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ABSTRACT

The consistent hybrid solution method has been recently developed and shown to be
superior to the best alternative approach by as much as a factor of 50 or more, making the
PDF methodology a feasible design tool in practical applications . In the present study,
the hybrid solution method is improved significantly by replacing the density-based finite-
volume (FV) solver with a SIMPLE type pressure-based FV solver of Peric (1999) and the
new solution algorithm is used to simulate the bluff-body stabilized turbulent non-reacting
and reacting flows studied experimentally by Dally et al. (1998). In the PDF methods,
the transport equation for mass-weighted joint PDF is directly derived from the Navier-
Stokes equations and the unclosed terms are modeled through construction of stochastic
differential equations (SDEs). The closure is usually guided by existent Reynolds stress
models such that the joint PDF model is equivalent to the corresponding Reynolds stress
model at the second moment level. Although there exist advanced velocity models, the
simplified Langevin model (SLM) has been usually used in the PDF computations due to
its simplicity. In the present study, in addition to the SLM, we also consider two other
popular velocity models, namely Lagrangian Isotropization of Production Model (LIPM)
and Lagrangian Speziale Sarkar Gatski Model (LSSG) and evaluated their performances for
the bluff-body flows. Since the focus of the present work is on the accurate calculations of
mean and rms velocity fields, a simple flamelet chemistry model is employed to facilitate
extensive numerical simulations. However, sensitivity of the computed results to the model
constants for the mixture fraction and variance of the mixture fraction are also presented.
An attempt is also made to optimize the LIPM and LSSG velocity models based on the
bluff-body flows and significant improvement is achieved in predicting the mean fields for

non-reacting case.
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Chapter 1

INTRODUCTION

Most of the industrial and natural flows are turbulent and many involve chemical re-
actions. However the turbulence is still one of the major unsolved problems of classical
physics. Although the Navier-Stokes equations are known to be the correct mathematical
model for turbulent flows, the direct numerical simulation (DNS) is still limited to simple
flows with low or moderate Reynolds numbers due to rapidly increasing computational cost
with Reynolds number. In probability density function (PDF) methods, turbulent flows
are modeled through modeled transport equation of a one-point, one-time PDF of selected
flow properties. Compared to the traditional turbulence models PDF methods have a dis-
tinct advantage of being able to treat the important processes of convection and non-linear
chemistry exactly without any modeling assumptions. In addition, the effects of the mean
pressure gradient and the body forces also appear to be in closed form and only fluctuating
pressure gradient and molecular transport terms need to be modeled. The unclosed terms
are closed through construction of stochastic differential equations that represent the same
PDF as the turbulent flows [21].

As for any turbulence model, an efficient numerical solution algorithm is of crucial
importance in the PDF methods. A significant progress has been recently made in this
direction by the development of the consistent hybrid finite-volume (FV)/particle-based
Monte Carlo method [11, 16, 18]. It has been shown that the consistent hybrid method is
upto 100 times more efficient than the best available alternative solution algorithm of the
self-contained particle-mesh method implemented in pdf2dv code [23]. The major advantage
of the hybrid method comes from the fact that it is designed to combine the best features
of the FV and particle methods and to avoid their deficiencies when used alone. It has been
shown that it virtually eliminates the bias error and significantly reduces the statistical noise

in mean fields [11, 16]. In addition, the hybrid method can be easily coupled with existing
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flow solvers including the commercial CFD packages. In the hybrid method, a finite-volume
solver is used to solve the mean mass, momentum and energy conservation equations while
a particle-based Monte-Carlo algorithm is employed to solve the transport equation of the
joint PDF of the fluctuating velocity, turbulent frequency and compositions. The method
is fully consistent at the level of the equations since all the equations solved by the hybrid
method are directly derived from the modeled joint PDF transport equation. In addition, a
full consistency at the numerical level is achieved by the correction algorithms developed by
Muradoglu et al. [18]. Although the consistent hybrid method coupled with the correction
algorithms has been successfully applied to various turbulent flames [4, 10, 13, 15, 17],
its main deficiency was the lack of robustness and the extreme sensitivity to the relaxation
parameters [10]. In particular, the previous versions of the hybrid algorithm failed to achieve
a grid convergence for the non-reacting bluff-body flow [10]. When the grid is refined
more than a threshold, both the loosely-coupled [16] and tightly-coupled [11] hybrid solvers
resulted in a vortex shedding that has not been observed experimentally [6] and it was not
clear whether this unphysical behavior was due to the models used or due to the numerical
solution algorithms. The primary purpose of the present thesis is to resolve this problem
and to develop an accurate and robust consistent hybrid algorithm for solving the PDF
equations of turbulent reacting flows and to apply the new solver to assess the performance
of the most widely used velocity models. For this purpose, the density-based FV method
used in the previous version of the loosely-coupled hybrid algorithm [16] is replaced with
a pressure-based SIMPLE type FV solver [20] since there was some evidence that the lack
of robustness of the old version of the hybrid method was due to the excessive numerical
dissipation needed to maintain the numerical stability of the FV algorithm. In addition
to this, turbulent combustion usually takes place at low Mach numbers in order to avoid
rapid and large increase in pressure during the heat addition and the pressure-based solvers
have been designed and proven to be efficient in such flow regimes [20]. Note that the FV
algorithm used in this study belongs to the class of flow solvers that are used in virtually
all the commercial CFD packages including Star-CD [1], Fluent [2] and CFX [3]. It is
found that the new hybrid algorithm is more robust than the old version and does not
produce any unphysical vortex shedding when applied to the non-reacting bluff-body flow

while retaining all the advantages of the consistent hybrid method. In this new version of
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the hybrid algorithm, the energy conservation equation is not solved and the mean density
field is directly supplied by the particle method to the FV solver. It is found that the noisy
density field extracted from the particles does not cause any significant stability problem as
long as it is time averaged over a sufficiently long time scale.

The new hybrid method is also used to assess the performance of the velocity models
including the simplified Langevin model (SLM), the Lagrangian isotropization of the pro-
duction model (LIPM) and the Lagrangian Speziale-Sarkar-Gatski model (LSSG). For this
purpose, non-reacting and reacting bluff-body flows are selected as test cases and the com-
putational results are compared with the experimental data [6]. In addition, sensitivity of
the computational results to the model coefficients are examined and an attempt is made
to optimize the model constants.

The thesis is organized into four main parts. In the next chapter, the PDF method is
briefly reviewed and the model equations are described. The numerical solution algorithm is
discussed in Chapter 3. In this chapter, the hybrid algorithms are briefly reviewed and the
present version is described in details. The accuracy and robustness of the present hybrid
method are demonstrated using the non-reacting and reacting bluff-body flows. Then the
method is used to study the performance of the velocity models in Chapter 4. Finally some

conclusions are drawn in Chapter 5.
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Chapter 2

JOINT PDF MODELING OF TURBULENT REACTIVE FLOWS

The joint PDF method is briefly reviewed and the model equations are described in this
chapter. The joint probability density function (PDF) method has proven to be a successful
approach for modeling turbulent reacting flows [21]. In PDF methods, turbulence closure
is achieved through a modeled transport equation for the one-point, one-time PDF of se-
lected flow properties. In this approach the convection and non-linear chemical reactions
are represented exactly without modeling assumptions—capability not possible by any other
approaches. In addition, body forces and the mean pressure gradient also appear in closed
form, but the fluctuating pressure gradient and molecular transport terms need to be mod-
eled. In particular, the exact treatment of the non-linear chemical reactions makes the PDF
method very attractive for computations of turbulent reacting flows. It has been shown
that the PDF approach is very successful to correctly resolve the important processes of

local extinction and reignition [28, 30].

2.1 Joint PDF Formulation

The one-point, one-time, mass-weighted joint PDF of velocity U =(Uy, Uy, Us) and compo-

sitions ¢ = (¢1, ¢2, ..., Png) at location x and time ¢ is defined as

() J'(V apszt) = p(9) (5(V = U)6(¢ — ¢)) (2.1)

where p is the density, V' =(V1,V2,V3) and ¥ = (1,12, ...,¢ny) are the sample space
variables for velocity U and the compositions ¥, respectively. The transport equation for

f(V ab; x,t) can be derived from the Navier-Stokes equations using the standard techniques

[21] and is given by
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d(p) [ Apf opof o .
ot " ViTon, " om0V, T aga (P Sel)
o orij  op - d dJ2 .
_ 9 (/_ op. i 2.2
where brackets with vertical bar (...|...) stands for the conditional expectation. As can be

seen in BEq. (2.2), f’ evolves in (7 +n,) dimensional space for a three dimensional unsteady
flow, where ng is the number of species. All the terms on the left-hand side of Eq. (2.2) are
in closed form and are treated exactly but the terms on the right hand side are not closed
and need to be modeled. The unclosed terms represent the transport in the velocity space

due to fluctuating pressure gradient

-, the transport by the molecular viscous stresses 7;;
J

6p,
ox
and transport in the composition space by the molecular diffusion J* (of the scalar « in
direction 7). The unclosed terms are modeled through construction of stochastic differential

equations as discussed below.

2.1.1 Velocity Model

Viscous dissipation and fluctuating pressure gradient are modeled through a velocity model
and the Langevin models have been widely used in the PDF methods for this purpose

[21, 24]. The most general form of the Langevin model can be written as [9]

dU;(t) = ‘<2>%§> = Gy (Ui = Ti(t)) dt + (Cok$) 2w, (2.3)

where p is the pressure,

.
o= o (Pl > 5)

) (2.4)
{p)
is the conditional Favre averaged turbulence frequency, and
1__
k= §uiui, (25)

is the turbulent kinetic energy. The fluctuating velocity is defined as u = U — U, where U
is the Favre averaged mean velocity. Diffusion in velocity space is represented as a three
dimensional Wiener process W (t), where dW;(t) = W;(t+dt)—W;(t) is normally distributed
with (dW;(t)) = 0 and dW;(t)dW;(t) = dtd;;. In Eq. (2.3), the second order tensor G;; is

usually specified such that the corresponding PDF model becomes equivalent to a Reynolds
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stress model at the second moment closure level [22, 24] and it can be written in the most

general form as

ou,
Gij = Q(aléij + Oégbij + Oégb?j) + Hijklaixk’ (26)
l
where the fourth-order tensor H is
Hijiw = B10ij0k + B20i1051 + B3040k + 710450k

+  y20ikbji + v30ibjk + VabijOr + Vsbikdji
+  v6bidjk, (2.7)

and the normalized anisotropy tensor is defined as

(wiug) 1

bij = 51] (28)

=
=
<

T
w

The terms in «;) are the most general expressions involving the Reynolds stress anisotropy
b;; alone, while the term in H is linear both in the mean velocity gradients and in the
anisotropy [24]. The model coefficients are selected based on the corresponding Reynolds
stress model at the second moment closure level as discussed by Pope [22, 24]. The three
most widely used models are considered here and the coefficients are specified accordingly.
These models are the simplified Langenvin model (SLM), Lagrangian IP model (LIPM) and

the Lagrangian Speziale-Sarkar-Gatski model (LSSG). The coefficient o is specified as

—(3+2Co for SLM
o =1 —(3+3C)) + 3ab) + FCIPM L for LIPM (2.9)
—(L +3Cy) — 1059 + (3an — 3C5G)b) + 3(CF5C — CF5CY) B for  LSSG.
The specifications of all the other coefficients corresponding to the SLM, LIPM and LSSG
models are summarized in Tables 2.1 and 2.2. Note that the SLM model is equivalent to
the Rotta’s model [25] while the LIPM and LSSG models approximately correspond to the
isotropization of production model (IPM) of Naot et al. [19] and the Speziale-Sarkar-Gatkski

model [27] at the second moment closure level.

2.1.2  Turbulent Frequency Model

Turbulent frequency model provides a turbulence time scale needed to close the equations

for the velocity and mixing models. The stochastic model for turbulent frequency is given
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Constant Value Used in

Co 2.1 SLM

Cq 0.6893 definition of 2

Cout 0.65 turbulence frequency model
Cu2 0.9 turbulence frequency model
Cs 1.0 turbulence frequency model
Cy 1.0 turbulence frequency model
Cy 2.0 TEM mixing model

Table 2.1: Model Constants.

Coefficient SLM LIPM LSSG
a1 - (3 +1Co) Eq. 2.9 Eq. 2.9
Q2 0 3.5 4.0-1.7%
Qasg 0 -3ay %CQSSG — 3a
i 0 -0.2 0.2
b2 0 HOPPM 1) R(CF9C - C5Y) + 05
b 0 HCIPY -1 (O8O - o55er) — 05
71,2,3,4 0 0 0
G 0 s - g - 305
i 0 30— ogr) 3 agsse

Constants  Cp=2.1 Cy=21,C4'’M =06 Cy=2.1,059¢ = 4.2,
C59¢ =0.8,C55% = 1.0
C99¢ = 0.4

Table 2.2: Velocity Model Constants.

by [26]
dw(t) = —Cs(w — @)t — S, Quw(t)dt + (2C5C4@Qw(t))/2dW, (2.10)

where W is an independent Wiener process, and the source term S, is defined as

P
Sw = w2_0w1m7 (2.11)
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where C,1, C,2, C3, Cy are model constants specified in Table 2.1.

2.1.3 Chemistry and Mixing Models

A simple flamelet model is used throughout this work in order to facilitate extensive com-
putational simulations. In this model, the thermochemical state is characterized solely by
the mixture fraction defined as

Zi — Zi

_ iz 2.12
§ Zil — Zio (2.12)

where the subscripts 1 and 2 denote the fuel and oxidizers, respectively, and Z; is the
mass fraction of the element i. Mixing models are needed to close the molecular diffusion
terms in Eq.(2.2). There are several mixing models available but we use here the simplest
one, the interaction by exchange with the mean (IEM) model [7]. In the IEM model, the

compositions evolve by
1 -
do(t) = —5Co(t) - Bt (2.13)

where Cy is the model constant specified in Table 2.1. Note that ¢ = £ in this study.

2.1.4 Modeled PDF evolution equation

The modeled mass-weighted JPDF of velocity, turbulent frequency, and compositions is

defined as
(p) F(V 4p,05x,t) =p(3p) (5(U — V))3(¢p — ¢)6(6 — w)) . (2.14)

The transport equation for f(V 4, 0;x,t) is derived from Egs.(2.3), (2.10) and (2.13) and

the advection equation Cgt( = U +u and is given by
Lo f) _ Vi d & 9p)df
W ot _Waxi(@ N+ axi v,
_ a2f
- _ 2
v Q*(fGSw)JrCng[f(@ &) + O30 (0)
— G lFSal 4 5Cu - Fva - du)l. (215)

As can be seen in Eq. (2.15), f evolves in a high dimensional space, e.g., for a 3D flow it

evolves in (8 4+ ng) dimensional space, where ng is the number of compositions. Therefore
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it is infeasible to solve this equation using conventional numerical methods such as finite-
difference or finite-volume methods since the computational cost increases exponentially
with the dimension of the equation in these methods. The only remaining alternative is
the Monte Carlo method in which the computational cost increases only linearly with the
dimensions. Although there exist Eulerian implementations of the Monte Carlo method for

the PDF equations, the preferred solution method is the Lagrangian particle method [24].

2.2 Equations Solved by the Hybrid Method

All the equations solved by the hybrid method are derived directly from modeled JPDF
equation and are thus fully consistent at the level of equations. The equations solved by

the F'V method and particle method are briefly described here.

2.2.1 Mean Flow Equations Solved By the F'V Method

In the present hybrid method, the FV solver is used to solve continuity and momentum
equations. The mean mass conservation equation is obtained by integrating Eq.(2.15) over

the entire sample space and is given by

0 0

5 )+ 50 U = 0. (2.16)

Similarly the mean momentum equations are obtained from Eq.(2.15) as the first moments

of the velocity components and are given by

5340 0+ 5= (0) D+ () 1) = = 5o ) (2.17)

Note that the Reynolds stress terms appearing in Eq. (2.17) are provided by the particle
method. The mean density field is also extracted from the particles and is passed to the
FV code as will be discussed in the next Chapter so that there is no need to solve for the

mean energy conservation equation in the present hybrid method.

2.2.2 The Equations Solved By the Particle Algorithm

A particle based Monte Carlo method is used to solve the joint PDF transport equation
of fluctuating velocity, turbulent frequency and compositions. The equations solved by the

particle method are again derived directly from the modeled joint PDF evolution equation
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in the same way as described by Muradoglu et al. [18] and are summarized here. A fluid

particle moves with the local flow velocity, i.e.,

X _ 5.0+ i), (2.18)
dt
The fluctuating velocity evolves by
1 5<P@Uj> 3[71‘ 1/2
du;(t) oz, dt — u; P, dt — GjQu;(t)dt + (CokQ)=dW, (2.19)

Finally the turbulent frequency and the compositions evolve by Egs.(2.10) and (2.13), re-
spectively.
The FV and particle algorithms are used to solve their respective equations in a pseudo

loosely-coupled fashion as discussed in the next chapter.
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Chapter 3

NUMERICAL METHOD

The PDF model equations have been described in the previous chapter. In this chapter,
the hybrid FV /particle method is presented. Firstly the FV and particle algorithms are
described separately and then the coupled FV /particle method is discussed. Since the
present hybrid method is essentially the same as that of Muradoglu et al.[18], the general
methodology is briefly discussed for completeness and emphasis is placed on the FV solver
and on the associated coupling issues. Finally the new hybrid algorithm is applied to the
non-reacting and reacting bluff-body flows in order to demonstrate its numerical accuracy

and robustness.

3.1 Finite-Volume Scheme

The FV algorithm is essentially based on the cell-centered finite-volume scheme implemented
in caffa code [20]. The code has been downloaded from the Internet and adopted to solve
the mean flow equations, i.e., Eqs.(2.16) and (2.17). The method is based on the SIMPLE
algorithm[5] and is second order accurate in space. Although the FV solver has both the
steady and unsteady versions, only the steady version is used in the present study. Note
that the method is also second order accurate in time when it is used in the time-accurate

mode. The FV method and the SIMPLE scheme are discussed below.

3.1.1 FV Method

The mean mass conservation and the Favre averaged Navier-Stokes equations can be inte-

grated over the control volume abed as sketched in Fig. 3.1 and, using the Stokes’ theorem,
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the mean flow equations can be expressed in the integral form as

/<p>Uands = 0, (3.1)

abed
B 8 . __
5 |0 de+ [@0Tmas = — [ amnds— [ odgnas, (32)
abed abed abed

where the viscous stress terms are neglected in the momentum equations and n denotes
the normal vector. A typical collocated FV grid is shown in Fig. 3.1. The present FV
scheme is fully implicit and the resulting equations are solved iteratively. The basic idea
is explained here and details can be found in Peric [20]. The surface integrals are split
into four control volume (CV) face integrals. Approximation of the convective and diffusive
fluxes and the source terms are considered on east CV face denoted by e in the sketch in
Fig. 3.1. The other faces are treated in a similar way and the results can be obtained by
a simple index substitution. Second order central differences are adopted to approximate
spatial derivatives. Fluxes are approximated such that the quantities at a CV face center
represent the mean values over the face. On the m!* outer iteration, all the nonlinear terms
are approximated by a product of an ’old’ (from the preceding outer iteration) and a new’
value. Thus, in discretizing the momentum equations, the mass flux through each CV face

is evaluated using the existing velocity field and is assumed to be known, i.e.,

i = [ 49) Oimads = ((p) T (33)

abed
where S, is the area of eastern face and U, is the velocity component in the direction of
normal vector. Note that, unless specified otherwise, all the quantities are written for the
mt" outer iteration and the superscript m is dropped in the remainder of this section. Mass

fluxes at the faces of the CVs are obtained by linear interpolations. For instance, the mass

flux on the east CV face is calculated as
) 1, . .
me = i(mp +1mE). (3.4)

Mass fluxes at the other faces can be calculated by substituting corresponding indices.

Similarly, the convective flux through e face is given by

/ (VT Tm5dS ~ (1TS).. (3.5)
abed
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The CV face value of U; used in the above expression can be found using simple linear
interpolation central difference scheme (CDS), but some iterative solvers fail to converge
when applied to algebraic equation systems derived from central difference approximations
of convective fluxes because the matrices may not be diagonally dominant in this case.
Thus these equations are solved using deferred correction approach [20] in which the flux is
expressed as

Ffy = URPS + 1 (USPS — ULPS ™, (3.6)
where superscripts CDS and UDS denote approximations by central and upwind differences,
respectively. The outward unit normal vector at CV face e is 2, and thus the turbulent fluxes
are calculated as

r —_/%dé‘%(%)ese- (3.7)

ie
abed
Finally the pressure terms are approximated as

Q= — /Spi -ndS~ —(pgSg — ppSp)™ L. (3.8)
The approximation to the complete momentum equation is then given by
Fi=Q; +Q + @], (3.9)
Then the total fluxes for the CV is given by
FC=F;+F, +FS+F;. (3.10)

When the approximation for the convective fluxes are substituted into Eq. 3.9, an algebraic
equation is obtained in the form
AU p+ Y AUy =Qp, 1=EW,N,S. (3.11)

l

The coefficients depend on the approximations used, for instance, for the UDS approxima-
tions applied for convective fluxes, the coefficient for the convective flux on face e can be
given by

% =min(my,0).
The corresponding coeflicients for other faces can be obtained by changing the indices.

Similarly

b=-Y Ay, 1=EWN,S.
l
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The source term Q% contains the pressure and Reynolds stress terms as well as the portion

of convective fluxes resulting from the deferred correction and is given by

Qb= QL+ Q%+ Q5 + @, (3.12)
where
QCUZ _ (F[%Z.)UDS - (F[%Z.)CDS] m—1 . (3.13)

The convective terms are calculated using the velocities from the previous outer iteration
m — 1. Note that solution for the above momentum equation yields a velocity field that
does not satisfy the mass conservation. Therefore the mass conservation is enforced through
pressure correction using the SIMPLE algorithm of Caretto et al. [5] as briefly discussed

below.

3.1.2 SIMPLE Method

In this subsection, the axial and radial components of velocity U; are denoted by u and v,
respectively, for simplicity. The linearized momentum equations, i.e., Eq. 3.11 are solved
with sequential solution method [20] using the “old” mass fluxes and the pressure from the
previous outer iteration. This produces new velocities u* and v* which do not necessarily

satisfy the continuity equation. Thus we have
My + 1, + e, + 1y = Amp, (3.14)

where A}, is the residual. The velocity components u* and v* calculated from the mo-

mentum equations can be expressed as

(pe —pp)" ", (3.15)

where u} is shorthanded notation for

o — QTE—QP—ZZA;‘“?‘

e AP

(3.16)
Analogously, v} is expressed as

(pv —pp)™ " (3.17)
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Figure 3.1: A collocated F'V grid. Mean fields are stored at the center of cells. F, W,S and
N denotes the centers of Eastern, Western, Southern and Northern cells, respectively. Cell
faces are denoted by e, w, s and n for Eastern, Western, Southern and Northern cell faces,

respectively. The area of the eastern cell face is denoted as S..
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The velocities u* and v* are corrected to enforce the mass conservation through pressure

correction as

~m Se m
Ug' = Uy — AT(PE —pp)", (3.18)
P
and
m ~m Sn m
P

where p™ = p"™ 1 + p’ is the new pressure. The relation between the velocity and pressure

corrections is obtained by subtracting Eq. 3.15 from Eq. 3.18:

’ ! S ’ ’
Ue = U — A%(pE _pP)v (320)
P
where
, Al
i =am — @ = ZZA;“. (3.21)
Analogously,
’ ! S ’ /
Up = Up — A%( N _pP)' (322)
P

The velocities ™ and v™ are substituted into the expressions for mass fluxes to enforce to

the continuity equation, i.e.,
(pSu)e — (pSu ) + (pSU )n — (pSu)s + Aty = 0. (3.23)

Finally, the above expressions for v and v are substituted into the continuity equation

leading to the pressure correction equation in the form

Anpp+ 3 Ap) = —Arinp — Auin, (3.24)
l
where the coefficients are
S? pS?
neeg). A
E Ay ). w Ay )
2 2
p_ pS p_ pS
A5 = <A;e)n’ As= <A}e>s’
Ab =" AP, l=E,W,N,S§. (3.25)
l

The term Amlp is analogous to A}, with @ and ¥ replacing 4* and v*. Since the velocity

corrections are not known prior to the solution of the pressure-correction equation, this
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term is neglected in the SIMPLE algorithm [20]. Other alternatives are the SIMPLER and
the PISO [20]. After the pressure-correction equation is solved, the velocities and pressure
are corrected. The corrected velocities satisfy the continuity equation to the accuracy with
which the pressure-correction equation is solved. However, they do not satisfy the non-linear
momentum equation, so another outer iteration is needed. When both the continuity and

momentum equations are satisfied to the desired accuracy, convergence is achieved.

3.2 Particle Method

The particle method is described in the context of the hybrid method and is essentially
based on that of Muradoglu et al.[18]. In this approach, the fluid particles are represented
by an ensemble of notional particles distributed in the physical space. Each particle has the
intrinsic properties of mass m™*, position X*, fluctuating velocity u*, turbulence frequency w*
and compositions ¢*. The particle properties are denoted by superscript * throughout the
thesis unless specified otherwise. A non-uniform Cartesian grid is cast on the computational
domain in order to estimate the particle fields needed in the particle evolution equations
and the equations solved by the FV algorithm. The grid is also used to interpolate the
particle and FV mean fields onto the particles. Note that the same grid is used in this
study both for the particle and FV algorithms. The particle fields such as (p)* and (u;u;)*
are extracted from the particle properties using a cloud-in-cell (CIC) method[8]. The mean
quantities needed in the particle evolution equations are interpolated from the nodal values
of the corresponding FV or particle fields using bilinear splines. The spatial derivatives
of the mean quantities that appear in the particle evolution equations are first evaluated
at the nodes using second order central differences and then interpolated onto the particle
locations.
The particle positions evolve according to

dX; (1)

= U7 (t) + uj(t), (3.26)

7

where UZ-*(t) is the mean velocity interpolated from the FV field onto the particle location.

The fluctuating velocity evolves by

e L Opuuy)* U
du;(t) = b oz, dt — u; oz,

dt — G Q" (t)dt + (CokQ)'/2dW;. (3.27)
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and the turbulence frequency and compositions by
dw*(t) = —Cs(w* — @)t — S, Qw* (t)dt + (2C5C4,00w* (£))/2dW, (3.28)

and
4" (1) = ~5Co" (1) — B, (3.29)

respectively. The particle equations (3.26,3.27,3.28) and (3.29) are integrated forward in

time using the explicit second order scheme as described by Muradoglu et al.[16].

3.3 Coupled FV /Particle Algorithm

The FV and particle methods are periodically used to solve their respective equations. Each
period is called an “outer” iteration that consists of FV and particle “inner” iterations. The
FV and particle algorithms are coupled in a semi loosely coupled fashion[11], i.e., the FV
code is run until it reaches a pseudo steady state while the particle code is run for a
single time step to complete an outer iteration. The mean density and the Favre averaged
Reynolds stresses are supplied to the FV code by the particle algorithm which, in turn,
gets the mean velocity and pressure fields from the FV solver. Although it can be easily
adopted to perform time accurate computations, the present implementation is designed
to treat only the statistically stationary flows. Therefore time-averaging is performed to
reduce statistical error both in the particle and FV fields. Following Muradoglu et al.[16],

for a mean field @Q, the time-averaged mean Q)74 is evaluated as follows
Qha= (1 5o ) @+ Qi (3.30)
Nra Nra

where the superscript k denotes the k' particle time step and Ny, is the time-averaging
factor to be specified. The time-averaging factors for the F'V fields used in the FV algorithm,
for the particle fields used in the F'V algorithm and for the particle fields used in the particle
algorithm are denoted by NQEX, Nfip v, fip , respectively. Throughout this thesis, unless
specified otherwise, the time-averaging factors are fixed at 5, 10 for N:,EX, NZEI%F V and 20
for Nfip in the initial phase of calculations and is increased to 500 when a statistically
steady state is approached.

As mentioned before, although the present hybrid method is completely consistent at the

level of governing equations, a full consistency at the numerical solution level may not be
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achieved due to accumulation of numerical error. Therefore correction algorithms are needed
to enforce the full consistency at the numerical level. Since the density field is supplied to the
FV algorithm by the particle code, there are only two independent consistency conditions

in the present hybrid method given by
a* =0, (3.31)

and

{p)p =1, (3.32)

where ¢ is the particle mass density [18]. The velocity and position correction algorithms
are used to enforce the consistency conditions given by Eqs. 3.31 and 3.32, respectively.

The correction algorithms are the same as those described by Muradoglu et al. [18].

3.4 Validation of the Numerical Method

The numerical properties of the present hybrid method are examined using the non-reacting
and reacting bluff-body flows, which were studied experimentally by Dally et al. [6] and
computationally, using the previous versions of the consistent hybrid algorithm, by Jenny
et al. [10], Muradoglu et al. [15] and Liu et al. [13]. The bluff-body flows are selected as
test cases since the previous versions of the hybrid algorithm failed to achieve grid conver-
gence especially for the non-reacting case[10]. In addition, the bluff-body flames have been
selected among target flames in the turbulent non-premixed flames (TNF) workshop [29]
due to their relevance to numerous engineering applications such as bluff-body stabilized
combustors widely used in industrial applications because of their enhanced mixing charac-
teristics, improved flame stability and ease of combustion control [6]. Besides their practical
significance, the bluff-body flows studied here provide an excellent but challenging test case
for the numerical solution algorithms as well as the chemistry and turbulence models due to
their simple and well defined initial and boundary conditions, and their ability to maintain
the flame stabilization for a wide range of inlet flow conditions with a complex recirculation

zone [6, 15].



Chapter 3: Numerical Method 20

3.4.1 Boundary Conditions

The geometry and the computational setup of the bluff-body flows are sketched in Fig.(3.2).
The inlet and boundary conditions are the same as those used by Jenny et al. [10] for the
non-reacting case and as those used by Muradoglu et al. [15] for the reacting case. A fully
developed turbulent pipe flow is assumed in the jet region and variances of velocity are

interpolated from the experimental data. Mean turbulent shear stresses are calculated as

Ty = pra(u2ad), (3.33)
where u; and u, are axial and radial components of the fluctuating velocity, p12 = —0.4

and pi2 = 0.5(y/R;) in the coflow and jet regions, respectively. Particle fluctuating velocity
components are specified so that they have zero mean at the inlet. Turbulent frequency at

the inlet is specified using

. P yu, dU

where k is the turbulent kinetic energy and P is the mean turbulent energy production rate.
A perfect slip is assumed on the bluff-body. The outlet pressure is fixed to atmospheric
pressure (pp = 1 atm). The inlet boundary conditions are also used as initial conditions.

As sketched in Fig.(3.2), a rectangular computational domain with 0.75m (15Dy) in the
axial direction and 0.15m (3D}) in the radial direction is selected, where Dj, stands for the
diameter of the bluff-body. Inlet boundary conditions are specified at £ = 0. The radius of
the fuel jet is R; = 0.0018 m and the radius of the bluff-body is R; = 0.025 m. The outer
boundary in the radial direction is located at y = 0.15 m.

The mean velocity is specified in the jet region assuming a fully developed turbulent
pipe flow in the same way as Jenny et al. [10]. The bluff-body is treated as a perfect-slip
wall. In the coflow region the experimental data, which is available from the Internet [14],
is interpolated to corresponding locations. At first region where jet flows in, density has
been set to fuel density and in the other two regions density has been set to air density.
Properties are interpolated onto particles at the inlet.

Outlet boundary properties are set at * = 0.75 m. At the outlet, pressure is set to
atmospheric pressure 1 atm. Particles leaving the computational domain at outlet are

eliminated.
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At the centerline, symmetry boundary conditions are applied both for FV solver and
particle method. Particles crossing the centerline are reflected back into the computational
domain.

The computational grid is stretched in the jet region and also in the jet/bluff-body and
bluff-body/coflow shear layers as the flow properties are expected to change most rapidly
in these regions. The computational grid is also stretched in the recirculation region. Some
properties of the computational grids used here are summarized in Table (3.1).

A non-reacting bluff-body flow labeled as B4C1 and reacting bluff-body flow labeled as
HMIE are selected for validation purpose. The jet velocity is 61 m/s, and coflow velocity
is 20 m/s in the B4C1 and the jet velocity is 108 m/s, and coflow velocity is 35 m/s in the
HMI1E. The number of particles per cell is fixed at 50, which has been shown previously
to be sufficient to reduce the associated numerical error below 5% [16]. Maximum outer
iterations are set to 15 for the FV solver.

As mentioned before, the present hybrid algorithm is designed to simulate the statisti-
cally stationary flows. Therefore the statistical stationarity is first examined both for the
B4C1 and HM1E flows. For these purpose, the mean axial velocity and mean turbulent ki-
netic energy are monitored at six selected locations (see, e.g., Table (3.2)) and are plotted as
a function of particle time steps in Figs. 3.2 and 3.4 for the non-reacting and reacting cases,
respectively. As can be seen in these figures, the statistically stationary state is reached
rapidly in the case of non-reacting flow while it takes about 8000 particle time steps for the
reacting case. The smoothing effects of time averaging can be clearly seen in these figures,
i.e., after about 5000 particle time steps in both cases.

The grid convergence of the method is also examined. For this purpose, the grid is
successively refined and the spatial error is quantified as function of the number of grid
cells denoted by M?2. The profiles of mean axial velocity and the rms fluctuating velocity
computed using 64 x 64, 80 x 80, 96 x 96 and 128 x 128 are plotted in Figs. 3.5 and 3.6 at
locations /Dy = 0.6 and z/Dy = 1 for the non-reacting and reacting cases, respectively.
The grid convergence is also quantified in Figs. 3.7-3.8. In these figures, the mean axial
velocity and rms axial velocity have been plotted at selected locations as summarized in

Table 3.2. The spatial error is defined as

_ |Qn — Qo
maX(’Qoo’a’ﬂQrefD

(3.35)
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Figure 3.2: Sketch of the bluff-body flows. Radius of the jet region and the diameter of the
bluff-body are denoted by R; Dy, respectively. Axial and radial lengths of the computational
domain are set to 15D, and 3Dy, respectively.

where Q)7 is the numerical result obtained on a grid containing M? grid cells, Qo is the
grid independent value obtained using the Richardson’s extrapolation as M — 00, Qyey is
the reference value taken as the largest of @ at the inlet and & is taken to be 0.2. This cut
off procedure is used to avoid singularities at locations where the mean quantities approach
zero. The spatial error is plotted in Figs. 3.7 and 3.8. These figures clearly show the second
order spatial accuracy of the present hybrid method. It is deduced from Figs. 3.7 and 3.8

that a 96 x 96 grid is sufficient to reduce the spatial error below 5% for all the six locations.

After showing the statistical stationarity and grid convergence of the hybrid method, it is
first applied to the non-reacting case using a 96 x 96 grid. The mean fields are compared with
the experimental data in Figs. 3.9-3.12. As can be seen in these figure, there is generally
a reasonably good agreement between the computational and experimental results for all

mean fields. In addition, although not shown here, the present results agree very well with
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the results obtained with the old version of the hybrid algorithm. Alto ugh not included
in this thesis, the new hybrid algorithm is also successfully applied to compute the non-
reacting bluff-body flow using even finer grids, i.e., grids containing 192 x 192 and 256 x 256
grid cells. It is emphasized here that no vortex shedding is observed even on 256 x 256 grid
showing the robustness of the present method.

After showing the grid convergence and accuracy of the present hybrid algorithm for the
non-reacting bluff-body flow, it is applied to the reacting bluff-body flow. A 96 x 96 grid is
used and 50 particles per cell is employed. Time-averaging factors are again set to 5, 20, 500
for NIEX, NIEI%F V and lefflp , respectively. Convergence histories of mean axial velocity and
turbulent kinetic energy have been already shown in Fig. 7?7 to show statistical stationary
state. As mentioned before, a statistically stationary solution is reached approximately
after 10000 particle time steps. Then the mean fields are compared with the available
experimental data. For this purpose, the mean axial velocity profiles are plotted in Fig. 3.13
together with the experimental data at various axial locations. As can be seen in this
figure, the predicted mean axial velocity profiles are overall in a good agreement with the
experimental data considering the simplest The mean radial velocity profiles are shown in
Fig. 3.14. Although there is probably more measurement error in the mean radial velocity
data since the rms fluctuating radial velocity is almost ten times greater than its mean
value, the computational results are again in a very good agreement with the experimental
data for the mean radial velocity profiles. Finally the rms fluctuating velocity profiles are
plotted in figures 3.15 and 3.16 at various axial locations. As seen in these figures, the

computed rms fluctuating velocity profiles are also well predicted for the reacting case.

Grid Region : 1 Region :2 Region :3

64x64 8 40 16
80x80 10 50 20
96x96 12 60 24
128x128 16 88 32

Table 3.1: Number of cells used in three regions in different grids. Region 1, 2 and 3 denote
jet, bluff-body and coflow regions, respectively.
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Axial distance Radial distance

Location 1 0.6D, 0

Location 2 0.6D, R;

Location 3 0.6D mid bluff-body = 13.4 mm
Location 4 1.0D, 0

Location 5 1.0Dy R;

Location 6 1.0D mid bluff-body = 13.4 mm

Table 3.2: Six selected locations in the bluff-body computational domain to monitor grid
convergence. Dy, = 50 mm is bluff-body diameter and R; = 1.8 mm is jet radius.

3.5 Summary

Newly developed hybrid method is tested for the non-reacting and reacting test cases. A
complete grid convergence is achieved both the non-reacting and reacting cases and a 96 x 96
grid is found to reduce the spatial error below 5%. The new hybrid method is shown to be
very robust and is not too sensitive to relaxation parameters. Therefore it is much easier for

non-experts to use the present hybrid method for modeling of the reacting turbulent flows.
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Figure 3.3: Convergence histories of the mean turbulent kinetic energy (left plot) and the
mean axial velocity (right plot) for non-reacting bluff-body flow.
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Figure 3.4: Convergence histories of the mean turbulent kinetic energy (left plot) and the
mean axial velocity (right plot) for reacting bluff-body flow.
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Figure 3.5: Non-reacting bluff-body flow. Profiles of mean axial velocity (top plots) and
the rms axial velocity (bottom plot) at the axial locations 0.6D; (left plots) and D (right

plot) computed using 64 x 64, 80 x 80, 96 x 96 and 128 x 128 grids.
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Figure 3.13: Profiles of mean axial velocity for reacting bluff-body flow in various axial
locations.
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Chapter 4

PERFORMANCE OF VELOCITY MODELS

In the previous chapter, the new hybrid solver has been validated and grid convergence
of the method has been demonstrated both for non-reacting and reacting bluff-body flows
using SLM as the velocity model. The hybrid method is used in this chapter to study the
comparative performance of simplified Langevin Madel (SLM), Lagrangian isotropization of
production model (LIPM) and Lagrangian Speziale-Sarkar-Gatski model (LSSG). The non-
reacting and reacting bluff-body flows are used again as test cases and computational results
are compared with the available experimental data. In addition, an analysis is performed
to assess the sensitivity of the computed results to the velocity model coefficients and an
attempt is made to optimize the model coefficients.

The velocity models are described in details in Chapter 2. As discussed by Pope [22],
the velocity models are usually constructed such that they correspond to existing Reynolds
stress models at the second moment closure level. In addition, the usual guiding principles
such as realizability, boundedness, the behavior in the isotropic turbulence limit are used
to model the unclosed terms. However there are still some undetermined coefficients that
are usually specified based on the experimental data or direct numerical simulation (DNS)
results. These coefficients are not usually optimized mainly due to the lack of efficient and
accurate numerical solution algorithms required to perform extensive numerical simulations.
As a first step in this direction, the new hybrid algorithm is used here to perform extensive
computational simulations in order to assess the comparative performance of the SLM,
LIPM and LSSG velocity models and to show the sensitivity of the computational results
to the model coefficients. It is of course not possible to draw solid conclusions based on the
results obtained just for bluff-body flows and more extensive parametric study using more

diverse test cases is required and this is left as a future study.
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4.1 Sensitivity Analysis and Optimization of the Velocity Models

The experimental data are used to assess the performance of the velocity models. The
measurements for the bluff-body flows were first performed by Dally et al. [6] and the same
measurements were repeated twice more recently by the same group[14]. In this study, we
consider the two recent experimental data and take a simple average of these two sets of data
to obtain the experimental values that are assumed to be the “exact” values. It is stressed
here that there are significant differences between the sets of experimental data measured
by the same group in the same laboratory mainly due to complex flow field involved in
the bluff-body flows and difficulty to measure mean quantities in the thin jet region. The
turbulent shear stresses are not taken into account in evaluating the performance of the
velocity models since measurement errors are considerably higher in the turbulent shear
stress data. The experimental data are assumed to be ezact and the normalized error is

defined as
_ ‘QN - Qemp‘
maX(‘Qe;tp’;/i‘QrefD

(4.1)

where @ is the numerical result, Qcsp is the experimental result, Q. is the reference
value taken as the largest of Qn at the inlet and & is taken to be 0.2. This cut off procedure
is adopted to avoid singularities at locations where some mean quantities approach zero.
Throughout this study the normalized errors are calculated only for mean axial velocity and

the fluctuating rms velocities.

4.1.1 Sensitivity Analysis of LIPM

Following Pope [22] we consider olny the coefficient ay for the parametric study of the LIPM
model. The normalized percentage errors for axial velocity, the rms fluctuating velocities
in the jet region and overall error are plotted in Fig. 4.1 for various values of ag. As can
be seen in this figure, the smaller values of ao generally improves the predictions in the jet
region for non-reacting bluff-body flow. However the same improvement is not observed in
reacting case where the results seem to be essentially insensitive to changes in as. Another
important observation is that the normalized error is more sensitive to the changes of s
in jet region for non-reacting case but not for the reacting case. It can be seen from Fig.

4.1 that the best error reduction is achieved for ay = 2.1. Hence we propose this values as
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a new coefficient for LIPM and call this model as the modified LIPM denoted by M-LIPM
model throughout this work. For coefficients less than 2.0, the length of the recirculation
zone is increasing in both reacting and non-reacting cases compared to experimental data
and over predicting the mean axial velocity in the jet region. Hence further decrease in this
coefficient does not lead to any improvement yet the flow structure changes considerably. It
has also been found that, when as is chosen between 2.0 and 3.9, length of recirculation zone
does not change considerably. This is a very important result since the accurate prediction
of the length of recirculation zone is crucial as most of the turbulent, chemical and mixing

processes occur in the recirculation region.

4.1.2  Sensitivity Analysis of LSSG Model

In the LSSG model, the model coefficients Cy, C5 and aso are free for modifications. While
ao is directly related to the model coefficients vy and a3 such that increasing s leads to an
increase in a3 and a decrease in «q, the model coeflicient «s is independent of a3 and «j.
It has been found that a3 does not have an important influence on computational results in
the range considered in this study. v5 and g are investigated through Cs by varying Cs in
the range of 0.0 and 1.4. It has been found that modifying C5 from 0.4 to 0.35 significantly
improves prediction of mean axial velocity, the rms axial and radial velocities in non-reacting
case but not for reacting case. The standard values are found to be nearly optimal for the
reacting case. It has been also found that, as Cj coefficient is decreased, the mean axial
velocity increases and the length of recirculation zone changes considerably both for the
reacting and non-reacting cases. However the length of the recirculation zone decreases as
the coefficient C is increased. It has been found that LSSG model is the most sensitive to
Cs and Cs = 0.35 is nearly optimal for the bluff-body flows. Therefore the LSSG model
with C5 = 0.35 is called the modified LSSG model and denoted by M-LSSG throughout

this work. In the Fig. 4.2 all models are compared in terms of normalized errors.

4.2 A Comparative Study of Velocity Models

The performance of the velocity models including the modified LIPM and LSSG models is
assessed in this section. The comparison is done by comparing normalized errors for each

flow case for the jet region and for the overall computational domain separately.



Chapter 4: Performance of Velocity Models

40

=

c
- N S R
38} Nmmmim s s s s s m ) DD BB pmimim i = 1
2 =
k] g
< 36f - £ 34F . :
g — error for reacting case > |- — error for reacting case
= - = error for nonreacting case S - = error for nonreacting case
% 34f S 32} |
[
0 >
g 8
5 321 ] 30
5 g
=
= = 28f 1
@ 301 S
g =
2 S
I e
E 281 5]
Q
o L -
26 g
IS
[
1 L L o
2 25 3 35
o,
c
2
361 om0 &!-'31
2 v - S
2 | , 3,
5 35 , - ,
[ , - = -
> 34f v — error for reacting case 2 — error for reacting case
g P - - error for nonreacting case 8 30r -~ error for nonreacting case 1
S 33+ o
2 K
E [ k=]
£ 32 g
o
= 31 g I
o =
= = 25f i
® 30 o
2 30 E
8 £
g 29r 5
[
(&)
o 28 g
= £ 20k J
27 ] /\/
Q
o L L
2 2.5 3 3.5 2 2.5 3 35
a, a,
23f S —
- 2 e
S = S -
2 Pl = 30 , J
° i 2 ;
< 22f T £
> ¢ [— error for reacting case 2 — error for reacting case
T i 9 Q - - error for nonreacting case
= -= error for nonreacting case 9 o5t i
S 21f ! s
c ! =
3 ! s
€ K 3 .
S 201 ; g 20r E
= i o}
e ; 1S
5] b 5
©19r - =
g |7 S 15¢ 1
& | o
g g
o 18r IS
o c
Q
IS
1 1 | GCJL
2 25 3 35

Figure 4.1: Percentage normalized error for various values of ag in the LIPM model. Dashed
dotted lines denote errors for non-reacting case and solid lines denote errors for the reacting

case.



Chapter 4: Performance of Velocity Models

41

Cumulative percentage error

Cumulative percentage error

 Cumulative error for mean axial velocity
45 - -+ Cumulative error for rms axial velocity
--- Cumulative error for rms radial velocity
40“‘. _______ Hemm ’/,-"‘ -----------
'""‘-v-,___.‘ ’.’f Y.
35 W o T
-
30
25 ¥.
b
......... .
2o 0 T .
15
SLM LIPM M-LIPM LSSG M-L!
3
’~,~ “““ Cumulative error for mean axial velocity
‘s, = =+ Cumulative error for rms axial velocity
30 i, ‘== Cumulative error for rms radial velocity
~,
., S
-, .—"'—v ‘~,
28 - T
..
T~ o
26 I v
"¢' --~_*_____--- v
- . £ e
24F - - Sreea g
y
22
08
18 b, e L
,,,,,,, SR SRE:
16
SLM LIPM M-LIPM LSSG

M-LSSG

Cumulative percentage error

Cumulative percentage error in jet region

 Cumulative error for mean axial velocity
45 - -+ Cumulative error for rms axial velocity
--- Cumulative error for rms radial velocity
40
y
35 A
30
N
)
25|
20|
15
SLM LIPM M-LIPM LSSG M-LSSG
30,
 Cumulative error for mean axial velocity
- -+ Cumulative error for rms axial velocity
--- Cumulative error for rms radial velocity
-
------ - -4
L F
'\\ ~~*-_,4".
b L i
20 TR
15|
""""""" v
10 S Ut
——
Sy LIPM M-LIPM LSSG M-LSSG

Figure 4.2: Percentage normalized error based on the bluff-body simulations using different
velocity models. The figures in top row are percentage errors for nonreacting case and the
figures in bottom row are percentage errors for reacting case.
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4.2.1  Non-reacting Bluff-Body Simulations

To demonstrate the performance of velocity models, the computed mean fields are compared
with the experimental data and the accuracy of predicted mean fields are quantified. Radial
profiles of the mean axial velocity and the rms fluctuating velocities are presented at axial
locations /Dy = 0.2,0.4,0.8,1.2,1.4 and 2.4. In Sections 4.1.1 and 4.1.2 modified LIPM
and LSSG are found superior to other models in terms of predicting mean fields, especially
in the jet region, in which the improvement is almost 25%. In Fig. 4.3 it is clear that with
modified LIPM and LSSG the axial velocity is captured very well compared to other models,
especially in the jet region. In Figs. 4.5 and 4.6 the fluctuating axial and radial velocities
are presented, respectively. Although, all of the models predict the mean fields reasonably
well, modified LSSG and LIPM outperform especially in the jet region. It should be also
noted that assessment is based on the assumption that the exact value is the simple average
of two consecutive experiments, which obviously involves some uncertainties.

Considering the difficulty in measuring the radial velocity field due to its small value
compared to its fluctuating value, the radial velocity computations are not taken into ac-
count in assessing performance of the velocity models. However, the computational results
for the mean radial velocity profiles are plotted in Fig. 4.4. As can be seen in this figure, the
computed mean radial velocity profiles match well with the experimental data. Streamlines
of non-reacting bluff-body simulations are presented in Fig. 4.7 using various velocity mod-
els. It is reported by Dally et al. [6] that the length of recirculation zone is approximately
xz/Dy =1 or x = 50 mm and there is a double-vortex structure attached to the bluff-body.
Note that both of the length and the structure of the recirculation zone are well predicted
in PDF simulations with the employment of all five velocity models. Overall, the modified
LIPM and LSSG models perform better compared to SLM and standard LIPM and LSSG

models.

4.2.2  Reacting Bluff-Body Simulations

In this section the performance of velocity models are investigated by performing PDF sim-
ulations of reacting bluff-body flow. The profiles of mean axial velocity, the mean radial
velocity and the rms fluctuating velocities, the mean mixture fraction and the rms fluctu-

ating mixture fraction are plotted together with the experimental data at axial locations of
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x/Dy =0.2,0.4,0.8,1.2, 1.4 and 2.4 in Figs.(4.8)-(4.12). As can be seen in these figures, the
main improvement is achieved with standard LIPM, whereas LSSG performs poorly com-
pared to SLM. However the advanced models still perform better in predicting the mean
fields in the jet region.

Although the mean radial velocity field is not taken into account in the assessment of
velocity models, the radial velocity profiles are plotted in Fig. 4.9. As can be seen in this
figure, the shape of radial velocity profiles are captured reasonably well. Another important
result is that the mean mixture fraction ration and its variance seem to be insensitive to
the velocity models as can be seen in the Fig. 4.12. A similar observation has been also
reported by Li et al. [12].

Streamlines of reacting bluff-body simulations are presented in Fig. 4.13 using various
velocity models. It is reported by Dally et al. [6] that the length of recirculation zone is
approximately z/Dy = 1.5 or = 75 mm and there is a double-vortex structure. Note that
both the length and the structure of the recirculation zone are well predicted in PDF simula-
tions with the employment of all five velocity models. Overall standard LIPM outperforms

compared to other models for reacting bluff-body.
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Figure 4.8: Mean axial velocity profiles in reacting bluff-body flow using different velocity
models. Dotted, dashed, dashed-dotted, solid and dashed lines denote the results obtained
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Chapter 5

CONCLUSIONS AND COMMENTS

In this thesis PDF simulations of reacting and non-reacting bluff-body flows are per-
formed using a new hybrid FV /particle method with advanced velocity models. Further-
more, performance of velocity models are assessed and a first step toward the optimization
of velocity models is taken.

The hybrid method has been successfully applied to the non-reacting and reacting bluff-
body flows. The statistical stationarity of the solutions has been demonstrated and it is
shown that the method is grid convergent for both reacting and non-reacting bluff-body
flows. Stable converged solutions are obtained even on a 128 x 128 grid, which is in contrast
with the earlier PDF computations[10]. A 96x96 grid is found to be sufficient to reduce the
spatial error below 5% and so it is used throughout the calculations. In addition, 50 particles
per cell are employed in all the calculations since the bias error is virtually eliminated by the
consistent hybrid method and statistical error is reduced by time averaging. Time-averaging
factors are set to 5, 20, 500 for NIEX, NQEXF V" and N:,Ejp , respectively.

The new hybrid method has been also used to study performance of the PDF velocity
models and an attempt has been made towards optimizing the velocity model constants. For
this purpose, in addition to the SLM, two other popular velocity models, i.e., Lagrangian
Isotropization of Production Model (LIPM) and Lagrangian Speziale Sarkar Gatski Model
(LSSG) which are approximately equivalent to IPM of Noat et al. [19] and SSG of Sarkar
et al. [27] at the second moment closure level are employed and their performances for the
bluff-body flows are evaluated. Due to its simplicity, a flamelet approach is used in the
computations. Although the main interest is on the accurate calculations of mean and the
rms velocity fields, the sensitivity of the computed results to the model constants for the
mixture fraction and the variance of the mixture fraction are also presented. Although mean
fields in reacting bluff-body flow are found less sensitive to model constants, it has been

found that mean fields are very sensitive in non-reacting bluff-body flow. The assessment is
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done by comparing the mean fields with the average of the most recent two experiments of
Masri et al. [14]. The accuracy of the prediction of the mean fields is evaluated through the
cumulative percentage error for selected flow properties. It has been found that a modified
LSSG has the best performance in predicting mean fields of non-reacting bluff-body flow,
whereas standard LIPM and LSSG perform better for reacting case. The modification is
done by changing C5 coefficient of LSSG from 0.4 to 0.35 and as coeflicient of LIPM from
3.5 to 2.1. With the modification of velocity models significant improvements are achieved
in predicting mean fields, where improvements are up to 25%. For both PDF simulations
of reacting and non-reacting bluff-body flows SLM has the worst performance in the jet
region.

It is found that 20 CPU hours are needed to carry out a PDF simulation for both non-
reacting and reacting bluff-body flow simulations on a P-IV PC computer node on Hattusas

HPC.
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