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ABSTRACT

This research performed Reynolds-averaged Navier-Stokes (RANS) simulations for the
flow past an aircraft protrusion mounted on a flat surface. The major factor in this research is the
investigation of shock-wave/boundary-layer interactions (SWBLIs). RANS computations were
performed using the Spalart-Allmaras turbulence model and a second-order Navier-Stokes
solver. The two complex three-dimensional geometries primarily focused on in this research
were the circular-arc bump antenna and the TT-5006A antenna. Numerical results were in good
agreement with the wind tunnel experimental results; however, some discrepancies in the flow
properties occurred at the shock-interaction region. Computations were performed using the
commercial software computation fluid dynamics (CFD) tool FLUENT in the High Performance
Computing Center (HiPeCC) at Wichita State University.
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CHAPTER 1
INTRODUCTION

1.1

Motivation
Computational fluid dynamics (CFD) simulations play an essential role in the design of

aerospace vehicles, providing engineering predictions of aerodynamic performance, heat
transfer, and fluid flow. Shock-wave/boundary-layer interaction (SWBLI) is a basic high-speed
fluid dynamics phenomenon, which has fundamental as well as practical importance.
The SWBLI phenomena, often accompanied by flow separation, has important applications in
a wide range of practical problems, such as flow around transonic aerofoils and wings,
supersonic engine intakes, diffusers of centrifugal compressors, turbo machinery cascades, and
the exterior of high-speed aircraft. One such application of SWBLI is the embedding of flow
fields around protrusions (antennas, camera enclosures, etc.) in turbulent boundary layers, which
occur in military/business aircraft. The resulting flow field is unsteady, complex, and highly
three dimensional.
1.2

Theory
Shock-wave/boundary-layer interaction occurs whenever shock waves interact with the

boundary layer adjacent to the wall. The boundary layer is a thin layer in which the flow velocity
decreases from a high positive value to zero at the wall where the no-slip boundary condition
must be satisfied. An important type of SWBLI under transonic conditions involves a normal
shock on the surface of a wall. A small pocket of supersonic flow is formed above the region of
lowest pressure on the surface and is terminated by a near-normal shock. By increasing the freestream Mach number, the strength of the shock wave increases. And as the strength of the shock
wave increases, the separation size begins to grow rapidly, thus influencing the overall pressure
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distribution on the surface. The interaction between the shock wave and boundary layer exhibits
the following characteristics:


Oscillatory motion and a deformation of the shock wave, whose thickness fluctuates with
time due to turbulence and compressibility effects.



Increase in the turbulence intensity downstream of the shock.



Modification of the characteristic length scales of turbulence.

1.2.1 Flows without Separation
If the overall rise in pressure with the formation of shock is not too large, the boundary
layer will negotiate it without separating. The pressure rise produced by the shock propagates
upstream through the subsonic part of the boundary layer. The interaction region in this case will
be approximately two or three times the boundary layer thickness along the flow direction. A few
cases of shock wave interactions without separation are shown in Figure 1. This interaction does
not have an important effect on the flow pattern in the free stream.

Figure 1. Flows without separation [43]

2

1.2.2

Flows with Appreciable Separation
Incipient shock-induced separation occurs when the minimum value of the wall shear

stress  w in the shock-interaction region is exactly equal to zero. A further increase in the shock
strength leads to separation. Once separation occurs, flow properties change rapidly, and as the
separated region grows, flow distortion occurs in the free stream. With these interactions, flow
near the separation point is independent of downstream conditions. As a result, flow up to the
position of the separation point depends solely on the properties of the initial boundary layer.
Figure 2 shows the flow separation at a region of free interaction.

Figure 2. Separation at region of free interaction [43]
1.3

Structure of Turbulent Boundary Layer
It is important to understand the physics in the boundary layer in order to accurately

construct a grid. The initial spacing near the wall is critical to resolving the boundary layer
properties correctly. In the flow near the wall, the streamwise velocity varies logarithmically
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with distance from the surface. Such behavior is referred to as the logarithmic law of the wall,
which is given as

u  k ln( y )  C ,


where

u 


1



yu
u
and y  

u


u 




w

where u is the velocity scale called the friction velocity,  is the wall shear stress,  is the
w

kinematic viscosity, and y is the distance from the wall. The boundary layer can be decomposed
to a viscous sublayer, a log layer, and an outer layer. In the viscous sublayer, viscous forces
dominate, whereas in the outer layer, flow is fully turbulent. The log layer is the region between
the inner and outer parts of the boundary layers in which turbulent and viscous effects have the
same order of magnitude.
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CHAPTER 2

LITERATURE REVIEW

In 1939, Ferri [1] first observed a shock-wave/boundary-layer interaction while checking
aerodynamic theories experimentally on airfoil sections at supersonic speeds. Later on in the
mid-1940s, researchers Fage and Sargent [2], Liepmann [3], and Donaldson [4] investigated the
complex phenomenon of SWBLI at transonic speeds and its dependence on the state of the
incoming boundary layer. Most of these researchers conducted experiments on the basic
geometries that are still in use. Examples of such geometries are a flat plate and an external
shock generator, a flat plate/flat ramp configuration, and a flat plate with steps and axisymmetric
bodies with flares/collars. The flow field around the blunt fin is three dimensional and extremely
complicated. The structure of the flow field is highly unsteady with steep streamwise and
spanwise gradients. Dolling and Brusniak [5] conducted experiments on blunt fin-induced
SWBLI at supersonic speeds. Their results show that on the test surface near the fin and on the
fin itself, the leading-edge diameter plays a key role in determining the scale and characteristics
of the interaction.
As stated previously, shock-wave/turbulent boundary-layer interaction is an important
phenomenon at high speeds. Liu and Squire [6] investigated SWTBLI on curved surfaces at
transonic speeds using laser holographic inferometry. The ratio of the boundary layer thickness
in front of the shock to the radius of the surface curvature ranged from 0 to 0.068. From this
investigation, they concluded that shock-induced separation can be avoided by restricting the
peak Mach number to less than 1.3, and separation becomes more severe at the critical peak
Mach number at which separation changes from trailing edge separation to shock-induced
separation. Prioris and Babinsky [7] conducted experimental investigations over circular-arc
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bumps in a supersonic-blow down-wind tunnel. They chose three different configurations, which
allowed them to study various shock interactions ranging from a weak shock with no shockinduced separation to a strong lambda-shaped shock system with extended separation. They
concluded that velocity, turbulent properties, and shear stress show a strong increase at the
leading edge, followed by progressive decay, sometimes momentarily interrupted due to
reattachment at the trailing edge of the bump. Barakos et al. [8] performed wind-tunnel
experimentation and numerical simulation to understand the complex shock/boundary interaction
over a bump at transonic conditions, quantified the flow unsteadiness, and put forward
suggestions for flow control using jets. The overall flow topology predicted by the Reynoldsaveraged Navier-Stokes (RANS) equations using the k   turbulence model was found to agree
well with experimental surface flow visualization of the interaction region. Johnson and Sharif
[9] computed flow over a circular-arc bump with the commercial CFD code FLUENT to
determine the performance of turbulence models at the supercritical Mach number M  0.73


and Re  1.7 10 . These results were compared with the available experimental data to
6



identify the most appropriate model.
Knight et al. [10] conducted a survey of shock-wave/boundary-layer interaction CFD
studies and discussed the capabilities of the computational methods. They noted that RANS
methods are reasonably accurate for “weak” interactions and show discrepancies with
experiments predicting the surface pressure distribution and the separation point for “strong”
interactions. RANS computations do not provide a root-mean-square fluctuating pressure in the
separated region, which is an important parameter for aerodynamic design.
A supersonic inlet has to compress air flow from the supersonic level to the subsonic
level before it reaches the face of the engine. The inlet system must be designed to produce the
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lowest drag and highest propulsion performance. The supersonic inlet system with a threedimensional bump is a substitution for conventional ramp-type compression system. Sang Dug et
al. [11] performed numerical analyses to understand the complex three-dimensional flow field
including SWBLI and growth of the turbulent boundary layer that may occur around the bump in
a supersonic inlet. They concluded that the bump-type inlet has sound features for inlet
performance as compared with the conventional ramp-type inlet. In this analysis, flow was
modeled with the RANS approach using a shear stress transport (SST) turbulence model to close
Reynolds-averaged conservation equations.
The turbulent flow separation of a three-dimensional body is a complex phenomenon that
plays a very important role in practical cases. Several CFD research groups have used flow over
an axisymmetric bump to investigate three-dimensional separations. Gwibo et al. [12] presented
surface mean pressures, oil flow visualizations, and three-velocity-component laser-Doppler
velocimeter measurements for a turbulent boundary layer of thickness δ over two axisymmetric
bumps of height H   , 2 and one symmetric bump of height H  2 . Patel et al. [13]
investigated the flow field over an axisymmetric bump using large eddy simulation (LES) with a
localized dynamic sub-grid kinetic energy model (LDKM). They analyzed the results in order to
understand the flow dynamics and discovered multiple separations and reattachments on the
leeside of the bump. Wang et al. [14] performed computer simulations on this bump using RANS
equations with different non-linear eddy viscosity models. Visbal et al. [15] performed
simulations for flow past a three-dimensional bump mounted on a flat plate. Both RANS and
instantaneous large eddy simulation (ILES) methods have been used for simulations. They found
that the RANS approach over-predicted the extent of separation on the leeside of the bump,
found the near wake to be too narrow in the spanwise direction, and exhibited an excessive
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velocity defect. These simulations revealed that RANS models typically exhibit a delayed
recovery of the boundary layer following detachment, resulting in excessive separation and
incorrect attachment behavior. They concluded that the ILES technique predicted a better flow
structure, which was in overall agreement with the experiment, and that the ILES is a promising
approach for detailed analysis of complex three-dimensional separated flows at moderate
Reynolds numbers.
Normal shock-wave/boundary-layer interactions occur in various applications, such as
transport aircraft at cruising speed, helicopter blades in forward speed, and the intakes to
supersonic jet engines. These effects are avoided by designing an aerofoil to limit the maximum
flow speed and by restricting the maximum flight Mach number. Researchers have conducted
experiments to implement various control methods including passive devices, active control
using blowing or suction, and two-dimensional bumps. Holden and Babinsky [17] conducted
experiments in a wind tunnel at Mach numbers of M  1.3 and M  1.5 and a free-stream
Reynolds number of 28 10 m . They concluded that slot control is the most effective and stable
6

1

control device in which to alter the nature of the separated SWBLI in order to yield highly threedimensional regions of attached and separated flow. Ogawa and Babinsky [18] studied the
effects of three-dimensional bump control on separated SWBLIs experimentally at M  1.5 .


Various bump configurations were tested and their effects evaluated. A configuration with
multiple long and narrow rounded bumps demonstrated the best performance. Babinsky and
Ogawa [19] also conducted an experimental investigation for a rounded bump in a channel flow,
and a computational study was performed for a spanwise series of rounded bumps mounted on a
transonic aerofoil at M  1.3 . They observed a fair amount of wave drag reduction and control
1

effects on the boundary layer in both cases. Lee et al. [20] studied the concepts of various vortex

8

generators including ramp, split ramp, and ramped vane under normal shock conditions with a
diffuser at a Mach number of 1.3 . In order to design the dimensions and geometry of the
computation domain for the LES studies, they performed RANS simulations using the SST
model. It was observed that a ramped vane provided increased the vorticity, compared to other
devices, and reduced the separation length downstream of the device centerline. The ramped
vane also provided the largest reduction in turbulent kinetic energy and pressure fluctuations.
Zheltovodov [21] carried out critical analysis of experimental and computational research
of two-dimensional and three-dimensional shock-wave/turbulent boundary-layer interactions
(SWTBLIs). Wu and Martin [22] performed direct numerical simulation (DNS) of a 24-degree
compression ramp case using WENO3 and RK3 methods with Re  2400 and M  3 for the
incoming boundary layer and compared it with experiments conducted by Bookey et al. [23]. It
was observed that results were in good agreement in the velocity profile of the incoming
boundary layer, the structure angle of the incoming boundary layer, and the mass flux
amplification through the interaction. However, there were discrepancies in wall pressure
distribution and in the separation bubble size. To mitigate the above dissipation for DNS of
SWTBLI problems, limiters were added to WENO3 to improve the performance. For the time
integration, low-dissipation RK4 was used. New results using a limiter and the low-dissipation
RK4 showed great improvement. Edwards [24] conducted a survey on numerical simulations of
shock/boundary layer interactions using time-dependent modeling techniques. Jammalamadaka
et al. [25] conducted both DNS and LES of shock/boundary-layer interactions at Mach 2.7 for
two different shock incidence angles. A seventh-order monotonicity preserving scheme was used
for the spatial discretization of Euler terms in both models. DNS data showed that the
simulations captured essential features of the SWTBLI including the expansion fan, boundary-
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layer separation and the turbulence generated by the shock interaction. Results also indicated the
ability of LES with the dynamic Smagorisnky model to capture DNS results for mean c and wall
f

pressure distributions. Ekaterinarisr [26] carried out high-resolution simulations of oblique
SWBLIs over a wide range of Mach numbers. High-order finite difference discretization of the
compressible Navier-Stokes equations and a sub-grid scale model were implemented. Direct
numerical simulations showed the development of self-excited unsteadiness downstream from
the interaction region, and the LES predicted results were in good agreement with the
experimental data.
The shock-wave interaction with a supersonic boundary layer significantly alters the flow
structure and may cause boundary-layer separation in the vicinity of shock-impingement
locations, depending on the shock strength. To predict these complex phenomena, high-fidelity
methods such as DNS and LES are required. Jammalamadaka et al. [27] performed large eddy
simulations of an incident shock wave interacting with a supersonic turbulent boundary layer
using a new high-order monotonicity-preserving scheme. LES results were obtained with four
different sub-grid scale models—modified Smagorinsky model, hybrid scale-similarity model,
modified kinetic energy viscosity model, and dynamic Smagorinsky model—and compared with
DNS results. All of the sub-grid scale models over predicted the length of the separation region,
and the LES and DNS predictions of flow statics were shown to differ in the separation region.
Compact schemes are popular in the simulation of transitional and turbulent flows. Xie et
al. [28] introduced a new type of weighted finite-difference scheme to achieve high-order
accuracy in smooth regions maintaining the ability to capture shocks. In this hybrid scheme, the
flux of the conservative Navier-Stokes equations is given by the weighted compact scheme
(WCS). They concluded that the new scheme has improved performance for problems of two-
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dimensional SWBLIs. Shen and Zha [29] proposed a generalized finite compact difference
scheme for shock-wave/complex flow-field interaction. Huayong et al. [30] proposed a highorder nonlinear scheme for viscous terms of compressible Navier-Stokes equations. They
replaced the linear interpolation of a cell node scheme with a high-order nonlinear interpolation
that followed the weighted technique. They applied this nonlinear cell node scheme of viscous
terms to simulate DLR-F6 wing-body flows. Results showed that the new scheme is more stable,
accurate, and robust.
Separation from curved surfaces is one of the most complex aerodynamic processes.
Loyau et al. [31] investigated several non-linear eddy viscosity models by modeling shockwave/boundary-layer interaction. Their results demonstrated that the general trend of non-linear
models is to return solutions that correctly imply a greater sensitivity of the boundary layer to the
shock than that predicted by the linear k   framework. They concluded that the performance of
a non-linear model depends greatly on the details of the model and the approach to its
calibration. Krishnendu et al. [32] implemented the shock unsteady correction in k   , k   ,
and Spalart-Allmaras turbulence models. The effect of the correction is evaluated in compression
corner flows with deflection angles of 24, 20, and 16 degrees. The computed results are
compared with the experimental data of Settles and Dodson [33]. It was concluded that although
there were some differences from the experimental data, the proposed correction improved the
model predictions.
Numerical simulation methods such as Reynolds-averaged Navier-Stokes, direct
numerical simulation, and large eddy simulation have difficulty in accurately predicting the flow
properties in SWTBLI regions. Therefore, in experimental investigations, measurements of skin
friction and heat flux are valuable for the validation of CFD methods. Schulein [34] studied two
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validation cases for SWTBLI using modern non-intrusive methods. The investigations were
conducted in the supersonic Ludweig Tube Facility at DLR Göttingen. The free-stream
conditions in the test section were Mach number M  5 and Re  37 10 . The first case was
6





the oblique shock interaction on a flat plate, and the second case was the interaction of a swept
shock generated by a fin on a flat plate. They measured skin friction and heat flux using the
global interferometry skin friction technique and the quantitative infrared thermography
technique.
Oliver et al. [35] performed computations on a supersonic plane compression ramp to
assess the accuracy of the turbulence model SWBLI. They chose two compression data sets with
a free-stream Mach number of 2.9. Their work computationally assessed the effects of neglecting
three dimensionality, and they observed that three-dimensional computations identified a relief
effect present in separated flows, which reduces the overall separation size. Bond et al. [36]
derived a technique called the method of manufactured solutions (MMS), which is capable of
testing the Euler, Navier-Stokes, and Reynolds-averaged Navier-Stokes equation sets and also
some of their associated boundary conditions such as slip, no-slip, and outflow. They concluded
that derived manufactured solutions can be applicable to general CFD codes to verify order-ofaccuracy and to evaluate different formulations of boundary conditions.
Flow over a sphere is an important class of separated flows in which the location of flow
detachment is not fixed by the geometry. Constantinescu et al. [37] conducted numerical
simulations at Re  10 using unsteady RANS, LES, and detached eddy simulation (DES) and
4

compared them with each other. The means of controlling the flow over a spherical protuberance
was examined. They investigated the role of suction to eliminate the vortex created by the
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protuberance by generating a large vortex upstream of the protuberance to delay the local
separation and to affect the symmetry of the wake.
Gnedin et al. [38] computed crossing shock-wave/boundary-layer interactions solving
three-dimensional Reynolds-averaged Navier-Stokes equations with the k   turbulence model.
They examined three different configurations— 7  7,7 11 , and 15 15 —at Mach number 3.9.
Humble et al. [39] conducted experiments in the blow-down transonic supersonic wind
tunnel, mounting a shock generator at the center of the test section. The instantaneous threedimensional flow organization of a SWTBLI was investigated using tomographic particle image
velocimetry (PIV). Ganapathisubramani et al. [40] investigated the relationship between the
upstream boundary layer and the unsteadiness of the separated flow scale in a Mach 2
compression ramp using PIV methods. Choi et al. [41] performed simulations of compressible
boundary layer flow at three different high Reynolds numbers using a hybrid large-eddy
simulation/Reynolds-averaged Navier-Stokes method over a flat plate. It was observed that this
hybrid LES/RANS model provides good predictions of mean flow properties and turbulence
structural features.
Debonis et al. [42] summarized the assessment of computational fluid dynamics
predictions comparing four experimentally measured shock-wave/boundary-layer interactions in
a recently held workshop on CFD prediction of SWBLIs. It was found that the relative accuracy
of the methods was not consistent between the flow parameters, and the errors in general
increased with increasing shock strength for all solutions. The turbulence model that was used
played a dominant role in the accuracy level of the RANS solutions, and it was found that LESs
had similar error levels but predicted better normal stresses.
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CHAPTER 3
TURBULENCE MODELING

3.1

Introduction
Turbulence modeling plays an important role in computational fluid dynamics. “Turbulent

fluid motion is an irregular condition of flow in which the various quantities show a random variation
with time and space.” Most flows of engineering significance are turbulent. Turbulent flows,

which are of great practical importance, are rotational, fully three dimensional, and fully time
dependent. Turbulent flow has random velocity fluctuations and contains a wide range of eddies
with various length scales. By the late 1970s, three main approaches for solving turbulence
problem had been invented:
1. Reynolds-Averaged Navier-Stokes Equations
2. Direct Numerical Simulation
3. Large Eddy Simulation
Many engineering applications in the field of CFD are based on RANS. The RANS
approach is the most widely applied simulation technique for flows involving wall boundaries.
Direct numerical simulation is another important technique in handling a turbulent flow because
it resolves all the scales in the turbulent flow. In this method, the major disadvantage of increase
in computational cost is with an increase in Reynolds number and the complexity of the
geometry to be computed. The LES technique involves resolving large scales in the flow and
modeling small scales in the flow. This technique is superior to RANS models in predicting
separation regions at high Reynolds numbers. Because of the high computational cost of LES in
the attached boundary layer flows and the RANS models limitations in the prediction of
separated regions at high Reynolds numbers, researchers have introduced hybrid turbulence
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models combining the advantages of both the RANS and LES models. The popular hybrid model
is the detached eddy simulation, which follows a scale adaptive simulation and the other is
delayed detached eddy simulation (DDES).
3.2

Brief History of Turbulence Modeling
The origin of the time-averaged Navier-Stokes equation, referred to as Reynolds

averaging, began in 1895 by Osborne Reynolds and had profound importance in the fluid
dynamics community. The earliest attempts to model turbulent stresses followed the molecular
gradient-diffusion process. Later on, Boussinesq introduced the concept of eddy viscosity, which
is widely known as Boussinesq approximation. But the physics of viscous flows was still a
mystery until Prandtl’s discovery of the boundary layer in 1904. He introduced the concept of
mixing length for computing the eddy viscosity. The mixing-length hypothesis, popularly known
as the algebraic model, was the first attempt to model the behavior of turbulence. Prandtl
proposed the concept of a one-equation model of turbulence, in which eddy viscosity depends on
the kinetic energy of the turbulent fluctuations “k.” Although the concept was physically
realistic, it was unable to provide the turbulent length scale and, thus, was regarded as an
incomplete model.
In 1942, Kolmogorov introduced the first complete turbulence model, with a second
parameter “,” the rate of energy dissipation in a unit volume and time, and modeled an equation
to estimate it. This model is known as the two-equation model of turbulence. Chou and Rotta
[43] proposed a different methodology, a second-order closure turbulent model in which the
Boussinesq approximation was not used. Rotta designed a differential equation that represents
the Reynolds stress tensor. These types of turbulent models are described as stress-transport
models. For a three-dimensional flow, a stress transport model has seven equations—one
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equation to obtain the turbulent length scale and the other six to obtain the components of the
Reynolds stress tensor.
Researchers were continuously modifying and developing new models to increase the
accuracy and range of their applications. Due to the enormous development in computational
power, the new techniques of LES and DNS have evolved.
3.3

Fundamental Concepts
The governing equations of fluid motion [44], which include the conservation of mass,

conservation of momentum, and conservation of energy represented in a differential form, are
known as the Navier-Stokes equation. The general form of the Navier-Stokes equation in flux
vector form is expressed as

Q E F G Ev Fv Gv






t x y z
x
y
z

(1)

 
 u 
 
Q  v 
 
  w
  et 

(2)

 u



2
 u  p 

E    uv


  uw

 (  e  p )u 
t



(3)

16

0



 xx



Ev   xy


 xz



u xx  v xy  w xz  qx 

(4)

v

  vu



F   v2  p 


  vw

 (  e  p )v 
t



(5)

0



 yx



Fv   yy

 yz



u yx  v yy  w yz  q y 

(6)

w



  wu



G   wv


2
w  p 
(  e  p) w
t



(7)

0



 zx



Gv   zy


 zz



u zx  v zy  w zz  qz 

(8)

where ρ = density, u, v, w = velocity vector components, et = total energy, p = thermodynamic
pressure, T = temperature, μ = dynamic viscosity, k = thermal conductivity,  ij = viscous
stresses, and q = heat flux.
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3.4

Reynolds-Averaged Navier-Stokes Equations
Reynolds introduced the concept of averaging fluctuating flow parameters to determine

the mean values. Averaged forms of the Navier-Stokes equations are known as Reynoldsaveraged Navier-Stokes equations. Three different approaches are used to reformulate NavierStokes equations to include and account for the effect of turbulence in a flow field: time
averaging, spatial averaging, and ensemble averaging.
3.4.1 Time Averaging
Time averaging is appropriate for the turbulent flow that, on the average, does not vary
with time. For such a flow, an instantaneous flow variable is expressed as f ( x, t ) . This flow’s
time average FT ( x) is defined by

FT ( x)  Tlim

3.4.2

1 t T
f ( x, t )dt
T t

(9)

Spatial Averaging

Spatial averaging is used for the turbulent flow that, on the average, is uniform in all
directions. For such flows, spatial coordinates are averaged by performing a volume integral. The
spatial average of the flow is

FV (t )  lim

1

V  V

 f ( x, t )dV
V

(10)
3.4.3 Ensemble Averaging
Ensemble averaging is appropriate for the flows that decay in time. The average FE is
defined by
FE ( x, t )  Nlim


1 N
 f n ( x, t )
N n
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(11)

The instantaneous flow quantity is assumed to be the sum of a mean value (denoted by a bar over
the variable) and a time-dependent fluctuating value (denoted by prime). Mathematically it is
represented as

f  f  f

1
f 
t

(12)

t0 t



fdt

(13)

t0

The governing equations of fluid motion for the two-dimensional flow are considered to
incorporate the effects of turbulent motion and are time averaged to obtain the mean flow
equation. The dimensional form of the conservation of mass can be expressed as

 


 (  u )  (  v)  (  v)  0
t x
y
y

(14)

The flow quantities are replaced by the above relation in equation (11) to provide
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The equation can be further reduced to
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Likewise the x-component and y-component of the momentum equation can be
manipulated by replacing instantaneous values with time-averaged mean and fluctuating values
and can be expressed in terms of shear stresses. The x-component and y-component of the
momentum equations are expressed as follows:
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Similarly the final form of the energy equation becomes
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A result of the modification of the original equation to include the turbulence effect
requires that a number of unknowns be increased. To close the system, supplementary relations
are introduced. These relations are known as turbulence models, which relate the fluctuating
correlations to the mean flow properties by means of empirical constants.
3.5

Classification of Turbulence Models
The vast majority of turbulent-flow computations have been carried out with procedures

based on the Reynolds-averaged Navier-Stokes equations. To compute turbulent flows using the
RANS approach, the development of a turbulence model is necessary to close the system of
mean flow equations. They are classified based on the number of additional transport equations
required to be solved along with RANS mean flow equations.
1. Algebraic (Zero-Equation) Model
2. One-Equation Model
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3. Two-Equation Model
4. Stress-Transport Model
3.5.1 Zero-Equation Model
The zero-equation model relates turbulent fluctuating to the mean flow field quantities by
algebraic relations. The assumption in this model is that the local rate of production of turbulence
and the rate of dissipation of turbulence are approximately equal. This model is mathematically
very simple. Generally, the zero-equation model employs an inner region/outer region
formulation to provide mixing length. Mathematically, it is expressed as

li   (1  e y

 / A

)y

(21)
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3.5.2 One-Equation Model
To account for the physical effect of past flow history, a transport equation based on the
Navier-Stokes equation is derived. When one such equation is employed, it is referred to as a
one-equation turbulence model. In this model, the velocity scale is represented by a partial
differential equation, whereas the length scale is specified algebraically. Mathematically, the
one-equation model is written as
k
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3.5.3 Two-Equation Model
When two transport equations are used to represent the physics of turbulence, this is
known as a two-equation turbulence model. Two standard two-equation models are reviewed. A
commonly used two-equation turbulence model is the k   model. In this method, partial
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differential equations are derived for kinetic energy of turbulence (k ) and the dissipation of
turbulence ( ) . Mathematically, the standard k   model is expressed as
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The other standard k   two-equation turbulent model includes one equation for the
turbulent kinetic energy (k ) as the above turbulence model and a second transport equation for
the turbulent frequency ( ) . Mathematically, the standard k   model is expressed as
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3.5.4 Shear-Stress Transport Model
Menter combined different elements of the k   and k   models to form a new form
of turbulence model. This model is comprised of the k   model for the inner regions of the
boundary layer and then switches to the k   model for the outer and wake regions of the
boundary layer. To combine the two sets of equations, the k   set is transformed into a k  
formulation using the following relation:
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(29)

The resulting combined equations are given by
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Pk   2

where the production of turbulence is defined as
Pk   ij
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and
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Classification of Spalart-Allmaras Model
In this section, the one-equation Spalart-Allmaras turbulence model [46], which provides

economic computations of boundary layers in external aerodynamics, is discussed in detail.
3.6.1 Spalart-Allmaras Model
The Spalart-Allmaras model solves one transport equation for the kinematic viscosity
parameter  , which is related to eddy viscosity, and length scale is specified by an algebraic
formula. The governing equation is formulated by using empiricism, dimensional analysis,
Galilean invariance, and selective dependence on the molecular viscosity. This model includes
eight closure coefficients and three closure functions. The transport equation for this model is
expressed as

d 1 

.        cb 2  
dt  
2
cb1   

2
 cw1 f w  2 f t 2     f t1  q 


 d 
where the eddy viscosity is given by
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The production term in the above transport equation (34) is defined as
S S


 2d 2

(38)

fv 2

where d is the distance to the wall,  is the von Karman constant, S is the magnitude of the
vorticity given by
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The wall function is
1

where
and
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The variable r used in the wall function should be truncated to value of about 10 to avoid the
wall function asymptotically becoming one. The trip function terms f t 2 and f t1 are given by
ft 2  ct 3 exp  ct 4  2 
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(44)
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where

dt  distance from the field point to the trip which is located on the surface

t  wall vorticity at the trip
q  difference between velocities at the field point and trip

x  grid spacing along the wall at the trip
The closure constants used in the above equation are
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3.6.2 Initial and Boundary Conditions
The initial condition for  is specified to be zero, up to a value of   /10 , i.e.,

  0   /10 . The boundary conditions are specified as follows:


At the inflow    



At the wall   0



At the outflow (extrapolation is used)
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CHAPTER 4
GRID GENERATION

1.1

Introduction
To resolve the Reynolds-Averaged Navier-Stokes equations within the given

computational domain, grid points must be specified. Grid generation is the most important
aspect in computational fluid dynamics analysis. The quality of the grid plays a vital role in the
accuracy of flow analysis. Primarily the grid systems [45] are broadly separated into two
categories: structured and unstructured.
4.1.1 Structured grid
A structured grid system utilizes the curvilinear coordinates to obtain body-fitted mesh.
This grid system uses quadrilateral elements in two-dimensional and hexahedral elements in
three-dimensional computational domains.
4.1.2 Unstructured grid
An unstructured grid method uses a random collection of elements to mesh. This type of
grid system utilizes triangle elements in two-dimensional and tetrahedral elements in three
dimensional computational domains.
To capture complex flow features, high-density mesh should be generated, and also,
mesh on the surface should be sufficiently fine to resolve the boundary layer flow. Some of the
measures of the superiority of the mesh are skewness, aspect ratio, and smoothness. Skewness
should not exceed 0.80, the aspect ratio of the cell should not surpass 1 at multi-dimensional
flows, and the maximum change in grid spacing should be less than 20 percent.
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4.2

Gambit 2.4.6
The gambit mesh generator was used in the current effort. Some of the element types

available in this package for two-dimensional and three-dimensional computation domains are
shown in Figure 3.

Figure 3. Different element types
Two types of approaches can be used in the gambit grid generator. One is the bottom-up
approach in which low-dimensional entities are created first and thereby higher-dimensional
entities are produced on top of them. The other approach is a top-bottom approach in which
higher-dimensional entities are generated first and then Boolean operations are performed to
define other entities.
4.2.1 General Grid Condition
Mesh in the near-wall regions must use various strategies to obtain successful
computations of turbulent flows:



y



at the adjacent wall should be less than 1.

The number of grid cells in the viscosity affected near-wall region should be at least 15.
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4.3



is acceptable as long as it is well inside the viscous sublayer y   4 .



Higher



Excessive stretching in the normal direction to the wall should be avoided.

y

Computational Domain
In this section, the geometry of three configurations—two-dimensional circular-arc

bump, three-dimensional circular bump, and three-dimensional antenna—and their mesh
generations are discussed.
4.3.1 Two-Dimensional Circular-Arc Bump
The computational domain chosen was 240  62.5 mm2 in the streamwise and normal
directions, respectively. The circular-arc bump, with length of 80 mm, height of 5 mm, and
radius of 163 mm, was placed in the middle of the flat surface. The length of the upstream and
downstream of the flat surface was taken as 80 mm. Numerical simulations were compared with
the experimental results of Liu and Squire [6] using circular-arc bump geometry, as shown in
Figure 4.

Figure 4. Two-dimensional circular-arc bump geometry
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The grid points are stretched along the wall normal direction. And the trailing edge of
the bump is clustered to capture the shock location efficiently. The computational mesh of the
two-dimensional circular-arc bump contains 87,731 grid points.
4.3.2 Three-Dimensional Circular Bump
To study the effects of the side wall, the geometry was extended to 60 mm along the
spanwise direction. The grid points along the spanwise direction were uniformly distributed. The
computational domain 240  62.5  60 mm3 of this configuration contains 1.6 million cells and is
shown in Figure 5.

Figure 5. Computational domain of three-dimensional circular bump
4.3.3 Three-Dimensional Antenna Geometry
Antenna geometry that is designed similarly to the TT-5006A intermediate-gain antenna
shown in Figure 6 is installed on most turbofan, turbojet, and propeller-driven aircrafts.
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Figure 6. Antenna TT-5006A
This three-dimensional antenna, with length of 560 mm, width of 150 mm, and height of 124
mm, was designed using gambit. Top and side views are shown in Figures 7 and 8.

Figure 7. Top view of antenna

Figure 8. Side view of antenna
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The computational domain for this antenna was approximately 11.7 times the total length
(L) of the antenna (i.e., 11.2L) along the flow direction, 3.2 times the maximum height (H) of the
antenna (i.e., 3.2H) along the normal direction of the surface, and 7 times the maximum width
(W) of the antenna (i.e., 7W) along the spanwise direction of the antenna. A multi-block grid
generation technique was performed to mesh this computational domain. The computational
domain was divided into three different blocks to cluster the mesh around the antenna surface
and to control the location of mesh away from the surface. The computational domain of the
antenna is shown in Figure 9. The mesh over the antenna was clustered using the size function. A
total of 3.28 million cells was generated for this configuration. Figures 10 and 11 illustrate the
mesh near the surface of the protrusion.

Figure 9. Computational domain of antenna
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Figure 10. Mesh over surface of antenna

Figure 11. Mesh generation along center of protrusion
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CHAPTER 5

RESULTS AND DISCUSSIONS
In this chapter, numerical computations are presented for three different configurations:
two-dimensional circular-arc bump, three-dimensional circular bump, and three-dimensional
antenna. The Reynolds-averaged Navier-Stokes equation simulations were performed for all
configurations. RANS computations were performed with a Spalart-Allmaras turbulence model
using commercial FLUENT software.
5.1

Circular-Arc Bump
Transonic flow over a circular-arc bump is discussed in the following sections. It is

comprised of a grid evaluation for the two-dimensional case, a comparison of the numerical
computations with experimental results provided by Liu and Squire [6] to evaluate the
performance of turbulence model, an illustration of the flow configuration, discussion of the
resultant fluid flow parameters, and a study of the different interaction configurations by varying
the exhaust pressure.
5.2

Two-Dimensional Simulations
The two-dimensional computational domain consisted of a circular-arc bump placed on

the middle of a flat surface. The computations were performed for three different exhaust
pressures. The incoming subsonic flow was accelerated over the bump to a supersonic flow
when the exhaust pressure was sufficiently low compared to the total pressure. At a certain back
pressure, the supersonic flow was terminated, causing a normal shock wave, resulting in flow
separation downstream of the shock–wave/boundary-layer interaction due to the adverse pressure
gradient some distance before the shock.
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A no-slip boundary condition was applied on the circular arc, on the upstream and
downstream flat surfaces. More nodes were positioned nearer the bump to generate a finer grid
on the bump curvature. An arrangement of 15 grid points placed in the viscous sublayer region
with y-plus values less than 1 for the first grid point next to the wall was considered critical for
this study. Figure 12 shows the y-plus values on the lower wall.

Figure 12. Wall y-plus values on lower surface
Figure 13 shows the pressure contour, and Figure 14 shows the Mach contour in the
computational domain. The pressure and Mach contours represent the transonic flow process. As
the subsonic flow approaches the circular arc, flow accelerates over the bump and becomes
supersonic. This supersonic flow was terminated by the shock wave at some downstream
location on the bump surface. Due to the adverse pressure gradient and SWTBLIs, massive flow
separation occurred at the trailing edge of the bump. Figure 15 shows the stream line traces. This
view is magnified at the trailing edge of the circular arc where the shock wave boundary layer
interaction and flow separation exists. Figures 16 and 17 show the contours of turbulent viscosity
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and velocity angle, respectively. Turbulence is observed at the trailing edge due to the formation
of the shock. Most of the turbulence activity is confined to a region near the wall.

Figure 13. Pressure contour (Pa) in computational domain

Figure 14. Mach contour distribution in computational domain
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Figure 15. Closeup view of flow separation at trailing edge of circular-arc bump

Figure 16. Turbulent viscosity contour (kg/ms)

37

Figure 17. Velocity angle contour (deg)
Skin friction variation along the surface of the circular arc is shown in Figure 18. The
friction coefficient c increases rapidly at the leading edge of the bump because of the highf

velocity gradient and increases gradually up to the shock location. At the shock location, the skin
friction coefficient drops suddenly and becomes negative, indicating flow separation. The rise in
skin friction coefficient indicates flow reattachment.

Figure 18. Skin friction distribution along lower surface
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5.3

Computational and Experimental Comparison of Circular-Arc Bump
Some quantitative values of the flow features of interest, such as wall pressure, position

of the shock on the surface, and peak Mach number parameters, were compared with the
experimental results reported by Liu and Squire [6]. The wall pressure was normalized with the
reservoir pressure to compare with the available experimental results, as shown in Figure 19.

Figure 19. Comparison of wall pressure between experimental and numerical computations

This plot shows that the computational RANS solution compares well with the experiment until
the shock interacts with the boundary layer. The simulated separation begins at about x = 24 mm,
which is fairly close to x = 21 mm estimated from the experiment. Downstream of this shock, it
was observed that the computational result consistently predicts larger wall pressures, which
indicates the error introduced by the turbulence model. It is also observed that numerical error
does not appear across the entire bottom wall but only in the shock-interaction region. Hence, it
is clear that the simulated wall pressures compare well with the experiment upstream and along
the first half of the bump. The differences appear in the second half of the bump. After
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reattachment, the wall pressure increases, in agreement with the experiment. The free-stream
Mach number shows a supersonic zone, with the peak Mach number M p  1.33 along the
trailing edge of the circular-arc bump, higher than the peak Mach number seen in the experiment.
5.4

Different Interaction Configurations
The strength and position of the shock could be varied on the circular-arc bump by

varying the exhaust pressure. In this paper, three pressure ratios

P
 0.528, 0.65, 0.66 are
Pt

considered. This allows studying various shock interactions ranging from weak shock to shockinduced separation flow features. Figures 20 to 22 show the shock configurations for these three
exhaust pressures. It can be seen that as the back pressure decreases, the shock location moves
toward the trailing edge of the bump. The length of the separation region decreases as the back
pressure is decreased.

Figure 20. Shock configuration for back pressure ratio of 0.665
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Figure 21. Shock configuration for back pressure ratio of 0.65

Figure 22. Shock configuration for back pressure ratio of 0.528
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5.5

Effects of Three Dimensionality
Oliver et al. [35] investigated the relief effect present in separated flows and determined

that the three-dimensional computations generally compare better to the experiment than the
two-dimensional computations for the considered turbulence models. The two-dimensional bump
was extended along the z-axis to study the side-wall effects. It was observed that the results of
three-dimensional computations varied at every plane along the z-axis. These computations are
compared with the experimental results reported by Liu and Squire [6]. Figure 23 shows the wall
y-plus values on the wall surface along the spanwise direction of the three-dimensional bump.
Computational RANS solutions obtained by using the Spalart-Allmaras turbulent model were
compared with the available experimental data. Figure 24 shows the wall pressure distribution on
the lower surface at a distance of 15 mm from the side wall. Figures 25 and 26 show the wallpressure distributions along the planes from distances of 30 mm and 45 mm, respectively.

Figure 23. Wall y-plus values along the spanwise direction

42

Figure 24. Wall-pressure distribution along surface at distance of 15 mm from side wall

Figure 25. Wall-pressure distribution along surface at distance of 30 mm from side wall
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Figure 26. Wall-pressure distribution along surface at distance of 45 mm from side wall

The above comparison demonstrated that the three-dimensional computational results
show better agreement than the two-dimensional solutions. Figure 27 shows the stream line
pattern in the three-dimensional circular bump. Figure 28 represents the flow topology on the
surface of the wall. This represents the corner flow as well the center flow-induced three
dimensionality, which indicates significant interaction between the shock wave and the corner
flows. Because of the flow circulation near the wall regions, the strength of the shock is
mitigated in the three-dimensional interactions when compared to the two-dimensional circulararc bump.
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Figure 27. Stream line traces along three-dimensional circular-arc bump

Figure 28. Flow topology along surface of wall

Flow properties such as pressure distribution, Mach number, turbulent viscosity, and
velocity angle were analyzed for the three-dimensional bump at various locations along the
spanwise direction (Figures 29 to 40). These figures confirm the prediction that turbulence
intensity along the center line of the three-dimensional bump is less compared to turbulence
intensity along the corners of the bump.
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Figure 29. Pressure contour (Pa) along surface at distance of 15 mm from side wall

Figure 30. Mach contour along surface at distance of 15 mm from side wall
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Figure 31. Velocity angle (deg) along surface at distance of 15 mm from side wall

Figure 32. Turbulent viscosity contour (kg/ms) along surface at distance of 15 mm from side wall
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Figure 33. Pressure contour (Pa) along surface at distance of 30 mm from side wall

Figure 34. Mach number along surface at distance of 30 mm from side wall
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Figure 35. Turbulent viscosity contour (kg/ms) along surface at distance of 30 mm from side wall

Figure 36. Velocity angle (deg) along surface at distance of 30 mm from side wall
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Figure 37. Pressure contour (Pa) along surface at distance of 40 mm from side wall

Figure 38. Mach contour along surface at distance of 40 mm from side wall
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Figure 39. Velocity angle (deg) along surface at distance of 40 mm from side wall

Figure 40. Turbulent viscosity contour (kg/ms) along surface at distance of 40 mm from side wall
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5.6

Three-Dimensional Antenna Simulation
Flow over an antenna mounted on the flat surface was simulated using the Reynolds-

averaged Navier-Stokes approach with the Spalart-Allmaras turbulence model. The
computational domain consisted of a three-dimensional antenna mounted in the spanwise center
of a 0.4 m high duct having a length of 6.66 m and width of 1.5 m. The mesh contained 3.4
million nodes. A no-slip boundary condition was employed at the lower wall, and a far-field
boundary condition was employed at the upper wall, inlet, and outlet conditions. Computations
were performed for a Mach number of 0.85. This flow field is complex because of its three
dimensionality and the presence of a shock-boundary layer interaction at the trailing edge of the
protrusion. To resolve the boundary layer properties, mesh was clustered on the surface of the
antenna. The numerical methodology applied to this configuration was validated for the twodimensional case of the circular-arc bump. The same methodology was applied for the protrusion
configuration. Figure 41 shows the stream line pattern in the computational domain, illustrating
that the stream line pattern was unaffected far away from the protrusion.

Figure 41. Stream line pattern over protrusion
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5.6.1 Pressure Distribution
Figure 42 shows the predicted pressure distribution along the center line of the antenna.
Figures 43 and 44 show the pressure contours on the lower surface of the computational domain
and central axis of the antenna. Upstream of the antenna, the pressure increases as the antenna is
approached. Thereafter, the flow accelerates on the surface of the antenna and the pressure drops
significantly, reaching a minimum at the trailing edge of the antenna. The pressure variation
reflects the separation and reattachment process. A significant pressure gradient is observed
around the leading edge of the antenna where there is a sharp turning of the flow around this
corner.

Figure 42. Pressure distribution along center line of antenna
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Figure 43. Pressure contour (Pa) on surface of wall

Figure 44. Pressure contour (Pa) along central axis of antenna

Figure 45 shows the velocity distribution along the central axis of the antenna. The
velocty contour over the antenna determines the formation of the shock at the trailing edge. As
the flow approaches the protrusion, the flat surface transitions to a curved surface, and the flow
acclerates over the antenna. At the trailing edge of the antenna, the supersonic flow is terminated
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by the incident shock. The peak Mach number is 1.82. Hence, the ineraction between the shock
and the boundary layer initiates boundary-layer separation. Figure 46 shows the temperature
contour on the lower surface of the wall, which indicates the vortex structure generated by the
three-dimensional protrusion.

Figure 45. Streamwise velocity contour (m/s) along central axis of antenna

Figure 46. Temperature contour (K) on surface of wall
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Flow properties, such as static pressure, temperature, and density, are shown in Figures
47 to 58 at varying distances (30, 60, 90, 120 mm) from the surface of the protrusion along the
normal direction of the wall.

Figure 47. Pressure contour (Pa) at distance of z = 30 mm from wall
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Figure 48. Pressure contour (Pa) at distance of z = 60 mm from wall

Figure 49. Pressure contour (Pa) at distance of z = 90 mm from wall
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Figure 50. Pressure contour (Pa) at distance of z = 120 mm from wall

Figure 51. Temperature contour (K) at distance of z = 30 mm from wall
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Figure 52. Temperature contour (K) at distance of z = 60 mm from wall

Figure 53. Temperature contour (K) at distance of z = 90 mm from wall
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Figure 54. Temperature contour (K) at distance of z = 120 mm from wall

Figure 55. Density contour (kg/m3) at distance of z = 30 mm from wall
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Figure 56. Density contour (kg/m3) at distance of z = 60 mm from wall

Figure 57. Density contour (kg/m3) at distance of z = 90 mm from wall
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Figure 58. Density contour (kg/m3) at distance of z = 120 mm from wall
5.7

Flow Topology and Turbulence Region

The phenomena of the shock wave interacting with the boundary layer was expected on this
configuration. It was observed that a weak shock wave is generated at the trailing edge of the
bump. The predicted numerical results showing the flow features are provided in Figures 59 to
62. Figure 59 illustrates the interaction of the upstream boundary layer with the pressure gradient
induced by the leading edge of the protrusion. Figure 60 shows the stream lines just above the
surface of the antenna, which determines the protrusion redirecting the flow-causing swirls. The
surface restricted stream lines on the lower wall from the flow around the antenna protrusion are
shown in Figure 61. The stream lines on the surface display a distinct region influenced by the
adverse pressure gradient upstream of the antenna and the wake region downstream of the
antenna. The turbulent boundary layer develops at the trailing edge of the antenna. Flow
accelerates over the surface of the antenna, and separation occurs near the trailing edge due to
the adverse pressure gradient of the wake. Velocity vector components at the trailing edge of the
antenna are shown in Figure 62.
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Figure 59. View of stream lines slightly upstream of antenna

Figure 60. View of stream lines showing flow over antenna protrusion
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Figure 61. Flow topology on lower surface of computational domain

Figure 62. Velocity vector components at trailing edge of antenna
The predicted turbulent viscosity contours across the central plane are presented in Figure
63. A patch of high turbulent viscosity just downstream of the trailing edge of the antenna can be
seen. Figures 64 and 65 shows the turbulent viscosity distribution along the spanwise direction at
a distance of y = 13 cm and y = -13 cm from the central axis. The simulations indicate a high
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level of turbulence arising in the separated shear layer. This layer thickens progressively in the
downstream direction.

Figure 63. Turbulent viscosity contour (kg/ms) along central axis of antenna

Figure 64. Turbulent viscosity contour (kg/ms) at a distance of y = 13 cm along spanwise
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Figure 65. Turbulent viscosity contour (kg/ms) at distance of y = -13cm along spanwise
A broader view of the three-dimensional viscosity distribution is provided by the
turbulent viscosity contours across parallel wall surfaces at fixed wall normal distances, shown in
Figures 66 to 68. At the location closest to the wall, a high level of turbulence is observed on
either side of the recirculation zone. Further away from the wall, the zone of flow reversal moves
in the downstream direction. Figure 69 presents the iso-surfaces of turbulent viscosity. Vortices
are observed to form in the trailing edge of the antenna and are entrained into the wake.
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Figure 66. Turbulent viscosity contour (kg/ms) at distance of z = 30 mm from wall

Figure 67. Turbulent viscosity contour (kg/ms) at distance of z = 60 mm from wall
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Figure 68. Turbulent viscosity contour (kg/ms) at distance of z = 90 mm from wall

Figure 69. Iso-surface of turbulent viscosity
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CHAPTER 6
CONCLUSIONS

Reynolds-averaged simulations were performed for the flow past a two-dimensional
circular-arc, a three-dimensional circular bump, and a three-dimensional antenna mounted on a
flat surface. RANS computations were performed with a Spalart-Allmaras turbulence model.
Flow properties for all three configurations were presented.
The first configuration was a circular-arc bump. The simulations were compared with the
wind tunnel experimental results. The main characteristics of the flow were well reproduced by
the numerical simulation, and there was good agreement between numerical and experimental
results with respect to static pressure, shock location, and principal topological features. This
observation supports the validity of the performance of the turbulence model. As the flow
accelerates at the leading edge of the circular arc, pressure decreases linearly before the shock
formation, and subsequently pressure increases sharply. Discrepancies in the flow properties
occurred at the trailing edge of the bump, which indicates the error introduced by the turbulence
model in the shock-interaction region. Flow behavior was strongly affected by the back pressure.
The shock moves further downstream with decreasing back pressure. By varying the back
pressure, various shock-interaction configurations were studied.
For the second configuration, a two-dimensional circular arc was extended along the
spanwise direction to examine the shock-wave/turbulent boundary-layer interactions and the
three-dimensional wall effects. It was observed that the computational flow properties of the
three-dimensional circular bump were in better agreement with the experimental results than the
two-dimensional circular-arc analysis. The flow characteristics at the center of the circular bump
were the same as the two-dimensional circular-arc computations. The side wall increases
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turbulence in the boundary layer but also decreases shock strength. It was noted that the
boundary layer was reduced as it moved along the bump, spilling it to the sides. This
investigation could be used in designing the three-dimensional devices to control the shockwave/boundary-layer interaction in various engineering applications.
The third configuration was simulation of the flow over a three-dimensional antenna. The
mean flow in the trailing edge of the antenna was characterized by a separated region. At the
wall, on either side of the center plane of the antenna, a circulation zone was present on the
surface of the antenna from which vortices emanated and evolved into the wake. By visualizing
the flow properties of the computational domain, acceleration of the flow over the crest of the
antenna followed by the separation at the trailing edge forming a weak shock was observed.
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