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We report large-eddy simulation (LES)/probability density function (PDF) modeling of piloted turbulent
dimethyl ether (DME)/air jet flames with a skeletal chemical mechanism. The modeled PDF transport
equation with three different implementations of molecular transport in the interaction-by-exchange-
with-the-mean (IEM) mixing model is solved using the NGA/HPDF code in order to assess the a posteriori
performance of these LES/PDF methodologies applied to the DME flames D and F proposed in the TNF
Workshop. The three implementations considered are the classical random-walk model (IEM-RW), the
mean-drift model with a single molecular diffusivity (IEM-MD), and the mean-drift model with differ-
ential diffusion (IEM-DD). Better quantitative agreement with experimental data for the mean and root-
mean-square profiles of mixture fraction, temperature and major species mole fractions and conditional
means on mixture fraction are obtained with the IEM-MD model than with the [EM-RW model. In LES
of the DME flame series, the molecular diffusivity dominates the turbulent diffusivity in the centerline
region, so the accurate modeling of molecular transport plays a significant role in LES/PDF of these jet
flames. Nevertheless, the IEM-DD model shows only minor effects on the model predictions compared to
IEM-MD in these DME flames.

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Dimethyl ether (DME) is considered to be promising as an
alternative diesel fuel candidate because of its low tendency to
form soot, low emission levels of nitrogen oxides, and good auto-
ignition performance [1]. It is a chemically more complex fuel than
methane and involves a wider range of time scales in its chem-
ical kinetics. Investigations on turbulence-chemistry interactions
are crucial for the use of complex fuels such as DME in practical
applications. Considering that piloted turbulent partially-premixed
CHy/air jet flames have been a paradigm for the investigation on
turbulence-chemistry interactions, the DME flame series was pro-
posed as new benchmark flames for international collaborations on
the validation of combustion models owing to the increased com-
plexity of its chemistry (from C1 to C2) [2].

The experimental studies on DME jet flames carried out by
Coriton et al. [3] and Fuest et al. [4] provide a well-documented set
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of velocity fields and multi-scalar data, which serves as a testbed
for developing accurate, tractable, and predictive models for tur-
bulent combustion. Recently, several numerical approaches, such
as direct numerical simulation (DNS) [5], LES/conditional moment
closure [3], and LES/flamelet-progress variable [6] have been used
to study turbulence-chemistry interactions and scalar structures in
DME jet flames.

The hybrid LES/PDF method has been proven to be successful in
simulations of turbulent combustion owing to its exact treatment
of the non-linear chemical source terms [7-10]. In PDF modeling,
the closure of the conditional molecular diffusion term, including
molecular mixing in composition space and molecular transport
in physical space, in the PDF evolution equation is a major chal-
lenge. The modeling of mixing is critical in non-premixed com-
bustion as it controls small-scale mixing and subsequent chemi-
cal reactions. In contrast, the effect of molecular transport is often
neglected in existing Reynolds averaged Navier-Stokes (RANS)/PDF
calculations [11,12], because the magnitude of molecular transport
is presumed much smaller than that of turbulent transport in high-
Reynolds-number flows. Nevertheless, in the LES context, molecu-
lar transport may dominate over the sub grid scale turbulent trans-
port in the regions of high temperature or low turbulent intensity.

0010-2180/© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Table 1
Bulk velocities and Reynolds numbers of the DME-D and DME-F
flames [4].
Uj [m/S] Upilo[ [m/S] Ucaflaw [m/S] Re = UjD/V
DME-D 459 11 0.9 29,300
DME-F 91.8 2.1 09 58,600

Kemenov and Pope [13] demonstrated that molecular transport
plays an important role in the further downstream jet develop-
ment and continues to be dominant in regions near the center-
line. More recently, Wang and Kim [14] showed that in some cases
molecular transport can reach the same or even higher order of
the magnitude as turbulent transport and affects the robustness of
mixing models in RANS/PDF simulations. Therefore, it is necessary
to represent molecular transport accurately in LES/PDF studies of
turbulent reacting flows.

In the classical IEM model, the effect of molecular transport
is incorporated as a random-walk term in the particle transport
equation, which is referred to as IEM-RW below. As noted by Mc-
Dermott and Pope [15], this treatment gives rise to a spurious pro-
duction of scalar variance in the DNS limit, so an alternative ap-
proach was proposed to model molecular transport as a mean-
drift term in the scalar equation, and it was then implemented
numerically in simple scalar transport cases [16]. This implemen-
tation is referred to as [EM-MD below. It is noted that the IEM-MD
model can incorporate differential diffusion [17,18] that can have a
first-order effect on combustion processes [19-22]. For the DME-D
flame, Popp et al. [6] showed that the effects of differential diffu-
sion are not dominant by indirectly incorporating the non-unity-
Lewis number into the tabulation of flamelets, which can also be
investigated using LES/PDF.

Therefore, the DME flame series, with different Reynolds num-
bers and local-extinction levels, can serve as a good candidate case
to evaluate the effects of molecular transport and differential dif-
fusion on the predictability of combustion models. In this paper,
the capabilities of different implementations of the IEM mixing
model to predict turbulent jet flames with complex chemistry are
assessed, and differential diffusion is directly incorporated into the
PDF modeling. We remark that this is the first study of piloted tur-
bulent DME jet flames using LES/PDF.

2. Simulation overview
2.1. Experimental setup

The DME flame series, including piloted partially-premixed
flames at different Reynolds numbers, is developed from the
canonical Sydney/Sandia piloted jet flame series. The central di-
luted DME jet consists of a mixture of DME and air in a volumetric
ratio of 1:4 with a stoichiometric mixture fraction of &; = 0.353.
The pilot stream is a burnt lean mixture of C;H,, Hs, air, CO,,
and N, at 1800 K, corresponding to an equilibrium composition
with an equivalence ratio ¢ = 0.6. The jet nozzle has a diameter of
D = 7.45 mm, surrounded by the pilot, whose annulus inner and
outer diameters are 8 mm and 18.2 mm, respectively.

Two target flames DME-D and DME-F with different levels of lo-
cal extinction are selected for a posteriori tests based on the avail-
ability of the corresponding experimental data. The flame parame-
ters are summarized in Table 1, and more details about this flame
series are available in [4,23].

2.2. LES/PDF modeling

In reacting flows, the composition variable ¢ consists of ng
species mass fractions Y = {Y,, @ =1,...,ns} and enthalpy h. Us-

Table 2

Summary of the three different models.
Model name [EM-RW [EM-MD [EM-DD
Model equations (4) and (5) (6)-(8) (7)-(9)
Molecular-transport model Random walk  Mean drift ~ Mean drift
Incorporate differential diffusion ~ No No Yes
Satisfy the DNS limit No Yes Yes
Relative computational cost 1.0 13 14

ing the new framework of the self-conditioned PDF [24], we de-
fine f(y¥;x,t) as the one-point, one-time density-weighted joint
PDF of composition conditioned on the resolved velocity 1, where
¥ denotes the composition sample space for ¢. The LES mean
composition is ¢ = [ ¥ fdy and the LES mean density is p =
1/ff/p(1ﬂ)d1ﬁ, where integration is over the whole composition
space. Practically, the self-conditioned framework and the filter-
ing approach [25] for LES/PDF are different only on the conceptual
level, and thus do not lead to substantially different partial differ-
ential equations to be solved.
_ The composition PDF method accounts for the evolution of
f(¥; x,t) by solving a modeled PDF transport equation [24]
2@h+ - [p(a+uiv)7]

= [P(5Y GT @Yo+ 060 +5.0)7]. - (1)
where u’ is the residual velocity fluctuation, I"¢, is the molecular
diffusivity of species «, Sy is the chemical reaction source term,
Ve=-Y7" T()Voy is a correction velocity, which is non-zero
only if there is differential diffusion, and the summation conven-
tion applies over the subscript “,”, except to suffice in brackets.
On the right-hand-side of Eq. (1), the conditional diffusion term is
approximated by mixing models as

%v TV + PPV = Ya (W 2.0 + Ba (.20, (2)

where y, and D, are referred to as mixing and transport, respec-
tively. The mixing term y is the IEM model [26,27]

Yo (W, %, t) = —Qun (Ve — Pa), 3)

where (50, is the density-weighted mean composition of species «
and Q, is the mixing rate defined below (Eq. (10)). It is noted that
all the LES mean quantities are calculated by the Particle-in-Cell
estimation from the particles in each LES cell with a smoothing
technique [16], which can reduce statistical noises before taking
derivatives of the LES mean quantities.

The transport term D is implemented by three different mod-
els that are described in detail below and are summarized in
Table 2.

1. In the IEM model with the random-walk implementation (IEM-
RW) [28], Eq. (1) with the model Eq. (3) is solved by a particle
method

dX*(t) = (ﬁ+v;>(rp+rr)> dt + T + 2T %aw,  (4)
Wil) _ g~ F2) + 529, )

where X*(t) is the particle position, fr is the turbulent diffusiv-
ity, W is an isotropic, vector-valued Wiener process and the su-
perscript “*” on mean quantities denotes evaluating those quan-
tities at X*(t) by interpolation. The assumption of unity Lewis
number, ie., ['y) =T, is made for IEM-RW, where I' is as-
sumed to be equal to the thermal diffusivity of the mixture
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Table 3

Constant species Lewis numbers.
Species  Le Species Le Species Le
H 0.16 HCO 120  CH3;0CH; 1.65
H, 027 GHs 136  HOCH,O 1.34
CH, 090 CH,O 1.21 CH5;0C0 1.80
CH,(S) 090 CyHg 137  CH;0CHO 1.81
CH3 092  CH,OH 123 CH30CH,0 1.91
(] 0.66  CHs0 123 CH30CH,O0H 1.74
CHy 093 0, 104  OCH,0CHO 179
OH 0.67  HO, 1.04 HOCH,0CO 179
H,0 079  H,0, 1.03  CH30CH,0, 179
CyH, 113 CO, 128  CH,OCH,0,H 1.79
CyH; 114 CH3;HCO 144  HO,CH,0CHO 1.83
co 1.03 CH;0CH, 165 0,CH,0CH,0,H 1.86
CyH,4 107  HCOOH 163 N, 1.01

that is calculated from CHEMKIN's transport library [29]. Note
that the transport term D, in Eq. (2) is given implicitly by the
random-walk model (ZF*)l/de in Eq. (4).

2. In the IEM model with the mean-drift implementation and the
unity Lewis number (IEM-MD) [15,16], the transport term Dy in
Eq. (2) is represented as a mean drift term

~ 1 o ~
Dy = EV ~(PT'Va). (6)
Using the particle method, Eq. (1) is solved as
dX*(t) = (ﬁ+ V‘;“) dt + 25 aw, 7)
do; (t ~ ~ X

%) 9y G + B+ S @), ®)

In Eq. (7), the random walk is due solely to the turbulent dif-
fusivity, in contrast to Eq. (4) for [EM-RW. Additionally, a phys-
ically motivated lower limit is imposed on the mixing rate Q%
[15] to ensure that each composition remains within its own
bounds as min(¢ (t)) < ¢% (t + At) < max(¢} (t)).

3. In the IEM model with the mean-drift implementation and dif-
ferential diffusion (IEM-DD)[15,16], differential diffusion is in-
corporated as

~ 1 ~ 1 ~
==V (0T Vo) — =V -(0dV.). 9
D 5 PT'@yVea) 5 (PdaVe) (9)

The corresponding particle equations are the same as those
for [EM-MD, but with D, defined by Eq. (9). In order to re-
duce the computational cost, molecular diffusivities are ob-
tained with Le, assumed to be constant throughout the flame,
ie, I'(q) = 'ley, where Ley are obtained in the burnt gas of a
one-dimensional, laminar flame with full transport properties,
using CHEMKIN [30]. Their values are given in Table 3.

In all the implementations of the IEM model, the particle composi-
tion ¢* relaxes to the mean composition ¢* interpolated onto the
particle at a specified mixing rate
1: =+ FT

A2
with a model constant Cy; = 15 for all the species, where A is the

LES filter width. The optimal value of C), is determined by a sensi-
tivity study on the statistics (see Appendix A).

Qm =Cn (10)

2.3. LES/PDF solver

The recently developed “NGA/HPDF” code [10] is implemented
for LES/PDF of piloted turbulent jet flames. In order to solve the
LES transport equations for mass and momentum, the low Mach-
number, variable-density Navier-Stokes equation solver (the “NGA”

code) [31] is applied on a structured grid in a cylindrical coor-
dinate system (x, r, 6). The resolved velocity field @ in LES is
computed with second-order accuracy in space and time, where
the tilde “~ " denotes density-weighted filtering with the LES fil-
ter width A = (AxAr(rA@))m, where Ax, Ar and A8 are the
mesh spacing in axial, radial and azimuthal directions, respec-
tively. The pressure Poisson equation is solved to enforce continu-
ity. In LES, the eddy-viscosity and gradient-diffusion assumptions
are employed for subgrid stresses and scalar fluxes, respectively.
The model coefficients for the turbulent viscosity and diffusivity
are evaluated by the Lagrangian dynamic sub-grid scale model
[32]. The major resolved fields in LES are the resolved velocity
u(x, t), the density p(x,t) and the turbulent diffusivity I'r(x,t),
which are also used in the PDF calculations.

The hybrid mesh/particle, highly-scalable PDF code “HPDF”
[33] is employed to evolve the position and composition of each
particle by solving a set of stochastic differential equations with
second-order accuracy in space and time. In the present PDF cal-
culations, nominally Npc = 25 particles are used in each cell. This is
less than Ny = 40 ~ 50 typically used in previous LES/PDF studies
[33,34], because the statistical error with smoothing on a length
scale greater than the grid size is demonstrated to scale as N;O:/Z,
where N is the total number of particles as the product of Npc
~ 0(10) and the number of LES cells [16], whereas the error only
scales as N;C” 2 without smoothing. Our sensitivity studies also val-
idate that the results with Nyc =25 are almost identical to those
with Npc = 40 (not shown). The 39-species DME/air skeletal mech-
anism [35] is adopted for the computation of combustion chem-
istry, and the in situ adaptive tabulation (ISAT) algorithm is applied
to accelerate the time integration of the reaction rate S(¢) in Eq.
(5) or (8) [36,37].

The Monte Carlo PDF particle solver and the finite-volume LES
solver are fully coupled based on the transported specific volume
approach [38]. An auxiliary scalar transport equation for the re-
solved specific volume 7, the inverse of p, is evolved by the LES
solver with a third-order bounded QUICK scheme [31]. This two-
way coupling algorithm is verified by examining the consistency
of the mean densities from the LES and PDF solvers in Appendix B.

The relative computational costs of three IEM implementations
are summarized in Table 2. The IEM-MD calculation involves the
evaluation of the mean-drift term Dy from ng resolved compo-
sitions, which adds 30% computational cost more than that with
[EM-RW. Compared with IEM-MD, the IEM-DD calculation adds the
evaluation of mixture-averaged transport properties I'¢,y and the
correction velocity V¢, and its total computational cost is 40% more
than that of [EM-RW.

2.4. Grids and boundary conditions

The computational domain is specified to be Ly x Ly x Ly =
60D x 30D x 27 in the axial, radial and azimuthal directions. Three
non-uniform structured grids are tested to determine if the LES
grid resolution is adequate. The grid sizes are 96 x 64 x 16, 128
x 72 x 32, and 192 x 108 x 64 in the axial, radial, and azimuthal
directions with the grid points at

el 1 ,

S N (1)
ejar/Nr -1 .

rj:LrW’ j=0,...,N;, (12)

where ax =logBx/(1 —1/Nx) and «; = log B;/(1 — 1/N;) with the
stretching ratios Sx = 2.0 and B; = 6.0 in the axial and radial di-
rections, respectively. In the grid sensitivity study in Appendix C,
the statistical results from two fine grids 128 x 72 x 32 and 192
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x 108 x 64 are almost converged, so the grid 128 x 72 x 32 is uti-
lized in further calculations. The average grid size within the flame
zone is around 1.5 mm at x/D = 20.

A separate pipe flow simulation is performed to generate the
velocity inflow boundary conditions at the jet inlet. The pilot and
coflow streams are represented as laminar with different bulk ve-
locities to match those of the experiments. The mole fractions of
inlet compositions in the jet, pilot, and coflow streams are the
same as those in experiments [4]. The convective condition is used
for the velocity and scalars at the outflow boundary [31] in the
streamwise direction. The Dirichlet boundary condition is specified
at the outer boundary in the radial direction. The stretched grid
in the radial direction moves the transverse boundary far enough
from the central turbulent jet, which can avoid the artifact of the
Dirichlet boundary condition on entrainment near the jet.

3. Results and discussion

The LES/PDF calculations of two piloted partially-premixed tur-
bulent DME jet flames are performed. The simulation results for
DME-D and DME-F flames are presented and discussed. The statis-
tics are collected by time averaging over 15 flow-through times
Tj = Ly/U; after the jet flame reaches a statistically steady state.
The total CPU time of a LES/PDF run with IEM-MD model is around
four days on 192 Intel Xeon E5 processor cores on the TH-2A
supercomputer in Guangzhou, China (i.e., less than 20,000 core
hours). The PDF and LES parts account for about 85% and 15% of
the computational cost, respectively.

3.1. Mean profiles

In non-premixed combustion, the mixture fraction is essential
to characterize mixing. The definition of the mixture fraction in the
present study is the same as that in the DME flame experiments
[4,23]. It is based on the adapted Bilger’s formulation as
£ 2(YF = Ye2) /we + (Y — Yu2) /2wy (13)

2(Yeq = Ye2) /we + (Va1 — Yu2) /2wy’

Here, the adapted mass fractions Y and Y};, which are slightly dif-
ferent from the ordinary elemental mass fractions Y- and Yy, are
introduced in experimental data post-processing [23], considering
that species concentrations of some intermediate hydrocarbons are
not available from practical Raman/Rayleigh measurements. More-
over, wg, wy are atomic masses, and subscripts 1 and 2 refer to
the inflow conditions of the central jet and coflow, respectively.

For quantitative studies, we first compare the radial profiles at
four axial locations x/D =5, 10, 20 and 40 in the experiment and
LES/PDE. The first row of Fig. 1 shows the mean and the resolved
root-mean-square (rms) mixture fraction &” = (((£)2) — (5)2)‘/2
from the experiment and from LES/PDF using [EM-RW and IEM-
MD models for flame DME-D. Here angled brackets denote time
averages. It is found that the results from the IEM-DD model are
very close to those from IEM-MD, so they are omitted for clarity.
The mean mixture fraction obtained by the IEM-MD model is in
excellent agreement with the experimental measurements, but the
IEM-RW model underpredicts the mean mixture fraction, slightly
at x/D = 20 and significantly at x/D = 40 in the centerline region.
In addition, the rms mixture fraction obtained by the IEM-MD
model generally agrees well with the experimental data, whereas
the rms from the IEM-RW model shows a slight over-prediction
near the maximum rms mixture fraction at x/D = 5 and in the cen-
terline region at x/D = 10. The discrepancies between the results
from IEM-RW and IEM-MD are explained and discussed in detail
in Section 3.3.

For flame DME-F, the mean and rms mixture fraction profiles
from the IEM-MD model, shown in the third row of Fig. 1, also

generally agree well with the experimental data, and they are only
slightly underestimated at x/D = 40. In contrast, with the [EM-RW
model the mean and rms mixture fractions are notably underpre-
dicted and overpredicted, respectively. The discrepancies, in partic-
ular, those close to the centerline region, are partially attributed to
the faster jet spreading rate, which appears to be caused by the
random-walk representation of molecular transport in the particle
transport equation in the IEM-RW model.

Compared with the temperatures from the experiment, the
IEM-RW model overpredicts the mean temperature for DME-D, and
also yields a wider distribution for DME-F. On the other hand, the
I[EM-MD model exhibits good agreement with the experiment, ex-
cept for slight underpredictions of temperature at x/D =5 and 10
for DME-D and slightly overpredictions of temperature at x/D = 20
and 40 for DME-F, as shown in the second and fourth rows of
Fig. 1. In addition, the rms temperature from the IEM-MD model
also shows much better agreement with the experimental data
than that from the IEM-RW model for flame DME-F.

The mean mole fractions of the major species CO and CO, are
also compared in Fig. 2. The radial distributions of Xco, are similar
to temperature in Fig. 1 owing to the strong temperature depen-
dency for CO,. The relatively accurate mean radial distributions of
Xco are also achieved using IEM-MD, especially close to the cen-
terline. In contrast, the calculations with [EM-RW show some sig-
nificant discrepancies compared to the experimental data. Further-
more, the CO prediction in the present LES/PDF is better than that
obtained using the LES/flamelet-progress variable approach in [6],
which can be caused by different modeling methods or different
reaction mechanisms used in these two studies.

3.2. Conditional mean profiles

In order to assess the combustion model for turbulence-
chemistry interactions, averaged temperature and mole fraction of
CO conditioned on the mixture fraction are compared between
LES/PDF and experimental results in Fig. 3 for flame DME-D. The
IEM-RW model overpredicts the conditional mean temperature
around the stoichiometric mixture fraction at x/D = 10 and 40, and
globally overpredicts the temperature by about 200K at x/D = 40.
Moreover, the [EM-RW model significantly overpredicts Xco on the
fuel-rich side at x/D =10 and underestimates Xco on the fuel-
lean side at x/D =40, which are consistent with the results in
Figs. 1 and 2. By comparison, the results from both [EM-MD and
IEM-DD show very good agreement with the experimental data,
but the difference is minor between these two IEM implementa-
tions.

Snapshots of the instantaneous contours of temperature and
mole fraction of OH for two flames are shown in Fig. 4. Flame
DME-D shows continuous sheet-like structures without notable lo-
cal extinctions, whereas DME-F exhibits extinction pockets (visible
in the OH contours) that typically extend over several diameters
of the jet and re-ignite further downstream. For quantitative com-
parisons between the two flames, conditional mean profiles and
instantaneous scatter points of temperature from LES/PDF against
the mixture fraction at x/D = 10 are plotted in Fig. 5. The mean
profiles yield very good agreement with the experiment results in
both flames. The maximum conditional mean temperature close to
the stoichiometric mixture fraction in DME-D are approximately
100 K higher than that in DME-F, which also indicates more lo-
cal extinctions in DME-F characterized by more scatter points of
low temperatures than those in DME-D.

In general, the observations above suggest that [EM-MD is su-
perior to IEM-RW in the model predictions in LES/PDF of DME
jet flames. Additionally, the effect of differential diffusion is di-
rectly incorporated into the PDF equation in IEM-DD model, but
the statistical results indicate that its effects are not significant in
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Fig. 1. Mean and rms profiles of & and T at x/D =5, 10, 20 and 40 from experiment and LES/PDF for DME-D (upper two rows) and DME-F (bottom two rows) flames (o:
mean in experiment; dashed lines: mean in [EM-RW; solid lines: mean in IEM-MD; OJ: rms in experiment; dash-dotted lines: rms in IEM-RW; long-dashed lines: rms in

IEM-MD).

these two DME jet flames, which is consistent with the previous
LES study using the flamelet/progress-variable model [6]. Detailed
analysis about the differential diffusion is presented in Section 3.4.

3.3. Effects of molecular transport

Previous LES studies of turbulent jet flames showed that the ef-
fect of molecular transport can be important [13] and the accurate
representation of molecular transport is necessary in combustion
LES models. The comparisons between the IEM-RW and IEM-MD
model predictions in Figs. 1 and 3 confirm that the accurate treat-
ment of molecular transport is crucial in LES/PDF.

The averaged molecular diffusivities conditioned on tempera-
ture from LES/PDF in DME-D and DME-F flames at different loca-
tions x/D = 5,10, 20 and 40 are almost identical and are approxi-
mated by an empirical fit as

_~ T T
I'=A+B( = —
P * <To> +C(To)
where the constants A= 2.5 x 107>, B=1.55x 107>, C = —4.5 x

10-7 kg/(m s) and the reference temperature is Ty = 292 K. To as-
sess the effects of molecular transport, we first compare the radial

2
(14)

profiles of molecular diffusivity ﬁf and turbulent diffusivity ﬁFT
at different axial positions x/D = 10, 20 and 40 in Fig. 6. In the cen-
terline region, the turbulent diffusivity is relatively small owing to
the small grid size. For flame DME-D, the averaged molecular dif-
fusivity is consistently larger than the turbulent diffusivity in the
centerline region. Although the turbulent diffusivity increases fur-
ther downstream with increasing turbulent intensity, the molecu-
lar diffusivity is still comparable to the turbulent diffusivity so its
effect cannot be neglected. We remark that the molecular diffu-
sivity particularly dominates over turbulent diffusivity on the cen-
terline, and it continues to be dominant in the centerline region
throughout the flow field. Thus the effect of molecular transport is
expected to be significant in the centerline region, which is consis-
tent with the results in Fig. 1.

In order to illustrate the spatial distribution of the relative
magnitude of the two viscosities, the contour plots of the time-
averaged ratio and the instantaneous ratio of the turbulent viscos-
ity to the molecular viscosity on the x-r plane cut from LES/PDF
of two flames are shown in Fig. 7. The peak time-averaged and in-
stantaneous ratios are about 5 and 10 respectively for flame DME-
D, and about 8 and 15 respectively for flame DME-F. The turbulent
viscosity is significantly larger than the molecular viscosity in the
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Fig. 3. Mean profiles of T and X¢o conditioned on &-space at axial locations x/D =
10 and 40 from experiment and LES/PDF in DME-D flame (o: experiment; dashed
lines: IEM-RW; solid lines: IEM-MD; dash-dotted lines: IEM-DD).

shear layer between the central jet and pilot owing to the high tur-
bulent intensity and potentially low grid resolution, and it is rela-
tively small in the centerline region owing to the small grid size.

Moreover, the molecular diffusivity in DME-F is close to that
in DME-D, while the turbulent diffusivity is much larger in DME-F
than that in DME-D. Therefore, the effect of molecular transport is
expected to be suppressed in DME-F compared with DME-D, which
is partially supported by the results in Fig. 1. The discrepancies of
temperature profiles at x/D =5 and 10 between IEM-RW and IEM-
MD in DME-F flame are less than those in DME-D. On the other
hand, the discrepancies of statistics between IEM-RW and IEM-MD
are still notable downstream in DME-F flame, which is possibly due
to the nonlinear coupling between transport and reactions.

It is noted that the equations for ¢ deduced from IEM-RW and
I[EM-MD are identical, but the equation for the composition vari-
ance deduced from the IEM-RW model contains a spurious pro-
duction term. The evolution equation for the scalar variance reads
[39]

at
—2Qm@ + 24,

s o 1o o Th s o
git +H-V9 = 2V LV + 2TVl

(15)
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Fig. 4. Snapshots of the contour of T (upper half) and Xoy (lower half) on the x-r
plane cut from LES/PDF of DME-D and DME-F flames with the IEM-MD model.

with Te = T + Ty for IEM-RW and T = for IEM-MD. In the

DNS limit, the scalar variance ¢[;2 and f‘T should vanish, and Eq.
(15) for IEM-MD satisfies this criterion. In contrast, the second
term on the right-hand-side of Eq. (15) for IEM-RW contains a non-
vanishing molecular diffusivity in the DNS limit, so it yields the
spurious production term 2I'|Vgqy|2. As a result of this spurious
production of fluctuations, the rms mixture fraction and temper-

457

Fig. 7. Contour plots of the time-averaged ratio (upper half) and the instantaneous
ratio (lower half) of the turbulent viscosity to the molecular viscosity on the x-
r plane from LES/PDF of DME-D and DME-F flames with the IEM-MD model. The
dashed lines on each upper half denote the isoline of (vr/v) = 1.

ature from IEM-RW are generally larger than those from IEM-MD
in Fig. 1. Furthermore, the differences of the mean quantities be-
tween IEM-RW and IEM-MD may be due to indirect effects caused
by the resulting increased composition fluctuations in the IEM-RW
calculations.

3.4. Differential diffusion

Differential diffusion, in general, has a first-order effect on
combustion processes [20,22], and it can be characterized by the
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Fig. 5. Mean profiles of T (left) (symbols: experiment, lines: LES/PDF) and scatters of particle temperature conditioned on &-space from LES/PDF for DME-D (middle) and

DME-F (right) flames with IEM-MD at x/D = 10.
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Fig. 6. Radial profiles of the molecular diffusivity and the turbulent diffusivity at x/D = 10,20 and 40 for DME-D and DME-F flames (solid lines: molecular diffusivity in

DME-D; o: turbulent diffusivity in DME-D; dash lines: molecular diffusivity in DME-F;

[O: turbulent diffusivity in DME-F).
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Fig. 8. Mean profiles of &; — & conditioned on &-space from experiment (circles: DME-D, squares: DME-F) and LES/PDF (solid lines: DME-D, dashed lines: DME-F) with the

IEM-DD model at x/D = 10, 20 and 40.

difference &y — &, where £y and & are the elementary mass frac-
tions of the elements H and C.

This difference &y — & is non-zero only when different diffu-
sivities are incorporated. Mean profiles of &; — &- conditioned on
mixture fraction at x/D = 10,20 and 40 are shown in Fig. 8 for
flame DME-D and DME-F. The results obtained using IEM-DD
show overall good agreement with the experimental data, indi-
cating that the differential diffusion effect is appropriately incor-
porated into the LES/PDF modeling. The decrease of the maxi-
mum difference implies that the influence of differential diffu-
sion is diminished along the axial direction and the unity-Lewis-
number assumption appears to be valid for the flames further
downstream.

In PDF modeling, the effects of differential diffusion can be in-
corporated in mixing models through molecular transport, as in
the present study, or through micro-mixing [40]. Although the ef-
fects of differential diffusion in Figs. 3 and 8 are not very sig-
nificant in these DME jet flames, the implementation and valida-
tion of the IEM-DD model are still meaningful, because it can be
directly utilized in turbulent premixed flames where differential
diffusion can be significant. In such cases it would be interesting to
explore whether the effects of differential diffusion are represented
by molecular transport or micro-mixing at resolved or unresolved
scales.

4. Conclusions

We report LES/PDF calculations of the piloted turbulent jet
flames DME-D and DME-F with a skeletal chemical mecha-
nism. The LES/PDF methodology is implemented using the highly-
scalable NGA/HPDF code with three different models of molecular
transport, namely IEM-RW, IEM-MD, and IEM-DD. The performance
of the different models is analyzed through detailed a posteriori
comparisons with the experimental data of the two target flames.
The effects of molecular transport and differential diffusion are as-
sessed.

In the LES of DME jet flames, molecular transport is compara-
ble to turbulent transport near the jet exit and the centerline re-
gion, so it can play an important role in the evolution of the PDF
equations. Better quantitative agreement for mean and rms mix-
ture fraction, temperature and mole fractions of major species, and
conditionally-averaged temperature is achieved with the IEM-MD
model compared to the IEM-RW model.

Using the IEM-DD model, mean profiles of the difference be-
tween mixture fractions based on elementary mass fraction con-
ditioned on mixture fraction yield good overall agreement with
the experimental data. Hence, the differential diffusion is effec-
tively implemented in LES/PDF, but it only has minor effects on

the prediction of statistics of major quantities in this DME flame
series.

Based on the successful implementations of IEM-MD and IEM-
DD with detailed a posteriori validations in LES/PDF, it would be
interesting to explore the performance of LES/PDF in turbulent pre-
mixed flames where differential diffusion may be more important
than in partially-premixed jet flames.
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Appendix A. Sensitivity study of Cy; in the IEM mixing model

In PDF calculations, the scalar mixing rate is not known a
priori and must be modeled. In the present study, a constant
mechanical-to-scalar timescale ratio Cy is applied in Eq. (10). This
constant is a key model parameter and its value typically varies
from 2 to 10 [33,34], but larger values up to 100 were used in
some previous LES/PDF calculations [41]. To determine the opti-
mal value of Cy;, the results of mixture fraction and temperature
profiles with different values of Cy; are shown in Fig. 9. As may
be seen, for flame DME-D and for flame DME-F at x/D =5 and 10,
there is little sensitivity to the value of Cy. Further downstream
in flame DME-F, there is more sensitivity, and the value Gy =
15 yields the best agreement with the experimental data. Conse-
quently, this value (Cy; = 15) is used in all of the other calculations
reported.

Appendix B. Consistency of the mean densities from the LES
and PDF solvers

In the LES/PDF context, the very different algorithms in the LES
and PDF solvers pose challenges for the coupling of LES and PDF
through the density or specific volume. The specific volume con-
tains considerable random noise due to the nature of the Monte-
Carlo PDF solution, so the feedback of the specific volume from
the PDF solver to the LES pressure solver needs careful treatment.
In the present study, the transported specific volume approach is
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Fig. 10. Radial profiles of mean density at different axial locations x/D = 5, 10 and 40 for DME-D flame (solid lines: LES; dashed lines: PDF).

employed, and this two-way coupling algorithm has been verified
in several flames [38,42]. The radial profiles of mean density at dif-
ferent axial locations for DME-D flame with the IEM-MD model are
shown in Fig. 10. We observe that the mean densities evaluated
from the LES and PDF solvers are in good agreement with very
slight discrepancy owing to the numerical errors involved in LES
and PDF implementations [33].

Appendix C. Grid sensitivity study

Three non-uniform structured grids are tested to determine if
the LES grid resolution is adequate. The grid sizes are 96 x 64 x
16, 128 x 72 x 32, and 192 x 108 x 64 in the axial, radial, and
azimuthal directions. It is observed in Fig. 11 that the statistical
results from the two finest grids (128 x 72 x 32 and 192 x 108 x
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(bottom two rows) flames (o: mean in experiment; [J: rms in experiment; blue lines: 96 x 64 x 16 grids; red lines: 128 x 72 x 32 grids; black lines: 192 x 108 x 64
grids). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

64) are almost converged. Thus, the grid 128 x 72 x 32 is utilized
in the other calculations reported in this paper.
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