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a b s t r a c t 

Effects of Soret diffusion on the ignition of hydrogen/air mixtures by a heated kernel, and the structure 

and dynamics of the embryonic flame that is subsequently formed, were investigated numerically with 

detailed chemistry and transport. Results show that Soret diffusion leads to larger (smaller) minimum 

ignition energy (MIE) for relatively rich (lean) mixtures, that this effect is mainly engendered by the Soret 

diffusion of H 2 while that of the H radical is almost negligible, and that Soret diffusion also leads to an 

increase (decrease) of the Markstein length for rich (lean) mixtures. Satisfactory agreement with literature 

experimental data on the MIE is shown, especially for the critical states near lean and rich flammability 

limits. Evolvement of the flame structure shows that before the self-sustained flame is formed, the high 

temperature gradient associated with the ignition kernel has driven the H 2 in the mixture towards the 

ignition kernel and formed a locally high H 2 concentration region, which consequently renders lean (rich) 

mixtures easier (harder) to ignite. It is further shown that Soret diffusion of both H and H 2 affect the 

propagation dynamics of the stretched spherical flame that is subsequently formed, from its embryonic 

state until that of free propagation, in that Soret diffusion of H 2 is the dominant mode at small flame 

radius with the large strain rate, while that of H is the dominant mode at large flame radius with the 

small strain rate similar to that of the unstretched adiabatic planar flame. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Ignition of a flammable mixture by a localized thermal depo-

sition is of extensive practical interest, ranging from spark igni-

tion within internal combustion engines to the accidental initia-

tion of fires and explosions. Mechanistically, a successful ignition

event would require both the formation of an embryonic flame be-

fore the ignition kernel is diffusively dissipated, and the attain-

ment of this embryonic flame to achieve free propagation inde-

pendent of the imposed state of the ignition kernel. Since steep

temperature gradients result from the application of the local-

ized high-temperature ignition kernel, Soret diffusion [ 1 , 2 ], which

drives light species towards the high temperature region and heavy

species away from it, could exert notable influence on the fail-

ure or success of ignition. Furthermore, it is also well established

that successful ignition depends on the amount of energy de-

posited, which is characterized by the minimum ignition energy

(MIE) [2,3] and has been extensively studied numerically [ 4 , 5 ] and
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xperimentally [ 3 , 6 ]. It is clear that Soret diffusion, whose influ-

nce depends on the steepness of the temperature gradient, could

ubstantially affect the MIE. 

In terms of prior contributions on Soret diffusion in combustion

roblems, we note the studies on metal particles [7] , soot [8–10] ,

nd n -heptane [11] for the heavy fuel species, and those on the

ight fuel species of hydrogen, methane, and syngas by Ern and

iovangigli [ 12 , 13 ], Bongers and De Goey [14] , Grcar et al. [15] ,

ang et al. [ 16 , 17 ], Liang et al. [18] and Faghih et al. [19] with

pecific interests on the flame propagation velocities and stretch-

nduced extinction limits. The problem has also been theoretically

nalyzed by Han and Chen [20] . Mechanistically, in these stud-

es the temperature gradients driving Soret diffusion arise from

xisting flames, while large concentration gradients are also al-

eady present such that Fickian diffusion is expected to be dom-

nant, with Soret diffusion having only secondary effects. For the

resent ignition problem, however, the initial species concentra-

ions are uniform and the imposed heat deposition generates a

ocal high-temperature region before chemical reactions can sub-

tantially alter the concentration profiles. Consequently, Soret dif-

usion could impose substantial and mechanistically quite different

nfluences. 
. 
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Fig. 1. Spherical flame initiation for hydrogen/air mixtures ( φ= 3.0) at different ignition energies: (a) temporal variation of flame radius; (b) flame propagation speed as a 

function of flame radius. 

 

S  

k  

M  

s  

s  

p  

b  

–  

e  

c

2

 

A  

D  

b  

A  

i  

t  

r  

d  

m  

b  

p  

w

 

p

q

w  

e  

n  

r  

t  

s  

f  

M  

f  

E  

w  

d  

i  

Fig. 2. Spherical flame initiation for hydrogen/air mixtures ( φ= 3.0) with different 

kinetic mechanisms ( E ig = 0.5 mJ). 
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The objective of the present study is to study the effects of

oret diffusion on ignition of hydrogen/air mixtures by a heated

ernel, and quantitatively assess and explain its influence on the

IE. Specifically, the unsteady, spherically symmetric flame is first

imulated to calculate the MIE of hydrogen/air mixtures to demon-

trate the flame initiation and propagation processes. Next, the

hysical model and computational method used in this study are

riefly described. Then, results on MIE and the related length scale

namely the Markstein length, are discussed and the flame front

volution with detailed flame structure is presented. Finally con-

luding remarks are given. 

. Numerical method and problem specification 

The problem of interest was studied computationally, using the

-SURF code [21] which solves the conservation equations of 1-

, compressible, reactive flow in a spherical coordinate, and has

een successfully used and validated in previous studies [21–23] .

 multi-level, dynamically adaptive mesh is used and the mov-

ng reaction zone is always fully covered by the fine meshes. The

hermodynamic and transport properties as well as the reaction

ates were calculated using the CHEMKIN packages [24] , using the

etailed hydrogen/air reaction mechanism of Li et al. [25] . The

ixture-averaged formulation [1] has been adopted to calculate

oth the Fickian and Soret diffusion fluxes, and the results com-

ared with those using more detailed multicomponent formulation

ere found to be close. 

The mixture is initially homogeneous, at 298 K and atmospheric

ressure. Imposition of the ignition kernel is given by: 

 iq = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

E ig 

π3 / 2 r 3 
ig 

t ig 
exp 

[ 

−
(

r 

r ig 

)2 
] 

if t < t ig 

0 if t ≥ t ig 

(1) 

here E ig is the total ignition energy, t ig the duration of the en-

rgy source, and r ig the ignition kernel radius. The ignition ker-

el size and duration for most cases are fixed as t ig = 200 μs and

 ig = 200 μm, respectively. Figure 1 (a) shows the time evolution of

he flame radius for different ignition energies with ϕ = 3.0. It is

een that a self-sustained propagating flame can only be success-

ully initiated when the ignition energy is above the MIE. The

IE can be determined by the average of the ignition energies

or the closest success and failure cases of ignition, which gives

 min = 0.1615 mJ for this mixture. The MIE for all other mixtures

ere determined similarly, with an uncertainty below 5%. In ad-

ition to the MIE, studies [ 26 , 27 ] have shown that there also ex-

sts a critical flame radius, R c , beyond which flame propagates as a
elf-sustained quasi-steady flame independent of the ignition en-

rgy. This gives a characteristic dimension of the ignition and flame

ropagation process. Based on this criterion, the critical radius was

efined as the point where the ignition energy does not affect the

ubsequent flame propagation; specifically R c = 0.176 cm, as indi-

ated by the circle symbol in Fig. 1 (b). 

Furthermore, to validate the chosen kinetic mechanism, the

ame trajectories using an updated hydrogen mechanism by Hong

t al. [28] are compared in Fig. 2 . It is found that given the

ame ignition energy, differences due to the kinetic mechanism are

uantitatively small and qualitatively do not lead to any change in

he understanding of the effect of Soret diffusion. 

. Results and discussion 

.1. MIE and related length scales 

Figure 3 (a) shows the calculated MIE for mixtures with equiv-

lence ratio φ ranging up to 5.2. Since the possible candidate

pecies for substantial Soret diffusion in hydrogen flames are H 2 ,

he fuel, and H, the intermediate radical, we focus on their sep-

rate roles on the MIE. In Fig. 3 (a), it is seen that Soret diffusion

ignificantly affects MIE for extremely lean and rich cases, at which

he MIE increases rapidly as the mixture is close to the flammabil-

ty limits. Furthermore, the effect of Soret diffusion has opposite
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Fig. 3. MIE of hydrogen/air mixtures (a) simulation results allowing Soret diffusion for different species; (b) comparison with experimental data in Refs. [3,6] . 

Fig. 4. MIE of hydrogen/air mixtures versus normalized equivalence ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Relative changes in the laminar flame speed and minimum ignition energy 

caused by the inclusion of Soret diffusion of all species. 
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influence on the MIE near the lean/rich flammability limits, which

would decrease/increase the MIE. Regarding the dominant species

for the Soret effect, the fuel, H 2 , is found to determine the MIE,

which has almost identical effect com pared with the cases consid-

ering Soret diffusions of all species; while the influence of the rad-

ical, H, Soret diffusion only asserts minimal influence on the MIE.

This finding is very different from previous results on the laminar

flame speeds affected by Soret diffusion [16] and the reasons will

be given in the following subsections. 

To validate the simulation, its results are compared with the ex-

perimental data from Refs. [ 3 , 6 ] in Fig. 3 (b). It is noted that the

MIE at rich and lean limit cases are well captured by the sim-

ulation with total Soret diffusion. However, simulated MIE values

without Soret diffusion near the rich flammability limit show con-

siderable shift. 

In Fig. 3 , we see that variation of MIE at the lean side is much

steeper than that at the rich side. However, by implementing the

more appropriate definition of the normalized equivalence ratio

[2] , � = φ/ ( φ + 1 ) , where φ is the conventionally defined equiv-

alence ratio, we see that a plot of MIE versus � ( Fig. 4 ) yields

a profile that is considerably more symmetrical as compared to

Fig. 3 . Consequently, the gentler slope for MIE on the rich side

in Fig. 3 , as compared to the steeper slope on the lean side, is

largely a consequence of the asymmetrical definition of φ, and has

no bearing on the physical nature of lean-versus-rich preference. 
To assess the relative changes caused by the inclusion of Soret

iffusion, the relative difference in MIE due to Soret diffusion is

resented in Fig. 5 . As comparison, the relative changes in the lam-

nar flame speed calculated by the PREMIX code [29] are also plot-

ed in Fig. 5 . It is found that near the rich flammability limit, Soret

ffect can lead to errors in MIE as large as 100% to 200%. This is

o be contrasted with results on the laminar flame speed of hydro-

en/air mixtures, showing that Soret diffusion reduces the laminar

ame speed and only has a minimally discernible influence. Such

nding indicates that it is necessary to include the Soret diffusion

or accurate predictions of MIE. 

We next note that in the classical thermal-diffusion theory,

he minimum radius of the developing flame kernel for success-

ul flame initiation is related to either the quenching distance or

he flame thickness [2] , both of which do not consider the specifics

f flame propagation including effects of preferential diffusion. The

urned Markstein length, L b , is obtained from linear regression

f the flame propagating speed, S b = dR f / dt , and the flame stretch

ate, K = (2/ R f )( dR f / dt ) [ 2 , 32 ]. Figure 6 shows that L b increases with

. This is reasonable as it is well known that L b increases with

e [32, 33] , while the effective Le increases as φ increases for hy-

rogen/air mixtures. Figure 5 (a) further shows that only consider-

ng H 2 Soret diffusion leads to nearly the same extent of reduc-

ion in L b as that by allowing Soret diffusion of all species, and

hat the L b without Soret diffusion of all species is close to that of

ncluding only H Soret diffusion. These results therefore demon-

trate that the change of L is mainly caused by the Soret diffusion
b 
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Fig. 6. Burned Markstein length of hydrogen/air mixtures (a) allowing Soret diffusion for different species and (b) comparing with experimental data [30,31] . 

Fig. 7. Burned Markstein length of hydrogen/air mixtures versus normalized equiv- 

alence ratio. 
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Fig. 8. Scaling of MIE with burned Markstein length allowing Soret diffusion for 

different species. 
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f H 2 rather than that of the H radical, which can be explained

y two factors. First, Soret diffusion promotes the mass diffusion

f H 2 and thereby effectively increases the mass diffusivity of H 2 .

s a result, the Le of H 2 is reduced when Soret diffusion of H 2 is

ctivated. Since L b decreases monotonically with decreasing Le, L b 
ends to be reduced. The second factor is the change of the flame

emperature due to the change of local stoichiometry. As the Soret

iffusion of H 2 drives the fuel into the ignition kernel, φ is in-

reased locally. For lean (rich) mixtures, the flame temperature will

e increased (decreased). Thus, it leads to a smaller (larger) L b . For

ean mixtures, both of these two factors reduce the L b . For rich

ixtures, since the effective Le is based on the deficit species - O 2 ,

hermal effect is the dominant one. Consequently, Fig. 5 (a) shows

hat L b increases with Soret diffusion. On the other hand, since the

oret diffusion flux of H is much less than that of H 2 , the influence

f Soret diffusion on the preferential diffusion between heat and H

adical in a stretched flame is negligible. Consequently, depending

n the value of L b , the flame propagation can be either promoted,

or L b < 0, or inhibited, for L b > 0, by the positive stretch rate. As

 result, the MIE depends strongly on L b - the larger the L b , the

arger the MIE for positive Markstein lengths. Also, Fig. 6 (b) shows

ood agreements of the simulation results compared with the ex-

erimental data [ 30 , 31 ]. Similarly, using the concept of normalized

quivalence ratio as just discussed, the plot of L b versus � yields a

rofile that is considerably more (anti-)symmetrical, as shown Fig.

 . 
Motivated by the fact that MIE has similar behavior regarding

he effect of Soret diffusion on the length scale L b , the scaling of

IE with L b is demonstrated in Fig. 8 , showing that the MIE of all

he four different cases can be collapsed on a single curve, which

ndicates that the influence of Soret diffusion is mainly through

he modification of the related length scale, namely the Markstein

ength. 

.2. Flame front evolution 

To further understand the effects of Soret diffusion on the MIE,

e investigate the flame front evolution at the state of near-limit

gnition. Figs. 9 and 10 show the changes of the flame propagation

peed, S b , with the flame radius, R , and with the strain rate, K , for

oth rich ( φ = 4.5) and lean ( φ = 0.5) mixtures initially at normal

emperature and pressure. For an outwardly propagating spherical

ame, the strain rate is K = 2 S b / R [2] and thus it is inversely pro-

ortional to the flame radius. 

It is seen that, for the rich case ( Le > 1) in Fig. 9 , there are

hree stages of ignition: propagation of spark-assisted ignition ker-

el with decreasing flame speed; unsteady transition from spark

gnition to normal flame propagation, represented by the transition

rom the minimum speed to a normal flame; and normal flame

ropagation following the rapid increase of the flame speed in the

econd stage. However, for the lean case ( Le < 1) in Fig. 9 , only two

tages of ignition are identified: propagation of spark assisted igni-
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Fig. 9. Change of the spherical flame propagation speed with: (a) flame radius and (b) strain rate for rich hydrogen/air mixture at φ = 4.5. 

Fig. 10. Change of the spherical flame propagation speed with the (a) flame radius and (b) strain rate for lean hydrogen/air mixture at φ = 0.5. 
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tion kernel and normal flame propagation. After the flame enters

the normal flame propagation stage, it is independent of the igni-

tion energy and the flame speed S b varies almost linearly with the

strain rate K . It is seen that the first spark-assisted ignition stage is

strongly affected by Soret diffusion. 

We next separately analyze the effects of Soret diffusion at large

and small flame radii. At large flame radius, stretch effect on the

flame propagation speed is small, as shown in Figs. 9 (b) and 10(b),

and thus the influence of Soret diffusion is similar to that on the

unstretched planar flame. Figs. 9 (a) and 10(a) indicate that the in-

clusion of Soret diffusion of all species reduces the flame propaga-

tion speed. Moreover, this reduction is mainly caused by the Soret

diffusion of the H radical. When only the Soret diffusion of H 2 is

considered, the flame speed at large radius is seen to be nearly

the same as that without Soret diffusion. Consequently, Soret dif-

fusion of H 2 (H radical) has weak (strong) influence on the flame

speed at small stretch rate. These results are consistent with those

on unstretched laminar flame speed discussed previously [16] . For

flame propagation at small radius, Figs. 9 and 10 show that the

flame propagation speed is strongly affected by the Soret diffusion

of both H 2 and H and Soret diffusion of H 2 is the dominant mode.

This is reasonable because preferential and second-order diffusion

effects are accentuated by stretch, which has larger values at small

flame radius. Consequently, Soret diffusion is expected to be inher-

ently important for ignition because of the large stretch rate expe-

rienced by the embryonic flame. 

3.3. Detailed flame structure 

To further explain the role of Soret diffusion on the ignition

process, we need to investigate the Fickian and Soret diffusion

fluxes of H and the H radical. Since previous subsections knew
2 
hat the effective species is H 2 , the focus thereafter is on the role

f H 2 Soret diffusion at different stages of the ignition process. For

emonstration, the rich ( φ = 4.5) and lean ( φ = 0.5) conditions are

sed. 

Figure 11 shows the Fickian and Soret diffusion fluxes of H 2 at

ifferent times. At t = 0.01 ms, it is seen that the ignition kernel

s still strongly influenced by the heat deposit. Specifically, if Soret

iffusion of all species is considered, the Fickian diffusion flux is

ositive and its magnitude is almost of the same order as that of

he (negative) Soret diffusion flux. Since the localized hot kernel

t the early stage of ignition generates a small high temperature

egion, the light species, H 2 , is driven by Soret diffusion into the

enter of the ignition kernel and the corresponding Fickian diffu-

ion needs to balance with this Soret diffusion to move H 2 towards

he ambience. However, if Soret diffusion is not included, the Fick-

an diffusion flux, which is also the total diffusion flux in this case,

s almost zero at the spark-assisted ignition stage. The consequence

f neglecting Soret diffusion here is that for the subsequent self-

ustained propagating flame, the flame kernel size is different from

he case with total Soret diffusion. As shown in Fig. 11 , at t = 3 ms,

oret diffusion would decelerate the flame for the rich case and

ccelerate the flame for the lean case. 

To further demonstrate this phenomenon, the mole fractions of

 2 at different times with and without Soret diffusion for rich and

ean mixtures are shown in Figs. 12 (a) and 12(b) respectively. It is

een that if Soret diffusion is included, at t = 0.01 ms, there is a lo-

al region of high H 2 concentration at the center of the ignition

ernel. The reason for its formation is the negative Soret diffusion

uxes shown in Fig. 11 , which is activated by the imposed heat

nput. Then, this local high concentration will trigger Fickian diffu-

ion towards the ambience. It is noted that such an unsteady effect

s important for the initial stage of the flame formation and propa-
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Fig. 11. Diffusion fluxes of H 2 for (a) rich ( φ = 4.5) and (b) lean ( φ = 0.5) hydrogen/air mixtures. 

Fig. 12. Mole fractions of H 2 for (a) rich ( φ = 4.5) and (b) lean ( φ = 0.5) hydrogen/air mixtures. 
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ation. Also, this effect is not incorporated in the classical spherical

ame theory based on quasi-steady state flame propagations. 

. Conclusions 

In the present study, effects of Soret diffusion on the MIE

f hydrogen/air mixtures at normal temperature and pressure

re studied numerically. Results indicate that the influence of

oret diffusion increases (decreases) the MIE for relatively rich

lean) mixtures. Furthermore, it is found that this effect is mainly

aused by the Soret diffusion of H 2 rather than the H radical. The

elated length scale, the Markstein length, was assessed with Soret

iffusion of different species. It is found that Soret diffusion would

ncrease the length scales for the rich mixtures and reduce them

or the lean mixtures. Its effect on the lean side is partly due to

he Lewis number since the effective Lewis number is primarily

hat of the deficit species, namely H 2 , whose diffusivity is strongly

odified by Soret diffusion. On the rich side, the influence is

argely due to the change of the local stoichiometry and hence

he change of the local temperature. It is also found that Soret

iffusion during the spark assisted flame propagation stage would

otentially enhance the concentration of H 2 in the ignition kernel

nd further change the subsequent flame propagation speed. 
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