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ABSTRACT

Hydrogen has drawn great attention in recent years as a carbon-free fuel. The turbulent burning velocity (ST ) is an important parameter for
the design and modeling of hydrogen-fueled engines given the high propagation speed of hydrogen flames. It has been well documented that
ST of hydrogen flames can be dramatically increased by thermo-diffusive effects which are sensitive to thermodynamic conditions. Previous
studies have mainly focused on the pressure effect on ST of lean hydrogen flames, while the temperature effect has been largely ignored. In
the present study, the turbulent burning velocity for a lean hydrogen/air mixture over a wide range of temperatures (300–641K) and pres-
sures (1–15 atm) is investigated through direct numerical simulations of statistically planar turbulent premixed flames. Results show that the
variation of normalized turbulent burning velocity (ST=SL, where SL is the laminar flame speed) with temperature and pressure is mainly con-
trolled by the variation of the stretching factor I0. While ST=SL is only marginally dependent on temperature at the atmospheric pressure, it
exhibits a decreasing trend with temperature at an elevated pressure (10 atm). This is associated with different temperature dependencies of
flame surface area enlargement at the two different pressures, despite the monotonically decreasing trends of I0 with temperature at both
pressures. In addition, under engine-relevant conditions where the temperature and pressure increase simultaneously, the promotion effect of
pressure is found to be largely canceled out by the suppression effect of temperature, leading to only a slight increase in I0 and ST=SL. The
observed trends are further explained through detailed flame dynamic analysis. Furthermore, I0 at different temperatures and pressures is
found to correlate very well with the enhancement of fuel consumption rate in the critically strained laminar flames. The present study eluci-
dates the strong impact of temperature on ST of lean premixed hydrogen/air flames at elevated pressures and provides new insights into the
modeling of ST , especially for engine-relevant conditions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0244208

I. INTRODUCTION

Hydrogen (H2) has attracted considerable attention as a zero-
carbon fuel and a sustainable energy carrier. However, its applica-
tion to practical combustion engines still face many challenges asso-
ciated with availability, storage and transportation, and its unique
chemical properties. The high laminar flame speed (SL), strong
thermo-diffusive effect, and high NOx emissions are among the
main bottlenecks for low-emission design and safe operations of
hydrogen engines. In particular, the thermo-diffusive effect makes
lean hydrogen flames prone to instabilities and can enhance the
overall burning rate in both laminar and turbulent flames. Many of
prior efforts have been devoted to better understanding and model-
ing the abnormally high burning rates of lean hydrogen premixed
flames.1–3

In turbulent premixed flames, turbulent burning velocity (ST )
characterizes the overall burning rate and is a key parameter for many
turbulent combustion models.4 In general, ST depends on fuel chemis-
try, thermal expansion, pressure (P), turbulent intensity and length
scale, etc.4–6 Such dependencies have been considered in many empiri-
cal scaling models for ST .

4,5,7–9 However, for lean premixed hydrogen
flames, the scaling of ST becomes considerably complicated due to the
strong thermo-diffusive effect,1 which results from the high molecular
diffusivity of hydrogen exceeding the thermal diffusivity of the mix-
ture, or the Lewis number (Le) being less than unity. The disparity of
local heat and hydrogen mass fluxes enhances the overall burning rate
through two pathways: (1) increasing the local reaction rate by chang-
ing the local temperature and mixture composition; (2) amplifying the
flame front perturbations so that the flame surface area is significantly
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increased, which is also known as thermodiffusive instabilities. Several
empirical models have explicitly included Le to account for the
thermo-diffusive effect and shown improved accuracy.10–14

Many experimental studies have reported that the thermo-
diffusive effect on the ratio of turbulent to laminar burning velocity,
ST /SL, is enhanced by pressure for sub-unity Lemixtures,15–18 which is
found to be associated with the increase in the Zel’dovich number with
pressure.18 By conducting direct numerical simulations (DNS) of tur-
bulent lean hydrogen-enriched flames, Rieth et al.19 found that the dif-
ferential diffusion of H2 is enhanced at higher pressures due to the
thinner local flame fronts, leading to localized fuel enrichment and
thus stronger superadiabaticity that accelerates the flame propagation.
Later, Rieth et al.20 further demonstrated that the enhancement on
thermo-diffusive effects at high pressures can be mitigated by increas-
ing the unburned gas temperature. These studies indicated that it is
important to include both temperature and pressure effects in the scal-
ing models of ST for lean premixed hydrogen flames. Lu and Yang21

have proposed an improved scaling model to predict the ST of lean
premixed hydrogen/air flames over a wide range of pressures to
account for the pressure effect. However, there are a few studies specif-
ically focusing on the temperature effect on ST . In the rare exception of
Ref. 20, while four temperature conditions were considered, the tem-
perature was varied altogether with the equivalence ratio, turbulence
intensity, and turbulence length scale, and the effect of temperature
cannot be isolated. Very recently, by adjusting the nitrogen concentra-
tion in the mixture, Hsieh et al.22 have conducted target-directed
experimental measurements to explore the individual influence of Le,
laminar flame thickness, pressure, and unburned gas temperature (Tu)
on turbulent flame speed. They found that with increasing Tu, ST is
increased while ST=SL is decreased. In addition, the flame speed
enhancement caused by the sub-unity Le is reduced at high Tu.
However, it is worth mentioning that only two temperatures
(Tu ¼ 300 and 400K) were considered. Therefore, there is still a sci-
ence gap in the understating about temperature effects on ST of lean
premixed hydrogen flames, especially when temperature and pressure
are simultaneously varied as usually encountered in real engines.

Recently, there are several numerical studies devoted to investi-
gating the flame speed enhancement due to thermo-diffusive effects
for lean premixed hydrogen laminar flames at different pressure and
temperature conditions.23–26 Specifically, Berger et al.23,24 numerically
studied the flame front evolution of initially planar hydrogen flames
when subjected to weak harmonic perturbations at various conditions.
Their results suggested that the impact of flame instabilities will be
strengthened if the pressure is increased or the temperature is
decreased. In addition, they found that the flame speed enhancement
due to instabilities can be well correlated by the maximum growth
rates that are derived from the numerically obtained dispersion rela-
tions of weakly perturbed laminar flames. Also based on the dispersion
relations, Howarth and Aspden25 used the second-order instability
parameter, which is directly computed from the classical linear stability
theory, to characterize the flame speed enhancement of lean premixed
hydrogen flames. Their empirical model also revealed increasing and
decreasing trends of flame speed enhancement with pressure and tem-
perature, respectively. On the other hand, Mousavi and Lipatnikov26

adopted a leading point concept and considered the maximum flame
speed reached in critically strained lean hydrogen–air laminar flames
to investigate the response of thermo-diffusive effects to pressure and

temperature. They found that the promotion effect by pressure on
thermodiffusivity overwhelms the reduction effect by temperature
under elevated pressures and temperatures. In general, the above-
mentioned studies provided useful insights for modeling of ST of lean
premixed hydrogen flames. However, all these studies are within the
laminar flame context. It is still unclear whether the conclusions drawn
from laminar flames still hold for turbulent lean premixed hydrogen
flames.

With this background, the objectives of the present study are two-
fold: (1) investigate the temperature effect on ST for turbulent lean pre-
mixed hydrogen/air flames and (2) assess the performance of key
parameters obtained from laminar flames on characterizing the
thermo-diffusive effects in turbulent environments. A series of DNS of
turbulent lean hydrogen/air flames will be conducted at a wide range
of temperatures and pressures. Statistics of ST , I0, and flame surface
area (AT ) will be first compared at increasing temperatures with fixed
pressure to isolate the temperature effect. Then, a special scenario with
simultaneously increasing temperature and pressure, which is often
encountered in practical engine conditions, is designed to further illus-
trate the coupled temperature and pressure effect.

II. NUMERICAL MODEL AND METHODS

In this study, the statistically planar turbulent premixed flames
propagating in a box along the streamwise direction are simulated.
Since this configuration has been considered in many previous DNS
studies for turbulent premixed flames (e.g., Refs. 27–31), the numerical
framework, including flow configuration, flame conditions, and
numerical methods, is briefly presented in this section.

A. Flow configuration

As shown in Fig. 1, the computational domain is a cube with the
size of L� 8L� L. The inflow and outflow conditions are imposed in
the streamwise direction (y), with periodic boundary conditions in lat-
eral x and z directions. A non-reacting, statistically stationary homoge-
neous isotropic turbulence (HIT) is first generated as the initial flow
field and also imposed to the inflow boundary. Then, an unstretched
laminar flame solution computed from Cantera32 is mapped along the
y-direction with the flame front centered at the middle of domain. A
linear velocity forcing method33 is applied to maintain the turbulence
intensity in a prescribed level in the region from y¼ 0.5L to 6L. This
method has been used in many previous DNS studies adopting the
“flame-in-box” configuration27–31 and has been demonstrated to leave
the small-scale behavior essentially unaltered.33 In addition, in Ref. 28,
the turbulent flame dynamics in forced and decaying HIT were stud-
ied, and very similar turbulence–flame interactions were observed.
Finally, the active-control algorithm of Bell et al.34 is used to dynami-
cally adjust the mean inlet velocity so that the flame is statistically
anchored at the middle of domain. In this way, all statistics can be col-
lected for a sufficient long duration after the flame has reached a statis-
tically steady state, e.g., after 20 se, where se ¼ lT=u0 is the eddy
turnover time, u0 the turbulent fluctuation velocity, and lT the turbu-
lent length scale. Note that due to the linear forcing method, L¼ 5.3 lT
is achieved in all DNS cases.

B. Simulation parameters

The unburned mixture consists of lean hydrogen/air with an
equivalence ratio of /¼ 0.6. Figure 2 summarizes the temperature and
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pressure conditions studied. To identify the temperature effect on
ST , increasing temperatures at atmospheric pressure (P¼ 1 atm) and
elevated pressure (P¼ 10 atm) are considered and grouped as group
1 and group 2, respectively. Considering that temperature and pres-
sure are usually coupled in practical engine configurations, e.g., in
internal combustion engines, a third group of DNS at simulta-
neously increasing temperatures and pressures (group 3) is designed
to investigate the coupled temperature and pressure effect on ST .
Specifically, the pressure and temperature points follow an isentro-
pic compression correlation starting from (P¼ 1 atm, Tu ¼ 300K)
as in Refs. 24 and 35. A fourth group of DNS with increasing pres-
sures but at a fixed temperature Tu ¼ 300K (group 4) is also simu-
lated for comparison. The flame properties for each flame are listed
in Table I.

In all DNS cases, the non-dimensional turbulent intensity (u0=SL)
is fixed to 2 and the non-dimensional integral length scale (lT=lf ) is

FIG. 1. Schematic of the DNS configuration. The vortex structure based on Q criterion is colored by gray, while the flame front based on temperature is colored by red. The inlet
flow velocity Uin consists of the mean uin and fluctuation u0 parts.

FIG. 2. Parametric variation in the temperature and pressure space.

TABLE I. Flame properties and non-dimensional parameters for DNS cases considered. SL is the laminar flame speed, lf ¼ (Tb�Tu)/jrT jmax is the laminar flame thickness,
and ReF ¼SLlf=� is the flame Reynolds number, where � is the viscosity of unburned gas. The definitions of Leeff , Ze, x2, Pe, and ð _xH2 ;str;max= _xH2 ;L;maxÞpeak can be found in
Sec. III. All parameters are computed using Cantera.32

Tu (K) P (atm) SL (m/s) lf (lm) ReF Leeff Ze x2 Pe
_xH2;str;max

_xH2 ;L;max

� �
peak

300 1 1.01 352 18.4 0.42 7.50 0.88 0.72 1.93
365 1 1.53 368 20.5 0.43 6.67 0.16 0.85 1.70
473 1 2.72 412 26.4 0.45 5.42 �0.75 1.11 1.43
573 1 4.33 462 34.0 0.48 4.38 �1.35 1.42 1.27
641 1 5.70 491 39.4 0.49 3.77 �1.62 1.65 1.16
300 10 0.37 45 8.5 0.39 11.91 7.66 0.30 6.00
365 10 0.59 39 8.4 0.40 10.73 5.54 0.36 4.77
473 10 1.19 33 9.1 0.41 9.08 3.26 0.49 3.42
573 10 2.13 30 10.8 0.42 7.74 1.86 0.65 2.59
641 10 3.05 29 12.5 0.43 6.86 1.08 0.79 2.20
365 2 1.30 165 15.6 0.42 7.34 1.03 0.70 2.11
473 5 1.74 62 12.6 0.42 7.52 1.56 0.67 2.37
641 15 2.37 20 9.8 0.42 7.82 1.94 0.64 2.74
300 2 0.84 165 13.5 0.41 8.22 1.95 0.59 2.46
300 5 0.57 71 10.1 0.40 9.92 4.56 0.42 3.82
300 15 0.26 37 7.6 0.38 13.58 10.29 0.24 8.39
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fixed to 1, where lf is the laminar flame thickness calculated from the
maximum temperature gradient. Correspondingly, the Damk€ohler
number Da and the Karlovitz number Ka remain constant for all cases
with Da¼ðlT=lf Þ=ðu0=SLÞ¼ 0.5 and Ka¼ðlT=lf Þ�0:5ðu0=SLÞ1:5 ¼ 2.8.
The turbulent Reynolds number ReT is proportional to ReF through
ReT ¼ReFRe0 where Re0 ¼ðu0=SLÞðlT=lf Þ¼ 2, and thus ReT consid-
ered in the present study is within the range from 15 to 80. Given that
Da, Ka, and Re0 are constant, all the flames are located at the same
point in the Borghi–Peters regime diagram36 but with different tem-
peratures and pressures.

C. Numerical methods

The low Mach number Navier–Stokes equations are solved using
the finite difference code DINO.37 A sixth-order central difference
scheme is used for spatial derivatives and an explicit fourth-order
Runge–Kutta method is employed for time integration. The mixture-
averaged transport model is adopted for calculating the diffusion
fluxes. The chemical reaction rates as well as the thermal and transport
properties are computed by Cantera.32 A detailed chemical mechanism
(9 species and 22 reactions) developed by K�eromn�es et al.38 is consid-
ered, as in Refs. 29–31 and 39. The computational domain is discre-
tized on a uniform Cartesian grid of N � 8N � N cells with N¼ 96.
Given L¼ 5.3 lT , there are at least 18 grid points within one unit of
laminar flame thickness and the criterion kmaxg > 2 is satisfied for all
cases, where kmax ¼ pN=L is the maximum wave number magnitude
in DNS and g is the Kolmogorov length scale.

D. Turbulent burning velocity

To quantify the propagation speed of turbulent premixed flames,
the turbulent burning velocity ST is computed based on the fuel (H2)
consumption rate as

ST ¼ 1
quYH2;uAL

ð
X
_xH2dV; (1)

where qu and YH2;u are the density and fuel mass fraction of unburned
mixture, respectively; AL ¼ L� L is the projected flame area on the
streamwise direction; _xH2 is the mass consumption rate of the fuel; X
is the computational domain; and V is the volume. The turbulent
flame surface area AT is computed based on the generalized flame sur-
face density R ¼ jrcj as40

AT ¼
ð
X
RdV ¼

ð
X
jrcjdV; (2)

where c ¼ 1� YH2=YH2 ;u is the progress variable and YH2 is the local
H2 mass fraction. For flames with non-unity Le, the local fuel con-
sumption rate along the flame front is altered due to the flame stretch
so that the Damkh€oler assumption ST=SL � AT=AL may not hold.
Therefore, a stretching factor I0 has been introduced in the literature
to characterize the deviation of local fuel consumption rate as4

ST
SL

¼ I0
AT

AL
: (3)

Thus, I0 is calculated as I0 ¼ ðST=SLÞ=ðAT=ALÞ and can be
regarded as a measure of the (primary) influence triggered by thermo-
diffusive effects on ST .

III. THEORETICAL BACKGROUND

As mentioned in Sec. I, there have been several attempts in devel-
oping predictive models for the flame speed enhancement induced by
instabilities of laminar premixed hydrogen flames. Some of them are
based on the dispersion relation proposed by Matalon et al.,41 which
describes the flame surface increase rate (x) of a planar flame front
subject to weak perturbations with different wave numbers (k). The
dispersion relation is formulated as

�x ¼ xDL
�k�½B1 þ ZeðLeeff � 1ÞB2 þ PrB3�|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

x2

�k
2
; (4)

where the increase rate �x ¼ xsF and wave number �k ¼ klf are nor-
malized by the flame timescale sF ¼ lf =SL and laminar flame thickness
lf . xDL is the growth rate due to the hydrodynamic instabilities, while
x2 is related to the stabilizing or destabilizing effects of diffusion across
the flame. Bi are constants depending on the density ratio r and
temperature-dependent thermal conductivity k, Ze is the Zel’dovich
number, Leeff is the effective Lewis number, and Pr is the Prandtl
number.

The coefficient x2 has been used by Howarth and Aspden25 to
satisfactorily characterize the thermodiffusive response of lean pre-
mixed hydrogen flames. To obtain x2, the constant Bi is calculated
from 1D unstretched flame solution using expressions from Matalon
et al.42 The Zel’dovich number Ze is given by

Ze ¼ TaðTb � TuÞ
T2
b

; (5)

where Ta is the activation temperature that can be determined
from43

Ta ¼ �2
dðlog f0Þ
dð1=TbÞ ; (6)

where f0 ¼ quSL is the laminar mass burning flux. This derivative is
evaluated from five 1D unstretched flame solutions by diluting the
mixture with a tiny amount of nitrogen (DYN2 � 0:3%) while keeping
(/, P, Tu) the same. Then, the effective Lewis number Leeff is defined
as a weighted sum of the Lewis numbers of the excess reactant LeE and
deficient reactant LeD,

44

Leeff ¼ 1þ ðLeE � 1Þ þ ðLeD � 1ÞA
1þA

; (7)

where, for the lean mixture, the factorA ¼ 1þ(/�1 � 1)Ze.
Note that in numerical studies conducted by Berger et al.,23,24

they found that there is significant discrepancy between the numerical
and theoretic dispersion relations, and thus, they used the numerically
derived maximum growth rate xmax to correlate the flame speed
enhancement due to instabilities. Although they provided a power law
fit of xmax , it is still dependent on the values of the reference case.
Considering the different chemical mechanisms and transport models
used, which will influence the 1D flames calculation (to obtain flame
properties) and 2D flame simulations (to obtain the xmax), it is diffi-
cult to conduct a fair assessment on the performance of xmax on char-
acterizing the thermo-diffusive effects on ST . For this reason, results
relevant to xmax are not presented here, but the interested readers can
refer to supplementary material.
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In addition, it was reported by Rieth et al.20 that the stretching
factor I0 in both 2D laminar freely propagating flames and 3D turbu-
lent flames can be characterized by the ratio between the Zel’dovich
number Ze and Peclet number Pe, i.e., Ze=Pe. Here, Pe is defined as
the ratio of convection to diffusion transport in the 1D unstretched
laminar premixed flames

Pe ¼

����C H2

����
L;max����DH2

����
L;max

¼

���� @YH2
@x u

����
L;max���� 1q @

@x qWH2
Wm

DH2

@XH2
@x

� �����
L;max

; (8)

where jC H2jL;max and jDH2jL;max are the maximum absolute values of
the convective and diffusive fluxes of H2, respectively. YH2 , XH2 , DH2 ,

and WH2 are mass fraction, mole fraction, species diffusivity coeffi-
cient, and the molecular weight of H2, respectively. Wm is the mean
mixture molecular weight and u is local flow velocity. According to
Rieth et al.,20 the reduction in Pe implies that the diffusion becomes
more important relative to convection, which results in nominally
weakened combustion process. In this context, the flame speed
enhancement induced by thermo-diffusive effects is more significant
for flames that are thermo-chemically weaker (larger Ze) and more
thermo-diffusively unstable (smaller Pe).

On the other hand, the leading points concept1,45,46 hypothesizes
that the turbulent burning velocity is primarily controlled by local
characteristics of critically strained laminar flame kernels localized to
the leading edge of a turbulent flame brush, which was supported by
both experimental17,47 and numerical studies.28,29,39,48 For example, by

FIG. 3. Variation of normalized fuel con-
sumption speed Sc=SL with normalized
stretch rate KaS in twin premixed counter-
flow flames.

FIG. 4. Variation of normalized maximum
fuel consumption rate _xH2 ;str;max=
_xH2 ;L;max with normalized stretch rate
KaS in twin premixed counterflow flames.
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conducting 3D DNS for lean hydrogen–air turbulent flames, Lee
et al.39 found that the maxima of fuel consumption rate of turbulent
flames over the entire domain are close to the peak values of the fuel
consumption rate in the corresponding critically strained, twin
counter-flow laminar premixed flames. Following this concept, a
series of 1D counterflow twin premixed flames are simulated for the
same hydrogen/air mixture and the same conditions listed in Table I
using Cantera.32 The critical stretch rates were reached by gradually
increasing the inlet flow velocity until the flame is quenched. Figures 3
and 4 show the variation of normalized flame consumption speed
(Sc=SL) and normalized maximum fuel consumption rate ( _xH2;str;max=
_xH2 ;L;max) with normalized stretch rates [KaS ¼ ðlf =SLÞKS] at different
pressures and temperatures. Here, Sc is computed by Eq. (1), while the
stretch rate is computed as KS ¼Uin=L where Uin is the inlet velocity
and L is the domain length. _xH2 ;str;max and _xH2 ;L;max are the maximum
fuel consumption rates in the 1D strained laminar flame and its
unstretched counterpart. It is seen that the dependencies of Sc=SL and
_xH2 ;str;max= _xH2 ;L;max on KaS exhibit similar responses to temperature

and pressure: their slopes both show a decreasing trend with tempera-
ture and an increasing trend with pressure, while the slopes are
increased when the temperature and pressure are increased simulta-
neously. Nevertheless, some differences are observed: first, when
KaS approaching the quench limit, Sc=SL is decreased while
_xH2;str;max= _xH2 ;L;max is always monotonically increased with KaS; sec-
ond, for Sc=SL, the slope at Tu ¼ 473 and 573K with P¼ 1 atm
becomes negative [see Fig. 3(a)] while it is always positive for
_xH2;str;max= _xH2 ;L;max . Therefore, in order to avoid the ambiguity of
determination, _xH2 ;str;max= _xH2;L;max at the highest stretch rate that the
flame survived (i.e., the right-most edges of curves in Fig. 4) is consid-
ered as a candidate to measure the flame speed enhancement induced
by thermo-diffusive effects, which is essentially the peak value of
_xH2;str;max= _xH2 ;L;max and thus is denoted by
ð _xH2 ;str;max= _xH2;L;maxÞpeak hereinafter. Note that a series of 1D tran-
sient spherically expanding flames have also been simulated to further
confirm the response of stretched laminar flame speed of lean hydro-
gen flames to stretch rate, and similar results as Figs. 3 and 4 are
observed (see supplementary material).

In this section, three parameters, i.e., x2, Pe=Ze, and
ð _xH2 ;str;max= _xH2;L;maxÞpeak, are introduced to characterize the thermo-
diffusive effects on the flame speed of lean premixed hydrogen flames.
Their values at different temperature and pressure conditions consid-
ered in this study are listed in Table I. In Sec. IV, their performance on
correlating the thermo-diffusive effects on ST will be evaluated.

IV. RESULTS AND DISCUSSION
A. Scaling of ST=SL

Figure 5 exemplary shows the temporal evolution of ST=SL,
AT=AL, and I0 at Tu ¼ 300K and P¼ 1 atm. It can be seen that there
is strong oscillation in ST=SL, which is mainly attributed to the oscilla-
tion in AT=AL, while I0 is relatively stable. Despite the unsteadiness, it
can be inferred that the turbulent flame has reached statistically steady
state after t > 10se. Therefore, the time averaged ST=SL, AT=AL, and
I0 are computed over the period from t ¼ 20se to the end of the simu-
lation, as denoted by the horizontal lines in Fig. 5. For most DNS cases,
the statistics are collected over a period of at least 30se (see supplemen-
tary material).

FIG. 6. Scaling of time averaged ST=SL, AT=AL, and I0 with temperature at P¼ 1
(a) and 10 atm (b) as well as their relative variation compared with the Tu ¼ 300 K
cases (c) and (d).

FIG. 7. Scaling of the time-averaged ST=SL, AT=AL, and I0 against increasing pres-
sure with accordingly increased temperature (a) and fixed temperature at 300 K (b)
as well as their relative variation compared with the Tu ¼ 300 K cases (c) and (d).

FIG. 5. Temporal evolution of the ST=SL, AT=AL, and I0 for at Tu ¼ 300 K and
P¼ 1 atm. The time is normalized by the eddy turnover time se. The corresponding
horizontal lines are time averaged values.
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Figures 6(a) and 6(b) show the variation of time-averaged ST=SL,
AT=AL, and I0 for groups 1 and 2 where the temperature is increased
at fixed pressure. For P¼ 1 atm, I0 monotonically decreases with Tu,
while AT=AL first slightly decreases and then increases linearly, exhib-
iting an overall increasing trend. As a result, ST=SL only marginally
changes with Tu. In contrast, for P¼ 10atm, AT=AL remains almost
constant, while I0 decreases monotonically with Tu similar to the
P¼ 1 atm case. Therefore, ST=SL exhibits a clear decreasing trend with
Tu for P¼ 10 atm. Also note that I0 is much higher in the P¼ 10 atm
case.

These trends can be more clearly visualized in Figs. 6(c) and 6(d)
where the variations of these quantities relative to Tu ¼ 300K cases are
plotted as a function of Tu. It is seen that for P¼ 1 atm, the promotion

effect from AT=AL and suppression effect of I0 have canceled out, lead-
ing to a small variation (< 10%) of ST=SL throughout the whole tem-
perature range. However, for P¼ 10 atm, AT=AL remains nearly
constant, and the variation of ST=SL is primarily determined by the
variation of I0. Specifically, ST=SL is decreased by 40% as Tu increases
from 300 to 641K.

Given that temperature can slightly increase or significantly
decrease ST depending on the pressure, it is unclear how ST would
behave when temperature and pressure effects are tightly coupled.
Figure 7 shows the variation of ST=SL, AT=AL, and I0 with pressure for
group 3 where the temperature is increased isentropically (a) and for
group 4 where the temperature is fixed at Tu ¼ 300K (b), as well as the
relative variations for the simulation groups (c, d). It can be seen that

FIG. 8. 5 L� L slices centered around the flames showing the contours of normalized temperature ðT � TuÞ=ðTb � TuÞ, normalized fuel consumption rate _xH2= _xH2 ;L;max ,
and the normalized flame surface density lf jrcj at one specified instant after the flame has reached statistically steady state.
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with temperature and pressure both increasing, I0 shows a monotoni-
cally increasing trend, while AT=AL first decreases and then remains
constant, leading to a non-monotonic trend of ST=SL. Note that the
increasing trend of ST=SL levels off at high pressures, leading to a small
increase in ST=SL from (P¼ 1 atm, T¼ 300K) to (P¼ 15 atm,
T¼ 641K) of only 10%. In contrast, when the temperature is fixed at
300K, despite the similar trend in AT=AL, ST=SL dramatically
increases with pressure attributed to the more rapid increase in I0.
Such strong pressure effect at fixed temperature is consistent with that
reported in Ref. 21.

The above results suggest that the strong promotion effect of
pressure on turbulent flame speed of lean hydrogen/air flames has
been largely compensated by the suppression effects of temperature.
As a result, ST=SL only exhibits a marginal increase with pressure if the
temperature increases isentropically. It is therefore demonstrated that
both temperature and pressure effects need to be accounted for when
predicting ST for engine-relevant conditions, as including the pressure
effect only may significantly overpredict ST=SL.

B. Flame dynamic analysis

To better understand the root causes for such variations, espe-
cially the temperature effects, four cases (1) P¼ 1 atm, Tu ¼ 300K, (2)
P¼ 1 atm, Tu ¼ 573K, (3)P¼ 10 atm, Tu ¼ 300K, and (4)P¼ 10 atm,
Tu ¼ 573K are selected as representative cases for the following
dynamic analysis.

Figure 8 shows 2D contours of temperature, fuel consumption
rate normalized by its maximum value in the corresponding
unstretched laminar flame ( _xH2= _xH2;L;max), and generalized flame
surface density normalized by the inverse laminar flame thickness
(lf jrcj) for each flame at one specified instant after the flame has
reached statistically steady state. It can be seen that all flames are wrin-
kled by turbulence to a similar extend, which is expected since u0=SL
and lT=lf are the same for all flames. In all the cases, typical phenom-
ena induced by the thermo-diffusive effect are observed. Namely, at
the positive stretch region (convex toward unburned gas), the reactiv-
ity is strengthened, and thus, _xH2= _xH2 ;L;max > 1, while at the negative
stretch region (convex toward burned gas), the reactivity is suppressed

and thus _xH2= _xH2;L;max < 1. In addition, the thermo-diffusive effect is
more pronounced at higher pressure cases, leading to the superadiaba-
ticity, large enhancement of fuel consumption rate at flame leading
edges, as well as distinct local extinction at the flame tip, as shown in
Figs. 8(c) and 8(d). On the other hand, as the temperature increases,
the thermo-diffusive effect is reduced, especially for Tu ¼ 573 and
P¼ 1 atm where no significant variation of reaction rate along the
flame front is observed [see Fig. 8(b)]. In terms of flame surface den-
sity, lf jrcj increases considerably with temperature at P¼ 1 atm, while
it slightly decreases with temperature at P¼ 10 atm, which is consis-
tent with the observation in Fig. 6.

To quantify the variation of reactivity along the flame front, the
instantaneous flame displacement speed (Sd) is computed as

Sd ¼ Sd;r þ Sd;n þ Sd;t ; (9)

where Sd;r ¼ _xc=qjrcj, Sd;n ¼ n � rðqDn � rcÞ=qjrcj, and Sd;t
¼ �2Dj are the reaction, normal diffusion, and tangential diffusion
components of Sd , respectively. Here, _xc is the reaction rate of pro-
gress variable, n ¼ �rc=jrcj the flame normal vector that points
toward the unburned gas, j ¼ 0:5ðr � nÞ is the flame front curvature,
and D is the diffusivity of the progress variable. The local stretch rate
KS is then computed as

KS ¼ at þ 2jSd; (10)

where at ¼ r � u� nn : ru is the tangential strain rate and 2jSd is
the curvature stretch. Accordingly, the stretch Karlovitz number (i.e.,
the normalized stretch rate) is computed as KaS ¼ KaS;t þ KaS;c with
KaS;t ¼ ðlf =SLÞat and KaS;c ¼ ðlf =SLÞ2jSd . All these values are evalu-
ated at the flame front that is characterized by the iso-surface of pro-
gress variable corresponding to the maximum fuel consumption rate
in the corresponding unstretched laminar flames.

Figure 9 shows mean values of density-weighted S�d ¼ qSd=qu
and its components conditioned on KaS. In all flames, S�d shows a neg-
ative correlation with KaS in the negative KaS region, which can be
attributed to the strong negative correlation between S�d;t and KaS (and
j). Regarding S�d;r , it shows strong positive correlation with KaS at
Tu ¼ 300K for both pressures, especially at P ¼ 10 atm, which is

FIG. 9. Conditioned mean S�d=SL and its components with KaS.
FIG. 10. Scatters of progress variable c and mixture fraction Z colored by the nor-
malized fuel consumption rate _xH2= _xH2 ;L;max .
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expected as Le is smaller than 1 for all these flames. However, as tem-
perature increases from 300 to 573K, S�d;r becomes less sensitive to
KaS, and thus, the enhancement of S�d;r=SL by positive Kas is reduced.
This phenomenon is more pronounced at P¼ 1 atm. Moreover, for
P¼ 1 atm and Tu ¼ 573K, S�d;r even shows a negative correlation with
KaS at negative KaS side. Hence, S�d;r remains a considerable value as
KaS approaches its large negative limit, which explains why the local
extinction at flame cusp penetrating toward the burned gas was not
observed for P¼ 1 atm and Tu ¼ 573K as shown in Fig. 8(b). On the
other hand, S�d;n is less sensitive to KaS and its magnitude is relatively
smaller at higher temperature cases, especially for P¼ 1 atm and
Tu ¼ 573K. This indicates that the H2 diffusion is reduced and not
sensitive to the local flame topology at higher temperature conditions,
leading to a weaker thermo-diffusive effect. Finally, comparing
P¼ 1 atm/Tu ¼ 300K and P¼ 10 atm/Tu ¼ 573K, S�d;r=SL is found to
be more sensitive to KaS for the latter case, especially at positive KaS
region, leading to a stronger enhancement of S�d;r=SL. This is also con-
sistent with the trend observed in Fig. 7.

Generally, the influence of turbulence on local reaction rate _xc

can be characterized by the fluctuation of mixture fraction Z, which is
defined by the Bilger formula,49 and the sensitivity of _xH2 with respect
to Z.50 Figure 10 shows the scatters of c and Z colored by the normal-
ized _xH2 . The conditional average hZjci (red line) and the solution of
corresponding unstretched laminar flamelet (black line) are also plot-
ted. The fluctuation of mixture fraction can be seen from the spanning

range of Z at different c. It is found that turbulence causes strong fluc-
tuation of Z in all flames and the averagedmixture fraction hZjci is sig-
nificantly larger than the corresponding flamelet solution. However, at
P¼ 1 atm, a reduction of Z fluctuation is observed when increasing Tu

from 300 to 573K, while such reduction is much less visible at
P¼ 10 atm. In addition, it can be seen that at both pressures, the reac-
tion rate is more uniformly distributed in Z space for the higher tem-
perature cases (Tu ¼ 573K), especially in the vicinity of c¼ 0.8 which
is approximately the region with maximum fuel consumption rate in
the laminar flame solution. This indicates that the sensitivity of _xH2

with respect to Z is weaker at higher temperatures. This reduction in
sensitivity at the higher temperature further leads to smaller enhance-
ment of local reaction rate (c.f. the maxima of _xH2= _xH2;L;max) at
Tu ¼ 573K compared with Tu ¼ 300K for both pressures.

In summary, the decreasing trend of I0 with temperature results
from (1) the weaker sensitivity of local reaction rate to the stretch rate
and mixture fraction and (2) the reduction of turbulence induced mix-
ture fraction fluctuation. The former is important at both atmospheric
and elevated pressures, while the latter is more pronounced at the
atmospheric pressure.

To understand the trend of AT=AL with temperature, Fig. 11
shows the PDF of KaS, KaS;t , KaS;c, and normalized j, considering that
the evolution of flame surface area is directly controlled by the stretch
rate. In all flames, the PDF of curvature presents a near-symmetric
profile centered at j¼ 0. Therefore, the curvature term KaS;c is also

FIG. 11. PDF of normalized KaS and its components (KaS;t , KaSc ) as well as curvature j.

FIG. 12. Variation of x2, Pe=Ze, and ð _xH2 ;str;max= _xH2 ;L;maxÞpeak with respect to temperature and pressure at different conditions.
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centered at zero with generally good symmetry. In contrast, with
increasing temperature, the PDF of KaS;t tends to shift rightwards at
P¼ 1 atm, while it shifts leftwards at P¼ 10 atm, which causes the
opposite shifts in PDF of KaS at these two pressures. This is generally
consistent with the different trends of AT=AL with temperature
observed in Fig. 6. It therefore can be inferred that the increasing trend
of AT=AL with temperature at P¼ 1 atm is probably caused by the
enhanced tangential strain rate (KaS;t) which dominates stretch rate
effects in flame surface generation.

A potential explanation for the different dependence of AT=AL on
Tu at different pressures is that the sensitivity of ReF (and thus ReT ) on
Tu is pressure dependent. As shown in Table I, at P¼ 1atm (group 1),
ReF increases by 85% from 18.4 to 34.0 when Tu is increased from 300
to 573K, while at P¼ 10atm (group 2), ReF increases by only 27% from
8.5 to 10.8. Consequently, AT=AL shows an increasing trend with T at
P¼ 1atm due to the significantly increased ReT , and amarginal variation
with Tu at P¼ 10 atm since ReT does not change much. Nevertheless, it
should be noted that in most cases, AT=AL remains almost constant,
regardless of the increasing ReT (group 2) or decreasing ReT (groups 3,
4). Therefore, the impacts of ReT are secondary compared with P and Tu

which influence ST through I0, especially at engine-relevant conditions.
In addition, it is worth mentioning that in the parametric studies

conducted by Berger et al.24 for lean H2/air laminar flames, they found
that flame instabilities of lean premixed hydrogen/air flame would be
suppressed with simultaneously increased temperature and pressure,
which is opposite to the trend observed in this study where ST=SL is
increased slightly with simultaneously increased temperature and pres-
sures due to the increased I0 (see Fig. 7). This is probably because
under current conditions, the influence of flame instabilities on the
flame surface evolution has been, to some extend, suppressed by the
turbulence. Therefore, the variation of ST=SL at considered engine-
relevant conditions is mainly controlled by the variation of I0, which
will be discussed in Sec. IVC.

C. Characterization of I0
Considering that the stretching factor I0 plays a dominant role in

determining the variation trend of ST with pressure and temperature
for lean premixed H2/air flames, an accurate correlation of I0 would be
particularly beneficial to the modeling of ST which can be used for H2-
fueled engines. Therefore, in this section, the performance of x2,
Pe=Ze, and ð _xH2 ;str;max= _xH2 ;L;maxÞpeak, on correlating I0 is assessed.

Figure 12 first shows the variations of x2, Pe=Ze, and
ð _xH2 ;str;max= _xH2 ;L;maxÞpeak with respect to temperature and pressure at

different conditions. In general, all three parameters exhibit similar
dependencies on temperature and pressure. Specifically, they all
increase with pressure while decrease with temperature. When the
temperature and pressure are increased simultaneously (i.e., group 4),
x2 and ð _xH2 ;str;max= _xH2;L;maxÞpeak only show slight increase while
Pe=Ze remains almost constant. More importantly, these trends are
basically consistent with trends of I0 observed in Figs. 6 and 7, demon-
strating the potential of these three parameters on characterizing
thermo-diffusive effects.

Then, the correlations of I0 with x2, Pe=Ze, and
ð _xH2 ;str;max= _xH2;L;maxÞpeak are presented in Fig. 13. It is seen that all
three parameters are able to qualitatively correlate I0, while
ð _xH2 ;str;max= _xH2;L;maxÞpeak shows the best performance. Specifically,
when ð _xH2;str;max= _xH2 ;L;maxÞpeak is adopted, the I0 obtained from dif-
ferent temperature and pressure conditions collapse into a single curve
[see Fig. 13(c)], indicating that I0 can be well characterized as a func-
tion of ð _xH2 ;str;max= _xH2 ;L;maxÞpeak. This also serves as an evidence sup-
porting the leading point concept. For x2, a very good linear
correlation is observed for group 1 (i.e., increasing Tu with P¼ 1 atm)
and group 4 (i.e., increasing P with Tu ¼ 300K). However, I0 obtained
from group 2 and group 3 deviate from this linear correlation. Similar
phenomenon is also observed for Ze=Pe: a very good non-linear corre-
lation between I0 and Ze=Pe is achieved for group 1 and group 4, while
I0 obtained from group 2 and group 3 show noticeable deviation from
this non-linear correlation.

D. Implications for the modeling of ST=SL

The above results and discussion provide new implications for
improved modeling of ST=SL in lean premixed hydrogen turbulent
flames.

First, the temperature effect on ST=SL is non-negligible and needs
to be properly accounted for. More specifically, ST=SL can exhibit dif-
ferent trends with temperature at different pressures. This indicates
that the coupling effect of temperature and pressure is important and
cannot be well characterized by a simple combination of individual
temperature and pressure effects.

Second, the strong promotion effect of pressure on ST=SL for lean
hydrogen/air flames can be partially canceled out by the suppression
effect of temperature. This suggests that for reciprocating engine appli-
cations where pressure and temperature may increase simultaneously,
within the permissible range of error, the temperature and pressure
effects on ST=SL may be neglected altogether as long as the thermo-
diffusive effect for the reference case (i.e., Tu ¼ 300K and P¼ 1 atm in

FIG. 13. Variation of I0 with x2, Pe=Ze,
and ð _xH2 ;str;max= _xH2 ;L;maxÞpeak at differ-
ent conditions.
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this study) has been accounted for when using ST -based turbulent pre-
mixed combustion models such as the G-equation method. It should
be noted that this implication was obtained at a single equivalence
ratio.

Third, as shown in Figs. 6 and 7, the variation of ST=SL is primar-
ily determined by the variation of I0. Therefore, it is crucial to under-
stand the dependence of I0 on temperature and pressure, which is
found to be well characterized by the enhancement of fuel consump-
tion rate in the critically strained laminar flame relative to its
unstretched counterpart, i.e., ð _xH2;str;max= _xH2 ;L;maxÞpeak. This indicates
that the variation of I0 can be well predicted by the flame properties of
corresponding laminar flames, which avoids running expensive turbu-
lent flame simulations and thus allows easier incorporation of the I0
effect in ST modeling in practice.

It is worth mentioning that the above findings are of general
validity, given the wide range of temperature and pressure conditions
considered.

V. CONCLUSIONS

In the present study, a series of statistically planar turbulent pre-
mixed flames for lean hydrogen/air mixture at a wide range of temper-
atures and pressures were simulated through DNS, to elucidate the
temperature effect on the scaling of turbulent burning velocity. It was
found that the normalized turbulent burning velocity ST=SL is margin-
ally dependent on temperature at the atmospheric pressure, but exhib-
its a decreasing trend with temperature at an elevated pressure. This is
associated with the monotonically decreasing trends of stretch factor I0
with temperature at both pressures, interacting with different tempera-
ture dependencies of flame surface area enlargement AT=AL at the two
different pressures. In addition, at engine-relevant conditions where
temperature and pressure increase simultaneously, the promotion
effect of pressure was found to be largely canceled out by the suppres-
sion effect of temperature, leading to only a slight increase in I0 and
ST=SL. These observed trends were explained in detail through local
flame dynamic analysis in terms of the local flame displacement speed
and stretch rate. Results indicated that the decreasing trend of I0 with
temperature at both pressures is largely attributed to the reduced sensi-
tivity of local reaction rate to the stretch rate and mixture fraction,
while the variation of AT=AL with temperature is closely related to the
variation of tangential strain rate.

Furthermore, the observed variations of ST=SL with temperature
and pressure were found to be mainly controlled by the variation of
stretching factor I0. To better understand the root cause of I0 variation,
the performance of three parameters, i.e., x2, Pe=Ze, and
ð _xH2 ;str;max= _xH2 ;L;maxÞpeak, on characterizing I0, was assessed. It was
found that the variation of I0 at different temperatures and pressures is
well correlated by ð _xH2 ;str;max= _xH2;L;maxÞpeak obtained from the criti-
cally strained laminar premixed flames. This serves as a solid evidence
supporting the leading point concept and a bridge connecting the
knowledge obtained from laminar and turbulent studies.

This work further provided guidance to the modeling of ST under
circumstances where temperature is not at room temperature and
where temperature and pressure vary simultaneously. Note that the
present study is restricted to fixed /¼ 0.6, u0=SL ¼ 2, and lT=lf ¼ 1,
although a wide range of temperature and pressure was considered. In
future works, we will extend our investigation to higher turbulence
intensity, higher pressure and temperature, and leaner mixture condi-
tions that closely represent the practical engine operations.

SUPPLEMENTARY MATERIAL

See the supplementary material to complement the article and
provide additional information to (a) temporal evolution of ST=SL,
AT=AL, and I0 for all the turbulent premixed flame cases (including
those are not shown in the manuscript), (b) joint PDF of S�d=SL and its
components against KaS in four turbulent premixed flame cases, (c)
the correlation between the stretched flame speed and the stretch rate
in laminar spherically expanding flames, and (d) the performance of
xmax on correlating I0.
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