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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
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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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