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ABSTRACT

IMPLEMENTATION, ASSESSMENT, AND EXTENSION OF THE
WRAY-AGARWAL TURBULENCE MODEL FOR SHOCK
WAVE-BOUNDARY LAYER INTERACTIONS

Akca, Semih Can
M.S., Department of Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Ozgiir Ugras Baran

Co-Supervisor: Dr. Erdem Dikbas

September 2024, [71] pages

The use of linear eddy viscosity-based Reynolds-averaged Navier-Stokes (RANS)
turbulence modeling is the industry-standard approach rather than directly solving
turbulent scales. Thus, accurate turbulence modeling preserves its significance in
aerospace problems, especially in high-speed flows involving shock wave-boundary
layer interactions (SWBLIs). One-equation turbulence models are commonly used
tools due to their lower computational cost compared to two- or more-equation mod-
els. The newly derived Wray-Agarwal (WA) turbulence model, a one-equation model
based on linear eddy viscosity, is promising as it has demonstrated superiority over
the commonly used Spalart-Allmaras model in wall-bounded flows. However, there
is a lack of research on the performance of the Wray-Agarwal model in high-speed
flows involving SWBLIs. In this thesis, two main versions of the WA model are
implemented and verified using an open-source CFD solver. The models are investi-
gated using different SWBLI test cases. Although the WA model shows inadequate
performance in heat flux predictions, good agreement between validation results and

the experiments is observed in terms of pressure and shear stress predictions for weak



shock-induced separation problems. Two different improvement methodologies from
the literature are applied to the Wray-Agarwal model. Consequently, a new formu-
lation is proposed to improve the prediction capabilities of the Wray-Agarwal model
for strong shock-induced separations. The modified WA model is found to perform

better in compression ramp-type flow problems.

Keywords: Turbulence Modeling, Shock Wave-Boundary Layer Interactions, CFD
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0z

WRAY-AGARWAL TURBULANS MODELININ SOK DALGASI-SINIR
TABAKA ETKILESIMI KAPSAMINDA UYGULANMASI,

DEGERLENDIRILMESi VE GENISLETILMESI

Akca, Semih Can
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Ozgiir Ugras Baran
Ortak Tez Yoneticisi: Dr. Erdem Dikbasg

Eyliil 2024 ,[71] sayfa

Dogrusal cevrinti viskozitesi kullanan Reynolds ortalamali Navier-Stokes tiirbiilans
modellemesi, endiistride tiirbiilans skalalarinin dogrudan coziilmesi yerine standart
yaklagim olarak tercih edilmektedir. Bu nedenle tiirbiilans modellerinin isabeti, sok
dalgasi-sinir tabaka etkilesimli yiiksek hizli akiglar basta olmak iizere, havacilik ve
uzay problemlerinde 6nemini korumaktadir. Tek denklemli tiirbiilans modelleri, iki
veya daha fazla denklemli modellere kiyasla daha az hesaplama giicti gerektirdigi
icin yaygin olarak tercih edilmektedir. Wray-Agarwal tiirbiilans modeli, yeni gelis-
tirilmis, tek denklemli ve dogrusal cevrinti viskozitesi kullanan bir modeldir. En-
diistride yaygin olarak kullanilan Spalart-Allmaras modeline kiyasla duvar ile ¢ev-
relenmis akiglarda iistiinliik gosteren Wray-Agarwal modelinin gelecek vaat eden bir
model oldugu degerlendirilmektedir. Fakat bu modelin sok dalgasi-sinir tabaka etki-
lesimli, yiiksek hizli sikistirilabilir akislardaki performansina iligkin literatiirde aras-
tirma eksikligi bulunmaktadir. Bu tezde WA modelinin iki farkli ana versiyonu, acik

kaynakli bir HAD c¢oziiciisiine eklenmis ve modeller dogrulanmigtir. Modeller, ¢esitli

vii



sok dalgasi-sinir tabaka etkilesimli akig i¢ceren denektaslar1 kullanilarak incelenmis-
tir. WA modelinin 1s1 akis1 tahminlerinde yetersiz performans sergilemesine ragmen,
zayif sok kaynakli ayrilma problemlerinde basing ve kesme gerilmesi tahminleri i¢in
deney verileriyle uyumlu sonuclar verdigi gdzlemlenmistir. Literatiirden se¢ilmis iki
farkli uyarlama yontemi model bagarimini gelistirme amaciyla Wray-Agarwal mode-
line uygulanmistir. Sonug olarak, sok dalgas1 kaynakli kuvvetli akis ayrilmalari icin
akis tahmin kabiliyetini gelistirmek amaciyla yeni bir model formiilasyonu Oneril-
migtir. Uyarlanmis WA modelinin sikistirma rampast tipi akis problemlerinde daha

1yi performans gosterdigi tespit edilmistir.

Anahtar Kelimeler: Tiirbiilans Modelleme, Sok Dalgasi-Sinir Tabaka Etkilesimleri,
HAD
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CHAPTER 1

INTRODUCTION

Computational Fluid Dynamics (CFD) has been an essential tool for engineering de-
sign and analysis processes since the 1960s. The usage of CFD has increased over
time thanks to advancements in computing power. The accuracy of this method has
grown in line with this rise in usage as more physics is introduced into the numerical
solutions. The dynamics of fluid flows are governed by the well-known Navier-Stokes
equations. Although analytical or direct numerical solutions of the Navier-Stokes
equations for simple flows with low Reynolds numbers exist, their application for tur-
bulent flows with high Reynolds numbers is not feasible with today’s computer capa-
bility [[1]. Therefore, the employment of Reynolds-averaged Navier-Stokes (RANS)
equations with turbulence models is general practice for a wide range of engineering

flow problems.

The RANS methodology involves splitting the instantaneous quantities into portions
that represent averages and fluctuations. However, this procedure leads to a closure
problem since it introduces additional unknowns to the system of PDEs. To close the
equation set, a turbulence model is required for the depiction of the Reynolds stresses,
which are the product of the Reynolds decomposition process. Numerous studies on
turbulence modeling have been conducted; either new models have been developed,
or existing ones have been modified [2]]. Despite the availability of many different
formulations for turbulence modeling, engineers and scientists have predominantly
utilized three models for numerical simulations of compressible aerodynamics: the

k — w SST, k — ¢ Realizable, and Spalart-Allmaras model.

As a matter of fact, no one- or two-equation turbulence model consistently provides

good predictions for different types of fluid flows. Thus, there has been a contin-



uous endeavor to improve engineering flow predictions using RANS models. The
recently derived Wray-Agarwal turbulence model is a good example of this effort.
The Wray-Agarwal (WA) model is a one-equation, eddy viscosity-based turbulence
model developed by T. J. Wray and R. K. Agarwal [3]]. The model equation is derived
from Wilcox’s £ — w model [4] closure. Unlike previous k — w closure-based one-
equation models such as the model by Fares et al. [3], the cross-diffusion term from
the w equation is retained in the derivation of the WA model. Therefore, it differs
from other k£ — w closure-based one-equation models. Also, the WA model behaves
similarly to the £ — € model in the far-field regions, and it carries the characteris-
tics of the £ — w model closer to the wall. Consequently, the advantages of these

two-equation models are combined into a one-equation model.

Even though the Spalart-Allmaras (SA) and two-equation models are more frequently
preferred compared to the WA model by the CFD community for the analyses of fluid
flows, prior research [3, 16, 7] indicates that the WA model is superior to the SA model
for wall-bounded flows and is competitive with two-equation models. For this rea-
son, we considered that the WA model has the potential to be preferred for routine
aerodynamic simulations due to its lower computational cost, ease of implementation
aspect, and competitive performance compared to the commonly used two-equation
turbulence models. However, research performed by Acquaye et al. [8] shows that the
WA turbulence model falls short in the prediction of shock wave-boundary layer in-
teraction (SWBLI) flows. Also, there is a certain lack of research on the performance
and assessment of the WA model in the context of SWBLIs. Therefore, improving
the prediction capabilities of the WA model following an extensive validation and as-
sessment study could be valuable research, which is the primary motivation of this

thesis.

1.1 Background

Shock wave-boundary layer interactions (SWBLIs) are observed in various engineer-
ing applications involving high-speed flows, e.g., supersonic flight, intakes of air-
breathing missiles, and aircraft. These interactions are significant as they cause flow

unsteadiness, aeroelastic buffeting, and various other potential effects that can lead to
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impairment [9]]. Despite its vitalness, accurate simulation of the interaction between

turbulent boundary layers and shock waves remains challenging.

Solving high-speed engineering flows with RANS modeling is the standard approach
as opposed to directly solving turbulent scales. This situation seems to remain so
in the following years due to the size of the industrial-scale problems and the level
of computer technology. Many efforts have been made to enhance the prediction

capabilities of turbulence models in the context of SWBLI flows [10]].

A good example of these improvement attempts is the shock unsteadiness modifica-
tion by Sinha et al. [[11]. Across the shock wave, the eddy viscosity-based RANS
models predict high amplification of the turbulent kinetic energy, k£, which can be
seen in Figure [I.1] The shock is located at nearly + = 2, where turbulent kinetic
energy shows a sudden increase followed by a sudden decrease. Standard eddy vis-
cosity models do not capture this sudden decrease followed by the increase. To solve
this inconsistency, the turbulent kinetic energy was tried to be suppressed in several
studies, such as Realizability modification by Thivet et al. [12]. The suppression of
the turbulent kinetic energy amplification with different techniques resulted in im-
proved accuracy. However, Sinha et al. [[11] showed that the performance of these

suppression techniques deteriorates as the Mach number increases (Figure[I.2).
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Figure 1.1: Turbulent kinetic energy £ related to different £ — £ models in the homo-

geneous turbulence with Mach 1.29 normal shock. Retrieved from [11]]



Sinha et al. [11]] introduced the effect of shock unsteadiness on the turbulent kinetic
energy equation of the £ — ¢ model using linear analysis for isotropic turbulence.
Moreover, they modified the amplification of the dissipation rate equation. Their
model improved the performance of the £ — ¢ model in terms of turbulent kinetic
energy, as shown in Figure[I.2] More details about Sinha’s shock unsteadiness study

are given in Section[2.2.1]

Sinha’s work is not the only research aiming to improve turbulence models for fluid
flow simulations with SWBLIs. There have been many attempts to enhance the per-
formance of Menter’s & — w SST model. Menter’s k¥ — w SST model [[13] is one of
the most preferred turbulence models amongst equation-based models, and it is fre-
quently utilized for external and internal aerodynamic flows. Even though the & — w
SST model performs exceptionally well in low-speed flows [[14]], it produces erratic
results in high-speed shock-induced separated flows [15]. Therefore, further research
efforts have been conducted to enhance the precision of the £ — w SST model within
the context of SWBLI flows, e.g., the application of Bayesian parameter estimation
by Tang et al. [16] and stress limiter consideration by Tan et al. [[17]. A common re-
search topic to increase the accuracy of the k—w SST model is modifying the structure
parameter (a.k.a. proportionality constant), a,, appearing in the eddy viscosity esti-
mation. Improvements have been obtained despite the fact that the majority of these
alterations are implemented by trial and error [18]. However, these improvements are

case-dependent since the modifications are tailored for specific cases.

A more systematic approach was adopted by Raje and Sinha, who introduced im-
provements to the £ — w SST model to enhance the SWBLI prediction capabili-
ties with a model named SUQ-SST [19]. They modified the structure parameter to
have a better agreement with experimental data such that the structure parameter be-
comes a function of the local velocity gradients. Also, they introduced Reynolds
stress anisotropy in the definition of turbulent viscosity to better capture the physics.
They adopted a formulation based on Rung et al.’s Explicit Algebraic Reynolds Stress
Model (EARSM) [20] amongst several alternatives. A notable outcome of this study
was that the overall accuracy of SWBLI predictions was improved when the anisotropy
was incorporated into the eddy viscosity definition of k£ —w SST model. More details

about Raje and Sinha’s anisotropic k& — w SST study are given in Section[2.2.2]



Various research efforts in the literature aim to enhance the behavior of the WA tur-
bulence model. However, the majority of these studies have concentrated on subsonic
flows [[7, 121} 22, 23]]. The high-speed flow performance of the WA model was briefly
validated by Acquaye et al. [8]], but no efforts were made to improve it in the con-
text of SWBLI flows. Therefore, we considered that applying similar modification
techniques described in this section to the WA model would be a valuable area of

study.

1.2 Objectives and Outline of the Thesis

The first objective of this thesis is to perform a comprehensive study to assess the
prediction capabilities and performance of the WA model in SWBLI flows. For this
purpose, we have implemented the WA model into an open-source flow solver. To
assess the models in SWBLI flows, four different test cases with different interaction
types and Mach regimes were selected. Moreover, the WA model is compared to the

Spalart-Allmaras model in the context of SWBLI flows.

The second objective is to enhance the WA model performance in the SWBLI flows
by utilizing different techniques from the literature so that the deficiencies of the WA
model are eliminated. Therefore, CFD practitioners would be able to utilize the WA
model in different flow types and regimes without sacrificing accuracy in high-speed

flows.

This thesis has five chapters, including the introduction given until here. The other

chapters are summarized as follows:

e Chapter [2] gives the theory behind the work done in this thesis. This chapter
includes the theory of the WA models, existing attempts to improve the turbu-
lence models for SWBLI flows and an open-source CFD solver utilized in this

thesis.

e Chapter @ exhibits the results, which consist of the implementation and verifi-
cation of the Wray-Agarwal model, the validation and assessment study with

explanations of the test cases, and their results with the standard WA model.

5



o Chapter [ consists of two sections: the theory of current modification attempts
on the Wray-Agarwal 2018 (WA2018) model and their results with the same

test cases used in the validation study in Chapter 3]

e Finally, Chapter [5] concludes the thesis and makes future work recommenda-

tions.
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CHAPTER 2

THEORY

This chapter is composed of three sections describing the standard Wray-Agarwal
turbulence models, existing SWBLI improvement methodologies, and an open-source

CFD flow solver used in this thesis.

2.1 Wray-Agarwal Turbulence Models

The derivation and details of the Wray-Agarwal turbulence model are given in the
original paper published in 2015 [3]. The WA model is derived from Wilcox’s k — w
closure by defining the model’s transport parameter as R = k/w, where k is turbulent
kinetic energy, and w is specific dissipation rate. By substituting the £ and w equations
in Egs. (2.1I) and (2.2) into the material derivative of R in Eq. (2.3), the WA model
is obtained where Bradshaw’s relation given in Eq. (2.4) is used to complete the
closure. These substitution processes end up with the transport equation of the WA

model given in Eq. 2.5).
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After several modifications, different versions of the WA model were proposed in
2017 and 2018 [6} [7]]. Both versions are listed as standard models by the NASA Tur-
bulence Modeling Resource (TMR) website [24]. Both 2017 and 2018 formulations
of the Wray-Agarwal turbulence model have been implemented into the CFD solver
flowPsi, within the scope of the current thesis study. This section describes the

details of these models.

2.1.1 Wray-Agarwal 2017 Model

The partial differential equation with regard to the Wray-Agarwal 2017 (WA2017)
model by T. J. Wray and R. K. Agarwal [6] is given by Eq. (2.6).

OR  Ou;R 0 OR ROR 0S
E + 8xj a— |:(URR + V) 8.%'j:| + ClRS + fngkw S a 8$J

— (1= f1) CoyeR (2.6)

5’2

The first version of the WA2017 model shows non-physical behaviors in zero-strain
regions because of the destruction term of Eq. (2.6). Han et al. [7] proposed a bound
in the formulation, which is given by Eq. (2.7). Some of the model constants were
also updated. We adopt the newer version of the WA2017 model given in Eq. (2.7) in
this study.
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OR  OwR 0 OR

ROR 0S
= — [(ORR + l/) —:| + C1RS + flogkw -

ot " oz, o oz, S oz, oz,
s 0S8
P N s OR OR
(1= fiymin |CycR < o2 >7Cm_8xj_8xj (2.7)

The solution of R-transport-equation affects the governing equations of the flow
through the local quantity of turbulent viscosity. The turbulent viscosity is approxi-

mated using the relation given by Eq. (2.8)), and f, stands for the damping function,
which is given by Eq. (2.9).

vr = fMR (28)

3

Ju (2.9)

The transport equation acts as a one-equation model based on the standard k£ — w
closure when the (5, term dominates. Similarly, the behavior shifts towards the
standard k — ¢ closure when the Cy;,. term is active. The Cy. term is a product of the
inclusion of cross-diffusion in the derivation process from k —w closure, which differs
the WA model from the other £ — w based one equation models such as Fares and
Schroder’s model [S]. The behavioral change is controlled by the blending function,
f1, which is given in Eq. (2.10). The maximum limiting value of 0.9 in the definition
of f1 is set for better stability characteristics. Also, a formula is constructed for arg,
given in Eq. (2.T1)), where d is the wall distance. The distance to the nearest wall for

each cell is used to compute the wall distance.

f1 = min(tanh(arg}),0.9) (2.10)
1+ dvRS
arg; = Y 2.11)

2
maz(dvRS,1.5R
1 |: ( 20v ):|
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The blending function, fi, is a bounded and smooth hyperbolic function, which is
formulated such that C5y,, dominates in the viscous sublayer and the majority of the

log-layer, and C;. dominates near the outer boundary of the log-layer.

The constants of the WA2017 model are given in Eq. (2.12).

Clre = 0.0829, C11e = 0.1127
C1 = f1 (Cigw — Cige) + Clpe

Okw — 072, Oke = 1.0
(2.12)
0r = f1 (Okw — Oke) + Oke
k=0.41, C, =8.54, C,, = 8.0

c c
Cokw = ¢ + Ohyy, Cope = =15

+ Oke

2.1.2 Wray-Agarwal 2018 Model

The dependency on the wall distance, d, of Eq. (2.11)) can result in inaccuracies and
higher computing costs. The WA2018 model, a wall distance-free alternative, was
proposed as a remedy to these drawbacks. The model equation in Eq. was kept
the same for this version. On the other hand, the arg, was modified such that it does
not depend on wall distance, which is given in Eq. (2.14). This was performed by
introducing auxiliary relations in Eq. (2.15).

f1 = tanh(arg?) (2.13)
arg = LEE_T (2.14)
N= T Ckw '

k — l/TS S

n = Smax (1,|m}) (2.15)




Also, the constants given in Eq. (2.16)) were updated. The remaining constants were

kept the same as in the previous version.

Cipe = 0.1284
C,, = 0.09

(2.16)

2.2 Existing Model Improvements for SWBLI Flows

Two existing shock improvement methodologies from the literature are presented in

this section. We chose these two methodologies given in Sections [2.2.1] and [2.2.2]

since they are the most systematic approaches to enhance turbulence model behaviors
compared to others in the literature for SWBLI flows. The selected methodologies are

applied to the WA model in Chapter ]

2.2.1 Shock Unsteadiness Model

According to Sinha et al. [11], the turbulent kinetic energy across the shock is ex-
cessively amplified by eddy viscosity-based RANS models. Therefore, they came up
with modified turbulent kinetic energy and dissipation rate equations based on linear
analysis results. This modification substantially improves the k£ — ¢ model’s perfor-

mance. The details of this work can be found in [11] and in Section[I.1}

Sinha applied the modifications mentioned in Section to the Spalart-Allmaras
model in a research [25]]. In this study, it was stated that the amplification of turbulent
kinetic energy was driven by the production term in the SA transport equation. This
study showed that the addition of Eq. to the production term of the model im-

proves the prediction characteristics of the Spalart-Allmaras model in SWBLI flows.

y %(l_bll> ~ %Cel
kr _ () and &2 — () 2.17)



b, = 0.4[1 — exp (1 — M,)]
co =125+ 0.2 (M, — 1)

(2.18)

In Eq. (2.18), the subscript "1’ denotes upstream of the shock wave while 2’ de-
notes downstream . The M3, indicates the normal component of the upstream Mach
number with respect to the shock wave. The My, is calculated via the dot product of

vectorized upstream Mach and pressure gradient vector, as given in Eq. (2.19).

u; VP
h= kY 2.19
= o (2.19)

The eddy viscosity definition of the Spalart-Allmaras model is proportional to k2 /.
Also, the change in turbulent viscosity across a shock wave was estimated as in Eq.
(2.20) by Sinha [25]. Thus, the substitution of Eq. (2.17) into Eq. (2.20) gives Eq.
(2.21). By equating powers of both sides in Eq. (2.21)), the relation in Eq. (2.22) is

obtained.

= k 2 ~n Cb1
By _ <_2) 1 _ (If 71> (2.20)
141 k’l €9 Up,2

I

2
- ~ 2<1fbl> ~ 2ca -1 ~ c
2 1 2%€ bl
Y2 _ <@M> <<M> > - (@) 2.21)
151 Un,2 Unp,2 Un,2

! 4 !
i = 3 (1 - b1> ~Zea (2.22)

Eq. (2.22) is used in the production term of the Spalart-Allmaras model instead of
cp1- Itis also mentioned by Sinha [25] that this modification is only applied in regions
of high dilation. Thus, the standard behavior of the Spalart-Allmaras model is kept

the same elsewhere.
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2.2.2 Reynolds Anisotropy Inclusion

It is shown by Georgiadis et al. [18] that changing the value of constant structure
parameter, a, of the & — w SST model’s turbulent viscosity formulation given in Eq.

(2.23)) has led to improved predictions on SWBLI flows.

ﬁalk
= 2.23
I = hax (ayw, QFY) (2.23)

By modifying the structure parameter as well as the eddy viscosity definition, Raje
and Sinha [19] obtained better accuracy for SWBLIs. In that study, they suggested
that the a; could be calculated through the mean velocity field by utilizing EARSM
approximations. For this purpose, the EARSM of Rung et al. [20] is utilized to

introduce turbulence anisotropy. The details of Rung et al.’s EARSM are given in

Eqs. (2.24). (2.25) and (2.26).

C pk
— Kk 2.24
2 C, w ( )
B
C* = —— (2.25)
13 1 — 5772 + 252
’ i_co ’ _ / _

61 = 32g2’ 62 = 2254’ 63 = 2 gcs

n? _ Bgss ’ 52 _ 6229 . g = i+ Ge
gie = fo (C1 = 1)+, fo=1+0.95 (1 — tanh <4.g2225>> (2.26)

_ 52
4+1.831/0.8024+0.252

0.8+
1.9

R

e = 0.15M, [pﬁ — th} ,

The anisotropy parameter, C};, is approximated by the relations in Eqgs. (2.25)) and

(2.26). The non-dimensional vorticity magnitude and strain-rate magnitude are de-
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fined as Q = 70, § = 7.5 where the turbulence time scale is 7 = 1/ (C,w). Utilizing
Sarkar’s pressure-dilatation model, compressibility correction, g., is implemented.
Also, the turbulent Mach number is defined as M; = V2k /a, where a is the Favre-
averaged speed of sound. Constants and other details of the model can be found in

[19].

Using the EARSM of Rung et al., Raje and Sinha proposed an alternative structure

parameter. The modified structure parameter based on the anisotropy parameter, C',

is given by Eq. (2.27).

ay = CirD [1 7D (ﬁ; - ﬁé)} 2.27)

In Eq. (2.27), D stands for the magnitude of the deformation rate tensor, which in-
cludes both strain rate and vorticity. For this reason, unphysically high values can be
observed from a;, especially close to shock locations. Therefore, the use of limiters is
necessary. In this regard, the shock unsteadiness (SU) model [11] introduction to the
SUQ-SST model is considered to be useful for near-shock wave calculations. How-
ever, the dependency on the upstream Mach number of the SU model complicates
the implementation. Therefore, Raje and Sinha selected a limiter a; = 0.4, based on

experiments [19]. Therefore, the modified eddy viscosity is defined as given in Eq.

(2.29).

_ //k
por = pcg (2.28)

After determining the structure parameter, the eddy viscosity definition can be com-
bined for a; and a], as shown in Eq. (2.29). Eddy viscosity definition in Eq. (2.29)
will likely produce floating-point exceptions due to possible vanishing denominator

occurrences.

— ﬁa’fk — ﬁalk
HT D D(al/a’f) (2.29)
aj = min [a’l, alll]

Raje and Sinha suggested a solution for this runtime problem by coupling Eq.
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with the eddy viscosity expression in Eq. (2.24)). Finally, the eddy viscosity definition
of Raje and Sinha’s SUQ-SST becomes as in Eq. (2.30).

ﬁ(llk'
pr = , , (2.30)
max [(1 — Fz) <g—:> aw, FoD (Z—i)}
F2/ = max [F27fs]
fs = % — %tcmh (arg)
(2.31)

Ls =maz (A, L), L, = 25/

In Eq. (2.31)), F, and f, are used to build the blending function F,, where F, detects

turbulent boundary layers and f, detects shock waves.

2.3 CFD Solver: flowPsi

In this thesis, we implemented the WA models and our contributions to the open-
source flow solver flow Psi, developed by Luke et al. [26]. F'low Psi solves steady or
unsteady flow problems of the Euler and Navier-Stokes equations with unstructured-
type grids. It is a Finite Volume-based, unstructured, compressible flow solver built
on an infrastructure called Loci [27]. F'lowPsi was developed on the Loci platform,
which is a rule-based programming framework and C++ library aimed at the develop-
ment of computational simulations providing automatic parallelization, finite-volume

tools, and other utilities [28]].

Our primary motivation of utilizing flowPsi is its rule-based structure, which makes
it extremely easy to incorporate new turbulence models as modules. The Wray-
Agarwal turbulence models are added to flow Psi, which already has a number of
turbulence models. All simulations and comparisons are applied with existing and

currently implemented models in flowPsi. Also, the simulations are performed us-
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ing a second-order accurate HLLC flux scheme [29] with the Venkatakrishnan limiter

[30] and appropriate CFL numbers for each problem.

The open-source flow solver flowPsi and its turbulence models have been verified

in earlier studies [31, 32].

2.3.1 Governing Equations

The finite-volume approach is used to discretize the flow equations. The vector form

of governing equations for a 3D flow for an arbitrary control volume (2. with a bound-

ary 02, is given in Eq. (2.32) after integration over a computational cell.

d
- / Qdv + / (F;— F,)dS =0
02:(t) 02:(t)

The conservative state variables, ), F;, and F;, are given in Eq. (2.33).

P pu - N 0
peo (peo +p) i -7 (@-7+q) -7

The relations in Egs. (2.3442.377) are used to close the equation set.

p=pRT

LN
Il
o
<
~

€0 = §u “ U+ €internal

RT

€internal = 1
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2.3.2 Turbulence Models in flowPsi

In flow Psi, several turbulence models are available. These models generally include
several variations of each model. For example, the £ — w model family includes the
Menter’s SST, the Menter’s Baseline, Wilcox98, and Wilcox08 k — w model formu-

lations. The Spalart-Allmaras model is also available in the flow Psi.

The details of the Spalart-Allmaras turbulence model taken from the flowPsi guide

[28] are given in Egs. (2.38)), (2.39)), and (2.40).

Opv Qujpv ~ \° p 0 _, Ov
ot + Oz = PV = peutfu (y) +08xk (v+7) oxy,
pPCra O OV
— (2.
Vi =Ufu1 (2.39)

e = 0.1355, ¢y = 0.622, ¢y = 7.1, 0 = 2/3
Cor = S 4 UWEG2) e ) — 0.3, cu3 =2, k=041
3

fo =G e =1- 1500 (2.40)

6. 11/6 p
fw:g[;;:‘%%] ,X:Ij,g:T—FCwQ(TG—T)

r= SVHLQ?JQ? g - S+ HQL;sz'U% S = V ZQUQU
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CHAPTER 3

IMPLEMENTATION AND VALIDATION OF THE WRAY-AGARWAL
TURBULENCE MODEL

In this section, the implementation and verification processes of the Wray-Agarwal
models are presented. After that, comprehensive validation and assessment studies

are given.

3.1 Implementation and Verification of the Wray-Agarwal Model

As mentioned in Section we utilized the flowPsi as the CFD solver for model
implementations. After the model implementation codes are completed, the results of
the standard verification test cases taken from the literature and the flowPsi results

are presented in this section.

The verification procedure is necessary to ensure that the implemented codes function
properly and that the results are similar to those of the original studies. The flat plate,
wall-mounted hump, and backward-facing step problems are selected for verification
purposes. These three problems are presented as turbulence model verification and
validation problems in the NASA Turbulence Modeling Resource webpage [24]. The
data of the original WA models are taken from the study performed by Han et al. [7]]
for verification of our implementations for both the WA2017 and WA2018 models.
After these verification studies, we observed that our implementation of WA model
versions into the flowPsi code produces consistent results with the reference CFD

results.
The grids used in these verification test case runs are acquired from the NASA TMR
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website. The solutions of the verification test cases are available with both CFL3D
and FUN3D solvers. The mesh independence studies were performed, and solutions
were found to be independent of the grids using CFL3D and FUN3D solvers. Both
of these solvers have second-order accurate spatial differencing techniques alongside
the implicit time advancement strategy [33]. Since the flow Psi has similar solution
methodologies with the same order of accuracy, the same solution grids are used for

verification studies without performing mesh independence.

NASA TMR website provides five levels of grid resolutions for each case ranging
from coarsest to finest. The second finest grids are used in the following verification

simulations.

3.1.1 Flat-Plate

The given description of the 2D zero pressure gradient flat plate verification case in
Figure [3.1] is taken from the NASA Turbulence Modeling Resource webpage [24].
Figure illustrates that the WA model results from flowPsi demonstrate good
agreement with the reference WA skin friction coefficient findings for the flat-plate

verification test case.

3.1.2 Wall-Mounted Hump

From the NASA Turbulence Resource webpage [24], the description of the 2D wall-
mounted hump case in Figure [3.3] was retrieved. The implemented WA model pres-
sure and skin friction coefficient results and SA results taken from flow Psi are pre-
sented with the reference data in Figure One can observe that the flowPsi
slightly predicts more suction and underpredicts the skin friction on the hump surface
for all three turbulence models compared to the reference, which is done using Ansys
Fluent by Han et al. [7]. There are also small deviations in the separation zone for
the SA model results. All of these differences are quite negligible for verification
purposes since the trends are consistent with each other. The grid features and solver

settings employed in these analyses may have contributed to the minor variances seen

in Figure[3.4]
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Figure 3.1: 2D Zero pressure gradient flat plate case. Retreived from [24]]
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Figure 3.2: 2D Zero pressure gradient flat plate case results
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Figure 3.3: 2D Wall-mounted hump separated flow case. Retreived from [24]
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Figure 3.4: 2D Wall-mounted hump separated flow case result
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Figure 3.5: 2D Backward-facing step case. Retreived from [24]

3.1.3 Backward-Facing Step

The 2D backward-facing step case description in Figure [3.5] is obtained from the
NASA Turbulence Modeling Resource webpage [24]. In this verification test case,
both pressure and skin friction coefficients taken from the implemented WA models
are compared to reference data in Figure[3.6] However, the WA2017 implementation
in the flowPsi code did not lead to a converged solution and kept oscillating. There-
fore, only the comparison of WA2018 and SA models is provided in this section.
Figure [3.6] shows excellent coherence for the implemented WA2018 model, which

verifies our model implementation one more time.

3.2 Validation and Assessment of the Wray-Agarwal Model for SWBLI Flows

After the completion of the verification studies, compression ramp and impinging

shock test cases with high deflection angles and various flow regimes are selected for
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Figure 3.7: Flow structures of compression ramps on the left and impinging shocks

on the right. Retreived from [36]]

validation purposes. Standard turbulence models fail to predict the locations of sep-
aration and reattachment in these problem types. Thus, the aim is to clearly observe
the modifications in the extended model. Therefore, standard validation test cases in
SWBLI literature with high-deflection angles, as shown in Table [3;1'], are chosen to

assess the performance of the turbulence models.

In the Settles and Holden test cases, shock-separated turbulent boundary layers over
compression ramps are investigated. The size of the separation is driven by the ramp
angle in these compression ramp-type problems. The flow conditions were taken from

the publications by Settles et al. [34] and Holden et al. [35].

The Schulein and Kussoy test cases investigate impinging shocks on turbulent bound-
ary layers and their interactions. The interactions get stronger as the shock generator
angle increases in these impinging shock cases. Figure [3.7| provides flow structures
for both compression ramp- and impinging shock-type problems. The flow conditions
for impinging shock test cases are taken from the publications by Schulein et al. [37]
and Kussoy et al. [38]. Also, the experimental database prepared by NASA [39] is
utilized to acquire SWBLI test conditions. Illustrations for both compression ramp

and impinging shock problem types are shown in Figure 3.8

Since the validation cases include hypersonic flows, the assumptions should be care-
fully made. We selected a solution strategy similar to those in the literature. We
assumed that the ideal gas and Sutherland’s viscosity law are valid for the selected

validation cases.

A mesh independence study was carried out before the main investigations of this
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shock generator

Figure 3.8: Settles compression ramp test case on the left and Schulein impinging

shock test case on the right. Retreived from [34][37]

Table 3.1: Test cases

Angle [°] My  Py[kPa]  Ty[K] Ty [K] Reference
Settles 24 2.84 690 262 Adiabatic (34]]
6
Schulein 10 5 2120 410 300 [37]
14
Holden 27 8.9 1.2E5 1027 296 B35]
36 1.15E5 1011 298
Kussoy 10 8.2 6080 1166 300 [38]
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Table 3.2: Mesh independence details

Coarse Medium  Fine

Number of Grid Elem. 92732 165242 258552

Settles
X-force [N] 48.37 48.12 48.03
Number of Grid Elem. 49670 213065 307954
Schulein
X-force [N] 12.12 12.15 12.16
Number of Grid Elem. 62690 118420 237899
Holden
X-force [N] 731 715 717
Number of Grid Elem. 27671 39498 78421
Kussoy
X-force [N] 3.26 3.25 3.25

thesis. In the mesh independence study, three different cell sizes were generated.
The mesh independence details are given in Table [3.2] where X-forces are calcu-
lated for viscous walls. The number of grid elements in coarse meshes is the lowest,
whereas fine meshes have the greatest amount. Figure [3.9]shows the effect of differ-
ent grid sizes on the results. It can be observed from Figure [3.9] that medium- and
fine-resolution grids provide very similar wall pressure distributions in the domain.
Also, Table [3.2 shows that medium- and fine-resolution grids result in very close X-
forces. Therefore, we selected medium-resolution grids since they have comparable
accuracy to fine-resolution grids with a smaller number of grid elements, which re-
sults in efficiency in computational effort. Also, average wall y* values for each mesh

are less than 1 for all cases.

Section [3.2.1] provides the mesh figures corresponding to the mesh independence
study for each test case. Settles’ test case is used for the preliminary works of this
thesis, and we generated structured-type meshes for this test case. After different val-
idation cases were added to the study, we switched to unstructured-type meshes since

it is easier to generate unstructured meshes than structured ones.
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Figure 3.9: Mesh independence results on validation cases
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3.2.1 Assessment of Wray-Agarwal Model

In this section, the standard formulations of the Wray-Agarwal turbulence models are

evaluated alongside the Spalart-Allmaras model.

3.2.1.1 Settles’ Test Case

This thesis compares turbulence models by examining pressure distributions on sev-
eral test cases. Since separations induced by shock wave-boundary layer interactions
are the primary focus of the study, the locations of separation and reattachment along-
side the recirculation zone, which is illustrated in Figure[3.10] are investigated. When
the shear stress or skin friction coefficient undergoes a sign change from positive to
negative, the flow becomes separated. Conversely, the reattachment point is indicated
by a sign shift from negative to positive. Between separation and reattachment points,

the skin friction coefficient is negative, which shows the recirculation zone.

Starting with the Settles’ test case, the problem description is given in Figure [3.11]
In Settles’ experimental research paper [34], it is stated that the walls are adiabatic.
Therefore, we assumed the walls to be adiabatic as well. For inflow boundary con-
dition (BC), supersonic inflow BC was used with pressure, temperature, and Mach
number values. The supersonic outflow BC was used for the outlet, and no informa-

tion is needed for this type of BCs.

The mesh details are presented in Figure [3.12] for Settles’ test case. To make so-
lutions independent from the grid, a mesh independence study was performed with
three different meshes. For each step, the grid sizes were reduced, and finer meshes
were generated, as seen in Figure [3.12] The medium-resolution grid was used for the

remaining CFD analyses, as mentioned in Section

The normalized wall pressure and skin friction coefficient distributions of the 2.84
Mach 24° ramp angle Settles’ compression ramp test case are given in Figure
It can be observed from the figure that the WA2018 model performs better than the
WA2017 model, whereas the SA model is superior to both WA models in terms of

separation location and recirculation zone size estimations in this case. The Wray-
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Figure 3.11: Problem description of Settles’ test case
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Figure 3.12: Mesh independence study on Settles’ test case

Agarwal models predict earlier separation with a larger recirculation zone compared

to experimental data.

3.2.1.2 Schulein’s Test Case

Figure[3.14]presents the problem description of Schulein’s test cases. The 6 shows the
shock generator angle. Also, the shock generator was located in a way that inviscid
shock impinges to x = 350 mm for each shock generator angle, which is illustrated
in Figure @ Therefore, the distance of the shock generator angle, L, has three
different lengths for three different shock generator angles. The outlet size was also
driven by the shock generator angle, as can be seen in Figure[3.14] Similar to previous
validation case, supersonic inflow and outflow BCs were used. The walls were set to

viscous walls with a constant temperature of 300 K.

The grids used in the mesh independence study of Schulein’s test case are given in
Figure [3.15] The grid element sizes are reduced after the shock generator wall since
the first part of the domain is mostly uniform before the shock. Therefore, mesh is

refined in the region of interest, which results in a smaller mesh size increase.
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Figure 3.15: Mesh independence study on Schulein’s test case

The computation results and experimental data of 5 Mach, Schulein’s impinging
shock test case with three different shock generator angles (6 = 6°, 10°, and 14°)
are shown in Figure[3.16|and [3.17] The experimental shear stress data were not avail-
able for 6° shock generator angle case. The reference SA and £ — w SST results,
which were obtained from the literature, are also added for this test case. We confirm
once more that our solutions are independent of mesh and consistent with the other

CFD results from the literature by comparing the reference and flow Psi SA results.

In Schulein’s test case, the recirculation region enlarges with increasing shock gen-
erator angles since the interaction between the shock wave and boundary layer gets
stronger, and turbulence models begin to fail to predict the separation locations. In the
6° shock generator angle case, all turbulence models give excellent surface pressure
distribution predictions compared to experimental data. In the 10° shock generator
angle case, a small recirculation zone starts forming, which can be observed from ex-
perimental data. The WA models have a great agreement with the experimental data,
while the SA model fails to catch the separation for 10° shock generator angle. In the

14° shock generator angle case, however, each model behaves differently in the recir-

36



culation region. It is observed that the WA2017 model provides the best consistency
with the experimental data. The WA2018 model predicts slightly delayed separation,
but it still outperforms the SA model, which predicts separation location more down-
stream and a small recirculation zone compared to experimental data. To sum up, the
WA models are superior to the SA model in terms of predicting SWBLIs for 5 Mach

impinging shock cases.

3.2.1.3 Holden’s Test Case

The problem description of Holden’s test case is presented in Figure [3.18] In this
compression ramp problem, the walls were configured to be viscous with a constant
temperature of 296 /X and 298 K for 27° and 36° ramp angles, respectively. Supersonic

inflow and outflow boundary conditions were selected for this problem as well.

The illustrations of the grid refinement study of Holden’s test case are given in Figure
[3.19] In this case, the surroundings of the ramp were refined since the high gradients

due to shock are generated in this region.

In Holden’s 8.2 Mach compression ramp test, different ramp angles were examined,
starting from no-separation/attached flow to fully separated flow using the medium-
resolution grid. In this study, 27° and 36°ramp angles were selected for assessment
of the turbulence models. In this regard, the normalized pressure and shear stress
distributions of 27° and 36° compression ramps are given in Figures and

respectively.

Firstly, each model predicts similar wall pressure distributions for the 27° ramp angle
case, where no separation is observed. In the 36° ramp angle case, the WA2017 model
gives an unrealistically early separation estimation. On the other hand, the WA2018
and SA models predict close pressure distributions compared to the experimental data
where the WA2018 overpredicts and the SA underpredicts the recirculation zone size.
Thus, the WA2018 and SA models are superior to the WA2017 model in Holden’s

hypersonic compression ramp.
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3.2.1.4 Kussoy’s Test Case

The illustration of the problem setup is given in Figure [3.22] The shock generator
angle is 10° for this impinging shock test case. The constant temperature of 300 K
was set to viscous walls. Supersonic inflow and outflow boundary conditions were

applied for this test case.

The meshes used in the mesh independence study of Kussoy’s test case are given in
Figure [3.23] The meshes were gradually refined for each step. Since the medium-
and fine-resolution grids provided similar results, which can be seen in Figure 3.9

the medium-resolution grid has been selected for further analysis.

The CFD results of Kussoy’s 8.2 Mach impinging shock test case with a 10° shock
generator angle are given in Figure In this hypersonic impinging shock test
case, all one-equation turbulence models predict similar distributions. Even though
these predictions are close to the experimental results overall, all of the one-equation
turbulence models fail to estimate the separation. In contrast, the £ — w SST model
captures the separation and outperforms the one-equation models overall, agreeing
more with the experimental data. Similar behavior would have been expected from
the WA model since it is a £ — w based one-equation model; however, the WA model

also fails to find the separation in this test case.

3.2.2 Performance of the Standard Wray-Agarwal Model for Heat Flux Pre-

dictions

In this study, it is observed in all test cases that the WA model performs poorly on heat
flux predictions compared to both the SA model and experimental data. Other turbu-

lence models and experimental data do not agree with the WA model’s unphysical
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Figure 3.23: Mesh independence study on Kussoy’s test case
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Figure 3.24: Kussoy 10° shock generator angle impinging shock test case results
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prediction of an abrupt spike followed by a sharp reduction in the heat flux distri-
bution. Also, the WA model generally overestimates the values of heat fluxes. This

can be seen from Figures [3.25] [3.26] and [3.27] Additional research is necessary to

determine the cause of this behavior. The effect of first layer thickness on the results

would be a logical investigation for heat flux predictions as future work.
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CHAPTER 4

EXTENSION OF THE WRAY-AGARWAL 2018 TURBULENCE MODEL
FOR SWBLI FLOWS

4.1 Theory of Current Modifications on the WA2018 Model

In this section, the adaptation of the potential enhancements from the literature to the
Wray-Agarwal model is explained. The WA2018 version was selected for modifica-
tion attempts since it performs better than the WA2017 model, as shown in Section
3.2] Also, the ease of implementation and lower computational cost of the WA2018
model caused by the elimination of wall-distance calculations are other motivations

for selecting the WA2018 model over the WA2017 model for this study.

4.1.1 Shock Unsteadiness Model

As a first attempt to improve the performance of the WA2018 model in SWBLIs, we
adapted the improvements developed by Sinha [25], which are briefly explained in
Section2.2.11

Similar to the study of Sinha [25], we modify the production term of the Wray-
Agarwal 2018 turbulence model to suppress the amplification of turbulent kinetic
energy k. Since the transport equation of R is defined as R = k/w where w can be
written as w = €/k, the R or vy is proportional to k? /e, same as the Spalart-Allmaras
modification. Therefore, we replaced C; in the production term of Eq. (2.7) with C|,
which is defined in Eq.
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Figure 4.1: Switching function and Mach number contour of Schulein’s 14° test case

C) = g (1 - b'1> - gcal 4.1)

where b, and c., are given in Eq. (2.18). As mentioned in Section modifications
should be used only in locations of strong dilation. The f, in Eq. (2.31)) is utilized to
find the shock waves where the modification is only applied to the production term.

Example contours related to f, and Mach number can be observed from Figure @.1]

The production term of the WA2018 transport equation, which is given in Eq. (2.7),
is modified such that it switches to C} in strong dilation regions (Eq. @.2)).

Production = (1 — f) C1RS — fSCiRSM- (4.2)

The relation given in Eq. (2.19) is implemented into the code since there is a need
for the upstream Mach number normal to the shock wave, My, inside the Eqs. (4.1)
and (2.18). One can consider applying the inviscid shock relations for the estimation
of the upstream Mach number normal to the shock wave, yet this approach would
be inaccurate due to viscous flow occurring in, e.g., boundary layers. Therefore,

we decided to implement the aforementioned equations to obtain the upstream Mach
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number normal to the shock wave. The computed upstream Mach number normal to

the shock wave is utilized to calculate the variables in Eq. (2.18).

The extended WA2018 model with shock unsteadiness modification is designated as

WA2018SU in the following sections.

4.1.2 Reynolds Anisotropy Inclusion

In this part, we propose a potential improvement on the SWBLI simulation capabil-
ities of the WA2018 model based on Raje and Sinha’s model. For this purpose, the
eddy viscosity definition of the original WA2018 model is scaled with C'; /C,, term.
Raje and Sinha used F, in Eq. (2.30) to identify turbulent boundary layers and shock
waves. Similarly, we utilized f; in Eq. and Fin Eq. for blending be-
tween the anisotropy introduced and standard eddy viscosity definitions. To avoid
changing the behavior of the WA2018 model in the viscous sublayer and buffer layer,
we applied blending rather than directly multiplying the anisotropy parameter by the
eddy viscosity. We illustrate the behavior of f; in Figure As seen in this figure,
f1 equals unity within the viscous sublayer and buffer layer. Then, it drops to 0.06 in

the log-law region.

It is anticipated that the factorization by the anisotropy parameter, C';, in Egs. (2.28)
and (2.29) will lead to improvements as both alternative denominators of Eq. (2.30)

contain C'; directly or implicitly via aj.

We applied C'; /C,, scaling in two different methods in the WA2018 eddy viscosity
definition to observe the effect of the anisotropy parameter in the vicinity of shock
waves. In the first method, scaling is done only across the turbulent boundary layer
using f;, whereas it is applied across both the turbulent boundary layer and shock
waves using F| in the second method. We designate these methods as WA2018S-1
and WA2018S-2, respectively. The eddy viscosity definition for each method is given

in Egs. (¢.4) and (4.5).

F, =min(fi,1—f,) (4.3)
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One can see the qualitative difference between f, and I, in Figure To make sure
that the modifications do not affect the model behavior in the viscous sublayer and
buffer layer, we extracted the variation of dimensionless velocity U™ in a flat plate

computation, as illustrated in Figure .4

4.2 Results and Discussion

Next, the WA2018SU, WA2018S-1, and WA2018S-2 models are subjected to the

same test cases given in Section [3.2] and their results are presented in this section
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Figure 4.3: f; vs. F} in Schulein impinging shock test case
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Figure 4.4: Variation of U™ across the boundary layer
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alongside the standard WA2018 model. The WA2018SU abbreviation corresponds
to the shock unsteadiness modification given in Section 4.1.1] Also, the WA2018S-1
and WA2018S-2 indicate the modifications given in Eqs. (4.4)) and (4.5)), respectively.

4.2.1 Settles’ Test Case

Starting from the Settles’ 24° compression ramp test case, the normalized wall pres-
sure and skin friction coefficient distribution results of the modified and standard
WA2018 models are presented in Figure {.5] The modified WA2018 models produce
later separation and smaller recirculation zones compared to the standard WA2018
model. The WA2018S-1 and WA2018S-2 models provide almost the same results,
which are slightly better than the WA2018SU model results. Even though differences
are minimal in both wall pressure and skin friction coefficient distributions, the mod-
ified versions are closer to the experimental data than the standard WA2018 model in

the separation region.

4.2.2 Schulein’s Test Case

In the Schulein impinging shock test case, the results of the modifications are inves-
tigated for three different shock generator angles, which are given in Figure §.6] and
For all shock generator angle test cases, the WA2018SU model gives very similar
distributions as the standard model, whereas the Reynolds anisotropy modifications
result in slightly later separation. However, no significant alteration in the behavior is

observed for any modification methodology in Schulein’s impinging shock problem.

4.2.3 Holden’s Test Case

The results of the modified WA2018 models, alongside the standard version for Holden’s
hypersonic compression ramp test case, are presented for 27° and 36° ramp angles in
Figure {4.8] and 4.9 respectively. The most obvious differences are observed in this
case. In the 27° ramp angle case of Holden’s test case, the Reynolds anisotropy

modifications predict very similar wall pressure and shear stress distributions as the
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Figure 4.5: Modified models’ results on Settles 24° compression ramp test case

standard WA2018 model, which are both in line with the experimental data. However,
the WA2018SU model predicts an unphysical separation, as seen in Figure 4.8] In the
case of 36° ramp angle, the WA2018SU model performs an earlier separation, which
worsens the agreement with the experiment for both wall pressure and shear stress
distributions. On the other hand, the WA2018S-1 and WA2018S-2 solutions match
with the experimental data well for 36° ramp angle case. Therefore, by looking at the
results in Figure[4.9] it can be said that the Reynolds anisotropy-modified versions are
superior to the shock unsteadiness modified and standard model versions in Holden’s

hypersonic compression ramp.

57



4.2.4 Kussoy’s Test Case

The changes are negligible for Kussoy’s impinging shock test case, as seen in Figure
4.10l All the modified versions of the WA2018 model still fail to catch the separation
in this flow. On the other hand, the modifications do not worsen the behavior of the

standard WA2018 model.

After examining the modified models’ results, turbulent kinetic energy, k, distribu-
tions across the shock waves are acquired from the post-process for each case. Figure
M.TT] demonstrates turbulent kinetic energy distributions starting from upstream of

shock waves.

In Settles’ test case, the modifications make insignificant differences in the k distribu-
tions while the maximum value is unchanged. For Schulein’s test case, the anisotropy
modification and standard WA2018 distributions are on top of each other, where the
WA2018SU model predicts very high turbulent kinetic energy. Similar behavior is
also seen in Holden’s test case. The SU modification is expected to suppress the tur-
bulent kinetic energy across shock waves; on the contrary, it increases for Schulein

and Holden'’s test cases.

The effect of the SU modification on the WA model is not similar to those in Sinha’s
k — € and SA model modifications [[11,25]. The anisotropy modification, on the other
hand, results insignificant changes in turbulent kinetic energy distributions. There-

fore, the anisotropy modification affects the model via turbulent boundary layers.

4.3 Effect of the Modifications on the Heat Flux Predictions

As mentioned in Section [3.2.2] the Wray-Agarwal models provide excessive heat flux
predictions. After the modifications are applied to the WA2018 model, the heat flux
predictions are investigated, and their results are given in this section. Figure #.12]
demonstrates that the application of the modifications led to insignificant effects on
the heat flux predictions. Therefore, further investigations are still required to find the

reason behind this overprediction trend.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

In this study, the Wray-Agarwal 2017 and 2018 turbulence models are implemented
into the open-source CFD solver, flowPsi. After implementations were verified
using flat plate, wall-mounted hump, and backward-facing step cases, the WA 2017
and 2018 models were subjected to a validation study in the context of SWBLI flows.
For this reason, four different test cases were selected with compression ramp- and
impinging shock-type problems from literature with a flow regime ranging between

Mach numbers from 2.84 to 8.2.

The results of the validation study are discussed in Section[3.2]as an assessment of the
WA model in SWBLI flows. It is concluded that the WA model outperforms the SA
model for impinging shock-type flows. Thus, the industrial usage of the WA models is
advised for supersonic and hypersonic intakes. For compression ramp-type problems,
the WA2018 model performs similarly to the SA model, whereas the WA2017 model

fails. Also, the WA models perform insufficiently in terms of heat flux calculations.

This thesis also includes two different types of modifications to the WA2018 model.
In the first modification attempt, the SU model by Sinha et al. is applied to the
WA2018 model. The model’s behavior degrades for the hypersonic compression
ramp flow despite the fact that this alteration has negligible impacts on the super-
sonic compression ramp and hypersonic impinging shock problems. Therefore, the
implementation of the SU model by Sinha et al. to the WA2018 model does not

improve the model’s performance in the context of SWBLI flows.

As a second modification, we developed WA2018S models from the standard WA2018
model. We performed this alteration in a way similar to the SUQ-SST model by Raje
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and Sinha. The predictions obtained with the new anisotropy-included versions of the
WA2018 model are in better agreement with the experiments compared to the stan-
dard WA2018 model. The inclusion of Reynolds stress anisotropy into the turbulent
boundary layer improves the predictions significantly, as observed in both WA2018S-
1 and WA2018S-2 results. We also observed that the WA2018S-2 model produces
consistently almost identical distributions as WA2018S-1, which shows that introduc-
ing the Reynolds stress anisotropy specifically in the vicinity of shock waves does not
lead to sensible differences in the results. Therefore, the use of WA2018S-1 instead
of WA2018S-2 is recommended for SWBLI flows since there are fewer computations

in the WA2018S-1 model because of the lack of function f.

It is evident that the eddy viscosity estimation based on the anisotropy parameter
(C;) does not worsen the predictions of the impinging shock cases. Nevertheless, it
produces more realistic shock-induced separations for compression corner-type prob-
lems where the standard WA2018 model falls behind the SA model. Thus, the new
WA?2018S-1 formulation is concluded to be a better alternative for SWBLI flows.

The WA models tested in this study showed poor performance in the prediction of
heat fluxes after separation in hypersonic compression corners and impinging shock
test cases. For this reason, CFD practitioners should be careful when using WA-
based models in computations where thermal effects are important. In future work,
this inadequate behavior should be investigated and improved for the SWBLI flows.
For this purpose, the first layer thickness would be analyzed to see its effect on the

heat flux distributions.
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