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AN IRREGULARLY PORTIONED FDF SOLVER FOR TURBULENT FLOW
SIMULATION

Patrick H. Pisciuneri, PhD

University of Pittsburgh, 2013

A new computational methodology is developed for large eddy simulation (LES) with the
filtered density function (FDF) formulation of turbulent reacting flows. This methodology
is termed the “irregularly portioned Lagrangian Monte Carlo finite difference” (IPLMCFD).
It takes advantage of modern parallel platforms and mitigates the computational cost of
LES/FDF significantly. The embedded algorithm addresses the load balancing issue by
decomposing the computational domain into a series of irregularly shaped and sized subdo-
mains. The resulting algorithm scales to thousands of processors with an excellent efficiency.
Thus it is well suited for LES of reacting flows in large computational domains and under
complex chemical kinetics. The efficiency of the IPLMCFD; and the realizability, consistency
and the predictive capability of FDF are demonstrated by LES of several turbulent flames.
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1.0 INTRODUCTION

The filtered density function (FDF) methodology [1] has proven to be very effective in the
subgrid scale (SGS) modeling required for large eddy simulation (LES) of turbulent reacting
flows. This methodology was first introduced by Givi [2] and then formally defined by Pope
[3]. It is basically the counterpart to the probability density function (PDF) approach used in
Reynolds averaged Navier-Stokes (RANS) simulations. The LES/FDF methodology is suited
for the treatment of large-scale, unsteady phenomena. Thus, when compared to RANS, it

provides a more detailed and reliable prediction of turbulent reacting flows [4].

The FDF has evolved extensively since its original conception. Colucci et al. [5] devel-
oped and solved the transport equation for the marginal scalar FDF (SFDF) suitable for
constant density flows. The variable density formulation of the SFDF was developed by
Jaberi et al. [6], and it is known as the scalar filtered mass density function (SEFMDF).
The marginal velocity FDF (VFDF) was developed by Gicquel et al. [7]. Joint velocity-
scalar approaches have been developed for constant density (VSFDF) and variable density
(VSFMDF) flows by Sheikhi et al. [8, 9]. The current state of the art for LES of low-speed
flows is the frequency-velocity-scalar filtered mass density function (FVS-FMDF) and is due
to Sheikhi et al. [10]. The most systematic means of LES of high-speed flows is via the
energy-pressure-velocity-scalar filtered mass density function (EPVS-FMDF) and is due to
Nik [11, 12].

Despite its popularity, a major challenge still associated with the LES/FDF methodology
is its computational cost. This cost is exacerbated by the complexity of the chemical kinetics.
For moderately sized geometries with even reduced finite-rate kinetics simulations can take

on the order of a few years [13].



1.1 SGS CLOSURE IN TURBULENT COMBUSTION

The filtering operation in LES results in the subgrid scale (SGS) closure problem [2, 14].
This problem, particularly in regards to the chemical source term, has been the subject of
broad investigation, resulting in a variety of approaches [1, 15-20]. Typically, most models

are based on those which have shown success in RANS.

Combustion modes are often split into two categories [21]: nonpremixed and premixed.
It is helpful to differentiate between these two regimes as some of the models are for one
particular regime or the other. In nonpremixed combustion, the fuel and air streams are
introduced separately. Combustion occurs after the onset of mixing by molecular diffusion.
Thus, sometimes the label “diffusion flame” is adopted for this mode. Premixed flames
provide a mixture of fuel and oxidizer prior to entry into the combustor. They offer the
advantage of greater control over the reacting mixture. However, greater care is required in

the design of premixed combustors, as the mixture is volatile.

These two regimes are not entirely separate, as in most cases, the mode is via partially
premixed combustion. An example is a lifted flame. In such flames, fuel and air are separately
inserted into the combustor, as in the nonpremixed case. However, under suitable conditions
[22] if the flame is lifted from the burner, mixing of the fuel and air occurs before combustion,

as in the premixed case.

A survey of combustion literature reveals significant progress in LES of reacting turbulent
flows. It appears that Schumann [23] was one of the first to conduct LES of a reacting flow.
However, the assumption made in this work to simply neglect the contribution of SGS scalar
fluctuations to the filtered reaction rate is debatable. The importance of such fluctuations
has been long recognized in RANS in both combustion [24] and chemical engineering [25, 26].
To account for such fluctuations, significant progress has been made within the past 25 years.
In the next two sections, a review is made of some of the more widely used closures in both

combustion regimes.



1.2 SGS CLOSURES IN NONPREMIXED FLAMES

The obvious extension of Schumann’s method is to develop and solve transport equations
for the SGS higher order moments [27, 28]. These methods are not very powerful as the
number of moments to be considered does not converge. This is similar to the classical
closure problem in turbulence [29-31]. One remedy for this problem is to use PDF methods.
These methods go back to the pioneering work of Toor [32] and have been widely used in
RANS [2, 3, 33-37]. This approach offers the advantage that all the statistical information
pertaining to the scalar field is embedded within the PDF. Therefore, once the PDF is known

the effects of scalar fluctuations are easily determined.

A systematic approach for determining the SGS-PDF is by means of solving the transport
equation governing its evolution [38, 39]. In this equation the effects of chemical reactions
appear in a closed form. However, modeling is needed to account for transport of the
PDF in the domain of the random variables. This transport describes the role of molecular
action on the evolution of PDF. In addition, there is an extra dimensionality associated
with the composition domain which must be treated. These problems have constituted
a stumbling block in utilizing PDF methods in practical applications. Developments of
turbulence closures and numerical schemes which can effectively deal with these predicaments

have been the subject of broad investigations within the past two decades.

An alternative approach in PDF modeling is based on assumed methods. In these meth-
ods the PDF is not determined by solving a transport equation. Rather, its shape is assumed
a priori usually in terms of the low order moments of the random variable(s). Obviously,
this method is ad hoc but it offers more flexibility than the first approach. This approach is
pioneered by Madnia et al. [27, 40].

The assumed PDF method is typically used in conjunction with the “infinitely fast”
and/or chemical equilibrium model. With this model, it is possible to relate the thermo-
chemical variables to the mixture fraction (£). This is a “conserved” scalar variable, thus
there is no closure problem associated with its chemical source term. When chemistry is

assumed to be single-step and irreversible, the resulting “Burke-Schumann” flame structure



[41-44)] is easily described: When & < &

Yp=0, Yp=Y) (1-&), (1.1)
T =Ty + (1 - §)T5 + AQYRE, (1.2)
and when £ > £
Yr = Y;f — gz Yo =0, (1.3)
1-<

T =¢&Tp+(1-9T5 + AQYpéy (1.4)

1—&'
where &, is the stoichiometric mixture fraction, Yz and Y, are the fuel and oxidizer mass
fractions and 7T is the temperature. Additionally, Y2 and T2 are the fuel mass fraction and
temperature in the fuel stream, Y3 and T3 are the oxidizer mass fraction and temperature in
the oxidizer stream, and A(Q is the heat release parameter. Therefore, with this assumption
there is no fuel present when the mixture fraction is less than stoichiometric and no oxidizer
when the mixture fraction is greater than stoichiometric. At the stoichiometric mixture
fraction fuel and oxidizer are both zero and the mixture is entirely composed of products.
When some non-equilibrium effects are present, the flamelet approach is more appropri-
ate. In this case, all the thermochemical variables are parameterized in terms of the mixture
fraction and its rate of dissipation (x). A laminar diffusion flamelet is defined as the region
in the vicinity of the stoichiometric mixture fraction surface when the mixture fraction has
a high gradient. This concept was developed into a combustion model by Peters [45]. The

resulting flamelet equations are [44]:

op 1 0% .
rn pra_é-g—i_wfba (1.5)

where ¢ indicates a reactive scalar variable, p the density and w, the chemical source term.
The mixture fraction dissipation (strain) rate is given by:

_ ¢ 9¢
Yy =2D <8xi aﬂ) , (1.6)

where D is the diffusion coefficient and z; (i = 1,2,3) and t represent space and time,

respectively. Equation (1.5) comprises the unsteady flamelet equation. It can be solved



numerically over the entire mixture fraction space with the use of proper chemical kinetics
models, and the results stored in a table. Then coupling the thermochemistry with hydrody-
namics involves looking up the tabulated composition based on the mixture fraction. When
the time dependent term in Eq. (1.5) is ignored, it yields the steady flamelet model. The

flamelet approach coupled with PDF methods has experienced some success [46-54].

Another methodology coupled with assumed PDF is the conditional moment closure
(CMC). This closure is originally due to Klimenko [55] and Bilger [56] and considers the
conditional averages of the thermodynamic variables. The resulting equations feature the
reaction source term conditioned on the mixture fraction. Typically, this term is approxi-
mated by using the mean conditional mass fractions and conditional temperature. This is
referred to as first-order CMC, as the higher order conditional moments are neglected. The

CMC approach has shown some progress for LES [57-65].

A somewhat similar and newer approach is that of multiple mapping conditioning (MMC).
This method is developed by Klimenko and Pope [66] and unifies the CMC and PDF ap-
proaches. In the MMC method, the governing equations are conditioned on a subset of
reference variables, V,,, where 1 < N,, < N, and N, is the number of species describing the
thermochemistry, which can be extended to include quantities such as the mixture fraction
and the scalar dissipation. The composition is then represented by the joint PDF of the
reference variables, and the means of the remaining species conditioned on the reference
variables, for which a transport equation is constructed. The benefit is that it is not neces-
sary to construct a joint PDF of dimension N, which can be expensive. Also, a well chosen

set of reference variables should yield better result than the traditional CMC methods.

Most of the previous work based on these models make the assumption of a [-density
for the SGS-PDF of the mixture fraction. This requires knowledge of the first two moments
of the mixture fraction [27, 67]. The f-density coupled with the assumption of flame sheet
model has been applied for LES of a variety of turbulent flames [40, 68]. It has also been
coupled with the flamelet assumption [50, 69]. An obvious drawback of the approach is that
the assumed shape of the PDF is only valid for a conserved scalar, such as the mixture
fraction [70]. Also, the mixture fraction coupled with the steady flamelet assumption cannot

account for unsteady flame dynamics, such as ignition and extinction. Pierce and Moin



[71] have developed and demonstrated a combined flamelet/progress variable approach to
capture unsteady phenomena. This methodology has been applied for the LES of gas turbine
combustors [72, 73].

The linear-eddy model (LEM) is a one-dimensional mixing and reacting closure originally
due to Kerstein [74-78]. Implementation for LES involves two steps. The first is a turbulent
stirring mechanism, modeled by a rearrangement of the scalar field according to the triplet
map. This represents the effect of turbulent mixing on the SGS due to a vortex of size [,
with n < | < A, where 7 is the Kolmogorov length scale and A the LES filter size. The
second step is the solution of a one-dimensional unsteady diffusion-reaction equation:

OpYe O .\ .
at ax (p « 813 ) + wCM (6% ? 7 9 S ( 7)

where Y, is the mass fraction of species . In this context, one could consider complex
chemical kinetics for the evaluation of w, or the effects of differential diffusion (D, # D).
The LEM has been employed for the LES of many reacting flows [15, 79, 80]. The extension
of the method known as one-dimensional turbulence (ODT) [81-83] has also been used

extensively for LES [84-91].

1.3 SGS CLOSURES IN PREMIXED FLAMES

Premixed flames present a challenge for LES because the thickness of the flame is usually
smaller than the LES grid size [44]. Thus approaches are usually based on an artificially
thickened flame front, tracking the location of a flame front, or in the most simple case, by
ignoring this fact altogether. Some of the SGS closures which are used for LES of premixed
flames are discussed here.

The eddy-break-up model in RANS is a simple concept and ignores the flame thickness
problem [92, 93]. In this approach, the reaction rate is defined in terms of the progress
variable, typically a reduced temperature which ranges from zero in the fresh gases to one
in the fully burned gases, and a characteristic SGS time scale. An example of its usage for

LES is given by Fureby and Lofstrom [94].



Another popular methodology is the thickened flame model [95]. In this model, the idea
is to consider a flame with the same laminar flame speed as the actual flame, but is artificially
thickened in such a way that the combustion zone is resolvable by the computational grid. A
detailed discussion of this approach, and its application to LES are given in Refs. [96-102].

Alternatively to the thickened flame model, in the the G-equation model, the flame
thickness can be considered negligible. In this case, the flame front is associated with an
isosurface, G = Gy [44, 103]. A transport equation for the propagation of this surface is
solved. Values of G > G| represent fully burned gases and values of G < Gy represent
unburned gases [18]. Further details of this approach and application in the context of LES
are given in Refs. [104-109].

1.4 OBJECTIVE AND SCOPE

Most of the models presented for closure of the reaction source term in LES have a limited
range of applicability. For example, a priori assumptions about the speed of the chemistry
must be made, or at the very least hinted at by experimental data if it is available. When
the underlying assumptions are valid, the model may yield excellent predictions. But what if
there are no experimental data to validate the assumptions? What if the experiment becomes
replaced by the simulation? What if the most accurate means of prediction is required?

We feel that the transported PDF methodology provides the most optimum means of
LES of reacting flows. Since this original work, the FDF has experienced widespread usage,
and is now regarded as one of the most effective and popular means of LES worldwide. Some
of the most noticeable contributions in FDF by others are in its basic implementation [110—
124], fine-tuning of its sub-closures [125-127] and its validation via laboratory experiments
[114, 128-132]. For a review of the state of progress in FDF modeling we refer to [4]. For
a comprehensive understanding of the FDF, we refer serious readers to several previous
dissertations [12, 133-140].

The work presented in this dissertation describes the development of a robust LES/FDF

solution technique. The objective is to make FDF simulations for reacting flows practical



through the development of a highly scalable computational algorithm. The new computa-
tional methodology is implemented via the employment of the SFMDF and is assessed in
terms of its performance and overall capability.

Chapter 2 describes the new algorithm, its scalability and realizability, along with the
simulation results establishing its consistency and reliability. Chapter 3 provides conclusions
and some suggestions for future work. The materials in Chapter 2 is to be published in
SIAM J. Sci. Comput. [141]. Also, it has been presented at the last two APS-DFD meetings
[142, 143]. This dissertation has been an integral part of an invited ATAA lecture [144], and
an upcoming invited lead article [145]. Several elements of this dissertation contributed to

other publications by the author [146, 147].



2.0 IRREGULARLY PORTIONED FDF SIMULATOR

A new computational methodology, termed “irregularly portioned Lagrangian Monte Carlo
finite difference” (IPLMCFD), is developed for large eddy simulation (LES) of turbulent
combustion via the filtered density function (FDF). This is a hybrid methodology which
couples a Monte Carlo FDF simulator with a structured Eulerian finite difference LES solver.
The IPLMCFD is scalable to thousands of processors; thus is suited for simulation of complex
reactive flows. The scalability & consistency of the hybrid solver and the realizability &
reliability of the generated results are demonstrated via LES of several turbulent flames

under both nonpremixed and premixed conditions.

2.1 GOVERNING EQUATIONS

For low-speed compressible flows with chemical reaction, 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 total
specific enthalpy, h(x,t), and the species mass fractions, Y, (x,t) (o = 1,2,..., N,) where
N, is the number of species. The equations which govern the transport of these variables in
space (z;, i = 1,2,3) and time (¢) are the continuity, momentum, species mass conservation

and enthalpy equations, along with an equation of state:

@ opu;

=0, (2.1)

Opuj  Opuju;  Op  O7y
ot + 6@ N &ch + aZL'i7

(2.2)



ap¢a + apui¢a aJ

=—— =1,2,...,Ny,0 = 2.
at axl 8.%‘1 +pSa7 « ) J ) S?J h? ( 3)
Ns
p=pR,T> Y./M, = pRT, (2.4)
a=1

where R, and R are the universal and mixture gas constants respectively, and M, is the
molecular weight of species . Equation (2.3) presents species mass conservation and the

transport of enthalpy in a common form, with the composition, ¢(x,t), defined as:
Ga =Yy, a=1,2 ... Ny, 0o = h. (2.5)

The chemical source terms are functions of the composition variables only, S, = S,(¢). For
a Newtonian fluid with Fickian diffusion, the viscous stress tensor (7;;), and the mass and

heat flux (J) are given by:

ou; Ou; 2 _ Ouy
- _Zs. 2tk 9.
Ty = (8xj * Oz 3(5” &Uk) ’ (2.6)
« a‘ba
J& = —x D (2.7)

where p is the dynamic viscosity and v = pI' denotes the thermal and mass molecular
diffusivity coefficients. Large eddy simulation involves the spatial filtering operation [14, 148]:

—+00

Q1)) = Q' 1)G(x', x)dx’, (2.8)

—00

where G denotes a filter function of width Ag and (Q(x,t)), is the filtered value of the
transport variable, Q(x,t). For variable density flows, it is convenient to consider the Favre
filtered quantity, defined as (Q(x,t)); = (pQ),/ (p),. We consider a filter function that is
localized and spatially and temporally invariant, G(x’',x) = G(x’ — x), with the properties
G(x) = G(—x) and fj;o G(x)dx = 1. Moreover, only a “positive” filter function as defined
by Vreman et al. [149] is considered for which all of the moments fj;o ™G (z)dr = 1 exist
for m > 0. Applying the filtering operation to Eqs. (2.1 - 2.4):

a<p>e 8<p>£ <Uz>L

—0, (2.9)
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0{p)¢ (us),

Op)y (ui)p (us)y, _ 9p), N Nrig), 0Ty

ot + or; - oz, o oz, (2.10)

o)y (Da)y | Op)e i)y (o), 00, OMY
TR = om " a T P)elSa)r, (2.11)
(p)e = (P)e (RT) (2.12)

where T;; = (p), ((wiu;), — (wi), (u;),) and MY = (p), ((ui¢a), — (W), (¢a),) denote the
subgrid scale (SGS) stress and SGS mass flux, respectively.

2.2 SGS CLOSURE FOR HYDRODYNAMICS

The SGS closure problem for LES of non-reacting flows is due to 7;; and M [150]. In
reacting flows, the filtered source terms, (S,);, also require closure, which is the subject of
FDF methodology presented in the next section. For 7;;, the modified kinetic energy viscosity
(MKEV) model based on the work of Bardina et al. [151], and extended for compressible

flows by Jaberi et al. [6] is used:

1 2
Ty; = —2Cg (p), AcE'? (<Si'>L —3 (Skr) %') +30r (P)y Edij (2.13)

where C'r and C are model constants. The resolved strain rate tensor is given by:

(Sij), = % (ag;jL + ag;EL) , (2.14)

and the modified kinetic energy, £, is:

€= ui)p (ui) — ((ui) e ({wi) el (2.15)

with u} = u; —U;, where U; is a reference velocity in the x; direction. The subscript ¢’ denotes

a filter at a secondary level of size Ag > Ag. The SGS eddy viscosity is thus expressed as:
v, = CrAGEY?. (2.16)

11



The SGS mass fluxes, M, are modeled similarly [152],

(2.17)

where v, = (p), 14/Sc; is the subgrid diffusivity, and S¢; is the subgrid Schmidt number.

2.3 SFMDF
The SFMDF is defined as
+oo
Fp (i x,t) = /_ p(x,t)Clp, @ (x,1)] G(X' — x)dx/, (2.18)
where the “fine-grained” density is
Clpp(x,t)] =6 —p(x,0)] = [ [ 6 [t — ¢ (1)) (2.19)
a=1

Here § denotes the delta function and 1 the composition space of the scalar array (¢). The
complete SGS statistical information for the scalars is contained within the SFMDF, and is

governed by the transport equation [1]:

Ot L 2 [y
b (e — (60),) o) — Lt (2.20)

o Mo

where ~; represents the subgrid thermal and mass molecular diffusivity. The SGS mixing
frequency, Q,, = Ca(y+7)/({p), AZ), is due to the linear mean-square estimation (LMSE)
[35, 153], where Cgq is a model constant. The primary feature of the SFMDF is that the

chemical source terms (S, ) appear in closed form.

12



2.4 FDF SIMULATION

The FDF transport equation is solved via a Lagrangian Monte Carlo (MC) method on a
domain portrayed by finite difference (FD) grid points. In this setting, the FDF is represented
by an ensemble of MC particles. Each particle is transported in physical space due to
convection along with molecular and subgrid diffusion. The composition of these particles
change due to mixing and chemical reaction. The spatial transport is represented by the

general diffusion process, described by the stochastic differential equation (SDE) [154, 155]:

AXi(t) = Dy (X(¢),£) dt + B (X(t), ) dWi(t), (2.21)

where X; denotes the Lagrangian position of a MC particle, W;(t) is the Wiener-Levy process
[156], D; the “drift” coefficient and E the “diffusion” coefficient. These are determined by
comparing the Fokker-Planck corresponding to Eq. (2.21) with the spatial derivatives of Eq.
(2.20):

1 0y +)
ax? = [ty + o PG a2 0 /o 2.22)

The compositional changes are governed by:

doy
dt

—Qun (6 = (da)r) + Sal@"), (2.23)

where ¢f = ¢F(X(t),t) denotes a scalar value of a MC particle having the Lagrangian
position X. By the principle of equivalent systems [36, 157], the solutions of Egs. (2.22) and
(2.23) provide the same statistics as the direct solution of the modeled SFMDF transport
equation. The numerical integration of Eq. (2.22) is via the Euler-Maruyama approximation
[157]:

X7 (teer) = X7 (8) + D (8) A+ B (1) (A0 (1) (2.24)

where At = 41 — tg, & represents a random variable having a normal distribution, and
D and ET represent the drift and diffusion coefficients evaluated at the particle position
X;T (th)-

The MC algorithm is coupled with the explicit MacCormack FD scheme [158] extended

for fourth-order accuracy in space by Gottlieb and Turkel [159] for the solution of Egs.
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Figure 1: Typical three-dimensional section of the domain in the hybrid simulation. Solid
cubes denote FD points. Spheres denote MC particles. The dashed line represents the

ensemble domain.
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(2.9-2.12). A typical three-dimensional section of the domain is presented in Fig. 1. The
communication between the two constituents of this hybrid solver is through interpolation
and ensemble averaging. The former is done via simple interpolation of FD values to the
particle positions and the latter is by consideration of an ensemble of Ng particles in a domain
of size A%,. This strong coupling of the two solvers makes parallel simulation very challenging.
The number of MC particles required for accurate statistics is usually an order of magnitude
larger than the number of FD points. For each of these particles, the chemical source terms
must be evaluated. In hydrocarbon combustion, this involves a stiff set of coupled nonlinear
ordinary differential equations (ODEs). Even with reduced kinetics models and moderate

Reynolds numbers, serial simulations would require years of computation [13].

2.5 IPLMCFD

In parallel simulations, the domain is typically divided into an ensemble of subdomains, each
assigned to a processor and each containing the same number of FD points and MC particles.
This decomposition is done a priori and usually remains fixed in time (Fig. 2(a)). In addition
to its rather trivial geometrical edge-cut, in such a decomposition, the communications
between the neighboring elements is kept to a minimum. However, it exhibits very poor load
balancing in dealing with chemistry simulations with finite-rate kinetics. As demonstrated
in Fig. 2(b), due to the local nature of chemical reactions, calculations on a few processors
continue while the others remain idle. Regions of high computational cost, as presented in
Fig. 3, correspond to high reaction zones. For compositions in the cold regions, S, = 0;
so integration of Eq. (2.23) can be performed over a few implicit sub-steps. In the reacting
regions of the flow, this system may be stiff and many implicit sub-steps may be required.
The total walltime each subdomain spends on integration will, therefore, be quite disparate
for uniform decompositions.

A variety of methodologies have been developed to deal with the computationally expen-
sive turbulent combustion simulation. For a flame near equilibrium, the flamelet approxima-

tion has been useful [160]. In this approach, the thermochemical variables are related to the
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Figure 2: (a) Subdomain boundaries and (b) walltime per timestep for each subdomain for

the uniform decomposition.
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Figure 3: Instantaneous CPU time in milliseconds spent performing particle integration.
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mixture fraction, which is a passive scalar variable. This approach reduces the computation
time dramatically. The in situ adaptive tabulation (ISAT) approach [161-166] is another
powerful method which combines table lookup with direct integration to allow treatment of
a broad range of reacting flows. ISAT is based on the concept that many particle composi-
tions of the flow are similar and reappear repeatedly throughout the simulation. Thus direct
integration is conducted once for a given composition and is stored in a table. If a particle’s
composition resides in the table, the lookup combined with interpolation is performed in lieu
of direct integration. This results in a significant reduction of the total computation time
[161]. In theory, the limit of optimal performance would be near that of the flamelet model.
In practice, direct integration for a portion of the particles are required for each iteration,

resulting in a spatial load imbalance.

In the context of parallel simulation, the master-slave strategy is commonly employed to
resolve the spatial load imbalance problem. See, for example, Ref. [167]. In this strategy, one
process (the master) is in charge of assigning and distributing work to the rest (the slaves).
A scalable parallel implementation relies on the ability of the master process to efficiently
manage the distribution. Obviously, this becomes increasingly difficult as the number of

slave processes increases.

The scheme developed here is termed “irregularly portioned Lagrangian Monte Carlo
finite difference” (IPLMCFED). In this scheme, the computational domain is decomposed
into irregularly shaped subdomains. Each subdomain is an entirely self-contained hybrid
Eulerian/Lagrangian flow solver. The communication between the Lagrangian and Eulerian
solvers is purely local, and the shared information among subdomains, typical of FD and MC
methods, is limited to neighbors only. This shared information, corresponding to data that
is calculated on neighboring subdomains but required locally, is stored in extra elements
of each local data array commonly referred to as ghost points [168]. For the FD solver,
these ghost points correspond to the stencils used for differentiation. For the MC solver,
they correspond to the cloud of cells surrounding a given cell, required for interpolation and
ensemble averaging as discussed in §2.4. All communication among subdomains is via the
Message-Passing Interface (MPI) [168]. As outlined in [167], when utilizing more processors

for a fixed problem size, the subdomains become smaller and the ratio of ghost points to
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local data points increases. At some stage the communication overhead becomes significant
relative to the local computation, and the scalability begins to tail off.

An even distribution of the CPU load is the primary factor in determining the shape of
the subdomains. The CPU time, as depicted in Fig. 3, is fed into a weighted graph parti-
tioning algorithm [169]. This algorithm decomposes the domain such that each subdomain
is responsible for the same amount of work in terms of CPU time. Simultaneously, it aims to
minimize the edge-cuts of each subdomain. A resulting decomposition is presented in Fig.
4(a). The downside to such a decomposition is that the resulting communication among
neighboring subdomains can be quite arbitrary and requires significant bookkeeping. How-
ever, the major advantage is that the computational load is efficiently balanced, as shown
in Fig. 4(b). Further, since each subdomain is a self-contained hybrid solver, it is trivial to
include other cost reducing chemistry solvers, such as ISAT, etc.

The cost of re-balancing the load is characterized by the necessary amount of data mi-
gration between the two decompositions. The spatial distribution of the computational load
depends on the physics of the problem and varies in a transient manner. Ideally, if the
cost of domain decomposition and re-decomposition are zero, each iteration would begin
with a perfectly balanced load. Qualitatively, this temporal deterioration of load balance is
case dependent. An example of the temporal performance of the domain decomposition is

presented in §2.6.1.

2.6 RESULTS

2.6.1 Scalability

The computational efficiency of the IPLMCFD methodology is examined here by its appli-
cation for LES of a premixed Bunsen burner flame [170]. This flame consists of a main jet
(D = 12 mm) having a stoichiometric mixture of methane (CHy) and air. The Reynolds
number of the jet is 22,400. These simulations are conducted with 2.5 x 10 FD points and
2 x 10" MC particles on Kraken, which is a Cray XT5 system with the National Institute
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Figure 4: (a) Subdomain boundaries and (b) walltime per timestep for each subdomain for

the IPLMCFD methodology.
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Figure 5: (a) Strong scaling comparisons of the IPLMCFD vs. an unbalanced decomposition.

(b) Strong scaling of the IPLMCFD for an increasing number of MC particles.

for Computational Sciences (NICS). It features 9,048 nodes, with 12 cores per node. Com-
bustion chemistry is described by the reduced mechanism of Mallampalli et al. [171], which

involves nine species and five reaction steps.

The strong scaling (or speed-up) of the IPLMCFD methodology is compared to that of
the uniform decomposition in Fig. 5(a). This scaling, is defined as the ratio of sequential
walltime (#1) to the walltime using p processors (t,). The timing is averaged over ten iter-
ations immediately after load balancing. Up to a few thousand processors, the IPLMCFD
methodology is nearly ideally efficient offering a tremendous improvement over the uniform
decomposition. Comparatively, with 2,000 processors the efficiency is 92%; whereas, that of
the unbalanced decomposition is only 21%. At 8,000 processors, the IPLMCFD is still per-
forming with an efficiency of around 75%, which is very favorable considering the relatively

small size of the test geometry.

To obtain more accurate statistics from the Lagrangian solver, it is necessary to increase
the amount of MC particles in each ensemble domain. Figure 5(b) indicates that as the

number of MC particles increases, the strong scaling of the IPLMCFD methodology improves.
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Figure 6: (a) Weak scaling comparisons of the IPLMCFED vs. an unbalanced decomposition
for a fixed ratio of cells per processor. (b) Weak scaling of the IPLMCFED for a fixed ratio

of MC particles per processor.

While using more MC particles necessarily costs more in terms of overall walltime, this

increase comes at a substantial discount due to the increased overall efficiency.

The weak scaling of the IPLMCFED is presented in Figs. 6(a) and 6(b). By adding cells
to the computational domain (to increase its size, for example), the walltime ideally should
remain constant as the number of processors is proportionally increased. This is indeed
the case as shown in Fig. 6(a) in which the ratio of the number of cells to the number of
processors is held fixed. The unbalanced case corresponds to a decomposition with a uniform
weight graph partition. In Fig. 6(b) the ratio of the number of MC particles to the number
of processors is held fixed. Again the IPLMCFD exhibits an excellent performance.

The temporal performance of the IPLMCFD is quantified in Fig. 7. For this case, 2,048
processors are employed, and load balancing is performed every 2, 000 iterations. It is shown
that the unbalanced decomposition has a static performance, as the simulation marches in
time. Immediately after load balancing the IPLMCFD operates at its optimal performance.

This may slowly degrade as the simulation proceeds, until the next load balancing operation.
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Figure 7: Performance in time of the IPLMCFD vs. an unbalanced decomposition.

The degradation is most pronounced initially, as the solver sweeps the initial condition out
of the domain. The integral of the difference between the unbalanced case and IPLMCFD
over the number of iterations provides the measure of the total walltime savings afforded by

the IPLMCED (excluding the cost of re-decomposition).

2.6.2 Realizability

The realizability of the IPLMCFED solver is assessed by LES of a turbulent jet flow under
the influence of an exothermic chemical reaction A + B — P 4 Heat. The rate of reactant
conversion is governed by Sx = —pkAB, where A and B are the mass fractions of species
A and B. The jet has a fuel composition of A, = 1 and temperature Ty = 300 K. The
coflow has oxidizer composition of B, = 1 and temperature T = 300 K. The heat release,
Q/C, = 1,400 K; yielding the adiabatic flame temperature of 1,000 K. To assess realizability,
the scalar values along with the temperature are presented in the domain of the mixture
fraction. Here the mixture fraction, &, is defined such that £ = 1 in the fuel stream, £ = 0 in

the oxidizer stream and & = 0.5 on the flame surface.
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Figure 9: Scatter plot comparing Z3 vs. the mixture fraction for Da = 102

The reaction rate (k) is parameterized in terms of the Damkdhler number, Da = %,
where pg, Lo and ug represent a reference density, length and velocity respectively. As shown
in Fig. 8, two cases are considered: a (relatively) slow reaction rate (Da = 1072) and a
fast rate (Da = 10%). For the former, the composition is close to that of pure mixing. For
the latter, the composition is close to that of infinitely fast reaction. For other finite values
of Da, the realizable region include the states between the pure mixing and infinitely fast

chemistry limits [44].

Transport of three Shvab-Zeldovich conserved scalars are also considered [43, 44]:

r Cp
A+, B+ig-Bo (T -Th)+A
Zy = — g7, = . Zy= (2.25)
Aoo _Boo EP(TA - TB) + Aoo

The consistency of a conserved scalar with the mixture fraction is shown to be nearly perfectly
correlated in Fig. 9 for the case when Da = 10%. The results for the case of Da = 1072 and

the other conserved scalars are similar; thus are not presented.
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2.6.3 Consistency and Reliability

To demonstrate the predictive capability of the IPLMCFD methodology, sample results are
presented for the simulation of a turbulent nonpremixed piloted flame. Sandia Flame D
[172-174] is considered for this purpose. This flame consists of a main fuel jet (D = 7.2 mm)
composed of a mixture of 25% methane (CHy) and 75% air by volume at a temperature of
294 K. The jet has a bulk velocity of 49.6 m/s and a Reynolds number of 22,400. The fuel
jet is surrounded by a lean pilot mixture of CoHy, Hy, air, CO, and Ny at 1,880 K. The
measured axial velocity of the pilot gases at the burner exit is 11.4 m/s. The jet and pilot
are surrounded by a coflow of air at 291 K with an axial velocity of 0.9 m/s. A schematic of

the burner is presented in Fig. 10.

The simulation was conducted on a uniformly spaced, three-dimensional Cartesian mesh.
The number of grid points in each coordinate direction is 101 x 101 x 101, mapping to a
physical space of size 20D x 10D x 10D. An odd number of grid points is used to ensure that
a point lies along the centerline of jet. The filter size is set as Ag = 2 (Aa:AyAz)l/ ® where
Az, Ay and Az are the grid spacing in each coordinate direction. The model parameters

used are given in Table 1.

To describe the chemistry, finite-rate kinetics are employed via the augmented reduced
mechanism of Sung et al. [175]. This mechanism was developed for methane oxidation from
GRI-Mech 1.2 [176, 177]. It features 16 species and 12 lumped reaction steps which are
presented in Table 2. The inlet boundary conditions corresponding to the thermochemistry

are adapted from Xu and Pope [178] and are presented in Table 3.

Due to the hybrid nature of the IPLMCFD methodology, some of the thermochemi-
cal transport variables are available from both the Eulerian and Lagrangian solvers. This
redundancy is very useful to examine the solvers’ consistency. Figure 11(a) shows the in-
stantaneous contour plots of the filtered mixture fraction as obtained by both solvers. As

shown in Fig. 11(b), the consistency is convincing,.

For the purpose of flow visualization, Fig. 12 presents isosurfaces of the mixture fraction,
temperature and mass fraction of carbon dioxide. Highlighted in this figure are coherent

structures, and the relationship among some of the thermochemical variables of interest.
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In Figs. 13 - 16 flow statistics are compared with experimental data. These statistics
are generated by long-time averaging the instantaneous values of various thermochemical
flow variables. The initial condition is allowed to sweep through the computational domain
before statistics are collected. In this way, approximately 45, 000 samples were collected. In
the referenced figures m denotes the time averaged mean of the Favre filtered variable
. In general, the agreement with experimental data is excellent. In Fig. 16 there is a
modest over-prediction of the temperature as compared to the experiment. This correlates
with the profiles of methane and oxygen (Fig. 15) which are under-predicted at the same
location. Thus, the simulation is predicting more complete combustion at this location.
This observation agrees with the profile of carbon monoxide, a product gas of hydrocarbon

combustion, which is shown to be over-predicted at the same location.
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Table 1: Sandia Flame D simulation model parameters.

Parameter Description Value
Cr MKEV model constant 0.02
Cr MKEYV model constant 0.00
U MKEV x-dir. reference velocity | 32.0 m/s
Us MKEYV y-dir. reference velocity | 0.00 m/s
Us MKEYV z-dir. reference velocity | 0.00 m/s
Co LMSE model constant 8.00
Sc Schmidt number 0.75
Scy SGS Schmidt number 0.75

Table 2: ARM reaction steps and species.

Step

Reaction

© oo N O Ot ks W NN

—_ = =
N = O

O, + 2CO = 2CO,
H+ Oy + CO = OH + CO,
H, + O, + CO = H+ OH + CO,
HO, + CO = OH + CO,
Oy + H,0, + CO = OH + HO, + CO,
Oy 4+ $CoHy = H + CO,
O, + CHj 4+ CO + CoHy = CHy + COy 4 CH,0 + 3C,H,
O, + 2CH; = H, + CH, + CO,
Oz + 2CH; + CO = CH, + CO, + CH,0
O, + CH; 4+ CO = H + CO; + CH,0
Oy + CO + CyHg = CH, + CO, + CH,0
H -+ OH = H,0
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Table 3: Sandia Flame D simulation thermochemistry inlet boundary conditions.

Variable | Coflow Pilot Jet
T (K) 291 1880 294
p (atm) 0.993 0.993 0.993
€ 0.00 0.270 1.00
Vi, 0.00 |1.29E—4 0.00
Yu 0.00 2.52E —5 | 0.00
Yo, 0.231 5.44F — 2 | 0.196
You 0.00 281F -3 | 0.00
Yin,o |6.00E—3]9.42E —2| 0.00
Yo, 0.00 0.00 0.00
Yi,0, 0.00 0.00 0.00
Yen, 0.00 0.00 0.00
Yen, 0.00 0.00 0.156
Yco 0.00 4.06F —3 | 0.00
Yco, 0.00 0.110 0.00
Yen,o 0.00 0.00 0.00
Yo, n, 0.00 0.00 0.00
Yo,n, 0.00 0.00 0.00
Yo, n, 0.00 0.00 0.00

YN, 0.763 0.735 0.647
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Figure 11: Comparison of the mixture fraction as calculated by the FD solver and the MC

solver. (a) Visual comparison of a slice of the domain. (b) Scatter plot comparing the entire
domain.
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Figure 12: Isosurfaces of the mixture fraction, temperature and mass fraction of COs.
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Figure 13: Radial profiles of the mean mixture fraction and the mean Oy, CO, and H,O
mass fractions at /D = 3. —IPLMCFD, @ Experiment.
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Figure 14: Radial profiles of the mean temperature and the mean CH4, CO and N, mass
fractions at /D = 3. —IPLMCFD, ® Experiment.
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Figure 15: Radial profiles of the mean mixture fraction and the mean Oy, CO, and H,O
mass fractions at /D = 7.5. —IPLMCFD, ® Experiment.
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Figure 16: Radial profiles of the mean temperature and the mean CH4, CO and N, mass
fractions at /D = 7.5. —IPLMCFD, ® Experiment.
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3.0 CONCLUSIONS

The filtered density function (FDF) has proven to be a very powerful and reliable tool for
large eddy simulation (LES) of turbulent reacting flows. One of the major obstacles for a
widespread usage of FDF is its prohibitive computational cost when dealing with complex
chemical kinetics and/or large geometries. In this work, the “irregularly portioned La-
grangian Monte Carlo finite difference” (IPLMCFD) methodology is introduced to mitigate
this cost and to take advantage of modern parallel platforms. This methodology addresses
the load balancing issue by decomposing the computational domain into a series of irregu-
larly shaped and sized subdomains. The resulting algorithm scales to thousands of processors
with an excellent efficiency. The realizability, consistency and the predictive capability of
the FDF are assessed by LES of several turbulent reacting flow configurations.

Future work on the IPLMCFD methodology is recommended to be focused on the fol-

lowing areas:

1. Applications to more complex test cases.
2. Incorporation of more advanced FDF models.
3. Development of an efficient load re-balancing procedure.

4. Improvement in scalability through hybrid parallelism.

3.1 FURTHER APPLICATIONS

The TPLMCFD is recommended to be applied for LES of more complex reacting flows.

Two particular cases are recommended for immediate applications. The first is a turbulent
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lifted hydrogen jet flame in a heated coflow. This case has been the subject of recent direct
numerical simulation (DNS) [179]. The flame is auto-ignited and is lifted, thus it provides a
good example of partially premixed combustion. The second case is based on the transverse
hydrogen jet issuing perpendicularly into a cross-flow of heated air as considered by DNS
[180]. The cross-flow is over a wall boundary which will present a challenge for LES. Both
cases involve hydrogen fuel, which offers a departure from the hydrocarbon combustion as
considered here. Eventually, the methodology can be applied for LES of practical problems
[145].

3.2 OTHER FDF CLOSURES

The scalar filtered mass density function (SFMDF), is applicable to low-speed reacting flows.
The IPLMCFD can be extended to offer a scalable algorithm for treatment of high-speed
flows including hypersonics. This involves establishing a general framework for the inclusion
of additional FDF models into IPLMCFD. In doing so, the energy-pressure-velocity-scalar
filtered mass density function (EPVS-FMDF) [11, 12] will allow the treatment of high-speed
reacting flows. Also, more precise FDF models for low-speed reacting flows, such as the
velocity-scalar (VSFMDF) [9] and the frequency-velocity-scalar (FVS-FMDF) [10] can be

included as well.

3.3 DYNAMIC PARTITIONING

At present, the partitioning and re-partitioning of the domain into load balanced, irregularly
shaped subdomains is performed at user-defined intervals. This is not a highly efficient
process as it involves saving the current state of the simulation and restarting with the
new decomposition. It is recommended to develop an efficient dynamic load re-balancing
procedure which aims to minimize the data migration between the existing decomposition
and a new decomposition, and to do so without halting the simulation. This can be achieved

through the utilization of existing data management and re-partitioning tools [181, 182].
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Figure 17: Strong scaling of the IPLMCFD with only one core per a node utilized.

3.4 HYBRID PARALLELISM

A relatively longer term goal is to exploit the multi-core hybrid architecture of the modern
supercomputers through hybrid parallelism. In this case, distributed parallelism will be
utilized among the nodes via MPI as in the current implementation. While shared parallelism
will be utilized among the cores residing on a node via OpenMP [183]. In an effort to assess
how the IPLMCFD scales on a purely node based level, the strong scaling analysis of §2.6.1
was repeated utilizing only one core per a node. The results are presented in Fig. 17, and
indicate that excellent strong scaling is achieved for distributed parallelism utilizing 5,000
nodes. These results are from simulations on Kraken, which is a Cray XT5 system with the
National Institute for Computational Sciences (NICS) featuring 9,048 nodes, with 12 cores
per node. Thus if all cores per a node can be efficiently utilized via shared parallelism, Fig.

17 indicates that IPLMCFED will scale to 60,000 cores.
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