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ABSTRACT 

 
At high angles of attack, asymmetric vortices are formed on the leeward side of flight 

vehicles with pointed forebodies due to the random surface imperfections near the forebody apex. 

These vortices induce adverse side forces and yaw moments. The forces generated are too large to 

be controlled using conventional control surfaces and can result in flight instability and loss of 

control. Although many studies have reported that random surface imperfections trigger vortex 

asymmetry, there is a lack of understanding of how these imperfections directly correlate to the 

varying side force with roll orientation. 

 The present study is aimed at gaining a better insight into the underlying flow physics of 

vortex asymmetry. This is accomplished by performing flow field measurements using Particle 

Image Velocimetry and force measurements using a six-component strain gage balance on an 

unpolished and a highly-polished 12° semi-apex angle cone at subsonic speeds. Measurements 

were carried out with and without the implementation of controlled surface imperfections. All 

experiments were performed at a fixed Reynolds number of 0.3 × 106 based on the base diameter 

of the cone model. 

 The force measurements indicate that the vortices caused by the random surface 

imperfections are highly dependent on the magnitude of surface roughness. The results show that 

the side force was significantly reduced and was relatively less dependent on roll orientation for 

the polished cone. Flow field results show that the ratio of imperfection height to the local cross-

flow boundary layer thickness was observed to be critical in influencing the vortex location and 

growth. Furthermore, the region of incipient boundary layer separation was highly sensitive to the 

controlled imperfections. 
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CHAPTER 1 

 

INTRODUCTION 
 

1.1 High Angle of Attack Aerodynamics  

 

Flight vehicles with slender forebodies have significantly enhanced the speed of flight in 

civil and military applications over the last few decades. At high angles of attack, flight vehicles 

with pointed forebodies experience large side forces (𝐹𝑆𝐹) and yaw moments due to the 

asymmetric flow field above the conical body. With military aircraft frequently trying to achieve 

tactical advantage over their threats, the ability to achieve a high angle of attack for the purpose of 

mobility becomes crucial in combat. In aerodynamics, high angle of attack flight can be defined 

as an off-design flight condition where a flight vehicle experiences high forces and moments.  

These off-design conditions also lead to separated flows, vortices, shockwaves or combinations of 

these flow conditions [1]. At high angles of incidence, projectiles develop a blanket of separated 

flow over multiple areas of their bodies. This affects the aerodynamics of the vehicle by engulfing 

its control surfaces. Another derivative of this anomaly occurs near the apex region of pointed 

forebodies where the cross-flow boundary layer separates from the surface, forming several pairs 

of vortices. These vortices are highly unsteady in nature, oscillating between symmetric and 

asymmetric pairs. When the vortices are in an asymmetric arrangement, large fluctuations in side 

force and yawing moment present themselves, resulting in further instability of the flight vehicle 

and loss of control. 

1.2 Initiation of Vortex Asymmetry 

The side forces and yawing moments have been of interest to scientists, originating from the 

forces acting on airship hulls as reported by Munk [2]. Allen and Perkins [3] were first to 

characterize the flow over inclined bodies of revolution. They did so by comparing the theory and 

experimental data obtained for a large number of bodies of revolution, which varied in fineness or 

slenderness ratio. Slenderness ratio is defined as the ratio between the overall length of a body and 

base diameter of a body (𝐿 𝐷𝑏⁄ ). Allen and Perkins [3] reported findings on asymmetric flow over 
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slender bodies at high angles of attack. This led to further investigation by other researchers and 

the discovery of body roll orientation effects on vortex asymmetry.  

Experimental results have shown that the strength and location of asymmetric vortices are 

dependent on the nose roll orientation, suggesting that the random micro-imperfections near the 

tip of the forebody can have a large influence on vortex asymmetry growth downstream [4,5,6]. A 

study by Keener and Chapman [7] in 1977 suggested that the asymmetry originates due to the 

hydrodynamic instability of the symmetric vortex flow. Some recent studies [8-13] have shown 

that the magnitude of side force is high in laminar flow, decreases in transitional flow, and 

increases in turbulent flow. Many fundamental questions remain unanswered regarding the nature 

and initiation of flow instabilities, triggering vortex asymmetry. 

1.2.1 Effect of Angle of Attack 

The flow field over a conical body changes significantly with incidence angle. The onset 

angle of vortex asymmetry(𝛼𝑜𝑛𝑠𝑒𝑡)  is dependent on the nose shape, apex angle, and slenderness 

ratio. At low incidence angles the flow is attached to the surface, resulting in a uniform pressure 

distribution on the leeward side and a net zero side force. The next flow regime occurs between 

the semi-apex (𝜃𝐶) angle and the apex-angle (2𝜃𝐶), where the cross flow separates from the 

surface [10,14]. 

 

Fig. 1. Simplified representation of flow over a pointed forebody at various incidence angles [16] 
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A symmetric counter-rotating vortex pair appears on the leeward side of the axisymmetric body, 

resulting in a net zero side force.  The onset of vortex asymmetry occurs approximately at the apex 

angle, resulting in a non-zero net side force. At high angles of attack (𝛼 >  50°), the flow field 

resembles the flow field past a circular cylinder. The side force is unsteady in this regime but the 

time-averaged side force is zero [6]. Conical bodies with a large slenderness ratio experience 

increased side forces due to the large surface area. The forebody geometry can have different 

shapes including but not limited to cones [9,10,14,15], ellipsoids [8,15], and ogive [3,4,7,15]. A 

simplified representation of the various flow regimes for a pointed body are illustrated in Fig. 1. 

1.2.2 Effect of Roll Orientation 

Due to the immense practical interest in vortex asymmetry, numerous researchers have 

conducted studies over the past six decades that indicate vortex asymmetry is influenced by more 

than just the angle of attack. Computational fluid dynamic (CFD) studies performed by Taligoski 

[17] and Degani and Schiff [18] have shown that the vortices remained symmetric even at 40° <𝛼 <  50° in cases where there were no random micro-imperfections. While CFD findings show 

that vortices remain symmetric and stable (i.e. zero net side force) irrespective of its roll 

orientation, experiments have revealed that the magnitude and direction of side force varies 

significantly with roll orientation. Taligoski [17] also used Particle Image Velocimetry (PIV) to 

show the vortex structure and position with changes in roll orientation. These results augment the 

findings of previous researchers that the random micro-imperfections near the tip region trigger 

the flow instability. 

Due to the random micro-imperfections, the side force magnitude and direction change 

drastically with roll orientation (𝜙). Investigations conducted by Taligoski [17], Zilliac et al. [4]  

and Xuerui et al. [5] indicate that the side force exhibits a nearly periodic behavior at 𝛼=40º and a 

bistable behavior at 𝛼=50º.  In the bistable regime, the side force frequently switches between 

positive and negative values, resulting in significant yaw moments. The side force behavior for a 

conical body from Taligoski [17] are shown in Fig. 2. Similar trends were reported by other 

researchers [4,5] for similar model geometries. These findings suggest that the reason for 

discrepancies in results between models of similar geometry are due to the random micro-

imperfections that occur during machining processes. 
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Fig. 2. Side force periodic behavior for 𝜃𝐶 = 12° at 𝛼 = 40° 𝑎𝑛𝑑 50° [17] 

 

 

A recent study performed by Kumar et al. [10], tracked the behavior of side force with 

increasing angle of attack for a fixed roll angle. With respect to roll angle, the side force variation 

significance can be seen when the angle of attack approaches the asymmetric vortex range. The 

results from Kumar et al. [10] for the side variation with roll and angle of attack are shown in Fig. 

3.  

 

Fig. 3. Side force variation with respect to roll orientation and angle of attack for a sharp cone [10] 
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1.2.3 Effects of Mach Number 

The effect of Mach number on the side force magnitude was investigated by Kumar et al. 

[10]. Their results (Fig. 4) show that there is a delay in 𝛼𝑜𝑛𝑠𝑒𝑡 and reduced side force for a 𝜃𝐶 =12° sharp cone at 𝑀 = 0.6, 0.8. The large side force variation typically presents itself at lower 

Mach numbers where most flight vehicles maneuver.  

 

Fig. 4. Effect of Mach number on side force characteristics [9] 

 

 

One reason for the diminishing side force at higher Mach numbers is due to the effect of flow 

compressibility and shock waves at M=1. An explanation provided by Hunt [8] based on 

experimental results from Gowen and Perkins [19] suggests that shock waves narrow the wakes 

and sometimes detach the vortices from the body. Researchers collectively agree that decreased 

communication between the vortices and body due to an increase in Mach number directly 

correlates to a decrease in side force. [20] 

1.2.4 Effects of Reynolds Number 

The boundary layer type on slender bodies can significantly change the behavior of the 

asymmetric vortex system [13]. A comprehensive study by Lamont [13] on an ogive body showed 

that the side force magnitude is high in the laminar and turbulent regimes but significantly lower 

in the transitional regime (Fig. 5). The side force remains nearly constant when the boundary layer 

is laminar to about 𝑅𝑒𝐷𝑏 = 0.2 × 106. For 0.2 × 106 < 𝑅𝑒𝐷𝑏 ≤ 0.8 × 106, side force decreases 
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to almost zero. Past 𝑅𝑒𝐷𝑏 = 1 × 106, side force exhibits a monotonic increase until 𝑅𝑒𝐷𝑏 =2.0 × 106 after which there is a gradual decrease. 

 

 

Fig. 5. Effect of Reynolds number on side force characteristics (reproduced from Lamont [13]) 

 

 

From figure 5, it can be noted that the side force is maximum when the boundary layer is fully 

laminar and turbulent. Deng [11] pointed out that the reduction in side force levels in the 

transitional flow regime may be due to the formation of a separation bubble. The transitional 

boundary layer begins to separate from the body while it is laminar. Shortly after separating, it 

becomes turbulent and reattaches to the body along with the formation of a separation bubble 

which stabilizes the uneven pressure distribution. The delayed separation leaves a smaller region 

for the vortex structure, thus lowering the net side force. [11]  

1.3 Modern Flow Control Techniques 

Due to strong side forces and yaw moments generated at high angles of attack, conventional 

control surfaces become ineffective for controlling aircraft and projectiles in this regime. The flow 

asymmetry can be controlled by a passive method in which the flow is altered without the expense 

of external resources or by an active technique in which the flow is altered by adding energy into 

the flow.  
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Passive flow control techniques typically include affixing certain geometrical features to the 

body. Some of the passive control methods used to control vortex asymmetry include nose blunting 

[10], forebody strakes, nose booms, deployable strakes, boundary layer trips, and alterations to the 

forebody geometry [26]. The effectiveness of these types of flow control techniques depends on 

the size, placement, and configuration of the control devices. In some cases, modifications to the 

model geometry can be incommodious and expensive. To avoid such modifications to critical 

geometries, active flow control techniques such as blowing and suction [14] have been 

implemented. Active flow control methods usually involve injecting kinetic energy into the flow 

so that it does not separate from the body. A study performed by Kumar et al. [14] showed a 

significant decrease in maximum side force over a range of Reynolds numbers by nose blowing. 

Malcolm [21] and many other researchers [22] have performed detailed experimental 

investigations on different types of passive and active flow control methods and their effect on 

side force and yaw moments. 

1.4 Initiation of Flow Instability 

There have been a variety of interpretations on what initiates the vortex asymmetry. Few 

researchers believe that the main reason for the initiation of flow instability is the freestream 

turbulence. A study conducted by Lamont and Hunt [23] explains how free-stream turbulence can 

influence the vortex switching with the level of unsteadiness varying with roll angle. Hunt and 

Dexter [24, 25] tested a model at two different low turbulence intensities (𝑇𝑢 = 0.7% & 0.01%). 

They observed that while the vortex switching was eliminated, the asymmetric vortices remained, 

suggesting that free-stream turbulence is not the only factor in triggering the flow instabilities. 

Results from Hunt and Dexter [24, 25] reveal that the difference in turbulence levels produced a 

difference in magnitude of side force but the magnitude changed with roll angle [24,25]. 

1.4.1 Effect of Surface Imperfections 

Past research studies have shown that the roll angle plays a key role in affecting the side force 

magnitude. Likewise, the switching of asymmetric vortices changes with variation in roll angle as 

seen in many flow visualization results. Numerical simulations performed by Degani and Schiff 

[18] and Taligoski [17] on conical bodies with defect-free surfaces show that the vortices remained 

symmetric even up to 𝛼 = 50°. These findings confirm that for an asymmetric flow to be achieved, 

a surface imperfection must be introduced on the body near the apex region. The numerical 
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simulations by Taligoski [17] have been performed with geometrical disturbances present on the 

model. It was found that the size, shape, and location of the imperfection played a significant role 

in altering the structure of the vortices [17] [26]. The flow field over a conical body with and 

without surface imperfections is shown in Fig 6. Please refer to Taligoski [17] for more information 

on the numerical methodology of simulations. 

 

Fig. 6. Helicity computational results obtained by Taligoski for a perfectly symmetric cone [a] 

and cone with a perturbation at 30° clockwise from the left horizontal [b] at  𝛼 = 50° [17] 

 

 

Experimental studies have bolstered the findings from numerical simulations that indeed the 

random micro-imperfections near the tip region initiate the flow instability [1] [9] [16] [26-28]. 

Further studies involving controlled surface imperfections have helped to gain a deeper insight 

into the effect of controlled perturbations on the flow field. Investigations by Taligoski [17], Sha 

et al. [29], Degani and Tobak [30], Moskovitz [31], and Zhu et al. [27] reveal that the 

characteristics of vortex asymmetry can be significantly altered by size, shape, and location of 

surface imperfection. A recent study on the dynamic response of asymmetric vortices due to a 

rotating tip perturbation by Ma et al. [28] revealed that small intrinsic vortex oscillations exist, 

which are superimposed on the average vortex structures. Although much work has been done to 

understand the flow physics of asymmetric vortices, the effect of controlled imperfections on the 

size, location, and vortex strength needs a deeper understanding.  

 

a b 
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1.5 Objectives of Present Study 

The onset of asymmetric vortices at high angles of attack has been a phenomenon of interest 

for more than half a century. While much progress has been made in controlling them through 

passive and active flow control methods, many fundamental questions still remain. Although a 

significant amount of research has been conducted in understanding vortex asymmetry initiation 

and growth, the effect of imperfections on the vortices still requires further study. 

 The present investigation is focused on tracking the initiation, growth, and interaction of the 

crossflow vortices due to a controlled imperfection near the apex region at high angles of attack. 

To keep the test model geometry simple, a generic cone model was used. 

To start with, a roll search was performed to find the positions where the most symmetric and 

asymmetric vortices were located. Once the vortex positions were identified, single and multiple 

controlled imperfections were affixed to the cone model, varying in height and location. The size 

and location of controlled surface imperfections were determined using a combination of 

computational and experimental studies based on the local crossflow boundary layer thickness and 

the incipient separation location. Particle Image Velocimetry was used for flow field 

measurements and a six-component internal strain gauge balance for force measurements.  
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CHAPTER 2 

 

EXPERIMENTAL METHODS AND TECHNIQUES 

 

A detailed description of the various experimental methodologies and instrumentation used in the 

present study is presented in this chapter.   

2.1 Cone Model Geometry 

 

All experiments were conducted on a 12° semi-apex angle conical body fabricated from 

aluminum. The cone consisted of a blunt tip with a bluntness ratio (𝐷𝑡𝑖𝑝 ⁄ 𝐷𝑏 ) of .01 and a 

slenderness ratio of 2.34. The model was comprised of a forebody and afterbody. The model 

features are detailed in Fig 7. 

A stepper motor manufactured by Anaheim Automation (Model Number: 11Y202D-LW4) 

was installed between the forebody and afterbody to enable high precision roll capability. The 

motor was driven by a driver (Model: MBC25081TB) and controller (Model: PCL601USB), both 

manufactured by Anaheim Automation with commands being communicated through USB to the 

wind tunnel operating computer. Roll increments of 0.225° were achievable for the 98 mm long 

forebody. The forebody was mounted on the stepper motor shaft with a set screw that ran through 

an extruded hollow cylinder at the base of the forebody. The motor was secured to the afterbody 

with the help of four countersunk screws and a custom-built cap that mounted onto the front face 

of the motor. This cap was fastened to the conical afterbody with additional countersunk screws. 

Additional holes were drilled through the base of the cone to reduce the model weight and for 

routing the motor wires. 

The base diameter of the cone was 113 mm. The diameter played a critical role in 

determining the velocity at which the experiments were conducted. The Reynolds number based 

on the base diameter is defined as: 𝑅𝑒𝐷𝑏 = 𝑈∞𝐷𝑏𝜈  
(2.1) 

where 𝑈∞ is the freestream velocity, 𝐷𝑏 is the base diameter, and 𝜈 is the kinematic viscosity of 

air. 
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Fig. 7. Instrumented cone model 

 

 

Because the focus of the study was on the effect of controlled imperfections on vortex asymmetry, 

a more useful length scale is the local cross-flow boundary layer thickness (𝛿). This provides 

information on the local boundary layer flow regime and allows for a more systematic selection of 

the controlled hemi-spherical imperfection height (h). Therefore, the Reynolds number based on 

the local cross-flow boundary layer is defined as: 𝑅𝑒𝛿 = 𝑈∞𝛿𝜈  
(2.2) 

The corresponding Reynolds numbers were 𝑅𝑒𝐷𝑏 = 0.3 × 106 and 𝑅𝑒𝛿 = 780. A hole was drilled 

through the axis of the afterbody where the High Tech six-component force balance was fastened 

using two head socket screws. All holes on the model were covered with putty to obtain a smooth 

surface. 

In order to study the effect of controlled imperfection on vortex asymmetry, a smooth 

surface with minimal random micro-imperfections was needed as a baseline case. After evaluating 

several polishing techniques based on feasibility, cost, and surface finish, a cylindrical grinding 

technique was chosen to polish the cone model. Localized surface roughness (Ra) measurements 
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were obtained from the forebody using a Keyence (Model: LT-9501) laser profilometer at multiple 

roll orientations and streamwise locations. To minimize reflections from the surface during Particle 

Image Velocimetry measurements, a thin layer of black permanent marker was applied on the 

model except for the initial 7% of the overall length as measured from the tip. To compare the side 

force characteristics and flow field, an unpolished cone of the same dimensions as that of the 

polished cone was also manufactured  

2.1.1 Controlled Imperfections 

 

A systematic approach for the implementation of controlled imperfection was developed. 

The imperfections were made from a drop of epoxy adhesive (Loctite Model: EA 608) and the 

height was measured using a height gage with a resolution of 0.001 inch. The height of the 

imperfection varied based on the boundary layer thickness. 

2.2 Low-Speed Wind Tunnel Facility 

 

All experiments were conducted in the Florida Center for Advanced Aero-Propulsion 

(FCAAP) Low-Speed Wind Tunnel (LSWT) facility located at the Florida State University. The 

open loop LSWT is driven by a 200 hp fan and controlled using a variable frequency drive to 

achieve the required freestream velocity. The LSWT can achieve speeds ranging between 2 𝑎𝑛𝑑 80 𝑚 𝑠⁄ . Operating under suction, air is drawn through a bell-mouth inlet followed by a 

series of screens, which condition the flow. The conditioned air flows through a 9:1 nozzle to 

ensure a nearly uniform flow as it enters the test section. The dimensions of the 25 mm thick acrylic 

test section measure 0.762 m in width and height and 1.52 m in depth. The flow exiting from the 

test section passes through a diffuser before exiting the wind tunnel via the fan. 

The turbulence intensity was measured at the test section inlet in the streamwise direction 

using a single component hot-wire with a 10 µm diameter probe (Dantec Dynamics Inc) and found 

to be less than 0.5%. The turbulence intensity can be defined as: 𝑇𝑢 = 𝑢′𝑅𝑀𝑆𝑈∞  
(2.3) 

where the 𝑢′𝑅𝑀𝑆 is the root mean square value of fluctuating velocity component. 
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The freestream was measured at the inlet using a pitot static-tube connected to a Setra 339H 

electric manometer and has a range of 0-10” water channel. The static pressure measured is 

communicated to the wind tunnel operating computer where a Labview program uses the dynamic 

pressure to calculate and display the freestream velocity. A Labview PID control function was 

implemented into the program to communicate to the wind tunnel controller via PCI-6070E (MIO-

16E-1) and BNC-2110 to ensure precision of the desired velocity. 

2.2.1 Test Model Mounting Setup 

 

An arc sector was designed and inserted through a slot in the floor of the test section and 

was positioned on a level table beneath the wind tunnel. The arc was driven by a stepper motor 

with a built-in driver and controller (Model: 23MDSI306D-10-00) manufactured by Anaheim 

Automation. Commands were sent to the stepper motor from the wind tunnel control computer via 

a USB to RS232 cable. With the stepper motor rolling in increments of 0.225° and working in 

conjunction with a series of worm gears, the angle of attack increment of 0.02° was precisely 

achievable. The angle of attack for the model was measured with respect to the freestream flow 

direction. The test model and the arc sector setup are shown in figure 8. 

 

 

Fig. 8. Diagram of the cone model mounted on an arc sector in the low speed wind tunnel test 

section 
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Due to space constraints, the arc sector supports only a limited range of angles of attack. A 

set of high α attachment blocks were fabricated to obtain an α range of 0° 𝑡𝑜 65°. The high α 

attachments mount to the end of the arc with 4 bolts. The high α attachment can be seen in figure 

8. The actual angle of attack was verified by placing an inclinometer (Applied Geomechanics 

Model: Pro 3600) on the high α attachments. 

2.3 Instrumentation and Flowfield Measurements 

 

A two component PIV system was used for flow field measurements at a surface normal 

plane located at 20% of the overall length of the model. The forces and moments were measured 

using a custom-made six-component internal strain gauge balance (Hitech Engineering 

Equipments Inc.). 

2.3.1 Force Measurements 

 

The custom-made six-component force balance that was used had a maximum load rating 

of 60lbs, 30 lbs and 10 lbs for normal, side and axial force and a maximum moment ratings of 60 

inch-lb, 30 inch-lb, and 30 inch lb for pitch, yaw, and rolling moment, respectively. The balance 

was attached to a sting, which made mounting to the high angle attachments possible. The wires 

ran through a concentric hole in the high angle attachments and sting which connected to an 8 

channel NI TB-4330 terminal block. The terminal block was mounted and interfaced with a NI 

PXIe-1082 chassis and NI PXIE-8381 control module with data being acquired via a PCIe-8381 

simultaneous sampling data acquisition card. 

An in-house calibration was performed to find the calibration matrix for the balance. The 

theory and the procedure provided by the American Institute of Aeronautics and Astronautics 

(AIAA) was followed for the calibration. More information on the details of the calibration can be 

found in AIAA/GTTC Internal Balance Technology Working Group [32]. The voltages were 

acquired at a sampling rate of 100 Hz for 30 seconds and filtered using a 10 Hz low pass filter. 

2.3.2 Particle Image Velocimetry 

 

In order to obtain quantitative information of the velocity field, techniques that do not 

disturb the flow were implemented. One such non-intrusive method is known as Particle Image 

Velocimetry, in which a double-pulsed laser and a series of optics are used to illuminate particles 



15 
 

within a flow field while capturing 1000 pairs of images. The two images in a pair are separated 

by a known time interval. The visible tracer particles (also called “seed”) for a planar PIV typically 

consist of droplets of fluid (e.g. Olive oil droplets, fog fluid) with an approximate diameter of 50 

µm. The images are captured using a high resolution charged-coupled device (CCD) or 

complementary metal-oxide semiconductor (CMOS) double framed camera, which is 

synchronized with the double pulse laser. The pair of flow field images taken for a known time 

interval is processed using a predetermined calibration (performed prior to data acquisition) and 

cross-correlation algorithm where the particle shifts are calculated. The planar PIV setup used in 

the study can be seen in figure 11 and further details on PIV techniques can be found in Raffel et 

al. [33] 

  

Fig. 9. Camera, sheet optics, and laser configuration for planar PIV setup at 𝛼 = 40° 

 

In the present study a Quantel Evergreen 70-200mJ double pulsed Nd:YAG laser was used 

to illuminate the tracer particles within the plane of interest. The measurement plane was located 

at 20% of the overall model length. The time interval between laser pulses was chosen so that the 

particles displaced about 12 pixels between images. The laser beam passes through a plano-convex 

lens (1 m focal length), followed by a cylindrical plano-concave lens (-9 mm focal length) to create 
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a laser sheet of 1.5 mm thickness approximately. A semi-transparent mirror was used to redirect 

the laser sheet to fix the surface-normal plane on the model and measured to a thickness of 1.5 

mm. A 16-bit LaVision scientific CMOS double-frame camera (model: Imager sCMOS) with a 

resolution of 2560 × 2160 pixels, was used for recording 1000 pairs of instantaneous images at a 

frequency of 15 hz. A 180 mm Tamron macro lens was attached to the camera to allow a closer 

view of the flow field with the aperture set to a f-stop of 8 to allow enough light to capture the 

particles in the plane of interest. A Rosco fog generator (model: Delta 3000) and Rosco fog fluid 

were used to uniformly seed the freestream and maintain a uniform particle density. 

The image pairs acquired were processed on DaVis 8.2.1 software (LaVision Inc.) using a 

multi-pass setting with decreasing window size. A single initial pass with a square interrogation 

window size of  96 × 96 pixels and 50% overlap was used to begin the cross-correlation process. 

The window was reduced to a 32 × 32 pixel window and 50% overlap for the final pass. Once all 

1000 images were processed, the set was averaged to obtain the resulting vectors presented in the 

following section. The model and reflections were masked in the PIV images during processing to 

reduce spurious vectors. More details on post processing can be found in [34]. 

2.3.3 High-Speed Particle Image Velocimetry 

 

Measurements were taken for a transient case study, which required the use of a PIV system 

capable of acquiring data at higher frequencies than 15 Hz.  

 

Fig. 10. Sheet optics and laser configuration for high-speed planar PIV setup at 𝛼 = 50° 
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In this study, a Photonics Industry International Inc. 36 mJ double pulsed laser was used to 

illuminate the tracer particles at the same plane of interest as the Quantel Evergreen 70-200mJ 

double pulsed Nd:YAG laser. This laser passed through the same optics previously described. A 

1.0 megapixel, 12-bit phantom double framed CMOS camera was used to capture pairs of images 

at 5 kHz. The same setup used for the LaVision CMOS camera was also used for the Phantom 

camera. Data was acquired for a duration of 2.4 seconds and were processed on Davis 8.4.0. The 

same procedures described in the previous section were also used in the high-speed PIV system 

and the setup can be seen in Fig. 10. 
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CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

3.1. Surface Roughness Measurements 

 

In order to properly study the effects of controlled imperfections on vortex asymmetry, a cone 

model with negligible imperfections was required as a baseline. A cylindrical grinding technique 

was used to highly polish the conical surface and the surface profile was measured using a Keyence 

profilometer. The surface profile is comprised of a series of peaks and troughs of varying height, 

depth, and spacing. The surface roughness is a quantified measure of the surface profile height 

deviations to the median of the highest and lowest points of the peaks and troughs. Larger 

deviations indicate a rougher surface and inversely, smaller deviations indicate a smoother surface. 

Mathematically, surface roughness (Ra) was defined as:  

𝑅𝑎 = 1𝑁 ∑|𝑍𝑖|𝑁
𝑖=1  (3.1) 

 

where 𝑍𝑖 is the surface height deviation from the median and N is the total number of discrete 

measurements. 550 measurements were evenly taken over the span of 1100 µm for various rolls 

along the streamwise direction. 

 The surface roughness measurements, shown in Fig. 11, were taken between z/L = 0.01 

and z/L = 0.2. For clarity, a line connecting the data points is shown only for z/L = 0.01. It is 

observed from Fig. 10 that the machining imperfections are highly random in nature. For the region 

close to cone tip (z/L < 0.07), it can be seen that most of the Ra values are less than 1.6 μm, 

indicating a very low level of surface roughness relative to the local cross-flow boundary layer 

thickness in the vicinity of separation (250 - 300 μm). This also suggests that the level of vortex 

asymmetry and the associated side force are expected to be lower compared to unpolished surfaces 

of Ra > 6 μm. 
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Fig. 11. Surface roughness measurements on the polished cone forebody 

 

3.2. Effect of Roll Orientation on Vortex Asymmetry 

 

 It has been observed in previous studies [4,5,10,11,14,17] that both side force magnitude and 

direction vary with model roll orientation. Therefore, it is very important to conduct a careful roll 

search to identify roll orientation positions corresponding to maximum and minimum side force 

magnitude. In the present study, we varied the roll orientation of the forebody cone using a stepper 

motor. At angles of incidence less than 25°, data was collected for every 45° roll orientation, 

whereas at higher angles of incidence, forces were measured for every 5° roll step. The side force 

is presented in a normalized form in Fig. 12. The side force coefficient is defined as: 𝐶𝑆𝐹 = 𝑆𝐹𝜌∞ (𝑈∞)22 ∗ 𝜋4 𝐷𝑏2                                                                           (3.2) 

where SF is the measured side force and 𝜌∞ is the free stream density. The uncertainty in 𝐶𝑆𝐹 

calculated based on the method proposed by Moffat [35] was ± 0.016.  
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       (a) 

 

       

     (b) 

Figure 12. Side force coefficient for (a) unpolished cone (b) polished cone; legend is same for 

(a) and (b) 

 

 

 The results for a conventionally machined (unpolished) cone are shown in Fig. 12a. As observed 

in previous studies [4,5,10,11,14,17], the value of all side force coefficients is zero up to α < 25°, 

there is a sinusoidal variation with roll orientation at α = 40° and 45°, and there is a bistable 
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behavior at α = 50°. The variations of side force coefficient with roll orientation for the polished 

cone are shown in Fig. 12b. The results clearly show a significant reduction in the side force levels 

in the case of the polished cone. It can also be noted that the periodic variation observed for the 

unpolished cone for 𝛼 > 25° decreased to nearly one period in the case of the polished cone 

indicative of the reduced variation in surface roughness. The so-called bistable behavior is still 

visible for 𝛼 > 45°. A reduction in the surface roughness results in less asymmetry between the 

vortices, which translates into a lower net side force. These results indicate that the magnitude of 

vortex asymmetry can be considerably reduced by properly polishing the cone surface. 

 The time-averaged PIV results for the baseline cone (i.e. without controlled imperfection) at 𝛼 = 40°, z/L = 0.2 are shown in Fig. 13 for a few selected roll orientations. The flow field is 

presented in the form of normalized streamwise vorticity, defined as: 𝜔𝑧∗ = 𝜔𝑧𝐷𝑈∞                                                                                (3.3) 

where D is the local diameter of the conical body and 𝜔𝑧 is the streamwise vorticity, defined as: 

𝜔𝑧 = 𝜕𝑣𝜕𝑥 − 𝜕𝑢𝜕𝑦                                                                           (3.4) 

In Fig. 13, the streamlines represent the cross-flow direction at z/L = 0.2. Along with the contour 

plots in Fig. 13, the radial distribution of vorticity along the vortex core is shown to quantify the 

vortex location, the size, and the peak vorticity. The vorticity peaks on the right side of the line 

plots correspond to the primary vortices, and those on the left side represent the tertiary vortices. 

A higher difference in 𝜔𝑧,𝑚𝑎𝑥, Γ and location (r/D, β) between the left and right vortices indicates 

a higher level of vortex asymmetry and vice-versa. Increased levels of vortex asymmetry can lead 

to an increase in side forces and yaw moments.  

It can be inferred from Fig. 13a that as the flow moves past the conical body, the boundary layer 

separates from the surface, rolling up into vortical structures. The two vortices possess opposite 

rotational directions. The changes in the velocity field around the vortex result in a pressure 

gradient on the cone surface that translates into a net side force. It can be seen that at 𝜑 = 0° (Fig. 

13a), the right vortex is larger than the left vortex and the peak streamwise vorticity (𝜔𝑧,𝑚𝑎𝑥) is 

higher for the right vortex. The circumferential locations (β) of both the vortex cores are almost 

identical. On the other hand, the left vortex is closer to the surface than the right vortex, which 
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results in a low-pressure region near the cone surface. We can expect the side force to act towards 

the left in Fig. 13a due to the pressure gradient. The tertiary vortices shown in Fig. 13a have less 

influence on the side force. At 𝜑 = 45° (Fig. 13b), it is noticed that the right vortex has shifted 

away from the surface while the left vortex remains unaltered. The 𝜔𝑧,𝑚𝑎𝑥 and β values do not 

show a notable change relative to 𝜑 = 0°. At 𝜑 = 90° (Fig. 13c) and 𝜑 = 135° (Fig. 13d), the 

right vortex has gained strength and moved away from the surface while the left vortex has moved 

closer to the surface. Also, the strength of the left vortex has decreased. An interesting switch 

happens between 𝜑 = 135° and 𝜑 = 180° (Fig. 13e) where the right vortex moves closer to the 

surface and vice-versa. The 𝜔𝑧,𝑚𝑎𝑥 and β values are similar between the vortices. From 𝜑 = 180° 

(Fig. 13e) to 𝜑 = 315° (Fig. 13h), the 𝜔𝑧,𝑚𝑎𝑥, r/D, and β values are similar between the vortices 

except for a small difference observed at 𝜑 = 270° (Fig. 13g). The vortices are nearly symmetric 

at 𝜑 = 315° (Fig. 13h) based on the 𝜔𝑧,𝑚𝑎𝑥, r/D, and β values.  

Although the cone model is geometrically symmetric about the vertical plane, the variation in 

surface roughness near the forebody apex (Fig. 11) triggers asymmetric boundary layer separation 

at some roll orientations, resulting in vortices of non-uniform size, strength, and location. A similar 

observation was reported by Taligoski et al. [17] for an unpolished cone.  

 

 

 
(a)  

 

Figure 13. Contours and distribution of streamwise vorticity for baseline cone at 𝛼 = 40°,  

z/L = 0.2 
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(b) 

 

(c) 

 

(d) 

 

Figure 13. Continued 
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(e) 

 

(f) 

 

(g) 

 

Figure 13. Continued 
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(h) 

 

Figure 13. Continued 

 

 

When the vortices are very close to the cone surface and are symmetric with respect to the 

vertical plane, only the difference in the strength of the vortices influences the local static pressure 

and hence the net side force. The radial and circumferential locations become important when the 

location of vortices is asymmetric with respect to the vertical plane. These results indicate that the 

generated side force is heavily dependent on the vortex strength, the size, the peak vorticity, and 

the location. The instantaneous flow field is shown for 𝜑 = 315° as a representative roll case in 

Fig. 14.  

 

 

Figure 14. Instantaneous streamwise vorticity for baseline cone at 𝛼 = 40°, z/L = 0.2 
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While the time-averaged PIV results for the baseline cone (Fig. 13) shows only two vortices, it 

was found after looking at the instantaneous images that secondary and tertiary vortices do exist 

at certain instances in time and can possess considerable strength. The secondary vortices are 

formed as a result of primary vortex breakdown and so they possess the same rotational direction 

as the primary vortex. On the other hand, the tertiary vortices are formed due to the recirculating 

flow between the primary and secondary vortices and possess a rotational direction opposite that 

of the primary vortex. The tertiary vortices are typically weaker than the secondary vortices. These 

results indicate that the flowfield is highly unsteady and may result in significant unsteady loading 

on the surface. The uncertainty in the velocity field obtained from PIV measurements is shown for 

a sample case (𝜑 = 0°) in Fig. 15. 

 

 

Figure 15. Uncertainty in velocity field from PIV measurements for baseline cone at 𝛼 = 40°, 𝜑 = 0° 
 

 

 As observed from Fig. 15, higher uncertainties are present in the vortex core and diminish to 

zero in the freestream region. One main reason for this is the reduced seeding density in the vortex 

core as the angular velocity of the vortex moves the seeding particles away from the core. This 

region has nearly zero velocity and so low correlation coefficients can be expected. The second 

zone that has notable uncertainties is the separated shear layer region. This is because of the high 



27 
 

unsteadiness which results in increased velocity fluctuations between images and variation in 

seeding density. The area unaffected by the cross-flow vortices and shear layer have very low 

uncertainty values due to the uniform seeding density and reduced velocity fluctuations.  

 

3.3. Time Resolved Transient Roll 

 

Results presented in Fig. 12 correspond to time-averaged side force measurements for fixed 

roll orientations and angles of attack. Because of this, much of the discrete phenomenon occurring 

between roll orientations cannot be seen. The measured side force for the polished cone at α = 50° 

can be seen to switch suddenly at 60 < 𝜑 < 100°. Simultaneous High Speed PIV and force 

measurements reveal a much more gradual transition and can be seen in Fig. 16. Measurements 

were taken at a roll rate of 16.6 °/sec, with a 5000 image/sec recording rate and a total time of 2.4 

seconds. Initially (Fig. 16a), the right vortex is further from the model as opposed to the left vortex, 

which is closer. When the vortices are in this position, the left vortex creates a suction, inducing 

the corresponding negative side force shown in the plot. 

 

 

 

(a) 

 

Figure 16. Contours of vorticity and simultaneous side force measurements at 𝛼 = 50° 
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(b) 

 

(c) 

 

(d) 

 

Figure 16. Continued 
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The model rolls to a point where a pair of nearly symmetric vortices appear (Fig. 16b). 

Although the vortices appear to be symmetric, the location and strength of the vortices ultimately 

dictate the resulting side force and can be seen to be a very low in the corresponding side force 

plot. These vortices remain in this position for a period of time until the model rolls so that the 

vortex switching begins again. This phenomenon was initially not prevalent with the force and 

PIV time averaged measurements. Fig. 16c shows the final vortex locations after the vortices 

switch positions. In this position, the left vortex is far from the forebody while the right vortex is 

very close, inducing the resultant side force shown in the corresponding force measurements. The 

bistable behavior observed in Fig. 12 can be seen in the results shown in Fig. 16 with a step in 

between the maximum magnitudes of side force. This indicates the nature of the vortices is mostly 

bistable at α = 50° but there are small roll ranges where the vortices can still obtain a level of 

symmetry. An interesting observation can be made by comparing the results of two consecutive 

images (Fig 16c & Fig 16d). These results show that the actual nature of the peak vorticity, 

location, and geometry is highly unsteady in nature. Similarly, the point of boundary layer 

separation is also highly unsteady. 

3.4. Effect of Imperfection Height and Location on Symmetry of Vortices 

 

The controlled imperfections were tested on the most symmetric (𝜑 = 315°) case as identified 

from the baseline PIV experiments. A two-part epoxy (Loctite Inc.) was used to create an 

imperfection at z/L = 0.02. The location and geometry of the controlled imperfection are shown in 

Fig. 17. From a fluid mechanics standpoint, an imperfection height of the order of the cross-flow 

boundary layer thickness (𝛿) is required to perturb the adjacent flow field. Therefore, four different 

imperfection heights (h/𝛿 = 0.5,1,2,3) were tested to understand the effect of the imperfection 

height on the flow field, measured at z/L = 0.2. The circumferential location of the imperfection 

(𝜃) was chosen in the vicinity of the cross-flow boundary layer separation region after studying 

the flow field with the imperfection placed at various circumferential locations. The results for the 

effect of imperfection height and location on the vortex size, the location, and the strength are 

provided in Figs. 18-21. The contours and radial distribution of streamwise vorticity for the cases 

with a single imperfection located at 𝜃 = 18°, z/L = 0.02 are shown in Fig. 18. 
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Figure 17. Controlled imperfection location and geometry (𝐷𝑆𝐼 – base diameter of surface 

imperfection) 

 

 

 It is observed that the asymmetry in vortices is amplified with increasing imperfection height 

up to h/𝛿 = 2, after which there is an opposite behavior. As opposed to usual expectation that the 

flow field disturbance will be higher at increased imperfection heights, the level of asymmetry at 

h/𝛿 = 3 decreases significantly relative to h/𝛿 = 2. One reason for this behavior could be a faster 

decay of the tip disturbance downstream (due to a higher angular velocity in the vortex), resulting 

in a lower level of vortex asymmetry at the measurement plane (z/L = 0.2). These results indicate 

that selecting the correct imperfection height is critical to achieve the required level of perturbation 

in the flow field.  

 

 

(a) 

Figure 18. Contours and distribution of streamwise vorticity for the effect of imperfection height 

at 𝛼 = 40°, z/L = 0.2 



31 
 

 

 

(b) 

 

(c) 

 

(d) 

Figure 18. Continued 
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(e) 

Figure 18. Continued 

 

 In Fig. 18, a stable symmetric flow has been perturbed to obtain a stable asymmetric flow 

pattern. 

 In order to further investigate the influence of imperfection height on the vortices, the 

circulation (i.e. vortex strength) and peak streamwise vorticity are plotted versus vs. h/𝛿 in Fig. 

18.  The strength of the vortex, referred to as the circulation (Γ) is defined as: Γ = ∯ 𝜔𝑧𝑑𝐴                                                                  (3.5) 

Where dA represents the differential area inside a vortex. Eq. (3.5) can be written in an algebraic 

form as follows: 

Γ = ∑ 𝜔𝑧,𝑖𝑁
𝑖=1 𝐴𝑖                                                                (3.6) 

Where 𝐴𝑖 is the individual pixel area obtained from the PIV image. 

 It can be observed from Fig. 18a that the change in circulation is nearly of equal magnitude and 

opposite direction between the right and left vortices. This implies an increase in the strength of 

right vortex results in a decrease in the strength of left vortex and vice-versa. It is important to note 

that the imperfection was located on the right side of the cone surface. For h/𝛿 = 2, the difference 

in circulation levels between the vortices is maximum. The peak streamwise vorticity results (Fig. 

18b) show an asymmetric change with increasing h/𝛿 with a maximum difference noted at h/𝛿 = 

2. The results in Figs. 18 and 19 clearly indicate that h/𝛿 = 2 exhibits the highest level of asymmetry 

based on the location and strength of the vortices. 
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                                                 (a)                                                                   (b)   

Figure 19. Variation of (a) circulation and (b) peak streamwise vorticity with imperfection 

height 

 

 

The flow field at various circumferential locations of the controlled imperfection is shown in Fig. 

20. Except for 𝜃 = 0°, the vortex core location and radial distribution of vorticity exhibit a notable 

change when the imperfection location is altered. From a fluid mechanics perspective, one can 

expect a higher perturbation to the flow field when the imperfection is placed near the point of 

incipient separation of the cross-flow boundary layer. Numerical simulations performed in 

conjunction with the experiments show that the cross-flow boundary layer growth is self-similar 

after 5% of the cone length.  

 

 

(a) 

Figure 20. Contours and distribution of streamwise vorticity for the effect of imperfection 

location at 𝛼 = 40°, z/L = 0.2 
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(b) 

 

(c) 

 

(d) 

 

Figure 20. Continued 
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(e) 
 

Figure 20. Continued 

 

 

The point of incipient separation was found to be between 𝜃 = 18°-20°. It is evident from Fig. 20 

that an imperfection at 𝜃 = 18° leads to a significant difference in the radial and circumferential 

location of the two vortices. 

In order to further analyze the effect of the circumferential location of imperfection on the 

vortices, the circulation and peak streamwise vorticity plots are presented in Fig. 21. The change 

in circulation levels with 𝜃 is almost equal and opposite for the two vortices as inferred from Fig. 

21a. The change in the peak streamwise vorticity (Fig. 21b) exhibits a nearly symmetric behavior 

till 𝜃 = 0° after which there is a switch to an asymmetric change between the two vortices.  

 

 

                                           (a)                                                                      (b) 

Figure 21. Variation of (a) circulation and (b) peak streamwise vorticity with imperfection 

location 
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These results indicate that strength of the vortices and hence the side forces can be significantly 

altered by controlled imperfections when scaled with the local cross-flow boundary layer 

thickness. 

3.5. Effect of Multiple Imperfections on Symmetric Vortices 

 

 

Figure 22. Locations for multiple in-line controlled imperfections (one-sided) 

 

 

In order to investigate the effect of controlled imperfections downstream of z/L = 0.02, 

four streamwise locations were selected downstream of z/L = 0.02 as shown in Fig. 22.  

 

 

 

(a) 

 

Figure 23. Contours and distribution of streamwise vorticity for the effect of multiple 

imperfections at 𝛼 = 40°, z/L = 0.2 (one-sided) 
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(b) 

 

(c) 

 

(d) 

 

Figure 23. Continued 
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(e) 

Figure 23. Continued 

 

 

The optimized values for the imperfection height (h/𝛿 = 2) and circumferential location (𝜃=19°) 

were used for the results shown in Fig. 23. It is evident from Fig. 23a that an imperfection at 

z/L=0.02 has disturbed the symmetry in the flow field. The right vortex ascended from the surface 

resulting in a downward shift of the left vortex core. There is a significant difference in the strength 

and circumferential location (𝜃) between the vortices. This results in a non-zero side force as 

shown in Fig. 24. 

 

 

Figure 24. Side force measurements for the effect of multiple imperfections (one-sided) 

at 𝛼 = 40° 
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With the addition of a second imperfection at z/L = 0.05, peak vorticity in the right vortex is 

amplified along with a downward shift in the vortex core. A change in 𝜃 is also seen relative to 

z/L=0.02. It is interesting to note that the side force change relative to z/L=0.02 is negligible. With 

the addition of a third imperfection at z/L=0.1, a slight reduction in the side force is noted.  There 

is no considerable influence on the side force when imperfections are added downstream of 

z/L=0.1. These results indicate that controlled imperfections downstream of z/L=0.02 have less 

influence on the side force characteristics. To further study the effects of controlled imperfections, 

studs were placed in multiple streamwise locations at 𝜃 = 19°. Controlled imperfections were 

mirrored about the vertical axis and can be seen in Fig. 25. 

 

 

 

Figure 25. Locations for multiple in-line controlled imperfections (two-sided) 

 

 

The effect of two-sided imperfections on the flow field is shown in Fig. 26 and the associated side 

forces in Fig. 27. As opposed to the usual expectation that the vortices will be equally perturbed 

with two nearly identical imperfections, it is observed that the right vortex is stronger than the left 

vortex and the radial distance of the left vortex core has moved closer to the model (Fig. 26b). One 

reason for this behavior could be the time-dependent shift in the cross-flow boundary layer 

separation location. This alters the level of boundary layer interaction with the imperfection 

between the two sides. Since flow near the apex region of the model is highly sensitive to 

perturbations, another reason could be a slight variation in the imperfection geometry and location. 

With four imperfections, the flow field exhibits less asymmetry as seen in Fig. 26c. The side force 
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shows a corresponding decrease as noted from Fig. 26. There is a change in the direction of side 

force with six imperfections (Fig. 26d) which could be due to the interaction between the vortices 

at multiple streamwise locations. With more than six imperfections (Fig. 26e and Fig. 26f), the 

cross-flow vortices become symmetric and the side force asymptotes to zero. These results suggest 

that the interaction between the controlled surface imperfections can be very effective in achieving 

decreased asymmetry levels in the flow field. 

 

 

(a) 

 

(b) 

 

Figure 26. Contours and distribution of streamwise vorticity for the effect of multiple 

imperfections at 𝛼 = 40°, z/L = 0.2 (two-sided) 
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(c) 

 

  

(d) 

 

(e) 

 

Figure 26. Continued 
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(f) 

 

Figure 26. Continued 
 

 

 

 

Figure 27. Side force measurements for the effect of multiple imperfections (two-sided) at 𝛼 = 40° 
 

3.6. Effect of Multiple Imperfections on Asymmetric Vortices 

 

To obtain a more complete study of the effects of controlled surface imperfections on vortex 

asymmetry, single imperfections were placed on the right side of the vertical axis in a baseline 

case where the vortices were most asymmetric. The studs were placed at 𝜃 = 19° and Fig. 22 
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shows the streamwise locations of the chosen planes for the controlled imperfection placement. 

This part of the study is focused on the effect of multiple controlled imperfections on asymmetric 

cross-flow vortices (Fig. 28a). The flow field for the one-sided imperfection cases are shown in 

Fig. 28 and the simultaneous side force measurements in Fig. 29. As a general trend, the asymmetry 

in the flow field is significantly enhanced by the imperfections. The side force coefficient (𝐶𝑆𝐹) 

remains higher than the baseline for all the imperfection cases indicative of high asymmetry levels. 

It is observed that a single imperfection at z/L = 0.02 (Fig. 28b) changes the side force direction 

and augments the magnitude of 𝐶𝑆𝐹. This is due to the difference in the location and strength of 

the vortices. It should be noted that even if the vortices were of equal strength, the difference in 

location can result in a net side force. Introducing a second imperfection (Fig. 28c) results in ≈ 86% increase in 𝐶𝑆𝐹 as seen in Fig. 29. There is a further increase in 𝐶𝑆𝐹 when the third 

imperfection is added (Fig. 28d). The flow field exhibits less asymmetry with four imperfections 

(Fig. 28e) which is also confirmed by a lower 𝐶𝑆𝐹 in Fig. 29. One reason for the reduction in 𝐶𝑆𝐹 

could be due to the interaction between the vortices at different streamwise locations. With five 

imperfections (Fig. 28f), the 𝐶𝑆𝐹 approaches an asymptotic value indicating that the imperfections 

downstream of z/L = 0.15 have negligible influence on the flow field.  

 

 
(a) 

 

Figure 28. Contours and distribution of streamwise vorticity for the effect of multiple 

imperfections at 𝛼 = 40°, z/L = 0.2 (one-sided) 
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        (b) 

 

 
 

       (c) 

 

 
      (d) 

 

Figure 28. Continued 
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        (e) 

Figure 28. Continued 

 

 

 

Figure 29. Side force measurements for the effect of multiple imperfections (one-sided) at 𝛼 = 40° 
 

 

These results show that the controlled imperfections significantly influence the flow field till z/L 

= 0.15 and become less effective at downstream locations. 

Similar to the symmetric vortex imperfection cases, dual imperfections were mounted at 

multiple planes symmetric about the vertical axis to gain a deeper insight on the effects of 

controlled surface imperfections to the downstream vorticial structures. Fig. 25 shows the 

circumferential location and planes where the imperfections were mounted and the planar PIV 

measurement plane. The flow field and force measurements for the two-sided imperfection cases 

are shown in Fig. 30 and Fig. 31 respectively. It can be observed from Fig. 30b that there is a 



46 
 

reduction in the asymmetry due to the combined effect of the two imperfections. With the addition 

of a second set of imperfections, the flow field changes significantly (Fig. 30c) along with a change 

in the direction of side force as seen in Fig. 31. This can be a cumulative effect of the four 

imperfections. An interesting phenomenon is noted in Fig. 30d and Fig. 30e where a third vortex 

appears below the right side primary vortex. 

 

 

 
(a) 

 

 

 
(b) 

 

Figure 30. Contours and distribution of streamwise vorticity for the effect of multiple 

imperfections at 𝛼 = 40°, z/L = 0.2 (two-sided) 
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(c) 

 
(d) 

 

 
(e) 

 

Figure 30. Continued 
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(f) 

 

Figure 30. Continued 

 

 

 

Figure 31. Side force measurements for the effect of multiple imperfections (two-sided) at 𝛼 = 40° 
 

 

Comparing Fig. 30d and Fig. 30e with Fig. 30c, it can be said that the secondary vortex is formed 

due to the disintegration of the right side primary vortex. The asymmetry in the flow field 

decreases with a nearly asymptotic trend in 𝐶𝑆𝐹 for cases with three or more imperfections. A 

secondary vortex formed from the left side primary vortex is seen in Fig. 30f while the right side 

secondary vortex is absent. One reason for this could be that the right side secondary vortex 

merged with the parent vortex. This reason is bolstered by the increase in size of the parent 
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vortex in Fig. 30f. These results indicate that the two-sided imperfections augment the vortex 

asymmetry till z/L = 0.1 after which negligible influence on the side force is observed. 
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CHAPTER 4 

 

CONCLUSIONS 

 

An experimental investigation was conducted to study the effect of controlled 

imperfections on the location, the size and the strength of the cross-flow vortices at high angles of 

incidence for a highly-polished cone. Force measurements were carried out on both conventionally 

machined and polished cones using a six-component internal strain gage balance. The results show 

that the side force coefficient for the polished cone was significantly lower than the unpolished 

cone. In addition, the side force coefficient was noted to be relatively less dependent on the roll 

orientation of the model. This behavior of the side force coefficient is attributed to the decreased 

surface roughness (< 1.6 μm) and variation in roughness over the forebody for the polished cone. 

Some of the instantaneous images from the PIV experiments for the baseline cone model clearly 

show the presence of secondary and tertiary vortices. The asymmetry in the flow field was noted 

to increase up to 𝜑 = 135°, after which the vortices approached symmetry. 

Increasing the controlled imperfection height amplified the asymmetry in vortices up to 

h/𝛿 = 2 after which an opposite behavior was observed. By evaluating the vortex strength 

(circulation), peak streamwise vorticity, radial and circumferential location, the most asymmetric 

flow field was observed for h/𝛿 = 2 relative to the baseline case. The aforementioned quantities 

can be extremely useful to connect the flow field to the generated side force. The vortices were 

found to be very sensitive to any perturbation in the vicinity of incipient separation of the cross-

flow boundary layer. 

The findings from the present study emphasize the importance of using the local flow field 

to efficiently perturb the cross-flow vortices. Additionally, results from this study indicate that 

perturbing the flow near the apex region (z/L < 0.1) has the most effect in altering the side forces 

associated vortex asymmetry, after which negligible influence on the side force is observed. 

Furthermore, a thorough evaluation of vortex asymmetry has been presented from a fundamental 

standpoint. The results from this study are a step forward in understanding the effect of controlled 

imperfections on the cross-flow vortices at high angles of incidence and are essential to arrive at 

efficient control locations to suppress vortex asymmetry. 
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 Undoubtedly, this study conducted has helped improve the fundamental understanding of 

controlled imperfections and its effects on initiation, growth, and interaction of the crossflow 

vortices. Many questions still remain pertaining to the effects of multiple controlled imperfections 

in various configurations. Another phenomenon that needs to investigated in detail is the 

differences between periodic and bistable behavior of more specifically the time dependent 

switching of vortices. Future studies can test the controlled imperfections studs on more complex 

geometries such as an ogive-cylinder model. 

  



52 
 

APPENDIX A 

 

A. ADDITIONAL FIGURES 

 

Presented in the appendix are the drawings for the model used in the present study. All dimensions 

and tolerances are in inches. 

 

 
 

Figure A.1: Forebody drawings 

 

  

 

 

Figure A.2: Afterbody drawings (side and front view) 
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Figure A.3: Afterbody drawings (bottom view) 
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