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ABSTRACT 

The results of a systematic experimental investigation into the effects that Sub- 

Boundary Layer Vortex Generators (SBVGs) have on reducing normal shock-induced 

turbulent boundary layer separation are presented. The freestream Mach number and 

Reynolds number were M. = 1.45 and Re= 15-9xlO6/m, respectively. All measurement 
instruments and modifications to the wind tunnel were designed and manufactured as 

part of the project, specifically for these experiments. Boundary layer, wall pressure 

measurements and flow visualisation were used in the results analysis. 

The effects of SBVG height, lateral spacing and location upstream of the shock were 
investigated. A novel, curved shape SBVG was also evaluated and comparisons against 

the flat vane SBVG were made. The results show that in all but two cases, separation 

was completely eliminated. As expected, the largest SBVGs with height, h= 55%5, 

provided the greatest pressure recovery and maximum mixing. However, the shock 

pressure rise was highest for this case. Reducing the distance to shock to 108 upstream 

showed an improvement in the flow quality in the interaction region only. The distortion 

created by the vortices was also found to be closer to the wall in this case. Increasing the 

spacing of the SBVG pair to n-- 3 provided the greatest improvement in downstream 

boundary layer flow quality although this resulted in a small separated region at the foot 

of the shock. In order to achieve an overall improvement in flow quality, it was 

suggested that a compromise is required between an increase in wave drag and the 

extent of reduction of boundary layer separation. The effect of curving the SBVGs 

provided an improved near wall mixing with an improved static and surface total 

pressure recovery downstream of the separation region. However, an increased viscous 
drag resulted from these devices. 

2 



CONTENTS 

Abstract .......................................................................................................................... 2 
Contents ......................................................................................................................... 3 
Nomenclature ................................................................................................................. 6 
List of Figures ................................................................................................................ 9 
Acknowledgements ...................................................................................................... 13 

L Introduction ............................................................................................................. 14 

1.1. The Shock Wave / Boundary Layer Interaction ............................................. 14 
I. I. I. Laminar &Turbulent Shock Wave /Boundary Layer Interactions ............ 19 

1.2. The Scope of the Investigation ....................................................................... 21 

Z Literature Review .................................................................................................... 23 

2.1. Introduction .................................................................................................... 23 
2.2. Mechanisms of Flow Control & Applications ............................................... 24 
2.3. Low-Speed Flow Control ............................................................................... 25 
2.4. High-Speed Flow Control .............................................................................. 36 
2.5. Computational Investigations ......................................................................... 53 
2.6. Literature Review: Summary ......................................................................... 56 

Sub Boundary Layer Vortex Generators ................................................................ 57 

3.1. Vane SBVG Design ........................................................................................ 59 
3.2. Curved SBVG Design .................................................................................... 62 

4. Experimental Apparatus& Instrumentation ......................................................... 65 

4.1. The Transonic Induction Wind Tunnel .......................................................... 65 
4.2. Shock-Wave Generator Design ...................................................................... 67 
4.3. Instrumentation Design .................................................................................. 70 

4.3.1. Instrumented Wind Tunnel Liner ................................................................ 70 
4.3.2. Surface Total Pressure Probe ...................................................................... 77 
4.3.3. Pitot Probe ................................................................................................... 78 

4.4. Sources of Measurement Error ....................................................................... 79 
4.5. Schlieren Flow Visualisation .......................................................................... 85 
4.6. Oil Flow Visualisation .................................................................................... 86 
4.7. Low Speed Smoke Flow Visualisation Tunnel .............................................. 86 
4.8. Experimental Procedures & Analysis Techniques ......................................... 87 

3 



5. Baseline Configuration ........................................................................................... 97 

5.1. The Shock Wave Boundary Layer Interaction 
............................................... 97 

5.1.1. Static Pressure Distribution 
....................................................................... 100 

5.1.2. Surface Total Pressure Distribution 
.......................................................... 103 

5.1.3. Boundary Layer Total Pressure Profiles 
................................................... 

104 

5.2. Three-Dimensional Effects 
........................................................................... 112 

6. Results & Discussion ............................................................................................. 113 

6.1. Effect of SBVG Lateral Spacing .................................................................. 113 
6.2. Effect of SBVG Location Upstream of Shock ............................................. 125 

6.3. Effect of SBVG Height ................................................................................ 132 

6.4. Effect of Curved SBVGs .............................................................................. 143 
6.4.1. Comparison of SBVG2 with SBVG2C ..................................................... 144 
6.4.2. Comparison of SBVG3 with SBVG3C ..................................................... 149 
6.4.3. Comparison of SBVG4 with SBVG4C ..................................................... 154 
6.4.4. Comparison of SBVG5 with SBVG5C ..................................................... 160 
6.4.5. Summary of Findings from Curved SBVG Experiments 

......................... 163 

7. Conclusions ........................................................................................................... 165 

7.1. Effect of SBVG lateral spacing .................................................................... 166 

7.2. Effect of SBVG distance to shock ................................................................ 168 

7.3. Effect of SBVG height ................................................................................. 169 

7.4. Effect of curved SBVG shape ...................................................................... 170 

8. Further Work ......................................................................................................... 172 

9. References ........................... ............................... 174 

AppendixA: Baseline Flow Data Plots .................................................................. 189 

AppendixB: Effect of SB VG Lateral Spacing, n ................................................... 194 

AppendLvC. - Effect of SBVG distance to shock, Xvg ............................................ 207 

AppendixD: Effect ofSBVGheight, h ................................................................... 219 

AppendixE: Effect of Curved SBVGs: SBVG2C .................................................. 232 

AppendbcE. - Effect of Curved SBVGs: SB VG3C .................................................. 245 

4 



AppendixE: Effect of Curved SBVGs: SBVG4C .................................................. 258 

AppendixE. - Effect of Curved SBVGs: SBVG5C .................................................. 271 

AppendixF. - Schlieren Photographs ...................................................................... 283 

AppendixG. Surface Oil Flow Visualisation Photographs ................................... 286 



NOMENCLATURE 

d -internal height of Pitot tube rectangular orifice [m] 

H -boundary layer shape factor (H= 8. /0) 

h -vortex generator height [%S] 

I -vortex generator length [h] 

-Mach number 

n -vortex generator trailing edge spacing parameter in units of SBVG height [h] 

p -wall static pressure [Pa] 

Ap" -change in surface total pressure relative to baseline value at same X location. 

PO -settling chamber stagnation pressure [Pa] 

Pt -total pressure [Pa] 

pt -Prandtl number (Pt = 0.72) 

R -specific gas constant (R = 287) [J/kgK] 

-Reynolds number 
PUI 
P 

r -recovery factor (r = 0.89) 

-temperature 

-velocity [M/S] 

U+ -non-dimensional velocity 
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uw -friction velocity, Uw ý_ 
( Fi; 

_ 
) 

[M/S] 

X -non-dimensional strearnwise co-ordinate: distance from shock 
(downstream +ve) scaled to undisturbed boundary layer thickness, X= x/5u [8. ] 

Xvg -streamwise location of installed vortex generator pair relative to nornmal shock, 

Xvg = X/8. [8u] 

X- Streamwise coordinate relative to normal-shock position [mm] 

y- Vertical co-ordinate relative to tunnel wall [mm] 

non-dimensional distance from the wall, 
YU' 

v 

Greek symbols: 

8 -boundary layer thickness [mm] 

8 -boundary layer displacement thickness [mm] 

7 -ratio of specific heat capacities (y =1.4) 

K Non Karman's constant (r, = 0.41) 

0 -boundary layer momentum thickness [mm] 

P -density [k g/M 3] 

9 -viscosity [kg/ms] 

V -kinematic viscosity, v=u [M2/S] 
p 

T -skin friction [N/m2] 

Subscripts: 

aw -adiabatic wall value 
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u -undisturbed baseline condition at first measurement location 

w -wall value 

00 -value at freestream 

8 -value at boundary layer edge where (U8= 0.995U. ) 

Abbreviations: 

CFD -Computational Fluid Dynamics 

DSA -Digital Sensor Array 

VG -Vortex Generator 

SBVG -Sub-Boundary layer Vortex Generator 

SWBL1 -Shock Wave / Boundary Layer Interaction 
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Introduction 

On the 14th of October 1947 the rocket powered Bell X-I exceeded the speed of sound. 
Until this time, the speed of sound was referred to as the 'sound barrier' due to the large 

and unsteady structural stresses encountered by an airframe when travelling close to 

Mach 1. Until the effects of compressibility were properly understood, this phenomenon 

led to the catastrophic failure of the airframe resulting in the total loss of the aircraft. 

In the unsteady "Transonic" flow regime buffeting of the aerodynamic surfaces may 

occur. This phenomenon results from the formation of shock waves that when 
interacting with the boundary layers cause them to separate and reattach in an 
intermittent and often violent manner. Buffeting has destructive effects and causes 

vibration of the airframe resulting in large fluctuations in stability and controllability of 

the aircraft. Since discovering that breaking the sound barrier was truly possible, 

engineers the world over have been striving for a deeper understanding of how to 

control and thereby mitigate the undesirable effects encountered in flows in which the 

influence of compressibility is significant. 

1.1. The Shock Wave / Boundary Layer Interaction 

Considering the formation and development of shock waves on aircraft wings, of a low 

wing sweep, with increasing free-stream Mach number and the concomitant influence of 

compressibility, the Mach number distribution in the chordwise direction over the wings 

remains similar until the local Mach number at any point reaches unity. Thereafter, as 

the free-stream velocity increases, the length of chord over which the flow is supersonic 

extends until it is terminated by a Nortnal shock wave. As the region of local supersonic 

flow develops rearwards, the position of the shock wave will progressively move 

rearward over the wing with a corresponding increase in strength. The so called 

"Transonic" flow regime in which the flow velocities are of a complex and mixed 

nature, lies in the transitional period between the "Subsonic" and "Supersonic" flow 

regimes, beginning at a freestream Mach number of approximately Mýý 0.8. 

Many complications arise when the aerodynamicist is required to design a component of 

an aircraft to operate with good aerodynamic performance in this flow regime. In the 

main, concern is caused mostly by the formation of the normal shock waves when at 
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transonic Mach numbers the contour of the aerodynamic surface is such that the local 

flow Mach number will reach unity and often exceed it. If the pressure rise through the 

shock wave is sufficiently high the subsequent retardation of the near-wall flow velocity 

will cause the boundary layer to separate. Boundary layer separation is detrimental to 

the aerodynamic performance of such components due to the sharp increase in pressure 
drag, wing buffet, shock-stall and the resultant loss in control surface effectiveness. The 

phenomenon of shock wave boundary layer interaction (SWBLI) has previously been 

documented on numerous accounts, see references [1-16]. The findings of these 

investigations will be used to assess the baseline flow characteristics of the experiments 

conducted during this research. In this section, in order to place the current research in 

context, a general discussion of the phenomenon along with some specific examples 

taken from the above investigations, are presented. 

The velocity distribution in an attached boundary layer of thickness 8 varies from the 

velocity at the boundary layer edge, defined as U8= 0.995U., to zero at the wall. The 

Mach number varies in a similar fashion and the flow within the boundary layer 

contains parallel streamlines where the entropy changes at each streamline, i. e. the flow 

is rotational. In the event of a shock impinging on either a turbulent of laminar the 

boundary layer a sufficiently strong pressure rise demanded by the shock would cause 

the boundary layer to separate. 

Boundary layer separation develops with increasing shock strength using the following 

process: As the shock impinges on and propagates through either a turbulent or laminar 

boundary layer, the Mach number of the flow that it encounters decreases progressively 
in the direction of the wall. At the point where the flow is sonic the shock strength will 

be vanishingly weak. The pressure signal carried by the shock will be carried upstream 

through the subsonic region of the boundary layer, which as a consequence causes an 

increase in boundary layer thickness (5). This then causes the outer strata of the 

boundary layer to be deflected away from the wall, which in turn generates a band of 

compression waves that initiate in the supersonic strata of the boundary layer and 

propagate outward into the free-stream converging toward the main shock. By this 

mechanism, providing the shock wave is weak, the boundary layer naturally converts 

the imposed sharp pressure rise into a more gradual one. However, as the shock strength 
increases so too will the degree and rate of deceleration in the boundary layer strata. 
Eventually, this process will lead to boundary layer separation. Once the boundary layer 
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has separated the compression becomes even more gradual and the effect of the shock is 

spread over a greater streamwise distance. It is this complex influence of the freestream. 

Mach number, upstream boundary layer velocity profile and the streamwise pressure 

gradient that primarily govern the conditions for separation. 

The function of the normal shock wave differs from that of oblique shock waves in such 

ways that will affect its mode of interaction with the boundary layer, and hence the 

process of separation. Oblique shock waves must maintain continuity of direction 

consistent with the imposed boundaries with uniform supersonic flow upstream and 
downstream, the resulting pressure-rise being determined by this. In contrast, the greater 

pressure rise imparted to the flow by the normal shock wave results in an instantaneous 

pressure jump that reconciles supersonic flow upstream, with subsonic flow 

downstream of its position and with no change in flow direction. 

In addition, due to viscosity, the pressure rise at the surface will be less than the inviscid 

normal-shock value even in the absence of separation. This results from the increase of 

the boundary layer displacement thickness (8) in the vicinity of the shock that deflects 

the flow away from the wall and increases the streamwise spread of the pressure rise. 

Through the interaction region, the maximum pressure rise occurs over a very short 
length over the surface between the point of impingement and the separation point. This 

is seen in the static pressure distribution shown in Figure 1, from Pearcey [17]. If the 

pressure rise required by the shock in the external flow is not achieved in this region and 

the momentum of the flow within the boundary layer is insufficient, the boundary layer 

will be unable to negotiate the pressure rise and will separate from the surface. In these 

circumstances, a region of reverse flow occurs beneath the separation streamline, this 

region is termed a "separation zone". In this region the rate of pressure rise falls rapidly 

to a minimal value. As the effects of the shock pressure rise diminish downstream, the 

pressure gradient begins to rise slowly deflecting the streamlines towards the surface. It 

is the deceleration and streamline expansion in the rising pressures, resulting in the 

eventual compression to subsonic flow, that pennit boundary layer reattachment 
following a shock wave interaction. 

Downstream of the sharp initial pressure rise imparted by the shock, the reattachment 

process causes the region of separation in which the flow is re-circulating, to close. In 
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turn, the increase in the rate of pressure rise enables higher surface shear-stress rates to 

be progressively re-established in the strearnwise direction. 

As described by Pearcey [17] The rise in pressure from the lowest value to where the 

gradient is at its minimum, point S shown in Figure 1, is often used to correlate 

experimental results as it is readily obtained experimentally. It is also indicative of the 

shock pressure rise and hence the pressure-rise to separation. 

Figure I shows that the surface static pressure distribution throughout the interaction of 

a shock wave with a separated boundary layer can be divided into three distinct regions: 

A-S: Region of sharp pressure rise up to the separation point 

S-R: Region of slow pressure rise in extensive separation zone 

R-r: Region of reattachment, greater pressure rise up to point r beyond which the 

inviscid solution is approached asymptotically 

p 
+(V( 

Figure 1. Pressure distribution through Normal shock interaction, Pearcey [17]. 

The sum of the pressure rise in the separation and reattachment regions is dictated by 

the shock strength. It is in these regions that the boundary layer must accommodate the 

demanded pressure-rise. Therefore at a given Reynolds number (Re), for increasing 

shock strengths an increase in the streamwise extent of the separated region will result. 
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In the event of separation the main shock bifurcates into two weaker oblique shocks 

forming a "lambda" (k) shape shock structure at the foot of the normal shock wave. The 

X-shock system naturally forms due to the change in the effective surface curvature 

caused by the presence of the boundary layer. The extent of the X structure depends on 

the extent of flow deflection, i. e. a larger X structure would occur for a thicker or 

separated boundary layer, where the flow deflection would be significant. A schematic 

diagram of the flow region is shown in Figure 2. The resulting staged pressure rise 

through this region assists the boundary layer to negotiate the pressure rise imposed by 

the main normal shock. 

M>l Nonnal Shock wave M<l E> 

I 

Leading 
Isentropic compression to 

Edge of viscous 
shock 

-3" subsonic flow layer 
M<1 

PO 

........... 
;;:: % .. P 

................... 

........... . ........... .. 
R r 

Trailing shock Supersonic tongue Separation bubble 

Figure 2. Schematic diagram of X-shock system, M., = 1.47, from Seddon [I]. 

As was found by Seddon [1], the ', %' shape and the height of the bifurcation point is 

dictated by the extent of separation and is dependant on 8 downstream of the shock. 

Above the point of bifurcation exists a single, strong normal shock reducing the 

freestream Mach number to a subsonic level. However below this point the shock 

structure is such that the reduction to subsonic flow is achieved through two stages. 
Firstly, the leading oblique shock wave and secondly a nearly normal shock wave after 

which the flow decelerates to subsonic speeds. The Mach number downstream of this 

dual shock system and hence the extent of the supersonic tongue, is dictated by the 

static pressure rise achieved through the two shocks. Above the point of bifurcation the 
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flow is subjected to a single but stronger compression to subsonic speed. The 

bifurcation point of the shock waves causes a slip-line to form either side of which the 

Mach numbers slightly differ with a rapid entropy rise across it. The presence of the 

supersonic tongue through the X-shaped oblique shock system, the presence of the non- 

uniform entropy rise across the shock and the dependence of the subsonic flow on other 

than the local boundary conditions are three features that in concert increase the 

complexity of the SWBLI phenomenon. 

1.1.1. Laminar & Turbulent Shock Wave / Boundary Layer Interactions 

A number of distinct differences are present between the interaction of a shock with 

either a laminar or turbulent boundary layer. Shapiro [3] summarised the work of 
Donaldson and Lange [15] and shows that a turbulent boundary layer may withstand a 

much larger pressure rise than a laminar boundary layer. A collection of results showed 

that for laminar flow the pressure rise coefficient for separation is about twice as large 

as the laminar skin-friction coefficient, whereas for turbulent flow it is about nine times 

as large as the turbulent skin-friction coefficient. 

The mechanism by which a laminar boundary layer negotiates the pressure rise differs 

somewhat to that of a turbulent boundary layer. For example, a weak shock wave 
impinging on a laminar layer may in fact assist the pressure recovery downstream by 

promoting transition to turbulent flow in the interaction or separation regions. This has 

the effect of accelerating the reattachment process and hence improving the downstream 

pressure recovery. 

Whether the boundary layer is laminar or turbulent will determine the process of the 

interaction. As shown by Ackeret et al [16] at a constant Mach number of M. = 1.22, 

for Reynolds numbers based on chord above R, > 2. Ox 106 the turbulent boundary layer 

supported the pressure rise demanded by the shock and the boundary layer did not 

separate. Whereas for R,. ; zý 1.3xl 06 where a laminar boundary layer was present, the 
inherent susceptibility of laminar boundary layers due to their lower near wall velocity 
flow caused severe separation under the imposed pressure rise. 

Due to the complex structure of transonic flows where regions of both subsonic and 

supersonic flow are present the influence of the viscous and inertia forces are of 
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particular importance. The highly viscous forces present at the foot of the interaction 

cause the thickening of the boundary layer that due to the resulting displacement effects 

act fo oppose the inertia forces of the incoming boundary layer. A significant parameter 

of influence is therefore the incoming boundary layer Reynolds number, Fs. For Mach 

numbers below M= 2a discussion concerning turbulent boundary layer characteristics is 

provided in Delery et al [2]. It was shown that for a fully developed "well behaved" 

turbulent boundary layer on a flat plate, an increase in Reynolds number provokes a 

decrease in the shape factor, H, the ratio of displacement thickness to momentum 

thickness. This is indicative of a "filling" of the velocity profile for increasing Reynolds 

number. It is also shown for example that for an M= 2 case, due to the above trend, the 

location of the sonic line within the boundary layer moves towards the wall. This 

indicates that the degree of upstream influence that a disturbance in the flow could have, 

propagating thorough the subsonic strata of the boundary layer, diminishes for 

decreasing H. Concluding therefore that the upstream extent of a SWBLI would be 

reduced for increasing P-8. Further evidence supporting this trend was presented by 

Green [4] where the scale of the separated zone was found to increase with a reduction 

in Reynolds number. Wind tunnel experiments carried out at M= 1.4 by Vidal et al [8] 

have also shown that the extent of the interaction region is compressed by up to 90% 

when increasing the Reynolds number based on shock position from 9.106 to 36- 106. 

Furthermore, the rate at which the disturbed boundary layer tends to recover normal 

boundary layer characteristics is more rapid at higher Reynolds numbers. 

The interpretation of the results of wind tunnel tests require careful consideration 

regarding the read across of the results to full scale flight conditions. The effects of 

Reynolds number and hence scaling have been shown (see Delery et al [2]) to provide 

significant differences between small scale (tunnel) and large-scale (flight) conditions. 

The results presented in this thesis need also to be considered in this light. For example, 

one implication of the above findings is that for flight Reynolds numbers the effect of 

vortex generators may be more significant. Although using the appropriate scaling 

factors such as the h/8* may provide similar characteristics in both flight and tunnel 

flows, due to the large number of options of scaling factors that may be chosen, 

validation of the use of defined scaling factors is required. In addition, in order to obtain 

a more accurate data on the performance of a given SBVG array further tests at higher 

Reynolds numbers would be needed. Therefore in order to obtain a more representative 

understanding of the effects of SBVGs in flight, the results of the current research are 
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therefore recommended to be used in support of further testing carried out at Reynolds 

numbers more closely representative of flight Reynolds numbers. The differences 

encountered due to the effect of Reynolds number also warrant work on developing a 

correlation that may be applied to relate SBVG performance at the Reynolds numbers 

used in the experiments presented in this thesis to higher flight Reynolds numbers. 

1.2. The Scope of the Investigation 

This research was based around an investigation of a new application of a well-known 

technique that employs Vortex Generators (VG) as a means of flow control. The 

research aims were twofold: 

1. To carry out experiments in a systematic fashion and thus establish the effects of 
different SBVG arrays on the SWBLI and downstream flow in relation to a 
"Baseline" flow. 

2. To obtain detailed measurements from the experiments in order to facilitate 

validation of 2-D modelling work. 

Due to the high Reynolds numbers of flight, turbulent boundary layers are predominant 

over the aerodynamic surfaces on most of today's aircraft. The scope of the present 

research will therefore be confined to considering the turbulent boundary layer. 

The application of the Vortex Generator control technique is widespread on many of 

today's aircraft, see Freestone [ 18], where an aerodynamic surface has required a degree 

of flow control to improve its aerodynamic performance. A global review of research 

into SBVGs by Lin [19] and a more recent review by Ashill et al [20] has highlighted a 

gap in the understanding of the effect that the variation of the design parameters 
(discussed below) have on the performance of SBVGs for controlling normal shock- 
induced separations that occur in normal shock wave turbulent boundary layer 

interaction above approximately M= 1.3. Knowledge of this type would assist designers 

in providing solutions to alleviate the increased wave drag and reduction in boundary 

layer flow quality that results from the presence of SWBLI and their effect on the 

downstream recovering boundary layer. Ashill et al [20] also reiterate the importance of 

the development of flow control techniques. Rather than such systems being 

implemented as a design 'fix' in the latter stages of development, as they are usually 
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considered to be, methods of flow control may be integrated at the design stage as part 

of a multi-disciplinary approach that provides the designer with a greater flexibility. 

Here, perhaps for the first time, a body of data obtained from a systematic set of 

experiments that reveal the effects of a set of different variables included in the design 

of an SBVG configuration at supersonic speeds, are presented. The different design 

variables were SBVG height, lateral spacing and distance upstream of the normal shock 

location. The SBVG pairs used in the current work were of a height smaller than the 

local upstream boundary layer thickness 5u, the maximum height SBVG tested was 

0.558.. This is in contrast to the height of conventional VGs that is generally on the 

order of the local boundary layer thickness. The benefits of the smaller height include a 
lower parasitic drag for off design conditions and the increased practical viability of 
installing such small devices on the surfaces of retractable flaps or on the internal 

components, i. e. compressor blades of turbo machinery or in supersonic intakes and 
diffusers. 

A starting point for the research was provided by Ashill [21], this was in the form of a 
design of a SBVG pair that provided an initial relationship between the device height, 

spacing, and length. This configuration was then slightly modified according to the 

findings of a literature survey on the topic of flow control with further changes being 

made as the research progressed. 

In order to build a foundation and to provide background to the research, an extensive 

literature survey was carried out. It included a discussion of all the major methods of 
boundary layer flow control known to the author. 
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2. Literature Review 

1. Introduction 

Since the undesirable consequences of a (SWBLI) were appreciated, much progress in 

understanding and developing flow control techniques has been made. The most popular 

concepts employed to control the flow through a SWBLI, fall into the following three 

categories: 

* Removal of low-momentum near-wall flow 

9 Re-energising near-wall flow 

9 Changing the wall static pressure distribution through manipulation of surface 

geometry 

Past research has demonstrated that the above methods tend to assist the incoming 

boundary layer in negotiating a region of adverse pressure gradient and thereby delay or 

even prevent boundary layer separation. 

In 1961 Pearcey [17] published perhaps the first complete summary on shock induced 

separation control. Since then ESDU [22], Ddlery & Bur [23] and most recently 

Lin [19] and Ashill [20] have published similar comprehensive accounts. These reports 

detail the established parameters of various control techniques. The parameters of 

SBVG design, applications and their constraints are also outlined. However a gap in the 

literature is apparent when an understanding of SBVG (Figure 3) perfortnance is 

required. Especially at freestream Mach numbers for which separation of the zero 

pressure gradient turbulent boundary layer is unavoidable in a normal SWBLI, i. e. 

above M= 1.3. This flow scenario may for instance, occur as a result of the ordered 

compression due to a system of oblique shocks that are terminated by a normal shock 

wave present in a duct of a supersonic intake. 

The present chapter provides the reader with the current state of the art in the control of 

a SWBLI. Lessons learned from previous success in subsonic flow control also 

permitted a concise review to be included. The chapter begins with a description of now 

control techniques. Throughout this chapter established Vortex Generator (VG) 
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concepts and configurations are discussed and the various parameters involved in each 
VG design are highlighted. 

UGO 

y 

Figure 3: Height comparison of (a) conventional VGs and (b) SBVGs. 

2.2. Mechanisms of Flow Control & Applications 

8 

The criterion for separation of a boundary layer in a 2-Dimensional flow corresponds to 

zero friction, or zero velocity gradient at the surface i. e.: 

(o/u"Y)Y. o 
= (2-1) 

By introducing a system that will 're-energise' the flow near the surface, i. e. to induce 

an increased flow velocity near the surface thereby increasing the skin friction, 

separation may be delayed or even eliminated, thus improving the flow quality and 

reducing losses. The definition of the mechanism by which the flow control technique 

developed in this research is therefore established. 

Over the years, several different flow control techniques have been developed for both 

low and high-speed flows. The various existing techniques may be classified into two 

main categories: Passive control and Active control. The distinct difference between the 

two categories of control reveals the advantage that Passive control has over Active 

control. For example, the extent of undesirable structural modifications required to 

install an active control system such as suction, will often prove to outweigh the 

advantages in performance gained. It is also feasible to consider a hybrid technique 

incorporating an active/passive combination. However, in the same sense these would 
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incur greater penalties of weight, cost and maintenance. It is therefore ideally desirable 

to develop a means of Passive control that requires no complex infrastructure and by 

definition, no power source. 

Below is a summary of the principals involved in the basic types developed: 

PASSIVE Control 

Vortex Generators (of various fonns) 

Geometry manipulation 

Passive cavity 

ACTIVE Control 

Suction slot/distributed 

Blowing 

Air-jet Vortex Generators 

Heating/Cooling 

MEMS [24] 

Overall, the objective of adopting one of the above flow control techniques includes 

one, or a combination, of the following: increased range, increased lift (which in critical 

parts of the flight envelope would facilitate greater manoeuvrability), improved stability 

and control characteristics, and the reduction of drag, pollution and noise. 

Currently, only applications of passive techniques such as VG configurations and 

geometry manipulation, i. e. multi-element, high-lift aerofbils, are economically feasible 

and hence implemented. It would therefore be more beneficial to develop an improved, 

simple, robust and more reliable Passive control system. As opposed to developing an 

advanced and more complex system that will, more often than not, prove less 

economically viable to develop and sustain. 

2.3. Low-Speed Flow Control 

In 1947 Taylor [2511 introduced the initial concept of the use of VGs for elimination of 

diffuser separation. The principle involved artificially introducing spiralling vortices to 

trail longitudinally in the outer region of the boundary layer. The vortices were shed 

0 This reference has been cited by numerous authors as the first recorded investigation on employing the 
concept of VGs for re-energising the boundary layer flow. Due to the age of the report it has not been 
possible for the author to obtain a personal copy. 
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from small, rectangular thin plates projecting normal to the surface. The entraining 

action of the vortices induces a forced mixing between the freestream flow and the 

boundary layer by sweeping high momentum fluid in helical paths toward the surface. 
The induced mixing acts to 're-energise' the near-surface flow it mixes with and to an 

extent replaces the retarded flow in the lower strata of the boundary-layer. The 

momentum of the near-wall flow and hence the skin friction is thereby increased. This 

modified state now permits the boundary layer to withstand adverse pressure gradients 

and energy losses due to friction that may have otherwise caused it to separate. 

Soon after the work of Taylor, investigations were carried out by Schubauer and 
Spangenberg [26] in which the performance of many different shaped mixing devices 

was assessed. In general, VGs are rectangular vanes (often chamfered) set between 15- 

251 to the on-coming flow direction and are fastened perpendicular to the surface over 

which the flow is to be controlled. The individual vane height (h) is on the order of B. 

Conventional VGs of a height comparable to the boundary layer thickness owe much of 

their performance to their ability to entrain high velocity freestrearn flow into the 

boundary layer flow. In contrast, due to the reduced height of the SBVGs a need to 

understand an alternative way of maximising the mixing ability of the SBVGs and the 

factors controlling the vortex strength is required. Pauley & Eaton [27] have shown that 

the strength of a vortex shed from a VG increases linearly up to and incidence of 180, 

beyond which no increase in vortex strength was observed. This finding led to the 

adjustment of the original SBVG design provided by DERA where the SBVGs were 

orientated at approximately 15' to the mainstream flow. In order to alter the angle of the 

SBVGs such that the results of Pauley & Eaton [27] were accounted for, all the SBVG 

configurations used in the current experiments were set at an orientation of 

approximately 180 to the mainstream flow. This led to the change in the relationship for 

the spacing of the trailing edges of the SBVG pair from (5+n)x h, to (6+n)xh. A 

presentation and description of the various SBVG parameters is provided in Chapter 3. 

Aerofbil section VGs of the order of 8 in height, conceived by Bruynes [28] in 1951 

were designed to produce a 'planned turbulence' where continuous fine eddies are 

generated to cause a steady mixing between the freestream flow and the boundary layer. 

The 'fluid mixing device' was initially aimed at increasing the quality of flow in wind 

tunnel diffusers and over aerofoil shaped bodies. The concept has since been modified 

and developed which has protracted its suitability for numerous applications to date. A 
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compilation of the numerous different aircraft on which VGs with a height on the order 

of 5 have been installed can be found in Freestone [18]. In general VGs have been 

adopted as a flow correcting measure as opposed to being incorporated in the early 
design stage as described in ESDU [22]. Most commonly, this method of control has 

been applied in circumstances when a turbulent boundary layer is present. Research 

programs and subsequently published findings on the use of VGs in laminar boundary 

layer control have been more seldom due to the ubiquitous occurrence of turbulent 

boundary layer in flight. Though one example is the research carried out by Kerho et al 
[29]. It was found that at the design conditions of a Liebeck LA2573A aerofoil in 

subsonic flow the installation of SBVGs with a height of 0.38-0.88 resulted in up to 

38% reduction in aerofoil drag at CL-'ý 0.572. Furthermore, the onset of the separation 
bubble was delayed in comparison to the laminar separation bubble found in the 
baseline case. 

The various investigations into the different shapes of VG found in the literature have 

shown that more often than not the vane type VG is the most efficient for the production 

of strong vortices with the minimum increase in parasitic drag. An early investigation in 

which wedge shaped VGs of a height slightly greater than 8 was carried out by 

McCullough et al [30]. In their experiments a NACA633-018 aerofoil model was used 

as the surface on which the VGs were to be installed. It was shown that by adopting this 

method of control the drag of the aerofoil was reduced below that of the plain wing. 

However, when the performance of the wedge VGs was compared with the ordinary 

vane-type, it was found that the increase of maximum lift was nearly the same yet the 

concomitant increase in drag was about half that of the wedge VGs. It was concluded 

further from this paper that the mixing action of the smaller VGs was as effective as the 

wedge devices used. These results were confirmed by Grose & Taylor [31] and 

Betts et al [32]. They concluded further that as well as the resulting losses being lower, 

stronger vortices were shed from the vane type VGs with a height on the order of 8, in 

contrast to wedge shape VG devices of the same height. 

A further study by Manor et al [33] that compared vane type and aerofoil section VGs 

of the order of 8 at low speeds (M< 0.3) for a different application has also provided 

evidence of the greater efficiency and performance of the vane type VGs. 
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The use of VGs with a height of the order of 8 is an established practice in boundary 

layer separation control and hence to increase the lift and the stall angle. However, 

owing to the protrusion of the VGs out of the boundary layer a Drag penalty must be 

paid. Nevertheless, up until the present the parasitic Drag has usually been accepted in 

order to overcome the greater adverse effects of flow separation. 

Flow separation due to adverse pressure gradients is due to the loss of momentum of the 

flow in the region where the velocity deficit is most prevalent, within around 0.28 from 

the surface. As was mentioned previously, the mechanism by which SBVGs operate is 

by mixing the higher energy from the outer strata of the boundary layer with the near 

wall flow. This is in contrast with conventional height VGs that act to mix higher 

velocity freestream flow with the boundary layer flow. The investigation carried out by 

Clarese et al [34] demonstrates how significant the effect of a small reduction of the VG 

height may be. The objective of their investigation was to reduce the after-body drag of 

a C-130 aircraft at a M= 0.135. The effects of conventional VGs of aerofoil cross- 

section with a height of 1.15 were assessed in comparison with very small flat stubs of a 

height 0.95. Both sets were mounted at ±16* with respect to the local flow direction at 

105 and 85 upstream of the separation line, respectively. It was found that the maximum 

drag reduction achieved was twice as great when the 0.98 stubs were used. For some 

years now this area has been in greater focus, leading to the conception of a variety of 

different shaped VGs with a reduced height. A range of patented SBVG concepts by 

Schenk [35], Wheeler [36,37] and Kuethe [38], provided documented evidence of 
different vortex-generating device shapes. Most commonly found in the literature is the 

'Wishbone' shape wedge VG device conceived by Wheeler [36], commonly referred to 

as the 'Wheeler-type' or 'Wheeler-Wishbone' VG. The device is submerged within the 

boundary layer, which results in a relative reduction in the degree of parasitic drag. 

Since this shape SBVG has been given much attention in the past, a summary of the 

findings of a number of investigations using the 'Wheeler' SBVG in low speed flows is 

provided in the following sections. 

Lin et al [39,40] has demonstrated that the 'Wheeler' type VGs for boundary-layer 

control at a freestream velocity of 4oms" have been particularly successful in 

accomplishing a reduced separation region as well as a reduced parasitic device-drag. 

When comparing vane VGs of height 5 with 'Wheeler' SBVG devices with height on 
the order of 0.18, the latter have proven just as effective in improving downstream 
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pressure recovery. They have also shown to reduce the reattachment distance by up to 

66% when placed 28 upstream of the baseline separation line. 'Wheeler' VGs of height 

0.18 that have a relatively minimal device drag were found to perform as well in mixing 

as the larger 'Wheeler' SBVGs with height 0.45. A consequence of the smaller VGs 

being a reduced streamwise effectiveness, this however was rectified by placing the 

VGs closer to the separation line (i. e. 28 upstream, as mentioned above). In addition the 

device drag was measured to produce only 1/44 of the vane VG device drag with height 

8. This was found to be due to the decrease in the three-dimensionality of the flow 

produced by the 'Wheeler' devices, due to weaker shed vortices, the spanwise variation 

of the surface pressure coefficient (Cp) was greatly reduced as well. Included were tests 

on the effectiveness of an array of transverse grooves, longitudinal grooves, a porous 

surface and air-jet VGs. It was found that placed in the position of maximum pressure 

rise, the porous surfaces tended to enhance separation. The air-jet VGs produced the 

greatest streamwise effectiveness of up to 405. Whereas, the effect of the transverse 

grooves that extended from lx5 upstream to lx8 downstream of the separation line, 

with a height-to-width ratio of 1.67, reduced the distance to reattachment by almost 

50%. An array of longitudinal grooves at the optimum spanwise spacing of 1.58, 

delayed separation and also reduced the distance to reattachment by up to 66%. Vane 

type VGs with height 0.85 provided the largest pressure recovery but imposed the 

greatest device drag in comparison with the other techniques investigated. 

As was briefly mentioned in the introduction to this thesis, a further benefit to 

increasing SBVG feasibility involves their incorporation into high-lift systems. An 

example of this was provided by Lin et al [41] and Storms & Jang [42]. The stowage of 

VGs for off-design flight conditions may be in the T. E. flap cove or concealed by the 

L. E. slat of multi-element aerofoils. The ability of a full span array of 'Wishbone' 

SBVGs, to delay flow separation and hence the stall angle from cc= 120 to (x= 190 in 

such a system was confirmed by Storms & Jang [42], a 23% increase in CLma. was also 

achieved. Due to the use of Hot-film anemometry in the investigation and no boundary- 

layer measurements taken, SBVG height in terms of 8 was not available. Instead, SBVG 

height here was stated in terms of aerofoil chord, the height used was 0.5%c. 

Lin et al [43] carried out an investigation into the effects of several different VG shapes 

and heights. Device drag data measured using a force balance mounted on a 

piezoresistive deflection sensor, providing a signal that was proportional to the test 
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surface displacement. The results showed that SBVG device drag increases 

exponentially with device height. For their flow conditions, the optimum device was the 

wheeler wishbone VG of a height between 0.18 - 0.28 and the optimum strearnwise 

location being between 38-108 upstream of the separation line. Of particular interest 

was the discovery of the minimum height of 0.058 for this SBVG shape, below which 

the author found that reducing the height of the Wishbone type generator had adverse 

effects on pressure recovery and the delay of separation. This finding indicated a lower 

limit for the device height. In addition, when this SBVG shape was compared to 

spanwise cylinders supported at a most effective height of 0.88, the cylindrical bodies 

produced a higher device drag, which resulted in only adverse effects on the 

downstream pressure recovery. 

The findings of the above investigation highlight the need to understand the effect of 

SBVG height on their performance, they also indicate that the optimum device height is 

dependent on device shape. In the current research, the effects of these two parameters 

are identified for two SBVG shapes of the same height and three different SBVG 

heights for a single shape. Using total pressure profile data, the effect on the boundary 

layer flow downstream of the interaction, will be investigated where particular attention 

will be paid to the effect on the near-wall flow due to the different device shapes and 

configurations. 

The engine inlet duct of Aircraft such as the General Dynamics F-16, McDonnell 

Douglas F-18 and Boeing 727 aircraft is S-shaped. The duct serves to efficiently 

decelerate the flow to achieve high static pressure and uniform flow at the engine face 

with minimal total pressure loss. Due to the large curvature and changes in cross- 

sectional area of such a duct, the flow exhibits non-uniformity in the total pressure over 

the duct cross-section. It is this distortion that significantly reduces engine performance 

that may ultimately lead to an engine surge. Reichert and Wendt [44] carried out an 

investigation into S-duct flow control using low profile VGs at an inlet Mach number of 

M= 0.6. The objectives of the study were to determine the effect of the VG array 

parameters such as VG height, spacing streamwise location and to establish the 

relationship between flow separation, axial vortices, flow distortion and total pressure 

loss. 'Wheeler' type VGs were employed throughout. The obtained results showed that 

relative to the baseline total pressure recovery of 96.71%, the VGs with a height 

approximately equal to 5 provided the greatest total pressure recovery improvement 
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(97.07%). VGs with a height of approximately 0.48 and 1.58 proved to be less effective, 

providing 96.89% and 96.8% total pressure recovery, respectively. From surface flow 

visualisation studies and static pressure distribution measurements the smallest VG 

spacing tested of I/X=1.43 (where A is the ratio of distance (0 between adjacent vortex 

generator vertices to vortex generator span X) provided the greatest reduction in the 

extent of separation. However, a reduction in the level of distortion over the entire duct 

cross section was only found when a VG configuration with the greatest device height 

was employed. Furthermore, it was found that there does not exist a direct relation 

between the reduction of the separated region and the VG performance in terms of 

reduction of distortion or increased total pressure recovery. Rather, the results indicate 

that a given VG array may be tailored according to a specific application, i. e. whether 

the separated region or the flow distortion in a duct is to be reduced, such as in this case. 

A year later Wendt and Hingst [45] published results describing the structure of the 

vortices shed from this type of "Wishbone" SBVG. Two SBVG heights were analysed: 

h= 0.76 and h= 0.38. The VGs were mounted on the top wall of the tunnel in a 

freestream Mach number of M. = 0.2. A five-hole Pitot probe was used to measure all 

three components of the mean flow velocity at two locations downstream of the VG 

trailing edge. Since symmetrical vorticity was expected about the VG centre line, the 

right half was only analysed. It was found that both vortex cores emanating from the 

VG share the same strearnwise region of velocity deficit, this in contrast to conventional 

VGs where the cores interact with independent regions. Strong secondary flows in the 

up-wash region between the counter-rotating vortex pair were found to displace the 

vortex cores away from the wall. At a distance of four VG chord lengths downstream, it 

was stipulated that the 33% reduction in circulation was attributed to the cross plane 

component of the shear stress that applies a torque opposing the rotation of the vortex. 

Due to the diffusion of vorticity occurring between the closely spaced vortex cores, an 

additional reason for the decay of circulation was established. A region of secondary 

vorticity of opposite sign to the 'primary' shed vortex pair was identified below the 

vortex core. It was suggested that this was due to the flow induced by the viscous 
interaction between the secondary vortex-flow and the wall. As was expected, the VGs 

of greater height produced a stronger maximum vorticity. Unfortunately, measurements 

of the vortex parameters at a second location downstream (as was made for the small 

VGs) were not provided and so comparisons of the vortex characteristics e. g. 

circulation, vorticity and rate of migration from the wall, for the two different heights 
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tested was not possible. A comparison of the experimental results with the relevant 

theory was made. In this case a 2-D model of an embedded vortex was used. The model 

calculations represented the results well although greater discrepancies were found in 

the calculated results for the smaller SBVGs (h= 0.38) than for the larger SBVGs 

(h= 0.78). 

A comparative exploratory study at 12ms" was carried out by Rao & Kariya [46] 

between the performance of two conceptual SBVG shapes and a conventional vane-type 

VG of height 8. Their height was approximately 0.68, the first type having a semi- 

circular cross-section and the second being of concave slat shape. An array of both 

SBVG shapes was fixed firstly in a parallel and then at an oblique orientation to the 

oncoming flow. The fully developed flat plate turbulent boundary layer in which they 

were placed was subjected to a 2-D adverse pressure gradient that was severe enough to 

cause separation on the plate. The evaluation was made in terms of maximum static 

pressure rise on the plate and total pressure loss incurred in the plate boundary layer 

from entry up to the end of the adverse pressure gradient. The study primarily revealed 
that the performance of SBVGs exceeded that of larger, Vane-type VGs in the specific 

test conditions. The results show that the concave slats with a sweep angle of 60' placed 
in a parallel array provided a more full total-pressure profile in comparison with the 

vane or semi-circular rods. This is indicative of a higher energy boundary layer that 

would better withstand an imposed adverse pressure gradient for a greater streamwise 
length. In addition it was found that the performance was sensitive to a number of 

parameters: height, sweep angle, spacing and length of element. However, consistent 

with the vortices of higher intensity and greater persistence shed by the slats, the 

sensitivity to the aforementioned parameters seemed to have been less when compared 

to the semi-circular rods. Since the vortices shed by the slats were of a greater strength, 
it was feasible to expect that at a reduced scale relative to 5 their performance would 

still be greater than that of the semi-circular rods or the vane VGs. It was stated that a 
further investigation would be necessary to understand the performance of this shape 

more thoroughly. The SBVG shape found by Rao & Kariya [46] is the only case found 

in a research paper to contain a device of resemblance to the curved delta-wing SBVGs 

investigated in the current research, the resemblance being the curved cross-section of 

the SBVG devices. 
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A more recent conception of a novel SBVG concept was conceived by Ashill & Riddle 

[47]. In a study on this SBVG concept carried out by Ashill et al [48], the SBVGs were 

in the form of thin wires of circular cross-section, with a largest diameter of 0.51MM 

and length 22.9mm. The wires were affixed at 16* to the L. E on the surface of a wing 

with a 60' sweep-angle, designed for supersonic flight. The tests were carried out at a 

subsonic freestream velocity of 61ms"i and the performance assessed in terms of the 

increase in extent of attached flow in the L. E. region. It was found that the variation of 

the effect of the SBVG with height is small as long as the SBVGs are between roughly 

3 and 6 times the height of the viscous sub-layer. From the above results, and from a 

similar study carried out by Ashill & Riddle [49], it was concluded that the disturbance 

caused by the presence of this form of SBVG within the boundary layer introduces 

trailing vortices that act to control the boundary layer flow along the curved upper 

surface of the wing. The separation line is consequently displaced downstream. Also, 

the effect of the mutual interference created between the shed vortices was found to 

limit the maximum number of SBVGs in a given array. The SBVGs were found to be 

effective in increasing the extent of attached L. E. flow and thus reduced the lift- 

dependant drag by 16%. This finding strengthens that previously recorded by Rao & 

Kariya [46] where SBVG device spacing was found to be a crucial parameter for their 

effectiveness. 

Further research by Ashill et al [50] involved the coupling of the same SBVGs with a 

variable L. E. droop wing. The coupled control enabled a further 8% reduction in lift- 

dependant drag to be achieved. 

Storms & Jang [42] and Ashill et al [50] have shown that in order to achieve the desired 

level of control at low Mach numbers a combination of control techniques may be 

employed in concert. The resulting increase in performance of incorporating two 

passive control techniques is still favourable over the increased infrastructure, energy 

supply and associated disadvantages required for active methods. 

A study of various SBVG configurations was carried out by Ashill et al [5 1 ]. The study 
included experiments in low speed flow involving SBVGs to control separation on a 
bump model and transonic experiments using SBVGs to control trailing edge separation 

on an airfoil model. The low speed investigations were carried out on the roof of the 
DERA boundary layer tunnel in a zero pressure gradient flow. Methods of correlating 
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the circulation around vortices to a device Reynolds number (non-dimensional height) 

were presented using data obtained from LDA measurements. The device Reynolds 

number was defined by equation 2-2. 

h+ = 
U,, h (2-2) 

v 

The study showed that the non-dimensional circulation is dependent on device geometry 

and that it reduces for non-dimensional heights below approximately h+= 750 but is 

constant above this value. A cross-check of the value of this parameters for the current 
SBVG devices will be made in order to support the definition of the SBVG height used 
in the current experiments. This will involve a check of whether the current device non- 
dimensional height is above h+= 750. Results of the experiments on a transonic airfoil 

model will be presented and discussed in the next chapter. 

The review paper by Ashill et al [20] also presents data from low speed studies (30ms-1) 

regarding the spanwise effects that the counter-rotating vortices shed from a vane 

SBVG pair spaced at lh, have on the boundary layer shape factor at several locations 

downstream. The data shows that the spanwise variation in shape factor reduces with 

increasing distance from the SBVG location, indicating that the SBVGs have an 

increased uniform effect on the boundary layer flow for greater streamwise distances. A 

plot of the loci of the vortex cores at several streamwise locations downstream of the 

SBVG location was also provided. It was also shown that up to approximately 10h 

downstream of the devices the vortices migrate toward each other by approximately 

0.5h, with only a small increase in distance from the wall. Beyond 10h, a rapid 

migration of the vortices away from the wall was found although the spanwise 

migration was not as significant as that found within the first 10h downstream of the 

devices. Further downstream the results suggested that the vortices begin to migrate 

away from each other. These results are of particular value to the current research due to 

the similarity of the SBVG configurations used. Further data describing the details of 

the flows induced by SBVGs at the same freestream velocity (30ms-1) was presented by 

the same author, see Ashill [52]. The presented data included results of a three 

component LDA investigation into flows induced by a wedge device, a joined counter- 

rotating vane pair, a Ih spaced counter-rotating vane pair and a single vane submerged 

within a turbulent boundary layer. The effects of a streamwise pressure gradient on 

vortex decay, vortex strength and vortex trajectory were also presented. Furthermore, 
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drag data for the different devices was also presented. The results highlighted the effect 

of mutual interference between the vortices shed by a pair of counter-rotating SBVGs. 

They show that although having greater initial circulation strength up to 10h 

downstream of the device trailing edge, the rate of decay of the vortices shed by joined 

counter-rotating SBVG pair was greater than that found for the SBVG pairs with a 

spacing of at least lxh. The interaction between the shed vortices was revealed by plots 

of upwash against lateral distance where distinct vortices were present at greater 

strearnwise distances from the devices with a spacing of at least Ih. Adverse pressure 

gradients were shown to adversely affect the decay rate of the vortices shed by the Ih 

spaced counter-rotating vanes. This was found to be due to the increased tendency of 

the vortices to merge and hence decay more rapidly. The results of experiments using a 

single device showed that the rate of decay of vortex strength reduces significantly 
between 15h and 30h downstream of the device. However, by 50h downstream the non- 
dimensional vortex strength was similar for both the single and Ih spaced counter- 

rotating pair. This result demonstrates the effect of mutual interference due to the 

interaction of the vortices shed by a SBVG pair that reduces the vortex strength and the 

sole effect of the wall counter vorticity that causes the decay of the vortex generated by 

the single device. The effects of pressure gradient on the shape factor 

increment/decrement determined at 30h and 50h downstream of several of the VG types 

was presented. It was shown that the adverse pressure gradient significantly' alters the 

performance of the SBVGs in terms of their effect on the boundary layer shape factor. 

Where the largest decrement in shape factor was greater from the joined and Ih spaced 

counter-rotating SBVG pairs. In particular, the SBVG pair with the greatest spacing was 

shown to provide the largest reduction of shape factor although a higher increase in 

shape factor was also found for this pair along the plane of symmetry of the pair. The 

SBVG drag was obtained from wake surveys and CFD calculations. It was shown that 

in adverse pressure gradients, the drag of a spaced counter-rotating SBVG pair was 
lower than that of a joined counter-rotating SBVG pair. In a zero pressure gradient, the 

wedge SBVG was found to produce less than half the drag of the joined counter-rotating 

SBVG pair. However, the strength of circulation and the shape factor reduction in a zero 

pressure gradient due to this device was also found to be the lowest. As noted 

previously, the results presented in the paper are of particular relevance to the current 

work due to the similarity of the configurations tested. Therefore, where possible the 

results will be referred to in the discussion of the results of the current experiments 
(Chapter 6). 
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To the knowledge of the author, the control of boundary layer separation using VGs on 

aircraft has mostly been limited to subsonic flight, where an array of VGs with a height 

comparable to 6 were used. To date, the number of systematic investigations of the sort 

to determine the feasibility of the application of SBVGs to flow conditions involving 

high transonic speeds as a means of controlling separation, is relatively small, with only 

a small number being installed on aircraft, e. g. Holmes [53] to be discussed in the next 

section. 

The following chapter provides a review of the state of the art of controlling the 

separation of a boundary layer due to a normal-shock wave boundary layer interaction 

that occurs in the transonic/low supersonic flow regime. To the knowledge of the author 

most, if not all published concepts of control are included. A selection of various 

conceptual and established applications with their test results are also summarised. 

2.4. High-Speed Flow Control 

As mentioned in the introduction of this section, the study of the control of a normal 
SWBLI has been, and still is, of great interest to both military and civil aircraft 
designers. The advantages of controlling this phenomenon include all the 

aforementioned for low-speed as well as the further advantages of extending the drag- 

rise and wing-buffet boundaries at higher transonic Mach numbers. Or in the case of 

supersonic intakes, controlling this phenomenon can alleviate intake unsteadiness and 

reduce acoustic vibrations that contribute towards structural fatigue. 

Several different concepts of 'Active', 'Passive' and 'hybrid' control have been under 
investigation for many years. Active control involving suction of the boundary layer in 

the interaction region through a porous surface as investigated by Fage & Sargent [54], 

has been established as an effective means of flow control. Successes in recent years of 

project EUROSHOCK [55] and investigations by Ddlery & Bur [56] and Stanewsky 

[57] has led to further research in drag reduction by Passive control. The concept 
involves incorporating a cavity of rectangular cross-section covered by a perforated 

plate or locally perforated part of aerofoil skin, located at the shock position (see 

Figure 4). Stanewsky & Krogmann [58], Theide & Krogmann [59), Bur et al [60,61) 

and Bohning & Jungbluth [62] are works that adopted this approach to develop this 

method. it is learnt from these that adopting boundary layer control in the form of a 
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passive cavity system does prove effective in reducing the wave drag. As described by 

Ashill & Fulker [63] the control system is installed in the predicted shock region. The 

skin perforations either being laser drilled holes or strearnwise slots. The steep pressure 

gradient through the shock wave is weakened by the secondary circulating flow induced 

in the cavity. Due to the pressure rise a passive suction is induced immediately 

downstream of the shock, this tends to close the separation bubble and create a resultant 

transpiration effect immediately upstream of the shock. The injected fluid increases the 

boundary layer thickness upstream of the shock, which causes a series of compression 

waves. A more isentropic compression through the shock is therefore achieved. The 

normal shock wave bifurcates fin-ther from the wall, forming a X-shock system, causing 

the pressure rise to develop over a larger streamwise distance. The system was also 

found to have a stabilising effect on the shock wave position, thus indicating prospects 

for its application to the alleviation of buffet. The position of the shock wave along the 

perforated length was also found to be crucial to the effectiveness in reduction of the 

separated region. 

EE 
enlarged X-shock 

circulation 
edge of viscous 

system region 
layer 

perforated plate 

transpiration effect 

Figure 4: Passive Cavity 

suction effect 

Bohning & Jungbluth [62] found that only if the shock is positioned near the middle of 

the cavity, allowing the circulation to take place, the desired effects occur. Experiments 

carried out by Bur et al [60] on a flat plate at a Mach number of 1.4, with passive 

control of this type, have shown that the increase of the displacement thickness (6) is 

much greater when passive control is applied. This effect constitutes a source of 
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instability in the boundary layer flow. The cause of which is a consequence of the 
injected fluid upstream of the shock induced by the circulation within the cavity. As the 

shock recedes over the perforated plate an increasing length of the surface injects fluid 

into the stream that directly increases the boundary layer thickness. Simultaneously, the 

suction region acting to close the separated region is reduced, resulting in an increase of 

the boundary layer thickness. In addition, an increase in the momentum thickness (0) 

relative to the reference case was also observed. These events caused an increase in the 

viscous drag yet a considerable decrease in the rate of pressure rise (shock strength) 
through the interaction region, indicative of a reduction in the wave drag. Furthermore, 

neither the diameter of the holes in the plate nor the inclination of the plate, were found 

to have any significant influence on the characteristics of the mean flow properties. A 

difference was observed however, between the plates with inclined holes and the plates 

with normal holes when analysing the obtained LDV measurements. It was found by 

D61ery [64] that the turbulent kinetic energy maximum through the shock 

wave/boundary layer interaction was found to be greater for the inclined holes, 

indicating higher turbulence levels. The difference between the shear stress maxima was 
found to be less significant. The total drag in the control region was determined by 

calculating the momentum balance for a defined control volume using the results from 

LDV measurements. A reduction of 4% in comparison with the reference case (solid 

wall) was determined. This unfortunately was of the same order as the order of 

measurement uncertainty. The skin friction of the perforated plates was also found to be 

twice that of the solid walls. Therefore, in question, is the balance of excrescence drag 

of the wall, the frictional losses incurred and the reduction of wave drag. No favourable 

configuration has yet been achieved. 

opposing the suggestion of Bohning & Jungbluth [62], which stated that the shock must 

be centred on the cavity for the greatest effect, a position slightly aft of the centre was 
found to be more important for improved drag reduction, see D61ery [64]. It has been 

suggested by Raghunathan [65] that if holes instead of slots were used, they should be 

forward facing at an angle of 60" to the normal to the surface. An optimum porosity was 

also established to be between 2% and 3%, with it distributed such that the maximum 

porosity is at the predicted shock location. To obtain a significant reduction in drag 

using passive control was found to be effective only for strong shock waves, i. e. for 

normal-shock upstream Mach numbers above M= 1.3. For the case of a supercritical 

aerofoil designed for a shock Mach number of M= 1.2, it was proposed that the passive 
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cavity be installed at a position offset to the design shock location. At off-design 
conditions, when the shock becomes stronger, the shock will move onto the porous 
region bringing into effect the benefits of drag reduction using this technique. 

Nagamatsu [66] also investigated the passive cavity concept where the device was 

adopted in order to reduce the transonic drag on a Bell FX69-H-098 aerofoil. The 

freestrearn Mach numbers at which the experiments were carried out ranged from 

M= 0.74 to M= 0.86. The drag was measured by means of a wake survey using a total 

pressure rake. The loss in total pressure measured by the rake corresponds to a change 
in momentum caused by drag. The total drag-coefficient, CD, obtained when integrating 

the total pressure loss over the rake region. At the maximum Mach number tested a 33% 

reduction of total drag was obtained, in comparison with the reference case, being a 

solid-surface aerofoil at the same Mach number. The formation of a X-shock system was 

also confirmed on observation of Schlieren photographs. 

In an attempt to mitigate the increased viscous drag when applying the above passive 

control system, research has been carried out into the performance of a hybrid system 

that incorporates a combination of active suction with the passive cavity. Ddlery & Bur 

[56], Stanewsky & Krogmann [58], Krogmann et al [67], Bur et al [68], Bur & Corbel 

[69], Doerffer & Bohning [70] have investigated this approach. A configuration devised 

by Krogmann et al [67] to increase the buffet-boundary significantly, incorporated a 
double slot plate covering the passive cavity or plenum chamber. It was found that this 

configuration at Mach numbers up to M= 0.86 was successful in 'damping' the shock 

oscillations even though the flow was fully separated downstream to the trailing edge of 

the aerofbil used in the experiments. In the same investigation it was concluded that a 

single suction slot provided the greatest reduction in boundary layer thickness, as well 

as delaying the otherwise rapid growth of the separation bubble. The achieved delay in 

the development of separation lead to a reduction of the pressure drag. This effect was 
found to overcompensate for the additional friction and wave drag due to the fuller 

velocity profiles and higher shock strengths, resulting from the application of suction. In 

agreement with the above findings, Bur el al [68 & 69] found that as opposed to when 

only active control is applied, for a hybrid system the overall friction drag increased 

relative to the reference case, this was probably due to the increased flow disturbance 

introduced by the blowing/suction operation of the system. 
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The findings of Doeffer & Bohning [70] who later carried out an investigation into the 

effects of similar types of passive, active and hybrid control techniques in a normal 

shock interaction at M= 1.3, were quite different to those obtained by Bur et al [68,69]. 

However, a direct like for like comparison between the investigations of Bur et al [68, 

69] with that of Doerffer & Bohning [70] would be difficult since no boundary layer 

separation was present in the M= 1.3 interaction experiments conducted by Doerffer & 

Bohning [70]. They concluded that using passive control alone reduces the pressure rise 

through %-shock region however the large boundary layer disturbance caused by the 

passive cavity results in extensive separation of the boundary layer. Hence the passive 

control did not have any positive effect. The hybrid control technique that employed a 

similar setup to the systems described by Bur et al [68,69] was found to provide the 

same total effect on the flow field as the active (suction only) technique. Although the 

results of this study do not concentrate on shock induced separation control, (as there 

was no separated flow at the test Mach number), the findings of the study are still 

important for the understanding of the effects of the passive cavity without separation. 

This could be useful in understanding the adverse effects on the flow quality at off 

design Mach number conditions. However, since the results are of limited relevance to 

the current investigation no further discussion will be made. 

In addition to the logistic, installation and maintenance complications that arise when 

considering the application of such control systems, not enough is known of two most 

important aspects involved. Firstly, The excrescence-drag of the cavity and perforated 

system, and secondly the effect of the circulating air due to the cavity at off-design 

conditions. These aspects must be ftirther investigated to understand the implications of 

such devices. 

A further technique investigated by Smith et al [71] involved the installation of 

streamwise slots or grooves beneath the shock interaction region. Experiments were 

conducted on a non-separating M= 1.3 turbulent boundary layer normal shock wave 
interaction. The techniques were found to operate in a similar manner to the passive 

cavity technique. The authors concluded that in addition to a blowing/suction effect of 

the slot below the interaction the cross flow velocity profiles revealed the possible 

presence of streamwise vortices into the flow. Due to the increased height of the shock 

bifurcation point that results from the installation of the slot, a reduction in wave drag 

was found with a thickening of the boundary layer confined to a narrow region behind 
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the slots and hence the viscous losses would be lower than for passive control. It was 

also found that effect of the grooves on the interaction depends strongly on their size. 
For narrow grooves the formation of a second X-shock structure on the rear shock leg 

provided evidence of a stronger shock, i. e. greater losses. In addition the 
blowing/suction mechanism was restricted by the viscous blocking effect of the second 
X-shock. For wider grooves the second X-shock was not present and the blowing/suction 

action provided by the grooves was effective over the whole length of the groove. The 

results also indicated that the strearnwise vortices produced by the grooves were not as 

strong as those generated by the slots. A computational study on the same topic was 
later carried out by Smith et al [72]. The results of the study revealed the presence of 
two pairs of counter rotating vortices. One pair was found to originate at the groove 
leading edge, generated by the roll up fluid blown from the groove. The second pair was 

also generated from transpiration, the blowing from the groove produced a flow 

separation that lead to the formation of a vortex pair. In this instance the flow 

phenomenon were predicted to a satisfactory level of accuracy, however due to 

constraints of the research presented in this thesis no computation of the flow field was 

performed. The work presented by Smith et al [72] is perhaps the first successful 

computation (in terms of satisfactory reflection of experimental results) of a SWBLI 

control technique that included effect of embedded vortices within the boundary layer at 
high Mach numbers. 

A concept developed by Ashill et al [73] involves a passive technique to reduce the 

wave drag by smearing the steep pressure gradient present in the shock region. The 

device has been referred to as a 'Buffet Bump', see Figure 5. To achieve the desired 

bump profile an active change of local surface curvature was required. Deflecting 

outward a designated flexible portion of the aerofoil skin by up to 0.4% chord using 

appropriately positioned hydraulic jacks did this. The optimum position for the crest of 

the bump was found to be between 1% and 2% chord downstream of the normal shock 

wave location. This approach was recently followed up by Birkemeyer et al [74] with 

experiments on a 2-D aerofoil in Mach 0.852 flow with a smooth asymmetric bump, its 

crest at 60% the bump length and location at 76% chord. It provided a total reduction in 

drag of 13% with suction applied at 55% chord (upstream of the shock location), in 

comparison to the 8% reduction without suction. It was also concluded that as the effect 

of suction is reduced with increasing Reynolds number, the effect of the bump on total 
drag reduction increases with increasing Reynolds number. 
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Figure 5: Buffet Bump 

An asymmetric profile shape of the bump was used in these tests since it proved to be 

the least sensitive to small changes in the shock position. It was found that the delay of 

buffet was influenced by the relation between the lift coefficient and the bump height. 

At low values Of CL a lower bump will extend the buffet boundary, whereas, at higher 

values Of CL (where stronger shocks occur) a higher bump was required for similar 

effect. Bump height was also found to affect the drag reduction at different values of'('[,, 

i. e. at CL`ý 0.75 the total reduction of drag being due primarily to the reduction of' the 

wave drag. At CL> 0.75, the reduction of wave drag was found to diminish. in addition, 

the viscous drag was found to be unaffected by the bump. Moreover, it was found that 

the height and position of the bump (relative to the shock) are not afTectcd by tile 

boundary layer thickness upstream of the shock. 

A further study was carried out by Seifert el al [75] that provided an overview of the 

Reynolds number and Mach number effects of' active control of' flow separation. The 

flow control technique employed the use of zero inass flux actuators capable ofpcriodic 

excitation of the local flow such that large coherent structures were generated that 

facilitate the transfer of high momentum fluid to the surface. The paper shows that for 

low chord Reynolds numbers (10 4 
-< 

R, <- 10) typical of' those found for M iniature Air 

Vehicles, the aerofoil lift and efficiency are restored and the hysteresis associated with 

stall are almost completely eliminated. For chord Reynolds numbers typical of' a 

17<R, :! ý 4.107), it was also I'mrid that perio(fic excitati commercial airliner (10 -II1 1011 
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increased post lift stall significantly. The paper concluded that periodic excitation was 

effective in delaying boundary layer separation, reattaching separated flows and 

stabilising unsteady wakes across the entire Reynolds number range investigated. The 

effects of Mach number on the effectiveness of this control technique were such that 

with control applied at low Mach numbers (M= 0.28, entirely subsonic flow), the 

suction peak over the aerofoil section tested became stronger. It was suggested that due 

to the global effect of applying excitation of accelerating the flow upstream of the 

separation line, at higher Mach numbers, relative to the baseline a stronger shock may 

be generated that would cause more severe separation that would be less responsive to 

control. This process may also saturate the effectiveness of the excitation at transonic 

speeds. Further experiments showed that periodic excitation did indeed accelerate the 

flow upstream of the shock. It was stipulated that the enhanced mixing in the flow 

upstream of the shock thins the boundary layer, accelerating the boundary layer flow 

leading to a stronger shock with ensuing separation downstream. The shape of the 

pressure distribution downstream of the shock indicated the presence of a separated 

flow region however it was argued that the enhanced mixing provided by the excitation 

may allow the separated boundary layer to approach the wall over a shorter streamwise 
distance. Resulting in a stronger pressure recovery and an enhanced capability to handle 

the stronger shock without extensive separation. The paper highlighted the increased 

complexity of controlling flow at compressible speeds relative to incompressible flows. 

Nevertheless, a significant reduction in the size of the wake and corresponding 

improvement the L/D of the aerofoil was achieved. The findings of this study show 

promising results for the application of periodic excitation in boundary layer flows. 

However in terms of infrastructure installation and maintenance costs, this method 

requires far more support than passive techniques. The current research may also 

provide evidence that will support this argument if a similar degree of control can be 

achieved. 

A further active control technique that is more closely related to the current thesis, 

involving introducing vortices to re-energise the boundary layer, has been investigated 

by Compton and Johnston [76]. Air-Jet Vortex Generators principally involve the 

injection of air into the boundary layer from the wall through discreet orifices upstream 

of the region to be controlled. The introduced jet streams are rolled up by the 

mainstream flow and form vortices that trail in the strearnwise direction. Despite the 

nature of the vortices produced from a jet being quite different to those generated by 
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vane VGs (see below), the vortices do have similar effects in relation to mixing 

enhancement. A number of significant differences found between the two vortex 

generating mechanisms, found from the low speed studies, include the following: The 

vortices produced from air jets are weaker, decay more rapidly in the initial region and 

have a lower velocity core. Yet, a further study by Pearcey et al [77] has revealed their 

effectiveness to be comparable to Vane VGs for a range of shock locations within 50% 

chord of the VG-jet position, at upstream Mach numbers up to 1.6. 

In similar experiments in the same Mach number range Rao [78] found that skew angle, 

jet exit shape and direction have considerable significance on the performance of the 

shed vortices. 

In 1950, a few years after the original conception of VGs by H. D. Taylor [25] to re- 

energise the boundary layer flow, the same concept was applied to the control of shock- 

induced separation Donaldson [79]. In the same year the research was refined by Lina & 

Reed [80] and involved flight tests with an F-51D aircraft at supercritical speeds 

ranging between flight Mach numbers of M= 0.71 to M= 0.77. VGs based on the type 

conceived by Taylor [25] with an aerofoil cross-section set in a spanwise array at O. Ic 

and 0.3c were used. Separation occurred at around 0.42c chord. The overall conclusions 

drawn from both papers indicate that both the co-rotating and counter-rotating 

arrangements of VGs tested delayed separation to higher Mach numbers and lift 

coefficients. Moreover, the performance of two rows of VGs, one placed at 0.1 c and the 

other at 0.3c chord, had similar results to one row of VGs placed at 0.3c chord (closer to 

the interaction region). It was also found that when comparing the influence of the 

rotational sense of the VG devices on alleviating separation the counter-rotating VG 

configurations provided more favourable results than the arrays in which the VGs were 

arranged to produce co-rotating vortices. 

Considering these results, the combination of a counter-rotating array of VGs with 

correct positioning with respect to the adverse pressure gradient region, has therefore 

great potential for providing optimal performance. 

The above findings also lie in direct agreement with those stated by Pearcey [17]. 

Where, the mixing produced by a counter-rotating pair of VGs exceeded that of a co- 

rotating pair. However, an increased rate of migration of the vortex filaments away from 

the surface was found. This was due to the resultant up-flow induced between vortex 
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pairs, resulting in a reduced streamwise range of effectiveness. This was in contrast to 

co-rotating vortices (with a lower mixing rate) that tend to persist within the boundary 

layer for greater streamwise extents. 

In an early systematic investigation into the influence of vane type VGs on shock- 
induced separation alleviation, results concerning the degree of control effectiveness 

were presented by Edwards [8 1 ]. Free-flight experiments were carried out on the wings 

of a projectile model at Mach numbers ranging from M., = 0.8 to M,, = 1.2. Three 

dissimilarly organised arrays of flat vanes (i. e. conventional VGs) were individually 

tested, see Figure 6a-6c. The vanes had a height of 1% chord, an orientation (a) of 

either 15' or 20" to the main stream direction and were installed at either 50% or 65% 

chord. Shock-induced separation occurred at 75% chord on the clean wings. In previous 

wind tunnel tests, it was found that at these transonic speeds the control effectiveness of 
the wing/flap configuration was almost completely lost due to the occurrence of shock 
induced separation just behind the wing/flap hinge line. By observing the change in 

rolling moment of inertia and an estimated value of the damping in roll, the 

performance of the VGs and hence the degree of mitigation of the shock-induced 

separation was obtained. An increase in rolling effectiveness indicated a corresponding 
delay of boundary layer separation due to the obtained increase in control surface lift. 

The optimum spacing factor D/h was found to be slightly larger than D/h= 4 (where D 

was the distance between vane centres of co-rotating VG array, or the distance between 

a vane pair centre-line for a counter rotating VG array). A spacing of D/h= 3 was found 

to be the minimum limit. Below this limit the efficiency of the vortex array was reduced 
due to adjacent vortices spiralling round each other, resulting in their early migration 
from the surface. It was concluded that for this reason the vane spacing in a co-rotating 

array of generators is the most important factor in their effectiveness. 
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(a) Counter-rotating 

Cc 

(b) Co-rotating (c) Biplane 

Figure 6: Various arrangements of vane VGs. 

Firstly, an analysis of the pattern of the shed vortices for a co-rotating system (see 

Figure 6b) provided information on the optimum spacing of the VGs used. The slope of 

the path of the vortices in the strearnwise direction was given by Edwards [8 1] as: 

aZ 
=_ 

K F(Z, Y) (2-2) 
O'X VD 

Where V is the velocity, K is the strength of the vortex, Z the direction normal to the 

wall, x the strearnwise direction and Y the spanwise direction. From equation 2-2 it is 

apparent that an increase of the strength of the vortex K will reduce the distance before 

which the vortex will leave the surface, and an increase of the spacing D (see Figure 6b) 

will tend to increase the strearnwise effectiveness. However, this results in a reduced 

nunibcr of vortices per unit span that consequently reduced the spanwisc effectiveness 

of the system. Moreover, if the initial vortex strength is too high the vortex will separate 
from the surface before it has reached the interaction region. Conversely, if the vortex 

strength is too low their paths will remain close to the surface, yet the degree of mixing 

when reaching the shock location may be insufficient to influence the boundary layer 

separation to a favourable degree. Results from an array of closely spaced VGs with 

parameters: D/h=2.5, a=150, D/d=2.1,1/h=1.25, placed at 50% chord, producing 
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counter-rotating vortices (see Figure 6a), provided a very short range of effectiveness. 

The vortices had a low initial strength due to the mutual damping caused by the close 

spacing. This resulted in their migration out of the boundary layer before reaching the 

shock position. In comparison, results from an array of VGs producing counter-rotating 

vortices, with parameters: D/h=10, cL--15*, D/d=8.3 and 1/h=1.25 at 50% chord provided 

best results for alleviating separation. This configuration proved most successful over 

the range of Mach numbers tested. 

A further VG configuration tested in the above investigation, which had a degree of 

success comparable with the previously mentioned case, was the "Bi-plane" 

configuration. The VG array was organised as shown in (see Figure 6c). The position of 

the array was at 65% chord, with the following parameters: cc=15*, 1/h=1.25, D/dl=4, 

D/d2=1.25, D/h=5. Interesting behaviour regarding the mutually induced velocities 

caused by the neighbouring vortices was observed. The vortices shed by the di system 

tended to move down towards the surface whereas the vortices of the d2 system moved 

away from the surface. The mixing was thus enhanced due to the co-operative 

circulation caused by the combined system. The lower energy air circulated by the d, 

vortices, which were kept lower in the boundary layer, was removed further into the 

freestream by the vortices of the d2 system. It was expected that due to the mutual 

damping caused by the second set of vortices a reduced effectiveness would result. It 

was therefore decided to place the VGs closer to the interaction region, at 65% chord, 

from the beginning of the tests. This is in comparison with the other tests carried out in 

which VG configurations were placed at 50% chord. The success of this configuration 

was attributed to both the increased mixing due to the dual vortex system and the 

reduced distance to the interaction region. No results were presented for the 

effectiveness of this array at a more rearward position. 

The height of the VGs used in the above studies were of the order of 8, which at both 

design and off-design conditions produce significant parasitic drag, especially where 

configurations included multiple VG pairs. The Drag penalty paid by this type of VG 

has been a major factor in preventing their widespread use on both internal and external 

aerodynamic applications. 

A further study by Shivers [82] has brought to light that such oversized control devices 

fixed on rotor blades to alleviate rotor blade stall due to compressibility effects 
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produced promising results. Yet, a prohibitive increase in profile torque resulted, such 

that it was detected even at zero thrust. The VGs were subsequently re-made with half 

the original height. Subsequent tests produced a significant increase in maximum rotor- 
blade mean lift-coefficient, with some penalty in profile torque only at low lift 

coefficients. 

To focus on the effects of using SBVGs that would be feasible in an increased range of 

applications is evidently desirable. 

Important considerations to be made for the application of SBVGs are outlined where 

the incorporation of control devices must not only be thought of in terms of 

functionality but also aesthetic quality. An example of such a case is recorded by 

Holmes et al [53] in the following circumstance: Due to shock-induced boundary layer 

separation over the canopy of a Gulfstream III aircraft a significant increase in cabin 

noise was perceived at freestrearn Mach numbers around 0.85. The noise was termed 

'Mach Rumble' and was said to be due to an externally mounted blade antenna being 

excited by an unsteady vortex separation in the shock region. An array of rectangular 

SBVGs with height 1/88 and aspect ratio ; ý-0.2, at ±30', each pair fixed on a base plate 

4" upstream of the computed interaction location, was installed. It solved the problem in 

as much as eliminating the audible 'Mach Rumble' and vibration of the antenna. 

However, the prime motive for using the low-profile generators was in majority based 

on aesthetic grounds as the SBVGs provided little impact on appearance of the aircraft. 

The high vane-incidence and low span, do indicate, based on the findings in ESDU [22], 

that the strength of the shed vortex may be comparable to a lower incidence, greater 

span VG. However, owing to the reduced height of SBVGs and the shape of the 

boundary layer velocity profile, the velocity of the entrained flow forced to the surface 

is lower than that entrained by greater height VGs. The merit of a reduced drag at off. 

design conditions in comparison with larger VGs was not mentioned, nor was 

consideration given to using larger VGs to achieve even better control. 

In an investigation by McCormick [83] which compared the performance of h=0.368 

'Wheeler' doublet SBVGs with the passive cavity concept, experiments were carried 

out in an axisymmetric wind tunnel at freestream Mach numbers ranging between 

M,, =1.56 and M, 6=1.65, depending on shock location. The spacing between the 
'Wheeler' wedges was 6-4h. The Reynolds number of the undisturbed boundary layer in 
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the shock location, based on 5, was found to range from RS=6.8_8.8XIO4. An 

axi-symmetric tunnel was used so that the problem of three-dimensional comer-flow 

would not be encounteredý. Information regarding the baseline conditions was presented 

namely the interaction length, found to be 575, which was determined by the wall static 

pressure distribution. With SBVGs installed at 55h (208) upstream of the baseline shock 
location a reduction of this length by a factor of 2.3, from 578-258 was achieved. From 

surface oil-flow visualisation a reduction in the extent of the separated region by a 

similar factor was observed. The point of inflexion in the surface pressure distribution 

responsible for separation was eliminated, indicating a great reduction in the scale of the 

separation. The obtained results for the experiments with the passive cavity installed 

were consistent with the previously mentioned; the interaction length increased, 

smearing the pressure rise over a larger streamwise distance with the formation of a 
large X-shock system. A comparison of the boundary layer integral parameters was 

made. Findings showed that the SBVGs placed between 20-338 upstream of the 
interaction region resulted in a decrease in displacement and momentum thickness of 
20-30% as well as a reduction in the shape factor, downstream of the shock location 

(X>O). This result clearly demonstrated the ability of SBVGs to significantly suppress 

separation and to thin the boundary layer downstream of the shock wave. The passive 

cavity was shown to increase the displacement and momentum thickness over the 
baseline configuration, this was due to the injection of fluid from the cavity ahead of the 

shock. An increase in the viscous drag resulted from this, yet a reduction in wave drag 

was achieved from the effect of smearing the pressure rise through the interaction 

region. The main advantage of the passive cavity, which at the same time is the main 
disadvantage of SBVGs, was found to be the reduction in mass-averaged total pressure 
loss across the interaction, due to the fluid injection, which the SBVGs did not permit. 
However, the strearnwise rate of reduction of the total pressure for the case of the 
SBVGs, corresponding to mixing losses within the boundary layer, was lower than for 

both the passive cavity and the baseline cases. 

Similar experiments were carried out by Gamerdinger [84] at a freestrearn Mach 

number of M. 6=1.4, using a triangular "plow" shaped SBVG (wedge with apex pointing 

upstream) of height 50%5 and spacing 6h. The objective of the experiments was to 

control the boundary layer through the shock interaction region over transonic fan-blade 

The issue of the extent 2-D flow requires close attention in the curren ,t 
investigation and will therefore 

be discussed later. 
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cascade. For the particular shape SBVG used, a region before the interaction for the 

shed vortices to develop to their maximum mixing strength was found to be crucial in 

order to optimise SBVG effectiveness. It was recommended to increase the distance of 

the SBVG placement from 208 to 305 due to the observed de-energising of the flow 

immediately downstream of the "plow" VG devices. A comparison made with a device 

of the same geometry but with its apex pointing downstream found that no de- 

energising occurred. The separation region was found to decrease by a factor of about 2 

and the boundary layer characteristics were improved. It was recommended in both this 

report and by McCormick [83] to further investigate SBVGs of heights smaller than 

50%8. 

An investigation into the control of a SWBLI and the resulting trailing edge separation 

using SBVGs on an airfoil model at M= 0.71 was conducted by Ashill et al [51]. The 

results of two SBVG types were presented, wedge and split vanes spaced at one device 

height. The height of both types of device was equal to the boundary layer displacement 

thickness at the location of SBVG installation. Arrays of both types were used 

separately where the spacing between wedges, or pairs of vanes, was 12 device heights. 

The application of SBVGs clearly demonstrated the improvement in normal force at 

higher angles of attack. in particular, the split vanes were shown to provide the best 

improvement in pressure distribution and lift to drag ratio (L/D). Static pressure 

distributions obtained during the experiments also showed a greater increase in trailing 

edge pressure at the higher lift coefficient of CL= 0.7 tested. It was also stated that the 

split vanes reduced the extent of the separated flow at the airfoil trailing edge relative to 

the wedges. The geometry of the split vanes is the same as those to be used in the 

current experiments. However, in the current study several different configurations will 

be investigated. In particular, the results presented in this thesis will include an 

assessment of the performance of the vane SBVGs at a number of different spacings, 

(including those spaced at one device height as presented by Ashill et al [5 1 ]). It should 

be noted that there exist significant differences between the experiments of Ashill et 

al [5 1] and those conducted in the current research. These include the experiments being 

conducted on a flat plate flow where the control of shock-induced separation at a far 

greater Mach number was investigated. Nevertheless, the similarities and differences 

between the results of each study will be discussed. 
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Rather than for the sole purpose of drag reduction, more recent work has also explored 

means of reducing wing buffet caused by the unsteady separation due to the shock 
interaction. Even if not destructive, the onset of buffeting limits the flight envelope of 

aircraft by increasing structural fatigue, adversely affecting manoeuvrability and 
decreasing passenger comfort. Caruana et al [85] investigated several methods of 

controlling buffet on two models. Firstly, experiments were conducted on an 

instrumented 2D aerofoil model at a chord Reynolds number of 4.5.106 and freestream 

Mach numbers between M=0.72 and M=0.78. Subsequently a 3D model of a fuselage 

and wing configuration (similar to a civil transport aircraft) was tested at a Reynolds 

number of 8.3.106 and at Mach numbers between M=0.34 and M=0.80. The methods to 

control the buffet onset included the ONERA designed Trailing Edge Deflector (TED) 

and Vortex Generators of a height equal to the local boundary Layer thickness (8). It 

was found that for both 2D and 3D flow the TED provided an improvement 

aerodynamic performance (L/D ratio) and delayed the buffet onset beyond the baseline 

case. However it was found that even though highly complex, the TED system had 

potential for controlling the shock location instabilities, buffet onset and rear loading of 

the aerofoil using closed loop dynamic control laws and unsteady measurements. On the 

other hand the simpler co-rotating VG configuration placed at 33% aerofoil chord 

upstream of the shock location of 50% chord decreased the separated flow zones and 
hence eliminated buffet and shock position instabilities. It was also stated that it was not 

necessary to propose a very precise position for the VG array as long as it was placed 

upstream of the shock location, although data for only one VG location was presented. 
The effect of changing the VG location on the flow properties will be covered in the 

current experiments and the more detailed measurements of the flow should provide a 
better understanding of the effect of altering the VG configuration. The disadvantage of 

the VG configuration used was highlighted as being the parasitic drag caused by the 

devices at off-design conditions i. e. before natural buffet onset. The devices used by 

Caruana et al [85] were of the height of the boundary layer thickness hence an 

opportunity to explore the potential of smaller SBVGs that would produce lower 

parasitic drag at off design conditions is present. 

Perhaps the most closely related work to that presented in this thesis is the very recent 

work carried out by Holden & Babinsky [86]. Their investigation included wind tunnel 

experiments at Mach numbers of M=1.3 and M=1.5 on a normal shock / turbulent 
boundary layer interaction with a freestream Reynolds number was 28- 106 and a 
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Reynolds number based on boundary layer displacement thickness of 11S. = 26.103 . The 

experiments were conducted on the naturally grown turbulent boundary layer on the 

tunnel floor. Two types of SBVG were investigated, wedge shape and arrays of counter 

rotating vanes (the latter being geometrically similar to those used in the current 

research). The boundary layer thickness was 6mm. which meant the vane SBVG height 

was approximately 0.25, the wedge type SBVGs were slight larger at 0.255. The vane 

SBVG configuration was similar to that used in the current experiments. The distance of 

the SBVGs upstream of the normal shock was varied from 68 upstream to 

approximately placing the shock overhead the trailing edge of the SBVGs. Only one 

configuration of SBVG was tested at these two shock positions. It was found that at the 

higher Mach number the vanes eliminated and the wedge type SBVGs greatly reduced 

the separation zone behind the shock. Vane type SBVGs were found to be more 

effective because they appeared to generate stronger vortices closer to the wall. Placing 

the SBVGs at a distance of 65 upstream of the shock reduced the extent of the %-shock 

structure, reducing the size of the interaction and leading to a steeper shock pressure 

rise. Extra shocks also formed on the leading and trailing edge of the SBVGs along with 

a strong re-expansion over the devices themselves. The re-expansion was considered 

undesirable since an increased total pressure loss and hence an increased wave drag 

would result. The wedge type SBVGs were the worst in this respect as they produced a 

stronger re-expansion. With the shock positioned almost above the trailing edge of the 

SBVGs there was evidence of smearing of the pressure rise. This was a desirable feature 

that would result in a reduction of wave drag whilst still suppressing separation. 

However, it was found that the shock smearing was only seen for a very narrow range 

of shock positions and hence would not be a practical control solution. 

The results of this research provide valuable information regarding the now 

characteristics for a single SBVG configuration placed in close proximity to the normal 

shock wave. A gap in the literature is still apparent when an understanding of the 

variation of the design parameters (height, spacing and increased distance to shock) for 

the SBVG array is required. In addition, it is evident from the literature that recent 

research has concentrated on two specific SBVG shapes for the control of SBWLI, 

namely the wedge type conceived by Wheeler [37] and the vane type SBVG provided 

by Ashill [21]. The investigation of new shapes that may enhance the level of mixing 

and streamwise effectiveness of the shed vortices would also be of benefit to the field. 
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2.5. Computational Investigations 

The first step in modelling the current flow conditions and the effects of the applied 
SBVGs is to obtain a representative solution for a model of longitudinal trailing vortices 

embedded within a turbulent boundary layer. Several attempts to model this scenario 
have been made. These include the work of Wik [87], Leslie [88] and Barber [89]. The 

incompressible flow study carried out by Wik [87] highlighted the difficulty in 

modelling such flows due to the sensitivity of the results to turbulence modelling and 

other parameters such as device geometry and device boundary layer. Further 

computational work carried out by Leslie [88] provided valuable results regarding the 

development of vortex pairs within a turbulent boundary layer at low speed (13m/s). 

The study involved a comparison between detailed hot-wire boundary layer 

measurements and the numerical solutions obtained from a computational investigation 

of longitudinal vortices shed by SBVGs. A valuable set of experimental data containing 
details of the development of vortices was provided, although accurate solutions to the 

computations were more difficult to obtain. The findings showed that in general, the 

numerical solutions underestimated the performance of the SBVGs in comparison to the 

experimental results. The computations showed that the initial vortex strength was 
lower and the rate of diffusion was higher. It was also found that the turbulence 

structure of the flow due to the presence of the vortices was significantly different to the 

type of flow that can be approximated from common turbulence models. It was 

suggested that this was a main factor in increasing the difficulty of modelling such 
flows. 

The study carried out by Barber et al [89] highlighted the effects of numerical 
dissipation due to truncation errors that occurred during calculations that introduce a 
"numerical viscosity". This resulted in premature degeneration of the vortex circulation 

and vorticity, leading to inaccurate representation of the development of the vortex 
downstream. In order to simplify the problem, Barber [89] split the turbulent boundary 

layer into a viscous dominated inner region (log-law region) and an inviscid, rotational 

outer region. it was then postulated that due to the thickness of the viscous region being 

limited to 25% of the boundary layer thickness, the production of strearnwise vorticity 
due to vortex generators that exceeded this scale were primarily an inviscid 

phenomenon. A further simplification to the calculation involved prematurely truncating 

the potential vortex in the radial direction. Thereby introducing a ring of strearnwise 
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vorticity applied in the finite grid calculation where the vortex was represented by 

perfect concentric circles corresponding to the solid core and the radial truncation. A 1/7 

power-law shaped velocity profile was then superimposed to simulate the effect of the 

upstream boundary layer. However, no turbulence model was employed. The presented 

results included comparisons between computed transverse and vertical velocity fields 

generated by vortex generators that were 30% of the boundary layer thickness in height, 

with those found by experiment. A good agreement between these values was found, 

however the results were only presented for a small strearnwise distance downstream of 

the devices (1 and 10 vortex generator heights). Furthermore, it was stated that the 

agreement between the computed axial decay of vortex strength with experiment was 

fortuitous since the vortex model should predict a constant strength, no further 

explanation was provided. An investigation carried out by Westphal et al [90] included 

experiments on the interaction of a longitudinal vortex embedded within a turbulent 

boundary layer at low speed (27m/s). It is important to note that the half delta shaped 

vortex generator was not of the sub-boundary layer type, i. e. its height was 

approximately 20% greater than the undisturbed boundary layer thickness at its installed 

location. The results showed that at the vortex propagated downstream the shape of the 

circulation region became elliptic due to the presence of the solid wall and the effect of 

the image vortex. More importantly however it was found that the presence of the 

streamwise vortices resulted in the distortion of the Reynolds stresses. It was concluded 

further that modelling these effects would increase the difficulty of accurately 

simulating this flow scenario. 

The next step is to apply this knowledge to the control of shock-induced separation that 

occurs, for example as a result of a normal SWBLI of sufficient strength. Using the 

approach developed above by Barber [89], Mounts [91] carried out a numerical 

investigation where the three-dimensional multi-block, multi-zone, time-dependent 

Euler/Navier-Stokes solution algorithm using finite volume discretisation method was 

applied to the scenario in question. The length of time (60 hours) and digital storage 

capacity required for the computation illustrated the extent of computing power required 

due to the complexity of such a flow scenario, even after being split into coherent 

blocks. The results of the simulation of the baseline interaction showed that it was 

difficult to obtain a similar static pressure distribution from the computation. However 

the general trends of, for example, vertical vortex migration and the increased pressure 

rise through the shock and delayed pressure rise to separation, were found to be in 
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agreement with experiment. The results show that significant progress has been made 
however difficulty remains when trying to obtain a complete simulation of the effects of 
VGs on the flow field. 

A study exploring a different approach to simulating the control of SWBLI was carried 

out by Inger [92). The method involved computationally simulating the gross spanwise- 

averaged two-dimensional effect of a vortex generator row located ahead of an non- 

separated SWBL1 zone such as that found on a supercritical wing. The influence of the 

VG row on the boundary layer properties was captured by introducing a momentum 

thickness increase fraction, and a fractional shape factor decrement associated with the 

mixing effect. The results found that the modifications made to the incoming boundary 

layer properties, due to the vortex generators, lead to a reduction in the extent of the 

pressure rise and hence increase of pressure gradient across the interaction. The 

corresponding displacement thickness growth through the interaction reduced 

significantly. Further studies of the influence of Mach number and Reynolds number on 

the VG effect found that the effect of the VGs increases moderately with increased 

shock strength. It was found that the VG effects reduce the overall sensitivity of the 

interaction pressure gradient and displacement thickness growth to changes in Reynolds 

number. 
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2.6. Literature Review: Summary 

The findings of all the research summarised in this chapter provide infonnation 

regarding the parameters to be controlled in order to achieve the most efficient use of 

each control technique. It has been established, although depending on the application, 

that VGs are generally aligned in an array at a specific distance upstream of the adverse 

pressure gradient region to allow the shed vortices to develop in the boundary layer and 

produce the desired mixing effect. 

Although mostly revealed by low speed studies, the VG parameters: height, spacing, 

pitch angle, rotational sense and distance upstream of adverse pressure gradient govern 
the performance of the vortex generating system. 

It is apparent that only a very limited amount of published work is available on the topic 

of separation alleviation of a strong (i. e. M> 1.3) normal SWBLI, using SBVGs. Even 

less computational studies that accurately predict the flow behaviour downstream of the 

interaction exist. However, before computational studies can be relied upon a sound 
knowledge of the flow characteristics that is validated by experiment is required. In 

particular, supersonic diffusers and the flow conditions that are encountered at certain 
flight conditions for supersonic intakes would benefit from a deeper understanding of 

this method of flow control and how it should be implemented. To support this, a 

greater understanding of the effects that altering th. e design parameters is required. The 

outcome would provide assistance to the designer when developing an optimum 

configuration for a particular application and hence would positively contribute to the 

subject field. 
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3. Sub Boundary Layer Vortex Generators 

The objective of the vortex generator is, as its name suggests and for the current 

purpose, to shed a vortex and thereby enhance the mixing within a given flow. A 

desired feature of the vortex generator of a given shape that is controllable (e. g. through 

its angle of attack) is its ability to generate a forced mixing between the freestream flow 

with the boundary layer or between difference strata within the boundary layer. 

In order to design the optimal SBVG configuration for the current flow conditions a 

good understanding is required of the interaction of a vortex with a turbulent boundary 

layer, to include an understanding of the mixing mechanism that is induced by 

embedded vortices. Furthermore, this knowledge will help to provide an understanding 

of the results of the current investigation in terms of the effect that different SBVG 

arrays have on the SWBLI. 

A suitable set of findings that presented details of the development of a longitudinal 

vortex pair, generated within a low speed turbulent boundary layer, was provided by 

Pauley & Eaton [24]. The main findings of their work are presented here. 

It was found that a vortex embedded in a turbulent boundary layer near a solid wall 

induced a local secondary vorticity of opposite sign. In addition, the condition of no-slip 

at the surface also generated image vortices of the opposite sign. The negative vorticity 

was convected by the primary vortex to the up-wash side of the vortex with its strength 

increasing with streamwise distance. However, a distinct roll-up of the secondary 

vorticity into a second vortex did not occur. 

Vorticity and circulation were used in defining the strength of a vortex. Where, vorticity 

was the degree of flow turning, and the development of peak vorticity was the indicator 

of how rapidly vorticity was diffused. Circulation was defined as the integral of all 

positive vorticity in a cross plane at a given strearnwise location. Only the positive 

vorticity was included in order to isolate any induced vorticity from the measurements. 

It was stated that the spanwise component of wall skin friction is the only means by 

which a single vortex embedded in a boundary layer can lose circulation. On the other 

hand the vorticity of an embedded vortex diffuses rapidly causing the vortex core to 

grow. This diffusion is caused by the non-nal stress gradients and cross flow plane 

stresses that are set up when the vortex distorts the mean velocity and Reynolds stress 

field of the turbulent boundary layer. Strearnwise velocity contours were also presented 
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showing a significant strearnwise velocity deficit in the central region of the vortex, 

indicating the presence of a degree of strearnwise vorticity. 

In the current investigation a pair of counter-rotating vortices with a common flow up 

are introduced into a turbulent boundary layer. The presence of a pair of vortices in 

close proximity to each other and a wall was shown by Pauley & Eaton [24] to have 

further complicating effects on the mechanisms that affect the vortex distortion and 

decay. These include the effects of the distortion of the velocity field caused by one 

vortex impacting the development of the second vortex and the exchange of vorticity 
between the pair that would cause a reduction in the circulation of each vortex. 

Both common flow up and common flow down pairs of counter-rotating vortex 

generators were investigated by Pauley & Eaton [24]. They found that the effect of 
increasing the spacing more than 2 device heights apart provided no increase in vortex 

strength. The rate of decrease of circulation in the strearnwise direction was the same 
for all spacings, indicating that the vortices of a common flow down pair do not interact 

with each other strongly. It was also found that with a common flow down pair an 
increased region of boundary layer thinning between the vortices was present. However 

as the spacing of the vortices was increased the degree of thinning was reduced, even 

though at a spacing of seven device heights boundary layer thinning was still persistent. 

The angle of attack of the delta wing vortex generators (similar to the shape used in the 

current investigations) was increased from 12* to 26. It was found that above 18* the 

strength of the vortices did not increase and was maintained up to 26". The width of the 

thinned region increased roughly with the vortex strength as the angle of attack was 

increased. Indicating the positive effects of the increase in vortex strength. 

Common flow up vortex pairs, were shown to interact more strongly with each other, 

resulting in a reduction in circulation and an increased rate of decay of peak vorticity 

downstream. This was due to the increase rate of spanwise migration of the common 

flow up pair toward each other (opposite in direction to that of the common flow down 

pair). The migration of the vortices away from the wall was also found to be more rapid 

for the common flow up pair. Increasing the spanwise spacing of the devices to seven 
device heights did prevent the migration of the vortices out of the boundary layer, 

resulting in higher levels of distortion to the boundary layer flow. 

Since vortex generators are often applied in arrays, the vortices generated will result in 

alternate common flow up and common flow down pairs. Experiments by Pauley & 
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Eaton [24] showed that the magnitudes of vortex strength and the rate of streamwise 
decay matched closely that of the common flow-up pairs. This is due to the image flow 

driving the common flow down vortices in the spanwise direction creating a set of 

common flow up pairs. The common flow-up pairs are therefore more likely to be found 

in a given array of counter-rotating vortex generators. On this basis and in addition to 

the recommendations provided by Pearcy [6], stating that counter-rotating arrays 

provided the maximum degree of boundary layer thinning, it was decided that this 

vortex generator setup (common flow-up) would be adopted for the current study. 

3.1. Vane SBVG Design 

The SBVGs used in the experiments conducted here were based on the configuration 

provided by Ashill [12]. A schematic of the configuration is provided in Figure 7. 

In light if the findings of the literature review, specifically the findings of Pauley & 

Eaton [24] who showed that the vortex strength does not increase significantly above 

oc= 18". The configuration shown in Figure 7 was modified such that the angle of attack 

of the SBVGs to the main flow would be increased to approximately 18'. The parameter 

relationship of the revised configuration is shown in Figure 8. 

Due to the steep velocity gradient present in the near-wall flow of a turbulent boundary 

layer, even a small increase of SBVG height would result in the entrainment of 
boundary layer flow of rapidly increasing speed. Furthermore, McCormick (81] 

recommended carrying out further research to investigate the performance of vortex 

generators at heights smaller than 50%5. It was therefore decided that in order to gain 

an appreciation of the effect of SBVG height, it would be desirable to investigate three 
different SBVG heights where the difference in the SBVG height was not too great. The 

height of the SBVG pairs were chosen as follows: Firstly, the smallest permissible 
SBVG height that could be manufactured (given the available facilities) were twice the 

undisturbed boundary layer displacement thickness. This provided a SBVG pair 

approximately 2mm (30%8) in height. Using eqn. 2-1 provided by Ashill et al [43] this 

translates to a device Reynolds number h+- 860 which according to the low speed 

correlations presented by Ashill et al [50] indicates that the non-dimensional circulation 
has reached the constant value. This also implies that devices of similar geometry yet 

greater height will also be within the constant non-dimensional circulation region of the 

correlation. The second and third sized SBVG were manufactured slightly larger at 
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40%8 (h= 3mm) and 55%5 (h= 4mm), which would still leave them immersed within 

the high velocity gradient region of the boundary layer. 

The SBVGs were manufactured from Aluminium. sheet, 0.8mm in thickness. The length 

and height of the SBVGs were scaled to the undisturbed (baseline) boundary layer 

thickness, 8,, = 7.5mm. 

nm0,1,2,3 nh 

h 

(5+n)h 10h 

. 11ý Flow Directlon 

Figure 7. Initial SBVG Configuration. 

n=0,1,2,3 nh 

0ý 
(6+n)ý 11ZOOI 0h 

. 11ý 
Flow Direction 

Figure 8. Modified SBVG Configuration. 

The SBVGs were made in pairs to ensure identical sizing, a list of the tested 

configurations is provided in Figure 9. In order to ensure that the SBVGs were placed 

along a line normal to the flow direction the method of attachment of the SBVGs to the 

tunnel liner involved placing a template with the desired spacing and sticking the 

SBVGs in the correct location using Loctite-326 anaerobic structural adhesive. 
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No. Config. h (%S) n Xvg (8) 
I SBVG1 40 0 -18 
2 SBVG2 40 1 -18 
3 SBVG2C 40 1 -18 
4 SBVG3 40 2 -18 
5 SBVG3C 40 2 -18 
6 SBVG4 40 3 -18 
7 SBVG4C 40 3 -18 
8 SBVG5 40 1 -10 
9 SBVG5C 40 1 -10 
10 I SBVG6 30 1 -18 
11 I SBVG7 55 1 -18 

Figure 9. SBVG configurations tested. 

The wall total pressure measurement will be used as one method of assessment of the 

degree to which the shed vortices are effective in increasing the near wall flow velocity. 
A dimensional analysis of the variables influencing the wall total pressure change 

due to the presence of the SBVG devices, provides the following non- 
dimensional groups: 

Ap. 

P"U" h 

Where Ur is the friction velocity (in the absence of the SBVG). 

The first tenn on the right hand side, which is a device Reynolds number, will be 

referred to as h+. For the three device heights used in the present study the following 

values were obtained: 

SBVG6 h= 30, h+= 860 

SBVG2 h= 40, h+ý-- 1150 

SBVG7 h= 55, h+= 1600 

The above functional relationship also applies to the ratios U/U8, Pt/Po and p/Po 

presented in the following chapters. 
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3.2. Curved SBVG Design 

As has been shown by the literature review, many different types of SBVG shapes have 

been studied, however, the author noticed that a simple curved vortex generator was not 
included in these studies. A very low speed (approx. 3ms-) smoke flow visualisation 

tunnel was used to examine the nature of the vortices shed from a pair of curved vortex 

generators, installed with the same parameter relationship as that shown in Figure 8. A 

comparative study of the apparent strength and strearnwise persistence of the vortices in 

comparison to the straight vane type shown in Figure 8 was also conducted. 

A diagram of the curved vane SBVG shape is show in Figure 10. In all but one aspect 

the process of manufacturing the curved SBVGs was identical to that used to make the 

flat SBVGs. The only difference was providing a curve to the SBVG shape. This was 
done using a suitable press tool and a vice. The SBVGs were designed such that the 

curved edge presented an arc of 90' of a circle with radius h, where as for the straight 

vanes, h was defined as the SBVG height. 

Results of the smoke flow visualisation study are shown in Figure II (a) and (b). On 

comparing the two figures, it can be seen that the entrained smoke trails formed a tighter 

and hence perhaps stronger vortex for the curved VGs. This can be seen by the 

increased concentration of smoke downstream of the curved VG devices. In addition, 

the length of the vortex filaments appear greater for the curved VGs hence indicating 

that these vortices may persist for a greater streamwise distance, thereby increasing their 

range of effectiveness. 
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Figure 10. Design of Curved SBVG. 
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(a) 

(b) 

Figure 11. Smoke flow visualisation of VG design; (a) Vane VG (b) Curved VG. 

It was thought that the curvature of the vanes may result in an increase in the centripetal 

acceleration of the shed vortex flow, leading to improved circulation and hence greater 

vortex strength. For the control of a SWBLI a high level of forced mixing in the 

boundary layer is required to enable the boundary layer to negotiate the sharp pressure 

rise imparted by the shock. The increased mixing that may be generated by the curved 

SBVGs may therefore provide an increase in performance in this respect, over the 

straight vane SBVGs in a given SBVG configuration. 

Following the results of the smoke-flow study a set of curved SBVGs was manufactured 

for use in the current experimental program. The configurations included in the 

experiments are shown with the letter 'C' after the SBVG name in the second column of 

Figure 
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4. Experimental Apparatus & Instrumentation 

The present research has been undertaken in order to achieve an understanding of the 

effect that Sub Boundary layer Vortex Generators (SBVGs) have on the boundary layer 

flow downstream of a strong normal shock wave boundary layer interaction. Hence, the 

test conditions and test procedure were designed to provide the flow conditions that 

permitted the effects of the SBVGs to be identified and isolated. In addition, since a 

number of different intrusive/non-intrusive measurement techniques were used, 

ensuring that the test conditions were kept constant during data acquisition with 
different instruments, was an imperative. Only by adhering to the above could an 

assessment of the various SBVG configurations be facilitated. This chapter intends to 

provide the reader with a complete description of the test facilities and instrumentation 

that was developed and used in the current experiments in order to concur with this test 

philosophy. All the experiments were carried out at the Whitehead Aeronautical 

Laboratory, Queen Mary University of London. 

4.1. The Transonic Induction Wind Tunnel 

The experiments were carried out in the closed circuit transonic induction wind tunnel 

of the high-speed division in the Whitehead Aeronautical Laboratory. 

The test section was equipped with a two dimensional convergent-divergent nozzle 

designed to produce a nominal Mach number of M. = 1.45, see photo in Figure 12. 

The flow in the test section was induced by the injection of high-pressure air through a 

peripheral nozzle located at the entrance of the rectangular diffuser. Operation of the 

wind tunnel was controlled by varying the injector pressure through this nozzle. 

The compressed air supply was stored in a large external reservoir and delivered to the 

nozzle through a MOOG TM feedback-control system. This permitted the injector 

pressure to be maintained constant at the desired level throughout every run, thereby 

enabling the flow conditions in the test section to remain steady to within the 

measurement accuracy of the pressure transducers used in the experiments (±0.05%). 

The maximum useful run time was dictated by the amount of air available in the storage 

tank that was required to maintain the injector pressure constant at the demanded level 

(approx. 90s). During each test run, a thermocouple and a Pitot-probe located in the 

settling chamber enabled the stagnation pressure and temperature to be continuously 

monitored and recorded for each test. 
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The duct cross-section dimensions were 135 x 127mm and the contour of the internal 

liners permitted a nominally zero-pressure gradient strearnwise region of approximately 

500mm in length when operating in design conditions (fully supersonic flow 

throughout). The nozzle design was such that the freestrearn Mach number stabilised 
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approximately 3cm upstream of the existing side-wall windows. This allowed the 

artificially generated normal shock wave to be positioned in order to facilitate video 

recording and still photographs to be taken during the flow visualisation, studies. 

4.2. Shock-Wave Generator Design 

The crucial positioning of the normal shock wave in the test section called for great 

attention to be paid to the degree of blockage required and to ensuring the stability of 

the shock wave position. Various different methods to generate the shock wave were 

explored. These included cambered blocks of a fixed height which could be moved in 

streamwise steps so that the shock could be placed in various locations and reducing the 

injector pressure down to a level which brought the shock upstream into the test section. 

Both these methods were not successful since: 

a) The blocks did not provide enough control over the shock location. 

b) Reducing the injector pressure increased the unsteadiness of the shock and hence 

the stable and repeatable flow conditions required for the experiments could not be 

achieved. 

The design of choice was a variation on the fixed cambered blocks. This set-up was to 

provide the desired repeatable, steady flow conditions. It permitted variability of the 

shock location and avoided shock unsteadiness by running the tunnel at a high injector 

pressure (the pressure at which fully supersonic flow would exist if the shock generator 

was not installed). The shock generator, in effect, was a variable cross section nozzle 

with a parabolic cambered shape. Operation of the nozzle involved the principle of 

deflecting a flexible portion of the wind tunnel wall into the flow to increase the back- 

pressure of the tunnel and thus the shock position in the duct. With increasing 

amplitude, the cross sectional area of the duct at the variable nozzle location was 

reduced causing the flow to decelerate and the pressure to increase in its vicinity. The 

bump deflection was controlled by a lead-screw, which enabled the nozzle area to be 

adjusted smoothly so that the shock could be located at any desired position within the 

duct. A diagram and photograph of the shock generator are shown in Figure 13. 

Crucial to the success of the variable nozzle was its streamwise location. To ensure that 

the details of the separated region of the boundary layer were free from direct influence 

of the flow downstream, the variable nozzle had to be located far enough downstream 
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of the interaction region. The shock generator was therefore installed at the furthest 

possible downstream location. 

A static pressure survey of the region was carried out to ensure that the degree of 

constraint on the development of flow downstream of the interaction was not a factor. 

In fact, as described in the results discussion chapter the characteristics of the 
developing flow beyond the interaction agreed well with previous findings, which 

permitted the interaction to be of a 'constraint-free' interaction, subject only to the 

conditions far downstream and upstream of a normal-shock. 
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4.3. Instrumentation Design 

4.3.1. Instrumented Wind Tunnel Liner 

The existing lower inner liner of the wind tunnel was removed and replaced with a 

custom designed and built instrumented liner that provided the flat plate conditions 

required for the experiments. The dimensions of the previous liner were used so that no 

modifications to the existing tunnel structure were necessary. 'DURAL' was chosen as 
the appropriate material to manufacture the liner due to its favourable characteristics of 
strength, weight, machineability and finish. 

The instrumentation of the liner consisted of 50 pairs of pressure tappings and 12 Pitot 

probe access points as shown in Figure 14. The tappings were of 0.5mm. diameter with a 

longitudinal spacing of 20mm. upstream and downstream of where the SWBLI was to be 

generated. In order to allow for a more accurate measurement of the pressure 

distribution through the interaction region, the tapping spacing was reduced by half, to a 

spacing of 10mm. The lateral spacing of each pair was constant at 30MM along the 

length of the liner. The 15mm space either side of the centre line, where a Pitot tip 

would traverse, prevented interference effects between the tapping and Pitot-probe at 

the wall which would cause erroneous pressure readings. Each pair of permanent 

tappings was connected to a manifold that in turn was connected to a pressure 

transducer that took the pressure reading. In order to confirm that no spanwise variation 

in static pressure existed in the region between the installed tappings, a Pitot port access 

plug was made with a static pressure orifice having the same dimensions as the installed 

tappings. It was found that the pressure variation across the span of the tunnel in this 

region was negligible. 

The velocity profiles were measured at twelve locations along the centre-line of the 

tunnel wall. The probe access ports were located at streamwise locations that pennitted 

boundary layer measurements from upstream of the interaction to well downstream of 

reattachment. 
In the region upstream of the shock the Pitot access port spacing was 20min. 

Throughout the rapidly developing interaction and separation regions the streamwise 

interval between each measurement station was 30mm. In the downstream reattachment 

region the streamwise interval was greater at 40mm. The change in the interval length 

was necessary to maintain low manufacturing time and costs, whilst ensuring that an 
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adequate number of measurement stations were available to capture changes in the 

rapidly developing flow conditions. A removable plug containing an orifice with an 

identical size to the pressure tappings was also custom built. 

The plug was designed to fit into the Pitot probe access ports in order to enable the 

static pressure along the centreline of the liner to be measured. This was necessary since 

confirmation that the centre line pressure was the same as that read at the permanent 

tapping locations was required. The extra tapping thus enabled the degree of two- 

dimensionality, i. e. degree of spanwise pressure variation, of the flow to be established. 

Diagrams of the tunnel liner and the external top plate designed to facilitate the Pitot 

probe access ports and pressure tappings, are provided in Figures 15 - 17. When not in 

use, the Pitot access ports were blanked by plugs that when secured, were flush with the 

surface of the liner. The design diagram of the plugs is shown in Figure 18. The liner 

was polished to a mirror-like finish in order to minimise the risk of introducing any 

disturbances to the boundary layer flow that may be caused by surface irregularities. 

71 



Pitot probe access ports 
shown along centreline. 

Pitot tip located 60mm 
upstream of each access 
port due to Pitot tube 
length. 

Static pressure tappings 
shown either side of 
centreline. 

Pressure tapping pair 
No. 50 

V 
Pitot port 
P12 

Normal shock 
location at tap 28 
(X=O) 

Pitot port 
Pi 

Pressure tapping pair 
No. I 

Flow 
direction 

............ ........... ............ ............ ............ ............ 

........... ........... 

Co). 

.Q. 

Location of 
adjustable throat 
(shock generator) 
on opposite wall 

Tapping spacing 20mm 

Pitot spacing 40mm 

Tapping spacing 10mm 
Pitot spacing 30mm 

Tapping spacing 10mm 
70mm gap 

Pitot spacing 20mm 

Tapping spacing 20mm 

I 

(+ve) X direction 

Figure 14. Schematic diagram of tunnel liner showing relative locations of instrumentation fit 
and normal shock (plan view, to scale). 
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Figure 15. Wind tunncl top-plate design. 
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Figure 16(a). Instrumented wind tunnel liner design -upstream section. 
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Figure 16(b). Instrumented wind tunnel liner design -downstream section. 
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(a) 

(b) 

FigUre 17. Instrumented Ný ind tunnel liner. (a) Underside in tNko sections (b) Topside (coiTiplete). 
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Figure 18. Removable Pitot port access plug and plug lock. 

4.3.2. Surface Total Pressure Probe 

--0-- 

In order to obtain surface total pressure readings at close intervals along the centre of' 

the liner, a set of three total pressure probes was made. The material used was stainless 

steel tubing. The probe tip was inade of 0.5/0.3min exterior/interior diameter tubing and 

was braised into the larger 3rnm tubing which provided its support. The design diagram 

of the probes is shown in Figure 19. The probe was fed through a replacement phig that 

was inserted into the Pitot probe access points. The hole in the plug through which the 

probe was fed, enabled the probe to be clamped at a height that ensured that the probe 

tip was perpendicular to the plain of the tunnel liner. All three probes were made in -. in 

identical manner. The readings from the total pressure probes were compared to those 

taken by the Pitot probe at a height equivalent to the centre point of' the total pressure 

probes. The comparison showed that the total pressure probes were measuring within 

30OPa of the Pitot probe at the same distance from the wall. This pressure level is within 

the ±0.05% error margin, guaranteed by the manufacturer of' the Scanivalvell digital 

pressure transducer array [93]. 
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Figure 19. Total Pressure Probes. 

4.3.3. Pitot Probe 

The Pitot-probe was designed to enable detailed measurements to be made very close to 

the wall. This was made possible by flattening the tip of the probe to the smallest 

structurally allowable size, i. e. up to the limiting condition beyond which the tip sides 

were not sufficiently rigid to maintain a rectangular orifice shape. This ensured that the 

error induced by the normal velocity gradient present in a boundary layer would be kept 

to a minimum. The smallest possible external tip dimensions achieved were internal 

height 0.1 mm, external height 0.3mm and external width 1.37mm, see Figure 20. The 

probe-tip design was based on the information provided by Ower & Pankhurst [94] and 

Bryer & Pankhurst [95]. The probe tip was closely examined to ensure that no burrs 

from the manufacturing process obscured the rectangular orifice. 
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Figure 20. Pitot Probe. 

4.4. Sources of Measurement Error 

Sources of error that may contribute to error in the various pressure readings are 

presented in this section. 

All pressures were recorded using a Scanivalve digital pressure transducer array 

(DSA3017) [93] that had a measurement accuracy of: LO. 05%. A short investigation into 

the degree of pressure fluctuation of the flow of the baseline interaction (most unsteady 

case) was conducted. The results of a long period scan of the static pressure and Pitot 

pressure measurements are provided in Figure 21(a) and 21(b), respectively. The Pitot 

scan was taken at a distance of 5mm from the wall that corresponded to the approximate 

location of the position of separating boundary layer. The wall static pressure was taken 

at the same strearnwise location as the Pitot probe. It was thought that this location 

would exhibit the largest fluctuation due to the shock oscillation that was observed. 

It is evident that any fluctuation in the pressure measurements was well within the 

measurement accuracy of the DSA, these fluctuations were therefore ignored. The 

degree of measurement repeatability is presented in Figure 22 that shows three distinct 

profiles measured at the same location. It is clear that no significant difference between 

each profile was present. 

After establishing that no pressure fluctuations were present to a degree that would 

significantly affect the results it was thought prudent to take a further step in order to 
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account for the measurement accuracy of the DSA equipment. Each pressure 

measurement used in the results was therefore calculated from an average of 5 readings 

constructed of 16 measurement samples (i. e. an average of 80 actual pressure samples 

per reading per measurement location). 

(a) 

Pitot Pressure Fluctuad(m Measurenwrits 
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(b) 

Figure 21. (a) Static pressure fluctuation measurements (b) Pitot pressure fluctuation 

measurements. 

During total pressure profile surveys, before each reading was taken, the probe traverse 

was paused at each step for 10OOms (close to the wall) reducing to 500ms and later 
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200ms further away from the wall. This settling time was necessary to allow the change 

in sensed pressure to stabilise in order to improve the accuracy of the measurements. 
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Figure 22. Total pressure profile measurement repeatability. 

Generally, due to the high velocity gradient near the wall of a typical turbulent 

boundary layer, a correction to the vertical position of the total pressure measurement 

points is required. However, the findings of experiments into Pitot tube displacement in 

supersonic turbulent boundary layers by Allen [96] have shown that for probe tips with 

an external height similar to that used in the experiments reported here (; 4%8) no 

displacement correction is required. The Pitot pressure measurements obtained here 

have therefore not been corrected for wall displacement/interference effects. Confidence 

in the validity of the results was gained by comparisons to other data obtained from 

uncorrected measurements; the results of Kooi [12] and McCormick [83] showed a 

good agreement with the present findings. Further confidence was gained from the 

results of an analysis on the undisturbed boundary layer flow, to be detailed in 

Chapter 5. 

With the probe fixed securely in the traverse clamp, the accuracy of the location of the 

probe from the wall (y-direction) was dictated by the stepper motor accuracy, which 

was one step, Le. 5ýtm of traverse movement. To ensure that the height (mm) of the 

probe tip corresponded to the demanded traversed length (steps) a visual double check 

of the height of the Pitot probe tip from the wall was also carried out. This was done by 

aligning the bottom lip of the probe tip to a flat metallic block of known height. No 

discernible difference was found. 
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Secondly, a factor that may introduce error into the pressure measurements is the 

influence of the turbulence intensity level of the flow. Since the flow is turbulent and 
hence three-dimensional the total pressure recorded by the Pitot probe will include the 

turbulent fluctuation velocity components, in addition to the impact pressure of the main 

flow, i. e. the mean value of the pressures will be recorded. Correct alignment of the 

probe to the main flow will minimise the impact of these velocity components however 

due to their small scale the turbulence intensity will still have, albeit a limited influence. 

No turbulence intensity measurements have been carried out in the wind tunnel used for 

the experiments. However, as stated by Chue [97] for the usual turbulence intensity 

encountered in wind tunnel flows the turbulence error is small, e. g. for a turbulence 

intensity level of 20% which is very high, the impact pressure error reads high by only 
2%. In light of this and since the turbulence intensity level has not been established for 

the current flow conditions, it was assumed that the error due to flow turbulence was 

small, no correction factor was therefore applied. 

Further factors that may influence the measurement accuracy are the pitch and yaw 

angle of the Pitot probe relative to the oncoming flow, and the near wall low Reynolds 

number effects. In the current experiments the pitch and yaw of the Probe could only be 

controlled manually. To align the probe in pitch, the orifice face was set perpendicular 

to the tunnel wall by ensuring that the flattened tip length of the Probe was aligned 

parallel to the tunnel wall. The yaw of the Probe was minimised by aligning the whole 

probe structure with the centre line of the tunnel wall and securing the probe shaft with 

a clamp to prevent any motion during each test run. The effects of Reynolds number on 

the measurement accuracy was determined by calculating the Reynolds number based 

on the probe tip external diameter and plotting the obtained figure on the calibration 

chart provided for such purposes by Chue [97], Figure 23. On observation of this charts, 

which contains the point calculated from the conditions of the current experiments, it 

was found that the Reynolds number of the Probe tip was sufficiently high for it to have 

no effect on the measured pressures, &= 2150. 
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Figure 23. Effect of Reynolds number on Pitot pressure coefficient, Chue [97]. 

During a velocity profile measurement in the initial stages of the experiments, it was 

observed that the shock wave receded upstream with the progressive motion of the Pitot 

Probe into the flow. This of course provided spurious measurements of the boundary 

layer velocity profile since the SWBLI was moving during a boundary layer traverse 

and hence the measured profiles were skewed. This effect was found to be due to the 

Pitot Probe and its wake increasing the level of blockage of the test section duct. As a 

result the pressure of the flow in the duct downstream of the Pitot Probe location was 

increased causing the normal shock to change its location by receding upstream. A 

suitable solution to this source of significant error would have been to link the control of 

the Pitot traverse system with variable shock generator. Whereby, increasing the cross 

sectional area of the second throat as the Pitot tube traversed out of the boundary layer 

the position of the shock could be maintained. However, since this approach would have 

taken significant hardware and software development and due to the constraint of time 

and resources a more simple and robust approach was required. A solution was 

developed that involved the design of a Pitot probe "Saddle" through which the Pitot 

Probe was to traverse (see Figure 24). The design of the "Saddle" ensured that the 

constant cross sectional area of the duct was maintained during a boundary layer 

traverse. Different shaped Saddles were made in order to investigate their effect on the 

stability of the shock wave and the flow within the duct at both the supersonic region 

upstream of the shock and in the subsonic region downstream. 
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It was found that Saddles ol'airfoil section tended to induce instability and vibration of 

the flow and hence the shock. Whereas, saddles with a diamond cross sectional shapc 

(sharp edged crest and trailing edge) allowed the shock to remain steady at the desired 

location. Although no detailed investigation Into the reasons why each efTect was 

observed, it was thought that the instability WaS CaLISCd by the HIM-11111tent OCClirrCllCC Of 

shocks generated oil either side of' the suffacc of' the airl'od shaped Saddle, callsing ill, 

unsteady oscillating, pressure field downstrearn of' the Probe. Whereas, flor tile sharp 

edged, diamond cross-section Saddle it was postulated that tile flow separation Occurred 

at its crest and that the separation produced a steady wake and hence no significant 

pressure oscillation. 

Bearing in mind that a 'quick fix' was required in order to continue with tile 111,111, p1lasc 

of the experiments, different materials I, or the Saddle were also inve. stigate(j. ljoth 

Medium Density Fibre board (MDF) and soli(i Brass machlile(I to tile (1csll-c(l s-jlapc 
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stability and prevented any vibration of the device which also helped alleviate the 

vibration of the probe tip. 

The profile measurements in the supersonic region upstream of the shock wave required 

a smaller traversing length since the boundary layer was thinner in this region. In order 

to allow the flow to develop naturally up to the probe tip location and to prevent a large 

bow wave from occurring upstream of the Saddle, the Saddle was made in two parts i. e. 

a height extension of the body of the Saddle was screwed on to the base of the Saddle 

for measurement of velocity profiles of the thicker boundary layer in the subsonic 

region of the flow. Leakage of the test section flow through the plug-in device was 

prevented by applying grease to the plug that was fitted into the wind tunnel liner and 

by inserting a rubber o-ring through which the Pitot probe was to slide. 

By adopting the above solution to the velocity profile measurement process the results 

obtained provided evidence that the solution worked and that detailed measurements 

could be obtained. It should be noted here as well that surface oil-flow visualisation in 

the vicinity of the base of the saddle was carried out in order to determine the extent of 

upstream influence the saddle had. The results showed that the flow deflection around 

the base of the saddle at the surface initiated well downstream of the Pitot-tip position, 

thus no measurable effect on the total pressure at the Pitot orifice was expected. This 

will later be confirmed (Chapter 5) by the baseline results dataset and the compliance of 

the baseline boundary layer flow with the conditions of an equilibrium turbulent 

boundary layer. 

4.5. Schlieren Flow Visualisation 

Perhaps the most widely used means of flow visualisation used in experimental studies 

of high-speed flows is the Schlieren technique. It involves the projection of a light beam 

through the test section and focussing it on a knife-edge after which an image is 

focussed on an ordinary screen. Depending on the orientation of the knife-edge, the 

light refracted by density gradients in the direction normal to the knife-edge will be 

shielded from the screen by the knife-edge. As a result, the density gradients, i. e. the 

boundary layer, compression or expansion waves, produce shadows on the imaging 

screen that directly correspond to their location within the flow-field. In the experiments 

described here a video recorder was used to capture the Schlieren flow visualisation 

during the test runs. The video clip was then downloaded onto a PC whereby using 

imaging software the desired frame was extracted and investigated. 
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4.6. Oil Flow Visualisation 

In order to gain an appreciation of the characteristics of the flow near to the surface of 

the liner in the SWBLI region, a well-known method for surface flow visualisation was 

employed. A mixture of Shell Tellus oil, Titanium dioxide and Oleic acid (an 

anticoagulant) was spread thinly and evenly on the surface of the liner in advance of the 

dedicated test run. A high intensity projector lamp was shone through the window of the 

working section that was covered with a sheet of ordinary tracing paper so that the light 

would be more evenly spread on to the tunnel liner. A digital camera was supported on 

a tripod on the opposing side of the tunnel that was focussed on the location of interest. 

As the flow developed, the oil was displaced by the forces imparted by the near-wall 

flow. Once the flow development had ceased, a still photograph was taken of the 

developed flow pattern to be used for later comparisons between the different SBVG 

configurations. The exact measures of the ingredients of the nýiixture were as follows: 

40ml Tellus oil, 10 flat teaspoons of Titanium Dioxide, 20 drops Oleic acid. The 

ingredients were mixed vigorously until a smooth solution was obtained and was then 

left for one hour before mixing once more prior to use. 

The flow visualisation photographs were used in the discussion section to illustrate how 

the flow characteristics are altered due to the different SBVG configurations. 

4.7. Low Speed Smoke Flow Visualisation Tunnel 

In the early stages of the research a set of exploratory experiments were carried out in 

the low speed, smoke flow visualisation tunnel. The configuration of the tunnel 

permitted a model to be placed in the steady stream of smoke filaments produced 

upstream of the observation section. The aim of the study was to qualitatively identify 

whether or not a novel shape VG would provide enhanced mixing characteristics due to 

its altered geometry. The smoke filaments had a spacing of around 3cm which enabled 

the nature of the entrainment of surrounding flow to be visualised. The study involved 

comparing both the flow entrainment pattern and the generated vortex flow pattern to 

that generated by the conventional vane VGs. Digital photographs were taken of the 

associated flow patterns so that a comparison of the path of the smoke filaments could 

subsequently be carried out. The results of these tests were then used as a basis on 

which to design the SBVGs to be used in the transonic wind tunnel tests that followed. 
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4.8. Experimental Procedures & Analysis Techniques 

The wind tunnel run-time was restricted by the amount of compressed air available from 

the supply tank. In order to maintain the stability of the shock location the tunnel 

injector pressure was set to 758kPa (110psi). This provided a test run time of 90 

seconds. Due to the limited run time available, the raw static and total pressure 

measurements were recorded using a motorised Pitot-traverse system connected to a 

Scanivalve Tm Digital Sensor Array (DSA). A series of sub-routines for controlling the 

data acquisition and storage system were written using the Graphical (G) programming 

language supplied with LabVIEVm data acquisition and processing software. The data 

acquisition program was designed to record total pressure profiles by controlling the 

stepper motor to which the Pitot-traverse mechanism was fixed. In order to ensure the 

first measurement was made at a distance equal to the probe tip diameter from the wall, 

an accurate probe-wall contact routine was developed. An image of the software user 

interface screen is provided in Figure 25. The positive tip/wall contact was confirmed 

by placing the probe and tunnel liner in an electrical circuit where the probe was 

programmed to slowly and steadily approach the wall until closure of the circuit i. e. 

wall contact, was achieved. The measurement of the velocity profile then followed. 

The procedure adopted for these measurements included these four steps in order: 

1 The tunnel was started with the probe at approximately 0.05mm from the wall. 

2 The approach sequence was initiated which was designed to progressively move the 

probe towards the wall in steps of 5gm. until a positive contact was made. 

3 The sequence then automatically paused leaving a period of 3 seconds for the flow 

to stabilise. 

4 The data acquisition system was then executed. The first total-pressure measurement 

location was with the probe in contact with the wall, followed by a sequence of 

measurements of total pressure taken in a series of steps at locations of increasing 

distance from the wall (the maximum distance from the wall at which Pitot 

pressures were recorded was 31mm upstream and 55mm downstream of the main 

normal shock location, i. e. well within the freestream flow). 
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Having recorded the total and static pressure data the analysis of the results could begin. 

Subsequent calculations of the Mach number were made at the corresponding Pitot- 

probe locations using the ratio of total pressure Pt to static pressure p. 
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Figure 25. Snapshot of on screen display of data acquisition prograrn. 
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The isentropic equation for Mach number was used for subsonic conditions, see 
Eqn. 4-1. Due to the bow shock that formed ahead of the probe tip the Rayleigh Pitot 

formula was used for supersonic conditions, see Eqn. 4-2. Whether or not the probe was 
in a region of supersonic or subsonic flow was detennined by the ratio of total to static 

pressure. According to this ratio the data processing program then used the appropriate 

equation for the calculation of the Mach number. 

Isentropic flow equation for subsonic flow: 

21 (2p) y 
(4-1) 

The Rayleigh Pitot formula for supersonic flow where the subscript 'o2' denotes the 

measurement location being downstream of the bow-shock (normal shock) that forms 

ahead of the Pitot probe: 

M2 P. 
2 

=[ 

(y + 1)2 M2 
-y+2y (4-2) 

YM 2 _]Y"I x[I 
P4 -2(r-1) Y+l 

Using the Mach number and the measured stagnation temperature the static temperature 

was obtained using the following formula: 

T Y-1 2 0,0 =1+-M. T. 2 (4-3) 

This then enabled the local speed of sound and frccstream velocity to be determined: 

jy-RT. 
0 yR T. (4-4) 

U. =Mxa. 
(4-5) 
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In contrast to low speed inviscid, incompressible flows, the experiments carried out here 

involve compressible viscous flows where the effects of heat transfer must be 

considered. Within the boundary layer flow, temperature gradients are created by 

friction that occurs due to effects of viscous stresses between the particles, as has been 

described by Shapiro [3], since the velocity distribution in the boundary layer is 

dependent on the distributions of density, viscosity and shear stress. It follows that the 

heat transfer is a governing factor in determining the skin friction. The temperature 

gradients within the boundary layer lead to the conduction of heat away from the wall 

such that for a wall with no heat transferv (i. e. adiabatic walo the wall temperature T.,, 

is always less than the free-stream stagnation temperature T,,.. In order to account for 

this temperature variation Schlichting [98] provides a relation that involves the ratio of 

the coefficients of momentum and heat exchange, A,. and Aq- This ratio for a turbulent 

boundary layer defines the turbulent Prandtl number Pt. It is given to be approximately 

Ar- 
= P, = 0.72 from which the recovery factor r may then be calculated using the 

Aq 

following relation: 

r= FP, 
. -. r=0.89 (4-6) 

From the calculated values of Mach number further sub-routines were written to provide 

the adiabatic recovery temperature at the wall for a turbulent boundary layer in 

compressible flow. In both turbulent and laminar boundary layers in all pressure 

gradient flows with adiabatic wall conditions, the recovery temperature, T.,, is given by 

Fernholz and Finley [99]: 

Y-IM2 T, 
5 

(I+r 

21) (4-7) 

'0 Adiabatic wall conditions were confirmed by a long-term measurement of the wall temperature using a 
thermocouple in contact with the wall that revealed no change during the complete run time. 
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and for 0.6<Pt <1.0 [100) the temperature-velocity relationship by: 

T= (/V 
- 1) 

M2u 
Tj 2(U, 

5)2] 

1+r 5[l (4-8) 

From which the velocity ratio is determined by: 

2 (4-9) 

r(Y-1)m2 uj 

Since the static pressure variation normal to the wall is to be assumed constant (in later 

sections it will be shown to be negligible except for in the certain locations in the 

SWBLI region), from the equation of state for a perfect gas (P= pRT), the density ratio 

equates to: 

p Ts 

ps T 

Using Sutherland's law the viscosity was be calculated: 

F466. 

+7 
-10-6 

T+j TT +114 

lolý 

Using Eqn. 4-1 to 4-11 the boundary layer velocity profiles were calculated. The 

velocity profile data provided knowledge of the nature of the boundary layer now 

characteristics and permitted the baseline boundary layer to be defined. The first step 

was to ensure that a fully developed boundary layer flow was established. This was 
done by means of a boundary layer trip situated just upstream of the convergent 
divergent nozzle throat. Changing the strip size of the Carborundurn, paper used for 

tripping the boundary layer enabled the desired flow conditions to be obtained. This also 

ensured that the flow was similar to those of previous studies that permitted 

comparisons to be made. However, it is clear that regions exist (detailed later) where 
doubt had arisen on the validity of the assumption that the static pressure normal to the 
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wall was constant. Since no measurements of the static pressure were taken away from 

the wall in the current experiments, the total pressure profile data was used in the 

analysis of the flow in that specific location. 

The boundary layer integral parameters: displacement thickness (8), momentum 

thickness (0) and shape factor (H) were then calculated using the well known 

compressible flow equations given in Eqn. 4-12 to 4-14: 

. 5. =f 
(I 

- 

Pu 1- -u P. Nui 

( 

u. 

H='5'* 
0 

(4-14) 

Processing all the total pressure profile data using the above relations provided a set of 

parameters that enabled a detailed parametric study to be carried out. Using these 

parameters also enabled comparisons of the obtained SBVG data to be compared with 

the effects of other SWBLI control devices, as detailed in literature review. 

The LabVIEW data processing program was designed to provide both an output of 

selected velocity profile data on-screen, in addition to writing the details of the 

processed data to an Excel spreadsheet for later analysis. A snapshot of the on screen 
display of the data processing program is shown in Figure 26. 
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Figure 26. Snapshot of on screen display of the data processing program. 

Further analysis of the Baseline configuration was required to present the flow structure 

in a form that would permit comparisons to previous studies. This involved using a 

similarity function that would transform the velocity profile data into 'law qfthe wall, 

coordinates. Manipulation of the total pressure profiles by using a calibration equation 

to determine the friction velocity at the wall which enabled a Clauser plot to be drawn to 
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detennine the validity of the friction velocity calibration equation, described below. The 

Clauser plot for the Baseline velocity profile is shown in the chapter containing the 
discussion of the baseline flow conditions. 
The difference between the measured total pressure and the corresponding static 

pressure was used to calculate the friction velocity U,,, (also denoted U, ). In order to 

achieve this the zero pressure gradient calibration (Eqn. 4-15) in wall variables, given by 

Bradshaw et al [ 10 1 ], that includes a compressibility correction, was used. The friction 

velocity parameter, U,, provides a measure of the intensity of turbulent eddying and is 

used here to present the boundary layer velocity profile in 'law of the wall' coordinates: 

v 7 v. 
lo(11 

d 
_104M2[(U�d 

(4 'äp = 96 + 60 log�, 
( 
iU 

d. 
+ 2.37 log -y2w0.3 - 2.38 -15) 

r, « 

1 

ýýOV- )_ 
Where, Ap is the difference between the static and Pitot pressures and d is the external 
diameter of the flat-headed Pitot orifice. The calibration for the shear stress at the wall, 

T, where -r,, =p,, U,, 2, expressed in wall region variables is preferred for this equation 

since if the equation was based on the boundary layer edge state for example, the error 

that may be incurred due to normal pressure gradients could not then be excluded. 
In order to take account of the effects of compressibility on the velocity profile the Van 

Driest velocity transformation [102] that provides the equivalent incompressible 

boundary layer velocity profile was used to determine the transformed mean 

velocity, Z7*: 

T Y-IM2 
a*= 

(I+r 
2 

b 42 
= 

Y-IM2 Tj 
2 15 T. (4-17) 

2b*' u 
-a U8 U8 

U =Tsin-, p T+Z9 

Li 
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The velocity profiles were then expressed in 'law of the wall' coordinates using the 
following equation by Bradshaw [ 10 1 ]: 

1 
In y+ +B 

Ic 

Where: U, =uy 
YU,, 

U,, V,, 

The constant K is the turbulent momentum exchange constant that relates the length 

scale over which the turbulent fluctuation acts to the distance from the boundary, and is 

equal to Y, = 0.41, it is otherwise known as Von Karman's constant. B is a constant that, 

as found by Haritonidis [103], appears to be Reynolds number dependant, is 

approximately 5.00 for most flows, and is determined from experiment through 

matching the velocity profile data to Eqn. 4-19. 
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5. Baseline Configuration 

A complete survey of the undisturbed' boundary layer throughout the SWBLI region 

was carried out in order to obtain the Baseline dataset. This data was to provide 

assurance that any phenomena observed in the subsequent SBVG / SWBLI experiments 

would be attributed to the presence of the SBVGs alone. The dataset was then used as a 
benchmark from which the effects of the various SBVG configurations investigated 

were determined. 

5.1. The Shock Wave Boundary Layer Interaction 

Although not directly applicable to wing aerodynamics due to the high Mach number of 

the current tests, some results may apply to conditions where low shock strengths are 

present. However, the current results are particularly relevant to the flows in supersonic 

intakes. The flow was accelerated through a convergent-divergent nozzle to a nominal 

freestream Mach number of M. = 1.45 and freestream Reynolds number of 

R, -- 15.9-106/m. In all the experiments, using the fine adjustment permitted by the shock 

generator, the normal shock location was held constant above pressure tapping number 

28, where tapping number 1 was at the nozzle throat (see Figure 14). 

At the first measurement location, the boundary layer flow was fully developed and 

exhibited the characteristics of a "well behaved", hence equilibrium turbulent boundary 

layer, details of which are presented in this chapter. 

The separated flow region resulting from the pressure rise of the impinging normal 

shock, caused the formation of the typical "V' (lambda) shock structure. The formation 

of the bifurcated shock system with its characteristic properties occurs as a result of the 

boundary layer thickening which in turn is caused by the upstream influence of the 

pressure rise in the subsonic near-wall strata of the boundary layer. For a given 

Reynolds number, the location of the bifurcation point of the main shock depends on the 

extent to which the pressure-rise, and hence the separation region, deflects the boundary 

layer away from the wall. Such that for a greater deflection of the flow into the main 

stream the further into the main flow the location of the bifurcation point will be. 

Therefore in a qualitative and relative sense, the extent to which the boundary layer has 

1 The tenn 'undisturbed' refers to the flow in the absence of vortex generators, i. e. in the 'Baseline' 
configuration. 

97 



been deflected away from the wall can be estimated. As seen from the Schlieren 

photograph at the top of Figure 27, in the current experiments the height of the 

biffircation point for the Baseline interaction was approximately 58. This value lies in 

good agreement with the value measured by Seddon [1] who gave the height of between 

55-65 and Kooi [12] who measured a height of 48. The strearnwise extent of the 

separated region, provided by the experiments of Seddon [1], agrees well with the 

results of the surface flow visualisation studies and velocity profiles obtained from the 

current experiments. This trend is confirmed by the lower bifurcation height measured 
by Kooi [12] who also measured a smaller streamwise separation region. 

In general, shock waves that result in boundary layer separation in the interaction region 

are inherently unsteady and exhibit random and sporadic hi-frequency fluctuations, as 

shown by the experiments of Caruana et al [85] and Onalmis et al [104]. Of relevance 

to the current study are the results of Dolling [105] who postulated that the motion of 

the shock may be driven by low frequency pressure fluctuations under the separated 
boundary layer. This was supported by the findings of Onalmis et al [ 104] who found a 

correlation between the pressures recorded at the foot of the separating shock in the 

lower regions of the separated shear layer and the frequency of the shock oscillations. It 

was found that a cause and effect relationship existed between the pressure fluctuations 

within the boundary layer preceded the shock velocity fluctuations. It was also found 

that the mean shock fluctuation velocity was on the order of 24% of the freestream 

velocity. In a comparison of their results to those of previous studies using different 

downstream model geometries, the upstream effects were seen to play a more 

significant role in the separated flow shock unsteadiness than the influence of objects 
downstream of the interaction region. In the current experiments the degree of shock 

unsteadiness was determined by measuring a large number of samples over a period that 

was judged to be far greater than the fluctuating frequency observed from the 

continuous Schlieren facility. Pressures from the Pitot probe and the wall pressure 

tappings behind the shock were recorded over a period of 2 seconds. The plots shown in 

Chapter 4 Figure 21a and Figure 21b reveal the degree of total and static pressure 

fluctuation measured by the wall pressure tapping and the Pitot probe located at the 

same streamwise location. The probe measurement was taken as close to the boundary 

layer separation point as possible, from the downstream side, where the most now 

fluctuation was expected to occur. 
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maintained to within approximately ±18 of its desired location. This was achieved by 

running the tunnel at the highest permissible injector pressure of 758kPa (I ION) and 

controlling the position of the shock with the variable choke. 

On observation of the Schlieren photograph provided in Figure 27, it was expected that 

a characteristic feature of a shock bifurcation known as the "Slip-line" would be seen 

emanating from the downstream side of the bifurcation point. Unfortunately, the slip 
line is very faint and is not readily discernible. However, its presence was revealed by 

the total pressure profiles downstream of the interaction where the total pressure above 

the slip line is lower due to the stronger compression imparted by the shock. Further 

discussion of the total pressure profiles is provided in a later section of this chapter. The 

slip line occurs due to the different shock systems and hence strengths, above and below 

the sliP-line, that subject the flow to two different magnitudes of pressure rise and 

therefore different downstream Mach numbers. A further observation was that the 
location of the separation point according to the Schlieren photograph appears to be 

approximately 1-28 upstream of the location of the main shock 
The distinct features described above will be used in comparisons between SWBLIs 

with and without SBVGs to determine the effect the different SBVG arrays have on the 

overall flow structure in the SWBLI region. 

5.1.1. Static Pressure Distribution 

The strearnwise static pressure distribution was measured using an array of 50 pairs of 

pressure tappings positioned along the length of the liner (see Chapter 4 design 

diagram). Tappings 1-15 were used to determine the pressure distribution in the portion 

of the tunnel through which the flow accelerated to the design Mach number. Tappings 

16-50 were distributed along the remaining length of the flat plate. These facilitated 

measurements throughout the entire SWBLI and the downstream reattachment regions. 

The static pressure distribution, shown in Figure Al of Appendix A, was plotted as a 

function of the ratio of measured wall pressure to settling chamber total pressure against 

the dimensionless streamwise distance, X. The parameter X is defined as the distance 

downstream of the start of the interaction divided by the baseline undisturbed boundary 

layer thickness 8,,, (X = x/S,, ) determined at the first measurement location, PI. The plot 

reflects a typical SWBLI static pressure distribution as shown by Seddon [1), Kooi [12] 
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or Pearcy [17]. The extent of the upstream spread of the interaction in the subsonic 

regions of the boundary layer is apparent from the variation of static pressure upstream 

of the shock, shown in Figure Al and is approximately 5-65 upstream of the normal 

shock location. The sharp pressure rise, evident from the steep linear section in Figure 

Al can be seen to initiate at approximately the point at which the oblique upstream limb 

of the bifurcated shock impinges the boundary layer, as seen in the Schlieren 

photograph, Figure 27. The static pressure distribution provided in Figure Al and the 

Schlieren image provided in Figure 27 show that the separation point is located 

approximately 28 upstream of the normal shock and that it coincides approximately 

with the 'kink' in the static pressure distribution. Identification of the 'kink' was 
described by Pearcey [17] as a means of determining the location of the separation 

point. The pressure ratio to separation, also defined by Pearcey [17], was found to be 

1.48 and is defined as the ratio of the wall pressures at either end of the linear pressure 

rise region. This value is in good agreement with the results of Seddon [1] and Kooi 

[12] that found values of 1.48 and 1.45, respectively. Beyond the separation point a 

reduction in the pressure gradient is evident as the gradual rise towards the inviscid flow 

value ensues. The static pressure plot also shows that the static pressure does not reach 

the inviscid value even at a distance of 448 downstream of the interaction. Factors 

contributing to this include the curved and bifurcated form of the shock that would 

provide a lower downstream pressure than a simple normal shock and the gradual 

reduction in cross-sectional area of the tunnel caused by the increasing boundary layer 

thickness downstream of the interaction. 

The location of reattachment of the boundary layer is not as readily discerned from the 

static pressure distribution even though a slight change in gradient in the pressure 

distribution can be seen from the point highlighted in Figure Al. Similar to the findings 

of Seddon [I] and Kooi [ 12], the constant pressure plateau found in extensive regions of 

separation was not observed here. However, a good appreciation of its location may be 

gained from the Schlieren photograph and the oil surface flow trace seen in Figure 27. 

An analysis of the static pressure distribution together with the surface oil trace and 

Schlieren photograph found that the strearnwise extent of the separated region was 

approximately 10 times the length of the undisturbed boundary layer thickness (8). 

Investigations into the influence of Reynolds number on the characteristics of a SWBLI 

were carried out by Vidal et al [8] and Law [13]. The investigations found that the 

disturbed boundary layer tends to recover normal boundary layer characteristics more 
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rapidly at higher Reynolds numbers, i. e. at higher R. the entire SWBLI, including 

separation and reattachment, is confined to a shorter strearnwise region. This conclusion 

was entirely consistent with the findings of the current experiments. The Reynolds 

number of the experiments of Seddon [1] was slightly lower than that of the current 

experiments, &= 13.12-106/m as opposed to 15.9-106/m found here. A slightly larger 

separation region of 128, in contrast to 108 of the current experiments, was found. 

Similarly, for the experiments carried out by Kooi [12], who found the length of the 

separation region to be 4.55, the Reynolds number based on shock position was 

&= 20.106, in contrast to &= 6.4.10 6, for the current experiments. 

The comparisons of the obtained results agreed well with those provided by Seddon [1] 

and Kooi [12] who carried out experiments in very similar conditions. The 

characteristics of the Baseline case discussed above also agree closely with the findings 

of a collection of results promulgated by Pearcey [17]. 

From the above discussion of the experimental results and on comparing these findings 

with the definition of a 'free interaction' as defined by Law [106] it appears that the 

baseline SWBLI, has the characteristics of a 'free interaction' i. e. one where the SWBLI 

process is "... free from the influence of downstream geometry and free from the 

complicating influences of the mode of inducing separation. " which in this case could 
have originated from the upstream effect of the Pitot probe saddle, the upstream effect 

of the shock wave generator, or from other irregularities in the tunnel that may have 

caused disturbances upstream of the interaction that may influence the SWBLI process. 

To identify whether or not the interaction exhibited the characteristics of a 'free 

interaction', one must examine the static pressure distribution and determine whether it 

is self-induced or if the effects of an external influence are present. When comparing the 

baseline pressure distribution obtained here, with the examples of those given by Law in 

[106], it can be seen that the pressure distribution associated with a 'free interaction' 

approaches the inviscid distribution asymptotically. On these grounds it can be 

confirmed that the SWBLI presented here did exhibit the characteristics of a 'free 

interaction'. Establishing this provided further confidence in the degree of repeatability 

of the baseline flow conditions in addition to the degree to which the SWBLI was 
isolated from the external effects that may influence the results of the subsequent 

experiments. 
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5.1.2. Surface Total Pressure Distribution 

A figure of merit that was to be used to compare the effectiveness of one SBVG 

configuration against another in the subsequent experiments was the degree of forced 

mixing that would be imparted to the near wall flow due to a given SBVG 

configuration. Since knowledge of the near-wall total pressure would give an indication 

of magnitude of the velocity of the flow in this location, total pressure measurements 

were made between 158 upstream and 358 downstream of the shock at short strcamwise 

measurement intervals (10mm). The total pressure at the wall was measured using a set 

of three total-pressure probes, the design of which was described in Chapter 4. 

The measurements were normalised by the settling chamber stagnation pressure and are 

plotted in Figure A2. It can be seen from the measurements that a quantitative 

verification of the presence and of the strearnwise extent of the separated region was 

obtained. The plot shows a sharp reduction of total pressure up until approximately 

X= -3, where the gradient in pressure reduction becomes very low. This location 

corresponds to the extent of upstream effect that the shock pressure rise has on the near 

wall subsonic strata of the boundary layer. This finding lies in good agreement with 

those found from the discussion of the static pressure distribution provided in Figure 

Al. 

When trying to match and compare a number of features shown in the Schlieren 

photograph (Figure 27) to the point of minimum total pressure it can be seen that this 

point corresponds with the approximate location of the forward limb of the bifurcated 

shock system. In addition, making a further comparison to the oil flow visualisation 

photograph (Figure 27) indicates that this location is indeed the boundary layer 

separation point. Downstream of the separation point the measurements reveal a 

strearnwise length within which the total pressure increases. In fact, on observation of 

the Figure A2 the distribution shows that at the location of approximately X= 8 the 

gradient of the total pressure rise changes. This change in gradient may indicate the 

increase in total pressure that would be measured at the wall beyond the location of 

reattachment. 
Combining these findings with those of the observations made by flow visualisation 

(both Schlieren and oil flow) it can be concluded that the separation region extends from 

approximately -28 to 88 downstream of the shock location. Ifence the findings of the 

static pressure distribution are also supported. 
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Since the total pressure measurements were taken at a range of strearnwise locations 

with a short interval (10mm) between each measurement point, a good representation of 

the wall total pressure distribution was obtained. The Baseline wall total pressure 

distribution dataset was therefore considered to be a very useful tool for assessing the 

relative impact of the various SBVGs configurations on the degree of forced mixing 

within the boundary layer in the subsequent experiments. 

5.1.3. Boundary Layer Total Pressure Profiles 

A Pitot-probe traverse system was custom built to facilitate the controlled motion of the 

Pitot-probe for boundary layer profile measurements. The Pitot-probe used for 

measuring these profiles had a flattened tip and was made of hypodermic stainless-steel 

tubing, as detailed in Chapter 4. 

The operating time of the wind tunnel was limited by the volume of compressed air 

available. This restricted each run time to approximately 90 seconds. The Pitot probe 

measurement interval was set to progressively increase in four continuous, stages with 

increasing distance from the wall. Hence, the largest number of measurements per unit 

height was hence greatest in the high velocity gradient, near-wall region. This region 

was expected to be of significant importance in the subsequent assessment of the 

various SBVG configurations. 

Calculation of the velocity profiles was based on the general assumption that at a given 

streamwise location the static pressure was constant across the boundary layer. This 

decision was based on the findings of Seddon [I] and Kooi [ 12] whom found that there 

was no appreciable variation in static pressure normal to the wall across the boundary 

layer in the location just downstream of the main normal shock. Kooi [12] 

complemented this work and found a greater variation in static pressure existed outside 

the boundary layer. At a height of 65 the static pressure was measured to be over 25% 

greater than the wall pressure measurement at the same location. In the vicinity of the 

start of the interaction (forward shock limb area) Kooi [12] found an approximate 15% 

decrease in the pressure between the pressure measured at the wall and the pressure 

measured at 5. Upstream of the start of the interaction and in the regions beyond 138 

from the start of the interaction Kooi [12] found the static pressure variation to be 

negligible. The discussion on the theory of the interaction of a turbulent boundary layer 
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with a normal shock wave presented by Gadd [5] implicitly argues in support of the 

above experiments. It states that due to the deflection of the flow away from the wall at 
the interaction location the change in the effective surface contour results in the 
formation of Mach lines. By definition, Mach lines have a constant pressure along their 
length. Hence the static pressure in regions where these phenomena exist is likely to be 

constant along the Mach lines rather than along a line perpendicular to the wall. 
Therefore in regions where a significant amount of flow turning occurs relative to the 

wall, the static pressure would not be constant perpendicular to the wall. When 

calculations are made on the assumption that the static pressure is constant through the 

boundary layer, the effects of the static pressure changing through the boundary layer 

will produce erroneous velocity profile and velocity profile-derived data. In the current 
investigation velocity profile measurements are presented from throughout the entire 

shock wave boundary layer interaction up to a downstream distance of 365.. Velocity 

and total pressure profiles of the Baseline case from twelve strearnwise locations are 

presented in Figure A2 and A3 (Appendix A). Figure 28 provides the relationship 
between Pitot probe measurement location, P, and the distance to the main normal 

shock, X. 

It should also be noted that where velocity profiles were measured in the separation 

region, there is also the possibility of error in the values of the calculated displacement 

and momentum thickness. This is because the integral of the velocity profile in this 

region does not include the magnitude of the reverse flow velocities present, since these 

were not measured. The uncertainty in the boundary layer integral parameters will not 
however change the conclusions of this research since they have been based upon 

comparative measurements (not absolute values). In addition, the effects of the different 

SBVG configurations will largely be based on velocity profiles where the degree of 

confidence in the measurements was high. 

The first measurement point PI at X= - 18 was only used to confirm the boundary layer 

characteristics at the location that the SBVGs were be installed. The remaining twelve 
locations at which total pressure profiles were measured were used in the results 

analysis. However, due to the reasons described above, at least two of the profiles were 

measured in the regions of static pressure variation within the boundary layer, as found 

by Kooi [ 12]. 

These locations corresponded to positions P6, and P7. In order to avoid the erroneous 
data when assessing the profiles at these locations only a comparative analysis (i. e. 

without using absolute values) of the data derived from the velocity profiles was made. 
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Figure 28. Cross reference of measurement location to distance to main normal shock. 

This information was used in conjunction with the total pressure profiles, see Figure A2, 

in the subsequent data analysis. It is important to state here that accurate static pressure 

measurements of the flow throughout the interaction region would be important in the 

analysis of the flow in this region however, within the means of the current research it 

was not possible to produce the instrumentation required for this purpose. Whilst on the 

above grounds the procedure adopted was sufficient to exclude the erroneous data, care 

was still required in interpreting the results throughout the entire interaction region. In 

different circumstances, accurate knowledge of the static pressure or a validated 

correction factor would enable a quantitative assessment of the flow in this region to be 

made. 
Observing the development of the total pressure profiles it can be seen that upstream of 

the shock, stations Pl-P3 the profile displays the typical form of a turbulent boundary 

layer. As we progress downstream it can be seen that the total pressure and velocity of 
the flow at the wall (Figure A2 and A3) begins to reduce eventually leading to a 

separated region with a height of approximately 25% of the boundary layer thickness. 

The boundary layer then recovers downstream to an attached state yet with a 

significantly reduced near wall velocity in comparison with the upstream profiles. 

Furthermore, observing the profiles of total pressure and velocity ratio downstream of 

reattachment, the impact of the X-shock structure and the resulting slip-line, providing 
differing total pressures above and below, is evident. Due to the greater strength of the 

mainstream normal shock above the shock bifurcation the total pressure losses are seen 
to be greater than below the bifurcation. Throughout the measured region the 

progressive increase in the thickness of the boundary layer and the resulting increase of 
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the height of the slip line are also evident. Looking at the total pressure profile and 

velocity profile for the most downstream location, P12 it can be seen that the profiles 

still exhibit the effects of the interaction and have not yet recovered to the undisturbed 

profile shape. The general form of the profiles provided in Figure A3 and A4, over the 

entire measurement region, were also found to be similar to those presented by 

Seddon [1]. 

In order to permit comparisons to be made between the results of the current 

experiments with those found in the literature, it was necessary to confirm that the 

undisturbed Baseline boundary layer exhibited the characteristics of a fully developed 

'well behaved' turbulent boundary layer (see Delery [2]); such that the effects of the 

rapid expansion of the boundary layer at the nozzle throat would have diminished by the 

first measurement location. 

This was done by describing the velocity profile using the 'law of the wall' relationship: 

U (yU'\ 

) 
(5.. 1) 

Where U, is the friction velocity defined in Chapter 4. This representation provides a 

universal similarity law for every turbulent boundary layer past a smooth surface. When 

the experimental results concur with this law, whether or not the boundary layer is a 

fully developed turbulent boundary layer may be determined. Once this is established, 

comparisons to other flat-plate, smooth surface, boundary layer flow studies can be 

made. For the current experiments it was found that the constant B in the log-law 

equation (see Chapter 4) had the value of B= 4.82, which is in good agreement to the 

general value of 5.0 given by Haritonidis [103] for values of yUj v greater than 

about 50. In order to account for the effects of compressibility on the velocity profile 

measurements the well known Van-Driest [102] transformation was employed. This 

mathematical transformation provides the velocity profile in terrns of its incompressible 

equivalent such that the incompressible law of the wall may be used to describe the 

behaviour of the boundary layer. The resulting Clauser plot is shown in Figure 29. The 

close agreement between the values obtained experimentally and the log-law equation 

indicates that the boundary layer is indeed a fully developed turbulent boundary layer 

and that the effects of the rapid acceleration that took place in the throat of the wind 

tunnel were no longer present. 
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The experimental boundary layer thickness was determined from Pitot pressure profiles 

and was found to be k= 7.5mm at the first measurement location, P I. 

As detailed in Chapter 4, the appropriate functions of velocity and density were 

integrated across the boundary layer to give the momentum thickness, 0 and 

displacement thickness, 8*. These parameters were chosen since they provide good basis 

for assessing the effectiveness of the SBVGs in improving the boundary layer flow. 

They were then used for studying the relative effects of the different SBVG 

configurations. The momentum thickness 0, is a measure of the momentum loss due to 

the shear force at the surface from the presence of a viscous boundary layer. Due to the 

introduction of vortices the entrainment of higher velocity flow toward the surface 

would result in an increase in the momentum thickness. The displacement thickness S* 

gives the distance that the outer streamlines of the boundary layer are displaced by the 

flow retardation due to the presence of surface shear stress. This parameter provides a 

good representation of the efficiency of vortex generators. For example, the increased 

near-wall momentum and reduction in near-wall flow retardation that results from the 

introduction of vortices into the boundary layer flow would provide a reduction in the 

displacement thickness. 

In order to enable a comparison with the findings of previous studies the integral 

parameters and the boundary layer thickness were non-dimensionalised by the baseline 

boundary layer thickness (5. ) measured upstream of the interaction region at the first 

measurement station Pl, X= -18. The values of 5*/8,,, O/k and H are plotted in Figures 

A5, A6 and A7 (Appendix A), respectively. A further plot showing the variation in 

boundary layer thickness 5/6,, through the measurement region is shown in Figure A8 of 

Appendix A. 

Qualitatively, the distribution of 8*/5u shown in Figure A5 was found to be typical for a 

SWBLI in the current flow conditions. The point at which a sharp rise in 5*/k ensues 

corresponds to the location of the forward leg of the bifurcated shock and hence the 

separation position. Where from a value of 5*/k= 0.2 in a distance ofjust over X= 7 the 

value of 5. /5U= 1.2 is obtained. The maximum value of 5*/Bu was found to coincide with 

the location of the maximum measured height of the separation region. 
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Figure 29. Log-law plot of baseline velocity profile. 

The magnitude of the displacement thickness then reduces gradually through the 

reattachment region until the value reached of approximately 8*/S. = 0.9 at the most 

downstream measurement location. In general, both the trends and numerical values of 

the results obtained by Seddon [1] at M= 1.47, agree well with the current findings. On 

the other hand, the experiments carried out by Kooi [12] agree only to the extent that the 

trends are alike. However, the experiments of Kooi [12] were carried out at a lower 

Mach number, M= 1.2, hence a direct numerical similarity would not be expected. 

Furthermore, at the locations where the static pressure variation normal to the wall was 

appreciable, a quantitative comparison of the maximum could not be made even 

though the values obtained still compared well. 

Comparisons with the findings of Seddon [1] of the momentum thickness distribution, 

0/5,,, also show that a good agreement exists; however, the maximum value of 0/8,, 

obtained here was 0/5u= 0.5, whereas in the experiments of Seddon this value seemed to 

peak at approximately 0/5,, = 0.4. The distribution of 0/5,, (Figure A6) and the increase 

in the gradient of the distribution at reattachment is similar to that found by Seddon [1]. 

When comparing the shape factor, (H = 5*/0) distribution (Figure A7) a good agreement 

exists both qualitatively and quantitatively, whilst the results of Kooi [12] provide only 

a qualitative match, which again is probably due to the lower Mach number of his 

experiments. Seddon [1] found a maximum H= 5.5 whereas a maximum value of 
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H= 5.6 was found for the current experiments. The undisturbed boundary layer shape 
factor was H= 2.2 (upstream of the interaction) which was also in very good agreement 

with what Seddon [1] obtained (H---2.2). 

The experiments of Seddon [1] found that a region of supersonic flow exists in the form 

of a "supersonic-tongue" just downstream of the bifurcated shock system, emanating 
from the X-shock structure. Mach number profiles at the corresponding streamwise 
location (P5) are provided in Figure 30, with a close up of the boundary layer edge 

region shown in Figure 31. It is seen that a region of flow with a maximum Mach 

number of M= 1.06 exists in the outer regions of the boundary layer. Similarly 

Kooi [12] found a region of high subsonic flow in the same location. It is evident 
therefore that another similarity between the flow structure presented by Seddon [1] in 

particular with the current flow features was found in the current experiments. 
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5.2. Three-Dimensional Effects 

The surface oil flow visualisation shown in Figure 27 reveals that the sidewall boundary 

layer interactions and the three-dimensional effects caused by the presence of this 

interacting process are significant. As this degree of three-dimensionality was 

anticipated and in order to avoid as much as possible the strong effects of the highly 

three-dimensional interaction, all the measurements carried out in the current 

experiments were taken within a spanwise distance of ±15mm of the tunnel centre line, 

i. e. between the static pressure tappings. However, it should be kept in mind that 

although this step was taken to reduce the impact of the three-dimensional effects, the 

results of the current experiments may still be influenced by these effects. In the same 
light the results of previous studies which were carried out in similar conditions, to 

which the current experiments have been compared must also have been influenced by 

these effects to a certain, albeit presently un-quantifiable, degree. The important point is 

that since the comparisons made in the previous sections have shown that the current 
flow conditions compare very well to the findings of similar previous studies, the results 

presented here comprise a valid and robust baseline configuration. 

In light of the above, the subsequent experiments that involve an investigation into the 

effects on the SWBLI of various SBVG configurations can be said to have been carried 

out on a sound, 'standardised' and most importantly, repeatable set of baseline 

conditions. Through the subsequent experiments, variations from the presented baseline 

data will therefore be attributable to the influence that the various SBVG configurations 

will have on the flow characteristics. 
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Results & Discussion 

6.1. Effect of SBVG Lateral Spacing 

In this chapter the results of the experiments investigating the effect of changing the 
lateral spacing of a pair of SBVGs with h= 40 and X, g= - 18 is presented. The spacing 

parameter, n, was varied from n= 0 where the trailing edges of the SBVGs were 

touching, to n-- 1,2 and 3 where the space between the trailing edges of a SBVG pair 

was three device heights. 

A complete set of velocity and total pressure profiles is presented in Figures BI(a)- 

BI (k) and 132(a)-132(k) of Appendix B. However, for brevity, two particular sets of total 

pressure profiles will be presented in this section. These were measured upstream of the 

interaction at X= -6 and downstream of the interaction at X= 11, corresponding to 

locations P3 and P7, respectively. Observing these profiles in Figure 32(a) and Figure 

32(b), it can be seen that a high degree of distortion of the profile was present. The 

vertical distortion is indicative of the degree of spreading of the vortex cores and the 

degree of streamwise distortion is indicative of the strength of the vortex. For example, 

it is seen that with increasing streamwise distance the degree of distortion of the profile 

spreads over a greater vertical extent indicating the spread and diffusion of the vortex 

core. In addition, the degree of streamwise distortion has reduced due to the strearnwise 

decay of the vortex circulation. A detailed discussion of the effects that each SBVG 

configuration has on the velocity and total pressure profile shape is provided in the 

following section. 

Firstly, a discussion of the development and characteristics of the velocity and total 

pressure profiles throughout the entire measurement region is presented. The 

displacement and momentum thickness are only weakly dependent on the definition of 

the outer edge of the boundary layer, however it should be noted that due to the 

distortion of the velocity profile by the embedded vortices, questions regarding the 

validity of the conventional approach to defining the boundary layer thickness arise. 

The 0.995U, factor used here which is also commonly used to define the velocity at the 

edge of the boundary layer and thereby its thickness, does not in cases where vortices 

interact with a boundary layer reflect the "true" boundary layer thickness. As described 

in various reports summarised in Chapter 2 (Literature Review), a highly three. 

dimensional boundary layer flow results from the introduction of vortices. The 
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boundary layer on the up-wash side of the vortex tends to show an increased boundary 

layer thickness. Whereas, on the down-wash side of the vortex the boundary layer 

thickness is reduced. 

Effect of lateral spacing n, h= 40, for SBVG pair at Xvg= -18 
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Figure 32. Boundary layer total pressure profiles showing effect of lateral spacing, (a) upstream 
of the interaction, X= -6 and (b) downstream of reattachment, X= 11. 
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A spanwise variation in boundary layer thickness is therefore present. The results of the 

measurements presented in this thesis were all taken along the centre line of the tunnel 
liner that coincided with the plane of symmetry of the installed counter-rotating SBVG 

pair. When considering the presented results it should be borne in mind that only the 

effects in this region were recorded and that for the SBVG configuration used here, the 

nature of rotation of the vortices (common flow-up) will generally provide an increase 

in the boundary layer thickness in between the SBVG pair. Although not measured, 
based on the results of previous research at low speed (both experimental and 

computational) for example Pauley & Eaton [26], Barber et al [87] and Leslie [90], it 

seems feasible to expect the boundary layer thickness to be reduced on the outside of 
the SBVG pair, in the down wash region. 

Observation of Figures BI(a) and 132(a), showing the first measurement location 

upstream of the interaction corresponding to a distance of 38 downstream of the 

SBVGs, it is apparent that the boundary layer profiles of the SBVG configuration with 

spacing of n= 0,1 and 2 are significantly distorted due to the presence of the embedded 

vortices. It is also evident that, generally, the degree of distortion of the boundary layer 

profile along the centre line of the tunnel is reduced for increasing lateral spacing. 
Therefore, the ability of the shed vortices to increase the fullness of the velocity profile 

35 downstream of the SBVGs evidently reduces with increasing lateral spacing. 

Observing Figure 132(a) at approximately 0.02m from the wall, the presence of the 

oblique shock wave generated by the SBVGs of all the configurations, was measured by 

the Pitot probe as it traversed through this region. 

Looking more closely at the effect of varying the lateral spacing it can be seen from the 

surface total pressure plot (Figure 33) that for the n= 0 and n= I SBVG pairs, the 

surface total pressure was greater in the measurement region relative to the baseline. In 

order to energise the near-wall flow of the boundary layer the SBVGs require a finite 

strearnwise distance; the distance of 185 was evidently sufficient for these two cases. In 

contrast, however, the n= 2 and n= 3 cases show that no appreciable increase in surface 

total pressure relative to the baseline was obtained upstream of the shock. 

Unfortunately, no measurement stations were present in the region -13 <X< -7; 
however, the data may be interpolated in this region where the general trend of the 

initial increase in surface total pressure and the subsequent reduction as the boundary 

layer flow is retarded by the adverse pressure gradient was found. 
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It is important to note here that the Pitot and static measurements were only taken along 

the centre line hence the increase or decrease in near-wall flow velocity at regions either 

side could not be measured. Furthermore, for the n-- 3 SBVGs the probe tip would have 

been located the furthest from the pair of trailing vortex filaments so it was not able to 
detect the maximum impact that the vortices may have on the local flow. 

Looking at Figure 131(a) at the first measurement location (P2), a reduction in the 

fullness of the velocity profile for the n-- 2 and n-- 3 cases is seen relative to the 

baseline. Observation of the momentum thickness distribution presented in Figure B5, 

shows that the momentum deficit in this region decreases for an increase in n. This may 

be explained by the increase of 5* for small values of n that revels the blockage effect 

that is created by the pair of SBVGs of this spacing. Furthermore, the measurements of 

total pressure and velocity profiles in this region, shown in Figure BI (a) and B2(a), are 

consistent with the cause of the reduction in streamwise velocity found on the up-wash 

side of a vortex embedded in a turbulent boundary layer presented by Pauley & Eaton 

[26]. The increased boundary layer thickness present in between the vortices shed by a 

common flow-up pair, found for all values of n here, is also in agreement with the 

findings of Pauley & Eaton [26] and Leslie [90]. 

Perhaps the most significant finding from these experiments was that the positive 
influence (i. e. increased mixing) of the vortices generated by the SBVGs of spacing 

n-- 3 are only detected downstream of the interaction where the surface total pressure 

resulting from this case is notably higher than for the other cases. The total pressure and 

velocity profiles provided in Figures BI(a) - 132(k), show that the distortion caused by 

the presence of the vortices, due to the most widely spaced pair with n= 3, lies deeper 

within the boundary layer than for the other cases. This may be explained by the 

increased spacing that reduces the tendency of a pair of counter-rotating, common flow- 

up vortices to interact and diffuse each others circulation strength. In general, the 

interaction of a pair of common flow-up vortices in close proximity to each other results 

in a mutual interference that leads to a more rapid propagation of the vortex paths away 

from the surface. This subsequently results in a reduction in their ability to force the 

higher momentum flow into the near-wall region. For an increased spacing between the 

vortex filamefits the mutual interference would be reduced and the ability of the vortices 

to influence the near-wall flow would be improved. However, a maximum spacing must 

exist above which the increased mixing provided by the vortices will diminish, resulting 
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in the reduction in the magnitude of the near wall velocities along the line of symmetry 

of the vortex paths. Considering the results of the experiments that describe the flow 

upstream of the shock, see Figure 33, Figures BI(a) and BI(b), Figures 132(a) and 
132(b), it is evident that due to the increased spacing of the vortices shed by the n= 3 

SBVG pair, a reduced momentum of the near wall flow resulted. In this configuration 
the boundary layer was no less susceptible to separation than the baseline flow. 

Observing the surface total pressure just upstream of the interaction (X= -3), see 
Figure 33(a), it can be seen that for this case a small separation region existed at this 

location, which also corresponded to the position of the forward shock foot. 

Figure 33(b) shows that a clear relationship between the SBVG spacing n and the 

surface total pressure at X= 10 was present. This result suggests that a further increase 

of the SBVG spacing would provide an increased surface total pressure in this region 
(downstream of the shock). 

Focussing on the total pressure profiles either side of the interaction region, Figure 32 

shows the effect of lateral spacing of the SBVGs on the state of the boundary layer. For 

the near-wall flow in particular, the effects that the embedded vortices have both 

upstream and downstream of the interaction are isolated by this figure and the result 
discussed above are clearly evident. In particular, Figure 32(a) shows that upstream of 

the interaction, the total pressure near the wall for the n-- 3 case was lower than for the 

other cases presented. 

Downstream of the interaction, the profile presented in Figure 32(b) shows that the 

recovery of the boundary layer following the effect of the interaction is more advanced 
for the n-- 3 case. This is also seen in the velocity profiles provided in Figure BI (d) and 
in those measured at further downstream stations. Considering also the n= 2 case, it is 

shown in Figure 33 that nearly the same value as the baseline surface total pressure 

upstream of the shock was found. 
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Figure 33. (a) Surface total pressure distribution showing effect of lateral spacing (SBVG 
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Effect of spacing n, h= 40, for SBVG pair at Xvg= -18 
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Unfortunately, the separated region was not detected by the total pressure profiles for 

the n= 2 and n= 3 cases due to insufficiently small spacing of the Pitot access ports, 
however, in order to support the surface total pressure measurements that show a low 

surface total pressure at the baseline separation location, the existence of the separated 

region for the n= 3 case, can be confirmed by the surface oil flow visualisation 

photograph shown in Figure 35. It is evident from this figure that a small separated 

region of approximately 1-262 in area was present at the foot of the shock. 

Turning attention to the shape factor distribution provided in Figure B6, it is evident 

that, relative to the baseline, all configurations provide a significant improvement in the 

flow quality. Within the interaction, although the measurements of a separated boundary 

layer are prone to error due to uncertainty of the local static pressure. Downstream of 
X'z 5, it is seen that for increasing lateral SBVG spacing the shape factor reduces. 'rhis 

result is relevant to wing design since a reduction in shape factor downstream of the 

shock is important for delaying trailing edge separation. 

Looking at the boundary layer characteristics further downstream, beyond, X= 20 it is 

evident that the rate of reduction in shape factor, and hence rate of recovery of the 

boundary layer is reduced in comparison to the baseline. The adverse effects of' 
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separation have been eliminated along the plane of symmetry throughout the interaction. 

The boundary layer naturally tends to recover downstream of the shock although this 

result shows that their can be a residual effect of the vortices that may be undesirable far 

downstream. Nevertheless, the shape factor was lower than the baseline for all cases. 
Analysis of the total pressure profiles in this region, 20 <X< 36, Figures 132(h)-132(k) 

shows that the total pressure profiles far downstream of the interaction collapse on a to a 

similar value, close to the baseline results. However, observing the velocity profile plots 

shown in Figure BI (h) to BI (k) to look more closely at the downstream flow, it is seen 

that the boundary layer is still energised to a greater extent than the baseline. In fact the 

shape of the profiles suggest that that even up to a distance of X= 36 downstream of the 

main shock, the recovery of the velocity profile to a fully turbulent flow is more 

advanced than the baseline. Evidently the case for n-- 3 appears to show the best near- 

wall flow velocity increase over the baseline, where the case for n-- I provides the 

greatest velocity increase relative to the baseline further from the wall. It is apparent 
from observing the relative degree of proflle distortion in Figure BI (k) that for the n= I 

the presence of the effect of the vortices was still evident. 
Observing the static pressure distribution, Figure 34, the favourable effects of the 

accelerated recovery of the boundary layer through the interaction and reattachment are 

evident for cases of iiý: 1. It is seen that for n= 0 no notable improvement in the static 

pressure was measured. For n>- 1, increasing the lateral spacing does not seem to 

improve the pressure recovery downstream of the interaction. However the pressure rise 
through the shock is seen to increase for increased lateral spacing. This was found to be 

due to the reduced boundary layer thickness that results as the spacing between the 

SBVGs was increased. The static pressure was found to approach the baseline value by 

a distance of X= 40, far downstream. 

The Schlieren photographs for configurations SBVG I -SBVG4 are shown in Figures F2, 

F3 and F5 of Appendix F. The Schlieren and oil flow visualisation photographs 

provided in Figure 35 show the case for n= 3 (SBVG4). The most notable effect on the 

surface flow topology was observed for this case. 
observing the Schlieren photograph (Figure 35), the shock wave generated by the 

SBVGs is seen crossing diagonally from left to top in the far top left comer of the 
figure. 

120 



Expansion 
wave from Forward shock 
SBVGs impingement & Attached flov% 

separation line through central 
controlled region Reattachment line 

Local 
separated 
region 

......... .......... ......... ........ ...................... 

Nominal 2D 
zone 

Reattachment line 

Figure 35. Sch I ieren and 011 flow visuali sat ion of'SBVG at Xvg= -18, liý 40. n-3. 

The Mir of the reamard shock indicates the presence of' hi-ghly three dimensional llo%% 

region caUsed by the shock adapting to the local boundary laýcr flo\\,. The expansion 
fan generated on the dovristrearn edge of' the SBV(i array is also seen by the brighter 

band that passes tllrOLI,, h the ý. -shock system. The images sllo\\ that the height above the 

tLinnel \ull of the shock bifurcation point has reduced lor the cases \\ith SIIV(js. 

Therefore a greater extent of' the mainstream flo\\ %%ill he SL1bJCCt to the prcSSL1rC 

gradient imparted by the mainstream normal shock. 'I'll's effect \\, Is discusscd carlicr 

where a more rapid rise in preSSUre thrOUgh the shock \ýas I'Mind. As a i-cstilt. rclýjtivc to 

121 



the baseline, the wave-drag that results from a more rapid pressure rise through the 

shock would be greater. 

The oil flow visualisation photographs illustrating the effects of SBVG1-SBVG4 

(Figure 9) are shown in Figure G2, G3, G5 and G7 of Appendix G. The image 

illustrating the flow topology in the interaction region due to the n-- 3 case (SBVG4) is 

shown in Figure 35. The topology of the flow suggests that the vortical paths are 

initially displaced away from the centreline, around the small separated region and then 

are deflected back towards the centreline, beyond the separated region. This effect may 

be due to the influence of the vortical structures generated by the sidewall interactions, 

however the baseline oil flow photograph (Figure GI) shows that in this region the 

influence of the sidewalls is minimal. Videos of the surface flow visualisation for n= 3 

showed that the direction of the flow at the surface in the two separated regions, at the 

top and bottom of Figure 35, was downstream, i. e. flowing opposite to the direction of 

the flow at the surface in the separated region of the baseline case. The separation 

regions seen at the top and bottom of the figure contain re-circulating regions that 

indicate a counter-rotating motion of the flow toward the centre line in the downstream 

direction. The location of these re-circulating regions was closer to the tunnel centre line 

than the vortical structures observed in the baseline case and the direction of re- 

circulation was opposite to that found in the re-circulating regions of the baseline. The 

presence of the vortices and conflnnation of their influence on the flow along the 

centreline was confirmed by the increased near-wall total pressures and increased near- 

wall velocities presented by the velocity proflles downstream of the interaction (Figures 

BI (f) to BI (k)). 

The findings of this section indicate a number of important trends when the spacing of 

an SBVG pair is increased from n= 0. Firstly, the greater near-wall velocities found 

downstream of the interaction for increasing lateral spacing of the SBVG pair 

accelerates the recovery of the boundary layer and results'in a reduction in the shape 

factor for all measurement stations. Secondly, it may be deduced from the total pressure 

profiles provided in Figure 132(a)-132(k), that the vertical migration of the vortices 

(shown by the reduction of near-wall flow velocity for increasing strearnwise distance), 

for a common flow-up pair of counter-rotating vortices, reduces with increasing lateral 

spacing. It should be noted that off centre the effects of the vortices would be different, 

however measurement s off centre were not possible during these experiments. 
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The surface total pressure distribution further demonstrated the improved post-shock 

surface total pressures for SBVG pairs of greater spacing at all measurement stations 
downstream of the interaction. It is possible that a further contributing factor to the 
increased mixing was due to the small separation region found at the foot of the shock 
for n= 2 and n-- 3. 

It should be considered however, that due to the possible increase in proximity of the 

vortices to the wall for the SBVG pairs of greater spacing, the spanwise component of 
the wall shear stress and the increased strength of the near-wall counter vorticity as 

referred to by Ashill [52], would have a greater influence on the decay of the vortex 

strength. However, the effect would be limited to the characteristics of the performance 

of a single vortex, which was shown to be similar at large streamwise distances from the 
VG devices, see Ashill [52]. 

The reduction in distortion of the flow that occurred earlier for the SBVGs with 
increased SBVG spacing suggested that the outward, lateral migration of the vortices 

was present with increasing streamwise distance. 

it has been shown that for the purpose of improving boundary layer characteristics 
downstream of the shock-induced separation, SBVG pairs with a spacing of at least 

n= I are desirable. This result suggests that applying pairs of SBVGs with a spacing 
factor of n= 3 to flow conditions where significant shock-induced separation is present, 

results in an increased spanwise effectiveness of the SBVGs. The benefits of which 

would include a reduced parasitic drag at off-design conditions, since a reduced number 

of SBVGs would be required in a given array. Furthermore, Ashill [52] has shown that 

increasing the spacing between a counter-rotating SBVG pair results in a decrease in 

drag that suggests that SBVG pairs with larger spacing may be more efficient overall. 
A large amount of data describing the boundary layer development along the centreline 

of the liner for downstream distances up to 365 (approximately 90h) have been 

presented here, however many questions regarding the flow ether side of this region 

remain unanswered. Further work is required in which further results are gathered at 

spanwise locations either side of the centreline. Such data would then enable a better 

insight into the effects of the SBVG devices over an increased extent of the now field. 

The configuration of SBVG that provided the most favourable downstream boundary 

layer characteristics was the SBVG pair with spacing n= 3. This configuration also 
involved there being a small separation region present at the foot of the shock. In light 

of the latter, it may therefore be true that the total elimination of separation may not be 
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the goal with the most benefit. Instead, a balance of a reduced wave-drag with a reduced 

pressure drag due to partly alleviating separation may have more merit, allowing for a 

small separation to exist if the associated adverse effects are outweighed by the benefits. 

Making this judgement would depend on the application. The results provided by 

Ashill [52], showing the spanwise distribution of shape factor increment at several 

strearnwise locations downstream of an SBVG pair, are of particular relevance here. It 

was shown that the increment in shape factor along the plane of symmetry of a counter - 

rotating pair was greatest whereas the decrement in shape factor was found at 

approximately 2 device heights either side of the plane of symmetry. This was 

consistent with the current experimental results. Where for example, for the n-- 2 spaced 

SBVG pair the oil flow viz. showed small region of separation in the central region 
between the vortices (due to an increased incoming boundary layer shape factor) with 

attached flow either side. 
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6.2. Effect of SBVG Location Upstream of Shock 

It was shown in Chapter 2 (Literature Review), that for any given flow control 

technique, the location of the device is a major factor in determining how effective the 

control will be. For example, the location of the shock relative to a passive cavity or 

bump would greatly effect how the blowing/suction action, or in the latter case flow 

deflection, would be effective in favourably changing the flow structure in the shock- 

foot and downstream regions. With a basic understanding of the characteristics of the 

SWBLI this requirement is also intuitive. 

The results presented so far included the SBVG pair located at Xvg= -18. The current 

section presents a detailed discussion of the effects that changing the SBVG location 

relative to the normal shock have on the SWBLI and downstream flow development. 

The experiments included re-installing the SBVGs (as opposed to moving the shock) 

closer to the shock, at Xvg= -10. The position of the main normal shock was maintained 

at the original location (tap 28), using the adjustable second throat. The SBVG 

configuration used was h= 40, n= 1. Although this configuration did not provide the 

most favourable results so far, it was a) successful in alleviating the shock-induced 

separation, b) was measured to still have a relatively large influence on the flow at the 

most downstream measurement location and c) a similar configuration was also used in 

previous experiments by Ashill et al [51]. It was thought that investigating and 

gathering further data on this configuration would therefore be more valuable if it could 

also be related to other research. A further important factor that aided the decision to use 

this specific configuration was the following: The n= 3 case investigated in the previous 

section did not eliminate the separation region entirely. It was found that as the SBVG 

spacing increased, the surface total pressure at the shock foot reduced, making the 

boundary layer more susceptible to the adverse pressure gradient imparted by the shock. 

As was shown in the analysis of the relevant velocity profiles, the velocity profile 

appeared less full at the upstream location in between the SBVGs. Although it could not 

be said for certain due to lack of experimental data, due to these reasons, it was thought 

that if the SBVGs with the same spacing (n-- 3) were positioned closer to the shock the 

degree of separation at the shock foot in between the vortex filaments (found for the n= 

3 case) would be greater than for the SBVGs located at Xvg= - 18. 
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The complete set of boundary layer velocity profiles and total pressure profiles are 

provided in Figures Cl and C2 of Appendix C. As in Section 6, a specific set of 
boundary layer total pressure profiles was extracted from the appendix and is shown in 

this section. This was done in order to highlight the effects of changing Xvg on the 

boundary layer flow upstream and downstream of the interaction. Figure 36(a) & 36(b) 

present the total pressure profiles measured at X= -6 and X= 11, showing the effect on 
boundary layer development with the SBVGs located at Xvg-- -10 and Xvg= -18. 

When comparing the profiles presented in Figure 36(a) & 36(b) it is seen that the 

vertical extent of distortion of the boundary layer and hence the growth of the vortex is 

greater for the SBVGs placed at Xvg= -18 than at Xvg = -10. This is most likely to be 

due to the greater streamwise length in which the vortex has to develop and energise the 
boundary layer flow. However, the additional distance has also resulted in the migration 

of the vortices and hence the displacement of the profile distortion further from the wall. 
it is seen that this effect has lead to a more full total pressure profile at this location 

relative the Xvg= -10 case. Referring to the velocity profiles for the corresponding 
location (see Figure CI (a)) it is seen that that there is a greater improvement to the flow 

velocities in the near-wall region for the for X= -18 case. This result would be due to 

the increased momentum fluid that the vortices closer to the edge of the boundary layer 

would entrain and push toward the wall. Looking at Figure C5 this is shown to increase 

the momentum thickness at this location relative to the Xvg= -10 case. In contrast, the 
distortion generated by the SBVGs located at Xvg= -10 is seen to be deeper within the 

boundary layer, closer to the wall and at this measurement location a less full velocity 

profile was present. The boundary layer thickness was also found to be approximately 
35% less for the Xvg= -10 case, at this measurement location. 

Downstream of reattachment, see Figure 36(b), relative to the baseline case it is seen 

that the total pressure in the near wall region for both SBVG locations is greater than the 

baseline case. In fact, comparing the boundary layer velocity profiles given in Appendix 

C, Figure Cl, the velocity profiles downstream of the shock are more full than the 
baseline case for both SBVG locations. However, it is evident that for the Xvg= -10 
case, the near-wall flow had a higher total pressure than the Xvg= - 18 case, up to X= 3 1. 
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Effect of distance to shock, Xvg for SBVG pair, n= 1. h= 40 
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Figure 36. Effect of SBVG location relative to shock Xvg, (a) at P3, upstream of the interaction, 
X= -6 and (b) at P7, downstream of reattachment, X= 11. 

Even though the boundary layer downstream of the shock shows an increase in the near- 

wall velocities for the Xvg= -10 case, (see Figures Cl(b) to Cl(h)) the strength of the 

influence of the vortices, shown by the degree of strearnwise distortion, seems to be 

lower than for the Xvg= -18 case. A further observation from the total pressure and 
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velocity profiles was that in comparing the near wall values it was found that although 

greater near-wall velocities and total pressures were found for the Xvg=-18 case 

upstream of the shock, see Figure 36(a) and Cl(a), downstream, see Figure 36(b), and 
Cl(e), a greater surface total pressure was measured for the SBVG pair placed at 

Xvg= -10. This indicates the improved mixing of the flow due to the SBVGs being 

placed closer to the shock location. 

Further analysis of the velocity profiles for the entire measurement region provided in 

Figure CI shows that the near wall velocity is greater for the Xvg= -10 case at all 

locations after the first measurement taken in the interaction region (P4). This finding is 

also supported by the total pressure profiles provided in Figure C2 and the surface total 

pressure distribution in Figure 37. A possible explanation for the increased near wall 

flow velocity downstream of the interaction for this case could be the following: For the 

Xvg= - 18 case the vortices shed by the SBVGs have nearly twice the distance in which 

to develop and energise the boundary layer flow. On the other hand, this of course also 

means that the vortices have had twice the distance to migrate way from the wall, a 

process that occurs naturally for a common flow-up pair of vortices in close proximity 

to each other. Since the SBVGs are only spaced by n= 1, the mutual interference that 

would occur would also act to diffuse the circulation strength of the vortices. In contrast 

the vortices shed from the SVBG pair located closer to the shock did not have the same 

streamwise distance to develop and migrate from the surface hence initially these 

vortices may be stronger at a given strearnwise location. However the increased 

proximity of the distortion to the wall found in the pressure profiles for the Xvg= -10 

case, that may indicate the reduced height of the path of the vortices shed by this SBVG 

pair, would be subjected to the increased effect of the image vortices and the spanwise 

component of wall shear stress. These two effects would also act to diffuse the vortex 

circulation strength to a greater degree for the vortices of the Xvg= -10 pair than for the 

Xvg= -18 pair. This result indicates that in terms of SBVG influence on the 

velocity/total pressure profiles and recovery of the boundary layer velocity profile 

following the interaction, in contrast to Xvg= - 18, this strearnwise location, Xvg= - 10 is 

better at controlling the interaction and re-energising and assisting the recovery of the 

reattaching boundary layer. This would then permit the influence of the vortices 

generated by SBVGs in greater proximity to shock interaction, to continue energising 

the near-wall flow to a greater extent downstream. The improved effects of the Xvg= - 
10 SBVG pair were measured up to 308 downstream of the shock location, which as 
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shown by the surface total pressure distribution (Figure 37) practically equates to the 

entire length in which measurements were made downstream of the shock. 

Effect of distance to shock, Xvg for SBVG pair, n=l, h=40 

0.75- 

0.70- 

0.65- 

0.60- 

0.55- 

0.50. 

0.45- 

0.40+- 

-20 -10 0 10 20 30 40 50 

x 
Figure 37. Surface total pressure distribution, effect of SBVG distance to shock, Xvg. 

Observation of the static pressure distributions, Figure 38, shows that the pressure rise 

to recovery was improved relative to the baseline case. However, varying the SBVG 

location relative to the shock did not have any appreciable effect on the pressure 
distribution. 

Although the main normal shock location was independent of SBVG position, an 

analysis of the static pressure distribution data for both cases (Figure 38) showed that 

the start of the shock pressure rise and hence separation location (illustrated by the 

location of the forward limb of the X-shock structure) was displaced by approximately 

25 downstream of the equivalent baseline shock location for both cases. This indicated 

the presence of a more rapid pressure rise for the SBVGs closer at X,, = -10. The 

Schlieren photograph shown in Figure 39 shows that the location of the shock 

bifurcation point was closer to the wall for the X., g= -10 case. This was due to the 

reduced deflection of the flow that resulted from the prevention of boundary layer 

separation. The oblique shock generated by the SBVGs can also be seen along with a 

faint expansion fan crossing the X-shock region. It is also seen from the Schlieren 

photograph provided in Figure 39 that the rear limb of the X-shock structure was 
bluffed, as was found previously for the n= 3 SBVG pair at Xvg= - 18, due to the highly 
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three-dimensional flow that exists in that region. Since the Schlieren method provides 

an image of the spanwise integral of the flow density variation, the blur of the rear limb 

seen in the figure is due to the separation occurring in the regions either side of the 

tunnel centre line, where the effect of the SBVGs were not measured. 
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Figure 38. Static pressure distribution, showing effect of distance to shock, Xvg. 

The surface total pressure distribution presented in Figure 37 shows that the surface 

total pressure upstream of the location corresponding to Xvg= -6 is similar to the 

baseline case. However, in between this location and the point of baseline minimum 

total pressure, i. e. the separation line, the surface total pressure rises and then drops to a 
level only slightly higher than the baseline case. This trend indicates the effect of 

energising the near-wall flow that resulted from the Xvg= -10 SBVGs just upstream of 

the baseline separation. The oil flow visualisation of the separation region, Figure 39, 

reveals that separation has indeed been alleviated throughout the control region even 

though the total pressure has dropped to such a low level. 

The results presented for the effect of SBVG location relative to shock position were 

from two cases only, hence further work is required to establish whether other 

configurations at Xvg= -10 and at greater proximity to the shock interaction are required 

in order to gain a greater understanding of whether placing the SBVGs closer to the 

shock location will provide better control effectiveness. 
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6.3. Effect of SBVG Height 

At first glance, the effect of the SBVG height on the degree to which the boundary layer 

flow is energised is perhaps the most straightforward to understand. Considering the 

current half-delta shape SBVG, it is expected that as the vortex generator height 

increases, the strength of the circulation of the trailing vortex will increase. When 

embedded within a boundary layer in the manner that is discussed here, the level of 

momentum transfer into the boundary layer would as a result, increase. This of course, 

is due to the shape of the turbulent boundary layer velocity profile where the increase of 

velocity with distance from the wall permits the entrainment of higher velocity now by 

a larger vortex generator. 

The beneficial effects and main objective of using smaller vortex generators include a 
lower level of parasitic drag at off-design conditions, whilst still providing a desired 

level of flow control when required. It is for this reason that the influence of varying 

SBVG height on the development of the boundary layer through the interaction and in 

the recovering downstream flow is of particular interest. When considering the 

reduction of the pressure drag caused by boundary layer separation, the question: What 

is the minimum SBVG height for which vortices of sufficient strength could be 

generated to alleviate separation? is therefore important to address. 

This section presents the results of a series of experiments that were aimed at 

understanding the effect of SBVG height. The different SBVG heights employed were 

h= 30%, h= 40% and h= 55% of the baseline boundary layer thickness (8. ) measured at 

the first measurement location upstream of the shock, PI (X= - 18). 

The results presented in Figure 40(a) & (b) show the effect of SBVG height for an 

SBVG pair with n= 1, on the total pressure profile upstream (X= -6) and downstream 

(X= 11) of the normal shock location. 

For both plots Figure 40(a) & (b) it is evident that the profiles are distorted due to the 

presence of the embedded vortices. Looking at Figure 40(a), it is evident that with 

increasing SBVG height, the velocity of the near wall flow increases. As was mentioned 

above, this is because of the higher velocity flow that is entrained and forced towards 

the surface by the SBVGs of greater height. It is also seen that the increase of S13VG 

results in an increases the height of the distortion. 
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It can be seen from Figure 40(b), that even though a considerable spread to the vertical 
distortion has occurred, the streamwise distortion for cases h= 40 and h= 55 has not 
been reduced to the extent found for the h= 30 SBVG case. The effect of the vortices 

shed from the h= 30 SBVG pair on the distortion of the total pressure profile seems to 

have diminished quite considerably. Indicating the degree to which the strength of 

mixing in the two larger SBVG cases has been maintained downstream of the 

interaction. 

Analysis of the velocity profiles provided in Figures DI(c) to DI(d) of Appendix D 

shows that for h= 40 and h= 55 boundary layer separation is eliminated in the 

measurement region. However, for h= 30 boundary layer separation still occurred. For 

the smaller SBVGs it is evident that with the small increase in near wall flow velocity, 

seen in Figure DI(b) upstream of the shock, the boundary layer was not sufficiently 

energised to compensate for the near-wall influence of the retarding force imparted by 

the shock pressure rise. Nevertheless, looking at Figure DI(d), relative to the baseline 

case, the smaller SBVGs were found to reduce the height of the separation region by 

approximately 25%. The influence of the enhanced mixing (hence more full velocity 

profile) in the reattaching boundary layer was also seen to promote reattachment more 

quickly than for the baseline case, see Figures DI (e) and DI (f). Hence, the performance 

of the h= 30 SBVGs although limited, was still sufficient to increase the momentum of 

the flow within the separated boundary layer which assisted the reattachment process. It 

is apparent from the velocity profiles provided in Figures DI(c) to DI(e), that this 

resulted in the separation region being of smaller height and smaller streamwise extent 

(to be quantified later). 

As in all cases, the presence of the vortices within the boundary layer, was revealed by 

the distortion of the velocity profile. A close analysis of the velocity profiles 

downstream of X= 15, see Figures DI(g) to DI(k), shows that there was no significant 

distortion present. Indicating that beyond this streamwise location, relative to the other 
SBVG heights and more importantly, to the baseline case, the vortices generated by the 

h= 30 SBVG pair could no longer increase the mixing between the different strata of the 

boundary layer. In fact, at locations beyond X= 25 (PIO), the recovery of the baseline 

boundary layer profile overtakes the h= 30 profile. It is seen in Figure D5 that a greater 

momentum thickness for h= 30 was found for the three most downstream profile 

measurement locations. This may be explained by the reduced boundary layer velocities 

133 



and hence increased momentum deficit, as well as the increased thickness of the 
boundary layer relative to the baseline found in this region. 
Furthermore, the displacement thickness distribution shown in Figure D4, reveals that 

relative to the larger SBVGs, a more significant increase in displacement thickness of 
the boundary layer results from the effects of the h= 30 SBVG pair. Relative to the 
baseline, the displacement thickness is also found to be greater where the separation is 

the most significant (X= 3). The reduction in displacement thickness was found to 
initiate from- the position corresponding to where the reattachment location of the 

boundary layer with h= 30 SBVGs occurred (X-- 7). The lower value of 5* would 

therefore explain the accelerated recovery of the boundary layer for the h= 30 SBVG 

pair, relative to the baseline boundary layer. Downstream of X= 12 it was found that the 
displacement thickness remained higher than all other cases. Indicating the degree to 

which the near-wall flow was retarded due to the diminishing effects of the vortices 

shed from this SBVG pair. The impact of the increased displacement thickness can be 

seen from the analysis of the shape factor (H) of the boundary layer. The "health" of the 
boundary layer is more accurately determined by this factor. The boundary layer shape 
factor distribution showing the effect of varying SBVG height is presented in Figure 

D6. Here it is seen that for all locations up until X= 20, the shape factor was lower than 

the baseline. When looking more closely at the effects of the SBVGs for h= 30 at the 

three most downstream locations, it was found that the shape factor was even greater 
than the baseline case. Indicating that once the effects of the vortices have diminished 

along the plane of symmetry of the SBVG pair, a destructive effect on the quality of the 
flow downstream results. Bearing in mind this finding, the implications of this SBVG 

pair being installed on a supersonic diffuser or intake, depending on the length of the 

adverse pressure gradient region, the boundary layer may be more susceptible to 

separation. For the current flow conditions, the effects of employing SBVGs with h= 30 

has shown that the effects of vortices of insufficient strength to entirely alleviate the 

separation have the effect of reducing the quality of the boundary layer flow at reduced 
distances downstream of the interaction. 

it is possible that due to the SBVG configuration being a counter-rotating, common 
flow-up pair, the downstream effect on the velocity profile characteristics may have 

been caused by the removal of the near-wall flow through entrainment of the flow away 
from the wall. However, further experiments concentrating on the effects that vortices 

embedded in a turbulent boundary layer have far downstream of the SWBLI are 
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required in order to obtain a better understanding and hence to be more conclusive about 

the effects. 
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Figure 40. Boundary layer total pressure profiles showing the effect of SBVG height, 11 (a) 
Upstream of the interaction, X= -6 and (b) Downstream of reattachment, X= 11. 

Considering now the results obtained for the larger SBVGs, an analysis of the velocity 

and total pressure profiles measured 36 downstream of the SBVG devices, see 
Figures DI (a) and Figure D2(a), show that the effect of increasing the SBVG height by 
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15%5 does not appreciably change the degree of strearnwise or vertical distortion of the 

boundary layer profiles at this location. The profiles taken further downstream, at P4 

(Figure DI(c) at 125 downstream of the devices) reveal the increased near-wall 

velocities due to the entrainment of the higher velocity outer boundary layer flow by the 
h= 55 SBVGs. The difference in the degree of distortion for the two cases is now 

apparent, as is the effect on the boundary layer thickness. Looking at the shape factor 

distribution in Figure D6, the improved boundary layer flow quality due to the increased 

flow velocities near the surface is apparent. The shape factor distribution quantifies the 

dramatic effect that the larger SBVGs have on the boundary layer flow. Where, due to 

the h= 55 SBVG pair, a decrease on the order of 60% was measured relative to the 

baseline separation. A further analysis of this plot shows that the effectiveness of the 
SBVGs in reducing the shape factor over the entire measurement region relative to the 
baseline and other SBVG heights tested was significant. The displacement thickness 
distribution presented in Figure D5 indicates that in the region 0 <X<10, downstream of 
the shock the near-wall flow retardation is at a minimum relative to the baseline, due to 

the h= 55 SBVG pair. This indicates that the degree of near wall flow retardation and 
thus deflection of the outer streamlines was reduced to the greatest extent in comparison 
to the other cases tested. It is the combination of the effect of increased momentum near 
the wall and reduced deflection of the outer boundary layer streamlines that resulted in 

the obtained reduction in shape factor and increased health of the boundary layer. The 

adverse effects on the quality of the flow downstream of the interaction found for the 

smaller h= 30 SBVG pair was not found for this case. 
Staying with the effects of the h= 55 SBVG pair, downstream of X: z 10, an unexpected 

reduction in the displacement and momentum thickness was found. This was due to the 
large increase in thickness of the boundary layer, caused by the vertical spread of the 
boundary layer profile. A closer analysis of the total pressure (see Figures D2(f) to 

D2(k)) shows that the reason for this reduction was due to the definition of the outer 

edge of the boundary layer and resulting calculation of the boundary layer thickness. In 

fact, it is seen that from P7 to P12 the boundary layer edge velocity was now being 

defined by the mainstream flow, i. e. above the vertical position of the slip-line where 

the total pressure was lower. This would naturally result in misleading results due to the 

reduced Mach number of the flow above the slip-line. The value of these parameters 

was therefore modified to reflect the average percentage increase in momentum 
thickness and average decrease of displacement thickness that may be expected in this 

region. The modified points on Figure D4 and Figure D5 shows the expected trend that 
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these parameters would follow in the remaining investigated length without the effect of 
the slip-line being present. 
Comparing the displacement thickness distributions of the h= 40 with the h= 55 cases, it 

is seen that a small reduction in this parameter approximately 5% for the increased 

height of h= 55 was obtained. Whereas, the momentum thickness was found to increase 

by approximately 10%. This indicates that the SBVG pair with h= 55 were less efficient 
in improving the boundary layer characteristics since the increase in momentum loss 

(and therefore viscous drag) would be higher for the h= 55 SBVGs. The improved 

boundary layer characteristics obtained from the h= 55 case would also come at the 

price of an increased parasitic drag at off design condition, Le when shock induced 

separation was not present. 

The surface total pressure distribution presented in Figure 41 shows the degree to which 

the near-wall velocities were greater for the h= 55 case, relative to the other SBVGs. 

The surface total pressure distribution of the h= 30 case in Figure 41 together with the 

corresponding surface oil flow visualisation photograph provided in Figure GII show 

that in relation to the baseline, the length of the separation region was reduced by 

approximately 50%. The video from which the surface oil flow visualisation image was 

extracted, showed a very slow upstream rippling of the oil in the area either side of the 

measurement region and a slightly narrower region of flow slowly moving upstream 

within the controlled region. This was in contrast to the rapid upstream movement of the 

oil observed in the baseline case, illustrated by Figure GI and in more detail in 

Figure 27. The accumulation of the oil in this region illustrates the significant effect of 

the reduction in surface shear stress. The important difference that the flow topology 

presents for this configuration (h= 30, Figure GI I) was the absence of the clearly 

attached flow along the centreline of the liner that was found in all other SBVG cases. 

This result confirms that for this SBVG height the shed vortices do not improve the 

mixing within the boundary layer to the degree that is achieved by using SBVGs with 

h= 40 or h= 55. 

Observation of the surface oil flow visualisation photograph presented in Figure 42 for 

the h= 55 case, show that separation was alleviated along the centreline of the tunnel 

liner. In contrast to the baseline case, the video that captured the surface oil now 

visualisation, from which the photograph was extracted, revealed that either side of the 

centreline the direction of the flow at the surface was also downstream. Although no 
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quantitative data was obtainable in this region, this finding indicates the significant 

effect that the vortices shed from the h= 55 SBVGs had on the flow outside the 

measurement region. It should be noted however that the accumulation of oil that results 

for the reduction in surface shear still existed in this region however the oil flow ripples 

were indicating a downstream motion of the flow at the surface, i. e. no flow reversal, 

which indicated attached flow. 

Referring to the surface total pressure distribution shown in Figure 41. The effect of the 

three SVBG pairs relative to the baseline, are presented. It is clear that an increase in 

SBVG height to h= 55 provides a significant increase in the surface total pressure (i. e. 

shear stress at the wall) and hence increase in resistance to boundary layer separation. 
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Figure 41. Surface total pressure distribution, effect of SBVG height, h. (SBVG location-A) 

Furthermore, it can also be seen from Figure 41 that for SBVGs at Xvg= -18, the 

surface total pressure begins to rise rapidly as the boundary layer is energised by the 

shed vortices. At X= -8 the surface total pressure begins to fall due to the adverse 

pressure gradient imparted by the shock, which retards the near wall flow and 

propagates this effect upstream through the subsonic strata of the boundary layer. Once 

the retarding force of the pressure rise was no longer present, i. e. downstream of the 

shock, the surface total pressure began to rise. 
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The static pressure distribution shown in Figure 43 supports the above results, showing 
that for the SBVGs with h= 30 the static pressure recovery downstream of the shock is 

lower than for the SBVGs of greater height. In contrast, however, the more rapid 

pressure rise provided by the large SBVGs, indicative of a stronger shock, indicates that 

the increase in total pressure losses would increase relative to the baseline and to those 

of the smaller SBVG configurations. When comparing the surface oil flow visualisation 

photograph provided in Figure 42, to the baseline case shown in Figure 27, the location 

of the separation line, which coincided with the impingement location of the upstream 
leg of the X-shock, has moved downstream by approximately 35. This is also confirmed 
by comparing the static pressure distributions through the pressure rise, shown in Figure 

43. Furthermore, the streamwise extent of the separation region has been completely 

eliminated, in the central region investigated. 

The Schlieren photograph shown in Figure 42 (see also Figure F 12) reveals the effect on 

the interaction structure. On comparison with the baseline case, the bifurcation point 

was closer to the wall, indicating a reduction in the scale of the %-shock structure and 
hence the size of the separation region. It can also be seen that the boundary layer 

downstream of the shock was thinner and that the downstream limb of the %-shock 

structure was more faint than in the baseline case. This indicates an increase in strength 

of the forward shock limb that was also supported by the static pressure measurements 

made in this region. Another factor that would contribute to the shock strength was the 

expansion wave formed due to the SBVGs. The expansion would result in an increase in 

the local Mach number and hence shock recovery pressure rise, relative to the baseline. 

The expansion wave is seen crossing from the left hand side of Figure 42. Although not 

seen in the Figure 42, an oblique shock wave was also formed by the presence of the 

SBVGs. This can be more easily seen diagonally crossing from the left to the top of the 

photographs presented in Figure F12. The oblique shock acts to reduce the local 

downstream Mach number, hence reducing the shock recovery pressure rise. The 

formation of the expansion waves close to the main shock would have an opposite 
influence, however it was not certain which of these two effects was dominant since 

only static pressure measurements at the wall could be recorded. It should also be 

considered that in assessing the relative effects of the oblique shock and the expansion, 

the flow is highly three-dimensional in this region hence a constant effect across the 

span of the control region would probably not occur. This also increases the difficulty in 

calculating realistic estimates of the influence of each feature. 
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A further analysis of the static pressure distribution shown in Figure 43, reveals that the 

pressure rise due to the mid-height SBVG pair (h= 40) is similar to that resulting from 

the lower height SBVG pair (h= 30). An improved pressure recovery downstream of the 

shock was found for all SBVG configurations tested. Assuming a constant pressure in 

the normal direction to the wall at the shock location, a relative assessment of the shock 
losses, indicative of the wave drag, in the current experimental conditions may be 

obtained from the extent of the pressure rise through the shock. Indicating that the wave 
drag increase due to the h= 30 and h= 40 SBVGs would be similar. Whereas the wave 

drag from the h= 55 SBVGs would be larger due to the more rapid pressure rise through 

the shock. These findings are consistent with those presented by McCormick [83], 

where an increased downstream pressure resulted from reducing the extent of the 

separation region. The increase in wave drag is caused by the increased total pressure 
losses due to the pressure rise of the main shock acting closer to the wall and therefore 

affecting more of the mainstream flow. 

From these results it may be concluded that even though the SBVGs with h= 55 provide 

the greatest improvement in downstream boundary layer characteristics, the SBVGs 

with h= 40 provide a sufficient degree of mixing to alleviate separation as the SBVGs 

with h= 55, without the increase in shock pressure rise. The optimum height for 

alleviating the extent of the separated region, improving the pressure recovery 

downstream of the shock and promoting a more advanced recovery of the velocity 

profile than the baseline case, of the three SBVG heights tested in the current flow 

conditions, was the SBVG pair with h= 40. 

Since the current measurements were only taken along the centreline of the wind tunnel 

liner, it is not possible to quantify the effects on the flow either side, where the surface 

oil flow visualisation study indicated favourable effects for the h= 55 case. 

In considering the results of the previous chapter, that presented the effects of placing 

the SBVGs at different distances upstream of the shock. It is feasible to suggest that 

placing the h= 30 SBVG pair more closely to the shock location may improve their 

effectiveness for reducing further the separation region and improve further the 

downstream flow. In addition, since only a single spacing factor value was used in the 

tests for he h= 30 SBVGs (n--I), it is also feasible that other combinations of h= 30 

SBVGs and n may provide more favourable effects. 
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6.4. Effect of Curved SBVGs 

During the literature survey carried out for this research only one instance was found 

where the performance of a curved type vortex generator was studied. This was in an 

exploratory study carried out by Rao [46], that included both smoke flow visualisation 

studies and experiments to control turbulent boundary layer separation in a wind tunnel 

with a freestream velocity of 13 ms-1. The results of the smoke flow visualisation study 

showed that the vortices generated by slats cut from commercial Venetian mini-blinds, 

were stronger and more persistent than those generated by a conventional vane type 

vortex generator. Submerged within the turbulent boundary layer with a height of 

approximately 55% of the local boundary layer thickness, the slats still provided an 

improved static pressure recovery and a reduced total pressure loss relative to the 

baseline case. Since only a few results were presented by Rao [46] and since they were 

only confined to low speed flow, it was recommended that further work be carried out 

to investigate more closely the effects of the slat type VGs. 

Due to their curved profile shape, the geometry of the slat vortex generators presented 

by Rao [46], is comparable to the curved vane SBVGs manufactured and investigated in 

the current research. The current curved type SBVGs were based on the half delta vane 

type SBVGs. It seemed intuitive to the author that although in general the shedding of a 

vortex from a vortex generator was due to the roll-up of the flow caused by the pressure 

differential between the upstream and downstream faces of the device, curving the 

vortex generator may increase the degree of rotation of the flow as it flows through the 

device. This may then translate into higher circulation that could provide an enhanced 

level of mixing relative to the flat, vane-type vortex generator and hence be more 

effective at reduced scales relative to the boundary layer thickness. Since manufacturing 

constraints precluded the production of curved SBVGs with a smaller height that h= 40, 

this height was used in the experiments. In order to compare and assess the effects of 

the curved relative to the vane SBVGs, the same methods that were employed earlier for 

the assessment of the vane SBVGs, were used. 

The assessment of the viability of the curved, half delta VG shape was carried out 

during a preliminary low speed flow visualisation study, Chapter 3 contains the details 

of these tests. It was found that by bending the conventional half-delta shaped vortex 

generators along their longitudinal axis into a curve that made a 9011 arc of the vertical 

side (see Figure 10) the filaments of the vortices revealed by the smoke indicated that 
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stronger and more persistent vortices were generated than by the conventional flat vane 

type vortex generators. 

A pair of SBVGs of this shape was then made in order to carry out a further 

investigation into their effectiveness in controlling the separation induced by a M= 1.45 

SWBLI. The material and overall height and length of the curved SBVGs were the same 

as those of the vane type SBVGs, the only difference was their shape. 

The table provided in Figure 44 recalls the different curved SBVG configurations tested 

in the second part of the experimental program. For a complete list of the tested 

configurations (including the straight vane SBVGs) the reader is referred back to 

Figure 9 of Chapter 3. 

Config. h (%B) n Xvg (a) 
SBVG2C 40 1 -18 
SBVG3C 40 2 -18 
SBVG4C 40 3 -18 
SBVG5C 40 1 -10 

Figure 44. List of curved SBVG configurations tested. 

The SBVG configurations presented in Figure 44 were chosen as a result of the findings 

obtained from the experiments carried out so far on straight vane SBVGs. In order to 

ensure a fair like for like comparison and to isolate the effects of a given curved SBVG 

pair, a given curved SBVG pair was first compared to a straight vane SBVG pair of the 

same configuration. 

This section provides a discussion of the results obtained from the curved SBVG 

experiments. The performance of the curved SBVGs is discussed relative to the vane 

type SBVGs- 

6.4.1. Comparison of SBVG2 with SBVG2C 

Firstly the configuration SBVG2 with n= 1, was compared to the corresponding curved 

SBVG pair (SBVG2C). A comparison of the total pressure profiles measured both 

upstream and downstream of the baseline reattachment are shown in Figure 45(a) and 

(b). It is seen that upstream of the interaction the strearnwise distortion of the boundary 

layer is greater for the curved SBVG pair. Where it is seen that the total pressure in the 

regions further from the wall are reduced. It is also seen that the maximum total 

pressure is also slightly greater. The difference in the streamwise distortion may be due 
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to the strength of the vortices shed from the curved vanes, where a greater level of 
distortion would result from tighter and stronger vortices, as seen in the smoke flow 

visualisation studies. This is due to the effect that the direction of the flow within the 

vortex has on the local flow, sweeping the higher velocity flow toward the wall and 
thereby increasing the momentum in the inner regions at the expense of the velocities in 

the outer region of the boundary layer. Looking at the corresponding velocity profile 

provided in Figure EI (b) it is shown that the near wall flow velocity has increased 

significantly in comparison to the baseline however, it was still lower than was found 

for the vane type SBVG pair. On the other hand, the maximum velocity attained within 

the boundary layer a short distance from the wall was greater for the curved SBVGs. 

The velocity profiles (Figures EI (a)) and total pressure profiles (Figure E2(a)) measured 

at the most upstream location (P2, X= -15), show that the effect of the curved SBVGs 

results in the profile distortion due to the vortices to occur deeper within the boundary 

layer, closer to the wall. This result indicates that the vortices generated by the curved 
SBVGs are either shed from a lower point on the devices and therefore originate in 

lower strata of the boundary layer, or that during their downstream propagation, 

upstream of the shock, the rate of migration of the vortices away from the wall is 

reduced. However, without an assessment of the position and development of the vortex 

cores in the cross-flow plane at several streamwise locations neither of these 

explanations can be confirmed. 

Observation of the total pressure profile measured at the downstream location, 

Figure45(b) shows that relative to both the baseline and the vane type SBVGs, the 

curved SBVGs produced a greater total pressure in the near-wall region. This is 

supported by the more full shape of the velocity profile provided in Figure EI (f). 

A closer analysis of the velocity profiles and total pressure profiles downstream of the 
interaction region (downstream of location P6, X= 7, Figure El(e)) shows that the 

curved SBVGs provide an increased near-wall flow velocity at all location downstream 

of the shock. This is in contrast to what was found upstream of the interaction where it 

was apparent that the curved SBVG pair did not provide the same increase in total 

pressure in the near-wall flow. This may be explained by the increased strength of the 

vortices shed by the curved SBVGs. As discussed previously, this is because the size of 
the vortex core may be smaller and tighter as shown by the greater streamwise distortion 

present in the upstream total pressure profile, Figure 45(a). Due to their size and 
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location, the smaller vortex cores could not entrain the higher velocity flow present in 

the outer regions of the boundary layer. 

Effect of curved SBVG pair, Xvg- -18, h= 40, n- I 
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Figure 45. Boundary layer total pressure profiles showing effect of curved SBVG pair in 
configuration SBVG2: (a) Upstream of the interaction at X= -6 and (b) Downstream of the 
interaction at X= 11. 

In contrast, the larger vortex cores (indicated by the greater vertical distortion of the 

vane SBVG profile) shed by the vane type S13VGs have the ability to entrain the higher 
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momentum flow from the outer boundary layer strata. The wall total pressure 
distribution, provided in Figure 46, confirms the reduced influence of the curved SBVG 

on the near-wall flow measured upstream of the interaction. The increase in boundary 

layer mixing and hence surface total pressure downstream is provided by the increased 

strength of the vortices shed by the curved vane SBVGs. This is shown in the surface 

total pressure downstream of the interaction for this SBVG pair in Figure 46. 

Looking back at the results from the effect of increasing the lateral spacing (n) on the 

surface total pressure distribution, the trend showed that the surface total pressure 

upstream of the shock reduced for increasing spacing. The chart provided in Figure 46 

permits a comparison between the results of the effect of spacing with the results 

obtained with the curved SBVGs. Firstly, it is seen that a trend exists where the surface 

total pressure upstream of the shock reduces and downstream of the shock it increases 

for an increased SBVG lateral spacing. Secondly, a similar trend exists in the results 

obtained from the measurements of the effects of the curved SBVGs. Therefore, by 

using curved SBVGs the effect on the surface total pressure is such that the spacing 
between the SBVG pair "effectively" increases. Due to this effect, it is possible that as a 

result of only taking measurements along the centreline of the tunnel liner, the 

maximum effect of the curved SBVGs was not detected. Further work is required to 

investigate the effects of SBVGs at locations other than along the plane of symmetry of 

a VG pair. 
An analysis of the velocity profiles and total pressure profiles presented for the 

locations far downstream of the interaction (X> 25, beyond PIO) show that the 

differences between the two SBVG shapes still exist, however the velocity in the near 

wall region was still greater for the curved SBVG case. In addition, the shape of the 

distortion in the boundary layer caused by the vortices of both SBVG shapes was very 

similar. Observation of Figure 46 shows that the difference between the surface total 

pressures is seen to diminish at these locations. 

The displacement thickness distribution shown in Figure E4 shows that in comparison 

with the vane SBVGs, for the curved SBVG case, upstream of the shock, the 

displacement thickness was found to be higher. In contrast, immediately downstream of 

the interaction and until X= 20, a reduction in displacement thickness was found 

relative to the baseline. Indicating that a degree of success in mitigating the Yetarded 

near wall flow found in the baseline and to a lesser extent, the vane SBVGs, was 
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achieved. Beyond X= 20 however the displacement thickness was found to be greater 

than the baseline although it was still less than for the vane SBVGs. 
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Figure 46. Surface total pressure distribution showing effect of SBVG spacing and effect of 
curved SBVGs. 

In order to understand the overall effect on the boundary layer flow characteristics, the 

momentum thickness must also be considered. Observing Figure E5, a small increase in 

momentum thickness of the boundary layer was found until Xz 10. However observing 

the shape factor distribution provided in Figure E6, it is seen that this increase did not 
have a significant effect on the boundary layer flow upstream of X= 3. [fence the 

"health" of the boundary layer flow, i. e. its recovery to a normal turbulent profile shape, 

was not significantly improved in the region -6 <X< 3, relative to the vane S13VGs. it 

should be recalled here that the possibility of incurring error in the calculations of' the 
integral parameters and shape factor in the interaction region due to the unknown 

variation in static pressure away from the wall might be present. Nevertheless, the 
favourable effects of the curved SBVGs on the boundary layer flow characteristics were 
observed downstream of X= 3. Observation of the shape factor distribution, provided in 

Figure E6, shows that a decrease in the shape factor was apparent immediately 

downstream of the interaction (between 3 <X< 25). However further downstream the 

shape factor for both SBVG shapes approaches a similar value. In both cases a lower 

shape factor was achieved downstream than was found for the baseline. These results 
indicate that relative to the vane type, the apparent increase in near-wall velocity due to 
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the curved SBVGs and the increased strength of the vortices that may be generated from 

this shape SBVG provide a notable affect on the boundary layer characteristics even at 
distances far downstream of the interaction. 

As in all other cases, it should also be kept in mind that all the measurements were taken 

along the centreline of the tunnel liner. Only in the region of the tunnel window could 
flow visualisation be used in an attempt to understand the flow behaviour either side of 
the centreline. Downstream of the window however, the validity of the conclusions 

regarding the quality of the flow was limited to the centreline only. 

The static pressure distribution showing the effect of the curved SBVGs in this 

configuration (n= 1) is provided in Figure 47. It is seen that the pressure recovery 
downstream of the shock was only slightly higher for the curved SBVGs. This was due 

to the reduction in displacement thickness found for the curved SBVG pair, seen in 

Figure E4. 

Observation of the Schlieren photograph of the SBVG 2C case, see Figure F4, reveals 

that the expansion fan generated by the curved SBVGs is similar to that generated by 

the vane SBVG2 case seen in Figure F3. Unfortunately, the oil flow visualisation 

photographs for the vane SBVG pair, see Figures G3, was of poor quality as too much 

oil was used in this test run. However, the effect of the vortices along the centreline of 

the liner and the separated regions either side were still evident. In comparison to the 

curved vane SBVG photograph, see Figure G4, the topology of the flow was similar in 

this region however the poor quality of the vane SBVG photograph makes further 

comparisons difficult. 

6.4.2. Comparison of SBVG3 with SBVG3C 

Moving on to the next configuration, SBVG3 with n= 2, the total pressure profiles 

provided in Figure 48(a) & (b) show the effect of a pair of curved SBVGs in 

comparison to the vane SBVGs in the same configuration. It can be seen that upstream 

of the interaction, Figure 48(a), the profiles for this case are less full than for the vane 

type SBVGs. Observation of the corresponding velocity profile provided in 

Figure E7(b) reveals that in a similar way to the SBVG2 and SBVG2C comparisons 

made earlier, for the curved SBVGs, the near-wall flow velocity was slightly reduced in 

comparison to the vane SBVGs. However, unlike in the SBVG2C case, the velocity 
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profile shown in Figure E7(b) does not show a greater maximum velocity within the 
boundary layer. 
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Figure 47. Static pressure distribution showing the effect of curved SBVGs in the SBVG2 
configuration. 

Observation of the most upstream velocity profiles, see Figure E7(a), measured at P2 

(X= -15) provides further evidence of the effective increase in lateral spacing of the 

vortex paths that occurs due to the curved SBVGs. In this figure, the vane SBVG profile 

shows the presence of the distortion due to the vortices where the curved SBVG profile 

does not. However, the presence of the vortices is shown clearly for both cases at P3, 

see Figure E7(b), measured at approximately 98 downstream of P2. 

Observation of the downstream (N) total pressure profiles, see Figure 48(b) shows that 

the curved SBVGs provided a similar shaped profile to the vane SBVGs. However, the 

points of maximum and minimum velocity within the distorted portion of the boundary 

layer were displaced to the left of the chart, i. e. the velocities at this height from the wall 

were reduced for the curved SBVG case. The height above the wall of the distorted part 
- of the boundary layer remained the same for both cases. This result is consistent with 

the idea that the "effective" spacing of the SBVGs and hence the actual spacing of the 

vortex filaments was greater for those generated by the curved SBVGs. On the other 
hand, this result may indicate that upstream of the shock the rate of spanwise migration 

of the vortices shed by the curved SBVGs is greater. A further discussion on the 
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"effective" spacing of the curved VG devices is provided in the analysis of the curved 
SBVG pair with n-- 3, presented in the following section. 
The corresponding velocity profile provided in Figure E7(f) shows that the velocity of 
the near-wall flow is greater at this location for the curved SBVG case. 

Returning to the results obtained from the lateral spacing experiments carried out using 

only vane SBVGs, see Figures BI (f) and 132(f), it is seen that the near-wall velocity 
increases for increasing lateral spacing. The results obtained for the curved SBVGs here 

also support the previous idea that the effect of the curved SBVGs is to increase the 

"effective" spacing of the SBVG pair. 

An analysis of the velocity profile far downstream of the shock location provided in 

Figures 117(i)-M(k) show that towards the last measurement position (P12) the profiles 

approach that of the baseline boundary layer. However the total pressure profiles in the 

same region, shown in Figures E8(i) E8(k), reveal the adverse effects that the vortices 
have on the boundary layer far downstream of the defined control region. 
These effects are indicated by the reduction of the fullness of the velocity profile that 

indicates a greater momentum deficit due to the presence of the vortex generators. The 

momentum thickness distribution comparing the baseline with the vane and curved 
SBVG cases is provided in Figure El 1. It is seen that for the curved SBVGs the 

momentum losses are higher than for the vane type at nearly all locations. This indicates 

that a greater viscous drag is caused by the curved SBVGs relative to the vane type in 

this configuration. 

The increased displacement thickness due to the retardation of the flow is shown in 

Figure E 10. Although a slightly thinner boundary layer results from the curved SBVGs 

(see Figure 139), due to the effects of the curved SBVGs on the boundary layer profile 

and hence the integral parameters, the boundary layer shape factor for both cases is the 

same. This indicates that the recovery of the boundary layer is similar for both SBVG 

shapes at all streamwise stations in this configuration, although the curved SBVGs 

result in more drag due to the associated momentum loss. 
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Figure 48. Boundary layer total pressure profiles showing effect of curved SBVG pair in 
configuration SBVG3: (a) Upstream of the interaction at X= -6 and (b) Downstream of the 
interaction at X= 11. 

The surface total pressure distribution for the n= 2 case, provided in Figure 46, shows a 

similar trend for the effect of the curved SBVGs relative to the vane type. However 

between -1 <X< -3, it is seen that the curved SBVGs provided a higher total pressure 
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than the vane type SBVGs. On comparing the surface oil flow visualisation photographs 

for SBVG3 and SBVG3C, Figures G5 and G6, respectively, it can be seen that a very 

small separated region exists for both the curved and vane SBVGs. An analysis of the 

oil flow photographs showed that the size of the separated region was less than the 

spacing between locations at which the surface total pressures were measured (<IOMM). 

in addition, it was noticed that the measurements taken at these two locations did not 

agree with the trends found for the other curved SBVG cases, nor did they agree with 

the trends found in the experiments on the effect of spacing. In both of these sets of data 

no sudden increase in surface total pressure was measured in this region. Therefore, it is 

considered that the surface total pressure measurements of these two particular points 

could be erroneous. It is thought the results are due to the effect of measuring total 

pressure so close to the separation and reattachment points. Due to the rapid strearnwise 

changes in surface total pressure, that would occur through such a small region of 

separation and the flow unsteadiness in this region, a minor misalignment of the shock 
(e. g. 1-2mm) in the streamwise direction would result in a very different surface total 

pressure being measured. It was not possible to position the shock to within such a 

small tolerance. Unfortunately, the separation region occurred in between profile 

measurement points P3 and P4, hence no total pressure profile data could be obtained. It 

is therefore the opinion of the author that the results from these two locations were 

unreliable. 
In contrast to what was found for the n= I curved SBVG pair, the reduction in 

displacement thickness for this curved SBVG spacing was not found, see Figure 1310. 

The static pressure distribution presenting the effect of the n= 2 case, see Figure 49, 

shows that there is no appreciable difference between the pressure recovery downstream 

of the shock due to the curved SBVG pair. 
Figures EIO, Ell show the displacement, momentum thickness distribution, 

respectively. It can be seen that the effect of the curved SBVGs at this spacing causes an 

increase in the momentum thickness, which was greatest in the region 0 <X< 20. Due to 

the displacement of the distortion in the velocity profile toward the left (i. e. lower 

velocity), an increase in the displacement thickness was found for the curved SBVGs 

downstream of the interaction region. Looking at the shape factor distribution seen in 

Figure 12, no appreciable effect on the boundary layer shape factor in this region was 
found due to the curved SBVGs. For both cases far downstream, the relaxation of the 
boundary layer shape factor toward the baseline case was found. The increase in 

momentum deficit due to the curved SBVGs shows again that this shaped SBVG results 
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in a higher level of drag due to momentum loss than the vane type SBVGs. In contrast 

however the degree of mixing and an increase of near-wall flow velocity was found to 
be greater for the curved SBVGs. This indicates that curved SBVGs may be more 

effective at controlling stronger interactions. However this would be at the cost of a 

higher drag penalty due to resulting effects on the downstream boundary layer flow. 
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Figure 49. Static pressure distribution showing the effect of curved SBVGs in the SBVG3 

configuration. 

6.4.3. Comparison of SBVG4 with SBVG4C 

The final curved SBVG pair (SBVG4) investigated at this position relative to the shock 

(X= -18) had a spacing of n= 3. The total pressure profiles upstream and downstream Of 

the interaction are shown in Figure 50. It is seen in these plots that similarly to the 

SBVG2C case, the distortion of the profile has moved toward the left. Indicating that 

relative to the vane type, the total pressures for the curved SBVGs were lower in this 

region. This is also consistent with the previously discussed idea that the curved SBVGs 

increase the spacing of the vortex filaments, hence at a given streamwise location the 

magnitude of the streamwise distortion, indicated by the difference between the 

maximum and minimum velocity within the distorted part of the profile, would be 

reduced. The surface total pressure distribution (see Figure 46) shows that the near-wall 

total pressure is greater in the region 0 <X< 10 for the curved SBVGs than for the vane 

type. This indicates the effects of the enhanced mixing of the flow in this limited 

streamwise region due to the curved SBVGs. The total pressure profiles and velocity 
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profiles corresponding to P4 (X= -1), see Figures E13(c) and E14(c), reveal a degree of 

unsteadiness in the near-wall flow at this location. This was due to the proximity of the 

measurement location to the small separation region found at the foot of the shock. 
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Figure 50. Boundary layer total pressure profiles showing effect of curved SBVG pair in 
configuration SBVG4: (a) Upstream of the interaction at X= -6 and (b) Downstream of the 
interaction at X= 11. 
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On comparing the shapes of the profiles at this location it can be seen that tile degree of' 
distortion due to the vortices is reduced for the curved SBVG than flor the vane type. 

Looking at the profile corresponding to the next stream"ise location (115) at X= 3 

(Figure E13(d)), it can be seen that the distortion of the velocity prof-Ile due to the 

vortices has been re-established. It is seen frorn the surface oil 110%k ViSLIalisation 

photographs of the vortex filaments near the separation region, shown in Figure 51(a) 

and 51(b), that the separation region that occurs at this SBV(; spacing displaced the 

vortex paths in the spanwise direction away from the liner centreline. The effect ol'this 

is to reduce the degree to which the centreline boundary layer flmý is distorted due to 

the vortices. Since the curved SBVGs shed vortices whose paths have a slightly larger 

lateral spacing than the vane SBVGs, the efflect on the distortion would he a furthcr 

reduction in this region. 

lie 
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fillalliclits 

(a) Vane SBVGs 

Vortex 0 
filaments 

(b) CUrved S13V(',. s 
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FigUre 5 1. CIOSe-Up Of SUrface oil tlo\% vis Lia I isation sho\k ing vortcx path trace near separation 
for C011figUration SBVG4 (n= 3, Xvg= -19, h= 40). 
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Evidence of the increased lateral displacement of the vortex filarrients shed by the 

curved SBVGs that gives rise to the previously discussed increased -effective" spacing 

of the SBVGs was also present. This was particularlý noticed when comparing the 

topology of the flow at the surface shown in Figure 52 for both SBVG cases. In 

addition, an illustration of the increased near wall mixing that occurs due to tile cur,. C(l 
SBVGs was also obtained from the surflace oil floýý visualisation photographs shoýýll ill 

Figure 52 (a) and 52(b). On comparing these two images it is apparent that the surface 

shear effect of both SBVG pairs removes the oil at the surface for a short distance 

downstream of the vortex generator location. However, further downstream. it is seen 

that the vane SBVGs caused a strearnwise accumulation of oil in bemeen the vortex 

Filament paths. 
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FigUre 52. CIOSC-LIP SUrface oil llmý visualisation shomng 11m% topojoý, N upstream ol'shock and 
effeCt Ot'CUrved S13VGs in configuration SBVG4 (n= 3), Xvg- -18, h 40). 

This \vas possibly due to the common flo%ý-up counter-rolating pair of' vortices that 

acting Just above the Surface have deflected the oil tmNard the centi-cline region. In 

contrast. the increased surtlace shear due to the vortices shcd 1'rom the curve(] SIIV(,., -. 

was found to remove the oil along the streanmise paths of' tile ý()J-tc, \ 1-11,1111cilts. I hi, 
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difference between the flow topology in each case may also be due to the increased 

mutual interference that occurs between vortex paths of close proximity. Where in the 

vane SBVG case, the interference due to the smaller spacing between the vortex paths 

may have caused the migration of the vortices away from the wall sooner than for the 

vortices shed by the curved SBVG pair. The highly three-dimensional flow present at 

the surface in the vicinity but on the outside of the vortex filaments is also seen in 

Figure 52(a) and 52(b). The entrainment streamlines show the extent of spanwise three 

dimensionality of the surface flow. 

The static pressure distribution comparing the curved SBVGs with the vane type 

SBVGs for n-- 3, is provided in Figure 53. It is seen that a small improvement to the 

pressure recovery was provided by the curved SBVGs until a downstream location of 

approximately X= 15. 
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Figure 53. Static pressure distribution showing the effect of curved SBVGs in configuration 
SBVG4. 

The Schlieren and surface oil flow visualisation photographs provided for the curved 
SBVG pairs are presented in Appendix F and Appendix G, respectively. Apart from the 

observations made already in this section regarding the effect of the curved SBVG pairs, 

no fijrther significant difference relative to the vane type SBVGs were identified. 
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The boundary layer thickness distribution presented in Figure E15 shows the effects of 
the curved SBVGs relative to the vane type. It is seen that the effect of the increased 

spacing of the vortex paths on the boundary layer thickness is consistent with the results 
from the effects of SBVG spacing (see Figure 133). The plot showing the streamwise 

variation of displacement thickness however, (Figure E16) shows that in a similar 
fashion to what was found for the SBVG3 configuration vane vs. curved SBVG 

comparisons a further increase of displacement thickness results from the curved 
SBVG4 configuration. 
Observation of the momentum thickness distribution (see Figure E17) shows that an 
increase relative to the vane type SBVG pair was found at all measurement stations. 
Overall however the boundary layer shape factor variation provided in Figure E18, 

shows that an increase in shape factor relative to the vane SBVGs resulted from the 

curved SBVGs with n= 3 for all measurement stations. 

Returning to the surface total pressure distribution provided in Figure 46, it is seen that 

a reduced total pressure upstream and just downstream of the baseline separation was 

found for both curved and flat SBVGs in the n= 3 configuration. This indicates that the 

near wall flow velocity was reduced relative to the baseline case, leaving the boundary 

layer more susceptible to the effects of the adverse pressure gradient imparted by the 

shock. However, at X= 0, it is seen that the surface total pressure suddenly rises 

resulting in only a small region of separated flow. The strength of the mixing in the 

vicinity of the separation line was therefore insufficient to alleviate separation at this 

SBVG spacing. Looking closely at Figure 51, beyond the small separated region, the 

shape of the attached flow region suggests that the vortex paths migrated back toward 

the centreline of the tunnel. In this region the vortices re-energise the flow, causing the 

separation region to close allowing the boundary layer to reattach. The resulting 

separated region had an approximate streamwise length of 1-28. The same effect 

occured for both SBVG shapes, as may be expected. 
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6.4.4. Comparison of SBVG5 with SBVG5C 

The effect of using a curved SBVG pair at X= -10, at greater proximity to the shock 
location, was also investigated. The total pressure profiles measured upstream of the 

interaction and downstream of reattachment are provided in Figure 53(a) and 53(b), 

respectively. Upstream of the interaction Figure 53(a), it is evident that the streamwise 
distortion of the profile is slightly reduced relative to the vane type SBVGs. This, again 
is likely to be due to the increase spacing of the vortices shed by the curved SBVGs. 

Downstream of reattachment, see Figure 54(b), it appears that the near-wall total 

pressure was greater for the curved SBVG case, providing further evidence of the 

improved mixing capability of the curved SBVGs. In addition the distorted region of the 

profile is closer to the wall. This indicates that the vortices generated by the curved 
SBVGs remain closer to the wall than those of the vane type. Looking at the velocity 

profiles provided in Figures E19(b) to E19(e) it is seen that although the point of 

maximum velocity within the boundary layer is closer to the wall, the near-wall velocity 
is reduced relative to the vane SBVG case. Furthermore the reduction in the fullness of 

the velocity profile relative to the vane type SBVG was found at all measurement 

stations. The form of the velocity profiles resulted in an increase in the momentum and 
displacement thickness, shown in Figure E22 and E23, respectively. These results 
indicate that the curved SBVGs placed closer to the shock location provided no 
favourable effect on the boundary layer flow quality downstream. The surface total 

pressure profile provided in Figure 55 shows that an increase in the surface total 

pressure resulted from the curved SBVG pair (at Xvg= -10) in the region 0 <X< 20. 

The only notable effect due to the curved SBVGs placed at Xvg= -10 was therefore the 

increased surface total pressure that suggests an increased near-wall mixing downstream 

of the interaction. 

A further assessment of the development of the profiles over the entire measurement 

region shows that the rate at which the effect of the vortices along the centreline of the 

tunnel liner reduces, indicated by the reduction in the distortion of the profiles, was 

similar for both shaped SBVGs. Although still providing a positive increase in the 

surface total pressure, by station P9 the distortion was negligible. The static pressure 

distribution comparing the vane and the curved SBVGs (n= 1, Xvg= -10) provided in 

Figure 56 shows that relative to the baseline the curved SBVG pair provide an improved 

pressure recovery. In comparison to the vane type SBVG pair however, the effect of the 

curved SBVGs was not significant. Observation of the Schlieren and surface oil flow 
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visualisation photographs, provided in Figures F 10 and G 10, shows that other than what 

has already been discussed, no further appreciable difference to the vane SBVG pairs 

was evident. 
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Figure 54. Boundary layer total pressure profiles showing effect of curved SBVG pair in 

configuration SBVG5: (a) Upstream of the interaction at X= -6 and (b) Downstream of the 
interaction at X= 11. 
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Figure 55. Surface total pressure distribution showing the effect of curved SBVGs in the 
SBVG5 configuration. 
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Figure 56. Static pressure distribution showing the effect of curved SBVGs in the SBVG5 
configuration. 
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6.4.5. Summary of Findings from Curved SBVG Experiments 

The results of the investigation into the effects of curved SBVGS has shown that curved 
SBVGs provide a similar and sometimes improved quality of the boundary layer flow in 

the vicinity of the interaction and further downstream in comparison to the vane 
SBVGs. However, for all but the n-- 1 curved SBVG pair, a significant increase in 

momentum thickness with no reduction in shape factor was found. Thus indicating that 

a higher level of viscous drag resulted. 

In contrast to the vane type SBVGs, the total pressure profiles suggest that curved 
SBVGs generated vortices that remained at a greater distance from each other for 

greater downstream positions. This being most apparent from the observation of the 

surface oil flow visualisation photographs. The curved SBVGs therefore had the effect 

of increasing the "effective spacing" of the SBVG devices. The results of the effect of 
increasing the lateral spacing of the vane SBVGs, showed similar trends to those 

obtained from comparing vane and curved SBVG pairs of a similar configuration and 
location upstream of the shock. For a given spanwise region of separated flow that 

requires flow control, this result indicates that a smaller number of curved SBVGs may 
be required. 

When placing the curved SBVGs closer to the shock location, at X= -10, it was found 

that the profile distortions occurred closer to the wall. This had the effect on improving 

the near-wall total pressure in comparison to the vane SVBGs. However, this may also 
increase the rate at which the vortex strength decays, due to the increased interaction 

with the wall image vortices and the spanwise shearing forces that they are subjected to 

in the near-wall region. 

All the measurements recorded during this work were made along the centreline of the 

tunnel liner, along the plane of symmetry of the SBVG pair. As discussed previously, at 
large SBVG spacings, the location of the Pitot probe relative to the vortex filaments 

may have been such that the maximum effect of the vortices was not apparent in the 

measurements. The measurements taken for the curved SBVG case with the smallest 

spacing, (n= 1) however, due to the location of the measurement stations, may have 

provided the results that best show the impact of the curved SBVGs on the boundary 

layer flow. On comparing this curved SBVG pair with the equivalent vane SBVG pair, 
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approximately the same boundary layer thickness resulted. However, the curved SBVGs 

were shown to have a higher level of streamwise distortion than the vane type SBVGs. 

This result could be explained by the stronger vortices generated by the curved SBVGs 

that were seen in the preliminary flow visualisation studies. Indicating the potential 
increase in mixing that resulted due to the curved SBVGs. For the n-- I case, the 
increased mixing showed that the rate at which the velocity profile approaches its fully 

turbulent state downstream of the interaction was more advanced for the curved SBVGs 

than for the vane SBVGs. This result suggests that the increased mixing that occurs 

closer to the wall for the curved n= I SBVG pair will also provide the boundary layer 

with an increased resistance to shock interactions of greater strength. 

In considering the improvements in near-wall mixing that the curved SBVGs have 

shown to provide, the feasibility of employing these devices relies heavily on the degree 

of parasitic drag that they produce. Further work is required therefore to establish the 

increase in parasitic drag relative to the baseline due to the presence of the curved 
SBVGs. Although the viscous drag was found to be greater for the curved SBVGs, 

whether or not the greater drag due to the curved SBVGs may be offset by their mixing 

properties relative to the vane SBVGs, needs also to be established. 
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Conclusions 

The literature currently contains only a small amount of data related to the control of a 

normal shock-induced separation by SBVGs. This thesis presents a large body of 

experimental data obtained from a systematic investigation in a Mach 1.45, normal 

shock wave / turbulent boundary layer interaction on the effects of several SBVG 

configurations. 
Although the test Mach number is in general high for wing aerodynamics the findings of 

the investigation are relevant to supersonic intake and turbine blade aerodynamics. It is 

thought that in addition to providing a fundamental understanding of the effects that 

embedded vortices have on the current flow conditions, the presented data may be used 

as a design aid for engineers working to define the optimum configuration of SBVGs 

for a specific application. Through using the data presented here, the aerodynamics 

engineer may be able to develop his solution with a reduced experimental program. 

The investigation included experiments on the effects of vortex generator height, 

distance upstream of shock, lateral spacing, and shape. In general, it was found that 

introducing a pair of counter-rotating common flow-up vortices into the boundary layer 

increases the boundary layer thickness both upstream and downstream of the 

interaction. More importantly, the results show that in all but two cases, the shock- 
induced separation was eliminated in the measurement region. The results of this 

investigation have been published in conference proceedings [107] and a full paper can 

be found in the Aeronautical Journal [ 108]. 

The results of each set of experiments are presented as bullets in the following sections. 
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7.1. Effect of SBVG lateral spacing 

In the first set of experiments the lateral spacing of a single pair of SBVG was increased 

from 0 to 4 times the baseline boundary layer thickness at the SBVG position. The 

effects of varying the SBVG spacing at a single location upstream of the shock (X= - 18) 

were as follows: 

Although still greater than the baseline, for increasing lateral spacing the 

boundary layer thickness along the plane of symmetry of the SBVG pair 

reduces. 

The increase of lateral spacing to a factor of n-- 3 resulted in the distortion 

due to the vortices residing closer to the surface. This increases the near-wall 

total pressure and hence the rate at which the boundary layer recovers 
downstream of the interaction. 

The greatest improvement in boundary layer shape factor downstream of the 

interaction is provided by the SBVGs with the largest spacing, n= 3. 

For an SBVG spacing greater than n-- 0 (i. e. n= 1,2,3) the static pressure 

recovery downstream of the interaction was improved relative to the baseline 

however no discernible difference between the three cases was found. 

Furthermore, no appreciable effect on the static pressure recovery was found 

for the n= 0 SBVG pair relative to the baseline. 

At locations far downstream of the interaction, X= 20, the rate of reduction 

of the shape factor and hence the rate of recovery of the boundary layer was 

reduced relative to the baseline flow; however a lower shape factor is still 
found for all SBVG configurations tested. 

For the n= 3 case a small region of separated flow ius present at the foot of 
the shock. It is thought, however, that this could be beneficial since the 
disturbance that is imparted to the flow from this very small separated region 

with an area of =282 may in fact contribute towards the mixing in the 
boundary layer. Moreover, the presence of the separated region maintains a 
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%-shock structure that reduces the rate of pressure rise and hence wave drag 

through the interaction. These results raise the question as to whether 
increasing the spacing further would provide even more favourable effects 
keeping in mind that increasing the spacing of an SBVG pair has previously 
been shown to result in a reduction of the device drag. 
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7.2. Effect of SBVG distance to shock 

The second set of experiments included investigating the effect of moving an SBVG 

pair closer to the interaction from Xvg= -18 to Xvg= -10. The effects on the 

recovering boundary layer and the downstream pressure recovery are as follows: 

The single configuration presented for Xvg= -10, shows an improvement in 

the total pressure profiles downstream of the interaction and higher surface 

total pressure. However, no appreciable improvement in the static pressure 

distribution is found in comparison with the Xvg= - 18 case. 

The velocity and total pressure profiles show that the distortion generated by 

the presence of the vortices in the boundary layer lies closer to the wall and 

that the boundary layer is thinner relative to the SBVG pair placed further 

from the shock, at all measurement stations downstream of the interaction. 

Relative to the SBVG pair placed at Xvg= -18, a reduction in shape factor 

downstream of the interaction up to X-- 15 is found, hence the recovery of 

the boundary layer is more advanced in this region. 

The improvement to the flow quality is limited to X= 15 downstream of the 

shock. Further downstream the distortion of the velocity profile diminishes 

and an adverse effect on the quality of the flow is observed. However, the 

degree to which the boundary layer flow is adversely affected is less than 

that resulting from the h= 30 SBVG pair. Relative to the SBVG pair located 

at Xvg= -18, the shape factor at the last measurement station is not 
improved. The strearnwise effectiveness of the Xvg= -10 SBVG pair is 

therefore less than that of the Xvg= - 18 SBVG pair. 
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7.3. Effect of SBVG height 

The next set of experiments investigated the effect of SBVG height. As was expected, 

the results of these experiments show that the SBVG height is critical to the ability of 

the SBVGs pair to entrain high momentum flow and energise the near wall-flow. The 

findings of these experiments are as follows: 

As expected, the boundary layer thickness along the plane of symmetry of 

the SBVG pair increases with increasing SBVG height. 

9 For increasing SBVG height a reduction in the downstream shape factor is 

found. The boundary layer downstream of the shock therefore recovered 

more rapidly the larger the SBVGs become. 

o The SBVGs with height h= 40 (40%8) and h= 55 (55%8) were successful in 

totally alleviating separation along the centreline of the liner. In contrast, the 

smallest SBVGs with h= 30 (30%8) only provided a reduction of =50% in 

the extent of the separated region. 

* At locations beyond X= 20 the SBVGs of h= 30 (30%8) resulted in an 

increase of the shape factor relative to the baseline and impeded recovery of 

the boundary layer downstream. 

* The SBVGs with the greatest height tested h= 55 (55%8) provide the most 

favourable results in terms of pressure recovery and boundary layer recovery 

downstream of the shock wave. However, this configuration also provides 

the largest expansion fan, which no doubt contributes to the pressure 

gradient increase through the shock and hence an increase in wave drag. 

Defining the boundary layer thickness at locations far downstream of the 

interaction where the different flow Mach number exists above the slip line 

requires careful consideration. This will help prevent incorrect interpretation 

of velocity profile data in this region. 
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7.4. Effect of curved SBVG shape 

The next set of experiments investigated the effect of the novel shaped curved SBVGs. 

in order to permit a like for like comparison of the effect of SBVG spacing and distance 

to shock, the curved SBVG pairs investigated were installed in the same locations as a 

number of vane type SBVGS. The main conclusions from the experiments were as 
follows: 

* It was found that the curved SBVGs provide an increase in the "effective" 

spacing. Resulting in the lateral space between the pair of vortices shed by 

the curved SBVGs being greater than that shed by the vane SBVGs, in the 

same SBVG configuration. 

For the curved SBVG spacing of n= Ia similar boundary layer thickness is 

found relative to the vane type however, an increase of the near-wall total 

pressure was measured. In addition, a reduced momentum deficit and shape 
factor was also measured in this configuration over the entire measurement 

region downstream of the shock. 

Relative to the vane type SBVGs, the increased near wall total pressure is 

greater for distances up to 205 downstream of the shock Indicating that an 

increased mixing is provided by the curved SBVGs. Beyond this location no 

significant difference in the surface total pressure is found relative to the 

vane SBVGs. 

* For increasing spacing, n, between the curved SBVG pairs it was found that 

the shape factor of the downstream boundary layer would increase relative to 
the vane type SBVGs. 

* The static pressure distributions showed that relative to the vane type 
SBVGs, due to the reduced displacement thickness, only a small 
improvement in pressure recovery downstream of the shock is obtained for 

the curved SBVGs with n= 1. With increasing spacing of the curved SBVG 
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pairs the displacement thickness increases, thus precluding the improvement 

of the static pressure recovery downstream. 

* For the n= 3 curved SBVG case the vortex paths were shown to travel 

outward in the spanwise direction around the small separation region that 

occurred at the foot of the shock. The paths then turn inward toward the 

centreline of the liner. Beyond this the near-wall flow is again re-energised 
improving the downstream boundary layer characteristics relative to the 

baseline. This finding is similar to that found for the vane SBVG tests. 

* Downstream of the baseline separation, the effect of placing the curved 

SBVG closer to the shock location, at Xvg= -10, is found to result in the 

profile distortion being closer to the wall. Indicating that the effect of the 

vortices are present deeper within the boundary layer. 

9 The distortion of the profiles due to the vortices diminishes downstream of 

X= 20. This is found for both SBVG shapes tested. 

Although notably lower than for the baseline flow, the boundary layer shape 

factor through the interaction and further downstream is not reduced further 

by the curved SBVG pair at Xvg= -10. The only configuration for which a 

reduction in H is found is for the SBVG2C config. with n= I at Xvg= -18. 
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8. Further Work 

This investigation has brought to light a large body of experimental data to aid the 

aerodynamics engineer in developing a suitable vortex generator configuration for the 

control of a strong, normal shock-induced separation. At present this work is being 

expanded at Queen Mary University of London, where further experiments and the 

development of CFD simulations are being carried out. 

Due to the measurements only being taken along the plane of symmetry of the SBVG 

pair, along the tunnel centreline, the results have left many uncertainties regarding the 

effects that the shed vortices have on the surrounding flow field. In order to be able to 

build a 3-D picture of the flow-field induced by the devices, further measurements in a 

spanwise direction are required. The extent of influence of the SBVGs on the boundary 

layer characteristics at several spanwise locations (ideally an entire cross-plane) would 

provide evidence of the flow quality in this region and hence a measure of the spanwise 

effectiveness of the devices. This would then provide an indication of the number of 

devices required in a spanwise array to control separation and improve the boundary 

layer qualities and downstream pressure recovery. The results of such a study would 

also provide a better insight into the path of the vortices shed by the sub-boundary layer 

devices and how a variation of the parameters affects the paths of the shed vortices. 

To further assist this a better understanding of the behaviour of the vortices through the 

shock interaction would be obtained if 3-D measurements were conducted, i. e. hot wire 

anemometry or a form of laser anemometry, i. e. PIV or LDV. However, these 

techniques also have their drawbacks; for example, using hot wires in high speed flow 

increases the risk of wire breakage due to the impact damage from a slight 

contamination of the flow. Unless the cleanliness of the flow can be guaranteed, using 

this technique would be expensive and time consuming. In addition, due to the 

reflection of the laser light from the surface and the difficulty of near-wall seeding, the 

interpretation of near wall measurements would also pose a challenge in PIV or LDV 

measurements. The 3-D data obtained from such measurements would not only assist in 

developing a deeper understanding of the flow physics in such a flow scenario, but also 

aid in validating CFD calculations. 

Due to the large impact of Reynolds number on the properties of a SWBLI, as detailed 

in Chapter 1, it would also be of benefit to conduct similar experiments at greater 
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freestrearn Reynolds numbers such that trends in the effectiveness of SBVGs may be 

identified and an empirical relationship developed that is related to the freestream. 

Reynolds number. 

Regarding the actual findings from the experiments the following would provide a 

greater understanding of the performance of SBVGs: 

1. The results for the experiments carried out with the SBVG configuration close to 

the shock showed positive results. However, only one configuration was tested 

at this location. Therefore experimental investigations of further configurations 

at different locations relative to the shock are required. 

2. The results of the experiment investigating the effect of SBVG height 

highlighted the adverse effects on the quality of the flow far downstream of the 

interaction found for the smallest SBVG pair. A further understanding of the 

effects that embedded vortices have on the boundary layer flow at great 
distances downstream of a SWBLI is therefore required. 

3. Although not possible during the current experiments, in order to develop further 

the concept of applying SBVGs to control a shock induced separation, 

experiments involving smaller SBVG heights should be carried out. The 

findings of these results could also assist in the development of an empirical 

relation between the h and the reduction in the separation region for given flow 

conditions. 

4. Since only counter-rotating SBVG configurations were considered, it is also 

recommended that further work be carried out in which co-rotating arrays of 

curved SBVGs are investigated. The evidence of the stronger vortex and hence 

increased mixing that this SBVG shape produces, may have a greater streamwise 

effectiveness if used in a co-rotating array. This is due to the reduced destructive 

interference that neighbouring counter-rotating vortices experience that also 

promotes the migration of the vortices away from the wall. 
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Appendix A: Baseline Flow Data Plots 
Figure Al. Baseline static pressure distribution. 
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Figure A2. Baseline wall total pressure distribution. 
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Figure A3. Baseline boundary layer velocity profiles. 
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Figure A4. Baseline boundary layer total pressure profiles 
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Figure A5. Baseline displacement thickness distribution 
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Figure A7. Baseline shape factor variation. 
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Figure A8. Baseline boundary layer thickness variation. 
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Appendix B: Effect of SBVG Lateral 
Spacing, n 
Figure BI Effect of spacing on velocity profiles, h= 40, Xvg= - 18, 
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Effect of lateral spacing on velocity profile, P4 
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Effect of lateral spacing on velocity profile. P6 
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Effect of lateral spacing on velocity profile, P8 
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Effect of lateral spacing on velocity profile, P12 
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Figure B2. Total pressure profiles showing effect of lateral spacing. 
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Effect of lateral spacing on total pressure profile, P5 
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Effect of lateral spacing on total pressure profile, P7 
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Effect of lateral spacing on total pressure profile, P1 1 
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Figure B3. Boundary layer thickness variation showing effect of lateral spacing. 
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Figure B4. Boundary layer displacement thickness variation showing effect of lateral spacing. 

1.4 
0 BASELINE 

o SBVG1 n=O 
1.2 a SBVG2 n=l w 

x SBVG3 n=2 

0 SBVG4 n--3] 1 

0 
0.8 x 

0.6 

0.4 a 
A 13 
x 
0 

0.2 
& -0 --- - 

0- 

-20 -10 0 10 20 30 
x 

40 

205 



Figure B5. Boundary layer momentum thickness variation showing effect of lateral spacing. 
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Figure B6. Boundary layer shape factor variation showing effect of lateral spacing. 
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Appendix C: Effect of SBVG distance to 
shock, Xvg 
Figure C 1. Velocity profiles showing effect of distance to shock, Xvg. 
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Effect of distance to shock Xvg, on velocity profile, PS 
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Effect of distance to shock Xvg, on velocity profile, P7 
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Effect of distance to shock Xvg, on velocity profile, P9 
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Effect of distance to shock Xvg, on velocity profile, PI I 
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Figure C2. Total pressure profiles showing effect of distance to shock, Xvg. 
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Effect of distance to shock, Xvg, on Total Pressure profile, PS 
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Effect of distance to shock, Xvg, on total pressure profile, P9 
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Effect of distance to shock, Xvg, on total pressure profile, PI I 
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Figure C3. Boundary layer thickness variation showing effect of distance to shock, Xvg. 

5 
4.5 

4 

3.5 

3 

25 

2 

1.5 

1 

0.5 

0 

--o- BASELINE 

A * SBVG2XYg--18 

* SBVGSXvg--10 
AA 

A 

A6 

A0 

0 
0 

A 

0 

A 

-20 -10 0 10 20 30 40 
x 

Figure C4. Boundary layer displacement thickness variation showing effect of distance to shock, Xvg. 
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Figure C5. Boundary layer momentum thickness variation showing effect of distance to shock, Xvg. 
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Figure C6. Boundary layer shape factor variation showing effect of distance to shock, Xvg. 
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Appendix D: Effect of SBVG height, h 
Figure DI. Velocity Profiles showing the effect of SBVG height, h. 
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Effect of SBVG height on velocity profile, P8 
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Effect of SBVG height on velocity profile, P12 
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Figure D2. Total pressure profiles showing effect of SBVG height, h. 
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Effect of SBVG height on total pressure profile, P3 
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Effect of SBVG height on total pressure profile, P5 
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Effect of SBVG height on total pressure profile, P7 
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Effect of SBVG height on total pressure profile, P9 
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Effect of SBVG height on total pressure profile, PI I 
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Figure D3. Boundary layer thickness variation showing effect of SBVG height, h. 
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Figure D5. Boundary layer momentum thickness variation showing effect of SBVG height, h. 
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Appendix E: Effect of Curved SBVGs: 
SBVG2C 
Figure E 1. Velocity profiles showing the effect of curved SBVGs. 
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Effect of curved SBVG pair on velocity profile, P4 
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Effect of curved SBVG pair on velocity profile, P6 
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Effect of curved SBVG pair on velocity profile, P8 
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Effect of curved SBVG pair on velocity profile, PIO 
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Effect of curved SBVG pair on velocity profile, P12 
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Figure E2. Total pressure profiles showing effect of curved SBVGs. 
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Effect of curved SBVGs on total pressure proflie, P3 
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Effect of curved SBVGs on total pressure profile, PS 
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Effect of curved SBVGs on total pressure profile, P7 
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Effect of curved SBVGs on total pressure profile, P9 
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Effect of curved SBVGs on total pressure profile, PI I 
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Figure E3. Boundary Layer thickness distribution showing effect of curved SBVGs. 
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Figure E5. Boundary layer momentum thickness distribution showing effect of curved SBVGs. 
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Appendix E: Effect of Curved SBVGs: 
SBVG3C 
Figure E7. Velocity Profiles showing the effect of curved SBVGs. 
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Effect of curved SBVGs on velocity profile, P4 
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Effect of curved SBVGs on velocity profile, P6 

I 

0.8 

0.6 

0.4 

0.2 

0 
0 0.2 0.4 U/U& 0.6 0.8 

E7(e) 

Effect of curved SBVGs on velocity profile, P7 

I 

0.8 

0.6 

0.4 

0.2 

04 
0 

-BASELINE 

SBVG3C 

SBVG3 

on 

0 
00 

m0 

83 

aoo l 
on ý 

BASELINE 

SBVG3C 

SBVG3 -b 

Do 

0W 

ob 

oo" P 
0.2 0.4 

Ulu& 
0.6 0.8 

E7(0 

247 



Effect of curved SBVGs on velocity profile, P8 
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Effect of curved SBVGs on velocity profile, P 10 
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Effect of curved SBVGs on velocity profile, P12 
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Figure E8. Total pressure profiles showing effect of curved SBVGs. 
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Effect of curved SBVGs on total pressure proflie. P3 
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Effect of curved SBVGs on total pressure profile, P5 

O. OE 

O. M 

0.04 

0.03 

0.02 

0.01 

0 

BASELINE 

SBVG3C OD 

SBVG3 

ago 00 
0 

0 mm00 
a 

all 

co 0 0.2 0.4 0.6 0.8 
Pt/po 

E8(d) 

Effect of curved SBVGs on total pressure profile, P6 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

0 

-BASELINE 

m SBVG3C 

o SBVG3 

co 

OP 

0 0.2 0.4 0.6 0.8 
PVPO 

E8(e) 

252 



Effect of curved SBVG3 on total pressure profile, P7 
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Effect of curved SBVGs on total pressure profile, P9 
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Effect of curved SBVGs on total pressure profile, PI I 
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Figure E9. Boundary Layer thickness distribution showing effect of curved SBVGs. 
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Figure E 10. Boundary layer displacement thickness distribution showing effect of curved SBVGs. 
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Figure E 11. Boundary layer momentum thickness distribution showing effect of curved SBVGs. 
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Appendix E: Effect of Curved SBVGs: 
SBVG4C 
Figure E 13. Velocity Profiles showing the effect of curved SBVGs. 
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Effect of curved SBVGs on velocity profile, P4 
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Effect of curved SBVGs on velocity profile, P6 
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Effect of curved SBVGs on velocity profile, P8 
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Effect of curved SBVGs on velocity profile, P10 
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Figure E14. Total pressure profiles showing effect of curved SBVGs. 
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Effect of curved SBVGs on total pressure proflie, P3 
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Effect of curved SBVGs on total pressure profile, P5 
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Effect of curved SBVGs on total pressure profile, P7 
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Effect of curved SBVGs on total pressure profile, P9 
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Effect of curved SBVGs on total pressure prorile, PI I 
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Figure E15. Boundary Layer thickness distribution showing effect of curved SBVGs. 
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Figure E16. Boundary layer displacement thickness distribution showing cffect of curved SBVGs. 
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Figure E17. Boundary layer momentum thickness distribution showing effect of curved SBVGs. 
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Figure E 18. Boundary layer shape factor variation showing effect of curved SBVGs. 
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Appendix E: Effect of Curved SBVGs: 
SBVG5C 
Figure E19. Velocity profiles showing the effect of curved SBVGs. 
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Effect of curved SBVGs on velocity profile, P5 
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Effect of curved SBVGs on velocity profile, P7 
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Effect of curved SBVGs on velocity profile, P9 
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Effect of curved SBVGs on velocity profile, PI I 
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Figure E20. Total pressure profiles showing effect of curved SBVGs. 
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Effect of curved SBVGs on total pressure profile, P7 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

a 

-BASELINE 

a SBVG5C 

o SBVG5 

00 
00 

00 00 
0C 

00 
0 

00 
40 

co 

00 
0 0.2 0.4 0.6 0.8 

Ptlpo 

E20(e) 

Effect of curved SBVGs on total pressure profile, P8 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

0 

BASELINE 

SBVG5C 

o SBVG5 

so 
40 

00 00 
so 

PO 

00 CA ce 0 0.2 0.4 0.6 0.8 

Ptlpo 

E20(f) 

278 



0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

0 
0 0.2 0.4 0.6 0.8 

Flt/Po 

E20(g) 

Effect of curved SBVGs on total pressure profile, P10 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

0 

Effect of curved SBVGs on total pressure profile, P9 

-BASELINE 

o SBVG5C 

o SBVG5 00 

00 

00 

00 

0 0 0 

-BASEUNE 

o SBVG5C 

o SBVG5 

00 
60 

00 
00 

@D 

0 0.2 0.4 0.6 0.8 

Pt/po 

E20(h) 

279 



O. D6 

0.05 

0.04 

0.03 

0.02 

0.01 

0 

Effect of curved SBVGs on total pressure profile, Pi I 

-BASELINE 

e SBVG5C 

o SBVG5 

IK 

00 
so 6,60 00 00 00 

4D 
'OD 

0 0.2 0.4 0.6 0.8 

Pt/po 

E20(i) 

Effect of curved SBVGs on total pressure profile, P12 

0.06 

0.05 

0.04 

0.03 

0.02 

0.01 

0 

-BASELINE 

* SBVG5C 

* SBVG5 

4 D 

*0 

40 
40 

40 
do 

40 
OD 

4D 

0 0.2 0.4 0.6 0.8 
Pt/po 

E200) 

280 



Figure E21. Boundary layer thickness distribution showing effect of curved SBVGs. 
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Figure E22. Boundary layer displacement thickness distribution showing effect of curved SBVGs. 
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Figure E23. Boundary layer momentum thickness distribution showing effect of curved SBVGs. 
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Figure E24. Boundary layer shape factor variation showing effect of curved SBVGs. 
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Appendix F: Schlieren Photographs 

Figure F4. SBVG2C. 
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Figure F5. SBVG3. 

Figure F6. SBVG3C. 
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Figure F7. SBVG4. 

Figure F8. SBVG4C. 
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Figure F9. SBVG5. 

Figure Ff 0. SBVG5C. 

Figure F 11. SBVG6. 

I 
Figure F12. SBVG7. 



Appendix G: Surface Oil Flow 
Visualisation Photographs 
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FigUre G7. SBVCj4. 

Fi-urc (18. ý43VG4C. 1 

"". " 

-1 ¼ "�" 

[ igure 69. SBVG5. 

288 



I 

(i 10. SBVGýC. 

Fi, "Ure GII. SBVG6. 

G 12. SBVG7. 

19.6 

" 

-. 

" 

281) 


