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Diffusive transport of mass occurs at small scales in turbulent premixed flames. As
a result, multicomponent mass diffusion, which is often neglected in direct numerical
simulations (DNS) of premixed combustion, has the potential to impact both turbu-
lence and flame characteristics at small scales. In this study, we evaluate these impacts
by examining enstrophy dynamics and the internal structure of the flame for lean
premixed hydrogen-air combustion, neglecting secondary Soret and Dufour effects.
We performed three-dimensional DNS of these flames by implementing the Stefan–
Maxwell equations in the code NGA to represent multicomponent mass transport,
and we simulated statistically planar lean premixed hydrogen-air flames using both
mixture-averaged and multicomponent models. The mixture-averaged model under-
predicts the peak enstrophy in the multicomponent simulation by up to 13% in the
flame front. Comparing the enstrophy budgets of these flames, the multicomponent
simulation yields larger peak magnitudes compared to the mixture-averaged simulation
in the reaction zone, showing differences of 17% and 14% in the normalised vortex
stretching and viscous effects terms. In the super-adiabatic regions of the flame, the
mixture-averaged model overpredicts the viscous effects by up to 13%. To assess the
effect of these differences on flame structure, we reconstructed the average local inter-
nal structure of the turbulent flame through statistical analysis of the scalar gradient
field. Based on this analysis, we show that large differences in viscous effects con-
tribute to significant differences in the average local flame structure between the two
models.

Keywords: multicomponent diffusion; turbulent premixed combustion; direct numer-
ical simulation; enstrophy dynamics; lean hydrogen flames

1. Introduction
The average internal flame structure and statistical behaviour of vorticity and enstrophy
are critical for evaluating the properties and effects of turbulent fluid motions in reacting
flows [1–3]. Both chemical heat release and advective mixing by turbulence can form
steep gradients in temperature and scalar fields, increasing the importance of diffusive
transport relative to effects due to chemical reactions in the flame dynamics [4]. Prior
studies have shown that these enhanced diffusive effects are especially important in lean
hydrogen flames where the Lewis number is much less than unity, leading to an increase
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in the turbulent flame speed [5]. A number of computational studies have also examined
turbulent premixed flame characteristics for lean and low Lewis-number conditions [2,6–
9]. Day et al. [6], in particular, showed that the effects of thermo-diffusive instabilities
remain evident even in turbulent premixed flames where velocity fluctuations are nearly
three times larger than the laminar flame speed, although stronger turbulence moderates
the growth of cellular structures associated with these instabilities.

Several studies have already examined the importance of thermal diffusion in a wide
range of flame configurations [6–16]. These studies have thoroughly demonstrated that
neglecting thermal diffusion, in particular, can significantly impact flame properties.
For example, studying three-dimensional (3D), premixed, turbulent hydrogen/air flames,
Schlup and Blanquart [9] showed that thermal diffusion can increase flame propagation
speeds and chemical source terms of products in regions of high positive curvature. For
laminar hydrogen/air flames, Giovangigli [16] demonstrated that multicomponent Soret
effects can significantly influence laminar flame speeds and extinction stretch rates for flat
and stretched premixed flames, respectively. Based on these and other studies, thermal dif-
fusion is thus important for understanding and accurately predicting the dynamics of some
fuel/air mixtures.

Although several of the studies noted above have also evaluated the impact of multi-
component thermal diffusion models on lean hydrogen flame simulations [9,11,12,17,18],
there is still an incomplete understanding of the impact of full multicomponent mass dif-
fusion, a component of the exact scalar (e.g., chemical species concentration or mass
fraction) governing equations, on turbulent transport and average flame structure. In many
simulation studies of premixed flames, mass diffusion is represented using a mixture-
averaged approximation, but this may significantly impact the coupled dynamics of scalars
and turbulence, particularly in lean premixed hydrogen flames where thermo-diffusive
instabilities are prominent. Recently, Fillo et al. [19] studied premixed, turbulent, high
Karlovitz-number hydrogen/air, n-heptane/air, and toluene/air flames, showing that using
the mixture-averaged diffusion model noticeably alters diffusion fluxes compared with
the multicomponent diffusion model. These variations lead to differences of 5–20% in
normalised turbulent flame speeds and conditional means of fuel source term. These obser-
vations motivate this deeper dive into the impacts of mass diffusion model on turbulence
and flame dynamics.

The primary objective of this study is to evaluate the impact of the mixture-averaged dif-
fusion approximation on enstrophy transport and the average internal flame structure using
data from direct numerical simulations (DNS) of turbulent, premixed, lean hydrogen/air
flames. This objective will be achieved in two ways. First, we will analyse the differences
in time- and spatially averaged enstrophy budgets in the DNS using mixture-averaged and
multicomponent diffusion models. Second, we will evaluate the impact of these differ-
ences on the average local flame structure by evaluating scalar gradient trajectories for
the two models and statistically reconstructing the internal flame structures. Based on the
results of these analyses, we will assess the accuracy and appropriateness of the mixture-
averaged diffusion approximation for use in DNS of turbulent, premixed, lean hydrogen/air
flames.

The paper is organised as follows. Section 2 describes the governing equations, diffu-
sion models, and flow configuration for the 3D DNS. Then, Section 3 presents a qualitative
description of the scalar and vorticity magnitude fields, the time- and spatially aver-
aged enstrophy budgets, and the statistical reconstruction of the average turbulent flame
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width. Finally, in Section 4 we draw conclusions from the comparisons of the diffusion
models.

2. Numerical approach
This section describes the governing reacting-flow equations, including brief discussions
of the diffusion models to be studied. We also describe the 3D flow configuration modelled
in the simulations.

2.1. Governing equations
The variable-density, low Mach number, reacting-flow equations are solved using the
finite-difference code NGA [20,21]. The conservation equations are written as

∂ρ

∂t
+ ∇ · (ρu) = 0, (1)

∂(ρu)

∂t
+ ∇ · (ρu ⊗ u) = −∇p + ∇ · τ + f , (2)

∂(ρT)

∂t
+ ∇ · (ρuT) = ∇ · (ρα∇T) − 1

cp

∑

i

cp,iji · ∇T + ρω̇T + ρα

cp
∇cp · ∇T , (3)

∂(ρYi)

∂t
+ ∇ · (ρuYi) = −∇ · ji + ρω̇i, (4)

where ρ is the mixture density, u is the velocity, p is the hydrodynamic pressure, τ is the
viscous stress tensor, f represents volumetric forces, T is the temperature, α is the mixture
thermal diffusivity, cp,i is the constant-pressure specific heat of species i, cp is the constant-
pressure specific heat of the mixture, and ji, Yi, and ω̇i are the diffusion flux, mass fraction,
and production rate of species i, respectively. In Equation (3), the temperature source term
is given by

ω̇T = −c−1
p

∑

i

hi(T)ω̇i, (5)

where hi(T) is the specific enthalpy of species i as a function of temperature. The density
is determined from the ideal gas equation of state.

2.2. Overview of diffusion models
The diffusion fluxes are calculated using the semi-implicit scheme developed by Fillo
et al. [22] with either the mixture-averaged [4,23] or multicomponent [24] model, both
of which are based on Boltzmann’s equation for the kinetic theory of gases [23,24].
We neglect both baro-diffusion and thermal diffusion (i.e., Soret and Dufour effects).
The baro-diffusion term is commonly neglected in reacting-flow simulations under the
low-Mach-number approximation [25], and we neglected thermal diffusion because our
objective is to investigate the impact of mass diffusion models only; Schlup and Blan-
quart [9] previously explored the effects of thermal diffusion models on lean premixed
flames.
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The species diffusion flux for the mixture-averaged diffusion model, denoted jMA
i , is

related to the species gradient by a Fickian formulation and expressed as

jMA
i = −ρDi,m

Yi

Xi
∇Xi + ρYiuc, (6)

where Xi is the ith species mole fraction and Di,m is the ith species mixture-averaged dif-
fusion coefficient. This was originally introduced by Curtiss and Hirschfelder [23] and is
expressed by Bird et al. [4]1 as

Di,m = 1 − Yi∑N
i%=j Xj/Dji

. (7)

Here Dji is the binary diffusion coefficient for species i and j, and uc is the correction
velocity used to ensure mass continuity:

uc =
∑

i

Di,m
Yi

Xi
∇Xi. (8)

While the mixture-averaged diffusion coefficient and correction velocity were introduced
empirically, Giovangigli [27] showed that the resulting diffusion flux corresponds to
the first term of a series converging towards the exact solution of the Stefan–Maxwell
equations.

The species diffusion flux for the multicomponent diffusion model, denoted jMC
i , as

presented by Bird et al. [4] and implemented in CHEMKIN II [28], is

jMC
i = ρYi

XiW

N∑

i%=j

WjDi,j∇Xj, (9)

where W is the mixture molecular weight, Wj is the molecular weight of the jth species, and
Di,j is the multicomponent diffusion coefficient computed using the MCMDIF subroutine of
CHEMKIN II [28] with the method outlined by Dixon-Lewis [29].

2.3. Simulation configuration
The simulations model a 3D statistically stationary, statistically planar lean premixed
hydrogen/air flame [9,30,31]. This fuel/air mixture has a low Lewis number (LeH2 = 0.3)
and was selected because the fidelity of the diffusion model (i.e., mixture-averaged or mul-
ticomponent) may be important for accurately simulating the instabilities associated with
differential diffusion in lean hydrogen/air flames. Chemical reactions in the hydrogen/air
mixture are represented using the nine-species, 54-reaction chemistry model from Hong
et al. [32–34] (forward and backward reactions are counted separately).

The 3D turbulent flames are simulated using an identical flow configuration as in
previous studies [9,19,22,30,35], and therefore we only briefly describe them here. The
computational domain consists of inflow and convective outflow boundary conditions in
the stream-wise (i.e., x) direction. The two span-wise directions (i.e., y and z) use peri-
odic boundaries. The inflow velocity is the mean turbulent flame speed, which keeps the
flame statistically stationary such that turbulent statistics can be collected over an arbi-
trarily long run time. In the absence of mean shear, a linear turbulence forcing method
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[36,37] is implemented to maintain the production of turbulent kinetic energy through the
flame. Klein et al. [38] showed that, in statistically planar flame configurations such as
those examined here, neither unforced decaying turbulence, boundary-only forcing, or lin-
ear forcing are clearly preferable, indicating that the linear forcing used here is sufficient
for examining the relative impacts of different diffusion models in the present simulations.

Table 1 provides further details of the computational domain, unburnt mixture, cor-
responding one-dimensional flame statistics, and inlet turbulence in both the mixture-
averaged (MA) and multicomponent (MC) diffusion simulations. The unburnt temper-
atures and pressures are 298 K and 1 atm, respectively. The definitions of the unburnt
Karlovitz number, Kau, and turbulent Reynolds number, Ret, are also given in Table 1,
where τL = δL/SL is the flame time scale and τη = (νu/ε)

1/2 is the Kolmogorov time scale
of the incoming turbulence. The forcing was designed to produce a turbulence integral
scale * = u′3/ε of roughly 2δL; directly calculating the integral scale from the longitudi-
nal velocity correlation after the simulations were performed yields * ≈ 2.3δL, close to the
intended integral scale. Based on this computed integral scale, the position of the flame
in the simulation domain is roughly 8* from the inlet at x/L = 0, suggesting that results
in the flame region should not be strongly affected by the inlet boundary condition. We
modelled relatively high Karlovitz numbers of Kau ≈ 150 in both simulations to repre-
sent cases where the turbulence timescale is shorter than the species diffusion timescale,
resulting in pronounced impacts of the turbulence on the flame.

3. Results and discussion
In this section, we first present a qualitative description of the instantaneous velocity and
scalar fields. Next, we present a time- and spatially averaged assessment of the enstrophy
budget, followed by a statistical reconstruction of the average local flame structure.

3.1. Qualitative description
As an initial assessment of impact of mixture-averaged and multicomponent mass diffusion
on flame dynamics, we present instantaneous flow fields for the simulated flames. Both
simulations are initialised with the same scalar and velocity fields, and run for a single time
iteration to evaluate the impact of diffusion on the scalar field, independent of turbulent
mixing.

Figure 1 shows contours of temperature, hydrogen mass fraction, z-direction velocity,
and the logarithm of the total vorticity magnitude (ω = (ω · ω)1/2), where ω = ∇ × u. The
inlet and outlet of the flame front are defined by the isosurfaces, T0 = Tpeak − 300 K and
Tf = Tpeak + 300 K, respectively, where Tpeak is the temperature of peak fuel consumption
rate in the one-dimensional laminar flame (see Table 1). Figures 1(a,b) and (c,d) show that
temperature increases across the flame as the fuel is consumed in both simulation cases.
Figures 1(e,f) show that the velocity fields uz become smoother with fewer small-scale
features across the flame, corresponding to an overall reduction in the vorticity magnitude
from reactants to products, as Figsures 1(g,h) show.

Shown qualitatively in Figure 1, the Tf isosurface is located at the approximate transition
point between the preheat and reaction zones, while the T0 isosurface captures the super-
adiabatic regions, also called ‘hot spots’, present in lean premixed hydrogen flames. These
hot spots result from differential diffusion and have been predicted by theory [39] and
shown in simulations of lean, premixed hydrogen/air flames, including in the post-flame
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Table 1. Parameters describing the mixture-averaged (MA) and multicomponent (MC) diffusion
simulations, with definitions provided, where u′ is the turbulent fluctuating velocity, ε is the turbulent
energy dissipation rate, and νu is the unburnt kinematic viscosity.

MA MC Description

Domain 8L × L × L Dimensions of the computational domain
L 190,x Spanwise width of the computational

domain
Grid 1520 × 190 × 190 Computational grid size
,x [mm] 0.0424 Computational grid spacing
ηu [m] 2.1 × 10−5 Kolmogorov length scale in the unburnt

gas
τη [s] 1.87 × 10−5 Kolmogorov time scale in the unburnt gas
,t [s] 6 × 10−7 Simulation time-step size
φ 0.4 Equivalence ratio
P0 [atm] 1 Pressure of the unburnt mixture
Tu [K] 298 Temperature of the unburnt mixture
Tpeak [K] 1190 1180 Temperature of peak fuel consumption rate

in a laminar flame
Tb [K] 1422 1422 Temperature of the burnt mixture in a

laminar flame
SL [m/s] 0.230 0.223 Laminar flame speed
δL [mm] 0.643 0.631 Laminar flame thermal thickness

δL = (Tb − Tu)/|∇T |max
τL [s] 2.80 × 10−3 2.83 × 10−3 Laminar flame characteristic time scale

τL = δL/SL
*/δL 2.00 2.04 Integral length scale * = u′3/ε relative to

δL
u′/SL 18.0 18.6 Turbulent fluctuation velocity relative to SL
Kau 149 151 Karlovitz number in the unburnt mixture,

Kau = τL/τη

Ret 289 Reynolds number in the unburnt mixture,
Ret = (u′l)/νu

region [6–8,40]. Fillo et al. [19] previously showed that the two diffusion models result in
differences of 5–35% in conditional means of both fuel mass fraction and source term in
these hot spots.

As expected, the mixture-averaged and multicomponent contours in Figure 1 exhibit
little difference for a single time step. However, as shown in Figure 2, if we examine the
difference in the vorticity magnitude as an indicator of the relative impact of diffusion
model on turbulent transport through the flame, the two cases notably disagree even after
only a single time step. Although qualitative, Figure 2 highlights the impact that diffusion
model can have on the turbulent flow, thereby impacting turbulence-flame interactions at
these high-Karlovitz conditions. On average, these differences can result in a significant
and measurable difference in global flame statistics.

3.2. Enstrophy dynamics
To begin the analysis of enstrophy dynamics, we first consider time- and spatially averaged
enstrophy (ω2) for the mixture-averaged and multicomponent simulations. We computed
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these statistics over 25 eddy turnover times (τ ), where τ = k/ε ≈ 500 µs, after first allow-
ing the flames to develop in a turbulent flow field (ensuring that all transients from the
initialisation are lost). The spatial averages are calculated in y–z spanwise planes along the
x direction.

Figure 3 shows that the small differences that appear in one time step (see Figure 2)
grow in magnitude over the course of the simulation. In particular, the mixture-averaged
model underpredicts the peak enstrophy of the multicomponent diffusion model by up to
13% in the flame front. This difference suggests that the intensity of small-scale turbu-
lence is generally lower in the mixture-averaged case, as compared to the corresponding
multicomponent case. Moreover, the 13% quantitative difference in peak enstrophy shown
in Figure 3 closely matches the difference in mean turbulent flame speed in these flames
shown previously by Fillo et al. [19].

However, for values of x/δL greater than roughly 3, Figure 3 shows that the enstrophy
in the mixture-averaged case is actually greater than in the multicomponent case. This
corresponds to the super-adiabatic regions of the flame, discussed in Section 3.1, and indi-
cates that the choice of mass diffusion model can have different relative effects on the
local enstrophy magnitude at different locations in the high-Karlovitz, low-Lewis number
premixed flames considered here.

Figure 1. Instantaneous fields of temperature T (a,b), fuel mass fraction YH2 (c,d), z-direction
velocity uz (e,f), and vorticity magnitude ω2 (g,h) for one time step of the hydrogen/air turbulent
premixed flame for the mixture-averaged (MA) and multicomponent (MC) diffusion cases. Shown
are domain cross-sections through the midplane. The red and white lines correspond to isosurfaces
of T0 = Tpeak − 300 K and Tf = Tpeak + 300 K, respectively, and represent the inflow and outflow
surfaces of the flame front.



8 A.J. Fillo et al.

Figure 2. Instantaneous field of the difference in vorticity magnitude, log10(|ω2
MA − ω2

MC|),
between the mixture-averaged and multicomponent diffusion models for the lean premixed hydro-
gen-air flame examined here. Shown is the domain cross-section through the midplane. The red and
white lines correspond to isosurfaces of T0 = Tpeak − 300 K and Tf = Tpeak + 300 K, respectively,
representing the inflow and outflow surfaces of the flame front.

Figure 3. Time and spatially (spanwise) averaged enstrophy for multicomponent (MC) and
mixture-averaged (MA) diffusion models.

To explain the differences in the vorticity magnitude/enstrophy when using mixture-
averaged and multicomponent mass diffusion models, next we examine the transport
equation for the enstrophy, which is obtained from the curl of the momentum equation
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in Equation (2) as

1
2

Dω2

Dt
= ω · (ω · ∇)u︸ ︷︷ ︸

Stretching

−ω2(∇ · u)︸ ︷︷ ︸
Dilatation

+ ω

ρ2
· (∇ρ × ∇p)

︸ ︷︷ ︸
Baroclinic torque

+ω · ∇ ×
(

1
ρ

∇ · τ

)

︸ ︷︷ ︸
Viscous effects

+ ω · ∇ × f
ρ︸ ︷︷ ︸

Forcing

, (10)

where D/Dt = ∂/∂t + u · ∇ is the material derivative. The first term on the right-hand
side of Equation (10) represents vortex stretching, which is a nonlinear term accounting
for the interaction between the strain rate and vorticity. The second term represents dilata-
tion, which is primarily negative in reacting flows, suppressing vorticity magnitude. The
third term represents baroclinic torque, which is only substantially nonzero when the gra-
dients of density and pressure are both nonzero and misaligned. The fourth term represents
viscous effects and includes contributions from both viscous diffusion and viscous dissi-
pation. Finally, the last term represents the effect of the numerical body force present in
Equation (2).

Using data from both the mixture-averaged and multicomponent diffusion simulations,
we compute time and spanwise averages of each term in Equation (10) to examine the
dynamical causes of the different enstrophy magnitudes shown in Figures 2 and 3. Figure 4
shows the resulting normalised time- and spatially averaged enstrophy budgets, where we
normalised following the approach by Bobbitt et al. [3].

Viscous effects are the primary sink term for both simulation cases and the primary
source terms are vortex stretching, followed by forcing. For each of these physical effects,
the multicomponent simulation yields larger peak magnitudes compared to the mixture-
averaged simulation near the reaction zone of the flame (corresponding to the region close
to x/δL ≈ 2). Interestingly, despite underpredicting the peak magnitudes of stretching, vis-
cous, and forcing effects in the reaction zone, Figure 4 shows that the mixture-averaged
model overpredicts the viscous effects by as much as 13% in the super-adiabatic region
of the flame (for values of x/δL greater than roughly 3). This difference between the two
diffusion models mirrors the change in enstrophy within the super-adiabatic region shown
in Figure 3, and indicates that turbulence may thicken the flame in these super-adiabatic
regions; this will be examined in more detail in the next section.

Finally, Figure 4 shows that baroclinic torque is weakly positive and dilatation is weakly
negative between x/δL ≈ 2–3 for both simulation cases, agreeing with prior studies of
enstrophy dynamics in highly turbulent statistically planar premixed flames (see Steinberg
et al. [41] for a review). Baroclinic torque can become the dominant term in the enstrophy
dynamics when there is a persistent background pressure gradient, as in the tailored chan-
nel bluff body experiments by Geikie and Ahmed [42] and the swirl burner experiments by
Kazbekov et al. [43,44]. However, in unconfined statistically planar premixed flames such
as those examined here, baroclinic torque becomes increasingly weak compared to stretch-
ing and viscous effects as the turbulence intensity increases [3]. The present results further
show that, despite the differences between the multicomponent and mixture-averaged cases
for the vortex stretching, viscous, and forcing terms, the baroclinic torque and dilatation
terms are relatively unaffected by the choice of mass diffusion model.
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Figure 4. Time and spatially (spanwise) averaged enstrophy budgets for multicomponent (MC)
and mixture-averaged (MA) diffusion models.

3.3. Flame width and reconstruction
To evaluate the impact of the observed differences in turbulence dynamics on the global
flame structure, we reconstructed the average local internal structure of the turbulent
flames. The reconstruction method used here was previously described by Hamlington
et al. [1], and we refer the reader to that study for details. Briefly, the internal struc-
ture of the flame is connected to the magnitude of the temperature gradient, χ̃ = (∇T ·
∇T)1/2/(Tb − Tu), where Tb and Tu are the temperatures of the burnt and unburnt mix-
tures, respectively, in the corresponding laminar flame (see Table 1). Large χ̃ indicates a
thin flame and small χ̃ indicates a broad flame [1,45]. Correspondingly, we define δt = χ̃−1

as the local turbulent flame width.
Figure 5 shows that for both the mixture-averaged and multicomponent models, the

presence of turbulence thins the flame overall, which is expected in the thin-flame regime.
Consistent with the contours shown in Figures 1 and 2, we define the separation between
the preheat and reaction zones based on the T0 = Tpeak − 300 K isosurface. Both flames
have similar widths in the preheat zone while the multicomponent flame is slightly thin-
ner in the reaction zone. The value of 〈δt | T〉/δL in Figure 5 has a second minimum at
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Figure 5. Conditional means of the local flame width 〈δt|T〉 ≡ 〈χ̃−1|T〉 normalised using the
laminar flame thickness, δL. The inset shows 〈χ̃ |T〉 normalised by δL.

∼ 1600 K, corresponding to the super-adiabatic region of the flame. At these high temper-
atures, the mixture-averaged flame is broader, consistent with the observed differences in
viscous effects in Figure 4. Values of 〈δt | T〉/δL can be greater than one since δL ∼ |∇T |−1

max
corresponds to the minimum local width of the laminar flame, and both the turbulent and
laminar widths exceed this at most locations.

Using the distributions of 〈δt | T〉 in Figure 5, we reconstruct the average local internal
structure of the turbulent flames using the procedure outlined by Hamlington et al. [1]. The
average flame-normal coordinate, 〈n | T〉, is calculated from 〈χ̃−1 | T〉/δL as

〈n | T〉 = 〈n | T = Tref〉 +
∫ T

0
〈χ̃−1 | η〉 dη, (11)

where 〈n | T = Tref〉 is the location corresponding to Tref = T0, taken as the transition
between the preheat and reaction zones for the present flames. Integrating Equation (11)
gives profiles of T as a function of 〈n | T〉, which approximate the internal structure of the
turbulent flame.
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Figure 6. Average local flame structure reconstructed using 〈χ̃−1 | T〉 from Figure 5 and
Equation (11) for the turbulent and laminar flames with multicomponent and mixture-averaged mass
diffusion. We chose 〈n | T = Tref〉 = 0 in Equation (11) by requiring that 〈n | Tref〉/δL = 0 for all
cases, where Tref = T0 and 〈n|T〉/δL > 0 are locations closer to reactants and 〈n|T〉/δL < 0 are loca-
tions closer to products. The inset highlights the flame front to facilitate comparison with the average
local laminar flame structure.

The resulting profiles in Figure 6 show that the preheat zone thins for the turbulent
flames and confirms that the multicomponent flame is slightly broader in the reaction zone.
Moreover, Figure 6 shows that the super-adiabatic regions of the mixture-averaged flame
are as much as 18% broader than in the multicomponent flame. This large difference in
flame structure indicates that mixture-averaged diffusion may not fully capture the com-
plex interaction between diffusion and turbulent transport in high-temperature regions of
the flame where steep gradients in the scalar field are present.

These differences may be explained by considering the underlying mathematical forms
of the two diffusion models. As shown in Equation (6), the direction of the mixture-
averaged diffusion flux vector is strictly aligned counter to the species gradient vector.
Thus, species can only diffuse down the species gradient from high concentration to
low concentration. Alternatively, as shown in Equation (9), the multicomponent diffusion
model does not restrict the direction of the diffusion flux vector. In this case, diffusion can
occur in multiple directions simultaneously, corresponding to the full scalar field.
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Physically, this means that any small-scale changes in the mixture-averaged velocity
field – on the order of viscous effects – must also be limited in their direction. By limiting
the direction of diffusion, the magnitude of mass transport must increase to account for
any diffusion not aligned with the species gradient in the multicomponent case. Aggre-
gating diffusion flux into a single direction may change the direction of local velocity,
redistributing mass and momentum.

4. Conclusions
In this study, we assessed the impact of mixture-averaged and multicomponent species dif-
fusion models on turbulent enstrophy dynamics and average local flame structure for 3D,
premixed, high-Karlovitz, lean hydrogen/air flames. We observed small differences when
comparing the total vorticity magnitude for the two flames even after one time step, sug-
gesting that the mixture-averaged diffusion assumption may not fully model the physical
mass transport of the full multicomponent case. These differences grow over time, leading
to a difference in enstrophy of up to 13% in the flame front.

Additional time- and spatially averaged analyses of enstrophy transport show significant
differences in vortex stretching and viscous effects between the two models. Specifically,
using the mixture-averaged model underpredicts the viscous effects and vortex stretching
terms of the enstrophy budget by 13% and 17%, respectively, in the flame front.

Variations in the vortex structure and viscous terms reappear in the super-adiabatic
regions of the flame. These differences seem to contribute to significant broadening of
the mixture-averaged flame relative to the multicomponent flame in these regions. Thus,
although the mixture-averaged diffusion model may adequately reproduce full multicom-
ponent mass diffusion in the preheat and reaction zones, it may fail to appropriately
model mass transport in high-temperature, thermally unstable regions of the flame. The
strict alignment of the mixture-averaged diffusion vector with the species counter-gradient
may increase the local velocity and steepen velocity gradients, corresponding to an
overprediction in the viscous dissipation.

These results suggest that although the mixture-averaged diffusion model may rea-
sonably approximate full multicomponent diffusion, care should be taken in applying it,
particularly in high-Karlovitz, low-Lewis number flames similar to those examined here.

Additional study is needed to determine whether stoichiometric or rich premixed flames
show corresponding effects, and whether diffusion flames are similarly affected. Previ-
ously, Fillo et al. [19] found differences in the characteristics of nearly stoichiometric
hydrocarbon flames when using mixture-averaged and multicomponent diffusion mod-
els, and corresponding differences are likely present in the enstrophy dynamics. Burali
et al. [30] showed that using a set of constant non-unity Lewis numbers produces only
small errors in ethylene/air diffusion flames, as compared with mixture-averaged simula-
tions, suggesting that there may be only slight differences between mixture-averaged and
multicomponent models in diffusion flames. Further studies should be performed in the
future to determine the relative impacts of mixture-averaged and multicomponent diffu-
sion models on enstrophy dynamics for a broader range of configurations and combustion
conditions.

Note
1. Interestingly, the formula for mixture-averaged diffusion coefficient is not available in the later

editions of Bird et al. [4], but it is available in other texts such as that by Kee et al. [26].
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