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Abstract

When two slender bodies are closely spaced within a supersonic freestream, substantial aerodynamic

interference precipitates between the bodies. The bow-shock wave and forebody expansion field

produced by an adjacent body (the disturbance generator) impinge onto the body of interest (the

disturbance receiver), which modifies its surface pressure distribution, effectively altering its nominal

centre of pressure and overall aerodynamic behaviour. The three-dimensional, curved bow-shock

interactions have increased complexity due to the multiple shock reflections, shock wave diffraction

and viscous-shock interactions manifesting with the receiver at incidence in the interference domain.

This research aims to uncover and characterise the underlying flow physics that are generated in the

disturbance flowfield for several multi-slender body configurations.

Parametric wind tunnel investigations were conducted on pairs of slender bodies with ogival,

conical and hemispherical forebody profiles over a wide incidence range. Primary experimental data

was collected using the surface oil flow visualisation technique, where a quantitative data extraction

method was employed to measure the shock impingement location and diffraction path over the

receiving body. Supporting schlieren images of the flowfield were captured through a standard z-

type schlieren system. In addition, time-averaged numerical solutions of the Reynolds-averaged

Navier-Stokes governing equations were conducted using a commercial flow solver. A custom,

gradient-based adaptive mesh refinement algorithm was tailored into the package, providing fine

resolution of the pressure waves in the flowfield. The high-fidelity computational predictions showed

excellent agreement with the experimental data and was used to examine the vortex and shock wave

dynamics produced by the interactions.

A high geometric dependence was observed across all interactions, where the magnitude and

extent of impinging disturbances were bespoke to each configuration, making it challenging to

extract overall trends. However, the interactions could be categorised under three general genres:

The first were the primary windward interactions, where the receivers were negatively pitched

relative to the generator bodies and the impinging disturbances made first contact with the

receivers’ windward surface. The second category had the receiver bodies at positive incidence in

relation to the generators, where impinging disturbances impacted the bodies’ leeward surface

directly, and were designated as primary leeward interactions. The last category assessed the

receiver bodies at angles of sideslip relative to the disturbance generators, where the disturbance

bow-shocks impinged asymmetrically on the receivers. Under each of these categories, the mechanics

of the interactions were observed to be predominantly similar.
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Primary windward interactions: Characteristic to these interactions was the locally elevated

windward surface pressure, which created favourable pressure gradients in the natural crossflow

direction over the bodies. Disturbance shock wave diffraction over the bodies induced significant

effects of compressibility onto the separated flow in the leeward region, producing body-vortices that

were elongated, more elliptic and intensified in comparison to that produced by equivalent

undisturbed bodies. Moreover, the receivers’ body-vortices had a significant influence on the

disturbance shock waves’ transit into the leeward flow region, where the wave was tempered during

passage through the vortices.

Primary leeward interactions: These configurations generated direct shock wave-leeward flow

structure interactions where the inherent low pressure in the receivers’ leeward region attracted the

approaching waves, causing the bow-shocks to bulge out locally towards the bodies. The opposing

natural crossflow over the receivers tempered the disturbance shock waves’ transit into the

windward region, generating complex three-dimensional shock wave geometries around the bodies.

Moreover, the viscous-shock interactions caused severe distortions to the vortical structures disposed

by the receiver bodies.

Interactions with the receiver bodies at angle of sideslip: Additional complexities were generated

by these interactions due to the inherent three-dimensional flow asymmetry, where waves of unequal

strengths diffracted over the windward and leeward surfaces of the receiving bodies. The windward

portion of the diffracted wave caused substantial elevations in surface pressure and an enhanced

crossflow condition over the bodies. The wave that diffracted over the leeward surface interacted

progressively with the receivers’ body-vortices, which caused an imbalance in the strength of the

vortices disposed on either side of the bodies. The strong rotational velocity field of the vortices

influenced the disturbance waves’ transit over the leeward surface substantially, producing complex

compression wave topologies in the receivers’ leeward region.

In general, significant reorganisation of the receivers’ near-surface flow topologies was observed

across all three categories of interactions, the extent of which varied with incidence and the strength

of impinging disturbances. It was also found that the inhomogeneous pressure field introduced by

the disturbance shock waves caused significant modification to the receivers’ incidence-induced

body-vortices. In addition, the inhomogeneous velocity field of the receivers’ body-vortex pair were

observed to affect the disturbance waves’ transit into the bodies’ leeward region. Overall, studying

the slender bodies orientated to produce 3D, curved bow-shock interactions revealed several

fundamental mechanisms and flow physics in the flowfield, with rich phenomena manifesting in the

interference domain.
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Chapter 1

Introduction

1.1 Background

Consider high-speed bodies in close proximity, where multiple pressure wave interactions and mutu-

al interference effects occur, like the case when multiple submunitions are dispensed to a common

target, or a booster separating from a space shuttle, as illustrated in Figure 1.1. The interference

flowfield is dominated by shock and expansion waves, and of particular relevance is the complex

interaction of the three-dimensional (3D), curved bow-shock wave emanating from the generator

body, impinging on the cylindrical surface of the disturbance receiving body of interest (Figure 1.2).

(a) NASA STS-27 Space Shuttle Booster Release [1] (b) Lockheed Martin Multiple Launch Rocket System [2]

(c) Wind Tunnel Test of Space Shuttle with Boosters [3] (d) Lockheed Martin Supersonic Sled Dispense Tests [4]

Figure 1.1: Some Practical situations which involve Aerodynamic Interference
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The disturbance shock wave alters the surface pressure distribution and the local flow angularity

over the receiving body, effectively altering its nominal centre of pressure and overall aerodynamic

characteristics. In addition, the conical shock waves propagate through the freestream and continue

to interact. This produces rich phenomena in the near-field flow, due to the development of second-

ary pressure wave systems, multiple shock wave reflections, three-dimensional shock wave diffraction

and viscous shock wave interactions manifesting within the interference domain.

Figure 1.2: Designation of the Generator Body and the Receiver Body in a Supersonic Freestream

These interactions precipitate in numerous practical applications, such as the post-dispense flow

experienced by multiple high-speed submunitions, which has become increasingly attractive to mod-

ern weapons development due to the incentive of having the bus-vehicle carry a higher weapon pay-

load. Such interactions may also arise when decoy rockets are dispensed as counter-measures. Decoy

rockets are generally unguided, and the aerodynamic interference generated between the approach-

ing weapon and the counter-measure may throw it off course. Although significant research has been

invested into the safe release of weapons from a parent-vehicle at flight conditions, the interference

generated between the released stores post-dispense may alter their trajectories, which would have

catastrophic consequences. Due to the recent interest and the limited amount of fundamental infor-

mation available in open literature in this area, this subject requires further investigation.

1.2 Research Aim

The overall aim of this research is directed towards uncovering the underlying flow physics, flow

mechanisms and gas dynamics that emerge when two slender bodies are in near-proximity at super-

sonic speeds, and aerodynamic interference precipitates between them. More specifically, the three-

dimensional, curved compression wave topology, the body’s near-surface flow topology and the vis-

cous-shock interactions generated between the bodies will be investigated in detail for various inci-

dence settings of the body of interest, as well as different forebody configurations.
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1.3 Objectives

In order to meet the aim, and develop a well-defined framework for the current research, a few

broad objectives of the study are given below. More specific objectives will be discussed after the

theory and literature review presented in Chapter 2.

 Design and fabricate experimental apparatus for testing the body of interest at incidence to

the freestream flow in the presence of a disturbance generator at supersonic speeds

 Perform parameterised testing using flow diagnostic techniques of several multibody configu-

rations, with a variety of incidence settings of the receiver relative to the generator, and for

slender bodies with various leading profiles

 Conduct a comprehensive computational study for these experimental configurations, and

use the numerical analysis to extract pertinent quantitative data

 Use the experiments and numerical predictions to characterise the flow physics and mecha-

nisms produced by the interfering bodies

1.4 Thesis Organisation

Chapter 2 briefly documents the current theory for ideal, two-dimensional compressible flow, which

is extended to three-dimensions, with particular attention to the flow surrounding bodies of revolu-

tion. Aspects associated with viscous driven phenomena are considered as well. Thereafter, the few

publications investigating shock wave/slender body interactions are also reviewed, from where the

gaps in the current body of knowledge are identified and more detailed research objectives are de-

rived.

Chapter 3 presents the experimental facilities and test equipment used for this research, includ-

ing the geometric configuration of the mutually interfering slender bodies. The various model fore-

body shapes that were investigated in these studies are defined, and the flow diagnostic techniques

employed are also described.

Chapter 4 describes the computational technique utilised for all numerical simulations, including

the development of a high-fidelity mesh refinement algorithm. It also includes validation studies of

the modelling technique and assesses the computational uncertainty through an iterative conver-

gence analysis and grid sensitivity studies.

Chapter 5 gives a brief introduction into the flow structure surrounding undisturbed slender bod-

ies in freestream flow i.e. in the absence of a disturbance generator. This chapter establishes bench-

marks to track changes of key flow features occurring in the flowfield before the disturbance genera-

tor is introduced into the domain. The effect of forebody profile and incidence variation on the flow-

field surrounding the isolated body is characterised.
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Chapter 6 analyses the interference effects generated by two, mutually interacting slender bodies

with identical forebody shapes, axially aligned to the freestream direction (i.e. with both bodies zero

incidence). These symmetric multibody configurations allow the influence of propagating disturb-

ances on the flowfield structure to be analysed, and sets a datum for the configurations where the

receiver is inclined relative to the generator.

Chapter 7 presents the results produced when the disturbance receiving body is inclined nose-

down relative the generator body i.e. at negative incidence settings, where the disturbance bow-

shock strikes the receiver’s surface that is directly exposed to the freestream flow (the windward

surface) and diffracts over the body to interact with receiver’s leeward flow structure. These interac-

tions are defined as primary windward interactions.

Chapter 8 documents the experiments and simulations of the disturbance receiving body at posi-

tive incidence settings, where the receiver’s nose-apex is directed towards the generator body and

the disturbance bow-shock interacts with the leeward flow region prior to striking the receiver’s lee-

ward surface (i.e. the surface shielded from the freestream flow). These interactions are defined as

primary leeward interactions.

Chapter 9 considers the receiver at angles of sideslip relative to the generator body, where com-

plete three-dimensional flow asymmetry exists. The resulting effect on the receiver’s surface, its vor-

tex flow, as well as the near-filed and farfield shock wave structure is presented in detail for high

incidence settings of the various disturbance receiving bodies.

Chapter 10 summarises the significant findings and formulates recommendations for future work.

In chapters 6 – 9, Figures labelled with: [avi #] have corresponding videos exhibited in

the electronic appendix of this thesis (Appendix D). These videos support the interpre-

tations and inferences with regard to the flow physics produced in the interference

flowfield, and may be accessed directly from the electronic version of this thesis



5

Chapter 2

Literature Review

2.1 Introduction

This chapter reviews the theory and literature relevant to shock wave interactions, beginning by

introducing the concept of compressible, supersonic flow. The basic theory surrounding two-

dimensional oblique shock waves is briefly considered and is then extended to three-dimensional

flowfields. The effect of viscosity and the notion of shock wave/boundary layer interactions are then

reviewed. The literature involving shock wave/slender body, as well as cylindrical boundary layer

interactions is summarised through the survey of a few salient publications. Findings with regard to

the design of experiments and computational modelling will be addressed in chapters 3 and 4, re-

spectively.

2.2 The Definition of Compressible Flow

Compressible flow is frequently referred to as variable density flow, which contrasts the common

connotation of incompressible flow, where density is assumed to be constant throughout. Practically,

every fluid is compressible to some lesser or larger extent but the assumption of constant density

flow in most liquids is valid, and flow conditions in such instances may be adequately predicted us-

ing Bernoulli’s equation. Elaborating on the definition of compressible flow, consider a finite fluid

element with a volume v, where the pressure exerted by the neighbouring fluid on the element is p.

A small change in pressure (dp) will result in an infinitesimal change in volume (dv), thus compress-

ibility () may be defined as [5]:

1 dv

v dp
   (2.1)

That is, compressibility is the fractional change in volume of a fluid element per unit change in

pressure and the corresponding effect on the density () of the fluid is:

d dp  (2.2)

Equation 2.2 demonstrates that for gases with high compressibility in flow conditions with large

pressure gradients, substantial changes in the gas density would occur, while such pressure gradients

create large changes in the gas velocity, resulting in compressible flow. Such variable density flow

conditions may occur in high-energy gas movement, such as supersonic flow.
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2.3 Supersonic Flow

Supersonic flow conditions, as shown in Figure 2.1, are realised when the velocity of a fluid reaches

or exceeds local sound speed (a). A consequence of which is that no pressure pulses created by per-

turbations in flow field are allowed to propagate upstream. This implies that communication be-

tween the upstream fluid and the gas striking the object is lost, such that the free stream cannot

alter its flow pattern to move around the object. Thus, when the fluid finally strikes the object it is

forced to change its properties in an irreversible manner (temperature, Mach number, pressure and

density at position one is not the same as in position two) in order to maintain continuity, resulting

in a strong compression wave – a shock wave.

Figure 2.1: Supersonic Flow Condition in the presence of a Perturbation [5]

2.4 Shock Waves

In supersonic flow, where the Mach number is approximately greater than 1.2 (M > 1.2), the fluid

is moving so fast that particles cannot move out of the way of the object. The molecular structure

of the fluid permits the relative position of the molecules to move closer together, or to compress [6].

As a result, there is a reduction in the mean free path between the molecules and layers of spherical

disturbances come together to form a shock wave [6], which is essentially a region of compressed

fluid. In supersonic flow, with the presence of an object, the category of generated shock waves is

generally oblique in nature.

2.4.1 Oblique Shock Waves

The physical mechanism by which oblique shock waves are formed was discussed in the preceding

section – the coalescence of disturbances propagating by molecular collisions of fluid particles at the

speed of sound [5]. To understand this phenomenon, consider a point source of sound disturbance

moving with a supersonic velocity (V > a) in a gas, as presented in Figure 2.2.
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Figure 2.2: Propagation of Disturbances – Supersonic Flow [5]

When the source is at point A, it emits a sound wave which has a radius at after a time interval

of t. In the same period, the source has moved to point B, travelling a distance of Vt, and while do-

ing so has emitted several other sound waves, shown as smaller circles. The source is moving with a

velocity that is faster than the local sound speed; therefore it is always ahead of the wave fronts.

These wave fronts form a disturbance envelope that is tangent to the circular emitted waves, pre-

sented as line BC. This is known as a Mach wave, and forms a Mach angle () to the direction of

travel of the source, which may be calculated from [5]:

1 1
sin

M
 

      
(2.3)

Oblique shock waves are also formed when a fluid is turned around a concave corner, supersoni-

cally. The geometry of the corner forces the moving fluid to turn into the free stream, resulting in a

sharp oblique shock wave attached to the corner of the ramp when the ramp angle is , as illustrat-

ed in Figure 2.3(a). This shock wave is compressive, thus the Mach number ahead and behind the

shock is unequal, and causes a rise in pressure, temperature and density downstream of the shock

wave, which forms an angle  relative to the horizontal section of the ramp. The --M relationship

between the ramp angle (), the shock angle () and the upstream Mach number (M1) may be de-

termined from:

 
2

1

2
1

sin 1
tan 2 cot

cos2 2

M

M


 

 

    
   

(2.4)

For every Mach number (M1), a maximum deflection angle (max) exists for which the above rela-

tionship is valid. If this maximum ramp angle is exceeded, then no solution exists for the straight

oblique shock wave and the geometry dictates that the shock wave becomes detached from the ramp

corner and curved in nature, as shown in Figure 2.3(b). For cases where  < max Equation 2.4 pre-

dicts two unique values of , where the larger value is the strong-shock-solution and smaller value is
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the weak-shock-solution (Figure 2.4), the latter of which is preferred, and in most instances physi-

cally occurs.

(a)  < max (b)  > max

Figure 2.3: Supersonic Flow over a Concave Corner [5]

The strong-shock formation is dependent on the system back-pressure, and would develop if the

downstream pressure was increased by an autonomous mechanism, resulting in M2 being subsonic.

As   0°,   90°, which in the limit corresponds to a normal shock wave, or when  =  a corre-

sponding Mach wave is formed. It should be noted that the wave angle increases for a decrease in

the supersonic Mach number of the freestream, for fixed ramp deflection angles for the weak-shock-

solution. The maximum ramp angle that permits a straight oblique shock wave may be determined

by differentiating Equation 2.4 with respect to  and setting the resultant equation to zero, that is:

0
d

d



 (2.4)

Figure 2.4: Weak and Strong Oblique Shock Waves [5]

Now, consider supersonic flow through a duct with finite dimensions; the oblique shock wave

generated by the compression ramp cannot extend in an infinite fashion into the free-stream since it

would encounter the upper surface of the duct, the situation of which is presented in Figure 2.5. In

region 1, the flow moves with a Mach number M1 and deflected at point A by angle of , which gen-
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erates an oblique shock wave at angle of 1 that impinges the upper surface at point B. The flow

streamlines are inclined at angle of  to the upper surface in region 2, behind the incident shock

wave, where all the flow properties are governed by M1 and  through the previously discussed

oblique shock relations. In order for the flow to be tangent to the upper surface, it needs to be guid-

ed towards the free-stream by an angle of , which can only occur if a second shock wave is formed.

This reflected wave originates at point B and needs to have sufficient strength to turn flow by the

required angle , with an upstream Mach number of M2. Due to fact that M2 < M1, the reflected

shock wave is weaker than the incident shock, consequently the angle that it makes with the upper

surface is  and not 1.

Figure 2.5: Regular Reflection from a Solid Boundary [5]

This implies that the reflected shock wave is not reflected specularly. The strength of this reflect-

ed shock wave is governed specifically by the Mach number in region 2 (M2) and the wall angle (),

yielding consequential flow conditions in region 3. Shock wave reflection phenomena of this nature

can also be observed when a body is placed in a supersonic free-stream, as shown in Figure 2.6(a).

The mechanism, and the flow properties thereof, by which regular reflection occurs (Figure 2.6(a)) is

similar to the case of compression ramp and is governed by the same oblique shock relations. Thus,

attention will be focused to the case where the flow condition behind the shock does not naturally

generate a reflected wave to satisfy conditions for the flow to be parallel to the wall, as demonstrat-

ed in Figure 2.6(b).

(a) Regular Reflection (b) Mach Reflection

Figure 2.6: Regular and Mach Reflection from a Solid Boundary by an Object in a Supersonic Freestream [7]
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Initially, the body generates a straight oblique shock wave since for the given Mach number

(M1), the straight oblique shock relation criterion is satisfied. The Mach number behind this shock is

different; consequently it has a different maximum deflection angle, which has been exceeded, and

regular reflection cannot occur. Therefore to keep the flow parallel to the wall, a normal shock wave

is generated at the surface, which is called the Mach stem. This normal shock transits into a curved

shock and intersects the incident shock at the triple point (T), with a curved reflected shock wave

propagating downstream. Also emanating from the triple point is the slip surface (SS), which sepa-

rates the streams passed through the Mach Stem and the incident and reflected waves. This three

shock pattern is referred to as Mach reflection and has a characteristic subsonic region behind the

Mach stem. The trailing edge of the object is essentially a convex corner, where expansion of the

supersonic flow occurs; this will be discussed in the subsequent section. The condition where two

oblique shock waves intersect is presented schematically in Figure 2.7(a) and Figure 2.7(b). The in-

stance where two oblique shocks of equal strengths intersect is shown in Figure 2.7(a). The state of

the gas in the downstream region of the refracted shocks S1’ and S2’ is uniform and parallel to the

upstream direction.

(a) Oblique Shocks of Equal Strengths (b) Oblique Shocks of Different Strengths

Figure 2.7: Intersection of two Oblique Shock Waves S1 and S2 [7]

This is no longer the case when the intersecting shocks are of different strengths, as illustrated in

Figure 2.7(b). The streamline (K) through the intersection point separates the downstream region

into two sections of uniform properties, where the pressure is the same, but all other gas dynamic

properties are different, in particular the Mach numbers of the regional flows are different, and thus

this streamline (K) is a contact discontinuity.

2.4.2 Expansion Waves – Prandtl Meyer Flow

In contrast to the formation of oblique compression waves, which occur when supersonic flow is

turned around a concave corner or at the leading edge of an object, expansion waves are formed

when supersonic flow has to go around a convex corner. Consider a surface that is deflected down-

ward by angle of , as in Figure 2.8. In order for the streamlines to adjust to the wall conditions
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after point A, they must deflect away from the free stream bulk flow above the surface. The change

in flow direction is achieved through an oblique expansion wave emanating from point A, which fans

out away from the surface forming an expansion fan. The streamlines curve through the expansion

fan becoming parallel to the wall downstream of point A, forming uniform flow behind the expan-

sion fan at an angle of . Flow properties through an expansion wave change gradually, contrasting

the discontinuities in flow properties through a shock wave, with an increase in the downstream

Mach number and a decrease in pressure, temperature and density.

Figure 2.8: Supersonic Flow over a Convex Corner [5]

2.5 Three-Dimensional Supersonic Flow

In the preceding sections oblique shock wave phenomena were treated in two dimensions assuming

planar flow, but in most practical applications three-dimensional supersonic flow occurs, with corre-

sponding curved shock waves extending in three-dimensional space. A two-dimensional treatment of

this flow field immediately behind the shock surface may be appropriate to compute the local gas

properties, but is invalid further downstream where the flow field experiences a complex, non-

uniform variation. Consider the case of supersonic flow over a wedge (Figure 2.9(a)) and over a cone

(Figure 2.9(b)) at a free stream Mach number of M1 = 2. The surface pressure on the wedge (p2) is

constant and the streamlines behind the shock are straight and parallel to surface of the wedge.

However in the case of an axisymmetric, three-dimensional cone (with the same included angle) the

pressure immediately behind the shock wave (p2) and the surface pressure (ps) are not equal due to

the non-uniform flow between the bow-shock wave and the conical surface.

(a) Wedge (b) Cone

Figure 2.9: Comparison between Supersonic Flow over a Cone and a Wedge at M1 = 2 [5]
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The addition of a third dimension creates a relieving effect, since the flow has more space to

move around the object, alleviating some of the obstructions setup by the body. This is a character-

istic of all three-dimensional flows and results in a weaker shock for the cone than the wedge, for

equivalent half angles. A further comparison is made between cones and wedges in Figure 2.10,

which illustrates the maximum half angle ( for the wedge and c for the cone) for attached shock

conditions at different Mach numbers.

Figure 2.10: Supersonic Flow over a Cone and a Wedge – Maximum angles for an attached Shock Wave [8]

For a corresponding Mach number, the cone can have a much larger included angle than the

wedge for the bow-shock to remain attached to the body, illustrating the relieving effect that exists

in three-dimensional flowfields. However, not all bodies of revolution exhibit the same conditions for

shock detachment from the surface of the body, and these conditions vary according to the nose pro-

file of the forebody, in slender body configurations. Consider an axisymmetric body with a hemi-

spherical nose profile in a supersonic freestream, as presented in Figure 2.11.

Figure 2.11: Blunt-Nose Body of Revolution in a Supersonic Freestream [5]
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A strong curved shock wave forms ahead of the body, which is detached from the nose by a finite

distance. The upstream flow at point a is normal to the wave, which corresponds to a normal shock

wave. Moving away from the centreline, the shock becomes curved and progressively weaker, until it

evolves into a Mach wave at large distances away from the body. The flow behind the shock in the

region b-a-b’ is subsonic and beyond the points b and b’ the flow behind shock wave is supersonic,

separated by an imaginary boundary – the sonic line where M = 1.0. The distance between the

shock wave and the body, the shape of the detached shock and the entire flowfield is a function of

the freestream Mach number (M) and the shape of the blunt body, as well as its attitude or incli-

nation to the freestream flow.

2.5.1 Inclined Bodies

Consider the case where a right-regular cone is at zero incidence to a supersonic freestream, as pre-

sented in Figure 2.12(a). The conical flowfield may be shown on a projected spherical surface gener-

ated by rays originating from the vertex of the cone and of constant length (r) as demonstrated in

Figure 2.12(b). The streamline ab may be projected onto the spherical surface along the rays for the

points a and b, shown as points a’ and b’. When joined, they appear as a straight line on the spheri-

cal surface in Figure 2.12(b), where the shock and the cone are seen as concentric circles. The sur-

face streamlines project out from the vertex of the cone, remaining straight along the surface of the

body. These aspects illustrate that the streamlines remain straight with changing meridian angle ()

downstream of the shock wave. Inclining the body to the freestream direction alters the structure of

the flowfield downstream of the shock wave.

(a) Right-Regular Cone at Zero Incidence (b) Projection of the Shock on a Spherical Surface

Figure 2.12: Illustration of the Conical Flowfield generated by a Right-Regular Cone at Zero Incidence [5]
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Figure 2.13 shows a cone that is inclined to the freestream direction by an angle of , where the

existence of a conical flowfield is apparent – the only similarity to the case when  = 0. In the in-

stance where  > 0, the shock angle (S) is a function of the meridional angle and is different for

each meridian plane. The streamlines between the shock and the body are now curved in three-

dimensional space and are no longer planar. The surface streamlines are also curved, curling around

the body from the bottom surface (the windward surface) to the top surface (the leeward surface).

However, the streamlines on very top (leeward) and bottom (windward) rays remain straight and

emanate from the vertex or nose-apex of the cone, together with all the curved streamlines.

Figure 2.13: Flowfield and Surface Streamlines of an Inclined Cone in a Supersonic Freestream [5]

The incidence of the body has a further consequence i.e. the existence of vortical singularity (de-

fined by Ferri [9]) on the leeward surface of the cone, as indicated in Figure 2.14. This leeward sur-

face is identified in the cross-sectional view of the cone in Figure 2.14 at  = 0 and the windward

surface at  = 180. The streamline emanating from the vertex of the cone at  = 180 acquires en-

tropy s1 and wets the entire surface of the cone, thus all curved streamlines over the body have the

same entropy. However, the leeward streamline at  = 180 has entropy s2 as it passes over a weak-

er portion of the shock wave. All the curved streamlines from the windward surface tend to con-

verge to the ray at  = 180, therefore the ray at  = 180 has a multivalued entropy. These

curved streamlines project as curves onto the spherical surface as well, as shown in Figure 2.15. This

illustrates that the singularity line (shown as point A on the spherical surface) has a truly multi-

valued entropy which ranges from the highest to the lowest within the flowfield, since this is the

point in the crossflow plane that all the curved flowfield streamlines tend to converge towards. If the

incidence angle () is less than the cone half angle (c) the vortical singularity lies on the surface of

the body and leaves the surface once  > c.
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Figure 2.14: Illustration of the generation of the Vortical Singularity on a Cone at an Angle of Attack [5]

(a) Inclined Cone showing Vortical Singularity (b) Flowfield Streamlines shown on the Crossflow Plane

Figure 2.15: Location of the Vortical Singularity when  > c [5]

The point S in Figure 2.15(b) is the crossflow stagnation point and occurs when the condition in

Equation 2.5 is satisfied.

2 2 0V V   (2.5)

It should be noted that this is not a true, three-dimensional stagnation point since Vr, the radial

velocity, is still finite.
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2.5.2 Inclined Axisymmetric Bodies of Revolution

Conical nose profiles typically make up the forebody of missile-like projectiles. The cone is usually

attached to a cylindrical aftbody of constant diameter in most practical occurrences, resulting in an

axisymmetric body of revolution. The flow over the conical nose continues to move downstream and

passes over the cylindrical portion of the body. The circumferential surface pressure gradient in the

direction of increasing meridian angle ( = 0   = 180) is favourable on the windward side.

However, when the body is inclined intermediately, an adverse pressure gradient exists on the lee-

ward side of the body where it attains a local minimum. Just downstream of this pressure minimum,

the boundary layer separates from the surface of the body, resulting in the formation of vortices,

and if the crossflow velocity is supersonic, embedded shocks may also develop. This flow condition is

schematically presented in Figure 2.16, which shows a conical body of revolution in a supersonic

freestream, at incidence. The vortices evolve in the downstream direction (x), forming a separating

vortex sheet, which was first observed by Marconi [10].

Figure 2.16: Conical Body of Revolution at Incidence with Separated Leeward Side Flow [5]

In each cross flow plane, the vortex sheet has a distinct shape and intensity, as well as a unique

meridian angle () where the separation occurs. If these separation points are joined, the separation

line that exists in three-dimensions on the surface of body is formed, as annotated in Figure 2.16.

Thus, the leeward region may be characterised by flow separation, which is a predominantly viscous

effect originating from the boundary layer on the surface of the body.

2.6 Viscous Flow

Viscous flow occurs in flowfields where the effects of the incumbent viscosity of the fluid cannot be

ignored. The frictional force that exists between the body and the fluid retards their relative motion,

affecting the fluid and the surface of the body. The influence of friction creates a zero velocity con-

dition (V = 0) on the surface of the body, which is known as the no-slip condition, which dominates
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viscous flows. This creates the velocity profile shown at point 1 in Figure 2.17, where the flow has a

zero velocity at surface. The flow then increases in velocity away from the surface in an almost pol-

ynomial fashion, till it reaches the freestream velocity.

Figure 2.17: Illustration of the early Evolution of Separated Flow caused by and Adverse Pressure Gradient [11]

Now consider the fluid element as it propagates to points 2 and 3 under the assumption that an

adverse pressure gradient exists in the freestream direction i.e. p3 > p2 > p1. The fluid has to over-

come frictional forces as well as opposing pressure gradients as it moves downstream, therefore its

velocity at point 2 is less than V1. As it moves further downstream, the momentum of the fluid is

overcome by the adverse pressure gradient and reaches a velocity of zero. This pressure then causes

the fluid element to move upstream, which is known as reversed flow. As a consequence, the flow

separates from the surface creating a large region of recirculating flow downstream of the surface; or

away from the surface in the radial direction in the cross flow plane.

2.6.1 Boundary-Layers

The boundary-layer is a thin film of fluid adjacent to a surface, where the friction between the fluid

and the surface retards the flow. The shape of the velocity profile at point 1 in Figure 2.17 may be

used to analyse the multi-layered structure of the boundary-layer as interpreted by Delery and

Dussauge [12]. Their three-region model is illustrated in Figure 2.18, where each region has a unique

response to pressure gradients.

Figure 2.18: Illustration of the Multi-layered Structure within a Boundary Layer [12]

The upper deck may be modelled using an inviscid analysis such as Euler or potential flow algo-

rithms, since it is assumed to be irrotational and thus isentropic. The middle deck that lies closer to

the surface has viscosity, which contributes to the creation of entropy and thus vorticity. Therefore,
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this region is treated as rotational but still inviscid. The lower deck is in direct contact with the sur-

face. This layer is required to maintain consistency in the flow and facilitates the transition from the

surface to the middle deck. This region may not be treated as inviscid, since an inviscid flow cannot

reduce its velocity without a rise in static pressure. Many well established theories exist to estimate

the boundary layer properties for the flow over a flat plate, with simplest being the Blasius bounda-

ry-layer solution.

However, when cylindrical bodies are inclined relative to the freestream direction, the incidence

induced-crossflow develops a boundary-layer over the circular circumference of the slender body.

This boundary-layer is thin in comparison to the diameter of the cylinder and the skin friction in

the cylindrical boundary-layer is much higher than that of the flat-plate case due to its reduced

thickness [13]. As the boundary layer grows over the circular surface, the curvature renders the

Blasius solution inadequate to estimate the boundary layer properties. In addition, the flow must

adjust to the presence of the circular body, which creates an adverse pressure gradient along the

cylindrical surface impeding the boundary-layer flow. Therefore a series of numerical techniques are

required to characterise the cylindrical boundary layer [13].

2.6.2 Shock Wave/Boundary Layer Interactions

It has been shown that the boundary-layer is sensitive to gradients of pressure arising from the flow

over a surface. In this section consider the pressure rise on the surface due an impinging oblique

shock wave in the presence of a boundary-layer, as presented in Figure 2.19.

Figure 2.19: Schematic of a Shock Wave/Boundary-Layer Interaction [11]

This phenomenon is known as a shock wave/boundary-layer interaction (SWBLI) and frequently

occurs in practical applications. Local separation of the boundary layer is caused by the severe ad-

verse pressure gradient induced by the pressure rise across the shock wave. Since the flow in the

boundary-layer is subsonic, this large pressure can feed upstream; consequently separation takes

place ahead of the impingement point of the incident shock. The separated flow induces a separation

shock and turns around back toward the plate, reattaching to the surface at the reattachment shock
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wave, where the boundary-layer is significantly thinner. Between these double-reflected shocks, ex-

pansion waves form due to the shape of the boundary-layer caused by the separated region. The

separation and reattachment shock waves coalesce away from the surface, yielding the conventional

reflected shock wave structure. The severity of the interaction depends on whether the boundary-

layer is turbulent or laminar, the latter of which separates more readily. This two-dimensional

treatment of the shock wave/boundary-layer interaction highlights its anatomy and can be extended

to three-dimensional flowfields, such as those experienced by slender bodies of revolution.

2.7 Shock Wave/Slender Body Interactions

Wind tunnel studies conducted by Wilcox [14] investigated the separation characteristics of a cone-

cylinder store and a delta-roof store from the leeside of a flat plate, inclined by 15° relative to a

Mach 6 freestream (Figure 2.20). The stores were traversed away from the flat plate at constant

angles of attack and force and moment data was collected for discrete separation distances. At an

angle of attack of 15°, the cone-cylinder store exhibited favourable store separation characteristics

for the entire traverse range, while the delta-roof store had favourable conditions for distances

greater than 4 inches from the plate. At zero incidence, both stores showed unfavourable separation

characteristics, primarily due to the complex flow structure in the leeward region of the flat plate.

To understand the mechanisms causing these separation characteristics, flow visualisation tech-

niques were used to interpret the flowfield. Surface oil flow visualisation revealed that the boundary

layer separated at approximately 5 inches away from the leading edge of the plate, which resulted in

a large separated flow region aft of the separation point, where the formation of a separation shock

wave was identified using schlieren imaging. The flow angularity induced over the stores in this re-

gion resulted in a negative normal force and pitching moment, which would drive the store toward

the plate. Wilcox [14] verifies that understanding the flow physics of the interference flowfield forms

the basis for interpretation of force and moment data, and the characterisation of store separation.

Figure 2.20: Schematic of the Experimental setup used by Wilcox – All linear Dimensions are in Inches [14]
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Moving away from the store separation genre, to an investigation into the flowfield produced by

a two-dimensional oblique shock wave generated by a wedge, with a vertex angle of 16, impinging

onto a cylinder at zero incidence was investigated by Brosh et al. [15]. Their experiment was carried

out at a freestream Mach number of M = 3 and a Reynolds number of ReL = 1.82106 per unit

length. Data on the interaction was collected by surface pressure measurements, surface oil flow vis-

ualisation and static pressure surveys of the flowfield with the objective to validate computational

predictions, and study the complex wave structure associated with the interaction. Brosh et al.

characterised the flowfield into four domains as illustrated in Figure 2.21, which shows the arrange-

ment used in their experiment. The windward region is governed by shear stresses and pressure gra-

dients induced by the impinging shock wave. These pressure gradients were noted to be strong in

the axial direction, as well as the crossflow direction. The local pressure rise at the impingement

point caused shock-induced separation, resulting in a separation bubble on the nearside surface. Two

separation lines were observed on the surface of the cylinder, with the most upstream separation line

terminating on the leeward side of the cylinder, while the second separation line became the primary

leeside separation line.

Figure 2.21: Schematic of the Experimental setup used by Brosh et al. [15]

The generally separated flow in the leeward region was observed to be governed by crossflows,

which caused thickening of the farside boundary layer. Significant upstream influences of the dif-

fracted shock occurred as a result of the wake-type flow on the leeside and the thickened boundary-

layer. Morkovin et al. [16] made similar observations with regard to large upstream influences in a

related study at M = 1.9. The flow ahead of the incident shock, where the flow remains parallel to

the cylinder and propagates at Mach 3 was regarded as the upstream region. After the flow is

straightened through the expansion fan further downstream, crossflows still developed due to the

different leeside and windward side boundary-layer thicknesses, downstream of the shock-body in-

teraction. However, the straightening of the flow weakened the separation line on the leeward side
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and subsequently it could not be seen on the surface any longer in the downstream region of the

cylinder. Hung [17] studied a similar configuration of a two-dimensional shock wave impinging on a

cylinder at zero incidence using computational techniques. The investigation was carried out at a

freestream Mach number of M = 4 and a Reynolds number of ReD = 0.32106. Hung predicted

several regions of complex flow on either side of the cylinder (similar to those observed by Brosh et

al. [15]) and observed that “lambda” shock structures occurred as the incident shock diffracted

around the cylinder. The use of computational techniques allowed Hung to extract axial pressure

distributions for various azimuthal angles, as well as compare the interaction for laminar and turbu-

lent flows. He found that minimal discrepancies existed between the laminar and turbulent cases on

the nearside of the cylinder, but on the leeward side, there was a significantly larger upstream influ-

ence, local pressure rise and a more severe crossflow in the laminar prediction.

More recently, research efforts in the area of mutual interference have been directed toward dual

slender body configurations, due to its relevance in a vast number of practical aerodynamic applica-

tions. Volkov and Derunov [18] conducted Euler simulations to predict the effect of lateral separa-

tion (z/D) between two, axially aligned cone-cylinder bodies at a Mach number of M = 4.03. The

use of CFD enabled them to analyse the details of the nearfield flow structure and the resultant

aerodynamic effects on the receiver body. A complex interference flowfield between the bodies was

observed, consisting of multiple reflected and diffracted shock waves, induced by the close proximity

of the bodies (z/D  2). The interference normal force was reported to push the bodies apart for

the entire separation range under consideration (1.2  z/D  2), while the interference pitching

moment changed polarity as z/D increased. The maximum interference loads observed in this

study were CZ = -0.12 and CM = 0.04, which occurred at z/D = 1.2 i.e. the minimum distance

between the models, where the impinging shock wave strengths are the highest. The ability to model

a large computational domain allowed these researchers to interpret the interacting bow-shock

structures as they propagate downstream, but the observations of the study were limited to pressure

driven phenomena by disregarding viscous effects in the computations.

In a comparable study, Mowatt and Skews [19] investigated the interaction between a three-

dimensional conical shock wave with a three-dimensional cylindrical boundary layer in freestream at

a Mach number of M = 3. The strength of the impinging shock wave was varied by altering the

leading profiles of the slender bodies. The experimental configuration (shown in Figure 2.22) con-

sisted of two identical bodies for the generator and the receiver at a fixed lateral separation, without

an axial stagger and at zero receiver incidence. These experiments were also simulated by solving

the full set of Navier-Stokes equations and compared to Euler predictions in order to highlight the

differences that exist in the flowfield in the presence of viscous forces. The hemispherical and conical

forebody profiles generated incident shock waves that had adequate strength to cause separation of
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the boundary-layer on the windward side of the cylinder, but no separating characteristics were ob-

served on the body’s leeside. Boundary-layer thickening on the leeside of the cylinder was observed

for all cases, which caused the reformation of the incident shock wave at a finite distance away from

the body; this was not observed in the Euler computations. A complex reflection pattern, including

a double-reflected shock wave structure was identified for the separated flow cases. This was verified

by the surface oil flow visualisation technique used in the experiment and in a high resolution CFD

simulation, where two distinct separation lines were seen to move leeward on the surface of the cyl-

inder. The initial regular reflection of the incident shock wave was also seen to transition to Mach

reflection downstream of the interaction.

Figure 2.22: Schematic of the Experimental setup used by Mowatt and Skews [19]

The surface pressure and crossflow induced by the shock-body interaction results in overall body

forces, affecting the aerodynamic characteristics of the slender body. Considerations of the forces

and moments experienced by a body in the presence of a disturbance flowfield was described by

Gapcynski [20] in 1955, where a parabolic body of revolution was studied at zero incidence, in a

freestream at M = 1.41 and M = 2.01. The lateral separation between the body and the wall was

the primary focus of these experiments. It was observed that when the body is close to the wall, the

induced normal force due to the disturbance field attracted the body closer to the wall, but the

pitching moment about the centre of gravity tended to pitch the body away from the wall. The po-

larity of these disturbance loads was observed to change as the separation distance was increased.

Gapcynski [21] extended his study of the same parabolic body of revolution by placing the body in

close proximity to a two-dimensional wing, but axially traversed the body at fixed lateral separation

from the wing. He observed that when the impinging shock wave was close to the trailing edge of

the body, it experienced a normal load that repelled it away from the wing, but a positive pitching

moment that pitched the body towards the wing. As the body traversed upstream, the normal load

and pitching moment changed polarity, which was in line with his previous findings where the vari-

ation of lateral separation at a fixed axial position achieved the same geometric effect.
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Chaplin et al. [22] conducted an extensive study into a dual slender body interference flowfield,

where the receiver was inclined relative to the generator and translated axially as well as laterally,

with a zero angle of sideslip. The primary focus of this investigation was to quantify interference

loads experimentally and computationally. The experiment was conducted through a parametric

wind tunnel study with freestream conditions set to M = 2.43 and ReD = 1.4  106, where the

sharp ogival receiver incidence was varied from -15 to +15. The variation of impinging shock

strength was also studied by varying the nose profile of the generator, as shown in the measured

shadowgraph images obtained during the experiment. In both instances the generator is at zero in-

cidence (G = 0) and the receiver is pitched to +8 (R = 8).

(a) Inclined Receiver and Sharp Generator (b) Inclined Receiver and Blunt Generator

Figure 2.23: Measured Shadowgraph Images obtained by Chaplin et al. [22]

Chaplin [23] noted that a highly complex flowfield was induced by the bodies and is specific to

the geometric arrangement of the bodies, which makes it difficult to extract overall trends. Expan-

sion waves emanating from the generator had a negligible effect on the farside of the receiver, since

they do not diffract around the body to the same extent as the compression waves. It was observed

that disturbance loads were most sensitive to the initial location of the primary interference, and its

strength. The effect of the lateral separation between the bodies was found to be dependent on the

axial stagger of the bodies, and the impinging shock wave strength decayed with increased lateral

separation, resulting in reduced interference loads.

Overall, Chaplin observed that when the impinging shock was close to the nose of the body an

attractive normal load and repulsive pitching moment was induced. This changed polarity as the

impingement location was varied along the length of the receiver in the downstream direction. These

effects of interference loads were correlated to some of the physical flow features that exist in the

interference flowfield, such as shock and expansions waves, conical shock reflections and shock wave

diffraction through modern CFD techniques. Such flow mechanisms altered the surface pressure dis-
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tribution over the body, which lead to consequential loading of the receiving body. Strong viscous

interactions were also observed such as the boundary-layer flow, where it appeared to be significant-

ly disrupted by the impinging shock wave and in some instances flow separation was observed, re-

sulting in a double-reflected wave structure; as noted by Brosh et al. [15]. One of the other notable

viscous features due to the receiver incidence was the development of the leeside vortex, which tend-

ed to induce a suction pressure on the body as it propagated downstream. Computed predictions

showed good agreement with experimental data, lying within the experimental uncertainty of the

measured loads, and provided insight into some of the flow mechanisms associated with three-

dimensional wave/body interactions.

2.8 Summary and Conclusions

The basic theory of shock waves and the relevant literature with regard to planar and curved shock

wave/slender body interactions has been reviewed. The few salient publications may be categorised

under three specific research areas. The first is the interaction between a slender body and a two-

dimensional (2D) object, such as a flat plate or wedge, generating the disturbance in the flowfield.

The 2D nature of the disturbance generator allows for a simplified configuration, and a planar shock

wave impinging on the body of interest. These studies were primarily experimental, reporting the

force and moment characteristics induced on the receiver body due to the impinging disturbances

[14-16,20-21]. There has been limited computational work in this area, with the primary focus being

the shock wave/body interaction and the receiver’s near-surface flow topology [17].

The second research area comprises of studies conducted on mutual slender body configurations,

with both bodies at zero incidence relative to a supersonic freestream, where wind tunnel experi-

ments and computational methods were used to characterise some aspects of the disturbance flow-

field [18], in particular the shock wave/boundary layer interaction (SWBLI) [19]. Lastly, dual slen-

der body configurations with the receiver at in-plane angles of incidence were studied both computa-

tionally and experimentally with the aim to quantify the change in aerodynamic forces and mo-

ments induced onto the disturbance receiving body [22-23].

In all of these studies, information about the flow phenomena manifesting in the interference do-

main were also briefly considered, but were limited to those affecting the force and moment charac-

teristics of the receiver body or those that precipitate in the receiver’s nearfield flow region. The

shock wave dynamics and shock wave geometry propagating through the flowfield, as well as the

viscous shock interactions have received very little attention. As a result, several fundamental gaps

in the current body of knowledge associated with aerodynamic interference have been identified.
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2.9 Research Gap and Contributions

The research gaps that will be investigated in this work and the contributions of this study are as

follows:

1. The SWBLI produced by disturbance shock impingement on the receiver body’s surface will

be investigated in detail for the bodies at zero angle of attack, in order to negate effects asso-

ciated with incidence. Although this has received some attention in previous studies, research-

ers have reported that the diffracting portion of the disturbance wave has a “lambda shock

structure” [17] or referred to this wave system as a “modified Mach reflection” [19]. This re-

search will characterise the mechanism of the three-dimensional shock wave diffraction process

fully, and demonstrate the spanwise form of the double-reflected and double diffracted shock

wave systems. These baseline studies aim to provide a datum to interpret disturbance-induced

alterations to the flowfield for the cases when the receiver is at incidence.

2. Measurements of the near-surface flow topology developed over the receiver body will be con-

ducted experimentally for a large selection of the configurations assessed in this work. This is

not only done to provide qualitative and quantitative validation for computational predic-

tions, but also to gain deeper insight into the crossflow separation regions, and their subse-

quent modification due to disturbance shock impingement. Since these regions demarcate the

origin and termination of the vortical structures disposed in the receivers’ leeward region,

tracking their evolution and position along the body will also provide insight into the separat-

ed leeward flow structure. Moreover, axial and circumferential surface pressure predictions

will be compared to those produced by an equivalent isolated body for all configurations,

which allows the intensity and extent of impinging disturbances to be quantified.

3. The vortex structure disposed by each receiver in the interference flowfield will be directly

compared to that produced by equivalent undisturbed bodies using numerical simulations,

which will be done in consistence with the impulsive flow analogy. This will be investigated

for direct shock/vortex interactions and indirect or diffracted shock/vortex interactions, where

the specific mechanics driving disparities between the isolated and disturbed cases will be in-

vestigated in detail. These differences will be correlated back to the surface pressure and topo-

logical surface flow data, as well as experimental observations. The effect of the material de-

parting the shock-induced separation region on the receiver’s vortices will also be analysed.

The vortex dynamics of the interaction will be assessed for all pertinent configurations (i.e.

where incidence-induced crossflow develops), for strong, intermediate and weak shock

wave/vortex interactions.
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4. The three-dimensional shock wave dynamics produced by the interaction will be analysed in

detail by tracking the wave system development through the flowfield using high-fidelity nu-

merical simulations. This includes the shock wave diffraction process in the presence of the re-

ceivers’ incidence-induced body-vortices, as well as the effect of the inhomogeneous velocity

field produced by the vortices acting on the approaching disturbance wave. The mechanics

governing the wave system in the vicinity of the receiver, as well as the wave structure devel-

oped in the farfield flow region will be investigated for all relevant forebody configurations,

and various incidence settings of the receiver.

5. The above mentioned aspects with regard to the disturbance-induced effects on the receiver

bodies’ surface, the vortex dynamics generated by the shock/vortex interaction, and the re-

sultant shock geometry will not only be assessed at angles of attack (in-plane incidence) of the

receiver, but at angles of sideslip of the receiver as well, where complete three-dimensional

flow asymmetry exists. This makes the out of plane interaction far more complex than ana-

lysed by previous studies. Moreover, the current investigation will use the same leading pro-

files for the generator and receiver in order to decouple any effects that may arise from the

difference and will study mutually sharp (ogival), intermediate (conical) and blunt (hemi-

spherical) forebody shapes, in addition to incidence of the receiver. The variation of forebody

geometries will allow the disturbance field strength to be varied.

6. The combination of experimentation and numerical methods will enable a deeper understand-

ing into the flow physics of the problem, and the use of experimentally validated, high-fidelity

computational techniques will allow the study to be extended beyond the limiting bounds of

experimental facilities. This work aims to uncover the underlying flow mechanisms and gas

dynamics that emerge with slender bodies in interference flowfields, which may have been

overlooked or poorly understood previously. At the time of writing, very little or no considera-

tion of these aspects have been documented in open literature.
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Chapter 3

Experimental Method

3.1 Introduction

The three-dimensional, curved shock wave interactions generated by the slender bodies studied in

this investigation are difficult to visualise, both qualitatively and quantitatively. However, tech-

niques such as contact and oblique shadowgraph photography, and oil film surface flow visualisation

are effective in highlighting the mechanisms driving the three-dimensional flowfield. The shadow-

graph technique requires significant post-processing in order to generate a three-dimensional

NURBS surface from the two-dimensional images captured of the flowfield. Consequently, the sur-

face flow visualisation technique was adopted as the primary experimental method for data capture;

while schlieren imaging normal to the freestream direction was used to identify wave forms driving

the flow over the slender bodies. The facilities, experimental layout and test rig designed for this

investigation are summarised in subsequent sections of this chapter.

3.2 Experimental Facilities

3.2.1 Supersonic Wind Tunnel Facility

All experimental work in this study was conducted in the blowdown supersonic wind tunnel facility

located in the North-West engineering laboratory at the University of the Witwatersrand, Johan-

nesburg, as shown in Figure 3.1. The wind tunnel was designed and manufactured by Aerolab and

has a 101.6 mm  101.6 mm test section and free stream speed range of 1.5  M  3.5. A 19 kW

reciprocating compressor pressurises the storage vessel, which has an approximate volume of 9.0 m3,

to a pressure of 15 bar before each blowdown of the wind tunnel. This provides 15 seconds of

steady supersonic freestream flow in the test section, but the total run-time can be controlled ac-

cording to the experiment. An air-dyer located between the compressor and storage vessel ensures

that dry air is delivered to the test section.

A pneumatically controlled pressure valve controls the stagnation pressure in the settling cham-

ber, effectively keeping the Reynolds number constant for the duration of a test. The settling cham-

ber is equipped with a flow distribution cone and three stainless steel screens that pre-condition the

flow to reduce turbulence in the test section. The stagnation and test section static pressure is

measured using pressure transducers located in the settling chamber and test section, respectively.

These transducers are interfaced to a data acquisition card, and an oscilloscope provides live feed-

back to the tunnel operator when the wind tunnel is on condition. Once the air passes through the
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test section, it moves through the fixed, second throat of the wind tunnel and then proceeds to vent

to atmosphere through the diffuser section of the wind tunnel.

Figure 3.1: Schematic Layout of the Supersonic Wind Tunnel at the University of the Witwatersrand, Johannesburg

The test section Mach number is varied through the sliding block arrangement of the supersonic

nozzle (the first throat) shown schematically in Figure 3.2. The upper block remains in a fixed loca-

tion, while the lower block can be positioned using the adjustment hand wheel. This hand wheel is

regulated to create the appropriate area ratio between the test section and the first throat, in order

to drive a supersonic flow in the test section.

Figure 3.2: Schematic showing the Nozzle Shape Control Mechanism of the Supersonic Wind Tunnel

The veeder counter indicates the relative position of the sliding block and is calibrated to give a

specified test section Mach number, as graphically presented in Figure 3.3(a). The nozzle was cali-

brated by placing a perturbation in the test section, and then measuring the angle of the incident

shock wave formed at the perturbation using optical techniques. The freestream Mach number was

verified using the relationship given in Equation 3.1, assuming ideal, isentropic flow between the

settling chamber and test section, with  = 1.41 for air. The uncertainty in the test section Mach

number is estimated to be 0.07 at M = 3.0 (used for all experiments), which was calculated using
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calibration data for the static (p) and stagnation (P0) pressure transducers. Details of the calibration

data and uncertainty analysis are exhibited in Appendix A. A second pre-requisite to achieve a su-

personic freestream through the test section is that the stagnation pressure must be above a certain

minimum, for a specified Mach number.
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(3.1)

The minimum stagnation pressure to drive supersonic flow in the test section for the wind

tunnel’s Mach number range is shown in Figure 3.3 (b). If the stagnation pressure lies anywhere

above the solid line for a given Mach number, then the Reynolds number for that specific freestream

Mach number is varied. However, if the stagnation pressure is below the line, then the tunnel fails

to meet the start-up condition and subsonic flow will precipitate in the test section.

(a) Supersonic Nozzle Calibration Curve (b) Minimum Stagnation Pressure for Supersonic Flow

Figure 3.3: Wind Tunnel Performance Curves.

The second throat, which is located downstream of the test section, has an area that is approxi-

mately 8.5% less than the test section area, and effectively brings the flow back to subsonic condi-

tions from the supersonic speeds in the test section. Due to the fixed nature of this area contraction,

the second throat’s area ratio design condition was established at M = 1.5, where the flow goes sub-

sonic through a weak shock wave just downstream of the contraction. At the higher Mach number

range, the flow goes subsonic further aft of the area contraction through a stronger shock wave. The

specification details of the wind tunnel and auxiliary components, as well as the basic operational

procedure of the tunnel are exhibited in Appendix A.

3.2.2 Experimental Test Rig

To proceed with the current study, a new test rig was integrated into the supersonic wind tunnel

facility, with the ability to vary the attitude of the receiver body relative to the fixed, generator

body. One of the limiting conditions of the design and test envelope was the relatively small test
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section area of the wind tunnel; which needs to accommodate two slender bodies, with one at rela-

tively high angles of incidence, and the necessary supporting components for the models. This di-

mensional constraint directly affects the following aspects of the model design:

 The nominal model calibre i.e. the diameter (D), of the slender bodies must be specified such

that the blockage in the test section is permissible;

 The aspect ratio (L/D) of the models should be defined such that when the receiver body is

inclined, both models can be viewed through the test section window;

 The relative position of the models in the test section should be clear of reflected waves orig-

inating from the test section walls.

Using area-ratio calculations (see Appendix B) a model calibre that is approximately 11.8% the

width of the test section (or D = 12 mm), and an aspect ratio of L/D = 8.0 was determined to be

suitable. Three models were tested; a model with a conical forebody having a semi-vertex angle of

20°, a hemispherical model with a nose radius equal to that of the cylindrical afterbody, and a slen-

der body with a tangent ogive nose profile, having a fineness ratio of 5, as shown in Figure 3.4.

Figure 3.4: Schematic Showing the Various Model Forebodies considered in this study

The models are shown assembled to the supporting structure in Figure 3.5(a) – for the conical

models and the negative pitch assembly, Figure 3.5(b) – for the positive pitch assembly and the

hemispherical models, and Figure 3.5(c) – for the tangent-ogives assembled to the rig that permits

yaw of the receiver body. It should be noted that separate supporting components for the positive

and negative pitch of the receiver were required, due to the dimensional constraints highlighted pre-

viously. The generator is held in position with a fixed sting, while the receiver’s incidence angle rela-

tive to the freestream can be varied by altering the arrangement of the alignment holes used to fix

the sting onto the support blade. The receiver’s Cartesian position relative to the generator was also

limited by dimensional constraints, but the distance between their centres of gravity (CG) in each

plane were kept less than 4 calibres apart i.e. their separation was less than half a body length. This

was specified to ensure that disturbance shock impingement on the receiver body’s surface had ade-

quate strength, and that the generator shock wave did in fact strike the receiver.
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(a) Negative Pitch Assembly (b) Positive Pitch Assembly (c) Yaw Assembly

Figure 3.5: Schematic of Assembled Support Structures used in Experiments (a) R = -15° (b) R = +15° (c) R = 15°

The interference trajectory (defined as the distance of receiver body’s centre of gravity relative to

the generator’s CG position) is shown in Figure 3.6(a) for the in-plane pitch configurations at a zero

spanwise offset (YCG = 0). Figure 3.6(b) shows the interference trajectory for the receiver at an

angle of sideslip relative to the generator at a fixed lateral separation of ZCG = 2.92D, where XCG

is the axial stagger between the CG’s of the bodies, with co-ordinate schematics in Figure 3.7.

(a) Receiver’s Pitch Interference Trajectory YCG = 0 (b) Receiver’s Yaw Interference Trajectory ZCG = 2.92D

Figure 3.6: Interference Trajectory of the Receiver Body

(a) Coordinate Definitions for Pitch Trajectory (b) Coordinate Definitions for Yaw Trajectory

Figure 3.7: 3rd Angle Orthographic Projection of the Blunt-nose Receive at (a) AoA = +15° and (b) AoS = 15°
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The change between supporting components for the in-plane incidence configurations results in a

discontinuous pitch interference trajectory, while the receiver’s angle of sideslip interference trajec-

tory remains continuous. However, Chaplin et al. [22] noted that the interference aerodynamics be-

tween the bodies is configuration specific, and the initial loading dominates the receiver’s subsequent

dynamic trajectory. Thus the details of the receiver’s static test trajectories are less relevant than

knowing the relative position of the receiver to the generator i.e. their initial interference configura-

tion. To obtain an understanding of the flow physics associated with each configuration, experi-

mental flow visualisation techniques were used, as discussed in subsequent sections of this chapter.

3.3 Surface Oil Flow Visualisation (SOFV)

Surface oil flow visualisation (SOFV) is an experimental visualisation technique that has been prac-

ticed in wind tunnel facilities since their inception and is still useful today due to its relative sim-

plicity, ease of application and low-cost. A typical oil flow mixture consists of a carrier fluid, a pig-

ment and an anticoagulant, which is lightly painted onto the surface of the test specimen. When the

painted model is exposed to air flow, the carrier fluid flows over the model and deposits the pigment

in various quantities on the body’s surface, exposing patterns of skin-friction [24] over the model i.e.

the model’s near-surface flow topology. There are various mixtures and techniques which have been

well documented by Maltby and Keating [25], but they have also conceded that the method has a

very personal nature and is linked to the expertise of the researcher. Lu [26] has also stated that

trial-and-error is required in finding a suitable mixture for a particular wind tunnel or a particular

application. For these reasons, the various techniques that were tested during experimentation in

this study are described.

3.3.1 Techniques

Typical monochrome pigments include lamp-black and titanium-dioxide, but Settles [27-28] suggests

that other pigments such as chalk, paint and food dyes may also be used. However, there is a range

of particle sizes where this visualisation technique is most effective. Excessively fine particle sizes do

not streak well and leave a smear on the surface while large particles become intrusive to the

boundary layer flow. Several mixtures, which include heavy oil and volatile carrier fluids, mixed

with pigments such as chalk, titanium dioxide and powdered paints were tested. These mixtures are

summarised in Table 3.1, where the volumetric carrier fluid to pigment ratio is also given.

Table 3.1: Summary of Oil Flow Mixtures tested during Experimentation

Mixture Carrier Fluid Pigment Volume Ratio Anticoagulant

1 Transformer Oil Titanium-Dioxide 5:4 Oleic Acid

2 Kerosene Ground Chalk 2:1 Oleic Acid

3 Kerosene Titanium-Dioxide 2:1 Oleic Acid

4 Kerosene Paint Powder 2:1 Oleic Acid



33

The mixture using a transformer oil carrier fluid showed a well-developed surface pattern when

the tunnel was on condition, as shown in Figure 3.8(a), but continued to flow over the models for

the entire duration of the blowdown. The surface flow pattern was seen to collapse during shutdown

(Figure 3.8(b)), which implies that images had to be taken while the tunnel was running. This posed

two problems: At start-up, the wet mixture splattered onto the transparent windows of the wind

tunnel, which degraded the image quality; and secondly, the flow patterns could only be viewed

from a single angle – normal to the freestream direction, as illustrated in Figure 3.8(b).

(a) Surface pattern at Freestream Conditions (b) Flow pattern due to Tunnel Shutdown

Figure 3.8: Surface developed using a Heavy Oil Carrier Fluid

Moreover, a thick oil-ridge formed at the shock impingement location, which is immediately iden-

tifiable on both bodies in Figure 3.8(a). This caused an accumulation of pigment upstream of the

oil-ridge, which can be seen distinctly on the generator body. There is no collection of fluid seen on

the receiver body, since the incidence induced crossflow moves the oil-pigment mixture leeward.

These findings confirm that heavy oil mixtures are intrusive to the near-surface flow for the scale of

models being tested. Subsequently, the carrier fluid was substituted for kerosene, which is volatile

and lighter than the transformer oil. A volatile carrier fluid evaporates during a tunnel blowdown,

leaving a dried coat of fine pigment on the body’s surface, which can be imaged after the tunnel has

shutdown. In addition, no oil ridge is formed along the separation lines, where the skin friction is

fairly low, implying that the evaporating carrier is nonintrusive.

However, application of the kerosene-pigment mixture was iterative, as too little mixture resulted

in premature drying and too much required longer run times for a dried pattern.  The mixture using

chalk as the pigment (mixture 2) did not streak well due to the inconsistent and fairly large particle

sizes that were present in the mixture, since the chalk was ground using a mortar and pestle. The

kerosene mixture with the titanium-dioxide pigment (mixture 3) streaked well and was not seriously

influenced by start-up or shutdown transients. However, the mixture gave inadequate contrast to

provide detailed insight into the near-surface flow over the bodies, even with the models painted in

an opposing colour, which lead to the current development.
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3.3.2 Current Development

The development of the present technique was aimed to better resolve the surface pattern arising on

the receiver body, due to disturbance shock impingement on the body’s surface. Firstly, in order to

track the streaks back towards their separation and reattachment regions, more contrast in the sur-

face pattern was required. This was achieved by using coloured paints as the pigment in the oil flow

mixture. Secondly, crisper separation lines were desired in order to identify supercritical (i.e. with

shock-induced separation) shock/boundary layer interactions (among other phenomena). Therefore,

the powdered paints were chosen such that their particles were finer than those of the titanium-

dioxide pigment.

Red, blue and yellow paint powders were separately mixed with kerosene. Each mixture was then

painted over the models in a streaking fashion from nose-apex to base using soft sponges, such that

each colour covered a separate segment of the models’ circumference. Although some churning of the

mixture occurred during start-up, the start-up transients did not influence the mixture significantly

and the remaining material was driven over the body as a thin layer. The carrier fluid completely

evaporated in runtimes of 10-15 s, leaving a coat of fine pigment on the body’s surface, as presented

in Figure 3.11(a). Figure 3.11(b) illustrates the surface pattern revealed by the titanium-dioxide

pigment, and the advantages of using coloured pigments are quite apparent.

(a) Surface pattern revealed by coloured paints (b) Surface pattern revealed by titanium-dioxide

Figure 3.9: Surface developed using a Volatile Carrier fluid with various Pigments

Firstly, the high contrast of the multiple colours aids the eye in identifying subtle changes in the

near-surface pattern, such as the convergence of the fine streaks towards the separation lines and

changes in flow angularity over the body. Secondly, these separation lines are shown much more

distinctly by the finer pigment, and two separation lines can be seen leaving the disturbance shock

impingement location, which is difficult to identify in the equivalent monochrome surface flow pat-

tern. Moreover, there is no evidence of the mixture being intrusive to the near-surface flow.

Once images of the dried pattern were captured for qualitative evaluation of the near-surface

flow topology, a semi-quantitative data extraction technique was employed. The term semi-
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quantitative is used since no pressure or temperature data was extracted with the method, as col-

lected with more elaborate flow diagnostic techniques such as pressure and temperature sensitive

paints. In contrast, the current data extraction technique merely quantifies the shock-impingement

location (x’) as a function of axial position along the receiver body. This was done by scribing the

sting with meridional datum marks and scribing a datum line at the base of the model, prior to test-

ing. After a blowdown and qualitative assessment of the surface pattern, transparent matte-acetate

tape (ScotchTM) was applied to the model’s surface, gently peeled off, and pressed onto white card-

board, preserving the surface pattern.

The surface indents created by the scribed marks appeared as blank lines on the cardboard, de-

void of the oil-flow mixture, since the model’s surface lies above the bottom of the groove. The pat-

tern was then digitised and straightened in accordance with the datum markings, after which the

shock impingement location was measured from the rear of the model along the various meridional

datum lines, as displayed in Figure 3.10. Moreover, no adverse effects of the markings on the sting

and model were observed in the surface flow data. Unfortunately, only about 60% of the pattern

could be preserved due to the limited width of the tape. Other laminates were tested, but used dif-

ferent adhesives that were incompatible with the powered paints, ruining the surface pattern. Alt-

hough the technique may appear crude, it does provide a quantitative validation for computed pre-

dictions of the surface flow topology developed over the receiver body, as discussed in chapter 4.

Figure 3.10: Pattern lifted off the surface of the receiver body using the matte-acetate tape

Despite the fact that the current technique and oil mixture worked well for many of the in-

plane incidence cases, the angle of sideslip configurations posed further difficulty since the disturb-

ance shock wave strikes the receiver’s primary separation line almost directly. Moreover, no temper-

ing (caused by the leeside flowfield) or attenuation (due to diffraction) of the shock occurs prior to

striking the body, and on contact with the body it caused the accumulated fluid along the primary

separation line to splatter over the body before the carrier fluid could evaporate completely. This

ruined the resultant surface pattern after shut-down of the wind tunnel for majority of these out of

plane incidence configurations.
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3.4 Schlieren Photography

To complement the data captured through the surface flow imaging, and correlate occurrences in

the freestream with features identified in surface flow patterns on the bodies, schlieren images nor-

mal to the freestream direction were taken. A z-type schlieren system [29] was used for these exper-

iments and configured vertically using a gantry, due to the space limitations on either side of the

wind tunnel facility. A schematic showing the placement of the necessary optical components for the

schlieren system is presented in Figure 3.11.

Figure 3.11: Schematic showing the Optics layout for Schlieren Flow Visualisation (Camera not included)

A continuous light source consisting of a 650 W Halogen bulb was used for illumination, and was

axially aligned to a condensing lens (30 mm diameter, f/2). The condensing lens focused the light

beam onto the source slit, which was used to control the amount of light passing through the test

section. The first parabolic mirror (6” diameter, f/8) was placed at its focal length away from the

source slit and illuminated the angled planar mirror on the source side. Light from the planar mirror

passes through the test section, located centrally between the vertical struts of the gantry, and is

reflected onto the second parabolic mirror via the second, angled planar mirror.

The second parabolic mirror focuses the light beam to a point onto the schlieren cut-off. Howev-

er, the cut-off plane is aligned along the horizontal plane and requires a 45° planar mirror to bend

the beam toward it. The beam then continues through a lens (60 mm diameter, f/2) which focuses

the image onto the sensor of the camera. In order for some of the three-dimensional features of the

flowfield (such as the receiver leeside body vortex) to be seen through the schlieren setup, several

colour masks were tested, as shown in the sample images in Figure 3.12.
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(a) ROB Colour Mask (b) RGB Colour Mask (c) GMG Colour Mask

Figure 3.12: Sample Images obtained using various Colour Masks (R = -5°)

Although the experimental images depict the shock wave structures with relatively fine defini-

tion, the colour masks lacked the desired sensitivity, and not much detail of the three-dimensional

flowfield could be seen. Consequently, a standard knife-edge was used at the cut-off plane, which

allowed the sensitivity of the schlieren setup to be varied. It should also be noted that due to the

size of the planar mirrors illuminating the test section, only about 70 – 85% of the models were visi-

ble depending on their incidence setting; but this was adequate to highlight the mutual impinge-

ment of the incident shocks emanating from the generator and receiver bodies.

3.5 Chapter Summary and Conclusions

All experiments were conducted in the supersonic blowdown facility located at the University of the

Witwatersrand, Johannesburg at a freestream speed of M = 3.0. The test section Mach number

was set using an adjustment hand wheel calibrated with a veeder counter, and then derived from

the static and total pressure measurements in the test section. Primary experimental data was cap-

tured using a colour surface oil flow visualisation technique developed specifically for the current

investigation, while complementary data was acquired through schlieren imaging of the flowfield. A

test rig that could hold two adjacent models, and alter the incidence setting of the body of interest,

was developed for these experiments. A summary of the experiments conducted in these studies is

tabulated in Table 3.2, where the relevant flow parameters and incidence settings are given.

Table 3.2: Summary of Experimental Analysis

Forebody Profile P0 T0 M ReD AoA/R (°) AoS/R (°)

Hemispherical 410 kPa 298 K 3.0 0.17  106 -15,-10,-5,0,5,10,15 0,5,10,15

Conical 410 kPa 298 K 3.0 0.17  106 -15,-10,-5,0,5,10,15 0,5,10,15

Tangent Ogive 410 kPa 298 K 3.0 0.17  106 -15,-10,-5,0,5,10,15 0,5,10,15
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Chapter 4

Computational Method

4.1 Introduction

In order to extend the study beyond the limiting bounds of experimental facilities, and glean a bet-

ter understanding into the flow physics of the problem, a comprehensive numerical analysis was per-

formed for all receiver body attitudes relative to the disturbance generating body under investiga-

tion. This chapter documents the computational method used for all numerical work conducted in

this research. The three-dimensional simulations were computed using a commercially available

Computational Fluid Dynamics (CFD) package, where an Adaptive Mesh Refinement (AMR) tech-

nique was customised into the package for better resolution of key phenomena in the disturbance

flowfield. Development of the AMR algorithm is presented in detail in Appendix C, but its imple-

mentation and the resulting adapted grids are discussed in the body of this chapter. In addition,

other pertinent aspects with regard to the computational model are outlined in subsequent sections

of this chapter, which includes a brief description of the solver, the boundary conditions used, as

well as grid sensitivity studies.

4.2 Solver Description

4.2.1 Solver Type

All computational predictions were conducted in the commercial flow solver STAR-CCM+ V 8.04,

where a density-based, coupled-flow solver was employed, with an ideal gas formulation for the

equation of state of the fluid. Time-averaged numerical solutions of the Reynolds-averaged Navier-

Stokes (RANS) governing equations were computed using a second-order upwind discretisation

scheme. Pseudo-time integration was formulated implicitly, and the spatial numerical method em-

ployed to solve the RANS equations was the Roe’s Flux-Difference Splitting (FDS) scheme, together

with the Venkatakrishnan gradient-limiter method [30]. Moreover, STAR-CCM+ has been used in a

wide variety of commercial aerodynamic and aerospace applications, and Mowatt & Skews [19] have

demonstrated that this numerical flow code managed to accurately predict the complex, three-

dimensional shock wave/boundary-layer interactions and surrounding flow structure with good

agreement to experimental data. Therefore, STAR-CCM+ was deemed appropriate for the compu-

tational work in this study, since strong viscous-shock interactions are expected for majority of the

interference configurations under investigation.
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4.2.2 Turbulence Modelling

All scales of turbulence must be modelled since the RANS numerical approach attempts to solve the

governing equations over a time-scale that is large in comparison to the time-scale of the turbulent

eddies, but small in relation to the aerodynamic time-scale [31]. The Reynolds stress terms in the

RANS equations are estimated using semi-empirical formulations known as turbulence models,

where the Reynolds stresses are approximated using eddy viscosity models or shear stress transport

(SST) models [32]. Eddy viscosity models assume that the Reynolds stresses are directly proportion-

al to the flow’s local strain-rate, leaving just the turbulent eddy viscosity Reynolds stress term un-

known, which is determined algebraically. Models formulated using a shear stress transport ap-

proach determine all six components of the Reynolds stresses, without making any general assump-

tions about the form of the model [33]. Typically, one or two equation turbulence models are used in

most practical applications, and aim to simulate the real physics of turbulent flows.

One-equation models consist of a single partial differential equation to compute the velocity

scales but algebraically formulate the turbulent length scales, while two-equation models solve the

velocity and length scales via two partial differential equations [33]. STAR-CCM+ has several tur-

bulence models available for use, but the most common to aerodynamic applications is the Spallart-

Allmaras model, the standard k –  (Launder-Spalding) model, the k –  (Wilcox) model and the

Menter-SST k –  model. Although the Spallart-Allmaras model was designed for aerospace applica-

tions, it is best suited to applications where the boundary-layers are attached or for mildly separat-

ed flow [30,34]. Moreover, the two-equation, standard k –  turbulence model has been documented

not to deal well with largely separated flows [30,34-35]. Menter’s SST turbulence model combines

the Wilcox k –  model in the near-wall region with the k –  model in the outer part of the

boundary-layer, which has shown superiority over the standard k –  model by Wilcox in predic-

tions of boundary-layer flow separation [36], and is the recommended alternative to the Spallart-

Allmaras model for aerospace applications [30].

Turbulence model studies conducted by López et al. [37] have shown that Menter’s SST model is

best suited for slender body configurations in the supersonic flow regime. Moreover, Mowatt &

Skews [19] have illustrated that this model adequately predicted the SWBLI observed in their exper-

imental studies. Chaplin et al. [22] have shown that Menter’s SST model accurately predicted the

surface pressure distributions, as well as the aerodynamic forces and moments for several multi-body

configurations, with excellent agreement with experimental data. For these reasons, the Menter-SST

k –  turbulence model was used for all simulations in this research. The suitability of this turbu-

lence model, as well as its capability to predict shock-induced and crossflow separations, and the

viscous-shock interactions generated by the dual slender body arrangement will be assessed through-

out this research, in comparison to experimental observations.
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4.3 Boundary Conditions

The computational domains were categorised into two subsets: the planar incidence configurations,

where the receiver body is pitched in-plane relative to the generator body and the sideslip angles for

both bodies are zero. This permits the use of a symmetry boundary aligned with the wind axis, as

illustrated in Figure 4.1(a). The second subset were the angle-of-sideslip configurations, where the

receiver body is yawed relative to the fixed generator body, and no symmetry conditions exist, as

demonstrated in Figure 4.1(b). Isolated body simulations were also completed, and the computa-

tional domain was similar to that of the planar incidence configurations. Symmetry tests completed

of the full and half models showed no differences in the surface pressure distribution, forces and

moments, as well as the body-vortex positions between the cases for all test configurations. Howev-

er, for the angle-of-sideslip configurations, equivalent isolated body simulations were done on full

models for direct comparisons to the corresponding interference configurations.

(a) Planar Incidence Configurations (b) Angle of Sideslip Configurations

Figure 4.1: Illustration of Boundary Conditions applied in the Computational Predictions for (a) Pitch and (b) Yaw

The receiver and generator bodies were prescribed as non-slip solid walls, with the freestream

and inlet boundaries defined as fixed supersonic flow. This supersonic flow was specified to the Wits

supersonic wind tunnel operating conditions at M = 3.0. The inlet boundary face pressure and

temperature were specified to stagnation conditions, while the freestream boundary faces were set to

static conditions of the wind tunnel’s freestream flow. Other conditions (such as velocity) are com-

puted from the specification of the freestream Mach number, the test section static temperature and

static pressure. The symmetry planes used in the in-plane, pitched receiver configurations were

aligned to the freestream direction and segmented the flow domain in half along the centrelines of
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the bodies. The outlet boundary was initially set to static conditions of the freestream flow, since

the actual boundary face pressure and temperature is extrapolated from the adjacent cell values us-

ing reconstruction gradients [30]. The H-topology of the flow domain was large enough to allow any

pressure waves generated by the bodies to exit through the outlet boundary, without reaching the

freestream/farfield boundaries. The isolated receiver simulations had boundary conditions that mim-

icked the conditions set for the receiver in the disturbance flowfield, but the generator was excluded

from the flow domain.

4.4 Discretisation Techniques

4.4.1 Initial Gridding Approach

All three-dimensional computational grids were constructed using the automated meshing continu-

um contained within STAR-CCM+ V 8.04. The package includes three types of unstructured vol-

ume meshing modules: the polyhedral mesh generator, the tetrahedral mesh generator and the

trimmed mesh generator, the latter of which generates a Cartesian mesh, where the core mesh is

assembled primarily with hexagonal cells. The tetrahedral mesher uses tetrahedral cells in the core

mesh and the polyhedral mesher uses arbitrarily shaped polyhedral cells to build the core mesh. The

basic undistorted cell shapes used in these meshing modules are shown in Figure 4.2(a) – (b). The

tetrahedral mesher builds volume meshes the fastest, in terms of cells per minute, than all of the

other meshing modules contained within STAR-CCM+, and consumes the least amount of memory.

However, in terms of solution quality, five to eight times more tetrahedral cells are required for the

same solution accuracy than the equivalent trimmed or polyhedral cell mesh [30]. Considering the

amount of additional memory required to solve the larger tet-mesh, additional solution time and

longer convergence history, no tetrahedral cell based volume meshes were used.

(a) Tetrahedron (b) Hexahedron (c) Polyhedron

Figure 4.2: Basic undistorted Volume Cell Shapes used in STAR-CCM+ V 8.04 for the different Meshing Modules

Volume meshes generated using polyhedrons offer the same automatic meshing benefits as those

based on tetrahedrons but with the advantage of many more neighbouring cells [38]. This implies

that gradients are better approximated [38], which is favourable for capturing features in the flow-

field such as shock waves. Polyhedral cells are also less sensitive to distortion by stretching than

other cell shapes and are especially beneficial for handling recirculating flows; tests have shown that
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fewer polyhedra are needed to achieve a specified accuracy than even Cartesian hexahedra [39]. The

reason for this is that hexahedral cells have three optimal flow directions i.e. normal to each parallel

set of faces; for a polyhedron with twelve faces, there are six optimal flow directions in the cell and

many more neighbouring cells, making the cell more suited to recirculating flows. For these reasons,

all three-dimensional computational grids were initially constructed using uniformly assembled poly-

hedra in the core mesh.

4.4.2 Solution-Based Adaptive Mesh Refinement

The advantages of using adaptive mesh refinement (AMR) for supersonic flow simulations is well

known due to the fact that it allows optimal resolution of key phenomena in the flowfield, without

introducing excessive computational expense. However, STAR-CCM+ V 8.04 does not have auto-

mated AMR built into the code that pre-specifies refinement criteria based on an existing solution,

but does include several features that allow the user to tailor the mesh through tables and user-

defined functions. Since the three-dimensional, bow-shock wave interaction generated by the inter-

fering bodies was the primary focus of this research, it was instructive to implement an AMR algo-

rithm into the flow solver. This was done through user-scripts, the logic of which is simplified in the

flow diagram shown in Figure 4.3, where density () is used to highlight sample computations. De-

tailed development of the AMR algorithm is exhibited in Appendix C (§C.2).

Since adaptive mesh refinement modifies the mesh according to an existing solution, the first step

was to setup the model and generate an initial polyhedral cell grid to obtain a mesh independent

solution. This means that the bodies’ surface pressure distributions, as well as their forces and mo-

ments have converged, and no appreciable improvements would be gained by refining the grid any

further. However, the additional resolution through AMR aims to achieve finer resolution of the

flow phenomena developed in the interference flowfield, which would allow the wave dynamics of the

interaction to be characterised in detail, even as the shock waves propagate away from the bodies.

Shock waves have a distinct physical signature, in that, flow properties such as density () and

pressure (p) undergo rapid changes across them. The AMR algorithm exploits this physical signa-

ture by calculating the gradient of each flow property in the flow field, shown as the third step in

Figure 4.3. This implies that increases in density across the shock waves in the flow domain will be

identified as regions with high density gradients.

However, unlike typical mesh adaption techniques, where the magnitude of the flow gradients are

used as refinement criteria, the current AMR algorithm maintains the flow gradients in their vector

form, which allows for compressive and expanding wave forms to be distinguished. By taking the

dot product of the gradients in the direction of the freestream (x direction), streamwise gradients

are isolated, implying that compression waves will have positive streamwise gradients while expan-

sion waves will have negative streamwise gradients, for flow properties that increase across shock
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waves, such as density. This has the advantage that different refinement levels can be applied to the

various wave forms, as required. The positive and negative streamwise gradients were then treated

as separate datasets, and their statistical means were computed individually. However, using just

the mean values for each wave form as refinement thresholds made the adaption criterion too sensi-

tive to the bodies’ forebody expansion field, and not sensitive enough to flag the reflected and dif-

fracted shocks generated on the bodies’ farside and intermodel region for adaption.

Figure 4.3: Flow Diagram explaining the AMR algorithm implemented in STAR-CCM+ V 8.04

Therefore, the refinement thresholds were made more sensitive to compression waves by one ab-

solute average deviation from the mean (M.A.D), based on the compression wave data, and less sen-

sitive to expansion waves by one M.A.D of the expansion wave data. This was done because flow

properties undergo a continuous change through expansion fields, and allows the reflected and dif-

fracted shocks to be flagged for refinement. The flow variables that were included in the algorithm,

were density (), pressure (p), temperature (T) and velocity (v). The gradients of these variables not

only flagged the dominant compression and expansion waves in the flow domain for refinement, but

vortical structures and shear-layers were flagged as well. The cells flagged by each flow property

under each wave category were amalgamated, and the overall regions flagged for adaption are

demonstrated in Figure 4.4(a) – (b). These were then combined to generate the final adapted grid,

which is compared to the initial uniform grid in Figure 4.5(a) – (b), where a growth factor of 1.5

was used to blend the refined and unrefined regions in the adapted poly-cell grid.
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(a) Regions Flagged for Compressive Waves (b) Regions Flagged for Expanding Waves

Figure 4.4: Regions flagged for Mesh Refinement by the AMR algorithm for Compression and Expansion waves

(a) Uniform Polyhedral Cell Grid (b) Adapted Polyhedral Cell Grid

Figure 4.5: Initial and Adapted Unstructured Volume Grids generated in STAR-CCM+ V 8.04



45

Extensive validation studies of the AMR scheme were conducted in order to ensure that no

sparse effects were introduced into the final solution. These include qualitative performance evalua-

tions against a CFD code that readily includes solution-based AMR, and quantitative validations to

ensure that the position and strength of pertinent waves are accurately captured by the AMR tech-

nique. All validation studies were conducted using the solver settings and the turbulence model de-

scribed previously, with the current AMR technique implemented on grid independent solutions.

Results of these studies are exhibited in Appendix C (§C.3). The implemented AMR technique

showed comparable performance to the CFD code that includes AMR as part of the package, and in

some instances the current technique performed better, especially for capturing the weaker wave

phenomena in the domain. In all validation studies, the AMR algorithm managed to predict the po-

sition and strength of the shocks developed in the flowfields with close correlations to experimental

data, providing confidence in the technique. Moreover, because AMR was implemented on uniform

grids and based on solutions that were grid independent, no length-scale parameters were necessary

in the algorithm, and only a single pass through the AMR algorithm was required.

4.4.3 Wall y+ Strategy

Near-wall regions in viscous flows have larger gradients in the solution variables than the farfield

flow, and momentum and other transports occur vigorously [40]. The non-dimensional wall distance

(y+) is used in CFD as guidance to select the appropriate grid configuration for the selected turbu-

lence model in viscous computations, and may be estimated from:

*
u y

y


  (4.1)

where y is the distance from the surface in the boundary-layer and  is the molecular kinematic vis-

cosity of the fluid. The friction velocity (u*) is a function of the wall shear stress (w) and the densi-

ty () of the fluid, as shown in Equation 4.2.

*
wu



 (4.2)

In order to achieve adequate boundary-layer resolution, an average y+ value of less than or equal

to one (y+  1) was maintained as the first cell distance in the radial direction over the body, as re-

quired by the Menter-SST k –  turbulence model using blended wall functions [30]. The boundary-

layer maximum thickness was packed with 25 layers of prismatic cells and a progression ratio of 1.2

was used to cluster the grid points radially outward from the surface. The near-field volume mesh

was constructed using uniform sized prismatic cells for all boundary-layer predictions, which were

unaffected by the AMR scheme. Sample wall y+ plots along the windward and leeward meridians of

the conical and ogival receivers are shown in Figure 4.6(a) – (b), respectively.
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(a) Isolated Conical Receiver Body (b) Isolated Ogival Receiver Body

Figure 4.6: Wall y+ vs. Axial Position on the Windward and Leeward meridians of the bodies (R = 15.0°)

4.5 Computational Uncertainty

Aspects with regard to the iterative convergence and spatial discretisation error for the steady state

viscous computations are discussed subsequently. Any solution error that may be attributed to pro-

gramming, computer round-off errors and approximation of the model geometries were assumed to

be negligible.

4.5.1 Iterative Convergence

The flow solver, STAR-CCM+ V 8.04, monitors and displays several parameters that assist the user

in the assessment of solution dependence to solution time i.e. the number of iterations completed.

Solutions were considered to be adequately converged when the following criteria were satisfied after

500 consecutive iterations:

 The maximum acceptable deviation in the force and moment characteristics of the receiver

body was ±0.5% of the reported values

 The momentum, energy and continuity residual monitors dropped by several orders of mag-

nitude, to reach steady state values not exceeding 1×10-4

 The turbulence model residual monitors, Turbulent Kinetic Energy (TKE) and Scalar Dissi-

pation Rate (SDR), dropped by several orders of magnitude to stabilise at constant values

not exceeding 1×10-5 for SDR and 1×10-3 for TKE

 The average non-dimensional boundary-layer co-ordinate (y+) over the body’s cylindrical

surface did not exceed 1

These criteria were met by all steady state computations in this study. Therefore, all solutions

are considered to be adequately iteratively converged. Example plots of the convergence history of

the axial force coefficient monitor and residual monitors with respect solution time are shown in

Figure 4.7(a) – (b), correspondingly.
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(a) Axial Force Coefficient (Cx) Convergence History (b) Solution Residual Convergence History

Figure 4.7: Iterative Convergence of a Typical Interference Configuration

4.5.2 Grid Sensitivity Studies

Grid sensitivity studies were completed for a selection of configurations in order to determine the

computational solution’s sensitivity to spatial resolution, and determine a suitable grid size for all

predictions. The convergence studies were computed over four grid levels in order of increasing spa-

tial resolution i.e. a coarse, intermediate and fine grid, with the final grid generated using the AMR

algorithm, based on the fine-grid solution. To transition between the grids, a progression ratio of 0.5

was used to reduce the reference length-scale parameter of the unstructured polyhedral cells. The

force and moment monitors, as well as the pressure rise across the incident bow-shock wave emanat-

ing from the generator, at 4.0 calibres away from the generator body’s axis, were used as compari-

son parameters. A non-dimensional grid size (G) was computed by normalising the minimum ele-

ment size for each grid by the finest grid’s minimum element size, and was used as a grid resolution

comparison parameter. Figure 4.8(a) shows the axial force coefficient convergence (Cx) with decreas-

ing element size and Figure 4.8(b) demonstrates the pressure rise across the forebody bow-shock for

the various grid sizes, obtained for an interference configuration where the conical receiver and gen-

erator bodies are at zero incidence (G = R = 0°) and laterally spaced by z/D = 2.92.

(a) Axial Force Coefficient (Cx) vs. G (b) Freestream Pressure Rise Across Shock at z/D = 4.0

Figure 4.8: Grid Convergence Study of Receiver at Zero Incidence in the Interference Flowfield
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A third order polynomial curve was fitted to the force convergence data in order to extrapolate

Cx at G = 0, which was used as a baseline/datum to determine whether solutions were grid inde-

pendent. This implies that Cx computed across the various grid sizes must be within ±0.5% of the

value at G = 0 i.e. within the acceptable force convergence error of the solution, as stated in §4.5.1.

Cx at G = 8 is approximately 2% below the value at G = 0, which was deemed to be an unaccepta-

ble discretisation error. At a grid size of G = 4, the difference in Cx from the baseline value is about

0.5% and drops to approximately 0.25% at G = 2, while Cx at G = 1 is approximately 0.2% below

the datum value. This implies that any solutions computed on grids with sizes of G  4 will have an

acceptable discretisation error based on the force convergence criteria. The difference in peak-

pressure across the bow-shock generated by the conical forebody configuration between G = 1 and

G = 2 is approximately 0.2%, with the difference increasing to about 0.3% when comparing the fin-

est grid to G = 4. This indicates that the pressure rise across the bow-shock increases asymptotical-

ly with decreasing element size, and the AMR scheme does not introduce sparse effects into the so-

lution. Although the benefits in terms of force and moment characteristics are minimal, increased

grid resolution improves the definition of the flow phenomena in the domain. For this reason, all

computations in this research were conducted on the finest grid resolution i.e. the adapted grids,

based on the fine-grid solutions and are considered grid independent of additional spatial refinement.

4.5.3 Experimental and Computational Comparison

The shock diffraction path along the conical receiver body at zero incidence (G = R = 0° and

z/D = 2.92) was extracted from the simulations using a pressure and shear-stress criterion, and

compared to the experimentally measured values, using the technique described in chapter 3, as pre-

sented in Figure 4.9. The simulation manages to predict the shock impingement location along the

windward meridian ( = 180°) to within ±1% of the experimentally measured value, and similar

accuracies are also observed along the other measured meridians. This provides additional confi-

dence in the CFD results, since the numerical simulations are not only iteratively converged and

grid independent, but experimentally validated as well.

Figure 4.9: Predicted and Measured Shock Diffraction Path on the Conical Receiver (G = R = 0° and z/D = 2.92)
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4.6 Chapter Summary and Conclusions

All computational predictions completed in this research were carried out using the commercial flow

solver, STAR-CCM+ V 8.04. A time-averaged coupled flow solver was employed, and the Reynolds

Averaged Navier-Stokes (RANS) governing equations where computed to second order spatial accu-

racy, with turbulence modelled using the Menter-SST k –  model. Boundary conditions were set to

mimic the wind tunnel’s freestream conditions operating at a freestream Mach number of M = 3.0.

The domain was discretised using the meshing continuum contained within STAR-CCM+ V 8.04,

where a uniform polyhedral cell grid was initially generated as the core mesh, with the boundary-

layer maximum thickness packed with 25 layers of prismatic cells to yield non-dimensional wall dis-

tances of y+  1.

Grid sensitivity studies were completed to determine the threshold for mesh independent solu-

tions, where it was found that the fine grid solution (G = 2) had an acceptable discretisation error.

However, additional spatial resolution was applied through a custom AMR scheme based on the fi-

ne-grid solution, in order to obtain improved resolution of key phenomena in the flow domain. An

estimate of the minimum and maximum grid sizes after the grids were modified through AMR are

summarised for each interference category in Table 4.1. All numerical work presented in this re-

search have adequate iterative convergence and are mesh independent, with majority of the configu-

rations being experimentally validated as well.

Table 4.1: Summary of Grid Sizes for all Computational Predictions

Configuration Mesh Type Cell Count in Millions

Isolated Body – Planar Incidence Unstructured Polyhedral Cell with AMR 14 – 20

Interference – Planar Incidence Unstructured Polyhedral Cell with AMR 33 – 42

Isolated Body at AoS Unstructured Polyhedral Cell with AMR 31 – 41

Interference – Receiver at AoS Unstructured Polyhedral Cell with AMR 65 – 97
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Chapter 5

Flowfield of the Isolated Receiver

5.1 Introduction

Prior to discussing the complex flow physics associated with multibody configurations, the funda-

mental flow mechanisms manifesting with the receiver in isolation are discussed. This chapter gives

a brief introduction into the flow structure surrounding the isolated receiver with varying incidence,

and sets the benchmark to track changes of key flow features manifesting in the flowfield of interest

before the generator is introduced into the domain. The two extreme incidence configurations are

discussed in detail i.e. the receiver at R = 0.0° and R = 15.0°. The zero incidence case will address

aspects related to the various forebody shapes considered in this research, while the high incidence

configuration will focus on the flowfield structure, particularly in the leeward region of the receiver.

5.2 Isolated Receiver at Zero Incidence (R = 0.0°)

At zero incidence, all shapes of the receiver produce bow-shocks that tend to curve initially due to

the receiver’s forebody profile, but straighten and become conical around the body’s axis of revolu-

tion, as the wave propagates downstream, illustrated in Figure 5.1(a) – (c). The forebody bow-shock

produced by each receiver causes an elevation in the local pressure acting over the body, while fans

of expansion decrease the local pressure on the receiver’s surface, and aft of the forebody the local

pressure recompresses towards freestream conditions (Cp = 0), as shown in Figure 5.2(a).

(a) Ogive Forebody Profile (b) Conical Forebody Profile (c) Hemispherical Forebody Profile

Figure 5.1: Predicted contours of p/p shown on the X-Z symmetry plane – Various Forebody Profiles (R = 0.0°)
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