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VS-FMDF AND EPVS-FMDF FOR LARGE EDDY SIMULATION OF
TURBULENT FLOWS

Mehdi B. Nik, PhD

University of Pittsburgh, 2012

The first part of this dissertation is concerned with implementation of the joint “velocity-
scalar filtered mass density function” (VS-FMDF) methodology for large eddy simulation
(LES) of Sandia Flame D. This is a turbulent piloted non-premixed methane jet flame. In
VS-FMDF, the effects of the subgrid scale chemical reaction and convection appear in closed
forms. The modeled transport equation for the VS-FMDF is solved by a hybrid finite-
difference/Monte Carlo scheme. For this flame (which exhibits little local extinction), a
flamelet model is employed to relate the instantaneous composition to the mixture fraction.
The LES predictions are compared with experimental data. It is shown that the methodology
captures important features of the flame as observed experimentally.

In the second part of this dissertation, the joint “energy-pressure-velocity-scalar filtered
mass density function” (EPVS-FMDF) is developed as a new subgrid scale (SGS) model for
LES of high-speed turbulent flows. In this model, the effects of compressibility are taken into
account by including two additional thermodynamic variables: the pressure and the internal
energy. The EPVS-FMDF is obtained by solving its modeled transport equation, in which
the effect of convection appears in a closed form. The modeled EPVS-FMDF is employed
for LES of a temporally developing mixing layer.

Keywords: Large eddy simulation, filtered density function, turbulent reacting flows.
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1.0 INTRODUCTION

The filtered density function (FDF)L3 is now regarded as one of the most effective means
of conducting large eddy simulation (LES) in turbulent combustion. In its initial form,
the marginal “scalar” FDF (S-FDF);? and its mass weighted scalar filtered mass density
function (S-FMDF)® provided the first demonstration of a “transported” FDF in reacting
flows. The primary advantage of S-FDF (S-FMDF) over conventional (non-FDF) methods
is that it accounts for the effects of subgrid scale (SGS) chemical reactions in a closed form.
This closure is the primary reason for S-FMDF’s popularity and its widespread applications
within the past decade.822 See Ref.28 for a recent review.

Inclusion of the “velocity” in the FDF accounts for the effects of “convection” in a closed
form as well. This is demonstrated in the velocity-FDF (V-FDF),27 the joint velocity-scalar
FDF (VS-FDF),! and its density weighted VS-FMDF2® formulations. In its most rudimen-
tary form, the VS-FDF is equivalent to, at the least, a “second-order” SGS model. It is to
noted that the majority of conventional hydrodynamic SGS closures are “zero-order.” 2232
This higher accuracy yields a better predictive capability of the FDF in capturing more
intricate physics of SGS transport.32

The first objective of this work is to assess the capability of the VS-FMDF for prediction
of hydrocarbon flames. For that, we consider the piloted non-premixed methane jet flame, as
studied in the experiments of the Combustion Research Facility (CRF) at the Sandia National
Laboratories,34:3% and at TU-Darmstadt.3¢ Sheikhi et al.3” report the first results of S-FMDF
predictions for this flame. Their encouraging results motivated significant subsequent S-
FMDF simulations by many others.12:13:1823 The contributions are ongoing; the CRF web site

maintains an updated bibliography of the growing literature in this field. In the experiments,

three flames are considered: flames D, E and F. The geometrical configuration in these flames



is the same, but the jet inlet velocity is varied. In Flame D, the fuel jet velocity is the lowest.
The jet velocity increases from flames D to E to F, with noticeable non-equilibrium effects in
the latter two. Flame D is considered in this thesis. The objective is to assess the predictive
capability of the VS-FMDF in capturing the flow field and the scalar mixing. This is the
first application of the VS-FMDF for prediction of a hydrocarbon flame.

The second objective of this work is to extend the VS-FMDF for LES of high speed
flows. This is accomplished by considering the joint “energy-pressure-velocity-scalar filtered
mass density function” (EPVS-FMDF). This is an extension to VS-FMDF methodology and
provides the most comprehensive form of the FDF formulation to date. With the definition of
the EPVS-FMDF, the mathematical framework for its implementation in LES is established.
A transport equation is developed for the EPVS-FMDF in which the effect of SGS convection
appears in a closed form. The unclosed terms in this equation are modeled in a fashion
similar to that in the Reynolds-averaged procedures. A Lagrangian Monte Carlo procedure
is developed and implemented for numerical solution of the modeled EPVS-FMDF transport

equation. Simulations are conducted of a non-reacting temporally developing mixing layer.

1.1 SCOPE

This dissertation is organized as follows. In Chapter 2] the joint velocity-scalar filtered mass
density function (VS-FMDF) for LES of Sandia Flame-D is considered. The work described
in this chapter has been presented at APS-DFD;38 and is published in AIAA Journal,2?
and Flow, Turbulence and Combustion.22 In Chapter Bl the joint energy-pressure-velocity-
scalar filtered mass density function (EPVS-FMDF) methodology is developed. Parts of this
chapter has been presented at APS-DFD, 442 and AJAA-ASM.4344 Tn Chapter E, some final
remarks are made, with some suggestions for future research. Parts of this dissertation was

presented at an invited lecture at AIAA-JPC. 4



2.0 JOINT VELOCITY SCALAR FILTERED MASS DENSITY FUNCTION
FOR VARIABLE DENSITY FLOWS

In the work presented in this chapter, the previously developed VS-FMDF methodology is
employed for LES of Sandia flame D. Following its mathematical definition, the exact VS-
FMDF transport equation is presented. The unclosed terms in this equation are modeled
using an equivalent system of stochastic differential equations. For this, a hybrid Eule-
rian/Largrangian numerical solution procedure is used. In the Eulerian part, the filtered
transport equations are solved by a finite-difference method. In the Lagrangian part, the
solution of the modeled VS-FMDF transport equation is obtained by a Monte Carlo method.
The unclosed statistics in the Eulerian part are obtained from the Monte Carlo solver. The
comparative capabilities of the VS-FMDF is assessed by comparing the predicted results
with the experimental data. Also, with the utilization of progressively larger number of grid
points, the effects of resolution on various statistics of the flow variables, as predicted by

VS-FMDF are investigated.

2.1 FORMULATION

2.1.1 Basic equations

In a turbulent flow undergoing chemical reaction involving N species, the primary transport
variables are the density p(x,t), the velocity vector u;(x,t) (i = 1,2,3), the pressure p(x,1),
the enthalpy h(x,t) and the species’ mass fractions Y, (x,t) (o« = 1,2,..., Ny). The equations

which govern the transport of these variables in space (x;) (i = 1,2,3) and time () are the



continuity, momentum, enthalpy (energy) and species’ mass fraction equations, along with

an equation of state

Op  Opu,
ot - 2.1
025 al’] 0’ ( a)
- 2.1
Oppa | Opujde  OJF - -
8t + 82['] o 8:1;J _'_pSo” o= 1’27"'7U_NS+17 (21C)
N
p = /OROT Z Yo/M, = pRT, (2.1d)
a=1

where R” and R are the universal and mixture gas constants and M, denotes the molecular
weight of species a. The chemical reaction source terms S, = S, (¢(x, 1)) are functions of
compositional scalars (¢ = [¢1, P2, ..., dn.+1]). Equation (2.Id) represents the transport of

species’ mass fraction and enthalpy in a common form with

Ng T
00 =Y, a=1,2,.., N, s =h= Z hato, ha = hg +/ Cpo (T)dT". (2.2)
a=1 To

Here T and Ty denote the temperature field and the reference temperature, respectively.
In this equation, hY and c,, denote the enthalpy of formation at Ty and the specific heat
at constant pressure for species . For a Newtonian fluid, with Fick’s law of diffusion, the

viscous stress tensor 7;; and the scalar flux Ji* are represented by

B Ou;  Ouj; 2 0uy o 0P,

where 1 is the fluid dynamic viscosity and I' denotes mass molecular diffusivity coefficients for
all the scalars. We assume p = pI'; i.e. unity Schmidt (Sc¢) and Prandtl (Pr) numbers. The
viscosity and molecular diffusivity coefficients can, in general, be temperature dependent. In
reactive flows, molecular processes are much more complicated than portrayed by Eq. ([23]).
Since the molecular diffusion is typically less important than that of SGS, this simple model

is adopted with justifications and caveats given in Refs. 4648



2.1.2 Filtered equations

Large eddy simulation involves the spatial filtering operation2? 3249

—+00

(Q(x,1)), = QX t)G(xX',x)dx, (2.4)

—00

where G(x',x) denotes a filter function, and (Q(x,t)), is the filtered value of the trans-
port variable Q(x,t). In variable-density flows it is convenient to use the Favre-filtered
quantity (Q(x,1t)); = (pQ),/ (p),- We consider a filter function that is spatially and tem-
porally invariant and localized, thus: G(x/,x) = G(x' — x) with the properties G(x) > 0,
f_t;o G(x)dx = 1. Applying the filtering operation to Eqgs. (2Z1]) and using the conventional

LES approximation for the diffusion terms, we obtain

Np)y | 9(p)e(uy)y
iy (,)ij = 0, (2.5a)

Op)y (i), OAphe )y (ws)y, - _O4p), O (u <a<ui>L+8<uj>L))

ot oz,  On; Oy oz, o
20 9 {uz) 9 (p), 7r(us, uj)
0 <P>e <¢a>L 0 <P>z <uj>L <¢a>L . 0 0 <¢a>L 0 <P>e 7'L(Uja Pa)
(2.5¢)
In equation (23, the second-order Favre SGS correlations are defined by
m(a,b) = (ab); — (a) (b); -
(2.6)



2.2 EXACT VS-FMDF TRANSPORT EQUATION

The “velocity-scalar filtered mass density function” (VS-FMDF), denoted by Py, is formally
defined as?

Py (v, 4, x;t) = / " PG (0,9 (X, 1), (X, 1) GIX — x)dx, (2.7)
where
C (o, u0x 1), 60, 1) = [ [ 0 (0 = wilx,1) x [[ 6 (0a = 6a(x,1)). (2.8)

In this equation, ¢ denotes the Dirac delta function, and v, 1) are the velocity vector and the
scalar array in the sample space. The term ( is the “fine-grained” density.2"2? Equation (Z.7))
defines the VS-FMDF as the spatially filtered value of the fine-grained density. With the
condition of a positive filter kernel,® P;, has all of the properties of a mass density function

(MDF).4T Considering the time derivative of the fine-grained density function Eq. (28] and

using Eqs. (2.1D0)-(2Id), and Eqgs. (23)), 1), results in

or, N Ov; P, 0 1 0
ot Oz, p(e

(p 0%

0 1 a’Tji
¢>5P ) " o (<@ oz,

>ZPL) - 5 (Saw)P).

)
l

This is an exact transport equation and indicates that the effects of convection, the second
term on left-hand side, and chemical reaction, the last term on the right-hand side (RHS),
appear in closed forms. The unclosed terms denote convective effects in the velocity-scalar
sample space. The unclosed terms are exhibited by the conditional filtered2® values as shown

by the first three terms on the RHS.



2.3 MODELED VS-FMDF TRANSPORT EQUATION

For closure of the VS-FMDF transport equation, we consider the general diffusion process,32

given by the system of stochastic differential equations (SDEs). In this context developed in
Refs. 341275351 we utilize the simplified Langevin model (SLM) and the linear mean square

estimation (LMSE) model.2°

2
AX; = Urdt+ | Law, (2.92)
(P)é

wr l_(l Ol), , 2 0 (Ma<u,->L>+<1 0 <Ma<uj>L)_g 10 <u%)}dt

Pl Ox; (p)y Ox; D p)e O O 3(p), Ox; Iz;
+ Gy (UF = (u;),) dt + /CoedW! + 21 Oy gy (2.9b)
(p)y Ox;
dof = —Cow (07 — (¢a),) dt + Sa(@h)dt, (2.9¢)

where

(2.10)

Here X', U, ¢ are probabilistic representations of position, velocity vector, and scalar
variables, respectively. W terms denote the Wiener-Lévy processes.?>2¢ In equation (Z.10),
w is the SGS mixing frequency, € is the dissipation rate, k is the SGS kinetic energy, and A,
is the LES filter size. The model parameters are the same as those suggested by Sheikhi et
al.®: Cy = 2.1, Cy = 1.0 and C. = 1.0. The Fokker-Planck equation corresponding to Eq.

29) is:
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2.4 NUMERICAL PROCEDURE

Numerical solution of the modeled VS-FMDF transport equation is obtained by a hybrid
finite-difference (FD)/Monte Carlo (MC) procedure. The computational domain is dis-
cretized on equally spaced finite-difference grid points and the FMDF is represented by
an ensemble of statistically identical MC particles which carry information pertaining to the
velocity and the scalar values. This information is updated via temporal integration of the
SDEs. Statistical information is obtained by considering an ensemble of Np computational
particles residing within an ensemble domain of characteristic length Ag centered around
each of the FD grid points. To reduce the computational cost, a procedure involving the use
of non-uniform weights is also considered. This procedure allows a smaller number of parti-
cles in regions where a low degree of variability is expected. Conversely, in regions of high
variability, a large number of particles is allowed. The sum of weights within the ensemble
domain is related to filtered fluid density.2?

The FD solver is fourth-order accurate in space and second-order accurate in time.2® All
of the FD operations are conducted on fixed grid points. The transfer of information from the

FD points to the MC particles is accomplished via a linear interpolation. The inverse transfer



is accomplished via ensemble averaging. The FD transport equations include unclosed second
order moments which are obtained from the MC. Further details on the hybrid FD-MC can

be found in Ref.27.

2.5 FLOW CONFIGURATION AND SIMULATION PARAMETERS

Sandia Flame D consists of a main jet with a mixture of 25% methane and 75% air by
volume. The nozzle is placed in a coflow of air and the flame is stabilized by a substantial
pilot. The Reynolds number for the main jet is Re = 22400 based on the nozzle diameter
D = 7.2mm and the bulk jet velocity 49.6m/sec.

Simulations are conducted on a three-dimensional Cartesian mesh with uniform spacings
in each of the three directions. The computational domain spans a region of 20D x 16D x 16D
in streamwise (), and the two lateral (y,z) directions, respectively. The number of grid
points for different test cases in the x, y and z directions are presented in Table (). The
filter size is set equal to Ag = 2(AzAyAz)1/? where Az, Ay and Az denote the grid
spacings in the corresponding directions. The size of the ensemble domain for evaluations of
the filtered values is equal to the half of the filter size.

For efficient parallel simulations, the domain is partitioned into equally sized partitions
and each partition is assigned to a different processor at the onset of the simulations. This
provides an effective parallelization and is relatively easy to implement. Each CPU is as-
signed relatively equal number of grid points and (approximately) equal number of particles.
Simulations are conducted in conjunction with MPI and the PETSC32 6! library.

The flow variables at the inflow are set the same as those in the experiments, including the
inlet profiles of the velocity and the mixture fraction. The inlet condition for the velocity
is presented in Fig. ([Il). The flow is excited by superimposing oscillating axisymmetric
perturbations at the inflow. The procedure is similar to that in Ref.%2, but the amplitude
of forcing is set in such a way to match the experimentally measured turbulent intensity
of the streamwise velocity at the inlet. Standard characteristic boundary conditions®® are

implemented in all of the FD simulations.



The MC particles are supplied in the inlet region and are free to move within the domain
due to combined actions of convection and diffusion. There are at least 40 MC particles at
each cell. Per results of extensive previous studies?® this is sufficient to yield an excellent
statistical accuracy with minimal dispersion errors. The simulation results are monitored to
ensure the particles fully encompass and extend well beyond regions of non-zero vorticity
and reaction.

The methane-air reaction mechanism, as occurs in this flame, is taken into account
via the “flamelet” model. This model considers a laminar, one-dimensional counterflow
(opposed jet) flame configuration®. The detailed kinetics mechanism of the Gas Research
Institute (GRI2.11)% is employed to describe combustion. The flamelet table at strain rate
of a = 100 1/s is used to relate the thermo-chemical variables to the mixture fraction. This
value is consistent with that used in previous S-FMDF3” and PDF predictions of this
flame.

The overall predictive capability of VS-FMDF is demonstrated by comparing the flow
statistics with the Sandia-Darmstadt34 3. These statistics are obtained by long-time aver-
aging of the filtered field during 6 flow through times. The notations Q and RM S(Q) denote

the time-averaged mean and root mean square values of the variable ), respectively.

2.6 RESULTS

For the purpose of flow visualization, the contour plots of FD and MC computations for
(RT), are shown in Fig. (). The central jet lies in the middle along the axial coordinate,
surrounded by a pilot where the temperature is the highest and encircled by the air coflow.
The region close to inlet is dominated by the molecular diffusion and the jet exhibits a
laminar-like behavior. Further downstream, the growth of perturbations is manifested by
the formation of large scale coherent vortices. The upstream feedback from the vortices
created initially triggers further self-sustaining vortex rollup, and subsequent pairing and

coalescence of neighboring vortices. 5768
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Table 1: Grid parameters and the corresponding filter size

Grid Resolution Cells x10°
(x,y,2)
G1 101 x 81 x 81 | 0.662
G2 150 x 123 x 123 | 2.260
G3 ] 200 x 161 x 161 | 5.180
G4 270 x 215 x 215 | 12.48

In order to assess the grid dependency of the VS-FMDF simulations, we consider four
grid configurations (G'1 through G4) with a progressively increasing resolution from about 0.6
to 12.2 million grid points (Table ). To compare with the experimental data, we consider
the Reynolds-averaged moments of the thermo-chemical variables. In the figures in this
chapter, the overline denotes the Reynolds-averaged operator. The root mean square (RMS)
includes the contributions from both the resolved and the residual fields. The capability
of the method in predicting the hydrodynamics field is demonstrated by examining some
of the (reported) flow statistics. The radial (r = /22 + 42) distribution of the mean axial
velocity and its corresponding RMS values are shown to compare well with experimental
data in Fig. [B). The VS-FMDF predicts the peak value of mean axial velocity profile and
the spread of the jet reasonably well. The RMS values, however, is underpredicted. The
radial distribution of the mixture fraction is also shown to compare well with data in Fig.
(@). The mean values agree closely with the experimental data. The RMS values, however,
is underpredicted. From the grid dependency standpoint, the mean fields of velocity and
mixture fraction both converge to the results corresponding to the G4 grid. The convergence

for the RMS field is slower, but the results for G4 compare best with experimental data.

The radial distribution of the mean temperature values and its corresponding RMS are
presented in Fig. (B). Similar to hydrodynamic quantities, the mean profiles show a rela-

tively good agreements with measured data while the RMS values are underpredicted. The

11



statistics of the mass fractions (denoted by Y') of several of the species at different stream-
wise locations are compared with data in Figs. (@)-(I0). The mean profiles of the species
show a close agreements with measurements. The RMS values show close agreements with
measured data at the inner layer, but not as good at the outer layer. These disagreements
can be attributed, in part, to the shortcoming of the flamelet model in relating the thermo-
chemical variables to the mixture fraction. From the grid dependency standpoint, the mean
fields of temperature and species mass fractions both converge to the results corresponding
to the G4 grid.

Finally in Figs. (I))-(I3)), the PDFs of the resolved mixture fraction as predicted by the
VS-FMDF are compared with those measured experimentally at several locations through-
out the domain. In general, both the peak and the spreads of the PDF's are predicted well
by the VS-FMDF. From the grid dependency standpoint, the PDF’s converge to the re-
sults corresponding to the G4 grid; in which the best agreement with experimental data is

observed.
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Figure 1: Radial distribution of the mean and RMS values of the filtered axial velocity.
U denotes the mean axial velocity at the centerline at the inlet, the symbols denote the
experimental data. The line denotes the mean values and the thick solid line denotes the

RMS values. (a) Mean axial velocity at /D = 0.138, (b) RMS of the axial velocity at
2/D = 0.138.
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Figure 3: Radial distribution of the mean and RMS values of the filtered axial velocity.
U, denotes the mean axial velocity at the centerline at the inlet, the symbols denote the
experimental data. The line denotes the mean values and the thick solid line denotes the

RMS values. (a) Mean axial velocity at /D = 15, (b) RMS of the axial velocity at /D = 15.
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mixture fraction at x/D = 15.
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Figure 5: Radial distribution of the mean and RMS values of the filtered temperature values.
The symbols denote the experimental data. The line denotes the mean values and the thick

solid line denote the RMS values. (a) Mean temperature (K) at z/D = 15, (b) RMS of the

temperature (K) at z/D = 15.
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CH, mass fraction at /D = 15.

18



02f o f e
~
AN OISINN. W /SL
3 ‘ ‘
> 0.1 ® experiment ||
v G4
G3
005- """ GZ
G1
0 1
0 1 2 3
r/D
(a)
0.08 ,
® experiment
. G4
=S 0.06fF ® G3
N
N
Y
3
&

r/D
(b)

Figure 7: Radial distribution of the mean and RMS values of the filtered Oy mass fractions.
The symbols denote the experimental data. The line denotes the mean values and the thick
solid line denotes the RMS values. (a) Mean O mass fraction at /D = 15, (b) RMS of O,

mass fraction at x/D = 15.
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Figure 9: Radial distribution of the mean and RMS values of the filtered C'O5 mass fractions.
The symbols denote the experimental data. The line denotes the mean values and the thick
solid line denotes the RMS values. (a) Mean CO, mass fraction at z/D = 15, (b) RMS of
CO9 mass fraction at /D = 15.
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Figure 10: Radial distribution of the mean and RMS values of the filtered H,O mass frac-
tions. The symbols denote the experimental data. The line denotes the mean values and
the thick solid line denotes the RMS values. (a) Mean HyO mass fraction at /D = 15, (b)
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Figure 12: PDF of the resolved filtered mixture fraction at /D = 15 and different radial
locations. The symbols and the thick lines denote the experimental data and LES predictions,

respectively. (a) Radial location 7 = 6 mm and (b) radial location r = 8 mm.
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Figure 13: PDF of the resolved filtered mixture fraction at /D = 15 and different radial
locations. The symbols and the thick lines denote the experimental data and LES predictions,

respectively. (a) Radial location = 10 mm and (b) radial location r = 12 mm.
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2.7 SUMMARY

Since its original development about a decade ago, the S-FMDF#3 has experiences widespread
applications for LES of a variety of reacting flows.® 22 The methodology has found its way
in industry? and is now covered as a powerful predictive tool in most modern text- and
hand-books.42:64:69°72 Thig popularity is partially due to the demonstrated capability of the
method to simulate realistic hydrocarbon flame. The extended methodology, the VS-FMDF,
is significantly more powerful as it also accounts for the effects of SGS convection in an exact
manner. This superiority has been demonstrated by comparative assessment of the method

in several “basic” flow configurations.28

The objective of the work in this chapter is to asses the prospects of the VS-FMDF
for LES of realistic hydrocarbon flames. For that, we consider the piloted, non-premixed,
turbulent, methane jet flame (Sandia Flame D). For this near-equilibrium flame, the thermo-
chemical variables are determined by the related to the mixture fraction. A modeled trans-
port equation for the mass weighted joint FDF of the velocity and the mixture fraction?® is
considered. This equation is solved by a hybrid finite-difference / Monte Carlo method. The
predictive capability of the overall scheme is assessed by comparison of the ensemble (long
time Reynolds-averaged) values of the thermo-chemical variables with laboratory data. Also,
the grid dependency of the predicted results is assessed via consideration of progressively
larger number of grid points. In the case with the finest resolution, there are over 10 million
grid points. The results of this resolution assessment indicate that the first order moments
converges quickly; but the rate of convergence for the second order moments and the PDF's
of the resolved field is slower. All of the mean quantities are, generally, in good comparison
with experimental data. For the RMS values, the predicted values agree closely with the
experimental data in the inner layer, but not as good in the outer layer. This discrepancy
is attributed, in part, to the use of the flamelet model in relating thermo-chemical variables

to the mixture fraction.

The obvious extension of this work is to consider flames which experience non-equilibrium
effects (such as Sandia Flames E and F). Such simulations require consideration of finite-

rate chemistry. Currently it is not computationally feasible to implement detailed kinetics
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in VS-FMDF'; nor is it possible in S-FMDF. Implementation of reduced kinetics schemes is
within reach provided that sufficient computational resources are available. It is predicted

that VS-FMDF will be the primary method of FDF prediction in a decade or so from now.
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3.0 JOINT ENERGY PRESSURE VELOCITY SCALAR FILTERED MASS
DENSITY FUNCTION FOR HIGH SPEED FLOWS

In the work described in this chapter, the VS-FMDEF methodology is extended for LES of high
speed turbulent flows, by considering the joint “energy-pressure-velocity-scalar filtered mass
density function” (EPVS-FMDF). Following its mathematical definition, an exact transport
equation is derived for the EPVS-FMDEF'. This equation is modeled in a probabilistic manner.
By consideration of a “systems of stochastic differential equations” (SDEs). The procedure
for numerical solution of the EPVS-FMDF is based on a hybrid Eulerian/Largrangian proce-
dure. The Eulerian part involves finite-difference solution of the filtered transport equations.
The Lagrangian part involves Monte Carlo solution of the modeled EPVS-FMDEF' transport.
The unclosed moments in the Eulerian part are obtained from the Monte Carlo solver. The
consistency and the accuracy of this procedure are established by the simulation of a three-
dimensional, temporally evolving mixing layer involving the transport of a passive scalar.
These simulations are assessed by comparing the EPVS-FMDF results with those of direct

numerical simulation (DNS).

3.1 FORMULATION

3.1.1 Basic equations

In a multiple species non reacting high speed turbulent flow, the primary transport variables
are the density p(x,t), the velocity vector u;(x,t) (i = 1,2, 3), the pressure p(x,t), the inter-

nal energy e(x, t) and the species mass fractions ¢, (o = 1..Vy). The equations which govern
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the transport of these variables in space (z;) (i = 1,2,3) and time (¢) are the continuity,

momentum, energy, pressure and scalar equations along with an equation of state:

dp  Opu;
— = 0 3.1
ot o, ’ (3-1a)
Opu; — Opuju; Op Oty
= — 3.1b
ot * 8:@ 81’2 + 81’]" ( )
Ope  Opuje 0q; ou;
— = —— 40—, 3.1
ot o, oz, Vo, 8.1c)
Op  Opu; 0q; ou;
hat 24 = —(v—1)== — 1) o=, 3.1d
Ipda | Opu;da oJ;
= —— 3.1
ot " ox, oz, (8-1¢)
RO
= p—T 3.1f
p = oyl (3.1f)
where R are the universal gas constants and W is the mean molecular weight of the mixture
Ns
given by % = I‘f{/—a Here T denote the temperature field, e is the internal energy and
a=1°

v = z—f is the specific heat ratio. For a Newtonian fluid, the viscous stress tensor 7;;, the

energy flux g;, the species a diffusive mass flux vector Ji* and o;; tensor are represented by

oij = Tij — pdij, (3.2a)

no= ) (Ge+ G- 3o, (3.2b)
oT

4 = _)\(T>8—:cj’ (3.2¢)

o _ IPa

where p is the fluid dynamic viscosity, A denotes the thermal diffusivity and I' is the mass

diffusion coefficient. In this formulation, we assume using calorically perfect gas in which the
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specific heat at constant pressure ¢, and specific heat at constant volume ¢, are constants.

Also, p = (7 — 1)pe holds for a calorically perfect gas.

3.1.2 Filtered equations

Large eddy simulation involves the spatial filtering operation2? 3242

+oo

<Q(X7 t))z = Q(le t>GAzl (le X)dX/, (33)

— 00

where G, (X',x) denotes a filter function, and (Q(x,t)), is the filtered value of the trans-
port variable Q(x,t). In this definition, the subscript [; for the filter function indicates that
(Q(x,1)), is the first level filter value of variable Q(x, ). In variable-density flows it is con-
venient to use the Favre-filtered quantity (Q(x,t)), = (p@),/ (p),. We consider a filter func-
tion that is spatially and temporally invariant and localized, thus: Ga, (X', %) = G4, (X' —x)
with the properties Ga, (x) >0, fj;o Ga, (x)dx = 1. Also, the second level spatial filtering

operation is defined as:

—+00

QN = [ QK1) G, (3, 3:4)

—00

where Ga,, (x',x) denotes a secondary filter function. In variable-density flows it is con-

venient to use the Favre-filtered quantity, similarly to the first level filtering operation,

Q& D)), = (pQ@) ey, / ((P)ede,-
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Applying the first level filtering operation to Egs. (8 and using the conventional LES

approximation for the diffusion terms, we obtain

A p), | 0(p){uy)y,
T
)y (wi)y, | Op)y(ug)p (i)
8t + ‘ a.flfj
d(p),(e), 0 (P)e <“j>L (e)r
5t * Oz,
aé]?z + (uj) %ﬁ:g

D)y (Do) | 0o () (Da)

015 (9:17]-

_ I(p), 07y _ 0 (p), 7o (i, uy)
81’2' 81’]' 81’]
_ _aqvj d(p), (e, u;)
Oz, Oz,
> a(“z)
-+ €+Tij 8ij
0 U;
- - ), 2k
o 94 or(pwy)
N (r=1 Oz, Oz,
9 (u;)
+ (v-De+(v— 17y L
J (9:17]-
8 U;
Dy o), T
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In Eq. (B.0), the filtered viscous stress tensor 7;;, the filtered energy flux ¢; and the filtered

diffusive mass flux vector Jf are defined as

Fo= (1)) (aéZZ?L + 5‘22& = gaézh 5@») , (3.6a)
G = —A(T),) a{gjﬂ (3.6h)
B = =G, 2k, (3.60)
e = (o) — 0 T, (3.60)
¢ - <Tijg—z>é—ﬁj%. (3.6e)

The second-order and third-order regular SGS correlations and Favre SGS correlations are

defined by

(a,b) = (ab), — (a), (b),, (3.72)
m(a,be) = {abe), — {a), 7 (b,¢) — (), e (a,¢) — (c), 7 (a,¢) — (a), (B}, (c),, (3.7D)
7i(a,b) = {ab), —{a)p (), (3.7¢)

Ti(abc) = {abe), —{a), 7 (b,¢) = (b)p i (a, ¢) = () 7r (@, ¢) — (@) (0) (e}
(3.7d)

In case of not specifying the subscript, the subgrid term will be defined explicitly. In Eq.
([B.5d)), the subgrid term without the subscript is defined as:

T(puy) = (pui)y = () (W) - (3.8)
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The second order velocity correlations are governed by

O(p),7r (us,uz) — O(p), (un)p 7o (us,uy) OT}ji
ot * Dy R A

— €5 -+ HU (39)

Equation (3.9) provides an “exact” form of the transport equations for the second order
velocity correlations. In this equation, the production term P;;, the transport term 7j;;, the

dissipation term ¢;; and the pressure-rate-of-strain tensor II;; are defined as:

9 (u;) 9 (u;)
Pz‘j = —TL (ui7 Uk) aSL’]k L _ TI (Uj7 Uk) aTkL, (3.10&)
Tije = (p),7r (Wi, uj,ur) + 7 (p,wi) 655 + 7 (D, uy) 05
- (T (Ui, Tjk) + 7 (U/], TZk)) ) (310b)

. au] o a<u-]>L 8ul v a<u7l>L
€j = (<Tzka—%>e Tik 8xk + T]ka—xk , Tik axk ) (3100)

= () ) () - 2).

From Egs. (310d) and (B.6€), the dissipation is defined as: € = ¢;/2. Also from Eqs. (8.10d])
and (3.6d)), the pressure dilatation term is defined as: II; = II;; /2.
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The second order scalar correlations are governed by

0 )y 71 (90:65) , Do)y (1), 72 (90, 65)
81& 8LL’k

ory’
—— — " 3.12
8:@ ¢ ( )

= (o) P

Equation (8.12]) provides an “exact” form of the transport for the second order scalar correla-
tions. In this equation, the production term P*?, the transport term T p , and the dissipation

term €*? are defined as:

Paﬁ = —T7I ((ba, uk) 0 <8Q;SL’B:L —TL ((bg, uk) 8<a(i2>L, (313&)
a )
T = (s (s s, ) — (), P00, (313
e’ = 2(p),I'rp (%, %) : (3.13c)
J J
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The second order velocity-scalar correlations are governed by

o
8LL’k

08p)y 7 (i, $a) 0Py (k) 71 (Ui; ba)

= Pe & TI. 3.14
at axk <p>é 7 EZ + 7 ( )

Equation (B.I4]) provides an “exact” form of the transport for the second order velocity
scalar correlations. In this equation, the production term P, the transport term 773, the

dissipation term € and the pressure-rate-of-scalar-strain II{ are defined as:

0 <¢a>L d <UZ>L

PY = —7p (ug, ug) o 7L (Pars Uk T (3.15a)
T = (p), 70 (Ui, Gasur) + T (D, ba) i — (T (Pas Ti) — 7 (wi, Ji)) (3.15b)
Do . 0(¢a) du; 20 0 (ui)
> = e— ) — T; — o - Jr—=1= 1
K (<ﬂk oxy, >é Tik oxy, i ory /, i oxy, ' (3.15¢)

o _ b\ 9 (a)
ey = <p oz, >Z ¥ oz, (3.15d)
In Eq. (815D, the subgrid terms without the subscript are defined as:
T(p0a) = (PPa)y — (D) (Pa)y (3.16a)
T(u, Jg) = (i), — (u), Ji (3.16b)
T (¢aaTik) = <¢a7'z‘k>z - <¢a>L Tik- (3-16C)
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The second order velocity-energy correlations are governed by

0p)y e (uise) | O{p)y {un)y 7o (ui€) (o), pe— L
e 8LL’k

8t 8LL’k
Ouy, Ouy,
o Qo) ~ 0 (i)
8uj 8uj
(<uzpaxj >e S <paxj >e) - (317)

Equation (BI7) provides an “exact” form of the transport for the second order velocity-

e; + IS

energy correlations. In this equation, the production term P, the transport term 77, the

dissipation term €; and the pressure-rate-of-scalar-strain II{ are defined as:

e _ 9{e)y, 9 (ui)
Pf = =7 (i, ug) B, 7L (e, ug) oz (3.18a)
T‘ﬁc - <p>é TL (ui> €, Uk) +7 (p> 6) 5zk - (7_ (6, Tik) — T (ui, Qk)) s (318b)
e Oe . 0(e), ou; L0 (wi),
e (), ) (o) %), o
e __ 86 a <6>L
I = <paxi >é (p)e o (3.18d)
In Eq. (818D, the subgrid terms without the subscript are defined as:
T(p,e) = (pe),— ) le)r, (3.19a)
T (ui qr) = (wigr), — (wi) g Gk, (3.19b)
T(e, ) = <67—ik>g - (€>L Tik- (3.19¢)
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The second order energy correlations are governed by

9(p) TL(;E) 9 (p) (ur)y TL(;E) 1 9T¢*
+ = (p) P
2 al’k

()0 o2)
_ <<epg—1;j>z —({e), <pg—1;j>z) : (3.20)

Equation ([B:20) provides an “exact” form of the transport for the second order energy corre-

ee

lations. In this equation, the production term P°¢, the transport term 7 and the dissipation

term €°¢ are defined as:

9 (ui
P = —1p (e, u) g;:L (3.21a)
Tkee = <p>é TL (67 ¢, uk) + 27 (67 qk) ) (321b)

ee 06 v 8<6>L
€ = — (<qka—zk>£ — B, ) . (3.21¢)

In Eq. (8211, the subgrid term without the subscript is defined as:

T(e,qx) = (eqr), — () - (3.22)
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The second order pressure correlations are governed by

8Tz(pyp) 8Tz(10710) 197"
8§ + <uk>L a;k = P?— 5 a.flfkk - (7_ 1) 6pp_7<p>€1_‘[d
0 <uj>L

+ (v-1) (<Tijp§—z;>£ —(p), <Tij§—z;>£) . (3.23)

Equation ([323) provides an “exact” form of the transport equations for the second order
pressure correlations. In this equation, the production term PP?, the transport term 7}” and

the dissipation term e? are defined as:

0
PP = —1(p,uy) —8<:Zc),z£’ (3.24a)

op .0 <p>g
o _ _
€ <<qk B >Z dk o ) (3.24¢)

In Eq. (8.24D), the subgrid terms without the subscripts are defined as:

T(p.pouk) = (PPur), —2(), 7 (pu) = (k) 7 (p,p) — (P)f (wi),,  (3.25a)
T(pyur) = (pur), — (), (ur)y, (3.25b)

Tpoaw) = (par), — () p, G- (3.25¢)
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3.2 EXACT EPVS-FMDF TRANSPORT EQUATION

The “energy-pressure-velocity-scalar filtered mass density function” (EPVS-FMDF), denoted
by P, is formally defined as?

+oo

Pp(v,9,0.m.x;t) = /_ p(x", )¢ (v, 9,0, myu(xX, 1), d(xX', 1), e(x', 1), p(x', 1)) G(x'—x)dx’,
(3.26)

where

¢ (’U, V,0,n; ’U,(X, t)> ¢(X’ t)> e(x, t)a p(X, t)) =

<H5(v—ulxt) <HS(5 qbaxt))> 5(0 —e(x,t) x5 (n—p(x1)).

(3.27)

In this equation, ¢ denotes the Dirac delta function, and v, 1, @ and 1) are the velocity vector,
the scalar array, the sensible internal energy and pressure in the sample space. The term ¢
is the “fine-grained” density.472% Equation (3.26) defines the EPVS-FMDF as the spatially
filtered value of the fine-grained density. With the condition of a positive filter kernel,® Pj
has all of the properties of a mass density function (MDF).4? For further developments it is

useful to define the “conditional filtered value” of the variable Q(x,t) as

<Q(x, ) ‘ u(x,t) = v, d(x,t) = P, e(x,t) = 0, p(x, t) = ’7>é = <Q | v.1,60.1 > _

L

J23 P )¢ (v, 4, 8, ms u(xX 1), p(x, 1), e(x, 1), p(x', 1)) G(X' —x)dx’

2
PL (v7¢707n7x7t) (3 8)
Equation (3.28)) implies the following:
1. for Q(x,t) =
<Q(X, t) ‘ v, 1,0, n>z =c, (3.29)
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2. for Q(x,t) = Q(u(x,1), p(x, ), e(x,t), p(x, 1))
(Qx.t)|v..0.m) = Qv,%.0.m) (3.30)
3. Integral properties:

“+oo “+oo
xo@x )= [ [ (@bt |vw.6.m) Pulv..6.mx tydvdyiddn
(3.31)

From Eqs. (3:29), (330, (3:37)) it follows that the filtered value of any function of the velocity

and/or scalar variables is obtained by its integration over the sample spaces:

+o0o +oo
(o, 1)), (Q(x. 1)), = / Q. 0.m P, . 0.m xs o0, (332

To develop the EPVS-FMDEF transport equation, we consider the time derivative of the
fine-grained density function Eq. (B:21)

0 (Oug OC 96 OC  DedC  Opoc
a (at dur ot 0, oto0 o an)‘ (3:33)
Substituting Egs. (3.1D)-BId)-BId), into Eq. (333) we obtain
% N Ipu;C _ op B Otk \ OC N aJEN ¢
ot 01']- 01']- al’k a’Uj 01']- 87,/)a
Ou, 0q; du; \ OC
+ (7/)196—% + (v l)paxi (v 1)[)7238—%) o
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Integration of this equation according to Eq. ([B.20), while employing Eq. ([3.28) results in

aPL aijL 0 1
R — = P
ot * 825']‘ 8'1]2‘ (<p |U7’l/)’07n>z L)
%, 0 ?7> P )
l

(ol
o (G [ow0m) 1)

o

0
ov;

p Ox;

0 1
© o (G [rwen) )
0 ou;
- 8_(<1%u o.0.0) 1)
P ¢

- (7_1)%<<Tija—xj U>¢,9>77>£PL)

0 Ou,
+ g <<p8% 0,4, 0 n>€PL) . (3.35)

This is an exact EPVS-FMDF transport equation in which the effect of convection appears

in a closed form. The conditional terms at the right hand side are unclosed.
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Using the decompositions:

(G lowom) b= etms [(C5 ovom) -5
(G lvvon) no = oogim [(C52 | vwan) - 52| p
(S5 owon) r = rgtne |(35E [pwon) -5 | m
(G [ovom) 2 = grghm |(Sk [owom) - it | m
(Grome [wan) v = gongilin e (St owom) - o5 p
(o vvom) P = g S gers (5 o.w.0m) = (o 2t | P
<§j v,w,e,n>ZPL _ ngL+K§—§ ,z/),e,n>£—§i]&
<Tijg—z v,¢,0,n>zPL - %Zjag;’jLPL+{<f,-j§Z v,¢,9,n>£—ﬁja§2ﬂ P
(g vwom) P = 0 ZG2ep (952 [vwoin) — ), S
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the exact EPVS-FMDF transport equation becomes:

or,

ot

8'ijL

833']‘

L o), 0P, 1 0% 0P, 1 a.Je op, L1 oG0P,
(o) Oxi Ovi  (p), Ox; Qv; ~ (p), Ox; O,  (p), Ox; OO

7y O{uj)y 0Py (), O (v} 0Py 9g; 0Py,

(o), Ox; 00 ' (p), 0x; 08 0=V 5 oy

go |(Go [ow0m) — -0 )

o (Galowon) ~5e) 7]

2 (2 o) - 12 )

o (o fow.om) - 50 m)
(%<<%T”§—;: v,¢,0,77>£ ﬁTZ]aéZ?L) L}
o (oo [wom) — w52 v

(3.36)
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3.3 MODELED EPVS-FMDF TRANSPORT EQUATION

For closure of the EPVS-FMDF transport equation, we consider the general diffusion pro-

cess,® given by the system of stochastic differential equations (SDEs):

_ X¢ ¢
dX;"(t) = Ddt+ BYdW;X(t) + F;UVdW (t) + F; *dW?(t)

)

+ FRPAWE(t) + FfPaw ] (1), (3.37a)

AU (t) = Didt+ BidW[ () + FJXdW; () + F;*dW; (t)
UE E UP P
+ B TAWE() + F T dWE(R), (3.37b)

doi(t) = D2dt+ BLdW(t)+ FSXaw¥ (1) + F2Vaw? (t)

«

+ Fo dWE(t) + Fo dw] (1), (3.37¢)

_ E E E EX X EU U
dET(t) = DPdt+ BydW;(t) + FydW: (t) + 72 dW; (t)
E¢ ¢ EP P
+ FAW(t) + FT AW (t), (3.37d)

dP*(t) = DVdt+ Bl dW](t)+ F XdWX(t) + FVdW/ (t)
P¢ ¢ PE E
+ FCAWI(t) + FPPAWE(t). (3.37¢)

where X7, Ut ¢F, ET | P' are probabilistic representations of position, velocity vec-
tor, scalars, pressure and energy variables. The coefficients in Eq. (837) can be also a
function of position, velocity vector, scalar, pressure and energy variables as well. The
D(X*+, U, ¢t E*, PT;t) terms denote drift coefficient, the B(X*, U, ¢, E*, P*:¢) terms
denote diffusion, the F'(X*, U*, ¢*, E*, PT;t) terms denote diffusion couplings, and the W

terms denote the Wiener-Lévy processes. 3226
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Following Refs. 5520222 we utilize the simplified Langevin model (SLM) and linear

mean-square estimation (LMSE).™ In order to model the internal energy and the pressure,

following Refs. 7576

ideal gas with constant specific heats):

24

we utilize the first law of thermodynamics and equation of state (for an

dX; = Urdt+ dw;, (3.38)
<p>g
1 9(p) 2 0 0 (u;) )
AU = — Ldt + ———— L) dt
Whe 0w {py, 00, \" 0
19 a<uj>L) 21 9 ( a<uj>L)
+ dt — = — “ L) gt
(p), 01 (“ O, 3(p), 0z; \"' "0z
21 0 (wi)
b Gy (UF — (), ) dt+  [CorsmdW! + | 222 L qW;, 3.38h
T T S P (3:350)
dof = —Cow (¢F — (Ba),) dt, (3.38¢)
Cew 1 (e 70 (u) v—1 B?
dET = (—— ET — (e +—<—+—j f)+ E*(A—— dt
y E ) o O 2l gl
+ VT_lE+Bde, (3.38d)
APt = P (Adt+ BdW,) (3.38¢)
where
Y 13
o = gy~ (3+300)
ko= o7 (ui,w),
k‘3/2
= 06—7
€ <p>f AL
1 €
w = —-,
<P>zk5
_ 9 (wi) 8<<u2>L>L2
Iy = Cq <<<p>g oz >42 <<p>g>gl oz )
 Cw oy 1 [ € 1, 0(u); g N 0 (ug)
A = B+ (E <6>L) + E+ <p+ + p+7'2] 8:6j fYTZ (p,p) ( <p>f) v 8:6@-
1 0q; 0 0
I S S G i y (e)r 7
v —1ptE+ \Oz; Oz ox;
B = 0. (3.39)

45



Here w is the SGS mixing frequency, € is the dissipation rate, k is the SGS kinetic energy,
and Ay is the LES filter size. The parameters Cy, Cy, C., C. and Cyy are model constants
and need to be specified.277 In this equations, A and B are the drift and diffusion coef-
ficients for the energy and the pressure stochastic equations, respectively. The dissipation

78

term € and the pressure dilatation term II; are modeled.2”7” The Fokker-Planck equation,™

Fr(v,%,0,m,x;t), the joint PDF of UT, ¢*, ET, PT and X7 is:

ot ox;  {p), Oz Ov;  {p), Oz, a 0z; dv;  (p), O0x; a ox; ov;
L2109 M3<Uj>L OF,  0(Gij (v — (u;),) F1) L9 ua(FL/ (p)0)
3 <p>£ 8:61 8:@ 8vi 8vi 81’2 81’2
N 0 [ 2p 0(uj); OF, L O (ug), 0 (u;), 0*Fy +1 e PR
Ox; \(p), Ox; Ov, (p)y Ox;  Ox; Ovlv; 2 0<p>€ 0v;0v;
0 ((¢a - <¢a>L) FL)
+ C’¢w 8@%
L Cwd(0— () Fy)

y 00

o=l , 0w\ 9 (0
v (€+T” dx; ) 90 nFL

~ 90 2 90 on

N 1(y—1)°0*(6°B*F) y—10*(6nB*F) | 10° (n*B*FL)
2 42 0000 v 000n 2 Onon

(3.40)
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The transport equations for the first order moments are obtained by integration of Eq. (3.40])
according to Eq. (B.31):

0 <P>§t<UZ>L 4 d(p), %ZiL (ui) g _ _88%36 g:j _9 <p>€g;iui7uj)’ (3.41b)
Ople), O lu)led, 06 94p)eTele )
ot Oz Oz, Oz,
boern, 2 gy, 2 (g
(p)y(Da)y | O(P)e(us)p (Pa)p d 9 (o)1 () T1(Pas 1)
TS - o, (‘“ oz, ) - or,
(3.41d)

Assuming p = pI'; i.e. unity Schmidt (Sc¢) numbers, the set of Eqs. (8:41)) are identical to

Eq. 3.
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The transport equations for the second order correlations are obtained by integration of Eq.
([B40]) according to Eq. (831]). The second order modeled correlations for velocity and scalar

variables are governed by:

9 (p), 7L (up, wi, uj)

9 (p), 1 (i, uy) N 9 (p)y (ur)p, 7o (ui, uy)
al’k

ot ox k

= PPy -

+ Gir () 7o (ug, ui) + Gig (p), 1 (U, uj)

0 ot (ug, uy)
+ 5 <u D + Cyedyy, (3.42)

0(p)e T (9 b5) | Op)y (k) Tr (Do b5)  _ (o), PO —

ot ox k

0 </0>£ TL (uk> ¢a, ¢B)
al’k

d <¢a>L 9 <¢5>L
8:@ 8xk

+ 2

a a )
Oxy, (M - (g;k ¢5)) ™26 1L (G 95)

(3.43)

0p)e e (ir $a) | 0Py (k) 71 (i Ga) (o), P*

81& 81’ k

9{p)e 1o (ur, ui, )
8LL’k

9 (Ot (ui, o)
al’k H 8:):k

+ G (p)y 7L (Uky Pa) — Cow (), 7L (Ui, Do) -
(3.44)
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By integration of Eq. (8:40]) according to Eq. ([8:31]), the second order modeled velocity-energy

correlations are governed by:

d </)>z 7L (U4, €) i 9 (P)e (W)L 7L (U4, €) d <P>z 71, (g, wi, €)

ot Dy = b - D
0 oty (ug, €)
+ 8:):k <’u 8:):k )

+ G (p), 71 (ug, €) — Cew (p), 71, (i, €)

e (owi) + 7 (P pywi) I,

7 (p, p)

b= () (e 7 2 )

~ (b= ) (5 + 5 (n55t) ).

(3.45)

In Eq. (B:43]), the subgrid terms without the subscripts are defined as:
T (p,u;) = <puz‘>z - <p>£ (Ui>L, (3.46a)
() = (PPui), — 2,7 (p,ws) — (w), 7 (p,p) — (P)7 (ui) - (3.46b)
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By integration of Eq. (8.40) according to Eq. ([B.31]), the second order modeled energy cor-

relations are governed by:

M) 52 | Dl S e LOAP) T ()
8t 8LL’k ¢ 2 8LL’k
. P 8TL(26,6)
8:):k a al’k
d{e), 9{e),
o ox, Oxy,

— Cew(p), 7L (e;€)

0 (ug)

— (=D () (ere)

~ ApyT(pe) +7 (0P, e)Hd

Te (pap)

b (o) (e 7,2

~ (b= @) (G4 o (122)) .

In Eq. (B:47), the subgrid terms without the subscripts are defined as:

T(pe) = (pe), = Phele)s, (3.48a)

T(ppe) = (pPe),—2(p),7(p,e) — (e), 7e(p,p) — ()] (€} - (3.48b)
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By integration of Eq. ([8.40) according to Eq. ([B.3]), the second order modeled pressure

correlations are governed by:

872(5,17) 872(5,17) 107 (p D Uk)
I " S — pp . —— MO TR
ot +{us) Oz P 2 oxy, 7 p)e I
o), 0 [ omin
— 7 (p,p) o, + o, (“7&@
d(p), 9(p)L
T dx; Ox;

— (v=1)Cew (p), L (D)

2y — 17 (p,p,p)

- 2 Te (pap) Hd
1 (1), (), \ 9{p),
B 5 (>\ 8l’j B (27 B 1) Hev 825']‘ ) al’j

4—%é%{@h(ﬁﬁzL—@v—nu%ig?)+MQ%%?Q}

(3.49)

In Eq. (8:49), the subgrid terms without the subscripts are defined as:

T(pouk) = (pur), — (), (we)y (3.50a)

T(ppyue) = (PPur), —2(p), 7 (pur) — (ur), 7 (p,p) — ()7 (u)p . (3.50D)

Assuming pc, = A; i.e. Prandtl (Pr) number equal to «y, the transport equation for the
second order modeled energy correlations, Eq. (B.47]), modeled energy-velocity correlations,

Eq. (843), and pressure correlations, Eq. ([8.49), will be good approximations to their exact

counterparts, Eq. (320), Eq. 317) and Eq. (323).
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3.4 NUMERICAL PROCEDURE

Numerical solution of the modeled EPVS-FMDF transport equation is obtained by a hy-

S, 7980 ip

brid finite-difference/Monte Carlo procedure. The basis is similar to those in RA
previous FDF simulations?227 and in VS-FMDF simulations.2?® For simulations, the FDF is
represented by an ensemble of N, statistically identical Monte Carlo (MC) particles. Each
particle carries information pertaining to its position, X™ (), velocity, U™(t), scalar value,
o™ (t), n = 1,...,N,, energy, E™(t) and pressure, P (). This information is updated

via temporal integration of the SDEs. The simplest way of performing this integration is via

Euler-Maruyama discretization.®! For example, for Eq. (3.37al),

XM () = X[(t) + (DX ()" A+ (B (1)) (A2 (GF (1)
(B )" (A0 (P 0)" + (Fm) (a2 (¢fw)
T+ (FFE@)" (A0 (CF(10)" + (FEF(0))" (A0M2 (¢ (0)", (351)

J

where D;(t;) = Di(X™(t,), U™ (t,), 6™ (tx), E™ (t:), P™ (1) tr), ..., and ((t)’s are in-
dependent standardized Gaussian random variables. This scheme preserves the [to-Gikhman
character of the SDEs.82

The computational domain is discretized on equally spaced finite-difference grid points.
These points are used for three purposes: (1) to identify the regions where the statistical
information from the MC simulations are obtained and (2) to perform a set of complemen-
tary LES primarily by the finite-difference methodology for assessing the consistency and
convergence of the MC results. The LES procedure via the finite-difference discretization is
referred to as LES-FD and will be further discussed below.

Statistical information is obtained by considering an ensemble of Ng computational par-
ticles residing within an ensemble domain of characteristic length Ag centered around each
of the finite-difference grid points. This is illustrated schematically in Fig. (I4]). For reliable

statistics with minimal numerical dispersion, it is desired to minimize the size of ensemble
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domain and maximize the number of the MC particles.#’ In this way, the ensemble statistics

would tend to the desired filtered values:

1 n
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(3.52)

where a(™ denotes the information carried by n'* MC particle pertaining to transport variable
a. To reduce the computational cost, a procedure involving the use of non-uniform weights?
is also considered. This procedure allows a smaller number of particles in regions where a low
degree of variability is expected. Conversely, in regions of high variability, a large number
of particles is allowed. It has been shown®4? that the sum of weights within the ensemble
domain is related to filtered fluid density as

Am (n)

(p), =~ 7 w'™, (3.53)

neAp
where Vg is the volume of ensemble domain and Am is the mass of particle with unit weight.
The Favre-filtered value of a transport quantity Q(wv, @) is constructed from the weighted

average as

Pnea, wMQ@M, M)
2nea, W '

With uniform weights, 4’ the particle number density decreases significantly in regions of low

(O (3.54)

density such as reaction zone. The implementation of variable weight allows the increase in
particle density without increasing the particle number density in these regions.

The LES-FD solver is based on the forth order finite-difference scheme.® This is a variant
of the MacCormack scheme in which fourth-order differencing schemes are used to approx-
imate the spatial derivatives, and second-order symmetric predictor-corrector sequence is
employed for time discretization. All of the finite-difference operations are conducted on
fixed grid points. The transfer of information from the grid points to the MC particles is
accomplished via a linear interpolation. The transfer of information from the particles to

the grid points is accomplished via ensemble averaging as described above.
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The transport equations to be solved by the LES-FD solver include unclosed second
order moments which are obtained from the MC solver. The LES-FD also determines the
filtered velocity, scalar fields, density and energy field. That is, there is a “redundancy” in
the determination of the first filtered moments as both the LES-FD and the MC procedures
provides the solution of this field. This redundancy is actually very useful in monitoring the

accuracy of the simulated results.2:2779:80

3.5 FLOW CONFIGURATION AND SIMULATION PARAMETERS

Simulations are conducted of a three-dimensional temporally developing mixing layer in-
volving transport of a passive scalar variable. These simulations are used to assess the
consistency and the overall capabilities of the EPVS-FMDF methodology. The predictions
are compared with data obtained by direct numerical simulation (DNS) of the same layer. In
the representation below, x, y and 2z denote the streamwise, the cross-stream, and the span-
wise directions, respectively. The velocity components along these directions are denoted by
u, v and w in the x, y and z directions, respectively. The temporal mixing layer consists
of two parallel streams traveling in opposite directions with the same speed.®3 2 Both the
filtered streamwise velocity, scalar fields are initialized with a hyperbolic tangent profiles
with (u), =1, (¢); = 1, on the top stream and (u); = —1, (¢); = 0 on the bottom stream.
The density and temperature fields are initially uniform (p), = 1, (I'); = 1. The length
L, is specified such that L, = 2V7)\,, where Np is the desired number of successive vortex
pairings and )\, is the wavelength of the most unstable mode corresponding to the mean
streamwise velocity profile imposed at the initial time. The flow variables are normalized
8u(1=0) (6, = AU

— 22 where
2 |a<“>L/ay‘maw ’

(u); is the Reynolds-averaged value of the filtered streamwise velocity and AU is the veloc-

with respect to the half initial vorticity thickness, L, =

ity difference across the layer). The reference velocity is U, = AU/2. In these simulations,

the Reynolds number is Re = % = 50 and the Mach number is Ma = \/VUI;—TT = 0.6.

The temporal simulations are conducted for a cubic box, 0 <z < L, _TL <y< %, 0<

z < L where L = L,/L,. The 3D field is parameterized in a procedure somewhat similar to
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1.85 The formation of the large scale structures are expedited through

that by Vreman et a
eigenfunction based initial perturbations.87:88 This includes two-dimensional®4:8¢:82 and three-
dimensional 222 perturbations with a random phase shift between the 3D modes. This results
in the formation of two successive vortex pairings and strong three-dimensionality.
Simulations are conducted on equally-spaced grid points. The temporal simulations,
have grid spacings Az = Ay = Az = A with the number of grid points 1933 and 653 for
DNS and LES, respectively. To filter the DNS data, a top-hat function of the form below is

used with A;, =2 A,

(3.55)

No attempt is made to investigate the sensitivity of the results to the filter function3! or the
size of the filter, 2193

A hyperbolic tangent profile is utilized to assign the velocity, scalar and uniform temper-
ature and density profiles initially. The temporal simulations are conducted with periodic
boundary conditions in homogeneous directions (x and z) and zero-derivative boundary
condition in cross-stream direction. All simulations are performed with variable particle
weights.® In temporal simulations, the MC particles are initially distributed throughout the
computational region in a random fashion. Due to flow periodicity in the streamwise and
spanwise directions, if the particle leaves the domain at one of these boundaries, new par-
ticles are introduced at the other boundary with the same velocity, compositional, energy
and pressure values. In the cross-stream directions, the free-slip boundary condition is satis-
fied by the mirror-reflection of the particles leaving through these boundaries. The particle
weights are set according to filtered fluid density at the initial time. The number of particles
per grid point is NPG = 64 (Ng = 64) and the ensemble domain size (Ag) is set equal to
the grid spacing in each (x, y or z) direction. The effects of both of these parameters are
assessed in the previous works. 422728 All results are analyzed both “instantaneously” and

“statistically.” In the former, the instantaneous scatter plots of the variables of interest are
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analyzed. In the latter, the “Reynolds-averaged” statistics constructed from the instanta-
neous data are considered. These are constructed by spatial averaging over homogeneous
directions (z and z). All Reynolds-averaged results are denoted by an overbar.

No attempt is made to determine the appropriate values of the model constants; the
values suggested in the literature are adopted®* Cy = 2.1, C. = 1, C;, = 1, C. = 1 and
Cri = 0.0. The model parameters are the same as those suggested by Sheikhi et al.2® No
attempt is made to optimize the values of these parameters. The values of Sc = 1 and

Pr = 1.4 are set accordingly.

3.6 RESULTS

The first objective of this section is to demonstrate the consistency of the EPVS-FMDF
formulation. Since the accuracy of the LES-FD procedure is well-established (at least for
the first order filtered quantities), such a comparative assessment provides a good means
of assessing the performance of the MC solution. Consistency assessments are obtained by
presenting the scatter plots of instantaneous results obtained from LES-FD and MC. The
consistency assessment for flow variables at ¢ = 80 is presented in Fig. (I3). As shown, the

MC density

(3.56)
ZHEAE w(n)

is in good agreement with the filtered density obtained from LES-FD. The consistency is

(MM = (EneAE w (1/p<n>)>‘1

observed for all first order moments; the regression and the 45° lines almost coincide.

The second objective of this section is to analyze some of the characteristics of the
EPVS-FMDF via comparative assessments against DNS data. Figure (I6]) shows the in-
stantaneous iso-surface of the scalar field ((¢),) obtained by EPVS-FMDF at ¢t = 80. By
this time, the flow is going through pairings and exhibits strong 3D effects. This is evident
by the formation of large scale spanwise rollers with the presence of secondary structures

in streamwise planes.8’For comparison, the DNS data are filtered from the original high
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resolution 193® points to the coarse 65° points. The Reynolds-averaged values of the fil-
tered first order moments at ¢ = 80 are shown in Fig. (I7). In the comparisons, we also
consider the “resolved” and the “total” components of the Reynolds-averaged moments.
The former is denoted by R(a,b) = = (W - m); and the latter is

(P (P
r(a,b) = ab — ab; in which overbar indicates the Reynolds averaging operation and overtilde

is the Favre Reynolds averaging operation; This operation is denoted by a = % = o In
DNS, the “total” components are directly available, while in LES they are approximated
by r(a,b) ~ R(a,b) + 7f(a,b), in which 7 (a,b) = @?Tpi%ia’b).% Several components of the
Reynolds-averaged values of the second order moments of the resolved, subgrid and the total

field are compared with DNS data in Figs. (I8)-(25). As it is shown, EPVS-FMDF yields
accurate predictions of the resolved, the SGS and the total fields.

All EPVS-FMDF predictions compare well with DNS data in predicting the spread of
the layer as indicated in Figs. (26) and ([27). Figure (26]) shows the temporal variations of

the “scalar thickness,”

34(t) = |y((8), = 0.9)| + |y((¢),, = 0.1)], (3.57)

and the “momentum thickness,” 28

1 oo — </0>z <u1>L <P>g <u1>L
dult) = 7 /_Oo o, (1 _ T) (1 + T) dy. (3.58)

Figure (27) shows the temporal variations of the “total resolved kinetic energy,” %’

400 1
Bi(t)= [ 500 tuy (), dx (359)
and the “production rate of the SGS kinetic energy,” %
+o0 a w;
Py(t) = / —(p) T (ui, uj) éx?LdX. (3.60)
—00 7
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3.7 SUMMARY

The filtered density function (FDF) methodology has proven very effective for large eddy
simulation (LES) of turbulent reactive flows.2¢ All previous contributions in FDF are concen-
trated on LES of low-speed flows. The objective of the work in this chapter is to develop the
joint energy-pressure-velocity-scalar filtered mass density function (EPVS-FMDF) method-
ology for LES of high-speed turbulent flows. The exact transport equation governing the
evolution of the EPVS-FMDF is derived. It is shown that the effect of subgrid scale (SGS)
convection appears in a closed form. The unclosed terms are modeled in a fashion similar
to that in probability density function (PDF) methods. The capability of the EPVS-FMDF
is demonstrated by conducting LES of a temporally developing mixing layer. The prelim-
inary comparisons with DNS data are encouraging. Work is in progress on fine-tuning of
the EPVS-FMDF sub-closures and applying the methodology for LES of a wider class of
high-speed flows.
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4.0 CONCLUSIONS

Since its original conception,?2 the filtered density function (FDF) has become very pop-
ular for large eddy simulation (LES) of turbulent combustion. In its stand-alone form,
the FDF must account for the joint statistics of all of the relevant physical variables. The
most sophisticated FDF closure available prior to this work was the frequency-velocity-scalar
FMDF (FVS-FMDF),® and a simpler version (VS-FMDF) which does not include the SGS
frequency.128 Hydrodynamic closure in incompressible, non-reacting flows has been success-
fully achieved via the velocity-FDF (V-FDF),2” and the one which has been utilized the most
only considers the scalar field (S-FDF and S-FMDF). This is the most elementary form of
FDF when it was first introduced,??2 and has experienced widespread usage. Some of the sub-

sequent contributions in FDF are in its basic implementation,?-812 16.18-20,22-25,39,40,71,99-103

10,104,105 14,106-110

fine-tuning of its sub-closures, and its validation via laboratory experiments. =222
See Ref.28 for a recent review of the state of progress in FDF.

The objective of the first part of this dissertation is to employ the VS-FMDF for LES of
Sandia Flame-D. It is shown that the model performs well in predicting some of the phenom-
ena pertaining to this experiment. Most of the overall flow statistics, including the mean
field, the resolved and total second order moments are in good agreements with the data.
To simulate high speed turbulent flows, development of the joint “energy-pressure-velocity-
scalar filtered mass density function” (EPVS-FMDF) is the objective of the second part of
this dissertation. The consistency and accuracy of EPVS-FMDF transport are assessed via
LES of a temporally developing mixing layers involving the transport of a passive scalar.
This assessment is made by comparing the moments obtained from the Monte Carlo (MC)

solver with those obtained by solving the corresponding transport equations directly by a

finite-difference method (LES-FD) method. The LES-FD equations are closed by including
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the moments from the MC solver. The FDF predictions are compared with direct numerical
simulation (DNS) data of the same flow. It is shown that the FDF performs well in pre-
dicting some of the phenomena pertaining to the SGS transport. Most of the overall flow
statistics, including the mean field, the resolved and the total second order moments are in

good agreements with DNS data.

Some suggestions for possible future work are:

e Extension of the VS-FMDF for simulation of complex turbulent reacting flows with finite

rate chemistry.

e Application of the VS-FMDF for LES of flows with complex geometrical configurations.

e Inclusion of the differential diffusion in EPVS-FMDF formulation.

e Application of the EPVS-FMDF for LES of complex turbulent reacting flows, including

those with strong shocks.
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