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ABSTRACT

The work reported in this thesis was conducted to investigate the liquid fuel behaviour within 

the cylinder bore of spark ignition engines. This liquid fuel, most of which results from engine 

starting and the subsequent warm-up period, is one of the main contributors to unbumed 

hydrocarbon (uHC) emissions. In modem port fuel injected (PFI) engines, fuel is injected into 

the port just upstream of the intake valves of each cylinder. The rate of fuel vaporisation at cold 

conditions is very low and more fuel than is immediately required has to be injected to form a 

combustible mixture at the time of ignition. It is this excess fuel that results in the high uHC 

emissions during the warm-up period following a start. The mixture formation process depends 

on several factors, the most important ones being the cylinder head (intake port and combustion 

chamber designs), the surface temperature (of the port, the valves and the combustion chamber), 

the injection timing (closed valve injection -  CVI, or open valve injection - OVl), droplet size 

(injector type), engine load (manifold pressure) and engine speed (the higher the speed the less 

time for evaporation). This study was aimed at increasing the understanding of how these 

factors affect the liquid fuel behaviour within the cylinder, and to a lesser extent the uHC 

emissions.

The first phase of this work involved the application of a known and reliable technique to 

measure liquid fuel impaction on the cylinder bore, so as to provide information on a relatively 

short time-scale as to how cylinder head design influences fuel impaction. The porous-liner 

technique, as the name implies, was based on the positioning of a porous insert in the top of the 

cylinder bore, through which any liquid fuel that impacted on it, was drawn off, collected and 

measured. However, this technique could only be applied on a pulsating flow rig and not on a 

running engine. Under the non-realistic operating conditions involved, the arrangement 

provided a worst-case indication of the liquid fuel quantity on the bore, during the first cycles of 

cold start. Furthermore, it can be used for comparison purposes of different operating conditions 

(speed, load and injection timing), or even different cylinder head configurations.

The second phase of this study involved the development of a novel approach, the heat flux 

sensor technique, to characterise the liquid fuel within the cylinder bore of a running engine. 

This technique involved the installation of heat flux sensors in the cylinder bore. The face of the 

sensor was exposed to the in-cylinder environment and its body was mounted in the block. Heat 

flux readings were significantly higher when liquid fuel was present on the face, since the fuel 

absorbed heat to evaporate while the heat transfer coefficient between the sensor and the liquid 

is far higher than that between the sensor and just the gases within the cylinder. It was shown 

that this technique can successfully identify and measure the liquid fuel on the bore, and provide 

useful information on how the liquid fuel behaviour is affected by the cylinder head design, 

injection timing and surface temperatures.
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1.0 Introduction

Internal combustion engines are the main prim e movers used in transportation and power 

generation. They produce mechanical pow er from the energy released by burning a mixture o f  

air and fuel w ithin a com bustion chamber. In spark ignition (si) engines fuel is injected either 

into the intake port (Port Fuel Injection - PFI) or directly into the cylinder (D irect Injection - 

Dl). The fuel first evaporates and then mixes with the incoming air, and the resulting 

com bustible mixture is ignited with the aid o f  a spark. This implies that the working fluid is a 

com bination o f  the m ixture formed before com bustion and the burned gases from combustion. 

The power output from the engine is directly related to the work transfers between these 

w orking fluids and the m echanical com ponents o f  the engine. The ideal therm odynam ic Otto 

cycle, shown in figure 1.1a, is often used to give a simple representation o f  the processes 

involved, but the processes o f  a real si engine are far more complex, as shown in figure 1.1b.

Vc -  clearance volume  
fv -  com pression ratio

Expansion

Combustion

B low-down

Induction/exhaust

Volume

Figure 1.1a Ideal air standard Otto cycle 
[Stone (1992)1

§

I
Swept volum e per cylinder 

<  >

im ep

Volume

Figure 1.1b Standard cycle for four-stroke 
engine [Stone (1992)]

0 - 1 :  Induction process at no pressure drop

1 - 2 :  Isentropic (i.e. adiabatic and 

reversible) com pression

2 - 3 :  Heat addition at constant volume

3 - 4 :  Isentropic expansion

4 - 1 :  Heat rejection at constant volume 

1 - 0 :  Exhaust process at no pressure drop

Induction and exhaust processes 

encounter pressure drop

- Com pression and expansion processes 

are not adiabatic so not isentropic

- Com bustion and blow-down take finite 

time (hence, cannot take place at constant 

volume)
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1.0.1 Engine Parameters

The perform ance o f  an si engine is influenced by a num ber o f  operating variables. The air-fuel 

ratio (AFR), spark timing, load/speed and com pression ratio are the main factors that affect this 

perform ance, in terms o f  efficiency and emissions.

1.0.1.1 Air-Fuel and Equivalence Ratios

The relative proportions o f  air and fuel can be given either in terms o f  mass flow rates (AFR) or 

as an equivalence ratio (O).

A F R  =
Mair

Mfuel

A F R  stoich 

A F R  actual

Com plete com bustion takes place only when the am ount o f  oxygen is ju s t enough to fully 

oxidise the hydrocarbon fuel. These proportions o f  air and fuel are defined as stoichiom etric, 

and they can be calculated from the following com bustion equation:

CxHy  +
4 /

(O2 + 3 .7 6 A 2 ) — x'COj + - ^ / / 2 0  + 3.76
V

Changes in AFR can affect brake mean effective pressure (bm ep) and specific fuel consumption 

(sfc) as shown in figure 1.2.

0.2
sfc

(kg/MJ)
bmep
(bar)

0.15

0.1  -

0.05  -

Wide open throttle (W OT) —  2  
Constant speed

0.6
RichLean

Equivalence ratio (O)

Figure 1.2 Brake mean effective pressure and specific fuel consumption changes w.r.t.
equivalence ratio [Stone (1992)]
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The bmep peaks slightly rich of stoichiometiy (0=1) due to the presence of molecular oxygen 

in the burned gases under stoichiometric conditions, that results from dissociation taking place 

at the high temperatures of combustion.

On the other hand, sfc is a minimum at an AFR leaner than stoichiometric. The products of 

combustion of leaner mixtures are at lower temperatures, therefore less dissociation of CO2 and 

H2O takes place. Consequently, a greater fraction of the fuel’s chemical energy is released as 

sensible energy, which in turn is converted to work at the piston, bringing about a reduction in 

sfc. A point is reached where further leaning of the mixture results in a significantly longer bum 

duration, or even misfire, and consequently the engine’s efficiency deteriorates.

The optimum AFR for part load conditions is the one that gives minimum sfc and therefore 

optimum efficiency for a given speed. At very low load operation, such as idle, the lowest sfc 

is achieved with a relatively rich AFR in order to compensate for the slower bum rate, partly 

resulting from the increased residual gas fraction. In practice most modem si engines are 

operated at the stoichiometric AFR for part load conditions as this is required for satisfactory 

operation of the catalyst mounted in the exhaust to reduce concentrations of polluting gases. 

The mixture is richened to obtain maximum power for full load (wide open throttle -  WOT) 

operation.

1.0.1.2 Spark Timing

The combustion process is initiated by a spark towards the end of the compression stroke and 

terminates somewhere in the expansion stroke. If combustion starts too early, the sharp rise in 

pressure will increase the work done by the piston on the gases during the compression stroke. 

Consequently, the work done on the piston during the expansion stroke will reduce. This peak 

in pressure and temperature will also promote ‘knocking’ which is the spontaneous ignition of 

the remaining air/fuel mixture. Late ignition results in a reduced peak cylinder pressure thus 

reducing the work done by the piston during the expansion stroke.

The optimum ignition timing for maximum engine torque at a fixed speed is called the MET 

(maximum brake torque) timing and is shown in figure 1.3. The maximum torque characteristic 

is fairly flat and MET is chosen to be on the retarded side in order to maintain a sufficient 

knock margin. The point of optimum timing varies with engine speed and load. As the speed 

increases (for a fixed load) the spark needs to be advanced to compensate for the relative 

increase in duration of the combustion process. Eum rates tend to decrease when load is 

reduced and therefore the spark has to be more advanced.



CHAPTER 1 A Literature Survey

1 1
Fixed: speed, throttle, APR

bmep
(bar)

MBT tim ing

10

9

8
0 4010 20 30

Ignition Timing (°BTDC)

Figure 1.3 Ignition timing effect on power output and brake thermal efficiency
(Stone (1992)1

1.0.1.3 Compression Ratio

Analysis o f  the ideal air standard Otto cycle (figure 1.1a) indicates that efficiency {if) increases 

with com pression ratio ( a *v ).

1
'7 = 1 .r-1

• K
W here Vj is swept volume, Vc is clearance volum e and y is the ratio o f the principal specific 

heats.

On a real engine the com pression ratio affects the com bustion rate, heat transfer and friction 

processes, which in turn influence the engine’s efficiency. The various counterbalancing effects 

tend to bring about a peak in efficiency. It is usually not possible to set the com pression ratio at 

the value for peak engine efficiency, as the advent o f  knock limits the setting to one below 

optimum. It is also im portant to note that knock is also greatly influenced by the properties o f  

the fuel, as indicated by octane number. The lower the octane num ber the higher the tendency to 

knock.

I.0.1.4 Influence of emissions controls

Com binations o f  all the above operating variables can be used in optim ising the engine’s 

perform ance and efficiency. However, em issions are also dependent on these variables and their 

control strategies m ight require different engine calibrations. This implies the need for a 

com prom ise between operating settings for maximum efficiency (i.e. fuel economy) and those 

for minimum emissions.
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1.1 Emissions

1.1.1 Introduction

Spark ignition and diesel engines are two of the major contributors to the emission of pollutants 

such as nitrogen oxides (NO%), unbumed hydrocarbons (uHC), carbon monoxide (CO) and 

particulate matter (PM). It is established that these pollutants are responsible for environmental 

problems such as:

• the increase in the ‘greenhouse effect’ through build up of CO2, NO2, and 

chlorofluorocarbons (CFCs -  produced from escaped refrigerants and from aerosols), 

resulting in the warming of the planet

• the depletion of the stratospheric ozone layer, leading to the thinning of the shield against 

ultraviolet radiation

• the formation of low-level ozone by the action of sunlight on NO% and volatile organic 

compounds (VOCs)

• the increase of photochemical smog resulting from the NOx and VOC reactions

• the effect of acid rain (NOx, SOx) on forests and lakes

This study concentrates on pollutant formation from spark ignition engines and the emission 

control strategies adapted by current automotive manufacturers to meet the legislation.

1.1.2 European and U.S. Legislation for Tailpipe Emissions

The European Commission’s [1996] document concerning car emission standards in the years 

2000 and 2005 requires further reduction of tailpipe emissions (about 20 - 40% and 50 - 70%, 

respectively, compared to 1996 levels), these shown in table 1.1, together with a modification 

of the testing procedure. In addition, the proposal requires the fitting of an on-board diagnostic 

(OBD) system for all petrol vehicles equipped with electronically controlled catalytic 

converters. This system detects any failures in the anti-pollution equipment of the vehicle, such 

as the catalyst, the oxygen sensor, the evaporative system purge control, and indicates these to 

the driver.

POLLUTANT EC 1996 EC 2000 EC 2005
CO 2.2 2.3 1.0

HC + NOx 0.5 N/A N/A
HC N/A 0.2 0.1
NOx N/A 0.15 0.08

Table 1.1 European exhaust emissions standards for passenger petrol cars (g/km)
[Daniels (1996)]
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Figure 1.4 provides a com parison o f  the em issions standards between Europe, U.S. and Japan, It 

is evident that the European legislation is the most stringent, highlighting the significance o f  

pollution across Europe,

3.5

2.5

□  NOx 
■  HCs
□  CO

2  15

0.5

Figure 1.4 Comparison of proposed EU standards with those of US and Japan 
[European Commission (1996)]

W ebster [1996] highlights that in the present driving cycle (figure 1,5b), gas sam pling is 

initiated at the start o f  engine cranking and only 11 seconds is allowed before the first 

acceleration, instead o f  the 40 seconds o f  the previous cycle (figure 1,5a), Similarly, Locker c/ 

al  [1996] point out that only 11 seconds are allowed for warm-up in the EU cycle w hereas 21 

seconds are perm itted in the US, The first vehicle acceleration in the EU is up to 18 km/hr 

compared to 40 km /hr in the US, These suggest that catalysts will tend to warm -up m ore slowly 

during the European cycle w ith a consequent need to reduce cold start em issions in order to 

meet the required standards.

!
j=i

40

20
0

0 50 100 150
Test duration (s) 

a

120

100

0 200 400  600 800 1000 1200

T est duration (min)

b

Figure 1.5 European Driving Cycles: (a) Previous - EU1997 and (b) Present - EU2000
[Webster (1996)]
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1.1.3 Principal Pollutants from SI Engines

1.1.3.1 Nitrogen oxides (NOrl

Nitrogen oxides represent the total emissions of nitric oxide (NO) and nitrogen dioxide (NO2), 

the former being the most significant, especially in spark ignition engines, where the ratio of 

NO2/NO is quite small. They are one of the components in the production of acid rain and the 

depletion of the ozone layer.

NO is produced in the flame jfront due to the high temperature of combustion. Additionally, the 

burned gases produced early in the combustion process are compressed to a higher temperature 

as combustion continues, and so NO formation also occurs in the postflame gases. The kinetics 

of the NO formation involve the reactions suggested by Zeldovich (1946):

O + N2 NO + N or N +O2 o  NO + O 

The forward direction of the reactions is promoted by the increase of temperature due to 

combustion, whereas the reverse of these reactions depends on the temperature drop of the 

exhaust gases during the expansion stroke. The rapid rate of temperature reduction during the 

expansion stroke causes the reaction rate constants to become so low that the dissociation of 

NO ceases and NO is ‘fi'ozen’ at a high concentration.

NO2 is formed in the post-flame gases during flame quenching which involves rapid reactions 

such as: H + O2 o  HO2 and HO2 + NO <=> NO2 + OH

Factors affecting NO, emissions

NOx emissions are mainly affected by the APR, residual gas fi*action (RGF) and spark timing. 

Increasing oxygen concentration in rich mixtures increases the temperature of combustion 

(since more oxidation takes place) and consequently NO% emissions increase too (figure 1.6). At 

about stoichiometric APR, oxygen balances out with fuel concentration, thus further leaning of 

the mixture results in lower temperatures and consequently reduced NO% emissions.

Due to their high heat capacity, residual gases act as a heat sink for the heat released during 

combustion, thereby reducing the peak temperature and consequently NO* production. On the 

other hand excessive dilution results in poor combustion quality, since combustion rate is 

reduced, with the consequence of slow burning and possibly misfire.

Spark timing affects the peak cylinder pressure and, to a lesser extent, NO% formation. As 

already mentioned in section 1.0.1.2, spark advance results in higher peak pressures whereas 

retardation results in lower peak pressures and lower temperatures. A compromise has to be
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made between fuel consum ption and NOx em issions since higher pressures imply increased 

efficiency.

Studies by H arpster et al [1995] revealed that engine deposits also affect NOx em issions. A 30% 

decrease was reported in NOx from a deposit-free engine com pared with m easurem ents taken 

with deposits formed in the com bustion chamber. There are two main reasons for this decrease. 

The volume occupied by the deposits results in an increased com pression ratio and 

consequently higher com bustion tem peratures. Secondly, the thermal conductivity o f 

com bustion cham ber deposits is two orders o f  m agnitude less than that o f  aluminium. This 

causes a decrease in the heat transfer from the com bustion products and consequently an 

increase in the peak tem perature o f  the gases w ithin the cylinder.

Stoichiom etric

NO

HC
CO

0.7 0.9  1.0 1.1
Fuel/air equivalence ratio

Figure 1.6 Variation of NO, HC and CO, with AFR [Heywood (1988)]

1.1.3.2 Carbon monoxide (CO)

Carbon monoxide hinders breathing and damages co-ordination. It is formed in the postflame 

burned gases and is then oxidised to CO 2 at a slow er rate, the governing reaction being:

CO + OH <=> CO 2 + H

It is primarily controlled by the air/fuel ratio, and from figure 1.6 it is clear that its 

concentration is high for rich m ixtures due to incom plete com bustion. Even when com bustion 

o f  fuel is complete (i.e. at and above stoichiom etric AFR), there is some CO still present in the 

exhaust gases. This is due to failure to maintain equilibrium  o f  the m onoxide and dioxide 

during the expansion and exhaust strokes when the burned gases cool down, causing the 

concentration o f  CO to be frozen at its high-tem perature level.
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1.1.3.3 Particulate matter (PM)

Particulate matter is mainly of three classes, these being lead, organic particulates (including 

soot), and sulphates. Even though limited data is available on particulate emissions from si 

engines, recent publications in the U.S. have revealed a relationship with epidemiological 

effects.

Sawyer [1997] points out that, apart from the 10pm diameter particles (PMio) which are 

currently subjected to legislation for diesel engines, those having diameters of less than 2.5pm 

(PM2.5) also affect health. PM2.5 behave like gases and their high diffusion rates enable them to 

penetrate deep into the lungs and cause respiratory problems due to increased deposition. 

Greenwood et al [1996] investigated particulate size distribution in the range of 0.01 to 1.00 pm 

from both diesel and gasoline engines. At idle and low loads gasoline vehicles produced much 

lower concentrations than diesels, but at the high loads the particulate numbers from both 

engines were similar. It was also found that diesel particulates were larger on average than 

those from gasoline engines, implying that their mass will be higher for the same particulate 

number concentration. A further conclusion was that gasoline engines might produce more 

PM2.5 than PMio.

The greater number of si engines means that, even if particulate emissions are lower by mass, 

the total contribution can be as high as that of diesel engines and should be the subject of 

legislation.

1.1.3.4 Unburned hydrocarbons (uHCs)

Unbumed hydrocarbons are another contributor to the reactions that deplete the stratospheric 

ozone layer. Their combination with nitrogen oxides results in photochemical reactions that 

produce smog and also, in the presence of sunlight, they are responsible for the formation of 

ozone at ground level. Ground-level ozone damages trees and crops, and causes respiratory 

problems and eye irritation due to its strong oxidising action. The uHCs that contribute to the 

formation of ground-level ozone are called volatile organic compounds (VOCs), the best known 

being benzene, and these are thought to be carcinogens.

Figure 1.6 shows that uHCs emissions are high for rich mixtures. This is due to the lack of 

oxygen to oxidise, either in the cylinder or the exhaust system, any unbumed hydrocarbons that 

escape the combustion process. As the mixture is leaned towards stoichiometric, the increasing 

oxygen concentration and exhaust gas temperatures result in oxidising a substantial amount of 

uHCs. Further leaning of the mixture continues to decrease the uHCs due to the increase in 

oxygen. When the operating limit of the engine is reached and combustion quality deteriorates, 

uHCs start to rise again due to the advent of partial buming cycles that finally result in misfire.

9



CHAPTER 1 A Literature Survey

Boam  et al [1994] overviewed the main sources o f  uHCs, and these are shown in figure 1.7a. 

S im ilar studies by Cheng et a l [1993] indicated that about 9% o f  the fuel that enters the cylinder 

escapes bum ing during the normal com bustion process. They also evaluated the contribution o f  

each source to this percentage o f  fuel, the results shown in figure 1.7b. The 9% o f  fuel that 

escapes bum ing leads to a significant loss o f  bmep and fuel conversion efficiency. Having 

escaped combustion, m ost o f  it (about 7.2% ) is then oxidised, either w ithin the cylinder or the 

exhaust port, and the rest contributes to engine-out uHC emissions. These sources are discussed 

in order o f  their importance as indicated by figure 1.7b.

Plug
thread

Intake fuel
transients

crevice

Fuel short 
circuiting

Exhaust 
valve  

' leakage

G asket 
crevice

Oil absorption

^  W all quench  

,Post flam e  
kinetics

Startability

Figure 1.7a Major sources of uHCs 
[Boam et al (1994)]

Exh.Valve
Leakage Oil Layers

5% 16%
Crevices Deposits

38% 1 --------16%

Flame Liquid Fuel
Quench

5%
20%

Figure 1.7b Percentage contribution of the 
uHC mechanisms to the 9% fuel that escapes 
combustion [Cheng et al (1993)]

Principal sources of unburned hydrocarbons

Crevice volume mechanism. Crevice volum es are the regions w ithin the cylinder w here the 

flame is unable to penetrate, and so they provide shelter for the mixture during the com bustion 

process. Such regions are the piston-ring-liner region, the space around the spark plug 

electrode, the valve seat and the edge o f  the head gasket. M ixture is forced into these crevices 

during the com pression stroke as the pressure rises. The trapped charge has an increased density 

because these crevice volum es are at lower tem peratures due to their close proxim ity to the 

wall. Having survived combustion, this charge flows back into the cylinder during the 

expansion stroke when the cylinder pressure falls, and then exits the cylinder during the exhaust 

stroke.

10
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Liquid Fuel In port-fuel injected engines liquid fuel behaviour is influenced greatly by 

injection timing. Closed valve injection (CVl) promotes fuel evaporation from the hot surfaces 

of the intake valves and port, and also from the backflow of the exhaust gases. However, with 

open valve injection (OVl), a significant amount of fuel enters the cylinder as liquid droplets. 

Most of this fuel evaporates to form the combustible mixture but the rest (especially the less 

volatile components) escapes combustion by hiding in crevices, deposits or oil layers, and if it 

is not oxidised during the expansion and exhaust strokes, it contributes to uHC emissions. 

During cold start, when surfaces are cold and when fuel enrichment is necessary to obtain a 

combustible mixture, the liquid fuel proportions that enter the cylinder are relatively high and 

are not so significantly influenced by injection timing. Measurement of the liquid fuel present in 

the cylinder is the primary objective of this study and will be discussed in detail later on.

Absorption /  desorption in oil films. Fuel vapour dissolves into the oil film during the intake and 

compression strokes, when the partial pressure of the friel is high, and is subsequently released 

from the oil into the exhaust gases during the expansion and exhaust strokes, when the partial 

pressure is relatively low. Some of it is oxidised but most of it contributes to uHC emissions. 

Fuel solubility [Schramm and Sorenson (1990)] increases with the number of carbon atoms and 

also with aromatic compounds, especially more complex molecules like the xylenes and alkyl 

benzenes. The absorption/desorption mechanism of HCs into oil is affected [Sorenson (1996)] 

by the oil film thickness (HC absorption increases linearly with oil film thickness up to 2pm), 

the air/fuel ratio, engine speed (less time available for absorption/desorption at high speeds), 

and cylinder wall temperature (the lower the temperature the greater the absorption capacity). 

However, Linna et al [1997] suggested that oil film thickness is not affecting the 

absorption/desorption mechanism and that the oil layer’s contribution to uHCs emissions was 

less that 10%, implying that this mechanism is not significant to uHC emissions.

The implication is that lubricating oil effects on uHC emissions are very complicated, complex 

models are required to describe their behaviour, and that the importance of this mechanism is, 

however, uncertain.

Deposits. Combustion chamber deposits affect uHC emissions in two ways, the first being that 

they fill crevice volumes thereby reducing the amount of mixture that escapes combustion, 

resulting in lower uHC emissions. On the other hand, their porous nature enables them to 

absorb HCs prior to combustion and release them later in the cycle [Harpster et al (1995)], 

causing uHCs to increase by up to 25% when compared to those from a deposit-free engine. 

These verify that the dominant effect is the absorption/desorption mechanism of HCs in the 

deposits. Details of this mechanism are not yet well established but are probably related to 

flame quenching at the entrance of the porosity. Finally, it is reported that the contribution of
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the intake manifold deposits to uHC emissions is not as significant as that of combustion 

chamber deposits.

Flame quenching mechanism. According to Heywood [1988] this is a two-stage process, the 

first stage being that the flame is extinguished at a short distance from the wall, leaving a layer 

of unbumed mixture ahead of the flame. In the second stage, the wall quench HCs diffuse into 

the hot combustion gases, where some of them oxidise while the remainder contribute to uHCs. 

During cold-start the quench layer is thicker (since the cylinder wall temperature is lower), 

resulting in higher uHCs. Extremely lean or dilute (i.e. with high EGR) operating conditions 

result in a thicker quench layer [Cheng et al (1993)]. Under such conditions the bum rate is so 

low that the flame approaches the chamber walls slowly and late in the expansion stroke. The 

temperature and pressure of the unbumed mixture ahead of the flame is decreasing, thus 

assisting in ‘early’ flame extinction (i.e. partial buming), and consequently in higher uHC 

emissions.

Valve leakage. Valve leakage takes place during late compression and early expansion strokes, 

when the cylinder pressure is high, and is not significant when the engine is new. Boam et al 

[1994] used fast flame ionisation detectors (FFID) in the exhaust port, and reported very low 

uHC concentration in a new engine and an increase in uHC emissions in the case of an old 

engine. This was due to the fact that the valves and their seats were wom, suggesting that the 

valve leakage mechanism becomes significant with engine age.

Typical Unbumed Hydrocarbon signature

FFID measurements taken just behind the exhaust valve give the uHCs versus crank angle 

signature throughout an engine cycle. This is shown in figure 1.8, the main features of which 

are the following [Boam et al (1994)]:

(a) The high levels during the valve-closed period, which represent the uHCs in the stagnant 

exhaust gas in the port, (b) The small peak, as the exhaust valve opens, is due to the potential 

small leakage past the valve during the high pressure part of the cycle. Another contributor to 

this peak is any unbumed mixture in the crevice around the valve seat, (c) As the piston reaches 

BDC, the uHC level falls and remains at a low level almost until the valve closes, (d) As the 

piston moves to TDC it expels from the cylinder all the unbumed hydrocarbons that were stored 

in various crevices and layers during combustion, causing the uHCs to increase. This final level 

leaving the cylinder sets the level for the closed-valve period before the history is repeated in 

the next cycle.
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Figure 1.8 Unbumed hydrocarbon signature versus crank angle [Boam et al (1994)]

1.1.4 Measures adopted to meet emissions legislation

1.1.4.1 Three-way catalyst (TWO

The three-way catalyst has been the main contributor to em issions reduction since 1975. The 

exhaust gas is passed over a precious metal bed (a com bination o f  palladium , platinum  and 

rhodium) which is m aintained at high tem perature. The catalyst takes some tim e to reach its 

active conversion {light-off) tem perature, this being about 300°C. It prom otes reactions to 

reduce NOx to nitrogen and uses the oxygen to oxidise uHCs and CO to H ]0  and CO]. These 

exothermic reactions help to m aintain the catalyst at its correct operating tem perature. An 

important drawback o f  this catalyst is that it only operates efficiently at the stoichiom etric AFR. 

If  the mixture is leaner (excess O 2) it prevents NOx from being reduced, whereas if  the mixture 

is richer there will be too many uHCs and too much CO for full oxidation to take place. This 

implies that problem s will be encountered during transients when A FR requirem ents vary 

rapidly, and it also constrains the engine from operating in the lean region w ith associated gains 

in fuel economy.

As already m entioned in section 1.1.2, the proposed em ission legislation involves m easurem ents 

to be taken from the very first seconds o f  engine start-up. G ottberg et a l [1991] evaluated the 

contribution o f  the warm -up period as about 80% o f  the total em issions output. This implies 

that, in order to m eet the proposed legislation, the catalyst should reach 95%  o f  its conversion 

efficiency in less than 20 seconds after start-up. Some notable attem pts to achieve quick TWC 

light-off are described below.
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1.1.4.2 Combination of a close-coupled and an under-floor catalysts

Takada et al [1996] proposed a small volum e (warm -up) catalyst positioned very close to the 

exhaust manifold, and a larger volum e one (m ain) located under-floor, this being relatively far 

from the engine and therefore at a lower tem perature. The arrangem ent is shown in figure 1.9.

Small volume 
warm-up catalyst

Large volume 
main catalyst

Figure 1.9 Basic layout of the divided catalyst system 
[Takada et al{\996)\

The sm aller volum e and location o f  the warm -up catalyst provide quick light-off, but only treat 

part o f  the emissions. The exotherm ic reactions involved add extra heat into the gas stream, and 

as a result, the gases that enter the main catalyst are much warmer, enabling it to ligh t-off more 

quickly. Actual NOx reductions and uHC / CO conversion are obtained at the m ain catalyst 

which is positioned further downstream . Due to its prolonged exposure to high tem peratures the 

warm-up catalyst is by-passed, once the main catalyst is operating, in order to avoid catalyst 

ageing.

1.1.4.3 Electrically-Heated Catalyst (EHC)

Such an arrangem ent involves heat supply to the catalyst by electric current until it reaches 

light-off tem perature. Shimasaki et a l [1996] reported that a com bination o f  an EHC and a 

secondary air system provides high reaction heat (ten times higher than that obtained when 

using only electrical energy supply) and can m eet the U LEV  requirem ents. The injected air was 

supplied in order to increase the tem perature o f  the exhaust gases (due to oxidation reactions), 

and as a result to reduce uHC em issions before the exhaust gases entered the catalyst. Even 

though ligh t-off was achieved within 20 seconds o f  start-up, the cost, the com plexity and space 

requirem ents o f  such an arrangem ent, and finally the engine efficiency loss accom panying the 

operation o f the electrically-heated system, do not provide the optimum solution for car 

manufacturers to adopt.
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1.1,4.4 Hydrocarbon Traps

These involve the use o f  an absorbent solid, such as zeolite and carbon, to trap the uH Cs during 

the cold start period, and release them when the catalyst is warm  enough for oxidation reactions 

to occur. Herti et a l [1996] proposed a zeolite absorber (with a central hole) betw een two 

catalysts. During cold start when the absorber is cool, uHCs are absorbed as the exhaust gases 

pass through its channels. The small fraction o f  the exhaust that passes through the hole 

impinges directly on the second catalyst (the one downstream  o f  the absorber) and increases its 

tem perature. The objective o f  this design was to optim ise the diam eter o f  the hole so as to 

maximise the heating rate o f  the second catalyst, and at the same time, to m inim ise the uHCs 

escaping through this hole, and to keep the desorption o f  HCs during the heat-up period o f  the 

second catalyst relatively low. Despite its novelty this in-line absorber system could only meet 

the LEV emission, and not the ULEV, requirem ents.

A revised concept o f  the above configuration by Patil et a l [1996] involved the use o f  a flow 

diverter unit located ju st upstream  o f  the absorber hole, as shown in figure 1.10. The diverter 

was used to direct the exhaust gases away from the hole and into the absorber’s channels in 

order to absorb a large fraction o f  the uHCs while the first catalyst was heated up. W hen the 

first catalyst reached light-off tem perature, typically w ithin 50 seconds from start-up, the 

diverter was shut off. The exhaust gases then passed through the hole and heated up the second 

catalyst faster than the absorber unit. W hen the second catalyst reached ligh t-off air was also 

injected to oxidise the desorbed HCs from the now hot absorber. O verall, this arrangem ent 

requires accurate sizing o f  the two catalysts and the absorber, in order to obtain the events o f 

adsorption, second catalyst light-off and delayed desorption in the right order. However, it can 

satisfactorily m eet the ULEV requirements.

(Sam pling points)

First
Catalyst

Second
Catalyst

Secondary air 
injector port

Air diverter 
port

Figure 1.10 Schematic diagram of the in-line absorber arrangement to meet ULEV
standards [Patil et al (1996)]
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1.1.4.5 Exhaust Gas Ignition (EGI)

In  this concept, introduced by M a et al [1992], the engine is calibrated to start quite rich (AFR 

% 9:1) and air is added to the exhaust gas by a secondary pum p before the flow enters the 

catalyst (figure 1.11), in order to restore the overall exhaust A FR to ju s t leaner o f  stoichiom etric 

and hence to allow for conversion o f  uHCs and CO. This flammable m ixture is then ignited by 

m eans o f  a glow plug in the catalyst’s com bustion cham ber and the heat released raises the 

tem perature o f  the catalyst. Once ignition occurs and a stable flame is established, the engine is 

tuned to a less rich m ixture (AFR « 11:1) and, with continued secondary air addition, the 

overall exhaust mixture is kept leaner o f  stoichiom etric. The EGI system reaches light-off 

tem perature w ithin 20 seconds after start-up. However, a com parative cost analysis by Eade et 

a l  [1996] that involved arrangem ents such as those m entioned above, showed that EGI 

represented cost savings only when com pared to the EHC system. A nother draw back is the 

short period o f  extremely rich operation. This results in high fuel consum ption, poor 

perform ance, and after a certain period o f  time, to the form ation o f  heavy deposits.

Catalyst assembly

Flame

Temperature scasot

Figure 1.11 Schematic of the Exhaust Gas Ignition system [Eade et al (1996)]

1.1.5 Conclusions

The m ost important issues that shape the future o f  the si engine are pollution and petroleum

availability [Gallopoulos (1992)]. In the absence o f  petroleum , 1C engines can survive w ith the

use o f  synthetic fuels from coal and shale. However, as the above analysis showed, si engine

pollutants do threaten the future o f  the si engine. The ULEV requirem ents o f  the USA can only

be met with great difficulty while the EU-2005 requirem ents pose a considerable challenge.

Researchers have therefore moved on to other alternatives in order to both m eet the em ission

legislation while striving for improvements in engine efficiency. Such alternatives are mixture

preparation strategies that affect the in-cylinder flow, and to a lesser extent the com bustible

mixture. V ariable Valve Timing systems (VVT), and the concept o f  the Lean -  B um  engine, all

o f  w hich are discussed in the following sections.
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1.2 Mixture preparation

1.2.1 Introduction

In spark ignition engines, mixture formation is provided either by a carburettor, or by a fuel 

injection system. Carburettors cannot meet the emission legislation due to failure to provide an 

accurate AFR (especially under transient conditions) that can satisfy the TWC requirements, 

these being within 0.1 of an AFR unit leaner than the stoichiometric value [Richardson (1996)]. 

A significant percentage of the total car fleet employs engines fitted with carburettors, even 

though they are not currently used on production vehicles.

Fuel injection systems can be classified into two categories, these being port fuel injection (PFI) 

and direct injection (DI). PFI may be either single-point injection (one injector spraying fuel 

upstream of the manifold for all cylinders) or multi-point injection (one injector just upstream of 

the inlet valve(s) of each cylinder). As with carburettors, the former leads to fuel transport 

delays in the inlet manifold, and the latter offers more precise AFR control (since it is 

positioned close to the inlet valves) with better volumetric efficiency (the inlet manifold can be 

designed for minimum pressure drop). This study concentrates on multi-point injection but the 

concept of DI systems, which involves fuel injection directly in the cylinder, is also briefly 

discussed.

Mixture formation is affected by the injection timing, which may be either closed-valve 

injection (injection while the inlet valves are closed - CVI) or open valve injection (injection 

while the valves are open - OVI). Engine management systems may either operate the injectors 

simultaneously or sequentially. In the former fuel is injected into the port of each cylinder at the 

same time leading to some cylinders operating at OVI, and others at CVI. This results in 

cylinder-to-cylinder variations, and consequently less than optimum engine performance. On 

the other hand the sequential strategy provides injection in the port at a specific injection timing 

(either CVI or OVI), this being the same for all cylinders.

1.2.2 Mixture formation during cold start

Mixture preparation is an important process in determining the uHC emissions and cycle-to- 

cycle variations during the start-up and warm-up period, particularly during the transients 

associated with vehicle acceleration or deceleration. Fuel vaporisation at cold conditions is very 

slow and more fuel has to be injected to form a combustible mixture at the time of ignition. 

Comparable problems occur under transient operation when the AFR response to sudden 

throttle (load) changes is slow. Consequently this excess fuel results in uHCs and higher 

specific fuel consumption.

The mixture formation process is illustrated in figure 1.12, which indicates the degree of 

complexity involved.
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The relative importance of each branch in the diagram depends on factors such as injection 

timing (CVI or OVI), droplet size (injector type), engine load (manifold absolute pressure), 

engine speed (the higher the speed, the less time for evaporation), coolant temperature (surface 

temperatures of port, valves, combustion chamber), all of these being discussed in fiirther detail.

1.2.2.1 The intake process
A significant effort has been made in recent years by several teams of researchers to build up an 

understanding of the various mechanisms that constitute the intake process.

Shin et al [1994] applied a high-speed CCD camera in a transparent engine to observe that any 

liquid fuel deposited on the port surface, the back of the valve or the valve stem, is pushed 

towards the cylinder by the main airflow and gravity. This film flow stops at the valve exit 

because of the diverging flow field (recirculation region) as the air enters the cylinder, and the 

film is trapped at the valve seat and lip.

Meyer and Heywood [1997] used a Phase Doppler Particle Analyser (PDPA) in a square piston 

transparent engine, at 1000 rev/min and 0.5 bar MAP, to identify three mechanisms of liquid 

fuel transport in the cylinder. Visual observations were made immediately downstream of the 

inlet valves so the effects fi*om the backflow of the exhaust gases on the liquid fuel in the port 

were not reported. During closed-valve injection, the liquid fuel that accumulates at the back of 

the inlet valve breaks into droplets when the inlet valves open due to the shear stress caused by 

the flow {strip atomisation). At high airflow velocities (inlet valve partly open) a fine and dense 

spray is formed, whereas at low airflow (valve is near maximum lift) the droplets become large 

and sparsely distributed. During open valve injection, spray enters directly into the cylinder 

{direct spray contribution) and finally, during inlet valve closure, any liquid film present in the 

vicinity of the valve seat is squeezed by the returning valve resulting in the formation of some 

droplets (fuel film squeezing).

Visual observations in the intake port [Shin et al (1995)] revealed that during displacement 

backflow (at the end of the intake stroke) which is more evident at low speeds (since the gases 

follow the motion of the piston), some liquid film was seen to flow backwards in the port, 

indicating the presence of the film even after the forward flow. More importantly they also 

reported that the backflow of the exhaust gases during the overlap period strip-atomises any 

liquid fuel in the vicinity of the valve seat and transports the resulting droplets back into the 

port. This was also reported by Cheng et al [1991] when they used a FFID to sample 

hydrocarbon concentration in the port, and this showed a sharp peak during this period. Part of 

this reading was probably due to uHCs contained in the exhaust gases. Overall, backflow 

facilitates fuel evaporation since it distributes the fuel over a wider port surface area and at the 

same time increases the temperature of the gases in the port. It also delays the flow of the liquid 

film and droplets fi-om the port into the cylinder, hence allowing more time for evaporation. In 

studies by both Shin et al [1994] and Meyer and Heywood [1997] the first droplets were seen to 

enter the cylinder around 30° ATDC. At this crank angle the pressure in the port became greater
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than the pressure in the cylinder, thus inducing some liquid fuel into the cylinder along with the 

air.

1.2.2.2 Injection Timing (CVI and OVI)
CVI and OVI affect the fuel entering the cylinder differently. In the former case the injected 

fuel impacts directly on the port surface and the back of the valves, forming a liquid film. CVI 

strategy relies on evaporation of the film from these hot surfaces. During cold start and warm

up, insufficient evaporation from the cold surfaces results in the presence of a considerable 

amount of liquid fuel, both in the port and in the cylinder. An OVI strategy is sometimes used 

which introduces the majority of fuel droplets directly in the cylinder with the remainder 

wetting the port walls (since not all droplets can follow the bulk flow). Several studies have 

compared the above strategies [Nogi et al (1988), Rokita et al (1993), Fischer and Brereton 

(1997)], and concluded that both suffer from significant wall wetting problems during cold start, 

especially OVI. The large proportion of fuel that finds its way directly into the cylinder with 

OVI gives a non-homogeneous mixture which results in poor combustion quality. Consequently 

this increases fuel consumption and uHC emissions.

Stanglmaier et al [1997a] used Mie scattering to show that droplets entering the cylinder during 

OVI are more likely to impact on the cylinder bore since it is uncovered by the descending 

piston. On the other hand, with CVI the piston is relatively closer to TDC therefore droplets are 

more likely to impact on the piston rather than the bore. This was supported by measuring 

droplet velocities immediately downstream of the inlet valves using Laser Doppler Velocimetry 

(LDV), showing that droplets resulting from CVI were notably slower than those of OVI. 

During OVI the droplets retain some of the momentum they gained from injection. This 

momentum carries them on to impact on the cylinder bore.

This is in agreement with Winklhofer et al [1992] who recorded vapour concentration 

measurements within the cylinder of a motored engine using the Infra Red (IR) extinction 

technique. They concluded that a higher degree of homogeneity was obtained with CVI 

compared to OVI, which was observed to cause significant bore wetting. Further studies by 

Meyer and Thring [1995] used two FFID probes inside the cylinder near the spark plug to 

measure vapour concentration. They reported that the vapour concentration during CVI was 

significantly higher than with OVI, the reason being that there is not sufficient time for 

vaporisation to take place with OVI, and that there is no benefit from the backflow of the 

exhaust gases.

1.2.2.3 Injector type (droplet diameter) and coolant temperature
Yang et al [1993] investigated the effects of injection timing (CVI and OVI), coolant 

temperature (30° and 89° C) and droplet size (using 3 different injectors) on uHC emissions 

from a 2-valve engine. The injectors involved were a production pintle-type (Sauter mean

2 0



CHAPTER 1 A Literature Survey

diam eter {SMD} o f around 300 pm), an air-assisted (AA) injector (SM D o f  around 40pm ) and 

an air-forced (AF) injector (SM D o f  around 14pm), the results shown in figure 1.13.
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Figure 1.13 HC emissions w.r.t. injection timing (1500 rev/min, 3.78 bar IMEP)
[Yang e /a /(1993)1

With large droplets (300 pm ) and low coolant tem perature, uHCs during OVI were 50%  higher 

than those with CVI. Since injection tim ing does not alfect any o f  the basic m echanism s o f  uHC 

em ission (crevices, oil absorption/desorption, etc) it can be deduced that the reason for this 

increase is cylinder liner wetting due to droplet impaction, which in turn am plifies the role o f 

the uHC sources. Furtherm ore, the vaporisation rate o f  the fuel on the bore is the slow est o f  all 

other com bustion cham ber surfaces, since the average tem perature o f  the bore is low er than that 

o f  the top o f  the piston and the cylinder head. This is consistent with the findings o f  Frank and 

Heywood [1991] who perform ed tests on a direct injection gasoline engine, w here fuel was 

injected on the piston surface. A 50°C change in piston tem perature had only a sm all effect on 

uHC em issions. Further confirm ation o f  the above findings concerning OVI is reported by 

Q uader [1989] who found that a com bustion cham ber with a higher swirl ratio (i.e. a 2 - valve 

head) resulted in higher uHC emissions. This was attributed to the higher swirl m otion that 

forced a significant proportion o f  droplets to separate centrifugally from the gases and hence 

impact on the bore.

The uHC em issions during OVI decreased significantly with the AA injector and even more 

with the AF injector. This is due to sm aller droplets being less likely to separate from  the flow 

(hence less bore w etting), and also to better fuel atom isation (hence faster evaporation). Similar 

suggestions w ere made by Nogi et al [1988] who m odelled the m otion o f  droplets o f  different 

diameters past the intake valves. They found that large diam eter droplets (SM D > 70pm ) cannot
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follow the air stream past the inlet valve, but instead they impact on it. However, droplets of 

SMD about or less than 30 pm do follow the airflow and enter the cylinder directly.

The above findings are also in agreement with Fischer and Brereton [1997] who compared a 

conventional single spray injector (SS) to an air-assisted (AA) injector during cold start 

operation up to 800 rev/min, on a 4-valve engine. During CVI both injectors provided similar 

uHC emissions. However, during OVI the AA resulted in a 25% reduction of uHC emissions. 

Although the AA reduced the HC emissions during OVI, the highest uHC emissions 

encountered during CVI with the SS were lower than the lowest uHC observed for OVI with the 

AA. This highlights the significance of improved atomisation for OVI strategy, and also that the 

CVI strategy is usually to be preferred to OVI.

Referring again to figure 1.13, the work of Yang et al [1993] shows that during CVI all three 

injectors provided similar uHC emissions. This is because fuel vaporisation depends on hot 

surfaces (port and valve) and the effect from the backflow of the exhaust gases, rather than on 

the surface area of the droplets leaving the injector. However, when the coolant temperature was 

high, all three injectors produced similar uHC emissions during OVI. This was due to the higher 

vaporisation rate of the wall film from the hot bore, indicating that droplet size (hence bore wall 

wetting) is not important under warm conditions.

Boyle et al [1993] reported up to 60% reduction in uHC emissions when a prevaporised injector 

was adopted. In this work the injected spray was deflected by compressed air onto the hot 

surfaces of a tubular heater of a specific length. Once the engine was warm the compressed air 

was switched off and the coherence of the spray enabled it to pass through the heater with 

minimal impingement on its surfaces, thus operating in the normal way for an injector. The 

resulting fuel vapour supplied to the cylinder was sufficient to provide ignition from the first 

cycle and any fuel enrichment during cold start was unnecessary. This was also observed by 

Fox et al [1992]. The complexity of installation and the cost were the only drawbacks of this 

arrangement.

1.2.2.4 Intake manifold pressure
Nogi et al [1988] performed cold start tests at an engine speed of 2000 rev/min for both CVI 

and OVI at different manifold pressures. The effect of the different manifold pressures was 

apparent with OVI which exhibited a significant change in the uHC emissions. UHCs were 

reduced at lower manifold pressures and this was attributed to the promotion of liquid fuel 

evaporation (hence less wall wetting) at the lower pressure. Similar observations were made by 

Fox et al [1992] who compared part load and wide open throttle (WOT) engine emissions at an 

engine speed of 900 rev/min cold start. The engine took longer before first fire at WOT, due to 

the slower vaporisation rate.
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1.2.3 Miscellaneous mechanisms for mixture preparation during cold-start

The majority of the work reported above identifies that cylinder bore wetting is the most 

important contributor to uHC emissions during cold start with OVI. However, this was not the 

case in studies by Kaiser et al [1996] which involved comparison of uHC emissions from a 

typical injector with a prevaporiser during cold start at two different load conditions, light load 

(MAP = 0.34 bar) and mid-load (MAP = 0.58 bar), at 1200 rev/min. UHC emissions from both 

the injector and the prevaporiser (no liquid film) were similar for the light load tests, indicating 

that liner wetting was not a significant contributor to uHCs during cold start. Increasing the load 

increased the fuel flow rate to the engine and also decreased the backflow of the exhaust gases. 

As a result the uHC emissions were significantly higher with the injector compared to the 

prevaporiser, thus implying significant wetting. The authors suggested that bore wetting effects 

were likely to vary considerably from one type of engine to another.

A study by Stanglmaier et al [1997b] puts forward an interesting new mechanism for uHC 

emissions under cold start conditions. During cold starts, when the combustion chamber 

surfaces are cold, any fluid (gas or liquid) near these walls remains at a temperature close to that 

of the walls. During the compression stroke when the pressure increases, the temperature of the 

bulk gases increases too and promotes vaporisation of any droplets in the air. However, the fluid 

near the wall is maintained at a temperature close to that of the wall. Depending on the 

saturation pressure of the fuel at the given wall temperature (Pv^), it is possible that previously 

vaporised fuel in the mixture (such as droplets) will condense on the cold walls during the high 

pressure part of the cycle. This occurs because the partial pressure of the fuel vapour in the 

mixture (Pv^) increases in direct proportion to the cylinder pressure. When the partial pressure 

of the fuel vapour exceeds the saturation pressure at the wall temperature (Pvm > Pvw), a 

potential for mass diffusion and condensation is encountered. Through this process, a thin layer 

of liquid fuel can condense on the combustion chamber walls and be protected from combustion 

by the quench layer. This liquid fuel may then re-vaporise as the pressure in the cylinder 

decreases again (expansion stroke), but the temperature of the bulk gases is not so high as to 

achieve full oxidation, leaving some of the fuel on the walls to contribute to uHC emissions. 

Even though the one-dimensional model used in this study to represent the above processes 

supported the above explanation, there is not yet any experimental evidence either supporting or 

disproving the proposed mechanism.

1.2.4 Conclusions

It is established that the necessity to inject more fuel (AFR » 9:1) in order to achieve a 

combustible mixture and hence smooth starting, leads to a significant portion of liquid fuel (film 

or droplets) entering the cylinder. The vast majority of work described in this section provides 

strong evidence that the major contributor to uHC emissions during cold start is wetting of the
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cylinder surfaces. This is particularly bad with OVI as there is considerable droplet impaction 

on the cylinder bore. Not as significant, but also important to uHC emissions, is liquid film flow 

into the cylinder during CVI when there is very little evaporation fi*om the port and valve 

surfaces. The increase in uHC emissions during cold start is therefore inevitable whatever the 

injection timing. The effects of surface wetting diminishes to an acceptable level only during 

warm operation when significant evaporation from the hot surfaces of the port, valves and 

combustion chamber (cylinder head, piston and bore) takes place. It is this apparent importance 

of the wetting of cylinder surfaces in contributing to uHC emissions during cold start conditions 

that justifies the focus of this study on the measurement of cylinder wall film. This wetting is 

described by the processes indicated in red on figure 1.12.

As already mentioned, the OVI strategy introduces a degree of inhomogenuity within the 

cylinder charge [Winklhofer et al (1992)], especially when injecting later in the intake stroke. 

This was first realised by Quader [1982] on a 2-valve engine, when OVI strategy allowed 

operation without misfire with mixtures as lean as 0.55 equivalence ratio (with CVI, misfire 

occurred at about 0  = 0.78). During the early period of inlet valve opening (IVO) air enters the 

cylinder, followed by the injected fuel (SOI » 70° ATDC) when the valve is near maximum lift 

(EOI just before IVC). This implies that the mixture near the cylinder head (hence spark plug) 

will be relatively richer than the rest of the cylinder, especially the top of the piston area. It was 

reported that this degree of stratification could persist throughout the compression stroke (even 

though it was somewhat reduced) only if it was accompanied by a swirl motion, this being the 

ingredient for making the charge uniform along the cylinder radius, but leaving the mixture 

stratified along the cylinder axis. The author claimed significant improvements in combustion 

stability, fuel consumption and EGR tolerance (hence lower NO* emissions), but all of these at 

the expense of higher uHC emissions, the reason for the higher uHCs being unknown. However, 

Quader [1982] also suggested that the rich mixture near the spark plug might allow cold-start 

operation with leaner mixtures, hence lower uHC emissions. These aspects of the lean-bum 

engine operation are discussed in further detail in the following section that covers possible 

developments in IC engine technology and how they might affect the cylinder bore wetting 

problem.
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1.3 Lean Burn Engines

1.3.1 Introduction

Lean bum  engines have the ability to operate with lean m ixtures through increasing the amount 

o f  air supply (keeping the fuel supply fixed), thus offering improved fuel economy at part load, 

since throttling (pum ping losses) is reduced. Lean bum  can be achieved either through a 

hom ogeneous charge or a stratified (non-hom ogeneous) charge approach. In the first case, 

operation with AFRs up to 25:1 has been reported [Inoue et al (1993)], and a certain degree of 

extra turbulence is required to com pensate for the slow bum ing o f such lean mixtures. 

O peration at AFRs above 40:1 [Kume et a l (1996)] is possible with the stratified charge 

approach. The lean flam m ability limit is exceeded with such AFRs so that com bustion is only 

possible by having a relatively rich m ixture near the spark plug, with significantly leaner 

m ixtures in the rest o f  the cylinder. Both approaches are reliant on establishing appropriate in- 

cylinder airflow motion, this being classified as swirl (axial swirl - rotation about the cylinder 

axis) and tum ble (barrel swirl - rotation about a plane normal to the cylinder axis).

1.3.2 In-Cvlinder Motion

Both swirl and tum ble motions are currently em ployed in si engines to produce sufficient air 

fuel m ixing and a sufficiently rapid bum  through their turbulent nature [Stone et al (1993)]. Fast 

bum  systems can tolerate either lean m ixtures (i.e. excess air) or high levels o f  exhaust gas 

recirculation (EGR). Tumble is the characteristic air m otion produced by a 4-valve pent-roof 

cylinder head during the induction process (figure 1.14).

A j

(11) Com pression 
enhanced swirl

(1) Induced swirl (111) Swirl degeneration

Figure 1.14 Tumble development in a 4-valve cylinder head [Benjamin (1992)]
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The reduction in volume during compression causes an increase in the intensity of tumble 

through the conservation of angular momentum. Towards the end of the compression stroke 

further reduction of the volume forces the tumble to break-up into small eddies (micro

turbulence), which helps to transport the active chemical species, thus accelerating the rate of 

combustion. Swirl is obtained with 2-valve cylinder heads (including some tumble too [Stone et 

al (1993)]) and is also an option in 4-valve heads if they employ port or valve deactivation 

(figure 1.15b). Unlike tumble motion, which terminates towards the end of compression stroke, 

swirl can sometimes persist even after TDC of compression and aid the flame kernel 

development [Deschamps et al (1994)].

As already mentioned induced in-cylinder motion increases the EGR tolerance of an si engine. 

EGR can be either external or internal, the former being supplied by a proportion of exhaust 

gases being fed to the intake manifold downstream of the throttle, via a connecting pipe and a 

control valve. Internal EGR refers to the proportion of exhaust gas that is trapped in the cylinder 

through either not being exhausted ft-om the cylinder or through leaving and re-entering the 

cylinder before the intake valves close.

The primary objective of EGR is to provide a heat sink (through its higher specific heat 

compared to air), thus decreasing the peak combustion temperatures resulting in lower NO% 

emissions. Reduced pumping losses at part load also follow, since the presence of exhaust gas 

raises the inlet manifold pressure. However, the decrease in combustion temperature and the 

dilution of the fresh charge (i.e. lower oxygen concentration in the mixture) associated with 

EGR results in less oxidation of the uHC in the exhaust. Similarly, the rise in charge 

temperature prior to combustion increases the tendency to knock, and excessive dilution also 

deteriorates combustion quality (due to increased buming duration), indicating the necessity to 

control EGR. The amount of internal EGR can be controlled through Variable Valve Timing 

systems (W T), details of which are given in a following section. W T  systems can be costly 

and complex, but even the provision of external EGR brings with it a significant cost penalty.

1.3.3 Lean Burn Port Fuel Injected (PFD engines

The concept of charge stratification is preferable to the homogeneous charge approach due to its 

ability to operate at higher levels of charge dilution (either lean mixture or with exhaust gas). A 

stratified charge engine that employs tumble motion to achieve stratification was developed by 

Stokes et al [1994], with the 3-valve cylinder head shown in figure 1.15a. Injection takes place 

in one port while only air (and/or EGR) is supplied through the other port. The spark plug in 

such arrangements is located in the path of the rich mixture stream thus limiting the current 

design to one exhaust valve. However, the Mitsubishi Vertical Vortex (M W ) engine 

[Kuwahara et al (1994)] achieves barrel stratification in a 4-valve head. The use of partitions
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inside the port generates three tum bling layers o f  gas in the cylinder with fuel supplied to the 

central layer, thus allowing a central location o f  the spark plug.

An exam ple o f  an axially stratified charge engine is the Honda VTEC-E engine [Horie et al 

(1992)] that uses a variable valve tim ing mechanism  to disable one o f  the inlet valves at low 

speed and load conditions, in order to generate swirl m otion (figure 1.15b). By injecting late in 

the intake stroke, the upper part o f  the cylinder volume contains a richer m ixture than the lower 

part due to the fuel vapour being carried back towards the spark plug at the tim e o f  sparking. At 

higher speeds both valves are activated to prevent any loss o f  volum etric efficiency.

Fuel
injector

Mixture Stratification of 
Air and MixtureAir

Figure 1.15a Barrel stratification 
[Stokes et al (1994)]

Figure 1.15b Swirl generation 
[Horie e ta /(1992)]

The Honda engine can operate at AFRs in excess o f  20:1, while the M itsubishi engine can run 

leaner still. Since no reports are made on uHC em issions it is assum ed that such arrangem ents 

do not suffer from high uHC during part load operation. The higher airflows encountered with 

these configurations are said to improve fuel atom isation and also prom ote fuel evaporation 

from the com bustion cham ber surfaces. During cold start when airflow rates are low (since low 

speeds are involved), these arrangem ents behave similarly to the conventional PFI engine, 

implying the necessity for fuel enrichm ent and the accom panying high uHC em issions.

However, the future o f  the lean bum  port fuel injected engine is limited by difficulties in 

reducing its NO% em issions to the extremely low levels required by forthcom ing legislation. The 

operating range o f  such engines falls in the region on the left o f  stoichiom etric A FR in figure 

1.6. It is clear that NOx production, which corresponds to engine-out em issions is reduced, but it 

is relatively high from the tail-pipe as the catalyst is not so effective. Com bustion o f  lean 

m ixtures results in oxygen rich products. As already m entioned in section 1.1.4.1 the TWC can 

only operate efficiently at stoichiom etric AFR. M any attem pts have been made to develop a
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lean bum catalyst but success so far has been limited to meeting only the Japanese emission 

standards [Takami et al (1995)]. One problem with lean catalysts is their susceptibility to even 

low levels of sulphur present in the fuel.

Another way to reduce the NO% from lean bum engines is to further extend their lean limit. This 

will shift operation further to the left of figure 1.6 and bring a further reduction in NOx. This 

possibility of extending the lean operating limit can potentially be achieved by the Direct 

Injection concept.

1.3.4 Gasoline Direct Injection (GDI) Engine

As the name implies fuel is injected directly into the cylinder. The spray vaporises by absorbing 

thermal energy from the surrounding air, thus decreasing the temperature of the charge after it is 

trapped in the cylinder (charge cooling). The lower charge temperature results in higher 

volumetric efficiency and also lower knock tendency. This enables GDI engines to operate at 

higher compression ratios than conventional PFI engines, thus providing better thermal 

efficiency [Anderson et al (1996)] quite apart from any benefit following from lean operation.

Typical operating modes of current GDI engines are classified, according to the mixture in the 

cylinder, into stoichiometric homogeneous charge (thus allowing the use of the TWC), lean 

homogeneous charge and extremely lean stratified charge. All three provide improvements in 

fuel consumption through charge cooling effects, while the latter two cases benefit also from 

their lean bum nature. The NOx emissions from these two cases are lower than those from the 

PFI lean bum engines due to their extended lean limit operation to AFRs of about 40 - 100 

[Fraidl et al (1996)]. However, their NOx emissions are still too high to meet the future 

legislation.

The Mitsubishi GDI engine (introduced in Japan in 1996) operates at AFRs of up to 40:1, with a 

combination of the two latter strategies mentioned above. During part load, fuel is injected late 

in the compression stroke in order to achieve a sfratified mixture (AFR: 25-40). This is achieved 

by injecting the fuel across the surface of a piston whose crown is shaped so as to deflect the 

fuel towards the spark plug (figure 1.16a). However, at frill load, the fuel is injected early during 

the intake stroke (figure 1.16b) in order to provide a rich/stoichiometric AFR by avoiding any 

spray impaction on the piston. A 25% improvement in fuel consumption through reduced 

pumping losses (less throttling) and higher compression ratio (charge cooling) is reported 

[Kume et al (1996)]. This was accompanied with a relative reduction in NOx emissions due to 

high tolerance to EGR, but no report was made of the uHC emission levels.
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Compact and 
Atomized

Wide dispersion and 
No wall wetting

(a) Late Injection (b) Early Injection

Figure 1.16 Injection strategies of the Mitsubishi GDI engine [Kume et a! (1996)]

1.3.5 Conclusions

The com bination o f  better fuel economy and relative reduction in NOx makes the GDI engine an 

attractive alternative to the PFI lean bum  arrangem ent, even though it has several drawbacks. 

Direct injection into the cylinder, especially during the com pression stroke, requires injection 

pressures o f about 50 -  100 bar, hence an expensive high-pressure fuel system. The relative 

reduction in NOx is not sufficient to meet the future em ission legislation, thus highlighting the 

need for a durable lean bum  catalyst. Finally, the uHC em ission levels from the GDI are a 

m atter o f  great concem . Anderson et a l [1996] compared the GDI and PFI concepts using a 

specially-designed cylinder head that accom m odated both arrangem ents. The uHC emissions 

from the GDI configuration were higher than with PFI. This was originally attributed to the 

higher com pression ratio that forced m ore HCs into the crevice volum es inside the cylinder. 

However, when both concepts were tested with the same com pression ratio, the increase in 

uHCs with GDI was repeated, and no explanation was given for this increase. Salters et al 

[1996] perform ed visual observations in an optically- accessed engine that accom m odated the 

same cylinder head as Anderson et al [1996] (w ith a centrally-located injector). During early 

injection (SOI less than 60° ATDC intake) the spray was seen to impact on the top o f  the piston 

and then to be deflected towards the cylinder bore im plying significant bore w etting. Bore 

w etting is also expected during high-speed operation when the incom ing airflow  is sufficient to 

deflect the spray onto the cylinder walls, but this condition was not investigated by Salters et al 

[1996].

Fraidl et al [1996] reported a significant increase in uHC em issions from a GDI engine 

com pared to those from a PFI one, during part load operation. This was attributed to the reduced
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time available for mixture preparation (especially at late injection timings), associated with 

direct injection in the cylinder, resulting in direct droplet combustion.

The above investigations provide strong evidence that GDI engines suffer from quite high levels 

of uHC emissions and that bore wetting is a significant source of these uHCs. The objective of 

the work undertaken by the author was to investigate bore wetting on an engine with PFI, but 

the instrumentation developed should also help with the reduction of uHC emissions from GDI 

engines.

Another current engine development is the application of Variable Valve Timing (W T ) 

mechanisms. This is more widely applied than GDI and will be reviewed in the following 

section, together with comments of likely effects on bore wetting.
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1.4 Variable Valve Timing (VVT)

1.4.1 Introduction

Variable Valve Tim ing systems affect engine perform ance and em issions through variation in 

valve phasing, valve lift, or valve opening duration. VVT may be applied to inlet and/or exhaust 

valve events. Due to the num erous approaches taken, the current study outlines only some VVT 

strategies, these being variation o f  the overlap period and the inlet valve event. In general, 

changes that increase the overlap period can reduce NOx em issions but other significant effects 

take place as well.

1.4.2 VVT potential

Ebner-D em m elbauer et a l[ \9 9 \' \  reviewed several issues regarding valve events particularly in 

relation to the effects on the engine torque characteristic (figure 1.17).

At idle, where engine speed is low and in-cylinder m otion is too weak to enhance the 

com bustion process, the residual gas fraction (i.e. internal EGR) must be reduced in order to 

control the dilution o f  the charge. Retarding the intake cam shaft or advancing the exhaust 

cam shaft (or a com bination o f  both) reduces the overlap period thus decreasing the am ount o f 

residual gas fraction.

In the low speed regime, the in-cylinder air motion is so low that it follows the m otion o f  the 

piston. Consequently, during displacem ent backflow  fresh charge is pushed out o f  the cylinder 

into the intake port, resulting in significant pow er loss. This can be avoided by early inlet valve 

closure (IVC). However, at high speeds, it is necessary to have late IVC in order to benefit from 

after-charging effects which increase pow er output.

Engine Performance objectives Required Valve Lift characteristics

High
speed

Greater Maximum 
Power

T D C

E X H A U S T

L ate
IV C

IN L E T

Low
speed

Greater Low-speed 
Torque

E arly
IV C

Idle Better Idle Stability

S M A L L  O V E R L A P

Figure 1.17 Valve lift characteristics for improved engine performance 
[Ebner-Demmelbauer et al (1991)]

Such strategies are adopted in the Honda VTEC engine [Hosaka and Hamazaki ( 19 9 1 )] which is

equipped with variable valve tim ing and lift through a cam shaft profile sw itching mechanism.
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At full load operation the valve lift and opening duration increase in order to provide high 

volum etric efficiency. However, at idle and low part load conditions the lift and opening 

duration are reduced so as to m inim ise the overlap period, thus improving com bustion quality. 

Torque optim isation can be further im proved by adapting VVT m echanism s that, apart from 

varying the valve events, provide also the option o f  disabling (asym m etric valve strategies) one 

o f  the inlet valves [W ilson et a l (1993)]. A t low speed operation, valve disablem ent can enhance 

in-cylinder m otion through swirl generation, thus im proving com bustion quality. During high

speed operation both valves can be activated thereby avoiding any losses in volum etric 

efficiency.

A ccording to Leone et a l [1996] the prim ary objective o f  VVT is to control the amount o f 

lEGR. In their study both intake and exhaust events w ere retarded by 30° so that the overlap 

period was delayed into the intake stroke (figure 1.18). In doing so, the intake valve was still 

closed at the beginning o f  the intake stroke while the exhaust valve was still open. 

Consequently, exhaust gases were drawn back into the cylinder by the descending piston. The 

benefits from this delay were reductions in NOx due to the higher am ount o f  lEGR, and 

reductions in uHCs resulting from the uH C-rich content o f  the gas at the end o f  the exhaust 

stroke (figure 1.18), being drawn back into the cylinder to ‘re-bum ’ in the next combustion 

event.

standard
TDC

IVO

30 Retard
TDC. Daiayad Ovailap

BOC BOG
Delayed Overlap Late Intake Valve Clostng Late Exhaust Valve Opening

imitia \  #  Exhaust iMBhs a  /  Exhaust bitska \  /  Exhaust

E xh au st g a s  is draw n  b ack  in to  
th e cy lin d e r  at ex h a u st pressure: 
-N O x  is  red u ced  (in ternal E G R )  
-H C  is  red u ced  (u H C s re -b u m ed )  
-In tak e p u m p in g  w ork  is redu ced

H ig h er  M A P  is  required  

for  a g iv e n  lo a d  ==> 
Intake strok e p u m p in g  
w ork  is redu ced

-E x p a n sio n  w ork  is in creased

-H C  is  red u ced  d u e  to  
ad d ition a l o x id a tio n  during  
ex p a n sio n

Figure 1.18 Equal camshaft phase shifting of intake and exhaust events by 30° CA
[Leone et a / (1996)]
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Additionally, the pumping work during the intake stroke is reduced. The exhaust gases that are 

drawn back into the cylinder increase the in-cylinder pressure thus less throttling is required. 

However, even though the amount of EGR in the cylinder is high, this strategy limits the 

backflow of exhaust gases into the intake port as the piston moves down before inlet valve 

opening (IVO). In the absence of hot exhaust gases in the port, mixture preparation is poor, 

resulting in high CO and uHC emissions.

If the camshaft timing is optimised for part load operation it will produce undesirable results 

during idle where the overlap period should be small (hence less lEGR). Meanwhile at high 

speed WOT conditions, retarding IVC provides high volumetric efficiency and brings benefits 

from tuning effects. To satisfy all these requirements both camshafts need to be phased 

independently thus providing a variable (instead of a fixed) overlap period. This would result in 

low overlap during idle and optimised intake and exhaust phasings at WOT.

1.4.3 Conclusions

Detailed coverage of the various combinations of valve timing events are beyond the scope of 

this survey, but it is clear from the above that W T  systems have potential in improving both 

fuel economy and emissions. Strategies to improve torque may worsen emissions and vice 

versa. It is therefore essential to optimise the exhaust and intake events over the various engine 

operating modes (idle, part load, full load as well as over the engine speed range).

It is apparent from the above that any reduction in uHC emissions using W T  results from 

improved combustion quality and/or benefits from high residual gas fraction inside the cylinder 

and intake port that take place during warm operation. However, during cold-start, which is the 

critical period of uHC emissions, these mechanisms seem to offer no improvement [Leone et al 

(1996)].

Both W^T and lean bum (previous section) arrangements revealed their incapability to improve 

uHCs emissions during the cold-start period. It is established that cold surfaces and cold 

environment (low air temperature), along with the extremely low airflows (at low speed) that 

exist during this period, have an adverse effect on liquid fuel evaporation. Thus the need to be 

able to measure, and thereby, control the deposition of liquid fuel on the cylinder bore during 

cold start and warm-up remains a priority even though improvements such as GDI and the 

adoption of W T  mechanisms are being applied to si engines. The next section reviews 

techniques that can be applied to measure the deposition of liquid fuel on engine surfaces.
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1.5 Methods of measuring liquid fuel films on the port and bore surfaces

1.5.1 Introduction

In PFI engines a significant proportion o f  the injected fuel is deposited on the inlet port surfaces 

(especially during CVI) where it is likely to form a thin fuel film. As already shown in figure 

1 .12, some o f  this film can flow into the cylinder, while some gets carried forward as droplets. 

In both cases it w ill affect mixture hom ogeneity and em issions. This section review s different 

methods that provide quantitative and qualitative inform ation about liquid fuel films on the port 

and the cylinder bore surfaces o f  si engines.

1.5.2 Heat Transfer measurements

1.5.2.1 Heat Flux sensors
Shay 1er et al [1996a] applied surface-m ounted heat flux sensors to the intake port o f  an si 

engine (figure 1.19a) to investigate heat transfer from the surface to either a wall film ( if  liquid 

was present) or to the surrounding gases. These sensors consisted o f tw o arrays o f  therm ocouple 

junctions on either side o f  a thermal barrier (figure 1.19b). The principle o f  operation is that any 

tem perature difference occurring across the tw o faces o f  the sensor (the one that is in contact 

with the surface o f  the port and the other that is exposed to the port environm ent) causes a 

voltage difference between the therm ocouple arrays. This difference is then calibrated in terms 

o f  heat flux (i.e. rate o f heat transfer per unit area) and the surface tem perature is also m easured 

with a therm ocouple incorporated w ithin the sensor. Positive readings indicated heat flow  from 

the wall, and vice versa.

Cross-sectional side view of inlet port

Cross-sectional plan view

Thermoelectric 
material ‘A ’

Thermoelectric 
material ‘B’

Known
thermal
barrier

^Copper 
output leads

Lower
junction
atTz

Upper 
junction 
at Ti

Figure 1.19a Heat Flux sensor positions 
within the inlet port ( * injector’s tip) 

[Shayler et al (1996a)j

Figure 1.19b Heat flux sensor 
[Rhopoint Ltd. (1998)]
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Tests were performed at different manifold absolute pressures (MAP) and a range of coolant 

temperatures to cover engine warm-up from 0" C to fully-warm running conditions. The sensors 

were mounted at various locations inside the bifurcated intake ports, as shown in figure 1.19a.

Initial tests were carried out with the injector spraying in only one of the ports of the 4-valve 

head, leaving the second port ‘dry’. This enabled measurements of heat flux to be taken within 

the second port without the presence of any liquid fuel to affect the readings. Measurements 

recorded under hot running conditions revealed that, during the backflow period, heat was 

transferred from the hot exhaust gases to the port surface (the lower the MAP, the greater the 

effect of the exhaust gases and hence the higher the heat transfer). However, during the 

induction stroke heat was transferred from the surface to the gases indicating that the fresh 

charge had a cooling effect on the port surface. Heat transfer decreased soon after IVC as some 

of the fresh charge and the displacement backflow gases mixed while the mixture motion 

decayed.

Measurements were then taken with fuel injection into both ports. This resulted in wetting the 

port surface that had previously been dry, and consequently altering the heat flux readings. The 

‘dry’ readings were then subtracted from the ‘wet’ to provide a net heat transfer to the liquid 

fuel film, as shown in figure 1.20a. However, the ‘dry’ case involved convective heat transfer 

between the gases and the port surface and the ‘wet’ case involved heat transfer by convection 

between the port surface and the fuel film. Subtraction of the two does not necessarily define the 

net heat transfer to the fuel film, since it assumes that the heat flux between the gases and the 

port surface can represent the heat flux between the gases and the film’s free surface (the 

convective heat transfer coefficient of a solid {port} is different to that of a liquid {fuel}).

Results obtained using the above approximation revealed two interesting periods in the heat flux 

variation during an engine cycle, as shown in figure 1.20b. A first peak was observed about 40° 

after the end of injection (EOI) indicating the arrival of the injected fuel on the port surface and 

its cooling effect on that surface. Consequently, heat was transferred to the film as its 

temperature was raised to that of the port surface. A second smaller peak occurred during the 

induction stroke due to a period of increased rate of evaporation (this decreases film temperature 

and consequently increases heat transfer from the port surface) either due to the backflow of the 

exhaust gases, or the forward airflow. At lower coolant temperatures (0 -  20° C) this second 

peak corresponded to the maximum heat flux produced during the cycle.

Interestingly, at coolant temperatures above 50° C, the second peak was just a small spike 

revealing that the initial heat transfer (first peak) was sufficient to reduce (evaporate) the film 

mass substantially. This implies that the effects of the gas flows diminish as the surface 

temperature increases.
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Figure 1.20a Crank-angle resolved heat flux 
data (1000 rev/min, 0.79 bar MAP, EOI at 

270" ATDC, stoichiometric AFR {gasoline}, 
fully warm conditions) [Shayler et al (1996c)]

Figure 1.20b Heat flux variation with 
coolant temperature (1000 rev/min, 0.53 

bar MAP, stoichiometric AFR {isooctane}, 
EOI at 0"ATDC) [Shayler et al (1996c)[

Tests performed at different injeetion tim ings [Shayler et a l (1996c)], depicted in figure 1.21a, 

showed a peak in the heat flux history shortly after the EOI, followed by a decay and then a 

spike due to the backflow o f  the exhaust gases during the valve overlap period. This was 

follow ed by an extended hump due to the forward induction flow and the displacem ent 

backflow. It is evident from figure 1.21a that the heat flux due to the deposition o f  the fuel (first 

peak) immediately after the EOI is very sim ilar for all injection timings.

Considering only the induction period, sim ilar heat flux variation exists regardless o f  the 

injeetion tim ing (figure 1.21b). The backflow effect (spike) takes place up to crank angle ‘A ’, 

followed by the forward induction flow effect up to ‘B ’, and then the displacem ent backflow 

effect. This analysis revealed the percentage contribution o f  each event to the total heat transfer 

per cycle under fully-warm engine conditions. Fuel warm ing and diffusion (first peak)
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accounted for about 76%, exhaust backflow (spike) for 1%, forward induction flow (hump) for 

13%, and displacem ent back flow (hump) for 10%.
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Figure 1.21a Variation of Heat Flux 
w.r.t. Injection Timing (fully warm 
conditions, 1000 rev/min, 0.79 bar 

MAP, stoichiometric AFR {gasoline}) 
[Shayler et al (1996c)]
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Figure 1.21b Heat Flux w.r.t 
Injection Timing for the induction 

period (data from figure 1.21a 
without the first peak) 
[Shayler et al (1996c)j

Overall, the main factors affecting heat transfer are the eoolant tem perature (ie the port surface 

tem perature), the fuel flow rate, and the MAP. Assum ing a fixed air fuel ratio, any increase o f 

the M AP is accom panied by an increase in the fuel flow rate. The increase in fuel flow rate 

implies more fuel on the port surface and therefore increased heat transfer from that surface. On 

the other hand, any increase in M AP increases the fuel’s vapour pressure in the port and 

consequently decreases the evaporation rate o f  the liquid film. This in turn decreases the heat 

transfer to the film by the port surface. However, it was reported that an increase in both the 

A FR and the M AP resulted in an increase in the heat transfer from the port surface revealing 

that the dominant factor in this increase was the fuel flow rate.

Typical heat fluxes recorded under ‘dry’ port conditions, with a fully warm  engine, ranged from 

- 7  kW/m^ to 5 k W /m \ and these increased significantly to 25 kW/m^ under ‘w etted’ conditions. 

No attem pt was made to model the evaporation and convective mass transfer processes 

associated with the heat transfer to the film, due to their com plexity and strong dependence on 

engine running conditions.

Further investigation by Shayler et a l [1996b] involved the use o f  isooctane fuel to exam ine the 

influence o f  fuel com position on heat transfer to the fuel. Com parison o f  the results w ith those 

obtained with unleaded gasoline indicated that in both cases the heat transfer is associated with 

the variation o f  saturation pressure which, in turn, is affected by fuel tem perature and the 

conditions w ithin the port. Both fuels gave sim ilar heat flux variations in the lower coolant 

tem perature range. On the other hand, at fully warm  conditions, the first peak in the heat flux for 

the isooctane was significantly higher, but during the induction period this heat flux deeayed
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more rapidly to around half the gasoline value (comparison of figures 1.20b and 1.21a). This 

implies that the isooctane evaporates faster than gasoline causing the film on the sensor to dry 

out, whereas in the gasoline case the heavier fractions continue to evaporate during the 

induction period.

Bauer et al [1997] also performed heat transfer measurements using heat flux sensors within the 

port of an si engine. Tests were performed using propane to obtain heat fluxes under ‘dry’ port 

conditions and isooctane for ‘wet’ port conditions. The sensors had 1 cm sides (square probes) 

and adhesive (of 0.5 mm thickness) was used to keep them in place. Apparently, very thin wall 

films could not flow over the sensors therefore measurements were limited to the indication of 

injector spray targeting. The heat transfer readings under ‘dry’ port conditions were subtracted 

from those of ‘wet’ port in order to obtain the net heat transfer effect to the liquid film, therefore 

using similar assumptions to Shayler et al [1996a,b,c]. Hence, Q net = Q wet port - Q dry port, the 

result of which indicates the sensible and latent heat required to heat and vaporise the impinging 

fuel. The sensible energy required to heat the impinging fuel and the latent heat necessary to 

vaporise this fuel were predicted and compared with the experimental results. An acceptable 

correlation was obtained apart from the cases of high wall temperatures (close to or above the 

fuel’s saturation point) and during the induction flow event. The former involved significant 

vaporisation fluxes at both the liquid-gas and liquid-wall interfaces. Under these conditions the 

heat transfer mechanism to and at the vaporisation site became important and could not be 

modelled properly due to many unknown parameters. In the latter case experimental values 

were similar to those predicted only at the beginning of the induction flow. These decayed to 

significantly lower values suggesting that the fuel film was quickly dragged off the sensor in the 

forward flow (a smooth sensor surface compared to a rough aluminium wall), while no fresh 

film could flow over the sensor due to the construction limitations mentioned above.

1.5.2.2 Thermocouples

Martins and Finlay [1990] used thermocouples mounted on the surface of a heated duct 

(representing the intake port) to indicate heat transfer to the injected friels, both ethanol and 

methanol being investigated. The duct was mounted on a steady-flow rig and air was drawn 

through to represent the intake flow. Electrical heating was applied to the duct to achieve the 

required surface temperature. Initial tests were performed without injection in order to measure 

the heat transferred from the duct to the dry air. The input power to the heater was adjusted to 

achieve the required surface temperature, the power being a measure of the heat transferred to 

the air. When injection took place heat was transferred from the port to the liquid fuel that 

impacted on the duct, this heat transfer being measured in the same way. The difference 

between the two measurements (dry and wet) indicated the net heat transfer to the liquid fuel.
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Tests were performed for various duct surface temperatures (0 -  140°C). These revealed that 

complete evaporation occurred with methanol at port temperatures of about 80°C whereas the 

heat transfer rates with ethanol were significantly lower, thus less ethanol fuel was evaporated. 

This was due to the higher volatility of methanol.

Further work involved the application of the thermocouples to a heated inlet valve on a 

pulsating flow rig [Martins and Finlay (1992)]. This revealed three areas of interest concerning 

the heat transfer from the valve to the liquid fuel impacted on it. For valve temperatures below 

100°C, insufficient evaporation took place and the valve was covered with liquid fuel. For 

temperatures within the 100-250°C range, any liquid fuel on the valve was completely 

evaporated. However, reduced evaporation took place for temperatures above 250°C. This was 

due to the onset of film boiling where a layer of vapour forms between the liquid fuel and the 

valve surface, preventing effective surface wetting, thus reducing the heat transfer from the 

valve surface. During CVI, more heat was transferred to any liquid fuel on the valve surface 

than with OVI. This was primarily due to more time being available for heat transfer to take 

place with CVI.

1.5.2.3 Discussion

Investigation of the wall film inside the cylinder of a running engine requires knowledge of the 

liquid fuel behaviour in the intake port. Previous investigations of liquid fuel within the port 

have shown that each event (exhaust gas backflow, forward induction and displacement 

backflow) has its own effect on heat transfer to the wall film under cold start conditions. 

However, these effects diminish at fully warm engine conditions where the primary factor 

affecting heat transfer is the port surface temperature. For warm surfaces, significant 

evaporation of the lighter fractions occurs while the film’s temperature is raised to that of the 

surface. The heavier fractions persist in the film and probably enter the cylinder as a liquid 

during partly-warm engine conditions. This film will be significantly less, compared to that 

when the surfaces are completely cold, and will contain hardly any light fractions.

If it were possible to mount heat flux sensors within the cylinder of an si engine, the 

measurements could be used to indicate the presence of a fuel film in the same way as in the 

port. Assuming the cylinder is at 45° orientation as it might be in certain designs of vee-cylinder 

engine, one sensor could be used to measure heat flux at the ‘dry’ (upper) side and another at 

the ‘wet’ (lower) side. Using the same assumption as Shayler et al [1996a,b,c] the difference of 

the two will give the net heat transfer to the fuel film. However, the validity of this assumption 

will be in question because there may be different gas flow conditions on one side compared 

with the other. This will affect the heat transfer onto the film’s free surface and cannot be
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estimated using the heat flux sensors. Furthermore, the complexity of the heat transfer 

mechanisms under such conditions prevents mathematical prediction of the heat transfer rates at 

the film’s free surface.

Another consideration regarding the applicability of this technique is the possibility of the fuel 

film being dragged off the sensor [Bauer et al (1997)] by the air motion induced by the 

downward piston motion and/or its repositioning by the upward motion. This could be 

investigated with the application of two sensors positioned at the same vertical plane.

A further problem associated with a heat flux sensor being mounted in the cylinder bore is the 

possible presence of an oil film on the sensor’s surface. This film may get continually ‘washed 

away’ by any impacting fuel, but any suspicion of its presence will make the interpretation of 

heat flux readings more difficult.

The use of heat flux sensors does not provide means of distinguishing between the wall film 

flowing past the inlet valves and the wall film caused by droplet impaction. However, this can 

be investigated under hot running conditions where the liquid film coming out of the inlet 

valves is unlikely to reach the bore because of evaporation from hot surfaces of the port.

Heat flux sensors have not been installed within the cylinder bore of a firing si engine to the 

knowledge of the author. It is likely that the practical problems of obtaining sufficiently robust 

sensors and mounting them so that they are not contacted by the piston have discouraged 

researchers fi*om adopting this approach. Interpretation of their measurements would be more 

difficult than for the port-mounted application, but they could potentially give a measurement of 

bore wetting under representative running conditions.
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1.5.3 Laser Induced Fluorescence (LIF)

Laser Induced Fluorescence (LIF) is a w ell-established technique in engine research because it 

allow s the detection o f  selected species in a mixture, these being the gaseous combustion 

reactants such as fuel, nitrogen oxides and others. It can also be applied to detect the presence o f 

liquids such as oil and gasoline. W hen this technique is applied to m easure any liquid fuel or oil 

film the general arrangem ent shown in figure 1.22 is used.

wall
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fibre bundle
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detection

/  optical
optical filter probe

Figure 1.22 Arrangement for fibre-optic based wall film thickness measurements by laser 
induced fluorescence [Hentschel et a! (1997)]

The principle o f  operation is to excite the species using laser light o f  an appropriate wavelength 

(A,i), and to detect the consequent em itted fluorescent light (X2). This emitted light is usually 

red- shifted and can therefore be separated from the excitation wavelength by a cu t-o ff filter.

The intensity o f  the measured fluorescent light Ip is given by

W here:

Q -  quantum  efficiency, lo -  excitation intensity, a  -  m olar absorption coefficient, 

c -  concentration o f the fluorescing species, d -  film thickness

Standard gasoline is a m ulti-com ponent liquid consisting o f  various types o f  hydrocarbons such 

as paraffins, olefins and arom atics, and it emits strong fluorescent light when is excited by high 

intensity UV light, the main contributor to this light being its arom atic content. Know ing that 

the arom atic com ponents have high boiling points, com pared to the 50% evaporation point o f 

gasoline (being about 109°C), it is evident that the com position o f  the fuel will change when 

evaporation o f  the more volatile fractions occurs, leading to an enrichm ent o f  the arom atics in 

the rem aining fuel. This enrichm ent means that the fluorescent signal w ill not be representative 

o f  the liquid fuel film thickness.
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Law [1982] reported that an important factor affecting evaporation is the intensity o f  motion 

within the liquid. This influences the rate at which the liquid com ponents are brought to the 

surface, which is w here the gasification takes place. Exposure can be achieved either through 

surface regression or by diffusion and internal circulation. It is believed that there are two basic 

m echanism s by which evaporation takes place. Under rapid vaporisation conditions, the rate o f 

liquid -  phase mass diffusion is one or two orders slower than that o f  surface area regression. 

Consequently, both volatile and non-volatile com ponents are exposed sim ultaneously to the 

surface. The second mode is that o f  slow vaporisation which is when liquid -  phase mass 

diffusion is significant such that the more volatile constituents gasify first. Both possibilities 

need to be considered when m aking wall film m easurem ent using the LIF technique, and they 

are examined further in the discussion section.

1.5.3.1 LIF application in the intake port
Hentschel et a l [1997] m easured the fuel film thickness w ithin the intake port o f  a running 

engine using an argon ion laser to excite the fuel, a bifurcated optical fibre bundle to transmit 

and receive the signal, and a photo-sensitive diode to detect the fluorescent light; their 

arrangem ent shown in figure 1.23a. They elected to use isooctane with the addition o f  a dopant 

(since this type o f  fuel does not fluoresce). This com bination provided accurate measurem ents 

o f  wall films up to 300 pm thickness (i.e. intensity o f the fluorescent signal vs. film thickness 

was linear up to 300 pm). Calibration o f  the induced signal was perform ed in a specially- 

designed cell (figure 1.23b), w hich allowed an accurate setting o f  the film thickness w hile also 

taking into account the influence o f  tem perature, pressure, irradiation time and tracer 

concentration.
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Figure 1.23a Schematic diagram of the optical arrangement to measure wall film 
thickness within the intake manifold using LIF [Hentschel et al (1997)]
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1 -  steel plate
2 -  steel cylinder
3 -  steel plate
4 -  fibre mount
5 -  m icrom eter

adjusting screw
6 -  steel flange
7 -  plexiglass plunger
8 -  evacuating coupling
9 -  pressure m easurem ent
10 -  therm ocouples

Figure 1.23b Calibrating cell [Hentschel et al (1997)]

It is reported that the effect on the fluorescent signal from the liquid fuel’s free surface in the 

port and that from the plexiglass plunger in the ealibration cell differed only by a constant factor 

and this was taken into account in the interpretation o f  the results. The probes were m ounted at 

various locations along the intake manifold. Typical wall film thicknesses recorded during an 

engine cycle (N = 1100 rev/min, M E ? = 5 bar, Tmamfoid = 20° C) were about 20 -  30 pm , except 

in the area where the injector was targeted. The wall film thickness at that location peaked to 

about 100 -  300 pm  just after the end o f  injection, indicating a direct hit from the spray. No 

report was made o f  any effects caused by the backflow o f  the exhaust gases on w all film 

behaviour.

Foucart et al [1998] developed a three-dim ensional m athem atical model to predict w all film 

thickness in the intake port o f an si engine, and then applied the LIF technique to validate the 

results. The experim ents were perform ed in a transparent tube, made o f  quartz, at constant 

airflow  and atm ospheric pressure. The results do not represent those expected under actual 

engine running conditions but only provide a means o f  verification for the model. The optical 

set-up is shown in figure 1.24. A He-Cd laser was used to excite the liquid fuel, while laser light 

was transm itted and collected through the same fibre, but at different wavelengths. The 

transm itted light was focused onto the inner surface o f  the transparent tube and the resulting 

fluorescent signal was separated from the transm itted one by means o f  a dichroic mirror. The 

use o f  a transparent tube allowed m easurem ents to be easily taken at various locations along the 

surface o f  the tube. Tests were perform ed with isooctane fuel with the addition o f  3,4 

hexanedione as a tracer. No reference was made to the calibration o f  the fluorescent signal 

intensity w .r.t film thickness, but it was reported that the film thickness at the point w ere the
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injector was targeted peaked at about 150 -  250 pm. This is in agreem ent w ith the results 

obtained by Hentschel et a l [1997]. However, the film thickness increased to about 300 pm  

dow nstream  o f  the injector target area. This is significantly different from the 20 -  30 pm  

thickness obtained by Hentschel et a l [1997] for that region o f  the intake m anifold, and this is 

probably due to the unrealistic conditions under w hich the tests w ere performed.

Injector

0 = 3(7

TUBE
îuremçnj

focusing
lensesLaser He-Cd

(441 nm) dichroic mirror

Fluorescence 
(485nm)

Optical fibre

Figure 1.24 Optical arrangement for film thickness measurements using LIF
[Foucart el al (1998)]

The same principle was also used in the tests o f  Johnen and Haug [1995]. A specially- designed 

intake port w ith flat surfaces allowed the optical fibre to be located at various positions along 

the port surface as shown in figure 1.25. This technique was applied to a firing engine, running 

w ith isooctane fuel and 2,3-butandione dopant. The fluorescent signal intensity was calibrated 

against film thickness in a purpose-built cell. No information was published about this cell apart 

from that film thickness was adjusted by a m icrom eter (up to 1000pm) and that tem perature 

effects w ere taken into account. C losed valve injection (start o f  injection after inlet valve 

closure) strategy was investigated and film thicknesses o f  about 300 pm  w ere reported from 

probe ‘2 ’ at the injector target area. The film flow tow ards the inlet valve was revealed by 

increase in film thickness recorded by probe ‘3 ’ further downstream. A t the same tim e the film 

thickness on probe ‘2 ’ decreased down to about 50pm , indicating either fuel film evaporation 

and/or fuel film flowing downstream.

W hen SOI occurred ju st before IVO, probe ‘1’ revealed that some liquid fuel was pushed 

backw ards, upstream  o f  the injector target area, by the backflow  o f  the exhaust gases. The film 

started to move towards the valve again once the forward flow was established. No film 

thicknesses w ere reported for the OVI strategy. One m ajor problem associated w ith such a 

technique is that the impinging droplets cause w aves in the film leading to m assive distortions 

that alter the intensity o f  reflection, thus affecting the accuracy o f  the film thickness 

m easurem ents.
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Figure 1.25 Optical fibre locations within the intake port for measurements using LIF
[Johnen and Haug (1995)]

1.5.3.2 LIF application in the cylinder

W itze et al [1997] used the LIF technique to identity the location o f  liquid fuel w ithin the 

cylinder o f  a running engine. A N d-Y A G  laser was used to excite the gasoline m olecules by 

passing the beam through an optically-accessed piston that provided a view o f  80% o f  the 

com bustion chamber. The resulting signal was then detected with the aid o f  a gated and 

intensified video camera, the arrangem ent shown in figure 1.26. Felton et al [1995] reported 

that fluorescence from the vapour phase fuel was significantly w eaker than that from the liquid, 

som ething that supports the validity o f  the technique in estim ating the thickness o f  liquid wall 

film.

Nd-YAG Laser

RIter

I S D l
Gated, Intensified 
Video Camera

Figure 1.26 Optical set-up for LIF imaging of the combustion chamber
[Witze a / (1997)]

However, this approach suffers from certain limitations. The use o f  a single w indow  for both 

excitation and signal detection can, under certain circum stances, make it difficult to determine 

w hether the film is located on the com bustion cham ber or on the piston top surface. 

Furtherm ore, the resulting signal might be influenced by the presence o f  large airborne droplets.
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Soot formed by pool fires can attenuate the laser excitation and/or the fluorescent signal, thus 

limiting the measurements to be taken before the combustion event.

The above investigation revealed several aspects of the wall film behaviour at different injection 

timings and coolant temperatures. It was found that during CVI the wall film persisted in the 

vicinity of the intake valves, while during OVI it was seen across the whole surface of the 

combustion chamber. Furthermore, the wall film appeared earlier on the combustion chamber 

surfaces during OVI. As the coolant temperature was increased, the fuel films decreased 

significantly due to evaporation from the hot surfaces. Finally, sequential LIF images recorded 

near the end of each stroke of a specific cycle (these images were interpreted with respect to the 

limitation mentioned above) revealed that, under cold start conditions, neither compression 

heating nor combustion were able to completely evaporate the liquid fuel from the cold walls. It 

is suggested that the heat convected to the film by the hot gases does not immediately vaporise 

fuel from the film’s free surface. This is in agreement with Brown and Ladommatos [1991] who 

showed that air temperature has a much smaller effect on wall film evaporation than the wall 

temperature, for testing performed inside the intake port.

Takiguchi et al [1998] measured the piston ring oil film thickness on a running diesel engine 

using the LIF technique. The results obtained with this technique are beyond the scope of this 

survey, so reference is only made to the optical arrangement which is very similar in principle to 

that used by Hentschel et al [1997] to measure the liquid film thickness in the intake port. The 

optical set-up, shown in figure 1.27a, indicates that the incident beam from a He-Cd laser 

illuminated the oil film directly through the optical fibres fitted on both sides of the bore, and 

the re-radiated fluorescence from the oil film was received through the same fibres.

However, this arrangement gave rise to several problems. The incident beam was reflected onto 

the piston ring sliding surface and consequently added to the total intensity detected. The fact 

that the incident beam was not focused onto the measuring point by a lens resulted in poor 

linearity of the intensity of fluorescence to wall film thickness. The maximum thickness 

measured with this arrangement was about 20 pm. Calibration of the film thickness was 

performed using the apparatus shown in figure 1.27b. Temperature and pressure effects were 

not taken into account, resulting in further inaccuracies. Furthermore, the presence of an air 

layer or even bubbles in the oil significantly affected the measured value of wall film thickness. 

Finally, since the optical fibre surface becomes part of the sliding surface of the cylinder bore it 

was necessary to embed the fibre face with extreme accuracy into the bore, something that was 

accomplished with the aid of specially-designed adapters.
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Figure 1.27a Optical set -  up for oil film 
thickness measurements using LIF 

[Takiguchi et al (1998)]
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Figure 1.27b Apparatus used for the 
calibration of oil film thickness 

[Takiguchi et al (1998)]

Parks et al [1998] applied LIE spectroscopy to m easure the fuel content in oil in a spark ignition 

engine using a nitrogen laser. The optical set-up in figure 1.28 shows that the excitation laser 

light w as directed through the optical w indow and focused onto the cylinder bore at the point o f 

measurement.

Opücat
Fl&ef

Spark PKig

Llfht tt

Figure 1.28 LIF set-up on L-head single cylinder engine [Parks et al (1998)]

The resulting induced fluorescence was collected by a focused silica fibre em bedded in the bore, 

and the signal was directed to an im age-intensified charge-coupled device (ICCD) to detect the 

LIF spectra. However, the above arrangem ent is not suitable for determ ining the thickness o f  the 

oil film. The uncertainty o f  losses in transm ission o f the excitation light through the optics 

(quartz lenses and sapphire w indow), and through the gases in the com bustion cham ber, make it 

difficult to evaluate the exact intensity o f  the light incident on the cylinder bore. Hence, without 

know ing the exact intensity o f  the incident light, it is impossible to calibrate for oil film 

thickness. However, it was reported that oil film thickness m easurem ents are feasible with a 

m odified version o f  the above arrangem ent if  a single fibre probe is used for both excitation and 

LIF emission.
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1.5.3.3 Discussion

Several applications using the LIF technique to measure film thickness have been reviewed in 

order to gain information on their suitability for measurement of fuel film thickness within the 

cylinder of a firing si engine. It was apparent that the following factors need to be taken into 

account.

Type o f fuel to use. The liquid fuel entering the cylinder will have already encountered some 

evaporation within the intake port. According to Hentschel et al [1997] this is sufficient to 

evaporate the lighter fi-actions, leaving behind the heavier ones including aromatics. The 

aromatic content will emit a strong fluorescent signal and will consequently affect the film 

thickness measurements. For this reason a suitable type of fuel to use is isooctane with the 

addition of a dopant. The dopant needs to be selected according to its evaporation behaviour, 

and this should be similar to that of the isooctane. However, knowing that the engine cylinder 

for the tests involved in this study is at 45° orientation, the film is expected to enter the cylinder 

relatively quickly (due to gravity) under cold start conditions, and be measured before it 

undergoes significant evaporation. Furthermore, under very hot conditions ‘fast’ evaporation of 

the wall film is expected, hence any surviving film on the bore will consist of both light and 

heavy fractions according to Law [1982]. This means that the use of standard gasoline may be 

possible.

Arrangement. The most suitable arrangement to use is that shown in figure 1,22, because it 

allows knowledge of the exact intensity of the beam that is incident on the liquid film. This is 

the most important factor in calibrating for film thickness. It is apparent that the selection of the 

fibre optic arrangement is important to the success of the LIF approach. Some researchers have 

reported failure in using a single fibre for both the excitation and fluorescence collection due to 

scattered background laser light produced in the fibre [Parks et al (1998)]. Consequently the use 

of a bifurcated optical fibre bundle would be a safer option, with one transmitting and one 

receiving fibre [Hentschel et al (1997)]. However, Takiguchi et al [1998] did not report any 

problems with their use of a single fibre.

Calibration for film thickness. This involves the design of a cell, similar to that shown in figure 

1.23b, to allow calibration to be performed under representative conditions (pressure and 

temperature) to those found in the cylinder of a running engine. Finally, it is important to 

evaluate the effect on the fluorescence signal fi*om the liquid fuel’s free surface and relate it to 

that from the plexiglass plunger in the calibration cell. The signal may also be affected by the 

presence of the exhaust gases and any fuel vapour concentration. However, the liquid fuel’s 

fluorescence signal is significantly stronger than that of fuel vapour, therefore any discrepancies 

are thought to be insignificant.
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1.5.4 Miscellaneous methods of measuring liquid fuel

1.5.4.1 Laser type optical sensor
Bourke and Evers [1994] perform ed fuel film thickness m easurem ents in the port o f  a PFI 

engine with the use o f  a laser-type optical sensor. The sensor, shown in figure 1,30a, uses the 

liquid/vapour interface as the reflecting plane o f  the incident laser beam, and the intensity o f  the 

resulting reflected light which enters the receiving bundle is proportional to the fuel film 

thickness. The principle o f  operation o f  the sensor is based on the fact that when the light passes 

from a medium o f  high refractive index (e.g. fuel film) to a medium o f  low refractive index (e.g. 

air) the direction o f  the light beam is changed (figure 1.29a). I f  the incident angle is increased 

until the light leaves the surface in the plane o f  the surface, then the light will not leave the 

liquid (figure 1.29b). This will also be true for angles greater than the critical angle. This 

technique is therefore based on the amount o f  light being internally reflected w ithin the film and 

not on the excitation o f  species as with the LIE technique.

<  8  c r i t i c a l  

ri2  -  medium 2

(a) incident beam less than the critical angle

8 j  — 0  c r i t i c a l  

n 2  -  medium 2 0 , = 9O°

(b) incident beam equal to the critical angle

Figure 1.29 Path of the light ray with the incident beam 
[Evers and Jackson (1995)]

The sensor has several geom etric lim itations. D epending on the distance o f  the liquid/vapour 

interface from the sensor face, different proportions o f  the light beam are reflected back onto the 

receiving region, this being depicted in figure 1.30b. For a specific conical shape o f  the sensor 

face and a certain receiver area, m axim um  voltage output corresponds to the film thickness 

w hose reflected beam covers most o f  the receiver region (figure 1.30b(II)). Respectively, for 

small (I) and large (III) film thicknesses the receiver area is partly covered, thus giving a lower 

output voltage, som ething which reveals the sensor’s incapability to m easure thicknesses greater 

than the designed maximum.

49



CHAPTER 1 A Literature Survey

Red Laser 
L ightjiiClear Epoxy 

Reflector
Transmitting

Bundle
Receiving

Bundle

Fuel film

Figure 1.30a Principle of operation of 
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Figure 1.30b Sensor’s (top conical 
part-side view) output w.r.t film 
thickness [Coste and Evers (1997)]

Initial tests were perform ed without injection taking place (therefore no fuel was present on the 

port surface), in order to exam ine the effect o f  the internal reflectance w ithin the dry port on the 

sensor’s output. No report was made on the relative m agnitude o f  this signal even though the 

reading was used in part o f  the calculation o f  the film thickness under w et conditions. The 

sensor was calibrated under static conditions in an open tank with water, which has a similar 

refractive index to fuel. In doing so, any pressure or tem perature effects on the beam intensity 

were excluded from the film thickness vs. beam intensity relationship, som ething that does not 

correspond to the actual conditions in the port. Typical wall film thicknesses at the 1500 

rev/m in and 65 kPa M AP condition ranged between 20 pm  during the period when the inlet 

valve was closed, and 6 pm  during the valve overlap period. Overall, this is a relatively non- 

intrusive technique to m easure film thickness, since it requires only m inor m odifications to the 

cylinder head. On the other hand, it can only m easure relative differences in fuel film 

thicknesses at various port locations, rather than accurate m easurem ents o f  film thickness, since 

its calibration technique requires significant refinement.

I.5.4.2 High-speed video recording
K elly-Zion et a l [1997] perform ed high-speed video recording o f  the fuel entering the cylinder

o f  a V6, 4-valve, spark ignition engine, under m otored conditions (200 and 1200 rev/min).

Even though the test conditions do not represent normal running conditions, they can give some

indication o f the liquid fuel behaviour during the very first few cycles o f  engine start-up.
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Optical access was provided through both a transparent cylinder and through an optically- 

assessed piston, while fuel was injected into one o f  the ports, the arrangem ent for this being 

show n in figure 1.31.

Intake Manifold

Fuel _ 
Injector

Piston Window 
Transparent 

■'^Cylinder 
-  Piston Extension

lirror

Lamp

High-Speed 
Digital Camera

Figure 1.31 Optical arrangement for high speed imaging [Kelly-Zion et al (1997)]

Kelly-Zion et a l [1997] reported that injection tim ing affected the quantity o f  the fuel entering 

the cylinder. During OVI more droplets, com pared to CVI, were seen to enter the cylinder and 

im pinge on the bore over a small area, ju st below the exhaust valves. The m ajority o f  the fuel 

droplets entered the cylinder from the side o f the intake valve that faced the exhaust valves, this 

being true for both injection timings. One possible explanation for the droplets entering from 

this position is that the 45° orientation o f  the cylinder head m eant that gravity played a part in 

bringing the port wall film to this side o f  the valves. Some liquid film was observed on the face 

o f  the inlet valve, this being greater during OVI. No report was made o f  any wall film coming 

out o f  the inlet valve and flowing onto the bore below the inlet valves.

To com plete the tests, one o f  the inlet valves was disabled to obtain an axial sw irling motion 

w ithin the cylinder. Considering only the tests at 1200 rev/min, the high velocity airflow 

generated by restricting the flow through one valve resulted in transporting the fuel more 

quickly into the cylinder and im proving atom isation with a consequent reduction in bore 

im pingement.

1.5.4.3 Cylinder content isolation and fuel vapour extraction
Saito et a l [1995] developed a new concept to m easure liquid fuel quantities w ithin the intake

port and cylinder, individually. The cylinder head o f  a production engine was m odified in a way

to accom m odate hydraulic m echanism s to drive each o f  the intake and exhaust valves, and

therefore provide control o f  both closing and opening valve tim ings o f  each cylinder

independently. The arrangem ent is shown in figure 1.32. The m otion o f  the intake and exhaust
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valves could be stopped at any tim e during the engine cycle by returning the valves to their 

seats. A t the same tim e an intake shutter sealed the port. This enabled the contents o f  the intake 

port and cylinder to be isolated. Heated air at 200°C was then supplied through gas pipes in 

order to vaporise the liquid fuel contents. The resulting vapour fuel was extracted through gas 

sam pling pipes, the HC concentration was m easured using a FID analyser and the total mass o f 

the fuel was obtained by integration.

n ]______ :
'a h S 2 ' a

U f - ™ ---------------------- i s r ^

Sampling 
pipe

Fuel wall wetting 
in the cylinder c

/Hydraulic  
cylinder

Intake
shutter

“Fuel wall wetting 
; in the intake port

Sampling pipe

Figure 1.32 Schematic drawing of the arrangement used to measure liquid fuel in the 
intake port and cylinder [Saito et al (1995)]

Intake stroke ^  Compression ^  Expansion ^  Exhaust Intake 1^1-----------

Intak( port wet
Unbumed

Fuel Cylinder wet

Injected fuel Fuel in-cylinder
m

Burned Fuel Engine-out HCs

Figure 1.33 Measurement procedure for quantitative analysis [Saito et al (1995)]

M easurem ents could be taken at any operating condition, fh e  m easurem ent principle, depicted 

in figure 1.33, indicates that the injected fuel was separated into intake port w etting fuel and in

cylinder fuel, w hich in turn was distinguished between burned and unbum ed fuel. The unbum ed 

fuel was then separated into cylinder wetting and engine-out HC em issions. It is obvious that 

m easurem ents could not be taken continuously w ith this technique because o f  the need to purge

the liquid fuel at specific test points (depicted b y ^  ) in order to sample it. From figure 1.33 it is
52



CHAPTER 1__________________________________________________________ A Literature Survey

clear that cylinder wetting measurements of a specific engine cycle required data from three 

different test cycles, these having to be at identical operating conditions, something extremely 

difficult to achieve in practice. In addition, during expansion-^exhaust and exhaust->intake 

strokes (figure 1.33) where the measurements were taken, exhaust gases are also expected to be 

trapped within the cylinder. No reference was made to whether any vapour uHC concentrations 

in the exhaust gases might have affected the wall wetting readings. This technique is also 

incapable of distinguishing between the liquid fuel and vapour fuel concentrations during the 

intake->compression strokes (i.e. before combustion).

Apart from its complexity to implement and questionable accuracy (accuracy reported ± 2 mm^) 

the technique provided useful information about the fuel quantities present in the engine during 

CVI and OVI strategies. In the first cycle after starting, during CVI, the liquid fuel quantities in 

the port were higher than those obtained during OVI. In addition, quantities collected in the 

cylinder during OVI were higher than CVI, the reason being that during OVI the injected fuel 

found its way directly into the cylinder and impacted onto the cylinder bore.

l.S.4.4 Use of in-cvlinder FFID readings
Ladommatos and Rose [1998] went on to use another method of measuring wall film. They 

arranged for the injector to be suddenly disabled while using a FFID probe mounted in the 

cylinder to monitor the concentration of fuel carried forward into the cylinder during subsequent 

cycles. The mixture was too lean for any further combustion to take place once the injector had 

been interrupted. This is similar to an injector interrupt technique that has been used quite 

widely [Jackson (1997)] whereby the fuel carried forward is monitored by a FFID probe 

mounted in the exhaust port. A probe mounted in this position would measure the fiiel carried 

over from both the inlet port and the cylinder. This suggests a possible method of estimating 

cylinder wall film, based on monitoring simultaneous FFID probe traces from both cylinder and 

exhaust port. The difference in the integrated values of uHCs should in theory give the amount 

of fuel in the cylinder walls at the time of injector interrupt. The author is not aware that this 

technique has actually been used. It would be based on measuring the difference between two 

relatively large values, and therefore would be susceptible to inaccuracies in uHC 

measurements. The main problem would be calculating the uHCs carried forward into the 

exhaust port as the flow rate of the gas would have to be estimated at each instant. The 

technique would also assume a homogeneous mixture of air and fuel. On balance, this method is 

not attractive because of the likely inaccuracies.
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1.5.4.5 In-cylinder liquid fuel absorption through a porous cylinder bore
A pulsating flow rig designed by M iller and Nightingale [1990] accom m odated a dummy

cylinder whose upper section was m odified to take a porous material, the arrangem ent shown in 

figure 1.34. Suction tappings around the circum ference provided means o f  controlling the 

pressure differential across the material and allowed any wall film to be skim m ed o ff  and 

collected for measurement.

CYLINDER HEAD

POROUS WALL

•VACUUM CONNECTIONS 
(to measuring vassal)

DUMMY CYLINDER 
WALL

Figure 1.34 The porous - liner arrangement [Miller and Nightingale (1990)]

It is assum ed that the rig can only represent the intake event as air was drawn continuously 

through the motored valves. Tests perform ed at different fuel injection pressures (the higher the 

pressure the finer the droplets formed by the pintle-type injector) showed that less w allfilm  was 

collected at higher pressures, indicating the dependence o f  the wall film on the quality o f  the 

m ixture preparation prior to entering the cylinder. Such an arrangem ent cannot provide an 

accurate estimation o f  the wall film quantity on the cylinder bore o f  a running engine. In the 

absence o f  the com bustion event and the backflow o f the exhaust gases, any fuel evaporation 

due to the hot gases cannot be reproduced, leading to an overestim ated value o f  w all film 

quantities. However, the arrangem ent can provide a worst case indication o f  the film on the bore 

during the first cycles o f  cold start. Furtherm ore, it can be used for com parison purposes o f 

different operating conditions (speed, load and injection tim ing), or even different cylinder head 

configurations.

1.5.5 Conclusions
The two primary methods to be considered for m easuring liquid fuel on the bore are thought to 

be the use o f  heat flux sensors and LIF. The other methods can be dism issed for the following 

reasons: high speed video recording is perform ed at non-representative engine conditions as a 

sm ooth transparent cylinder replaces the norm al cylinder bore material, cylinder content 

isolation requires exceptionally com plex and extensive test equipm ent, the FFID technique is 

likely to be inaccurate, while the laser-type optical sensor can be considered along with the LIF
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technique. The porous-liner technique does not measure wall film under realistic running 

conditions, and therefore should be dismissed as well. However, it does have the advantages of 

being a relatively simple and robust technique and so it was given a part to play in this 

investigation as will be seen in the next chapter.

It is apparent from the discussion sections (1.5.2.3 and 1.5.3.3) that the use of heat flux sensors 

will provide more information about the quantity of the fuel on the bore than LIF. 

Measurements of heat transfer from the bore surface to the fuel film can indirectly reveal the 

amount of this fuel present. The higher the heat transfer rates from the surface to the film the 

greater the rate of the evaporation, thus indicating a larger film thickness. The heat flux sensors 

will also allow the use of gasoline as the working liquid something that is not common in LIF 

applications. An important factor in the use of such a sensor is its response time. The adverse 

and unpredictable environment within the cylinder is expected to cause rapid changes in heat 

transfer measurements indicating the necessity for applying a sensor with a fast response.

The LIF technique involves the use of optical fibres having diameters of the order of a few 

micrometres. This implies that film thickness measurements can only be taken at point 

locations. However, the surface area of heat flux sensors is significantly higher and can 

represent more accurately the quantity of any wall film on the bore at specified areas. The 

application of LIF involves measuring the intensity of the beam that is reflected from the wall 

film at the point of measurement. The beam, however, is expected to pass through the film and 

possibly encounter airborne droplets which are very likely to be present within the cylinder. 

Since it is impossible to calibrate the signal to accommodate any interference from these 

droplets, they are likely to affect the intensity of the reflected signal and consequently distort the 

film thickness indication.

The above provides evidence that the use of heat flux sensors is a more promising technique to 

apply than LIF for measuring liquid fuel film on the bore of a running engine.
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2.0 Introduction

The porous - liner technique was first applied by Miller and Nightingale [1990] to investigate 

the liquid fuel behaviour in the bore of a spark ignition engine, at different fuel injection 

pressures. This technique involves a pulsating flow rig that accommodates the cylinder head and 

intake manifold of a production engine. Its main feature is a dummy cylinder whose upper 

section is modified to take a porous material. Suction tappings around the circumference 

provide means of controlling the pressure differential across the material and allows any liquid 

fuel that comes in contact with the porous material to be skimmed off and collected for 

measurement. However, such an arrangement cannot provide an accurate estimation of the 

liquid fuel quantity on the cylinder bore of a running engine. The absence of the combustion 

event and the backflow of the exhaust gases lead to an overestimated value of wall film 

quantities since any fuel evaporation due to the hot gases cannot be reproduced. Overall, the rig 

can only reproduce the intake stroke, as air is drawn continuously through the motored inlet 

valves, in the absence of a reciprocating piston.

The porous-liner technique was adopted for the first phase of the project as the sponsors 

required a technique that could be applied quickly to provide information on the relative wall- 

wetting characteristics of different cylinder head designs. The second phase of the work 

(reported in chapters 4, 5 and 6) had the objective of developing a novel and more sophisticated 

measurement technique, and to make some comparisons with the porous-liner technique.

2.1 Pulsating flow rig design

2.1.1 Existing components
Tests were performed with three types of cylinder heads, these being two 2-valve and one 

4-valve cylinder head, along with their corresponding intake manifolds, throttle bodies, fuel 

rails and injectors, all parts supplied by the Ford Motor Company (US). All cylinder heads were 

taken from the same 4.6-litre, V-8 modular engine, and their specifications are listed in table 

2 . 1.

LABEL Cylinder Head 

Reference No.

Number of 

Valves

Model Year (MY) of first 

production

CHI RF -  FIAE -  6090 (H18C) S73 2V 1993

CH2 RF -  F5AE -  6090 (B24A) S73 2V 1996

CH3 RFXR3E6C064BC S73 4V 1997

Table 2.1 Ford cylinder heads used in the porous - liner technique tests
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Each cylinder head was modified to provide oil feeds to its cam shaft bearings via flexible pipes 

fed from a pressurised oil reservoir. The hydraulic lash adjusters were rem oved and m odified. In 

the absence o f  a suitable oil supply the internal spring was rem oved and a solid insert was fitted 

inside the adjuster to give a cold valve clearance o f  0.18 mm.

The right-hand side o f  the intake m anifold had to be blocked, since only the left-hand side 

cylinder head was fitted to the rig. Pulsating flow was obtained by turning the inlet camshaft 

through a toothed belt, while providing suction from a vacuum  pum p. An electric m otor with a 

variable speed drive (3.0 kW  Lenze Sim plabelt) was em ployed to drive the toothed belt. The 

w hole test rig was m ounted within the ‘Fuel Systems Test Facility’ at UCL, which is capable o f 

handling inflam m able fuel/air m ixtures. It consists o f  an upper Test Cham ber in which the 

pulsating flow rig was situated, and a lower plant room that contains the vacuum pum p and 

m eans o f  disposing o f  the fuel/air mixture. The vacuum  pump is o f  the liquid ring type, and is 

capable o f  a suction o f  up to 850 mbar and a ftow rate o f  up to 700 rn^/h.

2.1.2 Specially-designed components
The rig consisted o f  several com ponents specially designed to support the left-hand side 

cylinder head bank o f  the V-8 engine under study. The com plete assem bly o f  all the equipment 

and com ponents used is shown in figures 2.1 and 2.2. Each com ponent is individually discussed 

in the follow ing sections.

Vacuum pump 
dam ping cham ber

Pulsating flow-rig 
m ounted on the base 
o f  the electric m otor

Fuel system

Figure 2.1 Com plete set-up for pulsating flow -rig
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Damping chamber Steel pipes Dummy cylinder Glass chamber Plenum

Water manometers Oil feeds on camshaft Electric motorCylinder head

%

Hot wire anemometer / Intake manifold
\ \

Instrumentation

Blocked side of intake manifold Cutter disk on camshaft Toothed belt and pulleys

Figure 2.2 Pulsating flow rig assembly at 45° (top view) and 90° (bottom view) orientations
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2.1.2.1 Pulsating flow rig bench

The cylinder head under test was positioned on an aluminium plate inclined at 45°. However, 

the side support bars provided the option to incline the cylinder head at 90°. The dummy 

cylinder and three steel pipes represented the 4 cylinders o f one bank o f  the engine (figure 2.3). 

These pipes and the dummy cylinder were connected to a plenum. The plenum  was connected to 

the damping cham ber shown in figure 2.1, w hich in turn was connected to a vacuum  pump. It 

can be deduced from figure 2.3 that the cylinder under study was the one represented by the 

dummy cylinder. The three pipes were only used in order to allow air to be drawn equally 

through all cylinders and therefore not to affect the airflow through the target cylinder.

Support plate 
m ounted on 
m otor base

Side support bar

Support plate for 
cylinder head

Steel pipes 

Dummy cylinderI Light source 
probe guide

Plenum

Figure 2.3 Cylinder head bench com ponents

2.1.2.2 Dummy cylinder
The dummy cylinder, shown in figure 2.4, was designed to accom m odate porous bronze filter 

m aterial o f  55/65 m icrons porosity, with an inner diam eter o f  90.2 mm, 37 mm height and 3 mm 

thickness. Tests were also perform ed with porous m aterial o f  10 mm height along with an 

aluminium insert o f  27 mm height, to account for the difference in height betw een the two 

porous materials. The area o f  the dummy cylinder behind the porous m aterial was m achined to 

form 8 equal hollow sectors in order to provide indication o f  the radial distribution o f  the fuel. 

Suction tappings connected each sector to a large glass cham ber via plastic pipes, which 

term inated in Pyrex test flasks o f  100ml capacity each, these shown in figure 2.5.
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1 loi low sectors

Suction tappings A lum inium  insert Porous material Porous m aterial 
(27 mm height) (10 mm height) (37 mm height)

Figure 2.4 Dummy cylinder and porous material

Pipe connected 
to vacuum pump

Plastic pipes 
connected to the 
suction tappings on 
the dummy cylinder

M easurem ent 
test flasks

Glass cham ber

Figure 2.5 Glass chamber assembly

2.1.3 Pulsating flow rig accessories

2.I.3.1 Fuel system
The fuel system consisted o f  a conventional Bosch fuel pum p and filter, the arrangem ent shown 

in figure 2.6, and it was connected to the fuel rail on the intake manifold. A simple w ater-cooled 

heat exchanger was incorporated in the line returning the fuel to the tank in order to prevent a 

significant rise in fuel tem perature. Unleaded gasoline, BS 7070, was used for the tests from a 

single supply. Care was taken during fuel handling to retain the more volatile com ponents so far 

as possible.

60



CHAPTER 2 The Porous - Liner Technique

To / from cooling 
w ater supply \  > * '  
(w ater cooled \  
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From fuel rail

To fuel rail

Fuel tank

Support plate 
for fuel system

Control valve 

Filter

Fuel pump 

Filter

Figure 2.6 Fuel system

2.1.3.2 Control units
The electronic circuit that was used to trigger the injector is shown in figure 2.7. A thin metal 

disk with a cut-out in its peripher>' was m ounted on the pulley that was driving the camshaft 

(figure 2.2). One edge o f  this cut was referenced manually to TDC o f com pression stroke 

corresponding to the cylinder under study. A slotted opto-switch com prising an infrared source 

and integrated photo-detector was used to send a TTL signal to the control box when it detected 

the cut-out on the rotating disk. Injection tim ing and injector pulsew idth values were pre-set 

using the control box, so that the signal entering this box was altered according to these values 

before it was sent to the injector drive unit. These signals were m onitored at all tim es on an 

oscilloscope. Sample signal plots before and after the control box are shown in figure 2.7.

The airflow into the m anifold was m easured w ith a Hot W ire A nem om eter (HW A) that was 

connected upstream o f  the throttle body, and the reading was displayed on a digital voltmeter, 

also shown in figure 2.7. A mercury m anom eter was used to indicate m anifold depression, and a 

w ater m anom eter was em ployed to indicate the pressure difference betw een the m anifold and 

the glass cham ber, and hence the pressure differential across the porous material.

The spark plug tapping in the com bustion cham ber that corresponded to the dummy cylinder 

was modified in such a way that it allowed access for an endoscope. This provided visual 

observation o f  the liquid fuel film behaviour within the com bustion cham ber and dummy 

cylinder. Additional visual access was also provided by a hole drilled about m id-length in the 

dummy cylinder. Finally, a light source (ACM  1020A) was employed to feed light through a 

fibre-optic cable. The end o f  the cable was inserted underneath the plenum, as shown in figure 

2.3, and supplied the target cylinder and com bustion cham ber w ith light.
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2.2 Calibration procedures for rig operation

Several prelim inary tests involved the calibration o f  the injectors, the calibration o f  the Hot 

W ire A nem om eter (HW A), and the determ ination o f  the optimum pressure difference across the 

porous material to provide maximum liquid fuel collection. Finally, a gasoline evaporation test 

was perform ed to account for the evaporation that took place in the m easurem ent system  during 

each test, and therefore provide a correction factor for the results.

2.2.1 Injector and HWA calibrations
The calibration o f  the injectors took place after each cylinder head was set-up on the pulsating 

flow rig. The cam shaft was operated at 450 rev/m in and, using the electronic control unit 

already m entioned above, the injector under test w as triggered to inject at a specific pulsewidth 

for 900 injections. The injected fuel was im m ediately collected downstream  o f  the injector in a 

m easurem ent test flask and then weighed. Five injectors were calibrated and these comprised 

three injectors for the 2-valve cylinder heads and two injectors for the 4-valve cylinder head. 

The results for all the injectors are shown in figure 2.8.
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Figure 2.8 Calibration graph for injectors supplied by Ford

The HW A was calibrated using a variable-area rotam eter and its calibration curve is shown in 

figure 2.9. The knowledge o f  these calibrations enabled appropriate test conditions to be set. 

Ford specified an injector pulsewidth for each test condition, and this was translated into a 

voltage to be set on the HW A to obtain the standard stoichiom etric running condition o f  the 

engine. A ir flow was set through adjustm ents to the throttle valve on the intake manifold.
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Figure 2.9 Hot Wire Anemometer (HWA) calibration graph

2.2.2 Calibration for optimum pressure drop across porous material
An important param eter for the execution o f  the tests was to evaluate the pressure drop across 

the porous liner that allowed maximum liquid fuel be absorbed by the sintered m aterial, and 

subsequently induce it to flow through the plastic pipes into the m easurem ent flasks. Several 

tests w ere performed by varying the pressure drop across the porous liner, using cylinder head 

C H I. The operating conditions were a cam shaft speed at 750 rev/min, 400 mm Hg manifold 

depression and 5 ms injector pulsewidth, the results shown in figure 2.10. It was decided to 

perform  all the tests using a pressure drop across the porous m aterial o f  5cm H 2O, as this 

produced the maximum rate o f  fuel collection.
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Figure 2.10 Fuel collected w.r.t. pressure drop across porous material, at 1500 rev/min
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2.2.3 Calibration for gasoline evaporation
Since gasoline was used for all tests it m eant that significant evaporation took place from the 

fuel collected during each test. The duration o f  each test was 10 m inutes (at 1500 rev/m in) and 

35 m inutes (at 620 rev/min), for reasons that will be explained in the results section. A 

calibration test was carried out by exposing a certain quantity o f  gasoline to atm ospheric 

conditions and recording its volum e reduction and relative density at various time intervals. The 

resulting graph from the gasoline evaporation test is shown in figure 2.11 and it was used to 

determ ine a correction factor to be applied to all results based on m easurem ents o f  the relative 

densities o f  the fuel sample collected during each test.

0.850

0.820

0.790

0.760

0.730

0.700
100

Volume reduction (%)
[Average s lo p e  of curve: (0.833 - 0.736) /100]

Figure 2.11 Evaporation curve of unleaded gasoline

2.3 Experimental procedure

The experim ental procedure carried out for each test involved the following steps. The camshaft 

w as rotated at the required speed while injection tim ing and injector pulsewidth values were 

entered in the control box. The points o f  control for the vacuum pump system are shown in 

figure 2.12a. Throttle (II) was set in a fixed position, and throttle (I) w as varied until the 

required cylinder depression (P2) w as obtained. Throttle (II) was then varied slightly along with 

throttle (I) until the pressure difference betw een Pi and ? 2  was equal to 5cm H2O, and ? 2  was 

equal to the required cylinder depression. By adjusting these pressures, the pressures w ithin the 

dum m y cylinder and glass cham ber settled as shown in figure 2.12b. The 5cm H 2O difference 

betw een P| and P 2 was sufficient to skim all the liquid fuel from the porous liner and force it to 

flow into the test flasks.

The duration o f  each test was controlled by sim ply operating the manual switch for the injector. 

A t the end o f each test the flasks were rem oved from the glass cham ber and then w eighed on a 

M ettler AC 100 scientific balance with an accuracy o f  ±0.0001 grams, in order to obtain the 

percentage o f the fuel collected with respect to that injected during the period o f  the test.
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Throttle (I) 
to vary P,

Air drawn by 
vacuum pump

Throttle (II) 
to vary P2

Figure 2.12a Principle of operation of pulsating flow rig
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Figure 2.12b Pressure drops within the dummy cylinder
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3.0 Introduction

The bore wetting tests involved the examination of the following primary variables, with the 

cylinder head under study being at its normal engine orientation of 45°, and with the 37mm 

porous material installed in the dummy cylinder.

i. Cylinder head [CHI (2V), CH2 (2V) and CH3 (4V)]

ii. Operating condition [part load (1500 rev/min) and idle (620 rev/min)]

iii. Injection timing [CVI and OVI]

Additional tests were performed at the part load (1500 rev/min) operating condition, involving 

secondary variables such as:

a. Cylinder head orientation [45° and 90° - examined with CH2 only]

b. Porous material height [37mm and 10mm - examined with CHI and CH2 only]

Details of the cylinder heads under study are listed in table 2.1. These involved two 2-valve 

cylinder heads, and one 4-valve cylinder head. Typical values of manifold depression and 

injector pulsewidth, at the test conditions, were specified by Ford as listed in table 3.1. The 

manifold depression values were used to set the cylinder pressure Pi (figure 2.12), with the 

assumption of negligible pressure drop across the intake valves.

The injection timings examined were specified in terms of the end of injection (EOl). Timings 

such as 80°, 150°, 530°, 670° CA corresponded to closed valve injection (CVI), whereas 270°, 

340°, 380°, 420°, 450° CA corresponded to open valve injection (OVI).

Engine Speed 
(rev/min)

Manifold Depression 
(mm Hg)

Injector Pulsewidth 
(ms)

1500 400(16” Hg) 5

620 480(19” Hg) 3.7

Table 3.1 Simulated operating conditions

The objective of the tests performed with the secondary variables, and more specifically with 

the cylinder head orientation, was to provide information on the effect of gravity on wall film 

behaviour. The other secondary variable involved the introduction of a new porous insert, with 

the same porosity as the original one but of different height. The new insert was machined to a 

10 mm height compared with 37 mm for the normal insert. An aluminium insert of 27 mm 

height was used to account for the difference in height (figure 2.4). The purpose of using a 

shorter porous insert was to identify how much of the liquid fuel absorbed by the porous liner 

was purely surface film flowing from the intake port onto the combustion chamber and finally 

onto the bore, as compared to airborne droplets that impacted directly on the porous liner.
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3.1 C om m issioning o f the pulsating flow rig
Introductory tests suggested that the collection o f  an acceptable liquid fuel quantity required the 

follow ing test durations. The 1500 rev/min tests were carried out for 10 minutes and the 620 

rev/m in tests for 35 minutes. Significant evaporation occurred during each o f  the tests since 

gasoline was used throughout. The results o f  each test w ere therefore corrected according to the 

gasoline evaporation curve shown in figure 2.11. An exam ple o f  the correction applied to each 

m easured result is show n in figure 3.1.

100

1500 RPM 
(corrected) 
'1500 RPM 
(actual) 
620 RPM 
(corrected) 
620 RPM 
(actual)

40

90 180 270 360 450 540
Crankangle f  CA)

630 720

Figure 3.1 Actual and corrected liquid fuel quantities, obtained from CH 2, w.r.t. end of
injection tim ing

The results presented in the following sections show only the corrected results and are displayed 

in the same form at as figure 3.1. Top dead centre after the exhaust stroke (TDCexh) is at 360° 

CA, and each characteristic was obtained from the eight different injection timings (EOl: 80°, 

150°, 340°, 380°, 420°, 450°, 530° and 670° CA), exam ined for each operating condition (1500 

rev/m in and 620 rev/m in). The repeatability o f  the results was o f  the order o f  0.8 -  2%  (3 -  9% 

w hen corrected) o f  fuel collected as a percentage o f  the fuel injected during the test.

In addition to the liquid fuel m easurem ents obtained from the pulsating flow rig, visual 

observations w ere m ade by looking through an endoscope, previously described in section 

2.1.3.2. The resulting view from the endoscope is shown in figure 3.2 and it provides 

supplem entary inform ation about the behaviour o f  the liquid surface film on the combustion 

cham ber, and the behaviour o f the airborne droplets that im pacted on the dummy cylinder bore, 

below the porous liner. Furthermore, this diagram  provides inform ation about the percentages o f 

liquid fuel absorbed through each sector, these being indicated by a colour coding system. The 

visual observations from all three cylinder heads exam ined are shown in figure 3.3 (C H I), 

figure 3.4 (CH2) and figure 3.5 (CH3). Reference is made to these figures in the following 

sections w ith respect to the cylinder head under study.
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75 - 85 % 
15 - 25 %

0 %

Closed-Valve Injection (PM37) Open-Valve Injection (PM37)

Figure 3.3a Visual observations at 1500 rev/min, CHI with PM37

100 %

Closed-Valve Injection (PM 10) Open-Valve Injection (PMIO)

Figure 3.3b Visual observations at 1500 rev/min, CHI with PMIO
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65 - 75 %
25 - 35 %

Closed-Valve Injection (PM37) Open-Valve Injection (PM37)

Figure 3.4a Visual observations at 1500 rev/min, CH2 with PM37

m  100% 

^  0 %
Closed-Valve Injection (PMIO) Open-Valve Injection (PMIO)

Figure 3.4b Visual observations at 1500 rev/min, CH2 with PMIO
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 ̂ 1 0 -1 7 % 81: 86 - 100 % 81: 55 %
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Open-Valve Injection

Figure 3.4c Visual observations at 1500 rev/min, CH2 with PM37 in 90° orientation

100 %

Closed-Valve Injection Open-Valve Injection

Figure 3.5 Visual observations at 1500 rev/min, CH3 with PM37
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3.2 W all wetting results from cylinder head C H I (2V M Y1993)
The quantities of fuel collected as a percentage of that injected during the 1500 and 620 rev/min 

tests are shown in figure 3.6. During the 1500 rev/min tests, about 75 % of the fuel injected was 

collected from the porous material during CVI, and this decreased to about 66% during OVI. 

This showed that the amount of liquid fuel impaction was affected to a small extent by the 

injection timing.

At 620 rev/min the wall film on the cylinder bore was of the order of 30 % of the fuel injected. 

Figure 3.6 reveals that this characteristic is almost a straight line, showing that the measured 

quantity of liquid fuel, at this relatively low airflow rate, was significantly less than that 

obtained at 1500 rev/min, and that it was also affected to a limited extent by the injection 

timing.
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Figure 3.6 Liquid fuel collected w .r.t end o f  injection tim ing, at 1500 and 620 rev/m in,

CH I with PM 37

Figure 3.3a shows the liquid fuel behaviour within the cylinder during the 1500 rev/min tests, as 

seen through the endoscope, and the area on the cylinder bore (radial sectors) where the liquid 

fuel impacted on the PM37 insert. The liquid fuel percentages absorbed through the sectors 

revealed that the majority of the wall film found its way onto the cylinder bore below the inlet 

valve, and a fraction of it was shifted towards and below the exhaust valve because of the 

swirling motion of the airflow. During CVI a wall film was formed below the porous insert that 

was caused by impaction of airborne droplets. However, during OVI the airborne droplets 

impacted below the porous insert at an even higher rate, causing an increased wall film to form. 

The direction of flow of this wall film was shifted to the right due to the swirling air motion.
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This difference in wall film quantity observed below the PM 37 during the tw o injection timings 

(CVI and OVI) explained the difference in the percentage o f  fuel collected at 1500 rev/min 

(CVI w 75% and OVI % 66% ), shown in figure 3.6. It was apparent from the endoscope 

observations that the liquid film m easured at the porous insert was m ade up o f  tw o forms o f 

liquid fuel. The first was the liquid fuel in the form o f a surface film, which travelled along the 

intake port walls, through the open inlet valve, across the com bustion cham ber wall, and finally 

onto the porous insert. The second form o f  liquid fuel was the airborne droplets that impacted 

directly on the porous insert when the inlet valve opened.

In order to distinguish between the surface film and the film form ed by the im pacting airborne 

droplets, additional tests w ere perform ed at 1500 rev/m in using the porous insert o f  10 mm 

height (PMIO). Since droplet impaction on such a reduced surface area below the com bustion 

cham ber is significantly less, it was assum ed that the PMIO insert absorbed only the surface 

film com ing down from the com bustion cham ber surface. The results from the PMIO tests are 

shown in figure 3.7. The liquid fuel quantities collected during CVI w ere about 70% o f  the fuel 

injected, whereas during OVI, a m inimum fuel quantity o f  about 28% o f  the fuel injected was 

collected at 380° EOl timing.
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Figure 3.7 Liquid fuel collected w.r.t end o f injection tim ing, at 1500 rev/min (PM 37 and

PMIO), with CHI

Figure 3.7 shows a com parison o f  the liquid fuel quantities collected from the tw o porous 

inserts (PM 37 and PMIO), at 1500 rev/min. The two characteristics revealed the following
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information. The characteristic from the PM37 insert resulted from the liquid fuel that reached 

the porous material in the form of both a surface film (Lgf) and airborne droplets (Ldr). However, 

the characteristic from the PMIO insert resulted from the liquid fuel that flowed onto the porous 

material in the form of a surface film (Lsf) only. Consequently, the difference between the two 

characteristics is the amount of liquid fuel that came from the airborne droplet impaction on the 

bore area enclosed between 10 and 37 mm below TDC (Ldr (io-37))- Figure 3.7 shows how the 

liquid fiiel behaviour in the cylinder was affected by the injection timing. During CVI the 

majority of the liquid fuel reached the porous liner as a surface film (Lsf = 70%) and only a 

small proportion impacted as airborne droplets (Ldr (lo-s?) = 5%) between 10 and 37mm below 

the TDC position. However, during OVI a significant proportion of the liquid fuel impacted on 

the porous liner (between 10 and 37 mm below TDC) as airborne droplets (Ldr(io-37) = 38%), and 

the remaining proportion as a surface film (Lsf = 28%).

The above results, and more specifically the characteristic obtained from PM37 at 1500 rev/min, 

imply that during CVI, 25% (100-75), and during OVI, 34% (100-66) of the fuel injected was 

unaccounted for. This fuel escaping measurement is made up from the following components: 

the fuel that impacted below the porous insert (below 37mm from TDC) and therefore could not 

be measured, the liquid fuel that followed the airflow and exited the dummy cylinder without 

impacting on the walls, and the fuel that evaporated within the port and dummy cylinder.

The above measurements were supported by the observations through the endoscope shown in 

figures 3.3a and 3.3b. The variation of 75 - 85% for one of the sectors in figure 3.3a represents 

the range of values recorded during the CVI and OVI tests. When the proportion was 75%, the 

corresponding value in the neighbouring sector was 25%. Similarly, when the proportion was 

85% the corresponding value in the neighbouring sector was 15%. Figure 3.3b indicates an 

increased wall film below the PMIO insert, compared with the wall film seen below the PM37 

insert in figure 3.3a. Furthermore, figure 3.3b shows that liquid fuel was collected only through 

the sector below the inlet valve. This demonstrates that the 15 -  25 % liquid fuel collected 

through the sector below the exhaust valve in the PM37 case (figure 3.3a), was airborne droplets 

carried by swirling motion and impacted below the exhaust valve between 10 and 37 mm below 

the TDC position.

3.3 Wall wetting results from cylinder head CH2 (2V MY1996)
Figure 3.8 shows the amount of fuel collected as a percentage of that injected, during the 1500 

rev/min and 620 rev/min tests. During the 1500 rev/min tests, about 90% of the injected fiiel 

was collected from the porous material during CVI, and this decreased to about 66% during 

OVI. This comparison revealed the high sensitivity of this cylinder head to injection timing. The 

same plot shows that, at 620 rev/min, the quantity of the liquid fiiel collected during CVI was

75



CHAPTER 3 Porous - Liner Technique results

about 32 % and it decreased to 21% with OVI. This implied that the liquid fuel im paction on the 

porous liner was still affected by injection tim ing, even at this low airflow rate.
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Figure 3.8 Liquid fuel collected w.r.t end of injection timing, at 1500 and 620 rev/min,

CH2 with PM37

In order to distinguish between the surface film and the film formed by the im pacting airborne 

droplets, additional tests w ere perform ed at 1500 rev/m in using the PMIO insert. The results 

from the PMIO tests, along with those obtained with the PM 37 insert are shown in figure 3.9, 

for comparison purposes. The liquid fuel quantity collected during CVI was about 82% o f  the 

fuel injected, w hereas during OVI, a minimum fuel quantity o f  about 42%  o f  the fuel injected 

was collected at the 340° and 380° EO l timings.

Figure 3.9 depicts the liquid fuel behaviour w ithin the cylinder during the two injection timings 

examined. During CVI, the m ajority o f  the liquid fuel reached the porous liner as a surface film 

(Lsf = 80%), and a small proportion impacted as airborne droplets (Ldr(io-37) = 8%) betw een 10 

and 37 mm below the TDC position. However, during OVI, a significant am ount o f  liquid fuel 

impacted on the porous liner (between 10 and 37 mm below the TDC position) as airborne 

droplets (Ldr(io-37) =  24%), and another proportion as a surface film (Lsf = 42%).

The above percentage figures mean that the am ount o f  liquid fuel that was left unaccounted for 

was 10% (100-90) during CVI, and 34% (100-66) during OVI, o f  the fuel injected.
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Figure 3.9 Liquid fuel collected w.r.t end of injection timing, at 1500 rev/m in (PM37 and

PM 10), with CH2

The observations made w ith the endoscope during the 1500 rev/m in tests w ith the PM 37 and 

PM 10 inserts are shown in figures 3.4a and 3.4b, respectively. Figure 3.4a shows that m ost o f 

the liquid fuel was collected below the inlet valve, as expected, but a significant am ount was 

also absorbed below the exhaust valve. The same figure indicates that during CVI extrem ely 

few droplets were seen to impact below the PM 37 insert, and these w ere insufficient to form  a 

wall film. However, during OVI, airborne droplets were seen to im pact below the PM 37 insert 

at a high rate, causing significant wall film formation. W hen the tests were perform ed w ith the 

PM 10 insert, the visual investigation (figure 3.4b) revealed significant wall film form ation 

below the insert, compared to the wall film seen in figure 3.4a. In addition, the liquid fuel was 

collected only through the sector below the inlet valve. This suggested that the 25 -  35 %  liquid 

fuel collected through the sector below the exhaust valve, when the PM 37 insert was used, was 

airborne droplets that were carried by swirling motion and impacted below the exhaust valve 

between 10 and 37 mm below the TDC position. Overall, the above observations correlate with 

the m easured percentages o f  liquid fuel that reached the porous liner, either as a surface film or 

as airborne droplets.

Wall wetting results from CH2 at the vertical (90°) orientation
Changing the orientation o f  the cylinder head to 90® resulted in alterations to the liquid fuel 

behaviour w ithin the cylinder. The results from the tests perform ed at 1500 rev/m in and

77



CHAPTER 3 Porous - Liner Technique results

620 rev/min, with the PM37 insert, are shown in figure 3.10. In comparison to the results 

obtained under the same operating conditions, but at 45° orientation (figure 3.8), they revealed a 

reduced level of liquid reaching the porous liner. At 1500 rev/min the liquid fuel quantity that 

reached the PM37 insert during CVI was about 60 % of the fuel injected, and it dropped down 

to 43% during OVI. Similar behaviour was also recorded from the liquid fuel quantities 

collected at 620 rev/min. During CVI, 30% of the injected fuel was collected through the porous 

liner, and this decreased to 11% with the OVI strategy. Overall, these quantities were 

significantly lower than those measured in the 45° orientation, but they were affected by 

injection timing in a similar way.
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Figure 3.10 Liquid fuel collected w .r.t end o f injection tim ing, at 1500 and 620 rev/m in,

CH2 with PM 37 in 90° orientation

The above liquid fuel behaviour was consistent with the observations made with the endoscope. 

These observations are shown in figure 3.4c and it is clear that they were significantly different 

to those recorded when the cylinder head was in its normal 45° orientation (figure 3.4a). For 

description purposes the eight radial sectors were divided into four sectors called SI and the 

remaining four termed as 82, these shown in figure 3.4c. This figure shows that the surface film 

exited the inlet valve and flowed over a wide area across the combustion chamber. Due to the 

shrouding on one side of the inlet valve, the surface film flow direction was biased towards the 

sectors marked 81. However, liquid fuel was present at all times on the shrouding, and this 

resulted in airborne droplets.
During CVI, the majority of the wall film was collected from sectors 81 (86 -  100%), compared 

to that collected through sectors 82 (0 -  14%). Considering first the sectors 81, most of the
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liquid fuel was absorbed im m ediately below the inlet valve (71 -  85%), as expected. This fuel 

was made up o f both surface film (Lsf) and airborne droplets (Ldr), and it was not possible to 

distinguish between the two, because no tests were perform ed with the PM 10 insert. However, 

since no surface film on the com bustion cham ber was seen to flow towards sectors S2 (the 

shrouding restricted it), it was assum ed that the liquid fuel absorbed through those sectors was 

airborne droplets, mainly entrained from the shrouding area protruding into the combustion 

chamber.

During OVI, the wall film form ation below the porous liner o f  the SI sectors was considerably 

increased due to the high impact rate o f  the droplets in that area. Figure 3.4c shows that 55 % o f 

the liquid fuel was collected through sectors S I, and the rem aining 45%  from sectors S2. This 

increase in liquid fuel collected from the S2 region implied that relatively more airborne 

droplets entrained from the shrouding area impacted on S2 during OVI. In addition, the 

decrease obtained in the S 1 region was also due to more airborne droplets im pacting below the 

PM 37 insert, therefore not being collected.

3.4 Wall wetting results from cylinder head CH3 (4V MY1997)
The wall wetting results from the 4-valve cylinder head, tested at 1500 and 620 rev/min, are 

shown in figure 3.11. During the 1500 rev/m in tests, about 60%  o f  the injected fuel was 

collected from the porous material. W hereas, during the 620 rev/m in tests, the liquid fuel 

collected was about 20% o f  the fuel injected. In both cases the characteristics o f  the liquid fuel 

behaviour in the cylinder w ere relatively unaffected by the injection timing.
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Figure 3.11 Liquid fuel collected w.r.t end of injection timing, at 1500 and 620 rev/min,

CH3 with PM37
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The observations made with the endoscope are shown in figure 3.5. It can be seen that the 

surface film on the combustion chamber came out of both inlet valves (since injection took 

place in both intake ports using a twin-spray injector) and flow over the exhaust valves, as these 

were disabled. However, liquid fuel was only collected through the sector below the El exhaust 

valve. It might be expected that equal amounts of fuel would be extracted from the two sectors 

directly adjoining the two exhaust valves, because of the symmetry of the intake ports. 

However, one air flow stream often predominates when there are two parallel flows, and it was 

thought that this might be the cause of the liquid fuel being biased to one side. Part of the 

surface film was also seen to flow behind the inlet valves, but not in a measurable proportion. 

During CVI airborne droplets were seen to impact below the porous liner in the region below 

the exhaust valves. The rate of impaction was sufficient to form a wall film that was flowing 

downwards along the cylinder liner. Droplets were also seen to impact in the region on the inlet 

valve side, just below the porous material, forming a noticeable wall film to flow downwards. A 

possible reason for the slightly increased droplet impaction below the inlet valves was the pent- 

roof combustion chamber and the resulting inlet valve inclination. When the inlet valve opened 

the liquid fuel was directed onto the cylinder bore by the main airflow. Similar observations 

were also made during the OVI timing, and these confirmed the fact that the liquid fuel 

behaviour in the cylinder was not greatly affected by the injection timing.

3.5 Discussion of the porous-liner technique
The route taken by the fuel from injection to combustion is dependent upon a number of factors. 

Figure 1.12 is a flow chart that depicts the routes that may be followed, with their various 

impaction, vaporisation and transport mechanisms. It is likely that no one path alone will 

describe the transport of the fuel, instead the total fuel flow will be distributed among the 

available paths. The distribution of the fuel between the paths will depend upon a number of 

factors. These include quality of fuel atomisation, temperature of port, valve, and cylinder 

surfaces, whether inlet valve(s) are open or closed at time of injection, geometric features of 

port, valve and cylinders, and port and cylinder air motion. Rig testing may enable the pathway 

for a given engine/injection system combination to be evaluated, and hence identify any 

potential concerns for the running engine. This was the objective of the tests performed with the 

pulsating flow-rig, the conclusions drawn fi*om this work are discussed below.

3.5.1 Relevance of motoring rig tests to real engine behaviour
Before discussing the results obtained ft-om the motoring rig, the differences between the 

performance of the rig and that of a real engine will be pointed out. These differences do not 

prevent the technique from providing useful comparative information, however they do have a 

very significant effect upon how the results must be interpreted. The most significant 

differences and their implications are discussed below.
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Absence o f combustion. Without combustion taking place in the rig, the liquid fuel on the 

cylinder surfaces builds up over time, from one cycle to the next. However, in a real engine, 

except during cold start, most of the fuel residing on open surfaces within the cylinder is 

expected to vaporise before and/or during the combustion event.

Surface temperatures. The temperature of the intake port, valve and cylinder surfaces remained 

at ambient (room) temperature throughout the tests, apart from any frictional heating of the 

valve stem. However, the temperature of the surfaces in a real engine would rapidly warm up 

after a cold start and promote vaporisation of liquid fuel residing on these surfaces. As a result, 

on a fully warm running engine, impacting droplets would tend to evaporate quickly 

(particularly if thinly spread over a surface), and moving wall films would travel a shorter 

distance as they would have a shorter life before they vaporised.

Constant pressure in the cylinder. In a running engine the cylinder pressure would be higher 

than the port pressure during the valve overlap period at part load conditions, and this creates a 

backflow into the port. It is expected that the sonic backflow of gas during the early part of the 

valve overlap period would normally project some of the fuel collected around the inlet valve 

seat(s), upstream into the port. The high temperature of the gas would also tend to promote fiiel 

vaporisation in the port. Whilst the backflow would be rapid, it would only last for a short 

duration, and the quantity of fuel it is likely to displace may be limited. The amount it would 

vaporise would tend to be related to the location of the fuel in the port with respect to the hot 

gas [Shayler et al (1996a)]. There is also likely to be a period of backflow just prior to I VC, but 

the flow velocity will not be so high.

These backflow events were not replicated in the rig, as the vacuum pump that was connected to 

the dummy cylinder produced a relatively steady suction pressure. Consequently, fuel could 

enter the dummy cylinder during the first few degrees of valve opening on the rig, whereas there 

would be backflow on an engine.

There would be differences in the inlet manifold conditions between the test rig and engine, 

although efforts were made to minimise these by motoring the inlet valves of all four cylinders 

of the cylinder head bank with air drawn through each from the engine intake manifold to the 

common rig plenum. This ensured a steady small pressure difference between inlet port and 

cylinder throughout the induction period. Overall, although the short periods of reverse flow 

back into the port were not replicated, the forward flow was reasonably realistic.

De-activation o f exhaust valves. This is only likely to be of significant consequence where the 

exhaust valves are situated in a position that allows liquid fuel to leave the cylinder under cold 

start conditions. This depends upon cylinder head geometry and in these tests it would only 

have an influence upon the 4-valve design.
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Absence o f  piston. The main consequence o f  the absence o f  the piston (other than its role in 

backflow  into the ports) is to perm it the im pingem ent o f  droplets on the cylinder bore in the rig, 

when otherwise they could have impacted on the top o f the piston.

The differences m entioned above indicate that the rig cannot faithfully replicate the actual 

engine cycle, but it em bodies sufficient aspects o f  the real cycle to act as a m eaningful ‘worst 

case’ com parator between fuel delivery systems, so long as care is taken when interpreting the 

results.

3.5.2 Discussion of the bore wetting results
It was identified that the liquid fuel present on the cylinder bore was from two sources, namely 

the surface film (Ljf) flowing out from the inlet valve onto the com bustion cham ber, and from 

droplet impaction (Ldr). The percentage contributions o f  each to the total liquid fuel on the bore 

w ere affected by injection tim ing, and to a lesser extent by the com bustion cham ber and intake 

port designs. Tables 3.2 and 3.3 summarise the results obtained for each cylinder head at 1500 

rev/m in, for com parison purposes.

Cylinder

Head

Liquid fuel as a surface film 

(as % o f  the fuel injected)

Lsf

Liquid fuel as droplets im pacting w ithin 10 -  

37 mm below  TDC (as % o f  the fuel injected) 

Ldr (10-37)

C V I O V I C V I O V I

CH I 
(2V  1993)

70 28 5 38

CH2 
(2V  1996)

82 42 8 24

Table 3.2 Comparison of CHI and CH2 results w.r.t. Ur and Ldr(io-37>» at 1500 rev/min

Cylinder
Head

Total liquid fuel collected by PM 37 
(as % o f  the fuel injected)

Lsf +  Ldr( 10-37)

C V I O V I

C H I
(2-valve)

75 66

CH2
(2-valve)

90 66

CH2 [at 90°] 
(2-valve)

60 43

CH3
(4-valve)

60 60

Table 3.3 Comparison of all cylinder head results w.r.t. total liquid fuel collected by PM37,
at 1500 rev/min
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It was mentioned in the previous section that the surface fuel film is unlikely to survive 

combustion on a warm running engine. Visual observations from the rig showed that the surface 

film required a significant time to become established (estimated about 5 seconds), before it 

flowed out from the inlet valve/s onto the combustion chamber surfaces. The combustion 

chamber surfaces are likely to become quite warm within about 15 seconds, and so the effects of 

the surface film will diminish quickly with time. However, the bore wetting effects due to 

droplet impaction are expected to be significant even when the engine is warm. The use of the 

10 mm insert (PM 10) identified the relative contribution of surface film and the impacting 

droplets, and the relevant results of the two 2-valve cylinder heads are listed in table 3.2. It was 

found that during OVI, CHI suffered from a significantly higher droplet impaction rate within 

10 and 37 mm below the TDC position, compared to CH2. This revealed that CHI was more 

prone to bore wetting than CH2, during OVI timing.

Table 3.3 shows the bore wetting results from all the cylinder heads examined. Comparison 

between CHI and CH2 shows that CH2 suffered from more wetting than CHI. However, the 

analysis shown in table 3.2 showed that their difference was primarily due to increased surface 

film formation and not to droplet impaction. This suggests that CH2 will encounter more 

wetting during cold start than CHI, but this effect will reverse as the engine warm up, and the 

metal surfaces become hot.

The results obtained from the 4-valve cylinder head are also shown in table 3.3. However, only 

the 37 mm porous insert was used in these tests and therefore Lsf and Ljr(io.37) were not 

separated. Visual observation (figure 3.5), coupled with the insensitivity to injection timing 

(figure 3.11) and the relatively low percentage of fuel collected (60%), suggested that the 

amount of airborne fuel that reached the cylinder bore was particularly low. The measured fuel 

was primarily formed from surface fuel flowing down across the exhaust valves to the bore 

wall. In a running engine the combination of vaporisation of the fuel by the hot surfaces and by 

combustion, together with the removal of any persistent film through the exhaust valves during 

cold start and warm up, would suggest that little liquid fuel would reach the bore. Consequently, 

in comparison to the 2-valve designs, the 4-valve head is unlikely to be susceptible to 

significant cylinder bore wetting.

Cylinder head orientation was also found to affect the liquid fuel behaviour within the cylinder. 

Table 3.3 shows the results from CH2 when its orientation was changed from normal (45°), to 

vertical (90°). The change in the angle of inclination of the cylinder head changed the position 

of the fuel resident on the back of the valve, and hence influenced the distribution of the fiiel as 

it entered the cylinder. It was noticeable with the 45° orientation that the fuel residing was 

flowing under the action of gravity to the lower side of the cylinder bore (sector SI). A larger 

amount of fiiel was entrained into the flow as droplets on opening of the inlet valve with the
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vertical orientation. This was apparent in the results shown in figure 3.4c, where the vertical 

cylinder orientation generally increased the amount of airborne fuel, and gave a wider 

distribution of that fuel. For a fully warm engine it is unlikely that the surface film flow would 

be present to any great extent due to vaporisation. It is therefore unlikely that there would be 

bore wetting.

3.5.3 Conclusions with respect to design parameters
It has been argued that the porous - liner technique cannot provide an accurate evaluation of the 

liquid fuel quantity on the cylinder bore, due to the unrealistic operating conditions involved. 

However, it can provide useful information about the liquid fuel behaviour within the cylinder if 

the results are considered to be the worst case scenario of cylinder bore wetting, which occurs 

only in the first seconds of engine operation. Furthermore, it can also act as means of 

comparison between different cylinder head designs, and therefore provide feedback to the 

designer to review the various design parameters involved. Such parameters are discussed 

below.

The 2-valve cylinder heads under study had the fundamental disadvantage of a valve inclined 

outwards, fitted in a head that was already mounted at 45° orientation. This valve was also 

situated very close to the lower side of the cylinder bore. This provided a very direct path from 

the injector to the bore wall. Main differences between the cylinder heads investigated in this 

study involved the intake port geometry (helical ports), the combustion chamber design and the 

injector performance. It was apparent from table 3.3 that these changes in cylinder head design 

affected liquid fuel behaviour. More generally it can be stated that basic design changes such as 

to the valve, port and combustion chamber geometry, or even injector performance (spray, 

droplet size and targeting), are likely to significantly affect the liquid fuel behaviour within the 

cylinder. It was considered inappropriate to pursue a full investigation of these design 

parameters bearing in mind the limitations of the porous-liner technique. However, some work 

was performed to investigate how fuel preparation might affect liquid wall film using five 

different injectors. The results contained in appendix I show the extent of changes in mixture 

preparation from one injector design to another, combined with the influence of manifold 

conditions. All of the injectors tested were taken from one version or another of the same 

modular V-8 engine, and the very significant differences in mixture preparation between the 

injectors would be one of the influences on liquid fuel deposition on the cylinder wall, as seen 

between CHI, CH2 and CH3.
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CHAPTER 4 The Heat Flux Sensor Technique

4.0 Introduction

As already explained in chapters 2 and 3 the porous-liner technique provided inform ation about 

the liquid fuel quantity and its deposition location on the cylinder bore. However, due to the 

unrealistic operating conditions (i.e. its im plem entation on a pulsating flow rig) it could only be 

used for com parison purposes between different cylinder heads. Chapter 1 discussed possible 

approaches for m easuring liquid fuel deposition on the cylinder walls o f  a firing engine, 

concluding that the application o f heat flux sensors was a prom ising route to investigate. This 

chapter briefly discusses the theory behind this approach, and describes the type o f  sensor 

selected for the investigation.

4.1 Heat transfer -  a summary

Heat is energy in transit across a system boundary due to a tem perature difference. The rate o f 

this energy transfer is term ed ‘heat transfer’ or ‘heat transfer rate’, its symbol is ‘Q \  its SI units 

are watts (W ) and its flow direction is from hot to cold. The term ‘H eat F lux’ indicates the heat 

transfer rate per unit surface area ‘q \  having units o f  W/m^ or W/cm^.

There are three different modes o f  heat transfer, these being conduction, convection and 

radiation (figure 4.1). W hen a tem perature gradient exists in a stationary medium, this being 

either a solid or a fluid, conduction is the mode that describes the heat transfer that occurs across 

this medium. Convection refers to the heat transfer that takes place between a surface and a 

moving fluid when they are at different tem peratures. Finally, radiation is the energy em itted by 

m atter that is at a tem perature above absolute zero in the form o f  electrom agnetic waves.

T, >T,

T,

Ti 2 - surface temps, 
k - thermal
conductivity (W/m K)

Ts>Tf

Tf

>
>

r  r

q = h (T , -T f )
Ts - surface temperature 
T f -  fluid temperature 
h - convection heat 
transfer coefficient 
(W/m" K)

T ,> T

W /

q = G 0 ( T ^ , - T \ „ )
Ts - surface temperature 
Tsur - surrounding temp, 
a  - Stefan-Boltzmann constant 
( 0  = 5.67x10'^ W/m" K̂ )̂
8 - emissivity

Figure 4.1 Conduction, Convection, Radiation heat transfer modes
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4.2 Heat flux measurement

There is no direct instrum entation m ethod to m easure heat flux. However, there are two indirect 

m ethods to achieve this, these being: (a) to m easure the tem perature difference across a thermal 

shunt, and (b) to measure the rate o f  change in tem perature o f  an isolated object that absorbs or 

releases heat. The latter m ethod is limited to short duration m easurem ents and requires 

extensive processing o f  the resulting data to extract the heat flux information. On the other 

hand, the thermal shunt m ethod is em ployed in a num ber o f  com m ercial products. Its principle 

o f  operation is based on the Seebeck effect, which is illustrated in figure 4.2. W hen tw o wires, 

made o f  dissim ilar metals, are jo ined  at their ends and one end is at higher tem perature than the 

other (T, ^ T2 ), a voltage (V) is generated. This voltage is a function o f  the tem perature 

difference and the materials o f  the two wires. These two w ires form a therm ocouple.

Metal

M etal B

Figure 4.2 Seebeck effect

4.3 The Heat Flux Sensor (HFS)
In the thermal shunt method, part o f  the heat flow is diverted to a path through a thermal 

resistance layer. This layer may be a thin flat plate, disk, or block o f  therm ally conducting 

material. The thermal resistance o f  this layer m ust be high enough to develop a measurable 

tem perature difference in the direction o f  heat flow, but low enough so the overall pattern and 

am ount o f  heat flow are not m aterially changed. Therefore, the main objective o f  this type o f 

heat flux sensor is to have the highest possible sensitivity com bined with the lowest possible 

therm al resistance.

The heat flux sensor used in this study had what is known as a flat-plate differential therm opile 

construction. This sensor type had a large num ber o f  therm ocouple pairs electrically connected 

in series. They were arranged so that all odd-num bered junctions were therm ally close to one 

side o f  the flat plate (thermal resistance layer) and the even-num bered junctions were close to 

the other side (figures 4.3a and 4.3b).

The tem perature sensitivity o f  the different com bination o f  therm ocouple metals used was 

indicated by the Seebeck coefficient S j (tem perature difference converted into voltage), its 

value obtained from existing tables o f  S j for different m etals relative to Platinum  at 0° C.
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Lead
connection

Thermal
resistance
layer

Lower
thermocouple

Upper
thermocouple

Figure 4.3a HFS thermopile structure

Thermal
resistance
layer
(flat plate) 

Adhesive

Upper Thermocouple 
layer-Chromel (at T,)

Lower Thermocouple 
layer-Constantan (at T2)

Surface o f  HFS at T2 

(substrate of 
aluminium nitride)

Figure 4.3b HFS surface structure

U nder conditions o f  heat flow through the therm al resistance layer, each junction  on the hot side 

produced a slightly larger Seebeck voltage ‘V ’ than its counterpart on the cold side. This output 

voltage was proportional to the tem perature difference (T | - T2) between each junction. Since 

the therm ocouples were connected in series, the total output voltage ‘Vt’ is also proportional to 

the num ber o f  therm ocouple pairs ‘N ’ (equation 4.1). This voltage indicates both the direction 

and magnitude o f  heat flux.

V, = N Sy (T.-Tz) (4.1)

The heat flux was determ ined from this m easurem ent o f  the tem perature difference that was 

developed across the therm al resistance layer, w hich was inserted in the path o f  the energy flow. 

This layer was a thin film o f  ceramic o f  1-micron thickness. Consequently, heat flux was 

proportional to therm al conductivity ‘k ’ as well as the tem perature difference, and inversely 

proportional to thickness ‘t ’ o f  the resistance layer (equation 4.2).

q oc (k / 1 ) * Vt 
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However, the thermal conductivity o f the ceramic is a function o f  tem perature. As a result, the 

actual relationship betrween heat flux and the tem perature difference was only determ ined by 

calibration o f the heat flux sensor (see section 4.4), rather than by calculation using known 

values o f  physical constants.

The surface tem perature o f  the sensor was also m easured in addition to heat flux m easurements. 

This was achieved by the use o f  a platinum  resistance tem perature sensor (RTS) that was 

deposited as a thin film around, and on the same surface as, the heat flux sensor (figure 4.4). 

The surface tem perature o f  the sensor ‘T2 ’ was used to correct the output heat flux signal for 

any variation in the conductivity o f  the thermal resistance layer.

As a result the sensor consisted o f  two sensor parts, the HFS and the RTS.

Small 
crevice 
volume 
(design 
constrain)

Sensors 
housing 
(enclosed 
in the 
bore)

III RTS

HFS

ensor’s face 
(exposed to 
cylinder 
contents)

Figure 4.4 Sensor’s face, showing both HFS and RTS

The total thickness o f  the thin films that made up the sensor was less than 2 microns and 

therefore its response time w as low -  o f the order o f  6 m icroseconds. The sensitivity o f  this type 

o f  gauge was proportional to its area, thickness, the area density o f  therm ocouple pairs, and the 

thermal resistivity o f  the m aterial m aking up the assembly. The sensor’s voltage output was 

amplified by a signal-conditioning am plifier (AM P-6), the gain m aking it feasible to measure 

heat fluxes down to 0.01 W/cm^.

The substrate m aterial o f  the HFS was designed to have the highest possible heat transfer 

coefficient to the surrounding (housing) m aterial, this being made o f  Nickel. This housing was 

clamped into position with the aid o f  a capture nut, this shown in figure 4.5.

The face diam eter o f  the sensor was 6.35 mm (figure 4.4). This w as small enough to only leave 

a deviation away from the 90.2m m  cylinder bore diameter, when clam ped to be nom inally flush 

with the surface (figure 4.5).
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4 - pin lemo 
connector '

Capture nut

Heat flux 
sensor

Mounting hole 
(on cylinder ^  
block arc)

Zooming in the arc area

Figure 4.5 Heat flux sensor mounting arrangement

The important specifications o f  the sensor and its am plifier are listed in tables 4.1 and 4.2, 

respectively.

HFS model HFM - 7 E / H

Max. Face Tem perature (°C) 700

Min. Detectable Heat Flux (W/cm^) 0.01

Response Time (ps) 6 ± 2

HFS sensitivity (pV  / W / cm^) 1 5 0 ±  10

HFS source impedance (Q) 2470

RTS sensitivity (Q  / °C) 0 .2 5 -0 .3 5

RTS resistance (Q) 170 ± 2 0

Therm ocouples Chrom el / Constantan

RTS metal Platinum

Housing N ickel

W iring (max. Tem perature) Fibreglass (350°C)

Table 4.1 HFS specifications
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Heat Flux Channel (HFC) Temperature Channel (TC)

Gain Settings 1, 100, 500, 1000, 5000 Gain Settings 1, 100, 200, 500

Gain Accuracy (%) HFC TC Bandwidth HFC TC

Gain = 1 ±0.6 ±0.6 Gain = 1 1 MHz 1 MHz

Gain = 100 ±1.5 ±1.5 Gain = 100 150 kHz 150 kHz

Gain = 200 ±1.5 ±1.5 Gain = 200 100 kHz

Gain = 500 ±1.5 ±1.5 Gain = 500 50 kHz 50 kHz

Gain = 1000 ±2.1 Gain = 1000 25 kHz

Gain = 5000 ±3.6 Gain = 5000 5 kHz

Input Impedance lOfO 10^ Q Max. output 6V 6 V

Input noise 0.2 0.2 pV Max. RTS resistance Factory adjusted

Table 4.2 Amplifier AMP-6 specifications

4.4 Calibration of the sensor
As already mentioned above, the sensor consisted o f  two parts, these being the heat flux sensor 

(HFS) part, and the resistance tem perature sensor (RTS) part. M easurem ents from both parts 

were made sim ultaneously to ensure accurate heat flux readings. The am plifier had to be 

adjusted under conditions o f  no heat flux in order to set its output to zero. This was performed 

manually by adjustm ent knobs on the am plifier (AM P-6).

Calibration o f the sensor and its am plifier was perform ed by the m anufacturer and involved the 

following steps:

a) Removal o f  hysteresis effects

The sensor was heated to its maximum operating tem perature and was allowed to cool back to 

room tem perature for a num ber o f  cycles. On increasing the tem perature, the sensor’s resistance 

changed. However, when the sensor was allowed to cool down, hysteresis effects caused its 

resistance to be different from the same tem perature during heating. The same process was 

repeated until hysteresis effects were com pletely removed, the process shown in figure 4.6.

Sensor A 
temperature

rc ) Heating

-  -  Cooling

Overlap 
(i.e. no 
difference 
between 
heating and 
cooling)

Resistance (Q)

Figure 4.6 Hysteresis effect of HFS
90



CHAPTER 4________________________________________________The Heat Flux Sensor Technique

b) Calibration of the resistance temperature sensor (RTS)

The sensor was inserted into a temperature-controlled oven and calibrated across a range of 

temperatures. The temperature of the furnace was varied gradually and both the temperature 

near the face of the sensor and the corresponding resistance of the sensor were recorded. The 

measured data revealed the relationship between temperature and resistance (T vs. R). Although 

at lower temperatures (0°C to 250°C) this relationship was linear, the characteristic up to 

maximum operating temperature (700°C) was best described by a cubic polynomial (equation 

4.3), whose coefficients a, b, c, and d could be evaluated.

T = aR^ + bR^ + cR  + d......................................... ... (4.3)

where

T (°C) -  temperature of the RTS

R (Q) -  resistance of the RTS

a, b, c, d -  coefficients of the cubic polynomial

At the start of calibration or a test, the sensor’s surface temperature ‘T2 ’ had to be in equilibrium 

with the temperature ‘Ti’ of any fluid being in contact with the face of the sensor. This was 

considered as the reference temperature ‘To’, where To = Ti = T2, and implied q = 0 W/cm .̂ 

This allowed the amplifier to be adjusted to give zero output voltage. For the calibration testing, 

‘To’ was the initial temperature within the oven, whereas for the case under study, this was the

temperature of the cylinder bore and its contents before running the engine. ‘To’ was known,

and was considered as an offset to any readings from the sensor. The linear relationship between 

temperature and resistance at the low temperature range of 0°C to 250°C was expressed in 

equation 4.4. Since the reference temperature always fell within this range, equation 4.4 was 

used to calculate the corresponding reference (offset) resistance R«.

Ro =  e ( T o )  +  f ................................................................... ......( 4 .4 )

where

To(°C) -  RTS reference (offset) temperature

Ro (O) -  RTS reference (offset) resistance, where the sensor’s output was zeroed 

e, f  -  coefficients describing the linear temperature/resistance relationship

Equation 4.3 could be applied to indicate the actual temperature in terms of the reference 

resistance plus the change of resistance due to the change in temperature. In turn, the change of 

resistance can be expressed in terms of the change in output voltage of the amplifier, amplifier 

gain and current.

The offset resistance was then added to the output resistance of the sensor and provided the 

actual output temperature ‘Tact’ of the RTS. Equation 4.3 became equation 4.5.

91



CHAPTER 4 The Heat Flux Sensor Technique

7]̂  ̂ -  a X + b x [ R  + R ^ f  + c x [R +R^]  + d  ........ (4.5)

The resistance of the amplifier was expressed by equation 4.6.

R = V / ( I x G)

where

R (Q) -  resistance, G -  gain, I (A) -  current, V (v) -  voltage

.(4.6)

As a result, the amplified RTS signal (i.e. Tact) was given in equation 4.7, by substitution of 

equation 4.6 into 4.5.

Tact=^X
X y

+ R. + b x + R. + c x

(4.7)

where

A V rts ( v )  -  measured output from amplifier (which may be positive or negative)

Grts -  gain for RTS signal

I (A) -  current with which the amplifier drives the RTS, to produce voltage proportional to

its resistance

c) Calibration of the heat flux sensor (HFS)

The sensor was exposed to a heat source (light bulb) of known radiant heat emission of nearly 

10 W/cm^. It was then shuttered and unshuttered from the heat source. The same process was 

also performed for a standardised heat flux gauge. The HFS output was then divided by the 

output of the standardised gauge in order to estimate its sensitivity.

Once this test was completed the sensor was unshuttered for a long duration. The HFS output 

showed a sharp rise upon unshuttering followed by a slow, almost linear, rise as the temperature 

increased. A linear fit was performed for sensitivity versus temperature and the resulting 

coefficients (g and h) from this characteristic were used in equation 4.8 to determine the 

sensitivity for a given temperature ‘Tact’.

where

q (W/cm^) -  heat flux

Tact(°C) -  sensor’s surface temperature from the RTS signal which was measured at the 

same time as the heat flux

.(4.8)
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V hfs ( v )  -  amplified voltage signal received fi'om HFS (its polarity indicates the direction of

heat flow)

G hfs -  gain for HFS signal

g, h -  coefficients for the linear relationship between sensor sensitivity and temperature

4.5 Application of the HFS to investigate the liquid fuel on the bore
For the case under study, the body of the HFS was enclosed within the cylinder bore of a spark 

ignition engine, while its face was exposed to the contents of the cylinder. The temperature of 

the lower thermocouple layer ‘T2 ’ was the temperature of the body of the sensor and it was 

assumed that this was the same as the surface temperature of a cylinder bore. Inevitably there 

would be temperature gradients existing both going around and within the cylinder bore 

material. Measurements reported by Benson and Whitehouse [1979] suggest that any variation 

over the distances involved would be less than 10°C. The temperature of the upper 

thermocouple layer ‘TF was directly affected by any fluid that came in contact with the face of 

the sensor. Even though the HFS could measure heat flux in any of the three heat transfer 

modes, the primary mode of heat transfer to and from the bore of a spark ignition engine was 

convection, apart from during combustion itself when radiation becomes quite significant.

The applicability of the HFS to identify and quantify the liquid fuel on the bore of an si engine 

is based on comparing the heat flux readings when liquid fuel is present on the sensor, to those 

when heat transfer takes place between the bore and the exhaust gases / air-fuel vapour within 

the cylinder. Any liquid fuel that impacts on the bore, and more specifically on the sensor’s 

face, is expected to evaporate due to heat transferred from the hot bore (sensor) to the fuel.

One of the determining points is that the convective heat transfer coefficient between a solid 

surface and a liquid is far higher than that between the same surface and a gas. Values quoted in 

Incropera and De Witt [1996] suggest that the temperature difference could be of the order of a 

factor of a hundred. Thus, there is a comparatively insignificant barrier to heat transfer between 

the sensor and any liquid impacting on it. The rate of heat transfer between the liquid and the 

gas becomes the determining factor. In this respect, heat transfer is enhanced through the effects 

of evaporation as well as previous convection effects. Thus fuel impaction could be detected by 

the sensor as a sharp rise in heat flux, which would be maintained for as long as fuel was 

evaporating from its surface.
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5.0 Introduction

The application o f  the Heat Flux Sensor (HFS) technique involved the design and assem bly o f a 

single-cylinder research engine (figure 5.1) that allowed the installation o f  HFSs at various 

locations across the cylinder bore. Several com ponents such as the cylinder block and piston 

w ere specially designed. Other com ponents such as the cylinder head, intake manifold, 

crankcase, crankshaft and connecting rod were taken from two different types o f  production 

engines. Engine systems and controls were also developed, all these explained in further detail 

below , to enable engine testing to be perform ed at 1500 rev/m in, part load and stoichiom etric 

AFR.

Beit drive 
arrangement

4V Cylinder 
Head

WaterInstrumentation
column

Hot wire 
anemometer Intake manifold Oil reservoir

Water supplies 
to cylinder block

COHC 
meter IP

Lister Crankcase ■  45° Base

Inductive sensor ■  Shaft encoder on 
on flywheel I crankcase output shaft Water supply to cylinder head

Figure 5.1 The single - cylinder research engine
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5.1 Engine Components

5.1.1 Existing components
Tests were performed with two types of cylinder heads, these being a 2-valve and a 4-valve 

cylinder head, along with their corresponding intake manifolds, all parts supplied by the Ford 

(US) Motor Company. These heads were previously used in the porous-liner technique tests 

described in chapters 2 and 3, their specifications listed again in table 5.1.

LABEL Cylinder Head 

Reference No.

Number of 

Valves

Model Year (MY) of first 

production

CHI RF -  FIAE -  6090 (H18C) S73 2V 1993

CH3 RFXR3E6C064BC S73 4V 1997

Table 5.1 Ford cylinder heads used in the HFS technique tests

Referring back to the porous-liner technique it was found that CHI suffered the most bore 

wetting out of all three cylinder heads examined, and CH3 the least. It was thought that 

employing the HFS technique with these two cylinder heads would reveal significant 

information about its applicability to investigating liquid fuel impaction on the bore. This 

decision was also supported by the fact that both cylinder heads come from a modular V8, 4.6- 

litre engine, something that allowed both heads to be used with the same cylinder block.

As in the wall wetting tests it was decided to use the left-hand bank cylinder heads, when 

viewed from the flywheel end. Several modifications were performed to these heads and these 

involved the water cooling passages, the oil passages and valve operation. All water-cooling 

outlets apart from two, were blocked using Devcon epoxy putty. One was used for water inlet 

and the other one for outlet, both located at either end of the cylinder head. Similarly, all oil 

outlets were blocked with Devcon apart from one that was connected directly to an oil pump. 

Oil was thereby fed to the camshaft bearings and hydraulic tappets via the existing oil galleries 

and was drained from the cylinder head through an existing drain hole.

Other components were taken from a Lister TSl, single cylinder, diesel engine namely the 

crankcase, complete with a crankshaft and a connecting rod of appropriate length.

5.1.2 Specially designed components
The research engine was designed to have the same bore specification as the modular 

production engine. The key parameters were a bore of 90.2 mm, a stroke of 88 mm (giving a 

capacity of 179 cc per cylinder) and a compression ratio of 10.1:1.
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5.1.2.1 Cylinder Block design
The objective was to design a block to accom m odate the heat flux sensors at various locations 

around the cylinder bore and at the same tim e allow its tem perature to be controlled. The 

cylinder block was made o f  two parts to allow the upper part to be rotated by 90° relative to the 

lower part and thereby allow a w ider area o f  the bore to be investigated using the HFS 

technique. The bore diam eter was turned in a block o f cast iron and then honed to 90.2 mm. 

Figures 5.2a and 5.2b show that the sensors w ere positioned close to the top o f  the block since 

significant liquid fuel deposition was expected in that area, this previously revealed by the 

porous-liner technique. Two rows with three sensors in each row, at 17° to each other, were 

located on either side o f  the bore. The first row  was located 7.5 mm and the second row 27.5 

mm below the TDC position o f  the piston. Engineering drawings o f  the cylinder block can be 

found in appendices I I - la  and II-1b. Figure 5.2a illustrates the passages for the circulating 

water, the tem perature o f  which was controlled at all times using the w ater cooling system 

explained in detail in section 5.2.4. A partition w as adopted w ithin the w ater cooling passages in 

order to prevent water flow from being biased to the lower side passages once the cylinder block 

was positioned in its 45° orientation. Consequently, this required two w ater supply and two 

water outlet pipes to be installed in the cylinder block, one on either partition.

H E A T  FLU X  S E N SO R  PO CK ETS
H EA T FLU X  SE N SO R

<o>
C A PTU R E N U T

W A T E R
C O O LIN G
P A S SA G E S

CD>

C3>

C O O LIN G
W A TER
SU PPLIES;iDE PLA TES

PA R TITIO N

C Y L IN D E R  BLO C K  
LO W ER  PA R T

W A TER  C O O LIN G  
PO CK ETS

Figure 5.2a Cylinder block assem bly to accom m odate the H eat Flux Sensors
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Figure 5.2b The cylinder block

5.1.2.2 Piston design
The deposition o f  any oil on the face o f  the sensors was undesirable since this would affect the 

heat flux readings. An extended piston was designed to perm it oil-free operation o f the top part 

o f  the cylinder bore. It was m anufactured in tw o parts as shown in figure 5.3a. The lower part 

had sim ilar dim ensions to the Ford production piston. The lower part formed the m ounting for 

the upper part which had a reduced diameter, but included a set o f  low -friction pads on which it 

could ride. These pads were m anufactured from PEEK (grade 450FC30), a m aterial constituted 

from carbon fibre, graphite and PTFE to improve its lubricating properties. The PEEK 

(PolyEtherEtherK etone) pads and com pression rings allowed the oil free m otion o f  the piston in 

the upper area o f  the cylinder block.

The com m issioning tests involved varying the am ount o f  oil in the crankcase until insignificant 

am ounts o f oil reached the top area o f  the cylinder block, but at the same time, there was 

sufficient lubrication on the lower part. The com bination o f  the extended piston and the right 

am ount o f  oil in the crankcase enabled tests to be carried out with the piston partly lubricated 

w ithout the likelihood o f  piston seizure.

Figure 5.3b shows that two different designs o f  upper piston were m anufactured, their main 

difference being the position o f  the top com pression ring. Engineering drawings o f  the piston 

parts are presented in appendices Il-2a,b and c. The piston having the ring at 13 mm below the
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crown could only be used in tests involving the sensors in the first row, as the piston ring would 

pass over the face o f  any sensor mounted in a second-row position, w ith the probable 

consequence o f  damage. The second upper piston was designed with its top ring set 33 mm 

below the crown so that second-row sensors could be em ployed w ithout dam age. However, this 

increases the crevice volum e and also elim inates the possibility o f  any liquid fuel being seraped 

upw ards by the top ring o f  the ascending piston, som ething that is expected in an actual engine. 

Due to time constraints, tests were only perform ed with the latter piston part.

First
compression 
ring (PEEK)

Second 
compression 
ring (PEEK)

PEEK pads

Standard
compression
rings

Oil scraper 
ring

#

Upper 
piston 
part B

Upper 
piston 
part A

Lower
piston
part

Figure 5.3a The extended piston

LOWER PART UPPER PART A UPPER PART B

Figure 5.3b The three piston parts
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5.1.2.3 Test bed design
The crankcase was m ounted onto a specially-designed steel base, shown in figures 5.1 and 5.4, 

to incline the engine at 45° from the vertical and thereby match the orientation o f  the actual 

engine. The required alignm ent between the crankshaft and the dynam om eter shaft was 

achieved by adding adjustm ent shims.

5.1.3 Engine balance analysis
This study involved the calculation o f  the forces on the piston, connecting rod and crankshaft, 

associated with engine operation. Such forces are transm itted to the engine m ountings and are 

the main cause o f  vibrations. H aving designed a new piston for the research engine shown in 

figure 5.4, it was necessary to perform balancing calculations in order to exam ine w hether the 

forces transferred to the engine m ountings w ere within the design limits o f  the Lister T S l 

crankcase. The relevant calculations are presented in appendix 11-3. It w as found that the 

maxim um  inertial forces generated by the proposed piston assem bly were significantly lower 

than the forces imposed on the Lister crankcase by the standard L ister T S l piston assembly.

Cylinder Block  
(cross-section)

Extended Piston 

Con-Rod

Balancing
weights

Gear drive 
(Ratio 2:1) \

Crankcase 
output shaft 
(connected to 
camshaft 
via belt drive 
pulleys)

45° Base \

\
\

\

Dynamometer

Test Bed

Crankcase (cross-section) ^  Heat Flux Sensor 
T oothed  Flyw heel________

Figure 5.4 Assembly of single-cylinder research engine
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5.2 Engine systems

5.2.1 Drive systems

The Lister crankcase was attached to a motor/generator dynamometer unit (Laurence Scott and 

Electromotors Ltd, model NS 1962, serial #261601) that allowed the engine speed to be varied 

up to 3000 rev/min. The maximum power rating of the dynamometer unit was 11.3 kW while 

motoring, and 20kW while retarding at 3000 rev/min. The camshaft of the Lister engine was 

mounted in a relatively low position in the crankcase as it operated the valves on the original 

engine through push rods. The camshaft had an exposed end onto which was placed a pulley so 

that drive could be transmitted to the camshafts of the Ford cylinder head at a 1:1 ratio. Power 

transmission was achieved using tooth-belt drives with tensioners, the arrangement shown in 

figure 5.1.

5.2.2 Lubrication systems

Two lubrication systems were adopted, one for the crankcase and one for the camshaft bearings 

of the cylinder head. The former utilised the standard Lister lubrication system, this system 

consisting of a wet sump to allow splash lubrication. The pump was a single element plunger- 

type unit within the crankcase, operated by a lobe on the camshaft with oil delivery pressure 

maintained at 3 bar gauge by a relief valve. The standard Lister filtration system was retained.

A mechanically-driven pump, again driven from the camshaft, was used to supply the cylinder 

head with oil at a pressure of around 3 bar gauge. Any excess oil was drained from the cylinder 

head back into an oil reservoir to be recirculated by the pump.

5.2.3 Fuel systems

5.2.3.1 Gasoline fuel system

The fuel system employed in this work was the one already used in the porous-liner technique 

tests, the arrangement shown in figure 2.6. The system included a rotary fuel pump and filters to 

deliver the fuel to the rail at a pressure of about 4 bar gauge. The relief valve on the fuel rail was 

referenced to manifold pressure to ensure a representative pressure drop across the injectors.

5.2.3.2 Propane fuel system

The engine was fuelled by propane for some of the testing and a gas carburettor was designed 

for this purpose. It was mounted upstream of the throttle body as shown in figure 5.5a. The 

carburettor was connected to a propane gas bottle and a pressure-reducing valve was used to 

reduce the gas pressure to 0.5 bar gauge. A flame trap consisting of wire mesh and wire wool 

was located downstream of the carburettor, shown in figure 5.5b, both to prevent any backfire 

reaching the carburettor and also to provide better propane and air mixing prior to the mixture 

entering the cylinder. An adjustable-area flow control valve was used to set manually the 

propane gas supply.
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Control valve

Propane gas 
supply

Propane gas 
carburettor

Carburettor
adaptor

Throttle body

Intake
manifold

Figure 5.5a Propane gas carburettor

Wire
wool

Wire
mesh

Wire
meshCarburettor Adaptor

Figure 5.5b C ross-sectional view o f carburettor assem bly

5.2.4 W ater cooling / heating system
A water column supplied water to the cylinder head and cylinder block via a circulating pump, 

the arrangement shown in figure 5.1. Heating elements within the column could raise the water 

temperature up to 100°C, this temperature being controlled with the aid of a thermostat 

positioned in the column. Provision was also included to extract heat from the recirculating 

water through the use of a water-cooled heat exchanger mounted close to the column. Both 

these controls were used to maintain the water temperature at the required value during the tests, 

the accuracy being within ± 4°C.
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5.3 Engine Control Units

The operation of the engine was controlled using the systems depicted in figure 5.6, explained 

in detail below. A key factor was the use of National Instrument’s Lab VIEW (Laboratory 

Virtual Instrument Engineering Workbench). Lab VIEW is a graphical (G) programming 

language for building instrumentation systems for data acquisition and control, data analysis and 

presentation. A program is created by assembling block diagrams (icons that represent the 

process to be performed), linked together by lines that represent wires, as if they were part of an 

electrical circuit. A completed program is called a Virtual Instrument (VI). Complicated 

programs involve the execution of multiple Vis, either simultaneously or following a designated 

sequence, something that is achieved by creating a hierarchy of Vis and sub Vis. A National 

Instruments board installed on a personal computer provides the interface between the computer 

and external physical devices. Two Lab VIEW versions (2.0.6 {1990} and 5.0 {1998}) and two 

types of boards (NB-MIO-16 and PCI-MIO-16E-4), respectively, were used in the current 

study. Both boards consisted of analogue/digital (A/D) input and D/A output channels, digital 

I/O ports, timer counters and signal conditioning circuits. Additionally, these boards were 

configured to receive and send TTL square-wave signals from and to external devices. In this 

study, one of the boards was used for data control and the other for data acquisition.

5.3.1 Fuel Injection system

The injection timing and the injector pulsewidth were controlled by an existing program 

[Queenan (1998)] written in Lab VIEW, the interface between a Macintosh II computer and the 

engine provided by the National Instruments NB-MIO-16 card. The front panel of the relevant 

VI, shown in figure 5.7, allowed the user to specify the friel injection parameters and the 

required number of engine cycles for which injection was required.

During each iteration, the VI received two input signals and sent out one signal to the injector 

drive unit, these events shown in figure 5.7. A shaft encoder, attached to the output shaft of the 

crankcase, was used to indicate the TDC of exhaust stroke by providing a TTL signal. The 

Lab VIEW program was arranged to control injection timing by the counting of flywheel teeth in 

order to make it independent of any speed variation of the engine within a single cycle. An 

inductive sensor was positioned near the engine flywheel so that it responded to the movement 

of flywheel teeth past its pole piece and produced a 0 to 5 volts TTL square wave output for 

each passing tooth.

Once the VI was initiated by the user the first task completed was to convert the specified 

injection timing value to the equivalent number of flywheel teeth. When the TDC signal was 

received from the shaft encoder, the VI began to count a number of low to high edges of the 

transducer output, and when this was equivalent to the injection timing, the fuel injector was 

triggered for the required duration. All these events were completed prior to the next TDC input 

signal and the same process was repeated for the next cycle.
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LabVIEW user front panel

Enter Injection Timing Conversion of inj. Timing Enter Injector Enter No of engine cycles
CA ATDC exhaust ) to No. of flywheel teeth Pulsewidth (ms) for LabViEW to run

385 118 8 5000

LabViEW internal operation

Volts TDC
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©

LabVIEW Delay

©
Injection Delay Pulsewidth Mms)

Sequence Slanal characteristics
of events

TTL signal from 
Shaft Encoder 
enters LabVIEW

- Causes LabVIEW to convert the 
inj.timing into a No of flywheel teeth

- Occurs at TDC exhaust stroke
- Causes LabVIEW to start count 

fieewheel teeth

TTL signal from 
Inductive sensor 
enters LabVIEW

-Each rising edge corresponds 
to one flywheel teeth 

-When the specified number of 
teeth is matched with the counted 
teeth an internal signal is 
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Internal TTL 
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-It activates an internal 
timebase

Internal timebas* 
activated

Timebase:
-sends immediately a TTL signal 

to the injector
-sets the duration of this signal 
(However, it delays 2 microseconds 
ie 0.02°CA at 1500 rpm, to do so)

Final TTL signal 
sent to injector 
drive unit

Injector is triggered at the right 
time and pulsewidth

NOTES : 1. All TTL signals are 5 volts 
2. Signals are generated at 

rising edge of previous signal

Figure 5.7 LabVIEW front panel and internal operation, for injection process

5.3.2 Ignition system

The ignition system was based on a Lum inition opto-electronic system, w hich used an optical 

sw itch to trigger an electronic coil sw itching unit. The optical switch was m ounted so as to be 

interrupted by a cutter disk that was attached to the output shaft o f  the crankcase. A slot o f  about 

60° was cut into the circum ference o f  this disk, such that the infra-red beam produced from the 

LED was uninterrupted for a finite time. This caused the output voltage from the optical switch 

to increase from 0 to 2 volts, giving sufficient time to charge the ignition coil. The spark 

occurred when the cutter disk again interrupted the beam  and the voltage output returned to 0 

volts. Variation o f  the ignition tim ing was achieved by manually moving the position o f  the 

optical sensor.
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5.3.3 Air flow control system

The air flow into the engine was measured with a hot-wire anemometer (HWA) situated 

upstream of the throttle body, this illustrated in figure 5.1. This meter was normally used to 

measure the flow rate of air into four cylinders. In order to measure the lower air flow rates 

associated with the current single-cylinder engine more accurately, the main passage way 

through the air flow meter was partially blocked, thus forcing a greater proportion of the air to 

flow through the smaller parallel flow path that contained the hot wire.

5.4 Instrumentation set-up to acquire results and monitor engine performance

5.4.1 Heat Flux Sensor (HFS) instrumentation

Existing programs written in Lab VIEW version 5.0 [Bargains (1998)] were used for acquiring 

and displaying the data from the heat flux sensors. These programs were originally written for 

logging the voltage output from pressure transducers, thermocouples and any other 

instrumentation installed on the engine. The data was then processed to give pressure traces, 

pressure-volume diagrams and temperature readings, either on a cycle-by-cycle basis or 

averaged over the number of the engine cycles recorded during a test. However, additional 

modifications were made to these programs by the author. These involved the conversion of the 

voltage output from the HFS to heat flux (W/cm^) and temperature (°C) units.

The interface between the computer and the instrumentation on the engine was provided by the 

National Instruments PCI-MIO-16E-4 board installed in a Pentium II (233 MHz, 32Mb RAM) 

personal computer, using a Windows 95 operating system. Notable features of this board were 

its 8 differential analogue input channels, giving the option to acquire data from 8 different 

sources. In addition, its internal timebase of 20MHz (50ns) allowed a sampling resolution of the 

order of 0.5 crankshaft degrees. This meant that one TTL input signal was required for every 

half-crankshaft degree angle, therefore 1440 TTL pulses were needed per engine revolution. A 

shaft encoder (Hohner, type W4C10R) was employed, specifically designed to output one TTL 

line driver (5 volts) and 1440 pulses per revolution. The shaft encoder was attached to the 

crankcase output shaft, via a flexible coupling, and the line driver was referenced to indicate 

TDC of the exhaust stroke.

5.4.1.1 Lab VIEW Vis for HFS readings
Three different Vis were used in this study, one for acquiring data and two for processing and 

displaying the results, all three explained in further detail in the following sections.

VI to acquire data
The purpose of this VI was to acquire data from the sensors installed in the engine and store 

them in a file format that could be opened and analysed by the Vis described in the following
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two sections. The operation o f  this VI required both signals from the shaft encoder, these being 

the TDC mark and the 1440 pulses, to act as triggering devices. The operator could access the 

front panel on the com puter screen, shown in figure 5.8, to specify the num ber o f  engine cycles 

to be acquired and to identify the channels to be used. As previously m entioned, 8 channels 

were available on the board, the sources connected to the various channels listed in table 5.2.

ACQ UISITIO N CONTROL PANEL INFORM ATIO N

Number of Cycles to be Acquired

File Path \ Name:
STO P

Press the STOP button 
to stop acquiring data.

Channels User Supplied Header

(c h a n n e l  Alo:
CHANNEL AH. 
iCHANNEL AI2, 
^CHANNEL AI3, 
CHANNEL AI4,

Start Date

from voir PC

Start Time
I from your PC J

Max # of scans 
to write to file

Oank speed frprn)

taoo

H cycles written 
to file so far

Figure 5.8 Front panel displayed on screen to be accessed by user

Channel No 0 1 2 3 4 5 6 7

Source Pressure

Transducer

HFS 1 RTS 1 HFS 2 RTS 2 / / /

(reading) (Pressure) (Heat Flux) (Temperature) (Heat Flux) (Temperature) / / /

Table 5.2 Sources connected to the LabVIEW data input channels

VI to display cycle-by-cycle data
This VI retrieved the data acquired by the preceding VI, the data being the output voltage from 

the sources listed in table 5.2. It then perform ed the required calculations to convert the voltage 

into physical units (appendix II-4) and displayed pressure, heat flux and tem perature 

characteristics with respect to crankangle degrees, for each sensor individually. The panel that 

appeared on the screen is shown in figure 5.9. It allowed the user to display the results for every 

engine cycle individually by ju st pressing the ‘Show C ycle’ button. Shift corrections between 

the sampled data and the crankshaft angles were also provided. This allow ed for any human 

errors encountered when manually referencing the shaft encoder TTL signal to the TDC 

position o f  the piston. Such errors could be corrected by shifting the relationship between the 

recorded data and the events during an engine cycle by a certain angle. This angle was entered 

in the ‘Sampling Corr A ngle’ box and the procedure for estim ating its value is outlined in 

chapter 6, section 6 .1.
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Figure 5.9 LabVIEW display panel for showing results on a cycle-by-cycle basis

VI to display average of data
This VI was sim ilar to the preceding VI in that it received data acquired by the first VI, but this 

tim e average results were calculated and displayed. It perform ed specific calculations and 

displayed the average heat flux and tem perature characteristics o f  the sensors for all cycles 

recorded during the test. The display panel is shown in figure 5.10 and it also features with the 

‘Sampling Corr A ngle’ box option.
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AVERAGED HEAT FLUX v* CA • (bo th  «ensor») l*FM 2 _  AMP 2
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Figure 5.10 LabVIEW display panel for showing results on an average cycle basis
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5.4.1.2 The HFS arrangem ent

Two heat tlux sensors w ere used for each test and these were positioned at specific locations on 

the bore as shown in figure 5.2a. The com ponents required to take m easurem ents o f  heat flux 

are shown in figure 5.11.

4-pin Lemo
connector cable

4-pin Lemo 
connector-------

Output BNC cable for 
heat flux readings

Output BNC cable for 
temperature readings

Wire (connected 
to Lemo cable)

A M P-6 
amplifier

Socket
spanner

Capture nut

Heat Flux 
sensor

Figure 5.11 The Heat Flux Sensor (H FS) instrum entation

A copper w asher o f  0.15 mm thickness was located at the face o f  each sensor to provide fine 

adjustm ent w hen positioning the sensor in the bore. The sensor’s face was set to be flush with 

the bore surface once this w asher was compressed. The sensor was installed in the bore with the 

aid o f  a specially-designed capture nut driven by a socket spanner, both being pre-assem bled 

and clamped on the short wire exiting the rear o f  the sensor. This wire was made o f  fibreglass in 

order to withstand tem peratures o f  up to 350°C. The 4-pin male Lemo connector at the end o f 

this wire was connected to a cable that was in turn connected to the 4-pin fem ale Lemo 

connector on the am plifier. This cable was 2 metres long and allowed the am plifier to be 

positioned at a safe distance from the engine. Male BNC connections at the rear o f  the am plifier 

were provided for am plified heat flux and temperature output signals. These were connected to 

the Lab VIEW  board, at the specified channels listed in table 5.2, via BNC cables. Gains for heat 

flux signals could be set at one o f  five discrete values betw een 1 and 5000 and for tem perature 

signals at one o f  four values between 1 and 500. Trial engine tests revealed that gain settings o f 

100 for heat flux and 500 for tem perature signals were appropriate for the current study. Ten- 

turn potentiom eters w ere provided on the am plifier for screw driver adjustm ent o f  the zero 

setting o f the heat flux and tem perature readings.

5.4.2 Cylinder pressure m easurem ents

Cylinder pressure was m onitored with a Kistler type 6001 pressure transducer, having a

m easuring range o f  0 to 250 bar and tem perature range o f  -2 0 0  to 350°C. This sensor was
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positioned in a specially-designed adaptor m ounted on the spark plug, its face being exposed to 

the contents o f  the com bustion cham ber via a hollow tube. Som e attenuation o f  the pressure 

signal was likely to have occurred due to the use o f  the hollow  tube, but this was not considered 

to be a hindrance as the signal was required for diagnostic purposes, rather than for specific 

calculations. Sealing was achieved by careful m achining o f  the threaded section o f  the spark 

plug, the whole arrangem ent shown in the figure 5.12 below. The data was logged using the 

Lab VIEW program m entioned in section 5.4.1 and the channel specified in table 5.2.

Pressure
transducer

Adaptor for 
pressure transducer

Hollow tube

Charge amplifier

Output BNC cable 
to LabVIEW board

Modified spark 
plug

Figure 5.12 Pressure transducer instrumentation 

5.4.3 Temperature measurements

The tem peratures o f  the circulating cooling w ater w ere m onitored using K-type therm ocouples, 

along with a Com ark tem perature display unit. Two therm ocouples w ere located in the outlet 

w ater pipes o f  the cylinder block, and one therm ocouple in the outlet w ater pipe o f  the cylinder 

head. A therm ocouple exposed to the test cell environm ent w as used for recording the ambient 

temperature.

5.4.4 Engine Load measurements

A load cell (M aywood, series U-4000) w ith a load range o f  up to 2.45kN w as attached to the 

dynam om eter in order to m onitor engine torque and allow the 1500 rev/m in part load to be set.

5.4.5 Exhaust gas sampling

Exhaust gases were sam pled during each test to provide m eans o f  ensuring engine operation at

about stoichiom etric conditions. Carbon m onoxide (CO) and unbum ed hydrocarbons (uHCs)

were m onitored using a H oriba CO-HC infra-red gas analyser (type M EXA-321E), shown in

figure 5.1, connected via a sampling pipe to the exhaust m anifold from a point positioned at

about 25 cm downstream  o f  the exhaust valves.
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CHAPTER 6 Heat Flux Measurements

6.0 Introduction

Heat flux measurem ents were recorded at a num ber o f  locations around the cylinder bore o f  the 

single-cylinder research engine described in the preceding chapter to investigate the liquid fuel 

behaviour on the cylinder bore. As previously m entioned in chapter 5, tests w ere initially 

perform ed with a 2-valve cylinder head, follow ed by tests perform ed with a 4-valve cylinder 

head. Testing was carried out at part load, with an engine speed o f  1500 rev/m in and with the 

APR set at its stoichiom etric value.

The variables exam ined in the tests are listed below:

i. M otoring and firing

ii. H eat flux sensor location

iii. Injection timing (CVI and OVI)

iv. Coolant tem perature (20°, 40° and 80°C)

V. G asoline and propane fuels

These were adjusted in the order shown in the schematic diagram in figure 6.1, prior to each 

test.

Gasoline - CVI

Gasoline - OVI

Propane

M otoring

or firing

Fix sensor location

Fix coolant tem perature

Figure 6.1 Setting sequence for test variables 

6.1 Engine parameters

It was necessary to have a TTL output signal from the engine in order to have an accurate 

reference point for the interpretation o f  the heat flux signals. The signal was intended to indicate 

TDC o f  the exhaust stroke, this signal being provided by a shaft encoder attached to the 

cam shaft o f  the original Lister engine. It was found necessary to correct the TTL signal Ifom the 

shaft encoder due to setting inaccuracies. This was achieved by m otoring the engine at a 

constant speed and recording the cylinder pressure. Due to irreversibilities caused prim arily by 

heat transfer, peak pressure should occur at about 2° BTDC o f  com pression stroke [Lancaster et 

al (1975)]. This know ledge enabled an accurate assessm ent to be made o f  the TDC position 

under running conditions, thus enabling the estim ation o f  a correction angle to be applied to the 

output from the shaft encoder. This correction angle was about 10° CA and was entered in the 

relevant Lab VIEW  Vis, already m entioned in chapter 5, section 5.4.1.1.

O ther engine param eters that w ere m aintained fixed throughout the tests are listed in table 6.1. 

Two injection tim ings were examined, one was an OVI setting and the other a CVI setting. The 

actual values were selected in the light o f  experience from the porous-liner technique tests.

It was evident in chapter 3, figure 3.7, that maxim um  liquid fuel deposition on the bore due to 

droplet impaction, for the 2-valve cylinder head, took place at an OVI o f  about 15° CA after
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TDC of the exhaust stroke. However, some setting error was expected in referencing the 

camshaft (hence the valve timing events) to the TDC position, as well as the influence of other 

factors relating to differences between the porous-liner and heat flux techniques. Trial tests 

revealed that highest heat flux measurements due to fuel impaction occurred at a SOI of 40° CA 

after TDC during the induction stroke. This was selected as the basic OVI timing used in the 

tests, but additional tests were also performed at injection timings of 10° and 60° CA after TDC, 

for comparison purposes. Closed valve injection tests were performed at 375° CA after TDC. 

This timing falls in the plateau of the characteristic shown in figure 3.7, and corresponds to a 

period of 335° CA for the injected fuel to reside in the port before IVO (at 710° CA).

The porous-liner technique, figure 3.11, showed that liquid fuel deposition in the 4-valve 

cylinder head was not affected by injection timing. For comparison purposes, it was decided to 

use the same injection timings for both the 2-valve and 4-valve cylinder head tests.

Ford specify that an injector pulsewidth of 5 ms is required to run the engine at the 1500 

rev/min, part load condition, with a stoichiometric APR. However, this pulsewidth corresponds 

to the normal V8 engine and not the single-cylinder engine designed for this study. Trial tests 

with the research engine revealed that a pulsewidth of 8 ms was necessary to run at the 1500 

rev/min, at an approximately stoichiometric APR. The difference in pulsewidth between the 

standard engine (5 milliseconds) and the single-cylinder research engine (8 milliseconds) was 

mainly attributed to the inevitable extra frictional load (per cylinder) of the test engine.

A hot wire anemometer, shown in figure 5.1, was used to measure the air mass flow rate in 

order to allow operation at the stoichiometric APR. The airflow rates that corresponded to the 

above pulsewidth values can be found in appendix III-l.

Engine Parameter Cylinder Head Engine Parameter Both 

Cyl. Heads2-Valve 4-Valve

Valve Timing events 

(° CA ATDC exhaust)

Injection Timing [SOI] 

(° CA ATDC exhaust)

IVO 710 702 OVI 40

IVC 244 250 CVI 375

EVO 480 474

EVC 10 40

Injector Pulsewidth (ms) 8

Ignition Timing 
(° CA BTDC comp.)

17 20 Injection duration (° CA) 
at 1500 rev/min

72

Table 6.1 Valve timing events, fuel and ignition system settings for the single-cylinder test

engine
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6.2 Notation used

Tests were performed with the sensors at various locations around the periphery of the cylinder 

bore. These locations are labelled with the notation shown in figures 6.6 and 6.39 for the 2- 

valve and 4-valve cylinder heads, respectively. Abbreviations used extensively in this section 

are listed here for convenience:

AFR -  Air Fuel Ratio

BDC -  Bottom Dead Center (ABDC - After BDC), (BBTD - Before BDC)

CA -  Crank Angle

CVI / OVI -  Closed Valve Injection / Open Valve Injection 

EOI / SOI -  End of Injection / Start of Injection 

HFS -  Heat Flux Sensor

TDC -  Top Dead Centre (ATDC - After TDC), (BTDC - Before TDC)

L or U -  Sensor on the Lower side (L) or Upper side (U) of the bore w.r.t. the 45° orientation 

1 or 2 -  Sensor on the first row (1) or second row (2)

r or c or 1 -  Sensor on the right (r) or centre (c) or left (1) when facing the bore

6.3 Heat flux measurements

Motoring tests were performed prior to firing tests to investigate whether the heat flux sensors 

indicate the presence of liquid fuel when it impacts on their surface. The results below represent 

the average of 50 engine cycles as recorded by Lab VIEW software. Test repeatability revealed 

the consistency of the sensors being within ± 0.25 W/cm^ during the motoring tests. However, 

during the firing tests, the above repeatability was maintained for the non-firing part of the 

engine cycle, but increased to ± 5 W/cm^ during the combustion process. An important point to 

be considered in interpreting the results is the fact that the piston covered the sensors over a 

specific range of crankangles. All the sensors on the first row were fully covered at 

approximately 14° CA on either side of TDC (i.e. at 706° - 14° CA and 346° - 374° CA), and 

the sensors on the second row at about 44° CA (i.e. at 676° - 44° CA and 316° - 404° CA), these 

timings indicated on the relevant plots.

Only two heat flux sensors could be used at a time, and so blanks were fitted to the remaining 

location holes on the cylinder block. These sensors were removed and cleaned by a solvent prior 

to each test, in order to remove any soot or remaining liquid film from the preceding test.

6.3.1 Introduction to heat flux traces
This section provides a description of the sensors’ output with respect to induction, 

compression, expansion and exhaust events, during motoring and firing. The traces selected for 

this discussion include a motoring test with the injector switched-off, and a firing test using 

propane fuel. They represent typical in-cylinder heat flux measurements in the absence of liquid 

gasoline at the relevant sensor locations.
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Motoring trace from a sensor on the first row
The heat flux characteristic o f sensor L - l- r  w hen the engine w as motored at 1500 rev/m in, with 

the injector switched-off, is depicted in figure 6.2.

- -  -  .IVO (10° BTDC)

- .IVC (250° ATDC)

-  - EVO (480° ATDC)

- - EVC (10° ATDC)

S en so r  unco\ered

S en so r  covered

180 270 450 540 630 T!0

Crankangle (“ CA)

Figure 6.2 Sensor L-l-r output when motoring with injector switched-off 
(20°C coolant temperature)

There was almost no heat transfer to or from the sensor during the intake stroke (0 - 180°CA), 

indicating that the sensor tem perature was sim ilar to the intake air tem perature. However, 

during the compression stroke heat was transferred to the sensor from the hot com pressed air as 

the piston approached TDC. It was observed that the heat flux reading started to rise about the 

tim e o f  IVC, as would be expected. The slight rise prior to IVC can be explained by the intake 

valve lift being very low ju st prior to closure, causing com pression to start. The heat flux 

continued to increase as the air was further com pressed by the ascending piston, reaching a peak 

value at about 330 °CA, and then decreasing. During the period 346° - 374° CA the sensor was 

com pletely covered by the piston. The hot com pressed air was forced into the crevice volume 

between the cylinder bore and the piston. The piston ring was situated 33 mm below the crown 

o f  the piston and, taken together with the 0.25 mm clearance between piston and bore, meant 

that the crevice volum e was o f  significant size. There w ould also be some leakage o f  gas past 

the PEEK piston ring, probably appreciably greater than past the steel top ring o f  a normal 

engine. As a result the velocity o f  the air flowing in the restriction would increase significantly, 

causing its pressure and tem perature to drop. In addition, the tem perature o f  the hot compressed 

air would also drop significantly due to the quenching effect from its proxim ity to the cooler 

piston and cylinder walls. Consequently, the heat transfer to the sensor was reduced, and just 

after TDC, the tem perature o f  the air in the restriction becam e lower than that o f  the sensor (due 

to the higher tem perature drop as the piston was at TDC), and this resulted in negative heat flux
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readings. W hen the descending piston started to uncover the sensor (374°- 394° CA), the heat 

flux reading increased from negative to positive, reaching a value that corresponded to the heat 

transfer from the expanding air in the com bustion chamber. As the piston continued to descend 

the tem perature o f  the air w ithin the cylinder dropped, causing the heat flux to decrease. When 

the exhaust valve opened, the cylinder pressure was lower than atm ospheric pressure (due to 

intake throttling), leading to a short back flow o f  relatively cool gas causing a b rief period o f 

heat flow from the sensor to the gas at about 490° CA.

The ascending piston o f  the exhaust process, from 540° CA onwards, pushed generally warm 

gas passed the sensor, causing heat to flow to the sensor. The heat flux rem ained constant until 

the piston approached TDC, at which point it declined to zero.

W hen the inlet valve opened (710° CA), the fresh air introduced in the cylinder was at a 

tem perature sim ilar to that o f  the sensor, and this resulted in zero heat transfer.

Motoring trace from a sensor on the second row
The heat flux output o f  sensor L-2-r when m otoring the engine at 1500 rev/m in with the injector 

switched-off, is shown in figure 6.3. This sensor was located immediately below sensor L -l-r  

m entioned above.

7.0

6.0
L-2-r5.0

- IVO
I  4.0

I 3.0

- IVC

EVO

EVC

(00>
I

Sensor uncov.
1.0 Sensor cov.

0.0
540 630 7:10180 270 450

- 1.0

- 2.0

Crankangle (“CA)

Figure 6.3 Sensor L-2-r output when motoring with injector switched-off 
(20°C coolant temperature)

There was negligible heat transfer to or from sensor L-2-r during the intake stroke. H eat was 

transferred to the sensor as the piston approached TDC during the com pression stroke. The heat 

flux continued to increase, as air was further com pressed by the ascending piston, and reached a 

maxim um  o f 7 W/cm^ at about 335° CA. Even though the piston covered the sensor at 316° CA, 

the peak heat flux reading was recorded at about the same CA as sensor L - l- r  (figure 6.2). The
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maximum heat flux value was lower than that recorded by sensor L-l-r since the temperature of 

the air dropped before it reached sensor L-2-r. This was followed by a decrease in heat flux as 

the piston approached TDC, resulting from high-velocity air being forced into the crevice 

volume between the piston and the cylinder. By the time the piston uncovered the sensor (404°- 

424° CA), the temperature of the expanding air in the cylinder became lower than that of the 

sensor and this resulted in negative heat flux readings, as before.

When the exhaust valve opened (480° CA), the short back flow of relatively cool gas caused a 

small period of heat flow from the sensor to the gas, to take place at about 505° CA. This short 

backflow was also recorded by sensor L-l-r (figure 6.2) at about 490° CA, as this sensor was 

located further up on the bore, closer to the exhaust valve. The ascending piston pushed 

generally warm air past the sensor during the exhaust stroke, causing heat to flow to the sensor. 

The heat flux remained relatively constant until the piston approached TDC at which point it 

declined to zero.

Firing trace from a sensor on the first row
The heat flux trace of sensor L-l-c, when the engine was fired with propane at 1500 rev/min 

part load, is depicted in figures 6.4a and 6.4b. At the beginning of the induction stroke (figure 

6.4b) heat was transferred to the sensor as the hot exhaust gases, which were pulled into the port 

during backflow, are drawn back in the cylinder to join the hot residual gases already present. 

This was immediately followed by the ‘cold’ air-propane mixture that had a cooling effect on 

the sensor (negative heat flux). This revealed the composition of the gases entering the cylinder 

during the induction stroke.

The reading decayed to zero when the piston approached BDC and the flow rate of the fresh 

mixture entering the cylinder decreased. The heat flux reading increased above zero as the 

piston ascended during the compression stroke, and heat was transferred to the sensor from the 

compressed gases. As the piston approached TDC, the heat flux increased above the value 

obtained when motoring the engine (figure 6.2: 19 W/cm^), due to the presence of the hot gases 

of combustion from the previous cycle.

Ignition took place at 343° CA, following which the heat flux reading increased significantly 

due to the heat released from combustion, with a peak at about 360° CA. It is important to note 

that figure 6.4a corresponds to the average of 50 engine cycles thus averaging the cycle-by- 

cycle variations that took place during the test. Such variations reflect the mixture quality prior 

to ignition and the combustion quality after ignition. These variations can affect the heat flux 

reading at the time of ignition of each cycle and they are the cause of the small dip on the 

average characteristic seen in figure 6.4a, at about 350° CA. The presence of this dip in the 

results in the following sections is an indication of the cyclic variability during each test, and is 

more pronounced in some tests than others. This variability can be seen in appendices III-2 and 

III-3 which contain the cycle-by-cycle analysis of the heat flux traces for CVI and OVI 

strategies, respectively. This analysis was performed for purposes presented later in this chapter.
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The relevant cycles that display this variability at the point o f  ignition are 19 to 33 in appendix 

III-2, and cycles 37 to 39 and 92 to 103 in appendix III-3.

84

76

68
IVO60
IVC

EVO
44

EVC

- - - Sensor uncov.

—  Sensor cov.

Ignition (343° CA)

Crankangle ( °  CA)

Figure 6.4a Sensor L-l-c output when firing with propane (20°C coolant temperature)

1.5

V 0.5 L-1-C (20°C)

- .IVC

- EVCX 0.0
u_ 180 210 240" 270 310 Sensor cov

Sensor uncovx-0.5

- 1.0

-1.5
Crankangle (° CA)

Figure 6.4b Sensor L-l-c output when firing with propane during induction period
(expanded version of fîgure 6.4a)

A fter 360° CA the heat flux decreased as the gases were forced into the crevice between the 

piston and the cylinder. W hen the piston uncovered the sensor the heat flux increased again,
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reaching a value that corresponded to the heat transfer from the expanding gases in the cylinder. 

As the piston continued to descend and the exhaust valve opened, the tem perature o f  the gases 

in the cylinder dropped, causing the heat flux to decrease and decay to zero tow ards the end o f 

the exhaust stroke.

Firing trace from a sensor on the second row
The output o f sensor L-2-r, when the engine was fired w ith propane at 1500 rev/m in part load, is 

depicted in figure 6.5.

24

20 L-2-r (20“C)

- IVO

- IVC

EVO

EVC

- - - Sensor uncov.

- - - Sensor cov.

-  Ignition (343° CA)

180 360 450 540 630

Crankangle (° CA)

Figure 6.5 Sensor L-2-r output when firing with propane (20°C coolant temperature)

During the induction stroke there was an increase in the heat transfer to the sensor as the hot 

exhaust gases were drawn back into the cylinder from the intake port. The heat flux from the 

backflow effect peaked at about 45° CA. The cooling effect from the fresh m ixture entering the 

cylinder dim inished tow ards the end o f  the induction stroke when the heat flux reading decayed 

to zero. Heat was transferred to the sensor during the com pression stroke and peaked at about 

350° CA, even though the sensor was com pletely covered by the piston from 316° CA. The heat 

flux increased above the value obtained when m otoring the engine (figure 6.3: about 7 W/cm^), 

due to the presence o f  the hot gases o f  com bustion from a previous cycle. The heat flux reading 

was expected to rise when ignition took place at 343° CA. Instead, the reading decreased as the 

piston approached TDC, presum ably because the heat released from the com bustion did not 

reach the sensor at this low location. W hen the piston started to uncover the sensor at 404° CA 

the heat flux reading increased to a value (24 W/cm^) that corresponded to the heat transfer from 

the expanding gases in the cylinder. The tem perature o f  the gases w ithin the cylinder fell as the 

piston descended with a consequent reduction in heat flux reading. The reading decayed to zero 

towards the end o f  the exhaust stroke.
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It can be concluded from the above plots that the form o f  the heat flux traces is dependent on 

sensor location. The peak heat flux to the sensor located in the first top row was significantly 

higher than that recorded from the sensor on the second row.

However, the reading was affected when the piston approached TDCcomp, w ithin 20° CA. It was 

thought that this was due to the gases being forced into the crevice volume betw een the cylinder 

and the piston, as the piston approached TDCcomp, w ith a consequent reduction o f  their 

tem perature. The reading was only restored to the value that corresponded to the gases in the 

cylinder when the piston uncovered the sensor. The heat flux output in the vicinity o f  TDCexhaust 

was not so affected by the piston covering the sensor. This was probably due to both the exhaust 

and inlet valves being open at that time, and therefore no gases were forced in the crevice 

volume.

6.3.2 Heat flux measurements with the 2-valve cylinder head
The heat flux m easurem ent presented in the following sections were obtained by both motoring 

and firing the engine, when equipped with the 2-valve cylinder head. The results shown in the 

plots below are presented with their sensor positions specified as indicated in figure 6.6. Tests 

were performed at different injection timings, and with both gasoline and propane fuels. The 

results were displayed as a function o f the three different coolant tem peratures.

Injector

Intake port _ 
(cross-section)

Valve stem —

Exhaust port

Cylinder 
block at 45° 
orientation

L-1-1

L-l-c

L-l-r

L-2-r

U-l-r

U-l-c

U-1-1

2-valve
com bustion
cham ber

P- 1
(Intake port 
sensor)

Figure 6.6 Notations for HFS locations around the bore for the 2-valve cylinder head tests
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6.3.2.1 M otoring heat flux traces
M otoring tests involved m otoring the engine at 1500 rev/min and triggering the injector to 

achieve open valve and closed valve injections, with the ignition system  switched off. These 

tests were accom panied by others with the injector switched off. The sensor locations used for 

this study were L -l-r, L-2-r and U-1-1, as indicated in figure 6.6.

M otoring test results from sensor L -l-r

Figure 6.7 depicts the heat flux m easurem ents recorded from sensor L -l-r , at the different 

coolant tem peratures o f  20°C, 40°C and 80°C, when the engine was m otored with the injector 

switched-off. The heat flux traces were alm ost identical to each other but some differences were 

apparent during the induction period. The cooling effect o f  the incoming air on the sensor was 

negligible at a coolant tem perature o f  20°C, due to the air being at an am bient tem perature o f 

about 20°C. However, the cooling effect becam e noticeable at 40°C, and w as more pronounced 

at 80°C coolant tem perature.

20
18

16 L-1-r(20°C)

14

12
L-1-r (SOX)

10
- - IVO (10° BTDC)

8
- - . IVC (250° ATDC)

6
- - EVO (480° ATDC)

4
- - EVC (10° ATDC)

2
0

jASU 540___ 630 ....... t lO-2
4

Crankangle (" CA)

Figure 6.7 Sensor L -l-r  output when m otoring for different coolant tem peratures

The heat flux traces for motoring and injection taking place at 40° ATDCexh (OVI) are shown in 

figure 6.8. The characteristics were sim ilar for all three coolant tem peratures, except during the 

induction stroke. During the period o f  0 -  110° CA, the incom ing air/fuel m ixture had a cooling 

effect on the sensor, this being most evident at the 80°C case, as expected. D uring OVI the fuel 

enters the cylinder both as vapour and liquid. Some o f  the liquid fuel enters directly the cylinder 

while some o f  it impacts on the port surface. In both cases the fuel absorbs heat from its 

surroundings to evaporate. Consequently, the airborne fuel, prior to entering the cylinder, partly 

evaporates with a consequent drop in tem perature, which starts to induce heat flow from the 

surroundings. As a result, the air that entered the cylinder in the OVI case was relatively colder
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than that o f  the m otoring case shown in figure 6.7. This resulted to the negative heat flux 

indication during the induction period o f  0 - 110° CA.

A t about 110° CA (i.e. 70° CA after SOI) the heat transferred from sensor L - l- r  increased 

significantly (negative heat flux), reached a peak value and then decayed back to zero just 

before the start o f  the com pression stroke (270° CA). The drop in the heat flux characteristic 

was attributed to cool airborne droplets im pacting on the sensor. The reading decayed to zero 

when there was no fuel left on the sensor as a consequence of, either com plete evaporation, or a 

com bination o f  some evaporation and fuel being dragged o ff  the sensor. Even though the 

com bination o f  gravitational forces and the air motion caused by the descending piston is 

thought to disturb the fuel on the sensor’s face, there is no quantified m easure o f  these 

influences and this is discussed further in section 6.3.2.4.

It can be seen in figure 6.8 that, as the coolant tem perature increased, the heat transfer from the 

sensor to the fuel on its surface increased too due to the greater tem perature difference between 

the sensor and the fuel.

OVI 40  (SOI)

L-1-r (20°C)

L-1-r(40°C)

L-1-r(80°C)

IVO (10° BTDC)

u_
. . . .  .IVC (250° ATDC) 

4  I - .  .  .  EVO (480° ATDC) 

^ 1 0 -  EVC (10° ATDC)•Z7&

-10
Crankangle (" CA)

Figure 6.8 Sensor L -l-r  output when m otoring and injecting at OVI
for different coolant tem peratures

The heat flux characteristics obtained when the engine was m otored and injection took place at 

375° ATDCexh (CVI) are shown in figure 6.9. All three traces were very sim ilar and differed 

only during the induction period. W ith CVI the fuel accum ulated in the port behind the inlet 

valve and entered the cylinder, both as vapour and as liquid, when the inlet valve opened. The 

extended period that the fuel puddle resided on the port or valve surfaces prom oted evaporation, 

and thereby reduced the liquid fuel entering the cylinder. The heat flux traces o f  sensor L - l- r  for 

the 20°C and 40°C coolant tem peratures (figure 6.9) showed that some liquid fuel found its way 

onto the sensor as a surface film at 40° CA after IVO, after flow ing across the com bustion
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cham ber. The resulting negative heat flux reading peaked at about 50° CA and then decayed 

back to zero at 180° CA. As already explained in the OVI case, this was the consequence o f 

either complete fuel evaporation or a com bination o f fuel evaporation and fuel being forced to 

flow away from the sensor’s face.
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Figure 6.9 Sensor L -l-r  output when m otoring and injecting at CVI 
for different coolant tem peratures

It can be seen in figure 6.9 that the traces during the induction period were very sim ilar for 

coolant tem peratures o f  20°C and 40°C. G reater negative heat flux w ould be expected for a 

higher coolant tem perature for the same am ount o f  fuel reaching the sensor. The observation o f  

sim ilar heat flux traces betw een 20°C and 40°C coolant tem peratures led to the conclusion that 

less liquid fuel reached the sensor in the 40°C case, probably due to increased evaporation o f  the 

liquid while residing in the intake port. Only a small cooling effect was evident on the sensor 

w ith a coolant tem perature o f  80°C. This implied that the liquid fuel had either completely 

evaporated in the port or had evaporated w hile it was flowing across the com bustion cham ber 

surface on its way tow ards the sensor. As a consequence, the liquid fuel did not survive to reach 

the sensor. The heat flux trace was therefore sim ilar to that obtained when m otoring the engine 

at 80°C without injecting, as shown in figure 6.7.

M otoring test results from sensor U-1-1
M otoring traces were recorded from sensor U-1-1 which was located on the other side o f  the 

bore, compared to sensor L - l- r  location. The heat flux traces when the engine was m otored with 

the injector sw itched-off are depicted in figure 6.10. The characteristics for all three different 

coolant tem peratures (20°, 40° and 80°C) were almost identical, even during the induction 

period. This revealed the absence o f  any cooling effect from the incom ing air, especially with
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the 80°C coolant tem perature case. The location o f  sensor U-1-1 was not in the path o f  flow o f 

the air entering the cylinder during the induction stroke (figure 6.6). Consequently the incoming 

air did not affect the sensor’s output at the different coolant tem perature.
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Figure 6.10 Sensor U-1-1 output when m otoring for different coolant tem peratures
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Figure 6.11 Sensor U-1-1 output when motoring and injecting at OVI
for different coolant temperatures
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The heat flux traces for m otoring with OVI are shown in figure 6.11. The characteristics were 

sim ilar for all three coolant tem peratures indicating that heat flux was independent o f  the 

coolant temperature. They were also sim ilar to the results from the m otoring w ithout injection 

case (figure 6.10), especially during the induction stroke. Com parison o f  these results with those 

from sensor L -l-r  in figures 6.7 and 6.8, led to the conclusion that there w as no liquid fuel 

deposition on sensor U-1-1.

A noticeable difference between m otoring w ithout injection (figure 6.10) and m otoring with 

OVI (figure 6.11) was the peak heat flux reading recorded at about 335° CA, these being 19 

W/cm^ and 14 W/cm^, respectively. This difference was due to the presence o f  fuel in the 

cylinder in the OVI case, which provided a cooling effect on the com pressed air/fuel mixture, 

thereby resulting in less heat transfer to the sensor.

The heat flux characteristics obtained when the engine was motored with CVI are shown in 

figure 6.12. The three traces were very sim ilar regardless o f  the coolant tem perature. The traces 

were also similar to those o f  m otoring w ithout injection (figure 6.10) and m otoring with OVI 

(figure 6.11) cases. This confirm ed the fact that no liquid fuel had im pacted on sensor U-1-1, 

even with CVI. The maxim um  heat flux reading for the CVI case, recorded at about 335° CA, 

was 17 W/cm^. This value lies between the values recorded for the cases o f  OVI (14 W/cm^) 

and m otoring w ithout injection (19 W/cm^). During CVI some o f  the fuel is held in the port and 

does not enter the cylinder before IVC. As a result, less airborne liquid fuel entered the cylinder 

com pared to the OVI case, and therefore the cooling effect on the com pressed air/fuel mixture 

was less.
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Figure 6.12 Sensor U-1-1 output when motoring and injecting at CVI
for different coolant temperatures
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Motoring test results from sensor L-2-r
M otoring traces were also recorded from sensor L -2-r which was located im m ediately below 

sensor L -l-r, as shown in figure 6.6, The heat flux traces when the engine w as m otored with the 

injector sw itched-off are depicted in figure 6.13. The characteristics for all three different 

coolant tem peratures w ere similar throughout the cycle, apart from during the induction period. 

During this period the cooling effect from the incom ing air was more evident in the 80°C 

coolant tem perature case.
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Figure 6.13 Sensor L-2-r output when motoring for different coolant temperatures
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Figure 6.14 Sensor L-2-r output when motoring and injecting at OVI
for different coolant temperatures
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Figure 6.14 depicts the heat flux output o f  sensor L -2-r for the OVI m otoring case. These traces 

w ere significantly different during the induction period to those recorded w hen the engine was 

m otored without injection taking place (figure 6.13). However, the traces w ere quite sim ilar to 

those recorded by sensor L - l- r  (figures 6.7 and 6.8), with the dip during the induction being 

caused by the im paction o f  liquid fuel on the sensor. Figure 6.14 shows that the fuel arrived on 

the sensor at about 110° CA, this being more evident in the test perform ed w ith an 80°C coolant 

temperature.

The heat flux characteristics obtained with the engine m otored at CVI are shown in figure 6.15. 

All three heat flux traces were similar, regardless o f  the coolant tem perature. These traces were 

also sim ilar to those for m otoring w ithout injection (figure 6.13). This im plied that during the 

induction period o f  the CVI tests there was only a small cooling effect on the sensor from the 

incoming air-fuel mixture, and that there was no liquid fuel impaction on the sensor.
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Figure 6.15 Sensor L-2-r output when motoring and injecting at CVI 
for different coolant temperatures

6.3.2.2 Discussion of the motoring heat flux measurements
The above analysis revealed several issues about the induction period phenom ena within the 

cylinder. Sensors L - l- r  and L-2-r are located im m ediately downstream  o f  the inlet valve and are 

in the flow path o f  the m ixture that enters the cylinder w hen the inlet valve opens. As a result, 

both sensors are affected by the cooling effect o f  the air-fuel mixture that enters the cylinder, 

revealing its axial progression when entering the cylinder. During OVI, liquid fuel impacted as 

droplets on these sensors, at about 110° CA. A ccording to the negative heat flux readings, the 

am ount o f  liquid fuel that impacted on sensor L - l- r  (figure 6.8: -8 W/cm^) was m ore than on 

sensor L-2-r (figure 6.14: -4.5W/cm^). Care m ust be taken in m aking such a com parison as local
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flow patterns are likely to be different from one sensor position to another, leading to different 

rates o f  evaporation. During CVI the liquid found its way onto sensor L - l- r  as a surface film. 

However, this liquid fuel never reached sensor L-2-r since it was located further down the bore. 

The fact that there was no liquid fuel im paction on sensor U-1-1, regardless o f  the injection 

tim ing, revealed that liquid fuel deposition is a local phenomenon.

The maximum heat flux readings for all three sensors (L -l-r , L-2-r and U-1-1), regardless the 

coolant tem perature, took place at about 330° CA. Com parison o f  the m otoring without 

injection case to the OVI and CVI eases revealed that the lowest peak heat flux reading o f each 

sensor was recorded during OVI. This was due to the presence o f  more liquid fuel in the 

cylinder in the OVI case, w hich provided a cooling effect on the com pressed air/fuel mixture, 

thereby resulting in less heat transfer to the sensor. Also, the peak heat flux readings during CVI 

were lower than those recorded during m otoring without injection, but higher than those o f  the 

OVI case, since relatively less liquid fuel entered the cylinder.

6.3.2.3 Firing heat flux traces
Firing tests w ere perform ed for engine operation at 1500 rev/m in part load, using gasoline and 

also propane gas for com parison purposes. Some o f  the testing was carried out recording 

m easurem ents from a heat flux sensor located in the intake port. In all, the sensor locations 

considered were, L -l-c , L -l-r, L-2-r, U-1-1, U -l-c  and P-1, these shown in figure 6.6.

Firing test results from sensor L -l-c
The heat flux m easurem ents recorded from sensor L -l-e , at the different coolant tem peratures o f 

20°C, 40°C and 80°C, when the engine was fired with gasoline and injection took place at 375° 

CA (CVI), are depicted in figure 6.16a.
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Figure 6.16a Sensor L -l-c  output when firing with CVI for different coolant tem peratures
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The main features o f  these traces w ere previously explained when figure 6.4a was discussed in 

section 6.3.1. These w ere the sm all dip at around the time o f  ignition (343° CA), and the 

m axim um  heat flux occurring at about 360° CA. It was also pointed out that the heat flux 

increased when the sensor was uncovered (374° - 394° CA), rising to a value dictated by the 

conditions o f the expanding gases in the cylinder. The heat flux traces in figure 6.16a were 

sim ilar for all three coolant tem peratures, and the features m entioned above were repeatable. 

H owever, there was some influence o f  coolant tem perature on the heat flux, this being 

particularly evident during the induction stroke, as shown in figure 6.16b. At the beginning o f 

induction period, heat was transferred to the sensor (positive heat flux during 0 -  50° CA), due 

to the hot residual gases and also the hot exhaust gases from the intake port being drawn back 

into the cylinder. This was follow ed by induction o f  the ‘cold’ air-fuel m ixture w hich had a 

consequent cooling effect on the sensor (negative heat flux during 50 - 180° CA). The effect o f 

the hot exhaust gases w as m ore evident in the 20°C and 40° C coolant tem perature traces, 

whereas the cooling effect o f  the fresh m ixture entering the cylinder was more pronounced at 

80°C coolant tem perature, as expected. Overall, the heat flux traces depicted in figure 6.16b 

revealed that there was no fuel im paction on sensor L -l-c  during CVI.
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Figure 6.16b Sensor L -l-c  output during induction period, when firing w ith CVI

The heat flux m easurem ents recorded from sensor L -l-c , for the different coolant tem peratures 

when the engine was fired w ith gasoline and injection took place at 40° CA (OVI), are depicted 

in figures 6.17a and 6.17b. The heat flux traces recorded with OVI were sim ilar to those 

recorded with CVI (figures 6.16a and 6.16b), especially during the induction period. During this 

period there was only a small cooling effect on the sensor from the fresh m ixture that entered
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the cylinder. This implied that for OVI, as for CVI, there was no liquid fuel im paction on sensor 

L -I-c .

The maximum heat flux readings recorded at 360° CA for the CVI and OVI cases w ere 70 and 

75 W /cm \ respectively. The fact that these readings were sim ilar was attributed to the same 

am ount o f  heat being released during the com bustion process. However, there were some 

noticeable differences betw een the CVI and OVI heat flux traces during the period 326° -  394° 

CA. These differences may be due to a change in the progression o f  the com bustion process 

com bined with the sensor being covered by the piston. Com bustion is dependent on mixture 

preparation prior to combustion, which itself is dependent on injection timing.
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Figure 6.17a Sensor L-l-c output when firing with OVI for different coolant temperatures
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Figure 6.17b Sensor L-l-c output during induction period, when firing with OVI
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The heat flux measurements recorded from sensor L-l-c, when the engine was fired using 

propane fuel, are shown in figures 6.18a and 6.18b. The use of propane eliminated the 
possibility of liquid fuel impaction on the sensor. The heat flux traces during the induction 

period (figure 6.18b) were very similar to those recorded during the tests with both CVI and 

OVI using gasoline (figures 6.16b and 6.17b, respectively). This confirmed that sensor L-l-c 

was not wetted by liquid fuel when gasoline was used, regardless of the injection timing.
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Figure 6.18b Sensor L-l-c output during induction period, when firing with propane
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However, the heat flux traces from the propane test, during the period 326° -  394° CA, were 

different from those recorded with gasoline (both CVI and OVI), and the maximum heat flux 

reading at 360° CA was about 80 W/cm .̂ This was probably due to the progression of 

combustion with propane fuel being different from that with gasoline. This was a matter beyond 

the scope of this study and is therefore not discussed further.

Firing test results from sensor L -l-r

Figure 6.19a shows the results from sensor L-l-r when the engine was fired with gasoline, using 

the CVI strategy.
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Figure 6.19a Sensor L -l-r  output when firing with CVI for different coolant tem peratures
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Figure 6.19b Sensor L-l-r output during induction period, when firing with CVI
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The heat flux traces for the three coolant temperatures were similar except during the induction 

stroke. Figure 6.19b shows that during the 20°C coolant temperature test the heat flux decreased 

down to -2.5 W/cm^ at about 30° CA. It then decayed to zero at the beginning of the 

compression stroke. During the same period, the heat flux traces for the 40° and 80°C coolant 

temperatures were different from that of the 20°C case. In fact, they were similar to the 

corresponding traces recorded from sensor L-l-c (figure 6.16b). This implied that there was 

only a cooling effect on the sensor from the fresh vapour mixture that entered the cylinder, and 

that there was no liquid fuel impaction for these two coolant temperatures. However, the 

significant increase in heat transfer from sensor L-l-r, during the 20°C coolant temperature 

case, indicated that some liquid fuel impacted on this sensor.

The fact that the fuel never reached the sensor with coolant temperatures of 40° and 80°C, 

illustrated an important characteristic about the liquid fuel behaviour with CVI strategy. When 

fuel did reach the sensor, it is believed that it arrived as a surface film, and not as airborne 

droplets. The evidence for it being a liquid fihn is based on observations made during the 

porous-liner investigations. The fuel accumulated in the port with CVI, and since the surface 

temperatures of the port and valve were relatively low (about 20°C), insignificant evaporation 

took place. The liquid fuel entered the cylinder as a surface film when the inlet valve opened, 

flowed across the combustion chamber, and finally reached the bore where sensor L-l-r was 

located. However, when the coolant temperatures were 40° and 80°C the port, the inlet valve, 

and combustion chamber surfaces were relatively hot so that complete evaporation occurred 

before any fuel reached the sensor. Additional tests were performed with increased injector 

pulsewidths to confirm the above observation, and these are discussed in section 6.3.2.4.

The heat flux measurements recorded with sensor L-l-r, with OVI strategy, are depicted in 

figure 6.20a. The differences between the three coolant temperatures can be observed during the 

induction period, and these are shown in more detail in figure 6.20b. During the period of 0° -  

110° CA, heat was transferred from the sensor to the relatively cool vapour mixture that entered 

the cylinder. At about 110° CA the heat transferred from the sensor started to increase 

significantly as liquid fuel impacted on its surface. The reading peaked at about 180° CA and 

then decayed back to zero, when the piston was halfway through the compression stroke. This 

was a consequence of either complete evaporation, or a combination of some evaporation and 

the fuel being dragged off the sensor’s surface. It can be seen from figure 6.20b that the liquid 

fuel impacted on the sensor regardless of the coolant temperature. This figure also shows that as 

the coolant temperature was raised from 20°C to 80°C the negative heat flux increased in a 

relatively uniform manner. At the highest coolant temperature (80°C), the hot surfaces of intake 

port, valve, and combustion chamber were expected to affect the amount of fuel impacting on 

the sensor, unless this fuel was airborne at all times. Since the increase in heat flux was uniform, 

and therefore very approximately proportional to the increase in coolant temperature, it was
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thought that about the same am ount o f  fuel impacted on sensor L - l- r  during each test. 

Consequently, the fuel that impacted on the sensor was in the form o f  airborne droplets 

probably w ithout any presence o f  a liquid film flowing across the com bustion chamber.
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Figure 6.20b Sensor L-l-r output during induction period, when firing with OVI

Figures 6.21a and 6.21b illustrate the heat flux behaviour o f  sensor L -l-r , w hen the engine was 

fired with propane, in order to examine the output o f this sensor in the absence o f  liquid fuel, 

fhe general heat flux behaviour over the engine cycle was not affected by coolant tem perature, 

except during the induction stroke (figure 6.21b). The effect o f  the hot residual gases and those
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drawn into the cylinder from the port was more evident for the 20°C coolant tem perature, and 

the cooling effect o f  the incoming fresh m ixture was more significant for the 80°C case.

The heat flux traces recorded during the period o f  326° -  394° CA (figure 6.21a), were different 

from those recorded in the gasoline tests (figures 6.19a and 6.20a). As m entioned before, this 

was also the case with the relevant traces from sensor L -l-c . The repeatability o f  this difference 

in heat flux, between the propane and gasoline (CVI and OVI) tests, supports the proposition 

that the progression o f  com bustion with propane fuel was different from that w ith gasoline.
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Figure 6.21a Sensor L-l-r output when firing with propane 
for different coolant temperatures
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Figure 6.21b Sensor L-l-r output during induction period, when firing with propane
133



CHAPTER 6 Heat Flux Measurements

Firing test results from sensor L-2-r
The heat flux traces obtained from sensor L-2-r, which was located below sensor L -l-r , are 

illustrated in figures 6.22a and 6.22b. The heat flux was not significantly affected by the coolant 

tem perature w ith the CVI strategy.
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Figure 6.22b Sensor L-2-r output during induction period, when firing with CVI

However, during the induction period (figure 6.22b) the heat transfer to the sensor from the hot 

residual gases and the exhaust gases drawn back into the cylinder was prom inent at the 20°C
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coolant temperature, and the cooling effect o f  the fresh mixture entering the cylinder was more 

pronounced for the 80°C case. It can be seen on the same figure that the heat transfer due to the 

exhaust gases took place during the first 60° CA o f  the induction period and reached a 

maxim um  reading o f  about 2.8 W/cm^. In addition, the cooling effect on the sensor from the 

incoming mixture took place between 60 -  150° CA, and corresponded to heat fluxes in the 

region o f  about -0.7 W/cm^. Com parison o f  these values to those recorded from sensors L -l-c  

and L - l- r  during CVI (figures 6.16b and 6.19b), shows that the heating effect from the exhaust 

gases on sensor L-2-r was prolonged and more pronounced, w hereas the cooling effect from the 

fresh mixture was b rief and weak. It was thought that this effect was related to the swirling 

motion o f  the gases as they entered the cylinder.

The heat flux traces from sensor L-2-r, when the engine was fired with an OVI strategy, are 

illustrated in figures 6.23a and 6.23b.
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Figure 6.23a Sensor L-2-r output when firing with OVI for different coolant temperatures

During the induction period (figure 6.23b) there was a significant heating effect on sensor L-2-r 

from the hot gases o f  the previous cycle. This was followed by a short period o f  a cooling effect 

from the fresh mixture that entered the cylinder and at about 110° CA liquid fuel impacted on 

the sensor, causing the negative heat flux reading to increase significantly. The reading peaked 

at about 150° CA and decayed to zero halfway through the com pression stroke.

The heating effect from the exhaust gases was more evident for the 20° C coolant tem perature 

test, and the impaction o f  liquid droplets on the sensor was more pronounced for the 80°C case, 

as expected.
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Figure 6.23b Sensor L-2-r output during induction period, when firing with OVI

Figures 6.24a and 6.24b depict the heat flux characteristics o f  sensor L-2-r when the engine was 

fired w ith propane fuel. The effect o f  the coolant tem perature on the readings is shown in figure 

6.24b. The characteristics in this figure were very sim ilar to those recorded when the engine was 

fired w ith gasoline using the CVI strategy (figure 6.22b), and w ere significantly different from 

those with the OVI strategy (figure 6.23b). This confirm ed that there was no liquid fuel 

impaction on sensor L-2-r during CVI, and that the sensor was wetted by airborne droplets 

during OVI.
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Figure 6.24b Sensor L-2-r output during induction period, when firing with propane 

Firing test results from sensors U-1-1 and U-l-c
Heat flux measurem ents were also recorded from sensors U-1-1 and U -l-c , w hich were located 

opposite the three sensors mentioned in the foregoing, and on the other side o f  the bore, as 

shown in figure 6.6. The traces obtained from sensors U-1-1 and U -l-c  were almost identical 

during all tests. The results presented below correspond to the output o f  sensor U-1-1, but they 

also may be considered to be representative o f  those from sensor U -l-c .

Figures 6.25a and 6.25b depict the heat flux characteristics from sensor U-1-1, when the engine 

was fired with gasoline using the CVI strategy. The heat flux traces were very similar 

throughout the engine cycle for all three coolant tem peratures. During the early part o f  the 

induction period (figure 6.25b) heat was transferred to the sensor from the residual gases and the 

exhaust gases drawn back into the cylinder from the intake port, and this was followed by a 

b rie f cooling effect from the fresh m ixture that entered the cylinder. Figure 6.25b reveals that 

the effect o f  the coolant tem perature on the heat flux traces was negligible. However, this was 

not w hat would be expected o f  the actual effect o f  coolant tem perature on heat flux during the 

induction period. It was thought that the readings recorded from sensor U-I-1 may have been 

affected by the fact that the heat fluxes during the com bustion process w ere high enough (255 

W/cm^) to upset the sensitivity o f  the sensor during the induction period when the readings were 

close to zero w ithin ±1 W/cm^.

Figure 6.25b illustrates that the heating effect from the exhaust gases on sensor U-1-1 took place 

at about 25° CA, and dim inished at around 85° CA. However, figures 6.16b and 6.19b recorded 

from sensors L -l-c  and L -I-r  respectively, show the same event taking place from 0° to 45° CA.
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Sensors L -l-c  and L -l- r  are located immediately below the intake valve and they w ere the first 

to be affected by the flow o f  exhaust gases entering the cylinder from the intake port. The delay 

o f  25° CA betw een the traces o f sensors L - l-c /L -l- r  and sensor U-1-1, corresponds to the time 

required for the exhaust gases to reach the part o f  the bore where sensor U-1-1 was located.

The heating effect from the exhaust gases was followed by the cooling effect o f  the fresh 

m ixture that entered the cylinder. There was no evidence o f  liquid fuel im paction on sensor 

U-1-1.
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Figure 6.25a Sensor U-1-1 output when firing with CVI for different coolant temperatures
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Figure 6.25b Sensor U-1-1 output during induction period, when firing with CVI
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Sensors U-1-1 and U -l-c  were located at the same height on the bore (i.e. first row) as sensors 

L -l-c  and L -l-r . However, the heat flux traces depicted in figure 6.25a w ere significantly 

different to those recorded from sensors L -l-c  and L - l- r  (figures 6.16a and 6.19a). The 

m axim um  heat flux reading, recorded at about 360° CA, was in the region o f  about 255 W/cm^, 

w hereas those from  sensors L -l-c  and L - l- r  w ere in the region o f  about 70 W/cm^. As 

previously m entioned, the peak heat flux reading at 360° CA corresponded to the heat released 

during the com bustion process. This implied that the com bustion o f  the m ixture occurred more 

quickly on the side o f  the bore where sensors U-1-1 and U -l-c  were located. Originally, this was 

thought to be related to the presence o f  liquid fuel near sensors L -l-c  and L -l-r , which affected 

the m ixture quality in that area o f  the com bustion cham ber. However, this assum ption was 

rejected as the sam e behaviour was repeated w ith the propane tests (hence no liquid fuel), these 

presented in figure 6.27a (245 W/cm^) to be com pared to figures 6.18a and 6.21a (82 W/cm^ 

and 72 W/cm^, respectively). This let to the conclusion that the above phenom enon may be 

related to flame travel after ignition, in com bination w ith the sensors being covered by the 

piston during the period o f  flame travel. The tim e at w hich the flame reached the vicinity o f  the 

sensors would be different for each sensor, since this is dependent on the spark plug location 

(figure 3.3a depicts spark plug position on this cylinder head to be extrem ely close to sensors 

U-1-1 and U -l-c ), com bustion cham ber design and the sensor location.

Figures 6.26a and 6.26b show the heat flux characteristics o f  sensor U-1-1 w hen the engine was 

fired with gasoline using the OVI strategy. The traces w ere almost identical to those described 

in figures 6.25a and 6.25b, which corresponded to the CVI strategy. This im plied that there was 

no liquid fuel deposition on sensor U-1-1 with OVI, and that the heat transfer to that area o f  the 

bore was not affected by the injection timing.
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Figure 6.26b Sensor U-1-1 output during induction period, when firing with OVI

The heat flux characteristics o f  sensor U-1-1, when the engine was fired with propane fuel, are 

shown in figures 6.27a and 6.27b. The traces are very sim ilar to those recorded when the engine 

was fired using gasoline with both CVI and OVI strategies (figure 6.25a and 6.26a). This 

confirm ed that liquid fuel did not impact on sensor U-I-1. It also supported the fact that the 

maxim um  heat flux recorded from the sensors, at about 360° CA, was determ ined by flame 

arrival tim e rather than any m ixture preparation effect.
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Figure 6.27a Sensor U-1-1 output when firing with propane
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140



CHAPTER 6 Heat Flux Measurements

2.0

1.5
u-1-1 (40°C)

1.0 u-1-1 (80°C)
- IVC

0.5
- EVC

0.0
150 210 240 270 3 )0

-0.5

-1.0

-1.5

-2.0
Crankangle (° CA)

Figure 6.27b Sensor U-1-1 output during induction period, when firing with propane

Firing test results from sensor P-1
Heat flux measurem ents w ere also recorded in the intake port o f  the 2-valve cylinder head by 

installing a heat flux sensor (P-1) ju st upstream  o f  the inlet valve, and w ithin the injector’s 

target area, as shown in figure 6.6. The results presented below provide additional information 

about the liquid fuel behaviour in the intake port, prior to entering the cylinder.

The heat flux traces recorded from sensor P-1 at different coolant tem peratures are shown in 

figure 6.28 when the engine was fired w ith gasoline, CVI timing. When the inlet valve opened 

at 710° CA, heat was transferred to the sensor from the exhaust gases that entered the intake 

port, causing the heat flux reading to increase and peak at about 10° CA. This was followed by a 

decrease in heat flux (heat transferred from the sensor), as the fresh m ixture passed over the 

sensor to enter the cylinder. Towards the end o f the induction stroke, w hen the piston 

approached BTC (180° CA) and no more fresh mixture was drawn in the cylinder, the heat flux 

reading started to decay to zero. Injection took place at 375° CA, and at 455° CA (80° CA later) 

liquid fuel impacted on sensor P-1. This caused the heat transfer from the sensor to the fuel to 

increase significantly (negative heat flux) and peak at about 525° CA. The reading then decayed 

to zero as a result o f  com plete evaporation or a com bination o f evaporation and the fuel sliding 

o ff  the sensor’s surface.

Figure 6.28 shows the effect o f  coolant tem perature on the heat flux readings. The flow o f  the 

exhaust gases into the intake port at IVO was m ore evident in the 20°C coolant tem perature test, 

as these gave the largest tem perature difference between the cylinder w all and the warm 

cylinder gases. On the other hand the 80°C coolant tem perature test gave the greatest negative 

heat flux, as this test condition resulted in the largest tem perature difference between the 

cylinder walls and the relatively cool liquid fuel.
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Figure 6.28 Sensor P-1 output when firing with CVI for different coolant temperatures

The heat flux characteristics from sensor P-1, when the injection tim ing was changed to OVI, 

are shown in figure 6.29. Exhaust gases entered the intake port and heat was transferred to 

sensor P-1 when the inlet valve opened. Injection took place at 40° CA and liquid fuel impacted 

on the sensor at 100° CA (60° CA later), causing the rapid rise in heat transfer from the sensor 

to the fuel. The reading peaked at 180° CA and then decayed to zero.

The liquid fuel impaction on sensor P-1 was more evident in the 80°C coolant tem perature case, 

whereas the heating effect o f the exhaust gases during backflow  was m ore evident with the 

20°C coolant tem perature test, as expected.
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Figure 6.29 Sensor P-1 output when firing with OVI for different coolant temperatures
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Figure 6.30 illustrates the heat flux traces from sensor P-1 when the engine was fired with 

propane fuel. The heat transferred to the sensor increased significantly as the exhaust gases 

entered the intake port w hen the inlet valve opened. This was followed by a b rie f cooling effect 

as the fresh air and propane passed the sensor prior to entering the cylinder. Towards the end o f 

the induction stroke (180° CA), the heat flux reading increased from negative to positive. The 

reading continued to increase until the inlet valve closed (250° CA), when it decayed back to 

zero. The velocity o f  the gases in the cylinder is relatively low at the engine speed o f  1500 

rev/m in and they tend to follow the motion o f  the piston. Consequently, some gases were 

pushed back in the intake port by the ascending piston. These gases w ere w arm er than the intake 

charge having both m ixed with the residual gases in the cylinder and also gained heat from the 

cylinder walls. These w arm er gases transferred heat to sensor P-1 ju st before IVC.

The effect o f  the exhaust gases on sensor P-1 w as noticeably higher than those recorded in the 

cases o f CVI and OVI (figures 6.28 and 6.29, respectively). This suggested that either the 

tem perature o f  the exhaust gases was higher w hen propane was burned or, more likely, that 

some liquid fuel was still present on the sensor (particularly w ith CVI) and this affected the heat 

transfer from the exhaust gases.
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Figure 6.30 Sensor P-1 output when firing with propane 
for different coolant temperatures
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6.3.2.4 Discussion of the firing heat flux measurements and further test results
The above analysis revealed important issues about the liquid fuel behaviour w ithin the cylinder

o f  a firing 2-valve engine at the specific operating condition o f  1500 rev/min, part load.

Figure 6.31 illustrates a cross-section o f  the engine under study, and it shows the relative 

position o f  the intake port to the areas o f  the bore where sensors L -l-r , L-2-r and U-1-1 were 

located.
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P-1

L-l-r
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Figure 6.31 Cross-sectional view of the intake manifold and cylinder bore 
of the Ford 4.6 litre, 2-valve engine

It was shown that the heat flux sensor technique could successfully identify the deposition o f 

liquid fuel on the bore o f  a firing engine. D ifferences were apparent in the value and period o f 

negative heat flux from one sensor to another. It is possible that the differences could be used to 

quantify the amount o f  fuel landing on the sensor. This is discussed later in chapter 7, section 

7.2.

The above analysis showed that, during OVI tests, the liquid fuel impacted on sensor L - l- r  as 

droplets, and that coolant tem perature did not affect the amount that was deposited. However, 

during CVI tests, the liquid fuel came in contact with sensor L -I-r  in the form o f  a surface film
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that flowed across the combustion chamber and onto the bore, when the inlet valve opened. 

Since this fuel was in contact with the intake port, inlet valve, combustion chamber and bore 

surfaces, the coolant temperature was a determining factor in its behaviour. It was shown that 

the liquid fuel only reached the sensor as a surface film when the coolant temperature was 20°C. 

It was also shown that, during OVI tests, liquid fuel impacted as airborne droplets on sensor 

L-2-r. The heat flux reading suggested that the amount of liquid fuel that impacted on this 

sensor was not as high as that on sensor L-l-r. However, during the CVI tests, and regardless of 

the coolant temperature, there was no liquid fuel deposition on sensor L-2-r. This sensor was 

located relatively lower on the bore, compared to sensor L-l-r location. As a result, the fuel 

suffered more evaporation from the bore surface and the in-cylinder gases and did not survive to 

reach sensor L-2-r.

The results from sensor L-l-c which was located immediately next to sensor L-l-r showed that 

there was no liquid fuel deposition on this sensor regardless of the injection timing and the 

coolant temperature. This was also the case with sensors U-1-1 and U-l-c, which were located 

on the opposite side of the bore from sensor L-l-r.

All the above implied that liquid fuel deposition was a local phenomenon and that sensor L-l-r 

suffered from the most liquid fuel wetting, followed by sensor L-2-r. Figure 6.31 shows that 

sensors L-l-r and L-2-r were located immediately below the inlet valve, with sensor L-l-r being 

the closest to it. The proximity of these sensors to the inlet valve was the main, and obvious, 

reason why they suffered the most fuel impaction. Other factors that affected the liquid fuel 

behaviour were the injection timing (CVI or OVI) and the coolant temperature (only for the CVI 

strategy).

Additional tests were performed to confirm some of the above observations. The pulsewidth of 

the injector was varied in order to establish that the liquid fuel, which flowed onto sensor L-l-r 

during CVI and 20°C coolant temperature, was indeed a surface film. Knowing that the heat 

flux readings recorded with a 20°C coolant temperature were not high, it was decided to 

maintain the cylinder head coolant temperature at 20°C but to set the bore coolant temperature 

at 80°C. This meant that relatively high heat flux readings could be recorded without promoting 

associated high levels of evaporation within the inlet port. Figures 6.32a and 6.32b show the 

heat flux traces when the engine was fired with gasoline using the CVI strategy, and when the 

injector pulsewidth was varied from 8 ms to 14 ms in steps of two milliseconds.
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Figure 6.32a Sensor L-l-r output when firing at CVI, for different injector pulsewidths, 
at 80° C bore coolant temperature and 20° C cylinder head coolant temperature

Figure 6.32b shows that the liquid fuel reached sensor L - l- r  at about 30° CA. As the injector 

pulsew idth was increased, the negative heat flux readings increased accordingly.
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Figure 6.32b Sensor L-l-r output during induction period, when firing with CVI, 
for different injector pulsewidths (80° C bore coolant temperature 

and 20° C cylinder head coolant temperature)

Figures 6.33a and 6.33b show the heat flux m easurem ents recorded from sensor L -l-c  under the 

same conditions as above for sensor L - l- r  (figures 6.32a and 6.32b).
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The heat flux characteristics shown in figure 6.33b indicate that there was no liquid fuel 

detected on sensor L -l-c  regardless the injector pulsewidth (note the expanded heat flux scale). 

There was only a small cooling effect on this sensor from the vapour air-fuel m ixture that 

entered the cylinder during the induction period. The cooling effect increased as the injector 

pulsewidth increased. M ore evaporation took place at the longer pulsew idths as more fuel was 

injected. Consequently the cooling effect on the sensor was greater.
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Figure 6.33a Sensor L-l-c output when firing with CVI, for different injector pulsewidths, 
at 80° C bore coolant temperature and 20° C cylinder head coolant temperature
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Figure 6.33b Sensor L-l-c output during induction period, when firing with CVI, 
for different injector pulsewidths (80° C bore coolant temperature 

and 20° C cylinder head coolant temperature)
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The analysis presented in section 6.3.2.3 has shown that the heat flux sensor readings can 

identify the time (i.e. ° CA) that the fuel im pacted on the sensor, especially during OVI. It was 

found that liquid fuel impaction on sensors L -I-r  and L-2-r occurred at about 110° CA. Since 

the time o f  impaction was affected by the injection timing, additional tests were perform ed at 

different injection tim ings to investigate the liquid fuel arrival times on the sensors.
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Figure 6.34b Sensor L-l-r output during induction period, when firing with different OVI
timings, 8ms injector pulsewidth and 80° C coolant temperature
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Figures 6.34a and 6.34b show the heat flux traces from sensor L - l- r  when the engine was fired 

with OVI strategy, at the different injection tim ings o f  10°, 40°, 60° ATDCgxh- A coolant 

tem perature o f 80°C was used in order to obtain higher negative heat flux readings from  the 

liquid fuel impaction on the sensor. The higher readings provided better accuracy in com paring 

the three different injection timings. The same tests were perform ed for sensor L -2-r and the 

results are shown in figures 6.35a and 6.35b.
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Figure 6.35a Sensor L-2-r output when firing with different OVI tim ings, 8ms injector  
pulsewidth, and 80° C coolant tem perature
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Figure 6.35b Sensor L-2-r output during induction period, when firing with different OVI
timings, 8ms injector pulsewidth and 80° C coolant temperature
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For com parison purposes the results from sensors L - l- r  and L-2-r, for the sam e OVI timing, are 

presented on the sam e plots. Figures 6.36a, 6.36b and 6.36c show the heat flux traces from the 

tw o sensors when the injection tim ings were 10°, 40° and 60° ATDCexh, respectively.
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Figure 6.36a O utput from sensors L -l-r  and L-2-r during induction period,
for 10° CA OVI timing
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Figure 6.36b Output from sensors L-l-r and L-2-r during induction period,
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Figure 6.36c O utput from sensors L -l-r  and L-2-r during induction period,
for 60° CA OVI tim ing

The figures include the inlet valve lift characteristic so that the various events can be referenced 

to the position o f  the valve.

The above figures show that the arrival time o f  the airborne droplets, and the amount o f  fuel on 

the sensor, were affected by the injection timing. In all three injection tim ings exam ined the fuel 

droplets arrived on both sensors almost at the same time, and at about 70° CA after the start o f 

injection. This was thought to be the time required by the fuel to travel the distance between the 

tip o f  the injector and the sensors on the bore. However, the am ount o f  fuel that impacted on 

each sensor varied significantly. It is believed that the inlet valve lift affected the quantity o f 

liquid fuel that entered the cylinder. Figure 6.36a shows that relatively small quantities o f  fuel 

impacted on the two sensors, with more fuel indicated by sensor L-2-r. The same figure shows 

that the inlet valve was not fully open at the time o f fuel im paction (about 75° CA). However, 

figures 6.36b and 6.36c suggest that significantly more fuel impacted on sensor L -l-r , compared 

to that on sensor L-2-r. These figures show that the inlet valve was fully open at the tim e o f  fuel 

impaction. On the other hand, w ith the 10° OVI timing, the fuel entered the cylinder w hen the 

inlet valve was still opening. The valve would consequently act as a restriction, im pacting some 

fuel on the valve, and accelerating the rem ainder o f the m ixture as it entered the cylinder. The 

high velocity gases entering the cylinder w ould tend to carry airborne droplets in the direction 

o f  sensor L-2-r rather than L - l- r  (see figure 6.31). However, with the 40° and 60° OVI timings, 

the inlet valve was open further when the fuel droplets entered the cylinder. As a result the flow 

o f  the gases entering the cylinder was not intensive enough to carry the bulk o f  the droplets 

towards sensor L-2-r.
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Figures 6.36a, 6.36b and 6.36c revealed that liquid fuel impaction arrival time, and quantity, 

were influenced by injection timing. Similar tests, in w hich the injection tim ing was varied, 

were performed with sensor P-1 to exam ine how  this could affect the liquid fuel behaviour in 

the port.

Figure 6.37 illustrates the heat flux traces from sensor P-1 when the coolant tem perature was 

80°C, and the three different CVI tim ings o f  275°, 375° and 475° ATDCexh were used. This 

figure shows that the liquid fuel arrived at the sensor 80° CA after the start o f  injection for all 

three different injection tim ings. The am ount o f  liquid fuel that impacted on sensor P-1 was 

about the same for all three CVI timings since sim ilar negative heat flux readings were 

recorded. This implied that the injection tim ing could affect the arrival tim e o f  the fuel onto the 

port walls, but not the quantity.
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Figure 6.37 Sensor P-1 output when Tiring at different CVI tim ings w ith 8ms injector 
pulsewidth and 80° C coolant tem perature

The output o f  sensor P-1 is shown in figure 6.38 when the three different OVI tim ings o f  10°, 

40° and 60° ATDCexh were applied. The liquid fuel arrived at sensor P-1 at approxim ately 60° 

CA after the start o f  injection. Again the expected result was achieved, namely that arrival time 

was dependent on injection timing. The negative heat flux traces recorded from sensor P-1 

showed some variations from one tim ing to another, but generally indicated that a similar 

am ount o f  fuel was being impacted.
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Figure 6.38 Sensor P-1 output when firing at different OVI tim ings with 8 ms injector 
pulsewidth and 80°C coolant tem perature

It has been m entioned above that for CVI the liquid fuel travelled for 80° CA, after the SOI, 

before it impacted on sensor P-1 (figure 6.37), and only 60° CA when the strategy was switched 

to OVI (figure 6.38). During CVI the fuel was injected into the stagnant environm ent o f  the 

intake port, since the inlet valve was closed. However, during OVI the fuel was injected at the 

tim e when the fresh charge was entering the cylinder. As a result the airflow  carried the fuel 

m ore quickly tow ards sensor P-I during the OVI case (calculated spray velocity o f  21 m/s), as 

com pared to the CVI case (calculated spray velocity o f  16 m/s).

The results presented in figures 6.36a, 6.36b, 6.36c and 6.38 reveal that the highest liquid fuel 

deposition on the bore and port surfaces was recorded from sensors L -I-r, L-2-r, P-I at the 40° 

OVI timing. These figures show that an initial small part o f  the injected spray im pacted on the 

port wall (at 100° CA), and that a significant quantity o f  fuel im pacted 10° CA later onto the 

bore.

To com plete the com parison between the two different injection tim ings o f  CVI and OVI, heat 

flux m easurem ents were recorded from sensors L -I-r  and P-1, from engine start-up (cranking 

from cold start) until the engine was partially warm ed up at 1500 rev/m in. The output from each 

sensor was displayed for each cycle, rather than ju s t as an average o f  50 cycles as shown so far. 

The results o f these tests are shown in appendices HI-2 and HI-3 for the CVI and OVI strategies, 

respectively. The heat flux m easurem ents with the CVI strategy revealed that the fuel film
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reached  the  H FS 4 cycles after the  start o f  injection. T his w as also ev iden t in th e  visual 

observations m ade in chap ter 3, section  3.5.2, w ith  the sam e 2-valve cy linder head, w here  the 

liqu id  fuel w as seen to  en ter the  cy linder w ith in  5 seconds after the  start o f  in jection, during 

C V I. T his supported  the  fac t that, during  CV I, th e  liquid  fuel found  its w ay  in to  the cylinder, 

and  onto the bore  (onto  sensor L - l- r )  m ainly  as a  surface film . T his film  requ ired  4 cycles to  

travel the distance fi*om the intake po rt un til it reached  sensor L - l- r . C y linder p ressu re  traces 

w ere  recorded  sim ultaneously  (bu t no t show n in the appendices) and  ftrom th is  it could  be seen 

th a t the engine first fired  on  the 8* cycle and unstab le  com bustion  too k  p lace  w ith  sign ifican t 

cycle-by-cycle varia tions up  to  cycle 19. A  m ore stable com bustion  w as observed  from  cycles 

20 up  to  33, as show n in the re levan t p lo ts in appendix  III-2. T hese figures indicate that tiie 

liqu id  fuel w as p resen t on sensor L - l - r  during  all 33 cycles recorded.

The heat flux traces w ith  the  O V I strategy are show n in appendix  III-3. The liquid  fuel entered 

the cy linder and im pacted on  sensor L - l - r  fi*om th e  1®‘ cycle o f  injection. T his supported  the fact 

that, during  O V I, the liqu id  fuel found  its w ay in to  the cy linder and onto th e  bore as airborne 

droplets. T he engine first fired  on cycle 19 and th en  m isfired  un til cycle 24. F rom  cycle 25 up  to 

39 unstab le  com bustion  to o k  place. S table com bustion  w ith  low  cycle-by-cycle  varia tion  w as 

ach ieved  fi’om  cycle 92 onw ards. T he long periods betw een  the start o f  cranking  and the 

atta inm ent o f  consisten t com bustion , for bo th  C V I and O V I, are far fi*om w hat w ou ld  be 

expected  on  a norm al m o d em  engine. They are caused  by the adoption  o f  a  constan t pu lsew id th  

(8 m illiseconds) strategy fo r injection , som ething considered  desirab le fo r th is testing , bu t 

certain ly  no t the approach  fo r ach iev ing  consisten t firing fi*om first injection. It should  be  noted 

th a t all the  heat flux  read ings averaged  over 50 cycles fo r firing  tests w ere  recorded  once 

consisten t firing  had  been  attained. T his w as achieved approxim ately  20  seconds after the start 

o f  in jection  and  ignition.
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6.3.3 Heat flux m easurem ents with the 4-valve cylinder head

This section describes the heat flux m easurem ents recorded w hen the research engine w as fitted 

w ith the 4-valve cylinder head. The tests were perform ed under the same operating conditions 

as those with the 2-valve cylinder head tests (section 6.3.2), for com parison purposes. However, 

engine param eters, such as the ignition tim ing and the valve tim ing events, were different for 

the two cylinder heads, these shown in table 6.1. The results presented below  correspond to the 

sensor locations indicated in figure 6.39.

Injector 
(twin spray)

Intake port 
(cross-section, 
showing 
bifiircation)

Valve stem
U -l-r

Exhaust port

4-valve
com bustion
cham ber

Cylinder 
block at 45° 
orientation

Figure 6.39 Notations for HFS locations around the bore 

for the 4-valve cylinder head tests

6.3.3.1 M otoring heat flux traces
These tests involved m otoring the engine at 1500 rev/min and triggering the injector to obtain 

open valve and closed valve injections tim ings, with the ignition system sw itched off. These 

tests were accom panied by others with the injector sw itched off. The sensor locations 

considered for this study w ere L -l-r , L-1-1, L-2-r, L-2-1, U - l- r  and U-1-1 (figure 6.39). Figures 

6.40 to 6.51 show the output o f  each sensor individually. Each figure contains six plots, those 

on the left showing the heat flux output over 720° CA, w hereas those on the right concentrating 

on the induction period.
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Motoring test results from sensors L-l-r and L-1-1
Figure 6.40 shows the heat flux output o f sensor L-l-r, making a comparison o f the three tests 

that involved motoring (ignition system turned off), both without injection and also with 

injection taking place at CVI and OVI. The heat flux traces when motoring without injection 

were very similar to those obtained when motoring with CVI. In both cases, during the 

induction period, the cooling effect o f the air (mixture o f air and fuel, for the CVI case) entering 

the cylinder was insignificant for the 20°C and 40°C coolant temperature, but became more 

evident with the 80°C coolant temperature. However, during the OVI strategy testing, liquid 

fuel droplets impacted on sensor L-l-r at about 110° CA, causing negative heat flux as heat was 

transferred from the sensor to the liquid fuel. The magnitude o f the negative heat flux readings 

recorded implied that only a limited amount o f liquid fuel impacted on the sensor. The negative 

heat flux was more pronounced during the 80°C coolant temperature test, as expected. The peak 

heat flux readings in all cases were recorded at about 330° CA. The highest values were 

recorded during the no-injection case and the lowest during the OVI case, although there was 

little difference between them. As previously mentioned, this was due to the amount o f fuel that 

entered the cylinder during the CVI and OVI cases, which caused a cooling effect on the 

compressed air-fuel mixture.

Figure 6.41 depicts the heat flux output o f sensor L-1-1 when motoring with no-injection, and 

with injection taking place at CVI and OVI. It can be seen that the results are very similar to 

those recorded from sensor L-l-r, shown in figure 6.40. The fact that similar heat flux traces, in 

magnitude and profile, were recorded from both sensors during the OVI case revealed that 

comparable amounts o f liquid droplets impacted on these sensors at the same time. These 

sensors were located opposite the two inlet valves which were fed from a bifurcated intake port, 

as shown in figure 6.39. Also shown in this figure is the twin-spray injector, which injected the 

same amount o f fuel into both inlet passages o f the bifurcated port, hence the similarity between 

the traces from the two sensors. The heat flux traces suggest that some airborne droplets tried to 

follow the tumbling motion of the air entering the cylinder during the induction period, and 

impacted on the corresponding sensor locations.

Motoring test results from sensors L-2-r and L-2-1
Figures 6.42 and 6.43 show the outputs o f sensors L-2-r and L-2-1 respectively, during the 

motoring tests. The results from both sensors were very similar for all the cases examined, these 

being motoring with no-injection and motoring with injection at CVI and OVI. The heat flux 

output for the no-injection case and for the CVI strategy were similar, and this implied that there 

was no liquid fuel impaction on the sensors with CVI. However, the traces revealed that during 

the induction period, some liquid fuel droplets impacted onto both sensors with the OVI 

strategy. The similarity in magnitude and profile o f the traces indicated that the same amount o f  

liquid droplets impacted on sensors L-2-r and L-2-1 at about 110° CA. These sensors were
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located immediately below sensors L-l-r and L-1-1 (figure 6.39). It can be seen from figures 

6.40, 6.41, 6.42 and 6.43 that, during OVI, similar quantities o f liquid droplets impacted on all 

four sensor positions at about 110° CA. This was attributed to the fact that the airborne droplets 

tried to follow the tumbling air motion and impacted on that side o f the bore where these 

sensors were located.

Motoring test results from sensors U-l-r and U-l-I
Figures 6.44 and 6.45 illustrate the heat flux output o f sensors U-l-r and U-1-1. The outputs 

from both sensors were similar in each of the three motoring tests (no-injection, CVI and OVI). 

During the induction period, at about 50° CA, there was a cooling effect on the sensors from the 

air-fuel mixture (air, for the no-injection case) that entered the cylinder. The negative heat flux 

reading peaked half-way through the induction stroke (90° CA), and then decayed towards zero. 

However, before the end o f the induction stroke, at about 160-170° CA, there was a second 

cooling effect on the sensors, which decayed to zero at the beginning o f the compression stroke. 

Both cooling effects were more pronounced in the 80°C coolant temperature case, and were 

present in all tests regardless o f injection strategy. This confirmed that both cooling effects were 

the result o f cold fluid flowing over the sensors’ faces, and not due to droplet impaction. 

However, the second cooling effect was more evident with the OVI strategy, compared to the 

no-injection and CVI strategies. This was due to the presence of more fuel in the air stream with 

OVI. It was thought that the second cooling effect was the result o f the cold mixture tumbling 

within the cylinder and flowing over the sensors twice during the induction stroke. The 

phenomenon o f the double cooling effect was also recorded when the engine was fired, as it will 

be shown in figures 6.50 and 6.51.

6 3.3.2 Firing heat flux traces
Firing tests were performed at 1500 rev/min part load, using both gasoline and propane fuels for 

comparison purposes. The sensor positions adopted in this study were L-l-r, L-1-1, L-2-r, L-2-1, 

U-l-r and U-1-1, these shown in figure 6.39.

Firing test results from sensors L-l-r and L-1-1
The heat flux characteristics o f sensors L-l-r and L-1-1, when the engine was fired with both 

gasoline and propane fuels, are depicted in figures 6.46 and 6.47, respectively. The heat flux 

behaviour o f both sensors was very similar during the induction period. The figures illustrate 

that the traces obtained from the CVI strategy were almost identical to those recorded when 

propane fuel was used. These showed that there was a heating effect on the sensors from the 

residual gases o f the last cycle and from the exhaust gases drawn into the cylinder from the 

intake port, at the beginning of the induction stroke (0° -  60° CA). This was followed by a small
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cooling effect on the sensors from the fresh mixture that entered the cylinder. The traces 

confirmed that there was no liquid fuel impaction on the sensors during the CVI strategy. 

However, the heat flux traces during the induction stroke were different with the OVI strategy. 

At about 110° CA liquid fuel droplets impacted on both L-l-r and L-1-1 sensors, and heat was 

transferred from the sensors to the liquid fuel.

The peak heat flux values recorded at about 360° CA were different between the two sensors. 

The maximum values recorded from sensor L-l-r during OVI, CVI and propane tests were in 

the region o f about 205 W/cm^, whereas those recorded from L-1-1 were in the region o f  

275 W/cm^. This was probably due to the hot combustion gases reaching the sensors at different 

times during the combustion process, as discussed in section 6.3.2.3 on the 2-valve head, 

although less expected with the 4-valve head due to the symmetry o f the combustion chamber.

Firing test results from sensors L-2-r and L-2-1
The heat flux traces from sensors L-2-r and L-2-1 are shown in figures 6.48 and 6.49, 

respectively. Two notable differences between the output o f these two sensors can be 

distinguished. The peak heat flux value recorded at about 360° CA from sensor L-2-r was in the 

region of 18 W/cm^, whereas values in the region of 70 W/cm^ were recorded from sensor L-2-1. 

As previously mentioned, this was attributed to the variations in the time that the hot gases 

reached the sensors during the combustion process. Another difference between the two sensors 

was the magnitude o f the heating effect on the sensors from the residual gases and the exhaust 

gases drawn back into the cylinder at the beginning of the induction stroke, at about 45° CA. 

This difference was only detected in the 20°C coolant temperature tests, for an unknown reason. 

Overall, the heat flux traces from both sensors during the CVI strategy were very similar to 

those obtained from the propane fuel tests. This revealed that there was no liquid fuel impaction 

on the sensors with CVI. However, some liquid fuel droplets impacted on both sensors at about 

110° CA when the OVI strategy was used.

Firing test results from sensors U-l-r and U-1-1
Figures 6.50 and 6.51 show the heat flux traces from the sensors on the upper (i.e. intake valve 

side) surface o f the cylinder bore, namely U-l-r and U-1-1 respectively. The heat flux readings 

recorded from both sensors were very similar for all the tests (OVI, CVI and propane). These 

involved peak heat flux readings o f around 115 W/cm^, and very similar behaviour during the 

induction stroke. During this period, there was an initial heating effect from the residual/exhaust 

gases, the effect peaking at about 30° CA. This was followed by a cooling effect on both 

sensors, which peaked at about 90° CA, as the fresh mixture entered the cylinder. A second, 

relatively smaller cooling effect followed, which peaked at about 180° CA. This behaviour was 

observed in all tests performed, and implied that there was no liquid fuel impaction on either o f 

the two sensors. The presence o f two cooling effects during the induction stroke was attributed 

to the tumbling motion o f the fresh mixture within the cylinder.

158



CHAPTER 6 Heat Flux Measurements

18 

16 

14 

12 

" e  10

I .

b
I *

2

0

-2

-4

!

'

• No Injection

;

■

!

f
n

90 180 270 3 ^  450|f  540 630 f

I
C r a n k a n g l e  (°CA)

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5

1-----

J

I
*%#0gF90 1 2 r W o  is o  210 240 27 ) 3

C r a n k a n g l e  (°CA)

CVI 375
14

12
0.5

0.0
1 00  2 10  2 4 0  270 31 0,80 90

-0.5

45QJ  540  6 30  f  0
-1.0

1 80  270

-1.5
C r a n k a n g l e  (°CA) C r a n k a n g l e  (°CA)

OVI 40

E 10

5 40  630271

C r a n k a n g l e  (°CA)

1.5

1.0

0.5

0.0
30| 60  90  120 150 180 '2 40  270 31 0

•0.5

-1.0

-1.5
C r a n k a n g l e  (°CA)

( ■  20°C, ■  40°C, □ 8 0 ° C  ) (  IVO, IVC EVO, EVC)
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Figure 6.48 Sensor L-2-r output when firing with gasoline (OVI, CVI) and propane,

for different coolant temperatures
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Figure 6.51 Sensor U-l-l output when firing with gasoline (OVI, CVI) and propane,
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6.3 3.3 Discussion of the heat flux measurements and further test results
The above analysis revealed important aspects about the liquid fuel behaviour within the

cylinder o f a firing 4-valve engine, at the specific operating condition o f 1500 rev/min part load. 

The analysis showed that liquid fuel impacted on sensors L-l-r, L-l-l, L-2-r and L-2-1 as 

droplets during the OVI tests, but not for CVI testing. It was found that the liquid fuel droplets 

impacted uniformly on left and right-hand sensors, and that relatively more fiiel impacted on 

sensors L-l-r and L-l-l, than on sensors L-2-r and L-2-1. The uniformity o f response between 

‘left hand’ (L-l-l, L-2-1) and ‘right hand’ sensors (L-l-r, L-2-r) was expected since injection 

took place into both passages o f the bifurcated port and the same amount o f fuel entered the 

cylinder from each passage. It was apparent that there was no liquid fuel impaction on the upper 

side of the bore where sensors U-l-r and U -l-l were located for OVI as well as CVI.

Further tests were performed, where the OVI timing was varied, in order to confirm that the 

injection timing was the decisive factor on the liquid fuel behaviour within the bore. These 

involved starting injection at 10° CA (OVI 10), 40° CA (OVI 40) and 60° CA (OVI 60), and 

they were performed with a coolant temperature o f 80°C. Figures 6.52a and 6.52b show the 

output o f sensors L-l-r and L-l-l for the three different OVI timings. It can be seen from figure 

6.52b that liquid fuel droplets arrived on both sensors at about the same time and in similar 

quantities. For the two timings o f OVI 10 and OVI 40, droplet impaction occurred at about 70° 

CA after the start o f injection. This was determined by the time required for the droplets to 

travel the distance between the injector tip and these sensors. More droplets impacted on the 

sensors with the OVI 10 strategy. However, when OVI 60 was used, the heat flux readings 

showed that there was negligible liquid fuel impaction on these sensors. It is thought that the 

amount o f liquid droplets that impacted on the sensors was determined by a combination of 

injection timing and valve lift.

Figures 6.53a and 6.53b depict the heat flux output o f sensors L-2-r and L-2-1, when the OVI 

timing was varied at 80°C coolant temperature. Figure 6.53b shows that there was some fuel 

droplet impaction at OVI 10 and OVI 40, but that there was negligible fuel impaction when 

OVI 60 was used. However, the heat flux readings were relatively small, within -1 W/cm^, 

showing that relatively few droplets impacted even with the OVI 10 and OVI 40 timings. As a 

result, it was not possible to distinguish the exact arrival time o f the fuel droplets on the sensors 

for these timings.

Figures 6.54a and 6.54b illustrate the heat flux output from sensors U-l-r and U -l-l, with the 

three different OVI timings at 80°C coolant temperature. Figure 6.54b shows that the two 

sensors recorded the heating effect from the hot gases and the two cooling effects from the fresh 

mixture, which followed for all injection timings. Since these traces were similar to those 

recorded from these sensors when propane fuel was used (figures 6.50 and 6.51) it was deduced 

that there was no liquid fuel impaction on these sensors for all injection timings.
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The above analysis showed that the maximum heat flux readings recorded when liquid fuel 

impacted on the sensors were in the region of about -2 W/cm^ with sensors L-l-r and L-1-1, and 

in the region of about -1 W/cm^ with sensors L-2-r and L-2-1. These values were significantly 

lower than those recorded with the 2-valve cylinder head, examined in section 6.3.2. These 

readings were in the region of about -10 W/cm^ from sensor L-l-r (figure 6.20b), and about 

-4 W/cm^ from sensor L-2-r (figure 6.23b). Whereas there are dangers in making direct 

quantitative comparisons between the two cylinder heads due to differences in the flow patterns 

affecting evaporation rates, the magnitude o f the difference in heat flux readings was such that 

there must have been considerably more liquid fuel on the sensor positions with the 2-valve 

head. It can be deduced that liquid fuel impaction was concentrated on a specific area of the 

bore with the 2-valve cylinder head, whereas the droplet impaction was less concentrated with 

the 4-valve cylinder head. This revealed that the former cylinder head suffered from significant 

wall wetting problems compared to the latter. Overall, it can be stated that the predominant 

factor in determining the extent o f fuel impaction on the bore surfaces was the configuration of 

cylinder head (i.e. 2 or 4-valve).

Other factors, such as the injection timing and coolant temperature, were found to be significant, 

but to a lesser extent.
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7.0 Discussion and Conclusions

Two techniques have been applied successfully to investigate the liquid fuel deposition on the 

cylinder bore of spark ignition engines. It is conceded that the porous liner technique cannot 

provide an accurate evaluation of liquid fuel quantity due to the unrealistic operating conditions 

involved, as tests were performed on a pulsating flow-rig. However, it provided some usefiil 

information about the liquid fuel behaviour within the cylinder under the worst conditions for 

cylinder bore wetting, namely those of cold cranking. The main benefit of this approach is that 

it offers a relatively simple and time-effective technique to compare the bore-wetting tendencies 

of different cylinder head designs.

Overall, the following observations and conclusions were made following the application of this 

technique:

(i) The liquid fuel quantities that were collected by the porous insert (CVI: 90% and OVI: 66%), 

under the unrealistic operating conditions, were extremely high. However, they are only 

considered to represent the amount of liquid fuel that would start to accumulate on the bore of a 

normal engine during the first few cycles of cold-start, when the metal surfaces were still cold 

and insignificant evaporation would take place.

(ii) The majority of the fuel was collected from the sector of the porous insert that was located 

immediately downstream of the inlet valve, during both CVI and OVI strategies, as expected.

(iii) The comparison of the results obtained with the 10 mm (PM 10) and 37 mm (PM37) inserts 

allowed an estimation to be made of the relative amounts of surface film and airborne droplets. 

During normal engine operation, the combustion chamber surfaces are likely to become hot 

relatively quickly, causing the surface film to evaporate before it reaches the bore. On the other 

hand, airborne droplets are expected to impact on the bore regardless of the combustion 

chamber surface temperature. This technique provided a measure of the liquid fuel quantities on 

the bore, which resulted from airborne droplets impacting within 10 and 37 mm below TDC. 

The quantity measured varied from one cylinder head design to another, and the results showed 

that CHI (2V 1993) suffered from significant bore wetting due to droplet impaction. This 

information was supported by the manufacturer of the cylinder head, who reported increased 

unbumed hydrocarbon emissions and excessive oil dilution related to this head, when compared 

to the other heads examined. This correlation increased confidence in the reliability of the 

porous-liner technique for the results obtained regarding airborne droplet impaction on the bore.

(iv) Comparison between the results obtained with the 2-valve and 4-valve cylinder heads 

suggested that the latter is less prone to liquid fuel deposition. Figure 7.1 shows the path of the 

fuel trajectory prior to impacting on the bore. It is evident from the 2-valve head design that the 

proximity of the inlet valve to the bore provides a direct path for the spray to impact on the 

bore, once the inlet valve opens. On the other hand, the geometry of the 4-valve combustion 

chamber and the tumbling motion that it induced tends to divert the majority of the airborne 

droplets away from impacting on the bore.
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Figure 7.1 Intake flow path for the 2-valve and 4-valve cylinder head designs

(v) Com parison o f  the results obtained from cylinder head CH2 at its normal 45° orientation, 

with those perform ed at the 90° orientation, revealed that gravity affects the liquid fuel 

behaviour, as shown in figures 7.2a and 7.2b, respectively.

Inlet V alve O pens

CVI OVI

( Airborne droplets (Ldr), Surface film (Lsf))

Figure 7.2a Wall film formation mechanisms when cylinder head is at 45° orientation

D uring CVI strategy (figure 7.2a) the liquid fuel accum ulated at the back o f  the inlet valve. 

W hen the inlet valve opened the majority o f  the fuel entered the cylinder on the lower side o f 

the bore. W hereas w ith the CVI strategy at the 90° orientation and (figure 7.2b), the fuel 

accum ulated over a w ider surface area on the back o f the valve, and consequently entered the 

cylinder through various pathways. Similarly, with the OVI strategy at 45° orientation, the flow
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was directed to the lower side o f  the bore, w hereas at the 90° orientation the intake flow was 

more w idely distributed.

Overall, the effect o f  gravity during CVI is expected to dim inish as the engine warm s up and 

any surface film present on the back o f  the inlet valve will evaporate. However, during OVI any 

gravity effects may continue to exist for longer, although again the surface tem perature o f the 

inlet valve is likely to be a significant factor.

CVI OVI

Surface film (Lsf))A irborne droplets (Ljr),

Figure 7.2b W all film form ation m echanism s when cylinder head is at 90° orientation

The porous liner technique provided an effective method o f  ranking different cylinder head 

designs with respect to their liquid fuel deposition on the bore. However, the application o f  this 

technique under unrealistic running conditions provided results that do not reflect the actual 

liquid fuel behaviour within the cylinder o f  a firing engine. The objective o f  developing the heat 

flux sensor technique was to provide inform ation about the liquid fuel behaviour w ithin the 

cylinder o f  a firing spark ignition engine. The m ain features and findings o f  the HFS technique 

are briefly discussed below.

(i) The tw o major challenges for the application o f  the HFS technique were to prevent the bore- 

m ounted sensors from being damaged by the passing piston, and to distinguish betw een oil film 

and fuel film. These were solved by designing a special single-cylinder research engine that 

operated with an oil-free top end by having the piston supported on a series o f  low -friction pads.

(ii) Tests were performed with one 2-valve and one 4-valve head, the conclusions being 

generally sim ilar to those drawn from using the porous-liner technique, nam ely the presence o f 

airborne droplets with OVI, and the greater susceptibility o f  the 2-valve cylinder head design to 

droplet impaction.

(iii) The HFS technique showed that the m ajority o f  the surface film m easured with the porous-

liner technique was not present on a running engine. However, a certain quantity o f  surface film

was present during CVI with the 2-valve design, but only at the lowest coolant tem perature

where evaporation from the port and com bustion cham ber surfaces was relatively insignificant.
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(iv) The HFS technique was able to pinpoint the area of droplet impaction on the bore more 

precisely. It was apparent that this area changed as injection timing was altered, due to a 

combination of valve blocking and air flow effects.

(v) Examination of individual engine cycles showed that the surface film, apparent on the 2- 

valve cylinder head with CVI, took about 4 cycles before it reached the heat flux sensor located 

immediately downstream of the inlet valve.

(vi) The HFS technique was mainly used as a qualitative technique but some simple analysis 

was performed to assess its suitability as a quantitative technique. The relevant calculations and 

results from this analysis are presented in appendix IV. During OVI strategy, it was shown that 

at coolant temperatures of 40° and 80°C, the quantity of the liquid fuel that impacted on the 

sensor and evaporated from its surface corresponded to about 0.29% of the total fuel injected 

per cycle. This percentage of fuel seems low at first sight, but the quantity is more 

understandable when the relatively small area of the sensor is borne in mind. The area of the 

face of the sensor is only 2.2% of the area of one sector of the PM37 insert. Another way of 

looking at the quantity of fuel impacting the sensor and evaporating from it is to put it in terms 

of the number of 100 pm diameter droplets that it represents. This size of droplet would be 

typical of the fuel injector used, and the 0.29% fuel impaction is equivalent to around 140 of 

these droplets.

The quantity of fuel calculated by this method for the 20°C coolant case was less at 0.23 %, It is 

likely that the same amount of fuel impacted on the sensor at each of the three coolant 

temperatures, but the indication is that not all of it evaporated at 20°C during the period under 

consideration. The similarity of the values for the 40°C and 80°C cases suggests that complete 

evaporation of the fuel from the sensor had taken place during induction and the early part of 

compression. This would require further investigation before a definitive statement could be 

made, and a way forward is suggested in section 7.2.

Liquid fuel only reached the sensor with the CVI strategy for the 20°C coolant case, and the 

amount of fuel was estimated as being 0.1 % of the amount injected per cycle. It is believed that 

this fuel reached the sensor as a surface film, which had suffered significant evaporation from 

the port and combustion chamber surfaces on the way.

Overall, the HFS technique was shown to be successful in giving qualitative indication of the 

presence of liquid fuel on the cylinder bore. For many purposes, this is all that is required as any 

liquid fuel film on the bore is undesirable, and so changes can be made in operating conditions 

until the sensor shows little or no liquid film present. It was also shown that this technique has 

some potential in giving a quantitative indication of the liquid fuel present on the bore.
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som ething that requires further analysis o f  the com plex processes involved. The only drawback 

o f  this technique is the need for a special cylinder block in order to perform  the relevant tests.

An interesting com parison between the two techniques is shown in figure 7.3. The results 

presented in this figure are for the 2-valve cylinder head (M Y 1993) when tested at 1500 

rev/m in part load. The results from the porous-liner technique are those shown in figure 3.7 

(chapter 3) and correspond to the liquid fuel that impacted on the porous liner w ithin 10 and 

37 mm below TDC (i.e. Ldr (lo-s?)}, during both CVI and OVI strategies. The results from the 

heat flux sensor technique were obtained from adding together the ‘m axim um ’ negative heat 

flux readings o f  sensors L - l- r  and L-2-r. These results were com piled as follows: OVI timings 

o f  10° (figure 6.36a), 40° (figure 6.36b) and 60° ATDCexh (figure 6.36c), all obtained at a 

coolant tem perature o f  80°C. The CVI results correspond to 275°, 375° and 575° ATDCexh 

tim ings. The results for the 375° CVI tim ing w ere taken from figure 6.32b. However, the results 

for the 275° and 575° tim ings were extrem ely sim ilar to the 375° tim ing and w ere not presented 

in chapter 6, for brevity. For com parison purposes (i.e. use o f  same x-axis) the start o f  injection 

(SOI) values m entioned above were converted to end o f injection tim ings (EOI). Figure 7.3 also 

shows crankcase fuel dilution results, supplied by the m anufacturer o f  the cylinder head under 

study. Even though these results correspond to tests performed at 1200 rev/min, they provide a 

good approxim ation o f  the liquid fuel quantity present in the cylinder during CVI and OVI 

strategies.

S.

90 180 270 360 450 540
___________ Injection Timing - EOI (** CA)

630 720

'Heat Flux tech. 

■IVO (350°)

•Porous-Liner tech. 

■IVC (510°)

■Fuel Dilution

NOTE : 0° CA corresponds to TDC o f com pression stroke

Figure 7.3 Com parison o f results from the heat flux sensor technique, porous-liner  
technique, and crankcase fuel dilution
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All the results depicted in figure 7.3 peaked within the open valve period, highlighted as a white 

area bordered by two grey areas. The correlation of the results confirmed that maximum liquid 

fuel deposition on the bore occurred during OVI. This is also in agreement with the results 

obtained by Young et al [1993], shown in figure 1.13. The porous-liner technique showed a 

peak at an earlier injection timing when compared with the other two methods. It was thought 

that this might be caused by the absence of backflow of gases into the port with this method, 

although the exact mechanisms causing it could only be speculated upon. Nevertheless, the 

results from the porous-liner technique show reasonable correlation with the other two 

techniques.

7.1 Original aspects of this study

The porous liner technique was previously used by Miller and Nightingale [1990] to investigate 

the liquid fuel behaviour on the bore of an si engine at different fuel injection pressures. The 

technique has been developed during the work described in this thesis to an extent that it could 

be routinely applied to assess the cylinder bore wetting tendencies of new designs of cylinder 

head. The results presented in chapters 2 and 3 represent the only known work comparing bore 

wetting for different cylinder head designs.

Furthermore, two aspects of the above technique were devised and applied for the first time. 

The use of two different heights of porous material (PM 10 and PM37) provided a method of 

distinguishing between airborne droplets and the surface film. This was linked to the subsequent 

correction of the results for the evaporation that took place in the measurement system.

The application of heat flux sensors to the measurement of fuel film on the walls of the intake 

ports of port-injected gasoline engines has been investigated extensively by Shay 1er et al 

[1996a,b,c], as mentioned in chapter 1, section 1.5.2. A similar approach was taken by Bauer et 

al [1997]. Heat flux sensors have also been applied in the more demanding environment of the 

internal surfaces of firing 1C engines. Work has been reported by researchers at Wisconsin- 

Madison University [Tillock and Martin (1996), Boyce et al (1999a,b)] in which the driving 

interest was the thermal loading of small air-cooled si engines. A comprehensive review of 

different approaches to measuring heat flux within the cylinder and ports of 1C engines has been 

performed by Wimmer et al [2000]. They took measurements from both diesel and gasoline 

engines, and compared their readings with predictions from a number of heat transfer 

correlations used by engine modellers. Stone et al [2000] have described heat flux 

measurements recorded from a firing si engine using a probe containing two rapid-response 

thermocouples, one at the surface and the other approximately 5 mm inwards from the surface. 

One feature of all the in-cylinder heat flux measurements taken so far is that the sensor has been 

mounted in the cylinder head, rather than in the cylinder bore. The cylinder head is the obvious 

place if the researchers are interested in gas to wall heat transfers throughout the engine cycle,
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as they have been in each case, because any bore-mounted sensor will be covered by the piston 

for part of the cycle. Bore-mounted sensors will tend to suffer from the additional thermal 

barrier of having an oil film spread across their surface, and will be more prone to the deposition 

of liquid fuel.

In this study, heat flux sensors have been applied within the cylinder bore of a firing spark 

ignition engine to reveal, for the first time, information about the deposition of liquid fuel on the 

bore surface. This objective was successfully attained with the use of a specially-designed 

cylinder block and extended piston. These enabled the author to run the engine without 

lubrication so that heat flux measurements were concentrated on interactions involving only 

cylinder gases and liquid fuel films. Furthermore, the test bed was arranged in such a way that 

water was supplied to heat/cool the engine so that liquid fuel behaviour could be investigated 

over a range of temperatures. The test results obtained provide the most accurate and 

comprehensive insight obtained (to the author’s knowledge) of liquid fuel behaviour on the bore 

of si engines.

7.2 Recommendations for further work

The work described here has achieved its objective of applying heat flux sensors to the bore of 

an IC engine to detect deposition of liquid fuel. However, it is a technique that almost demands 

to be exploited in three further ways, and these are discussed below.

Quantification of liquid fuel deposition

It is tempting to try to deduce the amount of fuel deposited on a sensor through analysis of its 

heat flux trace. This involves assumptions about liquid film flowing onto and off the sensor to 

the neighbouring wall regions during the period of measurement, assumptions about heat 

transfer between gas and liquid film, and the development of a method of identifying the point 

at which all liquid has evaporated. A simple analytical approach has been applied in this thesis 

(appendix IV), but a more fundamental approach would be to perform some repeat engine tests 

using a single component fuel, and match the observed behaviour to a liquid film model of the 

kind proposed by Oliveira and Hochgreb [2000].

Liquid fuel in top ring crevice

It was realised at the design stage of this engine that the movement of the piston and piston ring 

could scrape any remaining liquid fuel up the bore if it remained in position during the 

compression stroke. It is believed that this effect is not likely to occur once the cylinder bore is 

warm, but it could be present during cold start and the early stages of warm-up. It is thought 

unlikely that any scraping action occurred during testing performed so far, as the top piston ring 

was set in a low position (as in upper part B in figure 5.3b), and the top part of the piston ran
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clear of the bore through being guided on its PEEK pads. This is not replicating actual engine 

behaviour, and so there is scope for future testing using a piston with its top ring in a more 

realistic location (as in upper part A in figure 5.3b). Even so, there is likely to be more gas 

leakage past piston rings manufactured from PEEK than with the conventional steel rings, and 

this could influence the movement of liquid fuel.

Heat transfer properties of dry cylinder bore

There is an interest in improving the correlations and models used by engine modellers to 

predict heat transfer between the gases in the cylinder and the combustion chamber surfaces. 

Tillock and Martin [1996], Wimmer et al [2000] and Stone et al [2000] have already made such 

comparisons for their measurements taken with cylinder head-mounted heat flux probes. Heat 

loss remains very high for the first 30° CA or so ATDCcompr. during which time the top part of 

the cylinder bore is being exposed, and therefore participating in the heat transfer. Although not 

an objective of this work, it would be feasible to use a heat flux sensor in row 1, upper (dry) 

side of engine, from about 15° CA ATDC onwards to measure gas to wall heat transfer, and 

check the validity of the predictive methods used by the authors mentioned above. A starting 

point would be to develop a method of measuring/predicting the temperature of the cylinder 

gases in the vicinity of the HFS.

It was decided not to pursue this approach during the work described here for the following 

reasons:

(i) the truncation of the heat flux characteristic due to the sensor being covered during the period 

of maximum heat flux,

(ii) the loss of accuracy due to the sensor located in a recess (figure 4.5), which may affect the 

boundary layer behaviour. Any future availability of a sensor with a curved face would 

overcome this particular problem, and

(iii) the possible effect of leakage flows past the piston rings (which would be greater with 

PEEK rings than with conventional rings) influencing the heat flux reading just before the 

sensor is covered and just after it is uncovered.

Nevertheless, this would be a promising future area of work if a curved heat flux sensor can be 

developed, providing care is taken to minimise the effect mentioned in (iii).
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Injector performance investigation

A series of tests was performed to record the injectors’ sprays, in order to provide additional 

information on wall film formation inside the intake port. The tests were carried out on an 

existing test rig shown in figure 1-1, incorporating a flow passage simulating the intake porting 

of a typical modem spark ignition engine. Manifold depression was adjusted by drawing ab

using the previously-described vacuum pump (section 2.3) m conjunction with two throttles. 

Gasoline was delivered to a fuel rail at the standard pressure for the injectors of 2.7 bar with 

respect to the manifold air pressure. The instrumentation layout is shown also in figure 1-1 and 

consisted of the following components:

Spray synchroniser. The system was triggered manually by an external switch on this 

synchroniser. It then sent a signal to the injector control unit and also a signal, with a specified 

delay (1 ms), to the timed trigger unit. This trigger unit was pre-set by the operator to obtain the 

required delay to allow different parts of the spray history to be recorded.

Pulse Photonics argon flash unit. It featured large banks of capacitors that were instantaneously 

discharged to produce a highly intense flash of about 500 nano-seconds duration.

Charge Coupled Device (CCD) camera. The signal from the trigger unit triggered the flash 

lamp and the CCD camera. The spray image recorded by the camera was stored m a computer 

for further processing.

The simulated operating conditions and types of injector tested are shown in table 1-1. Four 

injectors were tested with and without airflow through the test section to simulate open and 

closed valve injection, respectively. The tests were performed at a number of manifold air 

pressures.

Injector Injector type Corresponding Operating conditions
No. (Part No.) cylinder head type (Manifold depression)

1 M ulti-hole (F0TE-D5A) 2-valve 400 mmHg
2 M ulti-hole (F6VE-A5A) 2-valve 400 mmHg
3 Pintle-jet (F55E-A2D) 4-valve 400 & 480 mmHg, Atm.
4 M ulti-hole (XR3E-C5A) 4-valve 400 & 480 mmHg, Atm.

Table I-l. Injectors and simulated operating conditions examined

A selection of the captured images are displayed in figures 1-2 to 1-5. Both air velocity and ab* 

pressure m the manifold may influence the spray formation, but experience at UCL suggested 

that it is likely to be the air pressure that has the most significant effect upon the biitial spray 

formation. In the current study, the change in ah velocity was generally observed not to change 

the spray formation. Whilst there would certainly be changes in droplet size, such changes could 

not be accurately measured from the photographs illustrated in figures 1-2 to 1-5. It must be 

noted that an offset of 14 ms was subtracted from the times ‘f  shown in figures 1-2 to 1-5. This 

offset was the time from the SOI trigger signal to the time that the spray was observed at the
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viewing window. It was therefore the sum of the electrical, mechanical and fuel transport delays 

for each injector.

With the exception of injectors 3 and 4, all the spray pictures displayed were for a condition 

where airflow was present (air velocity approximately 15 to 20 m/s), representing open valve 

injection. It can be seen from figures 1-2, 1-3,1-4b(II) and I-5b(I) that, although there may be 

some variation in the droplet sizes and spray cone angles, all four injectors have comparable 

spray characteristics at 400 mmHg manifold depression. It was apparent that injectors 1 and 2 

(corresponding to the 2-valve heads) produced relatively finer sprays than those of injectors 3 

and 4 (corresponding to the 4-valve heads). Even though these sprays were acceptable, a 

significant proportion of the droplets in these sprays had diameters of the order of 0.5 mm.

As the air pressure decreased, with a corresponding reduction of the viscous drag on the fuel 

spray, the spray quality deteriorated. This was evident from the spray history of injectors 3 and 

4 shown in figures I-4c and I-5b(II), respectively. At 480 mmHg manifold depression, the 

pintle-type injector 3 (figure I-4c), ceased to produce a spray. Instead, the injected fuel was 

moving through the air in long ligaments, which would tend to concentrate the wall film formed 

within the intake port. This behaviour was likely to produce a concentration of liquid fuel on the 

port surfaces behind the inlet valves, rather than a thin film distributed over a wide area. This, in 

turn, would produce a surface film travelling onto the combustion chamber when the inlet valve 

opened, and also present a paddle of fuel from which droplets could be entrained into the air 

flow. The failure of the pintle-type injector to produce proper spray at low depressions is 

thought to be caused by the fuel reforming into a column on the back of the pintle. The 

relatively large droplets apparent for injector 3 at the 400 mmHg depression with no airflow 

(figure I-4b(I)) were an indication of the onset of this phenomenon.

The above spray behaviour was not observed when the injectors were tested at atmospheric 

conditions. Under such conditions, sufficient aerodynamic drag exists to ensure a well-atomized 

spray, as shown in figures I-4a and I-5a. The choice of injection fluid used in the test can also 

influence the observed results, which is why gasoline was used for this evaluation.

The above results revealed how injector performance could affect the liquid fuel behaviour 

within the inlet port, and hence within the cylinder. The porous liner technique tests, presented 

in chapter 3, involved three cylinder heads, CHI (2V), CH2 (2V) and CH3 (4V), with the 

corresponding injectors being 1, 2 and 4. The above analysis showed that the performance of all 

these three injectors was quite similar and satisfactory at the 400 mmHg manifold depression, 

which corresponds to the 1500 rev/min tests. This implied that the difference in the liquid fuel 

behaviour within the cylinder, between the three cylinder heads, was not due to injector 

performance but other design parameters, such as the intake port geometry in combination with 

the combustion chamber design. The same comment applies to the heat flux sensor testing 

where cylinder heads CHI (2V) and CH3 (4V) were used in conjunction with injectors 1 and 4.
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Air
intake

External L  
exhaust f  |

Water
outlet

Test rig and vacuum  pump layout

Instrum entation layout

Key

1. Viewing passage (45mm wide, 17mm height) 10. Water pump
2. Injector 11. Spray synchroniser
3. Manifold / plenum 12. Convertor coil
4. Throttle 13. Bosch injector control unit
5. Hot Wire Anemometer (HWA) 14. Pulse Photonics spark -  flash
6. Vacuum pump damping chamber 15. Diffuse screen
7. Liquid ring vacuum pump 16. Timed trigger unit
8. Liquid separator 17. CCD camera
9. Settling tank 18. Computer -  including frame grabber

19. Monitor

Figure I-l. Rig and instrumentation layout for injector spray investigation
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t (ms)

t + 1 (ms)

t + 2 (ms)

t + 3 (ms)

t + 4 (ms)

0 5 10 mm

Figure 1-2. Spray history of injector 1 (400 mmHg, 5 ms pulse, air velocity: 15 - 20 m/s)
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t (ms)

t + I (ms)

V i . * .

t + 2 (ms)

t + 3 (ms)

t + 4.5 (ms)

10 mm

Figure 1-3. Spray history of injector 2 (400 mmHg, 5 ms pulse, air velocity: 15 - 20 m/s)
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m m m m :

t +0.5 (ms)

t + 1.5 (ms)

t + 2.5 (ms)

t + 3.5 (ms)

t + 5 (ms)

0 5 10 mm

Figure I-4a. Spray history of injector 3 (Atmospheric conditions-no airflow, 5 ms pulse)
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(I) Negligible airflow: 
t + 0.5, t + 1.5, t + 2.5, 
t + 3.5, t + 5 (ms)

0 5 10 mm

(II) Air velocity = 15-20  m/s: 
t + 0.5, t + 1.5, t + 2.5, 
t + 3.5, t + 5 (ms)

Figure I-4b. Spray history of injector 3 (400 mm Hg, 5 ms pulse)
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0 5 10 mm

(I) Negligible airflow l l l l l l l l l l l (II) Air velocity = 20- 25  m/s :
t + 0.5, t + 1.5, 14- 2.5, t +0.5, t + 1.5, t + 2.5,
t + 3, t + 4 (ms) t + 3, t + 4 (ms)

Figure I-4c. Spray history of injector 3 (480 mm Hg, 3.7 ms pulse)
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t 4-0.5 (ms)

t + 1.5 (ms)

t + 2.5 (ms)

t + 3.5 (ms)

t + 4.5 (ms)

0 5 10 mm

Figure I-5a. Spray history of injector 4 (Atmospheric conditions-no airflow, 5 ms pulse)
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10 mm

(I) 400 mm Hg, 5ms pulse, (II) 480 mm Hg, 3.7ms pulse.
air velocity = 15-20  m/s: air velocity = 20 - 25  m/s:
t + 0.5, t + 1.5, t + 2.5 t, t + 1 ,  t + 1.5, t + 2,
t + 3.5, t + 5 (ms) t + 3.5 (ms)

Figure I-5b. Spray history of injector 4
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Engine balance analysis

In the following analysis the connecting rod was considered as equivalent to two masses 

concentrated at its ends, their sum being equal to the mass o f  the rod. By convention [Flint and 

M artyr (1995)] one third o f  the connecting rod mass reciprocates w ith the piston, and is 

therefore considered as part o f  the piston assembly, and the rem aining two thirds rotates with 

the crankpin, therefore considered to be with the crankshaft assembly.

L coscj)

Counterw eight

Figure Il-3a. Schematic of the 
crank - connecting rod system

Figure II-3b. Force diagram of the 
crank - connecting rod system

Figure II-3b shows the main forces produced by the single crank - connecting rod mechanism 

rotating at constant speed. These forces are reacted by the engine frame. They are:

•  Force Fp acting along the cylinder axis and applied to the piston assembly. This force 

produces the acceleration o f the piston assembly.

•  Force F̂ p directed radially inwards tow ards the centre o f  the crankshaft and applied to the 

crankshaft assembly. It produces the centripetal acceleration o f  the parts revolving w ith the 

crank pin. This force is balanced by force Fd that is produced by suitable counterw eights on 

the crankshaft.

The force on the piston assembly can be expressed by [Taylor (1986)] : 

Fp ^  Mpa cô  R (cos0 + R/L cos20) .(II - 3a)
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Forces Fq, and Fq act towards the centre of the crankshaft and, for the current study, it was 

assumed that they were not balanced so they did not cancel each other out. Therefore, the net 

force (Fcnet) can be resolved into its horizontal and vertical components:

Fc net (X) = M ca CD̂  R  sm0  ( I I  - 3b)

c net (y) = Mca CO RcosG . ( I I -3c)

Where:

Mpa - mass of piston assembly ( = mass of piston + 1/3 mass of connecting rod)

Mca - mass of crankshaft assembly ( = 2/3 mass of connecting rod plus mass of journal minus 

the mass of counterweight)

CO - angular velocity 

L - connecting rod length 

R - crankshaft length

Finally, the horizontal and vertical components of the net force (Fgf) acting on the engine fi-ame, 

are:

From equations 11-3a, c: Fef(y) = R (Mca cos0 + Mpa (cos0 + R/L cos20)} ... .(11 - 3d)

From equation ll-3b: Fef (x) = Mca ©̂  R sin0 ... .(II - 3e)

The results shown in figures I I  -  3c and 3d were obtained after entering equations I I  - 3d and 3e 

in an Excel spreadsheet and using the data in table I I - 3 a .

Comnonents Symbol Unit DESIGN LISTER

Con Rod length L (mm) 160 165

Crank length R (mm) 44 44

Stroke S (mm) 88 88

Engine speed N (rev/min) 1500 3000

Angular velocity © (rad/s) 157 314

Piston mass Mp (kg) 1.88 1.5

Con rod mass Me (kg) 1.37 1.37

Crank balance mass Mcr (kg) 2.019 2.019

Piston assembly mass Mpa (kg) 2.34 1.96

Table II - 3a Notations and data used in the balancing calculations
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Figure II - 3c Vertical Force Fef(y> on engine mountings
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Figure II - 3d Horizontal Force Fef(*) on engine mountings

The above results indicated that the maximum inertial forces generated by the proposed piston 

assembly (at the required engine speed o f  1500 rev/min) w ere significantly lower than the forces 

imposed on the Lister crankcase by the standard Lister T S l piston assembly (at its maximum 

speed o f  3000 rev/min).
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sensor. These can be found in the calibration 
certificate of the sensor (provided by the 
manufacturer).

Vi’s connection diagram
The procedure for converting the voltage 
output of the sensor into heat flux and 
temperature was explained in Chapter 4, 
section 4.4. Based on this procedure the 
relevant calculations performed by this VI are 
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Method of obtaining stoichiometric AFR

The injectors for the two cylinder heads used in the heat flux sensor technique were identical to 

those used in the porous-liner technique tests. Their calibration characteristics, shown in figure 

III-l, were therefore taken from chapter 2, section 2.2.1.

A hot wire anem om eter (HW A), m ounted upstream  o f  the throttle body during the heat flux 

testing, m easured the airflow rate entering the engine, its characteristic shown in figure III-2. 

The anem om eter was different from the one used in the porous-liner technique, but its 

calibration procedure was the same as outlined in section 2.2.1.

The am ount o f  air was controlled by manually adjusting the engine’s throttle position until the 

HW A indicated the value that corresponded to stoichiom etric AFR at the engine speed o f  1500 

rev/m in. The pulsew idth o f  the fuel injector was set at 8 ms, thus the mass o f  fuel injected was 

0.0185 gram s/injection (figure III-l, 2V head) w hich corresponded to 0.23 gram s/s o f  fuel at an 

engine speed o f  1500 rev/min. An airflow rate o f  3.4 grams/s was required for a stoichiom etric 

AFR. This corresponded to a HW A reading o f  2.45 volts (figure III-2).

0.000

0.030

0.025

2  0.020

S 0.015

Q- 0 .010

■2V
•4V

4 6 8
Injector Pulsewidth (ms)

Figure III- l. Injector calibration graph

Air mass flow rate (g/s)

Figure III-2. HW A calibration graph
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Cycle - by - cycle analysis from sensors L -l-r  and P-1, from engine start-up, using CVI strategy
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17
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1
■1 to
-3

Crankangle (°CA) Crankangle (°CA)

( H I  Cycle 7 H i  Cycle 8 [~]Cycle 9)

Cycles 1-3: Typical motoring traces. Cycles 4- 
5: Peak heat flux was reduced from 19 to 17 
W/cm^ as vapour fuel entered the cylinder. 
Cycle 6: First fuel impaction on the sensor (4 
cycles after SOI), at about 30° CA.
Cycles 7-9: Misfiring/incomplete combustion

Cycle 1: Motoring cycle, prior to injection. 
Cycle 2: SOI at 375°CA. Fuel impacted on 
sensor at 455° CA.
Cycles 3-9: At IVO, the fresh mixture had a 
cooling effect on the sensor prior to entering 
the cylinder.
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Cycles 10-18: Liquid fuel continued to impact 
on sensor L-l-r. The AFR within the cylinder 
was out o f  limits for combustion to take place. 
Consequently, the above heat flux traces 
corresponded to misfiring and to cycles with 
intermittent combustion.

Cycles 10-18: At IVO, heat was transferred to 
the sensor. This implied that exhaust gases 
entered the intake port, and that combustion 
had taken place. This was followed by the 
cooling effect o f the fresh mixture that flow in 
the cylinder, and the liquid fuel impaction at 
about 80° CA after SOL



APPENDIX HI-2 Subsequent cycle analysis during CVI

0.5

P-1
L-1-r

0.0
540 630

47

-0.5

-1.0

180 270 360 450 540 630 720

Crankangle (°CA)

90 -1.5
Crankangle (°CA)

( ^ 1  Cycle 19 ^  Cycle 20 □  Cycle 21)

0.5

L-1-r

0.0
-  67

-0.5

-1.0

180 270 360 450 540 630 720

Crankangle (°CA)
-1.5

( ■ C y c le  22

Crankangle ("CA)

Cycle 23 EUCycle 24)

0.5

L-1-r P-1

0.0
180 <270 360 540 630

I  56

I  46

I  36

-0.5

-1.0

540 630 720  ̂ g L __________________J_________________

Crankangle (°CA)

( ■ C y c le  25 ■  Cycle 26 Q C ycle  27)

180 270 360 450

Crankangle (°CA)

Cycles 19-27: Complete combustion started to 
take place. The heat flux traces were similar to 
those recorded in the tests presented in Chapter 6 
(sensor L-l-r and CVI strategy) for an average of 
50 engine cycles.

Cycles 19-27: Similar heat flux behaviour as in 
the previous 9 engine cycles.
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Cycles 28 - 33: The engine continued to 
fire consistently and the traces recorded 
after cycle 33 were sim ilar to the above. 
Overall, it took about 20 cycles, from 
the start of injection for the engine to 
reach stable operation.

Cycles 28 - 33: Sim ilar heat flux 
behaviour as in the previous 9 engine 
cycles.
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Cycle - by - cycle analysis from sensors L-l-r and P-1, from engine start-up, using OVI strategy
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Cycle 1: Typical motoring trace prior to 
injection. Cycles 2-9: Peak heat flux was 
reduced from 19 to 17 W/cm^ as vapour / liquid 
fuel entered the cylinder. Fuel first impacted on 
sensor L-l-r at SOI, at about 110° CA.

Cycle 1: Motoring cycle, prior to injection. 
Cycles 2-9: Fuel impacted on sensor P-1 (about 
100° CA from first injection). At IVO, the fresh 
mixture had a cooling effect on the sensor prior 
to entering the cylinder.
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Cycles 9-18: Peak heat flux was further 
reduced to 14 W/cm^ as more vapour / liquid 
fuel entered the cylinder.

Cycles 9-18: Liquid fuel continued to impact 
on sensor P-1 at 100° CA. At IVO, the ffesh 
mixture continued to cause a cooling effect on 
the sensor before entering the cylinder.
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Cycles 20, 21, 24, 25, 26 and 27: Heat flux 
traces suggest partial combustion o f  the mixture. 
Cycles 19, 22 and 23: Motoring heat flux traces 
show that the engine misfired during these 
cycles.

Cycles 20, 21, 24, 25, 26 and 27: Heat was 
transferred to sensor P-1 at IVO, as the exhaust 
gases entered the intake port. This confirmed 
that combustion took place during these cycles. 
Cycles 19, 22 and 23: Same heat flux traces as 
in motoring cycles.
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Cycles 28 - 33 and 36: Heat flux traces suggest 
that incomplete combustion continued to take 
place.
Cycles 34 and 35: Complete combustion 
occurred.

Cycles 28-36: Heat flux traces support the 
observation that combustion took place. 
However, the inconsistency o f the heating effect 
from the exhaust gases suggests that unstable 
combustion occurred during these cycles.
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Cycles 37-39: Heat flux traces show that 
com plete and stable com bustion took place. 
Liquid fuel continued to impact on sensor 
L -l- r  at about 110° CA.

Cycles 40-91:These cycles are not presented 
for brevity. The heat flux m easurem ents 
during these cycles were very sim ilar to 
those o f  cycles 31-39. These involved 
unstable engine operation and cycle-by cycle 
variations, as they consisted o f  cycles of 
com plete com bustion com bined with cycles 
o f  incom plete com bustion.

Cycles 37-39: The above traces support 
the observation that stable com bustion 
took place as the heating effect was more 
stable. Liquid fuel continued to impact on 
sensor P-1 at about 100° CA.

Cycles 40-91: Same observations as for 
the in-cylinder heat flux measurements.

62

52

42

I. 32

Ir
12

2

-8

L-1-r !

' ' <■ ' ■ I- ■ . 
( 90 T80 Jrro 360 450 , 540 630 t

Crankangle (“CA) 

(■

20

P-1
1.5

1.0

0.5

0.0

450 540 630 7 0180 ■270
-0.5

- 1.0

-1.5

-20
Crankangle (“CA)

Cycle 92 g  Cycle 93 I ICvcle 94)



APPENDIX HI-3 Subsequent cycle analysis during OVI

72 2.0

P-1
62 1.5

L-l-r
52 1.0

42 0.5

0.0

180 ■270 450 540 630 7  0
22 -0.5

12 - 1.0

2 -1.5

-8 -ZO
Crankangle (°CA) Crankangle (“CA)

( ■ C y c l e 95 ■ C y c le 96 Q C y c le 97)

72 2.0

P-1
62 1.5

L-1-r
52 1.0

42 0.5

32 0.0

180 270 '450 540 630 7  0
22 -0.5

12 - 1.0

2 -1.5

-8 -2.0
Crankangle (“CA) Crankangle (“CA)

( ■ C y c le  98 ■  Cycle 99 □  Cycle 100)

72 2.0

P-1
1.5

L-1-r
1.0

42 0.5

0.0

540 630 7 0
-0.5

- 1.0

-1.5

•270 360 450 • 540 630 7  0
- 2.0

Crankangle (°CA) Crankangle (“CA)

( ■  Cycle 101 g C y c le  102 □  Cycle 103)

Cycles 92-103: Heat flux traces show that 
com plete and stable com bustion took place. 
The heat flux output was sim ilar to those 
presented in chapter 6 (sensor L -l- r  for OVI 
strategy). Overall, it took about 92 cycles, 
from the start of injection, for the engine 
to reach a stable operation.

Cycles 92-103: The consistency o f  the 
heating effect from the exhaust gases that 
enter the port at IVO verified that complete 
com bustion took place during these cycles.
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Quantitative analysis o f heat flux traces

A quantitative analysis was perform ed in order to establish w hether the heat flux sensor 

technique has the potential o f providing an estim ation o f  the liquid fuel quantity that impacted 

on and evaporated from the sensor’s surface. The following assum ptions were made in this 

analysis:

(i) there was no flow o f  the liquid fuel to and/or off the sensor’s surface during the period o f 

evaporation,

(ii) the wall to gas heat transfer (and vice versa) is similar to the liquid film ’s free surface to gas 

heat transfer (and vice versa).

The basic principle o f  this analysis was to subtract the heat flux characteristic that was obtained 

when liquid fuel was present on the sensor from the corresponding propane trace. Figure IV 

depicts the heat flux traces obtained from the 2-valve cylinder head, sensor L -l-r, when tests 

were perform ed at 80°C coolant tem perature, using propane fuel (figure 6.21b) and gasoline 

with OVI strategy (figure 6.20b).

300 330

------------ Gasoline
(80°C)

------------ Propane
(80°C)

Fuel impact 
(110°CA)

C ra n k a n g le  (“ CA)

Figure IV Gasoline (with OVI) and Propane HFS traces with firing engine, 
from sensor L-l-r, at 80°C coolant temperature

The shaded area between the two characteristics represents the heat transfer per unit area that is 

required to evaporate the fuel present on the sensor. The results can be obtained in units o f 

Joule/cm^ if  the x-axis is converted from degrees crankangle to seconds. This energy transfer 

both provides the sensible heat needed to raise the tem perature o f the liquid fuel tow ards the 

wall tem perature and the latent heat to vaporise the fuel (hfg). The m ulti-com ponent nature o f 

gasoline makes this a difficult calculation to perform accurately, but an approxim ation is given 

by the equation below.
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Q x A  = m x c ^ , x \ ^ ^ ^ - T j ^ , )  + mxh j^
where,

Q -  heat transferred per unit area to evaporate the liquid fuel present on the sensor (J/cm^)

A -  area of the sensor’s face (A = 0.283 cm^) 

m -  mass of gasoline landing on the sensor and evaporating (kg)

Cfiiei- specific heat of liquid gasoline (2.4 kJ / kg K)

Tbore -  cylinder bore temperature (K)

Tfiiei -  gasoline temperature (K) -  (assumed to be at ambient temperature) 

hfg -  latent heat of vaporisation (305 kJ / kg)

M -  total mass of fuel injected per cycle (at 8 ms injector pulsewidth: M = 0.0184 gm/injection) 

L -  mass of liquid fuel that evaporated from the sensor as a percentage of the fuel 

injected: L = (m / M) x 100

Apart from the assumptions mentioned above, this method is only likely to be feasible if the 

liquid fuel has evaporated before the heat flux has increased significantly due to the rise in 

temperature of the cylinder gases due to compression. Once this increase in heat flux has 

occurred, the wet to dry heat flux difference becomes very susceptible to error as it is calculated 

as a small difference between two relatively large quantities.

The area within the two characteristics shown in figure IV, and more specifically the area 

enclosed from the point of fuel impact on the sensor (110°CA) up to the point where the two 

traces converged (« 330°CA), this indicated by the darker grey colour, was calculated by a 

spreadsheet written in Excel. The results obtained from the calculations using the above 

equation are listed in table IV, and indicate the percentage mass of the fuel that evaporated from 

the surface of the sensor.

It is apparent from figure IV that the gasoline and propane traces are not coincident at the point 

of impaction of fuel on the sensor (110° crankangle). This can be explained by possible 

evaporative cooling effects of gasoline on the air stream, and could be corrected for. However, 

this was not performed as the basic calculation can only provide an estimate rather than a 

precise value.

OVI CVI*

Coolant Temperature (°C) 20 40 80 20

L(%) 0.23 0.29 0.29 0.10

No of droplets (D = 100pm) on the sensor 113 140 140 /

During CVI, liquid fuel was present on the sensor only at the 20°C coolant temperature

Table IV Quantitative measurements of the liquid fuel mass that evaporated from the

sensor surface
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