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Large eddy simulation (LES) coupled with the transported probability density function
(PDF) model has become a promising strategy for modelling turbulent combustion.
For solving the high-dimensional PDF transport equation numerically, deterministic
quadrature-based moment methods have arisen as an alternative choice besides stochas-
tic particle and stochastic field methods. In this work, we propose a new quadrature-
based moment method called linear Quadrature Method Of Moments (LQMOM) for
the univariate PDF case. This method assumes that the underlying PDF distribution is
smooth and it uses a set of predefined quadrature nodes and weights in the sample space
to establish a linear system of equations for the PDF values at the quadrature nodes from
the moments. The LQMOM is more efficient than the original QMOM which needs to
solve a nonlinear system of equations for the moment inversion. However, it may gen-
erate negative PDF values for non-smooth PDF distributions. To remedy this flaw, we
construct the LQMOM-QMOM hybrid algorithm by using detectors to detect single-
and two-peak distributions. Furthermore, we extend the LQMOM to the multivariate
PDF case by utilizing the main idea of the conditional QMOM (CQMOM) to obtain the
linear CQMOM (LCQMOM), and then reduce it to the simplified version (LCQMOM-
S) to gain efficiency. The LQMOM-QMOM hybrid algorithm for univariate PDFs is
tested in a typical example and the LCQMOM-S-CQMOM hybrid algorithm for multi-
variate PDFs is checked in compressible turbulent reactive 2D shear layer flow and 3D
air/Hy jet. It is shown that the hybrid algorithms can reduce 20-35% simulation time
and produce similar results compared with the respective QMOM and CQMOM.

Keywords: turbulent combustion; large eddy simulation; probability density function;
quadrature-based moment method; linear inversion; hybrid algorithm

1. Introduction

Turbulent combustion is an interdisciplinary research topic across fluid mechanics, engi-
neering thermophysics, and chemical kinetics [1-3]. The flow turbulence, fuel atomiza-
tion, interaction between flow turbulence and chemical reactions, heat transfer and soot
formation, etc, greatly increase the difficulty of research on turbulent combustion. Nowa-
days large eddy simulation (LES) has become a popular method for studying turbulent
combustion [4,5]. LES is usually implemented with a turbulent combustion model for
defining a suitable representation of the mean reaction rates. Commonly used combus-
tion models include the flamelet model [6], transported probability density function (PDF)
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model [7-10], conditional moment closure model [11,12], linear eddy model [13,14], and
thickened flame model [15-17], to name a few.

The hybrid LES/PDF method has been found to be highly effective for modelling tur-
bulent reacting flows [7-10,18-20] albeit with a high computational cost. The LES part
solves the hydrodynamic equations to provide the filtered velocity field and the turbulent
diffusivity to the PDF part. In the PDF part, a set of thermo-chemical variables (called
compositions) are represented in terms of a one-point one-time joint probability density
function which provides all the information for calculating the filtered compositions and
the filtered chemical reaction rates required by the LES part. The joint PDF is governed
by a high-dimensional (time, space, and compositions) transport equation. The chemical
reaction source terms in this equation are in a closed form, which is the main advantage of
the PDF turbulent combustion model [7].

Traditional numerical methods like finite volume methods cannot be used to solve the
PDF transport equation due to the curse of dimensionality. Usually, stochastic methods
are more effective for the numerical approximation of the PDF equation. Two kinds of
stochastic methods, the Lagrangian Monte Carlo (MC) particle methods [7,9,20-23] and
the Eulerian stochastic field methods [24-27], have been successfully applied to low Mach
number turbulent combustion problems with the former kind being more popular. How-
ever, for high Mach number problems with shocks, the MC particle methods may generate
significant statistical fluctuations across shocks and even lead to numerical instability [28].
Besides, stochastic methods must have enough number of notional particles/stochastic
fields in each grid cell to reduce the statistical error to a reasonable tolerance, which may
incur a high computational cost.

An alternative, deterministic Eulerian approach for solving a high-dimensional PDF
equation is the quadrature-based moment methods (QBMMs) [29,30]. The main idea of
QBMM is to solve the moment transport equations of the PDF, and then use the moments
to reconstruct the PDF distribution (called moment inversion process) for the closure of
chemical reaction source terms or other nonlinear source terms in the moment transport
equations. There are different variants of QBMMs. In the original quadrature method of
moments (QMOM) [29], the PDF is approximated by the weighted sum of a finite number
of Dirac delta functions. The weights and abscissas of the Dirac delta functions are inverted
and then used for the closure of the source terms which cannot be expressed in terms of the
moments. Base on the QMOM, the extended quadrature method of moments (EQMOM)
[31] and conditional quadrature method of moments (CQMOM) [32,33] were developed
for the population balance equation (PBE) describing discrete particles in a carrier fluid
with aggregation and breakup, and evaporation and condensation processes. These meth-
ods can achieve good accuracy, but the moment inversion process is expensive. On the
other hand, the direct quadrature method of moments (DQMOM) [30,34] solves the trans-
port equations for the weights and weighted abscissas, which avoids the moment inversion.
This method has been applied to solving the PBE [33] and simulating turbulent reacting
flows [34,35]. However, the weights and abscissas are not conserved quantities, which
will lead to low accuracy in non-premixed combustion. Later, the semi-discrete quadrature
method of moments (SeQMOM) [28,36] was developed in which the weight and moment
transport equations are solved and Jacobian matrices are used to convert the time changes
of weights and of moments to the time change of weighted abscissas. The SeQMOM com-
bines the advantages of QMOM and DQMOM, but it cannot work well if the Jacobian
matrix is ill-conditioned, and does not guarantee the physical bounds.
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In this work, a new QBMM called linear quadrature method of moments (LQMOM) is
developed. The unknown PDF distribution is assumed to be smooth and thus the moments
as integrals in the composition space are approximated by a quadrature rule with a set
of predefined quadrature nodes and weights. In this way, a linear system of equations are
established for the PDF values at the quadrature nodes. Therefore, the moment inversion
process only needs to solve a linear system of equations, which can reduce the computa-
tional cost. However, when the underlying PDF distribution is not smooth like a weighted
sum of Dirac delta functions, the LQMOM may return negative PDF values. To remedy this
flaw, we construct a hybrid LQMOM-QMOM algorithm by using a switch function based
on the one- and two-peak distribution detectors. Further, in order to extend the LQMOM to
the multivariate PDF case for modelling multi-species reactive flows, we refer to the idea
of the CQMOM [33] and construct the linear CQMOM (LCQMOM) and its simplified
version, LCQMOM-S.

The rest of the paper is organised as follows. In Section 2, the governing equations
for the LES/PDF method and the QMOM are reviewed. In Section 3, the LQMOM for the
univariate PDF case is proposed and then tested in some simple examples. In Section 4, the
two detectors and the LQMOM-QMOM hybrid algorithm are designed. in Section 5, the
LQMOM is extended to the multivariate PDF case to get the LCQMOM and LCQMOM-S
as well as the hybrid algorithm. In Section 6, the reacting shear layer and air-hydrogen
jet problems are used to test the effectiveness of the proposed hybrid algorithms. Finally,
conclusions are given in Section 7.

2. LES/PDF hybrid method and quadrature method of moments
2.1. Governing equations for LES/PDF hybrid method
In the framework of LES, the filtering of a quantity Q is defined as

o(x, 1) = f O(X,H)Ga(X — x)dX/, (1

where G (y) is the filter function with the filter width A. For variable density flows, the
Favre filtering or density-weighted filtering is preferred, which is defined as

PO, 1)

Q(X7 t) - ﬁ(x, l’) B

@)

where p (X, ?) is the fluid density. Applying the filter to the compressible reactive Navier—
Stokes equations for a gas mixture composed of N species, we can obtain

ap | 0(pui) 0
ot ox; o
(i) | (i) __9p 0Ty ot
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where @i;, E, and Y, are the Favre filtered velocities, total energy, and mass fractions,
respectively. The filtered pressure p is calculated from the equation of state as p = ,oRT
where the mixture gas constant is defined as R = Z ) Y,R,, and the temperature T
is 1terat1vely calculated from the basic thermodynamical relation, h(Y Lyoone ?N ,T) =
E— —u il; + RT, where h is the mixture enthalpy. The filtered shear stress tensor T;, the
resoled heat flux g;, species diffusion flux JW, and shear stress work i;7;;, are determined
by the respective laminar formulas with the resolved variables,

— - - = 1. duy ou;  ou;
T,:j ~ Tij = 2,u <Sij — 58”8_)6/() , where S,] = 2 <8xj + 8—);) s (4)
Ny 5
. ~dT N~ _~ 0Y,
qgi = —A— = hap o s (5)
8x,~ 8x,~
a=1
. . dY,
Ji« = —pDy . (6)
8x,»

Here, i1 = ,u(7~"), X = A(T), Da = DQ(T), and ila = ha(i") are the molecular viscosity,
thermal conductivity, species diffusivity, and species enthalpy respectively.
The subgrid scale (SGS) stress tensor is modelled using the Smagorinsky model [37,38]
as
s _ _ (= - )
rijgs = puil; — pil;ity = —2pv <S,-j - §5UB_xk> + 55,7'(,:,% , (7
where v, = (CSA)2|2§US‘,~,~|1/ 2 is the subgrid scale viscosity, A is the filter width usually
set to the representative mesh size, and Cs is the model parameter. The sum of the SGS
convective total enthalpy flux, heat flux, and shear stress work, é'f ¢ and the sum of the
SGS species convective flux and diffusive flux, y are modelled as [39]

£ o (m_ i (pE+p)> (@ — &) — (w7 — wty)
~ —)»t— — Zhotth + i u ’

ysgs : (Pu Y, — ,Oquot) + (7i,oz - ji,a) ~ —pD: 88?’

where A, is the turbulent thermal conductivity and D; the turbulent mass diffusivity.

The chemical reaction rate w, is a nonlinear function of species concentrations and
thermodynamic variables. The modelling of the filtered chemical reaction rate @ in
Equation (3) is accomplished by using the PDF method as described below.

For compressible turbulent reactive flows, the filtered mass density function (FMDF)
[9] is preferred and is defined as

F(:x,1) = / pX D& (¥ — p(x, 1) Ga(x' — x)dX, (8)

where ¢ = (¢1,...,¢n) = (Y1,...,Yn,_1,h) is arandom vector composed of the species
mass fractions Y, and mixture enthalpy &, ¥ is the sample space corresponding to ¢,



Combustion Theory and Modelling 149

EWY —d(x,1) = ]_[2"‘:1 8(Yy — ¢o(x,1)) is the ‘fine grained’ density function, and § is
the Dirac delta function. The transport equation for F(¥;Xx,#) can be derived from the
conservation equations of species mass and mixture enthalpy [9,10]. In particular, under
the assumption of equal diffusivity D, = D, Vo and unit Lewis number, and using the
interaction by exchange with the mean (IEM) model [9,28] for the conditional diffusion
terms of the mass and heat and the gradient model for the conditional convection term, the
PDF transport equation can be written as the form:

I(F/p) 0
axi :| * 8¢0¢

oF o (wF el
oF (wiF)

ot T = (2. - dF] -

[S1vF]
©))
where the repeated indices i and « indicate summation over all the relevant dimensions.
The source terms Sy | = 0, (V) |¥ = 0o (¥), 1| <« < N; — 1 represent the species mass
production rates due to chemical reactions. Note that these terms are in a closed form,
which is the main advantage of the PDF method. However, the enthalpy source term
Sy = Spl¥, @ = Nj is not closed. It includes the effects of pressure material derivative,
viscous dissipation, and their SGS components. We ignore the pressure fluctuation and the

[5(D + D) v

SGS component of the viscous dissipation as done by [27,28], thus + S5
N )
—— 1 (Dp Dp . 0iy
S =S5Y=—(—=+1 T, T hin ) 10
NIY = Sul¥ p(Dt i )I'/f (Dt+rjax,- (10)
The filtered compositions and the mixing frequency in Equation (9) are given by
D+ D
o (X, 1) = &0 / VoF (Y:x,0dY, Q= Cq + —5—. Cq =20 (as[28]).

2.2. Quadrature method of moments ( QMOM )

Since the PDF equation (9) is high-dimensional, Lagrangian Monte Carlo particle methods
(cf. [7]) or Eulerian stochastic field methods (cf. [24]) are often employed to solve it.
Recently, QBMMs were also applied to solve Equation (9) [28,34]. As the original QMOM
[29] is the basis of QBMMs, we briefly introduce it in this subsection.

The main idea of the QMOM is to solve a finite number of moment transport equations
and use the moments to reconstruct an approximate PDF represented by a set of weighted
Dirac delta functions centred at quadrature nodes in the sample space. Define the (unmixed)
moments of the joint PDF f (¢¥; x, 1) := F/p as (we take unmixed moments as an example;
mixed moments can be defined similarly)

oo 1 oo
My (X, 1) :/ Vof (i x, 0dy = 5[ Vo F(¥:x,0dy, an

where the moment orders n are typically non-negative integers. The moment transport
equations can be obtained by multiplying Equation (9) with ¥4 and integration,

3 (PMyp) 9 (PitiM,p)
_l’_
ot ox;

9T M5
= or p(D+ D)) 5 + npQ (My pMy—1.5 — My p)

Xi

+nﬁ/ VS WdY, B=1.....N, n=0,1.... (12)
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The last term on the right-hand side of Equation (12) contains the unknown f (¢) and thus
it requires closure. In the QMOM [28-30], the PDF is approximated by a sum of weighted
Dirac delta functions:

N_S

Nq
FAx0 =Y wi []6 (Ve — Yajx,0), (13)
j=1 a=1

where w; is the weight of the jth Delta function, v, are the abscissas, and N, is the number
of quadrature nodes in the sample space. Using Equation (13), the integral in Equation (12)
can be written as

oo Nq
| v sanraney = Swul s (6). a=1Ne a9
—00 Jj=1

where ¥ ;= (Y1), ¥2)» - - - » ¥av). Equation (14) means that the closure of chemical source
terms is transferred to the calculation of weights w; and abscissas v,;. The form of
PDF (13) also enables the moments to be expressed in terms of w; and v;:

0 Ny
Mn,a = / lﬂsf('/f)d'/f = ij(d/aj)”- (15)

Jj=1 i S

At every point and time, a set of N, (1 + N;) nonlinear equations (15) are solved for the
unknowns w; and ¥,;,j = 1,...,Ng,a = 1,...,N,, with the same number of moments
given from the numerical solution of Equation (12). The solution of Equation (15) is
called moment inversion. For the univariate PDF case (N, = 1), the product-difference
(PD) [29,40] or Wheeler algorithm [41] can be used to calculate w; and v,; efficiently.
Unfortunately, these algorithms cannot be directly extended to the multivariate PDF case.
Thus alternative QBMMs, such as DQMOM [28,30] which directly solves the transport
equations for weights w;(x,7) and weighted abscissas w;jv/,;(x, 1), and CQMOM [32,33]
which first solves a small nonlinear system of equations with the PD or Wheeler algorithm
and then solves multiple linear systems, were developed.

3. Linear quadrature method of moments for univariate PDF

In this section, we propose a new QBMM for the univariate PDF case. In this method, the
shape of PDF is no longer presumed. Instead, we assume that the PDF f (1) and the source
function S (1) are smooth so that we can use a conventional quadrature rule to approximate
the moment definition and the source integral term as

N

M, = fR YAy~ ol (16)
v j=1
N

i YISUOF WY Y wp T S (). (17)
v j=1

where ¥; and w; are N; predefined quadrature nodes and weights in the sample space
Ry, and f; = f () are the PDF values at the quadrature nodes. For a finite domain Ry, =
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Table 1. Gauss quadrature points and weights in the domain [0,1].

Np Quadrature point Weight

2 (0.2113,0.7887) (0.5,0.5)

3 (0.1127,0.5,0.8873) (0.2778,0.4444,0.2778)

4 (0.0694, 0.3300, 0.6700, 0.9306) (0.1739,0.3261,0.3261,0.1739)

5 (0.0469, 0.2308, 0.5000, 0.7692,0.9531) (0.1185,0.2393,0.2844,0.2393,0.1185)

6  (0.0338,0.1694,0.3807,0.6193,0.8306,0.9662) (0.0857,0.1804,0.2340, 0.2340, 0.1804, 0.0857)

[0, 1], ¥; and w; can be Gauss points and weights as shown in Table 1, which is used
throughout this paper. We choose Gauss points because the Gauss—Legendre quadrature
rule can achieve the highest order of accuracy for a smooth PDF over a finite interval. If
the PDF is smooth over the interval Ry, = [a, 00) where « is finite, the Gauss-Laguerre
rule may be more preferable. If it is singular at one or two ends, the Gauss-Jacobi rule or
Gauss-Chebyshev rule may be more suitable.

We see that the only unknowns in Equation (16) are the PDF values f; at the preset
quadrature nodes. Similar to the moment inversion idea of QMOM, the pointwise values f;
can be solved from the linear system (16) given N, moments.

Taking the number of quadrature nodes N, =4 as an example, we can write
Equation (16) as the following linear system of equations,

w; o)) w3 w4 fi My
oy oy w33 s | || _ | M (18)
oYl oyl wsi wsvi | | f M, |-
oY} o o g | L M;

Generally, the size of this linear system is N, thus we need to solve N;, moment transport
equations in order to provide {My, ..., My,_1} (My = 1 need not be solved). The computer
time for solving the linear system (18) of size Ny is much smaller than that for solving the
nonlinear system (15) of size 2N, = Ny in the QMOM.

We call this new method as Linear Quadrature Method Of Moments (LQMOM) as
the moment inversion only involves a linear system. In the followings, we test the PDF
reconstruction ability of the LQMOM.

Firstly, the LQMOM is used to reconstruct a Beta distribution PDF given by [42]

f@) = vl -yl o<y <1, (19)

B(a, B)

where the parameters « = 2 and § = 4, and B is the Beta function. The input moments
are exactly defined with (19) as M,, = fol fHy"dy = %. The inverted results from
the LQMOM and QMOM are shown in Figure 1. It is seen that even the LQMOM with
N = 4 can obtain accurate results. The weights and abscissas inverted by the QMOM with
N, = 2 and 3 are plotted as vertical lines (w;-height, v;-position).

To quantify the concerned quadrature accuracy for the chemical source integral, we use

the source function

S() = 21830y (1 — ) exp(—20/(1 + 3¢)) (20)
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LQMOM(N, =4) and QMOM(N =2) LQMOM(N, =6) and QMOM(N_=3)
3

3 1 1
—exact —exact
°© LQMOM|{0.8 °© LQMOM|i0.8
—QMOM —QMOM
2 2
0.6 0.6
b S =
04 0.4
1 1
0.2 ‘ 0.2
0 0 0 | 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
¥ ¥

Figure 1. Reconstructed PDF values by the LQMOM (symbols) and weights and abscissas by the
QMOM (vertical lines) for the Beta distribution (19) with « = 2, 8 = 4 (blue line).

Table 2. Time costs for doing 107 times moment
inversions for the uni-variate PDF (19) with

a=2,B=4.

Method CPU time (seconds)
QMOM with Ny = 2 10.314
QMOM with N, =3 41.587
LQMOM with N;, = 4 0.233
LQMOM with N;, = 6 0.482
LQMOM with N, = 8 0.838
LQMOM with N;, = 20 6.068

to check the errors of the two QBMMs for the integral fol YIS () f (W) dr:

Np 1
> ol S - /0 Y IS()f (Y)dy |, LQMOM,
— @1

N, 1
D wi sy — /0 YISO (dy |, QMOM,

=1

where the ‘exact’ integral can be obtained by a very accurate Gauss integration. The errors
of LQMOM with N, =4 and 6 and QMOM with N, = 2 and 3 for the moment order
n=23are4.72 x 1072,5.98 x 107>, 5.13 x 1072 and 2.80 x 1072 in turn, indicating that
the LQMOM is more accurate than the QMOM under N; = 2N,,.

Table 2 compares the time costs of QMOM and LQMOM. In the QMOM, the PD
algorithm [29,40] is used to compute the elements of the related Jacobi matrix, and the
eigenvalue problem of this matrix for obtaining the weights and abscissas is solved using
the standard QR algorithm with the iteration tolerance 104, It is seen that the LQMOM
is several 10 times faster than the QMOM under the same system size 2N, = N;, and
LQMOM with Ny, = 20 is still faster than QMOM with N, = 2.

Secondly, we take o = 15 and f = 30 in the Beta distribution (19) to give a sharper
distribution. The results by the LQMOM with N;, = 6, 12, 16,20 and by the QMOM with
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N, = 2,3 are shown in Figure 2. It can be seen that the results by the LQMOM improve
with increasing Ny. For N = 6, 12 there are evidently negative reconstructed PDF val-
ues, but for N, = 16,20 the results get closer to the exact distribution. This implies
that the LQMOM cannot reconstruct properly the PDF with a narrow peak distribution.
On the other hand, the QMOM with N, = 2,3 reconstructs normally the weights and
abscissas (the bottom in Figure 2). Again, the quadrature errors as defined in (21) for
n=3are 7.35 x 1072 (N, = 6), 7.60 x 1077 (N, = 12) and 7.06 x 10~8 (N, = 20) for
the LQMOM, and 3.42 x 10~ (N, = 2) and 1.11 x 10~* (N, = 3) for the QMOM. We
see that the LQMOM (N, = 12) has advantage in both accuracy and efficiency over the
QMOM (N, = 3).

Thirdly, we compute the beta distribution (« = 1.5, = 10) similar to the presumed
PDF in chapter 5 of reference [38] used to describe practical non-premixed flame, as see in
Figure 3. The recovered PDF values are in fair agreement with the exact solution in spite
of having small negative values in the upper side (fully burnt side).

Finally, we admit that the present LQMOM will generate negative and oscillatory PDF
values for more extreme distributions such as the sum of two weighted Dirac delta func-
tions. In order to treat more general PDF distributions, we will develop a LQMOM-QMOM
hybrid algorithm in Section 4.

4. Hybrid algorithm of LQMOM and QMOM for univariate PDF
4.1. Detector and LOMOM-QMOM hybrid algorithm

To build the LQMOM-QMOM hybrid algorithm, a detector to judge whether the unknown
PDF distribution is centralized is needed. A natural idea is to use the variance of PDF as the
detector. The smaller the variance, the more centralized the distribution is. The variance
can be expressed in terms of the first and second moments as

o’ = i (W — M) f()dy = My — M2, (22)
U

It follows that if the PDF is a single Dirac delta function, f = §(¢ — vy), then o = 0.
Thus we can simply set a small threshold like €; = 0.02 such that when o2 < ¢/, the
PDF distribution is judged as centralized and the QMOM applies, otherwise the LQMOM
applies. However, the branch 02 > ¢; can not rule out other extreme cases. For example,
for the two-peak distribution f = 0.46(¢ — 0.3) + 0.65(¢ — 0.9), we have M| = 0.66,
M, = 0.522 and thus 0> = My — M{ = 0.084 > ¢, = 0.02. But this case cannot be treated
by the LQMOM. So we also consider how to detect the case with two-peak PDF distribu-
tion. Assuming that the two-peak PDF has the form f () = w16(¥ — 1) + w28 (Y — ¥0),
we have M,, = w1y + w2y, and the moments My(= 1), M, M>, M3 should satisfy the
following nonlinear system,

My = w1 + ws,

M, = o1y + w2y,
My = o1y} + o3,
Ms = 1§} + 023

(23)
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Figure 2. Reconstructed PDF values by the LQMOM with Ny = 6,12,16,20 (symbol) for the
exact B distribution with « = 15, 8 = 30 (curve). The bottom frames show weights and abscissas
reconstructed by the QMOM with N, = 2 and 3 (vertical line height for wj, location for ;).

Here, w;, ws, ¥, ¥, can be uniquely determined by My, M, M>, M5. It can be shown that
the higher-order moment M, can be represented in terms of My, M|, M,, M5 as

2 3 2

. _M3 + 2M MMy — MM

M = w; 4 = 2 3 . 24
! ]; ¥ M? — MM, (24)
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Figure 3. Reconstructed PDF values by the LQMOM with N;, = 6,12,16,20 (symbol) for the
exact B distribution with @ = 1.5, 8 = 10 (curve). The bottom frames show weights and abscissas
reconstructed by the QMOM with Ny, = 2 and 3 (vertical line height for wj, location for ;).

Equation (24) is specific to the two-peak PDF distribution. Thus we can build our hybrid
algorithm using the detectors for one-peak and two-peak distributions as follows:

—M3 + 2MMyM5 — MoM}

QMOM, if M2 — M,| < €, or |My — <
M3 M} — MoM, 25)

LQMOM, otherwise,
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where €; = 0.02 and €, =5 x 10™* are empirical threshold values set in default, and
My, ..., M, are the transported moments. It is hoped that at most times and grid points
the PDF distribution is smooth and thus the LQMOM is more frequently used than the
QMOM, making the hybrid algorithm gain efficiency over the QMOM alone.

In practice, use of a smaller value of €| or €, will allocate more work to the LQMOM.
If the LQMOM still reconstructs negative PDF values, we go back to use the QMOM
to ensure the realizability. In fact, peak distributions only occur in the boundary (such as
incoming streams) and initial conditions. After a short time of transition, a large portion of
the flow domain can be calculated by the LQMOM.

In the following, a one-dimensional moment transport equation example is used to
demonstrate the performance of the LQMOM-QMOM hybrid algorithm.

4.2. Testing LOMOM-QMOM in plug-flow reactor with imperfect mixing

A simple one-dimensional reaction benchmark [43,44] is used to check the performance of
the hybrid algorithm. It describes the evolution of a reaction progress variable ¢ (x, ) in the
domain x € [0, 1] (¢ = 0 means unburnt gas and ¢ = 1 burnt gas). A scalar ¢ € [0, 1] cor-
responding to ¢ (x, t) is the internal coordinate of the PDF. For simplicity, we assume that
the density and velocity are constant, p(x,) = v(x,f) = 1. The boundary conditions are
f(;0,1) = 8(¢) at the inlet boundary and a%fz (5 1,1) = 0 at the outlet boundary. The ini-
tial condition is f (¥ ; x,0) = 6 (¥ — 1). The moment transport equation (cf. Equation (12))
is given by

oM, oM, 8( oM,

1
_ 9 _ n—1
o Oy _ D 8x)+nsz(Man_1 M) +n /O VS, (26)

where D = 0.1 is the total diffusion coefficient and €2 = 10 the mixing frequency. Two
different formulas for the chemical source term as used in [44] are considered here.
First, we consider a linear source term as given by

SW) = a1 —), @7

where a; = 3. Assuming % = 0, we can get the exact solution of the first-order moment

equation (26) with the source term (27) as follows,

1
M, =1 —exp(—bx), where b= 5{\/1 + 4a,D — 1}/D.

In the numerical solution of Equation (26) with the source (27), we use the WENO-Z5
finite difference scheme [45] for the convective term and the third-order TVD-Runge Kutta
method [46,47] for time marching. A second-order central scheme is used for the diffusion
term, and the source terms and mixing terms are treated explicitly.

We use 101 grid points and a time step At = 2.5 x 107, and the end time is T = 2
which can guarantee that the steady state is reached. We compare the QMOM (N, = 2) and
the hybrid LOMOM (N;, = 4)-QMOM(N,, = 2) algorithm. The computed mean ¢ =M,
and standard variance o are shown in Figure 4. It can be seen that the M, results by the
two methods are in good agreement with the exact solution, and the o results between
the two methods are nearly same. Figure 5 shows the M, profiles at four different times
computed with the hybrid algorithm. We can see that at the initial time the hybrid algorithm
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Figure 4. Comparison for the first-order moment M; and standard variance o among the QMOM,
hybrid algorithm, and exact solution for the plug-flow reactor problem with the linear source (27) at
time 7 = 2.

uses QMOM at every grid point due to the initial peak distribution. As the time goes on,
the hybrid algorithm uses LQMOM at more and more grid points except near the inlet and
the remanent initial state regions. The total computational time of the hybrid algorithm is
65.44% that of the QMOM alone.

Second, we consider a more stiff exponential reaction source term (20) for Equation (26).
To solve this case, we adopt the Strang splitting method [48] with two flow steps and one
reaction step in between, i.e.

At At
M, (1 + Aty = Ly <7> L(ADL <7> M, (),

where Ly is the convection-diffusion-mixing operator and L, the chemical reaction oper-
ator. Ly is solved with the same schemes as in the linear source case, and L, is marched
with the forward Euler scheme with 10 sub-steps. We take 41 grid points, a time step
At =25 x107*, and a larger threshold €; = 0.05 for Equation (25) for more use of
the QMOM in the hybrid algorithm. We tested various hybridizations of N, = 2,3 with
N, =4,6,8,10,12, 14,16 to see the influence of different numbers of quadrature points
on the numerical results. It is found that the difference between N, = 2 and N, = 3 with
same N is small, but that between different N; with same N, is large when N; < 8. So we
finally choose the LQMOM (N, = 14)-QMOM (N, = 3) hybrid algorithm. The computed
first-order moment at ¢t = 0.5 and ¢ = 1.5, and standard variance at t = 1 are shown in
Figure 6. We see that the hybrid algorithm and the single QMOM (N, = 3) can produce
results close to the reference solution computed with the single QMOM on 201 grid points.

Figure 7 shows the first-order moment profiles at different times. We see that the spatial
domain calculated by the LQMOM is smaller than that in the linear source case (Figure 5).
Nevertheless, the total computational time of the hybrid algorithm is still 68.75% that of
the stand-alone QMOM.
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Figure 5. Profiles of the first-order moment M at different times calculated by the LQMOM-Q-

MOM hybrid algorithm for the plug-flow reactor with the linear source (27). Blue and red dots
indicate points at which the QMOM and LQMOM are used, respectively.

5. Extension of LQMOM and hybrid algorithm to multivariate PDF

Like the QMOM, the LQMOM can not be directly applied to the multivariate PDF case.
Fortunately, the QMOM has already been extended to multivariate PDF as the Conditional
Quadrature Method Of Moments (CQMOM) [32]. In this section, we extend the LQMOM
to multivariate PDF by referring to the basic idea of CQMOM.

For ease of description, we take the bivariate PDF case as an example. Extension to
multivariate PDF cases will be described later. Let the two internal coordinates of PDF be
the mixture fraction &£ and reaction progress variable Y, where 0 < (£,Y) < 1. The joint
scalar &£-Y PDF transport equation is given as [35]:

OF 3 (F) 9

oF 0(F/p)] , 0
ot ox; ox;

. d
| e [9€ - DF] =L sEnFL 28)

Denote M,,, as the mixed moments of the PDF f = F/p, where n and m represents the
order of moments. The mixed moments are defined as:

M, = / E"Y"f(£,Y)dEAY, n,m=0,1,.... (29)
]Ry Rs
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Figure 6. Comparison of the first-order moment M| and standard variance among the hybrid
algorithm, QMOM and reference solution for plug-flow reactor with the exponential source (20).
The reference solution is obtained with the stand-alone QMOM (N, = 3) on 201 grid points.
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Figure 7. M), profiles at different times computed by the LQMOM-QMOM hybrid algorithm for
the plug-flow reactor with the exponential source case (20). Blue and red dots indicate spatial
positions where the QMOM and LQMOM are used, respectively.

From now on, we suppress the integration domain for brevity. The moment transport
equations can be derived via integration of Equation (28) in the £-Y space and are given as

d (pMnm) d (ﬁﬁtMnm) 0 — aIMHm —
+ =—|0oMD+Dy) +npQ2 (MioMy—1,n — M)
at 0x; ox; ox;
+ mﬁ/ E"Y"IS(E, Y)f (5, Y)dEdY. (30)

The CQMOM [32] can be used to close the integral term as briefly reviewed below.
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51. COMOM

Take & as the primary internal coordinate. Define f' (Y |§) as the conditional density function
of Y conditioned at &£. The bivariate PDF f can be expressed equivalently as

FE ) =fEf Y1) €1y

As per the classical QMOM, each of the two density functions in the right-hand side of
Equation (31) can be approximated by the sum of weighted Dirac delta functions, thus

Ny N>
FEY) =) wab(E =&)Y Wapd(Y — Yap). (32)
a=1 B=1

Here, N; and N, are the numbers of quadrature nodes in the £ (primary) and Y (secondary)
directions, w, and &, are the primary weights and abscissas, and w, g and Y, g are the
secondary ones. All the weights and abscissas are unknowns.

Using Equations (31) and (32), the mixed moments (29) can be expressed as

My = / FE)E" ( / f(YIS)Y'"dY) d

Ny N

=D WaWagELYL. (33)

a=1 =1
And the chemical source term in the moment equations (30) can be closed as

N N

Ry = mp f EY"TISE V5, V)AEAY =mp Yy > Wowa péaYa'y S Yap). (34)

a=1 p=1

It is evident from Equation (32) that the number of unknowns is 2(N; + N|N,). If a
K-variate PDF in the conditional formf(r/f) =fWf W) - fWgldr, ..., ¥k—1) is
approximated with the Dirac delta functions, the number of unknowns is 2(N; + NN, +
--+4+ N[N, ---Ng), which is very large. Therefore, to reduce computational cost the
CQMOM always uses Np = --- = Ng =1, thus wy g = wy g, =--- =1, and the total
number of unknowns becomes 2N; + (K — 1)N; = N; + N, K. For the bivariate case, we
take N| = 2 as an example while N, = 1. Now Equation (32) becomes

2
FEY) =) wadE —£)8(Y — Ya), (35)

a=1

which has six unknowns. If we select a set of six low order mixed moments as

Moo
Mo Moy,

, , (36)
My My,

M3



Combustion Theory and Modelling 161

we have the following nonlinear equations from Equation (33),

wi + wy = My
wi&1 + w26 = My wi Y| +wy Yy = My, )
wiE] +wiE] = My w11 Y1 + wabr Y, = My

W&} + W& = Mg

The basic idea of CQMOM is to solve the left nonlinear equations in (37) by the PD or
Wheeler algorithm to obtain {wy, w,, &, &,} at first, and then take the results into the right
equations so that they become linear equations. {Y1, >} are solved out as

1
Yi=——— (&Moo —Mn),
wi (521 §1) (38)
Y= ——— (—EMy — Myy).
T g oMM
Finally, the chemical source term (34) can be calculated as
N,
Ry =mp Y _ wabl Y2~ S(Ea. Ya). (39)

a=1

The above CQMOM can be easily extended to N, scalar joint PDF cases. Now
Equation (35) is replaced by f (V1. ¥v,) = Yy wid (Y1 — 1)) [Ths 8 (¥ — ). So
we need to solve N| + NN, mixed moment transport equations (actually less one because
My.. o = 1). If we properly choose a scalar as the primary coordinate v}, and adopt a set of
mixed moments similar to the form (36),

Moo Moo Moo
My Mo M

b 9 9 (40)
Mon,—1y0 My, ~1y10 M, —1yo1

we can build a series of systems like Equation (37). To solve these systems, we first solve a
nonlinear system of 2N, equations built upon the first moment vector in Equation (40)
for the primary weights {wj}jvz‘1 and abscissas {¢>1j}jv=‘1 by using the PD or Wheeler
algorithm. With these results, we then solve Ny — 1 linear systems of N; equations for
the subsidiary abscissas {qbﬂj}j].\’:‘l ,B =2,...,N, built upon the remaining moment vectors

in Equation (40), where the Bth moment vector is composed of {My,.. k;.. ky, }2’[‘:—01 with
ky = --- =ky, = 0 except that kg = 1.

5.2. LCOMOM (linear COMOM )

To extend the LQMOM to the multivariate PDF case, we refer to the conditional PDF idea
of the CQMOM [32,33]. We rewrite the bivariate PDF here as

FEY) =FEFXIE).
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Here, the univariate PDF f(£) remains continuous and will be treated by the LQMOM
while the conditional PDF is approximated as f (Y|§) = ZI/_‘\}IZ:I wg p8(Y — Ye ). To reduce

computational cost as said in Section 5.1 we use N, = 1 and thus wg g = 1.
The mixed moments can be approximated as follows:

M = f £ () ( / Y’"f<Y|s>dY> aé

Ny
~3 [f@a)s::wa / Y'"f<Y|sa>dY}
a=1

Ny
=Y wddlf ENYY, (41)

a=1

where &, and w, are the preset quadrature nodes and weights, and f(&,) and Y,, are the
unknowns. Once they are solved out, the chemical source term can be closed as

Rum = mp / EYTIS(E, VI, Y)dedY

— mp / () ( / YIS, Y)f(Ylé)dY) dé

Ny
~mp Y wubaf G Yy 'S el Y. (42)
a=1

In order to show how to solve for (f (&), Yy), = 1,..., N from Equation (41), we take
N; = 4 as an example. The number of unknowns is 2N, = 8. We choose a set of eight low
order mixed moments as follows,

Moo Mo,
M My,
, . (43)
My M»
M3 M3,
Given the two moment vectors, we can establish two systems of equations as:
N1 Nl
Zwoafot = Moo, ZwofaYa = Mo,
a=1 a=1
N N,
Zwagaf(x:MlO, ZwQSQfaYaleh
a=1 a=1
44
N ’ N ( )
Z wa&ffa = M», Z waééf(x Yo = M>,
a=1 a=l1
N1 Nl
Zwaés.fa =M3O- Zwago:jfaya :M31~
a=1 a=1
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Figure 8. Sketch of initial velocity profile of the 2D shear layer flow.

We first solve for f,,a = 1,2,...,N; from the left linear system by using the LQMOM.
Substituting the solved results to the right system in Equation (44), we can obtain a linear
system, and then we solve it for Y, = 1,2,...,N;. Finally, the solved values of f,, and
Y, are taken into the source integral term (42) for closure.

To extend the above procedure to a Ny-variate PDF, we preset Ny quadrature nodes and
weights in a properly chosen primary internal coordinate direction ;. The PDF is approx-
imated as f(lﬂl, YN =) ]_[2/’:2 8(g — ¢glr1). In order to establish N linear
systems of size Nj, we select NjN; mixed moments similar to the set (43), i.e. the first
moment vector is {My,0,k1 = 0,...,N; — 1}, involving only the primary direction, while
the Sth moment vector for § = 2,..., N, is {Mk,()kﬁo,kl =0,...,N; — 1, kg = 1}, involv-
ing both the primary direction and the subsidiary Bth direction. The number of moment
transport equations to solve is NN (actually less one because My = 1). We call this
method as Linear Conditional Quadrature Method Of Moments (LCQMOM). Although
this method has lower computational cost in the moment inversion stage, it may be more
time consuming than the CQMOM because it needs a larger Ny and thus more moment
transport equations need to be solved.

To reduce the computational cost of LCQMOM, we make an assumption that the N,
conditional PDFs conditioned at the primary nodes can be reduced to two. Take N; = 4 as
an example. For the preset quadrature nodes & < & < &; < &, in the primary direction,
two Dirac delta functions can be assumed as:

FYIE) =f(Y|&) =8(Y = V1), [f(Y|&) =f(Y|&) =8(Y —T2). (45)

Then, only the first two equations associated with My, and M), in the right system in
Equation (44) are needed:

Moy = (1fi + wofs) Vi + (03fs + aufa) Vo,

. . (46)

My = (0161f1 + @26202) Y1 + (0383f3 + w4bafs) Yo
This i§ a linear system and is solved for (f/l, f/z), and then we use Y| =Y, = f/l, Y; =
Y, =Y, in evaluating the chemical source terms (42). We call this simplified method as
LCQMOM-S. Compared with the LCQMOM, the LCQMOM-S can (i) reduce the number
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of moment transport equations from NyN; to N + 2(N,; — 1), and (ii) reduce the size of the
N, — 1 linear systems from N, to 2.

For robustness reason as said in the end of Section 3, we use the hybrid LCQMOM(-S)
and CQMOM algorithm for multivariate PDFs according to the switch function (25) with
(M, M, M5, My) replaced by (M9, Mag, M30, Ma).

6. Numerical results

Two- and three-dimensional benchmark problems are used to test the performance of the
present LCQMOM(-S)-CQMOM hybrid algorithm used in the LES/PDF method for tur-
bulent combustion. The spatial and temporal schemes for the LES equations (the first three
equations in Equation (3)) are same as introduced in Section 4.2. Further, the WENO-
75 scheme [45] is implemented in the characteristic fields and the global Lax-Fridriches
flux splitting [49] is used. The moment transport Equations (30) and (12) are treated with
the Strang splitting method as described in Section 4.2. The exception is the enthalpy
source term, Equation (10), which is not stiff and is treated explicitly together with the
convection—diffusion-mixing operator. For the discretization of Equation (10), the forward
Euler scheme is applied to dp/dt, the second-order MUSCL-TVD scheme [50] to u;0p/dx;,
and the second-order central scheme to the viscous dissipation term.

6.1. Two-dimensional compressible reactive shear flow

The spatially developing shear layer flow includes two parallel flows with different veloc-
ities. The flow field can form a complex vortex structures and avoid the influence of wall
boundary layer. Therefore, it is a benchmark problem in turbulence research [51,52]. As
shown in Figure 8, u; and u; are the velocities of the upper and lower infinities of the shear
flow, and generally one takes u; = 1 and u, = 1/3. The initial mean velocity profile and
thermodynamic variables can be constructed by the hyperbolic tangent function as follows
[53,54],

u = (1 + Rtanh(2y))/(1 + R),

v=0,
1
P= yMa?’
1
T=1+§JEW—DM¥U—MG—WL (47)

where the velocity ratio parameter (1#; = 1 is as the reference velocity) is

_ 1—u2
T l4u

We take Re = 600, Ma = 0.8, y = 1.4, Pr = 0.75. The computational domain is [0, 150] x
[—20,20]. By adding random disturbances with the amplitude of 0.2u(y) to the velocity
components # and v on the left boundary, the shear instability can be promoted to form
complex vortex structures. In this example, the LES equations (the first three equations
in Equation (3)) are assumed to be decoupled from the species mass equations as done
in [18,35], therefore the flow variables (o, i, v, 7‘) can be obtained by solving the LES
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equations for a single-species ideal gas. A uniform 300 x 80 Cartesian grid is used, CFL =
0.5, and the Smagorinsky model parameter Cg = 0.14.

In order to test the QBMMs in the reactive shear flow, the moment transport
equation (30) of the bivariate PDF for the mixture fraction Z = & € [0, 1] and reaction
progress variable Y € [0, 1], are solved with the quantities (p, &, v, D, D;) provided from
the decoupled numerical solution of the LES equations. The initial values of Z and Y are
given as follows:

{ Z = 0.5 (tanh(2y) + 1.0),
(48)

Y =0.

A simple reaction source term [35,52] for Equation (30) is given as

S(Z,Y)=K Z _y -2 Y 49
nxEN (L) w

where the reaction rate coefficient K = 0.1 and the stoichiometric mixture fraction Z;; =
0.5. In the CQMOM and LCQMOM(-S), the mixture fraction Z is chosen as the pri-
mary internal coordinate, and the CQMOM takes the number of nodes N; = 2 while the
LQMOM(-S) takes N& = 4. The switch function (25) for the LCQMOM(-S)-CQMOM
algorithm uses the parameters €; = 0.02 and €, = 5 x 10~* (¢, is not used since M, is not
solved due to N[ = 4).

As a comparison to the QBMMs, the ‘LES scalar’ method as in [35] is used here, which
solves the LES equations with the three scalar transport equation (50) for the filtered mix-
ture fraction Z, second moment Z2 and reaction progress variable ¥ respectlvely 72 is
used to compute the variance 7" for comparison with the variance o> = My — (M})?
calculated via Equation (22). The three scalar transport equations are

2(p2)  d(piz) o [P 37
a<ﬁz~2) a(ﬁﬁifz) 5 '}g . a2 .
o + o = (D + z)a—xi —0X,
3(eY) a(pw¥) o8 [ Iy -
(pY) 4 (Pit;Y) _ 2 £+ Dt)—:| +SZ,7), (50)
ot x; ox; 0x;

where the sub-filter fluctuation of the reaction source term S is neglected as in [35].
To keep consistency with the mixing frequency Q = C¢% in the moment transport
equation (30), the scalar dissipation rate of the second moment, ¥, is taken as

D+ D, ~ ~ ~ -
x=Cy Z sz where 22 = 72 — (Z)*. (51

And
M Mt
D=—, D,=——, Sc=S¢,=10, Cy=2. 52
Sc ! oSc, €= ¢ (52)

Figure 9 compares the contours of the filtered reaction progress variable Y at the
non-dimensional time 7 = 400 computed by the four methods: LES scalar, CQMOM,
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Table 3. Computer times for marching 1000 steps for the
2D reactive shear layer flow.

Method Time (s)
LES scalar 173.962
CQMOM (N] = 2) 513.329
LCQMOM(N} = 4)-CQMOM (N; = 2) 577.333

LCQMOM-S (NF = 4)-CQMOM (N; = 2) 407.141

LCQMOM-CQMOM, and LCQMOM-S-CQMOM. All these methods use one-way cou-
pling, i.e. the LES part provide information to the scalar/PDF part but not vice versa. We
see that the formation of shear vortices begins around x = 50 and the reaction happens
mostly in vortex centres. The LES scalar method predicts an earlier chemical reaction
(larger Y ), while the CQMOM, LCQMOM-CQMOM, and LCQMOM-S-CQMOM results
are close, particularly between CQMOM and LCQMOM-S-CQMOM. Notice that the LES
scalar result looks like Figure 2 in [35].

Since the shear vortices have moved outside the right boundary for 7 > 400, we con-
ducted time-averaged statistics from ¢t = 800 to the final time ., = 2000 for the four
sections x = 20, 30, 50, 100. Figure 10 compares sectional profiles of the time-averaged
variables ¥, Z and Z”? computed by the four methods. It is seen that the ¥ result by the
LES scalar method is the largest. The ¥ result by LCQMOM-CQMOM is between LES
scalar and CQMOM. Interestingly, the result by LCQMOM-S-CQMOM is more close to
CQMOM than LCQMOM-CQMOM. The reason may be that both the LCQMOM-S and
CQMOM (N; = 2) use two Dirac delta functions to approximate the conditional PDF but
the LCQMOM uses four (N {“ =4). The Z and Z"? results in the right frame in Figure
10 between the four methods are close to each other, and are comparable to Figure 3 in
[35]. However, as the computational parameters used are different from those in [35], the
numerical results have difference, and thus we do not plot their results in this figure.

Lastly, we compare computational costs of the four methods in Table 3. The LES scalar
method is the fastest, which solves the three scalar transport equation (50). The LCQMOM-
S-CQMOM hybrid algorithm is the second fastest, which solves six moment transport
equations as the CQMOM (NlL 4+ 2(Ny — 1) = 6 = N; + N|N;y), and the size of Ny — 1
linear systems is only 2. However, the computer time is reduced by 20% compared to
the CQMOM, this is due to two reasons: (1) the cost for the moment inversion is small
compared with that for solving the moment transport equations; (2) the fraction of com-
putational domain calculated by LCQMOM-S is small. This is clearly seen in Figure 11.
The LCQMOM-CQMOM is the slowest, mainly due to solving NI'N; = 8 moment trans-
port equations, two more than that in the CQMOM. Although the moment inversion of
LQMOM can reduce the time cost partially, it is not enough to offset the increased time
cost for solving the two more moment transport equations.

6.2. Three-dimensional high-speed reacting air/H, jet

We consider the reacting air/H, jet problem in LAERTE experimental data (see [55] and
references therein), which has been simulated by Karaca et al. [56]. The physical param-
eters used are given in Table 4. The computational domain is 250 x 30 x 30 mm? from
the round nozzle exit plane (x = 0) to the downstream plane (x = 250) and encompassing
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Figure 9. Instantaneous contours of the reaction progress variable ¥ at r = 400 for the 2D reac-
tive shear layer flow computed on the 300 x 80 grid using four methods: LES scalar, CQMOM,
LCQMOM-CQMOM and LCQMOM-S-CQMOM.

the jet centreline (x,0,0). The computational domain and the inflow velocity profile u(y)
on the jet centreline section z = 0 are illustrated in Figure 12(a,b). The C+ + function
rand generated random numbers are multiplied with 7.5% u(y) and added to the velocity
(i, v, w) on the inlet plane. The chemical reaction mechanism with 9 species and 19 reac-
tions [57] are adopted. It takes about 0.2 ms for the jet to flow from the nozzle exit to the
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flow.
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Figure 11. The detection result at = 400 by the detector (25) in the LCQMOM-S-CQMOM
hybrid algorithm for the 2D reactive shear layer flow. The dark region marks where the LCQMOM-S
is applied.
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(a) Perspective of the computational domain. (b) Inlet velocity profile taken from [56].
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Figure 12. Computational domain and inlet velocity profile for reacting air/H, LAERTE jet prob-
lem [55]. (a) Perspective of the computational domain and (b) Inlet velocity profile taken from

[56].

Table 4. LAERTE experimental conditions [55].

Hj jet Air co-flow
U (m/s) 1970 1366
T (K) 160 1170
P (kPa) 84 92
u (kgm~ls™h) 0.729 x 1073 4.604 x 1073
p (kgm™3) 0.127 0.259

downstream boundary. Therefore, we conduct time average statistics from time r = 0.2 ms
to the simulation end time #.,g = 0.4 ms.

The numerical simulation uses 256(x) x 64(y) x 64(z) Cartesian grid points. The grid is
clustered to the nozzle centreline and the inlet plane (see Figure 12(a)) and CFL number is
set to 0.5. The governing equations are transformed in generalized curvilinear coordinates
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Figure 13. Reacting air/H, LAERTE jet. Instantaneous iso-surfaces of the mixture fraction
Zs = 0.0297 at fepg = 0.4ms computed on the 256 x 64 x 64 grid with (a) LES alone, (b)
LCQMOM-S-CQMOM.

and discretized with the numerical schemes mentioned in the beginning of Section 6. The
Smagorinsky model parameter Cs = 0.1 is used for this problem.

The number of quadrature nodes for the CQMOM is taken as N; = 2, and that for the
LCQMOM(-S) is taken as N[ = 4. The mass fraction of hydrogen is selected as the pri-
mary internal coordinate ;. The scalar joint PDF contains the mixture enthalpy and eight
chemical species excluding nitrogen (Ny = 9).

As a comparison, the LES alone method is also used for this problem. It solves the
full Equation (3) including the total energy and species mass conservation equations. The
chemical reaction source terms are implicitly modelled by substituting the Favre filtered
variables directly into the Arrhenius law to compute .

To compare the computational costs of the four methods, we count the number
of transport equations which need to be solved. The LES alone method solves the
mass, momentum, total energy and species equations, totalling 5 + (Ny — 1) = 13 equa-
tions. The LES/CQMOM (N; = 2) solves the mass and momentum equations but the
energy and mass fractions are calculated using the moment transport equations, totalling
44+ N +NNyg—1=4+2+42x9—1=23 (less one due to My = 1) equations. The
LES/LCQMOM (N{“ = 4) solves 4 + N{“NS —1=4+44x9— 1 =39 equations, and the
LES/LCQMOM-S (NlL = 4) solves 4 + N,L +2(Ny — 1) — 1 = 23 equations. It can be
seen that the latter three methods need to solve more transport equations than the first
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Figure 14. Time-averaged temperature contours in the z = 0 plane at zo,q = 0.4 ms for reacting
air/Hy LAERTE jet on the 256 x 64 x 64 grid with the LES alone (top), CQMOM (middle), and
LCQMOM-S-CQMOM (bottom).

method, however, they can yield similar results as the LES alone with coarser grids. Notice
that the LCQMOM-S has a much lower inversion cost than the CQMOM even if both have
the same number of moment transport equations.

We follow [56] to look at the mixture fraction defined by Z = (sYu, — Yo, +
Y5/ (sYg, + Y5)), where s = Wo,/(2Wy,) is the mass stoichiometric ratio, and Wy, and
Wo, are the molecular weights. The stoichiometric mixture fraction Zy = 1 /(sz{z’/ YO"‘ZJ +
1) results from the condition Yy, = Yo, = 0. In this problem, Yi; = 1 in the hydrogen jet
and Y°‘; = 0.2447 in the air co-flow [56], so Zs = 0.0297. Figure 13 shows the perspective
view of the instantaneous Zg iso-surface at ., = 0.4 ms. It is seen that the LCQMOM-S-
CQMOM has clearer vortical structures in the upstream zone than the LES alone due to
later reactions. The results by the CQMOM and LCQMOM-QMOM are similar to the
LCQMOM-S-CQMOM and thus are not shown.

Figure 14 shows time-averaged temperature contours in the z = O centreline plane at
fend = 0.4 ms computed with the three methods: LES alone, CQMOM and LCQMOM-
S-CQMOM. It is seen that high temperature zones due to exothermic chemical reactions
appear on surfaces of the jet. Unlike instantaneous contours, the time-averaged temperature
contours by the various methods are more similar to each other.

The inconsistency issue of a LES/PDF hybrid method is a concern. in the present
work, the temperature is a redundant variable because it can be computed from either
Si(T, eres, Ypar) = 0 or fo(T, hpat, Ypar) = 0, where e, h and Y are the mixture internal
energy, enthalpy, and species mass fractions with the subscripts labelling the LES or PDF
side. The relative inconsistent error of temperature is defined as |Ty/Ties — 1|, where Tieg
is calculated from the f; = O relation and 7y from the f, = O relation. Figure 15 shows
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Figure 15. Contours of the temperature inconsistency error averaged over ¢ € [0.2,0.4] ms in the
z = 0 plane for reacting air/Hy LAERTE jet on the 256 x 64 x 64 grid with the CQMOM (up) and
LCQMOM-S-CQMOM (down).
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Figure 16. Reacting air/Hy LAERTE jet. Time-averaged velocity (left) and temperature (right)
profiles on the line (x,z) = (0.21, 0) computed by three different methods on the 256 x 64 x 64 grid
compared with Karaca’s numerical [56] and ONERA’s experimental [55] results. The Smagorinsky
model parameter Cs = 0.1.

contours of the inconsistent errors of CQMOM and LCQMOM-S-CQMOM. It can be seen
that the two methods have similar results, with the maximum error 20% initializing at
x ~ 0.1 and dropping down to 10% at x ~ 0.2. How to reduce the inconsistent error will
be our future task.

Figure 16 shows distributions of the time-averaged axial velocity component u and tem-
perature 7 in the spanwise line (x,z) = (0.21,0). It can be seen that the results with LES
alone, CQMOM, and LCQMOM-S-CQMOM are comparable to the numerical result in
Figure 23 by Karaca et al. [56], but differ much from the experimental result by ONERA
group [55]. On the whole, the temperature peaks and their locations computed by CQMOM
and LCQMOM-S-CQMOM are more comparable to Karaca et al. [56] than the LES alone.

Finally, to give the flame lifting height, we first conduct time average of the temperature
field in the interval ¢ € [0.2,0.4] ms, and then we find the position of 7 = 1220K (50K
higher than the temperature of co-flow) in the time-averaged temperature contours and take
its most right front as the flame lifting height. We compare the numerical result with the
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Table 5. Flame lifting height in the air/H; reacting jet flow.

Method Height (cm)
LES alone 5.589
CQMOM (N; =2) 8.089
LCQMOM-S (N{‘ = 4)-CQMOM (N| = 2) 10.281
ONERA’s LAERTE experimental result 17

experimental data [55] in Table 5. It can be seen that results of the flame lifting height cal-
culated with CQMOM and CQMOM-LCQMOMS-S are closer to the experimental results
than the LES alone. The slightly better agreement between the LCQMOM-S-CQMOM
result and the experiment one compared to the CQMOM may be due to that more quadra-
ture nodes (N {“ = 4) are used in the primary direction than the CQMOM with two nodes
(N; = 2), thus enhancing accuracy.

7. Conclusion

The linear quadrature method of moments (LQMOM) for the univariate PDF case and its
extension to the multivariate PDF case are presented. The LQMOM assumes that the PDF
distribution is smooth and uses a set of preset quadrature nodes and weights for approxi-
mating the moment definition. In this way, a linear equation system is established for the
PDF values at the quadrature nodes, and the inversion cost is much less than the non-
linear moment inversion in the QMOM. However, the LQMOM does not work well for
non-smooth PDF distributions, and thus we use the LQMOM-QMOM hybrid algorithm
for the time being. Numerical tests show that the hybrid algorithm is still more efficient
than the QMOM. The LQMOM is extended to the multivariate PDF case by referring to
the main idea of the conditional quadrature method of moments (CQMOM). To reduce
the computational cost of the resultant LCQMOM, we develop the simplified version,
LCQMOM-S. Finally, the LCQMOM-S-CQMOM hybrid algorithm is applied to two- and
three-dimensional turbulent reactive flows. The numerical results show that this hybrid
algorithm can produce comparable results and reduce the overall time by about 20%
compared with the CQMOM.

The major shortcoming of LQMOM or LCQMOM is that it is prone to generate negative
PDF values for non-smooth PDF distributions. In the follow-up work, we shall study how
to erase this deficiency. Finally, how to reduce the inconsistency error of the LES/PDF
hybrid method and how to select the primary internal coordinate for the LCQMOM and
CQMOM are worthy of further study.
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