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a b s t r a c t 

Low-temperature cool flames play a critical role for the performance of stratified-charge internal combus- 

tion engines. Accurate modeling of stratified combustion in engines requires a clear understanding of cool 

flame propagation in a compositionally stratified mixture. There are many studies on hot flame propaga- 

tion in fuel-stratified mixtures. However, comparatively little effort has been made to explore stratifica- 

tion effects on cool flame propagation and modeling. To this end, a series of one-dimensional numerical 

simulations is performed in this work to investigate unsteady stratified dimethyl ether (DME)/air cool 

flames propagating in six stratification configurations (i.e., lean-to-stoichiometric (L2S), stoichiometric- 

to-lean (S2L), stoichiometric-to-rich (S2R), rich-to-stoichiometric (R2S), lean-to-rich (L2R), and rich-to- 

lean (R2L) stratified mixtures). To better understand stratification effects, the above stratified cool flames 

are compared with compositionally homogeneous cool flames. Furthermore, a well-established premixed 

flame modeling approach – Artificially Thickened Flame (ATF)/Flamelet-Generated Manifolds (FGM) – is 

evaluated with respect to its suitability for modeling stratified cool flames. The comparisons between 

stratified cool flames and homogeneous cool flames demonstrate that the stratification with an increase 

(e.g., Cases L2S, S2R and L2R) or decrease (e.g., Cases S2L, R2S and R2L) in equivalence ratio can promote 

or suppress cool flame propagation. Both the positive and negative effects would be augmented when 

decreasing stratification layer thickness. Moreover, sensitivity analysis and reaction path flux analysis of 

OH consumption are conducted to identify a cause and effect chain that elucidates how stratification 

affects cool flame propagation. It is found that stratification can significantly change the competition be- 

tween reactions CH 2 O + OH � HCO + H 2 O and CH 3 OCH 3 + OH � CH 3 OCH 2 + H 2 O and hence affect the 

fuel consumption rate. Furthermore, a scaling law is proposed based on a stratification Damköhler num- 

ber, in order to comprehensively characterize stratification effects on cool flame propagation. In addition, 

the evaluation of ATF/FGM in the laminar context suggests that the FGM method is a good candidate 

for describing low-temperature chemistry, while the ATF approach may need further consideration for 

accurately capturing cool flame propagation speeds. 

© 2021 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

To meet the increasingly urgent need for low-emission and 

igh-efficiency combustion technologies, stratified combustion has 

een widely used in modern internal combustion (IC) engines 

1–4] and gas turbines [5,6] . In the development of these advanced 

tratified combustion powered engines, physical insights into strat- 

fication effects on cool and hot flame propagation are required. As 
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 result, understanding and modeling stratified flames remains a 

ery active area of research [6–8] . 

In the literature, the effects of stratification on flame propaga- 

ion have been extensively studied [9–21] for premixed hot flames 

hat are governed by high-temperature chemistry. Previous stud- 

es found that the gradients of temperature and concentrations of 

ydrogen and some important radicals in the burnt gas have a 

ignificant impact on the propagation speeds of premixed strati- 

ed hot flames. Specifically, for rich-to-lean (R2L) stratified hydro- 

en and methane flames, the flame speed is enhanced compared 

o the corresponding homogeneous flames without fuel stratifica- 

ion [14–17,20] . Such enhancement is mainly attributed to a well- 

nown phenomenon, back-support effect, which is caused by the 
. 

https://doi.org/10.1016/j.combustflame.2021.02.040
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iffusion of hydrogen and/or radicals in the burnt gas into the re- 

ction zone [14–17,20] . In contrast, for rich-to-lean (R2L) stratified 

ropane and n-heptane flames, key radicals in the reaction zone 

re consumed by intermediate hydrocarbon species from burned 

as, which leads to lower fuel consumption speeds [16] . There 

re also a few attempts towards modeling the stratified flame 

peeds. Kang and Kyritsis [22] modeled the stoichiometric-to-lean 

nd lean-to-leaner stratified flame speeds based on the assump- 

ion that the difference between the stratified and homogeneous 

ame speeds is mainly due to the cumulative heat support from 

urnt gas. Recently, Shi and Chen [15] proposed a local stratifica- 

ion level model for methane flame propagating through arbitrary 

tratification configurations. 

While significant effort s have been made to explore the effects 

f fuel or thermal stratification on hot flame propagation, the im- 

act of fuel stratification on premixed cool flames is still not well 

nderstood. Cool flames, which are governed by low-temperature 

hemistry (LTC, see [23,24] and references therein), have been ob- 

erved in both diesel spray [25] and compression ignition engine 

xperiments [26] . Furthermore, it has been demonstrated that LTC- 

nduced auto-ignition and cool flames play important roles for fuel 

onsumption and heat release in advanced compression ignition 

ngines, such as partially premixed compression ignition (PPCI) en- 

ines [27] . Based on the recent studies [28–31] , a conceptual model 

or the ignition process in diesel engine-relevant conditions has 

een developed. It is found that cool flames first occur in lean re- 

ions due to the first-stage auto-ignition and then propagate along 

he local mixture fraction gradient towards richer mixture [32] . In 

his context, it is of both practical importance and fundamental in- 

erest to study cool flame propagation in a fuel stratified mixture. 

It is noted that previous numerical investigations about cool 

ames mainly employed direct numerical simulation (DNS) meth- 

ds [14–21,28–32] . Given that the computational cost of DNS with 

etailed chemistry is still very high, large-eddy simulation (LES) 

pproach has emerged as a promising tool in terms of prediction 

ccuracy and computational efficiency, and it has been success- 

ully applied to practical devices such as IC engines and gas tur- 

ines [33,34] . In the context of LES, the artificially thickened flame 

ATF) approach [35] is widely used to accurately capture turbu- 

ent premixed flame propagation on typical LES grids. Moreover, 

n order to reduce computational cost, the ATF approach is usu- 

lly combined with tabulated chemistry approaches, such as flame 

rolongation of intrinsic low dimensional manifolds (FPI) [36] , 

amelet/progress variable (FPV) [37] , or the flamelet generated 

anifolds (FGM) approach [38] , which is particularly favourable 

hen dealing with large hydrocarbon fuel mechanisms includ- 

ng both high-temperature chemistry and LTC. Recently, Novoselov 

t al. [39,40] found that turbulent non-premixed cool flames can 

e adequately described by steady and/or unsteady flamelet mod- 

ls. On the other hand, the ATF model has been used to exam- 

ne the effects of LTC on turbulent spray combustion [41] , and has 

een augmented to account for strain effects on flame thicken- 

ng [42,43] . 

In the literature, the ATF/FGM approach has already been em- 

loyed by several groups to simulate turbulent, stratified hot 

ames [44,45] . In these simulations, it is assumed that the flame 

ropagates in a locally homogeneous mixture and hence the tur- 

ulent, stratified flame can be described by a set of homogeneous 

amelets with different initial compositions. This assumption is 

ustified by the fact that the equivalence ratio gradient inside the 

ame is much smaller than the progress variable gradient. It is ex- 

ected that the assumption could potentially be violated in the 

odeling of cool flames because of strong finite-rate LTC effects 

hat lead to the progress variable gradient being comparable to the 

quivalence ratio gradient. Therefore, while the ATF/FGM model 

as been extensively used in the context of LES of premixed hot 
2 
ames propagating in stratified mixtures [46] , it is still unclear 

hether the well-established combustion model for premixed hot 

ames is suitable for modeling of premixed, stratified cool flames. 

With this background, the objective of this work is threefold: 

1. To investigate the effects of stratification on unsteady cool 

flame propagation by comparing six stratification configurations 

(i.e., lean-to-stoichiometric (L2S), stoichiometric-to-lean (S2L), 

stoichiometric-to-rich (S2R), rich-to-stoichiometric (R2S), lean- 

to-rich (L2R), and rich-to-lean(R2L) stratified mixtures) to cor- 

responding homogeneous cool flames; 

2. To identify underlying mechanisms that enable the stratification 

to affect cool flame propagation; 

3. To evaluate the performance of ATF/FGM approach for modeling 

premixed stratified cool flames. 

To the best of the authors’ knowledge, this work is the first at- 

empt to investigate the influence of stratification on cool flame 

ropagation and modeling. To achieve the above objectives, one- 

imensional (1D) simulations of unsteady dimethyl ether (DME)/air 

ool flame propagation in stratified mixtures are conducted. The 

emaining part of the paper proceeds as follows. In the next sec- 

ion, a detailed description of the numerical configurations and 

ethods is presented. Section 3 presents the results and discus- 

ion. First, the computed fuel consumption rates of stratified and 

omogeneous flames are compared in Section 3.1 . Then, a cause 

nd effect chain that elucidates how stratification affects LTC and 

ool flame propagation is identified through sensitivity analysis 

nd reaction path flux analysis in Section 3.2 . A scaling law for 

haracterizing the stratification effects is proposed in Section 3.3 . 

hen, the performance of ATF/FGM model for modeling stratified 

ool flames is assessed in Section 3.4 . Finally, the conclusions are 

ummarized in Section 4 . 

. Numerical configurations and methods 

.1. Configurations 

As sketched in Fig. 1 , the 1D unsteady cool flame is consid- 

red in this work. It propagates in an initially static DME /air 

ixture with an unburnt equivalence ratio φu varying from φ1 

o φ2 . The computational domain is 0 ≤ x ≤ 10 cm with reflec- 

ive and outlet boundary conditions specified at the closed end 

 x = 0 cm) and open end ( x = L = 10 cm), respectively. The in-

ouse code A-SURF [47–49] is used to simulate the 1D unsteady 

tratified DME/air cool flame propagation. In A-SURF, the governing 

quations for mass, momentum, energy and species mass fractions 

f a multi-component reactive mixture in 1D planar coordinates 

re solved using the finite volume method. The mixture-averaged 

ransport model is employed for diffusion velocity calculation. The 

hermal diffusion and radiation are neglected. The second-order 

ccurate, Strang splitting fractional-step procedure [50] is utilized 

o handle multi-time scales problem by separating the time evolu- 

ion of stiff chemistry from that of convection and diffusion terms. 

n the first fractional step, the non-reactive flow is solved. The tem- 

oral integration, diffusive flux, and convective flux are calculated 

y using the Runge–Kutta, central difference and MUSCL-Hancock 

51] schemes, respectively. In the second fractional step, the chem- 

stry is solved by using the VODE solver [52] . The chemical kinet- 

cs as well as the thermodynamic and transport coefficients are 

andled by CHEMKIN [53] and TRANSPOT [54] packages. To accu- 

ately and efficiently resolve the flame front and stratification layer, 

he locally and dynamically adaptive mesh refinement (AMR) tech- 

ique [55] is also applied based on not only the gradient of tem- 

erature but also that of the fuel mass fraction. A 3-level AMR with 

he finest mesh size of 64 μm is implemented so that both the 

ame front and stratification layer are covered by adequate meshes 
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Table 1 

Summary of stratified flame (SF) cases and homogeneous flame (HF) cases considered in this work. φu , 

φ1 , and φ2 are indicated in Fig. 1 . The local equivalence ratio at flame front φ f is defined as Eq. (1) . 

Cool flame Case φu ∈ [ φ1 , φ2 ] φ f 

Lean-to-stoichiometric ( L2S ) φ1 = 0 . 2 ≤ φu ≤ 1 . 0 = φ2 0 . 2 ≤ φ f ≤ 1 . 0 

Stoichiometric-to-lean ( S2L ) φ1 = 1 . 0 ≥ φu ≥ 0 . 2 = φ2 0 . 2 ≤ φ f ≤ 1 . 0 

Stratified Flame Stoichiometric-to-rich ( S2R ) φ1 = 1 . 0 ≤ φu ≤ 1 . 8 = φ2 1 . 0 ≤ φ f ≤ 1 . 8 

( SF ) Rich-to-stoichiometric ( R2S ) φ1 = 1 . 8 ≥ φu ≥ 1 . 0 = φ2 1 . 0 ≤ φ f ≤ 1 . 8 

Lean-to-rich ( L2R ) φ1 = 0 . 2 ≤ φu ≤ 1 . 8 = φ2 0 . 2 ≤ φ f ≤ 1 . 8 

Rich-to-lean ( R2L ) φ1 = 1 . 8 ≥ φu ≥ 0 . 2 = φ2 0 . 2 ≤ φ f ≤ 1 . 8 

φ1 = φu = φ2 = 0 . 2 φ f ≈ φu 

φ1 = φu = φ2 = 0 . 25 φ f ≈ φu 

Homogeneous Flame · · · φ f ≈ φu 

( HF ) · · · φ f ≈ φu 

φ1 = φu = φ2 = 1 . 75 φ f ≈ φu 

φ1 = φu = φ2 = 1 . 8 φ f ≈ φu 
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Fig. 1. Schematic of stratified cool flame propagation in an initially static DME/air 

mixture with an unburnt equivalence ratio ( φu ) varying from φ1 to φ2 . The strati- 

fication location is at x = x s with an initial thickness of ds . The initial velocity ( U 0 ), 

temperature ( T 0 ) and pressure ( P 0 ) are indicated. 
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Fig. 2. Change of the maximum flame temperature ( T max ) and flame thickness ( δ f ) 

with the equivalence ratio, φu , for cool flames in homogeneous DME/air mixtures 

at 530 K and 1 atm. 
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nd the gird convergence is ensured. A-SURF has been successively 

pplied in previous studies on both hot and cool flames propaga- 

ion [47,56–59] . The details on numerical methods and schemes of 

-SURF can be found in Refs. [47–49] and thereby are not repeated 

ere. 

The initial stratification layer is described by a hyperbolic tan- 

ent function and is placed at x = x s . Similar to previous stud-

es [15–17,59] , the degree of stratification is quantified by the 

tratification thickness at the moment when the flame front 

rst reaches the stratification layer and is given by ds = | φ1 −
2 | / | d φ/d x | max . Note that as the equivalence ratio gradient de-

reases with time due to the mass diffusion, a larger x s can re- 

ult in a thicker ds as it takes more time for the flame front to

each the stratification layer. In other words, ds can be adjusted 

y varying x s . For all cases considered in Table 1 , x s = 1 . 5 cm is

sed unless otherwise specified. The unburnt thermodynamic con- 

itions with T 0 = 530 K and P 0 = 1 atm are considered here. Ac-

ording to the flammability limit diagram proposed in [23,60] for 

ME/air flames, cool flames can survive in a wide range of equiv- 

lence ratio under this condition. 

In order to initialize the flame with least unsteadiness distur- 

ance, a homogeneous cool flame with equivalence ratio of φ1 is 

ntroduced at the closed end, which is obtained from the open 

ource code Cantera [61] by solving 1D steady governing equations. 

part from stratified cool flames, a series of homogeneous cool 

ames at different values of φu are also calculated as reference 

ames to investigate stratified cool flames behaviors. In this work, 

 39-species skeletal chemical mechanism [62] developed from the 

etailed mechanism by Zhao et al. [63] is used. 

As shown in Table 1 , six configurations for stratified cool 

ames are considered in this work: lean-to-stoichiometric ( L2S ), 

toichiometric-to-lean ( S2L ), stoichiometric-to-rich ( S2R ), rich-to- 

toichiometric ( R2L ), lean-to-rich ( L2R ) and rich-to-lean ( R2L ). For 

he sake of brevity, stratified and homogeneous cool flames are re- 

pectively denoted as SF and HF hereafter. Among the SFs, Cases 

2S and S2L are chosen as representative cases to study the effect 

f stratification on cool flame propagation in Section 3 . Neverthe- 

ess, the conclusion drawn from these two SFs can be extended to 

ther configurations. 

Due to the high reactivity of burned gas behind the propagating 

ool flames, under some circumstances the hot flame might be ini- 

iated eventually when the ignition delay time of the local burned 

as is shorter than its residence time. The results (not shown here) 

ndicate that under the conditions considered in the present study 

530 K and 1 atm), a hot flame is usually first observed far be-

ind the leading cool flame for cases R2S and R2L. However, at 

 = 10 atm, high-temperature autoignition is first observed just be- 

ind the leading cool flame. Further investigation on the transition 

f cool flame to warm flame and hot flame is beyond the scope 
δ

3 
his work and will be the focus of future work. It is noted that un-

er current temperature and pressure conditions, the cool flames 

an pass through the stratification layer before the occurrence of 

ot flames. In this context, the presence of hot flames would not 

ubstantially affect the effects of stratification on cool flame prop- 

gation. 

Figure 2 shows the maximum cool flame temperature T max and 

ame thickness δ f of HFs at different equivalence ratios ( φu ). Here 

f is defined based on the maximum temperature gradients [64] . 

t is seen that T max is lower than 800 K due to the relatively

mall amount of heat released by LTC reactions. It is further ob- 

erved that T max monotonically increases with the equivalence ra- 

io, which is different from hot flames whose T max could reach 

aximum around the stoichiometric condition. On the other hand, 

f exhibits an decreasing trend as the equivalence ratio raises due 
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Fig. 3. The absolute and relative differences between local equivalence ratio ( φ f ) 

and unburnt equivalence ratio ( φu ) of a series of homogeneous cool flames at 530 K 

and 1 atm. φu ranges from 0.2 to 1.8. 
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integrated heat release rate ( Q ) of homogeneous cool flames at 530 K and 1 atm. 

φu ranges from 0.2 to 1.8. 

d

Y  

o

f

fl

a

t

E

c

S

i  

t

g

t

s

fl

c

w

r

b  

b

a

c

s

b

fl

w

f

b

s

3

i

o

i

r

f

t

S

l

o the increasing reactivity. The above observations demonstrate 

hat the characteristic of cool flames is significantly different from 

hat of hot flames. Therefore, before comparing stratified and ho- 

ogeneous cool flames, two important characteristics of stratified 

ool flames, i.e. equivalence ratio and flame speed, are specifically 

xamined and defined in the following two subsections. 

.2. Local equivalence ratio at flame front ( φ f ) 

Unlike homogeneous flames, there is not a unique unburnt 

omposition for stratified flames, which leads to a large uncer- 

ainty in the definition of unburnt equivalence ratio. In order 

o achieve fair comparisons between stratified and homogeneous 

ames, the local equivalence ratio at flame front ( φ f ) is used to 

haracterize the effective instantaneous unburnt mixture composi- 

ion for the stratified flames. However, due to the differential dif- 

usion and partially consumption of fuel, the conventional species- 

ased definition of the equivalence ratio is not applicable to φ f . 

herefore, similar to previous studies [14–18] , an element-based 

efinition of local equivalence ratio at flame front ( φ f ) for DME/air 

ixture is introduced in present study: 

f = 

3( X C 
2 

+ 

X H 
6 

) 

X O − 1 
2 
( X C 

2 
+ 

X H 
6 

) 
| x = x f , (1) 

here X C , X H and X O denote the local element mole fraction of 

, H and O, respectively. The location of cool flame front ( x f ) is

efined as the location where heat release rate is maximum. It is 

oted that the element-based equivalence ratio of the upstream 

nburnt mixture φu is not exactly equal to φ f , even for homoge- 

eous flames, due to the use of mixture-averaged transport model. 

igure 3 shows the absolute and relative differences between φ f 

nd φu for HFs. It is seen that φ f and φu can differ up to 0.04 and

 2.5% relative difference. Therefore, compared to φu , φ f is more 

ppropriate for the investigation of SFs. In this work, the compar- 

sons between SFs and corresponding HFs will be performed at the 

ame value of φ f to reach consistent comparisons. 

.3. Integrated fuel consumption rate ( S) 

In previous numerical studies about stratified hot flames [14–

9] , the fuel consumption speed S c is widely used as a refer- 

nce laminar flame speed due to its superiority on characteriz- 

ng chemical processes in the reaction zone compared to the dis- 

lacement speed, especially when considering highly unsteady ef- 

ect [65] . Typically, S c is derived from the mass balance of a sta-

ionary flame [64] as follows: 

 c = − 1 

ρu Y 
u 

F 

∫ + ∞ 

−∞ 

˙ ω F dx (2) 

here ρu and Y u 
F 

are the density and fuel mass fraction of the un- 

urnt mixture. ˙ ω is the fuel consumption rate. In the theoretical 
F 

4 
erivation, the denominator of Eq. (2) should be Y u 
F 

− Y b 
F 

instead of 

 

u 
F 

. For hot flames, the value of Y b 
F 

is relative small since there is

nly a small amount of fuel left in the burned gas region. There- 

ore, it is reasonable to substitute Y u 
F 

− Y b 
F 

by Y u 
F 

. However, for cool 

ames, the fuel is only partially consumed after passing the re- 

ction zone, and hence Y u 
F 

− Y b 
F 

cannot be replaced by Y u 
F 

. Given 

he large uncertainty in determining Y b 
F 

in propagating cool flames, 

q. (2) cannot be readily applied to stratified cool flames. To over- 

ome this issue, the integrated fuel consumption rate 

 = −
∫ x U 

x L 

˙ ω F dx (3) 

s used as a measure of the cool flame speed. Due to the high reac-

ivity of products after first-stage ignition, the burnt gas of propa- 

ating cool flames is able to continuously react. It is expected that 

he deviation of the integrated fuel consumption rates of transient 

tratified flames from those of corresponding steady homogeneous 

ames would accumulate as the stratified flames propagate. In this 

ontext, the integral for ˙ ω F is conducted only over the domain 

here the local heat release rate exceeds 5% of the maximum heat 

elease rate, in order to minimize the influence of reactions in the 

urnt gas on S . In Eq. (3) , x L and x U denote the lower and upper

ounds of the integration domain, respectively. Similar to Eq. (3) , 

n integrated heat release rate Q is also defined for comparison. 

Figure 4 shows the laminar flame speeds S L , the integrated fuel 

onsumption rates S and the integrated heat release rate Q for a 

eries of HFs. It is seen that S shares the similar tendency with 

oth S L and Q , indicating that S is a good indicator for the laminar 

ame speed. Besides, for the stratified and homogeneous flames 

ith the same value of φ f , we have 
S SF 
S HF 

= 

S c, SF 

S c, HF 
. Therefore in the 

ollowing sections, the integrated fuel consumption rate ( S) will 

e used to compare the SFs to HFs for elucidating the effects of 

tratification on cool flame propagation. 

. Results and discussion 

The purpose of this section is to investigate the effects of strat- 

fication on cool flame propagation and modeling. First, the impact 

f stratification on cool flame propagation and structure is exam- 

ned in Section 3.1 through analysis of integrated fuel consumption 

ates and spatial distributions of temperature and critical species 

or both SFs and HFs. Then, the underlying mechanisms that allow 

he stratification to affect cool flame propagation are identified in 

ection 3.2 by sensitivity analysis and path flux analysis. A scaling 

aw is proposed to characterize comprehensive stratification effects 
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Fig. 5. Integrated fuel consumption rates ( S) for Cases L2S and S2L. The solutions 

from nine HFs (i.e., nine open circles) at φ f = 0 . 2 − 1 . 0 are included for comparison. 

The arrow denotes cool flame propagation direction. 
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n Section 3.3 . Finally, the performance of ATF/FGM approach for 

odeling SFs is evaluated in Section 3.4 . 

.1. Impact of stratification on cool flame propagation and structure 

Figure 5 compares the integrated fuel consumption rates ( S) 

f Cases L2S and S2L with those of the corresponding HFs. It is 

een that the stratification has a significant impact on the fuel con- 

umption rates of two SF cases (i.e., L2S and S2L). Figure 5 shows 

hat the SF first propagates at the same S as that of the HF be-

ore reaching the stratification layer, then deviates from the HF 

hroughout its propagation inside the stratification layer, and fi- 

ally converges again to HF after passing through the stratification 

ayer. Compared to the HF, the S of Case L2S is promoted across 

he whole stratification layer, while the opposite trend is observed 

or Case S2L. This is different from the previous findings for strati- 

ed methane hot flames [15] . 

Figure 6 shows the integrated fuel consumption rates ( S) for 

ases S2R, R2S, L2R and R2L as well as corresponding HFs. The 

ame trend as that of Cases L2S and S2L is observed. Therefore, 

 more general conclusion can be drawn: cool flame propagation 

an be promoted/suppressed by a stratification layer with increas- 

ng/decreasing equivalence ratio. Moreover, by comparing the re- 

ults of Cases L2S and S2R or Cases S2L and R2S, it is found that

he stratification has a similar impact in the lean and rich com- 

ustion regimes. This is because the maximum flame temperatures 

nd laminar flame speeds of DME cool flames vary monotonically 

ith equivalence ratio, as shown in Fig. 4 . 
1 1.2 1.4 1.6 1.8
1.6E-06

2E-06

2.4E-06

HF
S2R
R2S

ig. 6. Integrated fuel consumption rates ( S) for Cases S2R, R2S, L2R, and R2L. The resul

ame propagation direction. 

5 
In order to examine the influence of stratification layer thick- 

ess, Fig. 7 shows the integrated fuel rate ( S) of Case L2S at 

hree different initial stratification layer positions, i.e. x s = 1 , 1.5 

nd 3 cm. By changing x s , three stratification layer thicknesses, 

.e. ds = 0 . 4 , 0.6 and 1.2 cm are obtained, respectively. As shown

n Fig. 7 , while stratification layers with different thicknesses have 

 similar positive impact on cool flame propagation, the impact is 

ore prominent for a thinner stratification layer, which is consis- 

ent with previous results on hot flames [15] . This is due to the 

act that the mass diffusion is stronger in a thinner stratification 

ayer, leading to the effect of stratification being more significant. 

In order to explain the effects of stratification on the fuel con- 

umption rates, the flame structures are analyzed at φ f = 0 . 6 for 

ases L2S and S2L as well as HF. Figure 8 shows temperature and 

eat release rate profiles in the vicinity of flame front. It is noted 

hat the profiles are shifted to make the flame front at x = 0 with

he burnt gas on the left and the unburnt gas on the right. As 

hown in Fig. 8 , the heat release rate of Case L2S is significantly

igher than that of HF within the reaction zone, which indicates 

he LTC reaction intensity is enhanced for Case L2S. However,for 

ase S2L, a lower heat release rate is observed as a result of the 

dverse effect of stratification on the LTC reactions. This is con- 

istent with the results shown in Fig. 5 . On the other hand, the 

emperatures of both SFs (i.e. Cases S2L and L2S) are very close 

o that of HF, which suggests that the thermal effect (temperature 

ifference) induced by the stratification is not the dominant fac- 

or leading to the large deviation of SFs from HF in S . In addition, 
0.2 0.6 1 1.4 1.8
4E-07

1.4E-06

2.4E-06

HF
L2R
R2L

ts from HFs at φ f = 0 . 2 − 1 . 8 are included for comparison. The arrow denotes cool 
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Fig. 8. Temperature ( T ) and heat release rate ( HRR ) profiles for Cases L2S and S2L. 

The results for HF at φ f = 0 . 6 are included. 
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Fig. 10. The brute-force sensitivity of laminar flame speed to different reactions for 

the stoichiometric homogeneous cool flame. 
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or case S2L a slightly higher temperature in burned gas region 

 x < −0 . 1 cm) is observed, which is expected to exert a positive 

nfluence on cool flame propagation due to excess enthalpy effect. 

owever, the cool flame speed in case S2L is decreased compared 

o corresponding HF. Therefore, it can be inferred that the excess 

nthalpy effect is not the dominant factor neither. 

Besides the above thermal and excess enthalpy effects, the 

hemical effect introduced by the presence of fuel stratification 

as been widely discussed and emphasized in previous studies 

n hot flames [15–17,19] . Figure 9 shows the spatial distributions 

f mole fractions of important products, intermediate species and 

adicals for Cases L2S and S2L as well as HF at φ f = 0 . 6 . As shown

n Fig. 9 (a), the mole fractions of H 2 , CH 4 and CH 2 O of Case S2L 

re significantly higher than those of HF. This is because H 2 , CH 4 

nd CH 2 O are the products of LTC and hence their concentrations 

ould be increased with equivalence ratio. Due to molecular trans- 

ort, H 2 , CH 4 and CH 2 O will diffuse from the burned gas into the 

eaction and preheat zones, leading to higher concentrations in 

hese two zones of Case S2L than those of HF. On the other hand,

he mole fractions of H 2 , CH 4 and CH 2 O of Case L2S are much 

ower than those of HF, which leads to lower concentrations of H 2 , 

H 4 and CH 2 O in the reaction and preheat zones. Furthermore, it is 

een from Fig. 9 (b) that higher (lower) concentrations of H 2 , CH 4 

nd CH 2 O in reaction and preheat zones can suppress (promote) 

TC and thereby the consumption of fuel, which results in lower 

higher) concentrations of intermediate species and radicals in re- 
ig. 9. The mole fractions of major products, intermediate species and radical profiles fo

H 3 OCH 2 O 2 . 

6 
ction zone, such as H , OH , HO 2 and CH 3 OCH 2 O 2 . The above re- 

ults indicate that the presence of stratification could change the 

oncentrations of H 2 , CH 4 and CH 2 O in the reaction and preheat 

ones, which significantly affects cool flame propagation. Neverthe- 

ess, the underlying mechanisms that explain how the change in 

he concentrations of H 2 , CH 4 and CH 2 O affects cool flame propa- 

ation is still unclear, which will be addressed in the next subsec- 

ion. 

.2. Sensitivity and reaction path flux analysis 

In order to investigate the influence of H 2 , CH 4 and CH 2 O 

oncentrations on cool flame propagation, the brute-force sensi- 

ivity analysis of laminar flame speed for the stoichiometric ho- 

ogeneous cool flame is first performed using Cantera [61] . In 

resent study, the sensitivity analysis is conducted for the purpose 

f identifying which reactions are important for the cool flame 

peed. In this sense, the brute-force sensitivity analysis is suffi- 

ient for achieving this goal. Nevertheless, it is still interesting to 

robe the variation of the underlying chemistry when the cool 

ame propagates through a stratified mixture by using more pow- 

rful tools, such as the computational singular perturbation (CSP) 

66] method. However, this is beyond the scope of present study 

nd shall be conducted in future work. 

As shown in Fig. 10 , the laminar flame speed of stoichiomet- 

ic cool flame is very sensitive to reactions R40, R132, R156, R157, 
r Cases L2S and S2L. The results for HF at φ f = 0 . 6 are included. ‘ RO 2 ’ represents 
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(a) (b)
L2S

S2L

L2SS2L

Fig. 11. (a) OH consumption rate ( C OH ) by R40 and R132 for Cases L2S and S2L. The result from HF at φ f = 0 . 6 is included. (b) the differences of OH consumption rate (i.e., 

D OH = C OH , SF − C OH , HF ) between SF cases and HF at φ f = 0 . 6 . 
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158 and R160, among which reactions R132, R156, R157, R158 and 

160 are LTC reactions. Special attention should be paid to reac- 

ions R40 and R132 as they can consume OH radical but have a 

ifferent im pact on the cool flame speed. Reaction R132 is a H- 

bstraction reaction through which OH is consumed to produce 

H 3 OCH 2 . Given that CH 3 OCH 2 can serve as a reactant for sub- 

equent oxidation reactions, reaction R132 has a positive impact 

n cool flame propagation. On the other hand, the OH radical can 

lso be consumed by CH 2 O through reaction R40. Therefore, reac- 

ion R40 has a negative impact on cool flame propagation. Based 

n above discussion, it is found that OH is one of the most impor- 

ant radicals for cool flames. In this sense, the competition among 

ifferent reactions involving OH radical can significantly affect the 

eaction intensity of LTC. 

Furthermore, the reaction path flux analysis for OH radical con- 

umption is also carried out in this work. It is found that reac- 

ions R40 and R132 consume the most OH radical. Therefore, the 

H consumption competition between reactions R40 and R132 is 

articularly examined. Here, the ratio of OH radical consumed by 

 specified reaction to total OH consumption is denoted by C OH . 

igure 11 (a) shows the C OH of reactions R40 and R132 for Cases 

2S and S2L as well as HF. It is seen that for Case L2S, the C OH 

f R40 is lower than that in HF, which means that the reaction 

40 consumes a smaller proportion of OH radicals in Case L2S. As 

or R132, C OH in Case L2S is larger than that in HF, which means

hat reaction R132 consumes a larger proportion of OH radicals 

n Case L2S. An opposite result is observed in Case S2L. More- 

ver, Fig. 11 (b) shows the difference in C OH between SFs and HF, 

.e. D OH = C OH , SF − C OH , HF . It is shown that for both SFs, D OH of R40

nd R132 are approximately equal in magnitude but opposite in 

ign, implying that for Case S2L, the OH radical survived due to 

ower consumption rate of reaction R132 is almost completely con- 

umed by the reaction R40. The opposite is true for Case L2S. This 

ndicates that there is direct competition relationship between re- 

ction R40 and R132 in terms of OH consumption. Combined with 

ig. 5 , the following conclusion can be drawn: for Case S2L, CH 2 O

s able to accumulate in the burned gas and then diffuse into re- 

ction and preheat zones, which promotes reaction R40 and thus 

ore OH radical is consumed by reaction R40. As a result, less 

H radical is consumed by reaction R132 and hence LTC is sup- 

ressed. However, for Case L2S, due to the relatively lower con- 

entration of CH 2 O , reaction R40 is inhibited, and hence LTC is 

romoted. 

To further verify this conclusion, Fig. 12 plots the ratios of S as 

ell as R OH = C OH , R40 /C OH , R132 of SF and HF. Here R OH denotes the 
7 
atio of OH consumption by reaction R40 to that by reaction R132, 

hich can represent the competition between these two reactions, 

.e., the larger R OH is, the larger proportion of OH radical reac- 

ion R40 consumes. In this context, R OH , SF /R OH , HF > 1 means that 

ompared to HF, a larger proportion of OH radical is consumed by 

40 in SF. Figure 12 shows that for Case S2L, R OH , SF /R OH , HF > 1 and

 SF /S HF < 1 , while for Case L2S, R OH , SF /R OH , HF < 1 and S SF /S HF > 1 .

t is found that S SF /S HF is negatively correlated to R OH , SF /R OH , HF and 

hat they reach their extreme values at the same value of φ f for 

oth Cases S2L and L2S. Therefore, it is further confirmed that the 

tratification affects the cool flame propagation through the fol- 

owing pathway: the stratification first affects the concentration of 

H 2 O in the burnt gas, then affects the concentration of CH 2 O in 

he reaction and preheat zones, which changes the competition be- 

ween reactions R40 and R132 in OH consumption, and finally af- 

ects the fuel consumption rate of cool flames. The cause and effect 

hains for Cases L2S and S2L are shown as follows: 

ase L2S : CH 2 O | x<x f ↓ ⇒ CH 2 O | x ≈x f ↓ ⇒ R40 ↓ ⇒ OH R132 ↑ 

⇒ R132 ↑ ⇒ LTC ↑ ⇒ S ↑ 

ase S2L : CH 2 O | x<x f ↑ ⇒ CH 2 O | x ≈x f ↑ ⇒ R40 ↑ ⇒ OH R132 ↓ 

⇒ R132 ↓ ⇒ LTC ↓ ⇒ S ↓ 

here x < x f and x ≈ x f denote the burnt gas zone and reaction

one, respectively. The up and down arrows beside a quantity rep- 

esent the increase and decrease in this quantity, and each hori- 

ontal arrow between two quantities represents a cause and effect 

hain. 

.3. Scaling law for characterizing stratification effect 

In Section 3.2 , the most probable cause and effect chain is pro- 

osed to elucidate how stratification affects LTC and cool flame 

ropagation. It is noted that the cause and effect chain works for 

ifferent stratification conditions. In this sense, it is expected that 

here exists a scaling law characterizing the effects of stratification. 

iven that the stratified flame propagation is mainly controlled 

y equivalence ratio variation and chemical reactions, two corre- 

ponding characteristic times scales (i.e. stratification timescale τS 

nd chemical time scale τC ) are identified to derive the scaling law. 

Figure 13 plots the variation of 1 
φ f 

dφ f 

dt 
with φ f for Case L2S. It 

s found that the change of 1 
φ f 

dφ f 

dt 
with φ f is very similar to that 
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Fig. 12. The ratios of integrated fuel consumption rate ( S) and R OH (a) between Case S2L and HFs; (b) between Case L2S and HFs. The definition of R OH can be found in the 

text. 
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Fig. 13. The variation of 1 
τS 
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1 
φ f 

dφ f 

dt 
with φ f for Case L2S. The arrow denotes cool 

flame propagation direction. 
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Fig. 14. The ratio of integrated fuel consumption rates S between SFs and HFs as a 

function of stratification Damköhler number Da S . The dashed lines cover the region 
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f S SF /S HF in Fig. 12 (b). Inspired by this observation, a characteris- 

ic stratification time scale for describing the variation rate of φ f is 

efined as τS = φ f / 
dφ f 

dt 
. The characteristic chemical time scale, τC , 

s defined as τC = δ f /S L based on the corresponding HF at the in- 

tantaneous φ f . In this context, a stratification Damköhler number 

a S is introduced as Da S = τC /τS . A positive (negative) Da S corre- 

ponds to a stratified cool flame propagating towards a stratifica- 

ion layer with increasing (decreasing) equivalence ratio. The lager 

he absolute value of Da S is, the higher rate of change of φ f is. 

Figure 14 replots the S SF /S HF shown in Figs. 5–7 , in which the

ool flames are subject to different stratification conditions and 

ifferent stratification layer thicknesses, as a function of Da S . A 

ery good correlation for S SF /S HF and Da S is observed. Furthermore, 

he change of S SF /S HF with Da S can be fitted by a simple linear

quation, as indicated in Fig. 14 , implying that the effects of strat- 

fication on cool flame propagation could be well characterized by 

a S . 

.4. Impact of stratification on cool flame modeling 

As discussed in Introduction, it is still not clear whether a well- 

stablished premixed combustion model – ATF/FGM – is capable of 

apturing stratified cool flame propagation and structure. To this 
8 
nd, the suitability of the ATF and FGM methods in modelling 

tratified cool flames is evaluated in this section. 

.4.1. FGM method 

In the context of FGM method, a low dimensional manifold is 

onstructed from the solutions of canonical 1D laminar propagat- 

ng flames. During CFD calculations, the thermochemical state is 

etrieved from the flamelet look-up table that is parameterized by 

 few relevant control variables, e.g. reaction progress variable 

 c [67] and equivalence ratio φ f . The aim of this subsection is 

o examine whether the flamelet-generated manifold, ψ = [ T , Y i ] =
(φ f , Y c ) which is based on the solutions of HFs at different equiv- 

lence ratios, can be used to describe the thermochemical state of 

Fs. Here, Y i denotes the i th species mass fraction, and Y c is defined

s: 

 c = Y H 2 + Y H 2 O + Y CO + Y CO 2 (4) 

hich has been used in a recent LES for a turbulent partially- 

remixed DME jet flame [68] . 

Figure 15 compares conditional means of temperature ( T ) and 

ass fractions of fuel ( Y DME ) and oxygen ( Y O 2 ) in Y c − φ space from

ase L2S (i.e. DNS results) with those from the FGM table gener- 

ted by 1D homogeneous cool flame solutions. It is seen that the 
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Fig. 15. Conditional means of temperature and mass fractions of fuel and oxygen 

in Y c − φ f space for Case L2S. (a) DNS results; and (b) FGM table generated using 

HF solutions. 
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Fig. 16. Conditional means of mass fractions of minor species in Y c − φ f space for 

Case L2S. (a) DNS results; and (b) FGM table generated using HF solutions. 
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Fig. 17. Impact of artificially thickening on integrated fuel consumption rate S for 

Case L2S. F = 1 and F = 4 refer to scenarios with and without thickening, respec- 

tively. The arrow denotes cool flame propagation direction. 
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istributions of T , Y DME , and Y O 2 of Case L2S are well matched by 

hose from the FGM table. This comparison confirms that the FGM 

able is suitable to describe temperature and major species, e.g. 

H 3 OCH 3 and O 2 , of the stratified cool flame. 

Figure 16 compares conditional means of mass fractions of 

H 3 OCH 2 O 2 ( Y CH 3 OCH 2 O 2 
), CH 2 O ( Y CH 2 O 

), OH ( Y OH ) and H ( Y H ) from 

ase L2S with those from the FGM table. Overall, there are no sig- 

ificant differences in the shapes of the isosurfaces between DNS 

esults and the FGM table. The minor deviations in the reaction 

one can be observed. Specifically, Y CH 3 OCH 2 O 2 
, Y CH 2 O 

and Y H in the 

eaction zone of Case L2S are slightly higher than those from the 

GM table. In contrast, Y CH 2 O 
in the reaction zone of Case L2S is 

ower than that from the FGM table. This is consistent with the 

revious results: the distributions of CH 3 OCH 2 O 2 , CH 2 O , OH and 

 in the reaction zone are significantly influenced by the strati- 

cation, as shown in Fig. 9 . The above comparisons confirm the 

eneral suitability of the manifolds generated using homogeneous 

ool flame solutions to cover the thermochemical states of strati- 

ed cool flames. 

.4.2. ATF approach 

Tha above FGM method is typically coupled with the ATF ap- 

roach to efficiently capture premixed flame propagation. In the 

ontext of ATF approach, a thickening factor F is introduced into 

iffusion terms of governing equations for species, in order to en- 

ure that the flame thickness is artificially thickened and hence can 

e properly resolved by a relatively coarse grid. On the other hand, 

he reaction rates of species are reduced by F to approximately 

aintain flame propagation speed. In this context, the governing 

quation for Y i is modified as follows: 

∂ 

∂t 
(ρY i ) + 

∂ 

∂x j 
(ρu j Y i ) = 

∂ 

∂x j 

(
FρY i V i, j 

)
+ 

˙ ω Y i 

F 

(5) 

here V i, j and ˙ ω Y i 
denote the species diffusion velocity and source 

erm, respectively. ρ and u are the density and velocity, respec- 

ively. Following the classical premixed flame theory [69] , intro- 
9 
ucing the thickening factor F allows the laminar flame speed to 

e reasonably retained according to 

 

0 
L ∝ 

√ 

D ˙ ω → S F L = S 0 L ∝ 

√ 

FD × 1 

F 

˙ ω (6) 

here D represents the molecular diffusion coefficient, and 0, and 

 denote the unmodified and thickened values, respectively. 

The aim of this subsection is to evaluate whether the ATF ap- 

roach can reasonably capture stratified cool flame propagation 

peeds. To this end, Fig. 17 compares the integrated fuel consump- 

ion rate ( S) calculated from a non-thickened Case L2S (i.e. F = 1 )

ith that from a thickened Case L2S (i.e. F = 4 ). For the thickened

ool flame, a coarse grid with 1-level AMR is used. It is seen that 

hen φ f = 0 . 2 or 1.0, i.e. the cool flame propagating in a homo-

eneous mixture and Da S = 0 (see Fig. 13 ), S from the thickened 

ame is identical to that from the non-thickened flame, which in- 

icates that the cool flame propagation speed can be recovered by 

he ATF approach in the absence of stratification. However, when 
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Fig. 18. Impact of artificially thickening on (a) stratification Damköhler number Da S and (b) scaling law proposed in Section 3.3 . 
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he cool flame is propagating within the stratification layer with 

 . 2 < φ f < 1 . 0 , The value of S from the thickened flame signifi-

antly deviates from that from the non-thickened flame. This im- 

lies that there is strong interactions between the stratification 

nd flame thickening, leading to non-negligible errors. 

To explain the above observations, the stratification Damköh- 

er numbers Da S calculated from the non-thickened and thickened 

ase L2S are plotted in Fig. 18 (a). It is seen that Da S from the thick-

ned flame is significantly larger than that from the non-thickened 

ame. This indicates that the rate of change in φ f due to stratifi- 

ation is artificially augmented by introducing the thickening fac- 

or, which leads to the increase in S . Furthermore, Fig. 18 (b) shows 

he change of S SF /S HF as a function of Da S for Case L2S in the non-

hickening and thickening scenarios. The data points of thickened 

Fs approximately lie in the linear formula proposed in Section 3.3 , 

hich implies that the scaling law still holds for thickened SFs. In 

his context, given the increase in Da S due to thickening, the inte- 

rated fuel consumption rates ( S) of thickened SFs would be higher 

han those of non-thickened SFs. This suggests that the ATF ap- 

roach could not be readily applied to model SFs considered here. 

. Conclusions 

In this work, a series of 1D numerical simulations is performed 

o investigate unsteady stratified DME/air cool flames propagating 

n six stratification configurations (i.e., lean-to-stoichiometric (L2S), 

toichiometric-to-lean (S2L), stoichiometric-to-rich (S2R), rich-to- 

toichiometric (R2S), lean-to-rich (L2R), and rich-to-lean(R2L) strat- 

fied mixtures). These stratified cool flames are compared with 

ompositionally homogeneous cool flames to explore the effects 

f stratification on cool flame propagation and to identify the 

ause and effect chain that elucidates how stratification affects 

ow-temperature chemistry (LTC) and cool flame propagation. Fur- 

hermore, a well-established premixed flame modeling approach –

TF/FGM – is evaluated with respect to its suitability for modeling 

tratified cool flames. The following conclusions can be drawn: 

• It is found that the stratification with an increase or decrease 

in equivalence ratio can promote or suppress cool flame prop- 

agation, leading to the increase or decrease in integrated fuel 

consumption rate S . Moreover, the stratification effects would 

be more significant as the stratification thickness decreases. 

• A cause and effect chain that explains how stratification 

affects LTC and cool propagation is identified through sen- 

sitivity and reaction path flux analysis. The results show 

that for Cases L2S, S2R, and L2R, the presence of stratifi- 

cation could lead to CH 2 O | burnt zone ↓ ⇒ CH 2 O | reaction zone ↓ 

⇒ R40 ↓ ⇒ OH R132 ↑ ⇒ R132 ↑ ⇒ LTC ↑ ⇒ S ↑ , in 

which R40 and R132 represent two important OH 

consumption reactions CH O + OH � HCO + H O and 
2 2 

10 
CH 3 OCH 3 + OH � CH 3 OCH 2 + H 2 O , respectively. The oppo- 

site trend is observed for Cases S2L, R2S, and R2L. 

• A stratification Damköhler number Da S is introduced to charac- 

terize stratification effects, which represents the ratio of charac- 

teristic chemical time scale to characteristic stratification time 

scale (i.e. the rate of change of equivalence ratio). It is found 

that there is a universal scaling law between Da S and the ra- 

tio of stratified cool flame speed to homogeneous cool flame 

speed. 

• The suitability of ATF/FGM approach for modeling stratified 

cool flames is evaluated. It is found that while the flamelet- 

generate manifold using homogeneous cool flame solutions 

could reasonably cover the thermochemical states of stratified 

cool flames, the ATF approach could not be readily applied to 

model stratified cool flames due to strong interactions between 

stratification and flame thickening. 

It is noted that in present study, the effects of stratification on 

ool flame propagation are investigated only for one specified fuel 

nd under one thermodynamic condition. It would be of great in- 

erest to examine whether the results obtained in this study can be 

xtended to other fuels and thermodynamic conditions, and this 

ill be the focus of future work. Moreover, the performance of 

TF/FGM is assessed in the laminar context and its performance 

or modeling of turbulent, stratified cool flames deserves to be fur- 

her explored. 
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