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Study of Far Wake of a Surface-Mounted Obstacle Subjected to

Turbulent Boundary Layer Flows

Shreyas S. Chaware

(ABSTRACT)

Experimental investigations were conducted with and without the presence of the surface-

mounted obstacle to quantify its effects on the far wake. The obstacle chosen for this study

was a 3:2 elliptical nose NACA 0020 tail wing-body (Rood body), approximately of height

equal to the boundary layer thickness at one of the measurement locations of the flow. The

experiments were performed by varying the Reynolds number of the flow and manipulating

the pressure gradient distributions using a NACA 0012 airfoil placed within the wind tunnel

test section. The measurements were acquired utilizing a spanwise traversing boundary layer

rake and a point pressure sensing microphone array. AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

The findings reveal that the presence of the obstacle introduces disruptions in the flow, such

as vortex and jet regions in the wake. However, the overall flow behavior remains consistent

with that of an undisturbed turbulent boundary layer, for varying Reynolds numbers and

pressure gradients. Notably, an adverse pressure gradient and lower Reynolds number both

accentuate the prominence of the jet and vortex region within the wake, with the trend re-

versing towards the other end of the spectrum. This behavior is akin to the larger turbulent

boundary layer under adverse pressure gradients and lower Reynolds numbers. Furthermore,

the presence of obstacles induces an increase in the overall level of the wall pressure spectrum

by approximately 2 dB, regardless of the flow condition. Additionally, it leads to a deviation

in the slope of the mid-frequency range of the autospectra compared to the smooth wall case.

Specifically, the mid-slope frequency of an undisturbed turbulent boundary layer is steeper

than that observed in the disturbed wake flow caused by the obstacle.
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(GENERAL AUDIENCE ABSTRACT)

The interaction between turbulence and aerodynamic surfaces gives rise to wall-pressure


uctuations, which in turn induce structural vibrations and acoustic noise. On surfaces

turbulent 
ows meet, antennae, 
aps, and other frequently mounted measuring devices. The


ow in their wake is impacted by the coherence of a turbulent boundary layer being disrupted

by these impediments mounted on aerodynamic surfaces. They also alter the nature of

the pressure 
uctuations that are generated on the surface of interest. The far wake of

a Rood Body obstacle was studied using a point pressure sensing microphone array and a

spanwise traversing boundary layer rake. Experimental measurements were taken for a range

of Reynolds numbers and pressure gradient environments at the Virginia Tech Stability Wind

Tunnel. AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAaaaaaaaaaaaaaaaaaaaaaaaaaa

Results show that the boundary layer rake measurements resolve the presence of the obstacle

wake successfully, by characterizing the wake structures and con�rming the presence of jet

and vortex regions in the wake of the obstacle. Surface pressure measurements reveal that

the presence of the obstacle causes the low-frequency content of the wall pressure to be

less dominant than the no obstacle case, while the high-frequency content becomes more

dominant in the presence of the obstacle. The presence of obstacles also increases the overall

levels of the wall pressure spectrum by approximately 2dB.
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Chapter 1

Introduction

1.1 Motivation

Turbulence plays a fundamental role in in
uencing the aerodynamic forces experienced by

aircraft, vehicles, and structures. The interaction between turbulent boundary layers and

the surfaces they 
ow over signi�cantly in
uences drag, lift, and overall performance. Under-

standing turbulence characteristics and pressure variations is essential for enhancing aero-

dynamic e�ciency, reducing drag, and optimizing the design of vehicles and aerodynamic

surfaces. Additionally, pressure 
uctuations caused by 
ow over any surface can lead to

induced vibrations in structures, potentially causing structural damage and compromising

their integrity. Furthermore, turbulence-induced pressure 
uctuations are a signi�cant source

of noise in various industries, including aerospace and automotive. By understanding these

mechanisms, researchers can develop e�ective noise control strategies, enhancing passenger

comfort and improving the acoustic performance of vehicles and structures.

De�ning turbulence, it can be described as the irregular and chaotic 
ow of a 
uid. Tur-

1



2 Chapter 1. Introduction

bulence is characterized by rapid and unpredictable changes in velocity, pressure, and other


ow properties. Vortices, eddies, and swirls appear at di�erent scales during turbulent 
ow,

which results in a highly disordered 
uid motion. Turbulence is often accompanied by in-

creased mixing of the 
uid, leading to enhanced transport of mass, momentum, and energy.

Turbulence in boundary layer 
ows has been a subject of signi�cant interest and ongoing re-

search recently. When a turbulent boundary layer 
ow interacts with surface discontinuities,

surface-mounted obstacles, or surface roughness the 
ow undergoes complex interactions and

disturbances. These interactions cause 
uctuations in the 
ow properties, including veloc-

ity, pressure, and vorticity. It has been observed that these interactions between turbulent

boundary layers and surface-mounted obstacles are responsible for noise generation. Despite

numerous studies focusing on the investigation of pressure 
uctuations and noise generation

in the near wake of surface-mounted obstacles, the understanding of these phenomena in

the far wake region remains largely elusive. The interaction of turbulent boundary layers

with surface-mounted obstacles is a complex phenomenon with far-reaching consequences.

Investigating the wake generated by these obstacles and analyzing the associated surface

pressure 
uctuations o�ers valuable insights into the mechanisms underlying noise produc-

tion. The resulting noise can have signi�cant consequences in various scenarios, including

aircraft cabin noise, the bu�eting of car windows caused by the wake of a car's wing mirror,

or noise emanating from the trailing edge of wind turbines, where turbulent boundary layers

interact with surface features and discontinuities.

Understanding the intricacies of these 
ow interactions and the resulting surface pressure


uctuations is of paramount importance. It enables us to elucidate the physics behind noise

generation. The primary objective of this thesis is to provide a comprehensive understanding

of the far wake behind surface-mounted obstacles and the associated surface pressure 
uctu-

ations. It would enable us to elucidate the physics behind noise generation. This knowledge
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is vital for developing e�ective noise control strategies and improving passenger comfort in

industries where noise is a signi�cant concern, such as aviation and automotive.

1.2 Background Information

To investigate the impact of surface-mounted obstacles on turbulent boundary layer 
ows,

it is essential to develop a thorough understanding of the 
ow dynamics and the intricate

interactions between the 
ow and the obstacle. This includes an understanding of various

key aspects, including turbulence characteristics, boundary layer formation, the distinct 
ow

structures within the boundary layer, the fundamental governing equations that describe

such 
ows, the wake formation downstream of the obstacle, and the spectral analysis of


uctuating pressure to discern the noise generated by these 
ow interactions. This section

delves into these critical concepts, which serve as the foundation for comprehending the

underlying physics governing the interactions between the 
ow and the obstacle.

1.2.1 Turbulent Flows

A brief description of turbulence is given in the motivation section, turbulence is a phe-

nomenon that occurs in 
uid 
ows characterized by highly irregular and chaotic motion.

Turbulence is sustained through a continuous transfer of energy across di�erent scales within

the 
ow. It involves the transfer of energy from large-scale motions, referred to as energy-

containing eddies or structures, to smaller-scale eddies in a process called the energy cascade.

This cascade occurs when larger eddies break down into smaller eddies successively until they

reach a su�ciently small scale where the energy is released as heat as a result of the viscous

e�ects of the 
uid. The energy cascade is a fundamental characteristic of turbulence, and it
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is critical to preserving the chaotic nature of the 
ow. Turbulent structures exist at various

scales, forming the turbulent spectrum. The sizes of the greatest eddies, also known as coher-

ent structures, are on the order of the 
ow dimensions, while the smallest eddies are on the

order of the Kolmogorov microscale, which indicates the scale at which viscous dissipation

becomes dominating. Between these scales, intermediary structures with a wide range of

sizes and shapes occur, adding to the 
ow's complexity. Turbulence is usually characterized

by a high Reynolds number 
ow.

The Reynolds number is a dimensionless parameter used to characterize the 
ow regime

of a 
uid. It relates the inertial and viscous forces within the 
ow and is de�ned as the

ratio of inertial forces to viscous forces. One of the common ways to mathematically express

Reynolds number is given as:

Re =
�V L

�
(1.1)

Where� is the density of the 
uid, L is the characteristic length of the 
uid with a velocity of

V and a dynamic viscosity of� . The Reynolds number is attributed to the pioneering work

of Osborne Reynolds in the late 19th century, where he investigated the 
ow through a water

pipe using colored dyes. During his experiments, Reynolds observed that at low 
ow rates

and small pipe diameters, the 
ow appeared smooth and well-ordered, with parallel layers of


uid moving in a predictable manner. This state is known as a laminar 
ow where viscous

forces dominate the inertial forces. As the 
ow rate or the pipe diameter was increased, the

previously laminar 
ow became unstable, exhibiting irregular 
uctuations and the formation

of vortices and eddies. This was de�ned as a turbulent 
ow. The experiments conducted by

Reynolds provided a signi�cant breakthrough in understanding the behavior of 
uid 
ow.

Mathematically, turbulence is described using the Navier-Stokes equations, which are a set
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of partial di�erential equations governing 
uid motion.

1.2.2 The Boundary Layer

When a 
uid in motion interacts with a moving or stationary surface, or vice versa, the

thin layer of 
ow near the 
uid surface interaction experiences a phenomenon known as a

boundary layer. The concept of boundary layer originated from the work of Ludwig Prandtl

in the early 20th century. In his experiments, Prandtl observed that the 
uid in direct

contact with a solid surface experiences the no-slip condition, where its velocity relative to

the surface is zero. However, the 
uid velocity away from the surface gradually increases and

approaches the freestream velocity. This layer of 
uid adjacent to the surface was termed as

the boundary layer. The boundary layer is characterized by the presence of viscous forces,

which play a signi�cant role in the 
ow behavior near the surface. As the 
ow moves away

from the surface, it undergoes a gradual increase in the average velocity in the direction of


ow. This increase is caused by a reduction in the in
uence of viscosity. The 
ow starts

with a velocity of zero close to the surface and gradually reaches the velocity at the edge

of the 
ow (referred to as Ue) that is similar to the velocity of the surrounding freestream.

This change in velocity is a result of the interaction of 
uid layers within the 
ow due to

friction. This represents the extent of the region a�ected by the presence of the boundary

layer and provides a measure of the thickness of the velocity boundary layer. The boundary

layer thickness refers to the distance between the solid surface and a point within the 
uid


ow where the velocity has reached 99% of the freestream velocity (Ue).

In boundary layer analysis, there are three signi�cant parameters used to describe the char-

acteristics and properties of a boundary layer: displacement thickness (� � ), momentum thick-

ness (� ), and shape factor (H ). The displacement thickness indicates the virtual increase
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in the thickness of the boundary layer caused by the presence of the boundary layer itself.

It is de�ned as the distance perpendicular to the wall that an inviscid 
ow would need to

be displaced in order to have the same mass 
ow rate per unit distance in the streamwise

direction as a viscous 
ow. It is known that a completely inviscid 
ow will have more mass


ow per unit streamwise distance than a viscous 
ow through the boundary layer region.

Hence the velocity defect (Ue � U1) will be proportional to the di�erence between these 
ow

pro�les. The displacement thickness is de�ned as,

� � =
Z �

0
(1 �

U1

Ue
)dx2 (1.2)

The momentum thickness characterizes the reduction in momentum 
ux within the boundary

layer compared to the undisturbed 
ow. It represents the integral of the ratio of the shear

stress at a given point within the boundary layer to the freestream velocity over the entire

boundary layer thickness. The momentum thickness (� ) provides a measure of the energy loss

or drag caused by the boundary layer and is closely related to the skin friction coe�cient. The

wall-normal displacement an inviscid 
ow would undergo so that the same momentum 
ow

exists between the viscous pro�le and the inviscid pro�le per unit streamwise distance can

also be used to determine the momentum thickness. The momentum thickness is expressed

as

� =
Z �

0

U1

Ue
(1 �

U1

Ue
)dx2 (1.3)

Lastly, the shape factor describes the shape of the velocity pro�le within the boundary layer.

It is de�ned as the ratio of the displacement thickness (� � ) to the momentum thickness

(� ). the shape factor (H ) is dependent on the displacement thickness and the momentum
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thickness. For zero pressure gradient turbulent boundary layers, the shape factor is given by

H � 1:3. The following equation describes the shape factor,

H =
� �

�
(1.4)

These parameters are essential in boundary layer analysis as they provide quantitative mea-

sures of 
ow characteristics. These properties will also be used to scale various plots in this

document. Friction velocity (u� ), is another parameter that will be used for scaling in this

document. It is a fundamental parameter used to characterize the shear stress or frictional

e�ects within a 
uid 
ow. The friction velocity represents the square root of the shear stress

divided by the 
uid density. Mathematically, it is de�ned as,

u� =
r

� w

�
(1.5)

Where � is the density of the 
uid, � w is the wall shear stress acting on the surface. The

friction velocity provides a measure of the intensity of the shear forces acting at the boundary

between the 
uid and a solid surface.

Over the course of this paper, we will also be talking about the boundary layer in varying

pressure gradients. Clauser [9], de�ned this parameter as the ratio of the pressure force to

the shear force exerted on the boundary layer defect. Mathematically it is represented as,

� =
� �

� w

dp
dx

(1.6)

Wheredp=dxrepresents the pressure gradient along the x-direction.� > 0 represents adverse

pressure gradient 
ow (APG), � = 0 represents 
ow experiencing zero pressure gradient
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(ZPG), and � < 0 represents 
ow in favorable pressure gradient (FPG).

1.2.3 Turbulent Boundary Layer Regions

Turbulent boundary layers (TBLs) consist of multiple regions with di�erent eddy sizes. These

regions are interconnected and include the viscous region (0< x +
2 < 30), the overlap region

(30 < x +
2 < 300), and the outer region (300< x +

2 until the edge of the boundary layer)

as explained in Schetz (2010) [22]. Figure 1.1 shows a schematic of the TBL of a smooth

surface. Herex+
2 represents the wall-normal distancex2 normalized over viscous length scale

given by �=u � , where,� is the kinematic viscosity of the 
uid and u� is the friction velocity.

Turbulence causes mixing between these regions.

Figure 1.1: Regions in a turbulent boundary layer 
ow [10]

The viscous region is further subdivided into two parts. The �rst part is the linear sublayer

(or laminar sublayer) which is closest to the wall and experiences a dominance of viscous

shear stress over turbulent shear stress. The linear sublayer extends tillx+
2 � 5 � 7. As

we move away from the wall, we enter the second sublayer of the viscous region which is

the bu�er layer. The shear within the linear sublayer intensi�es as a result of the turbulent

di�usion and mixing of high-velocity 
uid from the upper part of the sublayer. This sublayer

plays a vital role as it enforces a no-slip condition for the entire boundary layer and is essential
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for obtaining analytical solutions to 
ow equations. Outside the linear sublayer, the 
ow

becomes highly turbulent, with signi�cant contributions from both viscous and turbulent

shear stresses. Turbulence moves into the linear sublayer and spreads outwards from this

layer into the outer layer. After the linear layer comes the bu�er layer, which lies between

the viscous region and the outer region and is thicker than the linear sublayer. The bu�er

layer has a thickness greater than the linear sublayer, although it still remains relatively

thin. The mathematical representation of the velocity pro�le within the viscous region can

be expressed as follows.

u
u�

=
x2u�

�
(1.7)

The right-hand side of equation 1.7 is already de�ned earlier to bex+
2 . The left-hand side

can be de�ned asu+ which is the wall-normal velocity u normalized with friction velocity

u� . Therefore we can rewrite equation 1.7 asu+ = x+
2 which is the law of the wall for the

viscous region.

The outer region is the large region around the upper edge of the boundary layer. In the

outer region, turbulent shear stresses dominate, and the contribution of viscous stresses can

be neglected. Compared to the smaller structures near the wall, the structures in this re-

gion are coherent large-scale structures. In this region, the mean velocity pro�le transitions

smoothly, implying a minimal change in the gradient of the streamwise velocity in the di-

rection perpendicular to the wall. This smooth transition is attributed to the existence of

large-scale structures that e�ectively carry momentum perpendicular to the 
ow direction.

Conversely, near the wall, the gradient is signi�cant due to the impact of small structures

in
uenced by viscous stresses. The mathematical representation of the velocity pro�le within

the outer region can be expressed as follows.
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u � Ue

u�
= f

� x2

�

�
(1.8)

Equation 1.8 is known as thevelocity defect law. the left-hand side numerator represents

the velocity defect, which is the di�erence between the local velocity and the boundary layer

edge velocity (Ue).

Physical reasoning suggests that the transition between the two regions shouldn't be sud-

den. This observation aligns with experimental data shown in �gure 1.2. This indicates

the existence of an overlapping region where bothlaw of the wall and velocity defect law

concurrently apply. By manipulating both of these equations we get,

u
u�

= g
� � x2

�

� �
�u �

�

��
(1.9)

u
u�

= f
� x2

�

�
+

Ue

u�
(1.10)

In the overlap region, both of these equations must be equal for allx2. For a given boundary

layer pro�le, Ue=u� and �u � =� remain constants (unchanging in the wall-normal direction).

Thus, a constant multiplicative factor within the g function should have the same e�ect as

a distinct constant additive factor outside thef function [22]. The logarithm is the sole

function displaying such a characteristic. This leads us to propose:

u
u�

= A log
� x2u�

�

�
+ B (1.11)

u � Ue

u�
= A log

� x2

�

�
+ C (1.12)
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Here, A, B , and C denote constants. The overlap region is also known as the log layer due

to the logarithmic function meeting the criteria.

Figure 1.2: Velocity pro�le of a turbulent boundary layer normalized over inner scaling,
measured atRe� = 15500 by Glegg and Devenport (2017) [17].

Figure 1.2 shows the mean velocity pro�le of a turbulent boundary layer measured atRe� =

15500 by Glegg and Devenport (2017) [17]. The outer region is associated with large eddies

that drive pressure 
uctuations at the wall. In the log layer, shear stresses remain constant,

as viscous e�ects are negligible. In the inner region, the sum of turbulent and viscous shear

stresses is constant and equal to the wall shear stress, according to the average streamwise

momentum equation.

1.3 Literature review

Turbulent boundary layer 
ow around a surface-mounted obstacle has been an interest of

study for many years. Several notable studies conducted by Sakamoto and Aire [21], Moham-
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madi et al. [20], Sumneret al. [26], and Wanget al. [27, 28] have provided comprehensive

insights into the 
ow characteristics around surface-mounted obstacles, such as circular and

square cylinders, as well as prisms. Sakamoto and Arie [21] and Wanget al. [27] investi-

gated the e�ects of varying aspect ratios of wall-mounted rectangular prisms (Sakamoto and

Arie), square prism (Wanget al.), and circular cylinders (Sakamoto and Arie) in a turbulent

boundary layer on vortex shedding. The papers concluded that aspect ratio has a dominant

e�ect on the vortex shedding and the type of vortex than the boundary layer characteristics.

Whereas the studies of Mohammadiet al. [20] were focused on understanding the origin

of mean descending vortices in the near wake of the obstacle for di�erent boundary layer

states. A surface-mounted square cylinder obstacle with a height-to-width aspect ratio of 4

was studied for laminar and turbulent boundary layers. The paper by Sumneret al. [26] also

talks about the wake structures (vortices) in the near-wake of surface-mounted cylinders of

varying aspect ratios in a turbulent boundary layer. Wanget al. [28] described the vortical

structure of the square cylinder with an aspect ratio of 5 for various 
ow Reynolds numbers.

Arguillat et al. [5] conducted an experiment to measure the wall pressure 
uctuations in the

wake of a circular cylinder in a turbulent boundary layer with an aim to separate the aero-

dynamic and acoustic components of the pressure 
uctuation. Wavenumber spectra at the

shedding frequency of the cylinder showed a convective ridge with a symmetric pair of peaks

at non-zero spanwise wavenumber, indicating that the boundary layer and acoustic cone are

inhomogeneous around zero wavenumbers. At higher frequencies, the measurements were

substantially noisy and only show the convective ridge. Furthermore, the investigations con-

ducted by Bremneret al. [7] and Gabrielet al. [16] have explored boundary layers perturbed

by geometrically compact obstacles, particularly car wing mirrors.

In related research, several studies have been conducted to investigate the 
ow character-

istics around and within the near wake region of a Rood Body Obstacle [13], which serves



1.3. Literature review 13

as the primary focus of this paper. These studies primarily aimed to understand the 
ow

behavior, particularly velocity 
uctuations, and the vortex dynamics generated by the obsta-

cle shape. Devenport and Simpson [12] conducted an experiment on a wing-body junction

with a cylindrical wing with a 1.5:1 elliptical nose and a NACA 0020 tail to explore the

time-averaged and time-dependent properties of the wing-body junction 
ows. The main

objectives of the research were to investigate the characteristics of the "junction" vortex and

its in
uence on velocity 
uctuations in the 
ow. Measurements were taken using hot-wires

and a laser doppler anemometer. The hot-wire measurements were speci�cally taken in the

accelerating corner 
ow upstream of the maximum thickness of the wing. The experiments

were conducted in a wind tunnel with speci�c 
ow conditions ofRe� = 2500; 4500and 6700.

The results revealed that turbulent 
uctuations in the outer region of the approach boundary

layer primarily in
uenced the 
uctuations in the size and position of the junction vortex.

Additionally, oil 
ow visualization highlighted a line of separation wrapped around the wing,

originating upstream of the leading edge, along with a distinct region of low mean wall shear

stress. Laser Doppler anemometer measurements showcased a dominant elliptical vortex in

the time-mean 
ow near the wing's plane of symmetry.

Similarly, some other important studies conducted by Devenportet al. [11] aimed to exam-

ine the e�ects of a simple �llet on the 
ow of a turbulent boundary layer past an idealized

wing-body junction. The experiments were conducted at Virginia Polytechnic Institute and

State University, focusing on the time-averaged 
ow structure, the unsteadiness of the horse-

shoe vortex, and the impact of the angle of attack and approach boundary-layer thickness.

Detailed hot-wire velocity measurements were made in the wakes of the unmodi�ed wing

and the wing with �llet using two rakes of hot-wire probes at a distance ofX=C = 3, where

X represents the streamwise distance andC represents the chord of the Rood body obstacle

tested. Some of the important �ndings from these papers were the �llet did not prevent
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leading-edge separation or the formation of a horseshoe vortex but displaced the separated-


ow structure away from the wing surface, e�ectively increasing the radius of the wing's nose.

The �llet enhanced the distortion of the time-averaged boundary layer structure caused by

the streamwise legs of the horseshoe vortex, indicating potential increases in the vortex's

size and strength. Finally, variations in the angle of attack and approach boundary-layer

thickness did not alter the qualitative e�ects of the �llet on the horseshoe vortex structure.

Hsing and Teng [19] focused on investigating the e�ects of pressure gradient and stream-

line curvature on 3D-turbulent boundary layer 
ows and their implications for modifying

commonly used expressions for eddy viscosity or mixing length based on the Reynolds anal-

ogy. The experiments were conducted in the D-2 low-speed wind tunnel and G-3 trisonic

blow-down wind tunnel in the Gas Dynamics Lab at Beijing Institue of Aeronautics and As-

tronautics (BIAA). The 
ow conditions tested ranged from a freestream Reynolds number

of 1 � 107 to 2 � 107. The instrumentation used included Pitot tubes for velocity measure-

ments, hot wires for turbulence quantities, preston tubes for skin friction measurements, and

hot �lms for wall checking. The conclusions drawn from the study were that the velocity

pro�les in the 3D attached 
ow region closely followed the wall-wake law. The dominant

factor in
uencing the behavior of the 3D turbulent 
ow in the wing/body junction was the

separation-induced horseshoe vortex. Furthermore, the behavior of the turbulent boundary

layer at subsonic speeds exhibited similarities to the low-speed cases studied.

Fleming et al. [14] aimed to investigate the 
ow structure, vorticity distributions, and

pressure gradients in an incompressible turbulent 
ow around a wing-body junction. The

objectives were to understand the e�ects of Reynolds number and body-to-wing thickness

ratio on the junction 
ow structure and compare the obtained data with previous measure-

ments. The tests were conducted in the Low-Speed Boundary Layer Tunnel, which was a

wind tunnel facility located at Virginia Tech. The study utilized a boundary layer hot-wire



1.3. Literature review 15

probe and a constant temperature anemometer for measurements. Measurements were made

around the wing body junction as well as in the far wake up to X/C = 11.56, whereX repre-

sents the streamwise distance andC represents the chord of the Rood body obstacle tested.

Measurements were made at a reference velocity of 26.75 m/s. The paper concluded that

the position of maximum velocity was associated with the line of low shear location and

related to the major 
ow features of the horseshoe junction vortex. The primary horseshoe

vortex was elliptically shaped near the wall, with spanwise velocity gradients contributing

to streamwise vorticity distribution. The relationship between pressure-induced and vortex-

induced cross
ows near the wall in
uenced the development of the horseshoe vortex 
ow

structure. The far wake 
ow distortion patterns indicated a di�used vortical 
ow struc-

ture in
uenced by the growing boundary layer. The study also highlighted the e�ects of the

Reynolds number on 
ow characteristics, such as mean 
ow distortions and horseshoe vortex

characteristics.

While these studies have made signi�cant contributions to the understanding of 
ow phe-

nomena, there remains a noticeable gap in research speci�cally investigating surface pressure


uctuations in the wake of surface-mounted obstacles. Hasan'set al. [18] primarily focused

on wall pressure 
uctuations around the wing-body junction in a turbulent boundary layer


ow with a strong adverse pressure gradient. The study concluded that adverse pressure gra-

dients increase the low-frequency content of wall pressure while decreasing the high-frequency

content. However, these studies provide limited descriptions of the far wake region of the

obstacles, leaving a crucial knowledge gap in the �eld.

The studies presented so far either fail to address the surface pressure 
uctuations due to a

Rood body obstacle placed in a turbulent boundary layer 
ow or fail to address the behavior

of the 
ow in the far wake of the obstacle. This present study aims to bridge this gap by

comprehensively examining the complex events occurring in the far wake of surface-mounted
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obstacles submerged in turbulent boundary layer 
ows. Through the integration of various

techniques, this research seeks to signi�cantly advance our understanding of the far wake

of surface-mounted obstacles, shedding light on the intricate interactions between pressure


uctuations, noise generation, and the fundamental structure of these phenomena.

1.4 Objectives

The preceding review section provides an overview of the existing research conducted on

the e�ects of surface-mounted obstacles in turbulent boundary layers. However, it reveals

a notable gap in our understanding of the wake of a surface-mounted obstacle, speci�cally

regarding the study of pressure 
uctuations in the far wake region. While Hasanet al. [18]

made attempts to investigate pressure 
uctuations, his focus was primarily on the wing-body

junction area. Similarly, Fleminget al. [14] examined the far wake, but his primary interest

lay in mean 
uctuating velocity measurements. Consequently, there remains a signi�cant

knowledge gap regarding pressure 
uctuations in the far wake of surface-mounted obstacles.

This paper aims to address and bridge this existing gap by comprehensively studying the

e�ects of a surface-mounted obstacle on both 
ow characteristics and pressure 
uctuations

in the far wake region. To accomplish this objective, experiments were conducted in the

Virginia Tech Stability Wind tunnel, utilizing a specially designed Rood body obstacle. The

experimental setup involved employing a range of measurement techniques and instruments

capable of capturing the relevant 
ow parameters and pressure 
uctuations. The main

objectives of this study can be summarized as follows:

ˆ Design an obstacle and instrumentation setup and conduct experiments under varying


ow Reynolds numbers and pressure gradients to investigate the e�ects of the obstacle

on the far wake. Measurements are to be taken both with and without the obstacle,
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to discern and isolate the obstacle's in
uence on the 
ow.

ˆ Conduct a comprehensive analysis of 
ow characteristics and structures, including

vortex and jet regions, arising from the obstacle's presence. Explore various Reynolds

number and pressure gradient scenarios to gain insights into their e�ects.

ˆ Investigate the e�ects of the surface-mounted obstacle on surface pressure 
uctuations

in the far wake. Compare results with and without the obstacle under identical loca-

tions and 
ow conditions (varying Reynolds numbers and pressure gradients).

The experimental results obtained from the Virginia Tech Stability Wind tunnel, utilizing

a range of measurement techniques, were thoroughly analyzed and discussed in Chapter 3

of the paper. This section provided a comprehensive assessment of the �ndings, address-

ing the objectives outlined above. Additionally, a detailed description of the experimental

setup, including the testing facilities, instrumentation, and methods employed, was provided

in Chapter 2. Finally, the conclusions drawn from the study were presented in Chapter

4, summarizing the key �ndings and their implications in advancing the understanding of

surface-mounted obstacle wake.



Chapter 2

Experimental Setup and

Instrumentation

2.1 Virginia Tech Stability Wind Tunnel

A major chunk of the experiments was conducted in the Virginia Tech Stability Wind Tunnel

(VTSWT) [3]. It is one of the largest university-operated wind tunnels in the United States.

The VTSWT is a closed-circuit, subsonic wind tunnel, which consists of a continuous, single

return, removable test section of 1:85 m square cross-section and 7:3 m in length. The

tunnel is powered by a 0:45 MW variable speed DC motor which drives a 4:3 m long

propeller at up to 600RPM , resulting in a maximum 
ow speed of 80m=s or a Reynolds

number of 5million per meter in a test section with no blockage. Tunnel speed is regulated

using Emerson VIP ES-6600 SCR Drive, which enables a more precise speed regulation and

e�cient operation as it eliminates cyclic unsteadiness in the tunnel velocities and turbulent

inducing vibrations which are inherent with drive systems. Since the tunnel is a closed loop,

it contains an air exchange tower downstream of the fan and motor assemblies that is exposed

18
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to the atmosphere to maintain temperature stability. The settling chamber, with its seven

turbulence-reduction screens, is located downstream of the tower. The settling chamber has

a square cross-section of 5:5 m. The 
ow is directed into the settling chamber from the air

exchange tower, and it exits the chamber through a 9 : 1 contraction nozzle, which reduces

turbulence levels and accelerates the 
ow to the required test speed.

Figure 2.1: Schematic of the Virginia Tech Stability Wind Tunnel [3]

This facility with its distinct feature can be used for aerodynamic [2] and acoustic [1] testing.

There is a small favorable streamwise pressure gradient on the order of 0:3% per meter

(normalized on the free stream dynamic pressure) in its aerodynamic testing con�guration.

Hot-wire anemometry measurements made in the test section revealed that the freestream

turbulence levels vary between 0:01% to 0:04% for velocities between 5m=s and 75 m=s

[3]. The test section is modular in the sense that all four walls of the test section are

made of 0:61 m � 0:61 m aluminum panels. The test section is designed in a modular

manner, enabling convenient swapping of panels for instrument mounting. To induce 
ow

turbulence, a zig-zagged strip is employed near the end of the contraction chamber. This
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strip has dimensions of 3:18 mm in height (perpendicular to the wall) and 20:39 mm in

width (in the streamwise direction). The zig-zag pattern consists of sharp angles with an

internal angle of 27:6� . A schematic of the wind tunnel is shown in �gure 2.1.

Figure 2.2: Top-down Schematic View of the Stability Wind Tunnel Test Section

The experiments were performed on the port wall. The reference point, known as the origin,

was positioned at the upstream edge of the left-hand side wall, speci�cally at a distance of

0:914 m from the 
oor of the test section. The streamwise direction, denoted asx1, was

de�ned as positive towards the downstream edge of the test section. The wall-normal direc-

tion, denoted asx2, pointed away from the wall. Lastly, the spanwise direction, represented

by x3, was considered positive towards the ceiling of the test section. as shown in �gure

2.2. A 0:914m chord NACA 0012 airfoil that spans from the 
oor to the ceiling is mounted

such that the leading edge of the airfoil was 3:22 m (streamwise) away from the origin at

zero angle of attack of the airfoil. The change in the angle of attack of this airfoil (with a

range from� 10� to 12� ) creates a wide range of mean pressure gradients on the side walls.

A schematic of the SWT test section along with the airfoil is given in �gure 2.2.
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Table 2.1: Instrumentation streamwise distancex1 from the origin.

Obstacle LE BL Rake pinhole mics
Locations (x1; m) (x1=h) (x1; m) (x1=h) (x1; m) (x1=h)
Mounted at 1.31 17.44 - - - -
Loc 1 - - 2.53 33.70 2.13 28.45
Loc 2 - - 3.14 41.82 3.35 44.70

A series of pressure taps were inserted in the smooth aluminum panels on both the port

and starboard side walls and on the NACA 0012 airfoil surface. In order to prevent any

steps that could interrupt the 
ow, the pressure taps had a 1:6 mm outside diameter and

were 
ush mounted to the surface. The reference velocity in the test portion was calculated

using two pressure taps in the contraction chamber and two in the settling chamber. The

pressures at various pressure taps, including those in the contraction and settling chambers,

were recorded using an Esterline 9816/98RK pressure scanner. This scanner had a precision

of 0:05% and a range of� 2:5 psi for accurate pressure measurements. To measure the 
ow

temperature, an Omega type 44004 Thermistor was utilized, which had an uncertainty of

� 0:2 � C. The Thermistor was positioned in the contraction chamber of the wind tunnel.

The ambient pressure was determined using the Validyne DB-99 Digital Barometer, which

had an accuracy of 0:01" of Hg. By employing these reliable measurement systems, the wind

tunnel's freestream velocity was calculated with a maximum uncertainty of 0:052m=s.

Additional instrumentation used in this study includes a Spanwise Traversing Boundary

Layer Rake (TBLRake), a Point Pressure Microphone Array, a Low-Wavenumber Pressure

Sensing Array, and a Time-Resolved, Planar Particle Image Velocimetry (TR-PIV). In this

thesis, we will be focusing on the measurements taken using the spanwise traversing boundary

layer rake and the point pressure microphone array only. In addition to these instruments, an

obstacle was also placed on the test section port side wall. Details of the obstacle geometry
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