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Abstract

This thesis covers two main topics. The first is the comparison between the Reynolds-
averaged Navier-Stokes (RANS) simulation and the Large Eddy Simulation (LES) of high
injection pressure diesel sprays under non-evaporating or evaporating conditions. The sec-
ond topic is the comparison of the fuel behavior in the spray process between the hy-
drotreated vegetable oil (HVO) and the conventional EN 590, diesel #2 and n-heptane fu-
els.

To validate the RANS and LES spray simulations, comparisons were made with exper-
imental data. The LES turbulence model, the initial drop size distribution (IDSD), the
Levich jet breakup model and the CAB drop breakup model are realized into the Open-
FOAM code. The liquid phase models, including the drop atomization, breakup, collision
and evaporating models, are tested and tuned such that the simulated penetration curves are
near to the experimental ones. The spray penetration, fuel velocity, turbulent kinetic en-
ergy, turbulent viscosity, vorticity and drop size distribution are investigated and compared
for the different computation cases.

In addition, the HVO fuel and EN 590 fuel are added in to the OpenFOAM fuel libraries.
The physical properties of the four investigated fuels are compared and their influence on
the performance of the fuels in the spray simulations are investigated.

Keywords: Spray, Large eddy simulation, Reynolds-averaged Navier-Stokes Method,
Computational Fluid Dynamics, Hydrotreated vegetable fuel
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1 Introduction

1.1 Motivation

During the last several decades, the method of Large Eddy Simulation (LES) has become
increasingly popular in Computational Fluid Dynamics (CFD). The reason for this develop-
ment is with the improvement of the ever increasing computation power of digital comput-
ers. From the first LES model proposed by Smagorinsky? in 1963, LES has been developed
to serve the significant difficult engineering problems with transient, multi-phase, turbulent

flows.

The Reynolds-averaged Navier-Stokes (RANS) method is another popular approach in
modeling turbulent phenomenon. The RANS approach resolves the time-averaged Navier-
Stokes (NS) equations, while the LES approach resolves the spatially-averaged (filtered)
NS equations. Both approaches produce turbulence fluctuation terms that need to be mod-
eled. The main advantage of LES over the RANS is the increased ability in simulations
of the transient phenomena.> Though the RANS is much more computationally efficient,
the time-averaged NS equations are inadequate to resolve the instantaneous flow character-
istics. The LES approach is better than the RANS approach in capturing the unsteady ef-

fects, and LES is not so computationally expensive as Direct Numerical Simulation (DNS).



Hence, LES is considered as one of the most promising approaches in modeling the un-

steady flows of high Reynolds number turbulence.

Both the RANS and LES approaches separate the variables into the averaged parts and the
fluctuation parts. The averaged parts are resolved and describe the large-scale behavior of
the turbulent flows. In RANS, the time varying fluctuation terms are modeled and represent
the whole range of turbulence. In LES, the spatially filtered terms represent the large scale
turbulence, while the small scales are modeled. These small scale eddies are associated
with the high frequency fluctuations. Thus, LES only models the high frequency turbu-
lence, while RANS models all frequencies of turbulence. The difficulty in modeling the
whole range of turbulence leads to the failure of RANS in flows with large-scale vortical

structures.

LES preforms much better than RANS in the computing regions with high frequency of
turbulent fluctuations. However, on the other hand, LES consumes much more computation
resources than RANS, especially for the near wall regions. The assumption of isotropy in

LES of small scales is less valid near walls, and high levels of mesh refinement are required.

In the present study, the advantages of LES over RANS in transient flows are discussed
by comparing the two popular turbulence modeling methods in the benchmark backward-

facing step problem and the fuel spray simulations.



1.2 Research Objectives

Besides the comparison between RANS and LES, the main objective of this thesis is to
test and apply the LES in fuel sprays of a typical turbulent flow. The key to modeling
turbulent flows is to account for the increase in the diffusive transport properties of the
flow by introducing an eddy or turbulence viscosity. This is analogous to the molecular
viscosity which describes the momentum transfer between flow layers in laminar flows. In
this study, we consider two RANS eddy viscosity turbulence models, the standard k — &4
and the RNG k — &€ models,> % as well as two LES eddy viscosity models, the Smagorinsky?

and the one-equation (OneEq) models.’

The thesis is organized as follows. Chapter 2 gives an introduction of the background of
LES, and reviews the literatures on this subject. Chapter 3 compares RANS and LES in
the laminar limit of the benchmark backward-facing step simulation. Chapter 4 compares
RANS and LES for the non-evaporating sprays and evaporating spray. Chapter 5 uses
RANS and LES to compare the performance of hydrotreated vegetable oil (HVO) and
several other fuels in the spray process. Finally, Chapter 6 contains the conclusions and the

future work.



2 Background

2.1 Governing equations

Fluid flows are governed by the conservation laws for mass, momentum and energy. Apply-
ing these laws to a fluid element generates the three governing equations: the mass balance
(or continuity) equation, the momentum balance (or Navier-Stokes) equation, and the en-
ergy balance equation. In the following, these equations are briefly discussed. A detailed
derivation can be found in Ref.® Throughout this thesis the Einstein summation conven-
tion is employed, that is, }_!' | a;b; is written as a;b;, where the range of i, i = 1,--- ,n, is

implicitly assumed.

2.1.1 Mass Balance Equation

By the conservation law of mass, the rate of change of the mass in an infinitesimal fixed
control volume just depends on the rate of mass flux passing out of the surface of the control
volume. The control volume is defined as a region of space containing the fluid which is

selected as is most convenient.” Then the continuity equation is obtained as

dp d B



where p denotes the fluid density, x; is the 7" component of the cartesian coordinates and
uj represents the 7 component of the fluid velocity. To the left side of Eq. (2.1), the first
term describes the rate of increase of the mass per control volume, and the second term

represents the rate of mass flux passing out of the control surface per unit volume.'”

2.1.2 Momentum Balance Equation

Applying the momentum balance law (Newton’s second Law) to a fluid passing through an
infinitesimal fixed control volume generates the momentum equation

d 0 . . ap aTij
E(P”z)*’g(l’”;”z) _pgl_8_xi+8_xj' (2.2)

J

Here p denotes the pressure, g; represents the i component of the body force g. , and

7 = (7;;) denotes the stress tensor.

The left side of Eq. (2.2) is a time derivative term plus a convection term. The first time
derivative term describes the rate change of momentum per unit control volume, and the
second convection derivative term represents the rate of momentum lost through the surface
of the control volume. To the right-hand side of Eq. (2.2), the first term is the body force

per unit volume, and the other terms represent the surface forces per unit volume.



It is convenient to combine the body force and pressure gradient term by defining a new

variable called modified pressure. It is defined as,

P=p+pgz,

(2.3)

where g = g is the gravity acceleration and z = x; is the cartesian coordinate in z direction.

Then Eq. (2.2) can be written as,

i( .)+i( ..)__a_P+aTij
g P T Gy Pt = T T oy

J

where the stress tensor 7;; is given by

. 2 8uk 8u,~ 8uj
Tij = —§H5ua—xk+ll(a—xj+ 9x; ),

where u denotes the coefficient of viscosity (dynamic viscosity, molecular viscosity).

(2.4)

(2.5)

Sometimes, the mass balance equation and the momentum balance equation together are

called as the Navier-Stokes equations.



2.1.3 Energy Balance Equation

The conservation of energy follows from the first law of thermodynamics. Applying it to a
fluid passing through an infinitesimal fixed control volume, we can get the energy balance
equation in terms of the specific total energy E,

IpE | d(pEuj) _ dg; 9 9,
o T T on = ax, TRsui— 5 (puj) + 5 - (Tu), 2.6)

J J !

where E denotes the total energy per unit volume, g; is the i component of the heat flux

vector q.

Similar to the momentum balance equation, the left-hand side of Eq. (2.6) is also composed
by a time derivative and a convection derivative of the energy. In the right-hand side of
the energy balance equation, the first term represents the rate change of heat transfer by
conduction through the control surface, the second term represents the work done by the
body forces, and the other terms represent the work done by the surface forces per unit

volume.

2.2 Introduction to turbulence

The ubiquity of turbulent flow has made it an important object of study for mathematicians,
physicists and engineers for more than two centuries. Turbulent flows play an important

role in many scientific fields such as aerodynamics, chemistry and engineering. Turbulence



occurs in many flows of practical interest and may strongly enhance the particle dispersion

and the heat transfer of these flows.>

It is hard to give an exact definition of turbulent flows. In 1975, Hinze!! gave the following
definition of turbulence: “turbulent fluid motion is an irregular condition of flow in which
the various quantities show a random variation with time and space coordinates so that

statistically distinct average values can be discerned.”

Smoke rising from a cigarette is a good example of turbulent flow. The smoke moves
straight up for the first few centimeters, and then becomes unstable and diluted. At last,
it disappears in the air, or more exactly, mixes with the atmosphere. When smoke moves
straight up, it was laminar, then it turned turbulent. This example illustrates the process of

how laminar flow turns into turbulent flow.8

The Reynolds number, Re, is a simple criterion to determine whether the flow is laminar,

transient or turbulent. The Reynolds number is defined as

Re= "= — 2~ 2.7)

where v = 1 /p represents the kinematic fluid viscosity, U and L denote the characteris-
tic velocity and length, respectively. For a pipe flow, increasing the inflow velocity, i.e.
the characteristic velocity, leads to the transition of the flow from laminar (Re < 2300),

transient (2300 < Re < 4000) to turbulent (Re > 4000).!2



Turbulence is based on Kolmogorov’s theory!3 of self similarity: “large eddies of the flow
are dependent on the flow geometry, while smaller eddies are self similar and have a uni-
versal character”. More precisely, the large eddies are usually vortical, but their shapes
and strengths are flow dependent and highly anisotropic. However, the small eddies are
nearly isotropic and hence much easier to model. The large eddies have the large velocity
fluctuations and diffuse most of the mass, momentum and energy. They interact not only
with the mean flow but also with each other. The nonlinear interactions between the large

eddies generate the small eddies which dissipate into heat eventually.

The Kolmogorov-Richardson energy cascade theory points out that the turbulence kinetic
energy flows from the largest scale to the smallest scale, the Kolmogorov length scale 1,

where the viscous dissipation occurs.'* The Kolmogorov length scale 7 is defined as
; (2.8)

where the dissipation rate € is the average rate of turbulent energy dissipation by molecular

viscosity per unit mass. Note that the accompanied Kolmogorov time scale, 7y, is given by

Tn = (%) 1/2‘ (2.9)



2.2.1 The physical nature of turbulence

Turbulent flows have the following physical features ( for details refer to Refs.

15—17).

High Reynolds numbers. Turbulence arises at high Reynolds numbers.

Continuity. Turbulence is a continuum phenomenon, and it can be described by a

continuum approximation, such as the Navier-Stokes equations.

Random. Turbulence is a random process. It is irregular and unpredictable in detail.

Nonetheless, the average statistical properties of turbulent flows are reproducible.

Multi-Scales. The largest length scale of a turbulent flow is called the integral length
scale L, which is determined by the geometry of the flow, and the corresponded
integral time scale is defined as 7, = L?/v. From the largest eddies with the integral

length scale L,

the turbulence energy cascade generates smaller and smaller scales. The energy cas-
cade is terminated by viscosity, and the relative smallest scale is the Kolmogorov

length scale 1.

Dissipative. Turbulence dissipates energy from large eddies to small eddies via the

turbulence energy cascade.

High Diffusivity In comparison to laminar flows, turbulent flows greatly enhance

the rate of transport and mixing of mass, momentum and energy. This is extremely

10



important in many applications including fuel spray processes, which are of prime

interest in this dissertation.

e Small-scale random vorticity. Turbulent flows have intense, small-scale vorticities.

They are random in both, space and time.

2.2.2 Overview of turbulence solution approaches

Adiabatic turbulent flows are also governed by the Navier-Stokes equations. To solve the
Navier-Stokes equations, the analytical solution methods can only be applied to simplified
flow problems. Technically relevant flows require numerical solution methods. Most nu-
merical solution strategies require the discretisation of space and time. The physical space
is discretised into a great quantity of cells. This process is referred as mesh generation.
Three of the most popular turbulence modeling approaches are direct numerical simula-
tion (DNS), Reynolds-averaged Navier-Stokes method (RANS) and large eddy simulation

(LES).

2.2.2.1 Direct numerical simulation

Direct numerical simulations solve all the scales of turbulence ranged from the smallest

dissipative Kolmogorov scales to the integral scales.

11



For example, in turbulent channel flow, the turbulent Reynolds number Re; is defined as

(2.10)

where u; denotes the turbulent wall-shear velocity. To satisfy the resolution requirements,

the number N of mesh points with increments h along a given direction, must satisfy

N-h>Land h <n.

(2.11)

So that both the integral scale L and the Kolmogorov scale 1 can be resolved in the compu-

tation domain. The relations in Eq. (2.11) imply that N > L/1. Replacing the Kolmogorov

length scale n by its definition in Eq. (2.8), and eliminating v by Eq. (2.10), we have

3 Le
N> Ref (=)
Uz
Since by Ref.!®
3
entd.
L
we can conclude that
3
N > Re/.

(2.12)

(2.13)

(2.14)

It follows from Eq. (2.14), that the computational effort and the memory storage require-

ments in DNS increases very fast with the turbulent Reynolds number Re;. Limited by

the computation capacities of today’s computers, DNS can only solve the simple geometry

12



turbulence problems or turbulent flows at low Reynolds number. Based on this analysis,
it is apparent that spatial and temporal resolutions have to be relaxed, which, as discussed

next, motivates the use of RANS and LES (See Fig. 2.1).

DNS
Cis
2™ Order
RS 1"/ \ARS
1" Order
0-Eq. 1-Eq. 2-Eq.

Figure 2.1: Turbulence models ordered according to their decreasing level
of complexity. Abbreviations: RST = Reynolds-Stress Transport models;
ARS = Algebraic Reynolds-Stress models.

2.2.2.2 Reynolds-averaged Navier-Stokes method

In this approach, turbulence is viewed as a statistical phenomenon. As explained later,
RANS solve the time-averaged Navier-Stokes equations and give statistically averaged so-
lutions. The averaged flow variables can reflect the main properties of the turbulent flow.
Therefore, RANS can provide detailed localized descriptions of the flow and turbulence
fields, including profiles of the streamwise velocity and the Reynolds shear stress. Thus,

RANS has been applied widely in engineering problems.
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However, the time-averaging of the NS equations generates an unknown term, the Reynolds
stress tensor. This term leads to the notorious closure problem, namely, that there are more
unknowns than equations. Consequently, turbulence models are needed to account for those

unknowns.

For unsteady flows, the accuracy of the RANS method using 1*' order closure models is not
guaranteed. Moreover, these models cannot provide instantaneous information of turbulent
flows. However, the 2"¢ order closure models, such as the Reynolds-stress transport model
implemented by Yang et al.,' give much better results. The draw back of second order

closure models is that they are much more challenging to implement.

2.2.2.3 Large eddy simulation

In large eddy simulation (LES), the large scale motions are calculated by solving the
spatial-filtered NS equations, while the small scale motions are modeled by the sub-grid

scale (SGS) stress models.

The computation time required for LES is less than DNS but greater than RANS. However,
RANS can only produce “time-averaged” results, while LES is able to predict more details
of the instantaneous flows. In chemical reactions, the time-averaged species equations may
fail to produce the high enough species concentrations such that the chemical reactions can
occur. Additionally, in the simulations of flow separation, LES also provides more details

of the flow motions over RANS.!-20
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2.3 Reynolds-averaged Navier-Stokes method

2.3.1 Time averaging

The random feature of turbulent flow suggests that an instantaneous flow variable f°(x,¢)

can be decomposed to a time-averaged part f(x,7) and a fluctuation part f’(x,z),

fo(x,0) = f(x,0) + f(x,1). (2.15)

Then one only needs to solve the governing equations for the mean values. Note that the
type of time-averaging (Reynolds or Favre, as discussed below) will give different values
for the averaged and fluctuation terms. For convenience, the same notations, f and f’, are
used for different type of time-averaging in this thesis. However, it is usually clear from

the context which type is used.

2.3.1.1 Reynolds time averaging

In 1985, Reynolds time averaging is introduced by Reynolds as the first method to solve the
turbulent flows approximately.?! Considering the turbulent flow as statistically stationary
flow, the Reynolds time average of the flow variable f°(x,#) over a time interval 7 is defined
by

f(x,1) = fo(x,1) = 7 fO(x,s)ds. (2.16)

15



Reynolds averaging satisfies the following properties, for any two instantaneous flow vari-

ables f“, g° and the independent variables,

— o - _ _ 9fo a_()
g =@, =0, =, g =i, 2=
ds ds

2.3.1.2 Favre time averaging

For compressible flows, the density is not constant, then Reynolds time averaging leads to
additional density fluctuation terms which make the averaged governing equations more
complicated. Hence, it is more convenient to apply the Favre time averaging (density
weighted time averaging) on the flow variables. The Favre time average of the flow variable
f°(x,t) over a time interval 7T is defined as,

P (%,5) £ (%, 5)ds

le'T pO(x,s)ds

f(x,1) = fo(x,t) = (2.17)

Note that in accordance with Eq. (2.15), here f(x,) denotes Favre-averaging and f('x,1)
denotes the Favre fluctuations. The Favre averaging and Reynolds averaging have the fol-

lowing relationships:

pofT=pof?=p7f, p°f' =0, but f#0.
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2.3.2 Time-averaged Navier-Stokes equations

Applying the Favre decomposition to velocity, the Reynolds decomposition to the remain-
ing flow variables, and then the Reynolds time averaging to Eq. (2.1) and Eq. (2.4) yield

the time-averaged Navier-Stokes equations:

dp d

E—Fa—xj(puj) =0, (2.18a)
2 9 op 9 "
E(pul)—ka—xj(puju,) = —a—Xi—f—a—xj(le—f—Tij), (218b)

where u; = LZ) is the Favre averaged velocity, p = p°, P=P° and 7;; = ‘L'_loj are all Reynolds

averaged. The new variable, Reynolds stress tensor 7:5, is defined as??

= —pulud;. (2.19)

The Reynolds stress tensor measures the effects of the turbulent fluctuations to the the
mean flow dynamics, and it can not be formulated explicitly without resolving the smallest
scales of the flow.?> Then the number of unknowns is greater than the number of the
equations. This is referred as the closure problem, which will be discussed next in more

details.
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2.3.3 RANS closure problem

By the above discussion, the Reynolds or Favre time-averaging of Navier-Stokes equations
yield an new term, Reynolds-stress tensor t8. The Reynolds-stress tensors are associ-
ated with the turbulent motions. To balance the number of unknowns and the number of
equations, further assumptions and approximations about the new quantities lead to the

“closure” of the system.

R

According to the Boussinesq assumption,?? the Reynolds-stress ¥ is assumed to linearly

relate to the the mean flow straining field as following

2
Tl-lj = 2[.1;5,']' — gpk&-j, (2.20)

—_—

where the mean turbulent kinetic energy k = %u;u’], U, denotes the turbulent viscosity, and

the mean strain rate is defined by

S;; %(%—Fauj) Lou s (2.21)

8xj 8xl- _g&_xk v

2.3.3.1 Standard k — € model

The standard k — &€ model*?*? is one of the most popular RANS closure models. It as-

sumes the turbulent viscosity to be dependent on two transport variables, the turbulent

18



kinetic energy k and the dissipation rate €, and is given by
= Cupk*/e, (2.22)

where Cy; = 0.09.

A flow can be divided into a mean part and a turbulent part. The kinetic energy of the

turbulent part is measured by the turbulent kinetic energy k,'® which is given by
1 12
k:§\|u|| . (2.23)

The dissipation rate € is defined as the rate of conversion of turbulence into heat by molec-
ular viscosity,°

£ =2VvS,;;S;). (2.24)

The following two transport equations are used to close the two new transport variables k

and €:

8pk 8pku,~ 2 8uk

d ok
o= g [ m | v 2T pe 029

dpe Jpeu; 0 oe 2 duy, &’
PR ox.  ox; {(OﬁeHJer) axj} +C1sz— (§C1+C3) 8a—k—C2P , (2.26)

where C; = 1.44, C; =1.92, C3 = —0.33, o = 1.0, ot = 0.76923 and the production

term Py is defined as P, = i,|S|?, where |S| = /28:;Si;.
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2.3.3.2 RNG k — € model

In the standard k — € model, the Reynolds stress is described by low-order expansions, and
the diffusion production term only accounts for specified scales of motion.> This motivated
the development of the Re-Normalisation Group (RNG) approach, where a modified &

equation together with the original k equation are called the RNG k — € equations,

8pk 8pku, o d ok 2 8uk
o0 T on o [(O‘kﬂ + M) a_x,} +h—3pkg —PE (2.27)
dpe dpeu; 0 o€ e (2 duy &’
(2.28)

where C; = 1.42, Cy = 1.68, C3 = —0.33, o = 1.39, a = 1.39, and R = %
with 1 = |S|k/€e,no = 4.38 and B = 0.012. The constant C,, in Eq. (2.22) for RNG k — &€

equations equals 0.0845.

2.4 Large eddy simulation

In DNS, the flow motions have to be resolved to the Kolmogorov length scale n which
requires high computation costs. To resolve the fluid flow on a relatively coarse grid, LES
performed a low-pass spatial filtering over the control volume. The large turbulence struc-
tures are resolved by the spatial-filtered Navier-Stokes equations in LES. The small eddies

are modeled by the subgrid scale models.
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2.4.1 Spatial filtering

Spatial filtering decomposes any instantaneous flow variable f°(x,#) into a filtered part

f(x,1) and a fluctuation part f'(x,z), i.e.,

fOx0) = f(x,0)+ f'(x.1). (2.29)

Here, the filtered part is given by

f(XOat) :F(XOaO - /QfO(X,l‘)G(X(),X,A)dX, (2.30)

where X 1s any position vector in the computation domain €, G is the filter function and
A= (A],A2,A3) 1/3 is the filter width.® The filter size is usually half of the grid size in order

to resolve as many turbulence scales as possible.>

The three widely used filter functions, the tophat filter G, the sharp Fourier cut-off filter
G, and the Gaussian filter G5 are defined as.?

1/A3,  if |(x0)i —xi| < Ai/2;
Gi(xo,X,1) = (2.31a)

0, otherwise.

Go(X0,X,1) = O (2.31b)
2(%o0,%1) Ul 7] (x0)i —xi
6 3 —6lx0—x[[3
G3(xo,x,t):(m) / exp(Tz). (2.31c¢)

21



For further manipulation of the Navier-Stokes equations, all these filters are required to

satisfy the following three fundamental properties:>’

e Consistency

/ G(xp,x,1)dx =1,
Q

e Linearity

PrE =T+,

e Commutation with differentiation

o _af°
ds  ds’

S = X;,I.

In contrast to the Reynolds time averaging, however, we have

7% # foand f7 #0.

In compressible flow, the term pu; in the continuity equation can be decomposed as

pous = p°(u;+u}). (2.32)

Since the fluctuation term cannot be eliminated as in Reynolds time averaging, the spatial

filtering decomposition of velocity in the above equation generates an extra subgrid term.
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This can be avoid by the change of variable,?’

pef=p°f", (233)

where the (%) operator refers to the Favre averaging. As the result, the term p”u? can be

transformed to FJ? :

The Favre-averaged spatial-filtered variable is defined as

- o o A)d
f(x0,1) = fo(x0,1) = JoP fgf’;f()){ t()’éziffo’;)’dx) X (2.34)

The (%) operator is linear but does not commute with differentiation

afe , af°
85#&9’

s = X;,!I.

For any fluctuation term f” which is generated by Favre-averaged spatial filtering, one has

p’f'=0.

It leads to the change of variable transformation in Eq. (2.33).
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2.4.2 Spatial-filtered Navier-Stokes equations

Using the Favre spatial filtering, spatial-filtered Navier-Stokes equations are extracted from

Eq. (2.1) and Eq. (2.4) as
dp d

9 9 a9 S
E(pul)—ka—xj(puju,) = —a—Xi—l—a—xj(Tij—f—Tij), (2.35b)

where u; is the Favre-averaged spatial-filtered velocity, and all the other variables are all

spatial-filtered. The subgrid-scale stress is defined as,

—u’u?). (2.36)

The subgrid-scale stress tensor T,'Sj generated by spatial filtering is analogous to the

Reynolds-stress tensor ‘L'f} in Eq. (2.20).

2.4.3 Subgrid-scale closure models

In LES, only the spatial-filtered Navier-Stokes equations for the evolution of the large ed-
dies are resolved. The effect of the small-scale eddies below a certain size, the subgrid
size, are neglected. To correct the lack of small-scales in the filtered equations, the small
eddies are described by the subgrid-scale (SGS) models. This process is known as the

subgrid-scale (SGS) modeling.
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The SGS models mimic the interactions between those scales that are filtered (small-scale)
and those which are resolved (large-scale). Here, the Smagorinsky model® and the one-

17 28,29

equation mode will be introduced.

2.4.3.1 Smagorinsky model

In the Smagorinsky model, the small scale eddies are assumed to dissipate instantaneously

all the energy transferred from the large eddies.?

Similar to the eddy viscosity modeling of the Reynolds-stress for RANS in Eq. (2.20), the

residual stress is given by

where the turbulent kinematic viscosity y; is modeled to be proportional to the magnitude
of the mean strain rate,

w=p (CA)? 3], (2.38)

with the Smagorinsky constant Cs in the range of 0.1 to 0.2, and A denotes the filter width.
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2.4.3.2 LES one-equation model

In the one equation model, the residual stress tensor is modeled as following
S 2 sgs
Tij = 2‘LL;S,'J' — gpk 5,']', (2.39)

where the subgrid-scale turbulent kinetic energy k*¢* is defined by>3°

K = (ufuf — u®u’y) /2. (2.40)
The turbulent viscosity is modeled by
Uy = CyupAVksss, (2.41)

where A denotes the characteristic grid length scale, and Cy 1s an adjustable model parame-
ter. The value of C; depends on the type of flow, eg., shear flow, free flow, swirl flow, etc.?!

The default value for Cy; is 0.067.

The subgrid kinetic energy £°4° is the new unknown to be closed by the k*¢* equation,

akags d sgsy _ d My Ok Sauj 58s3/2
5 T a—xi(Puzk )= ox; (ITr,a—xl> —Tij ox; — Cepk /A, (2.42)

with Ce = 0.916.
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2.5 Computational Aspects

The real flow is mathematically modeled by several governing differential equations which
have been discussed in Sections 2.1-2.4. Then, the differential equations are discretized
and solved numerically in a segregated manner. The discretization algorithms will be in-

troduced in Section 2.5.2.

The segregated solution procedure is based on the following steps:

1. The fluid pressure value is updated by renewing the temperature value at the time
step "n+1" in the equation of state. For any scalar variable ¢, the face flux value (ﬁf
in Eq. (2.50) at time step "n+1" is calculated using the cell center value of ¢ at time

n n

step n'.
2. The momentum balance equations are solved with the above pressure field.

3. The resolved velocity field in the previous step may not necessarily satisfy the conti-
nuity equation. Thus a pressure correction equation based on the continuity equation
is used to correct the pressure, the velocity fields and the density. This step is usually
referred as the pressure-velocity coupling. A detailed introduction will be given in

Section 2.5.3.

4. The heat equation is solved using the values of pressure and velocity obtained in the

previous steps.
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5. Check the convergence of the solution. If the convergence is not obtained, restart

from step 1. Otherwise, progress to the next time step.

2.5.1 Computation code

This thesis uses an user-defined code based upon OpenFOAM-1.5,3>734 an open-source
object-oriented C++ code. OpenFOAM is chosen for its convenience in developing new

models and its intrinsic architecture for parallelization.

In OpenFOAM, the conservation equations are discretized in time and space and solved
using the finite volume method (FVM).3%35 The FVM in OpenFOAM integrated the dif-
ferential equations over each cell of the polyhedral mesh.?* All fluid dynamic properties
are stored at the control volume centroid. Details of the meshes will be discussed in Chap-
ter 3 and Chapter 4. The discretized equation for each variable is solved iteratively. The

convergence error tolerance is 10~ for pressure and 10~ for the remaining variables.

Time step will be adjusted such that the whole solution procedure is not only stable but also
computationally efficient. The variable time step is achieved by controlling the Courant
number, which is defined as,

Co=——, (2.43)

where U is the magnitude of the flow velocity, Af is the current time step and Ax the
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distance between adjacent cell centers. The higher the Courant number, the larger the time-
step for a fixed mesh. According to the Courant-Friedrichs-Lewy (CFL) condition,*® the
Courant number should be less than 1 to ensure the stability in the explicit time schemes.
Defining the maximum value of the Courant number in the file $case/system/controlDict
as maxCo = 0.1, the time step will be adjusted automatically in OpenFOAM. Increasing
the maximum Courant number accelerates the solution procedure, but the system may be-
come unstable. The user can tune the maximum Courant number by observing the error

variations.

Table 2.1
The values of ¢ and I in the Navier-Stokes equations

NS Eqn. ¢ I

Mass balance Eq. (2.1) 1 0
Momentum balance Eq. (2.2) u; U
Energy balance Eq. (2.6) 0

2.5.2 Discretization

The Navier-Stokes Egs. (2.1)-(2.6) describe the transport of mass, momentum and heat.
They can be summarized by the general form of the transport equations, i.e. the generic

transport equation for a scalar intensive property ¢:3’

d
%P0 LV (pup)=V-(IV)+ Sy . Q44
ot —— N———
. Convection Dif fusion Source
Transient
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where I is the the diffusion coefficient. The values of ¢ and I" in the corresponding Navier-
Stokes equations are shown in Table 2.1. The four terms in Eq. (2.44) are explained as

follows:

The transient term, i.e. the time derivative term, accounts for the accumulation of ¢

during each time step;
The convection term accounts for the transport of ¢ due to the velocity field u;
The diffusion term accounts for the transport of ¢ due to its gradients;

The source term, accounts for the spray sources which influence ¢.

In this study, the transport equation is discretized using the finite volume method (FVM).32
It takes the integration of the governing equations on each control volume, and the deriva-
tive terms are converted into the surface integrals using the divergence theorem.!® The
integration of the generic transport equation, i.e. Eq. (2.44), over an arbitrary control vol-

ume V is shown as follows,

/ ag_j’dv + fpug-da— §Tvo-da+ [ ssav. (245)

where A denotes the surface area vector.
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Applying the integral transport equation (Eq. (2.45)) to all computation cells, the generic

transport equations can be discretized as,

p) Ny Ny

aL;PV—I—pr(Pfo-dAfZZFf(V(P)n-dAf—{-S(pV, (2.46)
f f

where Ny counts the number of cell faces, (V¢), is the projection of the vector V¢ on the

normal direction of the face f, and the subscript (-)s represents the corresponding value

convected through the face f.

The time derivative term is discretized using Euler’s implicit first order time scheme,

Ipo _ ¢"! —g"

ot At

(2.47)

where At is the time step, ¢” ! and ¢ are the values of ¢ at time step "n+1" and "n".

The face values ¢, at time step "n+1" are predicted by the second order upwind scheme
based on the cell center values at time step "n",

Or=0+Vo-r, (2.48)

where vector r is the displacement from the cell center to the face center point.
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The gradient term V¢ is evaluated using the Green-Gauss Theorem,>3

| « -
Vo = V%"(pfAf, (2.49)

where the face value (ﬁf is the average of the values of ¢ at the cell centers of the two

neighboring computation cells,

c eelio + Peeltn

Of 7 (2.50)

2.5.3 Pressure-velocity coupling

The aim of pressure velocity coupling techniques is to ensure that the resolved pressure
and velocity satisfy both the momentum and the continuity equation. For this aim, the
continuity equation is reformed to introduce an additional condition for pressure as shown
in Eq. (2.56), i.e. the pressure correction equation. SIMPLE* (Semi-Implicit Method for
Pressure-Linked Equations) and PISO*? (Pressure-Implicit with Splitting of Operators) are
both widely used pressure-based segregated algorithms. In this work, the coupling between
the velocity equations and the pressure equation is performed using the SIMPLE algorithm
for the steady-state flows and the PISO algorithm for the transcient flows. For more details

on the SIMPLE and PISO algorithms refer to Ref.*!
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2.5.3.1 SIMPLE

For steady-flows, the integral form of the continuity and momentum equations can be writ-

ten as:

fpu-dA _— 2.51)

fpuu-dA = —?{pl-dAJr]{r-dAJr/pgdv, (2.52)
1%

where I is the identity matrix.

The momentum equation can be discretized similar to the generic transport equation as in
Eq. (2.46). Substitute the scalar ¢ by the velocity component 1, the X-momentum equation

can be discretized and then linearized as,3®

apu) = Zanbumb-l—prAf-f—i-S, (2.53)
nb f

where the subscript (-),, represents the neighboring cell, ap and a,;, are the linearized
coefficients for u; and u ,5, py is the pressure at the face f, and § refers to source term.
The face value of the pressure, pr, can be weighted averaged by the centroid values of

pressures within the two neighboring cells 0 and c1 of the face f,

Pco Pcl
ap.co apci

py= o dre (2.54)
ap.co apci
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where the weighting factors ap.o and ap.; are the linearized coefficients in the relative

linearized momentum Eq. (2.53) for the two neighboring cells.

The integral form of the continuity equation (Eq. (2.51)) can also be discretized as follows,

Nfaces
Y JA; =0, (2.55)
!

where J¢ is the mass flux through the face f. To avoid the unphysical checker-boarding of
pressure,*? J r 1s not averaged linearly as in Eq. (2.50), but calculated under a momentum

weighted averaging scheme,*?

Jr=Jr+dr(peo—per), (2.56)

where the subscripts c0O and c1 represent the relative values within the two cells ¢0 and c1
on either sides of the face f, the weighting factor dy is the average of the coefficients ap
for the two neighboring cells in the linearized momentum Eq. (2.53), and J. r represents the

mass flux influenced by the normal velocities u,, of the two cells,

A ap,colUn,c0 +apciln,cl
ap,co +apci

(2.57)

Assume that an uncorrected velocity field u* is resolved by the momentum equation with a

guessed pressure field p*, the uncorrected mass flux J}‘- is calculated according to Eq. (2.56),
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Ty =J5+dy (plo—piy)- (2.58)

The resulting mass flux does not necessary satisfy the continuity equation. Hence, it is

corrected by adding a correction J },
Jp=J5+J}. (2.59)
Here J; denotes the corrected mass flux and the correction J } is calculated by

Iy =dp(plo— i), (2.60)

where p’ denotes the pressure correction resolved in Eq. (2.61).

The corrected mass flux should satisfy the discrete continuity Eq. (2.55). Hence, substitut-
ing Eq. (2.59) and Eq. (2.60) into Eq. (2.55), we obtain a linearized discrete equation for

the pressure correction p':38

app' =Y awply,+0, (2.61)
nb

where b represents the net flow rate into this cell,

N faces
b=Y JiA;. (2.62)
-
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The pressure correction equation will be solved iteratively and the resolved pressure cor-

rection p’ is used to correct the velocity and pressure fields.

In summary, the SIMPLE pressure velocity coupling procedure has the following steps:

e Compute the uncorrected face mass fluxes J;? using the uncorrected velocity and

pressure according to Eq. (2.56),

Ji =Ji+ds(pio—piy)-

e Solve the pressure correction equation (Eq. (2.61)) iteratively.

e Update the pressure field with a under-relaxation factor o,

p=p"+oayp.

e Correct the face mass fluxes J according to Eq. (2.59).

e Correct the velocity field according to Eq. (2.53) such as the x-component of the

velocity,

apuy = Zanbuinb + Zp/fAf . f_|_ S.
nb f

e Update the flow density with the corrected pressure using the state equation.
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2.5.3.2 PISO

In the SIMPLE scheme, the pressure correction is solved using an iterative method, which
is computationally expensive for transient flows. For every time step, the time step size
and under-relaxation factors have to be adjusted for the convergence of the iterative pro-
cedure. To improve the computation efficiency, the PISO algorithm performs the neighbor
correction and the skewness correction. The skewness correction is recommended for prob-
lems with highly distorted meshes. Thus it is not considered for the structured hexahedral
meshes in this thesis. The neighbor correction usually only needs to do twice, then the cor-
rected velocity field will satisfy not only the momentum equation but also the continuity
equation more closely. Hence, though one iteration step of the PISO algorithm doing the
neighbor correction takes a little more time than the SIMPLE algorithm, the number of it-
erations required for convergence are reduced dramatically. The following gives a detailed

introduction of the neighbor correction.

Apply the Euler implicit scheme to the time derivative term, the continuity and momentum

equations can be discretized as following,3?

At =0, (2.63)

St ) = HW@Y—ApT +S (2.64)

1

where A is the difference operator, H(u;) = Y., dnptti npy accounts for the influence of the
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neighboring cells and S; for the source. The function H (u;) is linear and it can be divided

into a diagonal part Agu; and another part H' (u;),

H(I/tl) :AOM[+H/(Mi). (2.65)

Taking the divergence of Eq. (2.64) and substituting into Eq. (2.63), the pressure equation
is derived as,
A2 = NH ) + A+ Al (2.66)
p — 8 i 1] St i - .
Denote the three intermediate values of variables between time step n and n+ 1 by the su-

perscripts ()%, (+)** and (-)***, the PISO predictor and corrector steps are listed as follows:

Predictor step: Calculate the uncorrected velocity field u* using Eq. (2.64) and Eq. (2.65)

n_.n

based on the pressure and velocity values at time step "n",

P

Sl (2.67)

(ﬂ — Ao )y = H'(u}) — Aip" + S+

First corrector step: Substitute Eq. (2.67) into the Eq. (2.66), a new pressure field p* is

solved by the resulting equation,

-1
A; {(% —A0> Ai] (P —p") =Aw;. (2.68)



Then, subtract the momentum equation (Eq. (2.64)) by Eq. (2.67) and obtain a new

velocity field u**,
5, Ao (u;* —uj) = —Ai(p" —p"). (2.69)

Second corrector step: Similarly, a new pressure field p** and a new velocity field u***

are calculated using Egs. (2.70) and (2.71) below

A {(g —Ao)_]Ai] (P -r) = A {(% A0 H —ui‘)} 2.70)

p kokk %3k k) * %3k *
(E_A()) ™ —u™) = H(u"—uf)=N(p™ —p). @7
Usually two corrector steps are sufficient for the accuracy requirement, although the num-

ber of corrector steps can be adjusted for further refinement. In this work, 2 corrector steps

will be used as default.
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3 Simulation of flows over a backward-
facing step

3.1 Introduction

In this chapter, we are interested in the comparison of RANS and LES in the laminar flow
limit in a benchmark problem, namely the flow over a backward facing step. Four typical
eddy viscosity turbulence models, the k — €, the RNG k — g, the LES Smagorinsky and the

LES one equation models, are investigated.

The laminar flow over a backward-facing step becomes turbulent with inc