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This study concerns the development and validation of a high-fidelity CFD solver for large-eddy
simulations (LES) of combustion and reacting flows. The solver is built upon a high-resolution numerical
scheme and leverages a compressible flamelet formulation, so that it can capture both the turbulent
combustion and thermoacoustic effects simultaneously. The validation study is first performed by
considering a scalar-mixing case in homogeneous turbulence, and then extended to LES of a non-

premixed jet flame. The solver accuracy is assessed by comparing the numerical solutions with the
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available experimental data. It is found that the newly developed solver is able to accurately predict
the time-averaged combustion fields as well as the fluctuation quantities. The predictive accuracy is
comparable to that of the state-of-the-art low-Mach solvers in literature.

© 2022 Elsevier Masson SAS. All rights reserved.

1. Introduction

Numerical simulation is a vital tool for performance assess-
ment and design optimization of aero-propulsion devices, in which
the key physical process is combustion. Based on the fidelity,
the numerical simulations may be categorized to three types:
direct numerical simulation (DNS), large-eddy simulation (LES),
and Reynolds-Averaged Naiver-Stokes (RANS) equations simulation.
Due to the nowadays computing power limit, DNS remains unaf-
fordable for practically-relevance combustion applications. Mean-
while, RANS which contains a number of empirical parameters
requires parameter tuning and only works well for very limited
flame configuration. As one of the most promising alternative [1],
LES has gained remarkable progress in combustion modeling, and
been widely used in simulations of premixed [2-5] and non-
premixed flames [6,7].

Several models have been established for combustion LES:
steady and unsteady flamelet models [8], thickened flame model
[9], transported FDF models [10-12], conditional momentum clo-
sure [13,14] and others. Among those models, the flamelet ap-
proach has its advantages thanks to the simply formulation, supe-
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rior computational efficiency, and the ability of employing complex
chemical mechanisms, and thereby been adopted broadly in com-
bustion LES for both academic studies and industrial applications.
Also, research efforts have over the years led to different variants
and extensions of flamelet models. Pierce and Moin [15] proposed
to use the progress variable instead of the scalar dissipation rate,
which is known as flamelet/progress variable model (FPV) and
now widely used in the non-premixed flame predictions. Pitsch
and Thme [16] extended the steady model by considering the un-
steadiness of the flame structure. To predict flame extinction and
reignition, a statistically most likely distribution of conserved and
reactive scalars is later proposed [17,18]. From the mathematical
point of view, the flamelet model provides a low-order manifold
of thermochemical states that relate density, temperature, species
mass fractions, and thermal and transport properties. Algorithmi-
cally, these low-order representations (flamelets) are generated ef-
ficiently by solving flamelet equations (or the equivalence, such as
one-dimensional or axisymmetric flame problems), and the ther-
mochemical states are tabulated as functions of a small set of vari-
ables. Despite few exceptions, flamelet models were implemented
mostly in low-Mach solvers that can handle variable-density flows.
These solvers include commercial solvers such as Ansys Fluent,
open-source platforms such as OpenFOAM, and academic codes
such as NGA.

In spite of the significant success, the low-Mach flamelet for-
mulation has its inherent limitations. First of all, it is not appli-
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cable to the combustion processes with high-speed flow streams,
for example, the scramjet combustion configuration [19-21]. Sec-
ondly, it precludes the direct predictions and simulations of the
acoustic and flame interaction for the study of thermoacoustic
instability [5,22]. There is a need to extend the flamelet model
to compressible formulation. The extensions of the model to the
compressible flows [23-26] have been made over recent years.
However, the efforts were focused primarily on supersonic com-
bustion configurations, such as the bluff body combustion [23],
and the suitability and accuracy of the holistic modeling frame-
work in applications to low-Mach or intermediately compressible
flow regimes require further assessment. To address these need,
we develop and validate a new combustion LES solver in this study,
with the goal to continue evaluating the capability of compress-
ible flamelet model. Our ultimate objective is to study combustion
instability and thermoacoustics. To this end, a combustion solver
based on compressible formulation and efficient combustion model
shall be developed and validated. This work will serve as a step-
ping stone for further advancing our combustion-modeling capa-
bilities.

The rest of the paper is structured as follows. Section 2 intro-
duces the model formulation and the numerical method, followed
by the numerical test performed in Section 3 with consideration
of a scalar-mixing case in homogeneous turbulence. Thereafter,
we focus on the comprehensive validation study in Section 4 and
the Sandia Flame D case is used as the benchmark case. The LES
predictions of velocity and scalar fields are compared against the
experimental measurements and the mesh sensitivity is also as-
sessed. Lastly, the study finished with the conclusions in Section 5.

2. Solution techniques

In this section, we state the mathematical formulations, includ-
ing the governing equations and the specific combustion model,
followed by the numerical methods.

2.1. Governing equations

As discussed in the introduction, we target the combustion
problems with compressible flow formulation. For this, the filtered
Navier-Stokes equations with consideration of relevant scalars are
solved. The governing equations in the fully conservation form
read:
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in which p and p are the Reynolds-filtered density and pres-
sure, and i, E, and Y, are Favre-filtered velocity, total energy
and species mass fraction, respectively. The total energy takes the
form of E =6 + uﬁ/Z, in which e denotes the internal energy with
both the sensible and chemical contributions. 7j; is the Reynolds-
filtered stress tensor while G; represents the conductive heat flux.
The subgrid-scale terms are indicated via the superscript “sgs”, and
these terms are modeled by invoking the eddy-viscosity assump-
tion:

Aerospace Science and Technology 127 (2022) 107693

dil; ol
AN L R N TR J !
T = pPuilj — puilj Mt(axi + 8Xj> , (5a)
- o ayY
1/ff/g§=puiYa — puiYy ~tha—°‘, (5b)
, X
e~ aT;
Vol ~ philj — phu;j~ vl (5¢0)

J

in which u;, D; and k; are the eddy viscosity, the eddy diffusivity,
and the eddy thermal conductivity, respectively. They are related
through the turbulent Schmidt number Sc; = ut/(pD;) and the
turbulent Prandtl number Pr; = cpu¢/k;, where ¢, is the heat ca-
pacity at constant pressure. In this study, we employ the Vreman
model [27] to formulate the eddy viscosity, ¢, and Sc; and Pr;
are both set to 0.9. It is worth noting that the central question of
combustion LES is to develop closure model for the filtered chem-
ical source term @ in Eq. (4).

2.2. Compressible flamelet/progress variable (CFPV) model

In this study, we employ the compressible version of flamelet/
progress variable model [23]. For this, we first state the classi-
cal FPV model and then discuss its extension to the compressible
flow formulation. For combustion with high Damkdéhler number,
the flamelet model commonly assumes that the chemical reaction
time-scale is faster than the turbulent time scales and hence the
turbulent eddies do not disrupt the inherent laminar flame struc-
ture. Under this model assumption, any thermochemical quantity
may be expressed as a function of the mixture fraction Z and a
progress variable C:

b=, C), (6)

in which C is often defined as a linear combination of combustion
products. Fig. 1 shows the flamelets generated under various scalar
dissipation rates, x, for Sanida Flame D. Note that x =2Dz|VZ|
is a controlling parameter which represents the effect of local flow
strain on the flame. The parameterization of thermochemical states
is illustrated in Fig. 1 (b).

In the context of LES, the tabulation must take the filtering ef-
fect into account. In the model proposed by Piece and Moin [15],
the filtered thermochemical states are correlated statistically with
the mixture fraction and the progress variable by a presumed joint
PDF-B(Z; Z, Z"2)8(C — C). This means that the thermochemical
states follow a beta-distribution of Z, depending on the filtered
mixture fraction Z and the filtered mixture-fraction variance 22,
and a delta-distribution of C, depending on the filtered progress
variable C. Finally, each filtered quantity is calculated via the con-
volution and parameterized in the following form,

&://q)(z, O)B(Z: Z, 7"2)5(C — C)dZdC = §(Z, C, 7'2),
(7)

which is then stored in a three-dimensional chemical library. From
the mathematical point of view, Z, C and Z”2 now serve as the in-
dependent variables instead of all the species concentrations which
could be in a large number. Therefore, Eqs. (4) are no longer parts
of the governing equations, and the following three equations are
substituted:
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Fig. 1. Flamelet solutions obtained for the Sandia Flame D case: (a) temperature profiles for various x values; and (b) temperature profiles in (Z, C) space. (For interpretation

of the colors in the figure(s), the reader is referred to the web version of this article.)
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in which the subgrid transport terms are modeled using the
gradient-based eddy-viscosity formulation similar to Eq. (5b). The
laminar diffusivity is evaluated as Dy = D¢ = 1/(pSc), where the
laminar viscosity is checked out from the chemical library and the
laminar Schmidt number, Sc, is set to 0.7.

It should be aware that the governing equations are still un-
closed, as a procedure for pressure evaluation is required. In the
low-Mach formulation, the pressure is obtained naturally via the
Poisson equations that enforce the continuity equation consider-
ing the variable density. However, for the compressible formulation
pressure should be associated with the energy and the equation of
state, and an new evaluation procedure is required. For this, we
resort to the following relation of internal energy:
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where the quantities with the “0” subscript refer to those in the
table obtained at the baseline pressure. The temperature depen-
dence of thermal property is treated through a linear expansion:

Y(T)=yo+ay(T —To), (12)

with which the temperature and energy is related analytically with
integral-free formulas:
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After the temperature is obtained, the equation of state of the ideal
gas is employed to evaluate the pressure:

P=pRT ~ pRT, (15)
under the assumption that RT ~RT [28,29]. The values of &, Ro,
Y0, To and «y, can be computed during a pre-processing step and
tabulated in the flamelet library. It is noteworthy that the above
model procedure for pressure evaluation does not require an New-
ton iterative step to invert the temperature as a function of energy,
and therefore is more efficient and robust. Moreover, the present
study focuses on testing the compressible flamelet model in the
subsonic flow region which does not involve strong pressure vari-
ations due to shock or expansion. The mixture composition is not
affected by the compressibility and thereby considered frozen at
the baseline condition:
Yi~Yio(Z, C, 2", R=~Ro(Z, C, 2"?). (16)
Meanwhile, other quantities of interest can be obtained via the 1st-
order Taylor expansion:

v = do
d~ o+ <CVE>

The linearization coefficient (derivative) can be generated by per-
turbing the baseline flamelet solution and examining the change
of the corresponding quantity. It can also be pre-computed and
stored in the flamelet library.

It is worthwhile to clarify the difference between compressible
and standard FPVs. In standard FPV, the energy equation is not
solved and the pressure is obtained from the Poisson equation with
the consideration of variable density. In compressible FPV in which
energy equation must be solved, the pressure should be evaluated
based on energy, density, and tabulated thermodynamic properties.
In this study, we rely on a linearized thermal property relation (see
Eq. (12)) to obtain temperature (see Eq. (14)) and then pressure
(see Egs. (15)). In FPV-based studies of supersonic combustion, re-
searchers often employ pressure-corrected chemical source terms.
In our study, the pressure fluctuation is negligible and therefore
that correction is not included.

Now the effort is taken to generate the flamelets that repre-
sent the functional relation of Eq. (6). For this, the steady flamelet
equations [8,28] are solved using the FlameMaster code [30]. The
chemistry for methane/air combustion is described using the GRI-
mech 3.0 chemical mechanism, consisting of 53 species and 325
elementary reaction steps. The boundary conditions on the fuel
and oxidizer sides, including composition and temperature, are
prescribed according to the specific flame configuration given in

(T —To). (17)
0
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Section 4.1. The baseline pressure is set to 1 atm in this work. In
the present work, the progress variable is defined as C = Yco, +
Yco + YH,0 + YH,.

2.3. Numerical methods

The computational capability used in this study is built upon
our previous numerical development efforts and implemented in
SUPES (Scalable mUIti-Physics Entropy-Stable) solver [31]. The re-
construction based on finite-volume scheme [32] is employed. The
specific algorithm is following:

e In each cell, construct a P¥ polynomial (k refers to polynomial
order) with C; natural neighbors. For a hexahedral cell with
six neighbors, a quadratic polynomial, P2, with a set of basis
functions {1, x, y, z, x%, y%, z2} can be constructed, while
for a tetrahedral cell with four neighbors, a linear polynomial,
P1, with basis functions {1, x, y, z} can be constructed.

e On each edge, interpolate the polynomials in the left and right
cells onto a set of surface quadrature point and evaluate the
summation of Riemann flux (here we use a blend formulation:
central/AUSM+ [33]) via a Gauss quadrature.

e In each cell, once the residual, R, is assembled the cell solu-
tion, U, is updated with a strong-stability preserving 3rd-order
Runge-Kutta time-integration scheme:

U =U"+ AR (U") , (18a)
3.1
U® = U+ 2 (U0 + ARU™) ) (18b)
1. 2
R (U@) + ArR(U@))) . (18¢)

Since SUPES already has a discontinuous Galerkin frame-
work [34-36,31], the above finite-volume implementation can be
enabled straightforwardly in the existing infrastructure. Moreover,
the numerical method provides a guaranteed 2nd-order accuracy,
while hexahedral cells are preferred as the quadratic reconstruc-
tion can be employed.

3. Numerical test

To test the developed capability for LES with multi-components,
we first consider a non-reactive scalar mixing case for verifica-
tion. An idealized setting is utilized, in which two scalars diffuse
into each other in a three-dimensional box initialized with an
isotropic turbulent field. The initial velocity field is generated using
a pseudos-turbulence spectrum:

\/7 k4 2k?
E (k) =16,/ —u"“— exp(——-), (19)
Tk k2
in which kg is the most energetic wavenumber associated with the
Taylor microscale A and u’ is the velocity fluctuation intensity. In
this case, the Reynolds number at the Taylor scale, Re; = u’A/v,
is set to 100; and the turbulent Mach number, Ma; = +/3u//c, is
set to 0.1. Accordingly, the initial pressure and density fields are
then prescribed. The passive scalar field is generated following the
Eswaran & Pope’s approach [37] and illustrated in Fig. 2. It should
be noted that the mean flow is zero in this case. Compressible for-
mulation introduces numerical dissipation which scales with the
characteristic wave speed with the maximum absolute value. In
subsonic regime, the specific absolute value could be |u + c| or
|lu — c|. Since Mach number is less than one everywhere in this
case, both |u +c| and |u — c| are guaranteed to be non-zero and
the corresponding characteristic directions are always well-defined.
Therefore, the numerical stability is achieved.
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Fig. 2. Initial scalar field of the mixing case.

In this part, we first carry out the direct numerical simulation
with 256 cells to generate the reference results. Then, the verifi-
cation on the LES is performed at different mesh resolutions-643,
323, and 163 cells, with the corresponding filtered initial condi-
tions. For each LES case, we sample the turbulent kinetic energy
and scalar energy in time, which are then compared with the fil-
tered DNS reference results. As shown in Fig. 3, the filtered DNS
results are well replicated by the LES calculations at all mesh res-
olutions considered. Hence, it is shown that the developed LES
framework is able to deliver robust predictions for non-reactive
flows with consideration of scalar mixing, setting the foundation
for reacting flow simulations.

4. Validation study - LES of Sandia Flame D
4.1. Flame configuration and computational setup

The Sandia flame experiments were experimentally studied by
Barlow et al. [38,39] and Scheider et al. [40]. The piloted coaxial
methane-air jet flame (Sandia Flame D) is characterized by three
inlet streams. The fuel, consisting of 25% methane and 75% air
by volume, is issued through the main jet. The jet diameter, D,
is 0.0072 m and the bulk velocity equals to 49.6 m/s, and the
related Reynolds number is 22,400. The fluid of the pilot jet is
a lean (® = 0.77) mixture of CyH,, Hy, air, CO, and N, which
has the same nominal enthalpy and equilibrium composition as
methane/air at the same equivalence ratio. The out diameter of the
annular pilot stream is 2.53D and the velocity of pilot gas is 11.4
m/s. The coflow velocity is 0.9 m/s.

In our numerical study, the computational domain is set to
XXy xz=80D x 26.5D x 2, where x, y and z, respectively, rep-
resent the axial, radial, and circumferential directions. Two meshes
are considered: a coarse mesh with 1.4 million cells and a fine
mesh with 3.9 million cells. Fig. 4(a) shows the fine mesh in the
z =0 plane. The mesh is refined near the inlet and the centerline
of the computational domain, as illustrated in a cross-section cut
along the x-direction in Fig. 4(b). Fig. 4(c) gives the zoom-in view
near the fuel nozzle. To accurately represent the jet turbulence,
an inflow turbulence boundary condition is required. For this, we
employ the digital-filter based method [41-43] to generate the in-
flow turbulence and apply it at the inlet of main jet. The adiabatic
boundary condition is utilized for the nozzle walls as well as the
side walls, and the outflow boundary is prescribed as a pressure
outlet with the fixed pressure value of 1 atm.
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Fig. 4. a) Computational fine mesh in the x — y plane, b) computational mesh at the inlet plane of the fuel nozzle, and c) zoom-in view of Fig. 4 a) near the inlet of fuel

nozzle.
4.2. Results

In this section, we assess the LES results through the compar-
ison against the experiment data and the previously reported LES
results. Also, the LES predictions on two different meshes are com-
pared.

Fig. 5 shows the predicted instantaneous temperature and
streamwise velocity fields of Sandia Flame D. The flame is an-
chored upon the pilot and the flame front emerges in the mixing
layer between the high-speed fuel jet and slow surrounding gases,
as illustrated in the temperature field of Fig. 5(a). Near the inlet the
flame modulation by large coherent structure is observed, while
toward the downstream the flame gradually turns to be a fully
turbulent mode. Along the axial direction, the increased reaction
intensity contributes to the ascending trend of the temperature.
The flame fronts around the jet merge at x =30 ~ 40D, where the

maximum temperature about 2100 K is observed. After reaching
the peak temperature, the temperature drops sharply. As for the
velocity, it is shown in Fig. 5(b) that the jet slows down axially
while expands radially because of the mixing with the quiescent
surrounding air. Moreover, as the combustion leads to enlarged
viscosity, the jet of reacting flow is more elongated with slower
velocity decay along the axial direction, as compared to the con-
ventional cold jet. There is no intense breakup of potential core.
Fig. 6 shows the LES predicted time-average and root-mean-
square (rms) temperature, along with the measurement data [38,
39], at different axial locations. Each radial axis is normalized by
the corresponding axial distance. It is observed in Fig. 6(a) that
the mean temperature profiles compare well with the experimen-
tal data. The peak mean temperature predicted by our solver is
slightly closer to the centerline. The centerline temperature ex-



H. Zhang, Y. Chen and Y. Lv Aerospace Science and Technology 127 (2022) 107693

U [m/s]

2100
1900
1700
1500
1300
1100
900
700
500
300

x/D
x/D

b) y/D

Fig. 5. a) Instantaneous temperature field simulated with fine mesh, and b) instantaneous streamwise velocity field computed with fine mesh.
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Fig. 6. Comparison of predicted and measured time-averaged (a) and root-mean-square (b) temperature. Legend: solid line-results on fine mesh; dashed line-results on coarse
mesh; and circle-experimental data. From top to bottom four rows correspond to the measurement sites of x/D =7.5, x/D =15, x/D = 30, and x/D = 45, respectively.
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Fig. 7. Comparison of predicted and measured time-averaged (a) and root-mean-square (b) axial velocity. Legend: solid line-results on fine mesh; dashed line-results on coarse
mesh; and circle-experimental data. From top to bottom four rows correspond to the measurement sites of x/D =7.5, x/D =15, x/D = 30, and x/D = 45, respectively.

hibits small overprediction with regard to the experimental results.
Similar behaviors of LES solutions are also found in previous stud-
ies of Renzo et al. [44], Nik et al. [45] and Yang et al. [46]. The
discrepancy in the LES results between two sets of meshes is unno-
ticeable at x/D = 7.5 and x/D = 15. However, at the downstream
location (x/D = 30 and x/D = 45), the refined results show better
agreement with the experimental data compared to those obtained
on the coarse mesh. As for the temperature rms, the peaks of
Trms obtained from LES are also shift toward the centerline, sim-
ilar to the time-averaged temperature profile. The overpredictions
of T,ms are observed at the locations of x/D =7.5, x/D = 15, and
x/D = 45. Similar issues also exist in previous studies [18,47]. Nev-
ertheless, the largest model errors appear close to jet inlet. This
implies that the error source may be the turbulent inflow for
which the scalar fluctuations are not accurately modeled. In ad-
dition, with regard to the grid sensitivity, the refined case offers
better T,ns predictions at the outer region, especially at x/D =7.5
and x/D =15 locations.

Fig. 7 shows the radial profiles of the time-average and root-
mean-square of the streamwise velocity obtained both from the
LES calculations and the experimental measurements. As we can
see, the LES predictions have very good agreement with the exper-
imental data. For the mean velocity profile, the descending trends
along both the axial and radial directions are well captured by
the LES. The results obtained on the fine mesh show marginal im-
provement compared to those on the coarse mesh. For the velocity
rms in Fig. 7(a), a single-peak profile is observed, which is dif-
ferent from the temperature rms in Fig. 6(b). The LES solutions of
velocity rms show some discrepancies from the experimental mea-

surements: the predicted peak location is closer to the centerline
near the inlet and certain overshoots appear at the downstream
locations. It is worth noting that these model errors are also found
in previous studies [48]. In their study, Jones and Prasad [48] em-
ployed a Eulerian stochastic field method to address the flame-
turbulence interaction which should have higher fidelity, but the
same model issue persists. This finding implies that the major er-
ror source is likely to be the subgrid-scale model which does not
introduce sufficient dissipations locally. The overshoot of velocity
rms was also found in the study of Xing et al. [6], particularly in
the range from x/D = 15 to 60. As for the grid sensitivity, it is ob-
vious that the refined case provides considerably better prediction
of velocity rms, which is mostly visible at the measurement site
x/D =45.

Fig. 8 shows the instantaneous profiles of the mass fractions of
the major reaction products, namely H,0 and CO;, and the inter-
mediate species, including Hy and CO. As shown, the profiles of
intermediate species are much shorter as the combustion has al-
ready approached completeness at about x/D = 40. Downstream
from there the flow field turns to be a pure mixing mode between
hot products and ambient coflow air. Profiles for major species co-
incide with the temperature field displayed in Fig. 5. Fig. 9 shows
the radial profiles of the time-averaged mass fractions of H,0, CO3,
CO and Hj;. As we can see, the LES results compare well with the
experimental measurements. The refined case offers more accurate
predictions for H,O and CO, at the location of x/D = 15 and for
H; and CO at the location of x/D = 45. It is worth noting that the
overprediction of H, and CO near the centerline at x/D =15 is a
systematic model error which has been exhibited in previous stud-
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Fig. 9. Comparison of predicted and measured time-averaged mass fractions of H,O, CO,, Hp, and CO along radial direction at different measurement sites. Legend: solid
line-results on fine mesh; dashed line-results on coarse mesh; and circle-experimental data.

ies [18,47], and it can be attributed to the overprediction of fuel
consumption in the rich part of the flame [18]. The overall solu-
tion accuracy is comparable to that in the recent study [47] which
is equipped with a more sophisticated PDF closure model.

Fig. 10 shows the radial profiles of the rms mass fractions
of H,0, CO2, CO and H,. As we can see, for the major species,
the rms predictions are in very good agreement with the exper-
imental data. Mesh refinement leads to accuracy improvement in
the predictions, especially at the outer region of the jet. On the
other hand, the rms predictions of Yu, and Yco have compara-
tively larger discrepancies with respect to the experimental data.
At the x/D = 15 location, the overprediction, exemplified with
a spurious peak near the centerline, is observed. Recognize that

the overshoot of time-averaged mass fraction is also observed at
the same location, which implies an overprediction of turbulence-
induced fluctuations locally. This explains the model errors shown
in the Fig. 10. The same model error is also found in the studies of
Nik et al. [45] and Duan et al. [47]. Meanwhile, at the downstream
location, i.e. x/D =45, the rms is underpredicted. With regard to
grid sensitivity, the fine grid results do not show any systematic
improvement for rms predictions of H, and CO.

5. Conclusions

We developed a new CFD solver for combustion LES based on
the fully compressible formulation and tabulated chemistry model.
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The solver was first tested in a benchmark case-turbulent scalar
mixing, in which two passive scalar diffuses into each other in a
decay isotropic turbulent field. Verification was performed by com-
paring the LES solutions against the filtered DNS data. It was found
that the developed LES capability can well reproduce the filtered
DNS resolutions at various numerical resolutions.

After the numerical test for non-reactive flows, a validation
study on the LES was carried out with consideration of a tur-
bulent jet flame-Sandia Flame D. The LES prediction compared
well with the experimental measurements, despite small model
errors in the prediction of minor species. Two sets of meshes
with 1.4 and 3.9 million cells, respectively, were employed to
study the grid sensitivity. It was shown that the finer mesh leads
to improved LES predictions of the time-averaged species con-
centration profiles, especially at the downstream region. In gen-
eral, it is shown that our combustion LES solver can provide re-
liable predictions of temperature, species, and flow field. Com-
pared to the flame simulation results obtained using low-Mach
solver [18], our predictions of time-averaged quantities have sim-
ilar accuracy; however, the predictions of fluctuation quantities,
such as velocity and temperature root-mean squares, need to be
improved. Based on our grid sensitivity study, the error behaviors
are independent of mesh resolution and thereby the source of er-
rors is most likely from the subgrid-scale model. In the future,
we will investigate the effect of subgrid-scale model on predic-
tion accuracy and implement more sophisticated modeling tech-
niques.
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Appendix A. Solver validation for high-speed flows

Here an additional validation study is supplemented to ver-
ify the solver accuracy for simulations of supersonic flows. We
consider a supersonic flow-past-circular-cylinder configuration
which was commonly used for code/solver validations [49-51]. A
freestream flow with a Mach number of Ma = 3.5 is issued into a
two-dimensional rectangular channel as shown in Fig. 11(a). The
top and bottom boundaries are prescribed as inviscid walls. A cir-
cular cylinder with a diameter of D is placed 10D downstream
from the domain inlet. The domain is 40D long in axial direction
and 6D high in vertical direction. This case contains an unsteady
wake flow interacting with reflected shocks and exhibits many in-
teresting features with a very complex flow structure. To capture
the shock and wake flow, a locally-refined mesh is employed and
as illustrated in Fig. 11(b) the mesh is refined near the cylinder
and in the wake region. Total number of cells is about half mil-
lion.

The instantaneous results are presented in Fig. 12, including
the density, temperature and axial-velocity fields. A unique shock
pattern is clearly identified, including the leading bow shock and
its multiple reflections downstream from the walls. An elongated
wake structure is exhibited, along with the unsteadiness induced
by the interaction between the wake and the reflected shocks. The
results are compared with those obtained using sophisticated nu-
merical methods [49-51], and a good agreement is established.

Quantitative validation was also carried out by examining the
shock-induced flow deflection and pressure coefficient. The pres-
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Fig. 13. Relation of shock angle and flow deflection angle, obtained in the present study, by Parsini et al. [51] and from the oblique shock theory.

ence of bow shock modifies the flow direction while leading to a
deflection effect. The oblique shock theory provides a useful re-
lation that links the shock angle B8 with the deflection angle 9,
which reads:

Ma?sin? 8 — 1
+2
Ma2(y + cos(2p))

tan(6) = 2 cot(B) (20)

Both 8 and 6 angles are extracted from the simulation results and
compared against the above theoretical relation and the predicted

solution of Parsini et al. [51]. As shown in Fig. 13, our result is
in good agreement with the two reference solutions. Furthermore,
the pressure distribution around the circular cylinder is assessed.
The pressure coefficient is plotted as a function of azimuth o with
respect to the cylinder center. As shown in Fig. 14, the predicted
pressure coefficient by our solver compares well with other ex-
isting solutions in literature. Based on the above validation and
verification, we show that our solver can accurately capture criti-
cal shock structure and flow feature in applications to high-speed
flow simulations.
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