Fuel 234 (2018) 1293–1300

Contents lists available at ScienceDirect

Fuel
journal homepage: www.elsevier.com/locate/fuel

Full Length Article

Eﬀects of pressure and Karlovitz number on the turbulence-ﬂame
interactions in lean premixed H2/air ﬂames
Xujiang Wanga, Tai Jina,b, Yongliang Xiec, Kai H. Luoa,

T

⁎

a

Department of Mechanical Engineering, University College London, London WC1E 7JE, UK
State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou 310027, China
c
School of Mechanical Engineering, Southwest Jiaotong University, Chengdu 610031, China
b

A R T I C LE I N FO

A B S T R A C T

Keywords:
Premixed turbulent ﬂame
Elevated pressure
Turbulence intensity
Flame front structure
Chemical pathway

This paper presents three-dimensional direct numerical simulations of lean premixed turbulent H2/air ﬂames in
the thin and distributed reaction zones, with the Karlovitz numbers at 60, 110, 150 and 1000, and pressures at 1
and 5 atm, respectively. Flame front structures and chemical pathways are examined in detail to investigate the
eﬀects of pressure and turbulence on ﬂames. There is an increasing number of ﬁner structures on the ﬂame front
with increased Karlovitz number. Eddy structures are observed downstream of the reaction zone under high
turbulence intensity and thus Karlovitz number, indicating that the turbulent eddies are small and energetic
enough to break through the distributed reaction zone. Statistical analysis indicates that the probability of high
curvatures increases with increasing Karlovitz number at a constant pressure. When the Karlovitz number is kept
constant, the probability of high curvatures is signiﬁcantly higher at the atmospheric pressure than at elevated
pressure. The approximation of Schmidt number (Sc = 1) in theoretical analysis introduces errors in the estimation of the smallest ﬂow scale and the Karlovitz number. Accordingly, in the turbulent ﬂame regime diagram,
the boundary between the thin reaction zone and the distributed reaction zone should be modiﬁed at the elevated pressure. Moreover, the decorrelation of heat release and H2 consumption is directly related to turbulence
intensity, and the decorrelation is reduced at the elevated pressure. Due to the enhanced radical transport at high
Karlovitz number, chemical pathways can be locally changed, which is more signiﬁcant at elevated pressure.

1. Introduction
Lean premixed turbulent ﬂames are widely used in industrial combustion devices, where the pressure and turbulence intensity tend to be
very high. The ratio of turbulence intensity to laminar ﬂame speed is up
to 150 in swirl combustors and the pressure can reach more than 30 bar
in gas turbines [1,2]. Understanding of ﬂame behaviours at high turbulence intensity and elevated pressure is critical.
Using a non-dimensional Karlovitz number, turbulent premixed
ﬂames are classiﬁed into ﬂamelet, thin reaction and distributed reaction zones in the combustion regime diagram [3,4]. At high Karlovitz
numbers, the smallest turbulence time scale becomes smaller than
chemical time scale and scalar mixing is enhanced, which directly
modiﬁes the ﬂame structures. Through experimental studies, Driscoll
et al. [5,6] discovered that the preheat zone is broadened by increasing
turbulence intensity while the thickness of the reaction zone remains
relatively constant. No global distributed reaction was observed. Zhou
et al. [7,8] investigated methane/air pilot ﬂames from ﬂamelet to

⁎

distributed reaction zones. Broadened reaction zones, local extinction
and homogeneous temperature distribution were reported in the distributed reaction zone. Recently, three-dimensional (3D) direct numerical simulations (DNS) with detailed chemistry are used to study the
ﬂame characteristics and chemical pathways at high Karlovitz numbers.
Aspden et al. [4,9] conducted a series of lean premixed H2/air ﬂames
and they found that the interface between fuel and products is becoming smooth and there is a decorrelation between heat release and
fuel consumption at high Karlovitz numbers. Henning et al. [10] reported ﬁne structures on the ﬂame fronts and clariﬁed the eﬀect of
diﬀerential diﬀusion is still signiﬁcant at high Karlovitz numbers.
It is important to note that the previous studies of high Karlovitz
combustion were all conducted at the atmospheric pressure, which
have provided valuable information about the interaction of turbulence
and ﬂames. On the other hand, most of the industrial combustors are
operated under high pressures, where both turbulence and reactions
would be signiﬁcantly modiﬁed. Lachaux et al. [11] conducted experiments for lean premixed turbulent methane/air ﬂames at pressure
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ﬁnite diﬀerence scheme in space. Low-storage third-order Runge-Kutta
(RK3-2N) scheme is used for time advancement and Livermore Solver
for Ordinary Diﬀerential Equations (LSODE) is adopted for chemistry
calculation. Upwind derivatives are used for convective terms to avoid
‘wiggles’. Moreover, helical forcing functions are used to establish required turbulence [21]. The adopted chemical mechanism for H2/O2
was developed by Li. et al [22], containing 21 reversible reactions and 9
species. The sample applications of the code in premixed turbulent
combustion could be found in [23–25]. The chemistry implementation
was validated quantitatively with Chemkin [19,20].

up to 0.9 MPa. It was found that the elevated pressure could generate
smaller ﬂame structures which would directly increase the ﬂame surface density and reaction rate. The ﬁner structures were also reported
by Wang et al. [12,13] for methane and syngas combustion at pressure
up to 1.0 MPa. They indicated that the high pressure could increase the
frequency of convex structures on the ﬂame front. Increasing eﬀorts of
DNS studies of turbulent ﬂames at elevated pressures have also been
reported in the literature. Dinesh et al. [14–16] applied 3D DNS to lean
premixed expanding spherical ﬂames. More cellular structures were
observed, and the turbulent ﬂame speed and heat release increased
with the increasing pressure. Savard et al. [17] extended DNS to turbulent combustion of heavy hydrocarbons at 20 bar and they found that
the chemical pathways remain globally unchanged at diﬀerent Karlovitz numbers. However, these experiments and simulations were performed at low or moderate Karlovitz numbers. The characteristics of
high Karlovitz ﬂames at elevated pressures are still undocumented.
The aim of present work is to investigate the ﬂame front structures
and chemical pathways of turbulent ﬂames at elevated pressures, covering the thin and distributed reaction zones. A series of DNS of lean
premixed H2/air ﬂames with the Karlovitz numbers at 60, 110, 150 and
1000, and pressures at 1 and 5 atm are performed with a detailed
chemistry. The paper is organized as follows. Numerical methods and
computational parameters are introduced in Section 2. In Section 3, the
eﬀects of turbulence intensity and pressure on ﬂame structures and
chemical pathways are discussed. Finally, Section 4 presents the conclusions.

2.2. Simulation parameters
Five 3D DNS cases are performed to study lean premixed H2/air
ﬂames in conﬁgurations with an aspect ratio of 2:1:1. Periodic
boundary conditions are applied in lateral directions and improved
Navier-Stokes Characteristics Boundary Conditions (NSCBC) [26] are
applied at the inlet/outlet to maintain the pressure. Due to the high
computational cost, the domain width, L, is set to 10 times the integral
length scale lt. This ratio is higher than that reported in Refs.
[10,23,24,27,28] with similar conﬁgurations. One-dimensional laminar
ﬂames and isotropic turbulent boxes were pre-generated to initialize
the computational domains. Recalling the relations derived by Peters
[3], the ﬁve cases locate from the thin reaction zone to the distributed
reaction zone as shown in the combustion regime diagram in Fig. 1.
Table 1 lists the main simulation parameters. In all cases, the temperature of unburned mixture is Tu = 298 K and the equivalence ratio is
φ = 0.4. The laminar ﬂame speed SL and thickness δL were calculated
using the same chemical mechanism and transport properties as the
turbulent
ﬂames.
The
ﬂame
thickness
is
deﬁned
by
δL = (Tb−Tu )/|∇T|max , where Tb is the burnt gas temperature. The turbulent Reynolds number and Karlovitz number are deﬁned as
Re = (u′lt)/(SLδL) and Ka2 = (u′/SL)3/(lt/δL), where u′ is the root-meansquare turbulent velocity ﬂuctuation. Correspondingly, the Kolmogorov
length scale is deﬁned as η = lt Re−3/4. With the increasing turbulence
intensity, η decreases from 49 to 10 μm and the corresponding Ka increases from 60 to 1000. For the three simulations at 5 atm (P5L, P5M
and P5H), the integral length scale is lt = 0.0315 cm, but the turbulence
intensity u′ varies. For the two simulations at 1 atm, the integral length
scale is 0.06 cm. Case P1H was initialized with the same Ka number as
case P5H and case P1M was prepared with the same u′ as case P5H.
The ﬁne turbulent scales become smaller at high Ka and the ﬂame
thickness decreases exponentially with increasing pressure, which requires a higher grid resolution for high Ka ﬂames at elevated pressures
[29]. To save computational cost, the lt/δL ratio was kept at unity,

2. Numerical approach
2.1. Direct numerical simulation
The 3D simulations performed using the Pencil code [18] solve the
time-dependent compressible Navier-Stokes equations coupled with
detailed chemical kinetics [19,20]. The governing equations are:

∂ (ρui )
∂ρ
=−
∂x i
∂t

(1)
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−
=−
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∂ET
+
−
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∂x j
∂x j
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(4)

where ρ is the mixture density, ui is the velocity component in xi direction, p is the pressure and τij is the stress tensor. Vk, Yk and ω̇ are
respectively the diﬀusion velocity, mass fraction and reaction rate for
specie k. ET is the total energy and qj is the jth-component of heat ﬂux.
The mixture is treated as an ideal gas and the equation of state is given
by:

p=

ρRT
MW

(5)

where R is the universal gas constant, T is the temperature and MW is
the mixture molecular weight. For the species diﬀusion, Soret and
buoyancy eﬀects are neglected, and the mixture-averaged species
transport model is adopted, where the species diﬀusion velocity is expressed as [19]:

Vk = −

Dk ⎛
1 ⎞
⎜∇Xk + (Xk −Yk )
∇p ⎟
Xk ⎝
p ⎠

(6)

where Dk and Xk are respectively the diﬀusion coeﬃcient and mole
fraction for species k.
The above governing equations are solved with a six-order explicit

Fig. 1. Simulation cases located in the turbulent combustion regime diagram.
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Table 1
Simulation parameters.
Case

P0 (atm)

SL (cm/s)

δL (cm)

lt/δL

u′/SL

Δx (μm)

Η (μm)

Re

Ka

P5L
P5M
P5H
P1M
P1H

5
5
5
1
1

6.53
6.53
6.53
23
23

0.0315
0.0315
0.0315
0.06
0.06

1
1
1
1
1

15
23
100
28
100

8.2
8.2
5.5
15.6
10.4

41
30
10
49
19

15
23
100
28
100

60
110
1000
150
1000

the instantaneous two-dimensional streamlines coloured with temperature contours near the reaction zone. The reaction zone is bounded
by non-dimensional progress variable c (0.1 < c < 0.9) which is given
by:

which was also commonly used in other DNS studies [17,30,31]. There
are 38–58 cells across the thickness δL and the ratio of cell size to
Kolmogorov length scale, Δx/η, is kept below 1.0 to ensure that the
smallest turbulence scales are suﬃciently resolved. The time step is
controlled by the Courant-Friedrichs-Lewy condition for computational
stability. Under these resolutions, grid-independent tests were also
carried out in two-dimensional DNSs as in our previous work [25]. It
indicated that the turbulent ﬂames were well-resolved in space and
time. All the simulations are carried out until the mean and statistical
values become steady. The simulations were performed with 512–1536
processors on the UK national supercomputing platform ARCHER. The
total computational cost for the ﬁve cases is around 2.0 million corehours.

c = (Yu, H2−Yf , H2) Yu, H2−Yb, H2

(7)

where Yu, H2 is the H2 mass fraction in the fresh mixture, Yf , H2 is the local
H2 mass fraction and Yb, H2 is the H2 mass fraction in the burned gas.
At 5 atm, the ﬂame fronts in all the three cases are highly distorted
by large vortices. As the turbulence intensity and consequently Ka increases, smaller vortices become the dominant feature. For case P5L and
P5M, large vortices could be found in the preheat zone (c < 0.5). Due
to the increased kinematic viscosity at high temperatures, the vortices
are substantially suppressed in the reaction zone. As a result, the ﬂow
shows laminar characteristics of regular streamlines after the ﬂame
front. However, in the high Ka case P5H, a remarkable phenomenon is
that many small-scale vortices exist within the preheat zone and reaction zone, which indicates the emergence of the distributed reaction
zone. It should be noted that both large and small turbulent eddies
could survive after the ﬂame front, unlike the low Ka cases.
The ﬂame structures at 1 atm show similar trends as the cases at
5 atm when Ka is increased. The high Ka ﬂame is characterized by
distributed reaction zones with vortices existing within the reaction
zone. It is interesting to note that for both cases at 1 atm, vortices
survive after the reaction zone. This is due to the fact that the absolute

3. Results and discussion
3.1. Flame structures
In turbulent ﬂames, the eddy size determines the interaction between turbulence and the ﬂame front. When the eddy size is characterized with lδ < η < δL, where lδ is the thickness of inner layer, the
small eddies have the ability to penetrate into the reaction zone. At very
high Ka when the turbulent ﬂame is supposed to be in the distributed
reaction zone, the small-scale vortices are suﬃciently energetic to disrupt the reaction zone and even the inner reaction layer. Fig. 2 presents

Fig. 2. Instantaneous streamlines coloured with temperature contours near the reaction zone. The solid, dashed and dotted lines correspond to c = 0.1, 0.5 and 0.9,
respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 3. Iso-surfaces of ﬂame fronts coloured by heat release rate and turbulent vortices deﬁned by Q*_ criterion (Q*_ = 0.01) for ﬂames under diﬀerent turbulence
intensities and pressures.

eddies are also highly energetic at high turbulence intensity so that they
are very likely to enter the ﬂame zone and even the inner reaction layer.
Combined with Fig. 2, it becomes clear that a signiﬁcant portion of
turbulent eddies survive the reaction zone, even though the smallest
scales may have been dissipated by the high viscosity due to increased
temperature. Therefore, the topological structure of the ﬂame front is
more “tore apart” at the highest Ka. In the meantime, for the same Ka,
the ﬂame structures and turbulent eddy structures at the two diﬀerent
pressures are not easily distinguishable from these plots. However, the
ratio of inner layer thickness lδ to laminar ﬂame thickness δL decreases
at elevated pressure [36], so turbulent eddy sizes become larger compared with the inner reaction, thus modifying the interaction between
the smallest eddies and the inner reaction layer.

turbulence intensity u′ of case P1M is the same as case P5H. The turbulent eddies are therefore suﬃciently energetic to survive across the
high-temperature reaction zone. Comparing the two cases P5H and P1H
with the same Ka, it is found that the upstream and downstream turbulence show similar structures at diﬀerent pressures, even though the
ﬁne turbulence structures are diﬀerent.
Fig. 3 shows the spatial structures of the premixed ﬂames at different Ka and pressures at the same large eddy turn-over time. The
ﬂame front is identiﬁed as the temperature iso-surface which corresponds to the maximum temperature gradient, as in [32]. The turbulent
vortices are deﬁned by the iso-surfaces of Q_ criterion [33,34]:
1

Q _ = 2 (Ωij Ωij−Sij Sij ))
1 ∂u ∂uj

= − 2 ∂xi ∂x > 0
j

i

(8)

3.2. Statistical characteristics

where Sij and Ωij are symmetric and antisymmetric parts of the gradient
velocity tensor. As shown in Fig. 3, the vortex structures normalized by
u′ and η of the unburned mixture are located at the upstream of the
ﬂame front at Q*_ = 0.01 as in [32].
In Fig. 3, all the ﬂame fronts are highly stretched and the convex
regions (protruding to unburned mixture) are characterized by high
heat release rate (HRR). When turbulence intensity is increased, the
peak HRR is enhanced and the Q_ structures become smaller and
thinner. Case P5L and P5M present quite similar ﬂame fronts and vortex
structures. The turbulent eddies are relatively large so that it is diﬃcult
for these large structures to enter the ﬂame zone, especially the inner
reaction layer. Combined with Fig. 2, these turbulent eddies are signiﬁcantly dissipated by viscosity in the reaction zone so that few are
clearly seen downstream of the ﬂame zone, leading to very regular
streamlines.
The two highest Ka cases show diﬀerent interactions between the
turbulent eddies and the reaction zones. The reduced sizes of eddy
structures at high turbulence intensity are clearly seen, and similar
phenomena were also observed by Day et al. [35] in laboratory-scale
ﬂames. The smallest vortical structures are signiﬁcantly smaller than
the apparent structures formed at the distorted ﬂame front. These small

To statistically analyse the ﬂame fronts at diﬀerent Ka numbers and
pressures, Fig. 4 presents the probability density function (PDF) and
cumulative distribution function (CDF) of the ﬂame front curvature.
The mean curvature is deﬁned as κ = −∇ ·n ,̂ where n ̂ = −∇T /|∇T| is
the unit normal vector of the ﬂame front. The curvature is positive if the
surface is protruding to the unburned gas. In Fig. 4, the mean curvature
is scaled by the corresponding laminar ﬂame thickness. It shows
quantitatively that the probability of high curvatures increases with
increasing Ka at any ﬁxed pressure. This is due to the increased small
eddies at high turbulence intensity. Moreover, the increase of high
positive curvature regions is larger than that of high negative curvature
regions. In Fig. 4(b), for the high Ka ﬂame at 1 atm, the cumulative
probability of negative curvatures is 0.51, while the value for the same
Ka case P5H is 0.45 at 5 atm. The relative probability of high positive
curvature to high negative curvatures is also increased at elevated
pressure. It indicates that the convex regions are enlarged when the
pressure is elevated, which agrees with the experimental results in [13]
and our previous results for ﬂames in the thin reaction zone [25].
As expected, the probability of high curvatures for case P1M is
higher than case P5L and P5M due to its higher Ka number. However,
1296
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Fig. 4. (a) PDFs and (b) CDFs of mean curvature of ﬂame fronts under diﬀerent Karlovitz numbers.

reactions. As the interaction between turbulent eddies and reaction
zones is changed by the variation of turbulence intensity and pressure,
these chemical pathways may also be promoted or suppressed. In order
to investigate the eﬀects of pressure and turbulence intensity on the
chemical pathways, heat release contributions from main reactions are
identiﬁed and compared between diﬀerent cases. Table 2 lists the ﬁve
main reactions. The total heat release contributions Ctot of the main
reactions are respectively 86.7% and 87.4% in laminar ﬂames at 1 atm
and 5 atm.
Firstly, the global changes in the chemical pathways are identiﬁed.
Fig. 6 shows the heat release contributions of the main elementary
reactions. Two cases at 1 atm (P1M and P1H) and two cases at 5 atm
(P5M and P5H) are selected for comparison. The heat release contribution is calculated as:

the probability of high curvatures for case P1H is signiﬁcantly higher
than case P5H despite they have the same Ka number and analogous Q_
structures. It should be noted that the approximate relation
v = Sc·D = D = SL·δL is used in Peters’s deﬁnition of Re and Ka given
that the Schmidt number Sc = 1, where v is the kinematic viscosity and
D is the thermal diﬀusivity [3]. Nevertheless, the Schmidt number for
the H2/air mixture is around 0.2 instead of 1.

u′·lt ⎞−3/4
u′·lt ⎞−3/4
= lt · ⎛
η = lt ·Re−3/4 = lt ·⎛
⎝ Sc·D ⎠
⎝ v ⎠

(9)

According to Eq. (3), if the real Sc number is adopted in the deﬁnition, the ratio η / δL for case P1H is 0.069, while the value for case P5H
is 0.086. It means there are relatively more small-scale vortices for the
case at atmospheric pressure. As the high-curvature cusps are induced
by small eddies, there should exist larger high-curvature areas in the
case P1H. Another reason is that the previously mentioned lδ / δL value
decreases signiﬁcantly with increasing pressure. If this phenomenon is
taken in account, the boundary between the thin reaction zone and the
broken reaction zone shown in Fig. 1 should move upward at elevated
pressures. It indicates that the relative value of Ka at elevated pressure
is smaller than that at low pressure when the two cases are located at
the same point in the regime diagram.
Fig. 5 presents the distribution of heat release rate against fuel (H2)
consumption rate (FCR) on the ﬂame front. At high Ka numbers, the
scatters distribute away from the mean values and cover a larger area,
which agrees with the ﬁndings at atmospheric pressure that the correlation of heat release and H2 consumption is becoming weaker at high
Ka [9,37]. Comparing the cases at diﬀerent pressures, it is interesting to
ﬁnd that the degree of scatter becomes smaller at the elevated pressure.
Moreover, the degree of scatter for case P1M is analogous to that for
case P5H. It is expected that the decorrelation degree of heat release and
H2 consumption is directly related to the turbulence intensity u′. When
pressure is elevated, the decorrelation is reduced. Another striking
observation is that points with high curvatures (red points) distribute
along lower bound and points with low curvatures (blue points) distribute along upper bound of the distribution region. It means that the
local convex structures with high positive curvatures are characterized
with relatively lower HRR, but the concave structures with high negative curvatures are associated with higher HRR, conditioned on the
same FCR. Moreover, the points with the highest curvature values are
not located in regions of highest HRR at high turbulence intensity,
which corresponds to the eﬀect of the Markstein number [17].

Chr , i =

∭ qi dV ∭ QdV
V

V

(10)

where qi is the heat release from reaction i, Q is the total heat release
and V is the volume of the computational domain.
At a ﬁxed pressure, there is a big diﬀerence between the laminar
and turbulent ﬂames, which means the chemical pathways of the laminar ﬂame are modiﬁed by turbulence. This phenomenon becomes
more signiﬁcant at the elevated pressure. For the turbulent ﬂames at
5 atm, the heat release contribution of Reaction (8) (R8) increases 8%
while the contribution of Reaction (13) (R13) decreases 10%. When the
pressure is elevated, R8 and R13 are promoted while Reaction (9) (R9)
and Reaction (11) (R11) are suppressed for the turbulent ﬂames.
Nevertheless, Reaction (3) (R3) is less sensitive to both pressure and
turbulence intensity in the studied cases. With increasing turbulence
intensity, the contribution of R8 decreases and the contribution of R9
increases slightly at both pressures. However, the eﬀect of turbulence
intensity shows opposite trend for R11 and R13 at the two pressures. It
is found in Ref. [17] that the global heat release contribution from each
reaction step is independent of Ka at a ﬁxed pressure. In comparison,
larger deviations can be found between diﬀerent Ka cases in the present
study, especially at 5 atm. However, the maximum diﬀerence is 2.8%,
which indicates that the eﬀects of turbulence intensity on global heat
release contributions from each reaction step are still limited for ﬂames
in the distributed reaction zone.
Secondly, it is of great interest to examine the distribution of local
heat release contributions given that the global contribution is sensitive
to pressure while insensitive to turbulence intensity. Fig. 7 gives the
relative heat release (HRr) contributions of the most contributing reactions versus progress variable c. In this plot, the heat release contribution is conditioned by Eq. (4) to eliminate the eﬀects of enhanced
volumetric heat release at high pressure and turbulence intensity.

3.3. Chemical pathways
In the present chemical mechanisms for hydrogen, there are 21
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Fig. 5. Scatter plots of normalized heat release rate and H2 consumption rate on the ﬂame fronts coloured by mean curvature. The solid line denotes the mean values.

turbulence and pressure. At atmospheric pressure, the HRCRs of R9 and
R13 are enhanced when c < 0.7, while the enhancements of R3, R8
and R11 are not signiﬁcant for the high Ka case P1H. In the intense
reaction regions (c > 0.7), the contribution rates of R8, R9 and R11 are
dramatically decreased. It is also noted that the contribution rate of R3
is locally independent of turbulence intensity at atmospheric pressure.
When the pressure is elevated to 5 atm, the eﬀects of turbulence become
more evident. At c < 0.9, all the selected reactions are signiﬁcantly
promoted at high Ka, while these reactions are suppressed in the highintensive reaction regions. Note that theses reaction contribution rates
are modiﬁed by diﬀerent degrees at the same c value, which illustrates
the diﬀerent eﬀects of turbulence on diﬀerent chemical pathways.
In these cases, the weak reaction regions correspond to low temperatures and the intense reaction regions correspond to high temperatures. Comparing the cases at diﬀerent pressures, the overall eﬀect
of turbulence intensity is the same. The reactions will be promoted at
low-temperature regions and suppressed at high-temperature regions
when the turbulence intensity is increased. The reaction zone is
therefore thickened. It can be attributed to enhanced radical distribution through turbulent convection. The concentrations of H, O, OH,
HO2, etc will be increased in low-temperature regions and as a result
the heat release contribution rates are increased. However, signiﬁcant
diﬀerences are observed under diﬀerent pressures. The demarcation
points change from around c = 0.7 under 1 atm to c = 0.9 under 5 atm.
Moreover, the contribution rates at low and moderate progress variable
values are relatively lower at the elevated pressure. As aforementioned,
the inner layer in the reaction zone is dramatically decreased at high
pressure. It is also known that most of the radical production happens in
the inner layer. Therefore, it becomes harder for small eddies to penetrate into the inner layer and transport species to the low-temperature regions when the pressure is elevated.

Table 2
Main reactions of Li et al. H2/O2 mechanism.
#

Reaction

#

Reaction

R3
R9
R13

H2 + OH = H2O + H
H + O2 (+M) = HO2 (+M)
HO2 + OH = H2O + O2

R8
R11

H + OH + M = H2O + M
HO2 + H = OH + OH

Fig. 6. Heat release contributions of main reactions for the laminar and turbulent ﬂames.

Although the heat release rate is higher at high Ka number, it does not
mean the HRr value is also higher. HRr means the heat release contribution rate (HRCR) of diﬀerent pathways other than the heat release
rate.

Chr , i =

∫0

1

HRr , i dc

4. Conclusions

(11)

DNS of lean premixed turbulent H2/air ﬂames in the thin and distributed reaction zones are performed at diﬀerent pressures. The eﬀects

where i means the reaction number.
In Fig. 7, it is evident that chemical pathways are locally changed by
1298

Fuel 234 (2018) 1293–1300

X. Wang et al.

Fig. 7. Relative heat release contributions of individual elementary reaction versus progress variable for ﬂames at moderate and high Ka numbers.

of pressure and turbulence intensity on ﬂame structures are assessed
qualitatively and quantitatively. Moreover, the inﬂuences of pressure
and turbulence on chemical pathways are identiﬁed globally and locally.
At high Ka, there are many small vortices in the preheat zone, which
are suﬃciently energetic to disrupt the reaction zone. As a result, the
ﬂame fronts are seriously distorted and exhibit complex topological
structures with small pockets. A signiﬁcant portion of turbulent eddies
are substantially suppressed in the reaction zone due to high viscosity.
Nevertheless, eddy structures can be observed downstream the reaction
zone under high turbulence intensity and thus high Ka, indicating that
the turbulent eddies are small and energetic enough to break through
the distributed reaction zone.
Statistical analysis identiﬁes that the probability of high curvatures
increases with increasing Ka at a certain pressure. When Ka is kept
constant, the probability of high curvatures is signiﬁcantly higher at the
atmospheric pressure. The approximation of Schmidt number (Sc = 1)
in theoretical analysis introduces errors in the estimation in the smallest
ﬂow thickness and the Karlovitz number. These ﬁndings suggest the
necessity for modiﬁcation of Peters’s regime diagram at elevated pressures, which is an interesting area for future investigation. The decorrelation of heat release and H2 consumption is directly related to the
turbulence intensity u′ and the decorrelation is reduced at elevated
pressure. It is interesting to ﬁnd that under the same H2 consumption
rate, heat release rates in regions with high positive curvatures are
relatively lower, compared with regions with high negative curvatures.
Although the eﬀects of pressure and turbulence intensity on global
heat release contribution are limited, the chemical pathways can be
changed locally. Overall, the major reactions are promoted at moderate-temperature regions and suppressed at high-temperature regions
when turbulence intensity is increased. However, the changing rates are
diﬀerent for diﬀerent elementary reactions at the same progress variable. It is also found that the eﬀects of pressure on the modiﬁcation of
local chemical pathways are signiﬁcant. Since the inner layer is thinner
at elevated pressure, radical convection by small eddies is reduced. As a
result, reaction contribution rates in moderate-temperature regions are
apparently lower than those at the atmospheric pressure. Therefore,

further increasing pressure to levels relevant to industrial combustion
devices will be an important and interesting area for future investigation.
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