake-induced bulk flow, since close to the TDC the largescale intake flow was broken down into more isotropic smaller-scale turbulence (due to the tumble
break-down).
Salazar and Kaiser (2010b) concluded that the aforementioned limited influence of the in-cylinder
tumble motion on the mixing process may be partly due to the existence of a rather weak tumble.
Therefore these authors decided to modify the intake manifold in order to produce a relatively
stronger tumble to shed more light on the role of the in-cylinder tumble motion in mixture formation
in DI hydrogen engines. Power of the tumble motion was increased by inserting plates into each
intake port, directing the flow towards the upper half of its cross-sections. PLIF data were collected
on the vertical plane for the early and intermediate injection strategies (SOI = 220° CA and 280° CA
ATDC respectively) as shown in Figure 2.34. Counter-flow (β = 90°) injector orientation was selected
for this study. For the early injection it was found that unlike the low-tumble case, for the high tumble

the returning hydrogen cloud (after the jet-liner impingement) did not complete its tumble-like
motion such that at the time of ignition a significant part of the fuel cloud remained below the pentroof on the opposite injection side. However, compared to the tiny influence of the normal incylinder tumble in the early injection strategy, the effect of the high tumble motion on the mixture
formation in early injection strategy was found to be rather significant. However, the effect of the
high tumble motion for the intermediate injection was minute as shown in Figure 2.33. Noticeable
differences between the two cases were only apparent at 330° CA ATDC. Here, the left half of the
field of view was devoid of fuel for high tumble. Only a small trace of fuel was observed within the
exhaust side, while there was a considerable rich area in the same place for the low tumble case. The
latter authors explained this difference a result of the hydrogen being pushed back along the chamber
sides by the high tumble which consequently retarded the merging of the hydrogen cloud at the
opposite side of the injector. Salazar and Kaiser (2010b) finally concluded that neither changing the
nozzle orientation nor increasing the intake induced tumble caused drastic variations in the level of
mixture stratification. They suggested that this may be due to the spatially concentrated momentum

input by the single-hole injector operated at high fuel pressure. However, it was mentioned that for
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lower injection pressures or multi-hole injectors a relatively greater sensitivity of the mixture quality
to the in-cylinder tumble motion may be noticed.
Later, Salazar and Kaiser (2011a) extended their work by investigating the in-cylinder flow under
hydrogen injection condition by means of PIV. They used the single-hole injector and motoring
condition similar to their previous study (Salazar and Kaiser, 2010a) with the different tumble
intensities (Salazar and Kaiser, 2010b). Figure 2.35 shows the mean in-cylinder velocity field under
fuelling condition. At 230° CA ATDC, hydrogen jet impinged the liner forming a wall-jet
recirculation vortex (tumble-like motion). Far from the nozzle exit the hydrogen jet was still
penetrating with a considerable velocity. In fact, centreline velocities within the free jet were ~300
m/s, more than one order of magnitude higher than maximum velocity magnitude of a related
unfuelled flow field (See Figure 2.24). As it can be seen from Figure 2.35, for both low and high
tumbles the subsequent flow development was very similar in terms of general morphology. The
impinging hydrogen jet, with its head vortex moved downwards along the liner, then crossed the
piston crown. Hydrogen injection and the following air entrainment caused an ‘injection-induced’
tumble vortex, rotating in a direction opposite to the original intake-induced tumble (see Figure 2.24)
which can be seen clearly by 250° CA ATDC. However, Salazar and Kaiser (2011a) noticed that
during most of the compression stroke the difference between the two tumble ratios was about the
same as non-fuelled flow field i.e. 0.5 to 1.0. After ~310° CA ATDC unlike the non-fuelled flow field
where the high-tumble case showed higher velocities (See figure 2.35), for the fuelled flow field higher
in-cylinder flow velocities was observed for the case with low tumble. In order to study the turbulence
characteristics of the flow-filed under the injection condition, Salazar and Kaiser (2011a) also
examined the evolution of the velocity RMS. Similarly to what was observed for the non-fuelled flow
field (see Figure 2.24) the latter authors noticed that for the fuelled flow field at the TDC the velocity
RMS under high-tumble condition became smaller than that of the low tumble condition. This was
exactly opposite to what was noticed for the non-fuelled flow field. Therefore, it was concluded that
the large-scale fluctuations (spatial and cycle-to-cycle) that dominated the velocity RMS were more
dependent on the available total kinetic energy of the flow than the result of overlaying fluctuations
of the non-fuelled and fuelled flow fields. As it was discussed earlier a more homogenous mixture
was created for the high-tumble case while a lower level of turbulence (lower RMS values) was
expected for the high-tumble case. Since the flame propagation in stratified mixtures of hydrogen is
not well studied, therefore Salazar and Kaiser (2011a) concluded that it was unclear if the potential
benefits of a more homogeneous mixture around the spark plug could compensate for the relativity
lower level of turbulence in the high-tumble case.
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Figure 2. 33 Time series of the mean fuel mole-fraction in the vertical plane through the injector axis
for three injector orientations with SOI = 220°CA ATDC (based on Salazar and Kaiser, 2010b).
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Figure 2. 34 Time series of the mean fuel mole-fraction in the vertical plane through the injector axis
low and high intake-induced tumble with various injection timings (based on Salazar and Kaiser,
2010b).
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Figure 2. 35 Interaction between hydrogen jet and engine tumble. Time series of the in-cylinder flow
with injection for low and high tumble (two left columns). Magnitude of in-cylinder RMS velocity
(background colour) and mean velocity (arrows) for low and high tumble engines with injection (two
right columns) (based on Salazar and Kaiser, 2011a).

2.3.2 Computational Studies
In one of the earliest attempts to model numerically the mixing process in DI hydrogen engines,
Rottengruber et al. (2004) used RANS modelling to study the mixture formation with a centrallymounted multi-hole injector in a full load condition at 2000 RPM. They noticed that for an early
injection timing of SOI = 230° CA ATDC (intake valves closed) a high injection pressure ( Pinj = 150
bar) delivered a better mixture homogeneity at ignition timing in comparison to a relatively lower

injection pressure (Pinj = 40 bar). It was concluded that relatively higher turbulent kinetic energy,

caused by the high injection pressure, and also longer interaction between the issuing jets with the
moving piston might enhance the mixing process. However, the latter authors suggested that a
lengthy injection period (and therefore mixing time) in conjunction with a low injection pressure (for
instance Pinj = 40 bar) could create a suitable homogeneous mixture at the time of ignition.
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Later Messner et al. (2006) used RANS modelling (standard k-ε) to investigate the mixing process in
a pent-roof engine with a side mounted multi-hole injector (between the intake valves). An early

injection timing with SOI = 240° CA ATDC and Pinj = 200 bar at 1000 RPM was studied. Comparing
the CFD data with optical LIF measurements showed a rather satisfactory agreement. At the
beginning of injection, it was noticed that in both CFD and LIF images the jets issuing form the
multi-hole injector merged into a single air/fuel stream (or cloud). They concluded that the Coanda
effect was responsible for this behaviour. Specifically, the supersonic hydrogen jet just after the nozzle
exit amplified the general ‘suction-tendency’ of free streams. This reduced the static pressure around
the hydrogen jets and forced them to merge. For this early injection strategy it was observed that a
fairly homogeneous mixture was formed throughout most of the combustion chamber at the time of
ignition. However, high local fuel concentration existed under the injector side of the chamber within
the intake quenching zone.
Scarcelli et al. (2010) developed a computational framework within ANSYS Fluent in order to study
the mixture formation in hydrogen-fuelled IC engines. They validated their computational model
against the PLIF measurements. The computational RANS framework was examined further by
Scarcelli et al. (2011a) and by investigating the effect of various grid resolutions, RANS turbulence
models, and turbulent Schmidt numbers. The single hole configuration described earlier for the work
conducted by Salazar and Kaiser (2010b) was employed. A hybrid grid was used with tetrahedral
elements resolving the pent-roof (and nozzles) and hexahedral grids resolving the cylinder squish
volume. In terms of the grid resolution Scarcelli et al. (2011a) investigated three different grids namely
coarse with total number of ~200,00 cells (4 cells across the nozzle diameter), medium with total
number of ~1,400,000 cells (8 cells across the nozzle diameter) and fine with ~3,300,000 cells (10
cells across the nozzle diameter). In general, all three grids were able to predict Mach numbers close
to unity in the nozzle volume and greater than unity immediately after the nozzle exit. However the
authors acknowledged that the grid resolutions used was not able to reproduce accurately the barrelshape shock, reflected shocks and Mach disk dimension. However, it was found that the grid
resolution had practically no effect on the fuel dispersion, that was under-predicted with all
resolutions used. It should be noted that applying more than ~1,400,000 cells, did not provide
noticeable improvement in the predicted fuel distribution (compared to the experimental PLIF
images). It was also found that RANS was not able to predict the jet detachment from the walls and
consequently fuel concentration in the orthogonal direction with respect to the wall as high as
captured by PLIF. The authors suggested that this could be improved by applying a more enhanced
wall treatment and turbulence modelling techniques such as LES.
Scarcelli et al. (2011a) also investigated the performance of three different RANS models in
reproducing in-cylinder mixing in DI hydrogen engines. Specifically, a comparative study was
conducted based on the standard k-ε, realizable k-ε and k-ε RNG models. A preliminary study of
these three types of the k-ε model showed no significant difference as can be seen in Figure 2.36.
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The RNG and realizable models provided very comparable results. Figure 2.36 also compared the
effect of three different turbulent Schmidt numbers i.e. 0.70, 0.55 and 0.20 on the mixing process. It
was found that reduction of the turbulent Schmidt number resulted in more fuel dispersion, which
made it closer to the PLIF measurements. Nevertheless, the model with low Schmidt number were
unable to provide comparable results to PLIF images where relatively rich and lean zones were
located particularly at late crank angle degrees.
Scarcelli et al. (2011b) extended their studies on in-cylinder hydrogen mixing by examining various
injection strategies including various nozzle designs and injection pressures. Specifically, they used
centrally mounted single-hole with D = 1.46 mm (with nozzle orientation similar to Figure 2.33 with

β = 0°) and 13-hole injector with D = 0.36 mm. For the single-hole injector they used injection

pressures of Pinj = 25 and 100 bar and for the 13-hole injector an injection pressure of Pinj = 86 bar

were applied in order to maintain a global equivalence ratio of Φ ≈ 0.25. All test cases considered

were early injection with SOI ≈ 220° CA ATDC. In addition to the RANS modelling (realizable kε) they also used PLIF and Schlieren in order to visualise the mixture quality and jet penetration
respectively for direct comparison with their CFD data. For the RANS simulations an injection
profile with a linear ramp-up and down was used as shown in Figure 2.37 for the single-hole injector
with injection pressure of Pinj = 100bar. The ramps in this figure were obtained based on a trial and
error process. Specifically, various injection profiles were considered for each test case and the one
which produced closest jet penetration compared to the Schlieren images was selected. According to

this and based on the experiments three different injection profiles were selected. It should be noted
that these injection profiles are based on a wide simplification and according to what was explained
earlier based on the work conducted by Yu et al. (2013) the effective injection pressure may not reach
to its nominal value thorough out the injection process (see Figure 2.6).
Figure 2.38 compares RANS with Schlieren and PLIF images produced by Scarcelli et al. (2011b) for
the single-hole injector with injection pressure of Pinj = 25 bar. The comparison showed a satisfactory
agreement in terms of jet penetration and overall evolution for all the cases examined. In terms of

the mixture formation it was found that with a centrally mounted single-hole injector (and with the

nozzle pointing towards the exhaust side), combination of a relatively low injection pressure ( Pinj =
25 bar) and a long injection duration (74.5° CA) could result in a more desirable mixture at ignition

timing when compared to a short injection (17.5° CA) with high injection pressure (Pinj =100 bar).
In particular, for the former strategy a more homogeneous mixture was formed in the vicinity of the
spark plug compared to the latter strategy. However, the authors suggested the use of a more detailed
modelling approach (LES), finer grid resolution (particularly close to the nozzle exit) and enhanced
wall treatment in order to increase the accuracy level of numerical simulations.
Recently, Le Moine et al., (2015) examined computationally in-cylinder DI and mixing of hydrogen
with a single-hole injector (D = 1.46 mm, Pinj = 100 bar and an early injection strategy with SOI=223°
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CA ATDC) and engine geometry/configuration comparable to what was used by Scarcelli et al.
(2011b). This was done preliminary to validate performance of a newly develop commercial CFD
framework (CONVERGE) in modelling gaseous jets and their in-cylinder mixing. Although their kε RNG approach with an adaptive mesh refinement (AMR) technique (0.125 mm spatial resolution
at the nozzle exit) was able to reproduce comparable behaviour to PIV and PLIF experiments in
terms of both velocity filed and fuel stratification but these authors suggested a higher spatial and
temporal resolution of the turbulent scales was needed in order to better resolve the local mixing
structures. These authors also suggested the use of LES with higher order temporal discretisation
(first order was used) in order to improve local in-cylinder hydrogen concentration.

Figure 2. 36 Comparison between RANS and optical PLIF data and also between different RANS
models based on the hydrogen mole fraction during the injection with 1-hole injector with 100 bar
(Scarcelli et al., 2011a).
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Figure 2. 37 Schematic of a generic injection profile for gaseous injectors (based on Scarcelli et al.
2011b).
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Figure 2. 38 Comparison between RANS and PLIF for 1-hole injector with 25 bar injection pressure
(based on Scarcelli et al., 2011b).
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2.4 Hydrogen Combustion
2.4.1 Introduction
With reference to the conventional IC engines, combustion can be categorized in two different
modes, a non-premixed mode or diffusion flame combustion in Diesel engines, and a premixed mode
with propagation flame combustion in PFI SI gasoline engines. However, DISI engines with
extensive fuel stratification extended the premixed mode to partially-premixed flame propagation.
Concerning hydrogen-fuelled DISI engines, both premixed and partially-premixed combustion
modes may exist depending on the time of injection. Specifically, as discussed in the previous section,
an early injection strategy can produce a relatively homogenous mixture at the time of ignition which
then lead to a pre-mixed like flame propagation. On the other hand a late injection strategy results in
a high level of mixture stratification and consequently partially-premixed combustion. As mentioned
earlier in chapter one, hydrogen has some exceptional characteristics particularly in terms of
combustion (see Table 1.1). In order to obtain a better understanding of hydrogen combustion,
particularly in IC engines applications, some of its characteristics such as flammability limit,
diffusivity, Minimum Ignition Energy (MIE) and quenching distance are required to be considered
cautiously. A comprehensive investigation on the combustion characteristics in flammable hydrogen
mixtures can be found in a work conducted by Drell and Belles (1958). Moreover, fundamentals of
hydrogen combustion particularly with respect to the application in SI hydrogen-fuelled engines have
been documented by Verhelst (2005) and Bane (2013).

2.4.2 Experimental Studies
Limited experimental studies have been conducted on DISI hydrogen-fuelled engines. One of the
first studies on the combustion characteristics in DISI hydrogen-fuelled engines was conducted by
Wimmer et al. (2005) through collaboration with BMW. They found that SOI timing had significant
effect on performance, efficiency and emission (NOx) characteristics of the hydrogen engine
examined.
Later, Wallner and co-authors (2007, 2008, 2009a, 2009b and 2009c) investigated experimentally the
effects of different injection strategies on the combustion characteristics and engine performance in
a DISI hydrogen-fuelled engines. It was found that in addition to the nozzle design, the injector’s
location had also significant effect on the indicated thermal efficiency. It was concluded that
optimization of the injection strategy solely based on the engine efficiency could result in dramatic
increase in NOx emissions. Wallner et al. (2009c) extended their work by investigating the effect of
injection pulse on engine efficiency and NOx formation. They found that double-pulse injection
strategy reduced the NOx emission significantly while maintaining similar engine efficiency as the
single pulse injection. Also, it was observed that by increasing the portion of the fuel injected in the
second pulse, the NOx emissions reduced considerably regardless of the nozzle orientation. However,
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it was suggested more works were required in order to shed more light on the effect of a doublepulse injection, and in general multiple-pulse injection strategies, on the mixture quality at the time
of ignition.
A series of experimental studies on the engine efficiency, combustion characteristics and NOx
emissions were conducted on an upgraded DISI hydrogen engine at Argonne Laboratory including
works conducted by Obermair et al. (2010), Wallner et al. (2011) and Matthias et al. (2012).
Turbocharged boosted with 2 bar intake pressure and three engine speeds i.e. 2000, 2500 and 3000
RPMs were also investigated by the later authors. It was found that injection pressure had significant
effect on the break thermal efficiencies and also NOx emissions. It was also observed that for low
engine speeds by retarding the SOI timing the compression work was reduced noticeably hence a
higher engine efficiency could be achieved.
There are very few optical data available regarding spark ignition and correlated flame development
in hydrogen-fuelled IC engines. In one the most remarkable works Salazar and Kaiser (2011b)
conducted Schlieren imaging with high speed photography on flame kernel development and flame
propagation in both DI and PFI hydrogen engines. These authors investigated the flame
characteristics in the low and high tumble modes (with 0.22 and 0.77 tumble ratios, respectively) on
the Sandia hydrogen engine as discussed earlier (Salazar and Kaiser, 2011a). Hydrogen was injected
with 100 bar pressure using a centrally-mounted solenoid Westport single-hole injector with a
nominal SOI timing of 220° CA ATDC with 17.5° CA injection duration (to maintain a global
equivalence ratio of Φ ≈ 0.25). As presented in Figure 2.39 it was found that for the low tumble case
and PFI the flame propagation within the premixed homogenous mixture was relatively spherical at

the beginning and quiet symmetric afterwards. This found to be very similar to the flame propagation
observed in fixed volume combustion bombs (Verhelst, 2005; Bane, 2013). With respect to the DI,
flames were convicted and stretched clockwise for both low and high tumble ratios. Similarly to the
high tumble PFI case in both DI cases the initial kernel convection was followed by a strong stretch.
An interesting behaviour was observed for the heat release rate in DI cases. Unlike the PFI cases in
DI cases except the initial 20° CA the heat release rate was higher for the low-tumble case. It was
shown that early flame kernel development is affected by the equivalence ratio around the kernel
(Aleiferis et al., 2005). Therefore, it was concluded that a richer mixture around the initial kernel for
the high tumble case initially dominated the heat release rate but higher flow velocity and turbulence
in the low tumble case resulted in relatively higher rate of the heat release within the mid and final
stages of the combustion. For the DI cases the centre of the initial kernel was found to be distanced
significantly from the initial ignition point due to high convection imposed by the strong tumble
motion. Salazar and Kaiser (2011b) concluded that the tumble breakdown either did not occur or
occurred incompletely. Therefore, they suggested velocity measurement experiment inside the pentroof as a possible future work in order to evaluate the dynamics of the flow at the time of ignition.
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Rosati and Aleiferis (2009) and later Aleiferis and Rosati (2012a, b) conducted thermal and optical
studies on a single-cylinder hydrogen engine (capable of being used under both optical and thermal
arrangements) at UCL. They used optical techniques including flame chemiluminescence and OH
LIF imaging in order to investigate flame propagation in DI (70–100 bar) and PFI (4bar) hydrogen
engines with SI and HCCI under various engine loads (1000 RPM with Φ ≈ 0.5–0.83). These authors
also examined a double pulse injection strategy for HCCI combustion and various spark advancing

(IT = 15°, 35° and 40° CA BTDC) for SI combustion. It was found that hydrogen DI led to relatively
higher in-cylinder pressure along with higher combustion rate compared to those of PFI engine
studied. This was attributed to lower calorific value of the mixture formed by PFI because of the air
displacement losses that are related to injection of extremely light hydrogen in the intake manifold.
Additionally, mixture stratification was also suggested as one of the further reasons of relatively
higher peak pressure of DI hydrogen. However, based on the research conducted by Salazar and
Kaiser (2011b) it can also be concluded that the in-cylinder flow structures in the DI case might
increase the flame propagation speed and thus combustion rate which consequently resulted in a
relatively higher in-cylinder peak pressure.
With DI in half load condition and an early SOI timing (SOI = 220° CA ATDC with 4–6 ms duration)
a relatively spherical flame was observed. Rosati and Aleiferis (2009) suggested that early SOI timing
resulted in a fairly homogenous mixture with small flow structures (i.e. with relatively small in-cylinder
velocities in a ‘settled down’ flow) at ignition timing which resulted in a spherical flame with very tiny
level of wrinkling. However, as discussed earlier, Salazar and Kaiser (2011b) with similar injection
timing but fairly leaner mixture (Φ ≈ 0.25 compared to Φ ≈ 0.66–1.0) observed that DI could result

in a huge convection and wrinkling in the flame and an asymmetrical flame propagation (i.e. relatively
faster growth towards one side of the chamber). This could be due to the fact that Salazar and Kaiser
(2011b) used a single-hole injector which issued a hydrogen jet with very high level of momentum.
In fact, the 6-hole injector used by Rosati and Aleiferis (2009) had a wider overall jet cone angle and
might not be able to produce the same level of momentum as of a single hole injector. However, by
retarding the SOI timing (SOI = 280° CA ATDC) Rosati and Aleiferis (2009) observed a nonspherical flame propagation (propagating towards the exhaust side opposite the injector location). It
was concluded that at the late SOI timing high level of fuel stratification and concentration of rich
mixture at the exhaust side caused a non-spherical flame propagation. Also, at this condition a higher
level of jet-induced momentum was expected to exist at ignition timing because of a relatively shorter
distance between the EOI and IT. This might also contribute to the non-spherical propagation of
the flame.
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Figure 2. 39 Flame propagation in homogeneous and stratified (DI) hydrogen-air mixtures for low
and high engine tumbles (based on Salazar and Kaiser, 2011b).

Rosati and Aleiferis (2009) and Aleiferis and Rosati (2012b) also conducted a comparative study
between a single (SOI = 280° CA ATDC, 48° CA duration) and a double pulse injection (first pulse
with SOI = 260° CA ATDC and 30° CA duration and second pulse with SOI = 310° CA ATDC and
21° CA duration) with HCCI combustion. It was noticed that the autoigntion occurred just after EOI
of the second pulse. Flame images of the single and double pulse injection showed a fairly symmetric
centrally propagating flame for the double pulse injection whereas the single pulse exhibited flame
propagation towards the exhaust side with a swirling-like behaviour. This was very close to the
observations of Oikawa et al. (2011) in which with a plume ignition combustion concept (PCC) a
spherically propagating flame was observed. The centrally propagating flame behaviour of the double
pulse injection strategy (Rosati and Aleiferis, 2009 and Aleiferis and Rosati, 2012b) could be due to
the fact that the relatively early injection of the first pulse produced a homogenous mixture with low
level of turbulence at the SOI timing of the second pulse. Since the second pulse was relatively short
and the autoigntion occurred just after EOI the second jets did not have enough time to affect the
relatively settled flow field significantly.

2.4.3 SI Hydrogen Combustion Modelling
In order to study computationally the combustion stroke of an IC engine cycle the numerical code
must solve simultaneously the flow equations and resolve the chemistry reactions. A detailed
approach to account for chemistry is to couple the set of complex chemistry reactions with the CFD
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solver (Kong et al., 2001; Kong and Reitz, 2002; Hilbert et al., 2004). This method can be
computationally very expensive and normally requires a considerable amount of CPU time. The other
approach is to substitute the actual chemical reactions by different types of theoretical relations
mainly based on the ‘flamelet’ assumption (Peters 1986, 1988). For the latter, the chemical time-scale
is considered short in comparison to those of the convection and diffusion, hence, combustion is
assumed to occur within asymptotically thin layers embedded in the domain (Peters, 1988; Duclos,
1993). Two main turbulent combustion modelling techniques have been developed based on the
flamelet concept which are flame surface density approaches and techniques based on the turbulent
flame speed closure.
Main models based on the flame surface density approach are coherent flame model (CFM) (Marble
and Broadwell, 1977; Zhao et al., 1994), extended and modified CFM models (Helie and Trouve,
2000; Colin and Benkenida, 2004; Knop et al., 2008), and fractal flame model (FFM) (Zhao et al.,
1994). In CFM the flame surface area is defined by a balance equation which describes the transport
of the flame surface by the turbulent flow field and other physical mechanisms involved. However,
the preliminary CFM formulation was just able to model premixed combustion. Therefore, the
extended CFM (ECFM) model and other advanced versions of CFM have been developed to make
the model capable of solving combustion in highly stratified mixtures. The FFM model uses the
concept of fractal geometry to account for the wrinkling of the flame surface due to the turbulence;
moreover, it considers the flame strain imposed by the turbulent eddies (Zhao et al., 1994).
Turbulent flame speed Closure approach uses the flamlet concept in order to define a parameter
representing the turbulent burning velocity of the flame front (Gerke, 2007). This parameter is also
regarded as the turbulent flame speed. Correlations proposed by Bradley et al., (1992) and Zimont
(2000) for the turbulent burning velocity are the two main closures available. These correlations can
be used for both pre-mixed and partially pre-mixed combustions.
With respect to combustion modelling in hydrogen engines, most previous computational studies
have not considered resolving the full chemistry but, instead, used modelling techniques primarily
based on the CFM model and the laminar flame concept for premixed homogeneous mixtures (Knop
et al., 2008, Safari et al., 2009; Liu et al., 2013; Duan et al., 2014) or a turbulent flame speed closure
method (Rakopoulos et al., 2010; Kosmadakis and Rakopoulos, 2012). The turbulent burring velocity
is a direct function of the laminar flame speed. Hence, using an appropriate value for the laminar
flame speed particularly for highly stratified mixtures is necessary in order to obtain reliable
predictions by means of any combustion modelling technique. However, experimental measurement
of the laminar flame speed of hydrogen under engine-like conditions is difficult because of the flame
front instabilities (Verhelst et al., 2011). Therefore, another solution, which is to use detailed chemical
chemistry. In this approach the laminar flame speed is calculated by means of one-dimensional
modelling tools (such as CHEMKIN) based on detailed complex chemical reactions. Many detailed
chemical reactions have been suggested for hydrogen and for various applications (Dixon-Lewis,
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1967; Conaire et al., 2004; Konnov, 2004, 2008; Li et al. 2004; Olm et al., 2014). Based on both
experimental observation and chemical kinetics approach several correlations have been proposed
for the laminar flame speed of hydrogen. A review on these correlations was documented by Verhelst
et al. (2011).
With respect to the combustion modelling in DI hydrogen-fuelled engines with stratified mixtures
very little works are available in the literature. Messener et al. (2006) were one of the first to apply a
turbulent combustion model with k-ε RANS for stratified mixtures of DI hydrogen engines. These

authors used the detailed chemical chemistry of hydrogen combustion proposed by Conaire et al.
(2004) in order to obtain the laminar flame speed of hydrogen. Turbulent flame speed was then
calculated using a correlation suggested by Zimont (1998). It was found that the flame propagation
and heat release rate were corresponded well with measurements obtained in an optical engine. Later,
Gerke (2007) also used the kinetics chemistry of Conaire et al. (2004) and compared the obtained
laminar flame speed of hydrogen with measurements acquired by a single cylinder compression
(originally designed for auto-ignition studies). Gerke (2007) found that the kinetic chemistry proposed
by Conaire et al. (2004) underestimated the flame velocity under elevated pressure levels comparable
to in-cylinder pressure of hydrogen-fuelled engines. This was attributed to the fact that flame
instabilities were not considered by this chemical kinetic model. Gerke (2007) also investigated
different combustion modelling techniques including the closure models of Zimont and Bradley and
also ECFM. The closure models provided satisfactory results for both DI and PFI conditions.
However, it was found that for the ECFM in stratified mixtures some adjustment to the model
coefficients (based on the operating condition) were required to obtain reasonable results.
Another approach to model combustion is to couple the detailed chemical kinetics to the flow solver
directly using a one-dimensional chemistry solver such as CHEMKIN or DARS. In fact, in this
methodology an additional balance equation needs to be solved for each species (reactants and
combustion produces) which is done by means of the chemistry solver. Therefore, the total
computational cost can be increased significantly. Various methodologies have been proposed in
order to reduce the CPU time for the detailed kinetics approach including reduced chemistry and
multi-zone models. Very few computational studies have used the detailed chemical chemistry
approach in hydrogen-fuelled IC engines and only for HCCI applications or Diesel-type cycles (Noda
and Foster, 2001; Kong et al., 2001; Kong and Reitz, 2002; Hilbert et al., 2004; Liu et al., 2008, Boretti
2010a, 2010b, 2012). The detailed chemical chemistry methodology may provide more accurate
modelling of combustion compared to the other methods (such as ECFM) particularly in terms of
the combustion products and emissions (Hilbert et al., 2004). It is worth mentioning that the choice
of the detailed chemical kinetics depends on the application and thermodynamic conditions and there
are still huge uncertainties in kinetic mechanisms available for hydrogen combustion (Konnov, 2008;
Verhelst et al., 2011).
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2.5 Summary and Present Contribution
Hydrogen has been shown to be an ideal alternative fuel within the concept of the conventional DISI
IC engines. High pressure DI of gaseous fuels, including hydrogen, typically forms a highly turbulent
under-expanded jet past the nozzle exit. The characteristics of this kind of jet have direct effect on
the gaseous fuel-air mixing. There are many experimental and computational works available in the
literature regarding under-expanded jets but mostly for aerospace applications with air/nitrogen jets
and large nozzle dimensions. However, recently limited number of studies were published on underexpanded jets of nitrogen, air, helium, methane and also hydrogen issuing from nozzles with
comparable diameters to those of real engine injectors. Nevertheless, the characteristics of underexpanded jets particularly hydrogen and under elevated engine operating conditions are yet to be
investigated. In terms of computational works, very few works are available based on the advanced
turbulence modelling techniques such as LES with high spatial and temporal resolutions on this type
of flow particularly with respect to DI gaseous engines
In terms of the in-cylinder hydrogen-air mixing, few experimental and computational studies are
available in the literature. The effect of various injection strategies including different injection
pressures, Injection timings, injection pulses, injector orientations and locations, and number of
nozzle holes and their configurations have been investigated both experimentally and
computationally in some extent under various engine operating conditions. However, there still exists
a significant grey area regarding possible optimized injection strategies for enhanced mixing in DI
hydrogen engines. Also, all the previous computational works used k-ε RANS modelling techniques
with relatively coarse spatial resolutions and poor near-wall treatments.

With respect to the combustion in SI hydrogen engines the main focus of the literate has been on
experimental and computational studies of premixed homogenous mixtures (mainly for PFI engines).
However, very limited studies are also available for combustion in DI hydrogen engines with stratified
mixtures. All the previous researches on the modelling of combustion in DISI hydrogen engines used
explicit correlations for the turbulent burning velocity of hydrogen instead of solving a detailed
chemical reactions of hydrogen combustion coupled with the main flow solver. Due to the
exceptionally high laminar flame speed of hydrogen and also flame front instabilities these modelling
techniques have been shown not to be able to reproduce the combustion of hydrogen particularly in
mixture with high level of stratification.
Based on the current statues of research mentioned above, the contribution of the present study is
to develop and employ computational frameworks based on the existing state-of-the-art CFD
technologies to investigate fluid mechanics of various physical phenomena involved in advanced
DISI gaseous-fuelled engines by:
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Investigating sonic, mixing and turbulence characteristics and also three dimensional structures
of highly turbulent under-expanded gaseous fuel jets (mainly hydrogen) and other relevant jets
issuing from millimetre size nozzles (comparable to those of real engines) under various injection
pressures and ambient thermodynamics.



Modelling of shock-containing compressible flows including under-expanded gaseous fuel jets
with a high order discretization technique (development of a fourth-order accurate Runge-Kutta
open-source solver within OpenFOAM® framework).



Examining the effect of the nozzle exit profile, turbulence model and computational cell topology
on the key characteristics of under-expanded gaseous fuel jets including jet tip penetration,
volumetric growth and spreading rate.



Modelling of complex in-cylinder flow field of advanced pent-roof engines with low level of grid
deformation and cell skewness (development of a computational framework with a special
dynamic grid handling methodology within STAR-CCM+® framework).



Examining the effect of various injection strategies including various injection pressures,
injection timings, injection duration and injection pulse on the in-cylinder fuel stratification and
mixture quality at the time of ignition in hydrogen-fuelled IC engines using high spatial and
temporal resolutions.



Investigating the effect of the turbulence modelling technique (RANS and LES) in prediction of
the in-cylinder mixture formation in DI hydrogen-engines.



Employing a detailed chemical kinetic combustion modelling approach in order to study the
effect of the injection strategy on the combustion characteristics and flame propagation
behaviour in DISI hydrogen-fuelled engines.
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Chapter 3
Computational Methodology
In the present chapter numerical formulation and computational methodologies used within the
objectives of the current thesis are discussed. Specifically, a brief description of governing equations
of compressible flows, turbulence concept and numerical formulation and methodologies applied in
order to carry out RANS and LES investigations are described. Finally, computational frameworks
used and developed in the current study within both STAR-CCM+® and OpenFOAM® frameworks
are discussed.

3.1 Governing Equations
Fluid flow can be modelled mathematically using equations that conserve mass, momentum and
energy i.e. governing equations (Ferziger and Peric, 2002). Conservation of mass emphasizes that
mass is neither created nor destroyed. On an infinitesimally small element of a compressible fluid
conservation of mass or the continuity equation in its differential form is written as:
߲ߩ
+ ∇ • (ߩ = )܃0
߲ݐ

(3.1)

where ߩ is density and  ܃represents the velocity vector ݑ(܃, ݑ, ݑ).

Forces that may affect an infinitesimally small moving element of a fluid are divided into body and
surface forces. Body forces such as gravity act directly on the volumetric mass of the fluid element
while surface forces act straight on the surface of fluid element. Surface forces are due to imposed
pressure distribution on the surface or shear and normal stresses imposed by fluid tugging or pushing
by means of friction. Considering Newton’s second law, conservation of momentum ensures the rate
of change of momentum in an infinitesimally element of a fluid plus net outward momentum flux
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equal to forces that are being applied to the element. This is formulated as three equations for each
velocity component in space, which are known as ‘Navier-Stokes’ equations as follows:
߲(ߩ)܃
+ ∇ • [ ])܃ߩ(܃+ ∇ܲ − ∇ • ો = 0
߲ݐ

(3.2)

where ܲ is pressure and ો is the Cauchy stress tensor that if the fluid is assumed to obey Newton’s
law of viscosity can be written as:

2
ો = ߤ[∇ ܃+ (∇)܃ ] − ൬ ߤ∇ • ܃൰۷
3

(3.3)

where T is the matrix transpose operator, ߤ is the dynamic viscosity and ۷is the identity tensor. In
Equation 3.3 parameter

ିଶ
ߤ is
ଷ

called ‘bulk viscosity coefficient’ and suggested by Stokes; however,

it has still not been definitely confirmed to the present day (Wendt, 2008). Equation 3.3 can be written
as ો = ߤࡿ where ࡿ is called the rate of strain. In terms of its components Equation 3.3 can be written
as:

2
σ = 2ߤܵ − ߤߜܵ
3
ଵ డ௨

డ௨

(3.4)

where ܵ = ଶ ൬డ௫ + డ௫ೕ൰and ߜ is the Kronecker’s delta.
ೕ



The third governing equation conserves energy that means the rate of change of energy inside an
infinitesimal fluid element equals to the net flux of heat ratio into the element plus rate of working
done on the element due to body and surface forces. This can be formulated in differential form as:

ଵ
ଶ

߲(ߩ)ܧ
+ ∇ • [ ])ܧߩ(܃+ ∇ • ( )ܲ܃− ∇ • (ો •  )܃+ ∇ •  = ܙ0
߲ݐ

(3.5)

where ݁ = ܧ+ ||܃ଶ is the total specific energy and  ܶ∇ߣ = ܙis the heat flux vector. ݁ = ݁(ܶ, )
ଵൗ
ଶ

is the internal energy per unit mass, |)܃ • ܃( = |܃

is the magnitude of the velocity vector,ܶ is

the fluid temperature and ߣ is a heat conduction coefficient based on the Fourier law of heat

conduction (Ferziger and Peric, 2002). For a calorically perfect compressible gas pressure and density
are coupled using an equation of state as P = ρRT, where ܴ is the gas specific gas constant.

Moreover,݁ = ܥ௩ܶ and ܴ = ܥ − ܥ௩, where ܥ௩ and ܥ are the specific heat coefficients for constant
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volume and pressure, respectively. The aforementioned heat conduction coefficient may be defined
using the molecular Prandtl number (ܲ )ݎas ߣ =

ܥ ߤ
ൗ .
ܲݎ

If more than one species are involved in the computational domain, a transport for species is also
solved as:
߲(ߩܻ)
+ ∇ • ߩܻ܃ = ∇ • (ߩܦ∇ܻ)
߲ݐ

(3.6)

where ܻ represents ith specie and ܦ denotes molecular diffusion coefficients, respectively. For N
species, N-1 transport equations are solved and the mass fraction of the Nth component is calculated
from the restriction that the total mass fraction must sum to unity. Molecular diffusion coefficient is
ߤ
associated with molecular Schmidt number (ܵܿ = ൗߩ) ܦ.


The above-mentioned governing equations of fluid flows (i.e. Equations 3.1, 3.2 and 3.5) are in
deferential forms and are derived based on an infinitesimal small fluid element in the flow, with a
differential volume (ܸ݀). In fact, the fluid element (may be fixed in space or moving) is infinitesimal
in the same sense as differential calculus; however, it is large enough to be viewed as a continuous
medium (containing a huge number of molecules). It is worth mentioning that, the partial differential
equations obtained directly from the assumption of fluid element fixed in space are the conservation
form of the equations. On the other hand, particular partial differential equations which can be
derived from the moving fluid element assumption are called the non-conservation form of the
equations. When the conservation form is used, the computed flow-field is generally smooth and
stable (Wendt, 2008). In modelling compressible flows with embedded shock waves and strong
discontinuities it is almost necessary to use the conservation form of the governing equations in order
to obtain reliable results particularly in terms of shock-capturing capability. Specifically, because the
conservation form uses flux variables as the dependent variables the numerical quality is enhanced
(the changes in these flux variables are either zero or small across a shock wave). In contrast, the nonconservation form of the governing equations uses the primitive variables (such as ܲ and ߩ) as
dependent variables (Anderson, 1995; Wendt, 2008).

In a turbulent flow (like an under-expanded jet) Equation 3.1, 3.2 and 3.5 are only valid within the
DNS limit in which the spatial and temporal resolutions are fine enough to capture all scales of the
flow. However, at the present time conducting DNS on complex fluid flows and specifically on
complex computational domains is not computationally practical due to the technological restriction
(high computational costs). Therefore, instead of solving full length of turbulent scales, various
modelling techniques have been proposed and applied which are discussed in the next section of this
chapter.
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3.2 Turbulence Modelling
3.2.1 Turbulence Concept
Fluid flows are typically divided into two major categories i.e. laminar or turbulent. In a laminar flow,
adjacent layers of fluid slide past each other without mixing while in a turbulent flow those layers mix
continually. In a laminar flow transfer of momentum occurs between layers moving at different
velocities because of viscous stresses, whereas in turbulent flow a net transfer of momentum occurs
due to the mixing of fluid elements from layers with different mean velocities. In fact, the rate of
stirring of conserved quantities is increased by turbulence. Stirring is regarded as a process in which
parcels of fluid with differing concentrations of the conserved properties (at least one conserved
property) are brought into contact. Although the actual mixing is accomplished by diffusion the
overall process is usually called turbulent diffusion (Ferziger and Peric, 2002). This, in fact, provides
an enhanced and relatively more effective momentum exchange capabilities for a turbulent flow
compared to a laminar flow. Also, this may promote relatively faster and more prevailing mixing
characteristics. However, depends on the application the effects produced by turbulence may or may
not be beneficial. Generally for under-expanded jets within the aspects of DI gaseous-fuelled IC
engines intense fuel-air mixing promoted by highly turbulent structures is highly desirable.
Turbulence is initially generated by instabilities in the flow caused by mean velocity gradients. These
eddies breed new instabilities and hence smaller eddies. The process continues until eddies become
sufficiently small which means fluctuating velocity gradient are sufficiently large, and viscous effects
dissipate turbulence energy as heat. For instance within a mixing process the reduction of the velocity
gradients due to the action of viscosity reduces the kinetic energy of the flow; in other words, mixing
acts as a dissipative process that converts the energy irreversibly into internal energy of the fluid
(heat). This process was first suggested by Richardson (1922) and is called the turbulence energy
cascade (Pope, 2000). The first concept of the energy cascade is that the turbulence can be composed
of eddies of different sizes. As explained by Richardson (1922), breaking up of the large eddies (which
are unstable) transfers the energy to rather smaller eddies. This break up process continues until the
Reynolds number is sufficiently small that the eddy motion becomes stable, and the role of the
molecular viscosity in dissipating the energy becomes effective. An important conclusion of the
Richardson’s energy cascade concept is that at fairly high Reynolds numbers dissipation rate of the
large eddies (ε) is independent of the kinematic molecular viscosity (ߥ) and scales with the lengthscale (݈) and a characteristics velocity (ݑ) as: ε ∼

ݑଷ൘
݈. This means that there is a scales range

where the energy is transferred to smaller eddies through an inviscid break –up process at a constant
rate of ε (Pope, 2000).

Kolmogorov (1941) quantified the Richardson’s energy cascade concept and suggested that the
statistics of the small-scale motions can be assumed universal i.e. similar in every high-Reynolds
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number turbulent flow (Pope, 2000; Davidson, 2004). Specifically, the statistics of the small-scale
(݈ < ୍݈) motions were determined by kinematic molecular viscosity and dissipation rate with unique
length (ߟ), velocity (ݑఎ), and time (߬ఎ) scales so-called Kolmogorov scales as follows:
ଵ⁄ସ

ଷ
ߟ ≡ ቀν ൗεቁ

(3.7)

߬ఎ ≡ (ν ⁄ε)ଵ⁄ଶ

(3.9)

ݑఎ ≡ (εν)ଵ⁄ସ

(3.8)

୍݈ is the demarcation between the anisotropic large eddies (݈ > ୍݈) and the isotropic small eddies
(݈ < ୍݈). The size range of the small eddies is referred to as the universal equilibrium range. In this
range, the timescales are relatively small so that the small eddies can adapt quickly to maintain a

dynamic equilibrium with the energy-transfer rate posed by the large eddies (Pope, 2000). Two
important results of the aforementioned scales is that first, Reynolds number based on the
ߟݑ
Kolmogorov scales is unity i.e. ቀ ఎൗνቁ = 1 and second, dissipation rate based on these scales is
directly related to the velocity gradient. These two facts indicate that the Kolmogorov scales
characterize the dissipative eddies. Using the scaling ε ∼

uଷ൘
l (as discussed earlier) and the

Kolmogorov scales, it is possible to derive the ratio of the smallest to the largest scales as:
ߟ
ൗ݈ ~ܴ݁ିଷ⁄ସ


ܷఎ
൘ܷ ~ܴ݁ିଵ⁄ସ

߬ఎ
ൗ߬ ~ܴ݁ିଵ⁄ଶ

(3.10)

(3.11)
(3.12)

It is evident that the ratios of Equations 3.10 – 3.12 decreases with increasing Reynolds number.
Therefore, at high Reynolds number there will be a range of intermediate scales ݈ which is small
compared to ݈ and large compared with ߟ. Based on this, Kolmogorov stated that in every turbulent

flow at sufficiently high Reynolds number, the statistics of the motions of scale ݈ in the range of
݈ ≫ ݈≫ ߟhave a universal form that is uniquely determined by the dissipation rate, independent of

viscosity (Pope, 2000). These scales are called the inertia scales. A more accurate definition is provided
by introducing length scale ݈ୈ୍(with ݈ୈ୍ ≈ 60ߟfor many high Reynolds turbulent flows). Specifically,

the latter scale splits the universal equilibrium range (݈ < ୍݈) into two the inertial subrange
(୍݈ > ݈ > ݈ୈ୍) and the dissipation range (݈ < ݈ୈ୍). Viscous effects are negligible within the inertial
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subrange and only the dissipation range experiences considerable viscous effects. Figure 3.1 shows a
schematic of various length-scales and ranges associated with turbulent flows. An overall conclusion
is that in a turbulent flow the bulk of the energy is conveyed by the large scales and the bulk of the
dissipation is associated with the small scales.
The Kolmogorov hypotheses are not directly connected to the Navier-Stokes equations. Taylor
(1935) and von Karman and Howarth (1938) were the first to use a two-point correlation
(autocorrelation) in order to extract useful information about the energy cascade from the NavierStokes equations. Integral length scale (longitudinal and transverse) and Taylor microscale are two
distinct scales that are derived from the autocorrelation function. Integral length scale (݈) is in fact
the length scale of the largest eddy of the flow. The Taylor microscale (ߣ) is a measure of the size
of eddies in the inertial subrange; however, it does not have the same easily understood physical

interpretation as the Kolmogorov scales (Pope, 2000). The Taylor microscale is related to the
dissipation rate as:
ଶ

ε = 15ν 〈ቀ߲ݑൗ߲ݔቁ 〉 = 15ν〈ݑ′ଶ〉/ߣ

(3.13)

where the angular bracket 〈〉 represents the mean value and the prime symbol ′ represents the
fluctuation. As shown in Figure 3.1 the Taylor microscale falls within the inertial subrange in which

the turbulence is isotropic and it is possible to consider 〈ݑ′ଶ〉 = 〈ݑ′ଶ〉 = 〈ݑ′ଶ〉 and 〈ݑ′ݑ′ 〉 =
〈ݑ′ݑ′ 〉 = 〈ݑ′ݑ′ 〉 therefore, turbulent kinetic energy which is generally defined as 1ൗ2 ൫〈ݑ′ଶ〉 +

〈ݑ′ଶ〉 + 〈ݑ ′ଶ〉൯can be expressed as ݇ = 3ൗ2 (〈ݑ′ଶ〉 ). Substituting the isotropic turbulent kinetic
energy into Equation 3.13 gives:

ଵൗ
ଶ

ߣ = ቀ10ν݇ൗεቁ

(3.14)

Turbulent flows, such as under-expanded jets, contain coherent structure (s) which as Ouellette
(2012) suggested is referred to a connected region of the flow field that exhibits a macroscopic
correlation of some physical property in both time and space. Coherent structures, which normally
include wide range of turbulent length scales, are repeatable and fundamentally deterministic events
that are accountable for a large part of the turbulent decay (or mixing). Vortical structure of an underexpanded jet can be regarded as a coherent structure. The ‘chaotic’ nature of turbulent flows causes
these events to differ from each other in size, strength, and time interval between occurrences, making
them quite challenging to study.
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Figure 3. 1 A schematic diagram of various length-scales, ranges and energy cascade in a turbulent
flow at a very high Reynolds number.

3.2.2 RANS Modelling
RANS solves only for the mean flow quantities and thus all the details of turbulence have to be
modelled. It is based on the statistical Reynolds decomposition which indicates that an instantaneous
quantity ߶(ܠǡ )ݐin a certain point in a fluid domain can be defined as the sum of a mean averaged
value and a fluctuation about that value as:

߶(ܠ, ܠ(߶ = )ݐ,  )ݐ+ ߶ ᇱ(ܠ, )ݐ

(3.16)

where ߶(ܠǡ )ݐand ߶ ᇱሺܠǡݐሻ denote averaged and fluctuation components of quantity ߶(ܠǡ)ݐ,
respectively. RANS formulation was originally developed for incompressible flows by replacing
velocity and pressure terms of the Navier-Stokes equations with their Reynolds decompositions. In
fact, for the ith components of the velocity vector and for pressure,  ݑൌ  ݑ ݑᇱ and ܲ ൌ ܲ  ܲᇱ are
substituted in to the Navier-Stokes equations, respectively. The RANS formulation of the
incompressible Navier-Stokes equations are well documented and are not included in the current
thesis and the reader is referred to the publications by Launder and Spalding (1974), Ferziger and
Peric (2002) and Charlesworth (2004) for further information. However, the current study mainly
focuses on compressible flows in which density may vary significantly due to pressure variations
hence it enters into the averaged form of Navier-Stokes equations. For the fluid flows with variable
density, Favre (1983) developed statistical equations by applying a mass-weighted average method.
This helped avoid the introduction of a number of extra terms in the governing equations. Favre
separates a transport quantity n into a mass-averaged part (Favre-averaged)
 and a fluctuation nᇱᇱ
such that:

ᇱ≡ 0
തതതᇱത
n ≡ n + nᇱᇱ ݐ݅ݓℎ ߩ̅ n ≡ ߩn
തതതതܽ݊݀ ത
ߩn

(3.17)

where double prime denotes the fluctuating part with respect to the Favre averaging and over bar
represents the Reynolds averaging. By substituting the Reynolds decomposition of density and
pressure and the Favre decomposition of velocity and internal energy in to the governing equations
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(Equations 3.1, 3.1 and 3.5) the time averaged governing equations for density, momentum and
energy are obtained as presented in Equations 3.18 – 3.20, respectively.
߲ߩ̅
߲
(ߩ̅ ݑ
+
) = 0
߲ݔ߲ ݐ

߲
߲
߲ߪ߲ ̅
(ߩ̅ ݑ
) +
ݑ
൯+
−
+ ߩݑᇱᇱݑᇱᇱ = 0
൫ߩ̅ ݑ
߲ݐ
߲ݔ
߲ݔ ߲ݔ

߲
߲
߲
߲
ܪ൯−
ቀݑ
ߪ − ݑ
ߩݑᇱᇱݑᇱᇱቁ+
= ݍ0
൫ߩ̅ ܧ൯+
൫ߩ̅ ݑ
߲ݐ
߲ݔ
߲ݔ  
߲ݔ 

(3.18)

(3.19)

(3.20)

The ‘hat’ symbol in E and H in equation 3.20 does not denote a filter operation but indicates that the
quantity is based on filtered variables as:
ܧ = ݁̃ +

ܪ = ݁̃ +

1
ݑ
ݑ

2  

1
̅
ݑ
ݑ
 +
2
ߩ̅

(3.21)
(3.22)

The averaged equation of state for a calorically perfect gas may also be written as:

෩
ܴܶ ̅ߩ = ̅

(3.21)

Term −ߩݑᇱᇱݑᇱᇱin Equations 3.18–3.20 is called Reynolds stress tensor. It should be noted that it is
not actually a true stress in the conventional sense of the word and just represents the mean
momentum fluxes induced by the turbulence (Pope, 2000). Capturing the effects of these fluxes is
achievable by pretending ߩݑᇱᇱݑᇱᇱ is a stress. Trying to get an equation for ߩݑᇱᇱݑᇱᇱ results in creating
a new term,ߩݑᇱᇱݑᇱᇱݑᇱᇱ which has a new unknown ݑᇱᇱ. Attempting to find an equation for the latter
third-order correlation will result in a fourth-order correlation. The key point is that there are always

more unknowns than equations in modelling turbulence with statistical description which means that
the system of equations is ‘not closed’. This is known as the ‘closure problem of turbulence’ which is
a common characteristic of non-linear dynamical systems (Davidson, 2004). In order to close the
system, some additional information must be introduced. For almost a century, engineers have
plugged this gap using the so-called eddy-viscosity hypothesis and this still form the backbone of
engineering turbulence (Pope, 2000; Davidson, 2004). In fact, the Reynolds stress tensor can be
estimated using the Boussinesq approximation for compressible flows as:

߲ݑ
 ߲ݑ
2 ߲ݑ

2
−ߩݑᇱᇱݑᇱᇱ = ߤ௧ ቈቆ
+
ߜ− ߩ̅ ݇ߜ
ቇ−
߲ݔ ߲ݔ
3 ߲ݔ
3

(3.22)
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where ߤ௧ is called turbulent viscosity and ݇ is the turbulent kinetic energy as:
݇=

1 ߩݑᇱᇱݑᇱᇱ
2 ߩ̅

(3.23)

A suitable expression is required for ߤ௧ in order to close the set of the averaged governing equations.
Various models have been proposed to estimate ߤ௧. In an early work by Prandtl (1925) it was
suggested that the turbulent viscosity might be considered to be directly proportional to a turbulent

velocity scale and a turbulent length scale that is called the mixing length. However, there are two
major drawbacks for this definition for ߤ௧, first is that this definition is highly flow dependent and

second is that it is not capable of estimating ߤ௧ in the absence of mean strain rate (Pope, 2000). Later,

in order to obtain a more realistic definition for the turbulent viscosity it was suggested that ߤ௧ could
be considered proportional to the square root of k and a turbulent length scale. Then, in order to
obtain k an additional transport equation is coupled to the aforementioned governing equations in

order to create a determined set of equations hence this methodology is typically called ‘one-equation’
eddy viscosity model. A drawback of this model is that the mixing length needs to be estimated using
empirical assumptions that makes its application limited particularly for complex flows (Pope, 2000).
Therefore, ‘two-equation’ models were suggested that a second transport equation is incorporated in
order to calculate the aforementioned turbulent length scale. The choice of variable for the second
transport equation is not restricted, however, the most validated models used either dissipation rate
ߝ or the dissipation rate per unit turbulence kinetic energy i.e. ω = εൗk. In case of a two equation
model based on the dissipation rate the turbulent viscosity is defined as:
ߤ௧ = ܥఓ

ߩk ଶ
ε

(3.23)

where ܥఓ is the closure coefficient and is typically kept constant. One of the most famous two-

equation eddy viscosity models was proposed by Launder and Spalding (1974) and is called the
‘standard’ k-ε .Later, Yakhot and Orszag (1986) and Smith and Reynolds (1998) used renormalization

group method (RNG) in order to obtain equations for k and ε, this led to a modified turbulence

model so-called RNG k-ε. The latter model differs from the standard k-ε model by having an
additional source term in its ߝequation which is largely responsible for its different performance. In
fact, RNG model considers relatively wider range of scales to be responsible for the turbulent
diffusion.
The most widely used ω-based model developed by Wilcox (1993). In this case the turbulent viscosity
is defined as:
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ߤ௧ =

ߩ݇
߱

(3.24)

The difference between this model and the standard k-ε model is in the use of the second equation

which one solves for ε and the other for ω. Wilcox’s k-ω model shows superior performance on

boundary layer and wall bounded flows compared to the k-ε model, however, it exhibits unphysical
predictions in the case of free-stream boundaries. Later Menter (1993) proposed a two-equation

model designed to yield the best behaviours of k-ε and k-ω models which is called Menter baseline
(BSL) model. The BSL model benefits of a blending function that turn the model gradually from k −
ε close to the walls to k-ω as the distance from the wall is increased. Similarly to the Wilcox model
the BSL model uses Equation 3.24 in order to estimate the turbulent viscosity. Later, Menter (1994)

developed a new model based on the BSL in order to eliminate unphysically excessive turbulence
production rate associated with linear eddy viscosity models. This was done by introducing a ‘limiter’
to the eddy viscosity of the BSL model and the new model in called Shear Stress Transport (SST)
model. The concept of the SST model is based on the fact that the transport of the principal turbulent
shear stress is of vital importance in the prediction of severe adverse pressure gradient flows.

3.2.3 LES Modelling
As discussed earlier in a turbulent flow the energy and anisotropy are contained predominantly in
large scales while the relatively more universal small scales are associated with dissipative motions.
The concept of LES is to explicitly solve the relatively more significant large scale motions (which
are not universal and are affected by the flow geometry) while the effect of the more universal smaller
scales are taken into account by some heuristic models. This, in fact, avoids the cost of explicit
modelling of small eddies and masks LES considerably less expensive compared to DNS. Four
conceptual steps can be stated for LES as (Pope, 2000):


Velocity field ܠ( ܃,  )ݐis decomposed by a filtering operation into the sum of a filtered or resolved

ധധധധധധݐ
ധധ
), and a residual or subgrid-scale (SGS)
component (represents the larger scales)ധ
ܠ(܃,


component (represents the smaller scales)ܠ( ∗ ܃, )ݐ.

The governing equations for the filtered component of velocity are derived using the Navier-

Stokes equations.


The filtered governing equations includes an additional stress tensor so-called residual or SGS
stress tensor arise from the small dissipative scales. Supplementary relations to close the set of
the governing equations is obtained by modelling the SGS stress tensor, typically using an eddyviscosity model.
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ധധധധധധݐ
ധധ
), which then provides an approximation to the largeThe filtered equations are solved forധ
ܠ(܃,

scale motions of the turbulent flow.

LES methodology is normally characterised into three main categories i.e. LES with near wall
resolution (LES-NWR), LES with near wall modelling (LES-NWM) and very-large-eddy-simulation
(VLES) (Pope, 2000). If the grid resolution and consequently filter is fine enough to resolve at least
80% of the turbulent kinetic energy of the flow then the model is considered to be LES-NWR.
However, if the grid is not fine enough to resolve the near wall region and instead models the scales
in that region then the model is called LES-NWM. Finally, in VLES the grid (filter) is coarse and
substantial part of the energy-containing scales resides in the residual motions and is modelled.
In LES the aforementioned decomposition of the scales is typically achieved using a low-pass filter
introduced by Leonard (1974) as:
ധ
ധധധധധധݐ
ധധ
) = න G(࢘, ܠ, ∆)ܠ(܃− ࢘, ࢘݀ )ݐ
ܠ(܃,

(3.25)

ୈ

where the integration is over entire flow domain D, and G is the filter function (with filter width of
∆) which is typically associated with the grid (spatial) resolution (but not necessarily) and satisfies the
normalization condition as:

න G(࢘,  = ࢘݀ )ܠ

(3.26)

Using the Favre averaging and applying the LES filtering to the Navier-Stokes equations results in
formation of residual-stress tensor due to the existence of non-liner terms (Pope, 2000). The residualstress tensor τோ is defined as:

τோ = ߩ̿ ൫ݑ෦పݑఫ − ݑ
ݑ
൯

(3.27)

where ߩӖdenotes the filtered density. The anisotropic part of the residual-stress tensor is defined as:
2
τ = τோ − k ߜ
3

(3.28)

ଵ
ଶ

where k  is the residual kinetic energy defined as k  ≡ τோ.

In order to form a determined set of governing equations a Boussinesq type hypothesis may be
used in order to model the anisotropic part of the residual stress tensor as:
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1
τ = −ߩ̿ ߥ௦௦ ൬ܵሚ − ߜܵሚ൰
3

(3.29)

where ߥ௦௦ is the sub-grid kinematic viscosity. Smagorinsky (1963) was the first to suggest an
expression for ߥ௦௦ as:

ߥ௦௦ = C௦ଶ∆ଶට2ܵሚܵሚ

(3.30)

where C௦ଶ is called the Smagorinsky constant and is calculated using the local equilibrium hypothesis
ିଷൗ
ସ,

ଵ
గ

and a Kolmogorov spectrum as C௦ = (3ܭ⁄2)

where ܭ is the Kolmogorov constant and is

typically equal to 1.4 which lead to a Smagorinsky constant of ~0.18 (Pope, 2000). However, it should
be noted that ܭ is flow dependant (a function of Reynolds number and/or other non-dimensional
parameters) and can be interpreted as the ratio of the mixing length associated to the non-resolved
ଵ⁄ଷ

scale to the filter cut-off length ∆ = ൫∆௫∆௬ ∆௭൯
constant is normally ranged between 0.1 and 0.2.

(Pope, 2000). In practice the Smagorinsky

Germano and colleagues (1991) used the scale-similarity idea in order to develop an eddy viscosity
SGS model in which the model coefficient is obtained dynamically as the calculations progress. The
model is based on the Smagorinsky model and is generally called dynamic Smagorinsky. In fact, the
dynamic model uses the strain rate fields at two different scales and thus utilizes spectral information
in the large-scale field to extrapolate the small-scale stress. A dynamic SGS model for compressible
flows was developed by Moin et al. (1991) by generalizing the model of Germano.
Wall-adapting local eddy-viscosity (WALE) is another SGS model developed based on the
Smagorinsky model (Nicoud and Ducros, 1999). Sub-grid kinematic viscosity in WALE model
defined as:

ߥ௦௦ = ܥ௪ଶ ∆ଶ

ଷ⁄ଶ

ቀܵௗ ܵௗቁ
⁄ଶ

ହ
൫ܵሚܵሚ൯

ହ⁄ସ

+ ቀܵௗ ܵௗቁ

(3.31)

where ܵௗ is the traceless symmetric part of the square of the velocity gradient tensor. In comparison
to the classical Smagorinsky model, the WALE model produces zero eddy viscosity in case of a pure
shear (may occur in free jets) that makes it capable of reproducing turbulent transitional processes
more accurately through the growth of unstable modes (Nicoud and Ducros, 1999). Also, there are
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LES models that solve a transport equation for SGS turbulent kinetic energy k ௦௦ such as (Yoshizawa
et al., 1993; Fureby, 1997):

߲ߩ̿ k ୱୱ
നk ୱୱ − ∇ • ൣߩ̿ ൫ߥ + ߥୱୱ൯∇k ୱୱ൧
+ ∇ • ߩ̿ ܃
߲ݐ
1
2
ന ∶ ൬ [∇ ܃+ (∇)܃ ]൰൨− ∇ • ൫ߩӖ
ന݇ୱୱ൯
= 2ߩӖ
ߥୱୱ ∇܃
܃
2
3
ଷ
k ୱୱ ൗଶ
− ܿఢߩӖ
ઢ

(3.32)

where operator “∶” denotes the double inner products of two tensors, T is the matrix transpose
operator, ܿఢ is a dimensionless model coefficient. The SGS viscosity is then obtained as

ߥ௦௦ = ܥ݇௦௦∆ (Yoshizawa et al., 1993; Chai and Mahesh, 2010). These types of LES models are
normally referred to as ‘one-equation’ models.

3.2.4 Implementation in CFD
In a practical view most CFD codes use the governing equations as presented in Equations 3.1, 3.2
and 3.5 for both RANS and LES. Specifically, the additional Reynolds or residual stress terms
(Equations 3.22 and 3.29, respectively) are applied as source terms and combined into ો and  ܙterms

of Equations 3.2 and 3.5. This results in formation of a new term called effective viscosity ߤ which

is defined as the sum of the molecular and turbulent viscosities as ߤ = ߤ + ߤ௧ (Pope, 2000;
Vuorinen et al., 2015). Therefore, ߤ is replaced by ߤ in Equations 3.2 and 3.5 and  ܃stands for
the averaged or resolved velocity fields for RANS and LES, respectively.

3.3 Finite Volume Method
In order to solve the partial differential governing equations of fluid flows they should be discretized
on the computational domain. Discretization converts the partial equations into sets of solvable linear
equations. Various discretization methods are available where Finite Volume (FV) method is the most
practical and common approach for CFD applications (Ferziger and Peric, 2002). In this subsection
a brief description on the FV discretization of the governing equations is provided.
All governing equations of fluid mechanics can be written in the form of general transport equation
which for a tensorial property ߶ = ߶(ܠ,  )ݐconsidered continuous in space, given as:
߲߶
+ ∇ • ( )߶܃− ∇ • ൫Γథ ∇߶ ൯= Sథ (߶ )
߲ݐ

(3.33)
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where ߲߶/߲ݐis the unsteady term, ∇ • ( )߶܃is the convection term, ∇ • ൫Γథ ∇߶൯is the diffusion
term, Sథ (߶) is the source term and Γథ is the diffusivity. Diffusion term includes the second

derivative of ߶ therefore Equation 3.33 is a second-order partial differential equation. For accuracy
it is necessary to have an equal or higher level of discretization than the order of equation that is

being discretized. The FV method requires the integral form of Equation 3.33 is satisfied over the
control volume ܸ around point ܲ. The integral form of equation 3.33 can be derived as (Jasak, 1996):
න

௧ା∆௧

௧

߲
ቈ න ߶ ܸ݀ + න ∇ • ( ܸ݀ )߶܃− න ∇ • ൫Γథ ∇߶ ൯ܸ݀݀ݐ
߲ ݐು
ು
ು
=න

୲ା∆୲

୲

ቆන Sథ (߶ ) ܸ݀ቇ ݀ݐ

(3.34)

ౌ

Assuming the control volume is bounded by a series of flat surfaces a second-order accurate
discretised form of the general form of Gauss’s divergence theorem,∫ ∇ • aܸ݀ = ∫ௌ ܽ • ݀ܵ, can be
formulated as:

(∇ • a)ܸ =  ܵa = 


ை௪ 

ܵa +



ே ௨

ܵa

(3.35)

The subscript ݂ implies the value of the variable a in the middle of the face and ܵ is the outwardpointing face area vector. The face area vector ܵ points outward from ܲ only if ݂ is owned by ܲ.
This forms the idea of ‘owner’ and ‘neighbour’ cells as stated in Equation 3.35 (Jasak, 1996). FV
discretization of each term of Equation 3.34 are typically obtained as follows.

3.3.1 Convection Term Discretization
By applying Equation 3.35 into the transport equation (Equation 3.34), the discretized form of the
convection term is obtained as:
න ∇ • ( ≈ ܸ݀ )߶܃ ܵ • ()߶܃ =  ܵ • ()܃߶ =  ܨ ߶
ು





(3.36)



where  ܨrepresents the volumetric flux through the face f. In order to evaluate Equation 3.36, the
volumetric flux ܨ and the face value of ߶ are required to be obtained by interpolating the values of
 ܃and ߶ at the centroids of neighbouring control volumes. The interpolation employed depends on
the convection discretization scheme. There are several convection differencing schemes available
which can be summarized as follows:
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Central Differencing (CD) is a second order accurate linear interpolation scheme. It assumes
that the linear variation of ߶ between the centroids of P and N is calculated as:
߶ = ݓ߶ + ൫1 − ݓ൯߶ே

(3.37)

where the weighting factor is ݓ = หܵ • ܌ே ห⁄|ܵ • ܌ே | and  ܌represents the vector connecting the
centroids of two control volumes. It has been noted that central differencing causes unphysical

oscillations when convection is dominated hence violating the boundedness of the solution (Wendt,
2008).


Upwind Differencing (UD) was developed to overcome the problem of oscillatory solutions
and make the convection term unconditionally positive (Jasak, 1996). The face value of ߶ is
calculated according to the direction of the flow. This discretisation practice first-order accurate
and it requires high spatial resolution to achieve accurate solutions.



Blended (Gamma) Differencing was introduced as a linear combination of the central
differencing and upwind differencing to preserve both boundedness and accuracy of the solution.
Though none of these is guaranteed because the behaviour of the scheme depends on the apriori definition of the blending factor (Juretic, 2004).



Flux-Limited Schemes is a typically second-order accurate practice that developed based on a
nonlinear combination of the first-order ‘diffusive’ bounded scheme (UD) and a ‘limited’ higher
order unbounded scheme (Sweby, 1984). The flux-limiters, that are designed to provide
boundedness in the solution, must satisfy particular boundedness criteria with the most
important one is the Total Variation Diminishing (TVD) criterion (Harten, 1983). In order to
comply with the TVD condition the flux-limiter should lie in the Sweby’s diagram (Sweby, 1984).
Various flux-limiters of this type have been developed including van Leer (1974), Monotonic
Upstream-Centred Scheme for Conservation Laws (MUSCL) limiter (van Leer, 1979) and
Superbee limiter (Arora and Roe, 1997). Various other flux-limiter methodologies are also
available which can be found in Waterson and Deconinck (2007).



Central Flux-Splitting Schemes such as central scheme of Kurganov and Tadmor (2001) are
second order accurate non-oscillatory techniques in which the face interpolation method is split
into two directions, one inward and one outward of the face. A TVD-based scheme may be used
to evaluate each component of the associated flux.



Advection Upstream Splitting Method (AUSM) is considered as a second order accurate
technique developed based on the UD concept. AUSM uses a flux splitting principle similar to
van Leer (1974); specifically, AUSM splits the inviscid fluxes into two physically distinct parts i.e.
convective (associated with the flow speed) and pressure (associated with the acoustic speed).
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AUSM is relatively accurate in modelling flows with embedded shock wave and/or contact
discontinuity. Various types of this scheme i.e. AUSM+ (Liou, 1996) and AUSM+-up (Liou, 2006)
were also developed. The latter one is the most advanced type with the ability of modelling fluid
flows with arbitrary velocity range.

3.3.2 Diffusion Term Discretization
The diffusion term is discretized in a similar way to the convection term. In fact, using the assumption
of linear variation of ߶ and applying equation 3.35 gives discretised version of the diffusion term as:
න ∇ • ൫Γథ ߶൯ܸ݀ ≈  ܵ • ൫Γథ ߶൯ =  ൫Γథ ൯ ܵ • (∇߶)
ು









(3.38)

where Γథ is the diffusivity and (∇߶) is the face gradient of ߶. Depends on the characteristics of the
grid in terms of orthogonality ܵ • (∇߶) term needs specific treatment that is documented
comprehensively in Jasak (1996) and Juretic (2004).

All terms in general equation of transport (Equation 3.33) which cannot be expressed as convection,
diffusion, or temporal terms are grouped into the source term. If the source term is dependent on ߶
then linearization should be carried out as (Juretic, 2004):

ܵ(ܠ, ߶ ) = ܵ(ܠ, ߶) + ܵ (ܠ, ߶)߶()ܠ

(3.39)

න ܵథ (߶)ܸ݀ = ܸܵ + ܵ ܸ ߶ + ݁ௌ௨

(3.40)

Integration of Equation 3.39 on a control volume results in the discretized form of the source term
as:

ು

where Sc and Sp may also be functions of ߶. Truncation error (esource), can be estimated by using the
Taylor expansion (Juretic, 2004). The importance of the linearization of the source equation becomes
clear in implicit calculations (Jasak, 1996).

3.3.3 Temporal Discretization
Discretizations of all spatial terms of the transport equation (Equation 3.34) have been explained
above. Temporal discretisation are performed on a semi-discretised form of transport equation where
the spatial terms have been already approximated by a proper discretization method. Temporal
discretization on a semi- discretised transport equation can be written as (Juretic, 2004):
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න

௧ା∆௧

௧

௧ା∆௧
߲
ቈ න ߶ ܸܸ݀݀ =ݐ (߶ − ߶ ) = න
݂(ݐ, ߶(ܠ, ݐ݀))ݐ
߲ ݐು
௧

(3.41)

where the subscripts n and 0, represent new and old time respectively and ݂(ݐ, ߶) contains all spatial
௧ା∆௧

terms. The important part of the temporal discretization process is to approximate∫௧

݂(ݐ, ߶)݀ݐ,

term which cannot be evaluated exactly. Based on this different temporal discretization practices are
available that can be summarized as:


Euler Explicit method integrates the spatial terms by using the values at the beginning of the
time intervals by assuming:

න

௧ା∆௧

௧

݂൫ݐ, ߶(ܠ, )ݐ൯݂݀ = ݐ൫ݐ, ߶(ܠ, )ݐ൯∆ݐ

(3.42)

this scheme is stable for Courant numbers (ݐ∆|܃| = ܥ⁄ℎ), less than 0.5. Here | |܃is the velocity
magnitude and ℎ is the cell size (Juretic 2004).


Euler Implicit method evaluates the spatial terms in ݂(ݐ, ߶) using ߶  which are obtained by
solving a coupled system of algebraic equations. This is first order accurate but, unlike the explicit

method coupling in the equation system is much stronger and the system is stable even if the
Courant number limit is violated.


Crank-Nicholson is a second order accurate time discretisation practice that requires evaluation
of spatial terms for old and new time steps. Because the values of ߶  are not known at the new
time, a system of algebraic equations are solved in each time step. This method can be formulized
as (Ferziger and Peric, 2002):

න

௧ା∆௧

௧



1
݂൫ݐ, ߶(ܠ, )ݐ൯݀ = ݐൣ݂൫ݐ, ߶(ܠ, ݐ)൯+ ݂൫ݐ, ߶(ܠ, ݐ )൯൧∆ݐ
2

(3.43)

Backward Differencing is a second-order accurate in time temporal discretization scheme.
This method uses three time levels. The recent time level is the second old time which can be
derived using Taylor series, as:

߶(ݐ− ∆ ߶ = )ݐ = ߶  − 2

߲߶
߲ଶ߶
∆ݐ+ 2 ଶ ∆ݐଶ + ܱ(∆ݐଷ)
߲ݐ
߲ݐ

(3.44)

then the backward differencing temporal approximation can be derived as (Jasak, 1996):
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3 
1 

߲߶ 2 ߶ − 2߶ + 2 ߶
=
߲ݐ
∆ݐ

(3.45)

Explicit Runge-Kutta (RK) is the standard approach for solving partial differential equations
in form of ݀߶ ⁄݀ݐ(݃ =ݐ, ߶). Various formulations of RK method are available, here the
classical fourth order RK method (RK4) is discussed. Equation 3.33 can be rearranged as:
݀߶ = ݀߶(݃[ݐ, ])ݐ

(3.46)

where ݃(߶) includes all the aforementioned differential terms. The RK4 method estimates ߶  as
(Hirsch, 2007):

݇ଵ = ݃(ݐ, ߶ )∆ݐ

݇ଵൗ
2ቁ∆ݐ
݇
݇ଷ = ݃ ቀݐ + ∆ݐൗ2 , ߶  + ଶൗ2ቁ∆ݐ
݇ଶ = ݃ ቀݐ + ∆ݐൗ2 , ߶  +

(3.47)

݇ସ = ݃(ݐ + ∆ݐ, ߶  + ݇ଷ)∆ݐ

߶  = ߶  + ܽଵ݇ଵ + ܽଶ݇ଶ + ܽଷ݇ଷ + ܽସ݇ସ
ݐ = ݐ + ∆ݐ

3.3.4 Solution Of The Algebraic Equations
Spatial and temporal discretizations produce an algebraic equation that relates face and cell values of
߶ and ∇߶ for both old and new time level around cell-centre P and the cell-centre of the neighbour
cell N. This equation is formulated as (Jasak, 1996):

ܽ ߶ +  ܽே ߶ே = ܴ
ே

(3.48)

The values of ߶ depends on the values in the neighbouring cells therefore a system of algebraic
equations are formed as:

[]ܴ[ = ]߶[]ܣ

(3.49)

where [ ]ܣis a sparse matrix with coefficients ܽ on the diagonal and ܽே off the diagonal, and [ܴ] is
the source term vector. Solving the set of equations (introduced as vector Equation 3.49) produces a
new set of ߶ values for the new time step.

Generally there are two main algorithms to solve the governing equations of fluid flow, specifically
pressure-based and density-based. Historically, pressure-based algorithms were proposed to simulate
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incompressible, low-Reynolds number flows. Originally these methods solved the equations of fluid
motion in a segregated fashion, but more recently have been extended to couple solutions for highReynolds number and compressible flows as well. It is worth mentioning that there are two main
approaches for solving the set of algebraic equations presented in Equation (3.49) i.e. segregated and
coupled. In the segregated approach the set of algebraic equations is solved sequentially which means
once solving for one variable, other variables are treated as known. On the other hand, in coupled or
simultaneous approach the system of equations are solved concurrently over the whole
computational domain.
After discretizing the momentum Equation (3.2) the pressure gradient term is written separately and
not included in the source term Sథ (߶) as the pressure is treated as an unknown (Jasak, 1996). This
means that velocity and pressure are coupled together with linear dependency. Therefore, in a
segregated approach special treatments are required in order to establish the necessary inter-equation
velocity-pressure coupling. Semi-implicit method for pressure-linked equations, known as SIMPLE
algorithm, developed by Pantakar and Spalding (1972) and pressure implicit with splitting of
operators (PISO) algorithm developed by Issa (1986) and their derivatives are the most popular
methods in handling this inter-equation coupling. For the coupled approach the solution matrix
include the inter-equation couplings and there is no need for a velocity-pressure coupling algorithm.
In both pressure-based and density-based approaches velocity field is obtained from the momentum
equation. Then for the pressure-based algorithm, pressure is obtained from a velocity-pressure
coupling algorithm while in a density-based solver pressure is obtained from an equation of state and
density (density is already obtained from the continuity equation). In low Mach conditions
and particularly within the incompressible limits (Ma < 0.3) the compressible governing equations
become stiff. This is because, the variation of density becomes minute thus the pressure calculated
using density and the equation of state is not associated entirely with the velocity field obtained from
the conservation of momentum. Therefore, extra treatment is required if it is to develop a
computational framework for arbitrary Mach number from the subsonic to the supersonic limits. For
a coupled density-based approach ‘preconditioning’ in conjunction with ‘dual time-stepping’ is
typically used in order to overcome the stiffness of the governing equations for low Mach number
flows.
Although implicit pressure treatment techniques such as SIMPLE and PISO were originally
developed for incompressible flows, their concept were extended to the compressible flows and can
be considered as solutions for obtaining a compressible numerical framework (segregated) for all flow
speeds (Ferziger and Peric, 2002).
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3.3.5 Boundary Condition in CFD
Solution of the general transport Equation (3.33), like most partial differential equations, becomes
complete by specifying boundary and initial conditions. Convection and diffusion terms require
fluxes through control volume faces which have to be specified at the boundary or evaluated from
internal and boundary data. In general boundary conditions (BC) can be divided into numerical and
physical types.
There are two common numerical BCs, Drichlet which gives the value of ߶ at the boundary, and von
Neumann that prescribes gradient of ߶ at the boundary. These two types of boundary condition can
be built in the set of algebraic equations before the CFD solution.

Physical boundary conditions symmetry planes, walls, impermeable no-slip walls, inlet, and outlet
conditions for fluid flow and adiabatic, fixed temperature of heat flux for heat transfer problems are
associated with a set of numerical boundary conditions on each of the variables that is being
calculated.

3.6 Computational Frameworks
Within the objectives of the current study it was aimed to formulate and establish computational
frameworks using the existing state-of-the-art CFD capabilities in terms of both commercial and
open-source tools. Therefore, an advanced commercial CFD software, namely SATR-CCM+®, and
a state-of-the-art open-source CFD code, specifically OpenFOAM® (Weller et al., 1998), were utilized
in order to conduct various RANS and LES studies. In the following subsections brief introductions
to the aforementioned computational tools and their capabilities are provided.

3.6.1 STAR-CCM+®
STAR-CCM+® is a general purpose CFD software developed by CD-adapco. It is capable of solving
the governing equations in both coupled and segregated manners. In case of the coupled approach a
matrix of the linearized system of equations is formed by discretization of the preconditioned
governing equations. The linearized system is then solved by using the Gauss-Seidel iterative
technique in conjunction with an algebraic multigrid (AMG) method (Weiss et al., 1999). The
multigrid method is applied in order to accelerate the solution of the linearized system. Specifically,
the concept is that long wavelength errors on the fine level appear as short wavelength errors on the
coarser levels and hence can be more effectively damped out (Ferziger and Peric, 2002).
Preconditioning of the governing equations destroys their time accuracy therefore for an implicit time
marching approach it is required to perform some number of inner iterations to converge the solution
for a given time step (dual time-stepping). The inner iterations is accomplished using implicit spatial
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integration that marches them using optimal pseudo-time steps (∆߬) which are determined from the
Courant-Friedrichs-Lewy (CFL) condition (Weiss et al., 1999) as:

∆߬= min ቆCFL

||܃
(∆)ܠଶ
,ߪ
ቇ
ߣ ௫
ߥ

(3.50)

where ߣ ௫ is the maximum eigenvalue of the system of the linearized equations, ߪ is the von
Neumann number (ߪ ≈ 1). For some complicated simulation a value of CFL as low as 0.1 or even
lower is required where can be increased gradually using a linear ramp. Complex flows may involve
regions of vastly disparate velocities from supersonic to near-zero Mach numbers. For these
conditions, in order to provide a relatively faster convergence STAR-CCM+® benefits from a
continuity convergence accelerator algorithm that solves an additional pressure-correction equation
derived from the continuity equation. This provides updates for pressure and velocity in such a way
that any imbalance in mass, on both a local and global level, is minimized at each iteration. For the
coupled solver it is possible to choose between Roe (Roe, 1981) and AUSM+-up (Liou, 2006) for flux
treatment. These schemes can reduce the numerical dissipation particularly in high velocity flows and
consequently avoids wiggles at flow discontinuities such as shocks.
In contrast to the coupled solver, the segregated solver of SATR-CCM+® is pressure-based and
employs a SIMPLE-based pressure-correction formulation developed using the Rhie-Chow
dissipation scheme (Rhie and Chow, 1983; Rhie, 1989). The main body of one iteration of the
SIMPLE-based algorithm of STAR-CCM+® can be summarized as,
1. Boundary conditions are updated.
2. Pressure and velocities at the cell face centres are interpolated (flux reconstruction).
3. Velocity and pressure gradients are evaluated.
4. Intermediate velocity field is obtained by solving the discretized momentum equation.
5. Uncorrected mass flux at faces are calculated.
6. Pressure correction equation is solved and then pressure field is updated.
7. Mass flux at cell faces are corrected.
8. Cells velocities are corrected using the intermediate velocity field and the corrected pressure.
9. Density field is updated.

3.6.2 OpenFOAM®
OpenFOAM® (Open Field Operation and Manipulation) is a free open-source CFD package written
in C++ with object-oriented features (Weller et al., 1998). It was originally developed in the late 1980s
at Imperial College London and released as an open-source code in 2004 under the GNU general
public licence. OpenFOAM® is primarily developed to solve problem in continuum mechanics. It is
a segregated code and benefits from various types of SIMPLE and PISO algorithms and their
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derivatives. A variety of density-based and pressure-based solvers for compressible flows have been
implemented in OpenFOAM®. Various implicit time discretization including Euler, Crank-Nicolson
and backward are also offered.
Within the OpenFOAM® framework various solvers are available for solving the linear set of
equations (Equation 3.49) including,


Preconditioned bi-conjugate gradient (PBiCG) solver for asymmetric matrices



Preconditioned bi-conjugate gradient (PCG) solver for symmetric matrices



Solver using a smoother for both symmetric and asymmetric matrices (smoothSolver)



Generalised geometric-algebraic multi-grid (GAMG)



Diagonal solver for both symmetric and asymmetric matrices (diagonalSolver)

The aforementioned OpenFOAM solvers are typically generalized to use preconditioner and/or
smoother. The preconditioners include the diagonal incomplete-Cholesky (DIC) and diagonal
incomplete LU (DILU), and a GAMG preconditioner. The smoothers include DIC, DILU and
Gauss-Seidel; variants of DIC and DILU exist with additional Gauss-Seidel smoothing. For a detailed
explanations of the aforementioned methods of solving liner set of equations the reader is referred
to books by Lomax et al. (2003); and Pulliam and Zingg (2014).

3.6.3 Grid Generation
Within the objectives of the current study both structured and unstructured grids were created and
employed. A structured grid is defined as a set of hexahedral elements with an implicit connectivity
of the points in the grid (Thompson, 1984). The structured grid generation for complex geometries
is typically a time-consuming task due to the possible necessity of breaking the domain manually into
several blocks (blocking) depends on the nature and complexity of the domain geometry. On the
other hand, an unstructured grid is defined as a set of elements with an explicitly defined connectivity
(Weatherill, 1992). Unstructured grids are often composed of a variety of elements including
tetrahedral, hexahedral, prisms, and pyramids to efficiently capture features on a variety of length
scales including boundary.
In the present study structured grids were created using ANSYS ICEM CFD. In order to do this the
computational domain needs to be manually divided into various blocks which their edge and vertices
are then associated to the features of the geometry. Within the ICEM framework it is also possible
to create unstructured tetrahedral grids using Delaunay and Octree methods. There are different
Delaunay grid generation methods available (Borouchaki et al., 1997). The majority of these methods
utilize an incremental algorithm that starts with an initial triangulation of just a few points. The
complete triangulation is then generated by introducing points and locally reconstructing the
triangulation after each point insertion. An attractive feature of the Delaunay method is the
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opportunity to place new points at specified locations with the aim of improving the quality of the
mesh. On the other hand the Octree procedure can be explained (in two-dimensional coordinate) as
a division of the computational domain into a collection of rectangles followed by a division of
rectangles into triangles. A rectangle can be further subdivided into four new rectangles. For a
rectangle that intersects the boundary, this subdivision can be repeated until an adequately fine
resolution has been achieved. Rectangles that intersect the boundary and are sufficiently small are
then replaced by a polygon consisting of the part of the rectangle lying inside the domain together
with the part of the boundary that lies inside the rectangle. ICEM also supports the so-called ‘hybrid
grids’ consisting of both structured hexahedral and unstructured tetrahedral elements that are
separated typically with pyramid elements at their interface.
STAR-CCM+® meshing tool was also used in the present study in order to create various types of
unstructured grids. In addition to tetrahedral elements that is created using the Delaunay algorithm
it is also possible to create unstructured grids using hexahedral and polyhedral elements (using
‘Trimmed Mehser’ and ‘Polyhedral Mesher’ facilities). Similarly to ICEM, with the STAR-CCM+®
meshing tool it is possible to create hybrid grids consisting of various combinations of the
aforementioned grid elements.
It should be noted that various types of stationary and moving (structured and unstructured) grids
were developed for the current study which are discussed within the next chapters of the present
thesis.

3.7 Developments and Modifications
Within both STAR-CCM+® and OpenFOAM® frameworks various modifications and code
developments were conducted in order to ensure certain requirements for modelling under-expanded
jets, in-cylinder flow, mixing and combustion in hydrogen-fuelled IC engines. In the next four
subsections those developments are discussed in detail.

3.7.1 IC Engine Simulation with STAR-CCM+®
Up to the present day KIVA family codes and STAR-CD® (with ES-ICE auxiliary software) have
been the main industrial tools for CFD modelling of various applications related to IC engines
including cold in-cylinder flow, mixture formation and combustion. Procedure of grid generation for
these tools can be extremely complicated and tedious particularly for modern engine geometries such
as advanced pent-roof head engines. This would normally requires indispensable simplifications and
modifications to the original geometry. The issues with the aforementioned tools can be escalated
trying to use them for modelling mixture formation in gaseous-fuelled engines. Specifically, the small
size of the injector hole(s) compared to the overall engine size makes it quite complicated to create a
good quality grid with low aspect ratio and reasonable skewness (using either the structured blocking
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strategy of KIVA or the specific semi-automatic approach of the ES-ICE software (for STAR-CD ®)).
Moreover, the procedure of grid generation in the aforementioned tools is fairly time-consuming
which can demand considerable amount of time particularly when studying various injection
strategies in gaseous- fuelled engine (where creating a new grid is typically required due to the change
in the location, direction and/or size of the injector).
In order to overcome the above-mentioned drawbacks and also to maintain a relatively higher level
of flexibility on the overall grid generation process (particularly in gaseous-fuelled engines) a new
dynamic grid handling methodology was developed within the STAR-CCM+® framework. The main
idea of this dynamic grid methodology is to,


Conduct an engine simulation on a specific grid for a certain crank angle duration.



Check if the grid quality reached a certain threshold (or if the simulation reached a certain ° CA).



If yes, replace the current grid with a new grid and map the flow parameters on the new grid
smoothly using a distance-weighted, least-square interpolation.

In order to make a fully automatic dynamic grid handling methodology based on the aforementioned
algorithm, subroutines were developed using Java user coding capability of STAR-CCM+®. For the
non-fuelled condition the domain is filled with a specific element type (generally hexahedral) and the
use of the hybrid grid is avoided (due to the fairly large movement of the valves). However, with
hydrogen fuelling (after the IVC) the pent-roof volume is filled with either tetrahedral or polyhedral
elements and the rest of the chamber is filled with similar element types or hexahedral which in the
case of the latter configuration a hybrid grid is formed. Use of the tetrahedral or polyhedral elements
within the pent-roof volume is indispensable during the injection process since hexahedral cells may
not be able to resolve the injector hole(s) and its refinement area(s) accurately particularly in complex
pent-roof head geometries.
Unlike grids created by ICE (in STAR-CD®) and structured KIVA grids, with the new modelling
approach computational cells have almost identical size and topology and are distributed uniformly
throughout the computational domain. Computational grids are created based on surface meshes
extracted directly from fully tetrahedral volume meshes at certain ° CA created by the newly
developed dynamic grid approach. Specifically, at the beginning of each valve opening and closing
event an initial tetrahedral volume mesh (let’s say just after the exhaust valves closure) with valves
and piston at exact positions is created with ICEM and then it is imported into STAR-CCM+®. Then
a simulation is conducted with the dynamic grid methodology but with flow solvers switched off in
order to create volume grids and consequently extract their surface mesh for every 1° CA. It should
be noted that for At every 1° CA interval the computational grid is replaced by a new tetrahedral
volume grid that is created automatically within STAR-CCM+® based on the extracted surface mesh.
It should be noted that the surface meshes are extracted from tetrahedral volume grids since the
tetrahedral element offers a greater flexibility in capturing fine details of the engine complex head
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geometry compared to other element types. After creation of the required tetrahedral surface meshes
an automatic procedure is employed in order to create hexahedral volume grids using the extracted
surface meshes. Finally, the volume grids created are used to replace old deformed computational
grids in engine simulations. In general volume grid replacement and mapping is conducted at every
5°–15° CA depends on the piston velocity and mesh deformation rate. However, close to opening
or closure events of the valves, where the piston's stroke motion is slow and the valve's
opening/closing gap is small with the valve moving rapidly at the same time, the domain should be
replaced by a new grid more frequently (i.e. every 1°–2° CA). It is worth mention that in addition to
providing a uniformly distributed high quality cells (i.e. low rate of local cell deformation and
skewness) the present dynamic mesh handling approach gives the opportunity to use a certain volume
grid at a specific ° CA for different engine cycles or different engine simulations. This would be
beneficial for direct comparison between computational result of different engine runs and
specifically in LES studies where its filtering procedure is directly affected by the local spatial
resolution (Pope, 2000).
It is worth mention that the aforementioned approach for modelling IC engines can be easily adopted
for other advanced CFD codes including OpenFOAM®. STAR-CCM+® Volume grids can be
translated into OpenFOAM® format using a special translator.

3.7.2 Adaptive Mesh Refinement
Computational study of under-expanded jets can be quite challenging and time-consuming. This is
because of the need for using extremely fine spatial and temporal resolutions in order to capture sonic
and turbulent characteristics of flow particularly for LES studies. To address this issue, specifically in
order to achieve an accurate solution of under-expanded jets within the complete jet volume, an AMR
technique was developed for STAR-CCM+® software using Java subroutines. The AMR method was
developed and tested for hexahedral elements but it can be used for other types of elements as well.
A brief description of the developed AMR methodology is provided in the remaining part of this
subsection.
Initially simulation is started on a relatively coarse grid; however, specific fixed refined zones may as
well exist. A refining parameter is defined based on a flow variable such as fuel mass fraction or
density gradient. The AMR is triggered for a certain time intervals based on the growth rate of the
flow. For the present study mole faction of fuel (such as hydrogen) is used as the refining parameter
and the use of density gradient is avoided. This is because the latter parameter would result in
significantly larger number of cells compared to the mole fraction (due to the existence of pressure
waves ahead of the jet). Additionally, the use of density gradient alone may result in formation of
fairly coarse spatial resolution within the jet volume where the density gradient is not big enough to
satisfy the refining threshold. If the AMR is triggered (with the mole fraction as the refining
125

Computational Methodology

parameter) all the cells with mole fraction equal or larger than the threshold are automatically
detected. Then the computational grid is regenerated using a specific table that contains coordinates
of the detected cells for refinement and flow parameters are automatically interpolated to the new
cells. With this approach vertices hence location of the cells that are not refined (either they were fine
enough or were outside of the volume of interest) are kept intact. This would reduce any possible
error associated with the grid regeneration and interpolation processes. Transition from the finest to
the coarsest grid resolutions is done through at least a 4-level grid coarsening. This in addition to a
suitable AMR timing can ensure that entire volume of interest is being solved with the finest spatial
resolution.

3.7.3 Low Dissipative Density-Based Runge-Kutta Solver
A range of solvers capable of modelling compressible flows are available within the original release
of OpenFOAM. Among them rhoCentralFoam which is a density-based solver that benefits from
KT-based flux-splitting schemes (Nessyahu and Tadmor, 1990; Greenshields et al., 2010) is the most
suitable solver to use for modelling under-expanded jets which normally contain strong
discontinuities. The original OpenFOAM® framework provides a maximum temporal accuracy of
second-order that can be achieved using a backward scheme. In the present study in order to achieve
higher order of temporal accuracy a new solver is developed based on the KT flux-splitting schemes
of rhoCentralFoam with a classic fourth-order Runge-Kutta time stepping approach. This new
density-based solver is referred to as rk4CentralFoam throughout the current thesis. Another
benefit of the new rk4CentralFoam compared to the rhoCentralFoam is that unlike the latter
one which does not have a species transport equation, a special species transport equation compatible
with KT-based schemes is implemented into the new solver. Within the remaining parts of this
section, first the structure of original rhoCentralFoam solver is discussed then steps taken in order
to develop rk4CentralFoam and the special species transport equation are documented.
rhoCentralFoam
As it was mentioned earlier by discretizing the general transport equation (Equation 3.33) it is required
to obtain fluxes at cell faces using the values at cell centres. Computational modelling of high speed
compressible flows such as under-expanded jets requires numerical schemes that can reproduce flow
discontinuities (Mach disk and reflected shocks) while avoiding spurious oscillations. Methods based
on Riemann solvers such as Piecewise Parabolic Method (PPM), Essentially Non-Oscillatory (ENO)
and Weighted ENO (WENO) have been shown to be accurate and effective in reproducing shockcontaining compressible flows. However, these approaches typically involve characteristics
decomposition and Jacobian evaluation which make their implementation in a collocated framework
like OpenFOAM® quite complex (Van Leer, 1979; Colella and Woodward, 1984; Liu et al., 1994;
Harten et al, 1997).
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In order to evaluate fluxes at cell faces rhoCnetralFoam, which is a segregated density-based
solver, uses an alternative approach to the aforementioned schemes that are the second-order semidiscrete non-staggered central schemes of KT (Kurganov and Tadmor, 2000) and KNP (Kurganov
et al., 2001). In fact, since in a compressible flow, fluid properties are transported by both flow
movement and pressure wave propagation, therefore KT and KNP schemes stabilize the flux based
on a transport that can occur in any direction (Greenshields et al., 2010). The interpolation procedure
is split into two directions corresponding to flow outward and inward of the face owner cell.
Therefore the discretization presented in Equation 3.36 can be written as:

 ܨ ߶ =  ൣߙܨା + ߶ା + (1 − ߙ)ܨି ߶ି + ݓ൫߶ି − ߶ା ൯൧




(3.51)

where ݂ + and ݂ − denote the direction with respect to a vector normal to the face surface pointing

out of the owner cell (i.e. the face area vector). For the KT approach weighting coefficient ߙ is
assumed to be α = 0.5 that means the contribution of ݂ + and ݂ − are weighted equally. For the
KNP α is calculated based on the one-sided local speed of propagation. In this case the weighting is

biased in the upwind direction as ߙ = ߰ା ⁄൫߰ା + ߰ି ൯ where ߰ is volumetric flux associated

with the local speed of propagation (sound) (Greenshields et al., 2010). ݓ in Equation 3.51 is termed
diffusive volumetric flux and calculated as ݓ = ߙmax൫߰ା , ߰ି ൯ and ݓ = ߙ(1 −
ߙ)max൫߰ା , ߰ି ൯for the KT and KNP schemes, respectively.

The first two terms on the right hand side of Equation 3.51 are flux evaluations in the ݂ + and ݂ −
directions, respectively. The third term is only required in case where the convective term is part of

a substantive derivate such as ∇ • [ ])܃ߩ(܃in Equation 3.2. ݂ + and ݂ − of various field parameters
such as density and temperature are interpolated at cell faces from the neighbouring cell centres. In

the present study, in order to evaluate the ݂ + and ݂ − face interpolations, a second order linear
interpolation in conjunction with the van Leer (TVD) flux limiter are applied. The limiter is used to

switch between low and high order schemes based on a flux limiter function, which in case of the
van Leer limiter it is defined as:

ߚ(= )ݎ

1 + ||ݎ
1+ݎ

(3.52)

where  ݎrepresents the ratio of successive gradients of the interpolated variable (Greenshields et al.,
2010). If ݃ା is defined as ݃ା = ߚ൫1 − ݓ൯then ݂ + interpolation of ߶ is evaluated as,
߶ା = ൫1 − ݃ା ൯߶ + ݃ା ߶ே

(3.53)
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Discretization of gradient and Laplacian terms of a general transport equation using Equations 3.51
and 3.53 is documented in (Greenshields et al., 2010).
In order to avoid time step limitation particularly when diffusion dominates rhoCentralFoam uses
a sequential operator splitting approach to introduce the diffusive terms (of both momentum and
energy) as implicit corrections to the original inviscid equations. Algorithm of the main loop of
rhoCentralFoam solver is as follows:



Set t = t + ∆t.



Evaluate ݂ + and ݂ − face interpolation of ρ, ρU, T using a flux limiter such as van Leer.



Using parameters evaluated in step 2 calculate velocity, pressure, volumetric flux and propagation
(sound) speed at the cell faces.



Calculate convective derivatives i.e. ∇ • [ ])܃ߩ(܃and ∇ • [])ܧߩ(܃, and pressure gradient ∇ of
Equations 3.2 and 3.5 using the discretization approach presented in Equation 3.51.



Solve Equation 3.1 for density ρ.



Solve inviscid part of Equation 3.2 i.e.



Update velocity using U = ρU/ρ.







డ(ఘ)܃
డ௧

+ ∇ • [ ])܃ߩ(܃+ ∇ܲ = 0 for ρU.

Solve the diffusion correction for U by solving
Solve

డ(ఘா)
+
డ௧

డ(ఘ)܃
డ௧

− ∇ • ો = 0.

∇ • [ ܧߩ(܃+ ܲ)] − ∇ • (ો •  )܃for ρE.

Update temperature by solving ܶ =

ଵ ఘா
ቀ
ೡ ఘ

−

||మ
ଶ

ቁ.

Correct temperature by solving diffusive temperature correction
Update pressure field using ideal gas equation of state.

డ(ఘೡ்)
−
డ௧

∇ • (ߣ∇T).

OpenFOAM® uses a special programming syntax including various libraries written in C++ with the
so-called object-oriented approach. For completeness in the remaining part of the current subsection
a brief description of various aspects of programming in OpenFOAM® is provided.
An example of syntax should be followed within the OpenFOAM® framework can be given based
on the 6th step of the aforementioned main loop of rhoCentralFoam i.e. solving the inviscid part
of the momentum equation. In order to do this the following partial differential equation should be
solved:
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߲(ߩ)܃
+ ∇ • [ ])܃ߩ(܃+ ∇ܲ = 0
߲ݐ

(3.54)

However, in the implementation of the code the fluxes of convective and pressure gradient terms
were combined into a single divergence in order to ensure that the solution is strongly conservative.
Therefore instead of Equation 3.54 the following equation is solved,
߲(ߩ)܃
+ ∇ • [ )܃ߩ(܃+ ܲ۷] = 0
߲ݐ

(3.55)

OpenFOAM® syntax for solving Equation 3.55 is as follows:

solve(fvm::ddt(rhoU) + fvc::div(phiUp));

(3.56)

where ddt represents the temporal derivative ߲/߲ݐ, rhoU is ߩ ܃and phiUp represents the flux
inside the divergent operator of Equation 3.55. Specifically, phiUp is defined based on the KNP
flux splitting and interpolation method (Equation 3.51) and also in association with the local speed
of sound (propagation) as (Greenshields et al., 2010):
surfaceVectorField phiUp
(
(aphiv_pos*rhoU_pos + aphiv_neg*rhoU_neg)
+ (a_pos*p_pos + a_neg*p_neg)*mesh.Sf()
);

(3.57)

As it was mentioned earlier the KT and KNP schemes require positive and negative face interpolation
of various flow quantities that can be done using a flux limiter such as van Leer. For instance for
quantity ߩ ܃the interpolation can be done using the syntax as follows:

surfaceVectorField rhoU_pos
("rhoU_pos",fvc::interpolate(rhoU, pos,
"reconstruct(U)")
);

(3.58)

It should be noted that in OpenFOAM® programming fvm and fvc syntaxes denote the implicit
and explicit treatment of the associated terms, respectively. For instance in syntax of Equation 3.57,
terms with fvm are added to the matrix [A] of the linear system of Equation 3.49 whereas terms
with fvc remain on the right hand side of Equation 3.49.
rk4CentralFoam
In order to implement the classical fourth-order Runge-Kutta temporal discretization scheme
(Equation 3.36) the original syntax of OpenFOAM® needs to be modified (Vuorinen et al., 2014a).
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For instance, expression presented in Equation (3.56) is rearranged in order to provide the change in
the parameter ߩ ܃as:

drhoU = dt*(-fvc::div(phiUp));

(3.59)

Unlike rhoCentralFoam in rk4CentralFoam diffusive terms of the momentum and energy
equations are solved explicitly. This is because of the multi-stage time-marching of RK4 method that
can correct the governing equations for their diffusion parts gradually and in four steps. Therefore,
using syntax similar to the one presented in Equation 3.56 the governing equations of a compressible
flow i.e. Equations 3.1, 3.2 and 3.5 can be written as:
Mass Equation:
drho = dt*(-fvc::div(phiUp));

(3.60)

Momentum Equation:
drhoU = dt*(
-fvc::div(phiUp)+
fvc::laplacian(muEff, U)+

(3.61)

fvc::div(tauMC));
Energy Equation:
drhoE = dt*(
-fvc::div(phiEp)+fvc::div(sigmaDotU)+

(3.62)

fvc::div(muEff*thermo.Cp()*fvc::grad(T)));
Similarly to phiUp, phiEp represents the special facial interpolation of the energy and pressure
fluxes of Equation 3.5. tauMC represents the last two terms of the right hand side of Equation 3.3
ଶ
ଷ

i.e. ߤቂ(∇)܃ − ቀ ∇ • ܃ቁ۷ቃwhich can be written in OpenFOAM® syntax as:
volTensorField tauMC
("tauMC",
muEff*dev2(Foam::T(fvc::grad(U))));

(3.63)

where muEff is the effective viscosity (ߤ) and operator dev2 denotes a deviatory component
that for an arbitrary tensor D is defined as:
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2
dev2(۲) ≡ ۲ − ൬ ൰tr(۲)۷
3

(3.64)

where tr represents the trace of tensor ۲. sigmaDotU in Equation 3.62 represents ો •  ܃in
Equation 3.5 and in OpenFOAM® syntax with the facial interpolation of the aforementioned central
scheme is written as:

surfaceScalarField sigmaDotU("sigmaDotU",
(
fvc::interpolate(muEff)*mesh.magSf()*
fvc::snGrad(U)+
(mesh.Sf() & fvc::interpolate(tauMC))) &
(a_pos*U_pos + a_neg*U_neg));

(3.65)

Considering the concept of the effective viscosity, the heat conduction coefficientߣ in  = ܙ−ߣ∇ܶ
term of energy conservation (Equation 3.5) is ߣ =

ܥ ߤ
ൗ which in OpenFOAM® syntax for by
ܲݎ

assuming ܲ = ݎ1 it can be written as: muEff*thermo.Cp()*fvc::grad(T)(the last term
in the right hand side of Equation 3.62).

After each step of RK4 scheme boundary conditions needs to be updated (Vuorinen et al., 2014a).
For example for the velocity  ܃this can be done using the syntax as follows:
U.correctBoundaryConditions();

(3.66)

Also, for a variable like ߩ ܃updating boundary conditions can be done applying the syntax as follows:
rhoU.boundaryField()=

rho.boundaryField()*U.boundaryField();

(3.67)

In the current study the classical choice for the time stepping coefficients of the RK4 method in
Equation 3.47 are used as ܽଵ =

ଵ


ଵ
ଷ

, ܽଶ = ,ܽଷ =

ଵ
ଷ

and ܽସ =

ଵ


(Vuorinen et al., 2014a). For

completeness the steps of the main loop of the new code are discussed here as follows:
1. Set t = t + ∆t.
2. Evaluate ݂ + and ݂ − face interpolation of ρ, ρU, T using a flux limiter such as van Leer.

3. Using parameters evaluated in step 2 calculate velocity, pressure, volumetric flux and propagation
(sound) speed at the cell faces.
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4. Store the values of the conservative variables for the previous time step and initialize the RK4
parameters (߶  in Equation 3.47) i.e. rhoc, rhoUc and rhoEc as:
rhoold = rho; rhoc = rho;
rhoUold = rhoU; rhoUc = rhoU;
rhoEold = rhoE; rhoEc = rhoE;
5. Set the value of dt equal to the current ∆t using the syntax as follows:
dt = runTime.deltaT();
6. Evaluate the density increment drho using Equation 3.60.
7. Update the intermediate density and also add ܽଵ݇ଵ to ߩ (see Equation 3.47) as follows:
rho = rhoold + 0.5*drho;
rhoc = rhoc +(a1)*drho;

8. Evaluate increment drhoU of the conservative variable ρU using Equation 3.61.

9. Update the intermediate ρU and also add ܽଵ݇ଵ to ߩ ܃ (see Equation 3.47) with similar syntax
used for density in step 7 (replace rho with rhoU).

10. Update internal velocity field U and consequently update boundary conditions for U and ρU and
also update the flux using syntaxes respectively as follows:

U.dimensionedInternalField() =
rhoU.dimensionedInternalField()
/rho.dimensionedInternalField();
U.correctBoundaryConditions();
rhoU.boundaryField() =
rho.boundaryField()*
U.boundaryField();
phi = aphiv_pos*rho_pos +
aphiv_neg*rho_neg;
11. Evaluate increment drhoE of the conservative variable ρE using Equation 3.62.

12. Update the intermediate ρE and also add ܽଵ݇ଵ to ߩܧ (see Equation 3.47) with similar syntax
used for density in step 7 (replace rho with rhoE).

13. Calculate internal energy e, update temperature based on that and update boundary conditions
for e and conservative variable ρE respectively as follows:
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e = rhoE/rho - 0.5*magSqr(U);
thermo.correct();
e.correctBoundaryConditions();
rhoE.boundaryField() =
rho.boundaryField()*
(
e.boundaryField() +
0.5*magSqr(U.boundaryField())
);

14. Update the internal pressure field using the ideal gas equation of state.
15. Update boundary condition for pressure and density, respectively.
16. Repeat steps 6 to 15 for the reaming 3 stages of the RK4 method with proper time stepping
coefficient (see Equation 3.47). for the 4th stage final values of the conservative variables are
calculated in a different way from the method of step 7 and for example the final value of density
is calculated as:
rho = rhoc;

17. Solve the transport equation.
18. Evaluate and update the turbulence parameters.
It is worth mentioning that the species transport and turbulence equations (steps 17 and 18) are
integrated in time with original OpenFOAM® time stepping (Euler or backward) and are solved after
the 4th step of the Runge-Kutta time marching. In the following part of this subsection a brief
description on the species transport equation developed specifically for rk4CentralFoam is provided.
Species Transport Equation
In order to be able to model mixing of under-expanded jets with the ambient medium and particularly
for conditions with more than one species (like injection of hydrogen into air) a species transport
equation resembling Equation 3.6 was implemented into the rk4CentralFoam. Similarly to the
momentum equation discretization of Equation 3.6 requires the term inside the divergent operator
to be interpolated onto the cell faces. Since rk4CentralFoam uses the KNP scheme, as discussed
previously, special care should to be taken in order to account for the local speed of propagation
while performing the facial interpolation. Considering the aforementioned positive and negative flux
splitting approach term ߩܻ܃ of Equation 3.6 in OpenFOAM® syntax is calculated as:
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surfaceScalarField phiYi("phiYi",
aphiv_pos*rho_pos*Yi_pos +
aphiv_neg*rho_neg*Yi_neg);

(3.68)

As it was mentioned in the previous subsection the transport equation is not treated with RK4
scheme, therefore the sequential operator splitting approach of rhoCentralFoam was adopted for
the species transport equation. In fact, first the left hand side of Equation 3.6 is solved using the
syntax as follows:
solve
(
fvm::ddt(rhoYi)+
fvc::div(phiYi)
);

(3.69)

then Equation 3.69 is corrected by considering the diffusive part or the right hand side of Equation
3.6 using the syntax as follows:
solve
(
fvm::ddt(rho,Yi) –
fvc::ddt(rho,Yi) fvm::laplacian(muEff(), Yi)
);

(3.70)

In case of N species Equations 3.69 and 3.70 are solved for the N-1 species and mass fraction sum
of all species is forced to unity.

3.8 Summary
In this chapter governing equations for solving compressible fluid flows in addition to their
discretizations based on the finite volume method have been discussed. Moreover, concept of
turbulence and its modelling in CFD including various RANS and LES models have been described
briefly. Finally, computational frameworks developed in the current study based on STAR-CCM+®
and OpenFOAM® have been discussed; various modifications and code developments accomplished
have also been documented. It should be noted that an initial version of a new pressure-based
OpenFOAM® solver was also developed during the current study specifically for in-cylinder mixing
of gaseous fuels (hydrogen, CNG and etc.). However, due to ongoing improvement and validation
procedures its results are not included and discussed in the current thesis. Nevertheless, a brief
description of this new solver is included in Appendix A for completeness.
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Chapter 4:
Under-Expanded Jets: Preliminary Study
In the present chapter first the STAR-CCM+® framework employed to study under-expanded jets is
described. The computational framework without and with a newly developed AMR technique is
validated quantitatively and qualitatively against various experimental and computational data
available in the literature. Then, performance of the developed fourth-order accurate Runge-Kutta
OpenFOAM® solver in modelling under-expanded jets is compared and validated against
experimental test cases available. This chapter is based on LES modelling of under-expanded jets.

4.1 STAR-CCM+® Framework
4.1.1 Initial Validation
Simulation Setup
The STAR-CCM+® computational framework was validated against experimental and numerical test
cases available in the literature. First a computational LES test case with WALE turbulence model
was set up based on the experimental work of Ruggles and Ekoto (2012). In this case, hydrogen was
injected with NPR = 10 using a converging nozzle configuration used by the latter authors as shown
in Figure 4.1. The experimental setup was modelled by considering a system that consisted of a high
pressure hydrogen tank and a low pressure air-containing volume that were linked by a converging
nozzle with exit diameter D = 1.5 mm (see Figure 4.1). The temperature of both the high pressure
tank and the low pressure chamber was kept constant for all simulations at 295.4 K and 296 K,

respectively with an ambient pressure of P∞ = 98.37 kPa (these values were used in the experimental
study).
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An unstructured hexahedral grid was created by means of the trimmer facility of STAR-CCM+® that
produced cubic cells with identical size in all directions. This resulted in a grid without cell stretching
which typically provides enhanced numerical accuracy and also avoids the singularity linked to polar
grids. As it can be seen in Figure 4.1, a conical refined area was implemented within the computational
grid that covered the nozzle volume and a length of 20D downstream of the nozzle exit. The use of
such refinement was necessary to capture the flow details inside the nozzle, the shock structure very
close to the nozzle exit and the mixing process downstream of the nozzle. The refined area very close

to the nozzle exit (within a distance of ~6.7D) and inside the nozzle volume had a cell size of ~0.03
mm (D/50), whereas further downstream it had a cell size of ~0.06 mm. The cell size expanded from
the refined area towards the largest cell size inside the rest of the domain (1.0 mm) through a four

level grid expansion. A total of ~13.5 million cells occupied the computational domain. The grid
resolution used in the current LES study was selected to be as dense as possible according to

computational data on under-expanded jets available in the literature (Dauptain et al., 2010; Dauptain
and Gicquel, 2012; Vuorinen et al., 2013; Yu et al., 2013) and also based on the computational power
available to the IC Engines Research Group at UCL. A comparison of the spatial resolution of the
current study with key scales of turbulent motion, i.e. integral (݈), Taylor (ߣ) and Kolmogorov (ߟ),
can provide some perspective of the explicitly resolved scales (Pope, 2000). A recent experimental
study of under-expanded jets by particle image velocimetry (PIV) (André, 2014b) quantified integral
length scales in the range ݈ = 0.1–0.4D for distances downstream of the nozzle exit in the range
2D–12D. Using typical estimate processes for Taylor and Kolmogorov scaling on the basis of integral

length scale, turbulent kinetic energy, dissipation rate and kinematic viscosity (e.g. see Pope (2000)),
under conditions of hydrogen jetting with NPR = 10 (P∞ = 1 bar, U1 ≈ 1300 m/s), led to values of
ߟ of the order 2×10-6 m and ߣ of the order 4×10-5 m. This means that the current LES framework
was nominally able to resolve eddies down to about Taylor size. It is worth mentioning that the
uniform cell size of the refinement areas of the grid used here eliminates problems that may occur
due to the LES filtering process on non-uniform grids.
A slip boundary with adiabatic condition was applied to nozzle walls in previous studies on underexpanded jets issuing from millimetre-size nozzles (Dauptain et al., 2010; Vuorinen et al., 2013).
Similar boundary condition for the nozzle wall and high pressure tank was also used in the current
work. This was mainly to avoid the formation of any artificial boundary layers and to eliminate the
need of considerably finer grid (Vuorinen et al., 2013). However, this might also be justified since the
mechanics of flow in small size devices may differ from those in large scale machines. As categorized
by Gad-el-Hak (1999), various configurations of the governing equations and boundary conditions
should be applied depending on the regime of the Knudsen number (Kn) defined as:
= ݊ܭ

݈
ߨߛ Ma
=ට
ܮ
2 ܴ݁

(4.1)
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where ݈is the mean free path of gas molecules, L is a characteristic length and the Reynolds number

Re can be defined as Re = UL⁄ν. For laminar boundary layer flows through tiny ducts, Gad-el-Hak

(1999) showed that, since δ⁄L ~ 1/√Re (where  is the boundary layer thickness), the Knudsen
number is directly related to the Mach number and inversely related to the square root of the Reynolds
number and can be written as:

~݊ܭ

Ma

(4.2)

√ܴ݁

Since for turbulent flows it is possible to write δ⁄L ~ 1/(Re)0.2 (White, 1999), according to Equation
4.2 it can be concluded that Kn ~ Ma⁄(Re)0.2. In the current study Re inside the nozzle volume

ranged from 105 to 106, therefore the Kn number was in order of 10-2–10-1. According to Gad-el-Hak
(1999) if 10-3≤ Kn ≤10-1 then slip wall boundary conditions should be used. The top boundary of the
high pressure tank was considered a stagnation inlet in order to maintain the injection pressure, while
the side and the bottom boundaries of the low pressure air-containing chamber were set to be
pressure outlets.

Figure 4. 1 Left: The domain configuration and dimensions. Right-top: Zoomed view of the refined
areas. Right-bottom: Nozzle profile and its dimensions based on Ruggles and Ekoto (2012).
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In these types of simulations, the initial transient flow inside the nozzle, i.e. from the stationary
condition to the point that the fuel reaches the nozzle exit, are normally modelled by applying an
arbitrary pressure gradient inside the nozzle (Vuorinen et al., 2013, 2014b). This is due to the fact that
modelling this transient process requires very small time steps (usually of the order of nanoseconds)
because of the existence of high density gradient inside the nozzle volume. However, in the present
study, the in-nozzle transient process was taken specifically into the account. The simulation started
from a rest condition where it was assumed that hydrogen occupied the entire high pressure tank and
a small part of the converging nozzle volume up to ~1.4D upstream the nozzle exit. Air occupied the
low pressure chamber and remaining of the nozzle volume. The length of the high pressure hydrogen

tank was believed to be long enough (40D) so that the flow could be considered to be almost at rest
at the stagnation inlet within the injection duration studied. This assumption eliminated the need for
applying any initial perturbation at the inlet boundary in the present LES study.

The molecular diffusivity was calculated using the Chapman-Enskog theory for gaseous diffusion
coefficients as follows (Cussler, 2009):

ܦ =

ଵൗ
ଶ

ଷൗ 1
ଶቀ ൗ

1
 ܯଵ + ൗ ܯଶቁ
ଶ
ܲ௧ ߪଵଶ
Ω

1.86 × 10ିଷܶ

(4.3)

where Di is the coefficient of molecular diffusivity in cm2/s, T is the absolute temperature in K, Patm

is the pressure in atm, M1 and M2 are the molecular weights. The quantities σ12 and Ω are molecular
properties; σ12 is the collision diameter, given in angstroms, which is the arithmetic average of the
two species (Cussler, 2009):

ߪଵଶ = 0.5(ߪଵ + ߪଶ)

(4.4)

Values of σ1 and σ2 can be found in (Cussler, 2009). The values of the dimensionless quantity Ω
depend on an integration of the interaction between the two species which can be described by the
Lennard-Jones 12-6 potential and is usually of order unity (Hirschfelder, 1964). A value of

Di  7.942×10-5 was obtained for air-hydrogen system studied.

The dynamic viscosity (μ) was calculated using Sutherland’s law as follows:
ଷ

ܶ௦ + ܥ௦ ܶ ൗଶ
ߤ = ߤ௦
൬ ൰
ܶ + ܥ௦ ܶ௦

(4.5)

where μs and Ts are reference viscosity and reference temperature values, respectively, and Cs is the
Sutherland’s constant; those values have been tabulated in Table 4.1 for air, hydrogen and methane.
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Table 4. 1 Sutherland’s constants for different gases.

Gas

μS [kg/ms]

TS [K]

CS [K]

Air

1.827×10-5

291.15

120

H2

8.76×10-6

293.85

72

CH4

1.201×10-5

273.15

197.8

Due to the existence of high velocity magnitudes in the near-field of under-expanded jets, the integral
time scale of the flow could be defined as t0 = D/2U1 (Vuorinen et al., 2013). Assuming chocked
condition at the nozzle exit (Ma = 1), U1 would be that of the speed of sound which, with the ideal
gas assumption, was calculated as:

ܷଵ = ܽ = ඥ ߛܴܶଵ

where the temperature at the nozzle exit (T1) was defined as (Anderson, 2003):
ܶଵ =

ܶ
ߛ− 1 ଶ
1+
Ma
2

(4.6)

(4.7)

Using Equations (4.6) and (4.7) with Ma = 1 at the nozzle exit, the nominal integral time scale for
hydrogen (γ  1.41, R  4,124 J/kgK) and methane (γ  1.32, R  518 J/kgK) jets was calculated to
be t0 ≈ 6.2×10-7s and t0 ≈ 1.8×10-6s, respectively. A time-step of 5.0×10-9 s was used initially in order
to build up an initial pressure gradient inside the nozzle volume smoothly. The time step was then
increased gradually to 5.0×10-8 s. This value was almost 10 times smaller than the nominal integral
time scale of the flow and was considered adequate to capture the turbulent temporal fluctuations
within feasible CPU times. In the current research a second-order temporal and spatial discretization
was employed for LES modelling of under-expanded jets with STAR-CCM+®. A comparison
between the settings of the current work and those of a selection of previous numerical studies of
under-expanded jets is presented in Table 4.2 for direct comparison and completeness.
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Table 4. 2 Parameters of current study in comparison to previous numerical studies of under-expanded
jets.
Authors

Flow
Type

Gas

NPR

Dauptain et al.
(2010, 2012)

Free &
Impinging
Jets

Air

~4

Khaksarfard et al.
(2010)

Free Jet

H2

Gorlé et al.
(2010, 2011)

Free &
Cross
Flow Jets

Velikorodny &
Kudriakov
(2012)

Free Jet

Method

Grid Type

25.4

LES
(Smagorinsky)

Unstructured
Tetrahedral

100–
700

5.0

Inviscid Euler
Equations

Unstructured
Tetrahedral

H2

30

2.0

RANS (k-ω) &
LES (WENO)

Unstructured
Hexahedral

He &
Air

30

1.0

Monotonically
Integrated
LES

Structured
Hexahedral

Free &
Impinging
Jets

Air

~1.95,
~3.6

Vuorinen et al.
(2013, 2014b)

Free Jet

Passive
Scalar
(N2) &
CH4

Bonelli et al.
(2013)

Free Jet

Current Study

Free Jet

Chin et al.
(2013)

D
[mm]

Refined
Area

D/35
–

D/100
Stretched
to D/25
D/36

Radial:
D/200
Stretched
to D/2,
Axial:
D/20 to
D/2.5

4.0

RANS
(k-ε, k-ω-SST)

Structured
Hexahedral

4.5,
5.5,
6.5,
7.5,
8.5

1.4

Implicit LES
with Bulk
Viscosity

Structured
Hexahedral

H2

15

0.3

RANS (k-ε)
with TVD

Structured
Hexahedral

D/30

H2 &
CH4

8.5,
10, 30,
70

1.5

LES (WALE)
with AUSM+up

Unstructured
Hexahedral

D/50 All
Directions

D/70
Radial &
D/35
Axial

Discussion
Figure 4.2 compares the current LES results with the mean Schlieren images of Ruggles and Ekoto
(2012). The LES image in Figure 4.2 was produced by time-averaging the magnitude of the density
gradient (|∇ρ|) in ~1.6t0 intervals (50 samples) starting from t  403t0. A grey scale legend was used
in order to offer a better visualisation of the near-field shock structures. It is clear that the Mach disk
height and width, as well as the reflected shock angle, were predicted in very close agreement with
the Schlieren visualisation. Specifically, according to Ruggles and Ekoto (2012) the Mach disk height
and width were Hdisk = 3.05 mm and Wdisk = 1.30 mm, respectively, whereas the current LES study

predicted higher values by just 1.3% and 3.0%, i.e. Hdisk = 3.09 mm and Wdisk = 1.34 mm, respectively.
Similarly to the aforementioned experiment, the current LES study showed that the reflected shock
(at the triple point) was inclined at ~28° to the nozzle axis; the slip lines were also predicted in good

agreement with the experiment. LES also showed that hydrogen and air are mixing outside the
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boundaries of the barrel-shape shock which means that not all the hydrogen passed through the Mach
disk; this confirmed the observations reported by Ruggles and Ekoto (2012).

Figure 4. 2 Near-nozzle shock structure. Left: Schlieren conducted by Ruggles and Ekoto (2012).
Right: Current LES study.

Figure 4.3 compares the time-averaged and instantaneous (at t  484t0) values of |∇ρ| predicted by
the current LES against the RMS Schlieren image of the hydrogen jet of Ruggles and Ekoto (2012).
The RMS image was specifically selected in order to highlight the flow gradient and mixing layers of
the Schlieren visualisation, therefore, the time-averaged data of the density gradient (LES) can be
safely compared against it. The jet width was predicted in satisfactory agreement with the experiment,
albeit slightly narrower by about 2–3% than in the Schlieren image. This can be considered an effect
of higher level of turbulence at the nozzle exit in the experimental work than in the LES study, e.g.
due to the nozzle surface roughness, back pressure fluctuation, etc. The instantaneous snapshot of
the density gradient in Figure 4.3 shows a noticeable level of momentum exchange at the jet boundary
before the Mach disk which represents the previously mentioned hydrogen-air mixing. In Figure 4.3,
the red dashed lines separate two regions with different brightness in the RMS Schlieren image. This
brightness difference was noted by Ruggles and Ekoto (2012) where variations in mixture fraction
and/or changes in pressure and temperature were suggested as the possible reasons for this to occur.
The current LES study verified that the region between the dashed lines had a considerable density
gradient that can be interpreted as a high degree of momentum exchange and hydrogen-air mixing.
However, this mixing region was slightly wider in LES compared to that of the experiment.
Additionally, the methane and hydrogen jets with NPR = 8.5, were used in order to make an informed
analysis against the LES work of Vuorinen et al. (2013) (see Table 4.2 for further specifications).
Although the type of gas, nozzle diameter and configuration used in the current study were different
from those of Vuorinen et al. (2013), using the same NPR of 8.5 provided the opportunity to perform
direct comparison of the near-nozzle shock structure characteristics. Vuorinen et al. (2013) reported
that the Mach disk height of their under-expanded nitrogen jet was Hdisk = 1.84D, whereas in the
current study a Mach disk height of Hdisk = 1.85D and Hdisk = 1.90D was obtained for hydrogen and
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methane jets, respectively. According to Equations (2.7) and (2.10), the Mach disk height is related
to the ratio of specific heats, hence, considering that hydrogen and nitrogen have very similar values
of γ (1.41 and 1.40, respectively), the predicted similarity of the Mach disk height for these two jets

is noteworthy. The reflected shock angle for the methane test case was measured to be ~28.5°, which
in addition to the Mach disk height were in agreement with the recent work of Vuorinen et al. (2014b)
on under-expanded methane jets.

Figure 4. 3 (a), (b): Comparison between the time-averaged density gradient (|∇ρ|) of the current LES
study (right) and RMS Schlieren image of Ruggles and Ekoto (2012) (right). (c): Instantaneous LES
snapshot of |∇ρ|.

Using Equation (2.24) and explanations through argumentation provided in (Ouellette and Hill, 2000;

Vuorinen et al., 2013), the tip penetration of under-expanded jets Ztip can be related in nondimensional form to the nominal time scale t0 as follows:
ߵ≡

 ݐ.ହ
~
൬
൰
.ଶହ
ߩ
ݐ
൫ ൗߩஶ ൯
ܼ௧

(4.8)

If ߵ is plotted against (t/t0)0.5, the data is expected to collapse almost onto a linear relationship

(Ouellette and Hill, 2000). Based on this, Vuorinen et al. (2013) suggested a new scaling relation for
the jet volume Vjet as Vjet/(ρ0/ρ∞)3/4~t3/2. Figures 4.4 shows the tip penetration and volumetric

growth for the different under-expanded jets with P∞ ≈ 1 bar of the current study based on those
scaling parameters. Specifically, Figure 4.4 illustrates that using the scaling expression of Ouellette
and Hill (2000) collapsed the penetration lines onto almost a single line for hydrogen and methane
with NPR = 8.5 and hydrogen with NPR=10. The respective data of the hydrogen jets with NPR =
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30 and 70 are also plotted in Figure 4.4 and will be discussed later in this thesis. Figure 4.4 also shows
that the scaling expression of Vuorinen et al. (2013) resulted in volumetric growth lines that have
collapsed onto a single line for the hydrogen jets with NPR = 8.5 and 10. However, the methane jet
with NPR = 8.5 did not show a collapsed behaviour onto the same line to that of hydrogen. This can
be a result of the much higher diffusivity of hydrogen in comparison to that of methane. This could
produce a considerably bulkier jet for hydrogen compared to methane and is examined further later
in the next chapter.

Figure 4. 4 Scaled jet tip penetration (left) and scaled jet volumetric growth (right) versus normalized
time (P∞ ≈ 1 bar).

4.1.2 Adaptive Mesh Refinement
Introduction

As discussed earlier a significantly fine spatial resolution is required in order to take account of strong
flow discontinuities (i.e. shock waves) and turbulent mixing of under-expanded jets. Depends on the
properties of the issuing gas and also operating condition the use of a minimum grid size of at least

D/20 is indispensable as also widely practiced in the literature (Dauptain et al., 2010; Vuorinen et al,
2013). The common approach in modelling this type of flow is to apply a fixed refinement area with
a varying cell size downstream of the nozzle exit (that would cover all or part of the jet volume)

(Vuorinen et al, 2013, 2014b). For low NPR values (i.e. NPR<6) and also for gasses with low
diffusivity this approach has been shown to be able to resolve complete jet volume with a reasonable
cell count (and within a useful penetration length) (Vuorinen et al, 2013). However, for high NPR
values and/or highly diffusive gases (such as hydrogen) this method would require a significant
number of cells from the start of simulation in order to resolve the jet volume entirely. As explained
in chapter 3 a fully automated AMR technique was developed for STAR-CCM+® using Java user
coding in order to address the aforementioned issues of spatial resolution and specifically with the
aim of obtaining an accurate solution of under-expanded jets within a more practical CPU time.
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Figure 4.5 shows the performance of the AMR technique with LES (WALE) in modelling initial
stages of formation of an under-expanded nitrogen jet with NPR = 8.5 (issued into a nitrogen filled
ambient). This test case will be discussed later in this chapter and the focus here is only on the AMR
procedure. The refinement parameter for the jet shown in Figure 4.5 was the scalar concentration
(ρc) with an AMR trigger threshold of ρc = 0.01. The computational domain had a fixed initial

refinement zone covering 0.8D downstream of the nozzle exit (it was applied in order to capture
smoothly the initial pressure waves emitting from the nozzle exit). It can be seen From Figure 4.5

that by using a suitable AMR interval (here was 2μs) and a five level grid refinement the entire jet
volume was solved continuously with a D/50 spatial resolution. This means that during each
refinement interval, cells covering the jet volume remained intact while their surrounding cells (not

solving the jet volume) were refined (see Figure 4.5). Comparison between t = 22.5t0 and t = 24t0
timeframes of Figure 4.5 shows how AMR coarsened the spatial resolution of the grid with regards

to the outline of the jet. It should be noted that in the current study the initial refinement zone (if

used) was kept untouched during simulations and AMR procedure. However, any initial refinement
zone(s) can be adjusted simply to the shape of the jet if required.
Variations of the total number of cells (after the nozzle exit) and also a normalized jet tip penetration
both against a normalized time after the start of injection for the jet of Figure 4.5 is shown in Figure
4.6. In this figure t ≤ 12t0 is associated with the development of an initial subsonic jet that was also

noticed in previous studies of this type of jet (Vuorinen et al, 2013). In 12t0 ≤ t ≤ 15t0 nozzle exit

became chocked gradually with Ma ≈ 1.0. At around t ≈ 15t0 the jet penetrated for almost 0.8D and
reached the boundaries of the initial fixed refinement zone and AMR was triggered after this time.

At t ≈ 35t0 the increase rate of the cell count overtook the penetration rate as shown in Figure4.6.
This was attributed to the fact that the cell count was affected by both tip penetration and volumetric
growth of the jet. After the initial transient stages the rate of the jet penetration exhibited a decreasing

trend while the total number of cells showed an almost constant increasing rate. According to Figure
4.6 for almost 9D tip penetration (D = 1.4mm) a total number of ~10 M cells were required in order

to resolve entire jet volume with D/50 spatial resolutions. This indicated that although AMR could
reduce the computational costs when modelling initial development stages of an under-expanded jet
but it may result in significantly large cell count if applied when examining a relatively long penetration

length and/or a highly diffusive voluminous jet (like hydrogen). Therefore, it should be noted that
within the concept of under-expanded jets, AMR should be treated as a technique for achieving a
more accurate representation of the flow rather that a tool aimed just to reduce associated
computational costs. Within the reaming subsections of this section, test cases used to conduct
validation studies are discussed. It should be noted that LES WALE model was employed for
modelling under-expanded jets with STAR-CCM+® framework in the current chapter.
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ρc
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4.5
3.0

Start of AMR

Initial Refinement Zone
with D/50 Cell Size
t = 13.5 t0

t = 15.0 t0

1.5
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t = 16.5 t0

0.0
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t = 18.0 t0

t = 19.5 t0
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t = 22.5 t0

t = 24.0 t0

t = 25.5 t0

Figure 4. 5 Adaptive mesh refinement used for modelling initial transient development of a highly
under-expanded nitrogen jet with NPR = 8.5.

Figure 4. 6 Variations of the total number of cells and jet tip penetration (normalized with the nozzle
exit diameter) versus time after start of injection normalized by t0 = 2μs.
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Validation Case 1
The first test case used for validation of the AMR technique was based on the experiment discussed
earlier in this chapter for the STAR-CCM+® framework without the AMR as shown in Figure 4.1.
Under-expanded hydrogen jet was injected with NPR = 10 into a quiescent air-containing ambient.
The pressure of the low pressure chamber (ambient) was P∞ = 98.37 kPa. The temperature of both
the high pressure tank and the low pressure chamber were kept constant at 295.4 K and 296 K,
respectively. The setup and initial conditions were identical to what was discussed for the test case in
section 4.1.1. A time step of ∆t = 5.0×10-9 s was employed during the entire length of simulation.
Unlike the case without AMR, the time step was kept constant for direct comparison with cases with
elevated ambient pressure and temperature as will be discussed in the next chapter.

An unstructured grid with hexahedral elements was created by means of the trimmer facility of
STAR-CCM+®. Unlike Figure 4.1 the initial refinement area with D/50 cell size were stretched just
~2.5D downstream of the nozzle exit. In total ~3.5 M calls filled the computational domain initially
which was ~4 times smaller than when AMR was not used to model a similar jet.
Validation Case 2
The second validation test case used was designed based on experimental and computational studies
on an under-expanded nitrogen jet issued to a nitrogen ambient as reported by Vuorinen et al. (2013),
(2014b), Yu et al. (2013). Similarly to the previous test case LES was performed by considering a
system that consisted of a high pressure fuel tank and a low pressure air-containing chamber that
were linked by a converging nozzle as shown in Figure 4.7. However, in this test case the system was
entirely wall bounded and the converging section of the nozzle connected to a straight constant area
segment with a diameter of D = 1.4 mm and a length of 10D. The computational setup was

approximated based on the representation provided by Vuorinen et al (2013) which was suggested as
a simplified model of a gaseous injector used in a previous PLIF experiment Yu et al. (2013). A
computational domain was created with initial grid topology and boundary conditions similar to the
validation case 1 (with adiabatic slip boundary for the converging nozzle and high pressure tank
walls). Pressure of the fuel tank and the low pressure chamber were P0 = 8.5 and P∞ = 1 bar,
respectively with both chambers at a temperature of T∞ = 293 K.
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14D
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Mach Disk
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Shock
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D/25 Cell Size
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T∞ = 293 K

D/50 Cell Size
t = 39.5 t0
45D

Figure 4. 7 Left: Domain configuration and dimensions. Right: Zoomed view of the AMR refined area.

The nominal integral time scale was t0 = 2.0×10-6 s for the under-expanded nitrogen jet (Vuorinen et
al., 2013). A time-step of ∆t = 5×10-9 was used throughout the simulation. This was selected to be
consistent with the previous validation case that had a similar nozzle exit diameter; however, relatively
larger time step values could be used. Similarly to the latter authors viscosity was calculated using

Sutherland law with Cs ≈ 111.0 K, μs ≈ 1.781×10-5 Pa.s and Ts ≈ 300.55 K. A passive scalar
formulation was used in order to mark the issuing gas and model the mixing process. Also the

Schmidt and Prandtl numbers were both set to 0.7 as suggested by Vuorinen et al. (2013). In each 2
μs intervals AMR automatically refined the domain downstream of the nozzle exit with D/50
resolution based on the value of the passive scalar concentration with ρc = 0.01 threshold.
Validation Case 3

The third validation test case used was based on the experimental work reported by EdgingtonMitchell (2014). Specifically, air was supplied from a compressed air system and after passing through
various components it was injected through a circular nozzle with diameter of D = 15 mm. Figure
4.8 shows the simplified domain of the aforementioned configuration used in the current study. The
nozzle had a smooth contraction along a radius of curvature of 67.15 mm, ending with a parallel
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section at the nozzle exit. The schematic of the nozzle geometry is also drawn in Figure 4.8. The
under-expanded air jet had a nozzle pressure ratio of NPR = 4.2 with T0 = 288 issued into an air
ambient with P∞ = 101.403 kPa and T∞ = 297 K.

As shown in Figure 4.8 the complex experimental setup was modelled computationally as a
configuration of high and low pressure regions connecting with a converging nozzle with exact
geometrical specifications used in the experiment (Edgington-Mitchell, 2014). A total pressure of

P0 = 425.894 kPa was applied at the top boundary of the high pressure region in order to maintain

the injection pressure. Side and bottom boundaries of the low pressure chamber was selected to be
pressure outlet. The remaining boundaries were no-slip adiabatic walls. Due to the relatively large
diameter of the nozzle the use of no-slip wall condition was inevitable. The initial grid had a conical
refinement area with cell size of D/50 that occupied a region from 0.5D downstream of the nozzle
exit to 2D upstream of the nozzle exit. The rest of the nozzle volume was filled with a resolution of

D/25 which the stretched to a maximum cell size of 1.0 mm through a four-level grid expansion. 25

prism layers with 0.15 mm thickness and stretching rate of 1.5 were applied in order to resolve
accurately the viscous boundary layer of the converging nozzle and the bottom wall of the high

pressure tank. This guaranteed a y+ lower than unity which is required for an accurate LES with noslip walls.
The simulation started from the rest condition where air with P0 = 425.894 kPa filled the high
pressure region and the nozzle volume. A passive scalar formulation was used in order to mark the

issuing air. Similarly to the validation case 2 the diffusivity of the passive scalar was defined by
Schmidt number which as well as the Prandtl number was set to 0.7. Dynamic viscosity of air was

calculated using the Sutherland’s law with parameters stated earlier for air. The nominal integral time
step of the flow was calculated to be t0 ≈ 2.4×10-5 s (U1 = 310 m/s), therefore a time step of ∆t =
1×10-6 s was selected. In each 10 μs intervals AMR automatically refined the domain downstream of
the nozzle exit with D/50 resolution based on the value of the passive scalar concentration with

ρc = 0.01 threshold.

Discussion: Validation Case 1
Figure 4.9 compares instantaneous fields of log10(|∇ρ|) for the hydrogen jet modelled using AMR

(Figure 4.9.(a)) at t = 35 μs and the same jet investigated without AMR and with a fixed refinement

zone (at t = 35, 40 and 300 μs). It was noticed that for the hydrogen jet of Figure 4.9 the near nozzle
shock structure and Mach disk dimensions reached a semi-steady condition in t = 40–50 μs. Figure
4.9 shows that at t = 35 μs Mach disk dimensions of the hydrogen jet with AMR modelling were
almost identical to those of jets modelled without AMR at t ≥ 40 μs. In overall, good agreement was
observed between the Mach disk dimensions (Hdisk = 3.08 mm and Wdisk = 1.34 mm) and near nozzle
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shock structures between the hydrogen jet modelled using AMR and those of computational study
without AMR and their associated experimental investigation (Ruggles and Ekoto, 2012).
15D

(a)

(b)

22D

Mach Disk
Slip Line
D/50
Cell Size
30D

Reflected
Shock

D/25
Cell Size

27D

Figure 4. 8 Left: The domain configuration and dimensions. Right: Zoomed view of the AMR refined
area with some important features of an under-expanded jet.

A direct comparison between tip penetration of the hydrogen jet with and without AMR is plotted
in the left graph of Figure 4.10. It was found that until t ≈ 20 μs both jets exhibited almost identical
penetration length. However, after this time the jet modelled by means of AMR displayed around 8%

less tip penetration compared to the jet reproduced with a fixed refinement area. Also, at t = 35 μs
the latter jet showed around 3% higher centreline penetration in comparison to the former jet (see
(a) and (b) snapshots of Figure 4.9). The relatively smaller penetration of the jet with AMR was

attributed to its better resolved jet tip vortices i.e. its initial transient vortex ring. As it will be shown
in the next chapter for this hydrogen jet without AMR tip vortices started penetrating radially beyond
the specific fixed refinement region at around t = 20 μs and consequently were resolved with a
marginal quality. In fact, a better resolved vortex ring with AMR was relatively more dominant and

introduced fairly stronger radial expansion; hence by considering almost identical hydrogen mass flow
rate at the nozzle exit for both cases (with and without AMR) a shorter axial penetration (both tip
and centreline) was expected for the jet modelled by AMR. Comparison between snapshots (a) and

(b) of Figure 4.9 clearly shows the enhancement achieved in resolving tip vortices by means of AMR.
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Similarly to Figure 4.4 the right graph of Figure 4.10 shows that the penetration curves of the
hydrogen and methane jets investigated in the present study with AMR collapsed on top of each
⁄ଶ

other. However the discrepancy of the penetration of the jet without AMR after ݐ/ݐଵ

> 6 in this

figure originated from the observed difference in the penetration lengths attributed to the resolving
accuracy of their jet tip vortices. The test cases with elevated ambient conditions in Figure 4.10 will
be discussed in the next chapter.

Figure 4. 9 Near-nozzle shock structure in under-expanded hydrogen jets with NPR = 10 injected in
to an ambient air with P∞ ≈ 1 bar with AMR (a) in the present study and without AMR (b–d).

Figure 4. 10 Left: Normalized jet tip penetration with the nozzle diameter (D = 1.5 mm) of hydrogen
jets with NPR = 10 and P∞ ≈ 1 bar modelled with and without AMR. Right: Scaled jet tip penetration
of hydrogen and methane jets studied (with and without AMR) versus a normalized time.

Discussion: Validation Case 2
Figure 4.11 compares average near-nozzle density field of an under-expanded nitrogen jet with NPR
= 8.5 modelled using LES by (Vuorinen et al., 2013, 2014b) and LES with AMR in the present study.
It should be noted that this figure is scaled in the same way as presented by Vuorinen et al. (2014b).
Snapshots a–d of Figure 4.12 shows a direct comparison between average concentrations (ρc) of the
aforementioned nitrogen jet produced experimentally and computationally in by Vuorinen et al.
(2013) and computationally in the current study. Snapshot (e) of Figure 4.12 shows average field of
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log10(|∇ρ|) with a similar legend to that of Figure 4.9. Mach disk dimensions was found to be Hdisk
= 2.57 mm and Wdisk = 0.97 mm which is in a good agreement with values reported by Vuorinen
and co-authors (2013, 2014b). However, a closer agreement was found between Mach disk

dimensions measured in the present study and those reported by Vuorinen et al. (2013) compared to
those of Vuorinen et al. (2014b). In fact, the current study predicted ~1% and 3% smaller Mach disk
dimensions compared to those reported in Vuorinen et al. (2013) and Vuorinen et al. (2014b),
respectively. It is because unlike the present study and that of Vuorinen et al. (2013) a temperature
dependant specific heat capacity at constant pressure (Cp) was used in Vuorinen et al. (2014). The
angle of the reflected shock at the triple point was found to be 28.5 ° for the nitrogen jet modelled

by the current LES which is in an excellent agreement with observations reported in Vuorinen et al.
(2013).
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Figure 4. 11 Averaged near-nozzle density field of an under-expanded nitrogen jet with
NPR=8.5. (a): LES of Vuorinen et al. (2014b). (b): LES of the present study with AMR.
Snapshots (c) and (d) of Figure 4.12 shows results of the current study for the average ρc but with
different legend upper value for better visualisations. Direct comparison between regions highlighted
with dotted white ovals in snapshots (a) and (d) of Figure 4.12 showed comparable behaviour

between the current LES study and experimental visualisation of Vuorinen et al. (2013) with regards
to the shear layers characteristics.

Figure 4. 12 (a)–(d): Comparison between average concentration (ρc) of an under-expanded nitrogen
jet with NPR = 8.5 produced (a): Experimentally in Vuorinen et al. (2014b), (b): Computationally in
Vuorinen et al. (2014) and (c)–(d): Computationally in the present study with different legends. (e):
Averaged field of log10(|∇ρ|) produced by the current LES framework.
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Similarly to Figure 4.10 (right), Figure 4.13 compares the scaled penetration length of the nitrogen jet
examined in the current study with that of reported in Vuorinen et al. (2013). In a very good agreement
with the literature it is clear that the scaled penetration curves collapsed on almost a single line. This
confirms that in addition to the key sonic characteristics of under-expanded jets, the current
computational framework was able to reproduce accurately the penetration length of under-expanded
jets which plays an important role in mixing characteristics of this kind of flow.

Figure 4. 13 Scaled jet tip penetration of a nitrogen jet with NPR = 8.5 versus a normalized time.
Comparison between the present LES study with LES of Vuorinen et al. (2013).

Discussion: Validation Case 3
Figure 4.14, which is based on an under-expanded nitrogen jet with NPR = 4.2, compares predictions
of the current LES study with experimental data reported by Edgington-Mitchell et al. (2014). The
current LES framework reproduced the height and width of the Mach disk ~6% and ~17% smaller
compared to the measurements obtained from Schlieren visualisations. Initially this difference may
be explained due to the necessary simplifications applied when the computational model of the quite
complex experimental apparatus employed by Edgington-Mitchell et al. (2014) was created. Also, as
discussed previously dimensions of the Mach disk and particularly its width are a function of the
nozzle pressure ratio. During the experiment, upstream pressure and consequently NPR might
experience some level of oscillations which could affect the Mach disk dimensions noticeably.
Another contributing factor could be the level of turbulence at the nozzle exit. In fact, as also reported
by Inman et al. (2008), the level of turbulence at the nozzle exit in an experimental test case can be
significantly higher than that of its corresponding computational model. It has been reported (Golub,
1994) that Mach disk dimensions of under-expanded jets exhibits slight fluctuations even after
reaching to a semi-steady conditions. Higher turbulence level at the nozzle exit may intensify these
fluctuations and results in an average larger Mach disk dimensions in an experimental test case in
comparison to what is predicted numerically. The last contributing factor to the aforementioned
difference between LES and experiment in Mach disk dimensions was attributed to the use of not
temperature dependent Cp in the current LES. Since the difference between the computational and
experimental Mach disk dimensions in the current test case was slightly higher than those discussed
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in previous test cases, the author concluded that the reason of the current discrepancy was a
combination of the factors stated above. Specifically, the previous test cases used simpler
experimental apparatuses with almost 10 times smaller nozzle diameters than that of test case 3.
Therefore, effects of the NPR fluctuations and also nozzle exit turbulence may be neglected for the
first two test cases.
In general as presented in snapshots (a)–(f) of Figure 4.14 the current LES was able to reproduce the
near nozzle shock structure in agreement with the experimental observations. Reflected shock angle
with the nozzle centreline was predicted ~3° larger than that of experimental images with also slightly
narrower distance between the slip lines (the length of the red arrows in snapshots a, d and e of Figure
4.14 are identical). This was attributed to the above-mentioned smaller Mach disk width of the
numerical prediction compared to the experimental observations. Similarly to the Schlieren images,
the current LES study predicted the expansion and shrinkage of the width of the subsonic core (i.e.
distance between the slip lines) just after the Mach reflection as discussed comprehensively by
Edgington-Mitchell et al. (2014). A combinations of the shock structures and turbulent behaviours of
the under-expanded air jet can be seen in snapshot (g) of Figure 4.14 which is based on instantaneous
contours of log10(|∇ρ|) at t = 1.5 ms. The general bulk shape of the jet with its turbulent behaviour
was captured reasonably compared to earlier observations of this kind of jet as reviewed in chapter

2. Specifically, After the Mach reflection several shock cells formed and after a certain distance from

the nozzle exit viscous forces became dominant and consequently the shock cells disappeared (mixing
of inner and outer shear layers started) and the jet became highly turbulent and exhibited intense
mixing with the ambient medium.
A direct comparison between contours of mean in-plane velocity components (up to 4D downstream
of the nozzle exit) produced by the current LES and planar PIV measurements of Edgington-Mitchell

et al. (2014) is presented in Figure 4.15. The averaging of experimental data was conducted over 8000
samples while for LES the averaging was conducted over 200 samples. This was due to the fact that
by the time the near-nozzle flow reached to a semi steady condition (suitable for RMS averaging) in
the LES simulation, AMR produced ~21 M cells and further running of the simulation was not
feasible due to the computational power available. In Figure 4.15 the black line indicates an

approximation of w/U1 ≈ 1 in both experimental and computational visualisations. Classical
characteristics of under-expanded jets such as initial formation of the outer shear layer at the nozzle

exit (can be clearly seen in w/U1 snapshots of Figure 4.15), Mach reflection, oblique shocks at the
triple point and inner shear layer was reproduced comparable to those measured experimentally by
the current LES framework. However, slight differences between the computational and
experimental visualisations of Figure 4.15 was attributed to the noticeable difference in the number
of samples used to evaluate the averaged values for each case (in addition to the discussed difference
in their Mach disk dimensions).
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Figure 4. 14 Near nozzle shock structure and turbulent behaviour of the under-expanded air jet with
NPR = 4.2 issued from a circular nozzle with D = 15 mm. (a): Instantaneous Schlieren image of dρ/dX
based on Edgington-Mitchell et al. (2014). (b, c): Averaged Schlieren images (over 8000 samples) of
dρ/dZ and dρ/dX, respectively, based on Edgington-Mitchell et al. (2014). (d, e): Instantaneous
contours of the magnitude of the density gradient (|∇ρ|) with different legend colours produced by
the current LES framework. (f): Averaged contours (over 200 samples) of Log10(|∇ρ|) produced by the
current LES framework. (g): Instantaneous contours of log10(|∇ρ|) of at t = 1.5 ms produced by the
current LES framework with AMR.
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Figure 4. 15 Contours of mean in-plane velocity components normalized by the nozzle exit velocity
U1 ≈ 310m/s (the under-expanded air jet with NPR = 4.2). Top row: Experimental data of EdgingtonMitchell et al. (2014) averaged over 8000 samples. Bottom row: The current LES representation
averaged over 200 samples. The black line indicates an approximation of w/U1 ≈ 1 in both
experimental and computational visualisations.

Centreline profiles of some first and second order statistics of the velocity (for both LES and PIV)
are plotted in Figure 4.16. With respect to the mean axial velocity, LES curve followed a very close
trend to that of the experimental curve. However, compared to the experimental measurement the
maxima and minima of the LES curve were ~2% higher and ~85% lower, respectively (w/U1 = 1.89,
0.037 for LES compared to w/U1 =1.85, 0.28 for PIV). Extremely low values of velocity just after
the Mach disk in under-expanded jets were also reported based on CFD studies in the literature
(Velikorodny and Kudriakov, 2012; Owston and Abraham, 2009). This noticeable difference between

the aforementioned minimum values between CFD and PIV was attributed to the existence of a
strong flow discontinuity due to the Mach reflection. In fact, if high spatial resolution is used, CFD
may be able to resolve the flow behaviour in the vicinity of the Mach disk more accurately in
comparison to PIV as also reported by Dauptain et al. (2010) (see Figure 2.11). It is worth mentioning
that the effect of spatial resolution of a CFD model on the prediction of the Mach discontinuity in
under-expanded jets was discussed by Owston and Abraham (2009) and it was shown that a relatively
coarse grid may not be able to capture precisely the near-nozzle velocity profile in under-expanded
jets.
After the Mach reflection in 10D downstream of the nozzle exit, LES predicted six peaks i.e. six shock
cells compared to five peaks measured by PIV (see Figure 4.16). This was due to the aforesaid slight

difference in the Mach disk height between computational and experimental measurements which

produced slight phase lag between the curves of velocity graph in Figure 4.16. This means that the
sixth peak of the experimental data would probably be located beyond 10D and was not captured. As
discussed in chapter 2, spacing of the shock cells (after the Mach reflection) in an under-expanded
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jet should be almost identical (Pack, 1950). Figure 4.16 shows that, despite the slight frequency
difference, the spacing between the velocity peaks (shock cell spacing) in both computational and
experimental curves remained constant ~22 mm for both curves. This was in agreement with classical
observations (Donaldson and Snedeker, 1972) and also theoretical studies (Pack, 1950) of this kind
of flow.
With respect to the velocity fluctuations, from Figure 4.16 it is clear that the axial and transverse
velocity fluctuations both experienced modulation by the embedded shock structures. At the jet core,
similarly to the experimental observation, the current LES predicted more modulation for the
transverse fluctuation than the axial one mainly due to the relatively lower effects of the shear layers
within this region. Although the bulk trend of the fluctuation graphs of Figure 4.16 was similar
between computational and experimental curves, however, some differences can be observed. For
Z/D <1.2 (i.e. upstream of the Mach disk) LES predicted noticeably lower axial and transvers velocity

fluctuations (w′/U1 ranging from 2×10-4 to 10-3 and u′/U1 ranging from 8×10-6 to 1.2×10-4)

compared to those calculated based on the PIV measurements (w′/U1 ranging from 1.2×10-2 to
3×10-2 and u′/U1 ranging from 7.5×10-3 to 9×10-3). This was mainly due to the fact that no artificial
perturbation was applied in the current LES study. However, as it was mentioned earlier, and can

also be seen in Figure 4.14, turbulent characteristics of under-expanded jets were greatly amplified by

the Mach reflection and resilient shear layers downstream of the Mach disk (Inman et al., 2008).
Different averaging samples between CFD and experiment (200 and 8000, respectively) may also
contribute to the discrepancy between the velocity fluctuation graphs of Figure 4.14 particularly for
Z > 4D downstream of the nozzle exit where jet structure exhibited a strong turbulent behaviour (see

snapshot (g) of Figure 4.14). However, as seen in Figure 4.16 and particularly for w′/U1 an agreement
could be observed between LES and PIV for 1.2 < Z/D < 4.5. Within this range the u′/U1 graph of
Figure 4.16 showed higher difference (in terms of the magnitude) between LES and PIV compared

to the w′/U1 graph but still a very similar trend can be seen. This can be due to the aforementioned
difference between the turbulence intensity upstream of the Mach disk. This intensity difference can
be more effective on the transverse velocity fluctuation compared to the axial velocity fluctuation

mainly due to the stronger effect of the flow discontinues and shear layers on the axial velocity profile
compared to the transverse velocity profile.
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Figure 4. 16 Axial profiles of mean and fluctuating velocity quantities taken along nozzle centreline in
the under-expanded air jet with NPR = 4.2. Comparison between the current LES and PIV data
reported by Edgington-Mitchell et al. (2014).

4.2 Fourth-Order Runge-Kutta OpenFOAM® Solver
4.2.1 Simulation Setup
In order to examine the performance of the newly developed RK4 OpenFOAM® solver a validation
test case was developed based on experimental and computational studies on under-expanded
nitrogen jets issued into a nitrogen ambient as reported by Vuorinen and co-authors (2013, 2014b).
Specifically, LES with a one-equation model (Yoshizawa et al., 1993; Fureby, 1997) was performed
by considering a system that consisted of a high pressure fuel tank and a low pressure nitrogencontaining chamber that were linked by a converging nozzle as shown in Figure 4.7. The system was
entirely wall bounded and the converging section of the nozzle connected to a straight constant area
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segment with a diameter of D = 1.4 mm and a length of 10D. A hexahedral block structured grid

with a total number of ~10 M cells was created using ICEM meshing software. For a radius of 1.5D
from the nozzle centreline a spatial resolution of uniform D/50 cell size was created which then
gradually increased by a ‘geometric’ expansion mesh law with ratio of 2. In axial direction for a

distance of 5D downstream of the nozzle exit the grid resolution decreased from D/50 at the nozzle
exit to D/25 by a geometric mesh law. From this point to 31D downstream of the nozzle exit, which
is the maximum axial length of interest in the current study, the axial grid resolution decreased

gradually (geometric) to a value of ~D/5. The straight length of the nozzle was resolved by 50 cells

with a geometric mesh law and with a resolution of D/50 close to the nozzle exit. The wall of the
converging nozzle and the high pressure reservoir were set to adiabatic slip in order to avoid
formation of any artificial boundary layer as discussed earlier.

In total three simulations of under-expanded nitrogen jets were conducted with various injection
pressures i.e. P0 = 5.5, 6.5 and 8.5 and P∞ =1 bar issued into a low pressure chamber with P∞ = 1.0
bar. Both high and low pressure chambers were at an initial temperature of T∞ = 293 K. The
simulations started from the rest condition where it was assumed that high pressure gas occupied the

entire high pressure tank and full length of the converging nozzle. A time-step of ∆t = 1×10-9 was
used throughout the simulation in order to ensure the accuracy and stability of the Runge-Kutta

approach (Hirsch, 2007). Similarly to Vuorinen et al. (2013) viscosity was calculated using Sutherland’s

law with Cs ≈ 111.0 K, μs ≈ 1.781×10-5 Pa.s and Ts ≈ 300.55 K. Schmidt and Prandtl numbers were
both set to 0.7 as suggested by the latter authors.

4.2.3 Discussion
Sonic Characteristics
Transient development of shock structures in under-expanded jet with NPR = 6.5 is shown in Figure
4.17 which is created based on the log10|∇ρ|. In an agreement with Vuorinen et al. (2013), the newly
developed rk4CentralFoam solver was able to predict classical features of under-expanded jets
such as Mach reflection, triple point, slip lines (annular shear layers) and shock cells after the Mach
disk. Prandtl–Meyer expansion fans resulted in formation of a spherically propagating shock
specifically the bow shock, followed by the growth of the first oblique shocks. As soon as the nozzle
reached to the threshold of under-expansion (P1/P∞ > 2) a very small normal shock with narrowly

spaced slip lines formed close to the nozzle exit as can be seen in t = 85μs of Figure 4.17. After this

point Mach dimensions started growing gradually and in t ≈ 150 μs reached to their semi-steady
values.
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Figure 4. 17 Transient development of the shock structure and Mach reflection in under-expanded jet
with NPR = 6.5. Similar behaviour for this jet was also shown in Figure 8 of Vuorinen et al. (2013).
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As shown in t = 10 μs snapshot of Figure 4.17 tip of the under-expanded jet exhibited a rolling-up
behaviour due to flow separation and in order to satisfy the Kutta condition (Thangadurai and Das,
2010). This resulted in formation of a transient primary vortex ring which has a poloidal-toroidal

structure. As it can be seen in t = 15 μs snapshot of Figure 4.17 a secondary vortex ring was formed
within the primary ring. This was also observed in earlier experimental (Thangadurai and Das, 2010;

Dora et al., 2014) and computational (Zhang et al., 2014) studies. This secondary vortex ring is formed
due to the eddy pairing of tiny counter-rotating vortices which themselves were created due to

existence of strong shear layers and also robust flow discontinuity at the Mach reflection (Dora et al.,
2014). Similarly to observations of Dora et al. (2014) and Zhang et al. (2014), Figure 4.17 also shows
another feature of under-expanded jets that is the vortex-induced shock as can be seen clearly in t =

30, 35 μs snapshots. This shock is a recompression shock formed to decelerate the flow to the
conditions of the vortex ring’s wake (Dora et al., 2014). Moreover, similarly to Vuorinen et al., (2013)
the present high-order LES framework was also able to resolve sounds emitted from under-expanded
jets (see snapshot t = 95 μs of Figure 4.17). This sound (screech tone) is formed due to the formation
of coherent eddies with a fixed frequency due to the existence of mixing layers with one supersonic
and one subsonic stream (Smits and Dussauge, 2006).

A direct comparison between average concentration of under-expanded jet (ρYc) with NPR = 8.5

with experimental and computational representation of the same jet presented by Vourinen et al.
(2013) is shown in Figure 4.18. This figure also shows a snapshot of average density gradient (|∇ρ|)
based on the results of the current LES. The sonic characteristics such as Mach disk dimensions,

reflected shock angles and inner shear layer thickness reproduced by the current LES were

comparable to those reported by Vourinen et al. (2013) based on experimental and computational
investigations.
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Figure 4. 18 (a)–(c): Comparison between average concentration (ρYc) of an under-expanded nitrogen
jet with NPR=8.5 produced (a): Experimentally by Vuorinen et al. (2013), (b): Computationally by
Vuorinen et al. (2013) and (c): Computationally in the present LES study (d): Averaged field of density
gradient (|∇ρ|) produced by the developed OpenFOAM® solver.
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It is worth mentioning that rk4CentralFoam solver was able to predict the aforementioned sonic
characteristics of under-expanded jets with NPR = 5.5, 6.5 and 8.5 with a maximum 1% difference
with values reported by Vourinen et al. (2013). Direct comparison between Figures 4.12 and 4.18
reveals a good agreement between STAR-CCM+® and OpenFOAM® predictions of the nitrogen jet
with NPR = 8.5.
General Flow Behavior
Transient evolution of under-expanded jets with NPR = 5.5, 6.5 and 8.5 based on the mass fraction
of the passive scalar is shown in Figure 4.19. The evolution of the jet with NPR = 8.5 was found to
be comparable to an identical jet modelled by Vuorinen et al. (2014b). However, in the present study,
after the Mach reflection, grid resolution was not as dense as what was used by Vuorinen et al. (2014b)
therefore a slight difference in mixing behaviour of the scalar was observed. However, considering
the quality of the grid at large distances downstream of the nozzle exit, t = 0.18 ms snapshot of

Figure 4.19 shows a reasonable level of turbulent mixing in comparison to earlier studies (Yu et al.,
2013). Figure 4.19 also reveals that the current computational study was able to capture Kelvin–
Helmholtz (K–H) type instabilities which are created due to significant shear forces. These types of
instabilities have also been noticed earlier in both subsonic and supersonic jets (Vuorinen et al., 2011,
2013). After formation of the initial vortex ring, annular shear layers produced K-H type instabilities
continuously, however, in some snapshots of Figure 4.19 theses instabilities cannot be identified.
This was because they were concealed by the excessive amount of the turbulent scales (Vuorinen et
al., 2011).
The counter-rotating secondary vortex ring, that was discussed earlier, created a concave tip in the
under-expanded jets with NPR = 6.5 and 8.5 as can be seen in t = 15 μs snapshot of Figure 4.19 The
jet with NPR = 5.5 did not show a concave tip whatsoever and the tip of the jet with NPR = 6.5 and

8.5 turned convex at t ≈ 20, 90 μs, respectively. Dora et al. (2014) showed that the existence and
influence of the secondary counter-rotating vortices were functions of nozzle pressure ratio and in
some NPR values they may not exist as also verified in the present study.

With respect to the jet tip penetration, Figure 4.19 shows a close penetration length for the jets
studied. This is in a good agreement with data provided for similar jets but with NPR=4.5 and 10 by
Vuorinen et al. (2014b). Specifically, for a duration of t = 60 μs the jet with the higher NPR value
penetrated just ~5% more than the jet with lower NPR value (Vuorinen et al., 2014b).

A direct comparison between the Runge-Kutta Solver and STAR-CCM+® for the under-expanded
nitrogen jet with NPR = 8.5 is included in Appendix B. It is worth mentioning that although very
close jet behaviour was captured by both codes, the OpenFOAM® solver with higher order of
accuracy was able to provide a relatively sharper representation of the shock structure, emitted sound
and vortex ring rolling-up process.
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Figure 4. 19 Transient evolution of under-expanded jets based on the scalar mass fraction (Yc).
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Figures 4.20 and 4.21 show average value of some key flow parameters including temperature (T),
normalized velocity (U/U1), Mach number (Ma) and density (ρ) on a vertical symmetry plane in
under-expanded jets with NPR=6.5 and 8.5. These figures were comparable to those of similar under-

expanded jets studied by Vuorinen et al. (2013, 2014b). For both jets temperature reached to

T = 100 K just before the Mach reflection and then increased to a value close to that of the ambient

just downstream of the Mach disk. Also, Mach number reached to values above Ma = 3 just before
the Mach reflection as also predicted by Vuorinen et al. (2013) for both jets shown in Figure 4.20.
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Figure 4. 20 Contours of average flow parameters of the jets with NPR = 6.5 and 8.5. Left: Temperature
(T ), Middle: normalized velocity (U/U1), Right: Mach number (Ma). There are good agreements
between the present representations and their counterparts shown in Figures 6 and 12 of Vuorinen et
al. (2014b). Nozzle exit velocity is U1≈330 m/s.
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Figure 4. 21 Contours of left: average normalized velocity (U/U1) and right: average density (ρ). There
are good agreements between present representations and their counterparts (NPR = 8.5) shown in
Figures 5 and 6 of Vuorinen et al. (2014b). Nozzle exit velocity is U1≈330 m/s.

4.3 Summary

In this chapter performance of both STAR-CCM+® and OpenFOAM® frameworks in LES
modelling of various under-expanded jets including hydrogen methane and nitrogen were compared
and validated quantitatively and qualitatively against various experimental and computational test
cases available in the literature. It was found that the STAR-CCM+® framework (without and with
AMR) and the RK4 OpenFOAM® solver were able to reproduce important sonic and mixing
characteristics of under-expanded jets including Mach disk dimensions, triple point location, reflected
shock angle, transient vortex ring, annular shear layers and tip penetration. Also, it was shown that
LES methodologies used in the current study were able to reproduce highly turbulent behaviour of
under-expanded jets comparable to experimental measurements and optical observations. The
current chapter focused primarily on evaluation and validation of the computational frameworks that
will be used in chapters 5 and 6 to investigate extensively the key characteristics of under-expanded
jets with focus on applications in DISI gaseous-fuelled engines, particularly with hydrogen fuelling.
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Chapter 5:
Under-Expanded Jets: Flow Characteristics
The present chapter investigates the key sonic and mixing characteristics of under-expanded jets with
regards to applications in gaseous-fuelled IC engines and by means of high fidelity LES modelling
within the STAR-CCM+® framework discussed and validated in the previous chapter. Transient
development, compressible in-nozzle flow, penetration length, volumetric growth and annular shear
layers and associated vortical structures of this type of jet are examined quantitatively and qualitatively
for various gases including hydrogen and methane issuing from a nozzle with diameter comparable
to those of gaseous injector nozzles. Specifically, the computational setup discussed in section 4.1.1
and shown in Figure 4.1 was employed further (without and with the AMR technique) to examine
under-expanded hydrogen and methane fuel jets under various combinations of different injection
pressures and ambient thermodynamics including atmospheric and elevated ambient pressures and
temperatures. Furthermore, fluid mechanics of the transient evolution and mixing in highly turbulent
under-expanded fuel jets are studied by focusing on the three-dimensional annular shear layers and
their associated streamwise/spanwise vortices in this type of flow. It should be noted that in the
present thesis if the AMR technique is employed in order to obtain results of a specific section, it is
mentioned explicitly within its associated text.

5.1 Transient Shock Development
5.1.1 General Characteristics
Several transient steps of the near-nozzle shock expansion, Mach disk formation and jet development
of under-expanded hydrogen (with NPR = 8.5, 10 and 30) and methane (NPR = 8.5) jets issued into
an ambient with P∞ ≈ 1 bar and T∞ ≈ 296 K are presented in Figure 5.1. As explained earlier, the
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grey scale images are based on the magnitude of the density gradient |∇ρ| and aim to provide a clear
visualisation of the shock structure and mixing process. It is clear that the shock development and
transient jet formation followed a very similar trend for the hydrogen jets with NPR = 8.5 and 10. At

t  13t0 the Prandtl-Meyer expansion fans resulted in formation of the spherically propagating bow

shock, followed by the growth of the first oblique shocks. Soon after that at t  21t0 (t = 13 μs),
when the nozzle exit pressure P1 reached the threshold of the under-expansion, i.e. P1⁄P∞ > 2, a very
small normal shock with narrowly spaced slip lines formed close to the nozzle exit. This small normal
shock can be assumed as the first appearance of the Mach disk. As time passed, the distance between
slip lines grew and the width of the Mach disk increased. The observed development of the hydrogen
jets with NPR = 8.5 and 10 is comparable to shock development stages reported by Yu et al. (2012),
Vuorinen et al. (2013) and Rogers et al. (2015) for under-expanded nitrogen, methane and hydrogen
jets. Also, comparable shock development behaviour to what shown in Figure 5.1 was obtained with
the newly OpenFOAM® solver as discussed in the previous chapter and presented in Figure 4.17.
During the transient process it was noticed that the height and width of the Mach disk temporarily
reached a higher value than their final steady state values. This can be seen for hydrogen jets in Figure
5.1 at t  32t0 (t = 20 μs) and at t  38t0 (t = 25 μs) with NPR of 10 and 8.5, respectively. This
behaviour of Mach disk dimensions was also quoted in the literature (Golub, 1994).

The development of the near-nozzle shock structure in the case of the transient methane jet with
NPR = 8.5 showed slightly different pattern to what was observed for the hydrogen jets with NPR
= 8.5 and 10. As shown in Figure 5.1, the methane jet contained strong expansion fans from the very
beginning of its formation which resulted in the formation of a normal shock wider than the nozzle
diameter very similar to an established Mach disk. The distance of this normal shock from the nozzle
exit increased quickly and at t  10t0 (t = 18 μs) the shock can be considered as a Mach reflection
which in conjunction with the intercepting shock formed the first shock cell. The dimensions of the
Mach disk were greater upon formation than the final steady values in the same way to what was
observed earlier for the hydrogen jets. The existence of the wide Mach disk in the methane jet from
the very beginning resulted in the development of widely-spaced slip lines. More details of the
transient development of the hydrogen jet with NPR = 10 and P∞ ≈ 1 bar is presented in Figure 5.2.
It can be seen that the current LES framework was able to capture the spherically propagating bow
shock and emitted sound waves (the so-called screech tone) from the under-expanded jets studied.

The transient formation of the hydrogen jet with NPR = 30 is also presented in Figure 5.1. Due to
the high NPR and strong compression fans the transient formation of the near-nozzle shock structure
in this jet was very similar to what was described for the methane jet, i.e. the formation of a wide
Mach disk (normal shock) from very beginning with widely-spaced slip lines. It is clear form Figure
5.1 that NPR had a considerable effect on the dimensions and shape of the Mach disk. It was
observed that higher NPR produced more convex Mach disk.
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Figure 5. 1 Development of under-expanded jet and near-nozzle shock structure with P∞ ≈ 1 bar. (a):
Methane NPR = 8.5, (b): Hydrogen NPR = 8.5, (c): Hydrogen NPR = 10, (d): Hydrogen NPR = 30.
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Figure 5. 2 LES prediction of near nozzle shock structure, Mach disk formation and turbulent mixing
in an under-expanded hydrogen jet with NPR = 10 and P∞ ≈ 1bar. These images are based on the
magnitude of density gradient|સ࣋|. (a): t ≈ 13t0, (b): t ≈ 21t0, (c): t ≈ 29t0, (d): t ≈ 32t0, (e): t ≈ 40t0, (f):
t ≈ 51.5t0, (g): t ≈ 63t0, (h): t ≈ 113t0, (i): t ≈ 161t0.

5.1.2 Effect of NPR and Ambient Pressure

Figure 5.3 shows comparison between transient development of the near-nozzle shock structure of
hydrogen jets with NPR = 10 issued into different ambient pressures i.e. P∞ ≈ 1 and 5 bar. It was
found that higher ambient pressure resulted in faster formation of the Mach reflection (Mach disk).

A difference of 2–3 μs was observed in the formation of the Mach disk between the hydrogen jets
presented in Figure 5.3. Shorter temporal and spatial fluctuations around the final steady values were
found for the Mach disk dimensions by increasing the ambient pressure under fixed NPR. It can be
concluded that higher ambient pressure under a fixed NPR value may result in faster near-nozzle
shock development and shorter Mach disk settlement time. The difference between the initial
transient shock formation in jets with similar NPR but different P∞ may be due to the difference in
their in-nozzle transient flow development. Specifically, it was noticed that a higher in-nozzle

momentum and density would result in shorter transient conversion from subsonic to

sonic/supersonic flow at the nozzle exit. This would advance the formation of the Mach reflection.
168

Under-Expanded Jets: Flow Characteristics

Transient development of compressible in-nozzle flow of an under-expanded jet is examined in the
next section.
As shown in Figure 5.1 the hydrogen jet with NPR = 8.5 exhibited similar behaviour to the hydrogen
jet of NPR = 10 (with P∞ ≈ 1). However, the methane jet with NPR = 8.5 exhibited slightly different
behaviour. Specifically, widely spaced initial intercepting shocks were noticed that did not get close
during the transient process and formed a wide Mach disk from very beginning of the injection.

Moreover, it was observed that for the hydrogen jet with NPR = 30 and P∞ ≈ 1 bar the transient
shock development progressed similarly to that of the methane jet with NPR = 8.5 (P∞ ≈ 1 bar).
Equations 2.3 and 2.4 may be able to explain such behaviour. Specifically, it can be concluded that at
a constant inclination angle, jets with higher MaA or lower ratio of specific heats (γ) would produce
more flow deflection which means that formation of a wider Mach reflection is needed in order to

correct the flow direction. Methane has a lower γ than that of hydrogen and the a hydrogen jet with

NPR = 30 has relatively higher MaA compared to the hydrogen jet with NPR = 10. MaA of hydrogen
and methane jets under similar NPR would be almost identical as will be shown later in this chapter.

5.2 Transient In-Nozzle Flow
Figure 5.4 shows transient development of the axial Mach number within the nozzle for the hydrogen
jet with NPR = 10 and P∞ ≈ 1 bar. The Mach number is plotted against the normalised distance from
the nozzle exit, Z/D. At the early stages of injection, t ≤ 11t0 (t ≤ 6.8 μs), a subsonic jet started
developing from the nozzle exit. Then at t  13t0 (t  8.1μs) the flow accelerated and reached Ma =
1 at the nozzle exit. Similar transition from subsonic to supersonic in transient under-expanded jets

was also reported by Yu et al. (2012, 2013) as shown in Figure 2.5. When the Mach disk started
forming, the flow inside the nozzle reached Ma = 1 upstream of the nozzle exit. The position of Ma
= 1 moved backwards upstream and was associated with an increase in the size of the Mach disk; the
flow accelerated to Ma = 1.02 at the nozzle exit. At t  23t0 (t  14.2 μs) a sudden rise occurred in
the in-nozzle Mach number. Specifically, it reached Ma  1.1 and this was followed by a weak shock
which caused the flow to decelerate and reach a value of Ma  0.98. The flow then accelerated again
and reached a value of Ma = 1.01 at the nozzle exit. As time passed after this point, the position of
Ma  1 moved further backwards; the Mach number inside the nozzle increased and the intensity of
the inner nozzle shock was amplified. When the Mach disk and shock structure close to the nozzle
exit reached semi-steady conditions (t  80t0 or t  49.6 μs), Ma = 1 occurred about 0.5D upstream

the nozzle exit. A maximum Mach number of Ma  1.3 occurred at about 0.2D upstream of the
nozzle exit. From the time that the location of Ma = 1 started occurring inside the nozzle, it was

noticed that the Mach number at the nozzle exit ranged from 1.01 at the beginning of the Mach disk
formation to about 1.1 when the Mach disk dimensions had reached semi-steady conditions.
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Figure 5. 3 LES prediction of transient development of the near nozzle shock structure and Mach disk
in under-expanded hydrogen jets with NPR = 10 and P∞ ≈ 1 and 5 bar.
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Figure 5. 4 Development of the axial Mach number in the hydrogen jet with NPR = 10 and P∞ ≈ 1 bar.

The aforementioned transient in-nozzle flow behaviour was observed for all under-expanded jets

studied using the nozzle configuration shown in Figure 4.1. Figure 5.5 shows the entropy variation
on the nozzle centreline line for the hydrogen jets with P∞ ≈ 1 bar and with NPR = 10, 30 and 70. It
was found that the transient in-nozzle process did not produce much entropy surge since it took
place gradually during time, unlike the formation of the Mach shock which produced a sudden drop
in the Mach number and other flow parameters from its first appearance. The specific entropy in
Figure 5.5 was calculated using Equation 5.1 where the reference parameters P0 and T0 were set to
their stagnation values of hydrogen inside the fuel reservoir. The stagnation temperature was assumed

to be T0 = 295.4 K for all test cases whereas the value of the stagnation pressure was P0 ≈ 9.8, 29.5
and 69.0 bar for NPR values of 10, 30 and 70, respectively.

ܶ
ܲ
ܥ = ݏ ln ൬ ൰− ܴ ln ൬ ൰
ܶ
ܲ

(5.1)

Occurrence of Mach number above unity at nozzle in computational studies on under-expanded jets
was also observed in the literature. For a compressible methane flow in a macro-scale large-neck
Laval nozzle of 2.4 cm throat diameter, Abdi et al. (2010) studied the centreline Mach number and
found that the choked condition of Ma = 1 occurred at the beginning of the constant area neck just
after the converging area. The latter authors also noticed that the flow accelerated within the constant
area throat and reached Ma  1.35; then it started oscillating around Ma  1.2 until it reached the exit
plane of the constant area section (and beginning of the diffuser section). The nozzle of the present
study is categorized as a micro-nozzle and different flow behaviour is expected in comparison to
larger scale counterparts (Ho et al. 1998; Jie et al., 2000; Abdi et al., 2010). For instance, in a micro171
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size convergent–divergent nozzle, Hao et al. (2005) noticed that, by scaling down the nozzle size, the
Mach number at the throat and the nozzle exit decreased and the choked condition moved away
from the throat towards the exit. As it was explained earlier the nozzle used in the current study had
two sections, a converging part and constant area section with length of 0.6D and at semi-steady
conditions for all jets studied Ma = 1 occurred at about 0.1D downstream of the beginning of the

constant area section. This can be explained by high compressibility effects (Jie et al., 2000) and high
viscosity dissipation due to increased surface-to-volume ratio (Hao et al., 2005). Just after the sonic
line, expansion fans started forming and caused the flow to accelerate and reach a maximum Mach
number of about 1.3 at about 0.2D upstream of the nozzle exit where the reflected fans (from the
nozzle wall) changed the flow condition to subsonic. After this point, the flow accelerated again

through the re-reflected expansion fans and exited the nozzle with Ma  1.1. A Mach number higher

that unity at the nozzle exit (Ma  1.2) was also observed in a study conducted by Khaksarfard et al.
(2010) where hydrogen was injected with P0 = 34.5 MPa into atmospheric ambient. However, in their

work the presented injection duration was not long enough (25 μs) to show the Mach number peak
and the transient in-nozzle flow in the same way that was captured in the current study. In another

study, where high pressure flow of nitrogen through an ejector device (vacuum jet) was investigated
(Zhu and Jiang, 2014), the in-nozzle Mach number showed similar variations to those of the current
study, as well as an exit Mach number higher than unity.

Nozzle Exit

Figure 5. 5 Variation of the specific entropy (s) along the nozzle centreline axis for the H2 jets with
NPR = 10 and P∞ ≈ 1 bar at t  161t0.

172

Under-Expanded Jets: Flow Characteristics

5.3 Initial Jet Tip Vortices
Figures 5.6–5.7 show the initial stages of the hydrogen jet (NPR = 8.5 and 10, respectively)
penetrating into the chamber with P∞ ≈ 1bar. Specifically, these figures present mass fraction
contours and the line integral convolution (Cabral and Leedom, 1993) of velocity vectors for a period

up to t ≈ 16t0. It can be seen that the spherical bow shock in front of the jet boundary propagated

with relatively high velocity magnitudes in the range of 600–1000 m/s. Τhe air in front of the jet
boundary (see the mass fraction contours) accelerated because of the pressure waves emitted from
the jet; however, its speed was higher than the speed of sound in air with the initial ambient
temperature (which would be ~300 m/s). This was due to the rapid compression which could
increase the temperature of the air ahead to values of 500–600 K (for H2 jet with NPR = 8.5–10, P∞
≈ 1 bar). Temperature rise would increase the speed of sound significantly. This rapid acceleration
resulted in comparable velocity magnitudes of the jet tip and its adjacent air, as seen in the velocity

fields of Figures 5.6–5.7 where the H2 jet tip cannot be clearly specified. At the boundary of the jet
and ambient air there was a contact discontinuity (Smarr et al., 1984). The flow in front of the bow
shock was almost stationary. This spherically propagating shock could have significant influence on
the mixing process by enhancing air entrainment.
Figures 5.6–5.7 also show another important feature of the transient under-expansion process, the
tip vortices. This type of behaviour normally occurs when a low density gas is issued into a high
density environment or a cold gas is injected into hot ambient (Smarr, 1984; Bulgakova, 1992;
Bulgakova and Bulgakova, 1998). Comparable transient tip structures to those shown in Figures 5.6–
5.7 was also observed by earlier experimental and computational investigations on air and helium jets
(Thanganduri and Das, 2010; Dora et al., 2014). This feature of enhanced turbulent mixing through
developing vortical flows plays an important role in the mixing process of under-expanded jets. It is
worth mentioning that the tip vortex is a three dimensional toroidal feature, often called ‘vortex ring’,
and may include various types of vortices (Golub, 1994). The tip vortex shown in Figures 5.6–5.7
formed in the course of rolling up of the jet's turbulent interface close to the edge of the near-nozzle
shock structure (see t ≈ 16.1t0 of the integral convolution in Figures 5.6–5.7). The hydrogen jets of
Figures 5.6–5.7 showed fairly similar transient behaviour of their tip vortices. However, the initial
sign of tip vortex formation appeared earlier for the jet with higher NPR. Specifically, the early tiny
tip vortices appeared at t ≈ 9.6t0 and t ≈ 11.3t0 for NPR = 10 and 8.5, respectively.

The transient formation process of the tip vortices for the hydrogen jet with NPR = 10 issued into
air of P∞ ≈ 10 bar is presented in Figure 5.8. It was found that the jets with analogous NPR exhibited
fairly similar initial transient evolution for their tip vortices. Also comparison of the initial penetration

of jets with similar NPR but different ambient pressures showed almost identical behaviour in Figures

5.7–5.8. However, slightly higher maximum velocity was noticed for the jet injected into P∞ ≈ 1 bar

and the tip vortices recirculated slightly faster compared to the jet injected into P∞ ≈ 10 bar, e.g.
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compare the t ≈ 12.9t0 snapshots in Figures 5.7–5.8). On the other hand, greater hydrogen mass

fraction was observed within the recirculation area of the jet injected into P∞ ≈ 10 bar. Therefore, it
may be summarised that the relatively faster tip recirculation of the jet with P∞ ≈ 1 bar was because
of the lower mass within its recirculation area compared to that of the jet with P∞ ≈ 10 bar. An
important conclusion from Figures 5.6–5.8 was that transient evolution of the tip vortices of a

particular gas was mostly affected by NPR rather than the level of incoming momentum (i.e. injection
pressure).
Similar type of tip vortex formation was also noticed by Golub (1994) for an under-expanded
nitrogen jet; however, with the vortices shifted noticeably further downstream compared to the
hydrogen jets of the current study. This could be associated with the higher nozzle exit velocity of
hydrogen (U1 ≈ 1310 m/s) compared to that of nitrogen (U1 ≈ 330 m/s). In order to clarify this, the
initial transient steps of the methane jet (NPR = 8.5, P∞ ≈ 1 bar) were investigated as shown in Figure
5.9. For this condition the methane jet exited from the nozzle with a velocity of U1 ≈ 450 m/s which
was much closer to that of nitrogen jet studied by Golub (1994) than that of hydrogen jets studied
here. Similarly to Golub (1994), Figure 5.9 reveals that, unlike hydrogen, the methane jet exhibited a
relatively smaller initial flow recirculation which consequently formed the jet tip vortices after the
Mach disk location. The temporal intervals in Figures 5.6–5.9 are based on the nominal integral time
scale (t0) which was ~3 times larger for the methane jet than that of hydrogen as discussed in chapter

4. Therefore, it is clear that the jet tip vortices were formed considerably earlier for hydrogen than
for methane. For the hydrogen jet with NPR = 8.5 the fully recirculating tip vortices were observed
within 7.0 μs whereas for the respective methane jet these vortices were noticed within 20 μs. The
mass flow rate of the methane jet with NPR = 8.5 was 2.3–3.0 times higher than those of the
hydrogen jets with NPR = 8.5 and 10. Therefore, the difference in the evolution of the tip vortices
is associated with the significant differences in nozzle exit velocity between the methane and
hydrogen jets. The higher velocity magnitude of hydrogen would also produce a noticeably higher
radial velocity compared to that of methane. As presented in Figure 5.9 for methane, a tiny
recirculation was formed at t ≈ 5.5t0. However, the local velocity was not high enough to form a
dominant vortex and, in turn, this initial recirculation moved downstream and got linked to the jet’s

penetration. However, at t ≈ 11.1–13.8t0, the tip recirculation became relatively strong and formed
noticeable tip vortices downstream of the Mach disk. Formation and evolution of the transient tip
vortex rings in hydrogen and methane jets for longer injection duration to that studied in Figures

5.6–5.9 is discussed further in the current chapter specifically for an elevated ambient condition
comparable to that of IC engines.
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Figure 5. 6 Transient development of the hydrogen jet (NPR = 8.5 and P∞ ≈ 1 bar) tip vortices (t0 ≈
6.2×10-7). Frist and third rows: H2 mass fraction (YH2); Second and fourth rows: Line integral
convolution of the velocity vectors.
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Figure 5. 7 Transient development of the hydrogen jet (NPR = 10 and P∞ ≈ 1 bar) tip vortices (t0 ≈
6.2×10-7). Frist and third rows: H2 mass fraction (YH2); Second and fourth rows: Line integral
convolution of the velocity vectors.
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Figure 5. 8 Transient development of the hydrogen jet (NPR = 10 and P∞ ≈ 10 bar) tip vortices (t0 ≈
6.2×10-7). Frist and third rows: H2 mass fraction (YH2); Second and fourth rows: Line integral
convolution of the velocity vectors.
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Figure 5. 9 Transient development of the methane jet (NPR = 8.5 and P∞ ≈ 1 bar) tip vortices (t0 ≈
1.8×10-6). Frist and third rows: CH4 mass fraction (YCH4); Second and fourth rows: Line integral
convolution of the velocity vectors.
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5.4 Quasi-Steady Shock Structure
5.4.1 Mach Disk and Associated Structures
Instantaneous snapshots of both methane and hydrogen jets with NPR = 8.5, P∞ ≈ 1 bar and

T∞ ≈ 296 K are shown in Figure 5.10. The grey-scaling corresponds to density gradients as discussed
earlier. Figure 5.10 also shows a close-up view of the near-nozzle shock structure of both jets at a
semi-steady condition. The Prandtl-Meyer expansion fans, barrel-shape shock, Mach disk
dimensions, as well as angle of reflected shock, triple points and slip lines, were all captured in
agreement with the classic definition of an under-expanded jet (Crist et al., 1966; Ewan and Moodie,
1986; Abbett, 1971; Donaldson and Snedeker, 1971) and also with recent computational (Dauptain
et al., 2010; Dauptain and Gicquel, 2012; Vuorinen et al., 2013, 2014b) and experimental studies (Yu
et al., 2012). Furthermore, Figure 5.10 demonstrates how the upper range of the legend in the greyscaled images of |∇ρ| can have significant effect on visualising details of the flow characteristics.

Specifically, decreasing the upper limit of the legend from |∇ρ| = 2,000 to |∇ρ| = 500 intensified the
clarity of the acoustic pressure waves emitted by the under-expanded jets. The snapshots of Figure

5.10 are comparable to the LES of under-expanded air jets conducted by Dauptain et al. (2010) and
Dauptain and Gicquel (2012) as discussed in chapter 2. Table 5.1 presents a quantitative comparison
of the important near-field shock characteristics between different under-expanded hydrogen and

methane jets studied here for ambient pressure and temperature of P∞ ≈ 1 bar and T∞ ≈ 296 K,
respectively.

Table 5. 1 Characteristics of the under-expanded methane and hydrogen jets studied.

Mach
Disk
Width
[mm]

Reflected
Shock
Angle
[deg]

Inner
Shear
Layer
Thickness
[mm]

Subsonic
Length
(Ma<0.9)
[mm]

Acceleration
Length
[mm]

Gas

NPR

Mach
Disk
Height
[mm]

CH4

8.5

2.85

1.218

~28.5

~0.7

4.05

1.67

H2

8.5

2.78

1.091

~28.5

~0.327

2.03

2.03

H2

10

3.09

1.34

~28.0

~0.318

4.035

1.87

H2

30

5.65

3.37

~28.0

~0.266

5.75

5.75

H2

70

8.72

NA

~28.0

N/A

No Cell

No Cell
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As mentioned earlier, the Mach disk height can be estimated using the empirical Equations 2.6, 2.8,
2.10 and 2.12. For a specific substance these empirical relations can be adapted to:
ܪௗ௦
ܲ
= ܥு ඨ
ܦ
ܲஶ

(5.2)

in which CH is an empirical constant that can be defined based on the slope of the lines plotted in
Figure 5.11. Those lines are based on the results of the current study and previously mentioned
empirical relations. Figure 5.11 shows that the Mach disk height predicted by the current LES study
was in agreement with the empirical relation of Ashkenaz and Sherman (1965), i.e. Equation (2.12),
for (P0/P∞)0.5 ≤ 5. For higher values of (P0/P∞)0.5 though, the difference between the Hdisk of the
current study and that of Equation 2.12 increased and at (P0/P∞)0.5  8.4 a difference of about 3.8%
was quantified. The current study suggested a value of CH = 0.71 for the empirical constant of

Equation 5.2, particularly for under-expanded hydrogen jets. According to Khaksarfard et al. (2010)

CH  0.67 suggested by Ashkenaz and Sherman (1965) may not be accurate enough for injection

pressures above P0 = 10 MPa. The current study suggested that in addition to the injection pressure,
NPR was also important and for nozzle pressure ratios greater than about 70 the linear relation
between Hdisk/D and (P0/P∞)0.5 was not valid.

As shown in Table 5.1, by increasing NPR from 8.5 to 10, the Mach disk height and width of the
under-expanded hydrogen jet increased by ~11% and ~23%, respectively. Then by increasing NPR
from 10 to 30 an increase of ~83% and ~151% could be seen for the height and width of the Mach
disk, respectively. This showed a considerably higher level of sensitivity of the width of the Mach
disk to NPR in comparison to its height. The correlation suggested by Antsupov (1974), i.e. Equation
2.9, was also used to estimate the width of Mach disk and values of 1.065, 1.33, and 3.12 were obtained
for NPR of 8.5, 10 and 30, respectively. According to Table 5.1, the current LES study predicted
Mach disk width very close to Equation 2.9 for NPR = 8.5 and 10, whilst for NPR=30 a value higher
by ~8% was predicted by LES. Reordering Equation 2.11 for the coefficient ζ and using values of
Mach disk height and width obtained from the current LES work, ζ was estimated to be ~0.72, ~0.80
and ~1.1 for NPR of 8.5, 10, and 30, respectively. Examining more nozzle pressure ratios could

provide the opportunity to plot ζ versus NPR and consequently estimate the Mach disk width based
on its height.
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Figure 5. 10 Methane and hydrogen jets with NPR = 8.5. Left: Turbulent and mixing structure. Right:
Close-up view of the near-nozzle shock structure.

Direct comparison between the methane and hydrogen jets at NPR = 8.5 (see Figure 5.10) reveals
that the Mach disk height of the methane jet was ~2.5% larger than that of the hydrogen jet.
According to Equations 2.7 and 2.10 the Mach disk height is weakly related to the ratio of specific
heats. If the ratio of specific heats for hydrogen and methane is used to calculate the Mach disk height
by Equation 2.10 (γ  1.41 and 1.32, respectively), a difference of 2.1% is calculated between the two

jets which is very close to the 2.5% predicted by LES. It was also found that the Mach disk width
with NPR = 8.5 was ~12% wider for methane than for hydrogen (see Table 5.1).
The angle of the reflected shock at the triple point was found to be α = 28.5 for both methane and

hydrogen jets with NPR = 8.5, the same to that reported by Vuorinen et al. (2013). Increasing the
NPR from 8.5 to 10 reduced the reflected shock angle slightly to α = 28. It was noticed that further
increase in NPR did not have any noticeable effect on the reflected shock angle and for NPR = 30
this was also 28. For NPR = 70, the value of α could not be measured with sufficient accuracy
because the reflected shock was located outside of the refined area of the computational grid;

however, based on observations of the present work and previous studies (Vuorinen et al., 2013) it is
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believed that for NPR = 70 the reflected shock angle would also be about 28, i.e. beyond NPR = 10
the value of α remains almost constant.

Figure 5. 11 Mach disk height (Hdisk) as a function of NPR. Comparison between the current LES study

and available empirical relations.

Figure 5.12 shows transverse and axial velocity profiles of the methane and hydrogen jets with NPR
= 8.5 and P∞ ≈ 1 bar on the vertical central plane. From Figure 5.12 (and also 5.10) it can be observed
that for both methane and hydrogen, just after the Mach disk, the subsonic core of the jet (i.e. the
core volume surrounded by the slip lines) initially expanded and then contracted rapidly. Since there
was no pressure disparity across the slip line, this expansion and contraction behaviour did not occur
due to pressure-related mechanisms. This behaviour was also observed by Edgington-Mitchell et al.
(2014) through a set of schlieren and PIV images and was attributed to the direction of the transverse
component of the velocity field. Similarly to works of Edgington-Mitchell et al. (2014) and Andre et
al. (2014), the transverse velocity graphs of Figure 5.12 show that just after the Mach disk location
(Z/D ≈ 1.9 and 1.85 for methane and hydrogen, respectively), at 2.0D downstream of the nozzle exit,

the flow had a transverse velocity component towards the jet boundary (positive value of u/U1). This
was attributed to the relative concavity of the Mach disk due to the initial expansion fans at the nozzle

lip (Edgington-Mitchell et al., 2014). However, after a radial distance of ~0.55D, the flow was turned
inwards by passing through an oblique shock which was formed by the reflection of the shock at the
triple point. This resulted in a transverse velocity component towards the jet centreline. This inward

flow became dominant within the volume of the inner shear layer at a distance between 2.0D and
2.2D which then caused the contraction of the jet core.
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Figure 5. 12 Normalized transverse (top) and axial (bottom) velocity profiles upstream and
downstream of the Mach disk for Methane and Hydrogen jets with NPR = 8.5 and P∞ ≈ 1 bar.

The transverse profiles of Figure 5.12 show that, for both methane and hydrogen, the jet flow had a

transverse velocity component towards the boundary for distances upstream of the Mach disk. The
normalized values of theses transverse velocities (u/U1) were higher for methane than for hydrogen.
Figure 5.12 also shows that for distances away from the nozzle centreline the magnitude of the

transverse velocity component increased. Therefore, it may be concluded that the concavity of the

Mach disk was due to gradient of the transverse velocity component (see the lines of Z/D = 1.8 for
the transverse profiles of Figure 5.12), not directly by the initial expansion fans at the nozzle lip as

suggested by Edgington-Mitchell et al. (2014). In fact, by moving away from the nozzle centreline,
the direction of the velocity sum produced by the transverse and axial velocity components would be
more inclined with respect to the nozzle centreline. This can also explain the existence of a more
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concave Mach disk in the Methane jet compared to the hydrogen jet as presented in Figures 5.10 and
5.12. Due to the higher gradient of the transverse velocity component just before the Mach disk in
the methane jet when compared to that of hydrogen jet, the aforementioned vector sum was more
inclined away from the nozzle centreline of the methane jet (particularly close to the triple points)
which consequently resulted in relatively more concave Mach disk.
From Figure 5.10 it is evident that the thickness of the inner shear layer δ was wider for methane
than for hydrogen. Specifically, for NPR = 8.5, the methane jet had δ  0.47D in comparison to δ 
0.22D for hydrogen, i.e. the inner shear layer was wider by about 115% for methane. The value of δ
for hydrogen was close to the value of δ  0.25D for the under-expanded nitrogen jet with NPR =
8.5 of (Vuorinen et al., 2013). It was also noticed that by increasing the NPR from 8.5 to 10 and then
to 30 the thickness of inner shear layer reduced by about 3% and 19%, respectively (see Table 5.1).

5.4.2 Mach Reflection Recirculation Zone
To date all numerical studies based on the Navier-Stokes equations have detected recirculation zones
immediately downstream of the Mach disk (Maté et al., 2001; Gribben et al., 2000). However,
numerical modelling studies using Monte Carlo methods (Skovorodko et al., 2011) and also
experimental observations (Frey and Hagemann, 2000; Edgington-Mitchell et al., 2014) have shown
no evidence for such flow behaviour. For instance, in PIV measurements conducted by EdgingtonMitchell et al. (2014) on an under-expanded air jet with NPR = 4.2 (D = 15 mm) no recirculation
zone behind the Mach disk was recorded. Breakdown of the continuum assumption of the Navier-

Stokes equations in the vicinity of strong shocks like the Mach disk has been suggested as a possible
reason for the mentioned flow recirculation just downstream of the Mach disk (Edgington-Mitchell

et al., 2014). It has been shown (Frey and Hagemann, 2000) that Mach reflection could not produce
a recirculation zone and only a ‘cap-shock’ pattern with adequate curvature might be able to produce
a trapped vortex or recirculation behind a small normal shock. As shown in Figure 5.13 the current
LES study, in agreement with previous experimental observations (Frey and Hagemann, 2000;
Edgington-Mitchell et al., 2014), did not capture any kind of flow recirculation downstream of the
Mach disk in under-expanded jets studied. It is worth mentioning that all hydrogen and methane
under-expanded jets of the current study exhibited similar behaviour to what presented in Figure
5.13. Also, it should be noted that similarly to the STAR-CCM+® the newly developed high order
accurate RK4 OpenFOAM® solver did not capture any recirculation zone downstream of the Mach
reflection of an under-expanded nitrogen jet as shown in Appendix C.
As further confirmation to what was concluded by Edgington-Mitchell et al. (2014) and based on the
current high fidelity LES studies, the flow recirculation downstream of the Mach disk is believed to
be an artefact of the types of numerical approach previously used to study under-expanded jets by
other authors.
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Figure 5. 13 Velocity vectors and shock structure at the vicinity of the triple point in under-expanded
methane jet with NPR = 8.5 and P∞ ≈ 1.0 bar.

5.5 Flow Parameters

5.5.1 Low Pressure Ambient
Instantaneous snapshots of fuel mole fraction (H2 or CH4), temperature, velocity and Mach number
on a vertical nozzle symmetry plane are presented at t = 0.2 ms after the start of injection in Figure

5.14. This Figure includes data of various NPR values with P∞ ≈ 1 bar T∞ ≈ 296 K. A semi opaque
mask was applied on these snapshots to highlight the main region of interest in the core of the jets.
Hydrogen-air mixing prior to the location of the Mach disk is evident. It is also clear that for the

same NPR of 8.5, the hydrogen jet was more voluminous than the methane jet. This can be explained
by the lower density and higher diffusivity of hydrogen which could speed up the mixing process and
increase the radial penetration rate of hydrogen in comparison to methane. Furthermore, it is also
clear that the fuel core with X  1 penetrated further in the axial direction with hydrogen than with
methane. Very similar spatial variation of mole fraction was noticed between hydrogen jets with NPR
= 8.5 and NPR = 10. For NPR = 30 the hydrogen mole fraction snapshot of Figure 5.14 displays
clearly a wider jet in which the majority of the highlighted area had X ≥ 0.7 and the core with X  1
penetrated beyond the area shown in the snapshots.

The temperature snapshot in Figure 5.14 shows that the temperature of the methane jet with NPR =
8.5 dropped to T  103 K just upstream of the Mach disk, whereas it dropped to T  77 K for
hydrogen at the same NPR. It was also found that for hydrogen with NPR of 10 and 30 the

temperature in the vicinity of the Mach disk dropped to T  71 K and T  41 K, respectively. It is
worth mentioning that for the hydrogen jets, the near-nozzle temperature distribution may not be

accurate due to the negative Joule-Thomson coefficient of hydrogen which cannot be captured by
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employing ideal gas assumptions. However, as shown by Khaksarfard et al. (2010) and Bonelli et al.
(2013), even use of a real gas EoS, temperatures near to cryogenic conditions (similar to those of the
present work) would be measured upstream of the Mach disk for under-expanded hydrogen jets.
Figure 5.15 presents the axial temperature (i.e. on the centre-line of the nozzle) normalized by the
nozzle exit temperature calculated by LES (T1  248 K and T1  235 K for methane and hydrogen,
respectively). It is noted that the axial temperature did not exceed the ambient temperature for both

methane and hydrogen fuels, whilst Bonelli et al. (2013) have shown that a real gas EoS would predict
a higher temperature than the ambient temperature by ~15% just after the Mach disk.
The corresponding instantaneous snapshot of the spatial distribution of the velocity magnitude is
also shown in Figure 5.14. It was found that the velocity in the methane jet with NPR = 8.5 reached
a maximum value of U = 927 m/s in the vicinity of the Mach disk, whereas for the same NPR the

hydrogen jet reached a maximum velocity of U = 2,493 m/s. For under-expanded hydrogen jets with

NPR = 10 and NPR = 30 a maximum velocity of U = 2,531 m/s and U = 2,695 m/s was observed,

respectively. The nozzle exit velocity (U1) was calculated by LES to be U1 = 458 m/s for methane,

U1  1,305 for hydrogen with NPR = 8.5, 10 and 30 and U1 = 1,311 for hydrogen with NPR = 70.
It was noted that the maximum value of normalized axial velocity (U/U1) for the methane jet was
2.02 and for the hydrogen jets with NPR = 8.5, 10, 30, and 70 this was 1.90, 1.93, 2.06 and 2.11,

respectively. This is in satisfactory agreement with the U/U1 graph presented by Velikorodny and
Kudriakov (2012) for an under-expanded jet with NPR = 30.

Instantaneous snapshots of Ma are also included in Figure 5.14. Several shock cells and high velocity
(Ma > 1) slip regions after the Mach disk can be seen clearly. Figure 5.16 shows the variation of the
axial Mach number on the nozzle centre-line. Cross-analysis of Figure 5.14 with Figure 5.16 revealed
that the maximum centre-line Ma was not necessary the maximum Mach number within the underexpanded jet. As shown in Figure 5.14, the maximum Mach number in the vicinity of the Mach disk
for methane with NPR = 8.5 was Ma = 3.51, whilst for hydrogen with NPR = 8.5, 10, and 30 this
was Ma = 3.72, 3.96, and 5.53, respectively. Figure 5.16 shows slightly lower values for the axial Mach
number specifically Ma = 3.48 for methane and Ma = 3.68, 3.89, and 5.44 for hydrogen with NPR =
8.5, 10 and 30, respectively. The maximum axial Mach number for the under-expanded hydrogen jet
with NPR = 70 was Ma = 6.73.
As explained earlier in the current thesis (and also described by Donaldson and Snedeker, 1971), after
the Mach disk and based on the level of NPR, the flow can accelerate and reach Ma  1 several times.
In the present work for methane at NPR = 8.5 and hydrogen at NPR = 8.5 and 10 it was noticed
that just after the Mach disk the subsonic flow started accelerating and after a specific distance (Z/D
= 3.016, 3.205 and 3.306, respectively) it started slowing down. For the hydrogen jet with NPR = 8.5

the acceleration process caused the jet to reach Ma  1.01 therefore the acceleration length and the

length of the subsonic core just after the Mach disk were the same and equal to lsub  1.35D. The
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Mach number in the methane jet of NPR = 8.5 and the hydrogen jet of NPR = 10 reached the
maximum values of Ma  0.74 and Ma  0.82, respectively. Then, further downstream, a second
acceleration process led to Ma > 0.9, i.e. to the sonic threshold. For the hydrogen jet with NPR = 30,
past the Mach disk, the jet started fluctuating in the range of Ma = 0.6–0.7. At Z/D  5.1 the jet
reached Ma = 0.91 which created a subsonic length of lsub  3.8D. For the hydrogen jet with NPR =
70 due to the high level of under-expansion no major flow acceleration was noticed past the Mach
disk similarly to what was explained by Donaldson and Snedeker (1971).
Figures 5.17 and 5.18 illustrate the axial pressure (P) and normalized axial density (ρ/ρ1) (i.e. on the
centre-line of the nozzle) for the methane and hydrogen jets. A higher transient fluctuation of both

axial pressure and normalized axial density was seen for hydrogen with NPR = 8.5 in comparison to
the methane jet at the same NPR; this indicated higher compressibility effects for the hydrogen jet.

In the vicinity of the Mach disk for the methane jet and hydrogen jets with NPR = 8.5, 10 and 30,
the pressure reached a value higher than the ambient pressure and then started fluctuating around
the ambient value. For hydrogen with NPR = 70, the pressure jumped to a value lower than the
ambient just after the Mach disk and then increased, but with a lower level of fluctuation in
comparison to the other test cases. Hydrogen’s density dropped to values as low as ~0.02 kg/m 3 and
then increased almost instantly past the Mach disk due to the normal shock recompression. After the
Mach disk location, density increased towards the ambient value via a fluctuating pattern. It was
noticed that a lower NPR would result in higher density fluctuations and, consequently, a faster
growth rate of the jet’s axial density. The nozzle exit density (ρ1) for the methane jet with NPR = 8.5

and for the hydrogen jets with NPR = 8.5, 10, 30 and 70 was 3.04, 0.39, 0.46, 1.37 and 3.23 kg/m 3,
respectively. These values resulted in respective mass flow rates of 2.46, 0.90, 1.06, 3.16 and 7.49 g/s.
The calculated mass flow rate for the hydrogen jet with NPR = 10 is in agreement with the value of
~1.0 g/s reported by Ruggles and Ekoto (2012) (their experimental data were obtained at the same
conditions and with the same nozzle profile to the current LES study as discussed in chapter 4).
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Figure 5. 14 Contour snapshots of various flow parameters at t = 0.2 ms (P∞ ≈ 1 bar).
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Figure 5. 15 Centre-line normalized temperature for the test cases with P∞ ≈ 1 bar at t = 0.2 ms
(Horizontal lines: ─ ∙ ─ normalized ambient temperature based on methane’s exit temperature, ─ ∙ ∙
─ normalized ambient temperature based on hydrogen’s exit temperature).

Figure 5. 16 Centre-line axial Mach number for the test cases with P∞ ≈ 1 bar at t = 0.2 ms.
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Figure 5. 17 Centre-line absolute pressure for the test cases with P∞ ≈ 1 bar at t = 0.2 ms.

Figure 5. 18 Centre-line normalized density for the test cases with P∞ ≈ 1 bar at t = 0.2 ms.

As shown in Figure 5.19, the nozzle exit pressure and mass flow rate of the under-expanded hydrogen
jets were linearly related to the NPR; a similar linear relationship has been reported by Vuorinen et al.
(2013). In comparison to the LES studies of nitrogen jets of the latter authors, the current LES work
of under-expanded hydrogen jets predicted lower variation rates for the nozzle exit pressure and
nozzle exit mass flow rate versus NPR. This was believed to be due to differences in nozzle design
and also different compressibility effects of the two different working gases. It is also worth
mentioning that both the current study and the work presented by Vuorinen et al. (2013) confirmed
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that in high-pressure gaseous injectors the actual nozzle exit conditions, such as exit pressure, may
not follow isentropic relations (Anderson, 2003) such as P1 = 0.528P0. Therefore, simulating the innozzle flow is necessary to obtain accurate conditions at the nozzle exit for modelling of underexpanded jets.

Figure 5. 19 Nozzle exit pressure and mass flow of hydrogen jets as a function of NPR.

5.5.2 Elevated Ambient Pressure
Figure 5.20 compares contours of density gradients in hydrogen jets with NPR = 10 issued into
ambient with T∞ ≈ 296 K and different pressures, specifically P∞ ≈ 1 bar, 5 bar and 10 bar. The grey
scale legend of this figure has different upper scales for visualisation enhancement. Specifically, the

upper limit for the jet with P∞ ≈ 1 bar is |∇ρ|=2000 and for the other jets is |∇ρ|=6000. This is due
to the higher level of density gradient for the cases with higher ambient pressures which would be
masked if the same scale was used (existence of large zones with extremely dark scales was avoided).

Figure 5.20 shows that with constant NPR and regardless of the ambient pressure, hydrogen
exhibited almost identical near-nozzle shock characteristics, particularly in terms of Mach disk
dimensions. A value of CH ≈ 0.65 for the constant of Equation 5.2 was calculated for the jets with

NPR = 10 under elevated ambient pressures (P∞ ≈ 5 bar and 10 bar), similarly to the H2 jet with
similar NPR and P∞ ≈ 1 bar.

Significantly higher level of momentum exchange (density gradient) was observed for the jets injected
into the elevated ambient pressure. This can be seen from the extremely dark regions in the contours
of density gradient presented in Figure 5.20. This was attributed to the fact that the under-expanded
jets injected into the elevated ambient pressures had fairly higher level of momentum (density) at the
nozzle exit (to maintain a constant NPR). Therefore, although the diffusivity of hydrogen decreased
noticeably under elevated pressures (see Equation 4.3), the higher level of incoming momentum
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enhanced the hydrogen-air mixing particularly at the jet boundary after the location of the Mach disk.
The jet with P∞ ≈ 5 bar showed slightly wider half cone angle (~3° wider) and ~4% lower penetration
(at t ≈ 161t0) compared to its counterpart injected into P∞ ≈ 1 bar with the same NPR. This can be
explained due to the relatively higher level of radial momentum and hence radial mixing for the jet
issued into elevated pressure conditions. As discussed earlier (see Figures 5.7–5.8), relatively similar

jet tip vortices in terms of velocity characteristics can exist for under-expanded jets under various
ambient pressures but at fixed NPR. However, the tip vortices of the jet issued into elevated pressure
conveyed more mass because of its higher injection pressure. Therefore, this jet transports relatively
greater level of radial momentum which can result in fairly larger radial penetration and jet cone angle.
For the same NPR, the hydrogen jet injected into the ambient with P∞ ≈ 10 bar penetrated ~3% less
than that of the jet issued into P∞ ≈ 5 bar (at t ≈ 161t0).

Instantaneous snapshots of spatial variations of various flow quantities at t  161t0, including H2 mole
fraction, temperature, velocity, Mach number and vorticity for the hydrogen jets with NPR = 10 (at

all ambient pressures studied and T∞ = 296) are presented in Figure 5.21. From this figure it is clear

that due to the rapid expansion of the jet, the Mach number reached maximum value of Ma ≈ 3.98
(U1 ≈ 2540 m/s), in the vicinity of the Mach reflection. The values of centreline Mach number and

density at t ≈ 161t0 for the hydrogen jet with NPR = 10 are also plotted in Figures 5.22–5.23 and are
compared to those with NPR = 30 and 70 with P∞ ≈ 1 bar.

It is clear from Figure 5.22 that for all values of NPR, the Mach number at the nozzle exit was Ma ≈
1.1. The maximum value of Ma occurred in the vicinity of the Mach disk and was 3.94, 5.36 and 6.60
for NPR of 10, 30 and 70, respectively. In Figure 5.22 it can be seen quantitatively that the NPR was
the only influential factor on the Mach number distribution and, in general, on the sonic
characteristics of under-expanded jets. The nozzle exit velocity for all values of NPR was about U1
≈ 1310 m/s. Values of the nozzle exit density in Figure 5.23 show that the jets issued into elevated

air pressures had significantly greater density at the nozzle exit compared to that issued into P∞ ≈ 1
bar. Figures 5.21–5.23 show that the near-nozzle shock structure and sonic characteristics, i.e. Mach
disk dimensions, reflected shock angle, velocity and Mach number at the Mach reflection and shock
cell spacing for the under-expanded jets with the same NPR are almost identical.
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Figure 5. 20 Density gradient |∇ρ| field of the under-expanded H2 jets with NPR = 10 and (a): P∞ ≈ 1
bar, (b): P∞ ≈ 5 bar and (c): P∞ ≈ 10 bar at t  161t0.
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Figure 5. 21 Instantaneous snapshots of various flow quantities in the H2 jets with NPR = 10 under

various ambient pressures at t  161t0.
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Figure 5. 22 Variation of Mach number in under-expanded H2 jets along the nozzle centreline at
t  161t0.
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Figure 5. 23 Variation of density in under-expanded H2 jets along the nozzle centreline at t  161t0.

5.5.3 Shock Cell Spacing

As discussed in the previous chapter, shock cell spacing is an important parameter in under-expanded
jets and may be used for various purposes. According to Figure 5.22, the length of the second shock
cell was ~4.04 mm and ~5.78 mm for hydrogen jets with NPR = 10 and 30, respectively (see Table
5.1). Also, Figure 5.22 showed that the maximum Mach number at the Mach disk location was 3.94
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and 5.36 for jets with NPR=10 and 30, respectively. Maj in Equation 2.14 is the Mach number at the
Mach disk location, by rearranging this equation, the constant K can be defined as:
=ܭ

ܮୱ

ܦටMaଶௗ௦ − 1

(5.3)

If the correlation presented in Equation 5.3 is solved using data of the hydrogen jets with NPR = 10,
then a value of K ≈ 0.71 is achieved. Interestingly, this value can also predict the shock cell length of
the jet with NPR = 30. Therefore, the current study suggested a correlation for the shock cell spacing
of hydrogen under-expanded jets with 10 ≤ NPR ≤ 30 as follows:

ܮୱ ≈ 0.71ܦටMaଶௗ௦ − 1

(5.4)

As discussed earlier in chapter 2, correlations proposed in the literature based on Equation 2.14 may
not be extended as a general formulation for all types of under-expanded jets. Therefore Equation
5.4 should be considered only for highly under-expanded hydrogen jets under comparable NPR and
nozzle profile/scale to those used in the present study.

5.6 Mixing Characteristics
5.6.1 Mixing Before Mach Reflection
As seen in Figures 5.10 and 5.12, methane-air mixing did not occur before the Mach disk. In contrast,
the strong fluctuations at the jet boundary before the Mach disk of the hydrogen jet represented
considerable level of momentum exchange and mixing just by the border of the intercepting shock.
This mixing is believed (Vuorinen et al., 2013) to be associated with Gortler vortices that are
characterized by the Gortler number defined as (Hall, 1982; Saric, 1994):
ଵ

ܷ௦θ θ ൗଶ
=ܩ
൬൰
ߥ ݎ

(5.5)

where Us is a velocity scale, θ is the momentum thickness of incoming boundary layer, r is the radius

of the shock cell curvature and ν is the kinematic viscosity. According to Vuorinen et al. (2013), if G
exceeds ~0.3 in under-expanded jets, Gortler vortices (i.e. mixing) may occur at the boundary of the

intercepting shock outside the barrel-shape shock cell before the Mach reflection. Us should be
considerably greater for hydrogen than for methane (by about 3 times) due to the faster rate of

acoustic waves propagation in hydrogen; see Equation 4.6. Figure 5.10 also illustrates that for

hydrogen jetting, θ is considerably larger than for methane. The radius of the barrel–shape shock
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curvature was almost similar for both jets. Therefore, the high kinematic viscosity of hydrogen,

νH2 = 110×10-6 m2/s vs. νCH4 = 17.2×10-6 m2/s (Rosati and Aleiferis, 2009) at atmospheric conditions,
cannot overcome the effect of Us and θ, thus a noticeable higher Gorlter number is expected for
hydrogen jet than for methane. Moreover, the previously discussed difference in the tip vortex

evolution between methane and hydrogen jets may also affect significantly the fuel-air mixing

upstream of the Mach reflection. Specifically, the velocity fields presented in Figures 5.6–5.8, show
that velocity magnitudes as high as U ≈ 1600 m/s can exist at the boundary of the intercepting shock
in hydrogen jets due to the presence of strong tip vortices. Therefore, it can be further concluded
that, in addition to the aforementioned Gortler vortices, the strong jet tip vortices in hydrogen jets

may also contribute to the flow instabilities at the boundary of the intercepting shock and promote
hydrogen-air mixing upstream the Mach disk location.

5.6.2 Mixture Quality
As seen in mole fraction snapshots of Figures 5.14 and 5.21, higher NPR at fixed ambient pressure
and/or higher ambient pressure at a constant NPR would result in locally richer mixture and
enhanced mixing. Under constant NPR, higher ambient pressure resulted in slightly wider jet (see
Figure 5.20). Moreover, the mole fraction snapshots of Figure 5.21 showed that the portion of lean
mixture (within the grid refinement area) was reduced gradually by increasing the ambient pressure
(and, hence, injection pressure for the same NPR). However, an under-expanded jet has a highly
turbulent three-dimensional structure, therefore, the hydrogen-air mixture formation cannot be
simply studied by analysis of two-dimensional contours similar to Figures 5.14 and 5.21. In this
context, the global mixing characteristics of the under-expanded hydrogen jets were examined
quantitatively by calculating the probability of a mass weighted function based on the hydrogen mass
fraction (YH2). The probability of f (YH2) = ρYH2δV was calculated over the computational domain in

the refined volume with grid resolution of D/50 and presented in Figure 5.24. It was found that the
hydrogen jet with NPR = 8.5 had the lowest probability. It was also found that at constant NPR =

10, for hydrogen mass fraction in the range YH2 = 0.73–0.93 (i.e. very rich mixture), higher ambient
pressure had higher probability values. Moreover, the integral of f (YH2) over the full range of mass
fraction (0.0–1.0) was higher for the jets with higher NPR and/or higher ambient pressure. All these

observations confirm the existence of locally richer mixture for jets with higher NPR or higher
ambient pressure at constant NPR.
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Figure 5. 24 Probability distribution of (ρYH2δV) within the refinement area with D/50 cell resolution.

Figure 5.25 compares instantaneous snapshots of hydrogen mole fraction at t ≈ 322t0 for jets with

NPR = 10 under P∞ ≈ 1 and 5 bar ambient pressures. Figure 5.25 also shows mole fraction profiles
at Z = 15D and 17D downstream of the nozzle exit. From these plots it is now even clearer than in

Figure 5.21 that a generally richer mixture was formed under elevated ambient pressure. Both jets
exhibited similar width of their hydrogen-rich core (XH2 ≈ 100%) up to about 5D downstream of the
nozzle exit. However, the jet under P∞ ≈ 5 bar ambient pressure showed slightly wider cone angle
from the beginning. Past Z ≈ 5D downstream of the nozzle exit, the rich hydrogen core of both jets
started diffusing more in the radial direction.

Figure 5. 25 Left: instantaneous snapshot of H2 mole fraction at t  322t0, (a): NPR = 10 and P∞ ≈ 1
bar (b): NPR = 10 and P∞ ≈ 5 bar. Right: H2 mole fraction probed on horizontal lines located at Z =
15D and 17D downstream of the nozzle exit.

Due to the higher momentum at the nozzle exit of the jet that was issued into the higher ambient

pressure, the Kelvin-Helmholtz instabilities induced by the supersonic shear layer were relatively
stronger, therefore, the radial expansion of this jet (and thus its cone angle) became wider. It can also
be seen that, although both jets exhibited almost identical XH2 in the vicinity of the nozzle centreline,
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the jet issued into P∞ ≈ 5 bar pressure had significantly higher values of XH2 in the radial direction,
especially for distances larger than Y/D ≈ 2.

5.6.3 Jet Tip Penetration

The jet tip penetration for the methane and hydrogen jets with various nozzle pressure ratios and P∞
≈ 1 bar and T∞ = 296 K is plotted in Figure 5.26. For NPR = 8.5, after the initial transient process
(t  0.075 ms), the hydrogen jet penetrated ~40% more than the methane jet, thus faster mixing is

expected in an engine with hydrogen fuelling. As shown earlier in the mole fraction snapshot of
Figure 5.14, hydrogen produced a wider jet that methane did. Therefore, a higher value of NPR is
required for methane injection in order to deliver comparable mixing characteristics to hydrogen with
NPR = 8.5. The shorter penetration of methane was attributed to the relatively higher speed of sound
in hydrogen which resulted in higher nozzle exit velocity for the latter under-expanded jet.
Comparable result to what was observed in the current study for the tip penetration of methane and
hydrogen jets at similar NPR was also reported by Vuorinen et al. (2014b). However, for both
methane and hydrogen jets, the main mixing started after the Mach disk location, particularly closer
to the jet boundaries where intense turbulence seemed to play a dominant role in the mixing process.
It was also observed that the hydrogen jet with NPR = 10 had longer penetration by ~5% in
comparison to the hydrogen jet with NPR = 8.5. On the other hand, within the initial injection
duration (typically up to t  0.065 ms), the hydrogen jets with NPR = 30 and 70 penetrated more
than the hydrogen jet with NPR = 10 (longer penetration observed for NPR = 70). After the initial
transient period, the jet with NPR = 70 continued to penetrate with a rate similar to the hydrogen jet
with NPR = 8.5, whereas the hydrogen jet with NPR = 30 continued to penetrate with even lower
rate (~8% less). This behaviour of the hydrogen jets with NPR = 30 and 70 can be due to their wider
cone angle in comparison to those jets with NPR = 8.5 and 10. A similar trend was noticed by Owston
et al. (2009) where for hydrogen jets with fixed mass flow rates, NPR  20 produced lower penetration
than NPR  10. They concluded that inadequate grid resolution caused this to occur. However, in
the current study where according to the literature (Dauptain et al., 2010; Vuorinen et al., 2013) the
grid resolution has been fine enough to capture details of under-expanded jets, a similar trend was
observed, even for jets with different mass flow rates. Therefore, it can be assumed that there could
be a trade-off between the radial and axial penetration of hydrogen jets and that there should be an
optimum NPR that can provide desirable penetration (which can enhance mixing), whilst also
delivering enough fuel within an appropriate injection duration.
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Figure 5. 26 Tip penetration of under-expanded jets with P∞ ≈ 1 bar (left). Comparison between the
tip penetration of under-expanded hydrogen jets with NPR = 10 and different ambient pressures
(right).

Figure 5.26 also compares the jet tip penetration for hydrogen jets with NPR = 10 and P∞ ≈ 1, 5 and
10 bar. Since the nozzle exit velocity and maximum Mach number of the hydrogen jets with similar
NPR were almost identical (see Figure 5.22), not much difference in the tip penetration of these jets

was expected. However, it was found that after an initial highly transient jet development process, a
lower ambient pressure resulted in slightly higher jet tip penetration. This was attributed to a relatively
higher level of radial momentum in a jet issued into a higher ambient pressure. A fairly higher amount
of mass injected into an elevated ambient pressures was found to be distributed stronger in radial
than axial directions as also shown in Figure 5.20.

5.6.4 Tip Penetration Correlation
As discussed in chapter 2, a typical correlation for the tip penetration of a round jet is given by
Equation 2.24. However, values that have been reported for Ct and Cf relate primarily to subsonic
jets (Song and Abraham, 2003). Petersen and Ghandhi (2006) suggested that due to the reliance of

Equation 2.24 on the invariance of the axial momentum and moreover because of the interrupted
density field (see Figures 5.18 and 5.23) in an under-expanded jet, the aforementioned equation may

fail within short distances near the nozzle exit of under-expanded jets. It is still fairly hard to study
precisely the initial transient behaviour of under-expanded jets issuing from a real injector for
automotive applications, e.g. by means of Schlieren imaging. However, as shown previously
(Abraham, 1996; Vuorinent et al., 2013) a correlation derived from Equation 2.24 can be used to scale
the jet tip penetration for various under-expanded jets. The current study suggested a new scaling
correlation for the tip penetration of under-expanded jets based on Equation 2.24 as:
ߩଵ .ଶହ
ܼ௧୮ = ܥ ൬ ൰ (ܷଵ)ݐܦ.ହ
ߩஶ

(5.6)
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where CA is a new coefficient. The left graph of Figure 5.27 shows that a scaled correlation of the

form (ρ1/ρ∞)0.25(U1Dt)0.5 produced penetration curves for hydrogen and methane that collapsed
onto an almost single trend line. However, this is not telling the story of the penetration curves of

Figure 5.26. Therefore, a graph of CA versus time was obtained from Figure 5.26 to correct the left

graph of Figure 5.27. This is shown in the right graph of Figure 5.27. CA is a combination of Ct and

Cf of Equation 2.24; Ct is related to the diffusivity and kinematic momentum of the jet whilst Cf is
associated with the centreline velocity of the jet. Ct and Cf are significantly different for the hydrogen

and methane jets which resulted in larger values of CA for hydrogen. However, if one used the
constants Ct and Cf of Song and Abraham (2003), a value of CA ≈ 2.4 would be obtained which
broadly lies on the horizon of the CA curves shown in Figure 5.27. By fitting second order polynomial

trend lines for curves of CA in Figure 5.27 it is possible to derive correlations defining variation of CA
versus time in form of CA = At2+Bt+C. Based on Figure 5.27 for the methane jet values of -13.27,
11.09 and 1.12 were estimated for parameters A, B and C, respectively. Due to the very close values
of CA for the hydrogen jets, a single second order polynomial was fitted on a curve representing

average of CA curves of the hydrogen jets. Therefore, values of A, B and C were estimated to be -

34.65, 18.71 and 1.33, respectively. This should be noted that the aforementioned CA correlation and
its associated A, B and C values are valid for t ≥ 4 μs and t ≥ 1 μs for methane and hydrogen jets,
respectively.

Figure 5. 27 Left: Jet tip penetration in relation to Equation (5.6). Right: Variation of coefficient CA of

Equation (5.6) against time.

As observed earlier in this chapter, due to relatively longer initial transient process and greater radial
penetration of hydrogen jets with NPR = 30 and 70 compared to those with NPR = 8.5 and 10, their
scaled tip penetration did not collapse onto the curve of NPR = 8.5 and 10. Therefore, CA may need
further adjustment for under-expanded jets of a specific gas with noticeably different NPR levels.
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5.6.5 Elevated Ambient Pressure and Temperature
The effects of ambient pressure and temperature on the penetration length and volumetric growth
of under-expanded hydrogen jets was also examined by means of the newly AMR technique in the
current study. Similarly to the previous sections, a methane jet was also studied for direct comparison
with hydrogen. Specifically, three cases of hydrogen injection were conducted all with NPR = 10,
one with P∞ ≈ 1 bar and T∞ = 296 and two with P∞ ≈ 10 bar and T∞ = 296 and 600 K. The methane
injection case had NPR = 10, P∞ ≈ 10 bar and T∞ = 600 K. Jet tip penetration length, volumetric
growth and also number of cells created during the AMR process for the aforementioned test cases

are plotted in Figure 5.28. Similarly to the previous observation of the current study (without AMR)

it was found that hydrogen jets with NPR = 10 and T∞ = 296 K but with different ambient pressures

i.e. P∞ ≈ 1 and 10 bar followed very close trends in terms of the penetration length, volumetric growth
and cell count. Increasing the ambient temperature from T∞ = 296 K to T∞ = 600 K resulted in
perceptible increase in both tip penetration and volumetric growth and consequently increase in the

AMR cell count. Specifically, at t = 30 μs hydrogen jet with T∞ = 600 K exhibited ~21% more
penetration lenght and ~30% more volumetric growth in comparison to the jet with an identical NPR

= 10 and P∞ ≈ 10 bar but issued into the ambient with T∞ = 296 K. This was attributed to the lower

density of the ambient with T∞ = 600 K compared to that of ambient with T∞ = 296 K (both at a

constant pressure of P∞ ≈ 10 bar) i.e. ρ∞ ≈5.7 and 11.6, respectively. The ambient with relatively
lower density showed lower resistance to the axial and radial penetration of the jet compared to the
ambient with relatively higher density. Similarly to the present LES study, earlier experimental

visualisations (Petersen and Ghadhi, 2006; Rogers et al., 2015) also reported reduction in axial
penetration length of under-expanded hydrogen jets as a result of an increase in the ambient density.
The noticed 9% difference in the effect of the ambient temperature on the axial and radial penetration
of under-expanded hydrogen jets (i.e. 21% compared to 30%) was attributed to the diffusivity
difference under different ambient temperatures. At constant ambient pressure of P∞ = 10 bar the

diffusivity of hydrogen in an air ambient with T∞ = 600 K is ~188% higher compared to those of
the ambient with T∞ = 296 K (see Equation 4.3). Due to the presence of a relatively high axial velocity

magnitude (in excess of 2000 m/s in a hydrogen jet) the effect of diffusivity may not be influential
significantly on the axial jet penetration in under-expanded hydrogen jets, however, it can play an
important role in the radial penetration of the jet and consequently its volumetric growth.
Due to the relatively higher penetration length and volumetric growth of the hydrogen jet with T∞ =
600 K, at t = 30 μs AMR produced ~35% more cells (~21 M) for this jet compared to the hydrogen
jets with T∞ = 296 K which were resolved by ~15.5 M cells. Direct comparison between cell count

graph of Figure 5.28 and Figure 4.6 shows that at ~6D penetration length a hydrogen jet with NPR
=10 required ~180% more cells compared to a nitrogen jet with NPR = 8.5 (~20 and 6.7 M cells,

respectively). Despite the small difference in their NPR values this significant cell count difference

202

Under-Expanded Jets: Flow Characteristics

between these jets was originated from the existence of a relatively stronger radial expansion of the
transient vortex ring in hydrogen jet and also its fairly higher diffusivity.

Figure 5. 28 Variations of normalized tip penetrations, normalized volume and cell count of underexpanded hydrogen and methane jets investigated in the current study.
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As shown in Figure 5.28 with a fixed NPR value and under the elevated ambient pressure and
temperature studied here, hydrogen jet exhibited significantly higher penetration length and
volumetric growth compared to those of the methane jet. Specifically, at t = 30 μs the hydrogen jet
showed ~16% and ~117% higher penetration and volumetric growth, respectively compared to those

of the methane jet i.e. Ztip ≈ 10.62 mm and Vjet ≈ 283 mm3. It was found that for t ≥ 25 μs the

difference between the penetration rates of hydrogen and methane jets remained almost constant i.e.
~0.35 mm/μs while the rate of the volumetric growth of the hydrogen jet exhibited a fairly faster
increase compared to that of the methane jet (~32 mm3/μs and 17 mm3/μs for hydrogen and
methane jets, respectively). This resulted in higher number of AMR-created cells for resolving the
hydrogen jet compared to what was required for the methane jet. For instance, at t = 30 μs ~23.5 M

cells were needed in order to resolve the hydrogen jet entirely with a D/50 spatial resolution while
with the same meshing criteria ~13 M cells were required for the methane jet. The difference in the
volumetric growth rate was attributed to the significant difference in nozzle exit velocity and

consequently radial expansion of the jet (due to different vortical structures) and also difference in
diffusivity of hydrogen and methane. Comparable difference was also noticed between underexpanded hydrogen and methane jets issued into a cold atmospheric condition as discussed earlier in
this chapter (see Figure 5.26). However, as shown in Figure 5.28, after t ≈ 24 μs the methane jet
showed longer penetration lengths compared to those of the hydrogen jet with an identical NPR

value injected into the ambient with T∞ = 296 K. This was due to the difference in ambient densities
and reduction in the resistance of the surrounding medium.

5.6.6 Volumetric Growth Scaling
Using LES and also the scaling parameter for the jet tip penetration suggested by Ouellette and Hill
(2000) (as shown in Figures 4.4, 4.10 and 4.13) Vuorinen et al. (2013) proposed a scaling parameter
for volumetric growth of under-expanded jets as: Vjet/(ρ0/ρ∞)3/4~(t/t0)3/2. The volumetric growths
of the under-expanded jets examined in this section are plotted in the left graph of Figure 5.29 using
the aforementioned volumetric scaling correlation. It is clear that scaling created curves with almost

linear growth rate but except the curves associated with the hydrogen jets with T∞ = 296 K the other
two curves did not collapse on a single line.
It was found that by introducing coefficient β, with values of 1.35 and 3.0 for hydrogen and methane
jets (injected into the elevated ambient pressure and temperature), respectively, all curves collapsed

on a single line (the same as those of Hydrogen jets with T∞ = 296 K) as shown in the right graph of
Figure 5.29. Under-expanded nitrogen jets studied by Vuorinen et al. (2013) had similar diffusivity
values since they were injected into a particular nitrogen ambient and their molecular diffusivity were
calculated based on the Schmidt number with a constant value of 0.7. On the other hand, underexpanded hydrogen and methane jets studied here had noticeably different values of molecular
diffusivity (see Equation 4.3), therefore their volumetric growth cannot be scaled simply by the
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correlation suggested by Vuorinen et al. (2013) and the effect of diffusivity should be taken into
account. Parameter β proposed in the current study includes the diffusivity effect and is necessary to
use when comparing jets with dissimilar diffusivities as shown in Figure 5.29. It should be noted that

the aforementioned values of β were calculated by using the curve of the hydrogen jet with P∞ = 1
bar and T∞ = 296 K as the reference value in which β would be equal to unity (see left graph of Figure
5.29).

Figure 5. 29 Normalized scaling parameter of the volumetric growth of under-expanded jets without
(left) and with (right) the effect of diffusivity.
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5.7 Vortical Structures
5.7.1 Transient Vortex Ring
Initial stages of transient evolution of the under-expanded hydrogen and methane jets injected into
the ambient with engine-like elevated ambient pressure and temperature (P∞ = 10 bar, T∞ = 600 K)

for a period of the first 30 μs after start of injection are presented in Figure 5.30 (these are the jets
simulated with AMR as discussed in subsection 5.6.5). Specifically, this figure shows the mole fraction

of hydrogen and methane on a vertical symmetry plane of the nozzle. Due to the relatively higher
speed of sound in hydrogen compared to that of methane, the former jet entered the domain ~3 μs
earlier. Therefore, methane snapshots are included from t = 6 μs in Figure 5.30.

A concave tip profile can be seen for both hydrogen (t = 4 μs) and methane (t = 6 μs) jets just after
their very initial penetration stage. A similar concave behaviour has been noticed in previous

experimental and computational studies that examined moderately under-expanded helium jets

(Thangadurai and Das, 2010; Zhang et al., 2014). This was attributed to the existence of an embedded
shock and the difference in velocities of the flow processed by this shock in different radii from the
nozzle symmetry axis. This shock had a slightly convex profile which around the nozzle centreline
performed almost similarly to a normal shock. While moving radially, the angle of inclination of the
flow decreased and it could be treated as an inclined (i.e. not normal) shock (Hornung, 1986). This
means that by moving away from the nozzle’s symmetry axis, the flow velocity after the embedded
shock increased and formed a shear layer which consequently created the concave profile at the tip
of the jet. The flow at small radii after this embedded shock accelerated very quickly, reaching
supersonic conditions and forming a fully convex tip profile in both hydrogen and methane jets after

t ≈ 6 and 8 μs, respectively.

As shown in Figure 5.30, initial complete rolling-up of the tip occurred at t = 5 μs ASOI for hydrogen,
i.e. around t = 3 μs faster than that of the methane jet. For the hydrogen jet, complete tip vortex was
formed by t = 8 μs ASOI and merged rapidly with strong shear layers (inner and outer) of the jet,

becoming imperceptible at t = 12–15 μs. By formation of the shock cells after the Mach reflection
and formation of counter-rotating vortices close to the jet tip around its centreline (the latter is due
to Biot-Savart induction and vortex sheet roll-up (Thangadurai and Das, 2010) seen clearly for both

hydrogen and methane in the t = 15 μs jet snapshots of Figure 5.30), the secondary vortex ring was

formed at t ≈ 25 μs, which then diffused to the surrounding ambient (and/or merged to the main jet
stream) after vortex disconnection or ‘pinch-off’ (Gharib et al., 1998) from the trailing jet (t ≥ 30 μs).

In contrast, for methane, the initial vortex ring existed up to t = 25–28 μs and then merged with the
shear layers (by a broadly similar mechanism to that described for the hydrogen jet) and formed a

secondary set of vortices, as shown in the t = 30 μs snapshot of Figure 5.30. Significant differences
between the two gases in Figure 5.30, especially in terms of penetration, volumetric growth and shear
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layer development, were attributed to differences in their sonic characteristics and also the higher
diffusivity of hydrogen.

5.7.2 Three-Dimensional Structures
The strongly three-dimensional vortical structures of under-expanded jets may not be fully
distinguishable by visualisations in 2D like those of Figure 5.30. Therefore, 3D visualisations of the
transient development of the vortex ring in the methane and hydrogen jets are presented in Figures
5.31 and 5.32 that were obtained using the AMR technique with D/50 spatial resolution. These are
based on the iso-surface of methane’s or hydrogen’s mole fraction with a threshold of X = 0.01. It is
clear that the vortex ring ahead of the trailing jets exhibited a poloidal-toroidal structure. For the

methane jet up to t = 20 μs a smooth vortex ring existed which in snapshots of Figure 5.30 was
identified on the basis of the symmetrical shape of the jet. Figure 5.31 shows that at the time frame

of t = 20–25 μs the smooth vortex ring exhibited cellular structures through a gradual transient
process. In fact, the formation of the transient vortex ring was the sign of the start of the jet-ambient

mixing process. In contrast, it was observed that for hydrogen the turbulent vortex ring formed

significantly earlier in comparison to methane, at t=12 μs, and this was associated with the faster
formation of the shear layers seen in Figure 5.30.
The iso-surfaces of Figure 5.31 clearly show stationary vortical structures (streamwise and spanwise
vortices (Krothapalli et al., 1998)) close to the nozzle exit. These vortical structures exhibited helical
motion around the circumference of the jet downstream of the Mach reflection and consequently
were found to promote mixing at the jet boundary when studied later in their development process.
The cellular structure of the vortex ring in the iso-surface snapshots of Figure 5.31 for t = 29 μs
demonstrated the existence of turbulent mixing between methane gas and ambient air.

A vortex ring normally disconnects from its training jet in the pinch-off process when the vorticity
in the shear layer of the trailing jet ceases to flow into the vortex ring. The pinch-off process occurs
for different reasons in different types of the vortex rings and in the case of under-expanded jets it
may be attributed to the high supersonic velocity of the fully developed shear layers. After formation
of the supersonic slip region (and also shock cells), the velocity of the trailing jet becomes greater
than that of the core of the vortex ring. At this point, pinch-off starts and the vortex ring reduces
gradually in intensity, diffuses into the ambient gas and/or merges with the main stream of the jet
gas. Based on the snapshots of Figures 5.30 and 5.31 it can be concluded that the pinch-off process
started at t ≈ 30 μs for the methane jet. However, for hydrogen, as highlighted earlier, the pinch-off
process occurred at a later time in the jet’s development, and for its secondary vortex ring, hence a
distinctly different behaviour occurred.

It was also found that the secondary vortex ring of the hydrogen jet was considerably stronger and
wider than its initial predecessor. This was attributed to the fact that the secondary ring was formed
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by the high velocity shear layers, as further elaborated on later in this section. On the other hand, the
secondary vortex ring of methane’s jet was formed due to the pinch-off of its long-lasting preliminary
vortex ring, hence it was relatively weaker and may not contribute significantly to the mixing process,
or at least not to the same degree that it contributed for the hydrogen jet. These differences in the
characteristics of the vortex rings between hydrogen and methane contributed to the formation of
relatively more voluminous jet with wider cone angle for hydrogen compared to methane at fixed
NPR values.
Direct comparison between vortex ring of the methane and hydrogen jets (see Figures 5.31 and 5.32)
revealed that hydrogen’s vortex ring started exhibiting a cellular structure much earlier than the
methane jet around t = 15 μs ASOI. This shows that the fuel-air mixing started relatively earlier for
the hydrogen jet which at this stage was attributed to the higher diffusivity of hydrogen compared to
that of methane. The cellular vortex ring structure of the hydrogen jet presented in Figure 5.32 is

comparable to the experimental visualisations of under-expand hydrogen jets provided by Petersen
and Ghadhi (2006) and Rogers et al., (2015).
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Figure 5. 30 Transient development of under-expanded hydrogen and methane jets; formation and
evolution of the vortex ring (P∞ = 10 bar and T∞ = 600 K).
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Figure 5. 31 Three-dimensional visualisation of the preliminary vortex ring in the under-expanded
methane jet with P∞ = 10 bar and T∞ = 600 K
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Figure 5. 32 Three-dimensional visualisation of the preliminary vortex ring in the under-expanded
hydrogen jet with P∞ = 10 bar and T∞ = 600 K.

5.7.3 Formation Mechanism

In previous subsections the formation of the preliminary and secondary vortex rings in underexpanded jets was discussed by 2D and 3D hydrogen and methane concentration maps. Further
investigation on the basis of velocity vectors can shed more light onto the complex formation
mechanism of the jets’ vortex ring and annular shear layers. Snapshots of velocity vectors, hydrogen
mass fraction and density gradients were overlapped using various degrees of opacity to provide a
more complete image of the interactions involved. These are presented in Figures 5.33 and 5.34.
The initial stages of the tip roll-up of the hydrogen jet are presented in Figure 5.33. In the t = 4 μs
snapshot it is evident that the flow separated from the edge of the embedded shock, satisfying the

Kutta condition (Thangadurai and Das, 2010). The arrows’ directionality at t = 6 μs demonstrates
the tendency of the vortex to expand radially. This contributes to the outward expansion of the jet

and formation of the outer shear layer before the location of the Mach disk as discussed earlier.
Sudden expansion and Prandtl-Meyer expansion fans at the nozzle lip also contributed to the high

radial velocity and associated behaviour of the jet. At t = 6 μs, it can be seen that the tip vortices had
significant contribution to the mechanism of entrainment of ambient air into the main stream of the
jet.

Based on the flow behaviour seen in Figure 5.33 it is now possible to explain the difference between
the preliminary vortex rings of the methane and hydrogen jets observed in Figure 5.30. Due to the
significantly lower velocity of the under-expanded methane jet than that of the hydrogen jet, relatively
weaker separation occurred at the edge of the embedded shock in the former jet. Therefore, the
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vortex ring of methane required more time in order to form a complete recirculation which then
resulted in axial translation of the vortex core to significantly larger distances downstream of the
nozzle exit compared to the maximum axial movement of the initial vortex core of the respective
hydrogen jet.
YH2
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Jet
Boundary

Bow Shock

Initial Tip
Recirculation

Embedded
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Figure 5. 33 Flow separation at the edge of the embedded shock structure (to satisfy the Kutta
condition), rolling-up of the jet tip and formation of the initial tip recirculation in the hydrogen jet
with P∞ = 10 bar and T∞ = 600 K. The figure was made of overlapping velocity vectors, contours of
hydrogen mass fraction and contours of the magnitude of the density gradient.

In order to provide further fundamental understanding of the formation mechanism of the secondary
vortex ring in the hydrogen jet, the t = 15 μs ASOI snapshot of Figure 5.31 was recreated in Figure
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5.34 using the overlapping features of Figure 5.33. A rather complex flow, consisting of several
counter-rotating vortices with different intensities, was observed. It was found that the supersonic
flow processed by the reflected shock at the triple point (within the slip region) was the main cause
of the jet open-up and formation of the secondary vortex core. The complex configuration of the
embedded shocks, followed by the formation of the shock cells (after the Mach disk) and also the
existence of strong shear layers are believed to be the key contributors to this flow structure. The
presence of many counter rotating vortices in Figure 5.34 is believed to be due to Kelvin-Helmholtz
type of instabilities which promote transition of the vortex ring from smooth to cellular
((Thangadurai and Das, 2010)). In 3D visualisation these tiny counter-rotating vortices appeared as
cellular structures similar to those shown in Figure 5.31.
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Figure 5. 34 Flow characteristics of the under-expanded hydrogen jet with P∞ = 10 bar and T∞ = 600
K at t = 15 μs. This picture is made of overlapping snapshots of the same parameters used in Figure
5.33.
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5.7.4 Parametric Study
Maximum jet tip and centreline penetrations of both hydrogen and methane jets injected into T∞ =
600 K are plotted in Figure 5.35. For both jets the deviation of the maximum tip penetration from

that on the centreline was found to occur almost simultaneously with the start of the smooth to
cellular transition of the vortex ring (see Figure 5.30). For hydrogen, the deviation of these two

penetration measures occurred earlier due to faster transition of the vortex ring to the cellular status.
Figure 5.35 also shows that the difference between the maximum tip penetration and the centreline
penetration of the hydrogen jet was greater than that quantified for the methane jet. This may be due
to both relatively higher turbulence and higher velocity magnitude within the hydrogen jet that
resulted in larger levels of fluctuation at the boundaries.

Figure 5. 35 Maximum tip and centreline penetrations of the under-expanded hydrogen and methane

jets with P∞ = 10 bar and T∞ = 600 K.

Figure 5.36 (left) shows the change in diameter of the preliminary vortex rings over time for both
methane and hydrogen jets. This vortex ring diameter was measured as the distance between the left
and right vortex cores on a 2D vertical plane similar to that of Figure 5.30. It is clear that the diameter
increased rapidly during the early stages of its formation, i.e. up to t ≈ 10 and 15 μs for the hydrogen
and methane, respectively. This was attributed to the high radial velocity magnitude during the early
stages of the expansion process that consequently resulted in large lateral angles between the edge of

the embedded shock and the nozzle symmetry axis. This angle reduced gradually as the jets penetrated
into the domain (see earlier Figure 5.33). As shown in Figure 5.36 (left), for the early stage of the
vortex ring development, the trade-off between increasing circulation of the tip vortex over time and
reducing aforementioned lateral angle of the shock edge created a growing trend of the vortex
diameter with negative rate. The preliminary vortex ring of the hydrogen jet vanished before

t ≈ 20 μs while for methane it grew in diameter. Within t ≈ 15–25 μs, the vortex ring diameter of the
methane jet experienced a rapid increase with positive rate. The timing of 15 μs may be assumed as
an inflection point in the methane data series of Figure 5.36 (left). This was attributed to the formation
of a strong Mach reflection and its consequent supersonic shear layers. The vortices of the shear layer
fed the vortex ring and enhanced its circulation power (Gharib et al., 1998).
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The trajectories of the preliminary vortex cores are plotted in Figure 5.36 (right) for both hydrogen
and methane. Up to a value of Z/D ≈ 1.5 the trajectories of the two gases followed a similar trend.
This showed the evolution of the initial laminar vortex rings. It should be noted that the relatively

higher value of X/D in the case of the hydrogen jet was due to its higher radial expansion compared

to methane. Past the location of Z/D ≈ 1.5 and until Z/D ≈ 2.2 the vortex ring of the hydrogen jet
grew rapidly in both axial and radial directions. However, for Z/D ≈ 2.2 (close to the Mach reflection)
the ring started merging with the shear layer. For the methane jet, past Z/D ≈ 1.5 and until Z/D ≈

4.0, the vortex ring expanded fairly smoothly in both axial (Z) and radial (X) directions with slightly
higher gradients towards the radial direction. Downstream the location of Z/D ≈ 4.0 the vortex core
of the methane jet exhibited a fluctuating behaviour which was a sign of the start of the pinch-off
process.

Figure 5. 36 Variations of the initial vortex ring diameter with time (left) and Trajectories of the
preliminary vortex core (right) in under-expanded the hydrogen and methane jets with P∞ = 10 bar
and T∞ = 600 K.

5.8 Streamwise and Spanwise Vortices
5.8.1 General Characteristics

Instantaneous snapshots of hydrogen mole fraction and density gradient on azimuthal planes
(perpendicular to the nozzle axis) at Z = 1D, 2D, 3D and 4D downstream of the nozzle exit at t = 0.1

ms are presented in Figures 5.37–5.38 for NPR = 8.5 and 10 respectively (P∞ ≈ 1 bar and T∞ = 296
K). The radius of each circular snapshot represents the size of the grid’s refined area. The presence
of a ‘petal’ structure or ‘star-shaped’ pattern – which indicates the existence of spanwise and hence

streamwise vortices – is evident for Z ≥ 2D in both mole fraction and density gradient contours.
Comparable star-shaped patterns can also be seen in Figure 5.39 which displays instantaneous

snapshots of mole fraction for the hydrogen jets with NPR = 10 and P∞ ≈ 5 bar and 10 bar
(T∞ = 296). The instantaneous snapshots of mole fraction and density gradient for the under-

expanded methane jet with NPR = 8.5 and P∞ ≈ 1 bar (T∞ = 296) are presented in Figure 5.40 (this
figure is equivalent to hydrogen’s Figure 5.37). For all under-expanded jets the petal structure was

216

Under-Expanded Jets: Flow Characteristics

highly observable at distances close to the Mach disk (Z = 2D); by moving downstream from the
Mach reflection, this structure became gradually distorted. It is also evident that the petal structure
did not exist upstream of the Mach disk. It was also noticed that the petal structure was clearer in the
mole fraction and density gradient contours of methane than those of hydrogen at the same NPR.
This was attributed to the higher diffusivity of hydrogen which promoted higher degree of mixing at
the jet boundary. The circular shape within the density gradient snapshots of Figures 5.37 – 5.39 is a
representation of the annular slip layer (vortex sheet) on the azimuthal view, i.e. of the slip lines
structure or the boundary between jet core and inner shear layer. It should be noted that the newly
developed RK4 OpenFOAM® solver also predicted similar azimuthal petal structures to those shown
in Figures 5.37–5.38 but for an under-expanded nitrogen jet as shown in Appendix D.
It has been suggested by various researchers such as Krothapalli et al. (1991, 1998) and Arnette et al.
(1993) that the streamwise and spanwise vortices (and consequently, the petal structure) of underexpanded jets are spatially stationary. Figures 5.41 – 5.42 show the time evolution of the azimuthal
petal structure of the hydrogen and methane jets with NPR = 8.5 at Z = 2.5D and 4D downstream
of the nozzle exit. It was found that the structure was indeed almost stationary in both cases at

distances very close to the Mach disk (e.g. at the Z = 2.5D location shown). The dashed oval shapes
in Figures 5.41–5.42 highlight local samples on the azimuthal petal structure that almost kept their

spatial profile within the timeframe studied. However, when moving away from the Mach disk, the

structure exhibited rotational-type motion and its star-shaped form got gradually distorted; see time
evolution maps at Z = 4D in Figures 5.41 – 5.42.
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Z/D=1

Z/D=2

Z/D=3

Z/D=4

Figure 5. 37 Instantaneous snapshots of H 2 mole fraction (top row) and density gradient (bottom row) at t ≈ 161t0 (NPR = 8.5, P∞ ≈ 1 bar). The data were obtained on four
planes perpendicular to the nozzle centreline located at Z = 1D, 2D, 3D and 4D downstream of the nozzle exit (within the refined area with D/50 grid resolution).
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Z/D=1

Z/D=2

Z/D=3

Z/D=4

Figure 5. 38 Instantaneous snapshots of H 2 mole fraction (top row) and density gradient (bottom row) at t ≈ 161t0 (NPR=10, P∞ ≈ 1 bar). The data were obtained on four planes
perpendicular to the nozzle centreline located at Z = 1D, 2D, 3D and 4D downstream of the nozzle exit (within the refined area with D/50 grid resolution).
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Z/D=1

Z/D=2

Z/D=3

Z/D=4

Figure 5. 39 Instantaneous snapshots of H 2 mole fraction at t ≈ 161t0 for P∞ ≈ 5 bar (top row) and P∞ ≈ 10 bar (bottom row). The data were obtained on four planes perpendicular
to the nozzle centreline located at Z = 1D, 2D, 3D and 4D downstream of the nozzle exit (within the refined area with D/50 grid resolution).
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Z/D=1

Z/D=2

Z/D=3

Z/D=4

Figure 5. 40 Instantaneous snapshots of CH 4 mole fraction (top row) and density gradient (bottom row) at t ≈ 56t0 (NPR = 8.5, P∞ ≈ 1 bar). The data were obtained on four
planes perpendicular to the nozzle centreline located at Z = 1D, 2D, 3D and 4D downstream of the nozzle exit (within the refined area with D/50 grid resolution).
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1.2 ms

1.4 ms

1.6 ms

1.8 ms

2.0 ms

Figure 5. 41 Instantaneous snapshots of H 2 mole fraction for the jet with NPR = 8.5 and P∞ ≈ 1 bar within t = 1.2–2.0 ms. The data were obtained on two planes perpendicular
to the nozzle centreline at Z = 2.5D and 4D downstream of the nozzle exit.
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1.2 ms

1.4 ms

1.6 ms
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2.0 ms

Figure 5. 42 Instantaneous snapshots of CH 4 mole fraction for the jet with NPR = 8.5 and P∞ ≈ 1 bar within t = 1.2–2.0 ms. The data were obtained on two planes
perpendicular to the nozzle centreline at Z = 2.5D and 4D downstream of the nozzle exit
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5.8.2 Quantitative Study
Azimuthal profiles of Mach number and mole fraction around the jet circumference at radius r =
1.8r0 for methane and r = 1.6 r0 for hydrogen are presented in Figure 5.43 at Z = 2D and at t = 0.10,
0.15 and 0.20 ms for NPR = 8.5. The data were probed at different radii in methane and hydrogen
jet because the former exhibited slightly larger petal structure (attributed to its relatively wider Mach

disk). The data presented in Figure 5.43 were probed on the jet circumference at 5° intervals. Each
peak in mole fraction in Figure 5.43 represents a petal in Figures 5.37 and 5.40. It can be seen that
maxima and minima occurred on the Mach number graphs at angles where the corresponding mole
fraction graphs exhibited maxima and minima too. However, it was found that for hydrogen almost
all peaks of Ma had values higher than 1 whilst for methane Ma peaks occurred at subsonic values.
In fact, it was found that when the mole fraction peaks had values lower than 0.8 and 0.9 in methane
and hydrogen, respectively, the peaks of Ma reached values lower than 1. As can be seen in the density
gradient contours of Figures 5.37, 5.38 and 5.40, the petal structure was located at the boundary of
the inner and outer shear layers. Therefore, a petal may consist of a supersonic part that falls within
the inner shear layer and a subsonic part that falls within the outer shear layer. Because of the higher
diffusivity of hydrogen, the transition from supersonic inner layer to subsonic outer layer would occur
at higher values of mole fraction for hydrogen (XH2 ≈ 0.9) than for methane (XCH4 ≈ 0.8). The Mach
number graphs of Figure 5.43 also show that Ma = 1 may not occur at a constant radius around the
circumference of an under-expanded jet. Moreover, in Figure 5.43, it can be seen that for both Mach

number and mole fraction the peaks occurred at similar angular locations at different simulation
times, albeit with slightly different values. This essentially confirms that at Z = 2D the petal structure
was stationary for both methane and hydrogen jets. However, the slightly different peak values for

particular petals at different times, suggest that the petal structure exhibited some form of radial
oscillation at its axially stationary location. The radial distance between two peaks of the methane jet

was ~20°; this was in agreement with experimental observations reported in the literature
(Krothapalli et al., 1991; Arnette et al., 1993). In contrast, for hydrogen, the respective distance ranged
between 25°–30°.
Figure 5.44 shows azimuthal profiles of Ma around the circumference of the hydrogen jet with
NPR = 10 and P∞ ≈ 1 bar. These refer to a radius of r = 1.8 r0 at Z = 2D, 2.5D, 3D and 4D
downstream of the nozzle exit and, again, at t = 0.10, 0.15 and 0.20 ms. It was found that at axial
locations close to the Mach disk, Z = 2D and 2.5D, peaks occurred at very similar angular locations
over the duration of the time shown (similar to those of Figure 5.43). This quantitative representation
is in relevant agreement with the snapshots of Figures 5.41–5.42 and can be considered as

supplementary confirmation of the spatially stationary characteristics of the petal structure within
distances close to the Mach reflection. However, Figure 5.44 shows that by moving further
downstream, e.g. at Z = 3D and 4D, the peaks started to occur at noticeably different angles at different
time stamps. This means that the petal structure started rotating prominently when moving away
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from the Mach disk location. This resulted in distortion of its structure for Z ≥3 D, as displayed earlier
in Figures 5.37–5.42.
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Z=2D, r=1.6r0
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Figure 5. 43 Azimuthal variation of Ma and X around the methane jet circumference with radius of
r = 1.8r0 and hydrogen jet circumference with radius of r = 1.6r0 at Z = 2D and t = 0.10, 0.15 and 0.20
ms. NPR = 8.5 and P∞ ≈ 1 bar for both jets.
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Figure 5. 44 Azimuthal variation of Ma around the hydrogen jet (NPR = 10, P∞ ≈ 1 bar) circumference
with radius of r = 1.8r0 at Z = 2D, 2.5D, 3D and 4D downstream of the nozzle exit and t = 0.10, 0.15 and
0.20 ms.
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5.8.3 Helical Structure
For fluid flows with vortical structures, vorticity ω (which is expressed by the curl of velocity (Moffatt
and Tsinober, 1992)) shows the tendency of the flow to rotate at a particular point and can be used
as a prevailing measure to understand rotational behaviour. Iso-surfaces of vorticity magnitude at a
value of 2106 is presented in the top picture of Figure 5.45 for hydrogen jet with NPR = 10, P∞ ≈ 1
and T∞ = 296 K. The blue-red colour legend represents the sign of vorticity along the nozzle axis

(ωz component). For a right-handed Cartesian coordinate system, blue corresponds to ωz with
negative values (clockwise) and red to positive ωz (counter-clockwise). Upstream of the Mach disk,
regions with negative and positive ωz values were clearly distinguishable. By moving towards the
Mach disk at Z ≈ 2D, it is evident that the blue and red regions started mixing and their merging even
intensified by moving further downstream. This can also be seen in the snapshots of the jet cross

section of Figure 5.45. The vortical structures upstream of the Mach disk were located within the
intercepting shock and the jet boundary. As explained by Terekhova (1996), the vortical structure at
the boundary of the intercepting shock is formed via Taylor-Görtler unsteady disturbances caused
by the significant curvature of the jet flow. These vortices are the origin of the spanwise and

streamwise vortices downstream of the Mach disk. As discussed in (Inman et al., 2008), oblique shock
reflection and significant shear may amplify this vortical structure after the Mach disk.
The rotational behaviour of under-expanded jets was also studied by using helicity (h) maps (helicity
is the integrated scalar product of the velocity and vorticity fields (Moffatt and Tsinober, 1992)).
Similarly to vorticity, helicity is a pseudo-scalar quantity and can be used to determine the handedness
of the flow. A three dimensional flow can be expressed as a set of three overlapping vorticity fields
and helicity declares the topological linkage of these fields in the flow (Moffatt and Tsinober, 1992).
The bottom picture of Figure 5.45 shows the iso-surface of helicity magnitude for the underexpanded jet as its vorticity iso-surface is also plotted in Figure 5.45. For the helicity iso-surface of
Figure 5.45, blue colour represents constant helicity of h = -1×108 and red colour corresponds to
constant helicity of h = +1×108. Comparison between the vorticity and helicity iso-surfaces of Figure
5.45 shows similar structures in terms of the colour distribution, particularly upstream and in the
vicinity of the Mach disk. This shows that if the jet flow can be decomposed into three main vorticity
fields, as described by Moffatt and Tsinober (1992), then the field with rotational axis perpendicular
to the jet’s azimuthal plane (X–Y) dominates the flow structure. This also shows that under-expanded
jets have significant helical and rotational structures. The helical structure of under-expanded jets has
also been studied by POD and was seen as a dominant flow mode (Vuorinen et al., 2013).
Figure 5.46 shows iso-surfaces of vorticity over a range of magnitudes for the methane jet with
NPR = 8.5, P∞ ≈ 1 bar and T∞ = 296 K. Comparison between Figures 5.45–5.46 reveals that the
methane jet exhibited near one order of magnitude lower vorticity than hydrogen; however,
qualitatively similar vortical structures were observed. It is also clear that the vorticity decreases
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rapidly by moving downstream from the nozzle exit (~40% in 2.5D distance). By comparing the
snapshots of ω = 5106 and 6106 with those of ω = 5×105 and 1×106 in Figure 5.46, it can also be
seen that the width and location of the blue and red regions upstream of the Mach disk changed by
increasing vorticity magnitude. This reveals that the three-dimensional vortices were quite significant
in number and laid under different layers within the area between the intercepting shock and jet
boundary.
In order to study further the spanwise and streamwise vortices, contours of the vorticity on azimuthal
planes at various distances, Z = 1.5D–8D, downstream of the nozzle exit are presented in Figure 5.47.

This figure compares all the jet cases with T∞ = 296 K at t = 0.1 ms. For Z = 1.5D a fairly circular
shape is seen which represents vortical structures at the boundary of the intercepting shock. As it was
seen in Figures 5.45–5.46, for the region upstream of the Mach disk, sections with negative and

positive ωz did not mix despite their high degree of vorticity; therefore, the circular structure at

Z = 1.5D had a very smooth circumference. The size of the circular shape at Z = 1.5D for the methane
jet with NPR = 8.5 was comparable to those of the hydrogen jets with NPR = 10 (primarily due to
the wider Mach disk). No significant difference was noticed between the hydrogen jets of same NPR

but of different ambient pressure. By moving closer to the location of the Mach disk, the smooth
circular circumference, seen in Figure 5.47 at Z = 1.5D, started ‘scrunching’ and developed into petal
structure. Comparison between the snapshots of Figure 5.47 and those in Figures 5.38–5.40 revealed

that the number of peaks (or petals) of vorticity magnitude was similar to those of mole fraction and

density gradient. However, the snapshots of vorticity magnitude provided clearer visualisation of the
petal structure. Similarly to the density gradient snapshots of Figures 5.37, 5.38 and 5.40, the inner
circular shape of the respective plots in Figure 5.47 for Z ≥ 2D represents the border of the jet core
and the inner shear layer (i.e. an azimuthal demonstration of slip lines). Although the Mach disk height

of the hydrogen jets with NPR = 10 was slightly longer than Z = 2D, the circular effect of the annular

slip layer could still be observed in the Z = 2D snapshots. This was attributed to the concavity of the
Mach disk with respect to its upstream flow which resulted in slightly lower axial distance to the
nozzle exit for the triple points (slip line origin) compared to the Mach disk. Similar structures to

those presented in Figure 5.47 can also be seen in experimental studies that applied scattering
diagnostic techniques such as Novopashin and Perepelkin (1989), Krothapalli et al. (1991, 1998),
Fourguette et al. (1991), Arnette (1993).
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Figure 5. 45 Top: Iso-surface of the vorticity magnitude (ω = 2106). The blue and red legend represents
sign convention of the vorticity component in the Z direction. Bottom: Iso-Surface of the helicity (blue
represents h = -1×108 and red represents h = 1×108). Both iso-surfaces belong to the under-expanded
hydrogen jet with NPR = 10 and P∞ ≈ 1 bar.

In order to obtain further insight into the structure of the azimuthal petal shape, the component of
vorticity on the nozzle axis direction (i.e. ωz) is plotted in Figure 5.48 for the methane snapshot of
Figure 5.47 at Z = 2D. Figure 5.48 also shows the in-plane velocity vectors superimposed onto the

vorticity contours. Similarly to other findings in the literature (Krothapalli et al., 1991; Arnette, 1993;
Usami and Teshima, 2005) this figure confirms that each petal (i.e. each peak in the mole fraction
graphs) consists of two counter-rotating vortices which can be clearly seen in subfigures A–E.
Similarly to Figures 5.45–5.46, blue and red colours in Figure 5.48 represent clockwise and counterclockwise rotation respectively. In subfigure C, although the existence of a pair of counter-rotating
vortices is evident from the blue-red colouring, the clockwise (blue) velocity vector is not clear. This
was attributed to the fact that the plane on which the clockwise vortex can be seen clearly was inclined
slightly with respect to the azimuthal plane shown in Figure 5.48. This emphasises the highly threedimensional characteristics of the poloidal vortical structure surrounding the core of an underexpanded jet.
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Figure 5. 46 Iso-surfaces of the vorticity magnitude (ω) with different constant values. The iso-surfaces
belong to the CH4 jet with NPR = 8.5. The blue and red legend represents sign convention of vorticity
component in the Z direction.

In Figure 5.47 it can be seen that by moving closer to the Mach disk and after Z = 2.5D the petal
structure is getting distorted, as also seen previously in the mole fraction and density gradient

contours. This behaviour was explained by Krothapalli et al. (1998) to be a consequence of a vortex
merging process. It can be seen in Figures 5.45–5.46 that azimuthal spanwise vortices exhibited a
translational annular structure which originated at the boundary of the intercepting shock and could
penetrate to significant distance downstream of the Mach reflection. The existence of this annular
structure can also be concluded from the high Mach number values within each petal as seen earlier
in Figures 5.43–5.44. However, upstream of the Mach disk this translational annular structure did not
exhibit a helical rotation around the jet boundary. This can be seen from the not-mixed
distinguishable blue and red regions upstream of the Mach disk in Figures 5.45 and 5.46. Yet, after
the Mach disk the annular structure of the vortices started a helical-type motion around artificial axes
as also observed in (Vuorinen et al., 2013). In an agreement with (Krothapalli et al., 1998) observations
of the current study suggested that a merging type process of the counter-rotating vortices initiate
the distortion of the petal structure. Their vortical characteristics and, therefore, values of rotational
velocity reduce by moving away from the nozzle exit. This reduction may result in disparity of the
vortex pairs which consequently gives a chaotic behaviour to the petal structure and deforms it
gradually. This collapse of the vortical structure may enhance the jet mixing characteristics
significantly. The more powerful the vortices the more chaotic the jet boundary due to the above
mentioned vortex collapses process. In fact, as suggested in the literature (Zaman, 1999, Zapryagaev,
2004; Heeb et al., 2014) by attaching artificial tabs on the nozzle inner surface, it is possible to produce
powerful artificial spanwise and streamwise vortices and obtain higher level of mixing further
downstream particularly at the jet boundary.
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Comparable petal structure to that was presented in the current study has been shown by Ogawa
(1992) who used a special vortex ring producer device. He described the star-shape or the petal
structure as the breakup mechanism of vortex rings. In fact, similarly to the observations of the
current LES study, Ogawa (1992) noticed that the energy of a vortex ring was dissipated by the
viscous forces at each peak (by the counter-rotating vortices) of the petal structure and the number
of the peaks reduced gradually. Based on experimental observations (Ogawa, 1992) and the current
study it may be concluded that, similarly to single vortex rings, the azimuthal petal structure of underexpanded jets is created due to the oscillating motion (radial and axial) of the flow. It is believed that
the petal structure is formed when the frequency of the jet flow coincides with the critical frequency
of its vortex kernel (Ogawa, 1992).
It is worth mentioning that, although Krothapalli et al. (1998) suggested that the roughness of the
nozzle surface has necessary effect on the formation of azimuthal petal structure in under-expanded
jets, the current LES study confirmed that this pattern is a general characteristic of the underexpanded jets and is formed due to the highly three-dimensional vortical characteristics of underexpanded jets. However, as shown by Yu et al. (2013), the surface finish of the nozzle may intensify
the streamwise and spanwise vortices and, thus in experimental observations wider wrinkling
azimuthal pattern with larger petals (or spikes) could be observed.
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Figure 5. 47 Instantaneous snapshots of the vorticity magnitude on perpendicular planes to the nozzle centreline for the under-expanded methane and hydrogen jets examined
in the current computational study.
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Figure 5. 48 Bottom left: Instantaneous snapshots of the vorticity magnitude for the methane jet at Z
= 2D (similar to Figure 5.47). Middle: Instantaneous snapshot of vorticity component in nozzle axis
direction (ωz), blue region: clockwise, red region: counter-clockwise. A–E: tangential component of
velocity vectors on counter-rotating streamwise vortices. White cross shows approximate location of
centre of each vortex.

5.9 Summary
In the current chapter sonic and mixing characteristics in addition to three-dimensional vortical
structures of under-expanded hydrogen and methane fuel jets issuing from a millimeter-size nozzle
were investigated. Effects of different NPR and also ambient pressures and temperatures on the
characteristics of the aforementioned jets were examined. The main outcomes of the current chapter
are summarized in the following sections.

5.9.1 Sonic Characteristics
 During the initial transient process the height and width of the Mach disk of both methane and
hydrogen jets temporarily reached higher values than those observed at steady state.
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 The near-nozzle shock structure of the methane jet with NPR = 8.5 showed slightly different
pattern to the hydrogen jets of NPR = 8.5 and 10. The methane jet contained strong expansion
fans from the very beginning of its formation and resulted in a normal shock wider than the
nozzle diameter that was very similar to an established Mach disk. In turn, this led to widelyspaced slip lines in comparison to those of the hydrogen jets which were associated with an early
slim Mach disk.
 For methane, due to the higher gradient of the transverse velocity component just before the
Mach reflection, a relatively more concave Mach disk was formed compared to that of a hydrogen
jet with a similar NPR valve.
 For hydrogen with NPR = 30, the transient formation of the near-nozzle shock structure was
comparable to that of the methane jet with NPR = 8.5, i.e. with presence of a wide Mach disk
(normal shock) from the very beginning and widely-spaced slip lines. This was attributed to the
high Mach number and low ratio of specific heats in the hydrogen jet with NPR = 30 and the
methane jet, respectively.
 The current LES frameworks (both STAR-CCM+® and OpenFOAM®), in agreement with
previous experimental observations, did not capture any kind of flow recirculation just
downstream of the Mach disk. This is believed to be the first time that such an observation has
been made by numerical simulation based on the Navier-Stokes equations. This was attributed
to the accurate modelling of inviscid fluxes across the strong Mach discontinuity by means of the
AUSM+-up and KNP schemes employed.
 The near-nozzle shock structure was only affected by NPR. At constant NPR, identical Mach
disk dimensions, reflected shock angles, shock cell spacing and shear layer thickness were
observed for jets issued into different ambient pressures.
 The height and width of the Mach disk were very sensitive to NPR. A higher degree of sensitivity
was noticed for the width of the disk than for its height. Increasing NPR from 10 to 30 for
hydrogen jet resulted in an increase of 83% and 150% in the height and width of the Mach disk,
respectively.
 The methane jet with NPR = 8.5 had larger Mach disk height and width by 2.5% and 12%,
respectively, than the corresponding hydrogen jet, potentially due to the relatively lower ratio of
specific heats of methane.
 The angle of the reflected shock at the triple point was ~28.5° for both methane and hydrogen
fuelling with NPR = 8.5. Increasing NPR from 8.5 to 10 reduced slightly the reflected shock
angle to ~28°, whilst further increase in NPR did not have any noticeable effect on this angle.
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 For all under-expanded hydrogen and methane jets at semi-steady conditions, chocked flow of
Ma = 1 occurred inside the nozzle volume at about 0.5D upstream of the nozzle exit. A maximum
Ma of about 1.3 was calculated about 0.2D upstream of the nozzle exit whilst the nozzle exit Ma
was about 1.1. Considering the small scale of the nozzle, high viscosity dissipation due to large
surface-to-volume ratio and also exceptional compressible effects are potential reasons for this
behaviour.
 A correlations was proposed for estimating the shock cell spacing of highly under-expanded
hydrogen jets.

5.9.2 Mixing Characteristics
 Significant difference in the evolution of the tip vortices was observed between hydrogen and
methane jets at a constant NPR. This was attributed to their majorly different speeds of sound
and hence nozzle exit velocities and incoming momentum.
 For methane, mixing did not occur before the Mach disk, whereas for hydrogen high level of
momentum exchange and mixing was observed at the boundary of the intercepting shock. This
is believed to be related to the effect of strong Gortler vortices at the boundary of the first shock
cell in hydrogen jets. Also, the initial transient tip vortices (vortex ring) of hydrogen jets may also
contribute to the flow instabilities at the boundary of the intercepting shock and promote
hydrogen-air mixing upstream of the Mach reflection.
 The origin of the outer shear layer for hydrogen jet was located about half nozzle diameter
downstream of the nozzle exit very close to the centroid of the initial tip vortices. For methane
jet, the outer shear layer originated after the Mach disk and was dominated by the Mach
reflection.
 For a particular gas the transient evolution of the tip vortices (vortex ring) was mostly affected
by NPR rather than the level of incoming momentum (i.e. injection pressure).
 By calculating the probability of a density-weighted function based on the mass fraction of
hydrogen it was found that a locally richer mixture existed for jets with higher NPR or with
higher ambient pressure at a constant NPR value.
 The difference between methane and hydrogen jets in terms of the penetration length and
volumetric growth was found to come from differences in both sonic characteristics and
diffusivity. The sonic characteristics of the two jets were different mainly due to differences in
the ratio of specific heats. This resulted in hydrogen reaching higher supersonic velocities than
methane with considerably higher penetration length. Additionally, the higher diffusivity of
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hydrogen resulted in the formation of a bulkier jet (due to accelerated radial mixing) compared
to methane fuelling.
 It was confirmed that both the nozzle exit pressure and nozzle mass flow rate of under-expanded
hydrogen jets were linearly related to NPR. For NPR = 8.5 (at atmospheric cold ambient) the
hydrogen jet penetrated about 40% more than the methane jet. Higher NPR is required for
methane in order to deliver comparable mixing characteristics to those of a hydrogen jet.
 Higher NPR did not necessarily increase the penetration length of hydrogen jets. After an initial
transient process of ~0.1 ms, the jet with NPR = 70 showed a penetration length comparable to
that with NPR = 8.5. The jet with NPR = 30 exhibited lower penetration by about 8%. This
behaviour was believed to be linked to a trade-off between radial and axial penetrations. It can
be concluded that for a specific condition of gaseous injection, an optimum injection pressure
(probably around NPR = 100 for hydrogen) exists which could provide desirable mixing
characteristics with a relatively low injection pressure (with the nozzle geometry used in the
present study).
 Values of NPR in excess of 30 can have significant effect on the mixture richness within underexpanded hydrogen jets and can provide richer mixture in less time.
 For all under-expanded jets studied in the current work, the main mixing was observed to start
after the Mach disk location and particularly close to the jet boundaries where intense turbulence
was noticed to play a dominant role in the mixing process.
 A correlations was proposed for estimating the jet tip penetration of highly under-expanded jets.
 A scaling parameter for volumetric growth of under-expanded jets was proposed and evaluated
by considering the effect of molecular diffusivity. In contrast to the only available scaling
parameter in the literature for the volumetric growth of under-expanded jets the newly proposed
parameter of the current study can be used for direct comparison between under-expanded jets
of different gases and/or under-expanded jets issued into environments with different
thermodynamics.

5.9.3 Different Ambient Thermodynamics
 At constant NPR and identical cold ambient temperature, higher ambient pressure resulted in
faster formation of the final Mach reflection and shorter Mach disk settlement time. This was
attributed to the relatively faster transient evolution of the in-nozzle flow and hence fairly faster
transformation from subsonic to sonic/supersonic nozzle exit for the jet issued into an elevated
ambient pressure.
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 Increasing the ambient temperature (from T∞ = 296 K to T∞ = 600 K) at a constant ambient
pressure and NPR resulted in perceptible increase in both tip penetration and volumetric growth.

At t = 30 μs a hydrogen jet injected in to the hot ambient exhibited ~21% and ~30% more
penetration and volumetric growth, respectively, in comparison to a hydrogen jet issued into the
cold ambient. This was attributed to the relatively lower density of the hot ambient.

 Hot ambient temperature had higher effect on the volumetric growth compared to the
penetration length that was attributed to the diffusivity difference under different ambient
temperatures. In fact, diffusivity had more influence on the radial expansion of the jet rather than
its axial penetration. This was due to the noticeably higher axial velocity of an under-expanded
jet compared to its radial one.
 Similarly to what was observed for the cold low pressure ambient condition, under a constant
elevated ambient pressure and temperature and also NPR, hydrogen jet exhibited significantly
higher penetration length and volumetric growth compared to those of the methane jet (at

t = 30 μs hydrogen jet exhibited ~16% and ~117% higher penetration and volumetric growth).

5.9.4 Vortical Structures

 For NPR = 8.5 the shear layer thickness was wider for methane than for hydrogen by 114%.
Increasing NPR for hydrogen from 8.5 to 10 and then 30 led to a narrower shear layer by 3%
and 19%, respectively.
 Both STAR-CCM+® and OpenFOAM® frameworks were able to predict the star-shaped (petal
structure) azimuthal cross section of under-expanded jets with agreement with earlier
experimental observations.
 Each spike of the azimuthal star-shaped structure of under-expanded jets consisted of a pair of
counter-rotating vortices. This confirmed a long lasting speculation that was suggested originally
based on experimental Schlieren visualisations.
 It was confirmed that the azimuthal star-shape structure is a natural characteristic of underexpanded jets regardless of NPR value, level of ambient pressure, gas substance and most
importantly nozzle surface roughness. In fact, since the current LES with slip wall condition
reproduced the azimuthal petal structure, it can be concluded that the nozzle roughness does not
have an indispensable role on the formation of the aforementioned vortices. It was concluded
that these vortices are most likely formed due to strong shear forces and Taylor-Görtler type
unsteady disturbances caused by significant curvature of the jet flow (such as intercepting shock).
However, nozzle roughness may intensify their effect.
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 As an additional confirmation to previous experimental observations the current LES study also
showed that the spanwise vortices and consequently the azimuthal petal structure of the underexpanded jets were spatially stationary (within distances of 2.5D from the Mach reflection for the
hydrogen and methane jets). However, by moving further away from the Mach disk, the petal
structure exhibited rotational-type motion and its star-shaped structure got gradually distorted.

 The methane jet exhibited about one order of magnitude lower vorticity than the hydrogen jet;
however, qualitatively similar vortical structures were observed for both jets. It was also observed
that the vorticity of under-expanded jets decreased rapidly by moving downstream from the
nozzle exit (for the methane jet reduced ~40% in ~2.5D distance).

 The radial distance between the two peaks of the azimuthal petal structure for the methane jet
was ~20° which was in agreement with experimental observations reported in the literature (for
air jets). However, for the hydrogen jet with the same NPR, the radial distance of the
aforementioned peaks was higher and ranged between 25°–30°.
 Flow separation at the edge of the embedded shock (to satisfy the Kutta condition) was found
to be the main cause of the initial tip rolling-up of the under-expanded jets and formation of the
preliminary vortex rings.
 The formation and evolution of the transient vortex ring in hydrogen and methane jets exhibited
significantly different behaviours. This was believed to have substantial effect on the formation
of the ‘bulkier’ under-expanded jet of hydrogen when compared to the ‘slimmer’ methane jet.
 The preliminary vortex ring of both hydrogen and methane jets exhibited a smooth structure
which turned cellular through a transient process. The evolution from smooth to cellular vortex
ring started ~8 μs earlier in the hydrogen jet compared to that observed in the methane jet
(NPR = 10). This was attributed to the relatively faster formation of the shear layers in the former
jet.
 The three-dimensional poloidal-toroidal shear layers had translational annular structures. Such
type of structure was observed to exhibit a helical motion around the jet circumference after the
Mach disk and was also reported earlier as a dominant POD mode.
 Upstream of the Mach reflection, the three-dimensional vortices were quite significant in
number, originated and laid under different layers within the volume between the intercepting
shock and jet boundary.
 It was observed that the merging of the counter-rotating vortices of each azimuthal petal resulted
in gradual deformation of the star-shape structure downstream of the Mach reflection. It was
noticed that this process played a significant role in promoting fuel/air mixing at the jet boundary.
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 Finally, it is proposed to use artificial micro-tabs on the inner surface of high pressure DI
injectors specifically for promoting air-fuel mixing. The artificial tabs intensify internal energy of
the streamwise and spanwise vortices which consequently results in a relatively stronger vortex
merging process and therefore enhanced mixing.
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Chapter 6:
Under-Expanded Jets: Nozzle Design
In the present chapter first capability of RANS turbulence modelling technique in reproducing key
characteristics of under-expanded jets is investigated and compared to that of LES using the newly
developed OpenFOAM® solver. Then the effect of the spatial resolution on the flow behaviour of
under-expanded jets modelled using the aforementioned RANS framework is examined.
Furthermore, a comparative study is conducted on the effect of various nozzle designs including
nozzles with various length to diameter ratios and exit profiles. Finally, characteristics of underexpanded hydrogen jets issued from a ‘step nozzle’ are studied and compared to those of comparable
jets issued from simple orifice nozzles using both RANS and LES within the STAR-CCM+®
framework.

6.1 Turbulence Model
RANS modelling techniques have been shown to be able to predict characteristics of under-expanded
jets to acceptable levels. Among the available RANS techniques, k-ω SST model was found (Gorle
and Iaccarino, 2011) to be accurate in modelling near-nozzle shock structures and important mixing
characteristics such as spreading length that is defined as the slope of the half width line in the jet
axial direction (Pope, 2000). Jet half width in each centreline location is defined as the distance from
the jet axis (in an azimuthal plane) where the mean velocity turns into half of the associated centreline
velocity. It should be noted that standard k-ε RANS model was shown to over-predict the spreading

rate of round jets as discussed by Pope (2000). In the present chapter k-ω SST RANS model was
used within the newly developed Runge-Kutta OpenFOAM® solver in order to evaluate the suitability
of RANS in modelling under-expanded jets. For this purpose first the computational grid and setup
used for the LES studies with the OpenFOAM® solver (as discussed in section 4.2.1) was used again
for modelling the under-expanded nitrogen jet with NPR = 6.5. Figure 6.1, which is based on the
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mass fraction of nitrogen, shows a direct comparison between the transient evolution of this jet
predicted by RANS and LES.

t = 5 µs

t = 10 µs

t = 60 µs

t = 20 µs

t = 30 µs

t = 70 µs

LES

t = 40 µs

Y

RANS

1.00
0.75
0.50
0.25

t = 50 µs

LES

RANS

0.00

Figure 6.1 Direct comparison between LES and RANS predictions of transient evolution of an underexpanded nitrogen jet with NPR = 1 bar (injected into ambient with P∞ = 1 bar).
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As shown in Figure 6.1 RANS was not able to reproduce K-H type instabilities and transient vortex
ring as predicated visibly by LES. However, the RANS framework captured the initial rolling-up of
the jet tip and initial stages of the vortex ring formation (t ≤ 20 μs). Direct comparison between the
spreading rate of the jets predicated by LES and RANS requires ensemble averaging of a noticeable

number of LES samples which was not feasible due to the computational power available. However,
direct comparison between the instantaneous LES snapshots of Figure 6.1 with their associated
RANS counterparts revealed that the RANS framework predicted slightly wider jet cone angle. In

fact, the jet core with Y ≈ 1.0 was slightly slimmer in RANS predictions and was surrounded by a
wider volume with Y ≤ 0.5 compared to that predicted by LES. It was found that RANS predicted

comparable jet tip penetration to that of LES as also evident in Figure 6.1. At t = 50, 60 and 70 μs
penetration lengths of ~7.5D, ~9D and ~10D were measured, respectively for the jets presented in
Figure 6.1. The current study did not consider any initial in-nozzle pressure gradient similar to what

was used by Vuorinen et al., (2014b) therefore slightly longer penetration (i.e ~20%) was noticed (due
to the relatively faster formation of the jet) comparted to what was reported by the later authors for
nitrogen jets with comparable NPR values. However, as it will be discussed later in the current chapter
after the initial transient evolution of the jet a closer penetration (i.e. with ~5% difference) was
observed between the penetration length of the current RANS and those of LES investigations
reported by Vuorinen et al. (2014b).
Figure 6.2 shows a direct comparison between RANS and LES predictions of various flow quantities
on the nozzle centreline including axial velocity component, Mach number, temperature and density.
It should be noted that value 0.0 on the horizontal axes of graphs presented in Figure 6.2 denotes
the nozzle exit location with positive values representing distances downstream of the nozzle exit. It
was found that both RANS and LES predicted similar flow behaviour with respect to the
aforementioned parameters inside the nozzle volume (i.e. Z ≤ 0) and up to Z ≈ 0.0017 mm
downstream of the nozzle exit. However, RANS predicted a relatively longer Mach disk height ~4%

larger than that predicted by LES (Hdisk ≈ 1.58D and 1.52D, respectively). Therefore, RANS predicted
slightly higher velocity magnitude and Mach number and lower temperature and density compared
to those predicted by LES in the vicinity of the Mach reflection as also seen in Figure 6.2. A similar

trend was also found for the second maxima and minima values (second shock cell) with larger
discrepancies between RANS and LES values compared to what was observed for the Mach disk.
This is due to the fact that LES predicted stronger Mach reflection and centreline shocks that resulted
in wider subsonic regions after each shock compared to those of RANS. In fact, as shown in Figure
6.2 in contrast to RANS that showed a sharp rise or fall in the flow parameters over each shock, LES
exhibited a short semi-horizontal length of constant value followed by a gradual rise or fall in the
associate flow parameter. The intensity of the second and its following shocks predicted by RANS
were not enough to bring the flow to subsonic values as shown by LES. This difference in shock
intensity is evident in the Mach number graph of Figure 6.2 and can be considered as the main reason
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of the aforementioned discrepancies between RANS and LES prediction of axial flow parameters.
LES graph of axial density in Figure 6.2 is in an excellent agreement with what was reported by
Vuorinen et al. (2014b) for a comparable under-expanded nitrogen jet.

Figure 6.2 Profiles of various flow parameters over the nozzle centreline for the under-expanded
nitrogen jet with NPR = 6.5 modelled by RANS and LES.

Radial profiles of nitrogen mass fraction and normalized velocity Ur/U0 at different axial distances

from the nozzle exit are plotted in Figure 6.3. In this figure Ur denotes the velocity magnitude in a
radial distance of r from the nozzle centreline and U0 denotes the velocity magnitude on the nozzle
centreline. It was noticed that by moving downstream from the nozzle exit mass fraction of the
nitrogen decreased in the rich core of the jet and diffuses radially (mixing with the ambient air). It

was found that the curves of radial profiles of mass fraction intersected at r ≈ 0.8D (Yc ≈ 0.5). In
larger radial distances of r ≈ 0.8D, at a specific radius by moving downstream the nitrogen mass

fraction increased which shows surging of the jet radial mixing. An opposite trend was found for r

< 0.8D due to the existence of a dominant rich core. From the Ur/U0 graph of Figure 6.3 it can be
seen that jet half width (jet spreading) increased by moving downstream form the nozzle exit which

is in agreement with explanation of Pope (2000) for turbulent round jets. Furthermore, by using the

zoomed view graph of Ur/U0 in Figure 6.3 it is possible to calculate spreading rate of the jet by

plotting r/D over axial distance (Z ≥ 16 mm) from the nozzle exit at a fixed Ur/U0 of 0.5 as discussed
earlier. Slope of the trend line associated with the aforementioned line was calculated to be 0.087 with
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0.0 intercept and 0.095 with an intercept of ~0.14. This is in a good agreement with the spreading
rate value of 0.094 suggested by Pope (2000) for turbulent round jets.

Figure 6.3 Radial profiles of nitrogen mass fraction and normalized velocity Ur/U0 at different axial
distances from the nozzle exit in the nitrogen jet with NPR = 6.5 modelled by RANS.
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6.2 Spatial Resolution
The RANS study discussed in the previous section was conducted on a relatively dense grid with over
10 M cells and D/50 spatial resolution at the nozzle exit. As discussed earlier a fairly fine spatial
resolution is indispensable for capturing sonic characteristics and strong flow discontinuities in

under-expanded jets. However, when RANS is used increasing the spatial resolution over a specific

threshold may not help to capture a wider range of turbulent scales and may not enhance the
prediction of the flow being investigated (Pope, 2000). Therefore, in the current section of this
chapter effect of the spatial resolution on RANS predictions of the previously mentioned underexpanded jet with NPR = 6.5 was examined. This was done by comparing the results of two relatively
coarser grids with D/30 and D/20 spatial resolutions at the nozzle exit which are referred to as
medium and coarse grids, respectively.

Figures 6.4 and 6.5 compare transient evolutions of the under-expanded nitrogen jet with NPR = 6.5
based on the mass fraction of nitrogen predicted by the fine, medium and coarse grids. It is clear that
the medium and coarse grids could not predict the initial rolling up of the jet tip (t ≤ 10 µs) as precise
as predicted by the fine grid. However, the initial vortex ring was observed during the jet evolution

captured by the medium and coarse grids (see snapshots t = 20 and 30 µs of Figure 6.4). Generally,

after the initial transient flow (say t ≥ 50 µs) similar flow behaviours were observed for the three
spatial resolutions with closer agreement between the medium and fine grids. The latter grids

exhibited similar jet tip penetration while the coarse grid showed a noticeable shorter penetration

length which will be discussed quantitatively later in this section. Based on the t = 170 µs snapshot
of Figure 6.5 it is clear that by reducing the spatial resolution penetration of the rich core of the jet

with Yc ≈ 1 reduced. Specifically, at t = 170 µs the core with Yc ≈ 0.95 penetrated 14.8, 13.9 and 13.6
mm for fine, medium and coarse grids, respectively.
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Figure 6.4 Transient evolution of under-expanded nitrogen jet with NPR = 6.5 modelled by RANS on
the coarse, medium and fine grid.
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Figure 6.5 Under-expanded nitrogen jets with NPR = 6.5 modelled by RANS on the coarse, medium
and fine grid after initial transient evolution.

Figure 6.6 compares contours of velocity magnitude, Mach number, temperature and density on a
vertical plane cutting through the nozzle axis. For a more quantitative comparison Figure 6.7 shows
variations of the aforementioned flow parameters of Figure 6.6 along the nozzle centreline. It is clear
that by reducing the spatial resolution the near-nozzle shock structure and shock cells after the Mach
reflection became vague. Jets on coarse and medium grids exhibited almost similar Mach disk heights
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(1.7 and 1.8 mm, respectively) that was ~19% smaller than what was predicted on the fine grid.
Maximum Mach number at the location of the Mach reflection were calculated to be ~2.6, ~2.86 and
~3.3 on the coarse, medium and fine grids, respectively (for the LES jet on the fine grid the maximum
Mach number was ~3.23). Although the intensity of the shock cells after the Mach reflection
decreased by coarsening the spatial resolution but almost similar values of shock cell spacing
(distances between two consecutive maxima in the Mach number graph of Figure 6.7) were measured
for the jets modelled on different spatial resolutions. The shock cell spacing for the jets modelled
with RANS was measured to be ~2.0D which was ~10% larger than that of the LES jet (see Figure
6.2). From Figure 6.6 it is obvious that medium and coarse grids were not able to predict the Mach

disk width clearly. However, RANS on the fine grid predicted ~30% smaller Mach disk width

compared to that of LES as presented in chapter 4 i.e. Wdisk ≈ 0.42 and 0.63 mm for RANS and LES,
respectively.

Figure 6.7 revealed that nozzle exit conditions were slightly different for the jets modelled on different
grid resolutions particularly for the density that the jet modelled on the fine grid exhibited significantly
larger value in comparison to the jets modelled on the coarser grids. Important flow characteristics
at the nozzle exit for RANS and LES of the under-expanded nitrogen jet with NPR = 6.5 are
summarized in Table 6.1. It was found that RANS on the fine grid predicted ~1% smaller mass flow
rate compared to LES on the same grid. Mass flow rate of LES calculated to be 2.261 g/s which is
in an excellent agreement with LES data (2.2647 g/s) reported by Vuorinen et al. (2014b) on a similar
under-expanded jet. Coarse and medium grids predicted an almost similar nozzle exit mass flow rate
which was ~11.5% smaller than that of the jet modelled by RANS on the fine grid. Mach number at
the nozzle exit was found to be slightly higher than unity (Ma ≈ 1.1) for all RANS and LES cases
(see Table 6.1); similar observations have also been reported in the literature which were largely
attributed to the millimetre size of this type of nozzle as discussed earlier for under-expanded
hydrogen and methane jets in chapter 5 of the current thesis.
Penetration lengths of under-expanded jets modelled by RANS on the three different spatial
resolutions are plotted in Figure 6.8 for a duration of 200 µs ASOI. It was observed that up to t ≈
60 µs all jets exhibited almost identical tip penetration lengths. After this initial transient time, the

increase rate of jet tip penetrations declined with higher decrease for the coarser grid. Although
significant differences were observed for the sonic characteristics of the jets modelled on different
spatial resolutions but with respect to the penetration length not much difference was found between

the jets studied here by RANS. Specifically, at t ≈ 200 µs ASOI penetration lengths of 28.1, 28.8 and
29.9 mm were measured for the jets modelled on coarse, medium and fine grids, respectively. This
shows the jet modelled on the fine grid penetrated ~4% and 6.5% when compared to those jets
modelled on the medium and coarse grids, respectively. The penetration length of the jet modelled
on the fine grid (~20D) was in a very good agreement with LES data of Vuorinen et al. (2014b) where
for jets with NPR = 4.5–10.5 penetration lengths in range of 19D – 24D were reported.
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Figure 6.6 Contours of velocity magnitude, Mach number, temperature and density on a vertical plane
cutting though the nozzle axis in nitrogen jet with NPR = 6.5 on different grid resolutions.
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Figure 6.7 Variations of the flow parameters of Figure 6.6 along the nozzle centreline in nitrogen jets
modelled on different spatial resolutions.

Since the mass flow rate at the nozzle exit of the coarse and medium jets were almost the same (see
table 6.1) and since jets on medium and fine grids showed very close penetration lengths despite
noticeable difference in their nozzle exit mass flow rate, therefore the difference in penetration
lengths of Figure 6.8 should be originated from some other factor (s) rather than the incoming mass
flow rate. It was concluded that accuracy of the Mach reflection and centreline shock cells resolved
by RANS had direct effect in the jet tip penetration. Specifically, a better spatial resolution resulted
in slightly larger Mach disk height and consequently a phase retard in downstream shock cell spacing
(see Figure 6.7) that would increase the length of high speed potential core in under-expanded jets as
also observed in Figure 6.5. An increase in the length of potential core which typically contains
regions of supersonic velocities would enhance the overall penetration length of the jet.
Radial profiles of nitrogen mass fraction and normalized velocity Ur/U0 at different axial distances
from the nozzle exit for jets modelled with various spatial resolutions are plotted in Figures 6.9 and

6.10, respectively. Except for a radius of r ≈ 0.5D where the fine grid predicted higher concentration
of nitrogen compared to the medium grid for larger radial distances at any axial location from the
nozzle exit almost identical nitrogen mass fraction was observed between the latter grids. It was found
that the coarse grid generally over-predicted the jet spreading rate in comparison to the medium and
fine grids in which almost identical spreading rates were observed as can also be seen in Figure 6.10.
It is worth mentioning that the trend of mass fraction profiles of Figure 6.3 and Figure 6.9 are in
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good agreement with averaged LES representations of under-expanded nitrogen jets with NPR =
4.5–10.5 provided by Vuorinen et al. (2014b). Specifically, similarly to the latter study, in the present
study mass fraction values of less than Yc ≈ 0.05 were observed for radial distances larger than r ≈
3.5D. It should be noted that although Vuorinen et al. (2014b) studied radial profiles at a longer
downstream distance (28 mm) than the present study but the reduction rate of the peak values of the
current radial nitrogen mass fraction profiles as shown in Figure 6.3 suggests that the current RANS

framework (with the fine spatial resolution) would be able to predict comparable mass fraction profile
and peak (Yc ≈ 0.38) at 28 mm downstream of the nozzle exit as presented by the latter authors.

The current investigation on the performance of RANS modelling with different grid resolutions in
resolving important characteristics of under-expanded jets revealed that a relatively medium spatial
resolution comparable to what was used here can be adopted in order to obtain satisfactory results
particularly for engineering and industrial applications. Specifically, it was noticed that key
characteristics of under-expanded jets with respect to application in gaseous IC engines such as
penetration length and spreading rate can be predicted with a reasonable accuracy by means of RANS
modelling and on a relatively medium spatial resolution. Therefore, in the next section of this chapter
the present RANS framework with the aforementioned medium spatial resolution was used to
examine the effect of nozzle design in terms of aspect ratio and exit profile on the characteristics of
issuing under-expanded fuel jet.
Table 6.1 Nozzle exit parameters for nitrogen jets (NPR = 6.5) modelled by RANS with different
spatial resolutions and also the jet modelled by LES (NPR = 6.5).

Resolution/Modelling
Coarse - RANS
Medium - RANS
Fine - RANS
Fine - LES

Mach Number
1.1094
1.1069
1.0807
1.0861

Density [kg/m3]
3.7909
3.7987
4.3093
4.334

Velocity [m/s]
339.24
338.65
337.38
338.90

Flow Rate [g/s]
1.979
1.980
2.238
2.261

Figure 6.8 Jet tip penetration of the under-expanded nitrogen jet modelled by RANS on different
spatial resolutions.
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Z = 14 mm

Z = 16 mm

Z = 18 mm

Z = 20 mm

Figure 6.9 Radial profiles of nitrogen mass fraction at different axial distances from the nozzle exit for
nitrogen jets modelled with RANS on various spatial resolutions.
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Z = 14 mm

Z = 16 mm

Z = 18 mm

Z = 20 mm

Figure 6.10 Radial profiles of normalized velocity Ur/U0 at different axial distances from the nozzle
exit for nitrogen jets modelled with RANS on various spatial resolutions.
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6.3 Nozzle Design
6.3.1 Nozzle Length to Diameter Ratio
In order to examine the effect of length to diameter ratio (ln/D) of the nozzle hole on the issuing
gaseous fuel two different nozzles with shorter length and smaller nozzle diameter compared to the

nozzle investigated in the previous section (i.e. D = 1.4 mm and straight length of 10D) were studied
by means of the current RANS framework on spatial resolutions comparable to the previously

mentioned medium grid. Specifically, nitrogen jets with NPR = 6.5 were issued from two more

nozzles one with shorter straight length (5D compared to 10D, with a diameter of D = 1.4 mm) and

another one with smaller nozzle diameter (D = 0.7 mm compared to D = 1.4 mm) and 10D straight
length. This means two more length to diameter ratios with values of ln/D = 5 and 20 compared to
the initial value of ln/D = 10. It should be noted that for the short nozzle similar grid resolution to
the long nozzle was used inside the nozzle volume and downstream of the nozzle exit; and the grid

of the case with D = 0.7 mm was created by scaling the original grid with D = 1.4 in order to obtain
exactly the same spatial resolutions.

Figure 6.11 show variations of various flow parameters over the nozzle centreline for the underexpanded jets issuing from nozzles with different length to diameter ratios. Moreover, key flow
parameters at the exit of the aforementioned nozzles are tabulated in table 6.2. It was found that
cases with similar nozzle diameters (i.e. ln/D = 5 and 10) had similar Mach disk heights and after the
nozzle exit exhibited analogous behaviours after the Mach reflection as shown in Figure 6.11. As

expected the jet issuing from the nozzle with D = 0.7 mm had 60% smaller Mach disk height (i.e. 0.7
mm compared to 1.8 mm) with ~20% smaller maximum Mach number compared to the cases with

ln/D = 5 and 10 . It should be noted that maximum Mach number at the location of the Mach

reflection was calculated to be 2.88, 2.86 and 2.29 for the cases with ln/D = 5, 10 and 20, respectively.
It was found that reducing the length of the straight section of the nozzle by 50% resulted in a slightly

higher level of under-expansion i.e. 2.6% higher pressure at the nozzle exit (see table 6.2) and
consequently ~1% higher mass flow rate. From table 6.2 it can be concluded that reducing the nozzle
diameter by 50% while keeping its length constant would result in reduction of ~75% in mass flow
rate.
Although quite similar behaviour was noticed after the nozzle exit between jets issued from nozzles
with D = 1.4 mm but slight difference was found between the in-nozzle flow of two cases as can be
seen in Figure 6.11particulalry in temperature and density graphs. This is attributed to the higher level

of in-nozzle pressure drop in the case with longer nozzle length and can be seen in Figure 6.12 that
shows variation of pressure over the nozzle centreline. Therefore, it can be concluded that a shorter
nozzle would result in a lower in-nozzle pressure drop and consequently a higher level of underexpansion ratio. This higher level of under-expansion resulted in a higher mass flow rate, Mach disk

height and fully expanded Mach number which consequently resulted in higher jet tip penetration as
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shown in Figure 6.13. Specifically, at t = 200 μs jet with shorter nozzle length penetrated ~6% more
than the jet with longer nozzle length i.e. 30.6 mm compared to 28.8. It was found that the jet issued
from the nozzle with diameter of D = 0.7 mm penetrated ~28% lower than the jet issued for a nozzle

with the same length but diameter of D = 1.4 mm. Based on the current observations it can be
concluded that at a constant NPR value lower ln/D would result in relatively higher penetration length
of under-expanded jets which is desirable for IC engine-related applications by enhancing the rate of

air-fuel mixing. It was also concluded that increasing the nozzle exit diameter (if providing an issuing
under-expanded jet passed the nozzle exit and also complying with engine design restrictions) would
result in a more desirable fuel jet by obtaining a significant enhancement in the jet tip penetration and
consequently air-fuel mixing.

Figure 6.11 Variations of some flow parameters over the nozzle centreline for the under-expanded
nitrogen jets (NPR = 6.5) injected from nozzles with different length to diameter ratios
Table 6.2 Nozzle exit parameters of under-expanded nitrogen jets issued form nozzles with different
length to diameter ratios.

ln/D
5
10
20

Mach Number
1.0994
1.1069
1.1950

Density
[kg/m3]
3.8544
3.7987
3.5139

Static Pressure
[bar]
2.521
2.457
2.223

Velocity
[m/s]
338.31
338.65
361.09

Flow Rate
[g/s]
2.0073
1.9800
0.4883

Radial profiles of nitrogen mass fraction and normalized velocity Ur/U0 at different axial distances

from the nozzle exit for jets issued from nozzles with different lengths are plotted in Figures 6.14
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and 6.15, respectively. It was found that nitrogen concentration in radial directions was slightly higher
for the jet with 10D nozzle length compared to that of the jet with 5D nozzle length as shown in
Figure 6.14. This was attributed to the higher spreading rate of the jet with the short nozzle length as

can be seen clearly in Figure 6.15. It was found that by moving downstream from the nozzle exit the
difference between spreading rates of the jets issued from different nozzle lengths deepened. Based
on the current observations it can be concluded that with respect to applications in gaseous-fuelled
IC engines a short nozzle is more desirable than a long nozzle since it can enhance key mixing
characteristics of injected gaseous fuel by enhancing the jet penetration length and its spreading rate.
Therefore, an ideal gaseous injector would have a short straight section with relatively large exit
diameter that can issue an under-expanded fuel jet with a relatively high mass flow rate. However, in
the case of an injector with more than one nozzle hole it might not possible to use large diameter

values (D ≥ 1.0 mm) due to geometrical restrictions. Therefore, instead of a single nozzle hole
sometimes more nozzles are used with high NPR values (NPR ≥ 10) to deliver the required injected
mass within a specific duration. In the next section of this chapter effects of NPR value and nozzle
exit profile on characteristics of issuing fuel jet are investigated.

Figure 6.12 Variations of pressure over the nozzle centreline for the under-expanded nitrogen jets
(NPR = 6.5) injected from nozzles with different length to diameter ratios.

Figure 6.13 Jet tip penetration of under-expanded nitrogen jet with NPR = 6.5 issued fron nozzle with
different length to diameter ratios.
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Z = 16 mm

Z = 18 mm

Z = 20 mm

Z = 22 mm

Figure 6.14 Radial profiles of nitrogen mass fraction at different axial distances from the nozzle exit
for jets issued from nozzles with different lengths.
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Z = 16 mm

Z = 18 mm

Z = 20 mm

Z = 22 mm

Figure 6.15 Radial profiles of normalized velocity Ur/U0 at different axial distances from the nozzle
exit for jets issued from nozzles with different lengths.
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6.3.2 Exit Profile and Injection Pressure
Combinations of two nozzle exit profiles and three NPR values were used in order to examine effects
of these parameters on the characteristics of under-expanded jets modelled by RANS within the
OpenFOAM® solver. Specifically, in addition to the simple straight orifice nozzle used in the previous
sections a new nozzle with a conical exit profile was examined as shown in Figure 6.16 (c). Moreover,
both straight and conical nozzle were used to study under-expanded jets with NPR = 6.5, 15 and 150
(i.e. P0 = 6.5, 15 and 150 bar). Figure 6.16 shows a comparison of mass fraction contours of nitrogen

between jets issued from the straight and conical nozzle at t = 200 μs. This Figure also shows a
zoomed view of the conical profile used for the current study. From Figure 6.16 it is clear that with

NPR = 6.5 the jet issued from the conical nozzle penetrated noticeably less compared to the jet issued
from the straight nozzle. However, the latter nozzle produced a slightly bulkier jet. Depending on
the NPR value, jets issuing from conical nozzles (diverging) like what was used in the current study

can be categorised as over-expanded, perfectly expanded and under-expanded. Pressure at the nozzle
exit (P1) specifies each category i.e. if P1 < P∞ the issuing jet is over-expanded, if P1 ≈ P∞ the issuing
jet is perfectly expanded and if P1 > P∞ the jet is under-expanded (Anderson, 1990; White, 1999).
Figure 6.17 compares mass fraction contours of nitrogen in jets issued form the straight and conical

nozzles with NPR = 6.5, 15 and 150 at t = 85 μs. It was found that similarly to NPR = 6.5 for NPR
= 15 also jet issued from the straight nozzle penetrated somewhat more than the jet issued form the
conical nozzle. In contrast from Figure 6.17 it is clear that with NPR = 150 the jet issued from the

conical nozzle exhibited higher penetration length than the jet issued with similar BPR value at t =

85 μs. Comparison between representations of Figures 6.16 and 6.17 and classical characteristics of
jets issued from conical and converging-diverging nozzles (Anderson, 1990) may lead to the

conclusion that the jets issued from the conical nozzle with NPR = 6.5 and 15 were over-expanded
and the jet issued form the same nozzle with NPR = 150 were under-expanded. Figure 6.18 that
shows pressure distribution over the nozzle centreline in jets issued form the conical nozzle confirms
that jets with NPR = 6.5 and 15 were over-expanded. In fact, pressure at the nozzle exit of the jets
with NPR = 6.5 and 15 were P1 ≈ 0.23 and 0.62 bar which were smaller than ambient pressure of P∞
= 1 bar. On the other hand, as shown in Figure 6.18 for the jet issued form the conical nozzle with

NPR = 150 pressure at the nozzle exit were P∞ ≈ 4.16 bar which means an under-expanded jets was
issuing.

Figure 6.19 compares tip penetration lengths of jets issued form the straight and conical nozzles with
various NPR values over a period of 100 μs ASOI. For NPR = 6.5 and 15 jets issued form the conical
nozzles always exhibited smaller penetration length compared to the jets issued with similar NPR
values but from the straight nozzle. At t = 100 μs jet issued form the conical nozzle with NPR = 6.5
and 15 showed 39% and 22% smaller penetration length compared to their counterpart issued from

the straight nozzle with similar NPR value. On the other hand for jets with NPR = 150, up to t ≈ 65

μs the jet issued from the straight nozzle showed higher penetration compared to the jet issued form
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the conical injector. However, after t ≈ 65 μs penetration length of the jet issued from the conical
nozzle overtook that of the straight nozzle and at t ≈ 100 μs the jet issued for the latter nozzle showed
~14% higher penetration length compared to that of the jet issued form the former nozzle.

(a)

(b)

D
D
(c)
2D

NPR = 6.5
t = 200 μs

Figure 6.16 Contours of nitogen mass fraction in under-expanded nitrogen jet with NPR = 6.5 issued
form (a): the straight nozzle; (b): Conical nozzle. (c): Zoomed view of the profile of the conical nozzle.

Straight Nozzle

Y

1.00
0.75
0.50

Conical Nozzle

0.25
0.00

NPR = 6.5

NPR = 15

NPR = 150

Figure 6.17 Contours of nitrogen mass fraction for jets with NPR = 6.5, 15 and 150 issued from the
straight and conical nozzle profiles.
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Figure 6.18 Pressure distribution over nozzle centreline in jets issued from the conical nozzle.

Based on the aforementioned observations, it can be concluded that with a conical profile overexpanded jet shows a smaller pentation length and slightly larger cone angle compared to those of a
jet issued with similar NPR value from a simple straight orifice. Also, it can be concluded that with a
conical nozzle profile if an under-expanded jet forms after the nozzle exit a fairly higher penetration
length can be expected compared to a jet issued for a straight nozzle with similar NPR value.
Figure 6.20 shows tip velocity of the jets issued for the straight and conical nozzle. It was found that
jets issued from the straight nozzle had higher tip velocity at early stages of injection (t < 10 μs)
compared to jets issued from the conical nozzle. After the initial jump the jet tip velocity reduced and

for t ≥ 10 μs tip of velocity of all jets presented in Figure 6.20 showed almost constant values with
almost horizontal profiles. For the conical nozzles jet with higher NPR value always exhibited higher

tip velocity but for the straight nozzle after t ≈ 10 μs jet with NPR = 15 showed higher tip velocity
than that of the jet with NPR = 150 as shown in Figure 6.20. This was attributed to the higher degree

of sudden expansion in the latter jet which could result in stronger wider Mach reflection and
consequently higher radial velocity components compared to the former jet.
Figures 6.21 and 6.22 compares the sum of radial components of velocity between jets issued from
the straight and conical nozzles with NPR = 6.5 and 150. From Figure 6.21 it is clear that the over-

expanded jet issued from the conical nozzle with NPR = 6.5 had relatively higher values of magnitude
of radial velocity components compared to that of the jet issued from the straight nozzle. Although
the former jet had a lower penetration length compared to the former jet but its higher radial velocity
resulted in its fairly bulkier shape (see Figure 6.16) that can enhance fuel-air mixing. Specifically,
average of the radial velocity magnitude over the axial length plotted in Figure 6.21 for jets issued
from the conical and straight nozzles (NPR = 6.5) was calculated to be ~0.56 and ~0.27 m/s,
respectively. Fo the jets with NPR = 150 as presented in Figure 6.22 after the Z/D ≈ 4 showed

significantly high magnitude of radial velocity for the jet issued from the conical nozzle compared to
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the jet issued from the straight nozzle. Comparing Figures 6.21 and 6.22 and also penetration lengths
of Figure 6.19 led to the conclusion that with a conical nozzle profile with under-expanded jet it is
possible to obtain relatively higher tip penetration and also higher radial velocity magnitude compared
to a jet injected with similar NPR but from a simple straight nozzle. It should be noted that obtaining
an under-expanded jet passed the nozzle exit in a conical nozzle, depends on the geometrical features
of its profile and also NPR value (Anderson, 1990). In the current study a simple conical design was
used which is believed to be relatively easy to get adopted for real engineering applications particularly
for millimetre-size gaseous engine injectors. Observations of the current study suggest that use of a
conical shape nozzle with under-expanded issuing jet can enhance mixing characteristics of a gaseous
fuel jet by improving its penetration length and radial expansion. However, further investigations are
required in order to examine characteristics of under-expanded jets issued from nozzles with different
conical profiles such as different half-cone angles and cone heights.

Figure 6.19 Jet tip penetration of nitrogen jets issued from straight and conical nozzles with NPR =
6.5, 15 and 150.

Figure 6.20 Jet tip velocity of nitrogen jets issued from straight and conical nozzles with NPR = 6.5,
15 and 150.
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Figure 6.21 Magnitude of the radial velocity in nitrogen jet with NPR = 6.5 issued from the straight
and conical nozzles.

Figure 6.22 Magnitude of the radial velocity in nitrogen jet with NPR = 150 issued from the straight
and conical nozzles.

6.4 Step Nozzle
In chapters 4 and 5 it was shown that the STAR-CCM+® framework with a coupled solver was able
to provide comparable representations of various under-expanded jets to predictions of the newly
developed Runge-Kutta OpenFOAM® solver and also experimental and computational data available
in the literature. As it will be discussed in the next two chapters, STAR-CCM+® with its segregated
solver was used to examine in-cylinder flow, mixing and combustion in DISI hydrogen-fuelled IC
engines (the segregated solver was used for the engine related simulations due to its higher stability
and better convergence in cases with dynamic grids). In order to perform some comparisons with
optical combustion data previously taken at UCL (Rosati and Aleiferis, 2009) a 6-hole gasoline direct
injector design was also used for the aforementioned computational studies of in-cylinder mixture
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formation. Therefore, in the rest of the current chapter first performance of the STAR-CCM+®
segregated solver in modelling under-expanded hydrogen jets is compared with a test case from
literature. Then, the computational framework with both RANS and LES is used to investigate the
characteristics of under-expanded hydrogen jets issued from a single nozzle with both a simple hole
profile and a special step shape profile comparable to that of the gasoline injector used previously for
optical measurements at UCL. The effects of different NPR values and computational cell types were
also studied for the step nozzle case.

6.4.1 Setup and Test Cases
In order to validate the capabilities of the STAR-CCM+® frame work to capture the important
characteristics of the under-expanded sonic hydrogen jets a RANS test case was prepared based on
computational data from literature (Owston and Abraham, 2009). A cylindrical computational grid
with 10 cm diameter and 16 cm length containing ~4.0 million hexahedral cells was created. The
nozzle was a simple orifice with a diameter of D = 1 mm. A refined area with D/20 spacing resolution
in both axial and radial directions was created very close to the nozzle exit in order to capture the

expansion shocks structure. This refined area had a size of 10D in the axial direction and 5D in the
radial. Following that refined area, the grid’s spacing was gradually increased to a cell size of ~0.5
mm uniformly distributed throughout the rest of the computational domain. A stagnation inlet was
used as boundary condition at the nozzle exit, no-slip wall condition was used at the side wall, and
pressure boundary was applied at the bottom boundary. Nozzle exit conditions for pressure, velocity
and temperature were 21.47 bar, 1363 m/s, and 320 K, respectively. Initial conditions inside the
domain were set to 330 K in temperature, 10 kg/m3 in density, and quiescent in nature.
Following this test case, the work focused on simulations of hydrogen jets from straight and stepped
nozzle holes. Stepped injector geometries are typical for multi-hole injectors for gasoline direction
injection engines. Such a type of injector has been used by at UCL for optical studies of hydrogen
combustion in a single-cylinder DI research engine (Rosati and Aleiferis, 2009). The geometry of the
holes was characterized by creating castings of the injector holes, using techniques described in
(Butcher and Aleiferis, 2013) as shown in Figure 6.23, and the diameter of the outer and inner hole
was measured to be 0.2 mm and 0.4 mm, respectively. The depth of the injector hole was measured
to be ~0.66 mm, divided equally between the narrow and wide nozzle-hole sections. The geometry
was modelled by integrating it to a reservoir tank and a fixed volume wall-bounded chamber (using a
converging nozzle), as shown in Figure 6.24. The total pressure and temperature of the fuel reservoir
were 100 bar and 320 K, respectively. The temperature for the chamber was 358 K; in order to
investigate the effect of pressure ratio on under-expanded hydrogen jets, two different chamber
pressures of 1.5 bar and 6 bar were considered. The chamber was 50 mm in height and 40 mm in
diameter.
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0.4 mm
0.2 mm

Figure 6.23 Microscopic images of the stepped injector hole (left) and its casting (right).

In order to capture the structure of the jet inside the stepped injector and very close to the injector
exit, special grid refinements were used. A global maximum cell size of 0.8 mm was selected for the
main chamber. The cell size close to the walls was adjusted to be between 0.3 mm to 0.5 mm. Two
special refinement areas were designed in order to resolve the volume of the stepped injector and
areas close to the converging nozzle inlet and also nozzle expansion and exit regions. For the finest
area, the cell size was 0.02 mm, equally distributed in all directions. For the refined area further
downstream of the nozzle exit, a uniform cell size of 0.1 mm was applied. In total ~7 million
hexahedral cells resolved the computational domain; see Figure 6.24. An identical approach was used
to create a polyhedral grid as well for the stepped injector, as also shown in Figure 6.24; this was ~5
million cells in size. Finally a hexahedral grid was prepared for a nozzle of fixed diameter 0.2 mm,
equivalent to the dimensions of the stepped injector, hence ~7 million cells in size. Both RANS and
LES studies were conducted on those grids. All test cases have been numbered and summarised in
Table 6.3.

Figure 6.24 Zoomed view of the middle section plane of the computational grids used for the stepped
injector simulations, hexahedral (left), polyhedral (right).
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Table 6.3 Test cases of hydrogen injection into quiescent environment.

P0
[bar]

9.5

Ta
[K]

Method

384

Pa
[bar]

Grid

40.66

T0
[K]

330

Hexa

RANS

2. Stepped
(D = 0.20.4 mm)

100

320

1.5

358

Hexa

RANS

3. Stepped
(D = 0.20.4 mm)

100

320

1.5

358

Poly

RANS

4. Stepped
(D = 0.20.4 mm)

100

320

1.5

358

Hexa

LES

5. Stepped
(D = 0.20.4 mm)

100

320

6

358

Hexa

RANS

6. Stepped
(D = 0.20.4 mm)

100

320

6

358

Hexa

LES

7. Straight
(D = 0.2 mm)

100

320

1.5

358

Hexa

RANS

Test Case
1.Validation
(D = 1 mm)

6.4.2 Discussion

As already mentioned, initially a RANS test case was chosen from the literature (Owston and
Abraham, 2009) in order to set a baseline comparison between the current methodology and
previously published work by other authors; see test case 1 in Table 6.3. Figure 6.25 compares the jet
penetration of this case as calculated by the present study with what reproduced by Owston and
Abraham (2009). It is seen that there is about ~15% higher penetration with the current
methodology. A higher fully expanded Mach number of ~2.5, was captured in comparison to the
value of ~1.7 reported by Owston and Abraham (2009). The current simulation captured 6 shocks
over a length of 10 mm downstream of the nozzle exit while the original publication captured only
one shock. This detail in resolving the shocks is also illustrated by the computational prediction of
the pressure field shown in Figure 6.26 in grey scale; no legend is given here as the limits of the scale
were simply adjusted to make the shocks as clearly visible as possible. The phenomena of Figure 6.26
can be categorized as those of a moderately under-expanded jet (no Mach disk present; pattern of
first cell followed by diamond shape shocks that cover the jet core). The detailed observations are
due to the much finer grid resolution used over the first 10 mm distance from the nozzle here than
that used by Owston and Abraham (2009). The larger penetration is an effect of capturing those
shock details and higher velocity magnitude close to the nozzle exit.
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Figure 6.25 Hydrogen jet tip penetration; test case 1 of Table 6.3.
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Figure 6.26 RANS prediction of shock waves structure close to the nozzle exit; test case 1 of Table 6.3
(100 μs ASOI).

Figure 6.27 shows the development of transient hydrogen jets for test cases 2–7 of Table 6.3
(contours based on mole fraction of hydrogen). Then Figures 6.28 and 6.29 show details of the shock
region close to the nozzle exit. Quantitative details of those are discussed below but it is immediately
clear that the straight nozzle (test case 7) led to lower penetration than the stepped one (test case 2)
from early on, as well as greater radial width, particularly for 25 and 50 s ASOI. Furthermore, the
LES results of the test case 4 illustrate the effect that the shock has on the radial expansion of the
hydrogen jet close to the nozzle in comparison to RANS (test case 2). The polyhedral grid of test
case 3 shows comparable penetration length and spreading rate to that of the case with hexahedral
cells (test case 2).
Figure 6.28 compares the RANS and LES ability to capture shock structures close to the nozzle exit
for the four different cases of the stepped injector (test cases 2, 4–6). A grey scale legend is used in
Figure 6.28(b) and 6.28(d) to offer better visualization of the shock structure (as done earlier in Figure
6.26 too). LES clearly predicted a more detailed shock behaviour than RANS (as also noticed for the
OpenFOAM® solver). Increasing the ambient pressure from 1.5 bar to 6 bar caused a lower flow
acceleration after the Mach disk. For all test cases the sonic condition occurred at the exit of the 0.2
mm inner hole of the stepped design. Figure 6.29 shows the Mach disk for the straight nozzle (test
case 7). As it was discussed earlier the height of the Mach disk can be calculated using the empirical
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relation presented in Equation 2.12. For the pressure ratio of ~67 of test case 7 in Figure 6.29, the
height of the Mach disk Hdisk is calculated to be ~5.5 times greater than the nozzle diameter (D = 0.2
mm). This is very close to the height obtained from the current computational study as shown Figure
6.29.

The width of the Mach disk (Wdisk) can also be estimated using a similar empirical relation to

Equation 2.12 as discussed earlier but with a different constant Cw (not 0.67) which is highly

dependent on the NPR (Vuorinen et al., 2013). For nitrogen, the value of Cw increases significantly
by increasing the NPR value; for instance, when the pressure ratio increased from 4 to 8, Cw increased
from 0.15 to 0.7 as reported by Vuorinen et al. (2013). As it can be seen in Figure 6.29, the Mach disk
is ~4 times wider than the inner nozzle diameter of D = 0.2 mm, therefore, for a pressure ratio of
~67, the coefficient Cw would have a value of ~0.49 for hydrogen. This is in qualitative agreement
with the results of an under-expanded argon jet reported by Scarcelli et al. (2012).

Figure 6.28 illustrates that the existence of the step, restricted the jet’s expansion in the radial direction
and reduced the width of the Mach disk to a level smaller than the inner diameter. Comparison
between Figures 6.28 and 6.29 shows that the stepped design also reduced the height of the disk to
almost half of the height that the Mach disk would have in the same pressure ratio with the straight
nozzle design. Figure 6.30 compares hydrogen’s tip penetration for test cases 2–7 (0.1% hydrogen
mole fraction was as tip threshold). It can be observed that the stepped nozzle of Test Case 2 led to
higher penetration than that of the straight nozzle of test case 7. This was attributed to the
significantly higher radial expansion of the latter case in the absence of the restrictive step as can also
be seen in Figure 6.27. Specifically, the restriction of the Mach disk dimensions and particularly its
width by means of the step profile resulted in more axially concentrated jet and consequently higher
tip penetration compared to the jet issued from the simple orifice.
It is also clear that the LES calculation of test case 4 predicted shorter penetration than the same case
simulated by RANS (test case 2), especially from 50 μs ASOI. This case corresponded to a pressure
ratio in excess of 65. In contrast when comparing test case 5 (RANS) and test case 6 (LES) with a
pressure ratio of ~17, the penetration of LES was larger than that of RANS. This difference in
penetration behaviour between test cases 2 and 4, and 5 and 6 is believed to stem from shock
phenomena related to pressure ratio. For the lower pressure ratio, the Mach number of RANS after
the first shocks decayed steadily to subsonic values, whilst for LES it remained steadily supersonic
for the first 40D (8 mm). For the larger pressure ratio, RANS predicted the same number of shocks

to that of LES; however, the effect weakened after ~30D (6 mm). The lower penetration by LES on
this occasion was attributed to the increased radial expansion of the jet close to the nozzle. The lower
pressure ratio leads to weaker shocks and smaller jet tip vortices, hence a weaker effect on the jet’s

expansion in radial direction. Different level of jet flapping captured by LES might as well contribute
to the aforementioned differences in jet tip penetrations.
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RANS

RANS

LES

RANS
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Figure 6.27 RANS and LES of hydrogen injection using straight and stepped injectors.
(a): test case 7. (b): test case 2. (c): test case 3. (d): test case 4. (e): test case 5. (f): test case 6.
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Figure 6.28. (a) and (b) LES, Left: test case 4, Right: test case 6; (c) and (d) RANS, Left: test case 2,
Right: test case 5.
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Figure 6.29. Shock Structure close to the nozzle exit for the straight nozzle; test case 7.
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Figure 6.30 Hydrogen jet penetration; test cases 2–7.

6.5 Summary
In the present chapter first capability of RANS turbulence modelling technique in reproducing key
characteristics of under-expanded jets was examined and compared to that of LES using the newly
developed high order accurate OpenFOAM® solver. Then the effects of the spatial resolution on
flow behaviour of under-expanded jets were studied using the aforementioned RANS framework.
Additionally, a comparative study was conducted on the effects of various nozzle designs including
nozzles with various length to diameter ratios and exit profiles including conical exits. Finally,
characteristics of under-expanded hydrogen jets issued from a ‘step nozzle’ (comparable to those of
conventional GDI injectors) were studied and compared to those of jets issued from simple orifice
nozzles using both RANS and LES within the STAR-CCM+® framework. The main conclusions of
the present chapter can be summarised as follows:


On an identical spatial resolution with the newly developed high order accurate OpenFOAM®
solver, LES predicted stronger Mach reflection and centreline shocks which resulted in wider
subsonic regions after each shock compared to those of RANS.



RANS was able to predict similar results to those of LES in terms of penetration length and
spreading rate of an under-expanded jet issuing from a millimetre-size nozzle.



It was found that key characteristics of under-expanded jets with respect to application in gaseous
IC engines such as penetration length and spreading rate can be predicted with a reasonable
accuracy by means of RANS and on a relatively medium spatial resolution such as D/20 close to
the nozzle exit.



It was found that reducing the length of the straight section of a nozzle by 50% resulted in slightly
higher level of under-expansion i.e. 2.6% higher pressure at the nozzle exit and consequently
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~1% higher mass flow rate. It was concluded that reducing the nozzle diameter by 50% while
keeping its length constant would result in a reduction of ~75% in mass flow rate.


It was found that a shorter nozzle would result in lower in-nozzle pressure drop and consequently
higher level of under-expansion ratio. This higher level of under-expansion resulted in a higher
mass flow rate, Mach disk height and fully expanded Mach number which consequently resulted
in higher jet tip penetration. At t = 200 μs the nozzle with 50% shorter length resulted in a higher
penetration length by ~6%, specifically, 30.6 mm compared to 28.8.





It was found that the jet issued from a nozzle with diameter of D = 0.7 mm penetrated ~28%
lower than the jet issued from a nozzle with the same length but a diameter of D = 1.4 mm.

It was concluded that at a constant NPR value lower ln/D would result in relatively higher
penetration length of under-expanded fuel jets which is desirable for IC engine-related

applications by enhancing the rate of air-fuel mixing. It was also concluded that increasing the
nozzle exit diameter as long as existence of an issuing under-expanded jet passed the nozzle exit
is guaranteed (and on condition that complies with engine design restrictions) would result in
more desirable fuel jet by providing significant enhancement in the jet tip penetration and
consequently air-fuel mixing.


It was found that with a conical profile over-expanded jet showed a smaller pentation length and
slightly larger cone angle compared to those of a jet issued with similar NPR value from a simple
straight orifice. Also, it was concluded that with a conical nozzle profile if an under-expanded jet
forms after the nozzle exit a fairly higher penetration length could be expected compared to a jet
issued for a straight nozzle with similar NPR value.



It was found that polyhedral cells could produce comparable results in terms of jet tip penetration
and spreading rate to those predicted on a hexahedral grid.



It was found that a step design of nozzle could restrict the width of the Mach disk and
consequently reduce the radial expansion of the jet. This would result in higher jet tip penetration
compared to a jet issuing from a simple orifice with exit diameter comparable to the inner hole
of the step nozzle.
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Chapter 7:
In-Cylinder Flow Characteristics
In the present chapter the computational methodology developed within the STAR-CCM+®
framework for modelling the in-cylinder flow of advanced IC engines is discussed. Computational
results of the in-cylinder flow (non-fuelled) of a 4-valve pent-roof engine is compared and validated
against experimental PIV and LDV data. The effect of losses due to blow-by and wall thermal
condition on the in-cylinder pressure trace and flow-field are investigated. Performance of various
RANS turbulence modelling techniques (k-ε, Realizable k-ε and k-ω) in addition to the LES WALE
model in reproducing the in-cylinder engine flow is studied. Dependency of the in-cylinder flow
characteristics to the intake boundary condition is evaluated by using a time-varying intake mass flow
rate (obtained from 1-D modelling) and a fixed pressure intake condition. It is also attempted to shed
more light on the formation and evolution of tumbling motion in advanced pent-roof engines by
examining characteristics of flows around the intake valves and their interactions.

7.1 Methodology
7.1.1 Optical Engine
Computational study of the present chapter was performed on the geometry of a single cylinder
optical engine designed and manufactured by MAHLE Powertrain Ltd and debugged and developed
within the Internal Combustion Engines and Fuel Systems Group at UCL. A horizontal view into
the pent-roof and combustion chamber of this engine through the optical liner is shown in Figure
7.1. Moreover, piston ring pack may be observed in this figure. It is worth mentioning that the rings
for this engine are made of Torlon in order to provide adequate sealing and wear resistance in nonlubricated operation with the optical liner (Malcolm, 2015).
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Key specifications of the aforementioned single-cylinder optical engine are tabulated in Table 7.1. It
should be noted that in the present thesis 0° Crank Angle (0° CA) corresponds to intake TDC and
crank angle timings are mainly presented with respect to that as° CA After intake TDC (ATDC). The
valve timing events along with experimental examples of pressure traces for intake and exhaust
runners and an example of a motored in-cylinder pressure trace along with a fired gasoline trace can
be found in Appendix E (Malcolm, 2015).

Figure 7. 1 Single cylinder optical engine; view into pent-roof through optical liner.
Table 7. 1 Pent-roof engine specifications.

Bore [mm]
Stroke [mm]
Compression Ratio
Intake Valve Timing
Exhaust Valve Timing
Engine Speed

82.5
88.9
9.8:1
Opens 711° CA ATDC (IVO), Closes 235° CA ATDC (IVC)
Opens 478° CA ATDC (EVO), Closes 718° CA ATDC (EVC)
1000 and 1500 RPM

7.1.2 Computational Test Cases
Computational test cases conducted in order to study non-fuelled in-cylinder flow in the present
study are summarized in Table 7.2. Simulations were mainly at 1500 engine RPM but a test case was
also conducted with 1000 RPM in order to examine the effect of engine RPM on in-cylinder flow
characteristics. The effect of the intake boundary condition on the flow characteristics were studied
by applying two different intake conditions, specifically a mass flow rate BC obtained from 1-D
modelling and a fixed pressure BC of 0.5 bar. The effect of the wall thermal specification was also
evaluated by considering both adiabatic and fixed temperature (20 °C) walls. Moreover, performance
of various RANS turbulence models (including k-ε, realizable k-ε and k-ω) in addition to the WALE
LES technique in reproducing the complex in-cylinder flow of advanced pent-roof IC engines were

investigated. Two simulations with ‘blow-by’ modelling (with both adiabatic and fixed temperature
walls) were conducted in order to evaluate the effect of the crevice loss on the in-cylinder flow
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characteristics. Effect of a relatively finer spatial resolution (0.6–0.7 cell size compared to 0.8–0.9) on
the in-cylinder flow characteristics was also studied.
Table 7. 2 Test cases examined for cold in-cylinder flow studies.

No.

Engine
RPM

1

1500

2

1500

3

1500

4

1500

5

1500

6

1500

7

1500

8

1500

9

1500

10

1000

11

1500

Intake
Condition
GT Power
Mass Flow
GT Power
Mass Flow
GT Power
Mass Flow
GT Power
Mass Flow
GT Power
Mass Flow
GT Power
Mass Flow
GT Power
Mass Flow
Fixed 0.5
bar
Fixed 0.5
bar
Fixed 0.5
bar
GT Power
Mass Flow

Intake
Temperature

Wall
Condition

Turbulence
Model

20 °C

Adiabatic

20 °C

Fixed 20
°C

k-ε

20 °C

Adiabatic

20 °C
20 °C
20 °C

Fixed 20
°C
Fixed 20
°C
Fixed 20
°C

25 °C

Adiabatic

25 °C

Adiabatic

25° C

Adiabatic

25 °C

Adiabatic

20° C

Fixed 20
°C

7.1.3 Engine Grid and Computational Setup

k-ε
k-ε
k-ε

k-ε
Realizable
k-ω
k-ε
k-ε
k-ε
k-ε

WALE

Spatial
Resolution
0.8 – 0.9
mm
0.8 – 0.9
mm
0.8 – 0.9
mm
0.8 – 0.9
mm
0.8 – 0.9
mm
0.8 – 0.9
mm
0.8 – 0.9
mm
0.8 – 0.9
mm
0.6 – 0.7
mm
0.8 – 0.9
mm
0.8 – 0.9
mm

Blow-By
Yes
Yes
No
No
No
No
No
No
No
No
No

As discussed in chapter 3 for IC engine simulations a new dynamic grid handling technique and
computational framework were developed within STAR-CCM+®. Figure 7.2 shows the
computational domain and also horizontal and vertical cross sections of its grid used in the current
study. For non-fuelled in-cylinder flow modelling a grid resolution in range of 0.8 – 1.0 was mainly
used throughout the engine volume, however, a great effort was put in order to make sure that at
least 5 cells resolved any narrow gap specifically during the valve opening and closure events (gap
between valve and its seat) and when the piston was at the TDC (gap between the piston and fire
face). Also, a prism layer with three cells in thickness and 0.5 mm thickness was applied on all
stationary and moving parts.
The above-mentioned grid resolution used in the current study was within the range that has been
suggested for this type of simulation in the recent literature for both RANS and LES studies (Nomura
et al., 2004; Goryntsev, 2007; Vermorel et al., 2007, 2009; Goryntsev et al., 2009, 2010; Lacour et al.,
2009; Vitek et al., 2012; Baumann et al., 2014). However, effects of employing a relatively finer spatial
resolution was also investigated. Specifically, test case 8 of Table 7.2 was repeated on a finer grid with
a global cell size of 0.6–0.7 mm (test case 9). These two spatial resolutions are referred to as medium
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and fine grids throughout this thesis. The fine grid had a maximum total number of cells of ~3.2 M
cells (at BDC) ~1.8 times more than that of the original grid with a maximum total number of cells
of ~1.7 M cells. Figure 7.3 compares the velocity vectors on the central tumble plane between the
aforementioned test cases at 90°, 180° and 230° CA ATDC. Additionally Figure 7.4 compares
variations of the velocity components and TKE between the two spatial resolutions during the intake
and compression strokes on a measurement position located at the centre of the engine 10 mm below
its fire face. Furthermore, Figure 7.5 compares profiles of the velocity components and TKE between
the medium and fine grids at 180° CA ATDC on various measurement positions located 10 and 50
mm below the fire face on the vertical tumble plane (highlighted in the 180° CA ATDC snapshot of
Figure 7.3).

Figure 7. 2 (a): Computational domain during intake stroke. (b): Intake valve section plane of the
computational grid with a zoomed view. (c): Vertical tumble plane of the computational domain. (d):
Horizontal plane 10 mm below the TDC (fire face).
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Figure 7. 3 Velocity field on the vertical tumble plane; comparison between different spatial resolutions
(test cases 8 and 9 of Table 7.2).
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Figure 7. 4 Variation of the velocity components and TKE during the intake and compression strokes
at the 0 mm position of the 10 mm measurement line. Comparison between grids with different spatial
resolutions.

180° CA ATDC
10 mm

180° CA ATDC
50 mm

180° CA ATDC
10 mm

180° CA ATDC
50 mm

Figure 7. 5 Velocity component and turbulent kinetic energy on the 10 mm probe line; comparison
between different spatial resolutions.

It was found that both spatial resolutions exhibited comparable in-cylinder flow structures as shown
in Figure 7.3. This can also be seen from the time variation of the velocity components plotted in
Figure 7.4. Specifically, during the intake stroke and up to around 120° CA the fine grid exhibited
higher level of velocity component fluctuations compared to those of the grid with medium
resolution. After 120° CA and particularly after 150° CA when the valve flows became weak (since
the intake valves travelled almost a third of their way towards the complete closure) and during the
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compression stroke both grids exhibited almost similar velocity components variations. This was
attributed to the fact that the significant valve flows during the first portion of the intake stroke were
resolved more accurately on the grid with finer spatial resolution. However, the finer grid showed
slightly higher in-cylinder velocity magnitudes. This can be observed clearly around the tumble vortex
eye in Figure 7.3. Also, at 320° CA ATDC on the 0 mm positon of the 10 mm line the w component
of the fine grid was found to be ~5% higher than that of the grid with medium spatial resolution. In

this specific position, however, the difference between u and v components were found to be less
than 1.0% on those grids.

Larger fluctuations with relatively higher peak values were noticed for the TKE during the intake
stroke and up to 180° CA ATDC on the fine grid compared to those observed for the medium grid
as shown in Figure 7.4. This was also attributed to the difference in resolving the intake valve flows
between the two grids. However, similarly to the velocity components, during the compression stroke
where the valve flows were weak both grids exhibited comparable variations of TKE with the fine
grid had up to ~10% higher values. This could also be seen in profiles plotted in Figure 7.5 where
very close behaviour was noticed between both spatial resolutions in terms of velocity and TKE
profiles at 180° CA ATDC. From Figure 7.4 it can be seen that at around 300° CA ATDC, TKE
increased at the measurement position for both cases which was attributed to some level of tumble
break-down as discussed in chapter 2. At 320° CA ATDC the fine grid reached a peak TKE value of
11 m2/s2 around 15% higher than that of the medium grid.
In general, it was noticed that both spatial resolutions exhibited very close in-cylinder flow structures,
velocity magnitudes and TKE levels particularly during the compression stroke. Although slight
differences were observed between those cases, the medium spatial resolution with 0.8–0.9 global
cell size was selected for the non-fuelled in-cylinder flow studies of the current chapter. This decision
was taken based on several elements including: spatial resolutions suggested and employed in the
recent literature for this type of flow, comparable structures of the flow fields predicted by the
different spatial resolutions studied here, satisfactory outcomes of comparisons conducted against
PIV/LDV data (as will be discussed later in this chapter), and also the computational power available
at the time of this study. However, it should be noted that the in-cylinder flow does not play a
noticeable role in in-cylinder mixing of under-expanded hydrogen fuel jets mainly due to the high
velocity and consequently momentum of the fuel jet as discussed in chapter 2. Also, in the present
study much finer grid resolutions resolved the combustion chamber for the fuelled in-cylinder flow
studies compared to the current medium resolution as will be discussed in chapter 8.
Finally, it should be noted that a time step of 0.1° CA was used during the main part of the simulation
except during the valve opening/closure events where a time step of 0.05° CA was employed. Also,
as discussed in chapter 3 the segregated solver of STAR-CCM+® was used for the engine simulations
with second-order temporal and spatial discretizations.
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7.1.4 Blow-By Modelling
Some research engines particularly those with optical access may have substantial air leak from their
piston rings due to the lack of lubrication and also restrictions in using robust compression rings.
This can also happen in conventional IC engines and is normally categorized as a certain type of loss
that is called ‘crevice’ loss or ‘blow-by’ loss. Various mathematical models have been suggested in
order to estimate cylinder mass reduction due to the blow-by mainly for thermal engines and not
optical types (Hawas and Muneer, 1981; Namazian and Heywood, 1982; Kurbet and Kumar, 2007;
Verhelst. Sheppard, 2009; Aghdam and Kabir, 2010; Rakopoulos et al., 2011b; Hountalas et al., 2014).
A common approach to model the blow-by effect is to introduce an equivalent discharge clearance
between the cylinder/liner and the piston ring and then applying isentropic compressible flow
relations to estimate mass flow rate on the clearance area (Rakopoulos et al., 2011b). The ring motion
and the precise geometry of the ring-pack can also be taken into account using advanced models such
as a model developed by Namazian and Heywood (1982).
Experimental studies on the UCL optical engine showed existence of noticeable blow-by (Malcolm
et al., 2011; Behringer, 2014; Malcolm, 2015). However, since special piston rings were used (see
Figure 7.1) and also due to the lack of lubrication under optical operation, applying the
aforementioned crevice models may not be appropriate. Therefore, in the present computational
work in order to study the blow-by effects a discharge ring-shape area was applied between the liner
and piston. Then a time dependent mass flow rate was applied on this area (to deduct mass from the
cylinder) with a profile originally calculated by a 1-D modelling within GT-Power (provided by
MAHLE Powertrain Ltd). It should be noted that the blow-by modelling was only applied during the
compression stroke and depends on the engine wall conditions different mass flow rate blow-by
profiles were used which is discussed later in the current thesis. Temperature at this blow-by boundary
condition was updated automatically based on the in-cylinder temperature. Two cells with 0.5 mm
size in addition to the prism layer of the liner wall were used to resolve the blow-by boundary
condition. It should be noted that applying more cells required a noticeably finer global spatial
resolution which was not practical due to the limited computational power available. It should be
noted that a relatively small time of 0.01 CA (~ 1.1 μs at 1500 engine RPM) was applied for
simulations with blow-by modelling in order to maintain high accuracy and stability.

7.2 Comparison with Experiment
7.2.1 10 mm Horizontal Plane
Test case 3 of Table 7.2 was used to make an initial comparison between the performance of the
current computational framework and PIV observations obtained previously at UCL (Malcolm et al.,
2011; Malcolm, 2015). Figure 7.6 compares vector fields of CFD and PIV on a horizontal plane 10
mm below the engine fire face. This figure also includes CFD vorticity filed in the Z direction with
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positive and negative values denoting counter clockwise and clockwise rotation of the flow field,
respectively. It should be noted that in the current thesis the intake side of the engine is on the top
of the figures showing a horizontal plane (see Figure 7.2). At 40° CA ATDC both CFD and PIV
exhibited a narrow central stream directed from intake side (top) towards the exhaust side (bottom)
of the horizontal plane. The flow behaviour was quite complex and existence of four counter rotating
vortices was evident in both CFD and PIV. Velocity field ranged from 0 to ~20 m/s in both CFD
and PIV, however, CFD showed wider region with velocity magnitudes in order of 20 m/s. The
observed complex flow behaviour was most probably originated from the impingement of two
distinct valve flows returning from the intake and exhaust sides of an intake valve and also collision
of valve flows originated from two adjacent intake valves. This is examined further in the current
chapter. At 60° CA ATDC both CFD and PIV showed a noticeable returning flow from the exhaust
side to the intake side while the central intake to exhaust stream still existed. Up to 80°CA ATDC
the flow was remained highly disturbed which was attributed to the existence of strong valve flows
and high level of momentum exchange. Although there was a difference in the location of the vortices
between CFD and PIV but the computational results predicated the number of vortical structures
and their rotational directions quite similar to those observed by PIV. From 80° CA ATDC to the
end of the intake stroke (180° CA ATDC) flow was fairly stable and velocity fields reached maximum
values ~10 m/s in both CFD and PIV. This was due to the fact that after 80° CA ATDC intake
valves reached their maximum lifts gradually and therefore valve flows became relatively slow and
had small effect on the bulk in-cylinder flow. At 180° CA ATDC two distinct vortices could be seen
in either sides of the symmetry plane in both CFD and PIV. Although CFD predicted similar
rotational direction to PIV for the aforementioned vortices (see the vorticity snapshot) but these
vortices were located noticeably closer to the centre of the combustion chamber in CFD compared
to PIV. During the compression stroke the vortical structures became weaker as can be seen from
the vorticity contours of Figure 7.6 as also predicted by PIV (Malcolm et al., 2011; Malcolm, 2015).
It was noticed that during the second portion of the compression stroke flow field became more
uniform and CFD flow field became closer to that of PIV as could be seen at 320° CA ATDC. It
was also noticed that rotational speed of the flow around the Z axis reduced significantly by moving
towards the TDC during the compression stroke which can be seen clearly in vorticity snapshots of
Figure 7.6.
A direct comparison between CFD and PIV based on the spatial distribution of turbulent kinetic
energy on the 10 mm horizontal plane is shown in Figure 7.7. At 40° CA ATDC the intake side of
the chamber exhibited high values of TKE, with peak values of ~150 and ~300 m2/s2 for CFD and
PIV, respectively. The spatial separation observed in both CFD and PIV was attributed to the
existence of high momentum incoming valve flows. At 60° CA ATDC TKE was seen to be more
evenly distributed between intake and exhaust sides in both CFD and PIV with one clear structural
similarity between calculation and measurements which was the appearance of a central shaft of
slightly higher levels of TKE than in other areas. This region exhibited a higher TKE value in CFD
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(~500 m2/s2) comparted to that of PIV (~300 m2/s2) which may be a result of faster flow
development in experiment. From 60° CA ATDC to 140°CA ATDC the high TKE central shaft
remained with relatively higher peaks in CFD compared to PIV. Also during the intake stroke CFD
predicted higher spatial values of TKE underneath of intake valves in comparison to PIV
measurements. These discrepancies might be due to the laser reflection from cylinder wall and also
measurement accuracy deterioration due to its curvature in PIV as also reported in the literature
(Nomura et al., 2004). During the compression stroke CFD exhibited more evenly distributed TKE
map compared to PIV with the highest values closer to the centre of the cylinder unlike the PIV
measurements which showed the highest values close to the intake side. From CFD results it was
noticed that during the early stages of the compression stroke the peak TKE value reduced (for
example from 15 m2/s2 at 230° CA ATDC to 10 m2/s2 at 270° CA ATDC) and then increased again
during the second portion of the compression stroke (15 m2/s2 at 320° CA ATDC). This latter
increase in the peak value of TKE might be due to occurrence of some level of tumble break-down
close to the TDC.

7.2.2 50 mm Horizontal Plane
Figure 7.8 compares velocity vectors of CFD and PIV on a horizontal plane located 50 mm below
the engine fire face. CFD vorticity contours in Z directions were also plotted in Figure 7.8. Existence
of two vortical structures is evident during the intake stroke in both CFD and PIV. These vortices
moved gradually from sides of the chamber to its centre from 140° CA ATDC to 180° CA ATDC
in both CFD and PIV. At 180° CA ATDC a good agreement was observed between the CFD and
PIV on the 50 mm horizontal plane both in terms of flow structures and velocity magnitudes (peak
velocity of ~6 m/s in both CFD and PIV). During the compression stroke comparable behaviours
were observed between CFD and PIV as can be seen clearly at 270° CA ATDC. However, CFD
exhibited a faster flow movement from the centre of the cylinder towards the intake side compared
to PIV which was attributed to the existence of a relatively stronger tumble motion in CFD. From
the vorticity contours of Figure 7.8 it can be observed that flow lost its rotational characteristics soon
after the BDC and during the compression stroke; this was attributed to the fast translational
movement of piston and also disappearance of the valve flows after the IVC.
Figure 7.9 compares spatial distribution of TKE between CFD and PIV on the 50 mm horizontal
plane. Lower level of spatial separation was observed in both CFD and PIV for the 50 mm plane
compared to that of the 10 mm plane. Similarly to the 10 mm plane for the 50 mm plane also a
reduction in TKE peak value was observed by moving from the intake stroke to the first portion of
the compression stroke. Peak TKE reduced from ~60 m2/s2 to ~17 m2/s2 by moving from 140° CA
ATDC to 270° CA ATDC.
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Figure 7. 6 Vorticity and velocity fields on the 10 mm horizontal plane; comparison between RANS and PIV (continued on next page).
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Figure 7. 6 Vorticity and velocity fields on the 10 mm horizontal plane; comparison between RANS and PIV (continued on next page).
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Figure 7. 6 Vorticity and velocity fields on the 10 mm horizontal plane; comparison between RANS and PIV (continued on next page).
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Figure 7. 6 Vorticity and velocity fields on the 10 mm horizontal plane; comparison between RANS and PIV.
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Figure 7. 7 Turbulent kinetic energy field on the 10 mm horizontal plane; comparison between RANS
and PIV (continued on next page).
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Figure 7. 7 Turbulent kinetic energy field on the 10 mm horizontal plane; comparison between RANS
and PIV (continued on next page).

290

In-Cylinder Flow Characteristics
TKE [m2/s2]

270ۜ° CA ATDC

20
18
16
14
12
10
8
6
4
2
0

TKE [m2/s2]

320° CA ATDC

20
18
16
14
12
10
8
6
4
2
0

Turbulent Kinetic Energy
(RANS k-ε)

Turbulent Kinetic
Energy (PIV)

Figure 7. 7 Turbulent kinetic energy field on the 10 mm horizontal plane; comparison between RANS
and PIV.
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Figure 7. 8 Vorticity and velocity fields on the 50 mm horizontal plane; comparison between RANS and PIV (continued on next page).
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Figure 7. 8 Vorticity and velocity fields on the 50 mm horizontal plane; comparison between RANS and PIV.
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Figure 7. 9 Turbulent kinetic energy field on the 50 mm horizontal plane; comparison between RANS
and PIV.

294

In-Cylinder Flow Characteristics

7.2.3 Vertical Tumble Plane
Figure 7.10 compares velocity vectors between CFD and PIV on the vertical tumble plane. During
the early stages of the intake stroke the flow was found to be dominated by strong valve flows in
both CFD and PIV with a relatively faster flow in CFD as can be seen in 60° CA ATDC snapshot
of Figure 7.10. Formation of a strong tumble motion is evident at 60° CA and 80° CA ATDC. CFD
was able to predict location of the tumble vortex centre (the tumble eye) close to what was measured
by PIV and also comparable to observations between CFD and PIV reported in the literature. For
instance, Baumann et al. (2014) reported similar difference between their averaged in-cylinder flow
fields and tumble characteristics obtained from LES and PIV (see Figure 2.27) to what was observed
in the current study between RANS and PIV as shown in Figure 7.10.
After 80° CA ATDC to 270°CA ATDC a significant portion of the chamber located outside of the
PIV area and it was not possible to make direct comparison between CFD and PIV. It was observed
that during the intake stroke by moving towards the BDC tumble centre moved clockwise from the
exhaust side of the engine towards the intake side (from right to left). It was also found that after
BDC tumble centre remained on the intake side very close to the centre of the chamber with an
almost constant distance from the piston crown. The tumble eye vanished by the time piston moved
half stroke into the compression (270° CA ATDC). Comparable flow structures were observed
between CFD and PIV within the second portion of the compression stroke with higher peak
velocities for CFD compared to those measured by PIV particularly in regions close to the pent-roof.
For example at 320° CA ATDC, CFD exhibited a peak velocity of ~8 m/s compared to 6.5 m/s
measured by PIV.
Figure 7.11 shows the spatial distribution of turbulent kinetic energy predicted by CFD on the vertical
tumble plane during the intake and compression strokes. The corresponding PIV data of this is
included in Appendix F. At 60° CA ATDC similarly to PIV, CFD showed a region with high TKE
values located at the middle of the chamber towards the intake valve. However, significantly lower
peak TKE value was predicted by CFD compared to that of PIV, specifically, ~500 and 1000 m 2/s2
for CFD and PIV, respectively. After this point until BDC both CFD and PIV predicted a ‘crescent’
shape region in the middle of the chamber with comparable peak TKE values in order of 150 m 2/s2.
It was noticed that during the compression stroke by moving towards the TDC, TKE predicted by
CFD deviated from the TKE measured by PIV both in terms of spatial distribution and peak values.
At 320° CA ATDC a maximum TKE value of ~18 m2/s2 was predicted by CFD while PIV
measurements showed a peak value of ~ 80 m2/s2.
Comparison between CFD and PIV on the horizontal planes and also the vertical tumble plane
showed a relatively good agreement with comparable structures in terms of both velocity field and
spatial distribution of TKE. The next section provides more quantitative comparison between CFD
and PIV and also LDV measurements based on both velocity components and TKE.
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Figure 7. 10 Velocity field on the vertical tumble plane, comparison between RANS and PIV
(continued next page).
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Figure 7. 10 Velocity field on the vertical tumble plane, comparison between RANS and PIV.
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Figure 7. 11 Turbulent kinetic energy field on the vertical tumble plane predicted by RANS (k-ε).
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7.2.4 Velocity and TKE comparison with PIV and LDV
Velocity components and turbulent kinetic energy were obtained previously by PIV and LDV
techniques on a line 10 mm below the fire face of engine (see Figure 7.3) and reported by Malcolm
et al. (2011), Behringer (2014) and Malcolm (2015). Figure 7.12 shows a direct comparison between
results of two RANS simulations, with different intake conditions (test cases 3 and 8 of Table 7.2),
with PIV and LDV data at 0 mm position of the 10 mm measurement line. Intake mass flow rate
associated with test case 3 was also superimposed to aid interpretation of the data. Similarly to Figure
7.12, Figures 7.13 and 7.14 show variations of velocity components on various positions on the 10
mm measurement lines for the intake and exhaust sides of the engine chamber, respectively.
However, it should be noted that in the latter Figures v component (perpendicular to the vertical
tumble plane) of the velocity vector was removed since its variation was found to be minute as could

be seen in Figure 7.12. This was done in order to provide clearer visualisations of variations of the
other more important velocity components. Similarly to the velocity components variation of TKE
on various positions on the 10 mm measurement line was also plotted in Figures 7.15 and 7.16 for
the intake and exhaust sides of the engine chamber, respectively. In Figures 7.12–7.16 two cases with
standard k-ε model but one with a mass flow rate intake and the other one with a 0.5 bar constant
intake conditions are compared against PIV and LDV data. Further comparisons between these two
test cases are also provided later in this chapter.
It was found that unlike the CFD case with fixed 0.5 bar intake both velocity components of the
CFD case with time-varying mass flow rate intake exhibited a sinusoidal-type (periodical) behaviour
on both intake and exhaust side measurements particularly during the intake stroke. This was
attributed to the sinusoidal mass flow rate imposed that can be seen in Figures 7.12–7.14. However,
the fluctuation of u component of velocity reduced gradually on the intake side by moving towards

the cylinder liner and almost vanished at the 20 mm position. On the other hand on the exhaust side
of the engine both velocity components kept their sinusoidal behaviour in all positions probed. This
was attributed to the strong flow from the upper surface of the intake valves that had sinusoidal
behaviour (due to the intake condition) and affected the exhaust side of the engine significantly. PIV
and LDV velocity components also exhibited some level of periodicity particularly on the exhaust
side and mainly for the w component of the velocity vector. It was noticed that the influence of the

mass flow inlet on the u component was more noticeable on the exhaust side compared to the intake

side. Specifically, on the exhaust side the curve of u component exhibited similar behaviour to that
of the mass flow rate with two distinct peaks at around -290° CA and -230° CA ATDC but with an
almost constant 5° CA phase lag in all positions measured.
During the initial crank angles of the intake stroke (let’s say up to around -310° CA ATDC) and for
both intake and exhaust measurement locations the CFD case with mass flow rate intake exhibited
noticeably higher magnitudes for both components of velocity compared to those of experiments
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and the CFD with fixed pressure intake BC. After this point and up to around -240° CA ATDC when
the intake valves were around their maximum lift, the w component of velocity in PIV and LDV
exhibited perceptible level of fluctuation in both intake and exhaust side with more intensity on the
former side. On the other hand the CFD case with 0.5 bar BC did not show any level of fluctuation
for the w component (and also the u component) during the intake stroke. These observations
confirmed that the fluctuations were entirely due to the periodicity of the incoming valve flows and

the valves motions did not play any role. From -220° CA ATDC both u and w components of
velocity of the 0.5 bar intake CFD case started following the PIV and LDV values. The close
agreement between the latter CFD case with PIV and LDV data continued during the compression
stroke and for all positions probed and with greater agreement between the u components. The
sinusoidal behaviour of the CFD case with mass flow inlet vanished at around -200° CA ATDC (due

to the weakening of the valve flows) and during the compression stroke it exhibited a closer trend to
the experimental data (and the CFD with 0.5 bar intake) for both u and w components. However,
similarly to the intake stroke it also showed slightly higher velocity magnitudes during the
compression compared to other cases studied.
With respect to TKE it was found that during the intake stroke and up to -200° CA ATDC CFD
produced very small values on both intake and exhaust measurement positions which were not
comparable to those of PIV and LDV. However, there was an exception for this during the first
portion of the intake stroke in which the CFD case with mass flow rate intake produced high TKE
values within 0–8 mm on the intake side and all exhaust side measurement positions (see Figures
7.15–7.16). This was also noticed on the TKE contours on the horizontal and vertical plane as shown
in Figures 7.7, 7.9 and 7.11 and was attributed to the periodic intake mass flow rate and its associated
velocity fluctuations which could contribute to the TKE production. Specifically, at around -290° CA
where the mass flow rate profile had a minima (see Figure 7.12) the TKE profile of the CFD case
with mass flow rate intake BC reached to a small value comparable to that of the CFD case with 0.5
bar intake. After this point a slight rise in TKE magnitude was noticed again for the case with mass
flow BC which was due to rise in mass flow rate profile as can be seen in Figure 7.12. However, since
the inlet valves reached to their maximum peak around -250° CA ATDC and valve flows became less
significant, TKE did not turn back to the initial high values and in both measurement sides it reached
a maximum of ~50 m2/s2 at around -210° CA ATDC. Based on this observation and the fact that
the CFD with fixed 0.5 bar intake showed very low level of TKE during the intake stroke, it was
concluded that the main production source of the TKE during the intake stroke was the sinusoidal
behaviour of the intake flow. During the compression stroke and particularly after around -140° CA
(when the intake valves were about close) to the TDC all CFD and experimental cases exhibited
comparable TKE values. This was attributed to the fact that the valve flows were diminishing (or
diminished completely) and characteristics of the in-cylinder TKE was only affected by the
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translational motion of the piston. Similarly to the intake stroke, in most measurement positons, the
CFD case with fixed 0.5 bar intake exhibited the lowest level of TKE during the compression stroke.
During the compression stroke a rise in TKE value could be seen from -70° CA ATDC to -40° CA
ATDC particularly on the intake side measurement positions which was more evident for the LDV
data and also CFD with mass flow intake BC. Within the aforementioned crank angle degrees it can
be since that the u component of the velocity vector followed a decreasing trend as can be seen in
Figures 7.13–7.14. These observations could be linked with some degree of tumble break-down close
to the TDC as also seen in Figure 7.4.
Based on the observations of the current section it was concluded that a constant pressure intake
may not be able to provide fluctuating behaviour of in-cylinder flow and more importantly in-cylinder
level of TKE accurately. On the other hand the mass flow rate intake used in the present study overpredicted in-cylinder velocity field and its fluctuation particularly during the first portion of the intake
stroke. However, it was found to be necessary to apply a time varying intake BC in order to obtain a
comparable level of TKE to the experimental measurements particularly close to the TDC. This
clearly shows the importance of the boundary condition on the in-cylinder flow characteristics and
its evolution. However, it should be noted that within the objectives of the current study and with
respect to DI hydrogen injection the in-cylinder flow would not play significant role in air-fuel mixing
process mainly due to the high momentum of supersonic fuel jets and also a SOI timing after IVC as
discussed extensively in chapter 2. Therefore, unlike the mixture formation in gasoline engines, the
use of a fixed pressure intake BC could be justified for modelling mixture formation in DI hydrogen
engines in which the injection normally occurs after the intake valve closure.

Figure 7. 12 Velocity components at 0 mm position of 10 mm measurement line. Comparison between
CFD and PIV/LDV data.
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Figure 7. 13 Velocity components during intake and compression strokes at different positions on the intake side of the 10 mm measurement line. Comparison between CFD,
PIV and LDV (continued on next page).
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Figure 7. 13 Velocity components during intake and compression strokes at different positions on the intake side of the 10 mm measurement line. Comparison between CFD,
PIV and LDV (continued on next page).
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Figure 7. 13 Velocity components during intake and compression strokes at different positions on the intake side of the 10 mm measurement line. Comparison between CFD,
PIV and LDV (continued on next page).
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Figure 7. 13 Velocity components during intake and compression strokes at different positions on the intake side of the 10 mm measurement line. Comparison between CFD,
PIV and LDV.
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Figure 7. 14 Velocity components during intake and compression strokes at different positions on the exhaust side of the 10 mm measurement line. Comparison between CFD,
PIV and LDV (continued on next page).
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Figure 7. 14 Velocity components during intake and compression strokes at different positions on the exhaust side of the 10 mm measurement line. Comparison between
CFD, PIV and LDV (continued on next page).
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Figure 7. 14 Velocity components during intake and compression strokes at different positions on the exhaust side of the 10 mm measurement line. Comparison between CFD,
PIV and LDV.
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Figure 7. 15 Turbulent kinetic energy during intake and compression strokes at different positions on
the intake side of the 10 mm measurement line. Comparison between CFD, PIV and LDV (continued
on next page).
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Figure 7. 15 Turbulent kinetic energy during intake and compression strokes at different positions on
the intake side of the 10 mm measurement line. Comparison between CFD, PIV and LDV (continued
on next page).
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Figure 7. 15 Turbulent kinetic energy during intake and compression strokes at different positions on
the intake side of the 10 mm measurement line. Comparison between CFD, PIV and LDV.
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Figure 7. 16 Turbulent kinetic energy during intake and compression strokes at different positions on
the exhaust side of the 10 mm measurement line. Comparison between CFD, PIV and LDV (continued
on next page).

312

24 mm Exhaust Side

20 mm Exhaust Side

12 mm Exhaust Side

In-Cylinder Flow Characteristics

Figure 7. 16 Turbulent kinetic energy during intake and compression strokes at different positions on
the exhaust side of the 10 mm measurement line. Comparison between CFD, PIV and LDV.
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7.3 Wall Thermal Condition and Blow-By
Test cases 1 and 2 of Table 7.2 were used in order to examine the effect blow-by loss on the incylinder flow characteristics. Figure 7.17 shows the mass deducted from the cylinder in the case of
adiabatic and fixed 20° C walls (during the compression stroke) in order to make their in-cylinder
pressure trace comparable to that of the optical. Figure 7.18 shows the in-cylinder pressure traces of
the various computational cases studied here in comparison to the optical engine. It is clear that a
lower amount of mass should be removed from the cylinder in order to bring the peak pressure of
the computational case with 20° C wall temperature (~9.6 bar) to the peak pressure of the optical
engine (~8.9 bar) compared to the case with adiabatic walls which had a peak pressure of ~10.9 bar.

Figure 7. 17 Cylinder mass reduction due to blow-by.

Figure 7. 18 In-cylinder pressure trace during the compression stroke.

Figures 7.19 and 7.20 compare velocity fields of the aforementioned computational cases with blowby modelling against PIV measurements on the vertical tumble plane and the 10 mm horizontal plane.
Direct comparison between the latter figures and Figures 7.6, 7.8 and 7.10 revealed that the added
blow-by model did not change the in-cylinder flow field significantly in terms of flow structures. This
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was also suggested by other researchers (Rakopoulos et al., 2011b). However, a lower peak velocity
magnitude (~ 1.0 m/s lower) was observed for the cases with blow-by particularly at 320° CA ATDC
on both vertical and horizontal planes. In fact, close to the TDC the peak velocities of the cases with
blow-by modelling were closer to the PIV measurements compared to the cases without blow-by
modelling.
Profiles of velocity components and TKE on the 10 mm measurement line for the CFD cases with
blow-by and without blow-by (test cases 1–3 of Table 7.2) were compared with PIV and LDV data
at 310° CA ATDC as shown in Figure 7.21. In terms of the velocity magnitude all CFD cases followed
similar trends to those of the experiments however, with noticeable difference in magnitude. For the
w component a closer agreement was found between the CFD and PIV rather than CFD and LDV.

The same trend was also observed for the u component particularity on the exhaust side (positive
values) of the engine. From the u component profiles of Figure 7.20 it can be seen that cases with
blow-by modelling predicted lower velocity magnitude on both intake and exhaust side of the engine
which was also observed from the velocity vectors of Figures 7.19–7.20.
Direct comparison between cases with blow-by modelling but with different wall thermal conditions
revealed that the case with 20° C wall temperature exhibited slightly higher magnitude of u and w
velocity components on the exhaust side compared to that of the case with adiabatic walls. On the
intake side, from around -7 mm position the case with adiabatic walls exhibited noticeably higher
values of w component to that of the case with fixed temperature walls. This was attributed to the
stronger effect of the blow-by on the case with adiabatic walls (see Figure 7.17) compared to the case
with fixed temperature walls. However, direct comparison between Figures 7.20 and 7.21 shows that
the difference between u and w components in terms of both magnitude and direction resulted in
almost similar velocity vectors and in-cylinder flow structurer between the CFD cases with blow-by
modelling as could be seen clearly in Figure 7.20.
With respect to TKE, Figure 7.21 revealed that on the exhaust side all CFD cases and LDV exhibited
comparable magnitudes. However, on the intake side a closer agreement was found between the
blow-by case with fixed wall temperature and LDV and the blow-by case with adiabatic walls showed
the lowest level of TKE. The maximum difference between the two CFD cases with blow by in terms
of TKE on the intake side was ~4.0 m2/s2. This was attributed to the fairly lower magnitude of the
dominant w component of the velocity vector on the intake side for the case with fixed wall
temperature as shown in Figure 7.21. Specifically, the latter case exhibited higher level of tumble

break-down and consequently lower velocity magnitudes and higher TKE values on the intake side
compared to the other CFD case. Since this difference increased by moving towards the cylinder liner
it might be concluded that the high level of instability imposed by the existence of a significant level
of temperature gradient caused the aforementioned behaviour and higher level of tumble break-down
of the case with fixed wall temperature.
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Figure 7. 19 Velocity field on the 10 mm horizontal plane; comparison between RANS models with blow-by and PIV.

316

In-Cylinder Flow Characteristics

U [m/s]

320° CA
ATDC

300° CA
ATDC

10
9
8
7
6
5
4
3
2
1
0

Velocity Vector (RANS k-ε)
Adiabatic Wall

Velocity Vector (RANS k-ε)

20° C Fixed Wall Temperature

Velocity Vector (PIV)

Figure 7. 20 Velocity field on the vertical tumble plane; comparison between RANS models with blow-by and PIV.

Figure 7. 21 Profiles of velocity components and turbulent kinetic energy on the 10 mm measurement line.
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7.4 Different Turbulence Models
7.4.1 RANS Modelling
In addition to the standard k-ε RANS model the performance of two additional major RANS

turbulence modelling techniques i.e. Realizable k-ε and k-ω SST in reproducing in-cylinder flow
characteristics were also investigated (test cases 5 and 6 of Table 7.2). Figure 7.22 compares velocity
vectors on the 10 mm horizontal plane for the three different RANS models all with 20° C wall
temperature (test cases 4–6 of Table 7.2). Similarly, Figure 7.23 compares velocity vectors of the
aforementioned test cases on the vertical tumble plane. Direct comparison between Figures 7.22–
7.23 and Figures 7.6 and 7.10 revealed that with a specific turbulence model (standard k-ε) changing
the wall thermal condition form adiabatic to 20° C (i.e. comparison between test case 1 and 4 of Table
7.2) did not produce noticeable difference on the in-cylinder flow in terms of both macroscopic
structures and spatial variation of velocity. This can also be seen in Figure 7.25 in which profiles of
the velocity components and TKE are plotted for various intake and exhaust side positions on the
10 mm measurement line.
It was found that Realizable k-ε model produced closer flow field to those of the standard k-ε model

on both horizontal and vertical planes when compared to the flow fields predicted by the k-ω model.
Locations of the vortical structures on the 10 mm horizontal plane were found to be in close

agreement between standard and Realizable k-ε RANS models. Additionally, on the vertical plane
the structure of the tumble and location of its eye were found to be predicted closely by the latter

turbulence models. However, it was found that the standard k-ε model predicted slightly higher peak

velocities (up to ~1.0 m/s) on both horizontal and vertical planes compared to the Realizable k-ε
model. However, it should be noted that on the vertical plane close to the TDC and at 320° CA

ATDC the standard k-ε model predicted a slightly lower value for the peak velocity (~1.0 m/s) in
comparison to the peak velocity predicted by the Realizable model. Moreover, the former model
showed wider regions with velocity magnitudes closer to the peak value compared to the Realizable
k-ε model as can be seen clearly on 80° CA – 230° CA snapshots of Figures 7.23.

k-ω model predicted noticeably different flow fields on both the vertical and the horizontal planes

compared to the aforementioned k-ε models. On the horizontal plane closest agreement between the

k-ω model and k-ε models was found to be around 140° CA ATDC during the intake stroke and

during the second portion of the compression stroke i.e. ° CA > 270° CA ATDC. This may lead to
the conclusion that one reason of the significant difference between the k-ω and the k-ε models was
the difference between the valve flows in these models. Specifically, at 140° CA ATDC the intake

valve just passed its maximum lift and the valve flow was not strong enough to change the main bulk
of the flow significantly. Therefore closer agreement was noticed between different turbulence
models (as also seen earlier in the current chapter where greater agreement with PIV was noticed for
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the test case 3 after the first portion of the intake stroke). On the other hand, during the second
portion of the compression stroke the vortical structures disappeared gradually and by 320° CA
ATDC flow became more uniform on the horizontal plane (as discussed earlier in this chapter and
seen on the PIV images) therefore closer agreement between different turbulence models were
expected. However, in general noticeably higher level of asymmetry was noticed on the horizontal
plane for the k-ω model compared to the k-ε models. This was attributed to the different valve flows

and also greater sensitivity of the k-ω to the vortical structures and flow separation (Pope, 2000).
Flow around the intake valves predicted by different turbulence models will be discussed later in the
current thesis.
Figures 7.24 compares spatial variation of the turbulent kinetic energy on the vertical tumble plane
for the aforementioned different RANS models during the compression stroke. Similarly to the
vector fields, TKE was found to be predicted quite differently by the k-ω model compared to the

different k-ε models in terms of both spatial distribution and magnitude. The standard k-ε and
Realizable k-ε predicted comparable spatial distribution and values of TKE on the vertical tumble

plane. At 180° CA ATDC the k-ε models predicted a peak TKE value of ~40 m2/s2 while the k-ω
model predicted a peak value of ~35 m2/s2 that covered considerably smaller area compared to the
peak TKE areas obtained by the k-ε models. By moving towards the TDC into the compression
stroke the peak TKE values between the different RANS models became closer and at 300° CA

ATDC all models predicted a maximum TKE value in order of 20 m2/s2 but with noticeably different
spatial distribution. In fact, the two k-ε models predicted very similar spatial distribution of TKE up
to the second portion of the compression stroke. But close to the TDC the standard model predicted

the region with high TKE located in the middle of the chamber while the realizable model predicated
this to be closer to the piston crown. This may be the reason for the existence of a higher peak
velocity close to the pent-roof at 320°CA ATDC in the realizable model compared to the standard
k-ε model as discussed earlier (see Figure 7.23). In fact, it may be said that the standard k-ε model
predicted slightly higher level of tumble break-down compared to the Realizable model that resulted

in formation of a wider region of high TKE in the former model. The increase of the peak TKE
value from 270° CA ATDC to 320° CA ATDC could be considered as a sign for the tumble breakdown process that predicted by all turbulence models employed. Close to the TDC the k-ω model
predicted a region with high TKE value located at the centre of the chamber comparable to that of

the standard k- ε model. However, the former model predicted significantly lower peak value (~10

m2/s2) compared to that of the standard k- ε model (~20 m2/s2). It was found that the k-ω model
predicted very low value of TKE close to the walls compared to the k-ε models. The discrepancy
intensified by moving towards the TDC.

From the velocity profiles of Figure 7.25 it can be concluded that the lowest agreement between the
RANS models employed was for the vertical component of the velocity (w). However, the realizable
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k-ε model predicted closer velocity and also TKE profiles to the standard one compared to the k-ω
model during both intake and compression strokes. It was also found that the two k-ε models and
up to some extent the k-ω model followed the PIV and LDV trends for profiles of velocity
components and TKE as presented in Figure 7.25. It was found that the highest agreement between

the k-ε models and PIV/LDV measurements in terms of the velocity components were on the left
and right sides of the chamber for the intake and exhaust strokes, respectively. This was attributed to
the fact that during the intake stroke the strong valve flows affected the exhaust side of the engine
more than the intake side. Moreover, during the compression stroke the tumbling motion was more
significant on the intake side than the exhaust side. Therefore, difference between CFD and
experiment on the valve flows during the intake stoke and on the tumbling motion during the
compression stroke caused the aforementioned trend of the velocity components. Comparison
between u and w components in Figure 7.25 revealed that the k-ω predictions of the former
component was closer to those of the k-ε models.

With respect to the turbulent kinetic energy the k-ω model predicted almost the lowest values during

both intake and compression strokes. On the 10 mm probe line the standard k- ε model predicted

the highest level of TKE during the compression stroke, however, the Realizable k- ε model predicted
the highest TKE during the intake stroke. The highest difference between the Realizable k- ε model
and the other two models was noticed at around 160° CA ATDC where a peak value of ~65, 49 and

28 m2/s2 was predicted for the Realizable k- ε, standard k- ε and k-ω models, respectively. However,
during the compression stroke and particularly close to the TDC the difference between the
aforementioned RANS techniques in terms of TKE reduced gradually. At 310° CA ATDC a peak
TKE value of ~13, ~9.5 and 7 m2/s2 was observed for the Realizable k- ε, standard k- ε and k-ω
models, respectively. The highest agreement between the RANS models and experiments was found

to occur during the compression stroke particularly with LDV close to the TDC as can be seen in
Figure 7.25.
In general, it was found that although noticeable difference were observed in terms of both velocity
field and TKE between the different RANS models (and particularly between the k- ε models and kω) during the intake stroke and first portion of the compression stroke but close to the TDC all

RANS models showed close behaviour. Particularly, the standard and Realizable k- ε models
exhibited comparable fields in terms of both velocity and TKE.
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Figure 7. 22 Velocity field on the 10 mm horizontal plane; comparison between different RANS turbulence models (continued on next page).
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Figure 7. 22 Velocity field on the 10 mm horizontal plane; comparison between different RANS turbulence models (continued on next page).
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Figure 7. 22 Velocity field on the 10 mm horizontal plane; comparison between different RANS turbulence models.
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Figure 7. 23 Velocity field on the vertical tumble plane; comparison between different RANS turbulence models (continued on next page).
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Figure 7. 23 Velocity field on the vertical tumble plane; comparison between different RANS turbulence models.
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Figure 7. 24 Turbulent kinetic energy on the vertical tumble plane; comparison between different RANS turbulence models (continued on next page).
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Figure 7. 24 Turbulent kinetic energy on the vertical tumble plane; comparison between different RANS turbulence models.
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Figure 7. 25 Profiles of velocity components and turbulent kinetic energy on the 10 mm measurement line (continued on next page).
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Figure 7. 25 Profiles of velocity components and turbulent kinetic energy on the 10 mm measurement line.
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7.4.2 LES Modelling
Although the primary aim of the in-cylinder flow studies of the current thesis was to use RANS
modelling for studying mixture formation in hydrogen-fuelled engines but for completeness a direct
comparison was also conducted between in-cylinder flows predicated by RANS and LES. In order
to this WALE LES model was used since it is more suitable for wall-bounded flows in comparison
to the classical Smagorinsky model (Pope, 2000). For direct comparison the medium grid resolution
used for the RANS studies was also used for LES. Comparable spatial resolutions to what was used
in the present study was also used for LES of in-cylinder engine flow by various researchers and
satisfactory results were reported (Goryntsev et al., 2009, 2010; Lacour et al., 2009; Baumann et al.,
2014). However, smaller time step was used for LES compared to RANS (0.01 °CA compared to 0.1
°CA) in order to resolve a wider range of temporal scales of the flow (Pope, 2000). Figures 7.26 and
Figures 7.27 show instantaneous contours of velocity field and also velocity vectors for the test case
11 of Table 7.2 on the 10 mm horizontal and the vertical tumble planes, respectively. Comparison
between the latter figures with velocity vectors showed previously for RANS studies in the current
chapter shows significant differences between time-averaged fields of RANS with instantaneous
fields of LES, particularly on the horizontal plane which flow exhibited high level of vortical
behaviour. In general LES predicted higher values of velocity magnitude compared to RANS on both
horizontal and vertical planes. Specifically, for the early intake stroke where RANS predicted a
maximum velocity of 20 m/s on the horizontal plane (see Figure 7.6) LES predicted values in range
of 40–50 m/s. However, peak velocities moved closer to the values predicted by RANS by moving
towards the BDC and also during the compression stroke.
On the vertical tumble plane the closest agreement between the LES and RANS occurred during the
early intake strokes and also during the second portion of the compression stroke (compare Figures
7.26–7.27 with Figures 7.6 and 7.10). During the intake stroke the aforementioned agreement
between RANS and LES was believed to be due to the existence of high-momentum valve flows
which postponed the formation of secondary flow structures due to the turbulence for °CA after the
first portion of the intake stroke. On the other hand, as also notice earlier in RANS and PIV during
the second portion of the compression stroke towards the TDC the vortical characteristics of the
flow reduced gradually and the flow became more uniform. This can be assumed as the reason for
the noticeable agreement between averaged RANS data and instantaneous LES during the second
portion of the intake stroke and particularly close to the TDC. Comparison between Figures 7.26 and
7.27 with Figures 7.23 and 7.24 revealed a closer agreement between the k-ω model with LES at 300°

and 320° CA ATDC in terms of both velocity structures and peak magnitudes compared to the k- ε
models. This was attributed to the closer agreement between k-ω model and LES in terms of valve
flows and also higher sensitivity of these turbulence models in reproducing flow separation and

rotational structures. However, it should be noted that for a fairer comparison time averaged of LES
data should be compared with RANS which was not included in the scopes of the current study.
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Figure 7. 26 Contour of velocity magnitude and velocity vectors predicted by WALE LES on the 10
mm horizontal plane (continued on next page).

331

In-Cylinder Flow Characteristics
U [m/s]

320° CA
ATDC

300° CA
ATDC

270° CA
ATDC

10
9
8
7
6
5
4
3
2
1
0

Velocity Magnitude

Velocity Vectors

Figure 7. 26 Contour of velocity magnitude and velocity vectors predicted by WALE LES on the 10
mm horizontal plane.

332

In-Cylinder Flow Characteristics
U [m/s]

60° CA
ATDC

50
45
40
35
30
25
20
15
10
5
0
U [m/s]

140° CA
ATDC

80° CA
ATDC

40
36
32
28
24
20
16
12
8
4
0

U [m/s]

180° CA
ATDC

20
18
16
14
12
10
8
6
4
2
0

Velocity Magnitude

Velocity Vectors

Figure 7. 27 Contour of velocity magnitude and velocity vectors predicted by WALE LES on the
vertical tumble plane (continued on next page).

333

In-Cylinder Flow Characteristics
U [m/s]

320° CA
ATDC

300° CA
ATDC

270° CA
ATDC

10
9
8
7
6
5
4
3
2
1
0

Velocity Magnitude

Velocity Vectors

Figure 7. 27 Contour of velocity magnitude and velocity vectors predicted by WALE LES on the
vertical tumble plane.

7.5 Intake Valve Flow
The in-cylinder flow characteristics are significantly dominated by the behaviour of flow around the
intake valves. Therefore, as discussed earlier, the difference observed between different turbulence
models may be due to the different behaviour of valve flows in these models. In order to examine
this, the current section examines the valve flow characteristics in advanced pent-roof engines using
different turbulence models.
Figure 7.28 shows the velocity vector and its associated line integral convolution at 40° CA ATDC
on a vertical plane cutting throught the symmetry plane of an intake valve of the pent-roof engine
studied here (test case 4 of Table 7.2). Similarly, Figure 7.29 shows the same quantities shown by
Figure 7.28 but on a vertical plane cutting through the middle of the chamber parallel to the Y axis
of Figure 7.2. Since some tiny vortical structures may not be captured clearly with velocity vectors,
integral convolution can be used in order to provide a better visualisation of these vortices and in
general in-cylinder flow structures. From Figure 7.28 it is clear that two counter-rotating vortices
formed at the tip of the intake valve. The vortex close to the liner was restricted by the piston crown
while the other vortex was guided by the lower surface of the closed exhausted valve and penetrated
towards the exhaust side of the engine. It is clear that even at as early as 40° CA into the intake stroke
the valve vortices were fully developed and the returning flows caused by them impinged to each
other somewhere under the lower surface of the intake valve. Figure 7.29 shows a great interaction
between the valve flows of the two adjacent intake valves in the middle of the combustion chamber.
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Figures 7.29 – 7.29 prove that the complex flow behaviour seen previously on the 10 mm horizontal
plane (see Figure 7.6) during the early intake stroke was mainly due to the interactions between the
valve tip vortices and also significant interactions between valve flows of two adjacent intake valves.
Figures 7.30–7.33 compares velocity vectors on the vertical valve section plane of the different RANS
models studied (test cases 4–6 of Table 7.2) for 40°, 60°, 100° and 150° CA ATDC. A black and
white legend was chosen for the latter figures in order to provide clearer visualisation of the flow
structures. It was found that during early stages of the intake stroke all RANS models predicted
almost identical valve flow structures similarly to what was discussed for Figure 7.28. However, the
discrepancy between the different RANS models started after around 40°CA ATDC and at 60° CA
ATDC quite different flow structures could be seen between those models specifically between the
k-ω model and k- ε models as shown in Figure 7.31. The k-ω model predicted clearer (stronger)
valve vortices in comparison to the k- ε models, particularly for the vortex closer to the liner that was
relatively weaker in the latter turbulence models. The aforementioned valve flow difference was

attributed to the different behaviour of the different turbulence models in modelling flow separation
at the edge of the upper surface of the intake valves. It was found that the k- ε Realizable model

predicted the weakest valve vortices in comparison to the standard k- ε and k-ω models during the
first portion of the intake stroke. It was concluded that interactions between retuning flows of the

strong valve vortices in the k-ω model (as shown in Figure 7.31) produced higher level of complexity

compared to the interaction of the returning flows due to the relatively weaker vortices in the k- ε
models. This could explain the observed more complex flow behaviour especially on the 10 mm

horizontal plane in k-ω model compared to the other RANS models (see Figure 7.22). Another
important feature that can be observed in all snapshots of Figure 7.31 is the almost horizontal

movement of flow from the exhaust side of the chamber toward its centre (i.e. from right to left).
This was attributed to the formation of low pressure region under the intake side of the engine due
to the existence of the valve vortices and movement of the flow due to the pressure difference effects.
However, the structure of this movement was highly dependent to the behaviour of the valve vortices
and may contribute noticeably to the observed in-cylinder flow differences between the RANS
models discussed earlier in the current chapter.
By further opening of the intake valve towards its maximum peak the RANS models employed
predicted closer valve flows to each other as shown in Figure 7.32 for 100° CA ATDC. In this Figure
both k-ε models predicted almost similar flow patterns. Specifically the two valve vortices
disappeared and the flow direction under the intake valves was from the intake side to the exhaust

side of the chamber. On the other hand for the k-ω case at 100° CA ATDC the valve vortex close
to the liner still existed and produced strong rotational/translational movements from the intake side
towards the exhaust side. This left to right motion was significantly stronger compared to what was
observed for the k- ε models and resulted in redirection of the strong incoming valve flow (from the
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top surface of the valve) towards the exhaust side of the chamber and consequently its impingement
with the cylinder liner on the exhaust side as can be seen clearly in Figure 7.32.
During the period that the intake valve was at around its maximum lift no significant difference was
noticed between valve flows in the different RANS models. However, as the valve started moving
back towards its seat two final valve vortices started forming as can be seen in Figure 7.33 for 150°
CA ATDC. Unlike the initial valve vortices that the centre of the right vortex was located almost in
the middle of the cylinder (see Figure 7.30) for the final valve vortices the centre of the right vortex
was located under the exhaust valve in all three RANS models as could be seen in Figure 7.33. Also,
for the final valve vortices, noticeable differences were found between the k-ω model and the k- ε
models. However, both standard and Realizable k- ε models predicated almost similar valve flow and
final vortical structures during the intake valve closing event. It was concluded that the observed

difference in the valve flow and final valve vortices between the k-ω and the two k-ε models (see
Figure 7.33) was the main reason of the differences in flow structures on the 10 mm horizontal plane
at the BDC between those turbulence models as shown in Figure 7.23.
Figure 7.34 shows flow structures based on the line integral convolution on the vertical valve plane
during the intake stroke for the different RANS models and also the LES model studied here. As
discussed earlier, for the early stages of the intake stroke a similar valve flow was observed between
different RANS models and also LES (with slightly higher velocity magnitudes for LES) and the
deviation between the models started at around 50° CA ATDC. By 60° CA ATDC two distinct valve
vortices can be identified for the RANS models while the LES exhibited more than one vortical
structure on the left side of the intake valve. From 60° CA to 80° CA ATDC the valve vortices grew
in size and merged as one vortex under the intake valve towards the centre of the cylinder for the kε models. On the other hand k-ω and LES exhibited a different behaviour and at 80°CA ATDC
more than two vortices with relatively smaller size than the initial vortices were noticed under the
intake valve. For the k- ε models interaction between the incoming flow from the top surface of the
valve on the left side and the final valve vortices (that started forming at around 110° CA ATDC)

formed a vortical structure close to the piston crown which then developed to the tumble motion as
piston moved towards BDC. The final valve vortices started slightly earlier in k-ω model (at around
100° CA ATDC) compared to that of the k- ε models. The formation of the final tumble motion was

similar to was described for the k- ε models. However, existence of more than two valve vortices in
the early stages of intake stroke resulted in formation of more vortical structures on top of the main

tumble vortex. At 180° CA ATDC the k-ω model still had a valve vortex under the intake valves

with various other tiny vortical structures. LES showed similar behaviour to k-ω model at 180° CA
ATDC but with even higher number of tiny vortical structures distributed within the chamber

volume. In general it was concluded that flow around the intake valve and its associated vortical
structures had significant effect on formation and evolution of the in-cylinder flow and its tumbling
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motion. Comparable valve flows to the current observations was also reported by Beavis et al., (2015)
based on RANS and PIV studies.

Figure 7. 28 Flow around an intake valve at 40° CA ATDC (vertical mid-valve plane), line integral

convolution (top) and corresponding velocity vectors (bottom).

Figure 7. 29 Flow field at 40° CA ATDC on a central vertical plane perpendicular to the vertical tumble
plane, line integral convolution (top) and corresponding velocity vectors (bottom).
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Figure 7. 30 Velocity vectors around an intake valve at 40° CA ATDC; comparison between different
RANS turbulence models.
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Figure 7. 31 Velocity vectors around an intake valve at 60° CA ATDC; comparison between different
RANS turbulence models.

339

k-ω

k-ε Realizable

k-ε

In-Cylinder Flow Characteristics

Figure 7. 32 Velocity vectors around an intake valve at 100° CA ATDC; comparison between different
RANS turbulence models.
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Figure 7. 33 Velocity vectors around an intake valve at 150° CA ATDC; comparison between different
RANS turbulence models.
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Figure 7. 34 Flow around an intake valve (based on the line integral convolution) predicted by different RANS and LES WALE turbulence models (continued on next page).
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Figure 7. 34 Flow around an intake valve (based on the line integral convolution) predicted by different RANS and LES WALE turbulence models (continued on next page).
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Figure 7. 34 Flow around an intake valve (based on the line integral convolution) predicted by different RANS and LES WALE turbulence models (continued on next page).
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Figure 7. 34 Flow around an intake valve (based on the line integral convolution) predicted by different RANS and LES WALE turbulence models (continued on next page).
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Figure 7. 34 Flow around an intake valve (based on the line integral convolution) predicted by different RANS and LES WALE turbulence models.
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7.6 Intake Conditions and Engine RPM
The effects of different intake conditions and also different engine RPMs were also investigated in
the current study. Specifically, cases with time-varying mass flow rate and fixed pressure intake BCs,
20° and 25° C intake temperature and 1000 and 1500 RPM were compared (i.e. test cases 3, 7, 8 and
10 of Table 7.2)
Figure 7.35 compares the velocity vectors between the test cases with time-varying mass flow BC and
fixed 0.5 bar BC both with 1500 RPM with the test case with 1000 RPM (and with fixed 0.5 bar BC)
on the vertical tumble plane during the intake and compression strokes. It was found that changing
the boundary condition from the time varying mass flow rate to the fixed pressure 0.5 bar had
significant effect on the in-cylinder flow in terms of both flow structures and velocity magnitudes as
also discussed earlier for Figures 7.13–7.14. The tumble of the case with mass flow intake reached to
a visible developed condition at 60° CA ATDC which was ~20° CA earlier than that of the case with
fixed pressure intake. This was attributed to the relatively higher level of incoming mass imposed by
the mass flow BC during the early stage of the intake stroke. Specifically, the case with mass flow
inlet exhibited a faster tumbling motion compared to the case with fixed 0.5 bar intake. For example
at 230° CA ATDC, the case with mass flow inlet exhibited a peak in-cylinder velocity in order of 10
m/s while the case with 0.5 bar fixed pressure intake showed a peak velocity of ~ 8.5 m/s. However,
in Figure 7.35 by moving towards the TDC in-cylinder flow of the latter cases became closer both in
terms of structure and peak velocity as also observed in Figures 7.13–7.14. Similarly, profiles of
velocity components and TKE plotted in Figure 7.36 show that during the intake stroke the case with
0.5 bar fixed intake BC exhibited noticeable lower magnitude of w velocity component and TKE
compared to the case with the time-varying mass flow intake BC. However, similarly to Figures 7.13–

7.14, profiles of Figure 7.36 shows that by moving towards the TDC the difference between these
two cases reduced as can also be seen in velocity vectors of Figure 7.35.
Comparison between velocity components and TKE profiles of the cases with mass flow intake BC
but with 20° and 25° C in Figure 7.36 showed very close behaviour. Since both cases had the same
mass flow rate, the case with lower intake temperature (which had slightly higher density) had
somewhat lower velocity at the intake (~ 1.0%) compared to the case with higher intake temperature
in order to maintain a fixed mass flow rate. This lower intake velocity resulted in slightly lower incylinder peak velocities during the intake stroke and early stages of the compression stroke for the
case with 20 °C intake temperature as could be seen in Figure 7.36. It should be noted that since
these cases had similar incoming mass and consequently almost similar trapped mass after the IVC,
both had practically similar density which means that the case with higher temperature had slightly
higher in-cylinder pressure during the compression stroke. It was found that at 320° CA ATDC the
case with 20 °C intake temperature showed ~2.0 m/s higher peak in-cylinder velocity (located close
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to the pent-roof) compared to the case with 25 °C intake temperature as shown in Figure 7.37.
However, both cases exhibited very similar flow structures up to the end of the compression stroke.
To the author’s knowledge it is the first time that the effect of the intake temperature solely on the
in-cylinder flow was examined by isolating other effective parameters. However, in a real engine by
changing the intake temperature it is not possible to keep the mass flow rate constant and therefore
the condition studied here may never actually exists. Nevertheless, the outcome of the present
computational study (i.e. a higher in-cylinder pressure with a constant trapped mass would result in a
lower peak in-cylinder velocity) may be used to explain experimental observations. For example, PIV
measurements of Malcolm et al., (2011) and Malcolm (2015) revealed that by increasing the cylinder
head temperature from 20 °C to 80 °C (on the optical engine of Figure 7.1) the peak in-cylinder
velocity reduced by more than 1.0 m/s at the end of the compression stroke. Although, various
parameters such as flow thermal and transport properties, blow-by level and discharge coefficient
might be slightly different between the two cases examined by the latter authors but the present
computational study may be able to provide an explanation for the aforementioned observation.
Specifically, the test case with higher head temperature would probably have lower rate of heat release
from its head and therefore had slightly higher peak in-cylinder pressure. Therefore, based on the
current computational observations the latter case would probably exhibit a relatively lower peak incylinder velocity compared to that of the case with 20 °C head temperature.
With respect to the engine RPM, comparison between test cases with 1500 and 100 RPMs of Figure
7.35 revealed that lower engine RPM resulted in both slower in-cylinder velocities and also lower
level of turbulent kinetic energy. However, test cases with fixed pressure 0.5 bar but different RPM
values exhibited comparable in-cylinder flow fields macroscopically. It was found that increasing the
Engine RPM from 1000 to 1500 RPM may increase the peak TKE value by ~150% during the second
portion of the compression stroke. The highest difference between the peak TKE values of test cases
with different engine RPMs was found to be during the second portion of the compression stroke.
This was attributed to the fact that the level of in-cylinder turbulence was highly associated with the
piston speed during the compression stroke (Heywood, 1988)
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Figure 7. 35 Velocity vectors on the vertical tumble plane; comparison between mass flow rate and fixed pressure intake conditions with different engine RPMs (continued on
next page).
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Figure 7. 35 Velocity vectors on the vertical tumble plane; comparison between mass flow rate and fixed pressure intake conditions with different engine RPMs (continued on
next page).
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Figure 7. 35 Velocity vectors on the vertical tumble plane; comparison between mass flow rate and fixed pressure intake conditions with different engine RPMs.

351

160° CA ATDC

80° CA ATDC

In-Cylinder Flow Characteristics

Figure 7. 36 Profiles of velocity components and turbulent kinetic energy on the 10 mm measurement line (continued on next page).
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7.36 Profiles of velocity components and turbulent kinetic energy on the 10 mm measurement line
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Figure 7. 37 Contours of velocity magnitude on the vertical tumble plane; comparison between
different intake temperatures.

7.7 Summary
In the present chapter the computational methodology developed within the STAR-CCM+®
framework specifically for modelling in-cylinder flow of advanced pent-roof engines was discussed
and validated against experimental PIV and LDV data. Effects of losses due to blow-by and wall
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thermal condition on in-cylinder pressure trace and flow-field were investigated. Moreover,
performance of various RANS turbulence modelling techniques (k-ε, Realizable k-ε and k-ω) in
addition to the LES WALE model in reproducing in-cylinder engine flow was studied. Dependency

of the in-cylinder flow characteristics on the intake boundary condition was evaluated by using a
time-varying mass flow rate (obtained from 1-D modelling) and a fixed pressure intake conditions.
Finally, it was attempted to shed more light on the characteristics of flow around the intake valves
and tumble formation and its evolution in advanced pent-roof engines. The main findings of the
study reported in this chapter can be summarized as follow:


The computational methodology developed within the STAR-CCM+® framework was found to
be able to reproduce the in-cylinder flow structures and characteristics in agreement with PIV
and LDV data. The flow field predicted was comparable to those predicted by commercial engine
simulators such as ES-ICE (STAR-CD®) which have special default features for dynamic mesh
handling and in-cylinder flow modelling of IC engines.



In terms of flow structures, the added blow-by model did not change the in-cylinder flow field
significantly. However, a lower peak velocity magnitude (~1.0 m/s lower) was observed at ° CA
close to the TDC. The cases with blow-by had a peak in-cylinder velocity closer to the
experimental measurements at the end of the compression stroke.



It was found that the k-ε Realizable model could produce close flow field to that of the standard

k-ε model on both horizontal and vertical planes. The k-ω model exhibited a noticeable different
flow field compared to the latter models particularly when the valve flows became less powerful
at the end of the intake stroke. In general the difference of in-cylinder flow fields between the
turbulence models examined was attributed to their significantly different valve flows.


During the early stages of the intake stroke (up to 60° CA ATDC) a good agreement was found
between RANS and LES in reproducing the in-cylinder flow filed. This was believed to be due
to the existence of high-momentum valve flows which postponed the formation of secondary
flow structures (due to the turbulence) for °CA after the first portion of the intake stroke.



It was found that during early stages of the intake stroke all RANS models predicted almost
identical valve flow structures. However, the discrepancy between these models started after
around 40°CA ATDC. At 60° CA ATDC quite different flow structures were observed between



those models specifically between the k-ω model and k- ε models.

It was concluded that flow around the intake valves and its associated vortical structures had
significant effect on the formation and evolution of in-cylinder flow and its tumbling behaviour.



The effect of the intake temperature solely on the in-cylinder flow was examined by isolating
other effective parameters. It was found that with a fixed trapped mass higher peak pressure (due
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to a relatively higher intake temperature) would result in a lower in-cylinder peak velocity during
a large portion of the compression stroke after the IVC.


In comparison to a fixed pressure intake condition it was found that a time dependent mass flow
rate intake boundary could exhibit higher level of TKE particularly during the intake stroke and
early compression stroke. This was attributed to the time-dependent variations imposed by the
mass flow boundary condition which consequently increased the level of turbulence of the
incoming flow compared to the case with a fixed pressure boundary condition.



It was found that increasing the Engine RPM from 1000 to 1500 RPM may increase the peak
TKE value by ~150% during the second portion of the compression stroke. The highest
difference between the peak values of turbulent kinetic energy in cases with different engine
RPMs was found to be during the second portion of the compression stroke. This was attributed
to the fact that the level of the in-cylinder turbulence was highly associated with the piston speed
during the compression stroke.
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Chapter 8:
In-Cylinder Mixture Formation and
Combustion
As discussed earlier in chapter 2, very few computational studies have been conducted on mixture
formation and combustion in hydrogen-fuelled DISI engines, using various injection strategies. The
present chapter mainly aims to use RANS modelling to understand the mixture formation in a
hydrogen engine with a pent-roof engine geometry as shown in chapter 7. Various injection strategies
including injection timing, injection pressure and injection pulse are employed. Furthermore,
hydrogen combustion and its flame characteristics in DISI engines are investigated using a detailed
complex chemistry reaction approach (for the first time in the field). Additionally, direct comparison
are performed between RANS and LES techniques in modelling mixture formation and fuel
stratification in DI hydrogen engines at a boosted intake condition.

8.1 Mixture Formation: Low Load Condition
In addition to the PIV data of cold in-cylinder flow discussed in chapter 7 a set of experimental data
(optical and thermal) were available based on hydrogen combustion in a DISI optical hydrogen engine
with a pent-roof shape slightly different to that of the optical engine discussed in the previous chapter.
This optical hydrogen engine was tested at low load conditions of 0.5 bar intake pressure and at 1000
RPM in firing mode (Rosati and Aleiferis, 2009). The experimental study allowed quantification of
the flame's growth and centroid motion via high-speed imaging. Therefore, in order to be able to
conduct qualitative comparison between CFD results and experiment (particularly in terms of the
flame growth characteristics) simulations of the current section were conducted at the experimental
operating condition (i.e. 1000 RPM and 0.5 bar intake pressure).
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8.1.1 Simulation Setup
The engine geometry in which the current computational work was performed on corresponds to
one cylinder of a 4-cylinder 2-liter engine as shown in Figures 7.1 and 7.2. The structure and
characteristics of the in-cylinder flow for this engine have been discussed extensively in the previous
chapter. The special automated methodology to account for piston and valve motion throughout the
cycle while preserving the grid quality within acceptable thresholds was employed as also explained
in chapter 7. First a CFD simulation was performed to consider the gas-exchange phase, intake stroke
and early compression stroke. Then the calculated flow field, state variables, and turbulence
parameters were used to start the simulation for each injection strategy from the respective SOI.
Based on the observation of chapter 7 the standard k-ε model was employed for the non-fuelled in-

cylinder flow simulation and the k-ω SST model was used to study injection events (all after the IVC)
and in-cylinder mixing. The latter model was used for the injection/mixing events based on the
observations of chapter 6 and also earlier studies as discussed in chapter 2. All simulations of the
current chapter were conducted using second-order schemes for temporal and spatial discretization.
Similarly to the experimental work (Rosati and Aleiferis, 2009) a multi-hole GDI injector with stepped
nozzle geometry was used for the present computational study. The injector had a 6-hole arrangement
that consisted of two groups of 3 asymmetric holes and was mounted with a 45° inclination on the
intake side between the two intake valves as shown in Figure 8.1. According to previous experimental
works with this injector and hydrogen fuelling (Rosati and Aleiferis, 2009; Aleiferis and Rosati, 2012)
it was decided to adopt the injector orientation with the two sets of plumes pointing upwards towards
the pent-roof. The orientation of each injector hole was set within the computational domain on the
basis of angles measured from gasoline spray images acquired with this injector (Aleiferis et al., 2010).
It was assumed that the flow was choked at the inner hole of the stepped nozzle with diameter of 0.2
mm. This assumption was made based on the computational observations discussed in chapter 6 on
hydrogen injection through step-shape nozzle holes comparable to those of the GDI injector.
In order to resolve the complex shapes of the injector nozzles a hybrid grid was employed.
Particularly, hexahedral cells were used to resolve the piston's swap volume whereas polyhedral cells
were employed for the pent-roof volume and the injector nozzles. In total 700 K polyhedral elements
and 1.2 M hexahedral cells (at 235 °CA ATDC) resolved the geometry and formed the discretized
computational domain. Through the dynamic mesh methodology the polyhedral part of the grid
remained fixed (since no valve motion occurred during the injection and combustion processes) and
only the hexahedral grid of the swap volume was regenerated at certain intervals. Figure 8.1 illustrates
the engine geometry and the computational grid. As it was discussed previously for the injection
pressures used in the current work, a shock-containing under-expanded jet exists after the nozzle
exit. Also, certain grid resolutions need to be employed near the nozzle exit and the nozzle volume
in order to capture accurately important sonic characteristics and consequently mixing behaviour of
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such fuel jets. However, based on the outcomes of the grid dependency studies discussed in chapter
6 and also within the objectives of the current work a compromise was reached between the grid
resolution and the computational cost. In particular, polyhedral cells with size of 0.02 mm were fitted
inside the nozzle volume and the volume close to the nozzle exit (similarly to Figure 6.24). The cell
size then gradually increased to a maximum size of 0.7 mm. Employing extremely high spatial
resolutions comparable to what was used in chapter 5 in order to examine the structure of the underexpanded hydrogen jets for all 6 nozzle holes, and their interaction, would mean that many tens of
million cells would have to be used, which made the exercise impractical at the time of the study.
Nevertheless, the grid density employed was sufficient to capture the existence of the Mach disk and
supersonic jet characteristics behind it. Figure 8.2 shows the relevant characteristics of one of the 6
stepped nozzle holes of the injector under study. It is seen that the step restricts the Mach disk width
in comparison to what would be expected for simple orifices, as discussed earlier in chapter 6. The
reader is also guided to the computational works conducted by Scarcelli et al. (2011a, b) where the
near-nozzle resolution was similar to that of the current study and where comparisons between
RANS and visualisation of the hydrogen injection process and mixture formation by Schlieren and
planar laser induced fluorescence demonstrated good agreement.

Figure 8. 1 (a): Engine geometry. (b): Cross section of the hybrid grid on the vertical tumble plane.
(c): Orientation of the multi-hole injector nozzles with the nominal fuel injection patterns.

In total four simulations of hydrogen injection/mixing were conducted. Injection simulations
included various combinations of two injection pressures, P0 = 35 and 70 bar and three other
injection strategies, specifically early injection soon after IVC with SOI = 240° CA ATDC, double-

pulse injection with SOI = 260° and 310° CA ATDC, as well as a later injection with SOI = 280° CA

ATDC. Injection durations of 56° CA and 28° CA were selected for injection pressures of P0 = 35

bar and P0 = 70 bar, respectively, in order to establish a global in-cylinder equivalence ratio of Φ =
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0.5. All the test cases are summarized in Table 8.1. It needs to be clarified here that these injection
strategies were set up on the basis of the experimental work conducted earlier at UCL (Rosati and
Aleiferis, 2009). Specifically, that work employed a hydrogen engine of the same air volume capacity
to that used in the current study, along with the side injector geometry that was selected for the
simulations of the present work. According to those experiments, although the nominal injection
pressure was P0 = 70 bar, the injector required longer injection duration to deliver the expected

theoretical amount of hydrogen for Φ = 0.5 (based on isentropic relations (Anderson, 2003) and the
assumption of chocked condition at the inner hole of the stepped injector as discussed in chapter 6).

In particular, to match Φ = 0.5 with that longer duration, a value of P0 = 35 bar was calculated as the

mean ‘effective’ injection pressure. It is worth noting here that, Yu et al. (2012) conducted a series of
experimental studies on under-expanded jets issued from a gaseous fuel injector and concluded that
as a result of compressibility effects and injector losses the operative injection pressure could build
up gradually and reach its nominal value after several milliseconds from SOI. Therefore, in the current
study two different injection pressures of constant P0 = 35 and 70 bar were compared for the same
SOI of 280° CA ATDC. The double-pulse injection SOIs were also obtained from the experiment

(Rosati and Aleiferis, 2009). It is worth clarifying further that the boundary condition of fixed

injection pressure used here essentially represented a constant rate of injection (ROI). The mass flow
rate of a real injector normally has a ramped profile due to needle actuation delays. Scarcelli et al.
(2011a) investigated the effect of different arbitrary profiles of nozzle mass flow rate on the mixing
process in DI hydrogen engines. It was shown that ROI can have a significant effect on the hydrogen
jet and mixing characteristics. However, in the present study it was purposely decided to fix the
injection pressure at two values of P0 = 35 and 70 bar to represent a constant rate and decouple any

injector delay effects. This decision was based on the aforementioned work of Yu et al. (2012) that
demonstrated ‘pressure building’ effects during injection of gaseous fuels.
Ma
5.5
3.0

0.0

Figure 8. 2 Mach contours near a nozzle hole of the multi-hole GDI injector.

A time step of 0.1° CA was selected for the intake and compression strokes before the start of
injection. For the hydrogen injection process, all simulations started with a time step of 0.01° CA and
then the time step was gradually increased to 0.05° CA. Considering that wall heat transfer processes
were not of direct interest to the objectives of the current work, an adiabatic no-slip condition was
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adopted at all walls. At the nozzle exits a stagnation condition was applied. The level of turbulence
at the nozzle exits was defined on the basis of studies on under-expanded hydrogen jets issued from
circular nozzles discussed in chapters 5 and 6. A total temperature of T0 = 300 K was adopted for
the hydrogen gas upstream of the nozzle exit (i.e. stored in the fuel tank).
Test Case

Table 8. 1 Different injection strategies examined.
Injection Pulse
Injection Pressure
Injection Duration

Start of Injection

[bar]

[° CA]

[° CA ATDC]

1

Single

70

28

240

2

Single

70

28

280

3

Double

70

18, 10

260, 310

4

Single

35

56

280

8.1.2 Mixture Formation Mechanism
Comparisons between spatial mole fractions (X) of hydrogen for the different test cases of Table 8.1
are presented in Figures 8.3 and 8.4. It is clear that retarding the injection timing resulted in relatively

lower penetration of the injected hydrogen jets in Figure 8.3. This is due to the existence of a higher

in-cylinder pressure during the late injection timings which reduced the nozzle pressure ratio and
consequently decreased the jet penetration as discussed in previous chapters. In particular, as shown
in Figure 8.3, on the vertical tumble plane at 1° CA ASOI the case with P0 = 70 bar and SOI = 240°
CA ATDC showed a higher jet penetration by about 15% and 30% in comparison to the cases with

same injection pressure but with SOI of 260° CA and 280° CA ATDC, respectively. Furthermore, it

is also clear that for the single-injection cases with SOI = 280° CA ATDC, the lower injection
pressure of P0 = 35 bar resulted in a lower jet penetration by about 20% than that of P0 = 70 bar.
Figure 8.3 also shows that after 1° CA and 2° CA ASOI for the two jets with P0 = 70 bar and 35 bar,
respectively, the issuing jets seem to ‘adhere’ to the convex surface of the engine’s pent-roof head.
This has been attributed to the Coanda effect (Gregory-Smith and Gilchrist, 1987). This can

potentially enhance the mixing process by increasing the entrainment rate of the in-cylinder air. The
mixing process up to the EOI is presented in Figure 8.4. It should be reminded that for the case with

P0 = 35 bar, the injection duration was 56° CA. It was found that for SOI = 240° CA ATDC the incylinder hydrogen cloud started forming a tumble-like motion from around 15° CA ASOI which is

in agreement with observations of Salazar and Kaiser (2011a). At EOI, hydrogen was mixed with air
over about two thirds of the chamber’s volume. At this point the majority of the mixture had a

hydrogen mole fraction in the range X =0.25–0.3. For the double-pulse strategy it was found that for
the first pulse, from about 18° CA ASOI, the in-cylinder hydrogen cloud started exhibiting a tumble-

like motion similar to that mentioned for the single-pulse case with SOI = 240° CA ATDC. However,
due to the lower jet penetration and shorter injection pulse, this tumble motion was relatively weaker.

It was also observed that at the beginning of the second injection pulse, the hydrogen delivered by
the first pulse has already mixed with almost all the air inside the chamber and its mole fraction ranged
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between X = 0.2–0.3. It was also found that the tumble motion created by the first pulse fanned out

the hydrogen from the exhaust side to the intake side of the chamber. The second pulse produced a
relatively inhomogeneous final mixture when compared to the mixture at EOI produced by the single
pulse early injection strategy of SOI = 240° CA ATDC.
XH2

1° CA
ASOI

1.0

0.5

0.0

2° CA
ASOI

3° CA
ASOI

4° CA
ASOI

5° CA
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Single Pulse
SOI = 240° CA
ATDC

P0 = 70 bar
Double Pulse
SOI = 260° CA
ATDC

P0 = 70 bar
Single Pulse
SOI = 280° CA
ATDC

P0 = 35 bar
Single Pulse
SOI = 280° CA
ATDC

Figure 8. 3 Mole fraction of hydrogen on the vertical tumble plane for different crank angles ASOI.
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Figure 8. 4 Mole fraction of hydrogen on the vertical tumble and horizontal (10 mm below the fire face)
planes.
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For the injection strategy with SOI = 280° CA ATDC and P0 = 70 bar it was found that the hydrogen
cloud did not produce a complete tumble and the motion was distorted after impinging on the piston
crown. This can potentially halt the hydrogen circulation from the exhaust side towards the intake

side and leave a large amount of hydrogen in the vicinity of the exhaust quenching zone. This is close
to the observations of Salazar and Kaiser (2010a) as discussed in chapter 2. However, due to the
smaller engine volume at EOI of this injection strategy (when compared to the early injection strategy
with SOI = 240° CA ATDC), hydrogen seems to have propagated further towards the intake side.
For the case of SOI = 280° CA ATDC with P0 = 35 bar it was observed that within 28° CA ASOI,
the hydrogen cloud that had reflected off the liner started to impinge onto the piston crown. At this

time a relatively weak circulation region was formed under the exhaust side. The injection duration
for this case was 56° CA and the effect is investigated in more detail later.

8.1.3 Injection Strategy and In-Cylinder Pressure
The effect of the different injection strategies on the in-cylinder pressure is presented in Figure 8.5
(no combustion modelled). This figure also contains the simulated motoring engine pressure without
fuelling for direct comparison. It was found that the hydrogen injection process increased the incylinder pressure well over that of the motoring conditions without injection. Specifically, a higher
peak in-cylinder pressure was observed than motoring by 27.5%, 23.2%, 22.0%, and 19.5% for the
cases with SOI = 240° CA ATDC, double-pulse injection, SOI = 280° CA ATDC with P0=70 bar,
and SOI = 280° CA ATDC with P0 = 35 bar, respectively. A similar pattern to that in Figure 8.5 has

also been observed experimentally (Rosati and Aleiferis, 2009; Aleiferis and Rosati, 2012). This
pressure rise is not due to the high pressure of the injection process; the hydrogen jet at such high
pressures is expanded through a strong normal shock forming a Mach disk and its pressure reaches
the in-cylinder pressure after a very tiny distance after the nozzle exit as discussed in chapter 5. In
fact, it is a thermodynamic effect of the large hydrogen mass added to the system. According to
Dalton’s law for gaseous mixtures, the pressure of a mixture of gases is equal to the sum of the partial
pressures of the individual mixture species. Applying Dalton’s law to the ideal gas equation of state
showed that the pressure of the in-cylinder mixture with injection should theoretically be ~1.2 times
greater than that of the non-injected engine motoring condition. However, different strategies
showed a different rise and peak of the in-cylinder pressure. This was the effect of the different SOI
timings applied. Specifically, the calculated 20% rise in pressure referred to a mixture that contained
the total amount of the injected hydrogen whilst in practice the hydrogen was gradually added to the
chamber from different SOI timings.
The earlier the SOI, the earlier the deviation of the in-cylinder pressure from that of engine motoring.
This can be seen clearly in Figure 8.5. In particular, the fastest and slowest rise in pressure were for
the cases with SOI = 240° CA and SOI = 280° CA ATDC, respectively. However, slightly lower
pressure rise was noticed for the case with P0 = 35 bar than the case with P0 = 70 for similar SOI.
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This was because the total amount of hydrogen was introduced into the cylinder faster for the case
of P0 = 70 bar and the remaining upward motion of the piston past EOI led to higher peak in-cylinder
pressure at TDC.

Figure 8. 5 Effect of different injection strategies on the in-cylinder pressure trace.

8.1.4 Mixture Quality and In-Cylinder Flow Field
The spatial variation of equivalence ratio Φ and also the velocity vectors at ignition timing are
illustrated in Figures 8.6 and 8.7; these contours refer to the vertical central tumble plane in Figure
8.6 and to a horizontal plane 4.2 mm above the engine fire face (5.8 mm below the spark location),
respectively. For SOI = 240° CA ATDC it was noticed that a relatively homogeneous mixture was
produced. The equivalence ratio ranged from Φ = 0.4 to Φ = 0.55, with the majority of the domain
being at an equivalence ratio very close to the global value of Φ = 0.5. The highest value of Φ was
located on the intake side within the quenching zone. This clearly shows that the tumble motion,
produced by the impinging hydrogen ‘cloud’ (see Figure 8.4), distributed the hydrogen gas relatively
homogeneously throughout the combustion chamber. Further quantitative comparisons are
presented in Figure 8.8. This figure shows the distribution of equivalence ratio on a horizontal line
running through the spark location from inlet to exhaust. With the early injection strategy of
SOI=240° CA ATDC, the equivalence ratio around the spark plug was Φ = 0.51, very close to its
global value.

As discussed in chapter 2, Kaiser and White (2008) observed experimentally formation of a ‘quite’
homogeneous mixture for early injection strategies with a 6-hole side-mounted injector, similar to
what was observed in the present work. They used an injection duration of 50° CA for both their
‘intermediate’ strategy with SOI = 270°CA ATDC and ‘late’ one with SOI = 282.5° CA ATDC. At
ignition timing, the richest mixture was located under the injector on the intake side of the engine.
Similarly, in the present study, for the early injection strategy with SOI = 240° CA ATDC and
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relatively longer injection duration than what was used by Kaiser and White (2008) (56° CA), it was
noticed that although a quiet homogeneous mixture was also formed, the highest equivalence ratio
at the ignition timing was located under the intake side (injector side) of the combustion chamber.
This is also in a satisfactory agreement with the computational and experimental work of Messner et
al. (2006) explained in chapter 2. Using a side mounted multi-hole injector with an early injection
strategy (SOI = 240° CA ATDC) with 20° CA duration, Messner et al. (2006) observed a fairly
homogeneous mixture throughout the combustion chamber at the time of ignition. Interestingly, the
latter authors also noticed that the highest concentration for the early injection strategy was located
under the injector side of the chamber at the ignition timing (see Figure 8.6). The strong tumble
motion induced by the high momentum hydrogen jets is believed to play an important role in the
location of the rich mixture zones. In fact this significant motion fans out the hydrogen cloud from
the exhaust side of the chamber towards the intake side.
For the double-pulse injection strategy it was found that at igniting timing, within the majority of the
intake side area of the chamber, the equivalence ratio was in the range Φ = 0.47–0.55. However, the
highest value of Φ was located within the intake quenching zone and was Φ = 0.80. This is believed
to be a result of the interaction between the tumble induced by the first injection pulse which fanned

out the jets issued by the second pulse towards the intake side. The majority of the exhaust side of
the engine was at an equivalence ratio within Φ = 0.5–0.7. As shown in Figure 8.8, the double
injection strategy, led to an equivalence ratio at the spark plug location that was very close to that of
the early single injection strategy with SOI = 240° CA ATDC.
For the injection strategy with SOI = 280° CA ATDC and injection pressure P0 = 70 bar, significant
mixture stratification was observed at ignition timing in Figures 8.6 and 8.7. The equivalence ratio on

the exhaust side of the engine ranged from Φ = 0.65 to Φ = 0.84, with the highest value of Φ residing
within the exhaust quenching zone. In contrast, the equivalence ratio of the intake side of the

chamber ranged from Φ = 0.3 to values as low as Φ = 0.01. The equivalence ratio at the spark plug
location was Φ = 0.28 as shown in Figure 8.8. The highly stratified mixture produced by this injection
strategy is believed to be an effect of the distortion of the tumble motion of the hydrogen cloud after

impinging on the piston crown. This inhibited hydrogen motion towards the intake side; instead the
hydrogen cloud was pushed by the piston and squeezed.
A high level of mixture stratification was also noticed for the injection strategy with the same SOI of
280° CA ATDC but with P0 = 35 bar in Figures 8.6 and 8.7. For P0 = 35 bar, the exhaust side of the
chamber had significantly higher equivalence ratio than the intake side before ignition timing, similar

to that shown at ignition timing for P0 = 70 bar in Figure 8.6. However, due to the longer injection
duration with P0 = 35 bar (56° CA in comparison to 28° CA for 70 bar), the rich mixture on the

exhaust quenching zone gradually moved out and returned towards the centre of the chamber.
Consequently an equivalence ratio of Φ = 0.5 formed in the exhaust quenching zone. The highest
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value, Φ = 0.95, was located close to the centre of the chamber in the vicinity of the piston crown.

Figure 8.8 also demonstrates that with SOI = 280° CA ATDC and P0 = 35 bar, an equivalence ratio
of Φ = 0.64 was present in the vicinity of the spark location (associated with the longer duration of

this strategy). Salazar and Kaiser (2010a), using side-mounted multi-hole hydrogen injectors with SOI
= 280° CA ATDC and injection pressure of P0 = 80–116 bar, reported very similar mixture
characteristics to the injection strategies with SOI = 280° CA ATDC of the current work. In fact for

SOI = 280° CA ATDC they examined five different configurations of multi-hole injectors and
concluded that unfavourable mixtures were produced by all those injectors as explained in chapter 2.

Similarly to the current study, Salazar and Kaiser (2010a) noted that for single pulse intermediate SOI,
the downward jet momentum, interacted with the piston crown and spread the hydrogen jet into the
squish zone, as there was no sufficient time to penetrate towards the centre of the chamber.
Figures 8.6 and 8.7 also show the velocity vectors on the same vertical and horizontal planes to those
used for the equivalence ratio contours. For the case of single injection with SOI = 240° CA ATDC,
the double-pulse injection, and the single injection with SOI = 280°CA ATDC with P0 = 35 bar, two
vortices can be seen on the vertical plane. In contrast, for the injection strategy with SOI = 280°CA

ATDC and P0 = 70 bar, only one vortex has formed. For the injection with SOI = 240° CA ATDC,

interaction between the returning tumble (formed by the main part of the hydrogen jet) and the incylinder mixture in the quenching zone air, is believed to be the main cause of formation of the two
vortices. For the double injection, the ‘tumble-like’ motion induced by the first pulse and the
incoming motion from the second injection pulse, are also leading to double in-cylinder vortices.
However, on this occasion the main central vortex is counter-rotating from exhaust to inlet (possibly
forced into that direction by the piston’s late motion and restricted in-cylinder volume). For the
injection strategy with P0 = 35 bar, 56° CA duration and SOI = 280° CA ATDC, the central vortex
is also counter-rotating; this can be due to the interaction of the returning flow formed by the early

stages of injection with the flow formed in the centre of the chamber during the final stages of

injection. However, for the injection with SOI = 280° CA ATDC and P0 = 70 bar, the 28° CA
injection duration and the short time available up to ignition led to a single vortex; this vortex is also

counter-rotating from exhaust to inlet. For the injection strategies with the two vortices, one of the

vortices was typically located on the exhaust side close to the quenching zone. The location of the
centre for the second vortex though was different amongst strategies with more notable the
occurrence of this in the vicinity of the spark location for P0 = 35 bar.
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Figure 8. 6 Distribution of equivalence ratio (Φ) and velocity vector field on the vertical tumble plane
at ignition timing.

As shown in Figures 8.6 and 8.7 for both vertical and horizontal planes, the maximum velocity
magnitude was typically 15 m/s for all cases except for the strategy with P0 = 35 bar and SOI = 280°
CA ATDC where a maximum velocity magnitude of 20 m/s was predicted. This is believed to be

related to the longer injection duration and closer EOI to ignition timing than the other strategies.
The velocity field on the horizontal plane was more complex than the field shown on the vertical
plane. At least four vortices can be seen on the horizontal plane for all cases. A comparison between
the snapshots of equivalence ratio and velocity vectors in Figures 8.6 and 8.7 revealed that the

hydrogen distribution inside the chamber was governed by the velocity field characteristics. A
correlation can be observed between the mixture stratification and the gradient of the velocity
magnitude throughout the chamber.
It is also worth mentioning here that on the horizontal plane shown in Figure 8.7, the velocity field
and equivalence ratio are almost symmetric about the X axis. However a level of asymmetry can also
be identified that is believed to be due to small differences in the velocity magnitude calculated for

the under-expanded regions of the six nozzles. In particular, a small variation (even less than 1%) in
the grid resolution can easily trigger the asymmetry. However in a real injector due to several
challenging factors including different surface roughness of the nozzle holes, not precisely identical
nozzle diameters, etc. even higher levels of velocity variation and asymmetry can be expected. For
instance in the experimental optical study conducted by Kaiser and White (2008) a considerably high
degree of asymmetry was noticed in the flow field after the hydrogen injection event.
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In addition to equivalence ratio, Figure 8.8 shows the variation of the velocity magnitude and
turbulent kinetic energy on the same horizontal line running from inlet to exhaust and passing
through the spark plug location. It can be seen that the early injection strategy with SOI = 240° CA
ATDC produced the highest velocity magnitude, U = 11.2 m/s, at the location of the spark plug.
However, the other injection strategies produced relatively lower velocities at the same location (U =
2–3.5 m/s). This again is related to the effect of the returning tumble motion that was not produced
in full by the other strategies. With respect to TKE, Figure 8.8 shows that the injection strategy with
SOI =280° CA ATDC and long injection duration (P0 = 35 bar) produced the highest value of TKE
= 35 m2/s2. The lowest TKE among the injection strategies is associated with the double-pulse
strategy. It can be concluded that long injection duration close to ignition timing would increase the

turbulence level around the spark plug. Higher levels of turbulence would enhance the propagation
rate of the flame throughout the chamber and could be used to optimize the combustion efficiency
even for leaner mixtures. For the double injection strategy, although the EOI of the second pulse
was relatively close to ignition timing (320° CA ATDC compared to 336° CA ATDC for SOI = 280°
CA ATDC and P0 = 35 bar), the small duration of the second pulse (10° CA) was not sufficient to
form and maintain a high level of turbulence at the time of ignition. The higher TKE in the vicinity

of the spark location for the early injection strategy compared to the double-pulse strategy suggests

that the relatively greater velocity magnitude of the tumble motion induced by the long early injection
could as well enhance the level of turbulence.
Similarly to Figure 8.8, the spatial variation of the velocity magnitude, velocity component in the
horizontal, i.e. X, direction (Ux), and TKE are presented in Figure 8.9 but over a vertical line running

from the spark plug location to the piston crown. Figure 8.9 essentially illustrates the profile of those
quantities. The early injection strategy with SOI = 240° CA ATDC shows again the highest velocity
magnitude in the vicinity of the spark plug with U ≈ 12 m/s at about 2 mm below the spark location.
For the other strategies, the minimum velocity magnitude occurred in the vicinity of the spark plug
whilst the maximum velocity occurred close to the centre of the combustion chamber. The doublepulse injection, as well as the injection with SOI = 280° CA ATDC and P0 = 70 bar, showed very
similar trends in the velocity profile in Figure 8.9. A relatively sharper gradient was noticed for the

injection strategy with SOI = 280°CA ATDC and P0 = 35 bar; the highest velocity magnitude of U
≈ 18 ms was found at ~7 mm below the spark location.

The profile of the velocity component in the X direction in Figure 8.9 shows that all strategies with

P0 = 70 bar exhibited positive values. For P0 = 35 bar, from about 1 mm above the spark location
the velocity component started accelerating in the negative direction. This can have a significant effect
on flame characteristics and its propagation. Similarly to Figure 8.8, the TKE plot of Figure 8.9 shows

a noticeable higher level of turbulence in the vicinity of the spark location for the injection strategy
with P0 = 35 bar and SOI = 280° CA ATDC in comparison to the other strategies. Specifically, this

369

In-Cylinder Mixture Formation and Combustion

is ~250% larger than the double-pulse strategy and ~135% larger than the strategies with P0 = 70
bar and SOI = 240°CA ATDC or SOI = 280° CA ATDC.

It is concluded that the early injection strategy with SOI = 240° CA ATDC is the ideal option for
homogeneous mixture distribution at ignition timing. However, it produced low levels of turbulence
at the spark location, unlike the injection with the longest injection duration (P0 = 35 bar, SOI =
280° CA ATDC) that produce the highest TKE. In contrast, the long injection strategy led to an

equivalence ratio of about Φ = 0.60–0.75 at the location of the spark plug at the ignition timing. This
could increase the NOx emissions. An ideal injection strategy should produce a relatively

homogeneous mixture with high level of turbulence at the spark location at the time of ignition. This
can be carried out using a double pulse strategy. The early pulse would produce a relatively
homogeneous mixture at the beginning of the second pules. The later pulse must be fairly short in
order to avoid producing a great degree of stratification; however it must be close enough to the
ignition timing so as to maintain a high level of turbulence at the time of ignition. For instance, in
order to maintain a global Φ = 0.50 with P0 = 70 bar, an ideal injection strategy could be a doublepulse injection process with total duration of 28° CA, split in a first injection pulse of 22° CA duration

at about SOI = 240° CA ATDC that would create a relatively homogeneous mixture with Φ ≈ 0.4
just before the beginning of a second pulse with SOI = 334° CA ATDC and 6° CA duration. The

second pulse then could produce a mixture with Φ = 0.50 and with appropriate level of turbulence
at the vicinity of the spark plug.
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Figure 8. 7 Distribution of equivalence ratio (Φ) and velocity vector field on horizontal plane (4.2 mm
above the fire face) at ignition timing.

371

In-Cylinder Mixture Formation and Combustion

Figure 8. 8 Equivalence ratio, velocity magnitude and turbulent kinetic energy in the vicinity of the
spark location at ignition timing (X-axis).

372

In-Cylinder Mixture Formation and Combustion

Figure 8. 9 Velocity magnitude, velocity component in X direction and turbulent kinetic energy in the
vicinity of the spark location at ignition timing (Y-axis).
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8.2 Mixture Formation: Boosted Condition
Apart from injection strategy, intake air boosting can also have direct effects on the performance and
efficiency of hydrogen-fuelled IC engines. Intake boosting (supercharging/turbocharging) has been
suggested as a promising possibility to increase the power output while keeping the nitrogen oxide
emissions within standard thresholds mainly in PFI hydrogen engines (Furuhama and Fukuma, 1986;
Berckmüller et al., 2003; Verhelst and Sierens, 2007; Verhelst et al., 2009; Wallner et al., 2009a, b). The
current section aims to study mixture formation in DI hydrogen engine using the pent-roof topology
and 6-hole side-mounted GDI injector as discussed in the previous section for the half load
conditions. To the author’s best knowledge the present work is the first in the field to study
computationally mixture formation in a boosted DI hydrogen-fuelled engine. Furthermore, for the
first time a direct comparison was conducted between RANS and LES techniques in modelling
mixture formation in DI hydrogen engines. The remaining subsections of this section discuss the
computational setup and RANS/LES results of in-cylinder mixture formation in the boosted engine.

8.2.1 Simulation Setup
Similarly to the half load simulations the computational grid of the boosted engine was a hybrid grid
i.e. hexahedral cells were used to resolve the piston's swap volume; polyhedral cells were employed
for the pent-roof and nozzle holes. Relatively finer spatial resolutions were used for the boosted
condition compared to the half load cases in order to comply with LES requirements (Pope, 2000).
Specifically, the maximum cell size close to the walls was chosen to be 0.4-0.7 mm and the maximum
cell size inside the computational domain was set to be 0.8 mm. The computational grid of the swept
volume varied from ∼3.0 million hexahedral cells at the end of the intake stroke to ∼800,000 cells at
the end of the compression stroke; this was used to obtain the initial flow field prior to the injection.
For the hydrogen injection phase, greater resolution was required to capture the physical process
involved, hence a grid of about 6 M cells was prepared, with about 2.5 million cells in the pent-roof.
For direct comparison between RANS and LES the same grid resolutions were applied for both
techniques.
RANS was used to simulate the intake and compression strokes of the engine, including the process
of hydrogen injection. LES was only used to predict the hydrogen injection and hydrogen-air mixture
formation after IVC by initialization based on the RANS calculated flow field at IVC. Second order
discretization schemes were used for both RANS and LES. A time step of 0.1° CA was selected for
RANS during the intake and compression strokes under non-fuelled conditions. During the hydrogen
injection process, a time step of 0.01° CA was used for both RANS and LES.
Two injection durations of 6 ms (54° CA) and 8 ms (72° CA) were employed, as well as 70 bar and
100 bar injection pressure. The respective global equivalence ratios are shown in Table 8.2. For LES,
the study was done with both injection durations but for 100 bar injection pressure only.
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Table 8. 2 Global in-cylinder equivalence ratio.

Injection Pressure
70 bar
100 bar

8.2.2 RANS Modelling

Injection Duration
6 ms

8 ms

Φ = 0.23

Φ = 0.30

Φ = 0.32

Φ = 0.42

Figure 8.10 compares RANS predictions of hydrogen-air mixing on the central tumble plane for two
test cases with injection pressure P0 = 70 and 100 bar. Hydrogen was injected at 240° CA ATDC (i.e.
soon after IVC) for 6 ms (54° CA). In Figure 8.10 and subsequent similar figures, the range of

hydrogen mole fraction has been dynamically varied during the injection to demonstrate more
prominently differences between various injection strategies and methods. Figure 8.11 shows a
comparison between the same two test cases on a horizontal plane located 10 mm below the engine’s
fire face (intake valves at the top, exhaust valves at the bottom of the circular bore). For both injection
pressures the main air-fuel mixing process started after the occurrence of multiple hydrogen jet

impingements on the cylinder wall and piston as also noticed in the part load case with the early
injection strategy. After the EOI very inhomogeneous mixture was produced with the rich zones
located close to the pent-roof and cylinder walls on the exhaust side of the engine. For the P0 = 100
bar case the rich area penetrated further towards the middle of the cylinder. The particular injector-

hole orientation, jet-wall impingement and the piston’s upward motion lead to a circulating tumble
motion of the hydrogen cloud. This circulation helped dispersion of the fuel and caused the rich area

to move from the exhaust side towards the intake. At 310° CA ATDC, i.e. 16° CA after EOI, there
was a very lean mixture on top of the combustion chamber and for the rest of the compression
stroke. For P0 = 70 bar injection, hydrogen was seen to occupy most of the combustion chamber by

330° CA ATDC, whilst for P0 = 100 bar this occurred ~20° CA earlier (i.e. at 310° CA ATDC). Even
that late in the compression the mixture is still not homogenous and rich zones are present in the
vicinity of piston and exhaust.

Figure 8.12 compares the RANS results of the 8 ms injection duration on both vertical tumble and
10 mm horizontal planes. For P0 = 100 bar injection pressure, at the EOI hydrogen already occupied

all the combustion chamber volume, while for P0 = 70 bar hydrogen occupied most of the domain
about 10–15° CA after EOI. As more fuel was injected in 8 ms in comparison to 6 ms, a thicker rich

mixture zone has formed in the vicinity of the piston at the end of the compression stroke. The
richest mixture in both test cases was located in the exhaust quenching zone, similarly to the 6 ms
test case. For 6 ms injection duration, the volume just downstream of the injector became almost

devoid of hydrogen after EOI. For 8 ms injection duration with both P0 = 70 and 100 bar injection
pressure, just after the EOI, the hydrogen cloud has reached the injector vicinity due to the circulating

tumble shape motion. For both P0 = 70 and 100 bar injection pressure with 6 and 8 ms injection
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duration it was observed that the circulating hydrogen cloud passed under the spark plug location
and hit the wall on the intake side causing a fairly lean mixture zone to be created around the spark
location. However, injector orientation and injection timing are two important factors that can be
adjusted in order to ensure the required hydrogen concentration around the spark plug, hence there
is scope for further study and optimization.

8.3.2 LES Modelling
Figure 8.13 compares RANS and LES results during the injection process with P0 = 100 bar pressure
on the vertical tumble and 10 mm horizontal plane. Figures 8.14 and 8.15 compare RANS and LES

predictions of post-injection mixing for 6 and 8 ms injection durations, respectively. The general

‘bulk’ shape of the impinging hydrogen jets and fuel cloud were similar between RANS and LES.
RANS captured longer evolution for the hydrogen cloud towards the intake side on the central
tumble plane but LES predicted a longer penetration on either side of this plane, i.e. under the intake
valves, as shown on the horizontal plane. The general locations of the rich mixture zones for both 6
and 8 ms at the end of the compression stroke were predicted fairly the same by RANS and LES.
Figures 8.16 and 8.17 compare the respective maps of equivalence ratio at the end of the compression
stroke for the two injection pressures and both 6 and 8 ms injection durations. RANS generally
predicted higher concentration of fuel over a larger area close to the engine walls particularly on the
exhaust side in comparison to LES. It should be noted that for a fairer comparison between the two
turbulence modelling approaches, RANS results should be compared to average results of multi-cycle
LES simulations (at least 20 consecutive cycles); although the current comparison has still its merits
in terms of deviation from an ensemble mean. Running multi-cycle LES of in-cylinder hydrogen
injection with the spatial resolution used was not practical at the time of this study due to the
computational power available.
The global equivalence ratio for P0 = 70 bar injection pressure for 6 ms duration was 0.23 (Table
8.2). Figure 8.16 shows that at the end of compression the largest portion of the engine volume has
higher equivalence ratio than the global one, whilst some areas are very lean. The global equivalence

ratio for P0 = 100 bar injection pressure and 6 ms duration was calculated to be 0.32. From Figure
8.16 on this occasion it is clear that the majority of the combustion chamber is close the global as the

higher flow rate allowed faster mixing. From the P0 = 100 bar case of Figure 8.16 it was also observed
that RANS predicted a larger central ‘channel’ of hydrogen flow towards the intake side on the vertical

symmetry plane that persists throughout 310° CA to 330° CA ATDC. LES also showed this ‘channel’
at 310° CA ATDC but it predicts rapid mixing of this by 330° CA ATDC.

Figure 8.17 illustrates that for 8 ms injection duration and P0 = 70 bar injection pressure the largest
portion of in-cylinder area at the end of compression has mainly similar equivalence ratio to the global

ratio of 0.3 (Table 3). For the same injection duration but with P0 = 100 bar injection pressure, the
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predicted RANS equivalence ratio field was spatially quite close to the global value of 0.42, but also
with some noticeable rich regions larger than 0.6. LES captured similar ‘bulk’ equivalence ratio maps
to those of RANS and it seems that mixing was not faster than RANS at the end of compression as
observed with 6ms LES and RANS in Figure 8.16.

Figure 8. 10 RANS prediction of hydrogen mole fraction on the vertical tumble plane during and after
the injection process; 6 ms injection duration, P0 = 70 and 100 bar injection pressure.
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Figure 8. 11 RANS prediction of hydrogen mole fraction on the10 mm horizontal plane during and
after the injection process; 6 ms injection duration, P0 = 70 and 100 bar injection pressure.
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Figure 8. 12 RANS prediction of hydrogen mole fraction after the end of 8 ms injection; P0 = 70 and
100 bar injection pressure, vertical tumble plane (left), 10 mm horizontal plane (right).
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Figure 8. 13 RANS and LES predictions of hydrogen mole fraction; 8 ms injection duration, P0 = 100
bar injection pressure, vertical tumble plane (left), 10 mm horizontal plane (right).
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Figure 8. 14 RANS and LES predictions of hydrogen mole fraction after the end of 6 ms injection;
P0 = 100 bar injection pressure, vertical tumble plane (left), 10 mm horizontal plane (right).

Figure 8. 15 RANS and LES predictions of hydrogen mole fraction after the end of 8 ms injection;
P0 = 100 bar injection pressure, vertical tumble plane (left), 10 mm horizontal plane (right).

381

Mixture Formation: Injection Strategy and Combustion Characteristics

Figure 8. 16 RANS and LES predictions of equivalence ratio close to the end of compression; 6 ms
injection duration, P0 = 70 and 100 bar injection pressure, vertical tumble and 4 mm horizontal planes.

382

Mixture Formation: Injection Strategy and Combustion Characteristics

Figure 8. 17 RANS and LES predictions of equivalence ratio close to the end of compression; 8 ms
injection duration, P0 = 70 and 100 bar injection pressure, vertical tumble and 4 mm horizontal planes.

Figures 8.18 and 8.19 compare velocity vector fields at the end of the compression stroke for non-

fuelled and fuelled engine operation for 6 ms injection duration on the vertical tumble and 4 mm
horizontal planes, respectively. The scale represents the magnitude of the two components on the
plane (i.e. the velocity component normal to the plane has not been included). The magnitude of the
velocity components on the vertical and horizontal planes are between 0–6 m/s. It is clear that the
injection of hydrogen changed the in-cylinder flow significantly. For both P0 = 70 and 100 bar
injection (RANS) the maximum magnitude of velocity at 320° CA on the vertical tumble and 4 mm
horizontal plane are 20 m/s and 15 ms, respectively. Injection of hydrogen yielded two clockwise

rotating vortices on the vertical tumble plane one inside the pent-roof close to the spark plug and
one on the exhaust side close to the piston top. The pent-roof vortex transported hydrogen from the
engine head toward the exhaust side while the second vortex fanned out the hydrogen toward the
intake side and helped forming a tumble-like circulating motion. For P0 = 100 bar injection the pentroof vortex seems to rotate faster than the one of the P0 = 70 bar case which means that it could

transport more amount of fuel in a fixed period as more fuel was present inside the domain for P0 =
100 bar injection pressure. A high velocity area was noticed in both P0 = 70 and 100 bar cases on the
tumble plane on the intake side; this structure moved further towards the intake quenching zone for
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P0 = 100 bar injection than for P0 = 70 bar. At 330° CA ATDC the maximum velocity magnitude
was reduced to ~15 m/s on both vertical and horizontal planes. At this timing the pent-roof tumble
vortex became clearer but the piston-top vortex seems to weaken in comparison to what observed at

320° CA ATDC. The latter was combined by the presence of a clearer counter-clockwise vortex
inside the exhaust quenching zone at the corners of the fire face on the exhaust side.
In Figure 8.19 at 320° CA ATDC on the 4 mm horizontal plane a counter-rotating vortex pair
operated primarily on the intake side. The counter-rotating vortex pair for P0 = 100 bar injection
pressure had higher velocity than the one for P0 = 70 bar injection pressure, as indicated by the
vectors on the symmetry plane and close to the wall. At 330° CA ATDC the velocity magnitude close
to the wall increased, and that in the middle decreased, indicating strong momentum exchange,

especially for the P0 = 100 bar case. In Figure 8.18, LES predicted similar bulk structure but with
higher velocity magnitude than RANS on the central tumble plane, typically of the order 25 m/s. On

the horizontal plane in Figure 8.19, the maximum velocity magnitude was the same between RANS
and LES predictions. The structures of the previously described rotating vortexes on the vertical and
horizontal planes were not as clear in the LES results.
Figures 8.20–8.21 show the velocity vector fields at the end of the compression stroke for fuelled

engine operation with 8 ms injection duration on the vertical tumble and 4 mm horizontal planes,
respectively. On the vertical plane RANS predicted maximum velocity magnitude at 320° CA ATDC
of 25 m/s, whilst on horizontal plane 15 m/s. For P0 = 70 bar injection only one tumble vortex could
be observed on the exhaust side of the engine with centre close to the piston crown. For 100 bar
injection a more complex vertical motion was observed. Specifically, a vortex was located on the
exhaust side of the engine, similarly to the 6 ms injection case, and another vortex was located under
intake side between the two valves. The interaction between the streams fanned by the exhaust side,
with the streams produced by the intake side vortex, caused strong streams toward the pent-roof wall
on the exhaust side.
On the horizontal plane at 320° CA ATDC in Figure 8.21 a pair of counter-rotating vortices was not
as formed clearly as that shown in Figure 8.19. However, the vortex pair did become visible at 330°
CA ATDC and similar flow momentum exchange could be observed to that in Figure 8.19. LES
predicted ~5 m/s larger peak velocity magnitude than RANS on the tumble plane, but on the
horizontal plane the differences in maximum velocity magnitude between RANS and LES were much
smaller.
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Figure 8. 18 Velocity vectors on vertical tumble plane; (a) RANS non-fuelled engine, (b) RANS
P0 = 70 bar injection pressure, 6 ms injection duration (c) RANS P0 = 100 bar, 6 ms, (d) LES P0 = 100
bar, 6 ms.
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Figure 8. 19 Velocity vectors on the 4 mm horizontal plane; (a) RANS non-fuelled engine, (b) RANS
P0 = 70 bar injection pressure, 6 ms injection duration, (c) RANS P0 = 100 bar, 6 ms, (d) LES P0 = 100
bar, 6 ms.
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Figure 8. 20 Velocity vectors on the vertical tumble plane for 8 ms injection duration; (a) RANS P0 =
70 bar injection pressure, (b) RANS P0 = 100 bar injection pressure, (c) LES P0 = 100 bar injection
pressure.
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Figure 8. 21 Velocity vectors on the 4 mm horizontal plane for 8 ms injection duration; (a) RANS
P0 = 70 bar injection pressure, (b) RANS P0 = 100 bar injection pressure, (c) LES P0 = 100 bar injection
pressure.
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8.3 Hydrogen SI Combustion Modelling
8.3.1 Simulation Setup
The combustion process was resolved by coupling the STAR-CCM+® solver to a detailed chemistry
solver so-called DARS (Digital Analysis of Reactive Systems). 19 reversible elementary kinetic
reactions were considered for hydrogen combustion as presented in Table 8.3 (Boretti, 2010). It is
worth mentioning that various detailed kinetics schemes for hydrogen oxidization have been
suggested that often differ by the number of reactions and their rate constants (Li et al., 2004; Ó
Conaire et al., 2004; İlbas et al., 2005; Konnov, 2008; Shatalov et al., 2009). The detailed chemistry
used in the current work was based on H2-O2 chemical reaction with nitrogen as the main bath gas.
The DARS solver used the operator splitting algorithm (Knio et al., 1999) in order to decouple the
general species transport equation from the flow field equations and obtain a set of ordinary
differential equations. This algorithm considered different time scales for the chemical reactions and
the flow field. To make sure that the flow field can be decoupled from the chemical reactions it is
necessary to keep a low Courant number during the combustion process. This means that the use of
a considerably small time-step is crucial. The time-step should be adjusted based on the general flow
characteristics and the level of turbulence involved. For the present study a time step of 0.01° CA
was used.
In RANS (and LES) modelling the spatial resolution is not fine enough for capturing the thin reaction
zone of chemical reactions. Therefore, additional modelling is required for turbulence-chemistry
interactions. In the current study Eddy Dissipation Concept (EDC) model (Magnussen, 1982, 2005)
was employed in order to include effects of the turbulence on the detailed chemistry combustion.
EDC assumes that most of the reactions occur in the smallest scales of turbulence namely the ‘fine
structures’ (Magnussen, 2005). With this approach each computational cell is divided into fine
structure and bulk gas zones where the reactions are neglected in the latter zone. In combustion
modelling with the detailed chemistry, the fine structure regions are treated as well-stirred
(homogeneous) reactors (Magnussen, 2005). The reactant and product gases are exchanged between
the fine structure and the bulk zones through mass transfer and consequently the subgrid chemistry
scales do not need to be resolved at a cell level. Specifically, the species and enthalpy governing
equations within the fine structure zones are written respectively as follows:
ܻ݀∗
1 ∗
ω∗ ܯ
= − (ܻ − 〈ܻ〉) + ∗
݀ݐ
߬
ߩ

(8.1)

,

ே

݀ℎ∗
1
= −  (ܻ∗ ℎ∗ − 〈ܻ〉〈ℎ〉)
݀ݐ
߬
ୀଵ

(8.2)
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where asterisk denotes the fine structure quantities, chevron bracket represents mean value of the
cell and ܻ, ℎ, ω, and  ܯ denote mass fraction, enthalpy, reaction rate and molecular weight of

species ݅, respectively. ߬ determines the duration in which the species remain in the fine structures
and is defined as:

߬ =

ଵ

ଷ

ߝߥ ൗସ
1 − ቈ2.14 ቀ ଶቁ 
݇

(8.3)

݉̇ ∗

The mass transfer per unit mass of the fine structures (i.e. the mass exchange rate between the fine
structures and the bulk gas zone) is expressed as (Magnussen, 2005):
݉̇ ∗ = 2.45ඥ(ߝ⁄ߥ)

(8.4)

In order to study the effect of the hydrogen DI strategy on the combustion and flame characteristics,
two combustion RANS simulations were conducted in the current study. In particular, the mixture
of the single pulse strategy with SOI = 240° CA ATDC (56° CA duration), as well as that of the
double-pulse strategy with SOI = 260° CA ATDC (duration 18 °CA) and SOI = 310° CA ATDC
(duration 10° CA) of the low load engine (see section 8.1) were ignited at 345° CA ATDC (i.e. 15°
CA spark advance). In the current combustion modelling the formation of NOx was not considered
since it has been shown that for the global equivalence ratio used, Φ = 0.5, the formation of NOx is
very small and can be neglected (Rakopoulos et al., 2011). However, for richer mixtures, NOx levels

increase drastically and an extra chemistry model, such as the Zeldovich NOx approach (Knop et al.,
2008; Rakopoulos et al., 2011) needs to be considered along with the detailed kinetic reactions of
Table 8.3.
The ignition energy provided by the spark plug was simulated by increasing the temperature in a
spherical volume with radius of r = 1 mm at the location where the spark gap would exist and the
spark plasma would be initiated. The spark duration was considered to be 10 °CA. No other

submodels were implemented to simulate the spark ignition process due to the broadly unknown
processes and transient effects in the vicinity of the spark electrodes (including heat losses, etc.).
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Table 8. 3 . Detailed H2 – O2 reaction mechanism in N2 as the main bath gas.
R

Formulation

1
2
3
4
5
6
7
8
9
10
11
12
13

H2 + O2 = OH + OH
H2 + OH = H2O + H
H + O2 = OH + O
O + H2 = OH + H
H + O2 + Ma = HO2 + Ma
H + O2 + O2 = HO2 + O2
H + O2 + N2 = HO2 + N2
OH + HO2 = H2O + O2
H + HO2 = OH + OH
O + HO2 = O2 + OH
OH + OH = O + H2O
H2 + Mb = H + H + Mb
O2 + M = O + O + M
H + OH + Mc = H2O +
Mc
H + HO2 = H2 + O2
HO2 + HO2 = H2O2 + O2
H2O2 + M = OH + OH +
M
H2O2 + H = HO2 + H2
H2O2 + OH = H2O + HO2

14
15
16
17
18
19







Arrhenius coefficients for the forward reaction
A
n
Ea
1.700×1013
+0.000×1000
+1.999×1002
1.170×1009
+1.300×1000
+1.517×1001
2.000×1014
+0.000×1000
+7.029×1001
1.800×1010
+1.000×1000
+3.693×1001
2.100×1018
-1.000×1000
+0.000×1000
6.700×1019
-1.420×1000
+0.000×1000
6.700×1019
-1.420×1000
+0.000×1000
5.000×1013
+0.000×1000
+4.184×1000
2.500×1014
+0.000×1000
+7.950×1000
4.800×1013
+0.000×1000
+4.184×1000
6.000×1008
+1.300×100
+0.000×1000
2.230×1012
+5.000×10-01
+3.874×1002
1.850×1011
+5.000×10-01
+3.998×1002

Arrhenius coefficients for the backward reaction
A
n
Ea
2.223×1010
+3.877×10-01
+1.202×1002
7.980×1010
+9.726×10-01
+8.200×1001
6.712×1011
+3.742×10-01
-1.190×1000
7.014×1009
+1.014×1000
+2.866×1001
6.276×1020
-1.660×1000
+2.142×1002
2.002×1022
-2.080×1000
+2.142×1002
2.002×1022
-2.080×1000
+2.142×1002
4.033×1014
+7.798×1000
+2.972×1002
3.867×1010
+7.930×10-01
+1.544×1002
2.212×1012
+4.189×10-01
+2.221×1002
1.050×1011
+9.591×10-01
+7.510×1001
6.310×1010
+7.542×10-01
-5.301×1001
4.508×1007
+1.115×1000
-1.038×1002

7.500×1023

-2.600×1000

+0.000×1000

1.808×1027

-3.182×1000

+5.073×1002

2.500×1013
2.000×1012

0.000×1000
0.000×1000

+2.929×1000
+0.000×1000

2.956×1012
5.131×1013

+4.053×1000
-1.776×10-01

+2.292×1000
+1.553×1002

1.300×1017

0.000×1000

+1.904×1002

2.622×1009

+1.630×1000

-3.268×1001

1.600×1012

0.000×1000

+1.590×1001

7.375×1009

+5.829×10-01

1.000×1013

0.000×1000

+7.531×1000

3.144×1012

+2.556×10-01

+8.682×1001
+1.453×1002

Unites are: [cm3 mol s cal K].
a Efficiency factors for the third-body species (M) are: H =3.3, N =0.0, H O=21, O =0.0.
2
2
2
2
b Efficiency factors for the third-body species (M) are: H=2, H =3, H O=6.
2
2
c Efficiency factors for the third-body species (M) are: H O=20.
2
Reaction constants are the Arrhenius rate constants and are used to obtain the reaction rate (K) as follows:
ିாೌൗ
ோ்

ܶ · ܣ = ܭ · ݁
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8.3.2 Flame Characteristics
The pattern of flame growth at different CA degrees after ignition timing (AIT) is presented in Figure
8.22 on the vertical tumble plane and in Figure 8.23 on two horizontal planes (4.2 and 10 mm above
the engine’s fire face, or 5.8 mm below the spark location and at the spark location, respectively).
Those contours are based on the mole fraction of hydrogen; the area with XH2 = 0.0 demonstrates
the burned gas, i.e. the shape of the enflamed area.

It was observed that for both injection strategies after 1° CA the flame started penetrating towards
the exhaust side of the chamber with noticeably higher rate compared to that on the intake side. At
first instance it might be explained as a result of higher equivalence ratio on the exhaust side,
particularly for the double-pulse injection. However, it was noted that the single-pulse strategy
showed even greater penetration rate towards the exhaust side despite the fact that this case had a
more homogeneous mixture than the double-pulse strategy as discussed earlier.
In order to investigate the cause of the aforementioned flame characteristic, the difference in laminar
burning velocities between the two cases was evaluated using the pressure and temperature at ignition
timing. Laminar burning velocities are typically presented in the literature as follows:
ܶ ఉభ ܲ ఉమ
ܵ = ܵ ൬ ൰ ൬ ൰
ܶ
ܲ

(8.5)

where the subscript ‘0’ denotes reference conditions and parameters β1 and β2 depend on the
equivalence ratio. Various values for the reference parameters of Equation 8.5 have been suggested
by several researchers for several fuels. Specifically, for hydrogen there are only limited data at realistic

in-cylinder conditions of temperature and pressure; the studies by Verhelst et al. (2005) at 365 K from
1–10 bar and by Hu et al. (2009) at conditions of up to 80 bar and 950 K are noted here. Considering
that the pressure at ignition timing in the current study was about 10 bar and the temperature about
660–695 K, using the correlations suggested by Hu et al. (2009) the double injection strategy was
associated with about 6% lower laminar burning velocity than the single injection strategy. Therefore,
it can be concluded that the differences in the velocity profile in the vicinity of the spark location
played a more important role in the growth rate and direction of flame propagation than the local
fuel concentration differences did. In particular, as shown in Figures 8.6 and 8.7, the velocity
magnitude for the single-pulse strategy was ~4 times higher than that of the double injection.
However, from the profile of the velocity component in the X direction in Figure 8.9 it is clear that
for both injection strategies the direction of velocity was always towards the exhaust side.

Additionally, noticeably higher flame growth rate is seen in Figures 8.22 and 8.23 for the single-pulse
injection in comparison to the double-pulse strategy.
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Figure 8. 22 Flame growth at different CA degrees AIT on the vertical tumble and horizontal (10 mm
above the fire face) planes.
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Figure 8. 23 Flame growth at different CA degrees AIT on horizontal plane (4.2 mm above fire face).
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For direct quantitative comparison of the flame growth process for the two cases, an ‘equivalent
flame radius’ was defined. This followed practices used in experimental studies and corresponded to
the radius of a sphere with identical volume to that of the 3D flame shape. The development of this
equivalent radius in time, as well as its rate of growth (i.e. equivalent flame speed) is presented in
Figure 8.24. This figure shows clearly that the flame radius and flame speed was consistently higher
for the single-pulse strategy than for the double-pulse. However, for both strategies a peak maximum
flame speed of 26–27 m/s can be observed. This maximum velocity is in good agreement with the
maximum growth speed of about 25 m/s measured in an optical engine of same capacity and running
conditions to that of the current engine geometry and at Φ = 0.5 as aslo shown in Figure 8.24
(Aleiferis and Rosati, 2012). The maximum velocity in CFD graph of Figure 8.24 occurred at about
2° CA AIT and 4° CA AIT for the single-pulse and double-pulse injection strategy, respectively.
According to Figure 8.22 it was at these crank angles that the flames started to interact with the wall
of the combustion chamber, and/or piston crown; this may well be the reason behind the flame’s
deceleration after those timings.
The higher equivalent flame speed of the single-pulse strategy resulted in faster mass fraction burnt
at specific timings than the double-pules strategy. Specifically, after 6° CA AIT it was found that 42%
of the hydrogen mass had been burned for the single injection strategy and only 33% had been burned
for the double-pulse strategy. Although at ignition timing both strategies had very similar in-cylinder
pressures (within about 0.3 bar), after 6° CA AIT the in-cylinder pressure had increased to 21.5 bar
and 19.2 bar for the single and double-pulse strategy, respectively, i.e. a difference of about 12%. It is
worth mentioning that the flame growth behaviour observed in the current RANS study is
comparable to the experimental optical observations of Salazar and Kaiser (2011b) as discussed in
chapter 2.

CFD

Exp.

Figure 8. 24 Equivalent flame radius and flame growth speed as function of CA degree AIT.
Comparison between current CFD and experiment conducted by Aleiferis and Rosati (2012).
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8.4 Summary
The present chapter investigated the mechanism of mixture formation and combustion in a
hydrogen-fuelled pent-roof engine with 6-hole side-mounted injector under different injection
strategies. Initially mixture formation was studied in a DI hydrogen-fuelled engine in low load (0.5
bar intake) condition at 1000 RPM. Two different injection timings, an early injection with
SOI = 240° CA ATDC (just after the intake valve closure) and a retarded injection with SOI = 280°
CA ATDC were compared with 70 bar injection pressure. In addition, a strategy with SOI = 280°
CA ATDC an injection pressure of 35 bar was investigated. Also a double-pulse injection was
employed, using SOI = 260° CA ATDC (18° CA duration) and SOI = 310° CA ATDC (10° CA
duration). The aforementioned injection strategies resulted in a constant global equivalence ratio of
Φ = 0.50.

In addition to the low load operating condition, mixture formation in DI hydrogen engines was also
investigated under a boosted intake condition (1.5 bar intake) at 1500 RPM, in a similar engine
geometry and by means of a similar side-mounted 6-hole injector to what was used for the low load
condition. Also, a direct comparison was conducted between RANS and LES in predicting in-cylidner
hydrogen-air mixing and fuel stratification. Two injection durations of 6 ms (54° CA) and 8 ms (72°
CA) were employed, as well as 70 bar and 100 bar injection pressure. For LES, the study was done
with both injection durations but for 100 bar injection pressure only.
After evaluating the in-cylinder mixing phenomena, the combustion events and flame characteristics
of the low load single early injection strategy and of the low load double-pulse injection strategy were
studied by detailed chemistry computations. The main conclusions of the analysis regarding the
current chapter in more details are as follows:

8.4.1 Low Load Condition


The early injection strategy with SOI = 240° CA ATDC and 70 bar produced relatively
homogeneous mixture at ignition timing. This was the effect of a ‘tumble-like’ in-cylinder motion
that was induced by the hydrogen jets from the early stages of injection. However, with the same
injection pressure but by using a later SOI of 280° CA ATDC, a mixture of relatively high degree
of stratification was formed at ignition timing. For this case it was clear that the typical in-cylinder
tumble motion of the pent-roof geometry was eliminated by the hydrogen injection process and
the jet itself did not have enough time to recreate a tumble-like motion as the earlier injection
strategy did. Therefore, the fuel was not distributed over the domain in full but it was forced by
the piston on the exhaust side of the engine.
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The flow field in the vicinity of the spark location was found to be highly dependent to the
injection strategy. The early injection had the highest velocity magnitude in the spark area with
U ≈ 12 m/s.



The highest level of turbulent kinetic energy was predicted for the injection strategy with SOI =
280° CA ATDC and injection pressure P0 = 35 bar. This is believed to be the effect of the
relatively long injection duration of this strategy (56° CA compared to 28° CA for the other
strategies) which led to an EOI very close to the ignition timing of 345 ° CA.



For a global Φ = 0.50 with P0 = 70 bar, an optimum injection strategy might be a double injection
process with total duration of 28° CA, split in a first injection pulse at about SOI = 240° CA

ATDC with of 22° CA duration that could create a relatively homogeneous mixture with Φ ≈
0.4 just before the beginning of a second pulse with SOI = 334° CA ATDC and 6° CA duration.

The second pulse could finally produce a mixture with Φ = 0.50 in the vicinity of the spark plug
but also with a high level of turbulence.

8.4.2 Boosted Intake


In-cylinder hydrogen injection with a 6-hole asymmetric side injector showed multiple hydrogen
jet impingements onto the opposite cylinder wall and piston crown. These were prominent
factors in mixture formation with both 70 bar and 100 bar injection pressure, using injection
timing soon after intake valve closure and either 6 ms or 8 ms injection duration. Typically the
areas close to walls on the exhaust side were richer in fuel.



With 6 ms injection duration, the area downstream of the injector turned out to be nearly devoid
of hydrogen soon after the end of injection and took longer to mix with the already injected
hydrogen. For 8 ms duration though, the hydrogen cloud had already recirculated and reached
the injector vicinity by the end of injection.



With the injection strategies employed, even with 100 bar injection pressure and 8 ms injection
duration it was not possible to achieve a fairly homogenous mixture close to the end of
compression. Further optimisation is needed to obtain a suitable in-cylinder fuel concentration
map at ignition timing.



The process of hydrogen injection changed the in-cylinder flow field significantly (as also
observed for the half load cases). Close to the end of the compression a stronger tumble structure
was observed than without injection; peak in-cylinder velocities were of the order 20 m/s whilst
for the non-fuelled engine peak values of just 5-6 m/s were recorded. Similarly, on horizontal
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planes, stronger counter-rotating vortical structures were observed than in the case without
fuelling.

8.4.3 RANS vs. LES


In-cylinder LES demonstrated details of local hydrogen-air mixing structures. However,
considering that running LES and, in particular, averaging over many cycles can be too
computationally expensive, RANS can be used to achieve an initial understanding of the mixing
processes in hydrogen-fuelled engines. The ‘bulk’ shape of the fuel cloud structure and motion,
both during injection and after the end of the injection were predicted with RANS similarly to
LES.



LES captured higher instantaneous velocity magnitude than RANS by about 5 m/s and the main
‘average’ flow structures of the RANS velocity field were not always as clearly distinguished in
the LES velocity fields. This highlights the need for multi-cycle LES for direct comparison with
RANS but also the potential for studying cyclic variability effects in hydrogen engines using LES.

8.4.4 Hydrogen SI Combustion


Regardless of injection strategy, the highest flame growth speed was found to be 26–27 m/s and
occur within 2°–4° CA after ignition timing (the single injection was fastest to reach this peak).
The growth speed decreased gradually after that and this correlated with flame-wall interaction
phenomena. This was validated against experimental flame growth data obtained from a similar
optical hydrogen engine at the same operating conditions.



It was found that the flame speed and flame's propagation direction were related by the velocity
field at ignition timing. The impact of fuel stratification was found to be less dominant than the
effect imposed by the velocity field. The existence of higher velocity magnitude at ignition timing
for the single injection is believed to be the main reason of its faster flame growth than the
double-pulse strategy.



Overall it was found that the injection strategy had a significant effect on the mixture's
homogeneity and stratification at ignition timing, but also on the velocity field and turbulence at
ignition timing. There is great scope in optimization of the strategy for both mixture and flowfield control that will enable even very lean mixtures to be ignited.
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Chapter 9:
Conclusions and Future Work
The current chapter summarises the major findings of the computational studies conducted in the
present work. Furthermore, recommendations for future work are also provided.

9.1 Summary and Conclusions
The present study focused on four key subjects which play imperative roles in performance of
advanced DISI hydrogen-fuelled internal combustion engines; specifically, under-expanded gaseous
fuel jets, in-cylinder flow, in-cylinder mixture formation and SI hydrogen combustion. Open-source
and commercial computational frameworks i.e. OpenFOAM® and STAR-CCM+® were utilized
during the present research. A fourth-order accurate Runge-Kutta solver was developed using the
OpenFOAM® C++ libraries, specifically for modelling shock-containing compressible flows
including under-expanded fuel jets with both RANS and LES capabilities. In addition to underexpanded fuel jets, STAR-CCM+® was also used to model non-fuelled in-cylinder flow, in-cylinder
mixture formation and combustion in hydrogen-fuelled engines with both RANS and LES
techniques. A new methodology and dynamic grid handling approach was developed within the
STAR-CCM+® framework specifically for modelling in-cylinder flow and mixture formation.
Important sonic and mixing characteristics of various under-expanded jets (i.e. hydrogen, methane
and air/nitrogen) were investigated with respect to applications in DI hydrogen engines. Additionally,
non-fuelled in-cylinder flow of an advanced 4-valve pent-roof engine was examined under various
operating conditions with different turbulence models. Furthermore, the effects of various injection
strategies including different start of injection timing, injection duration, injection pressure and
injection pulse on the in-cylinder mixture quality and fuel stratification at the time of ignition were
investigated with both RANS and LES techniques. Finally, the effect of the injection strategy on the
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combustion characteristics and flame growth behaviour in a DISI hydrogen engine was examined
using a detailed chemical kinetics approach. The main findings of the current study are summarized
in the following subsections.

9.1.1 Under-Expanded Jets: Sonic Characteristics
 The near-nozzle shock structure of the methane jet with NPR = 8.5 showed slightly different
pattern to those of the hydrogen jets with NPR = 8.5 and 10. The methane jet contained strong
expansion fans from the very beginning of its formation which resulted in development of a wide
initial normal shock and widely-spaced slip lines. Hydrogen jets exhibited an early narrow Mach
disk which increased in width gradually


The methane jet with NPR = 8.5 exhibited larger Mach disk height and width by 2.5% and 12%,
respectively, than the corresponding hydrogen jet that was attributed to the relatively lower ratio
of specific heats of methane.

 For hydrogen with NPR = 30, the transient formation of the near-nozzle shock structure was
comparable to that of the methane jet with NPR = 8.5. This was attributed to the high Mach
number and low ratio of specific heats in the hydrogen jet with NPR = 30 and the methane jet,
respectively.
 The current computational frameworks (both STAR-CCM+® and OpenFOAM®), in agreement
with previous experimental observations, did not capture any kind of flow recirculation just
downstream of the Mach disk. This was attributed to the accurate modelling of the inviscid fluxes
at the location of the strong Mach discontinuity by means of the AUSM+-up and also the KNP
schemes employed in the present study.
 It was found that the height and width of the Mach disk were very sensitive to NPR. A higher
degree of sensitivity was noticed for the width of the disk than for its height. Increasing NPR
from 10 to 30 for a hydrogen jet resulted in an increase of 83% and 150% in the height and width
of the Mach disk, respectively.
 The angle of the reflected shock at the triple point was 28.5° for both methane and hydrogen
fuelling with NPR = 8.5. Increasing NPR from 8.5 to 10 reduced slightly the reflected shock
angle to 28°, whilst further increase in NPR did not have any noticeable effect on this angle.
 For all under-expanded hydrogen and methane jets (with NPR ≥ 8.5) at semi-steady conditions,
chocked flow of Ma = 1 occurred inside the nozzle volume at about 0.5D upstream of the nozzle
exit. A maximum Ma of about 1.3 was calculated about 0.2D upstream of the nozzle exit whilst

the nozzle exit Ma was about 1.1. Considering the small scale of the nozzle, high viscose
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dissipation due to large surface-to-volume ratio and also exceptional compressible effects are
potential reasons for this behaviour.

9.1.2 Under-Expanded Jets: Mixing Characteristics
 For methane, mixing did not occur before the Mach disk, whereas for hydrogen high level of
momentum exchange and mixing was observed at the boundary of the intercepting shock that is
believed to be partially the effect of strong Gortler vortices. Also, the initial transient tip vortices
(vortex ring) of hydrogen jets may contribute to the flow instabilities at the boundary of the
intercepting shock and promote hydrogen-air mixing upstream of the Mach reflection.
 The origin of the outer shear layer for hydrogen was located about half nozzle diameter
downstream of the nozzle exit very close to the centroid of the initial tip vortices. For methane,
the outer shear layer originated after the Mach disk and was dominated by the Mach reflection.


The main mixing in all under-expanded jets studied occurred after the Mach disk location and
particularly close to the jet boundaries. However, in comparison to methane the effective mixing
of a hydrogen jet started closer to the Mach reflection location which consequently produced a
relatively faster mixing for the latter jet.

 For a particular gas the transient evolution of the tip vortices (vortex ring) was mostly affected
by NPR rather than the level of the incoming momentum (i.e. injection pressure).
 The difference between methane and hydrogen jets in terms of the penetration length and
volumetric growth was found to be originated from differences in both sonic characteristics and
diffusivity. A hydrogen reaches higher supersonic velocities compared to a methane jet and
therefore exhibits considerably higher penetration. Additionally, the higher diffusivity of
hydrogen contributes to the formation of a bulkier jet compared to that of methane. For NPR =
8.5 the hydrogen jet penetrated about 40% more than the methane jet.
 Higher NPR did not necessarily increase the penetration length of hydrogen jets studied. After
an initial transient process of ~0.1 ms, the jet with NPR = 70 showed a penetration length
comparable to that with NPR = 8.5. The jet with NPR = 30 exhibited lower penetration by about
8%. This behaviour was believed to be linked to a trade-off between radial and axial penetrations.
It can be concluded that for a specific condition of gaseous injection, an optimum injection
pressure (probably around NPR = 100 for hydrogen) exists which could provide desirable mixing
characteristics with a relatively low injection pressure (with the nozzle geometry used in the
present study).
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9.1.3 Under-Expanded Jets: Different Ambient Thermodynamics
 At a constant NPR and an identical cold ambient temperature, a higher ambient pressure resulted
in faster formation of the final Mach reflection and shorter Mach disk settlement time. This was
attributed to the relatively faster transient evolution of the in-nozzle flow and hence fairly faster
transformation from subsonic to sonic/supersonic nozzle exit for the jets at elevated ambient
pressure.
 Increasing the ambient temperature (from T∞ = 296 K to T∞ = 600 K) at a constant ambient
pressure and NPR resulted in perceptible increase in both tip penetration and volumetric growth
(at t = 30 μs hydrogen jet injected into the hot ambient exhibited ~21% and ~30% more
penetration and volumetric growth, respectively, in comparison to a hydrogen jet issued into the
cold ambient). This was attributed to the relatively lower density and consequently resistance of
the hot ambient.
 Hot ambient temperature had higher effect on the volumetric growth compared to the
penetration length that was attributed to the diffusivity difference under different ambient
temperatures. In fact, diffusivity had more influence on the radial expansion of the jet rather than
its axial penetration. This was due to the noticeably higher axial velocity of an under-expanded
jet compared to its azimuthal one.
 Similarly to what was observed for the cold low pressure ambient condition, under a constant
elevated ambient pressure and temperature and also NPR, hydrogen jet exhibited significantly
higher penetration length and volumetric growth compared to those of the methane jet (at t =
30 μs hydrogen jet exhibited ~16% and ~117% higher penetration and volumetric growth).

 Methane jet issued into the hot ambient showed always a noticeably lower volumetric growth in
comparison to other hydrogen jets issued into both cold and hot environments. This was
attributed to its fairly low molecular diffusivity and also weak vortex ring.

9.1.4 Under-Expanded Jets: Vortical Structures
 For NPR = 8.5 the shear layer thickness was wider for methane jet than for hydrogen jet by
114%. Increasing NPR for a hydrogen jet from 8.5 to 10 and then 30 led to a narrower shear
layer by 3% and 19%, respectively.
 Each spike of the azimuthal star-shaped structure of under-expanded jets consisted of a pair of
counter-rotating vortices. This confirmed a long lasting speculation that was suggested originally
based on experimental Schlieren visualisations.
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 It was confirmed that the azimuthal star-shape structure is a natural characteristic of underexpanded jets regardless of NPR value, level of ambient pressure, gas substance and most
importantly nozzle surface roughness. It was concluded that these vortices are most likely formed
due to strong shear forces and Taylor-Görtler type unsteady disturbances caused by significant
curvature of the jet flow. However, nozzle roughness may intensify their effect.
 As an additional confirmation to previous experimental observations, the current LES study also
showed that the spanwise vortices and consequently the azimuthal petal structure of the underexpanded jets were spatially stationary (within distances of 2.5D from the Mach reflection for the
hydrogen and methane jets). However, by moving further away from the Mach disk, the petal
structure exhibited rotational-type motion and its star-shaped structure got gradually distorted.
 The methane jet exhibited about one order of magnitude lower vorticity than the hydrogen jet;
however, similar vortical structures were observed for both jets qualitatively. It was also noticed
that the vorticity of under-expanded jets decreased rapidly by moving downstream from the
nozzle exit (for methane jet reduced ~40% in ~2.5D distance).

 The radial distance between the two peaks of the azimuthal petal structure for the methane jet
was ~20° which was in agreement with experimental observations reported in the literature (for
air jets). However, for the hydrogen jet with same NPR the radial distance of the aforementioned
peaks was higher and ranged between 25°–30°.
 Flow separation at the edge of the embedded shock (to satisfy the Kutta condition) was found
to be the main cause of the initial tip rolling-up of the under-expanded jets and formation of the
preliminary vortex rings.
 It was observed that the merging of the counter-rotating vortices of each azimuthal petal resulted
in gradual deformation of the azimuthal star-shaped structure downstream of the Mach
reflection. It was noticed that this process played a significant role in promoting fuel/air mixing
at the jet boundary. Therefore, it was proposed to use artificial micro-tabs on the inner surface
of high pressure DI injectors specifically for promoting air-fuel mixing.

9.1.5 Under-Expanded Jets: Different Nozzle Designs and RANS Modelling


On an identical spatial resolution with the newly developed high order accurate RK4
OpenFOAM® solver, LES predicted stronger Mach reflection and centreline shocks which
resulted in wider subsonic regions after each shock compared to those of RANS. However,
RANS was able to predict similar results to those of LES in terms of penetration length and
spreading rate of an under-expanded nitrogen jet issuing from a millimetre-size nozzle.
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It was found that the key characteristics of under-expanded jets with respect to application in
gaseous IC engines (such as penetration length and spreading rate) can be predicted with a
reasonable accuracy on a relatively medium spatial resolution (like D/30 – D/20 close to the
nozzle exit) by means of RANS modelling.



It was found that reducing the length of the straight section of a nozzle by 50% resulted in slightly
higher level of under-expansion i.e. 2.6% higher pressure at the nozzle exit and consequently
~1% higher mass flow rate. It was observed that reducing the nozzle diameter by 50% while
keeping its length constant would result in reduction of ~75% in mass flow rate.





It was found that jet issued from a nozzle with diameter of D = 0.7 mm penetrated ~28% lower
than the jet issued from a nozzle with the same length but a diameter of D = 1.4 mm.

It was concluded that at a constant NPR value, lower ln/D would result in relatively higher
penetration length of under-expanded fuel jets which is desirable for IC engine-related

applications by enhancing the rate of air-fuel mixing. It was also concluded that increasing the

nozzle exit diameter (with an under-expanded jet passed the exit) would result in more desirable
fuel jet by providing significant enhancement in the jet tip penetration.


It was found that with a conical profile, over-expanded jet showed a smaller pentation length and
slightly larger cone angle compared to those of a jet issued with similar NPR value from a simple
straight orifice. Also, it can be concluded that with a conical nozzle profile if an under-expanded
jet forms after the nozzle exit a fairly higher penetration length can be expected compared to a
jet issued for a straight nozzle with similar NPR value.



It was found that polyhedral cells could produce comparable results in terms of the jet tip
penetration and spreading rate of under-expanded hydrogen jets to those predicted on a
hexahedral grid.



It was found that step design of a nozzle hole could restrict the width of the Mach disk and
consequently reduce the radial expansion of the jet. This would result in higher jet tip penetration
of an under-expanded jet issuing from a step nozzle compared to a jet issuing from a simple
orifice with exit diameter comparable to the inner hole of the step nozzle.

9.1.6 In-Cylinder Flow


The added blow-by model did not change the in-cylinder flow field significantly in terms of flow
structures. However, a lower peak velocity magnitude (~ 1.0 m/s lower) were observed at ° CA
close to the TDC into the compression stroke. The cases with blow-by had a peak in-cylinder
velocity closer to the PIV measurements at the end of the compression stroke.
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It was found that the k-ε Realizable model could produce closer flow field to those of the

standard k-ε model on both horizontal and vertical planes compared to the k-ω SST model. The
difference of in-cylinder flow fields between the different turbulence models was attributed to
their significantly different valve flows.


During the early stages of the intake stroke (up to 60° CA ATDC) a close agreement was found
between RANS and LES in reproducing the in-cylinder flow filed. This was believed to be due
to the existence of high-momentum valve flows which postponed the formation of secondary
flow structures (due to the turbulence) for °CA after the first portion of the intake stroke.



It was found that during early stages of the intake stroke all RANS models predicted almost
identical valve flow structures. However, the discrepancy between these models started after
around 40°CA ATDC and at 60° CA ATDC quite different flow structures were observed



specifically between the k-ω model and the k- ε models.

It was concluded that flow around the intake valves and its associated vortical structures had
significant effect on the formation and evolution of in-cylinder flow and its tumbling motion.



The effect of the intake temperature solely on the in-cylinder flow was examined by isolating
other effective parameters. It was found that with a fixed trapped mass higher peak pressure (due
to a higher intake temperature) would result in lower peak in-cylinder velocity during a large
portion of the compression stroke after the IVC.



In comparison to a fixed pressure intake condition, it was found that a time dependent mass flow
rate intake boundary could exhibit higher level of TKE particularly during the intake stroke and
early compression stroke. This was attributed to the sinusoidal behaviour of the imposed mass
flow rate which consequently increased the level of turbulence production.



It was found that increasing the Engine RPM from 1000 to 1500 RPM may increase the peak
TKE value by ~150% during the second portion of the compression stroke.



The highest difference between the peak values of turbulent kinetic energy in cases with different
engine RPMs was found to be during the second portion of the compression stroke. This was
attributed to the fact that the level of the in-cylinder turbulence was highly associated with the
piston speed during the compression stroke.

9.1.7 In-Cylinder Mixture Formation: Injection Strategy
 In-cylinder hydrogen injection with a 6-hole asymmetric side injector showed multiple hydrogen
jet impingements onto the opposite cylinder wall and/or piston crown. These were prominent
factors in mixture formation in all DI cases studied.
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 The process of hydrogen injection changed the in-cylinder flow field significantly. Close to the
TDC the peak in-cylinder velocities of a fuelled engine were of the order of 20 m/s whilst for
the non-fuelled engine peak values of just 5–6 m/s were recorded.


With boosted intake (1.5 bar) and early injection timing, even with 100 bar injection pressure and
8 ms injection duration it was not possible to achieve a fairly homogenous mixture at the end of
the compression stroke.

 With the part load condition (0.5 bar intake) the early injection strategy with SOI = 240° CA
ATDC and 70 bar injection pressure produced relatively homogeneous mixture at ignition
timing. This was the effect of a ‘tumble-like’ in-cylinder motion that was induced by the hydrogen
jets from the early stages of injection. However, with the same injection pressure but by using a
later SOI of 280° CA ATDC, a mixture of relatively high degree of stratification was formed at
ignition timing. For this case it was clear that the typical in-cylinder tumble motion of the pentroof geometry was eliminated by the hydrogen jetting process and the jet itself did not have
enough time to recreate a tumble-like motion as the earlier injection strategy did. Therefore, the
fuel was not distributed over the domain in full but it was forced by the piston on the exhaust
side of the engine.
 The flow field in the vicinity of the spark location was found to be highly dependent to the
injection strategy. The early injection had the highest velocity magnitude in the spark area with
U ≈ 12 m/s.
 The highest level of turbulent kinetic energy was predicted for a single pulse injection strategy
with SOI = 280° CA ATDC and injection pressure of 35 bar. This is believed to be the effect of
the relatively long injection duration of this strategy (56° CA compared to 28° CA for the other
strategies) which led to an EOI very close to the ignition timing of 345 ° CA.
 It was concluded that for a global Φ = 0.50 with P0 = 70 bar, an optimum injection strategy
might be a double injection process with total duration of 28° CA, split in a first injection pulse
at about SOI = 240° CA ATDC with of 22° CA duration that could create a relatively
homogeneous mixture with Φ ≈ 0.4 just before the beginning of a second pulse with SOI = 334°
CA ATDC and 6° CA duration. The second pulse could finally produce a mixture with Φ = 0.50
in the vicinity of the spark plug but also with a high level of turbulence.

9.1.8 In-Cylinder Mixture Formation: Large Eddy Simulation
 In-cylinder LES demonstrated details of local hydrogen-air mixing structures. However,
considering that running LES and, in particular, averaging over many cycles can be too
computationally expensive, RANS can be used to achieve an initial understanding of the mixing
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processes in hydrogen-fuelled engines. The ‘bulk’ shape of the fuel cloud structure and motion,
both during injection and after the end of the injection were predicted with RANS similarly to
LES.
 LES captured higher instantaneous velocity magnitude than RANS by about 5 m/s and the main
‘average’ flow structures of the RANS velocity field were not always as clearly distinguished in
the LES velocity fields. This highlights the need for multi-cycle LES for direct comparison with
RANS but also the potential for studying cyclic variability effects in hydrogen engines using LES.

 9.1.9 Combustion Characteristics
 Regardless of the injection strategy, the highest flame growth speed was found to be 26–27 m/s
and occur within 2°–4° CA after ignition timing (the single injection was fastest to reach this
peak). The growth speed decreased gradually after that and this correlated with flame-wall
interaction phenomena. This was validated against experimental flame growth data obtained
from a similar optical hydrogen engine at the same operating conditions.
 It was found that the flame speed and flame’s propagation direction were related by the velocity
field at ignition timing. The impact of fuel stratification was found to be less dominant than the
effect imposed by the velocity field. The existence of a higher velocity magnitude at ignition
timing for the single injection is believed to be the main reason of its faster flame growth than
the double-pulse strategy.
 Overall it was found that the injection strategy had significant effect on the homogeneity and
stratification of the mixture at ignition timing. Also, the velocity field and turbulence at the time
of ignition were affected noticeably by the injection strategy. There is great scope in optimization
of the strategy for both mixture and flow-field control that will enable even very lean mixtures
to be ignited.
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9.2 Future Work
Remaining part of the current chapter is devoted to potential future studies proposed based on the
outcomes of the present research. Some of the main areas where further investigation could be
undertaken are summarised as follows.


The newly developed fourth-order accurate Runge-Kutta OpenFOAM® solver is currently
applicable within the compressible limits i.e. Ma ≥ 0.3. A future work can be based on the
implementation of preconditioned governing equations and also use of special flux splitting
techniques such as AUSM families in order to make the code applicable to all ranges of Mach
number limits. This would be beneficial for modelling in-cylinder mixture formation in advanced
DI gaseous-fuelled engines that could exhibit incompressible and compressible flow behaviours
concurrently. Also implementation of a real gas equation of state for accurate modelling of the
near-nozzle temperature field in under-expanded hydrogen fuel jets can be included as a future
development of the RK4 solver.



The current work showed that use of a conical nozzle profile may enhance mixing characteristics
of issuing fuel jets under certain conditions. However, more work is required in order to further
understand the effect of conical profiles and their half cone angle and cone height on the mixing
characteristics of gaseous fuel jets.



The current study showed that a compressible gaseous flow may exhibit a highly transient innozzle flow. Therefore, examining the in-nozzle flow of a real gaseous injector by considering
injector tiny passages, needle movement and its wobbling can establish foundation of a possible
future study. This can be very useful in development of future advanced high pressure gaseous
injectors with high levels of efficiency and durability.



With respect to the in-cylinder mixture formation in hydrogen engines although various injection
strategies were examined in the present study, however, many other combinations of injection
strategies including injector type, nozzle hole design and injector location/orientation under
various global equivalence ratios and engine loads can also be examined. In-cylinder mixture
formation of other gaseous fuels such as CNG can also be studied. Conical and other advanced
nozzle profiles could also be used. Based on the results of the current study a future work should
focus on consecutive engine cycles using advanced LES techniques.



The current study showed the significant influence of the injection strategy and in-cylinder flow
field at the time of ignition on the flame propagation behaviour in DISI hydrogen engines.
However as an initial study, RANS was used with adiabatic walls. A future study would probably
use LES in conjunction with more advanced wall thermal treatments tuned specifically for
hydrogen combustion. Also, effect of advancing and retarding the time of ignition on the flame
characteristics is DISI hydrogen engines could be investigated. Moreover, various other detailed
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chemical kinetics reactions of hydrogen combustion can be employed and their performance in
modelling SI combustion in hydrogen engines with stratified mixtures can be examined.
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Appendices:
A: Open Source CFD Tool for Hydrogen Engine Modelling
Depends on the crank angle, flow inside the combustion chamber of an IC engine exhibits wide range
of velocity magnitudes. Particularly, in a hydrogen-fuelled engine during the injection phase, velocities
from ~2500 m/s (close to the injector holes) to less than 5 m/s exist concurrently inside the
combustion chamber. For low Mach number flows relation of pressure and density through an
equation of state becomes lose. Therefore, pressure distribution (calculated using the equation of
state) does not satisfy the velocity field obtained from the momentum conservation. However,
remedies including preconditioning (Weiss and Smith, 1995) and pressure-velocity coupling
techniques (such as PISO and SIMPLE) (Ferziger and Peric, 2002) are available in order to ensure
the consistency of pressure and velocity fields. Within the objectives of the current work an
OpenFOAM® solver and associated computational framework based on a pressure-velocity coupling
technique were developed specifically for modelling in-cylinder flow and mixture formation in
gaseous-fuelled IC engines. In the remaining part of this appendix various features of this new solver
is discussed.
Original release of OpenFOAM® includes two solvers i.e. sonicFoam and rhoPimpleFoam for
transient modelling of compressible flows based on a pressure-velocity coupling algorithm namely
PIMPLE. This pressure-velocity coupling technique is considered as a combination of the
aforementioned SIMPLE and PISO algorithms which can speed up the simulation while maintaining
a stable solution and smooth convergence due to under relaxation. Time step in PISO algorithm is
limited due to the courant number restriction that must be less than unity. Using PISO algorithm for
modelling some complex flows requires courant numbers of less than 0.1 in order to obtain a stable
solution. On the other hand PIMPLE offers the possibility of using relatively larger time steps. In
fact, PIMPLE benefits from the relaxation idea of SIMPLE algorithm that was originally developed
for steady state conditions. This is done by introducing of a relaxation factor ߙ that limits the new
value of a flow parameter߶ as follows,
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߶  = ߶ ିଵ + ߙ(߶  − ߶ ିଵ)

(A.1)

The SIMPLE mode (with under relaxation) are used between the time steps in order to converge the
solution to a certain limit of accuracy in both time and space. Within the objectives of the current
work a new solver was developed based on the PIMPLE algorithm of sonicFoam and
rhoPimpleFoam specifically for modelling mixture formation in direct injection gaseous-fuelled

engines. The new solver is referred to as gasEngineFoam. Within the remaining part of this
appendix the main features of gasEngineFoam solver are discussed.
gasEngineFoam is a segregated pressure-based solver which solves the compressible fluid flow

governing Equations 3.1, 3.2 and 3.5 using a special algorithm. The main loop of gasEngineFoam
is as follows,
1. Set t = t + ∆t.
2. Initialize the dependent variables.
3. Move the grid and update the flux accordingly. Since the flow moves relative to the moving grid
therefore in this step absolute flux is updated.
4. Obtain an initial approximation for the density field by obtaining an exact solution of Equation
3.1 (with explicit discretization of the divergence term to avoid conservation errors).
5. Obtain an initial approximation for the velocity field by solving Equation 3.2. In this stage first
the matrix representation of the momentum equation is formed without its pressure gradient
term (called UEqn), then the complete momentum equation with inclusion of its pressure
gradient term is solved.
6. Solve species transport equation (Equation 3.6).
7. Solve energy equation for the internal energy e without the fourth term of Equation 3.5.
8. Update density from the equation of state. This is done by thermo.correct(); syntax at
the end of the energy equation.
9.

Matrix of step 5 is discretised and written is shape Equation 3.49 as CU*=R.

Matrix C is

decomposed into matrix A with only the diagonal elements and matrix B that includes the offdiagonal elements of C. This gives C=A+B. Therefore, the linear system for U* becomes (A+
B) U*=R. This gives AU*=R-BU*. Operator H similar to the one developed for the original
PISO algorithm is evaluated as H=BU* which gives AU*=H. At this stage U* which is the velocity
without any influence of pressure is calculated using U*=H/A. in OpenFOAM syntax matrices
H and A are obtained using UEqn.H() and UEqn.A(), respectively.
10. Volumetric fluxes are updated by dotting the interpolated U* (to cell faces) with face normal. The
divergence of the face velocity field is accounted for by taking out the difference between the
interpolated velocity and the flux. Finally the flux is corrected according to the grid motion.
11. By substituting U= U*- ∇p/A in the continuity equation a Poisson equation (Ferziger and Peric,
2002) is obtained which is then solved in order to correct the pressure field.

12. Recalculate and update the flux with the updated pressure.
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13. Solve the continuity equation with the updated flux in order to obtain the updated density field.
14. Correct the velocity field using the corrected pressure field using U= U- ∇p/A.

15. Correct the boundary conditions for updated velocity U by adding the pressure gradient term.
16. Evaluate and update the turbulence parameters.
The aforementioned steps show the sequence of the solver without any iteration. However, in order
to obtain a converged solution some of these steps are repeated within one time step using multiple
loops. The first loop which is also called PIMPLE corrector loop includes steps 5 to 16. In an
OpenFOAM® case number of iterations of this loop is controlled by nOuterCorrectors keyword
under the PIMPLE parameters of fvSolution file. nOuterCorrectors depends on the complexity
of the flow but is normally set to be 200 at maximum. However, an additional exit condition is
normally defined for the PIMPLE loop based on the residuals of the key flow variables such as
velocity and/or pressure (under residualControl section of fvSolution file). This additional
condition normally terminates the PIMPLE loop before reaching the maximum number of iterations.
All the iterations of the PIMPLE loop are solved using relaxation factors (SIMPLE mode) except the
final one which is solved without a relaxation factor in order to ensure the time consistency of the
solution.
The second loop, which is normally called the pressure correction loop, includes steps 7 to 15, i.e.
energy equation and pressure correction equation. It should be noted that energy equation is normally
located outside of this inner loop. However, for cases where the thermodynamic properties such as
temperature, density and pressure vary rapidly in time (such as test cases of the current study), the
energy equation is located inside the pressure correction loop in order to enhance the coupling of
pressure and temperature fields. This inner loop, which is controlled by nCorrectors keyword in
PIMPLE parameters section of fvSolution file, is considered as the PISO loop of the PIMPLE
algorithm. nCorrectors is normally set between 1 to 3.
The last and also the most inner loop of the PIMPLE algorithm is called non-orthogonal corrector
and includes steps 11 and 12. This loop is controlled by nNonOrthogonalCorrectors within the
PIMPLE parameters section of fvSolution file and means that the pressure field is more often
updated with the new calculated one. It should be noted that step 12 i.e. correction of the flux is only
performed after the final iteration of the non-orthogonal corrector loop. The number of iterations
for this loop depends on the stability of the solution and is normally adjusted accordingly.
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t = 20 μs

t = 15 μs

t = 10 μs

t = 5 μs

B: Comparison between STAR-CCM+® and the RK4 Solver

STAR-CCM+®

OpenFOAM®

Figure B. 1 Transient evolution of the near-nozzle shock structure in an under-expanded nitrogen jet
with NPR = 8.5. Comparison between STAR-CCM+® and the newly developed RK4 OpenFOAM®
solver.
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STAR-CCM+®

OpenFOAM®

Figure B. 2 Transient evolution of the initial tip vortices (vortex ring) in an under-expanded nitrogen
jet with NPR = 8.5. Comparison between STAR-CCM+® and the newly developed RK4 OpenFOAM®
solver.
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C: Mach Reflection Reproduced by the RK4 Solver
Triple Point
Reflected
Shock

Mach Disk

Slip Line
Figure C. 1 Velocity vectors and shock structure in the vicinity of the Mach reflection in an underexpanded nitrogen jet with NPR = 8.5 produced by the developed Runge-Kutta OpenFOAM® solver.
No flow recirculation zone was found just downstream of the Mach reflection (with the dotted oval)
which is in agreement with al previous experimental visualisations of this type of flow.
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D: Azimuthal Petal Structure Captured by the RK4 Solver
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Figure D. 1 Instantaneous snapshots (at t = 180μs) of the velocity gradient on various perpendicular
planes to the nozzle centreline for an under-expanded nitrogen jet with NPR = 8.5 reproduced by the
newly developed Runge-Kutta OpenFOAM® solver. Formation and distortion of the azimuthal ‘petal’
structure is captured in agreement with earlier experimental observations.
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t = 140 μs

t = 140 μs

t = 145 μs

t = 145 μs

t = 150 μs

t = 150 μs

t = 155 μs

t = 155 μs

t = 160 μs

t = 160 μs

t = 170 μs

t = 170 μs

5 mm

6 mm

Figure D. 2 Instantaneous snapshots (at different time steps) of the velocity gradient on perpendicular
planes to the nozzle centreline at 5 and 6 mm downstream of the nozzle exit for an under-expanded
jet nitrogen jet with NPR = 8.5. Stationary characteristics of the azimuthal petal structure and
therefore stremwise vortices are predicted by the Runge-Kutta OpenFOAM® solver in good agreement
with earlier experimental observations.
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E: UCL Optical Engine Cycle Parameters
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Figure E. 1 UCL MAHLE optical engine cycle parameters: the valve cam profiles, in-cylinder pressure
trace, intake runner pressure and exhaust pressure histories and a pressure trace of stoichiometric
gasoline combustion at 1500 RPM with 0.5 bar intake pressure (Malcolm et al., 2011; Malcolm, 2015).
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F: PIV TKE on the Vertical Tumble Plane
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Figure F. 1 Turbulent kinetic energy fields measured by PIV on the vertical tumble plane in the UCL
MAHLE optical engine (Malcolm et al., 2011; Malcolm, 2015).
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