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Abstract

This study addresses the effects of preferential diffusion on flame structure and
propagation of high hydrogen content (HHC) turbulent lean premixed hydrogen-carbon
monoxide syngas flames at elevated pressures. The direct numerical simulations with
detailed chemistry were performed in three-dimensional domain for expanding spherical
flame configuration in a constant pressure combustion chamber. To identify the role of
preferential diffusion on flame structure and propagation under low and high turbulence
levels at elevated pressure, simulations were performed at an initial turbulent Reynolds
number of 15 and 150 at a pressure value of 4bar. The results demonstrate that the
thermo-diffusive instability greatly influences the lean premixed syngas cellular flame
structure due to strong preferential diffusion effects under low turbulence level at
elevated pressure. In contrast, the results reveal that the thermo-diffusive effects are
destabilising and preferential diffusion is overwhelmed by turbulent mixing under high
turbulence level at elevated pressure. This finding suggests that the development of
cellular flame structure is dominated by turbulence with little or no contribution from the
thermo-diffusive instability for the lean premixed syngas flame which operates under
conditions of high turbulence and elevated pressures. However, results demonstrate that
the flame acceleration and species diffusive flux are still influenced by the preferential
diffusion for the lean premixed syngas flame which operates under conditions of high

turbulence and elevated pressures.
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1. Introduction

The rapid increase of carbon dioxide (CO.) emissions associated with fossil fuel
combustion is compelling us to discover cleaner fuels and utilise them in next generation
combustion devices for power generation and transportation [1]. The use of low carbon
content fuels as a supplement for fossil fuels offers the advantage of a cleaner fuel
without significantly changing the current combustion technologies and the associated
massive infrastructure [2]. In this context, combustion of high-hydrogen content (HHC)
synthesis gas (or syngas) fuels with a significant amount of hydrogen versus carbon
monoxide is undoubtedly beneficial [3]. In particular, turbulent lean premixed
combustion characteristics of HHC syngas fuel at elevated pressures is of both
fundamental and practical importance to the design of the next generation clean and
efficient combustion engines [4]. Unsurprisingly, there has been strong interest in the
combustion community to investigate the fundamental characteristics of HHC syngas fuel

burning in turbulent lean premixed combustion mode at elevated pressures [5-14].

Direct numerical simulation (DNS) of turbulent premixed flames has been a valuable
technique in the investigation of the complex interactions between combustion and
turbulence. Recently DNS simulations have added a great deal of understanding of many
issues in turbulent premixed combustion benchmark problems [15-17]. Particularly, a
large number of DNS studies on preferential diffusion effects on local flame structure,
local flame propagation and pollutant emission formation of hydrogen and hydrogen-
enriched hydrocarbon turbulent premixed flames at atmospheric pressure were reported

in the literature. Preferential diffusion influences chemical reaction and heat transfer due



to high diffusivity of light chemical species such as H and H» that can play a significant
role in hydrogen combustion [18]. It is often described by the Lewis number, Le, defined
as the ratio of thermal to fuel mass diffusivities. For example, Im and Chen [19]
investigated preferenatial diffusion effects on the burning rate of turbulent premixed
hydrogen-air flames. Bell et al. [20] discussed the effect of Lewis number on flame
morphology and local flame propagation speed on flame curvature in lean premixed
hydrogen turbulent flame. Bisetti et al. [21] examined the effect of temperature
stratitification on the occurence of preferential diffusion during the auto-ignition of lean
premixed hydrogen-air mixture. In the same year, Dustan and Jenkins [22] and Vreman
et al. [23] also reported preferential diffusion effects on hydrogen enriched methane
flames in spherical and bunsen flame configurations respectively. Later, Aspden et al.
[24, 25] repoted DNS results on the role of Lewis number in lean premixed hydrogen
flame operating in the distributed burning regime. Wang et al. [26] have also reported
preferential diffusion effects with respect to different equivalence ratio in hydrogen-air
swirling premixed flames, while Kim et al. [27] studied the influence of preferential
diffusion on downstream flame characterises of syngas flames. Luo et al. [28] have also
analysed preferential diffusion effects on flame characteristics in turbulent premixed
flames using DNS. In addition, DNS studies on preferential diffusion effects on flame
structure and propagation of turbulent non-premixed flame characteristics at atmospheric
pressure were also reported. For example, our earlier DNS work demonstrated that
preferential diffusion greatly influences the flame structure, species mass fraction
distribution and nitric oxide pollutant emission distribution in turbulent non-premixed

syngas flames at atmospheric pressure [29-32].



Although these aforementioned DNS studies provide valuable insights into preferential
diffusion effects on turbulent premixed flames at atmospheric pressure, DNS
investigation of preferential diffusion effects on flame structure and propagation in
turbulent premixed flame at elevated pressures has not been fully addressed in the past.
Part of the problem is the lack of chemical kinetic mechanisms for HHC fuels at elevated
pressures, so the majority of the mechanisms employed for DNS of lean premixed
hydrogen or hydrogen-enrich syngas combustion have mainly been validated at
atmospheric pressure. Only recent studies [33-36] have reported hydrogen and HHC
syngas fuel chemical kinetic mechanisms at elevated pressures, which are yet to be
applied to scrutinize the role of detailed chemical mechanisms in predicting key chemical
species mass fractions in lean premixed syngas combustion at elevated pressures.
Another issue is the practical difficulty of performing computationally expensive DNS
with detailed chemistry at elevated pressures due to higher spatial and temporal
resolution requirement. In view of the above consideration, we have performed three-
dimensional DNS with a multistep detailed chemical reaction mechanism and the
mixture-averaged transport model aiming at providing answer to the following key
question: how does preferential diffusion (non-unity Lewis number) affect the flame
structure, onset of instability, flame speed, and species mass diffusion for lean premixed
H2/CO syngas flames which operate under conditions of low initial turbulence and high

initial turbulence respectively at elevated pressure?

In the context of experimental investigation of flame structure and propagation of

turbulent premixed combustion at elevated pressures, centrally-ignited outwardly



propagating (expanding spherical) flame has been studied extensively, for example see
[6-9] [37, 38]. In this work, we attempt to find answer to the question raised above based
on DNS of centrally-ignited expanding lean premixed turbulent HHC syngas flames.
Three sections will follow. The next section describes the mathematical and numerical
details of the DNS as well as the chemical mechanisms and diffusion models. Section 3

describes the key results, followed by conclusions in section 4.

2. Mathematical Formulation and Numerical Computation

2.1 Governing equations, Chemistry and Diffusion Model

The full compressible governing equations together with considered thermodynamical
relations, chemistry and transport models are solved using the parallel DNS flame solver,
Parcomb [39, 40]. Using the Cartesian tensor notation and ignoring all external forces,
the conservation equations solved in DNS read:

Mass conservation:
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Energy conservation:
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In Egs. (1-5), tstands for time, p the mixture density, u;velocity components in the
x; direction, t; stress tensor, e, total energy per unit mass, p pressure, Y; the mas
fraction of species i, N, the total number of species, V; the component of the diffusion
velocity of species i in the direction j, o, the chemical production rate of species i, q;the

jth-component of the heat flux vector, R the perfect gas constant (R =8.314 Jmol™K™)

and W is the mixture-averaged molar mass.

In this investigation we have employed a H2/CO kinetic scheme developed and validated
at elevated pressure by Goswami et al. [35, 36]. This reaction model incorporates the
thermodynamic, kinetic, and species transport properties related to elevated pressure H»
and CO oxidation, consisting of 14 species (O, Oz, N2, H, Hz, H20, OH, H20,, HO>, CO,
CO2, HOCO, HCO, and CH20) and 52 individual reactions. In this study, we employed
the mixture-averaged transport model supplemented with a model for Soret effect
(thermal diffusion) to compute the diffusive process. To compute the diffusion velocity

of species i in the mixture, the following formulation is used:
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In Eq. (6), D, denotes the multi-species diffusion coefficient matrix of species i into
species kwhich depends on all state variables. The mass conservation constraint for the
species diffusion velocities reads ZLY,\/I =0. d, is a species diffusion driving force

vector that takes into account gradients of mole fraction and pressure. In most cases, as in

the present study, the pressure-induced diffusion is negligible and the external forces

f;are considered to act equally on all species, resulting simply in d, =VX,. D/ is the

thermal diffusion coefficient of species i while the combined term D/VT/Tis the Soret

or thermodiffusive effect, which accounts for the diffusion of mass as a result of
temperature gradient. Soret effect tends to drive light molecules towards hot regions and
heavy molecules towards cold region of the flow. It is important to note that Soret effect
is considered to be vital in situations where light radicals such as H or H; are present, in
particular for HHC syngas combustion. To compute the diffusion velocities, one has to
accurately determine the binary coefficient via the diffusion matrix, which is

computationally expensive. In this study, we consider the Hirschfelder-Curtiss approach

[41], whereby an appropriate diffusion coefficient, D; for the species i is given as

D = (1_Yi)

1 Ns
2k:1,k¢i (Xi / Dik)

(7)

where D, is the binary diffusion coefficient which depends only on species pair

properties, pressure and temperature and X, is the mole fraction of species i. The



diffusion velocity V, for species i is divided into a predictor (V;) and a corrector (V.)
term in order to satisfy the mass conservation, which leads to:

V, =V +V; V] ——D*VXX -Dy, VT ZYV (8)
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where y; is the thermal diffusion ratio.

Alternatively, for unity Lewis number calculations, each species is considered to have the
same diffusion coefficient as heat, and the diffusion coefficient for species i is expressed

as:

D =—"— )

where Ais the mixture-averaged thermal conductivity and C,the mixture specific heat

capacities at constant pressure.

2.2 Numerical Computation

The expanding spherical flame is adopted as a model flame for the present investigation.
In all the considered cases, three-dimensional DNS were performed for HHC lean
premixed Ho/CO syngas fuel mixture with 70% of H, and 30% of CO by volume with an
equivalence ratio of 0.7. It is believed that the preferential diffusion effects should play a
role in stoichiometric premixed HHC syngas mixtures. However, it is also believed that
the preferential diffusion reduces or diminishes for rich mixtures particularly at higher
initial turbulence levels. Therefore we focused on the lean mixture where preferential
diffusion is expected to play a greater role compared to stoichiometric and rich mixture

under low and high turbulence levels respectively at elevated pressure.



To investigate the preferential diffusion effects on flame structure and propagation under
low and high turbulence levels at elevated pressure, four DNS test cases were performed.
Two simulations, one with non-unity Lewis number and another with unity Lewis
number were performed at lower initial turbulent Reynolds number of Re=15, and at
pressure value of p=4bar. Another two simulations, one with non-unity Lewis number
and another with unity Lewis number were performed at higher initial turbulent Reynolds
number of Re=150, and at pressure value of p=4bar. All turbulence properties as well as
numerical parameters based on conditions at the beginning of the simulation are listed in

Table 1.

The cubic domain has a length of 8.0x10°mon each side (Fig.1). A time step of

approximately 6.0x10°s was used for all simulations. The governing equations are
discretised in space on a three-dimensional Cartesian grid with high-order finite
difference numerical schemes. Derivatives are computed using centered explicit schemes
of order six except at boundaries where the order is progressively reduced to four.
Temporal integration is realized with a Runge—Kutta algorithm of order four. A Courant-
Friedrichs-Levy (CFL) condition for the convective terms and a Fourier condition
pertaining to the diffusion terms are treated to ensure the stability of the explicit
integration and determine a suitable time step. To maintain the constant pressure
throughout the simulation, boundary conditions are treated with the help of improved
non-reflecting inflow/outflow Navier-Stokes characteristics boundary condition (NSBC)
by considering additional terms in the definition of the wave amplitudes, and the

relaxation treatment for the transverse gradient terms in analogy with the pressure
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relaxation [42]. The homogeneous isotropic turbulent velocity field for each case was
initialised using a combined approach of digital filtering (DF) [43] and random noise
diffusion [44]. The initial laminar spherical flame is constructed at the center of the

computational domain with initial radius of r,=0.6mm . The initial profiles of

temperature and mass fractions of species is then prescribed according to:

b=+ A—ﬁl— tanh [k[ﬂJﬂ (10)
2 I

Here A¢is the variation between the initial approximate values in the fresh and burnt gas
mixture and real number k is a measure of the stiffness at the fresh/burnt gas interface

(here, k=10.0). The flame thickness &, is evaluated as

T,-T
S, ——b_lu_ 11
" max|VT| (1)

where T,and T, are the fresh and burnt gas temperatures, respectively. An initial
temperature of T, =300K is used. From the calculation of turbulence intensity u /S, and

length-scale ratiol, /3,,, it can be concluded that the flames considered here fall mainly

within the Thin Reaction Zone.

To gain an understanding of the effect of grid resolution on the DNS results at elevated
pressures, simulations were conducted using four different grids at pressure value of
p=4bar and turbulent Reynolds number of Re=150. The resolutions used for four
different uniform Cartesian grids are

200 x 200x 200, 400x 400 x 400, 600 x 600 x 600 and 800 x800x800 points in X, y and z

directions respectively. Fig. 2 shows the comparisons of temporal evolution of the
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integrated heat release rate and the spatial variation of the chemical production rate of
hydrogen species obtained from four different grid resolutions for the expanding
spherical flame at p=4bar and Re=150. Particularly, comparisons of temporal evolution
of the integrated heat release rate and the spatial variation of the chemical production rate
of hydrogen species show strong discrepancy between 200x200x200 and
400x400x400 . These two simulations detected numerical wiggles for spatial
distribution of the chemical source term of hydrogen species. They also show
misalignment for the temporal evolution of the integrated heat release rate. However, Fig.
2 (a) and (b) show the comparisons between 600x600x600 and 800x800x800 for
temporal evolution of the integrated heat release rate and the spatial variation of the
chemical production rate of hydrogen species are remarkably consistent. Therefore,
overall results obtained from four different grids indicate that a Cartesian grid with
600x600x 600 grid points produces grid independent results for the expanding spherical

flame at Rei=150, and at p=4bar.

We also employed several parameters for the post-processing calculation. To describe
the local chemical state between unreacted and fully reacted mixture, we define the non-

dimensional progress variable:

- 0  fresh gas mixture
oo T-T, _ g (12)
T,-T, (1 burntgases

where T,and T, are the unburned and burned gas temperatures, respectively. For the

purpose of evaluating strain rate and curvature effects, the tangential strain rate and

curvature are also defined. Here, the tangential strain rate is given by:
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where N, is the ith component of the local flame normal vector, given by:

1 oc

== 14
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The local curvature was calculated from the flame front coordinates using the following

formula:

N
OX; e

C

K , (15)

where xis taken to be positive (negative) when the flame is convex (concave) in the
direction of the unburned mixture.

Flame stretch is a measure of surface deformation and defined as:
k=="2 (16)

where k is the stretch, A is an element of flame area and t is time. The element of area is
defined by points on the flame surface moving at the local tangential velocity and

combined effects of curvature k=V-nand hydrodynamic strain K, =-n-a;-n, where

a.is the strain rate tensor, and unit normal vectorn = Vc/|Vc| . Therefore the stretch rate

k can be written as:
k =xS, +K.. a7

where S, is the flame displacement speed.
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3. Results and Discussion

In discussing the DNS results, we examine the role of preferential diffusion on cellular
flame structure and propagation, the onset of flame instability and the species diffusion
flux under low turbulence and elevated pressure conditions, and high turbulence and
elevated pressure conditions respectively. For this, we compare cellular flame structures,
flame acceleration, onset of intrinsic flame instabilities and chemical species diffusion
between the flame with non-unity Lewis number and the flame with unity Lewis number

under low and high turbulence levels at elevated pressure.

3.1 Development of Cellular Flame Structures

According to the literature, lean premixed flames, and high hydrogen content fuel-air
mixtures in particular, are subjected to two major types of cellular flame instabilities at
elevated pressures: thermo-diffusive (TD) instability and Darrieus-Landau (DL)
hydrodynamic instability [9, 37]. Thermo-diffusive instability arises due to an imbalance
between chemical and sensible enthalpy fluxes from the reaction zone as a result of
preferential diffusion (non-unity Lewis number) effects, while Darrieus-Landau
instability occurs as a consequence of the gas thermal expansion (density ratio between
the two sides of the flame front). Although it is widely believed that the thermo-diffusive
instability and the Darrieus-Landau instability are of the utmost important for lean
premixed flames, the buoyant instability can also be occurred in lean premixed spherical
flames which is commonly regarded as be relevant to body-force [45]. Concerning the
effect of buoyancy, it can play a role, especially since buoyant forces increase with
increasing pressure, as well as with flame size. However, if the characteristic time for

flame propagation is much smaller than that for buoyant convection, then the effect of
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gravity should be small, as is the case for the syngas mixture in the equivalence ratio,

flame radius, and pressure examined.

In order to distinguish the role of preferential diffusion on cellular flame wrinkling and
the onset of instabilities, results from four different simulations were analysed at pressure
value of p=4bar: Re=15 (unity Lewis number flame and non-unity Lewis number flame),
and Re=150 (unity Lewis number flame and non-unity Lewis number flame). Figs. 3
and 4 show the temporal evolution of three-dimensional iso-contours of flame front
temperature (T=1240 K, ¢=0.5) for flames with unity and non-unity Lewis numbers for
the weak turbulence case (Re=15) and for the strong turbulence case (Re=150) at
pressures value of p=4bar. It is seen that, at Re=15, and at p=4bar, the flame surface is
wrinkled almost immediately after initiation of propagation for the non-unity Lewis
number flame compared to the unity Lewis number flame. In particular, zoom view
images of spherical flames in Fig. 3 indicate that the flame with non-unity Lewis number
exhibits more small scale cells compared to the flame with unity Lewis number. This
observation demonstrates that flame wrinkling is influenced by small scale cellular cells
associated with instabilities for the flame which operates under conditions of low

turbulence and elevated pressure.

It can be seen from Fig. 3 that flame with non-unity Lewis number and flame with unity
Lewis number display large scale wrinkling structures, possibly due to DL instability as a
result of the gas thermal expansion under low turbulence level at elevated pressure.

However, the appearance of small scale cells indicates that the intensity of destabilisation
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is particularly strong for the flame with non-unity Lewis number as a direct consequence
of the TD instability due to preferential diffusion effects. This visualisation confirms that
the development of cellular burning structures is influenced by the TD instability via
preferential diffusion effects for the lean premixed syngas flame which operates under

conditions of low turbulence and elevated pressure.

In contrast to observation made in Fig. 3, the clear observation from Fig. 4 is that the
development of cellularity is almost identical for the flame with non-unity Lewis number
and the flame with unity Lewis number for the strong turbulence case with Re=150 at
pressure value of p=4bar. Furthermore, zoom view images shown in Fig. 4 also display
very similar wrinkling structures for the two flames under high turbulence and elevated
pressure. This observation indicates that the development of cellular flame structures in
these two flames are greatly influenced by strong turbulence initially imposed in
simulations. Therefore based on the observations made in Figs. 3 and 4, it is reasonable to
expect that the evolution of flame wrinkling under high turbulence and elevated pressure
is predominantly dominated by turbulence mixing which should be much faster than
molecular mixing. The thermo-diffusive and the hydrodynamic contribution to overall

instability will be discussed in the next section.

To gain an understanding of preferential diffusion effects on local curvature for flames
develop under low and high turbulence levels at elevated pressure, we plotted the iso-
surfaces of flame front coloured by curvature values at the flame front (T=1240K, c=0.5).

Fig. 5 shows iso-surfaces of flame front coloured by local curvature for simulated flames.
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The three-dimensional structures of local curvature in Fig. 5 (top) shows more local
regions of positive higher curvature zones for the flame with non-unity Lewis number
compared to the flame with unity Lewis number for the weak turbulence case. In contrast,
Fig. 5 (bottom) shows almost identical curvature distribution for the flame with non-unity
Lewis number and the flame with unity Lewis number for the strong turbulence case. It is
noted that the positive curvature values (those part of the flame that are convex to the
unburned gas) enlarge the flame front, while negative curvature values (those part of the
flame that are concave to the unburned gas) contract the flame front. The observed trends
in Fig. 5 demonstrate that local flame curvature is greatly influenced by the preferential
diffusion affects for the lean premixed syngas flame which operates under conditions of

low turbulence and elevated pressure.

To further assess the influence of preferential diffusion on flame front wrinkling under
low and high initial turbulence levels at elevated pressure, we analyse the flame surface
area. For this, we compare the flame surface area (surface area is calculated at an iso-
surface of ¢c=0.5) at a given radius between the flame with non-unity Lewis number and
the flame with unity Lewis for the weak and strong turbulence cases at p=4bar. As seen
in Fig. 6, results demonstrate that the flame surface area is much lager for the flame with
non-unity Lewis number compared to the flame with unity Lewis number for the flame
develops under conditions of low turbulence and elevated pressure. In contrast, Fig. 6
also shows nearly identical values for the surface area between the flame with non-unity
Lewis number and the flame with unity Lewis number for the flame which develops

under conditions of high turbulence and elevated pressure. Note that since the
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characteristics of turbulence such as intensity and length scale do not change much
during the early phase of evolution in high turbulence, both spherical flames undergo
quite similar turbulence and hence, the flame surface areas for the two cases exhibit

nearly identical values at the same radius regardless of the time.

3.2 Darrieus-Landau Instability, Thermo-Diffusive Instability and Growth Rate

To further assess the onset of instabilities on the response of preferential diffusion, one
can analyse the DNS data combining with the linear stability theory. As such, the
influence of preferential diffusion on the TD instability can be adequately compared
under low and high turbulence levels at elevated pressure. In this sense, we calculate the
contribution of the TD instability and the contribution of the DL instability on the growth
rate for simulated flames using the linear stability theory originally developed by
Bechtold and Matalon [46] and later reconstructed and extended by Bradley [47, 48].
The focus here is to isolate the preferential diffusion effects on overall flame instabilities
for low and strong turbulence flames at elevated pressure by analysing non-unity and
unity Lewis number results at Rei=15 and Re=150, and at elevated pressure value of

p=4bar.

Following Bradley’s [47, 48] derivations, we computed the growth rate, (1—Q/ Pe),

contribution to the growth rate of the DL instability, @, and contribution to the growth
rate of the TD instability, —@Q/ Pe. It is important to note that mathematical expressions
for the growth rate, DL and TD instabilities in terms of series of spherical harmonic

integers, n, are given here with modified expressions reported by Bradley [48]:
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o(=p,/p,) is the thermal expansion parameter, Pe(=r/¢;) the Peclet number,
LET, (T, —Tu)/TbZ) the Zeldovich number, y:aj(ln(s)/(s—l))ds, Le the effective
1

Lewis number. Here r is the flame radius, &, the flame thickness, suffices u and

b indicate unburned and burned gas and T, the activation temperature.
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Since we have two fuels (H2 and CO) in the syngas mixture, the fuel Lewis number of the

reactant is evaluated using the method proposed by Law et al. [37]:

Oy, (Ley, —1) + 0o (Lego —1)

On, T Aco

Ley,/co =1+ (25)

where q; =QY;/C,T, (i refers to Hz and CO) is the non-dimensional heat release
associated with the consumption of species i, Q is the heat of reaction and Y;is the supply

mass fraction of species i. LeHz(z 0.317), Leo(=1.171) are the fuel Lewis numbers of
He-air mixture at ¢, and CO-air mixture at ¢y respectively, where
G, =Ny, INA) (N INp)g s Poo =(Neo /M) (N /1y) are the hydrogen and carbon
monoxide-based equivalence ratio respectively, n, ,Nco,Ng,Nyare the mole fractions of

hydrogen, carbon monoxide, fuel and air in the reactant mixture.

Since our primary goal is to assess the preferential diffusion effects on the onset of TD
and DL instabilities and growth rate of H2/CO syngas flame under low and high
turbulence levels at elevated pressure, we employed a recently developed model equation
for an effective Lewis number with information available from the flow field [49]. An
important benefit of this model is that it allows us to assess the influence of turbulence on
the effective Lewis number. It basically describes the transition from laminar Lewis
number to unity effective Lewis number if the turbulence is sufficiently intense. The

model equation for the effective Lewis number Ley can be expressed as

1+a™" Re,
1

Ley, /co

+a™" Re,
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where Re; is the turbulent Reynolds number. Savard and Blanquart [49] reported that

the parameter a®"®

can be varied between 0.1-0.2. The results presented in this paper
used the value of a™"° =0.1. We also checked the results with a®"“° =0.2and found

that the results are qualitatively similar toa™"* =0.1.

Shown in Figs. 7 and 8 are the contribution to the growth rate of the TD instability,
—aC2/ Pe, contribution to the growth rate of the DL instability, @, and the growth rate,
w(l—-Q/Pe) as a function of wave number for flames with unity and non-unity Lewis
numbers at Re;=15 and Re=150, and at pressures value of p=4bar. For the H2/CO syngas
mixture with 70% H> and 30% CO in the fuel mixture, the calculated Lewis number of

the syngas mixture, Ley /co using Eq. (25) at pressure value of p=4bar is 0.385. The

thermal expansion parameter, o =6.8and the Zeldovich number, #=8.0. Here the value
of the Zeldovich number £ was chosen based on the minimum ignition energy of the

non-uniform lean premixed syngas mixture. The Peclet number Pe for the weak
turbulence flame with Re=15 is 303, while its value for strong turbulence case with

Ret=150 is 435. The effective Lewis number Le; obtained from the Eq. (26) for Re=15

and Re;=150 are 0.61 and 0.91 respectively.

The observation from Fig. 7 is that the TD instability parameter,—«<2/ Pe, shows large
differences between the flame with non-unity Lewis number and the flame with unity
Lewis number for the weak turbulence case at pressure value of p=4bar. In Fig. 7, the TD

contribution to instability shown by the solid curve, is positive for all values ofn, thus
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indicates the onset of TD instability as a result of strong preferential diffusion effects for
the lean premixed non-unity Lewis number flame which operates under conditions of low
turbulence and elevated pressure. In contrast, the TD instability plot in Fig. 8 indicates
that the TD effects are stabilising for the non-unity Lewis number flame which operates
under conditions of high turbulence and elevated pressure. This finding further confirms
that the TD instability does not develop for the flame with strong initial turbulence at
elevated pressure, and it is overwhelmed by turbulence mixing. Meanwhile for Le =1.0,
TD contribution to instability shown by the broken curve is negative irrespective of the
flow being weak or strong turbulence thus indicates the TD effects are stabilising for the

flame with unity Lewis number.

The DL instability parameter @, depends solely on the thermal expansion coefficiento,
which has a value of 6.8 for the flame with non-unity Lewis number and the flame with
unity Lewis number in our calculations. Therefore, the contribution to the growth rate of
the DL instability is found to be equal for both flames irrespective to the effects of
preferential diffusion. Furthermore, the positive values of the DL instability
parameter, @, suggests that the DL influence is destabilising hence confirm the existence
of the DL instability. The growth rate parameter, w(1—Q/ Pe), shows positive value for
the flame with non-unity Lewis number and negative values for the flame with unity
Lewis number for the weak turbulence case (Re=15). However, it shows negative values
for the flame with non-unity Lewis number and the flame with unity Lewis number for

the strong turbulence case (Ret=150).
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3.3 Flame Speed

To assess the preferential diffusion on flame acceleration under high turbulence and
elevated pressure, we next compute the response of preferential diffusion on the local
flame displacement speed (i.e., flame front speed relative to the flow) [50, 51] at
Re=150, and at p=4bar. We investigate how the local flame displacement speed varies
with flame stretch between the flame with non-unity Lewis number and the flame with
unity-Lewis number at Re=150, and at p=4bar. We calculate the flame displacement
speed for expanding spherical flames with and without preferential diffusion at Re;=150,
and at p=4bar and plot against the local stretch rate on the iso-surface in the preheat zone,
reaction zone and fully burned zone. The flame displacement speed, which measures the
difference between the flame front speed and the flow speed, is computed using the

following expression [50, 51]:

1 ., O, 0T
Sd=—pCP|VT|[wT+5( axj X( Zcp...ﬂ 27)

where all the terms are evaluated along the selected isotherms. In Eq. (27), the first,
second and third terms represent the effect of the heat release rate, energy transfer by
conduction and energy transfer by diffusion fluxes through the different species

respectively.

Fig. 9 shows the joint probability density function (JPDF) of the flame displacement
speed and stretch rate for flames with non-unity Lewis number and unity Lewis number
at Re;=150, and at p=4bar. The contours represent the values of the moment of the area-
weighted probability density with respect to the flame displacement speed. In order to

investigate the sensitivity of the reference location on the flame displacement speed with
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and without preferential diffusion, we compare the results at three different iso-surfaces
with respect to progress variable defined in Eqg. (12): ¢=0.3 (preheat zone), ¢=0.5
(reaction zone) and ¢=0.8 (fully-burned zone). Four observations can be made: first, Fig.
9 shows that the flame with non-unity Lewis number has a higher flame displacement
speed than the flame with unity Lewis number at all three regions. This observation
confirms that the flame acceleration is influenced by the preferential diffusion because
the laminar flame speed is faster for the flame with non-unity Lewis number than the
flame with unity Lewis number. It is also observed that the peak value of the flame
displacement speed is increasing from preheat zone (c=0.3) to reaction zone (c=0.5) to
fully burned zone (c=0.8) for the two cases. Second, the flame displacement speed shows
a non-linear behaviour for the expanding spherical flame with non-unity Lewis number
for all three reference locations. However, the non-linear behaviour is strongest in the
preheat region. Interestingly, for the unity Lewis number case, the scattered data display
a linear distribution for all three references iso-surfaces. The non-linear behavior of the
flame displacement speed at higher stretch rate confirms that the displacement speed is
influenced by the preferential diffusion. Third, the peak probability of the flame
displacement speed occurs at higher stretch rate for the non-unity Lewis number case
compared to the unity Lewis number case. For the flame with non-unity Lewis number,
the JPDF of the flame displacement speed and stretch rate shows peak probability at
approximately 2.0 m/s and at stretch rate of 50000 1/s in the reaction zone. However, for
the flame with unity Lewis number, the JPDF shows peak probability at approximately
1.3 m/s and at stretch rate of 35000 1/s in the reaction zone. The high values of stretch

rate associated with very high strain rate values exhibit for the flame with non-unity
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Lewis number are a consequence of the positively curved crests that arise frequently on
the flame surface as a result of preferential diffusion effects on flame stretch. Fourth, the
gradients of the flame displacement speed curves (linear fit marked in solid lines) in Fig.
9 vyield values of the turbulent Markstein lengths, which can be determined using an

expression:

S, =S%-Lk (28)
where S is the local flame speed (in our case displacement speed), S?the unstretched

flame speed, k the local stretch rate. The proportionality coefficient Lis known as the
Markstein length. In our study, Eq. (28) is defined based on velocities relative to the

burned gas. A good linear fit was achieved between S, and k and the unstretched flame

speed, S?, obtained by extrapolating the data to stretch rate k =0. The respective slope

is defined as the Markstein length (L).

It is found that the slopes or the Markstein lengths L are negative for the selected flame
positions and vary significantly depending on the flame reference location where the
flame displacement speed was evaluated. Particularly, the variation in slopes for each
reference progress variable iso-surface are found to be larger for non-unity Lewis number
compared to unity Lewis number. For example, as illustrated in Fig. 9, for reference
location inside the preheat zone (c=0.3), the respective slopes are found to be
L=-0.024mm and L=-0.02mm for flames with non-unity Lewis number and unity
Lewis number, respectively. However, for a reference location within the reaction zone
(c=0.5), the respective slopes are found to be L=-0.05mmand L=-0.026mm for flames

with non-unity and unity Lewis number, respectively. Furthermore, for a reference
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location within the fully-burned zone (c=0.8), the respective slopes are found to be
L=-0.08mm and L=-0.037mm for flames with non-unity and unity Lewis number,

respectively.

3.4 Species Transport

To assess the preferential diffusion effects on chemical species diffusion under high
turbulence and elevated pressure, we evaluate the local diffusive flow of fuel
concentration along the flame front (i.e. ¢=0.5 or flame isotherm, T=1240K). For this we
compare the H> transport along the flame front between the flame with non-unity Lewis
number and the flame with unity Lewis number at Re=150, and at p=4bar. To
characterise the diffusive flow of fuel transport, the equation of diffusion flux of fuel

normal to the temperature gradient is used:

1‘—'~L2 — I:I _ (_ZVT)(_ﬂYT)T jll_—'\Hz , (29)
[=2vT]

where f“LZ represents diffusion flux of Hz and is equal to —pD, VY, , D, is the

mixture-averaged diffusivity of H> molecules, A is the thermal conductivity and | is the

unit matrix.

Shown in Fig. 10 (al) and (b1) are flame isotherms coloured by the fraction of local Ha
diffusive flux for the flame with non-unity Lewis number and the flame with unity Lewis
number at Rer=150, and at p=4bar. The values of the fraction of local H> diffusive flux in
the selected isotherm are found to increase near the edge of the cellular flame structures

and then they decrease to zero in the middle part of the cell structures. In particular, the
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fraction of local H. diffusive flux representing the flame with non-unity Lewis number
show slightly longer structures compared to the flame with unity Lewis number. Results
obtained for the non-dimensional divergence of the H. diffusive flow velocity for flames
with non-unity and unity Lewis numbers are shown in Fig. 10 (a2) and (b2). The
divergence of the H» diffusive flow velocity indicates pockets of higher values for the
flame with non-unity Lewis number. On the other hand, the divergence field shows
relatively small (close to zero) and largely uniform distribution for the flame with unity
Lewis number. This confirms that preferential diffusion influences the divergence of the

H: diffusive flow velocity at Re;=150, and at p=4bar.

Having shown the influence of preferential diffusion on statistics of the local H> diffusive
flux and the divergence of the H» diffusive flow velocity, it remains to analyse the
statistical behaviour of the distribution of fuel (Hz) and air (O.) together at Re=150, and
at p=4bar. For this, we plotted the probability of the fraction of transport in isotherm for
H2 and Oz over the surface. It is evident from Fig.10 (a3) and (b3) that the distributions of
fuel (H2) and air (O) collapse into one profile for the flame with unity Lewis number
over most of the burning region. It is clear from Fig. 10 (a3) that the probability of
fraction of transport in isotherm for Hz and O deviate from each other for the flame with
non-unity Lewis number. This is a consequence of the preferential diffusion as Hz as the
more diffusive reactant is depleted faster than Oz by diffusion in the fuel lean mixture for

the flame with non-unity Lewis number.
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4. Conclusions

The effects of preferential diffusion on cellular flame structure and propagation, onset of
instabilities and chemical species diffusion transport in turbulent lean premixed high
hydrogen content syngas flame at elevated pressure were numerical studied. Three-
dimensional DNS with detailed chemistry and mixture-averaged transport model has
been carried out for constant pressure expanding spherical flame configuration in the thin
reaction zone regime. Simulations were performed for turbulent lean premixed H./CO
syngas fuel mixture with 70% H2 and 30% CO by volume with an equivalence ratio of
0.7. Data pertaining to the preferential diffusion effects on cellular flame structures, onset
of instabilities, chemical species diffusion transport and flame speeds under low and high

turbulence levels at elevated pressures were obtained.

The results show that the preferential diffusion effects play a significant role on forming
small scale thermo-diffusive instability cells for lean premixed syngas flames which
operate under conditions of low turbulence and elevated pressure. We also observed that
the thermo-diffusive instability is overwhelmed by turbulent mixing for lean premixed
syngas flames which operate under conditions of high turbulence and elevated pressure.
It has been found that the flame acceleration is influenced by the preferential diffusion at
elevated pressures. We observed higher flame acceleration for the flame with non-unity
Lewis number compared to the flame with unity Lewis number under high turbulence
and elevated pressure due to faster laminar flame speed as a result of preferential
diffusion effects. The joint probability density function of flame displacement speed
versus stretch revealed that preferential diffusion effects tend to produce higher

displacement speed, strong non-linear behaviour and steep gradients or higher Markstein
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lengths for the lean premixed syngas flame operates under high turbulence and elevated
pressure conditions. The analysis of chemical species diffusion transport also revealed
that preferential diffusion influences the local diffusive flow of hydrogen concentration

under high turbulence and elevated pressure conditions.
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Table 1: Turbulence properties and parameter ranges at pressure value of p=4bar at the
beginning of the simulation.

Case Flame Al Flame A2 Flame B1 Flame B2
Pressure (bar) | 4 bar 4 bar 4 bar 4 bar

Re” 15 15 150 150
Non-Unity Unity Lewis Non-Unity Unity Lewis Non-Unity
Lewis number Lewis number | number Lewis number
number/Unity

Lewis number

DaP 7.74 7.74 2.17 2.17

Ka® 0.51 0.51 5.63 5.63

v (m2 /) 4.13e-06 4.13e-06 4.13e-06 4.13e-06

[.(m) 6.37e-04 6.37e-04 6.37e-04 6.37e-04

u'/S, 0.6 0.6 3.2 3.2

/5, 6.05 6.05 6.05 6.05

Grid Resolution | 600x600x600 | 600x600x600 | 600x600x600 | 600x600x600
n (Hm)d 8.3 8.3 14.9 14.9

AX(um) 13 13 13 13

(cell width)

Number of grid | 8 8 8 8

points in flame

thickness

u - Root-mean-square (RMS) turbulent fluctuation velocity

I, -Integral length scale measured directly from the initial turbulence field

v - Kinematic viscosity
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S, -Laminar flame speed

*Turbulent Reynolds number, Re, =ul, /v
bDamkohler number, Da = (I—PJ(SL/SL)
u

°Karlovitz number, Ka =15"°(3,, /S, )(u’/2)
dKolmogorov length scale, n =1, Re;*™

M- Taylor length scale, A =1, Re;*®
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Figure Captions:

Fig.1. Working geometry of expanding turbulent spherical flame (iso-contours of
temperature distribution at pressure p=4bar, and turbulent Reynolds number Rei=150).
Fig. 2. (a) Temporal evolution of the integrated heat release rate; (b) spatial variation of
the chemical production rate of hydrogen for four different grid

resolutions (200x 200x 200, 400 x 400 x 400,600 x600x600 and 800x800x800) for the

expanding spherical flame at turbulent Reynolds number of Re=150, and at pressure of
p=4bar.

Fig.3. a: sequences of flame propagation, b: zoom view of section of the spherical flame
showing that the development of cellular flame front instability with non-unity Lewis
number and with unity Lewis number at turbulent Reynolds number of Re=15, and at
pressure of p=4bar.

Fig.4. a: sequences of flame propagation, b: zoom view of section of the spherical flame
showing that the development of cellular flame front instability for the expanding
spherical flame with non-unity Lewis number and with unity Lewis number at turbulent
Reynolds number of Re=150, and at pressure of p=4bar.

Fig. 5. Iso-surfaces of flame front (c=0.5), coloured by local curvature for the expanding
spherical flame with non-unity Lewis number and with unity Lewis number at turbulent
Reynolds number of Rei=15 and 150 at pressure of p=4bar.

Fig. 6. Temporal evolution of the flame surface area and the flame radius for the
expanding spherical flame with non-unity Lewis number and with unity Lewis number at

turbulent Reynolds number of Rei=15 and 150, and at pressure of p=4bar.
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Fig.7. Darrieus-Landau (DL) instability, @ ,thermo-diffusive (TD) instability, —wQ/ Pe,

and growth rate, w(1—Q/Pe) as a function of wave number for the expanding spherical

flame with non-unity Lewis number and with unity Lewis number at turbulent Reynolds

number of Rei=15, and at pressure of p=4bar: o =6.8, Pe =303, #=8.0and
Les =0.61 .

Fig.8. Darrieus-Landau (DL) instability, @ ,thermo-diffusive (TD) instability, —«Q/Pe,
and growth rate, o(1—/Pe) as a function of wave number for the expanding spherical
flame with non-unity Lewis number and with unity Lewis number at turbulent Reynolds

number of Re=150, and at pressure of p=4bar: 0 =6.8, Pe=435, #=8.0, Le4 =0.91.

Fig.9. Joint probability density function of flame displacement speed and stretch rate
(1/s) for three selected progress variable iso-surfaces: ¢=0.3 (preheat region), ¢=0.5
(flame front), ¢=0.8 (fully burned region) for the expanding spherical flame with non-
unity Lewis number and with unity Lewis number at turbulent Reynolds number of
Re=150 and at pressure of p=4bar at an instantaneous time of 1.3e-4s.

Fig. 10. Iso-surfaces of flame front (c=0.5), coloured by (al, bl) the fraction of local H>
diffusive flow in the ¢=0.5 iso-surface, (a2, b2) the divergence of the normalised H;
diffusive flow velocity in the ¢=0.5 iso-surface, and (a3, b3) distribution of the in-flame
transport for Hz and O- for the expanding spherical flame with non-unity Lewis number
and with unity Lewis number at turbulent Reynolds number of Re=150 and at pressure of

p=4bar at an instantaneous time of 1.3e-4s.
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Fig.1. Working geometry of expanding turbulent spherical flame (iso-contours of

temperature distribution at pressure p=4bar, and turbulent Reynolds number Re;=150).
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(b)

Fig. 2. (a) Temporal evolution of the integrated heat release rate; (b) spatial variation of

the chemical production rate of hydrogen for four different grid

resolutions (200x200x 200, 400 x 400 x 400,600 x600x600 and 800x800x800) for the

expanding spherical flame at turbulent Reynolds number of Rei=150, and at pressure of

p=4bar.
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Non-unity Lewis number, Re =15

(a1)
t=8.0e-5s

(a2)
t=1.0e-4s

(a3)
t=1.4e-4s

{ad}
t=1.8e-

(@)

43

Unity Lewis number, Re=15
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Non-unity Lewis number, Re,=15

(b)
Fig.3. a: sequences of flame propagation, b: zoom view of section of the spherical flame
showing that the development of cellular flame front instability with non-unity Lewis
number and with unity Lewis number at turbulent Reynolds number of Rei=15, and at

pressure of p=4bar.
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Fig.4. a: sequences of flame propagation, b: zoom view of section of the spherical flame

showing that the development of cellular flame front instability for the expanding
spherical flame with non-unity Lewis number and with unity Lewis number at turbulent

Reynolds number of Rei=150, and at pressure of p=4bar.
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Non-unity Lewis number, Re,=15 Unity Lewis number, Re,=15

Curvature

Fig. 5. Iso-surfaces of flame front (c=0.5), coloured by local curvature for the expanding
spherical flame with non-unity Lewis number and with unity Lewis number at turbulent

Reynolds number of Rei=15 and 150 at pressure of p=4bar.
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Fig. 6. Temporal evolution of the flame surface area and the flame radius for the
expanding spherical flame with non-unity Lewis number and with unity Lewis number at

turbulent Reynolds number of Rei=15 and 150, and at pressure of p=4bar.
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Fig.7. Darrieus-Landau (DL) instability, @ ,thermo-diffusive (TD) instability, —wQ/ Pe,
and growth rate, w(1—Q/Pe) as a function of wave number for the expanding spherical
flame with non-unity Lewis number and with unity Lewis number at turbulent Reynolds

number of Rei=15, and at pressure of p=4bar: o =6.8, Pe =303, f#=8.0and

Le =0.61 .
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Fig.8. Darrieus-Landau (DL) instability, @ ,thermo-diffusive (TD) instability, —«2/ Pe,
and growth rate, w(1—</Pe) as a function of wave number for the expanding spherical
flame with non-unity Lewis number and with unity Lewis number at turbulent Reynolds

number of Re=150, and at pressure of p=4bar: c=6.8, Pe=435, #=8.0, Ley =0.91.
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Fig.9. Joint probability density function of flame displacement speed and stretch rate

(1/s) for three selected progress variable iso-surfaces: ¢=0.3 (preheat region), c=0.5

(flame front), ¢=0.8 (fully burned region) for the expanding spherical flame with non-

unity Lewis number and with unity Lewis number at turbulent Reynolds number of

Re=150 and at pressure of p=4bar at an instantaneous time of 1.3e-4s.
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Fig. 10. Iso-surfaces of flame front (c=0.5), coloured by (al, bl) the fraction of local H>
diffusive flow in the ¢=0.5 iso-surface, (a2, b2) the divergence of the normalised H>
diffusive flow velocity in the ¢=0.5 iso-surface, and (a3, b3) distribution of the in-flame
transport for Hz and O» for the expanding spherical flame with non-unity Lewis number
and with unity Lewis number at turbulent Reynolds number of Re=150 and at pressure of

p=4bar at an instantaneous time of 1.3e-4s.
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