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A B S T R A C T   

Hydrogen is an attractive alternative fuel which may play an important role in the reduction of carbon dioxide 
emission. The widespread use of hydrogen raises concerns on safety issues such as fires and explosions related to 
the storage, transportation and utilization of liquid hydrogen. Therefore, it is necessary to understand the 
combustion properties of hydrogen at cryogenic temperatures. In this study, we conduct two-dimensional sim
ulations of circular expanding hydrogen/air flame in an open space and investigate the flame morphology 
evolution and self-acceleration processes. Stoichiometric hydrogen/air mixtures with near-unity Lewis number at 
cryogenic temperature (100 K) and normal temperature (300 K) are considered so that the flame propagation is 
mainly affected by the Darrieus-Landau instability (DLI, or hydrodynamic instability) instead of the diffusional- 
thermal instability (DTI). The flame morphology, flame propagation speed pulsation, development and evolution 
of cellular structure, and self-acceleration are investigated. Since the thermal expansion increases greatly with 
the decrease in the initial temperature, the DLI at cryogenic temperature becomes much stronger than that at 
normal temperature, which results in significant increase in flame propagation speed, total heat release rate, 
acceleration exponent as well as violent cell evolution including cell growth, splitting and merging. The stronger 
DLI at lower initial temperature leads to larger cell number, smaller mean cell size and longer mean cell depth. 
Analyses on cell statistics show that the intermittent characteristic of flame propagation speed is mainly caused 
by cell evolution. Interestingly, the integral heat release rate and flame propagation speed at cryogenic tem
perature can be comparable to those at normal temperature. Such counterintuitive observation is important for 
fire safety control and risk assessment of cryogenic hydrogen storage and utilization.   

1. Introduction 

Hydrogen is an attractive alternative fuel and it plays an important 
role in the reduction of carbon dioxide emission. To increase the volu
metric energy density, gaseous hydrogen is commonly liquefied at 
cryogenic temperature [1]. Meanwhile, there are severe concerns on 
safety issues related to accidental release of liquid hydrogen such as fires 
and explosions [2,3]. The combustion of accidentally released hydrogen 
can be very intense since hydrogen has large burning rate and strong 
flame instability [4,5]. For accidental explosion, flame acceleration 
induced by flame instability can lead to fast energy release and thereby 
severe damage [6]. Under certain conditions, detonation may be trig
gered after flame acceleration in hydrogen/air mixtures [7,8], resulting 
in much severer damage than deflagration. Therefore, understanding 
the propagation and acceleration of hydrogen/air flames subjected to 
intrinsic flame instability is important for safe utilization of hydrogen. 

Generally, there are two types of intrinsic flame instability in the 
absence of body force, i.e., diffusional-thermal instability (DTI) and 
Darrieus-Landau instability (DLI, or hydrodynamic instability) [9]. DTI 
is caused by the imbalance of mass and heat diffusion at the flame front; 
while DLI is related to the gas expansion across the flame front where 
strong heat release occurs. Both DTI and DLI can wrinkle the flame front 
and accelerate flame propagation. Since DLI is sensitive to thermal 
expansion, cryogenic hydrogen/air flame is expected to exhibit strong 
wrinkling and acceleration due to its large expansion ratio (i.e., the 
density ratio of unburned gas to burned gas, σ=ρu/ρb). Furthermore, for 
large-scale flames commonly occurring in accidental gas explosion, the 
effect of DLI on flame acceleration gradually becomes dominant as the 
flame radius increases [10–12]. Therefore, it’s important to understand 
DLI-induced flame acceleration for cryogenic hydrogen. 

Due to the complexity of cryogenic experiments, there is little work 
on propagation and self-acceleration of cryogenic hydrogen flames in an 
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open space. Kuznetsov et al. [13] studied hydrogen flame acceleration 
and detonation development using the cryogenic shock tube. They found 
that the run-up distance to detonation at cryogenic temperature is much 
shorter than that at ambient condition. This is counterintuitive since the 
laminar flame speed becomes smaller at lower initial temperature. Our 
recent simulations [14] have also shown that in a closed narrow chan
nel, hydrogen flame propagation and acceleration at cryogenic tem
perature are faster than those at room temperature. Violent flame 
wrinkling due to strong Rayleigh-Taylor instability (RTI) is responsible 
for this counterintuitive phenomenon. The existence of channel walls 
favors the reflection and amplification of pressure waves, which interact 
with and distort the flame front inducing the onset of RTI. Stronger 
pressure wave can be induced at lower initial temperature with larger 
energy density. Therefore, stronger RTI results in faster flame acceler
ation at cryogenic temperature than that at room temperature [14]. 
However, in an open space the pressure wave cannot build up and the 
flame front wrinkling is mainly caused by DLI or DTI rather than RTI. 
Currently, it is unclear whether hydrogen flame acceleration at cryo
genic temperature is still faster than that at normal temperature when 
there is no RTI in an open space. This motivates the present study to 
investigate the propagation and self-acceleration of hydrogen flame 
subjected to DLI in an open space at both normal and cryogenic 
temperatures. 

In the literature, there are extensive theoretical, experimental and 
numerical studies on the onset of instabilities and subsequent self- 
acceleration of premixed flames in an open space. However, most 
studies focused on the flame propagation at normal or elevated tem
peratures, and the effect of intrinsic instability on flame propagation at 
cryogenic temperature received little attention. Addabbo et al. [11] 
analyzed the development and onset of intrinsic instabilities of spherical 
expanding flame. Their theory shows that large spherical flame is un
stable and that the growth rate at the linear stage increases with the 
expansion ratio. This indicates that there is stronger DLI effect on 
cryogenic hydrogen/air flame with larger expansion ratio. Recently, 
Mohan and Matalon [15] have developed a linear theory on the wrin
kling of circular expanding flames, which is closely relevant to the 
present study and will be introduced in the next section. 

The self-acceleration of spherical expanding flame caused by DLI and 
DTI was experimentally studied by Yang et al. [16]. Three stages 
(smooth expansion, transition and saturated stages) were observed and 
analyzed. Bauwens et al. [17] observed and interpreted the oscillatory 
acceleration induced by periodic cell growth during the propagation of 
large-scale spherical flames. They [18] further proposed a model 
describing the growth and splitting of cells for large-scale spherical 
flames subjected to DLI. However, direct evidence on cell statistics was 
not provided in their experiments. Huo et al. [19] observed the global 
pulsation in flame self-acceleration. In their hypothesis, the global pul
sation is attributed to the local cascading process in the cellular struc
ture. Therefore, a statistical study on the cellular structure is necessary 
to explain the pulsatory acceleration phenomenon. Besides, Kim et al. 
[20] showed that the onset of spherical flame acceleration in lean 
hydrogen/air mixtures depends on the intensity of DLI and DTI. They 
found that the acceleration exponent first increases and then becomes 
saturated during the spherical flame propagation. More recently, Xie 
et al. [21] experimentally studied the global pulsation of spherical 
expanding flame under a wide range of equivalence ratio and thermal 
conditions. They found that stronger instabilities lead to higher pulsa
tion frequency. However, to the authors’ knowledge, the acceleration of 
cryogenic flames was not considered in previous experiments. 

There are also many numerical studies on flame self-acceleration 
caused by intrinsic instabilities. Some studies are listed in Table 1. 
Kadowaki [22] assessed the effects of Lewis number on circular 
expanding flame. He found that for Le∕=1 the growth rate of circular 
expanding flame is different from that of planar flame. Liberman et al. 
[23] investigated the self-acceleration and fractal structure of circular 
expanding flame. They found that the temporal evolution of flame 

radius obeys the power law with a self-acceleration exponential of 1.25. 
Recent simulations on circular expanding hydrogen/oxygen flames by 
Kiverin and Yakovenko [7] showed that detonation can be triggered by 
the acceleration and wrinkling at the flame front. Altantzis et al. [24,25] 
explored the evolution of circular expanding hydrogen/air flame using 
one-step chemistry and detailed chemistry. They observed the succes
sive cell creation and annihilation, which lead to the oscillation in the 
total heat release rate. Xin et al. [26] simulated the circular expanding 
hydrogen/air flame at 300 K and 8 atm and found that the flame 
propagation exhibits global pulsation in flame self-acceleration caused 
by the evolution of wrinkled flame front induced by DLI. Pan and Fur
senko [27] also observed this global pulsation phenomenon in simula
tion results based on Sivashinsky equation. 

The above studies mainly focused on how the DLI affects flame 
propagation and self-acceleration at normal temperature around 300 K. 
However, the cryogenic temperature corresponding to very large 
expansion ratio was not considered before. Moreover, it is difficult to 
distinguish a large number of cellular structures, and thereby cell sta
tistics were seldom discussed though it is important to understand the 
details on cellular structure evolution and subsequent self-acceleration. 
This motivates us to interpret flame acceleration from the perspective of 
cell statistics. Furthermore, due to the huge computational cost, the 
largest flame radius was less than 6 cm in most previous simulations (see 
Table 1). This might affect the development of DLI [17,19] since 
intrinsic instability development can be affected by the computation 
domain size [28]. In this work a substantially large domain with the 
radius of 30 cm is used to reduce this effect. 

In this study we will investigate the propagation and self- 
acceleration of circular expanding hydrogen/air flame at cryogenic 
temperature subjected to strong DLI. We focus on the role of the DLI by 
considering the stoichiometric hydrogen/air mixture which has near- 
unity Lewis number and thereby the thermo-diffusive instability has 
little influence on flame propagation [26,29,30]. Transient 

Table 1 
Previous numerical studies on 2D circular expanding flame.   

Mixture; chemistry model 
Temperature and pressure 
Lewis number, Le; 
Expansion ratio, σ 

Computational domain 
size 
Grid resolution, Δx 

Kadowaki, (1995) [22] Two-species model; One- 
step chemistry 
Le =0.8, 1.0, 1.2; σ=7 

circular domain, 0 ≤ r ≤
100δf 

Δx=δf /5 
Liberman et al., (2004) 

[23] 
Two-species model; One- 
step chemistry 
Le =1; σ=8 

Not mentioned 
Δx=1.0δf 

Altantzis et al., (2013) 
[25] 

H2/air, ϕ=0.6; One-step 
chemistry 
Tu=298 K, p = 5 atm 
Le =0.4; σ=6.17 

circular sector with 10δf ≤

r ≤ 100δf 

and π/4≤θ≤3π/4 
Δx=δf /10, δf =51.4 μm 

Altantzis et al., (2015) 
[24] 

H2/air, ϕ=0.6; detailed 
chemistry 
Tu=298 K, p = 5 atm 
Le =0.4; σ=5.56 

circular sector with 8δf ≤ r 
≤ 200δf 

and π/4≤θ≤3π/4 
Δx=δf /9, δf =75.2 μm 

Xin et al., (2015) [26] H2/air, ϕ=1; detailed 
chemistry 
Tu=300 K, p = 8 atm 
Le: near-unity; σ=6.99 

square: 2.5 cm × 2.5 cm 
Δx=4 μm, δf =31.8 μm 

Kiverin and Yakovenko, 
(2020) [7] 

H2/O2, ϕ=0.5; detailed 
chemistry 
Tu=300 K, p = 1 atm/10 
atm 
Le: around 0.5; σ≈6.93 

square: 6 cm × 6 cm 
Δx=50 μm for p = 1 atm 
Δx=25 μm for p = 10 atm 

This work H2/air, ϕ=1, detailed 
chemistry 
Tu=100 K/300 K, p = 1 
atm 
Le: near-unity; 
σ=19.54 for Tu=100 K 
σ=6.85 for Tu=300 K 

circular domain, 0 ≤ r ≤
30 cm 
Δxmin=12.5 μm, adaptive 
mesh 
δf =252 μm for Tu=100 K 
δf =338 μm for Tu=300 K  
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two-dimensional numerical simulation considering detailed chemistry 
and transport will be conducted. We aim to answer three questions: (1) 
What are the differences between normal temperature and cryogenic 
temperature in terms of flame wrinkling and acceleration? (2) Is the 
global flame propagation speed at normal temperature (300 K) always 
larger than that at cryogenic temperature (100 K) in an open space? (3) 
What causes the global pulsation in flame propagation speed? The 
remainder of the paper is structured as follows. Section 2 introduces the 
asymptotic analysis and estimates the flame instability. After that, Sec
tion 3 describes the computation model and methods. Then, Section 4 
presents the numerical results and discusses the effect of cryogenic 
temperature on the flame morphology and self-acceleration. Finally, 
Section 5 summarizes the main findings of this study. 

2. Theoretical analysis 

The development of intrinsic instabilities for circular expanding 
flame at the linear stage has been analyzed by Mohan and Matalon [15]. 
They considered the hydrodynamic model in which the flame front can 
be treated as a discontinuity separating the burnt gas and unburnt gas. 
The relative growth rate in the amplitude of a perturbation with 
wavenumber n was obtained as [15]: 

ω =
1
Ap

dAp

dt
=

Ṙf

Rf

[

ωDL(σ, n) −
L

Rf
Ω(σ, n)

]

(1)  

where Ap is the perturbation amplitude, Rf the flame radius, σ the density 
ratio of unburned gas to burned gas, and L the Markstein length. The 
Markstein length is calculated using the same method as in [15,31] and 
the details are also provided in the supplemental material. The wave 
number n is related to wavelength λ through λ=2πRf /n. The expression 
for ωDL is: 

ωDL =
− (b − a) +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(b − a)2
− 4ac

√

2a
(2)  

a = (σ +1)n, b = 2n2 + (2+ 4σ)n, c = −

[
σ − 1

σ

]

n3 +

[
3σ − 1

σ

]

n2 + 2σn

(3)  

The expression for Ω is: 

Ω =
N1 + N2 + N3 + N4

2[(σ + 1)ωDL + n + σ] (4)  

where 

N1 = 2n3 (5)  

N2 = [5σ +2ωDL(σ +1) − 3]n2 (6)  

N3 = −
(
σ2 − 2σω2

DL − 4σωDL +2σ +2ωDL − 1
)
n (7)  

N4 = − σωDL[ωDL(σ − 1)+ 2σ] (8) 

More details on ωDL and Ω can be found in [15]. The marginal sta
bility curve can be determined by the requirement that the right-hand 
side of Eq. (1) is zero, which results in: 

Pe =
Rf

lf
=

L

lf
Ω

ωDL
(9)  

where Pe is the Peclet number and lf is the diffusive flame thickness (i.e., 
the ratio between thermal diffusivity Dth and laminar flame speed SL, i.e., 
lf = Dth/SL). For a given flame radius Rf, the unstable region corresponds 
to the wave number n within the range of nmin<n<nmax, which can be 
determined by Eq. (9). The marginal stability curves for T0=100 K and 
T0=300 K are shown in Fig. 1. It is seen that the unstable region for 

T0=100 K is much broader than that for T0=300 K, which is mainly 
caused by the broadening in the upper branch. According to Addabbo 
et al. [11], the lower branch corresponds to minimum wave number, 
nmin, which depends solely on the expansion ratio; while the upper 
branch corresponds to maximum wave number, nmax, which depends on 
effective Lewis number and the Prandtl number as well as expansion 
ratio. Small-scale cellular structures with n>nmax are stabilized by 
diffusion. Therefore, for the stoichiometric hydrogen/air mixtures with 
near-unity Lewis number considered here, diffusion also affects the 
cellular flame structures. 

Since the upper branch corresponds to small-scale perturbation, the 
minimum size of cellular structure on the cryogenic flame front is 
smaller than that on the normal flame front (i.e., T0=300 K). Therefore, 
Fig. 1 indicates that the stoichiometric hydrogen/air flame is more un
stable at cryogenic temperature. Although the marginal stability curves 
in Fig. 1 are derived from linear theory, it can be seen as an estimation of 
cellular structure wavenumber at the non-linear stage of instability 
development. According to the results in Fig. 1 from linear instability 
theory, smaller mean cell size and larger cell number for the cryogenic 
flame front are expected in the subsequent non-linear evolution stage 
when the flame radii for cryogenic and normal flames are the same. 
Moreover, the critical flame radius at which the unstable perturbation 
appears is close for both flames. This indicates that the difference in the 
critical radius at which flame wrinkling starts to occur is small for both 
flames considered in this study. 

3. Numerical model and methods 

In 2D simulations, we consider the flame propagation from the center 
of a circular domain with the radius of 30 cm, as shown in Fig. 2. 
Outflow condition is set at the circular boundary. Initially the circular 
domain is filled with static stoichiometric hydrogen/air mixture at P0=1 
atm and T0=100 K or 300 K. The central hot spot with temperature of T 
= 1500 K is used to induce ignition. The hot spot has a small radius of r =
0.4 mm so that it has little influence on the subsequent flame propa
gation [17,27,32]. 

Both cryogenic and normal temperatures, T0=100 K and T0=300 K, 
are considered. The properties for adiabatic planar flames at these two 
temperatures are listed in Table 2. The diffusive flame thickness is the 
ratio between thermal diffusivity of unburned gas and laminar flame 
speed, i.e., lf =Dth /SL. The thermal flame thickness is equal to the 
temperature rise divided by the maximum temperature gradient, i.e., δf 
= (Tad-T0)/(dT/dx)max. The effective Lewis number is calculated using 
the method introduced in [11]. Since the expansion ratio for T0=100 K is 
much larger than that for T0=300 K, the cryogenic flame exhibits 
stronger DLI. Besides, the flame thickness is counterintuitively smaller at 
lower initial temperature, which also results in stronger DLI on the 
cryogenic flame. Therefore, it is expected that flame wrinkling and 
subsequent self-acceleration can be greatly enhanced under cryogenic 
conditions. 

Fig. 1. Peninsula of unstable modes for stoichiometric hydrogen/air flames at 
T0=100 K and T0=300 K. 
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The transient flame propagation and acceleration processes are 
simulated using the OpenFOAM-based solver, EBIdnsFoam, developed 
by Zirwes et al. [33–35]. The Naiver-Stokes equations for reactive flow 
are solved using the finite volume method. Cantera [36] is incorporated 
into the solver to evaluate the reaction rates as well as thermal and 
transport properties. The mixture-average transport model is adopted in 
the simulations. EBIdnsFoam has been validated for different combus
tion processes including the benchmark case of hydrogen flames inter
acting with a Taylor–Green vortex [35], and it has been successfully 
used in our previous simulations of ignition and flame propagation 
[37–41]. The detailed kinetic model for hydrogen developed by Konnov 
[42] is used. It is noted that the chemical mechanisms existing in the 
literature have not been systematically validated by cryogenic data. 
Nevertheless, the major parameters for DLI including laminar flame 
speed and expansion ratio above 100 K can be reasonably predicted by 
the chemical mechanism used in this study, as shown in the supple
mentary material. Besides, the employment of the equation of state for 
ideal gas is not the best choice [43]. Nevertheless, it is appropriate under 
the conditions considered in the present study (P = 1 atm, T > 100 K) 
[44] as also shown in the supplementary material. It is expected that the 
major conclusions still hold when the equation of state for real gas is 
considered. To accurately and efficiently resolve the expanding flame 
front, we use adaptive mesh refinement technology in simulations [45]. 
The size for coarse grid is 400 μm and the finest grid size is 12.5 μm. The 
reaction zone is fully covered by more than 20 finest points so that grid 
convergence is ensured. In simulations, the flame front position is 
determined by the isosurface of H2O mass fraction corresponding to the 
position with peak heat release rate in an unstretched laminar planar 
flame [46]. 

4. Results and discussion 

4.1. Flame morphology and flame propagation speed 

Temporal evolution of the circular expanding flame front for T0=100 
K and T0=300 K is shown in Fig. 3. To quantify the global flame prop
agation, we define the effective flame radius as R=(Ab/π)1/2, in which Ab 
is the area inside the wrinkled front [16,47]. Circles with effective flame 
radius are sketched with red dashed lines superimposed on the wrinkled 
flame front in Fig. 3. Initially, the flame front is smooth. Then, wrinkles 
of different length scales develop on the flame front. Comparison be
tween Figs. 3(a) and 3(b) shows that the flame propagation is slower at 
lower initial temperature. This is reasonable since the mixture has 
smaller laminar flame speed at lower initial temperature (see Table 2). 
Moreover, the depth of the wrinkles at cryogenic temperature is slightly 
larger than that at normal temperature. This indicates that flame front 
wrinkling is more pronounced at lower initial temperature, which is 
consistent with theoretical analysis in Section 2. In addition to the 
wrinkle depth, the number and size (wavelength) of wrinkles also affect 
the flame surface area and thereby the flame propagation speed. 
Compared to normal flame at T0=300 K, the cryogenic flame at T0=100 
K has finer wrinkles when its effective radius is R ≈ 20 cm. This 
observation qualitatively agrees with the analytical results shown in 
Fig. 1. 

Fig. 4 shows the evolution of effective flame radius R and integral 
heat release rate (HRR) Q for circular expanding flames at T0=100 K and 
T0=300 K. The integral HRR is calculated from numerical integration of 
the local heat release rate, q, in the 2D computational domain, i.e., Q 
(t)=

∫ ∫
q(x,y,t)dxdy. The effective flame radius history R = R(t) shown in 

Fig. 4 indicates slower flame propagation at cryogenic temperature, 
which is consistent with smaller laminar flame speed at lower T0 as 
listed in Table 2. However, the evolution of integral HRR is different. At 
the early stage with R < 0.12 m, the integral HRR for T0=100 K is 
smaller than that for T0=300 K. Since the flame front is slightly wrinkled 
for R < 0.12 m, the integral HRR is mainly determined by the local HRR 
which is around 1010 W/m3 and 1.7 × 1010 W/m3 for T0=100 K and 
T0=300 K, respectively. For 0.12<R < 0.17 m, the integral HRR for 
T0=100 K is larger than that for T0=300 K. This is attributed to the 
stronger flame wrinkling caused by the development of DLI at cryogenic 
temperature, which results in many small wrinkles appearing on the 
flame front as shown in Fig. 3(a). For 0.17<R < 0.26 m, the integral HRR 
for T0=100 K is again smaller than that for T0=300 K. Global pulsation 
in Q is observed for the cryogenic temperature of T0=100 K, while Q at 
the normal temperature of T0=300 K is shown to increase mono
tonically. Since stoichiometric hydrogen/air flame is mainly affected by 
DLI, such pulsation phenomenon indicates the cellular structure evolu
tion caused by DLI is more active at cryogenic temperature. Therefore, 
hydrogen/air flame propagation at cryogenic temperature is quite 
different from that at normal temperature. 

Fig. 5 shows the change of flame propagation speed with effective 
flame radius. At the early stage of flame propagation shown in Fig. 5, the 
radii for cryogenic and normal flames at which flame propagation speed 
acceleration is greatly enhanced by DLI are almost the same. This is 
consistent with results from linear analysis that the critical flame radius 
for DLI onset is close. Intermittent increase of flame speed is observed for 
both cryogenic and normal temperatures while the non-monotonic ac
celeration is much more significant for T0=100 K than T0=300 K. This 
coincides with previous analysis that flame wrinkling and cellular 

Fig. 2. Schematics of the flame propagation in a circular computa
tional domain. 

Table 2 
Properties of the adiabatic planar flame in a stoichiometric hydrogen/air mixture at P0=1 atm.   

Laminar flame speed, 
SL (m/s) 

Expansion ratio, 
σ =ρu/ρb 

Effective Lewis number, Le Diffusive flame thickness, 
lf (μm) 

Thermal flame thickness, 
δf (μm) 

T0 = 100 K 0.56 19.5 1.10 6.5 252 
T0 = 300 K 2.36 6.85 1.26 17.1 338  
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structure evolution for the cryogenic flame are more violent. The global 
pulsation in flame self-acceleration shown in Fig. 5 for cryogenic 
hydrogen/air flame is similar to that observed for hydrogen/air flame at 
normal temperature but elevated pressure by Xin et al. [26]. This is 
because the smaller flame thickness at higher pressure and larger 
expansion ratio at lower temperature can both promote DLI and thereby 
induce the global pulsation in flame self-acceleration. The flame prop
agation speed for T0=100 K is much smaller than that for T0=300 K 
when the effective flame radius is small. At relatively large effective 
flame radius, the cryogenic hydrogen/air flame is accelerated by the 
onset and development of DLI. Consequently, around R = 0.15 m, the 
flame propagation speed for T0=100 K is close to that for T0=300 K, 
indicating that the increase in flame surface area caused by DLI has 
strong influence on flame propagation and acceleration. Due to the 
limitation of computational domain size, the flame propagation speed 
with effective flame radius above 0.26 m is not obtained. Although the 
propagation speed of cryogenic flame is almost consistently smaller than 
the normal flame, the propagation speed at around R = 0.15 m is very 
close to that of the normal flame. Considering smaller laminar flame 
speed relative to the burnt gas for cryogenic flame, it is the DLI induced 
flame front wrinkling that causes significant flame acceleration at 
cryogenic temperature. The trend in Fig. 5 indicates that the cryogenic 
flame may have the potential to achieve greater flame acceleration for 
simulations in a larger computational domain. 

4.2. Cellular structure evolution 

The results in Figs. 4 and 5 indicate that the global pulsation in flame 
self-acceleration occurs at cryogenic temperature. In the literature, such 
global pulsation has been considered to be due to the cellular structure 
evolution, and has been interpreted by different models/hypothesis [18, 
19]. However, there is a lack of quantitative analysis of cellular structure 
evolution, which is presented in this subsection. 

The wrinkles on the flame front evolve as the flame radius increases. 
Fig. 6 plots the radical distance r of a representative segment of flame 
front versus the polar angle θ in the range of 0.3≤θ≤1.2. The flame 
segment with a polar angle between 0.3~1.2 is used as a representation 
for better visualization without loss of generality. Other segments also 
exhibit similar features. As indicated by the dashed boxes in Fig. 6(a), 

Fig. 3. Temporal evolution of flame front for (a) T0=100 K and (b) T0=300 K. The flame front of the smallest radius corresponds to t = 1 ms and the time interval 
between two neighbor flame fronts is 1 ms. The red dashed lines superimposed on the wrinkled flame front denote circles with equivalent burned gas area to the 
corresponding wrinkled flame front. 

Fig. 4. Evolution of effective flame radius R and integral heat release rate Q for 
T0=100 K and T0=300 K. 

Fig. 5. Change of flame propagation speed with effective flame radius for 
T0=100 K and T0=300 K. 
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there are three types of cell evolution: cell (cusp) merging, cell splitting 
(or cusp formation), and cell growth (or cusp deepening) [48]. Cell 
merging occurs when two neighbor cells move towards each other. A 
new cusp develops between two neighbor cusps when the distance is 
large enough, resulting in cell splitting. Cells on the flame front can also 
grow due to the development of hydrodynamic instability and thereby 
cell depth increases. Both cell splitting and cell growth can increase 
flame surface area and thereby accelerate flame propagation. On the 
contrary, cell merging reduces flame surface area and thereby slows 
down flame propagation. Consequently, their combined effects can lead 
to the global pulsation in flame self-acceleration as shown in Fig. 5. 

To understand more details about cell splitting, we plot the stream
lines superimposed on the vorticity contour in Fig. 7. It is seen that flow 
field is changed near the wrinkled flame front. Streamlines focusing and 
divergence are pronounced when they cross the flame front, indicating 
strong flame-flow interaction. In the unburnt region the vorticity is 
nearly zero while in the burnt region strong vorticity is generated. This is 
reasonable since vorticity production is the feature of DLI [10]. As the 
flame continuously interacts with the flow, the wrinkle amplitude in
creases with time. Therefore, the cell growth occurs during flame-flow 
interaction. At the same time, the flame expands outwardly, and the 
cell size increases gradually with flame radius, forming larger cells with 
smaller curvature at its tip. However, the large cell is not stable with 
respect to small perturbation. For example, when the unburnt gas ve
locity ahead of the cell tip increases slightly, a small cusp will form on 
the large cell. This small cusp will be amplified by the DLI and thereby its 

depth increases. Consequently, cell splitting occurs. In Fig. 7, two new 
cusps with small depth are enclosed by blue circles. It is observed that 
the vorticity near the newly formed cusp is smaller than that near the 
sharp cusps which have grown for a longer interval. This is because the 
new cusp is small and its impact on the flow is small when compared to 
the sharp cusps. In summary, the vorticity is generated as the flame 
morphology changes due to DLI development. The cell growth and cell 
splitting are related to the flame-flow interaction. 

The flame-flow interaction can deepen the cusp during cell growth. 
Obviously, it is not the reason causing cell merging. To investigate the 
cell merging, we analyze the local characteristics of wrinkled flame 
front. Specifically, the distributions of local HRR q, flame displacement 
speed Sd, the mass fraction of OH radical Y(OH), and the cusp depth r-R 
along the flame front are plotted in Fig. 8. We choose the time, t = 10 ms 
for T0=100 K and t = 8 ms for T0=300 K, so that the effective flame 
radius is around R = 0.17 m for both initial temperatures. Note that 
there are some local fluctuations on Y(OH) and Sd for T0=100 K, which is 
resulted from the interpolation procedure that is used to obtain flame 
properties on the flame surface. More detailed explanation is provided in 
supplementary material. It is seen that near the cusps with large nega
tive curvature, the local HRR and OH mass fraction both increase, 
indicating that flame is intensified near the cusps. Besides, the flame 
displacement speed is shown to be significant at the cusp tip where the 
magnitude of cusp depth reaches its local peak value. The collision and 
merging of these two flame branches of the cusp can lead to the 
reduction of cusp depth. It is noted that the enhancement of flame 
displacement speed near cusps helps to make the flame front smooth and 
reduces the wrinkles, and thereby the cusp deepening has a limit. Since 
the flame front continues to wrinkle during its propagation, the cusp 
deepening and subsequent cell merging near the sharp cusps can be 
observed at late stage as the new cellular structure develops. 

It is noted that the cell merging is due to flame enhancement related 
to stretch effect and Lewis number. This does not contradict with the 
statement that flame is stable in the content of DTI due to the near-unity 
Lewis number mixture considered here. Although the flame is thermo- 
diffusively stable, diffusion also affects the cellular structure evolu
tion. Since the Lewis number is near-unity, flame is not sensitive to the 
stretch rate. Significant flame displacement speed (Sd) enhancement 
only occurs near the very sharp cusps, while in the regions with mod
erate or small stretch rate, the change in Sd is not obvious as shown in 
Fig. 8. Similarly, due to slightly smaller effective Lewis number in the 
cryogenic flame, the cusp with significant flame displacement speed is 
deeper to achieve a larger stretch rate, which is clearly shown in Figs. 8 
(b), 8(d), 8(f) and 8(h). 

The cell (cusp) merging, cell splitting (or cusp formation), and cell 
growth (or cusp deepening) have different impacts on flame wrinkling 
and acceleration. Therefore, statistical studies on cellular structure need 

Fig. 6. Evolution of wrinkles on a representative segment of flame front for (a) T0=100 K and (b) T0=300 K. The time interval between two neighbor flame fronts is 1 
ms. The dashed boxes from left to the right denote three typical modes of cell evolution: cell merging, cell splitting and cell growth. 

Fig. 7. Vorticity contour superimposed by streamlines at t = 0.01 s for T0=100 
K. New cusps with small vorticity are enclosed by blue circles. 
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to be conducted to interpret the global pulsation in flame self- 
acceleration and to determine the dominant factor at different stages. 

4.3. Statistics of cellular structure 

To quantify and interpret the effect of DLI on flame front wrinkling, 
we analyze the number, size and depth of wrinkles appearing on the 
flame front. Fig. 9 compares the cell number for T0=100 K and T0=300 
K. The cell number is determined by the number of local minimum 
values of flame radius (see in Figs. 8d and h) on the flame front, which is 
similar to [28,49]. As expected, the cell number increases with the 
effective flame radius during the early stage of flame propagation. At 
around R = 0.17 m for T0=100 K and R = 0.19 m for T0=300 K, the cell 
number first slightly decreases and then increases with the effective 
flame radius. As mentioned before, there are different types of cell 
evolution. The cell splitting or cusp formation process increases the cell 
number at relatively small effective flame radius. However, at relatively 
large effective flame radius the cell merging process occurs, which re
sults in the decrease in cell number. This can also be verified by the 
flame morphology shown in Fig. 6, in which the cusp merging is 

frequently observed at around R = 0.17 m for T0=100 K and R = 0.19 m 
for T0=300 K. When the cell size is large enough, cell splitting occurs 
again and thereby the cell number increases again. The overall 
increasing trend with fluctuations in cell number is in qualitative 
agreement with experimental observations [50]. The non-monotonic 
change in cell number indicates that cell splitting and cell merging 
play an important role in flame self-acceleration, as also noticed by Huo 
et al. [19]. The decrease in total HRR and flame propagation speed 
respectively shown in Figs. 4 and 5 for T0=100 K at around R = 0.17 m is 
mainly due to the cell number decrease which also occurs at around R =
0.17 m as shown in Fig. 9. 

Fig. 9 also shows that larger cell number appears at lower initial 
temperature. According to the analysis by Matalon and coworkers [11, 
31], the smallest cell size for the developed cellular flame is proportional 
to the diffusive flame thickness lf (which is lf =6.5 μm for T0=100 K, and 
lf =17.1 μm for T0=300 K, as listed in Table 2). Moreover, in Fig. 1 
shown before, the upper branch of unstable wavenumber which is 
related to wrinkles with small wavelength is larger at lower initial 
temperature. Therefore, the minimum cell size is smaller at cryogenic 

Fig. 8. Distributions of the local HRR q, flame displacement speed Sd, mass fraction of OH radical Y(OH) and the cusp depth r-R along the wrinkled flame front at 
about R = 0.17 m for (a~d) T0=100 K at t = 10 ms and (e~h) T0=300 K at t = 8 ms. 

Fig. 9. Change of the cell number with the effective flame radius.  Fig. 10. Change of the mean cell size with the effective flame radius.  

L. Yang et al.                                                                                                                                                                                                                                    



Combustion and Flame 265 (2024) 113501

8

temperature. Consequently, at the same effective flame radius, the cell 
number is larger at cryogenic temperature. We plot mean cell size in 
Fig. 10. The non-monotonic change in mean cell size is observed. After 
the development stage of DLI, the mean cell size for T0=100 K is smaller 
than that for T0=300 K. Recall that in Fig. 1 the linear theory shows that 
the minimum cell size allowed on the wrinkled flame front is smaller for 
T0=100 K than T0=300 K. Good qualitative agreement between linear 
theory and our simulations in cell size evolution demonstrates that at 
cryogenic temperature the flame surface area and thereby the global 
burning rate can be greatly enhanced by the flame wrinkling. Figs. 9 and 
10 shows that the local minimum mean cell size and local maximum cell 
number occurs at nearly the same effective flame radius, i.e., around R =
0.17 m and R = 0.19 m for T0=100 K and T0=300 K, respectively. This 
indicates that at first cell splitting is dominant and then cell merging 
occurs. 

It is noted that for the stoichiometric hydrogen/air mixture consid
ered in this study, the Lewis number is larger than unity. According to 
previous theoretical study [51] and experiments [52], the mean cell size 
of the hydrodynamically unstable flame changes successively in a 
non-monotonic manner due to the continuous cell splitting and merging 
events. Therefore, the mean cell size will not approach a constant value 
quickly even a relatively large computational domain is used. It is ex
pected that the mean cell size evolves in the pulsatory trend at the later 
stage for the cryogenic flame with T0=100 K. 

The cell number and mean cell size reflect the overall wrinkling on 
the flame front. However, as the flame radius increases, many modes of 
unstable wavelength appear and thereby cells have different sizes which 
cannot be quantified only by the mean cell size. To depict cells of 
different sizes caused by DLI, we plot the probability density distribution 
(PDF) of cell size in Fig. 11. It is observed that cell size is relatively 
concentrated at the beginning of the onset of hydrodynamic instability. 
Then as the development of DLI, unstable modes with different wave
lengths can be excited, which broadens the PDF of the cell size. For 
T0=300 K, Fig. 11(b) indicates obvious increase in the cell size from t = 9 
ms to t = 11 ms. At around t = 9 ms, a new peak corresponding to small 
cell size starts to develop due to cell splitting. Similar trend can be 
observed for T0=100 K in Fig. 11(a), except for the intermittent devel
opment after t = 8 ms. This coincides with the non-monotonicity char
acteristics of mean cell size evolution shown in Fig. 10. The competition 
between flame front expanding (to increase cell size) and cell splitting 
(to decrease cell size and increase cell number) significantly affects the 
cellular structure evolution processes. 

In addition to the cell number and cell size, the amplitude of flame 
wrinkling also affects the increase in flame surface area. We plot the 
mean cusp amplitude as a function of effective flame radius in Fig. 12. 
The mean cusp amplitude is calculated as the mean difference between 

the local flame radius rl and its mean value: 

A = (|rl − rl|) (10) 

For the cryogenic temperature of T0=100 K, the mean cusp ampli
tude has global pulsation with a local maximum value occurring around 
R = 0.19 m. Before R = 0.19 m the effect of flame expanding is dominant 
as the cell merging process occurs, which is shown by the slight cell 
number decrease shown in Fig. 9 and the mean cell size increase in 
Fig. 10. Therefore, the mean cusp amplitude peaks at around R = 0.19 m 
and then it decreases for R > 0.19 m. This decrease is mainly due to 
violent cell splitting, which also results in the change of cell number and 
mean cell size around R > 0.19 m as shown in Figs. 9 and 10. Meanwhile, 
the cell grows with time, which leads to sharp cusps as well as the in
crease in mean cusp amplitude after R = 0.23 m. For R < 0.19 m, the 
mean cusp amplitude of T0=100 K is larger than that for T0=300 K, 
which is because the cryogenic flame is more insensitive to the flame 
stretch rate. This phenomenon is relevant to the slight difference in 
effective Lewis number, as shown in Table 2 and explained in subSection 
4.2. Since the hydrodynamically unstable flame successively evolves, 
the cell growth event will become important after this, which causes the 
increase in mean cusp amplitude. However, due to the limitation of 
computational domain size, the mean cusp amplitude of cryogenic flame 
exceeding the normal flame is not observed. It is possible that the mean 
cusp amplitude for T0=100 K may increase to a value larger than 
T0=300 K as the flame expands outwardly. 

Fig. 11. The probability density distribution (PDF) of cell size at consecutive instants after the onset of hydrodynamic instability.  

Fig. 12. Change of the mean cusp amplitude with the effective flame radius.  
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4.4. Flame self-acceleration 

One important topic for the flame dynamics of expanding flame is its 
self-acceleration. For the stoichiometric hydrogen/air flame considered 
here, it is thermal-diffusively stable and hydrodynamically unstable. 
Therefore, flame self-acceleration is mainly caused by the change of 
flame surface area through flame wrinkling. To quantify the flame 
wrinkling caused by DLI, we calculate and plot the evolution of flame 
surface area, Lf (the circumference of the circular expanding flame), and 
the wrinkling factor, Θ, in Fig. 13. 

The wrinkling factor Θ is defined as: 

Θ = Lf
/
(2πR) (11)  

which quantifies the effect of flame instability on the flame surface area 
increase. When the flame front is smooth, the flame surface area in
creases linearly and we have Θ=1. After the onset of hydrodynamic 
instability, the flame surface area increases nonlinearly and we have 
Θ>1. Much stronger global pulsation is observed for both Lf and Θ at 
T0=100 K than at T0=300 K, which is consistent with results in Figs. 9, 
10 and 12. This also demonstrates that DLI as well as cellular structure 
evolution is more pronounced at cryogenic temperature. For T0=300 K, 
Fig. 13 shows that the wrinkling factor remains to be around Θ=1.5 and 
Lf increases almost linearly with effective flame radius for R > 0.19 m. 
This indicates that cell splitting and growth are balanced by cell 
merging. 

Usually the flame acceleration can be quantified through the 
following power-law proposed by Gostintsev et al. [53] 

R = R0 + Atα (12)  

where α is the acceleration exponent and A is a constant. The flame 
acceleration is assumed to happen for R ≥ R0. Fig. 14 compares the 
acceleration exponents for T0=100 K and T0=300 K. It is seen that larger 
acceleration exponent occurs at lower initial temperature, indicating 
that strong flame acceleration for cryogenic temperature. Moreover, the 
acceleration exponent for T0=100 K is close to 1.25, which is predicted 
by the analytical results based on fractal theory [23]. Due to the limi
tation of computational domain size, α for both cases is smaller than 1.5, 
which is the suggested value for self-turbulization [53,54]. Nevertheless, 
larger α for T0=100 K indicates easier transition to turbulence at cryo
genic temperature than that at room temperature. 

The distinct slope change in Fig. 14 determines a saturation flame 
radius RS when the acceleration trend obviously slows down [16]. Here 
we have RS,100 K = 0.072 m for T0=100 K, and RS,300 K = 0.046 m for 
T0=300 K. Scaled by the thermal flame thickness (δf =0.338 mm and δf 
=0.252 mm), the saturation Peclet number Pes is about 286 for T0=100 
K and 136 for T0=300 K. This is in accordance with the trend that Pes 
increases with the expansion ratio, demonstrating that the DLI is 
stronger for the cryogenic flame since the cell cascading lasts for longer 

interval and larger saturation radius [16]. 

5. Conclusions 

Circular expanding hydrogen/air flames at cryogenic and normal 
temperatures are studied using two-dimensional simulations consid
ering detailed chemistry and transport. The flame morphology, flame 
propagation speed, evolution of cellular structure, and self-acceleration 
are analyzed. In the stoichiometric hydrogen/air mixture with near- 
unity Lewis number, wrinkles on the flame front with large flame 
radius are mainly due to the onset of Darrieus-Landau instability (DLI). 
Flame speed acceleration and pulsation are found to be more pro
nounced at cryogenic temperature than at normal temperature. 
Although the unstretched laminar flame speed for T0=100 K is much 
smaller than that for T0=300 K, the flame propagation speed and total 
heat release rate for T0=100 K can be comparable to those for T0=300 K, 
which demonstrates the important role of DLI for cryogenic flames in 
unconfined space. 

From a microscopic perspective, strong DLI for the cryogenic flame 
leads to more pronounced cellular structure evolution, including cell 
growth, splitting and merging processes. The cell growth and splitting 
are both attributed to the flame-flow interaction and DLI, while the cell 
merging is caused by flame displacement speed enhancement near the 
sharp cusps. Although the flame in the near-unity Le mixture is stable in 
the content of DTI, the flame intensification near the very sharp cusps 
also affects the cell merging process. Besides, the evolution of cell 
number, mean cell size, and mean cell depth exhibits significant non- 
monotonic characteristics. The cell statistics show that the global pul
sation in flame self-acceleration observed in experiments is mainly 
caused by the cellular structure evolution. For T0=300 K the pulsation 

Fig. 13. Change of (a) the flame surface area and (b) the wrinkling factor with the effective flame radius.  

Fig. 14. Change of the acceleration exponent with the effective flame radius.  
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feature is not obvious since the intensity of DLI is reduced. Smaller 
cellular structures are prone to be observed on the cryogenic flame front. 

Due to strong DLI as well as flame wrinkling related to violent cell 
evolution, both flame surface area and wrinkling factor increase sub
stantially at cryogenic temperature. At the late stage when the devel
opment of DLI is saturated, self-acceleration exponent for flame at 
cryogenic temperature is larger than that at normal temperature. The 
self-acceleration exponent obtained in this study agrees well with pre
vious analytical results. Moreover, the saturation Peclet number is found 
to increase with the unburned gas temperature, which also demonstrates 
stronger DLI at cryogenic temperature. 

This study shows that flame speed at cryogenic temperature can be 
quite large and is comparable to that at normal temperature at certain 
flame radii, even in an open space without obstacles or walls. This sig
nificant self-acceleration of cryogenic flame is of practical importance to 
liquid hydrogen safety since accidental fires or explosions may occur 
and develop into large-scale flames at cryogenic temperature, which 
may result in more severe damage than that at normal temperature. In 
the future, fuel-lean hydrogen/air mixture with strong diffusional- 
thermal instability (DTI) will be considered. The combined effects of 
DLI and DTI on cryogenic flame acceleration might lead to more violent 
flame wrinkling and acceleration. 

Novelty and significance statement 

The novelty of this study is that the propagation and self-acceleration 
of expanding hydrogen/air flames at cryogenic temperature were 
studied for the first time. The flame radius reaches 30 cm, which is 
around one-order larger than that considered in previous studies for 
flames at normal temperature. Counterintuitively, the flame propaga
tion speed at cryogenic temperature was found to be comparable to 
those at normal temperature. Moreover, pulsatory flame propagation in 
cryogenic hydrogen was observed and interpreted by analysis on 
cellular structure evolution, and the acceleration exponent was obtained 
for cryogenic hydrogen for the first time. 

The results are significant because this study provides useful infor
mation on the propagation and self-acceleration of cryogenic hydrogen 
flames, which is of practical importance to hydrogen safety since acci
dental fires/explosions may occur and develop into large-scale flames at 
cryogenic temperature. In the literature the evolution and acceleration 
of cryogenic hydrogen/air flames have not been studied. 
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OpenFOAM, in: W.E. Nagel, D.H. Kröner, M.M. Resch (Eds.), High Perform. 
Comput. Sci. Eng. 17, Springer International Publishing, Cham, 2018, pp. 189–204. 

[35] T. Zirwes, M. Sontheimer, F. Zhang, A. Abdelsamie, F.E.H. Pérez, O.T. Stein, H. 
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