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(ABSTRACT) 

The k—epsilon turbulence model yields inconsistent and diffusive results for swirling 

and recirculating flows, which are characteristic of combustor geometries. Y. S. 

Chen and S. W. Kim propose a modification to the k-epsilon turbulence model which 

has shown improved predictions for several complex flows. This study evaluates 

the application of the Chen modification of the k—epsilon turbulence model to 

combustor geometries by applying the modification to two burner test cases which 

contain the elemental flow characteristics of an industrial gas turbine combustor. 

The modification is implemented into a commercial computational fluid dynamics 

(CFD) code. The results show an improved prediction of the location, shape and 

size of the primary centerline recirculation zone for both cases. The large swirl and 

axial velocity gradients, which are diffused by the standard k—epsilon model, are 

preserved by the Chen model. The overprediction of turbulent eddy viscosity in 

regions of high shear, which is characteristic of k-epsilon, is controlled by the Chen 

modification. In industrial combustor design, the prediction of the location, size and 

shape of primary flow features is of paramount importance. The Chen modification 

can, therefore, be considered a successful improvement to the k—-epsilon model and 

can be considered applicable to combustor geometries.
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1.0 Introduction 

Computational fluid dynamics is a field that has made extraordinary progress 

in the past twenty years. Today, automotive and aerospace companies are using 

computational analyses to decrease the number of iterations in the design process 

[1,2]. CFD is a particularly attractive design tool to the gas turbine industry. 

Designing the combustor for a gas turbine requires expensive testing and many 

iterations. Previously, the combustion engineer has relied primarily on experience, 

test results and crude analyses based on empirical formulations to make final 

design decisions [3]. CFD has the potential to explain the physics of flow 

phenomena occurring in a combustor can, where experimental data are often not 

available. It is possible to acquire limited data in the combustor, but the process 

is cumbersome, expensive [4] and the results are non—comprehensive [5]. 

Numerical analysis can, thus, be used to reduce the number of iterations by 

providing insight on the changes that a design parameter or geometrical feature will 

have on the characteristics of the flow in the combustor. 

The four things that are of primary importance in designing a gas turbine 

combustor are emissions, cooling, flame stabilization and dynamics. Dynamics are 

vibrations of the combustor can that occur because ofthe large pressure oscillations 

that result from the combustion process. This acoustics problem has been the 
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subject of many investigations, but still little is known about how to control it. 

Emissions are under strict regulation by federal and local government agencies, 

thereby forcing companies to design low emissions combustors. NOx, CO, and 

unburned hydrocarbon levels, which are under the most strict regulations, are 

dependent on the temperature and equivalence ratio at which the fuel-air mixture 

burns. Local equivalence ratio, a measure of fuel to air in the mixture, is highly 

dependent on turbulent motion in the flow. Cooling and flame stabilization, which 

both can be accomplished by a number of different methods, are also turbulent 

processes. This thesis has not attempted to address computational kinetics, but 

rather it focuses on the problem of accurately predicting turbulent flow structures 

in complex industrial geometries. This task can not be accomplished without the 

aid of numerical analysis, and is of significant importance to the combustion 

engineer. 

Flame stabilization is a basic requirement of all gas turbine combustors [3]. 

For a flame to be stabilized, the fuel—air mixture entering the combustor must be 

supplied with a portion of the hot products of combustion which contain necessary 

catalysts for the reaction to occur [3]. This can be accomplished by inducing 

recirculation. A recirculation zone is characterized by a negative velocity in the 

streamwise, or axial, direction. One method by which this flow feature can develop 

is by introducing an axial flow to a large expansion, such as a backward facing step. 

The large adverse pressure gradient encountered will result in a flow reversal, or 

recirculation. Another method of inducing recirculation, popular in the gas turbine 

industry, is to introduce swirl to the flow. Axisymmetric swirlis defined as a tangential 

velocity component imposed on an axial flow. A swirling flow, when allowed to 

expand in the radial direction, will form a low pressure zone in the core region near 
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the flow's symmetry axis. The result is a flow reversal about the centerline. This 

phenomena is known as vortex breakdown and the resulting flow reversal is often 

described as a centerline recirculation [7]. Both methods of inducing recirculation 

are employed by the gas turbine industry. Thus, the study of recirculating and 

swirling flow, both complex turbulent flows, is important in this investigation. 

The accuracy of a turbulent flow calculation is primarily dependent on the 

method of modeling turbulence. Presently, the most widely used turbulence model 

in commercial CFD codes is k-epsilon [8]. The k-—epsilon model gives 

comprehensive results that are consistent with the experimental data for most 

turbulent flows. It is also computationally less time and memory intensive than 

Reynold’s stress formulations and direct numerical simulations (DNS) which claim 

to be more accurate for most cases. Time and memory are factors which are limited 

by a company’s design deadlines and computer resources. K-—epsilon is, thus, 

implemented in many of the commercial CFD codes available today because it 

provides a combination of timely and comprehensive results for a broad range of 

complex turbulent flows. Although widely used, the k—-epsilon turbulence model 

tends to underpredict large gradients in swirling and recirculating flows which are 

characteristic in a combustor. Many modifications have been made to the model 

to attempt to eliminate this problem. However, the applications of these 

improvements are limited to the narrow range of flow types for which they were 

developed [9]. Geometries that are dominant in engineering industries involve a 

multitude of flow types, making these modifications inapplicable. 

Y. S. Chen and S. W. Kim present a modification to the k-epsilon turbulence 

model which is not flow specific and can be applied to a broad range of flow 

configurations [10]. Unlike previous modifications, the model is simple and takes a 
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more general approach to ascertaining a remedy to the problems associated with 

k-epsilon. Chen and Kim (referred to from hereon as just Chen) applied their 

modification to a number of complex flow types. Chen’s model has demonstrated 

improved results for round and plane co—flowing jets, submerged jets, backward 

facing step flow and a swirling flow case. In particular, the predictions of the 

backward facing step and swirling flow cases Chen has chosen demonstrated a 

significant improvement from the standard k—epsilon model. 

Flow in an industrial combustor is a combination of swirling, recirculating and 

turning flows. The recirculating flow which Chen had evaluated was formed when 

a two—dimensional axial flow encountered a backward facing step [10]. This 

application showed great improvement from the results obtained with the standard 

k—epsilon model. As previously discussed, swirl is often also used in combustors 

to create recirculation. Chen had applied his modification to a swirling flow which 

resulted in the development of a centerline recirculation [10]. The inlet boundary 

condition, however, had been applied within the recirculation zone. Therefore, 

Chen merely evaluated the ability of his modification to maintain a recirculation 

which had already been specified. This evaluation, is thus, an inadequate measure 

of the modification’s ability to predict the development of a recirculation zone 

induced by swirl. Chen, also, had not tested his modification on a flow where the 

effects of curvature greatly influence the flow characteristics. Preliminary work for 

this thesis, discussed further in Appendix A, has determined that in these cases the 

Chen modification does not result in improved predictions. The application of the 

Chen modification to combustor geometries, however, can not be discounted. The 

flow patterns characteristic of an industrial combustor are much more complex than 

the classic physics cases tested by Chen and previously tested as preliminary work 
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for this thesis. The application of the Chen modification to gas turbine combustors, 

therefore, can not be evaluated based on these results. 

The purpose of this study is to evaluate the application of the Chen 

modification of the k-—epsilon turbulence model to combustor geometries by 

applying the modification to two quarled burner test cases which contain the 

elemental flow characteristics of an industrial combustor. Unlike Chen’s analysis 

of a_ swirling flow, the quarled burner cases, whose geometries and flow 

characteristics are depicted in Figures 1 and 2, include a ramp, which turns the flow 

before it reaches the expansion. Because the flow is entering the expansion at an 

angle, recirculation will not occur as a function of the geometry, but of the swirl, 

making the quarled burner cases a much better evaluation of the Chen 

modification’s ability to improve calculations for swirling and separating flows. This 

analysis also includes computation of the region before the expansion, whereas 

Chen begins computation within the recirculation zone. The flow in the region 

approaching the expansion is highly anisotropic, a characteristic which k—epsilon 

is unable to model. Also, in a practical industrial application the lack of availability 

of adequate test data makes it impossible to provide an inlet boundary condition in 

the recirculation zone where flame is stabilized. |The modeling of this region, 

therefore, is important to determine the Chen modifications ability to give 

reasonable predictions of the basic flow characteristics in an anisotropic flow. This 

analysis involves no reaction, as it is the ability of the Chen modification to improve 

turbulent flowfield predictions that is being evaluated. The flow can be considered 

axisymmetric and incompressible. The quarled burner cases, overall, allow a 

thorough investigation of the Chen modification’s applicability to analysis of 

industrial gas turbine combustor flows. 
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The modification has been implemented into STAR—CD, a commercial CFD 

code. Adiscussion of STAR-CD’s capabilities and discretization methods is located 

in Appendix B. The details on the implementation of the Chen modification into 

STAR-CD and the use of the code with the Chen model can be found in Appendix 

C. The modification to the code was verified using a case similar to the one that 

Chen has shown to yield improved results. The case chosen is Vogel and Eaton's 

two dimensional rectangular backward facing step [12]. The details of the 

verification are discussed in Appendix D. 

This thesis begins with a discussion of the deficiencies of the k—epsilon 

model. Previous improvements made to k-epsilon and their deficiencies are 

discussed. Also included in the background is an introduction to the Chen 

modification followed by a discussion of its advantages over the previously 

proposed improvements to the k—-epsilon model. In addition, results from the 

evaluation of the quarled burner test cases with STAR-CD’s standard k—epsilon 

model are presented. The application of the Chen modification and why it should 

improve predictions for these cases is then discussed. A brief introduction to 

turbulence modeling follows. The k—epsilon model is presented, precluding the 

introduction of the Chen modification. A description of the quarled burner test cases 

is included next. This chapter contains a detailed description of the geometry, the 

flow characteristics and experimental test locations of both burner cases. Also 

included is a description of the mesh, boundary conditions and discretization 

methods used for each case. Finally, the results of the computations performed with 

the Chen modification implemented in STAR-CD are presented, followed by a 

discussion of the predictions. Conclusions and recommendations complete the 

thesis. 
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2.0 Background 

The standard k—epsilon model, while giving comprehensive and consistent 

predictions for most turbulent flows, produces highly diffusive results for certain 

classes of complex flows. By highly diffusive results, it is meant that the k-epsilon 

turbulence model tends to underpredict gradients in regions of high shear. Thus, 

the purpose of this chapter is to discuss the deficiencies of the k-epsilon model, 

introduce Chen’s modification to k-epsilon and discuss why an improvement in the 

prediction of the flow characteristics of the quarled burner test cases should be 

expected with it’s application. Since the k-epsilon model is commonly employed, 

this chapter assumes some familiarity with it. A further description of the k-epsilon 

turbulence model can be found in chapter 3.1. 

As related to the current investigation, k-epsilon tends to underpredict the 

length of the recirculation zone behind a rectangular backward facing step and 

overpredict the decay of tangential momentum in a swirling flow. The diffusive 

characteristic of the k-epsilon model is most often attributed to the turbulent 

dissipation equation, which is highly empirical in nature. For this reason, most 

improvements have been achieved by altering the equation for epsilon. 

A popular method of improving predictions in swirling flow and streamline 

curvature cases is the use of the Richardson correlation. Boysan and the team of 

Background 9



Launder, Pridden and Sharma propose models that add a source term to the 

dissipation equation [13]. The coefficient of this additional source term is based on 

the Richardson number and attempts to sensitize the dissipation to the effects of 

swirl and curvature. Both modifications require that an arbitrary limit be set on the 

magnitude of the Richardson number when it is negative to assure that an 

excessively large curvature correction will not cause a negative dissipation sink. 

Another fault of this type of modification is that the added coefficient is not optimized 

for general swirling flows and, therefore, is highly case specific. In an attempt to 

create a general modification to the k-epsilon model for turning flows, Pourahmadi 

and Humphrey modify C, to account for the effects of streamline curvature [14]. 

Their model experiences some success in predicting the coefficient of friction on the 

concave and convex surfaces of a curved duct, but makes only a slightimprovement 

over the Richardson correlations in the prediction of velocity. Hanjalic and Launder 

attempt to improve predictions in flows with high adverse pressure gradients [15]. 

To do this, they choose to retain the irrotational contribution to production which 

is ordinarily neglected in the closure of the dissipation equation. Results obtained 

with this modification are improved for decelerated flows. However, to model the 

irrotational term, further empiricism is required which, as in the case of the four 

modifications discussed previously, limits the scope of application to the flows for 

which the coefficients were determined. 

Chen approaches the modification of the k-epsilon turbulence model from 

a more general viewpoint. The diffusive nature of k-epsilon, as discussed before, 

is assumed to be a result of the highly empirical turbulent dissipation equation. In 

areas of high shear, the model predicts that the rate of production of turbulent kinetic 

energy increases much more quickly than the rate of turbulent dissipation. This 

does not accurately represent the reaction of the turbulence parameters to shear 
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flow and, hence, turbulent viscosity is overpredicted. Chen adds a second time 

scale, which is a function of production, to the dissipation equation to allow the 

model to respond to mean strain more effectively. The addition of the second time 

scale results in an extra source term and accompanying coefficient. The model 

constants were determined using experimental data of homogeneous turbulence 

decay with or without mean strain imposed, a near wall boundary conditions 

analysis and numerical optimization [10]. Thus, the empiricism does not limit the 

model to a specific case. Chen tested his modification on a wide variety of flow types 

to assess its generality. The model demonstrated improved results for round and 

plane co—flowing jets, submerged jets, backward facing step flow and confined 

swirling flow. Because of its applicability to a broad base of flow types and its 

success in improving results for these test cases, the Chen modification is attractive 

as a possibility for improved numerical predictions of more complex flow geometries 

such as combustor flows. 

Calculations using the standard k-epsilon model of turbulence exhibit poor 

correlation to the experimental results of the two quarled burner cases. Details on 

the experiment and computational model can be found in chapter 4. Case 1 

illustrates recirculation induced by swirling flow, whereas Case 2 also illustrates a 

secondary recirculation behind a stepped expansion. In both cases the flow is 

turned through a ramp or quarl which results in some expansion before the flow 

reaches the step. Figures 3 and 4 show comparisons of numerical and 

experimental results for the swirl and axial velocities of Case 1, respectively. The 

computational swirl and axial velocity are underpredicted at the outer radius and 

overpredicted in the intermediate region. This behavior clearly demonstrates the 

inability of the standard k—epsilon model to predict the large swirl and axial velocity 

gradients seen in this flow. Because swirl momentum is diffused over the entire 

Background 11



JBPOW 
GouaINquNL 

UO]|Sda—y 
BY} 

YIIM 
SUONI|Paid 

A}JDOIaA 
LIMS 

‘1 
SSBD 

JOUING 
PeyENyH 

‘¢ 
eunbig 

    

 
 

 
 

 
 

 
 
 
 

  
  

  
 
 

 
 
 
 

 
 

 
 

  
 
 

 
 

 
 

  
      

    
  

  
    

  
  

  
    

  
 
 

 
 

 
 

N 
wre 

r
a
t
e
r
s
 
4
 

. 
e
u
j
s
e
u
e
s
 

(ere) 
4
3
1
0
0
 
=
 

; 
e
u
p
e
u
e
s
 

pommen 
| 

A 
o
e
 

: 

: 
“ 

TOT 
it 

" 
Ct 

“ 

L
S
I
N
I
 
W
O
Y
S
 
W
w
 

OocZ 
‘S 

N
O
L
I
W
I
S
 

LI 
INI 

W
O
Y
S
 
W
W
 
O
S
 

‘pb 
N
O
I
L
W
L
S
 

sixy 
Ajjewwds 

r
-
-
“
V
 

| i | ivy 
a
  
 

(8/6) 
ALISOTEA 

THINS 
(8/78) 

1212018) 
T
e
e
 

(8/78) 
ALISOTEA 

T
e
t
e
 

eupequed 
, 

eumeued 
, 

Oulpewed 
 
 
 
 
 
 

  
  

 
 

 
 

 
 

L 

Pry e Pe, 

t 

. 

 
 
 
 

 
 

  
  

  
  

 
 

 
 

 
 

 
 

 
 

 
 

 
 

7
 

: 
Jb 

: 
> 
NOWEd2-» 

g 
S 

E 
*” 

—
—
 

me 
: 

F
a
d
 

viva axa 
y 

x
 

re 
r 

4
 

: 

AS 
r 

. 
| 

es 
Noweda~» 

; 
N
o
w
e
.
 

= 
a 

v
i
v
a
 
a
x
e
 

~ 
V
I
V
O
 
4
X
2
 

© 
~ 

 
 

 
 
 
 

  
  

  
  

  
  

  
  

  
  

  
  

  
    

  
  

 
 

 
 

    
 
 

LSINI 
W
O
Y
S
 
WW 

OPE 
“E 

NOILVLS 
L
I
I
N
I
W
O
Y
S
 
Ww 

Ose 
‘ZNOILWLS 

L
S
I
N
I
W
O
Y
S
 
WW 

OZt 
‘t 

NOILWLS 

Background



lOPOW 
SOUsINGINL 

UOL|Sde—} 
94} 

YIM 
SUO|ND|Paid 

AIO/9A 
[BIXy 

‘| 
BSBD 

JoUING 
PayeNH 

“py ounby4 

(8/78) 
S
L
I
I
A
 

W
I
E
Y
 

(e/@) 
2
5
0
0
0
 

TeEEv 

eupewen 
eupewued 

fe soeasta Tra 

    

LAINI 
W
O
H
S
 
W
w
 

OSs 
‘SG 

N
O
I
L
V
L
S
 

L31NI 
W
O
Y
S
 
W
w
 

OSP 
“b 

NOILLVLS 

sixy 
AujewwAS 

r
-
-
“
\
y
 

| | | | L
_
 
 
 

 
 

(0/8) 
L
A
I
M
A
 
T
O
V
 

(8/0) 
E
I
I
0
M
I
A
 

VIEW 

eurpeiued 

{s) someista Trav 

   

LA 
INI 

W
O
Y
S
 
WW 

Ove 
“E 

NOILWLS 
L
A
I
N
I
W
O
Y
S
 
Ww 

ose 
‘2 

NOILWLS 
L
S
I
N
I
W
O
W
S
 
Ww 

OZ} 
‘bt 

NOILLWLS 

Background 13



radius, the jet moving along the outer edge of the quarl is less concentrated. This 

stream of flow begins to diffuse in the quarl which results in a lower maximum 

velocity entering the expansion. As Figure 5 illustrates, the center of recirculation 

is subsequently predicted to be closer to the axis of symmetry and further upstream 

than the experimental results dictate. Axial and swirl velocity profiles of both 

experimental and computational results for Case 2 are illustrated in Figures 6 and 

7, respectively. Because there exists a recirculation behind the step, the peak in 

axial and swirl velocities is not seen at the outer radius, as in Case 1, but at 

mid—radius. Again, itis apparent that the k-epsilon model does not predict the large 

swirl velocity gradients in the flow and distributes the swirl momentum along the 

radial direction. Because the maximum velocity of the fluid moving over the 

centerline recirculation zone is underpredicted, the secondary recirculation zone 

behind the step is able to push out further into the expansion. The loss of the 

maximum velocity ofthis stream of flow also results in the displacement of the center 

of recirculation towards the axis of symmetry and further upstream. Figure 8 

illustrates the failure of standard k—epsilon to reasonably model the characteristics 

of this geometry. Both Cases 1 and 2 demonstrate the diffusive nature of the 

standard k—epsilon model of turbulence. This quality greatly effects the consistency 

of predictions for complex flows and limits the use of the k—-epsilon model to flows 

with no strong secondary flow patterns. 

The Chen modification of the k-epsilon turbulence model has been shown 

to improve predictions for several configurations involving complex flow patterns. 

The success of this model is attributed to the addition of a second time scale to the 

dissipation equation. This extra term, put simply, lets the growth of turbulent 

dissipation catch up to the growth of kinetic energy. Standard k—-epsilon tends to 

be especially diffusive in areas of high shear where the ratio of turbulent kinetic 
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energy to turbulent dissipation is overpredicted. This pattern, subsequently, results 

in the overprediction of turbulent viscosity in this region. The momentum of the flow 

passing over the recirculation zone is, thus, diffused more quickly. This slows down 

the stream which allows it to be turned more quickly towards the the low pressure 

region at the center of recirculation. Chen’s modification will tend to decrease the 

ratio between turbulent kinetic energy and dissipation in regions of high shear 

which, in turn, will decrease the turbulent viscosity. This effect will concentrate the 

momentum ofthe core flow and allow the center of recirculation to be pushed further 

downstream and towards the outer radius. Comparing the computational 

streamline plots of cases 1 and 2 to their respective experimental streamline plots, 

it is clear that if the Chen modification effects the flow as expected predictions would 

be greatly improved. 

The standard k—epsilon model, while the most widely used turbulence model 

in commercial CFD codes, is unable to produce consistent results for complex flow 

geometries. Many attempts have been made to modify the model to compensate 

for is overly diffusive character. Most modifications have proven to be either only 

partially successful or useful for only the cases for which they were designed. In 

industry, a case specific model is of little use, as analysis is not usually performed 

on a simple geometry with one characteristic flow type. The general nature of 

Chen’s modification along with its proven success in improving predictions of cases 

where k—epsilon would give inconsistent results, presents this model as a candidate 

for use with more complex flow configurations. This study concentrates on the 

application of the Chen modification of the k-epsilon turbulence model to combustor 

geometries. 
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3.0 Turbulence Modeling 

This investigation deals with the application of a modification of the k—-epsilon 

model of turbulence to a particular geometry. This chapter discusses the various 

methods by which turbulence is modeled and why k—epsilon is the model chosen 

for this investigation. The k-epsilon model is derived, followed by the presentation 

of the Chen modification to k-epsilon. 

The Navier-Stokes equations govern both laminar and turbulent flows. In 

order to fully resolve the turbulent structures of the flow from the Navier-Stokes 

equations, the grid spacing would have to be the size of the smallest turbulent 

eddies which are on the order of one mi llimeter. Because the number of grid points 

required is so great, this method, known as Direct Numerical Simulation (DNS), is 

currently limited to simple geometries and results in a computation that is extremely 

time and memory intensive. For this reason, the Navier-Stokes equations are time 

averaged to determine the turbulent stresses which can then be either modeled or 

predicted from mean flow quantities. 

To derive the time-averaged form of the Navier-Stokes equations, it is first 

necessary to break the vector and scalar components of the equations up into mean 
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and fluctuating components. For incompressible flow, the velocity and pressure are 

broken down as follows: 

u; = T+ u;' (3 - 1) 

p=Pptp' GB — 2) 

where, % and Pare time averaged quantities defined as: 

T 

Ta4[ Acie yar 3-3) 
0 

For the average value to be independent of the integrated time step, T must be 

chosen to be larger than the scale of fluctuations [16]. The above expressions can 

then be substituted into the equations of conservation of mass (B—1), and of 

momentum (B—2). The result is the incompressible form of the time averaged 

Navier-Stokes equations. 

Conservation of Mass: 

(97) = 0 (3 - 4) 

Conservation of Momentum: 

1a a — of — 22 4 3] (8% 4 84) 3a _ 
Fear (0m) + ax, OF Wi; ) ” of; OX; + OX; (3 + =) ou ju | (3 5) 

The Reynolds averaged momentum equation can be, for the most part, solved for 

the mean velocity and pressure. The equation is complicated by the last term on 

the right hand side @4.4;, defined as the Reynolds turbulent stresses. This newterm 

introduces nine variables, greatly increasing the difficulty of solving the equation. 

Turbulence modeling is an attempt to simplify the computation of this term. There 

are two methods of modeling the Reynolds stresses, eddy viscosity and non—eddy 

viscosity models. 
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3.0.1 Eddy Viscosity Models 

The eddy viscosity method treats the turbulent stress term as a gradient 

diffusion analogous to the molecular diffusion stress term. This assumption known 

as the Boussinesq approximation, is that turbulence, like molecular diffusion, acts 

to increase diffusion. Turbulence introduces diffusion in the flow on a large scale 

by the movement of turbulent eddies, whereas laminar diffusion occurs on the 

molecular level. The Boussinesq approximation is as follows [17]: 

au; | 9H; 
= ew = a, (H+ FE) — oft 5, 3 — 6) 

where, pis the turbulent or eddy viscosity and k is the turbulent kinetic energy which 

is defined as: 

(u,'? + uy’? + uy’) (3 — 7) ra
 

ill 

t
r
l
 

The term containing k in equation (3—6) is absorbed in the pressure and can be 

eliminated. Thus, the turbulent stress term reduces to: 

  au; | oO; — gu; uy = BM, (# + =) (3 - 8) 

The problem of modeling the turbulent stress term is now reduced to the evaluation 

of the turbulent eddy viscosity. There are several methods to accomplish this task. 

Zero equation or algebraic models are methods by which eddy viscosity is 

determined by either setting uy, equal to a constant or by calculating py; using an 

empirically based algebraic equation. These relations are generally functions of 

local flow parameters and result in predictions that are good for the geometry that 

they were modeled. These models, however, give inconsistent results when 

applied to geometries that vary from the flow configurations that the empirical 

constants were tuned to. 
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One equation models are designed to improve the generality of the 

turbulence model by allowing the eddy viscosity to be a function not only of local flow 

parameters, but also of flow upstream. This is done by solving for the turbulent 

velocity scale, usually chosen as k!/?. Turbulent kinetic energy (k) can be 

determined by solving the equation governing this quantity. The disadvantage to 

this method is that there is still a need to prescribe the length scale, thus introducing 

empiricism. This method is less limited than the zero equation models, however, 

its generality is limited by the types of flow for which the turbulent length scale is 

determined. 

Both the turbulent velocity and length scales are solved for in two equation 

models. The most popular of this type of method is the k-epsilon model which gives 

good predictions for a variety of flow configurations. However, assumptions made 

and empiricism required for the closure of the epsilon equation limits the model's 

generality. The k—epsilon model will be discussed in more detail in the following 

sections. 

3.0.2 Non-eddy Viscosity Models 

Non—eddy viscosity models do not utilize the Bousinesq approximation in 

modeling the turbulent stresses, rather, they attempt to either solve for the 

components of the turbulent stress tensor or solve the Navier-Stokes equations 

directly. 

Reynolds stress models solve the Reynolds stress equations for the 

components of the turbulent stress tensor and the turbulent diffusion fluxes. This 

model, unlike the eddy viscosity models, account for the non-isotropic 

characteristics dominant in some types of flow. The disadvantage to this method 
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is that the additional computations and memory allocations required greatly 

increases the calculation time. 

Algebraic stress models reduce the partial differential equations of the 

Reynold’s stress model to a set of algebraic relations. In practice, algebraic stress 

models are coupled with the k-epsilon equations to determine these stresses. The 

consistency of algebraic stress models is increased over the k-epsilon model. 

Large eddy simulation models solve the three dimensional time dependent 

Navier-Stokes equations to resolve the large eddy structure of the flow. Eddies are 

resolved directly down to the size of the grid. Smaller eddies are modeled using the 

eddy viscosity approach and small scale turbulence is averaged out with spatial 

filtered averaging. This method is extremely time and memory intensive and, thus, 

is not useful for industrial applications. 

3.1 The k-epsilon Turbulence Model 

This investigation deals with the application of an improvement to the 

k-epsilon model to a particular geometry. It is, therefore, necessary to explain 

k—epsilon in more detail than what was provided in the previous section on eddy 

viscosity models. In this model, the turbulent length and velocity scales are 

determined from the turbulent quantities kinetic energy and dissipation. By 

dimensional analysis, the eddy viscosity can be approximated as [17]: 

“=xoV,L (3 -— 9) 

where, «is aproportionality constant, 0 is the density, V;is the turbulent velocity 

scale, and L is the turbulent length scale [17]. In the k-epsilon model, the turbulent 

velocity scale is chosen to be k'/2, and the turbulent length scale is chosen to be 
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k*/2/e, The proportionality constant is empirically determined and is represented as 

Cy. Turbulent viscosity can, therefore, be modeled as follows: 

a, = oC, (3 - 8) 

The turbulent kinetic energy, k, and dissipation, €, can be found from the 

turbulent transport equations. The turbulent kinetic energy equation can be written 

as [18]: 

ak, 7 ok _ Of, ak) ao 9H _ uu", | paw; _ aa [oP _ 
at + May, = (v3) Wile 3x. ’ Oe an + O an ax (het oo | B- 9% 

1 2 3 4 5 6 

#1 Rate of change of turbulent kinetic energy 

#2 “Viscous” diffusion 

#3 Rate of production of turbulent kinetic energy by interaction with mean strain rate 

#4 Dissipation (viscous destruction) of turbulent kinetic energy 

#5 Pressure strain 

#6 “Turbulent” diffusion and "pressure” diffusion of turbulent kinetic energy 

, a Gui = 9 
The pressure strain term can be eliminated because 9; from the time 

dependent form of the continuity equation. The exact form of the turbulent kinetic 

energy equation is simplified to its final modeling form by the following assumptions: 

¢ Isotropic turbulence (valid at high Reynolds numbers) 

og _ Ou’ Ou’; _ 
€ (dissipation) = v ax, OX, G3 - 10) 

e Apply the eddy viscosity concept to term #3: 

~ ray = Hi (OH 4 Oe _ wa, = Be + Be) 3 - 11) 
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e The Turbulent” diffusion term can be simplified by the use 

of the eddy diffusivity concept and the addition of the 

turbulent Prandtl number, ox. 

a7 _ Hk 
— ke = oO ax, (3 — 12) 

The final form of the turbulent kinetic energy equation that will be modeled is as 

follows: 

ok , ~ 0k _ _d- ¥\ OK _ _ af + hy ax, Z|(» + 5) 3k + (Pr — €) (3 — 13) 

(i 8 where, Pr (production) = ‘\@% 9x; /\ ox, (3 - 14) 2 

andy; ( turbulent kinematic viscosity) — ,/ 0 

The turbulent kinetic energy equation is solved in conjunction with the turbulent 

dissipation equation. The modeled equation for epsilon is given as: 

96 4 7 OE _ Oo Yr) OE Ep-c& - ot age Z| (v + %) 3) + ¢, £ Pr- C16 (3 — 15) 

1 2 3 

#1 Rate of change of turbulent dissipation 

#2 Diffusion of the turbulent dissipation 

#3 Sources of dissipation 

The model contains five empirical coefficients, for which a reasonable range of 

values are determined by analysis of simple turbulent flows. Numerical optimization 

is then employed to determine the best set of model coefficients. From decay of grid 

turbulence, Co is determined to be 1.80 [18]. From near wall turbulence 

considerations: 
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Cc,=c,-—& 3 — 16) a. [C 

In local equilibrium near wall turbulence, production equals dissipation. From this 

  

C,, can be approximated to be 0.09 [18]. In order to prevent the eddy viscosity from 

becoming unbounded, the rate at which dissipation approaches zero must be 

slower than the rate at which turbulent kinetic energy approaches zero. This 

requires that the dissipation of epsilon be less than the dissipation of k. To assure 

this, o, must always be less than or equal to o,. After computer optimization, the 

recommended set of coefficients becomes [19]: 

Cy=0.09 Cy=1.44 Co=1.92 qK=l0 o, =13 

The turbulent kinetic energy and dissipation are solved for from their 

respective equations and applied to the Boussinesq approximation to evaluate 

turbulent viscosity. The addition of the eddy viscosity to the molecular viscosity 

creates a greater dissipative effect in an attempt to simulate turbulent mixing. 

However, in areas of high shear, the rate of production of turbulent kinetic energy 

is much faster than that of dissipation. This causes the turbulent viscosity to be 

overpredicted in these regions. The dissipative nature of the k-epsilon model 

results in inconsistent predictions, especially in swirling and recirculating flows 

where conservation of the momentum of the primary stream of flow is important. 

Because of the assumption of isotropic flow in the closure of the turbulent transport 

equations, the model also fails to give accurate predictions for flows that are highly 

anisotropic. The k—epsilon model proves to give qualitative results for many flows, 

however, it suffers from a few deficiencies which render it inapplicable to more 

complex flows. 
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3.2 The Chen Modification to the k-epsilon 
Turbulence Model 

The modification made by Chen to the k—epsilon turbulence model was 

motivated by the lack of success of previous modifications. As was discussed in the 

Chapter 2, many attempts were made to remedy the dissipative nature of the model. 

The approaches, however, were to deal with the model's deficiencies in predicting 

the features of a particular type of flow. |The modifications often violate 

requirements imposed on the determination of the coefficients, and, in most cases, 

fail to make a significant improvement in predictions. In addition, these 

modifications lack generality and are inapplicable to flows differing from that for 

which they were modeled. For this reason, Chen attacks the most fundamental 

problem of the k—-epsilon turbulence model, the overprediction of eddy viscosity in 

areas of high mean strain. 

To correct this problem, Chen proposes an additional source term be added 

to the dissipation equation [10] 

ae, 7 ve _ all, 4%) a] oo pe_ tts o PP 7 a + 7,28 2 |(» +3) 2| c’Pré- c',& + c’,PE (3 - 17) 

The last term on the right side of the equation is the proposed modification. The term 

adds a second time scale which allows the transfer of energy between the two 

transport equations to react more efficiently to mean strain. This time scale will allow 

the rates of production of turbulent kinetic energy and dissipation to converge. The 

result is a decrease of eddy viscosity where the velocity gradients are high and an 

increase in p; where they are low. 

The model constants C;, Co, and Cs, as well as the turbulent Prandtl 

numbers are redetermined using the original stipulations imposed on the 
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coefficients of the standard model, as discussed in the previous section. The 

coefficients were then numerically optimized resulting in the final model values: 

O.=0.75 of, =1.15 Cy=1.15 C’2=1.9 C’3=0.25 

Observing this final set of coefficients, it is noticed that in equilibrium flow, where 

production equals dissipation, dissipation can be substituted for production in the 

third term. The result is a source term identical to the first source term, Pre/k. The 

first and third coefficients, C’; and C’3, respectively, can combine with the resulting 

coefficient being equal to C; of the original k-epsilon equation. So, in equilibrium 

flows, the Chen model reduces to the original k-epsilon model. In areas of high 

shear, however, production will not equal dissipation and the first and third terms will 

not be identical in form. Rather, in areas of high production, or shear, the third term 

will contribute to the production of dissipation more than the solitary term would 

have. 

To assess the performance of this improvement, Chen applied his 

modification to a variety of flows. The cases evaluated were: fully developed 

turbulent channel and pipe flows, co—flowing plane and round jets, a flat plate 

turbulent boundary layer flow, flow over a backward facing step, and swirling flow. 

The modification showed improved predictions of the decay of centerline velocity 

and jet half width for both co—flowing jet cases and a reduction of the error in 

predicting the reattachment length from 28% to 2.8% for the rectangular backward 

facing step case. Numerical predictions of the axial velocity of the co—axial flowing 

jet case show significant improvement over the predictions of the standard 

k—epsilon model, illustrating the ability of the Chen modification to conserve swirl. 

The improved model predicts the mean velocity of the flat plate flow test case well, 

yet underpredicts the turbulent kinetic energy and shearing stress near the wall. For 
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the channel and pipe flows, no difference at all was seen. These last four cases 

perhaps indicate the inability of the wall function to correctly account for wall effects, 

rather than the Chen modifications failure to remedy the dissipative nature of the 

k-epsilon model. 

In cases where wall effects have a much larger influence on the flow than 

diffusion, such as the four cases mentioned above, the Chen modification fails to 

make an improvement. This point is fortified by the predictions of flow through a 

rectangular duct with 90° bend, a test case modeled by the author and discussed 

in appendix A. The results clearly illustrate that turbulent viscosity is decreased in 

areas of high shear and increased in regions of low shear. This should have resulted 

in the improvements of velocity predictions, yet failed to do so. The problem, as 

speculated, is the inability of the wall function to model the effects of curvature on 

the flow. The Chen modification is intended to eliminate the diffusive nature of the 

k—epsilon turbulence model. It is not intended to attack the problems associated 

with k-epsilon’s assumption of isotropy and use of a log—law of the wall to model 

near wall flows. For cases where wall effects dominate the flow, such as the 

rectangular elbow with 90° bend, Chen’s model is unable to overcome these forces 

to change flow predictions. The Chen modification has been shown to improve 

results for swirling and recirculating flows and is unable to improve near wall 

predictions and turning flows. The question proposed in this study is how the Chen 

modification will effect predictions of flowin industrial combustor geometries, which 

contain combinations of swirling, recirculating and turning flows. 
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4.0 The Quarled Burner Test Cases 

The two test cases evaluated in this study represent the basic flow physics 

characteristic of combustor geometries. In this chapter these characteristics will 

be identified and related to the flow features seen in the quarled burner cases. 

Included in this section is a description of the experiment. The flow conditions 

and locations of the experimental test stations are provided along with the 

boundary conditions used for computation. Details of the computational analysis 

are presented. Included is a description of the grid and discretization method 

used for the final computation. 

In a combustor, it is necessary to stabilize the flame. For a flame to be 

stabilized, a constant supply of heat and radicals must be introduced to the 

incoming fuel—air mixture for combustion to occur [3]. Introducing swirl into the 

flow is one of the most efficient ways of accomplishing this. A flow with sufficient 

swirl strength will produce a large adverse pressure gradient in the direction of 

flow and cause a large centerline recirculation. This phenomena, known as 

vortex breakdown, stabilizes the flame by increasing the residence time of the 

fluid which allows ample time for dissipation and mixing [7]. Flow encountering 

a step will experience a high adverse pressure gradient which results in a 
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secondary recirculation. Often a combustor will incorporate a step—like geometry 

with swirl to ensure recirculation and flame stabilization. The function of the 

quarl, the ramped section prior to the expansion, is to produce a shorter, but wider 

recirculation zone [20]. Flow in these geometries is axisymmetric when the 

amount of rotation imparted on these flows is higher than that associated with the 

onset of vortex breakdown [21]. The basic characteristics of a combustor, swirl, 

recirculating flow behind a step—like structure, and a slight expansion or quar, 

are represented in the two burner cases evaluated. 

The experimental data for these cases is taken from a report by Harwell 

Laboratory [11] who obtained the data from experiments conducted by the 

International Flame Research Foundation (IFRF) in IUmuiden, Holland. Both 

cases are cold flow experiments, that is, they contain no combustion. In addition, 

they can be considered axisymmetric. The first quarled burner case consists of 

swirling flow which is expanded through a 21.4° ramp (quarl) to aslight step. The 

length of the chamber is 4 meters. A diagram of the geometry is shown in Fig. 

9a. Experimental data is available at five locations: 0.17 m, 0.25 m, 0.34 m, 0.45 

m, and 0.75 m downstream of the inlet. All but the last experimental station are 

located in the quarl. Both swirl and axial velocity data are given at each of the 

experimental locations. This case, as seen in Fig. 9b, characterizes 

axisymmetric swirling flow with a primary centerline recirculation zone which is 

caused entirely by the tangential motion of the flow. Case 1 also includes a small 

recirculation behind the expansion and a weak secondary centerline 

recirculation zone, which results in a stagnation region near the centerline. 

The flow in the second case is turned through a 19.8° quarl and then 

expanded by a large step. The length of the chamber, which has an end 
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contraction, is 4 meters. The geometry of Case 2 is depicted in Fig. 10a. 

Experimental data for this case is available at 0.32 m, 0.45 m, 0.58 m, and 0.95 

m downstream of the inlet. None of the experimental locations are located in the 

quarl. Swirl and axial velocity measurements are available at each station. This 

case demonstrates a combination of the effects of swirling flow, flow being turned 

through the quarl, and flow encountering a large expansion. Case 2 is 

characterized by a primary centerline recirculation zone, similar to case 1, and 

astrong secondary recirculation behind the expansion. This case also contains 

a secondary centerline recirculation zone, which is larger than that of case 1 and 

is responsible for the positive axial velocity at the centerline. Figure 10b shows 

experimental streamlines which illustrate the two zones of recirculation occurring 

in this geometry. This case better represents the geometry and flow 

characteristics of an industrial combustor. It is this case that is of primary interest 

and will best determine the applicability of the Chen modification to combustor 

geometries. 

The meshes for the quarled burner test cases were developed using 

STAR-CD's pre-processor PROSTAR. The 2—D axisymmetric models used for 

the analysis of each case were determined to be grid independent by varying the 

mesh spacing. The grid for case 1 contains 287,400 cells all together: 350 cells 

in the inlet, 700 cells in the quarl and 1,824 cells to the exit. Figure 11 does not 

depict the grid to the exit so that the packing structure can be resolved. The mesh 

is slightly packed towards the outer radius throughout the inlet, quarl and portion 

of the expansion shown. This is done to better resolve the gradients, which are 

largest in this area of the flow. Case 2 is modeled using a grid containing 5,430 

cells total (Fig. 12): 350 cells in the inlet and quarl, and 4730 cells in the 
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expansion to the exit. Again, a shortened version of the model is depicted to 

show grid spacing (Fig. 12). Similar to case 1, the grid is packed towards the 

outer radius in the inlet and quarl. Inthe expansion, the mesh is packed towards 

the outer radius and towards the center ofthe region. Again, this is done for better 

gradient resolution. 

The boundary conditions, flow parameters and discretization methods are 

also prescribed in PROSTAR. Inlet boundary conditions for both cases are given 

in the report [11] for swirl and axial velocity, and turbulent kinetic energy and 

dissipation. The inlet axial velocity for the first case is specified as a constant 

value of 4.6 m/s, wheras the tangential velocity is linearly increasing from 

approximately zero at the centerline to 6.5 m/s at the outer radius. The turbulent 

kinetic energy and dissipation for case 1 are specified as 0.045 m2/s* and 0.25 

m/s? respectively. The inlet axial velocity for case 2 is specified as 4.9 m/s and 

the tangential velocity is linearly increasing from approximately zero at the 

centerline to 12 m/s at the outer radius. The turbulent kinetic energy and 

dissipation are given as 0.09 m2/s@ and 0.6 m2/s2, respectively. At the outlet the 

gradients of all variables normal to the exit plane are taken to be zero. Continuity 

need not be prescribed, as it is imposed on the flow by the solution method. A 

standard log law of the wall is to applied to the walls and a cyclic boundary 

condition, which assures the tangential and axial components of velocity and 

scalar values are identical for the faces prescribed, is applied to the x—y faces of 

the model. The axis of rotation is prescribed as a symmetry axis. 

Flow in the quarled burners is assumed to be incompressible. In addition, 

the experiment, and, therefore, the analysis contains no reaction. Computation 

of the combustion reaction is not necessary for this study, as it is the ability of the 
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Chen modification to improve the predictions of turbulent flow in a combustor 

geometry that is in question. 

To determine the best solution, the test cases were solved with numerous 

discretization schemes. Both case 1 and case 2 were solved using upwind 

differencing, and blended central differencing with a blending factor of 0.75, 0.9 

and 0.95. The predictions change from the upwind differencing method, which 

is a first order scheme, to central differencing with a blending factor of 0.75. The 

solution changes significantly from a blending factor of 0.75 to 0.9, however, the 

changes from 0.9 to 0.95 are miniscule. Therefore, results from the 

computations using central differencing with a blending factor of 0.9 are used in 

this report and are presented in the following chapter. 
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5.0 Results 

Two burner geometries are tested with Chen's modification to the 

k-epsilon turbulence model. The modification has been implemented into 

STAR-CD, a commercial CFD (computational fluid dynamics) code via a user 

defined subroutine. Details of the implementation and use of the Chen 

modification with STAR-CD can be found in appendix C. The addition of the Chen 

model to STAR—-CD has been verified using a rectangular backward facing step 

test case. The case is similar to one for which Chen had shown improved results. 

The solution of the backward facing step case yields improved results from 

STAR-CD with the standard k-epsilon model. Velocity profile predictions for this 

computation, which are presented in appendix D, agree with the experimental 

data. Based on these results, the implementation of the Chen modification to 

STAR-CD is verified. The computational results of the quarled burner test cases, 

which are presented in this chapter, are compared with experimental velocity data 

to evaluate the improvement made by the model. In addition differences in the 

prediction of flow parameters, such as turbulent eddy viscosity, are presented to 

help evaluate the cause for changes in the velocity predictions. 
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5.1 Results: Case 1 

Case 1 consists of a more elementary flow pattern than case two, but its 

consideration enables the evaluation of the Chen modification’s effect on the 

development of a centerline recirculation induced by swirl. As seen from Fig. 13, 

the velocity gradients are highest in the quarled region near the outer radius. The 

Chen modification (Fig. 14), as predicted, decreases the turbulent viscosity by as 

much as 91% in this area. The region in which the eddy viscosity decreases by 

the greatest magnitude corresponds to the region of greatest shear. The 

modification decreases eddy viscosity by a lesser amount in areas of less severe 

velocity gradients. From the contours in Fig. 14, the pattern of flow recirculation 

can be seen. Moving in a radial line in the expansion from the centerline to the 

outer wall, the decrease in eddy viscosity decreases as the center of recirculation 

is approached, then increases, followed by a decrease very close to the wall. This 

pattern is expected, since, as the center of recirculation is approached, the 

momentum of the fluid decreases and stress decreases between adjacent 

streams of fluid. Downstream of the recirculation, the radial shear stresses drop 

rapidly, resulting in an increase of the turbulent viscosity. 

Figure 15 shows the effect the change in eddy viscosity has on the swirl 

velocity. The large gradients in swirl velocity are maintained throughout the quar, 

giving the velocity profile a peaked appearance in this region. Predictions at 

stations 2 through 4 are greatly improved over those made with the standard 

k-epsilon model. At station 5, the Chen modification moves the profile of swirl 

velocity closer to the experimental result, but fails to completely resolve the 

characteristic of the flow. 
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The decrease of turbulent viscosity also allows the flow’s axial momentum 

to maintain a concentrated profile in regions of high shear. Figure 16 shows 

predictions of axial velocity with the Chen modification more closely match the 

experimental data. The Chen modification increases the velocity at the centerline 

and predicts the peak in velocity at the outer radius. Looking back at the 

experimental streamlines of Case 1 (Fig. 5a), the flowis characterized by astream 

of high momentum fluid that moves along the outer radius of the quarl. This 

stream is indicated by the peaks seen in axial and swirl velocity. The standard 

k—epsilon model overpredicts eddy viscosity in this region and allows the 

momentum of this stream to diffuse before it exits the quar. 

As aresult, the stream enters the expansion at a decreased angle, causing 

the low pressure region which forms below it to be predicted lower than was 

determined experimentally. Therefore .1e standard k—epsilon model predicts the 

center of recirculation to be further into the quarl and closer to the axis of 

symmetry. Because the profiles of axial and swirl momentum are better 

preserved by the Chen model, the high momentum stream of flow enters the 

expansion at an increased angle, allowing the low pressure region to form further 

away from the centerline. The result, as seen from Fig. 17, is that the location of 

the center of recirculation is more accurately predicted. The comparison of the 

experimental, standard k—-epsilon and Chen modification streamline plots 

illustrates the ability of the Chen model to predict the flow characteristics of this 

combustor geometry and, in contrast, the failure of the standard k—-epsilon model 

to predict the placement of the recirculation zone. 
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6.2 Results: Case 2 

Case 2, like case 1, is characterized by a centerline recirculation. 

However, complicating the flow is the addition of a second recirculation zone 

behind the expansion. A contour plot of velocity magnitude (Fig. 18) shows the 

region of highest velocity gradients to be at the outer radius of the quarl continuing 

onthe same angle into the expansion. Significant gradients are also present near 

the walls behind the step and near the outer radius in the expansion. In regions 

of high strain, the Chen modification decreases the eddy viscosity from that 

predicted by the standard k—epsilon model. As illustrated by Fig. 19, the decrease 

in turbulent viscosity results in the largest change where a jet of high momentum 

fluid moves against fluid recirculating in the opposite direction. This 93% 

decrease also occurs in the quarl where fluid moving into the expansion 

encounters the corner of the recirculation zone. The change in viscosity 

decreases as the gradients become less severe and, further downstream, the 

percent change becomes positive. In the corner of the step, velocities are very 

smail and the gradients seen reflect this stagnant nature. Therefore, inthis region 

the change in turbulent viscosity is near zero and becomes positive as the corner 

is approached. Changes in turbulent viscosity will effect the nature of the flow. 

Where the eddy viscosity is increased the flow will disperse and slow down. 

Contrarily, where it is decreased, the flow will speed up. 

The Chen modification, because it decreases turbulent viscosity in regions 

with high velocity gradients, maintains the peaked nature of the swirl momentum 

of the flow in these regions. This is particularly evident from the predictions of swirl 

velocity at station 1 (Fig. 20). The standard k-epsilon model diffuses the 
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momentum of the jet, whereas, the Chen modification preserves its momentum, 

as indicated by the spike in the profile. The results of stations 2 through 4 show 

an improved agreement between the computational predictions and the 

experimental data. 

The axial velocity results show similar improvements. As Fig. 21 

illustrates, the Chen modification also preserves the large gradients of axial 

velocity in the flow. At station 1, the appearance of the jet, which was pushed 

against the outside radius of the quarl by the momentum of the swirl and then 

dumped into the expansion, is also prevalent. Because the spiked nature of the 

swirl momentum is preserved, the structure of this jet will remain more dense, as 

compared to the more diffuse profile the standard k—-epsilon model produces. As 

a result, the spiked nature of the axial momentum of this jetis also preserved. The 

predictions made by Chen’s modification at the remaining experimental stations 

also show the result of decreased eddy viscosity in this region, as the flow retains 

its structure. 

By improving axial and swirl velocity predictions, the structure of the flow 

is also better predicted. The experimental, standard k-epsilon, and Chen 

modification streamline plots (Fig. 22) clearly indicate that the modification is able 

to predict the correct placement of the centerline recirculation zone and the size 

of the secondary recirculation behind the step. The streamline plot of the 

standard k—epsilon predictions show the stream that moves over the recirculation 

zone to be fatter than that predicted by the Chen modification, indicating the 

failure of the standard k—epsilon model to predict the large gradients of swirl and 

axial velocity seen in this region of the flow. By maintaining the concentration of 

the jet momentum, the Chen modification is able, as in case 1, to accurately 
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predict the location of the center of recirculation. As a result, the recirculation 

behind the step is also decreased. 

The results presented in this chapter indicate that the Chen modification 

improves predictions over the standard k-epsilon model of turbulence. By 

improving velocity predictions, a more accurate representation of the locations of 

the characteristic recirculation zones is obtained. The prediction of the locations 

of recirculation zones is important to the combustion engineer, as these are the 

regions where flame is held. A flame front will be located at the edge of the 

recirculation zone. Therefore, the prediction of the location and size of 

recirculation regions allows the combustion engineer to predict the location of the 

flame, as well as hot spots, and to determine approximately how much fuel will 

be burned. A more accurate representation of the turbulent structure of the flow, 

along with the calculation of the concentration of species, a capability of most 

commercial CFD codes, will also allow a better representation of the mixedness 

of the flow. The capability of modeling a combustor flowfield with more confidence 

allows the combustion engineer to make geometry and boundary condition 

changes to the model and predict what effect these changes will have on the 

system. This is an important tool in the design process which greatly decreases 

the number of iterations required to finalize a design. 
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6.0 Discussion 

The Chen modification has been proven to make consistent predictions for 

several types of flow, including the two quarled burner test cases discussed in the 

previous chapter. Improvements can be attributed to the Chen model's ability to 

control the overprediction of turbulent viscosity in regions of high shear. Because 

the standard k—epsilon model overpredicts eddy viscosity in these regions, the 

momentum of the flow is diffused, resulting in the misrepresentation of the location 

and shape of flow features, such as the centerline recirculation zone, characteristic 

of combustor geometries. The Chen modification controls this overprediction and 

allows the large gradients of axial and swirl velocity in regions of high shear to be 

preserved. Consequently, the locations and sizes of the primary flow features are 

better predicted. This chapter not only addresses the mechanism that allows the 

Chen modification to produce better predictions, but it also addresses the cases 

for which it is not intended to improve predictions. 

The diffusive nature of the k—epsilon model is controlled by allowing the 

turbulent transport equations to react more effectively to mean strain. Asource term 

containing a second time scale is added to the dissipation equation to accomplish 

this task. However, this is not the only modification made to the turbulent transport 

equations. The empirical coefficients of the dissipation equation are also 
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re-evaluated and the turbulent Prandtl numbers are adjusted. The expected result 

is, in regions of high shear, the prediction of dissipation will increase from that 

predicted by the standard k—epsilon model, thereby decreasing the eddy viscosity. 

Figures 23 and 24 contradict this expectation by illustrating a decrease in the 

turbulent dissipation in regions of high shear and an increase in regions of low shear. 

Note that the local scale of percent change turbulent dissipation is changed in Fig. 

24 for better gradient resolution. Turbulent kinetic energy, however, is decreased 

by approximately the same percent as dissipation in corresponding regions (Fig. 25 

and 26). Since kinetic energy is squared in the numerator of the approximation for 

turbulent kinetic energy, given by equation 3-8, an equal change in both k and 

epsilon will amount to a change in the eddy viscosity of the same degree as the 

change in the turbulent transport quantities. The Chen modification does not 

randomly increase or decrease turbulent viscosity, but sensitizes both turbulent 

transport quantities to shear. It can be seen by reviewing Figs. 14 and 19, plots of 

the percent change eddy viscosity for cases 1 and 2, respectively, that the patterns 

of change follow the varying size of the velocity gradient. 

The changes made by the Chen modification improve the predictions of the 

major flow characteristics for the two quarled burner test cases. However, the 

improvement does not extend to making exact predictions throughout the flow. The 

Chen modification is intended to make significant advances in eliminating the 

k—epsilon model’s problem of yielding overly diffusive predictions in regions of high 

shear. It has succeeded in this task. However, it was not intended to tackle 

k—epsilon’s inability to model anisotropy. This problem stems from the assumption 

of isotropic turbulence made in the closure of the turbulent transport equations. A 

study of swirling flow encountering an expansion by Hallett and Gunther concludes 

that immediately downstream of the expansion, the flow is highly anisotropic, with 
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the fluctuations in the axial direction being much higher than those in the tangential 

and radial directions [7]. This would explain the inability of the Chen modification 

to make more exact predictions. 

The greatest inconsistencies are seen in the axial velocity predictions of both 

cases, the second case revealing a more pronounced difference. The Chen 

modification makes great improvements in the axial velocity throughout the flow 

profile. However, it fails to predict the positive momentum measured experimentally 

at the centerline. In case 1 asecond centerline recirculation zone counteracting the 

momentum of the first is present [22]. The additional recirculation zone forms a 

bubble inside the primary centerline recirculation and recirculates in the opposite 

direction, explaining the presence of a positive axial velocity at the centerline. 

Although it occurs in both cases, this phenomena is more apparent from the 

experimental streamlines of the second case (Fig. 27). The streamline which 

moves from the primary recirculation to the centerline forms a small bubble near the 

axis of symmetry. Although the presence of a second centerline recirculation zone 

is not specified in the experimental document, this bubble does indicate that one 

exists. Furthermore, Abou—Arab, Richter, and Seeger resolved an internal and an 

external recirculation zone in their investigation of flow in a burner model, fortifying 

the assumption that this flow phenomena occurs in case 2 [20]. This flow structure 

occurs because of the predominance of the axial fluctuation as the flow enters the 

expansion, and is therefore unable to be modeled by an anisotropic turbulence 

model, like k-epsilon. The Chen modification to the k-epsilon model, however, is 

able to greatly improve the predictions of the major flow structures in the quarled 

burner test cases and is concluded to be applicable to combustor geometries. 
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As mentioned briefly before, the Chen modification failed to improve 

predictions for flow in a rectangular duct with 90° bend (See Appendix A). This 

geometry is characteristic of a strong secondary flow pattern caused by the 

curvature of the duct. Therefore, it is useful for evaluating the ability of a code to 

model a flow with strong curvature effects. The results of an evaluation of the Chen 

modification show no difference from the predictions with the standard k—epsilon 

model. However, eddy viscosity is changed. The turbulent viscosity is decreased 

near the outer radius of the bend and increased near the inner radius. This 

corresponds to the changes needed to improve the predictions. This type of flow 

contains a certain amount of anisotropy. However, the failure of the Chen 

modification to improve predictions is not primarily caused by the inability of 

k—epsilon to model anisotropy, but in the inability of the wall function employed to 

model the effects of curvature. 

The k—epsilon model can not resolve flow completely to the wall. Therefore, 

a log—law is used to model the flow in the near wall region. The log—law, however, 

is not valid for all flows, resulting in inconsistent results. One of the regions where 

the wall function used is not valid is at points at or near separation [23]. The wall 

function expresses the flow in terms of wall shear [24]. In this area, the flow can not 

be described in this manner because, at or near separation, the flow is detached 

from the wall. Since the law of the wall was formulated for zero pressure gradient 

boundary layers, the wall function is also not valid for flows with a high adverse 

pressure gradient. In these instances, the wall function will predict a steeper 

increase in dissipation than for zero gradient boundary layers, yet experiments 

show that the gradient of dissipation is virtually independent of pressure gradient 

[14]. This effect can be seen in the case of the rectangular elbow with 90° bend. 

The near wall flow on the convex surface in the bend experiences an adverse 
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pressure gradient. Both the standard k-epsilon and the Chen modification 

underpredict the turbulent structure occurring near the inner radius of the bend. 

The overprediction of the dissipation of turbulence in this region results from the use 

the wall function. The effects of curvature in this area are so strong, that any 

changes in the viscous forces will result in negligible improvements in the prediction 

of the velocity. In any situation where the wall effects are the dominant force in 

determining the flow structure, the Chen modification will fail to make an 

improvement. Itis not the intention of Chen to tackle the problem of the use of wall 

functions, and , therefore, an improvement in these situations is not expected. 

The Chen modification has been shown to improve results for the two 

quarled burner test cases evaluated. However, the modification is not intended to 

attack the problem of k-epsilon’s use of a log—law of the wall and it’s assumption 

of isotropy. Therefore, the Chen modification will not resolve flow features that are 

a function of a high degree of anisotropy or a result of strong wall effects. As inthe 

case of the quarled burners, the secondary centerline recirculation zone, which is 

an effect of anisotropic behavior was not resolved because of the assumption of 

isotropy made in the closure of the k-epsilon model. The Chen modification was 

unable to make improvements in the case of the rectangular elbow because of the 

inability of the wall function to predict the secondary flow patterns which occur as 

an effect of the curvature of the flow. Chen’s model, however, is able to significantly 

improve predictions of the quarled burner geometries. Furthermore, it is able to 

accurately predict the location of the center of recirculation for both burner cases. 

In industrial combustor design, the prediction of the location of flow structures is of 

paramount importance. The Chen modification can, therefore, be considered a 

successful improvement to the k-epsilon model. 
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7.0 Conclusions and Recommendations 

A modification to the k-epsilon turbulence modelis proposed by Y. S. Chen. 

Many modifications have been made to the k—-epsilon model. However, most have 

concentrated on improving results for specific categories of flow. Chen’s approach 

is to attack a general problem with the k-epsilon model, rather than a specific 

application problem. In many flows, the pattern of inconsistencies in predictions 

indicates the diffusive nature of the k-epsilon model. The modification Chen 

proposes attempts to remedy this problem by adding a second time scale to the 

highly empirical turbulent dissipation equation. This extra term, which includes a 

coefficient whose value must be empirically determined, will allow the turbulent 

energy transfer mechanism to react more effectively to mean strain. The resulting 

effect is a decrease in eddy viscosity in regions of high shear and an increase in 

regions of lower shear. Chen had tested his modification on a variety of different 

flow types, including flow over a rectangular backward facing step and a swirling 

flow. The results were favorable and prove Chen's model to be general and 

applicable to a broad range of flows. The present study is concerned with the 
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applicability of the Chen modification to combustor geometries, which contain a 

combination of swirling, turning and recirculating flows. 

The Chen modification is tested on two burner cases to evaluate its 

applicability to combustor geometries. In the first test case, swirling flow 

encounters a ramp, or quarl, before it reaches a small expansion. This geometry 

results in a centerline recirculation high in the expansion and extending partially 

into the quarled region. In the second test case, swirling flow passes through a 

shorter quarled region than in the first case before entering a larger expansion. 

The resulting flow pattern is a centerline recirculation accompanied by a second 

recirculation zone behind the step. The center of recirculation is, like the first case, 

high in the expansion, but does not extend into the quarled region. For both cases, 

from the velocity profiles, it is clear that k-epsilon diffuses the swirl and axial 

momentum, which results in the inconsistent prediction of the location of the 

recirculation zone for both cases. The k—epsilon model predicts the center of 

recirculation to be low in the expansion and further upstream. 

The Chen modification improves results drastically. Comparisons of 

experimental and computational velocity profiles show Chen's ability to predict the 

peaks in swirl and axial momentum that the standard k-epsilon model fails to. This 

indicates that the Chen modification preserves the gradients of the swirl and axial 

velocity, which k—-epsilon has been shown to diffuse. The result is a significantly 

improved prediction of the location of the recirculation zone. The size of the 

recirculation zone, which was overpredicted by the standard k—epsilon model, is 

now correctly predicted by Chen. The improvements are due to the control of the 

growth of eddy viscosity in regions of high shear. The standard k—epsilon model 

tends to overpredict eddy viscosity in these regions causing the diffusion of axial 
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and swirl momentum. The Chen modification is able to control this effect, which 

results in a decreased prediction of the eddy viscosity in regions of high shear. 

The discrepancies in the predictions occur near the centerline. 

Experimental measurements show a slight positive velocity near the axis of 

symmetry. Studies of swirling flow entering an expansion show that the flow is 

highly anisotropic as it enters the expansion, with the axial velocity fluctuation 

dominating. The anisotropy of the flow gives rise to a secondary centerline 

recirculation which opposes the primary zone flow. Because the k-epsilon model 

assumes isotropy, the Chen modification is unable to capture this flow feature. It 

is noted that it is not the intention of Chen’s model to attack k—-epsilon’s inability 

to model anisotropy. However, the isotropic assumption of k-epsilon is an 

important issue of concern and a subject of future research. Chen’s model has 

decreased the negative flow near the centerline because it has correctly predicted 

the position of the center of the primary recirculation zone. The Chen modification 

has greatly improved results and has accurately predicted the position of the 

primary flow features. 

Two problems inherent to the k-—epsilon model limit the scope of 

improvements the Chen modification has the ability to make. One, is the inability 

of k-epsilon to model anisotropic flows, and the other, is the use of a wall function 

to predict flow near the wall. The isotropic assumption is made in the derivation 

of the turbulent kinetic energy equation used in the k-epsilon model. Therefore, 

nothing can be done to remedy this problem, except to use a model which solves 

for the turbulent Reynolds stresses directly. These models, discussed in chapter 

3, do produce accurate results, but not without the cost of increased computational 

time and memory requirements. For the large and complex geometries that 
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industrial combustion design engineers are interested in modeling, such models 

are impractical. Speed and general consistency of results are of greatest 

importance in practical design applications. Therefore, the Chen modification 

proves to be the best option for modeling complex combustor geometries. 

Wall functions, as seen in the case of the rectangular duct with 90° bend, 

can prevent the Chen modification from making improved predictions. The use of 

a wall function is necessary for high Reynolds number k—epsilon models, which 

are unable to model turbulence close to the wall. Chen implements his 

modification to a high Reynolds number k—epsilon model and, therefore requires 

the use of a wall function. 

A low Reynolds number k—epsilon model does not require the use of a wall 

function and can model turbulence to the wall. A disadvantage to the low 

Reynolds number k—epsilon model is that it requires 60 to 100 grid points across 

the boundary layer [25]. This greatly increases the number of cells in the model, 

which will increase the computational time and memory requirements. 

Furthermore, studies show a low Reynolds number k—epsilon model to produce 

only minor improvements for a variety of flows [26]. A recommendation to remedy 

this problem is to employ the use of a one equation model at the wall. This type 

of model is often referred to as a two layer model. A high Reynolds number model 

is used in the core flow and a one equation model is used in the near wall region. 

In the rectangular elbow case, the wall function was unable to predict the effects 

of the curvature of the convex wall which experiences a high adverse pressure 

gradient. A one equation model, which uses an empirical length scale yields much 

better predictions for adverse pressure gradients than a k—-epsilon model [14]. A 

two equation model, tested by Rodi, showed improved results for a two 
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dimensional boundary layer flow, separated flows, and flows with a high adverse 

pressure gradient [25]. 

Itis recommended that the Chen modification be implemented within a two 

layer model and tested with a turning flow, similar to the rectangular duct with 90° 

bend, and a burner case such as the quarled burners analyzed in this study. This, 

along with a comparison of the Chen modification with a Reynolds Stress Model, 

for both a turning flow and combustor type geometry is the subject of future 

research. 

Conclusions And Recommendations 70



Appendix A. Rectangular Elbow with 90° Bend 

One of the complex flows Chen has suggested for future study is turbulent 

flow inside a strongly curved duct. In this thesis, a rectangular duct with 90° bend 

was chosen. This flow is of particular interest because of the generation of 

secondary motion, or streamwise vorticity. Secondary flow patterns occur in this 

geometry because of the curvature of the duct and are responsible for pressure 

losses and a redistribution of the streamwise velocity. The standard k—epsilon 

model of turbulence is unable to consistently model this flow configuration. It has 

been shown that the Chen modification improves predictions for several complex 

flows, however the modification can not be considered universally applicable. Flow 

in curved ducts is the subject of many studies because it occurs in many industrial 

applications. Thus, any method which has the potential of improved predictions 

should be explored. 

The case chosen is an experiment performed by Tayler, Whitelaw and 

Yianneskis of a rectangular duct with 90° bend [27]. One of the purposes of their 

study was to provide detailed measurements suitable for the evaluation of 

numerical analysis. The datais, therefore, both comprehensive and extensive. The 

test configuration is a 40 x 40 millimeter duct with a 0.3 meter entrance length. The 

flow turns through 90° and exits through 2.0 meters. The geometry of the 
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Figure 28. Rectangular Duct with 90° Bend, Geometry [33] 
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rectangular elbow is shown in Fig. 28. Velocity measurements are taken at -0.01 

meters from the bend entrance, 30°, 60°, and 77.5° into the bend, and 0.01 and 0.1 

meters from the end of the bend. Each experimental station contains 50 data points, 

10 points in the spanwise direction for each one of the locations in the radial 

direction. Fig. 29 illustrates the nomenclature used to describe the location of the 

experimental points and the locations of the experimental stations. 

This configuration must be evaluated in three dimensions. However, the flow 

can be considered symmetric about the x—y plane, cutting the required number of 

computational cells in half. The geometry now has a 40 x 20 cross—section rather 

than a 40 x 40 cross—section. The mesh, shown in Fig. 30, accordingly has 20 cells 

in the radial direction, 10 cells in the spanwise direction and 104 cells in the 

streamwise direction. A mesh sensitivity study was conducted, determining the 21 

x 11 x 105 mesh to be the most effective. A finer mesh violated the requirement of 

y* between 30 and 100 at walls [30], and a more course mesh was unable to model 

the gradients in the flow. The inlet is set with a uniform velocity profile of 1.00 m/s 

in the axial direction. The inlet values of turbulent kinetic energy and dissipation 

were approximated using the assumption of a 3% turbulent intensity and are 

0.03024 m2/s¢ and 0.43823 m2/s2 respectively. Gradients of all variables are set to 

zero at the outlet plane, while the gradients in the normal direction at the symmetry 

plane are set to be identically zero. The walls are treated with a standard log—law 

of the wall. The model is run using lower and higher order schemes, with the higher 

order schemes producing more consistent predictions. Therefore, the results 

presented are calculated with central differencing with a blending factor of 0.9. 

The Chen modification, as illustrated in Figs. 31 through 36, yielded no 

improvement in the streamwise velocity predictions . This result is somewhat of a 
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surprise, as the improvements to cases previously tested by Chen were so drastic. 

As seenin Figs. 37 and 38, the Chen model was successful in altering the prediction 

of eddy viscosity, but failed to make a change in the velocity predictions. Referring 

back to the velocity profiles, the secondary flow structures in the region near the 

convex side of the bend are underpredicted. It is speculated that the reason this 

occurs is due to standard k—-epsilon’s overprediction of the eddy viscosity near the 

outer radius of the bend, where the flow has more momentum, and the 

underprediction of the eddy viscosity of the region near the inner radius of the bend 

where the secondary flow patterns are dominant. The Chen modification decreases 

the turbulent viscosity near the outer radius and increases the viscosity near the 

inner radius. The expected result from this prediction would be the increase in 

momentum of the jet moving near the concave surface, pushing it further towards 

the outer radius and increasing the region for development of the secondary flow. 

A decrease in momentum near the convex surface of the bend would be expected 

to increase the turbulent motion in this region and promote the generation of 

streamwise vorticity. 

This points to two of the deficiencies, not of the Chen modification, but of the 

k—epsilon turbulence model. One, the inability of high Reynolds number k—epsilon, 

implemented in most commercial CFD codes, to model flow in the near wall region, 

and two, the inability of k-epsilon to model anisotropic flow. The primary problem 

preventing the Chen modification from making an impact on the results is the 

inconsistent modeling of the near wall flow. Because the high Reynolds number 

k-epsilon model is unable to model near wall flow, a standard log—law of the wall 

is used in this region. In the rectangular elbow, the flow in the near wall region on 

the convex wall of the bend experiences a strong adverse pressure gradient. The 
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log—law of the wall, however, is formulated for a zero pressure gradient boundary 

layer, rendering it inapplicable to flows with high adverse pressure gradients [14]. 

The log law represents flow in the near wall region as a function of the wall shear 

[24]. Therefore, in regions were there is no wall shear, such as separated flow, the 

log—law is inapplicable. Typically, the misrepresentation of the near wall flow by the 

law of the wall does not largely effect predictions in the core flow. The exception 

occurs in flows which are highly influenced by curvature, such as the rectangular 

elbow. The Chen modification is unable to improve predictions because the effects 

of curvature dominate the flow, rendering the changes in eddy viscosity useless. 

The Chen modification is not universally applicable to all flow types, however, 

it has proven to be effective in improving predictions for many complex flows. 

Furthermore, while the Chen modification failed make an improvement in the case 

of the rectangular duct with 90° bend, it did not yield worse predictions than the 

standard k—epsilon model. A suggested solution to this problem is to use a two layer 

model in conjunction with the Chen modification. A two layer model combines the 

use of a high Reynolds number k—epsilon model in the core flow and a one equation 

model near the wall. A one equation model specifies the length scale and solves 

for a velocity scale from the turbulent kinetic energy equation. One equation 

models, which specify a length scale from empirical correlations, are ore 

consistent in their predictions of near wall flows than a low Reynolds number 

k—epsilon model [14]. In addition, the one equation model requires fewer cells in 

the near wall region than a low Reynolds number model, thus, greatly decreasing 

the computational time and memory required for the calculation. By using the one 

equation model coupled with the Chen modification, the speed of the k—epsilon 

model will be retained, while improving results in flows with strong wall effects. 
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Appendix B. Application Code 

The Chen modification is implemented into STAR—CD, a three dimensional 

commercial CFD code which uses a pressure correction based scheme. A manual 

containing complete documentation on the mathematical modeling, numerical 

techniques and use of the code is available for reference through the author upon 

request. STAR-CD has the capability of modeling steady or transient flows, laminar 

or turbulent flows, and incompressible or compressible flows as well as heat 

transfer, mass transfer, distributed resistances (porous media), buoyancy, multiple 

species and non—newtonian fluids. The two implicit algorithms employed by STAR 

are the SIMPLE and the PISO methods. Both are pressure correction based 

schemes, the latter being the most recently developed method. Previous studies 

[28] have shown the SIMPLE method to perform better than the PISO algorithm for 

steady state flows and, thus, SIMPLE was chosen for the present stVG6. STAR 

employs a mesh generation system which has the capability of creating body fitted 

and non-orthogonal grids, unstructured meshes, and a range of cell shapes 

(hexahedra,pentahedra, tetrahedra). The mesh generation, definition of the 

boundary and initial conditions, and the application of additional parameters is 

accomplished by the pre-processing program PROSTAR. PROSTAR also acts as 

a post-processor, providing superb visualization and data manipulation 
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capabilities. The following sections contain details on the governing equations, 

SIMPLE, and the spatial discretization methods used in this study. 

B.1 Governing Equations 

The Navier-Stokes equations are comprised of the equations for 

conservation of mass, momentum and energy and are referred to as the governing 

equations of fluid flow. Only the mass and momentum equations are presented 

here, as the cases dealt with in this study do not require the energy equation to be 

solved. The equations are represented in Cartesian tensor notation for simplicity 

and can be applied to a specified control volume [29,30]. 

Conservation of Mass: 

tase + Zteu) = 0 @-1) 

where, J/g = determinant of metric tensor 

The first term on the left hand side of the equation represents the time rate of ccU vP 

of the density in the control volume. The second term represents the rate of mass 

flux out of the control volume’s surface. 

Conservation of Momentum: 

La a = of — P49] (Oi OH) 25 Sle _ 
Fan eeu) t 3x, umd = of aX; + OX; | (3 + = 30, 03 (B- 2) 

The first term on the left hand side represents the time rate of change of momentum 

in the control volume and the second term represents the rate of change of 
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where, J/g = determinant of metric tensor 

momentum due to convection. On the right hand side, the first term represents the 

body forces, the second is the surface pressure forces and the third and last term 

represents the viscous forces. The inclusion of the determinant of the metric tensor 

in both equations allows the solution in body fitted coordinates. 

For turbulent flow, the uj, p and stress tensor take on their ensemble 

averaged variables. The ensemble averaging of the Navier-Stokes equations for 

turbulent flow calculations have been discussed in chapter 3. The equations of state 

used by STAR to calculate density variation and molecular viscosity will not be 

presented, as the cases studied are incompressible and have been computed with 

constant laminar viscosity. Details on the method of non—dimensionalizing the 

equations and further details on the methods used are unavailable to the author due 

to the restrictions imposed by STAR—CD in their licensing agreement. 

B.2 The SIMPLE Algorithm 

STAR-CD employes a variant of the SIMPLE (Semi—Implicit Method for 

Pressure—Linked Equation) algorithm of Patankar and Spalding [31], which is the 

most commonly used pressure correction based scheme. The basic principle of the 

scheme is to predict the components of velocity by solving the momentum 

equations separately and then introduce a correction based on the requirement of 

continuity [32]. By decoupling the governing equations in this manner, the system 

can now be solved as a set of scalar equations rather than one vector equation. This 

p& 6VGW&lends itself to a less computationally time and memory intensive 
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calculation than a scheme which requires the governing equations to be solved as 

one vector equation [29]. 

The procedure can be broken down into a series of steps [33]. Velocities are 

first predicted by guessing a pressure field and solving the continuity equations 

individually. The predicted velocities are defined as the difference between the 

actual velocity and a velocity correction. The guessed pressure, used to calculate 

the predicted velocities, is described in the same manner. By writing the 

u—momentum equation in terms of the predicted velocities, a relationship between 

the actual velocities and the pressure correction term can be established. In the 

second step, the pressure correction term is solved for by forcing the predicted 

velocities to satisfy continuity. Lastly, the corrected velocities are determined from 

the previously established relationship between the pressure correction and 

velocity. 

The method is essentially a predictor corrector algorithm requiring iteration 

to converge to a steady state solution. A consequence of using this type of method 

is that the velocities and pressure must be under-—relaxed to achieve stability. The 

SIMPLE algorithm of STAR-CD has been tested against various methods 

employed by other commercial CFD codes for the test cases used in this study and 

has proven to produce satisfactory results [28]. 

B.3 Spatial Discretisation 

Spatial discretisation is the manner in which the convective and diffusive 

fluxes in the governing equations are represented. Fluxes are generally expressed 

in terms of the nodal values of the quantity surrounding the control volume node. 
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The two methods of spatial discretisation used in this study are upwind differencing, 

which is a lower order scheme, and a blended central differencing method, which 

uses a combination of lower and higher order schemes. The convective term, 

expressed as: 

C; = (qu@ - § ), (8 - 1) 

C, = F, ®, (B — 2) 

where, F = (ou S) 

@ = any of the dependent variables 

and, 5, surface vector of face i 

will be used to demonstrate the method of discretisation employed by both of the 

schemes used in this study, as well as the linear upwind and central differencing 

schemes which appear as components of the blended central differencing method. 

B.3.1 Upwind Differencing 

A lower order scheme like upwind differencing is easiest to solve. The 

method chooses the nearest upwind neighbor value for ®; (Fig. 39). 

C,=F,®,_, , if F,;=0 (B — 3) 
or 

C.=F,®, , if F,<0 (B - 4) 

However simple this method may be, the method of discretisation results in a 

truncation error which causes a degradation of local gradients. This effect is known 

as numerical diffusion. Numerical diffusion can be decreased by refining the mesh. 

This, however, results in an increase in computational time and memory 

requirements. 
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B.3.2 Linear Upwind Differencing 

Linear upwind differencing is a second order scheme which uses linear 

extrapolation to determine ®j from the two nearest upwind nodes (Fig. 39). 

C, = F;19,+(@,- 9% _))f- , fF; 20 (B — 5) 
or 

C; = F, (G4, + G41 -— Pid) f+ . if F; < 0 (B - 6) 

where, f, and f_ are linear interpolation factors 

This higher order differencing scheme preserves gradients more effectively than 

lower order methods. However, the truncation error resulting from this method of 

discretisation results in artificially generated spatial inconsistencies, known as 

numerical dispersion. 

B.3.3 Central Differencing 

The central differencing scheme is also a second order scheme. Unlike the 

linear upwind scheme, however, central differencing linearly interpolates from the 

node's neighbors, regardiess of flow direction 

C; = F;[f. @+ (C1 -fs ) P41] (B - 7) 

where, f, is an interpolation factor 

This scheme does reduce the amount of artificial diffusion, but, like linear upwind 

differencing, does produce numerical dispersion. 
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B.3.4 Blended Central Differencing 

Blended central differencing combines the higher order schemes central 

differencing (CD) and linear upwind differencing (LUD) with a lower order scheme, 

such as upwind differencing (UD), in an attempt to control numerical dispersion. 

CP =yCPlUP+(1—y) Cc” (B — 8) 
‘ 

The blending factor y is user-specified and is taken to be uniform over the 

computational field. If y < ! , the solution may be influenced by numerical diffusion. 
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Appendix C. Implementation and Use of the 
Chen Modification 

The Chen modification was implemented into STAR-CD via a user defined 

subroutine. USORKE, the subroutine provided, is used to modify the source terms 

of the turbulent transport equations. In addition, acommon block was added to the 

subroutine to change the turbulent Prandtl numbers. To employ the modification, 

the use of the user defined subroutine, USORKE, must be specified and the 

turbulent dissipation equation coefficients, C.; and C,2 must be changed in the 

pre-processing program PROSTAR. A more detailed description of the 

implementation of the Chen modification to the k—-epsilon turbulence model into 

STAR-CD and its use is included in the following sections. 

C.1 Modifying the User Defined Subroutine USORKE 

To implement the Chen modification into STAR-CD, the source terms of the 

k—epsilon equation and the turbulent Prandtl numbers must be changed. This is 

done through USORKE, a subroutine which can be modified to suit the user's 

purpose. The source terms are formulated in the user defined subroutine and 

passed back to STAR-CD. These terms replace the standard k~epsilon source 

terms. Because the source terms are expressed as functions of the turbulent 
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transport properties, they must be linearized to be evaluated. The source terms can 

be linearized as: 

S=S,-S,¢@ (C-1) 

The source terms of the Chen modification are given as [10]: 

C,Pré - ,2 + C,0 (C-2) 

where, the third term is the addition made by Chen. The compressibility terms can 

be defined as: 

Acompt = 3 (uge + ok) 52 

and, 

au; 

The source terms of the compressible turbulent dissipation equation can now be 

written as follows. 

2 2 S = CEPT Acsmps = — Cy OF — Arome & + CoE (C-3) 

The modification can be linearized in the same manner as the k—epsilon model. The 

only restriction being that S; and S» must always be positive. With this in mind, the 

source terms of the turbulent dissipation equation can be linearized as follows: 

S, = eCyK [Cie Pr— min(O.0, Azomer) — MiN(0 0, Aone ) K] + CFS (C-4) 

and, 

S, = Cy (Cy eK ) + Max(0.0, Acoma ) + MAx(0.0, Acomr/K (C-5) 

where, 

eCuat = (C-6) 

a
l
m
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and, the min and max functions simply take the minimum or maximum value of the 

arguments. Arranging the source terms in this manner assures that S; and So will 

be positive. 

The gradients necessary to calculate production, as well as the 

compressibility terms are passed to the subroutine from the main program along 

with the values of turbulent kinetic energy, dissipation and effective viscosity from 

the previous time step. The values of C; and Co for the Chen modification are also 

passed to the subroutine, but are defined again with C3 to ensure their correct 

values are used. The turbulent Prandtl numbers are changed in the subroutine and 

passed back to the main program via a common block taken from STAR—CD. This 

common block was made available to the author by Computational Dynamics. A 

listing of the modified subroutine is given on the following pages. 

C.2 Use of the Chen Modification with STAR-—CD 

To use the Chen modification with STAR-CD, the user must enter 

PROSTAR, STAR-CD’s pre and post processor. The use of the user defined 

subroutine USORKE must be specified and can be done by issuing the command 

"rsource nynnnn”. The source coefficients for the turbulent dissipation equation 

C.4 and C,2 must be change to the values specified by Chen. This can be done by 

issuing the command "coke 0.09 1.15 1.9”. These changes must be saved in the 

problem file, which is accomplished by the command "prob 10”. Important to 

remember is to include the modified version of USORKE in the file ufile.f and to 

specify the inclusion of this file wnen compiling. 
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CORRE EE REREREREEREREERRAREE ARERR RERERARAREREEAAEEARE RRR RRR RRS 

SUBROUTINE USORKE(IPHI,IP,ICTID, IMAT, IPOR,X,Y,Z,U,V,W,P,TE,ED, 

do 30 i=5,7 
write(1,*) PRLINV(i),PRTINV(i) 

endif 

uw o
 

* VIS,T,DEN,SC1,SC2,SC3,sVISCOS, SPREF, sSTREF, sDENSIT, 

* CV, big, sSMALL, ITER, STIME, GENP, GB, DUMY, DUDX, 
* DVDY , DWDZ, DUDY, DVDX, DUDZ, DWDX, DVDZ,, DWDY, S1P, S2P) 

CRRARAEKKKKKRKEKRKKKRKKKKRKKRRRKKKKKRKKRKRARKKKEKKRRKRKKRKRKRKEKKREKRKRRKKKRKKRKRKKEKKRKRKRKKKKKEKE 

c big replaces GREAT 
c 
Cc IMPLICIT DOUBLE PRECISION (A-H,0-Z) 

COMMON /USRO01/INTFLG(100) 
Coenen ee en ee ee ee ee eee 
c common block added to determine the values of the arrays 
c PRLINV and PRTINV and to modify then. 
Conn nnn ee ne ne en ee ee ee ee 

COMMON /MAINR/ 
* G,SOR(12) , RESOR(12) , SNORIN(12) , PRLINV(12) , PRTINV(12) , 
* URF (12) , DENSIT, SORMAX, VISCOS, GREAT, SMALL, HAF, ZERO, ONTR, 
* TWTR, SMAL1, SMAL2, SMAL3 , SMAL4 , SMAL5, SMALS, SGREAT,C1,C2,C3, 
* C4,CAPPA, CMU, CMU25, CMU75, ELOG, REY,DIS, TIN, ZMIN(3) , ZMOUT(3), 
* CPH, CPS, TREF, ENREF, TENOM, EDNOM, WMOL, WM1,WM2, 
* WM3, BETA, PREF, PREPP, UGC, GRAVX, GRAVY , GRAVZ, PRANL , OMEGA, XO1, 
* ¥O1,Z01, X02, YO2, Z02, DCOS1, DCOS2 , DCOS3 , SCLIN, SC2IN,SC3IN, 
* ‘HR1,HR2,HR3, URFR, URFDPW, RESMAX (12) , DTINORM, FLAVG, TIME, DT, 
* DTIN, RESNOC, RESOC, LSC (12) ,GG(12) ,RMAX, ONE, PONE, POONE, 
* SNORV (3) , GVALO(12) ,GVAL(12) , ARAVG, SWBLF, CUNO, SORCMX (12) 

c 
cr#kkkopen a file to print Prandtl numbers to 
c 
c 
c 
c##kekewrite iteration number to file 
c 
c write(1,*) iter 
c 
cxexeeeeT£& iteration is one, print Prandtl numbers to a file 
c 
c write(1,20) 
c 20 format (2x, ’Entering subroutine’ ) 
c 
c if(iter.eq.2) then 
c write(1,25) . 
c 25 format (2x, 'PRLINV’ ,2x,‘PRTINV’ ) 
c 
c 
c 
c 
c**#*z**Change Prandtl numbers to values specified by Chen 
Ce#eRR*EPYTE = 0.75 PrDISS = 1.15 
c 

PRTINV(5) = 1./0.75 
PRLINV(5) = PRTINV(5) 
PRTINV(6) = 1./1.15 
PRLINV(6) = PRTINV(6) 

cx*zeeDefine coefficients used by Chen 
consti = 1.15 
const2 = 1.9 
const3 = 0.25 

Cc This subroutine enables user to specify source term (per unit volu- 
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me) for turbulence kinetic energy (if IPHI=1) and/or its dissipation 
rate (if IPHI=2) in linearized form: 

S1P-S2P*TE, (W/m**3) 
S1P-S2P*ED, (W/m**3/s) 

Source for kin. energy 
Source for dissipation 

where S1P and S2P can be functions of all the other parameters in 
parameter list (which cannot be changed in this subroutine). 

If k or/and epsilon is to be fixed to a given value PHI, then the 
following may be used: 

S1P=GREAT*PHI 
S2P=GREAT, 

where PHI stands for TE or ED and can be a constant or an arbitrary 
function of the parameters in the parameter list. 

*x* Parameters to be returned to STAR: S1P,S2P 

2 OS OS SSS SSF SF SF SF SS VFB SS FTSeSOSO BSW VFB SOT FVF FV SSF SSF 28 SF BS SSeS FFF FSH SVS FSF SF S28 BFF e es weae @ oe + 

Sample coding: k-epsilon model (same as in standard STAR coding) 

a
q
g
a
N
A
N
g
A
a
N
A
N
A
N
N
A
N
N
N
N
N
N
N
N
N
N
N
A
N
A
N
A
A
N
A
N
n
N
N
 

C234567 
CC----SOURCE TERMS FOR TURBULENT KINETIC ENERGY 

IF(IPHI.EQ.1) THEN 
GEN=2 . * (DUDX**2+DVDY **2+DWDZ**2) + 

* (DUDY+DVDX) **2+ (DUDZ+DWDX) **#2+(DVDZ+DWDY) **2 
VIST=VIS-sVISCOS+SSMALL 
GEN=GEN*VIST 

cc----compressibility term 
divuvw=dudx+dvdy+dwdz 
acomp=2./3.*(vist*divuvw+den*te) *divuvw 

cc~-~--assemble source terms 
S1P=GEN-min(0.,acomp) 
S2P=0. 09*DEN**2*TE/ViIST+max(0.,acomp/te) 

ENDIF 
Cc 

CC~--=-SOURCE TERMS FOR TURBULENT ENERGY DISSIPATION RATE 
IF(IPHI.EQ.2) THEN 

VIST=VIS-sVISCOS+sSMALL 
TERM=0 .09*DEN*TE/VIST 
GEN=VIST* (2. * (DUDX**2+DVDY **2+DWDZ**2) + 

* (DUDY+DVDX) **2+(DUDZ+DWDX) **2+ (DVDZ+DWDY) **2) 
Cco---- compressibility terms 

divuvwedudx+dvdy+dwdz 
c 
c----- acompl1 without Chen’s modification 
c acomp1=0.96*(vist*divuvw+den*te) *divuvw 
c 
c----- acompl with Chen’s modification 

acompl = 2./3.*const1*(vist*divuvw+dentte) *«divuvw 
c 

acomp2=0.377*den*tdivuvw 
cc----assemble source terms 
c----- Without Chen’s modification 
c $1P=(1.44*GEN-min(0.,acomp1)-min(0.,acomp2) *te) *term 
c----- With Chen’s modification 

S1P = (const1*GEN-min(0.,acomp1)-min(0.,acomp2) *te) *term 
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. +const3*gen**2./den/te 
S2P=const2 *DEN*TERM+max (0. ,acomp2)+max(0.,acomp1/te) 

ENDIF 

Appendix C. Implementation and Use of the Chen Modification



Appendix D. Qualifying Case: Rectangular Backward 
Facing Step 

To qualify the implementation of the Chen modification to STAR-CD, the 

code was tested with a rectangular backward facing step. This geometry is similar 

to one tested by Chen, but contains more comprehensive experimental data. Flow 

approaching a backward facing step encounters a large adverse pressure gradient. 

As a result, a large recirculation zone forms behind the step. This case is an 

excellent demonstration of the ability of the Chen modification to control the 

dissipative effects regularly seen with the use of k—epsilon. 

The case chosen is an experiment done by Vogel and Eaton [12]. The test 

configuration is a 3.8 centimeter two dimensional rectangular backward facing step 

with a 1.25 expansion ratio, as seen in Fig. 40. The flow is allowed to develop 

through a 2.5 meter entrance section. Aporous bottom wall allowed for the variation 

of the boundary layer thickness at the test section entrance. The experimental data 

used in this study is for an inlet boundary layer thickness of 4.05 cm. The 

corresponding reference free stream velocity, which is defined as the free stream 

velocity measured at the inlet, is 11.3 m/s with a step height Reynolds number of 

28,000. The inlet velocity profile, which is measured at 3.8 step heights upstream 
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of the step, agrees well with a standard log—law of the wall. The parameters 

describing the profile are included in the report, and are as follows: 

Reference conditions: Uref = 11.3 m/s 

Rey = 28,000 

Boundary layer parameters (measured at x/H = —3.8): 

Boundary layer thickness dgqg = 4.05 cm 

Momentum thickness © = 0.468 cm 

Momentum thickness Reynolds number Ree = 3370 

Shape factor H = 1.389 

Skin friction (log—law fit) Cr= 0.00312 

The reattachment point for this inlet profile is measured at 6 2/3 step heights 

downstream of separation. The exit length of the experimental apparatus is 2.5 

meters, allowing the flow to again become fully developed after reattachment. 

Mean velocity profiles are available at 2.2, 3.0, 3.73, 4.467, 5.2, 5.93, 6.67, 7.4 and 

8.865 step heights downstream of separation. 

A grid independent solution was determined by varying the mesh density. 

The best solution is used in this study. The final grid for the rectangular backward 

facing step, as shown in Fig. 41, is two dimensional with 50 x 50 cells upstream of 

the step and 80 x 60 cells downstream of the step. To yield a consistent 

representation of the near wall flow, y+ must be between 30 and 100 [30]. For this 

reason, the grid is packed away from the walls and towards the center. The mesh 

is also slowly expanded downstream of the step, as the gradients are not as large 

in this region. 
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The inlet condition is set at 3.8 step heights upstream of the expansion in 

accordance with the log—law of the wall given in the report. Computation is begun 

at 2.5 meters upstream of the step. A uniform inlet velocity and turbulence 

properties were given at this point and adjusted to fit the log—law parameters given 

for the inlet conditions. The turbulent parameters, k and ¢, are determined based 

on the assumption of a freestream turbulence level less than 0.2%, and a turbulent 

to laminar viscosity ratio of 10. The values are uniform across the inlet and are given 

as: Ki, = 6.577 x 10 + m/s? and ej, = 2.6 x 10-4 m2/s?. The inlet velocity is 

determined to be 10.457 m/s, which yields a boundary layer thickness of 3.95 cm 

at 3.8 step heights upstream from the step, a 2.5% error. This error is considered 

to be acceptable. Furthermore, the report by Vogel and Eaton [12] concluded that 

boundary layer thickness at the entrance to the step has little effect on the 

reattachment length, the primary characteristic of the flow. At the outlet plane, a 

standard outlet boundary condition is set with a flow split of 1.0. The outlet boundary 

condition in PROSTAR sets the gradients of all variables to zero on the specified 

plane or set of cell faces. The faces of the model in the x—y plane are defined as 

symmetry planes, which denotes the normal component of velocity and all other 

variables to be identically zero. The walls are treated as non—permeable. The flow 

in the near wall region is resolved with the use of a standard log law of the wall, the 

disadvantages of which were discussed in chapter 6. 

This case was run with an upwind differencing scheme and blended central 

differencing. Final results for blended central differencing scheme with a blending 

factor of 0.95 are presented in this report, as they were found to yield the most 

consistent results. Both the Chen modification and STAR-CD with it’s original 

k-epsilon scheme are evaluated for this test case. 
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The Chen modification greatly improves velocity predictions for this case. 

Figures 42 through 44 compare the axial velocity profiles of the Chen modification 

and the standard k-epsilon model. At experimental station 2, x/H = 3.0, the 

standard k-—epsilon solution is beginning to reattach, whereas, the Chen 

modification is still separated and more closely models the flow. At station 5, 

k—epsilon predicts the flow to be reattached. At this point the Chen modification still 

predicts the flow to be separated. Itis not until station 7 that the Chen model predicts 

the flow to reattach. Station 7, conveniently, is at 6 2/3 step heights downstream 

of separation, representing the experimental point of reattachment. Standard 

k—epsilon predicts reattachment to occur at 5.04 step heights, a 24.4% error, 

whereas the Chen model predicts the reattachment length to be 6.79 step heights, 

a 1.8% error. Figures 45 and 46 show the recirculation zones of the standard 

k-epsilon mode! and the Chen model, respectively. Clearly indicated is the 

lengthening of the recirculation region behind the step by the Chen modification. 

The modification is able to make such a significant improvement in 

predictions because of its ability to control the dissipative effects of the k~epsilon 

model. Figure 47 indicates a decrease in the eddy viscosity in the recirculation zone 

and the region directly above it. A jet of high momentum fluid flows over the 

recirculation zone. This results in high gradients in the region where the jet and 

recirculation zone meet. The Chen modification allows the turbulent energy transfer 

mechanism to react more effectively to shear. The result is a decrease of the 

turbulent eddy viscosity in high shear regions. The Chen model predicts a lower 

eddy viscosity in the jet stream allowing the fluid to maintain its momentum. The 

jet will not react to the low pressure region created by the recirculation, and will resist 
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Figure 42. Rectangular Backward Facing Step, Axial Velocity Profiles 
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Axial Velocity at x/H = 4.467 
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Figure 43. Rectangular Backward Facing Step, Axial Velocity Profiles 
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Axial Velocity at x/H = 6.67 
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Figure 44. Rectangular Backward Facing Step, Axial Velocity Profiles 
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turning. The fluid is turned more slowly and the point of reattachment is extended. 

The converse of this argument is an explanation for the underprediction of the 

reattachment point by the standard k-epsilon model. 

Improved results for the rectangular facing step test case prove the 

implementation of the Chen modification to STAR—CD to be a success. In addition 

to this case, the Chen modification was also run with several other cases, further 

verifying the implementation’s success. One of these applications is the rectangular 

elbow with 90°, which has been discussed in appendix A. 
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