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Abstract

The study of supersonic flow and flow separation over slender bodies have been studied

extensively in the past where research towards fuselage and projectile body applications were

common. However, the research of supersonic flow separation requires emphasis in the 3D

domain using computational analytical tools to contribute towards the extensive research

of such topic. The purpose of this research is to analyse, in detail, three-dimensional (3D)

supersonic flow separation while utilizing computational tools to assist with flow visualization.

The supersonic flow separation characteristics and properties over the shoulder of a cone-

cylinder and hemisphere-cylinder are investigated at various angles of incidence and Mach

numbers.

The hemisphere-cylinder and cone-cylinder have a diameter of 16mm and the cone-cylinder

has a cone deflection angle of 25◦. The selected flow conditions were M2.8 and M3.2, corre-

sponding to high Reynolds numbers where turbulent flow separation conditions are present.

Computational fluid dynamics (CFD) results are validated qualitatively with experimental

data obtained from wind tunnel testing. Optics and surface oil flow visualization techniques

were used to gather experimental results. Flow separation characteristics and properties are

presented as surface flow streamlines, cross sectional contours, flow field streamlines, planar

vectors, and 3D surfaces.

The hemisphere-cylinder encountered more complex flow separation characteristics over the

shoulder compared to the cone-cylinder at high angles of incidence. The angle of incidence of

the slender bodies affected the initiation of flow separation over the shoulder hence generating

complex vortical flow structures downstream of the shoulder. The variation of freestream

Mach number flow conditions did not indicate significant differences in the flow separation

characteristics.
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1 Research Background

1.1 Purpose of the Study

The purpose of this research is to contribute to the knowledge of flow separation in the three

dimensional (3D) domain that occurs around a slender body travelling at steady supersonic

conditions. The study of flow in the 3D domain at various Mach numbers and Reynolds

number is well established, however flow separation over the shoulder of a slender body in

the 3D domain requires additional research as it is a topic that have not yet been focused on.

1.2 Research Background

Supersonic flow is a flow condition where the flow medium or the moving body exceeds the

speed of sound or Mach one. The Mach number is a dimensionless value, representing the

speed of the flow, which is defined as:

M =
V

a
(1.1)

V is the local velocity in the flow field and M is the Mach number which can be interpreted as

a ratio between the local velocity and speed of sound. The speed of sound of the medium (a)

is dependant on the temperature and constants related to the medium properties. The Mach

number allows for dimensional analysis and is a parameter used for determining the properties

of a shock waves. Shock waves are developed in supersonic flow where compression waves

coalesce, forming a thin layer that defines flow property discontinuities [1]. Compression

waves are formed when supersonic flow encounters a concave surface, whereas isentropic

expansion waves are formed when supersonic flow follows a convex surface.

Flow separation is a phenomenon where flow travelling over the body detaches from the

surface of the body due to viscous and geometric effects. The body shape and attitude plays

a role in defining the flow separation characteristics and the extent of turbulence caused

by flow separation. A parameter that describes viscous and turbulent flow regimes is the

dimensionless Reynolds number [2], which is defined as:

Re =
ρV d

µ
(1.2)

Reynolds number (Re) is dependent on the medium density, viscosity, velocity, and charac-

teristic length of the body. It represents a dimensionless value that allows one to perform

dimensional analysis. This enables researchers to adapt research findings using geometric

and dynamic similarity to translate to application purposes.

Flow separation can occur as a result of immediate geometric properties such as a sharp turn

or gradual changes where the aspect ratio plays a role. Flow separation may exist in either
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laminar or turbulent flow conditions at localised areas on the surface of a body [3]. Laminar

flow separation is seen in figure 1.1, where the velocity profile along the surface of the body

can describe localised flow conditions. Flow separation can be located where the zero-velocity

line does not coincide with the surface of the body or if there is a sudden decrease of flow

velocity in the flow field near the surface. The point where flow separation is initiated is

known as the separation point.

The significance of the flow reattachment point, shown in figure 1.1, indicates the formation

of a separation bubble. Separation bubbles display properties of adverse pressure gradients

and a flow circulation zone. The cause of flow to reattach onto the surface is linked to the

Reynolds number where turbulent flow assists in the process of flow reattachment. Turbulent

flow conditions are able to delay flow separation over a body as the momentum transfer

caused by turbulent eddy-motions enable sufficient kinetic energy for the flow to reattach

onto the surface [4].
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Figure 1.1: Flow over a 2-D surface representing characteristics of flow separation, flow

reattachment, and formation of boundary layers. [3]

1.3 Research Motivation

Extensive research has been done in the field of supersonic flow that varies from shock wave

studies to boundary layer interactions. Flow separation over specific geometries is well es-

tablished, but further development of methods to visualize flow separation is proceeding.

To further understand the characteristics of flow separation that is formed over a body, it

would be relevant to develop computational models that visualize the interactions between

the medium and body.

Computational results have been developed recently by Hooseria whom analysed curved shock

wave and boundary layer interactions over slender bodies [5], where a representation of a

three-dimensional numerical solutions is seen in figure 1.2. This research adapts various
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computational methods that can employ similar results that focuses on flow separation at

the shoulder of the proposed body.

Figure 1.2: 3-D representation of a cone cylinder with separated flow structure. [5]

1.4 Problem Statement

The characteristics and properties of the flow separation over the shoulder of a cone-cylinder

and hemisphere-cylinder will be analysed in a supersonic regime. The possibility of the flow

separation formations are explored with independent variables such as freestream flow Mach

number and angle of incidence of the cone-cylinder and hemisphere-cylinder.
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2 Research Objectives

The main objective of this research is to analyse the characteristics and properties of super-

sonic flow separation over the shoulder of a cone-cylinder and hemisphere-cylinder. In order

to satisfy the main objective, the following sub-objectives are considered:

� To validate the numerical solutions of flow separation over the shoulder of a cone-

cylinder and hemisphere-cylinder

� To determine the relationship of the characteristics and properties of the flow separation

with changes in the free stream Mach number and geometric properties of the body

� To explore different computational flow visualization techniques that model flow sepa-

ration over the shoulder of a cone-cylinder and hemisphere-cylinder.

Parameters that fall outside of the scope are briefly discussed and not elaborated, however

such parameters that lead to further interesting topics are included under Appendix which

may contribute to recommendations for further research.
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3 Literature Review

3.1 Compressible and Supersonic Flow

Supersonic flows are considered a category of compressible flow that is classified by the Mach

number of the local flow field. The basic governing equations for compressible flow are

related to conservation laws relating to flow dynamics and thermodynamics. The formation

of compression waves is based on the compressive nature of the medium, which is gas for

this research. The compressibility of air is related to the particles of air where the density

properties are one of the key parameters to consider.

Shock waves are formed from coalescing compression waves generated by means of the flow

velocity and the surface geometry of a body. Normal shocks are basic types of shock waves

that propagates in a medium by a sudden change in pressure or temperature. The equations

for normal shocks are derived by Anderson [6], where fluid dynamic and thermodynamic

laws were used. Fluid dynamic and thermodynamic laws provide an understanding of the

effects of temperature, pressure, density and Mach across shock waves. Although normal

shock waves are not encountered in this research, they form the foundation of supersonic

flow fundamentals which allows one to understand the flow characteristics and properties

of shock waves. Normal shock waves are considered as one-dimensional (1D) shock wave

systems, where the vertical axis is assumed to have infinite length. It is relevant to consider

supersonic flow in two-dimensional (2D) which introduces oblique shock waves and expansion

waves.

3.1.1 Oblique Shock Waves

Basic oblique shock waves can be considered for concave corner such as wedges of infinite

span. When flow travels horizontally to the concave corner, the angled geometry of the wedge

provides flow compression. At supersonic speeds, oblique shock waves are formed relative to

the wedge angle hence flow downstream the shock wave travels parallel to the wedge surface.

The derivation and equation to determine the shock wave angles associated with oblique

shock waves is presented by Anderson [6]. The derived equation considers the relationship

between the shock wave angle (β), wedge deflection angle (θ), and Mach number (M) which

is plotted onto a graph, as seen in figure 3.1.

Figure 3.1 contains information regarding the nature of shock wave in the 2D domain which

is also relevant to 3D supersonic flow. The plot indicates maximum θ angles corresponding

to each Mach number. When the θ angle is exceeded for a Mach number curve i.e. for M = 5

the θ angle exceeds 41◦, the shock waves become a curved or bow shock wave offset from

the tip of the wedge. An increase in the Mach number allows an increased wedge deflection
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angle threshold to maintain an oblique shock wave solution. The presence of two β angle

solutions for one θ angle is an indication of a weak and strong shock solution. Weak shock

solutions are commonly encountered, whereas strong shock solutions are rarely encountered

in 2D shock wave systems as the weak shock waves generally prevail. However, the purpose

of strong shock solutions are related to shock wave over blunt bodies. Weak shock waves

are associated with high Mach numbers that are transonic or supersonic downstream of the

shock wave, whereas strong shock waves are often subsonic downstream of the shock wave.

Figure 3.1: θ − β −M plot for 2D supersonic flow over 2D wedges. [7]

3.1.2 Expansion Waves

Expansion waves are another phenomenon that occurs in supersonic flow where the flow en-

counters a convex corner i.e wall turning downwards. Flow properties in the region experience

the opposite effects of compression waves where the flow velocity increases and pressure de-

creases continuously across each successive wave. An expansion fan is formed in the expanded

region where each expansion wave emanates from the vertex of the convex corner. Flows in

the region are also isentropic which maintains a gradual change in flow properties across the

expansion wave [6]. Note that this is counter-intuitive as the opposite occurs for subsonic

flow conditions.
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3.2 Flows in the Three-dimensional Domain

Modern 3D flow dynamics remain a contributing research topic that is constantly growing

due to the vast amount of complex topics. Some categories of 3D flow dynamics (such as 1D

flow, quasi 2D etc.) are based on simplified versions of 3D flow which allows for simplified

versions of flow dynamic equations.

3.2.1 Conical Flows

Conical flows are present for cone-shaped bodies at zero angles of incidence or angles of

attack. The flow is axisymmetric when the angle of attack is zero and consequently the flow

equations can be simplified. The nature of the cone geometry enables equations defining the

flow dynamics around the cone to be dependent only on the cone deflection angle. Cones

with the same deflection angle as infinite-span wedges have similar flow features, however the

supersonic speeds downstream of the shock wave are much greater in magnitude. It can be

deduced that the shock wave strength over the cone is weaker in comparison to the shock

wave over an infinite-span wedge. The flow trajectory downstream of the shock does not

travel parallel to the surface of the cone. The plot for cone geometries are also similar to

figure 3.1, where asymptotic curves and two shock solutions are present for a single deflection

angle. Figure 3.2 indicates the differences in the θ−β relationship for the 2D wedge and cone

of the same deflection angle. It can be deduced that the cone, which encounters 3D effects,

allows air to flow laterally, causing less air to accumulate and compress at the nose of the

body. The wedge, considered to have infinite span, restricts air from flowing laterally which

forces the flow to move in a single plane [7].

Figure 3.3 indicates the flow trajectory downstream of the shock wave for a cone at 0◦ angle of

attack. The flow trajectory downstream of the shock wave is curved and no longer maintains

its parallel trajectory with respect to the surface. The flow trajectory eventually becomes

parallel with the surface of the cone downstream where flow is subsonic. Another feature

for cones is the presence of Mach or sonic line which defines the boundary of supersonic and

subsonic flow downstream of the shock wave. The Mach line allows flow properties to change

isentropically and continuously.
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Figure 3.2: θ − β plot comparison for weak shock solution at Mach = 2 for a 2D wedge and

cone. [7]

Figure 3.3: Supersonic flow trajectory over a cone at 0◦ angle of attack. [7]

3.2.2 Flows over blunt bodies

Flows over blunt bodies are common in practical applications. Flow features that are present

for blunt bodies are stagnation pressure regions located at the front of the nose that lead to an

increase in the aerodynamic loads on the body. In supersonic conditions, blunt bodies develop
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strong shock waves at the nose at 0◦ angle of attack. Curved bow shock waves are developed

at the nose which is often seen experimentally for a finite three-dimensional body where it

consists of both strong and weak shock wave solutions. The two-solution shock wave for flows

over blunt bodies is similar to two-solution shock waves seen in θ − β graphs for cones and

two-dimensional wedges. Two distinct flow regions are established downstream of the shock

wave near the nose tip. The regions are distinguished as either subsonic or supersonic regions

which are separated by a Mach line. Figure 3.4 indicates the shock wave over a blunt body

where the weak shock solution corresponds to the curved shock wave region with a lower

averaged angle gradient(line c′ − d − e), where supersonic flow conditions are experienced

downstream of the weak shock wave. The strong shock solution (line a− b− c′) corresponds

to the region near the nose tip where subsonic flow conditions are present downstream of the

shock wave. The presence of a blunt nose results in an accumulation of air at the nose which

causes a region of stagnation pressure. The stagnation pressure region is characterised by

high density regions where the maximum flow density is present.

Figure 3.4: Schematic diagram of supersonic flow over a blunt-nose body. [7]

3.2.3 Slender Bodies at Incidence

The complexities of 3D flow domains and parameters requires one to model curved shock

waves and 3D flow separations in the form of irregular-shaped surfaces. Such models are

required for bodies at an angle of attack where the flow field is limited to only one plane of

symmetry, or in some cases no planes of symmetry, for the simplification of flow dynamic

equations. A cone at an angle of attack has shock wave angles that are different at each
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circumferential or meridional plane of the cone cross section. Supersonic flow over cone

bodies encounters similar flow dynamics to blunt-nose bodies when they are at an angle of

attack. A common feature for both body types is the entropy gradient at various locations of

the shock wave in the flow field due to multiple shock wave angles present [7]. The presence

of an entropy gradient is an indication of rotational flow which causes curved streamlines

over the surface of bodies.

Flow characteristics adjacent to the surface is affected by the deflection angle (θc) and angle

of attack (α) of the cone. For cases where θc > α, a vortical singularity is present along

the vertical symmetry plane on the leeward side of the cone-body. Vortical singularity is

a location where flow streamlines converge and form a region with multiple entropy values.

For cases where θc < α, the vortical singularity detaches from the body and is formed above

the leeward side of the cone-body. Flow conditions with vortical singularities may encounter

another phenomenon where a weaker shock is formed downstream of the vortical singularity

point. A weak imbedded shock wave is formed due to expansion waves present on the leeward

side of the cone-body. The features of flow dynamics over cone-bodies are seen in figure 3.5,

where additional flow separation features are included in the flow field of the cross-section

of the cone-body. Although not shown in the figure, vortex shock waves may form due to

severe cross flow conditions that originates from the windward side of the body. Stagnation

points and embedded shock waves are features that may result in the formation of cross-flow

separation [8].

RADIAL ANGLE

Figure 3.5: Descriptions of the flow field around the cross-section of a cone at a high angle

of attack. [8]
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3.3 Flow Separation and Topology

The background section on flow separation provided basic understandings of flow separation

in the 2D domain but this research requires interpretation of flow separation in the 3D

domain. The flow complexity is further exacerbated by the body attitude which renders

several simplifying assumptions invalid.

The formation of flow separation can be classified as an open or closed separation region which

is dependent on flow trajectory and presence, or absence, of flow reattachment downstream

of the separation point. These types of flow separation appear on the leeward side of a

symmetrical body at relatively high angles of incidence. Closed flow separation regions are

more likely to form from turbulent flow conditions downstream of the flow separation point,

where the flow is supplied with sufficient energy to overcome the separated boundary layer.

Hsieh [9] investigated flow separation over hemisphere-cylinders at incidence within a Mach

number range of 0.6 to 1.5. Results, as seen in figure 3.6, indicated the formation of two flow

separation regions over leeward side of the body. The nose separation bubble is classified as

the closed separation region and the cross flow separation region is classified as open flow

separation region. An additional characteristic of the open flow separation region is the

secondary separation lines which are indications of vortex formations in the flow field above

surface.

Figure 3.6: Experimental image of flow separation over a hemisphere-cylinder at 19◦ angle

of incidence and Mach 1.2. [9]

Le Clainche et al. studied flow separation characteristics, using flow topology techniques,

for flow at low Reynolds numbers [10]. Tobak and Peake [11] deduced that flow topology
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at low Reynolds number displayed similar characteristics to flow with high Reynolds num-

ber at transonic and low supersonic regimes. Although high Mach numbers are considered

for this research, the classifications of flow topology features considered by Le Clainche et

al. may prove useful when identifying the features of flow separation. Numerical simu-

lations for hemisphere-cylinders at different angles of incidence and low Reynolds number

with incompressible flow were compiled. In figure 3.7, N represents nodes of separation and

reattachment, S are saddle points, and F are focus points of the separation bubble.

Saddle points often exist with converging skin friction lines where lines of separation emanate

from this point. Flow separation lines do not only have skin friction lines emerging from the

saddle point but includes streamlines that converge towards the boundary on either sides. The

flow conditions around the saddle point enable one to determine the type of flow separation

region present, where a closed separation region consists only of skin friction lines emerging

from the saddle point. The existence of a saddle point is a necessary condition for flow

separation [12]. The focus point, or spiral node, is only formed in the presence of a saddle

point. The dominant skin friction lines that converge towards the focus point are directed

by the saddle point where it has either diverged from the saddle point or is converging

towards the line connected to the saddle point and focus point. Reattachment points are of

similar characteristics to the saddle point, which consists of both converging and diverging

skin friction lines. Skin friction lines that are connected by nodal points are referred to as

global separation lines which define the boundary of flow separation and may form a surface

boundary in 3D flow. Skin friction lines or streamlines converging to a separation line but are

not connected to a nodal point are defined as local separation lines. The description of ‘global’

refers to the effect of the separation lines on the flow streamlines. Global separation lines

distinctly form a flow boundary between two nodal points of separation hence causing multiple

streamlines (on a ‘global’ scale) to be diverted. Local separation lines generally detach from

the surface of the body and become a flow field streamline that potentially contributes to the

formation of vortices. The definitions of the points are derived from Critical Point Theory and

form the backbone of flow separation theory for 3D flow characteristics [13]. It was deduced

by Délery [13] that 3D flow separation surfaces were more difficult to predict for blunt nose

slender bodies, such as the hemisphere-cylinder, in comparison to sharp-nosed slender bodies

where separation lines often emanate from the vertex point of the nose.
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Figure 3.7: Surface flow topology of hemisphere cylinder as: (a) graph indicating the angle

of attack of the body with different Reynolds numbers , (b) visual representation of surface

streamline patterns over the body. Note: Labels for each flow condition in (b) correspond to

the Reynolds number labels in the graph in A. Several flow conditions were excluded as it

was redundant. [10]

The significance of the focus points at condition VI, from figure 3.7, represents features

of horn vortices. The formation of horn vortices was introduced by Tobak and Peake [12]

where vortices were developed as a result of vortex filaments formed from the surface of the

nose. Horn vortices can be described as vortices formed on the surface of a body with shape

resembling the tip of a horn when considering the outer lines of separation connecting the

focus points and saddle point near the nose. The formation of vortex filaments further affect

the cross flows dynamics hence leading to a more complex flow pattern downstream of the

body. Cross flows over the surface of a body are common for bodies at high angles of attack.

3.4 Influence of Reynolds Number

As defined in previous sections, Reynolds numbers are ratios of inertial to viscous forces and

are helpful in defining flow characteristics on the surface. Figure 3.8 indicates the range of

Reynolds number for smooth cylinders at various angles of incidence. The regions include

flow regimes such as fully turbulent, laminar, and transitional. Although the plot is only

valid for low-turbulence streams [14], it can provide an estimation for Reynolds numbers that

can maintain turbulent flow separation or laminar flow separation.
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Figure 3.8: Plot of Reynolds number, with respect to the cross-sectional diameter of the

body, and angle of attack representing different types of flow separation regimes. [14]

Investigation of subsonic flow separation over hemisphere cylinders at incidence for high

Reynolds numbers were completed by Hoang et al. [15]. It was determined that at low angles

of incidence, separation bubbles form a ring around the body at the shoulder and become

more isolated with an increase in incidence. As Reynolds numbers increased the separation

bubble becomes much wider. The pressure distribution over the body was recorded and

is illustrated in Figure 3.9. The pressure trends at different angular locations around the

circumference of the body is a useful method for determining the properties of separation.

Figure 3.9: Pressure distribution over a hemisphere-cylinder at α = 20◦ and Re = 4.2 × 105.

[15]

14



It is evident that the topic of supersonic flow separation over cone-cylinders and hemisphere-

cylinders requires additional research, especially with the current computational tools. Al-

though flow properties over hemisphere-cylinders at low supersonic speeds have been inves-

tigated, emphasis on flow separation at much higher supersonic speeds have not yet been

focused.

3.5 Flow Visualisation

The presence of shock waves and flow separation requires the use of flow visualization tech-

niques that can be capture the characteristics of the flow in a medium. The density gradients

in supersonic flow conditions allow one to utilise the medium properties, hence it possible

to analyse the flow using shadowgraph and schlieren photography. The flow can further be

analysed using computational methods where the properties can be manipulated to effectively

model and visualize the characteristics of flow.

3.5.1 Experimental Flow Visualization

Surface oil flow visualisation is an effectively method to determine the surface flow topology

experimentally. Hooseria [16] used several mixtures that displayed three-dimensional flow

patterns on the surface of slender bodies. The results included surface oil visualisation tech-

niques in colour which showed results that were more distinct and clear than titanium dioxide

oil streaks. The comparisons between monochrome and coloured surface oil flow visualisation

can be seen in figure 3.10.

(a) (b)

Figure 3.10: Surface patterns over the body represented with: (a) powdered coloured paint

mixture (b) titanium-dioxide mixture. [16]

Pressure-sensitive paint was utilised by Boswell [17] to measure surface pressures at Mach

2.46 of a cylindrical afterbody at incidence. Although not as accurate as pressure tappings,
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it allows the use of a low-cost method to determine the pressure properties that the body will

experience. Boswell also used Mie scattering visual techniques to capture turbulent areas in

order to determine flow separation.

3.5.2 CFD Flow Visualization

Computational Fluid Dynamics (CFD) can yield effective and efficient results when studying

the characteristics of fluid flow fields. The complexity of three-dimensional flow can be

difficult to understand, hence it is necessary to explore various methods to represent 3D

flow dynamics. A great amount of effort has been invested into the investigation of surface-

based flow visualization by Edmund et al. [18]. Geometric and texture-based techniques

of modelling the surface flow properties were several categories that were explored from a

review of research papers that focused on 3D flow visualization. Despite the development of

various 3D methods of flow visualization modelling, most surface-based flow visualizations

were considered a novelty. Hence there is limited number of computational tool options

that can effectively model 3D flow solutions as 3D graphic representations of the flow. The

3D graphic representations also require care when the 3D features are constructed as excess

information and misuse of 3D modelling tools may reduce the clarity of the results e.g. volume

rendering combined with 3D streamlines may be difficult to interpret.
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4 Experimental Method

4.1 Experimental Facilities and Apparatus

The Supersonic Wind Tunnel (SSWT) located at the University of Witwatersrand in the

North West Engineering Laboratory building on the main campus was used for the experi-

mental tests. A mount for the test pieces was designed to accommodate the dimensions of

the test chamber in the SSWT. The SSWT consists of several components that enabled the

wind tunnel to operate within a specific range of Mach numbers.

4.1.1 Supersonic Wind Tunnel (SSWT) Facility

The SSWT facility consists of the pressure tank, air dryer unit, SSWT pressure tank, test

section, and the diffuser.

Pressure Storage

The pressure tank is pressurized by a reciprocating air compressor and functions as the

pressure source for the settling chamber of the SSWT. Pressurized air flows through the

air dryer unit, prior to the pressure tank, to ensure that the air contains minimal moisture

which may potentially affect the results. A schematic view of the pressure tank and air dryer

unit can be seen in figure 4.1. The air dryer unit consists of a heat controller and crystal

silica storage. Air is able to pass through the crystal silica storage where the silica crystals

absorbs the moisture from the air. The silica crystals are dried by a heating element which

is automatically adjusted by the heat controller unit. The silica crystals are dried to prevent

saturation from constant moisture absorption. The two bleed valve levers are situated below

and above the crystal silica storage, and functions as a pressure-relief valve for the air dryer

unit. The pressure control valve attached to the pressure tank leads to the settling chamber

of the SSWT and is controlled by the user from a pressure control box in the SSWT room.

The pressure control box adjusts the required stagnation pressure.
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Figure 4.1: Schematic view of the pressure tank area of the SSWT.
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SSWT Test Section and Control Room

A schematic view of the SSWT can be seen in figure 4.2. The SSWT pressure tank consists

of the expansion nozzle and settling chamber. The settling chamber stores air at the selected

stagnation pressure required for the desired Mach number. The pressure gauge above the

settling chamber, indicating the stagnation pressure in the settling chamber, consists of a

pressure transducer which measures and sends readings to the data acquisition system during

the tunnel blow down. The data acquisition system information is accessed in the SSWT

software on the controller PC in the SSWT room.

The test section portion of the SSWT consists of the adjustable first throat, test chamber,

and sliding block. The first throat, which is a component of the converging-diverging nozzle,

is adjusted by the lower block of the throat and can translate horizontally (refer to cut-

out section from figure 4.2). This enables the wind tunnel to operate within the Mach

number range of 1.5 to 3.5. Translating the bottom block towards the settling test chamber

decreases the throat area hence increasing the freestream Mach number, whereas translating

the block towards the chamber increases the throat area hence decreasing the Mach number.

The position of the bottom block is adjusted using the wheel handle equipped with a veeder

counter located below the opening of the test chamber. The veeder counter represents a linear

distance that requires calibration to determine the counter value with the corresponding Mach

number. The calibration graph for the veeder counter and the Mach number is seen in figure

4.2 under Appendix A.1. The calibration curve was configured in the SSWT software that

automatically calculates the required veeder counter number for the selected freestream Mach

number. A stagnation pressure was also recommended by the software program, however the

calibration curve was completed with a constant stagnation pressure of 250 kPa.

The test chamber has a square cross-section with dimensions of 4×4 inch. A pressure gauge

and transducer are located above the test chamber to measure the pressure during a blow-

down. A signal is sent to the data acquisition system to record the pressure in test chamber.

Two bolt holes are located above the test chamber at the interface between the sliding block

and the test chamber which functions as a mounting holes for the mounting block. The test

chamber window is made from glass that accommodates for optics flow visualization. The

sliding block translates horizontally and is fastened by the wing bolt and nut. The wing bolt

is hinged on a bracket fixed to the external frame of the test chamber.

The second throat of the SSWT is located downstream of the sliding block. The second

throat, which is a converging-diverging nozzle, returns the flow from supersonic to subsonic

conditions before it is routed to the silencer and diffuser unit. The flow is vented through a

large duct routed to the roof of the laboratory.
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Figure 4.2: Schematic view of the test section area of the SSWT.
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4.1.2 Mounting block and Test Pieces

The mounting rig and test pieces are designed to accommodate for the test chamber of the

wind tunnel which has a cross-sectional area of 101.6 mm × 101.6 mm. The mounting

block consists of two side plates, a bottom plate, and a milled block of aluminium with slots

that accommodates bolts to fasten the mounting block to the test chamber of the SSWT.

Horizontal plates are mounted to the side plates to accommodate sting rods which extend

the test piece towards the centre of the test chamber window. A separator plate is attached

at the midpoint of each sting rod to stiffen the sting rod assembly. Bolt holes are located at

the ends of each sting rod to attach the test piece and adjustable strut. The design of the

mounting rig was based on stress analysis of the test piece and assembly under the maximum

expected loads on the structure, which can be seen in Appendices B.1 and B.2. The assembly

and drawings associated with the design of the mounting block and test pieces can be seen

in Appendix B.3.

The assembly accommodates for four different angles of incidence, which are 0◦, 10◦, 20◦, and

30◦, for the hemisphere-cylinder and cone-cylinder. The angles of incidence were adjusted by

attaching the strut to different bolt holes located on the top sting rod (refer to the assembly

drawing in Appendix B.3). The diameter of the test pieces was 16 mm where the dimensions

of the test pieces can be seen in figure 4.3. The selected Mach numbers for the experiment

are M = 2.8 and M = 3.2, both of which enable fully turbulent flow conditions over the test

pieces.

D

0.5D 3D

3D

D

1.075D

25.0°0
.5
D (a)

(b)

Figure 4.3: Schematic view with normalized dimensions relative to the diameter for: (a)

hemisphere-cylinder, (b) cone-cylinder.

21



4.1.3 Shadowgraph and Schlieren Imaging

The experimental data were recorded visually using schlieren imaging and shadowgraphing

techniques. The optics set-up for schlieren imaging can be seen in figure 4.4, where the set-up

for shadowgraphing excludes the use of the the knife edge near the HD camera. Vertical and

horizontal knife edge configurations are tested to determine the most favourable set of results

for validity comparisons of the experimental and computational methods.

Test section

Planar mirror

Planar mirror

Light source

Condenser lens

Slit

45° Planar mirror HD camera

Focus lens
Knife edge

Light source side Camera side

Parabolic mirror

Figure 4.4: Basic schematic view of the optics setup for the schlieren imaging.

The results gathered using optics flow visualization are limited to supersonic flow features,

such as the shock waves, and any other features that have sufficient density gradients to alter

the light path travelling towards the camera. Optics flow visualization does not indicate areas

of flow separation around the body. However, the experimental results are utilized to obtain

an estimate of the accuracy of the supersonic flow conditions as these potentially influence

the flow separating characteristics.

4.1.4 Surface Oil Flow Visualization

Surface oil flow visualization (SOFV) is a technique where an oil mixture consisting of pig-

ments in a carrier fluid is applied to a model prior to airflow over the body. The viscosity of

the mixture interacts with the airflow over the body which create streaks and patterns on the

surface of the model. The streaks and patterns that are created on the surface of the body
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during or after the wind tunnel blow-down enables one to study the flow separation charac-

teristics over the shoulder and on the body of the model. However, the current methods are

limited to results that are qualitative as there is insufficient information given by the pattern

and streaks to determine quantitative properties such as wall shear forces.

It is determined by Hooseria [16] that kerosene allowed the oil mixture to evapourate after

the wind tunnel blow-down, which creates a surface pattern with the remaining pigments

from the oil mixture. Transformer oil is another popular carrier fluid used for SOFV, but it

requires images to be recorded during wind tunnel blow-down due its lack of volatility. The

use of kerosene is considered more beneficial for this experiment as it allows one to observe

and record the streaks with more ease after the wind tunnel blow-down. Several pigments

were tested in the oil mixture to yield the most desirable result with distinct separating

features to be compared with the CFD results. The pigments that were used are paint

powder, chalk powder and dustless chalk powder. Different colours of each pigment were also

investigated and compared for contrast. The pigments were ground against water paper with

a high grit to allow for even consistency in the particle sizes of the pigments. The test pieces

were sprayed black to allow better contrast between the coloured mixtures, and prevented

reflections of light which may lower the clarity of the images. Obtaining the mixture with

the desired ratio of kerosene and pigments required an iterative process. The mixture ratios

outlined by Hooseria [16] give guidance of what ratios may be expected during the iterative

process. The paper also mentioned the benefits of coloured pigments and their ability to

enable streaks that are more distinct in comparison to white pigments. The comparisons of

different pigments used are briefly discussed in later sections.

4.2 Experimental Procedure

The experimental procedure consists of several sets of steps. The sets of procedures are sepa-

rated into the storage pressurization procedure, test procedure, and the shut-down procedure.

4.2.1 Storage Pressurization Procedure

The pre-test procedure refers to instructions for the pressurization of the pressure tank. The

steps of this procedure are specific to a water-cooled reciprocating compressor and pressure

vessel. The procedure are as follows:

1. Close top and bottom bleed valve of the air dryer unit.

2. Turn off air dryer unit heateri.

iThe heater is only on for the first start-up of the compressor
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3. Turn on the electric solenoid valve of the compressor.

4. Open the water supply for the compressor by turning the tap three quarters of a revo-

lution.

5. Turn on compressor, rotate switch clockwise to turn on.

Allow the compressor to pressurize the pressure tank until its maximum threshold (approx-

imately 14 bars of pressure) or a specific pressure required for wind tunnel testing. The air

compressor will automatically change to standby mode once the pressure vessel has reached

14 bars of pressure. Once the pressure vessel has reached the desired pressure, the shut-down

procedure for the compressor is required. The shut-down procedure is as follows:

1. Turn off the compressor by pressing the button down and rotating anti-clockwise to

ensure its off.

2. Close water supply.

3. Turn off the electric solenoid valve of the compressor.

4. Open the top bleed valve on the air dryer unitii

5. Close the bottom bleed valve on the air dryer unit.

4.2.2 Test Procedure

Prior to the test procedure for the SSWT, the test chamber should be open. The test

procedure for the optics flow visualization is included. It is assumed that the controller PC,

pressure controller box, data acquisition system, light source and electrical supply for the

siren are turned on before the steps of procedure. Once the controller PC is fully booted up,

select the SSWT software program and fill in the required details of the user and research

description. The steps of test procedure are as follows:

1. Fasten the mounting block and test piece to the test chamber

2. Close the test chamber and tighten the sliding block with the wing bolt and nuts.

3. Adjust the optics set-upiii until the test piece is at the desired position to record the

test images.

4. In the SSWT software program, enter the storage tank pressure, desired Mach number,

stagnation pressure, test number, and image number (if applicable).

iiThe order of opening the bleed valve is important as this may cause silica crystals to be forced into the

pressure vessel
iiiOptics set-up refer to camera settings, camera position, and knife edge settings
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5. Set the stagnation pressure of the settling chamber on pressure controller box to 250

kPaiv.

6. Adjust veeder counter to the value displayed on the SSWT software program. The

veeder counter is calculated based on the same calibration curve from Appendix A.1.

7. Fill in the test log form which may consists of checks for the previous steps. A sample

test log form is seen in Appendix C.2.

8. Sound the siren for 5 seconds twice with a 3-second interval.

9. Turn off the room lights.

10. Select the ’START’ option for the blow-down process. The camera trigger is to be

pressed 1 to 3 seconds after starting the blow-down.

11. Turn on room lights

12. Save the recorded data on the software program and complete the test log form.

13. Select the ’NEW TEST’ option on the software program

14. Loosen the wing bolt nuts and open the test chamber.

15. Detach the mounting block and test piece from the test chamber.

16. If the pressure tank is above 0.8 MPa, repeat steps 1-14.

17. If the pressure tank is below 0.8 MPa, switch off the optics light source and set the

stagnation pressure to 0 kPa. Repeat the storage pressurization procedure. Once the

pressure tank is pressurized, repeat steps 1-14.

When accommodating for surface oil flow visualization, the oil mixture is applied prior to

step 1. An additional step may be required after step 15 to clean the test chamber due to

the oil mixture.

4.2.3 Shut-down Procedure

The shut-down procedure for the SSWT are considered once testing has been completed for

the day. The shut-down procedure is as follows:

1. Set the stagnation pressure to 0 kPa and switch off the pressure control box.

2. Close the SSWT software program and switch off the controller PC.

ivThe value of 250 kPa is specific to the calibration graph. The stagnation pressure may change if a different

calibration graph is used.
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3. Switch off all electrical equipment and instrumentation as well as the electrical power

supply.

4. Check test chamber is open

5. Check compressor is switched off

6. Check bleed valves of the air dryer unit is open

7. Switch on the heater for the air dryer unit.

The steps of procedure defined in this section corresponds to the ’End of Day Checklist’ on

the test log form as seen in Appendix C.2.

4.3 Precautions

� Ensure that the test pieces are secured tightly and all fasteners are secure.

� Ensure that the test chamber is clear of debris and is closed prior to blow-down.

� Wear hearing protection during the SSWT blow-down and when releasing the pressure

from the air dryer unit.

� Always sound the siren before the blow-down to warn persons within the laboratory.

� Switch off the light source of the optics equipment when not in use. Long periods of

operating time may cause the light source to overheat and possibly resulting in the bulb

exploding.

� Use a microfibre cloth or soft dust-free cloth to clean the test chamber window to avoid

scratching the glass.
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5 Computational Method

The computational method or computational fluid dynamics (CFD) refers to theoretical

equations solved by numerical methods defined by algorithms in software programs such

as ANSYSr Fluentr . The algorithms are able to solve the flow field dynamics within a

domain, hence producing accurate solutions that indicate the characteristics and properties

of the flow field around the defined bodies. Access to high performance computers are required

for CFD simulations as the models generated for this research require significant processing

power to reduce simulation time and a large amount of random-access memory (RAM) to

accommodate for model file size. The process for generating models for CFD simulations

are grouped as: (1) geometry with mesh settings and (2) solver settings expanded in detail

in later sections. Grid independence and convergence are requirements when generating

solutions from CFD simulations. These are also outlined in later sections. Figure 5.1 shows

a flowchart that summarizes the process of generating CFD solutions. The feedback loop

represents the iterative process of mesh and solver independence.

Geometry

•CAD/Geometry modelling

•Geometry and domain sizing

•Surface and domain labelling

Mesh

•Global mesh

•Inflation layer

•Local mesh refinement

Model Solver Selection

•Density solver

•Inviscid/Viscous model

•Unique options selected for chosen
solver.

Model Input

•Fluid properties

•Boundary conditions

•Desired operating conditions

Solver Setting

•Discretization scheme

•Courant number

•Convergence limits

Mesh adaption

•Gradient change parameters

•Define threshold

•Number of refinements

Initialization

•Initial parameters

•Number of iterations

Data Storage

•Saved data per number of iterations

•Export of fluent case and data

Figure 5.1: Flowchart of the process for computational methods utilizing Ansys Fluent
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5.1 Geometry and Meshing

5.1.1 Geometry

The geometry for the CFD models consist of both the domain size and geometry of the body of

interest for this research i.e. hemisphere-cylinder or cone-cylinder. A computer-aided design

(CAD) program was used to construct the domain and the hemisphere- or cone-cylinder with

dimensions similar to experimental method set-up of the test chamber. The domain has one

characteristic length upstream of the nose of body, two characteristic lengths downstream of

the trailing edge of the cylinder, and three characteristic lengths normal to the shoulder of

the nose and cylinder. When the body is pitched at an angle of incidence, the characteristic

lengths normal to the body may decrease. This only occurs at the windward side of the

body where flow separation does not occur. The characteristic lengths are relatively small as

the shoulder of the hemisphere- and cone-cylinder are the area of interest. The flow Mach

number in the domain are expected to be high and mostly supersonic downstream of the shock

wave, hence it may be acceptable to have relatively small characteristic lengths downstream

of the body. Limiting the domain size is beneficial as it decreases the required simulation

time to solve the CFD model. Note that the domain size is specifically used for pressure

far-field boundary conditions which is describe later. This ensures that shock waves and flow

does not reflect at the boundaries of the domain and affect the flow near the body. The

surface of the body is modelled as a cut-out from the 3D domain where the cut-out is pitched

over a range of angles of incidence between 0◦ to 30◦. The maximum limit of 30◦ angle of

incidence ensured that flow remained symmetric about the vertical plane, hence the domain

was modelled as a half-model domain instead of a full-model domain. After the geometry of

the domain was defined, selected surfaces and domain volumes were labelled as the symmetry

plane, pressure far-field, wall and fluid domain. The labelled surfaces and volumes were for

boundary conditions that were required to be defined when creating the model in Ansys

Fluent. The geometry of the domain with the labels is seen in figure 5.2.

The meshing process for the CFD model is one of several important processes that may affect

the accuracy of the solution. There are various mesh settings one may select to generate a

mesh that is acceptable for Fluent solvers. The meshing process outlined in the upcoming

sections was found to be more robust in comparison to the default settings provided by the

Ansys mesh modelling software. Poor mesh qualities are undesirable for many solvers in the

Ansys Fluent program i.e. inflation layers (high aspect ratio cell near the wall of the surface)

may cause an inviscid solver in Fluent to diverge hence causing errors in the flow field. It is

also important to choose the correct mesh at certain locations as it may be necessary to obtain

the flow characteristics in certain areas of the flow field i.e. inflation layers are necessary for

viscous flow solvers as the velocity profile near the wall may require dense layers to capture

the velocity profile despite having cells with a high aspect ratio.
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Figure 5.2: Isometric view of domain and hemisphere-cylinder cut-out with labelled surfaces

for boundary conditions

5.1.2 Inflation Layer Mesh Settings

The inflation layer mesh setting is a vital parameter for turbulence or viscous models which

is able to determine the boundary layer flow near the surface. Inflation layers are layers of

dense cells that extend outwards from the surface or boundary. Each layer of cells follow an

exponential growth in cell height where cells are closely packed together near the boundary.

The cells with the greatest aspect ratio is adjacent to the boundary and increases in volume

while maintaining its orthogonal dimension i.e. height of each successive inflation layer cell

increases. Inflation layer cells play a role in determining the characteristics of flow separation

hence influencing the flow field around the body. The default setting in the meshing pro-

gram often selects the smooth transition setting for the growth rate of the inflation layers.

Depending on the global and local (areas near the surface of the wall) mesh settings, the

smooth transition setting may cause the mesh quantity to increase rapidly. This may cause

a loss of solving efficiency and robustness as the meshed model becomes unnecessarily large.

To decrease the mesh quantity while maintaining the mesh quality to accurately model the

boundary layer near the surface, the first inflation layer cell was specified with a growth rate

and number of inflation layers. The first inflation layer, which is measured as a length, was

calculated using equation 5.1 [19]. Equation 5.1 calculates the y+ parameter and is similar

to Reynolds number equation (Equation 1.2). This dimensionless parameter is related to the

distance of the boundary layer at the surface of the body hence considered for resolution of

the inflation layers [20].

y+ =
uwybl
ν

(5.1)
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uw is the velocity near the wall, ybl is the first inflation layer height, and ν is the kinematic

viscosity of air. The velocity near the wall can be calculated using equation 5.2 and was

derived by White [2].

uw =

√
τw
ρ

(5.2)

τw is the shear stress at the wall. Equation 5.1 can be manipulated to obtain ybl which is

the height of the first cell near the wall. The y+ values are required to be below 1 for the

turbulence models considered for this research but may vary for selected turbulence models

such as the κ−ε turbulence model. The y+ values were checked after the model was solved to

ensure that value was less than 1. It is desired that y+ values are less than one for near-wall

flow models which allows flow separation characteristics to be modelled correctly [20].

(a)

(b)

Figure 5.3: Pressure contour and mesh gridlines near the surface of the nose of the hemisphere-

cylinder for inflation configured with: (a) a smooth transition, (b) abrupt transition of cell

size. Images on the left indicates pressure contours only.

It is necessary to define the growth rate in the inflation layer settings to ensure that the

transition of the inflation layer and surrounding cells adjacent to the inflation layer are

smooth. The importance of a smooth transition is seen in figure 5.3 where it is evident

that solutions are affected by the transition of the inflation layer. In figure 5.3a, a smooth

transitioned inflation layer enables smooth contour lines whereas the rapid cell transition

30



(seen in figure 5.3b) show contour lines with kinks causing faulty solutions near the wall.

The growth rate can be calculated by considering the following equation:

hIL = ybl(gr)
NL (5.3)

hIL is the height of the last inflation layer cell adjacent to the cell in the flow field, gr is

the growth rate of the inflation layer, and NL is the number of defined inflation layers. The

growth rate was calculated by equating the hIL to the adjacent mesh size which was either

defined by the global mesh size setting or the local mesh refinement size setting. The number

of inflation layers affects the flow separation characteristics hence it was considered as a

parameter for mesh independence which is detailed in later section.

5.1.3 Local Mesh Refinement

The local mesh refinement refers to meshing methods that target specific regions in the

domain to increase the mesh density and quality. This allows for a more efficient mesh and

reduces the time required to solve the flow dynamics. Local mesh refinement may also allow

for a coarser global mesh setting. The body of influence setting was selected to refine the

selected volume in the domain, which is highlighted in yellow in figure 5.4. The selected

volume targets a larger area of refinement on the leeward side of the hemisphere-cylinder

where flow separation and vortices are expected to develop. A portion of the volume covers

the windward side of the body to include the flow dynamics modelling the cross flow. Cross

flow and the trajectory of flow on the windward side of the body may affect the onset of

flow separation on the leeward side of the body. The volume downstream of the hemisphere-

cylinder was only refined in regions near the base and wake of the body. However mesh

refinement was not prioritized at such locations as the region of interest was primarily near

the shoulder of the body. This was considered a trade-off as the simulated solutions may

not indicate accurate results in separated turbulent regions downstream of the base of the

cylinder. The selected region for mesh refinement was scaled to twice the diameter size of

the hemisphere-cylinder. The local cell size setting for the mesh refinement were based on

the number of cells around the circumference of the cylinder i.e. 0.28 mm corresponds to 90

cell around the semi-circumference of the cylinder. This parameter was considered for mesh

independence as it is an important mesh setting that may affect the accuracy of the solution.

The area where the shock wave is present in the domain did not require local mesh refinement

as mesh adaption methods were used, which is detailed in later sections.
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Figure 5.4: Isometric view of domain and the selected volume (in yellow) within the domain

selected for local mesh refinement.

5.2 Model Equations and Solvers

Turbulence models are used to model the flow dynamics affected by viscous properties of

flow on a surface. However, a universal turbulence model applicable for all types of flow

applications does not exist. Each type of turbulence model relies on certain parameters that

are defined in its algorithm hence influencing various variables such as simulation time, com-

putational resources, solution accuracy, application of flow and flow physics [19]. Reynolds

Averaged Navier-Stokes (RANS) turbulence models are effective due to its economical meth-

ods of modelling relatively complex flows and are the only types of solvers considered for this

research. Navier-Stokes equations can solve flow dynamics in a 3D domain and are consid-

ered exact solutions as no approximations are made to reduce the number of equations and

terms [6]. Navier-Stokes equations need to include energy equations for it to accurately solve

compressible viscous flows. RANS turbulence models are based on Navier-Stokes equations

but includes mean and fluctuating parts of flow variables. The equations are further averaged

to yield the Reynolds-stress tensor term which includes the effect of turbulent motion [21].

This term is either solved using the Eddy Viscosity Models (EVM) or Reynolds Stress Mod-

els (RSM). EVM assumes that the gradients of velocity are proportional to Reynolds stress

which reduces the number of unknown terms. RSM considers transport equations that can

solve for all six unknowns that exist in the Reynolds-stress tensor term. RANS turbulence

models considered for this research use EVM to solve for the Reynolds-stress term. Different

32



categories of RANS turbulence models are distinguished by the number of equations consid-

ered to solve the flow dynamics. The transport equation and treatment of the turbulence

characteristics influences the number of equations utilized in the model. A steady-state flow

solution method was selected for the different types of turbulence models considered for model

independence. The turbulence models include κ−ω shear stress transport (SST), κ−κL−ω
transition, and transition SST models.

The κ − ω SST turbulence model solves for the flow dynamics by the boundary layers near

the wall of the body with relatively good predictions [22]. The flow dynamic equations of the

κ − ω SST model were derived by Menter [23]. The κ − ω SST turbulence model uses two

equations to model the flow dynamics. The equations are based on an empirical method and

determines the turbulent kinetic energy (κ) and specific dissipation rate (ω). The algorithm of

the κ−ω SST turbulence model is able to utilize exact equations to model the flow dynamics

and only activates the empirical equations when flow is within close proximity to the wall,

enabling a more robust solver [22]. The κ−κL−ω solver is derived from the κ−ω turbulence

model where an additional transport equation is used to model the laminar kinetic energy

(κL) for near wall flow conditions [24]. The three-equation turbulence model can solve the

transition dynamics of flow present in the boundary layer where flow may change from laminar

to turbulent flow conditions. The transition SST turbulence model is also derived from the

κ−ω SST turbulence model by Langtry and Menter [25]. Two additional transport equations

are included to model the intermittency factor (γint) and the onset transition criteria, in

the form of momentum thickness Reynolds number(Reθ). These extra equations increase

the modelling capabilities of the turbulence model by considering the characteristics of flow

separation [22]. The γint transport equation considers the characteristic of turbulent flow

separation where flow occurs intermittently between laminar and turbulent flow conditions.

This equation was introduced by Suzan et al. [26] where the transport equation was found to

be in good agreement with separated flow and transition boundary layer. The Reθ transport

equation solves for the thickness of the boundary layer which captures information about

the boundary layer. The coupling of the γ and Reθ transport equations is presented by the

research paper by Menter et al. [27] where the implementation of both transport equations

allows for a robust method to blend the freestream flow conditions with the boundary layer.

When the desired turbulence model was selected, the flow properties and conditions were

defined. A density-based implicit solver was considered as the model involved compress-

ible flow dynamics. Flow properties that were defined in the model included the ideal gas

properties, ambient gas density, and dynamic viscosity. Boundary conditions are assigned to

the labelled surfaces and volume which are vital as these parameters specify the flow con-

ditions simulated in the model. The defined boundary conditions include pressure far-field

(defining the freestream flow conditions), symmetry (treatment of a surface to mirror flow

dynamics), domain, and wall. Discretization schemes that approximates the flow dynamics

are defined where the trade-off between the accuracy and simulation time was considered. A

second-order scheme was considered sufficiently accurate as the first-order scheme displayed
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much larger residuals for solution convergence, which is undesirable. The Courant number

is a measure representing the transfer of flow information across a grid cell at a given time

step, hence a parameter affecting the simulation time and convergence of the model. Values

were chosen within the range of 0.3 and 0.9 for the Courant number. Although the Courant

number requires time steps for the solver, the steady-state flow solution method accounts for

the parameter through its time-marching method to achieve solution convergence.

As mentioned in the previous section, mesh adaption settings and commands were used

in Ansys Fluent as the mesh adaption process is solution dependant. Mesh adaption was

necessary and enabled an efficient method to model the characteristics of shock waves which

requires areas with dense cells to capture the steep gradients of temperature, density, velocity

and pressure. Mesh adaption was controlled through commands initiated by the selected

number of iterations where the selected number of iterations exceeded the number of iterations

required for solution convergence. Thresholds were defined for each of the flow parameter

considered for mesh refinement. The cells that are marked undergo refinement by division of

the original cell i.e one cell divides into four cells per level of mesh refinement. Mesh adaption

not only improves the modelling of shock waves as a thin boundary but affects the resolution

of the flow separation characteristics. Shock waves near the surface of the wall may also affect

the flow separation characteristics hence obtaining mesh independence using mesh adaption

was necessary. Hybrid initialization was used to calculate the initial input required for the

model solver. Hybrid initialization utilizes rapidly solved Euler equations to approximate the

initial flow field properties. This option benefited by decreasing the simulation time as the

solutions converged much quicker. After the completion of the model simulation, data files

were used for analysis in Ansys CFD-Post. A sample terminal user interface (TUI) command,

which are commands used to define the model in Ansys Fluent, can be found in Appendix

D.1.

5.3 Model Independence

Model independence refers to a set of solutions that does not have significant differences after

varying certain model parameters, such as mesh parameters or turbulence model types. This

process is required for CFD methods to ensure that the results are sufficiently accurate and

has converged hence the model solutions are independent of variances in the mesh quality or

the turbulence model. To prove model independence, assumptions are made to constrain the

number of simulation models as it was not necessary to simulate each slender body type for

each angle of incidence and Mach number. The assumptions are as follows:

� Slender bodies at 30◦ angle of incidence was assumed to have a higher complexity of

flow separation characteristics in comparison to lower angles of incidence. Hence if

model independence is obtained at 30◦ angles of incidence, it is assumed that models

34



with lower angles of incidence at the same freestream Mach number and nose shape

have also obtained model independence.

� The flow separation characteristics are assumed to have a higher degree of complexity

at higher Mach numbers, given that the flow conditions remain fully turbulent. Hence if

model independence is obtained at Mach 3.2, it is assumed that models at lower super-

sonic Mach numbers have also obtained model independence given that the geometrical

configuration is the same.

Mesh and turbulence model independence conditions are elaborated in the next section where

acceptable tolerances are discussed.

5.3.1 Turbulence Model Independence

Turbulence model independence required the different types of models introduced in the

previous section to be simulated and compared. The models are constrained to hemisphere-

cylinders as preliminary simulation models indicated that hemisphere-cylinders had a more

complex flow characteristics, hence sufficient to prove turbulence model independence for

both nose types. The models were simulated with two different types of mesh, such as the

coarse and fine mesh. The purpose of using a coarse mesh was to determine the desired

solver type to be utilized for the mesh independence whereas the fine mesh type determined

whether turbulence model independence was obtained. It was necessary to cross-check the

models with a finer mesh, which was based on mesh independence, as the variation of the

mesh caused distinct discrepancies for the comparisons of each turbulence model. Table 5.1

represents a matrix indicating the number of simulations required to complete turbulence

model independence. The tolerance of error for turbulence model independence was not

gauged quantitatively, with plots and properties, as semi-quantitative solutions indicating

the flow characteristics were sufficient.

Table 5.1: Matrix of the simulation models required to achieve turbulence model indepen-

dence

Geometry Model Settings

Body type Incidence (◦) Mesh Type Turbulence Model Type*

H
em

is
p

h
er

e-
cy

li
n

d
er

30

Coarse

KWSS

KKLW

TSST

Fine

KWSS

KKLW

TSST

* KWSS: κ− ω SST solver, KKLW: κ− κL − ω solver, TSST: Transition SST solver
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5.3.2 Mesh Independence

Mesh independence required a thorough approach as CFD solutions are sensitive to the qual-

ity of the mesh due to its reliance on numerical solvers. Mesh parameters such as the number

of inflation layers, local mesh size, and the number of mesh adaption levels were consid-

ered. Mesh adaption were used by means of activation through specified iterations i.e. mesh

adaption commands that activated after every 4000 iterations would have two levels of mesh

adaption if 10000 iterations was completed for the simulation. By changing the number of

iteration of the model, the levels of adaption can be varied. The local mesh refinement consid-

ered the number of circumferential cells around the body. This required further adjustments

for growth rate settings for the inflation layers to ensure a smooth transition.

Mesh independence were considered for both the hemisphere-cylinder and cone-cylinder,

where solutions are compared both quantitatively and qualitatively. Quantitative solutions

are analysed over the leeward side of the body along the symmetry plane as flow separation

occurs over such regions. Quantitative analysis is only done for local mesh refinement com-

parisons as the variation of this mesh parameter affects the solution by the greatest amount.

Qualitative solution comparisons, such as surface contours and flow topology, are done for all

mesh parameters. The various selections of mesh parameter settings can be seen in table 5.2

and shows that the local mesh refinement is dependent on the outcome of the inflation layer

and mesh adaption settings. This hierarchal arrangement of the mesh independence process

is preferred as it reduces the required total simulation time i.e. the mesh quantity differences

were less for inflation layers than local mesh refinement. The chosen mesh parameters are

discussed in the post-processing section where it is supported by CFD solutions.
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Table 5.2: Matrix of the simulation models required to achieve mesh independence

ID No.
Geometry Mesh Parameters

Body type Incidence(◦) Inflation layers Levels of adaption
No. of cells per

circumference (mm)

M1

H
em

is
p

h
er

e-
cy

li
n

d
er

30

60 - -

M2 75 - -

M3 90 - -

M4

Chosen based
on M1-M3

2 -

M5 3 -

M6 4 -

M7

Chosen based
on M4-M6

150 (0.335)

M8 180 (0.28)

M9 200 (0.25)

M10 220 (0.228)

M11

C
o
n

e-
C

y
li

n
d

er

60 - -

M12 75 - -

M13 90 - -

M14

Chosen based
on M11-M13

Chosen based
on M4-M6

120 (0.42)

M15 150 (0.335)

M16 180 (0.28)

M17 200 (0.25)
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6 Post-Processing

The results obtained from both the experimental and computational methods requires pro-

cessing to enable clear results for analysis of the flow dynamics.

6.1 Experimental Results

The raw images gathered from wind tunnel testing required processing to enhance the clarity

of the recorded images. Image processing was completed using the Matlab image-processing

package due to its ability to precisely select and modify pixels using matrices. Note that

post-processing for the experimental results do not alter the image results but only enhance

the quality of the image, hence the integrity of the experimental results are maintained.

6.1.1 Optics Flow Visualization

The image processing for the optics flow visualization results required adjustments to the

contrast and sharpness of the image. It was also necessary to convert the image into gray-

scale images, as no colour was used for the optics set-up, and cropping the image to exclude

redundant information from the images. The steps of processing the optics flow visualization

image is seen in figure 6.1.

6.1.2 Surface Oil Flow Visualization

The image processing for the surface oil flow visualization results required adjustments to

the background and enhancement of the streaks on the surface of the body. It is necessary

to refine the edges of the pigment streaks to assist in comparisons of the flow topology and

surface oil flow visualization. The presence of a coloured image involved multiple sets of

matrices that represent different shades of coloured pixels. The background of the images

was masked by excluding pixels that did not fall within a certain numerical range defining

the colour of the pigments, as the background had a different shade of colour. To enhance

the edges of the pigment streaks, a high-pass image filter was used which also adjusted the

contrast of the colour of the pigment streaks. The 3× 3 filter matrix was adjusted by means

of an iterative process as the variation of the pigment colours were sensitive to the filter. The

high filter was typically defined by a single high positive value at the centre of the matrix

with the rest of as negative values. Figure 6.2 indicates the steps of processing the surface

oil flow visualization results.
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Figure 6.1: Flow chart indicating steps of processing images obtained from optics flow visu-

alization
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Figure 6.2: Flow chart indicating steps of processing images obtained from surface oil flow

visualization
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6.2 Computational Results

The results from computational simulations required processing to visually present the flow

characteristics. The Ansys CFD-Post software was used as it provided several functions that

allowed flow properties to be shown on generated surfaces.

6.2.1 CFD Flow Visualization

CFD flow visualization can present results in the form contours and surfaces with a selection

of flow properties. Contour plots at various longitudinal cross-sections of the body provide

sufficient information regarding the development of the flow separation. A colour scheme was

used for the contours to present flow properties quantitatively. Common flow properties in-

clude temperature, Mach number, pressure, or density. Vertical planes are included to provide

information from another perspective to supplement the 3D surfaces that are represented as

iso-surfaces. Iso-surfaces indicate supersonic and flow separation features which enables 3D

representation of these phenomena. Surface streamlines on the slender bodies were important

for this research as they provided information on locations where flow separation occurred

and development of vortices on the surface of the body. Flow field streamlines and surface

vectors are considered to determine the trajectory of the flow in certain areas.

Model independence relied on the processing of flow visualization results for qualitative com-

parisons. It was sufficient to compare the flow topology and Mach number contours with

vectors about the symmetry plane as distinct discrepancies in the flow separation character-

istics were evident.

6.2.2 Data Plots

Quantitative plots are utilized as additional information to support the semi-quantitative

results generated for flow visualization. Plots may contain flow properties such as pressure,

density, and Mach number over local positions of the body. Pressure plots around the circum-

ference of the slender bodies are considered for mesh independence to compare the differences

between each mesh. Pressure properties are sufficient for mesh independence as this parame-

ter is affected by the onset of flow separation hence a good representation of the discrepancies

of the flow dynamics. Aerodynamic properties were not plot as they were considered auxiliary

information. The study of aerodynamic properties for different nose geometry and incidences

of slender bodies are beyond the scope of this research.
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6.3 CFD Model Independence

For all models created for both the mesh and turbulence model independence, flow velocity

of Mach 3.2 and incidence of 30◦ were considered for both the hemisphere-cylinder and cone-

cylinder.

6.3.1 Turbulence Model Independence

The turbulence model independence follows the matrix, as seen in table 5.1, which consid-

ered the hemisphere-cylinder for three different turbulence models. Qualitative results are

presented as surface streamlines with skin friction coefficient contours on the leeward side of

the body. Specific attention was considered for the nose flow separation line occurring near

the shoulder of the hemisphere-cylinder as the initiation of the flow separation affected the

flow dynamics downstream. Mach number contours and vectors about the symmetry plane

are shown to detail the effects of the flow separation near the nose of the body.

Figures 6.3 and 6.4 are results from the coarse mesh models indicating the comparisons

between the solver types in the form of flow topology and flow field characteristics respectively.

Clear distinctions of the nose separation line are evident where flow separation seems to occur

near the shoulder for the transition SST solver. An absence of a developing vortex system

near the shoulder is apparent for the κ−ω SST and κ−κL−ω models, and the flow separation

by the nose are delayed further downstream of the shoulder. The nose separation line only

exists for the κ−ω SST and transition SST models whereas a separation point is present for

the κ− κL − ω model. The variation of the nose separation lines influences the initiation of

cross separation due to an open flow separation type, hence the transition SST model has an

overall larger flow separation region. The flow separation regions by the symmetry plane are

indicated in figure 6.4 where the transition SST solver shows an elongated flow separation

region. Flow vectors do not show large discrepancies between the solvers as their resolution

of the vector arrows are insufficient. The supersonic features such as the bow shock wave

and embedded shock are similar, which was expected as transport equations for κ and ω are

able to model the flow dynamics away from the wall accurately. The κ − ω SST solver also

indicates a slightly greater Mach number value in comparison to the other two solvers. The

discrepancies between the turbulence models indicate that turbulence model independence

was not achieved for coarse mesh settings hence the transition SST turbulence model was

used for mesh independence. A fine mesh model for each turbulence model was considered,

after mesh independence was completed, as there was a probability that turbulence model

independence can be achieved and may provide clearer similarities between each turbulence

model.

Figures 6.5 and 6.6 are solutions from fine mesh models that indicate the comparisons of the

turbulence model types in the form of flow topology and flow field characteristics respectively.
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The fine mesh models were based on the selected mesh model for mesh independence hence

it was a mesh type optimized for the transition SST model. The differences of the nose

separation lines are more distinct between the different type of turbulence models with a

finer mesh. The κ − κL − ω model generated the widest nose separation line that spanned

half of the diameter of the cylinder, hence resulting in a larger flow separation region. The

κ − ω SST model developed a pair of vortices in the flow separation region with a cross

flow separation downstream similar to the transition SST solver. The transition SST solver

indicated less flow topology differences when the coarse and fine mesh models were compared.

The fine mesh model displayed points, such as saddle points and focus points, that were more

distinct and the core of the vortex seemed more developed. The distinct nose separation line

contributed to greater flow separation regions, as seen in figure 6.6, where the κ − ω SST

and κ − κL − ω models are greater compared to the coarse-mesh models. The transition

SST had minimal differences compared to its coarse mesh counterpart, however the flow

separation regions are clearer with a greater mesh resolution. The flow separation region

for the κ − κL − ω model showed jagged surface flow patterns and was highly turbulent

downstream of the shoulder as shown in the flow topology results. It is unlikely that the flow

dynamics would develop such flow characteristics as historical experimental results did not

encountered such flow characteristics.

Turbulence model independence between the three selected models was not achieved and the

solver with the greatest accuracy cannot be deduced without comparisons to the experimental

results. The four-equation transition SST model was prioritized to generate CFD solutions

for validation as the solver was considered to have greater accuracy based on the quantity of

transport equations used to model flow separation and boundary layers. RANS solvers with

additional transport equations can be considered, however this was not necessary as it will

be indicated later that the transition SST solver is sufficient for flow separation analysis.
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Surface streamlines Crossflow separation line 

Vortex 

Nose separation line

Skin friction coefficient

Figure 6.3: Wall shear surface streamlines and skin friction coefficient contours on the leeward

side of the hemisphere-cylinder simulated with a: (a) κ−ω SST model, (b) κ−κL−ω model,

(c) Transition SST model, using a coarse mesh.
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Imbedded shockStagnation region

Mach number

Figure 6.4: Mach number contours and vectors plot over the symmetry plane of the

hemisphere-cylinder simulated with a: (a) κ − ω SST model, (b) κ − κL − ω model, (c)

Transition SST model, using a coarse mesh.
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Figure 6.5: Wall shear surface streamlines and skin friction coefficient contours on the leeward

side of the hemisphere-cylinder simulated with a: (a) κ−ω SST model, (b) κ−κL−ω model,

(c) Transition SST model, using a fine mesh.
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Figure 6.6: Mach number contours and vectors plot over the symmetry plane of the

hemisphere-cylinder simulated with a: (a) κ − ω SST model, (b) κ − κL − ω model, (c)

Transition SST model, using a fine mesh.
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6.3.2 Mesh Independence

The mesh independence follows the matrix, as seen in table 5.2, which considered both the

hemisphere-cylinder and cone-cylinder. Qualitative results are presented and assessed in the

same manner as turbulence model independence. Quantitative results, in the form of pressure

plots and percentages of deviation, are presented for the local refinement cases.

The first set of mesh independence solutions considers the variation of inflation layers as

seen in figure 6.9, which is for the hemisphere-cylinder. The flow topology indicates under-

developed nose separation lines that are subtly different between each inflation setting. The

flow topologies between the 75 inflation layers and 90 inflation layers settings are more similar

to the 60 inflation layer setting, as the nose separation lines are straighter. The cross flow

streamlines also seem more dense near the nose separation line for the 75 and 90 inflation

layers setting. The flow field about the symmetry plane did not indicate any significant dif-

ferences despite the subtle difference between each inflation layer setting and can be seen

in figure D.1 under Appendix D.1. Although the discrepancies are minor, it can be de-

duced that the similarities between the 75 and 90 inflation layer settings were sufficient for

mesh independence. Note that the solutions may experience greater changes from local mesh

refinement and mesh adaption settings as the solutions are more sensitive to these param-

eters. Hence it was acceptable to consider an inflation layer mesh setting of 75 layers for

the hemisphere-cylinder to progress with the next mesh parameter which was mesh adaption

settings.

The inflation layer mesh settings comparison for the cone-cylinder models are indicated in

figure 6.10 where the results were similar with subtle changes in the flow separation regions.

Nose separation lines and cross flow separation lines are similar with minimal differences in

the distribution of skin friction coefficient. The lack of discrepancies between the different

inflation layer mesh settings translated to almost identical flow field dynamics about the

symmetry plane, as seen in figure D.2 under Appendix D.1. The only discrepancy is located

by the shoulder near the symmetry plane where a more defined diamond-shaped streamline

pattern was formed for the 75 and 90 inflation layer mesh setting compared to the 60 inflation

layer setting. Although there were no significant differences between the 60 and 75 inflation

layer setting, the 75 layer was still chosen for further progress of mesh independence.
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Figure 6.7: Wall shear surface streamlines and skin friction coefficient contours on the leeward

side of the hemisphere-cylinder with mesh adaption: (a) 2 levels of refinement, (b) 3 levels of

refinement, (c) 4 levels of refinement.
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Figure 6.8: Mach number contours and vectors of the symmetry plane of the hemisphere-

cylinder with mesh adaption for: (a) 2 levels of refinement, (b) 3 levels of refinement, (c) 4

levels of refinement.
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The set of solutions for the comparison of the mesh adaption settings are indicated in figures

6.7 and 6.8. The implementation of mesh adaption resulted in a greater development of the

flow separation characteristics and its potential to generate a vortex near the shoulder. The

increased level of mesh adaption affected the nose separation line and the saddle point located

further downstream. Higher levels of mesh adaption resulted in straightened nose separation

lines and saddle points were located closer to the symmetry plane. Discrepancies were present

in the flow field, as seen in figure 6.8, where a greater mesh resolution enabled stagnation

pressure regions with smoother contours around the nose. The shock waves, expansion waves,

and flow separation boundaries all have thinner contour density lines with greater levels of

mesh adaption. The skin friction coefficient over the leeward side remains similar, hence an

indication that mesh adaption affects regions with large gradients instead of the entire flow

field. The discrepancies between three and four levels of adaption were not significant, hence

it was acceptable to consider three levels of mesh adaption for the hemisphere-cylinder to

progress with the next mesh parameter which was local mesh refinement. The same number

of mesh adaption was applied to the cone-cylinder models as this enabled the same thin shock

wave and boundary characteristics.

The solutions for the local mesh refinement of the hemisphere-cylinder are shown in figure

6.11. Discrepancies between each mesh refinement setting are apparent in the structure of

the surface streamlines. The changes in the surface streamlines also affects the saddle and

focus points by the shoulder. There are nuances in the nose separation lines which were

likely affected by the horn vortex structure on the surface. The nose separation line for the

0.335 mm mesh size indicated a much longer separation line causing the vortex cores to be

located further apart. A coarser mesh resulted in the surface streamlines to be somewhat

lacking, despite the same number of streamlines used for each mesh model. An indication

of this was the saddle point not being distinct near the shoulder. The surface streamlines

converging towards the saddle point and the vortex core differed where the finer mesh had

a greater density of surface streamlines converging to such points. The cross flow separation

lines and the distribution of skin friction coefficient were similar, hence indicating that local

mesh refinement mainly caused differences near the shoulder of the hemisphere-cylinder. The

flow field characteristics at the symmetry plane, as seen in figure D.3 under Appendix D.1,

did not indicate significant differences between each mesh type as the discrepancies of the

nose separation lines were subtle.
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Figure 6.9: Wall shear surface streamlines and skin friction coefficient contours on leeward

side of the hemisphere-cylinder with inflation layer mesh settings: (a) 60 layers, (b) 75 layers,

(c) 90 layers.
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Figure 6.10: Wall shear surface streamlines and skin friction coefficient contours on the wall

surface of the cone-cylinder with inflation layer mesh settings: (a) 60 layers, (b) 75 layers ,

(c) 90 layers.
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Figure 6.11: Wall shear surface streamlines and skin friction coefficient contours on the wall

surface of the hemisphere-cylinder with local mesh refinement settings: (a) 0.335 mm (150 cir-

cumferential cells), (b) 0.28 mm (180 circumferential cells) , (c) 0.25 mm (200 circumferential

cells), (d) 0.228 mm (220 circumferential cells).

54



Quantitative results were extracted from the CFD solutions and were specifically obtained at

circumferential cross-sections located at the shoulder and 5 mm downstream of the shoulder

for the hemisphere-cylinder. The circumference of the shoulder was selected as this was

the area of interest for this research hence accuracy is vital for this region. The 5 mm

offset from the shoulder was chosen as this region coincides or within close proximity to the

location of the saddle point that is influenced by the cross flow streamlines and the nose flow

separation. The data for 5 mm shoulder offset circumference would further indicate whether

the flow field downstream the shoulder would have a tendency to converge or diverge. The

pressure deviations were calculated in relation to the 0.228 mm mesh size which was assumed

to have greater accuracy due to a greater mesh resolution. The pressure deviations at the

shoulder and 5 mm downstream of the shoulder for the hemisphere-cylinder are seen in

figures 6.12 and 6.13 respectively, which corresponds with figures D.4 and D.5 in Appendix

D.1 indicating the coefficient of pressure (Cp) plot around its respective circumference. The

maximum acceptable pressure deviation was considered as 5%, hence any deviation values

exceeding the limit were deemed unacceptable for mesh independence. It is seen that the

0.335 mm mesh size for the hemisphere-cylinder had exceeded the limit of 5% at 20◦ from

the leeward side at the shoulder, whereas other data points around the circumference were

below the 5% deviation limit. Although the deviation for the 0.25 mm mesh size has a larger

pressure deviation in comparison to the 0.28 mm mesh size, the discrepancies seen in the

qualitative results were also taken into consideration. The pressure deviation at the shoulder

circumference indicated a gradual decrease in pressure deviation towards the windward side

of the body, whereas the pressure deviation trends at the 5 mm offset circumference were

more irregular.
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Figure 6.12: Pressure deviations relative to 0.228 mm local mesh size at different circumfer-

ential locations at the shoulder of the hemisphere-cylinder.
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Figure 6.13: Pressure deviations relative to 0.228 mm local mesh size at different circumfer-

ential locations at 5 mm downstream the shoulder of the hemisphere-cylinder.

Both the qualitative and quantitative results for the hemisphere-cylinder indicates that the

0.25 mm mesh size was acceptable to proceed with analysis of the flow separation character-

istics and properties.

The solutions for the local mesh refinement of the cone-cylinder are shown in figure 6.15.

The nose separation and cross flow separation lines are similar where the surface streamlines

accumulate at the flow separation regions. The skin friction coefficient distribution are similar

where regions of greater skin friction coefficient, such as the nose, are captured with minimal

discrepancies. The only discernible difference is the density of the streamlines between the

0.42 mm and 0.335 mm mesh size in the flow separation region downstream of the shoulder, at

approximately 10 mm downstream of the shoulder. The variation of density for the surface

streamlines likely existed due to the greater resolution of the surface mesh. The lack of

discrepancies translate to minimal differences in the flow field, as seen in figure D.6 under

Appendix D.1.

Quantitative results for the cone-cylinder were extracted at the cross section located 1 mm

downstream of the shoulder. The shoulder was not chosen as the presence of the kink affected

the accuracy of extracting the data due to irregular mesh patterns by the shoulder. The

pressure deviation for the 1 mm-offset cross section around the circumference for the cone-

cylinder is indicated in figure 6.14. The same deviation tolerance of 5% was applied for the

cone-cylinder where there are indications that the 0.42 mm and 0.335 mm mesh did not

comply with the criterion. The 0.42 mm mesh exceeds the limit between the range of 40◦
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and 60◦ which was the region where flow separation occurred, whereas the 0.335 mm mesh

exceeds the limit at the windward side region.
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Figure 6.14: Pressure deviations relative to 0.25 mm local mesh size at different circumfer-

ential locations at 1 mm downstream the shoulder of the cone-cylinder.
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Figure 6.15: Wall shear surface streamlines and skin friction coefficient contours on the wall

surface of the cone-cylinder with local mesh refinement settings: (a) 0.42 mm (120 circum-

ferential cells), (b) 0.335 mm (150 circumferential cells) , (c) 0.28 mm (180 circumferential

cells), (d) 0.25 mm (200 circumferential cells).

It can be deduced that the 0.28 mm mesh results are within an acceptable deviation tolerance

for the quantitative comparison, hence has achieved mesh independence.
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7 Results and Discussion

The findings from the experimental and computational methods of this research are presented

in this section where comparisons are drawn in relation to the objectives of this research.

7.1 Experimental and CFD Validation

The validation of the CFD results with the experimental results are compared with two

sets of results, one describing the flow field characteristics and the other describing the flow

topology over the slender bodies. The comparison of the bodies at an angle of incidence of

30◦ at M3.2 flow conditions are considered. An assumption was made that validating for such

configuration and flow condition was sufficient to validate configurations at incidences lower

than 30◦ and Mach numbers lower than M3.2, while maintaining Reynolds numbers greater

than 0.5×106, for the same body shape. The assumption was based on the rationale that the

conditions of 30◦ incidence and M3.2 freestream had more complex flow dynamics hence flow

dynamics that were assumed to be less complex, by variation of incidence and flow condition,

may be considered as valid.
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Bow Shock Wave
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Figure 7.1: Comparison of the flow field features at M3.2 for the hemisphere-cylinder at an

incidence of 30◦ presented as: (a) schlieren image with vertical knife edge for experimental

results (b) density contours with multiple vertical planes for CFD results.

The comparisons of the flow field characteristics for the hemisphere-cylinder are seen in figure

7.1, which are represented as a schlieren image and density contours with selected multiple
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vertical planes. The bow shock wave formed at the nose and expansion waves over the leeward

shoulder for the CFD results are similar to the experimental results. Discrepancies are seen

between the CFD and experimental results for the embedded shocks and multiple shock wave

lines by the windward side of the cylinder. The embedded shock above the leeward side of the

cylinder in the CFD results is steeper than the experimental results, which was affected by a

slight increase in the incidence during the wind tunnel blow-down for the experimental results.

The increased angle of the incidence was caused by the lack of stiffness in the structure of the

assembly which allowed the hemisphere-cylinder to deflect during wind tunnel blow-down,

however the increased incidence did not exceed 2◦. The multiple shock wave lines on the

windward side seen in the experimental results are caused by the 3D effects of the nose where

each line corresponds to a local angle on the curvature of the nose. The CFD results only

consists of two shock wave lines as the image consists of two planes that represent the shock

wave features in order to reduce clutter from the contour lines in the image.

Skin Friction

Coefficient

(a)

(b)

(c)

Figure 7.2: Flow topology of the hemisphere-cylinder pitched at 30◦ with M3.2 flow conditions

presented as: (a) CFD solution with wall shear surface streamlines, (b) Experimental results

as surface oil flow visualization, (c) Combination of both experimental and CFD results.
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The comparisons of the flow topology for the hemisphere-cylinder at 30◦ incidence and M3.2

flow conditions are seen in figure 7.2. The CFD results indicate wall shear surface streamlines

as skin friction coefficients with additional labelled points defining the features of flow sep-

aration occurring over the surface of the body. The surface oil flow visualization results are

refined images with similar labelled points where both images represent the leeward side of

the hemisphere-cylinder. The labelled points S0, F , and S1 represents the separation point,

focus point, and saddle point respectively. Each point in the experimental results was de-

duced from close observation of the streak patterns and accumulation of pigments of the oil

mixture. The separation point was located by finding the region with a thick accumulation

of pigments and the absence of streak patterns in such regions. The saddle point was located

by following the converging streaks of pigment, specifically the cross flow pattern, until the

lines become less distinct where the pigments are smudged or lines seemed parallel to the

lateral plane. Foci points are located by considering regions with pigment accumulations and

lightly patterned streaks which are present due to the nature of vortices. The clarity of the

streaks by the foci points are poor as the wall shear forces in such regions are lower compared

to windward side and sides of the hemisphere-cylinder. The ‘separation’ line, indicated as

the white line in figure 7.2, was determined by outlining the areas where the pigment streaks

have ceased.

The location of the separation and foci points for the CFD results are similar to the ex-

perimental results, where the formation of horn vortices are shown by the accumulation of

the pigments. The saddle point for the experimental results are located approximately 2mm

further downstream in comparison to the CFD results. The discrepancy of the saddle point

locations are likely caused by the slight increase in the incidence. Discrepancies for the pri-

mary separation lines, white separation line and the perimeter of the separation region in

the figure 7.2, are present where the experimental results are wider compared to the CFD

results. However, the separation line in the experimental results correspond more closely

to the red-orange boundary of the surface streamlines (In figure 7.2a) hence wall shear or

skin friction coefficient decreases as flow approaches the symmetry plane from the windward

side. The outlined ‘separation’ line in figure 7.2c indicates the wall shear threshold where

the mixture was not able to create clear streaks due to the lack of wall shear forces in the

region. This is seen more clearly in figure 7.3 where the 30◦ incidence and M2.8 flow condi-

tion was considered for the experimental results. The greater wall shear, contributed by an

increased velocity through expansion waves, experienced at the nose resulted in the thinning

of pigments near the shoulder. As flow separates, associated with lower velocities hence lower

wall shear, pigments are accumulated at various regions on the body which varies in thick-

ness depending on the severity of the flow separation. The roughly distributed pigments are

regions indicating sufficiently low wall shear that prohibits the mixture from streaking with

greater detail, and is a feature of initiation or potential flow separation. The skin friction

coefficient distribution, as seen in figure 7.2a, is similar to the pigment thinning regions in

the experimental results where the pigments in the separation region are evidently thinner,

in figure 7.2b, than regions on the sides of the cylinder.
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Figure 7.3: Surface oil flow visualization of the hemisphere-cylinder pitched at 30◦ with M2.8

flow conditions as seen from: (a) Top view of the leeward side, (b) Side view.

The similarities between the computational and experimental results for the hemisphere-

cylinder are sufficient to prove validation for the simulated CFD results for this research.

Discrepancies that exist are minor and have been elaborated to provide explanations of such

discrepancies. It was necessary to consider CFD results, rather than experimental results,

for further analysis as the information provide by experimental results are limited.

The comparisons of the flow field characteristics of the cone-cylinder at an incidence of 30◦

and M3.2 flow conditions are seen in figure 7.4. The shock waves generated from the tip

of the nose in the CFD results are similar to experimental results where the shock wave

is shown to be slightly stronger, due to a darker shade, at the windward side. Multiple

shock wave lines emanating from the nose of the body, as seen from figure 7.4a, are an effect

of 3D flow dynamics on the cone-cylinder, similar to the hemisphere-cylinder. The CFD

results consist of three planes representing the shock wave lines that proves the 3D effect

in the simulated model. Similar to the hemisphere-cylinder, the cone-cylinder experienced

an incidence increase that potentially affected the results. A flow field discrepancy caused

by the incidence increase was the embedded shock which appeared more steep in the CFD

results than the experimental results. Another discrepancy was the absence of expansion

waves in the experimental result which was likely caused by the sensitivity of the optics
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set-up. Figure 7.4a indicates darker regions at the bottom of the image near the windward

side, hence indicating an increased sensitivity. Whereas the region at the top of the image

near the leeward side was much brighter which affects the visibility and sensitivity of density

gradients. With a lower sensitivity at the leeward side, due to the uneven distribution of light

intensity from the vertical knife edge set-up, the expansion waves were not clearly shown over

the leeward shoulder from schlieren imaging.

0 0.01 0.02 0.03 0.04 0.05(m)

(b)

Density

Bow Shock Wave

Embedded shock Expansion Fan

(a)

Figure 7.4: Comparison of the flow field features at M3.2 for the cone-cylinder at an incidence

of 30◦ presented as: (a) schlieren image with vertical knife edge for experimental results (b)

density contours with multiple vertical planes for CFD results.

The comparisons of the flow topology for the cone-cylinder at 30◦ incidence and M3.2 flow

conditions is seen in figure 7.5. The flow separation characteristics over the cone-cylinder are

relatively simple where separation line was mostly straight and was the main characteristics

that can be compared for the experimental and CFD results. The separation line, indicated

as the black line in figure 7.5b, was outlined by locating the termination of the pigment

streaks on the leeward side. Figure 7.5c indicates a clear image of the flow separation line

location which was deduced by locating the rough distribution of the pigments. The CFD

results indicated similar flow separation lines to the experimental results where the location

of the lines did not vary significantly despite the slight differences in the incidence. Pigment

thinning at the shoulder of the cone-cylinder corresponds the the darker shaded areas of red

at the shoulder in the CFD results, which was caused by an increase in flow velocity from

expansion waves.
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Coefficient (a)
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Figure 7.5: Flow topology of the cone-cylinder pitched at 30◦ with M3.2 flow conditions

presented as: (a) CFD solution with wall shear surface streamlines, (b) Experimental results

as surface oil flow visualization, (c) Surface oil flow visualization viewed from an oblique

angle.

The similarities between the computational and experimental results for the cone-cylinder are

sufficient to prove validation of the simulated CFD results for this research. Discrepancies that

exists in the flow field features were minor and have been elaborated to provide explanations

for the cause.

7.2 Flow Field Characteristics and Flow Topology

The characteristics of flow separation and supersonic flow are analysed, prior to geometric

and flow condition comparisons, to establish an understanding of the mechanisms causing

such phenomena. The configuration with the maximum angle of incidence and M3.2 flow

conditions are considered for both the hemisphere-cylinder and cone-cylinder as the flow

dynamics are assumed to be more complex. In the previous section, flow topology and

density contours were introduced to determine the characteristics of the flow field and the

flow separation features. Flow visualization results are presented in the form of 3D features
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to elaborate on the flow separation features and supersonic flow dynamics that occur in flow

separation regions.

Figure 7.6: Mach number contours and velocity vectors at cross section 20mm from the

shoulder for hemisphere-cylinder with 30◦ incidence and M3.2 flow conditions.

Prior to 3D results, cross-sectional planes along the longitudinal axes are studied to establish

the flow dynamics and properties. Consider figure 7.6 which indicates the cross-sectional

plane located at 20mm downstream of the shoulder of the hemisphere-cylinder. The low

Mach number, blue regions, on the side and a portion of the top of the cylinder indicates

flow separation. An additional weak shock, known as an embedded shock, is formed above

the top of the cylinder. The vectors are able to indicate the trajectory of the flow in the

cross-sectional plane, hence determining the direction of the developed vortices. The labelled

vortex structures V1, V2, and V3 are primary vortex, tertiary vortex, and the secondary vortex

respectively. The primary vortex was formed by the primary separation contributed by the

cross flow originating from the windward side of the hemisphere-cylinder. The secondary

vortex was further developed by the flow trajectory of the anti-clockwise primary vortex

impinging on the surface of the cylinder. The impinged flow is forced laterally hence forming

the secondary vortex with a clockwise circulation. The presence of the embedded shock plays

a significant role in the circulation of the secondary vortex which is discussed further in the

comparisons section. An additional tertiary vortex was formed for the hemisphere-cylinder

which is affected by flow features upstream near the shoulder, such as the flow separation

and horn vortices on the surface. The basic structure of the flow field at a 2D cross-sectional

plane enables one to determine the expected flow field downstream of the shoulder, hence it

supplements the 3D results that will be considered next.
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Figure 7.7: Flow field streamlines over hemisphere-cylinder at 30◦ incidence and M3.2 indi-

cating:(a) Vortex structure downstream of shoulder, (b) Horn vortex structures by shoulder.

The flow field streamlines for the hemisphere-cylinder at 30◦ incidence and M3.2 flow con-

dition are indicated in figure 7.7. The streamlines provides the flow structure that allows

one to establish the location of various flow features such as vortices. The primary vortex,

which are the yellow streamlines in figure 7.7a, are induced by cross flow separation where

the streamlines originate near the windward side shoulder. The primary vortex experiences

higher velocities which is contributed by the flow expansion occurring over the leeward side

of the cylinder. The secondary and tertiary vortices are combined for this geometric config-

uration and are seen in figures 7.7a and 7.7b as green-blue streamlines. The mixing of the

streamlines are caused by nose flow separation and horn vortices located upstream. The horn

vortices developed by the shoulder remains relatively close to the surface of the body and do

not shed laterally. The streamlines that form the horn vortices tend to follow a trajectory

parallel to the symmetry plane first then converges towards the secondary/tertiary vortices

further downstream. The formation of the secondary and tertiary vortices are elaborated

when considering the flow topology structures in the parameter comparisons section.
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Figure 7.8: 3D density iso-surfaces of supersonic flow features over the hemisphere-cylinder

at 30◦ incidence and M3.2 flow conditions viewed from:(a) A front oblique view, (b) A rear

oblique view.

The flow separation and supersonic flow features indicated as 3D iso-surfaces are indicated

in figures 7.8 and 7.9 respectively. The iso-surfaces for both set of results were configured to

correspond to multiple cross-sectional planes along the longitudinal axis of the hemisphere-

cylinder where the cross-sectional planes are indicated in figures E.1 and E.3 under Appendix

E. As indicated in figure 7.8, a spherical bow shock wave is formed by combination of high

incidence angle and spherical nose. The flow velocity downstream of the bow shock maintains

supersonic speeds, with exception to the stagnation region at the front of the nose where a

sonic line exists. Despite the flow separation occurring over the shoulder of the hemisphere-

cylinder, the flow velocity on the leeward side is able to increase its velocity by expansion and

form an embedded shock downstream of the shoulder on the leeward side. The vortex shock

formed further above the embedded shock originates from the combination of the primary

vortex and flow expansion. The primary vortex acts as a flow boundary where compression

is experienced as flow travels downstream of the shoulder. The vortex shock weakens further

downstream as the primary vortex is lifted from the leeward side surface and flow expansion

gradually dissipates. The surface shape of the vortex shocks are angled inwards towards the

symmetry plane, which indicates the shocks are formed on the outer surfaces of the primary

vortices where compression of the cross flow occurs.
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Figure 7.9: 3D Mach number and turbulence intensity iso-surfaces of flow separation features

over the hemisphere-cylinder at 30◦ incidence and M3.2 flow conditions viewed from:(a) A

rear oblique view, (b) A front oblique view.

3D iso-surfaces for the hemisphere-cylinder at 30◦ incidence are indicated in figure 7.9. The

flow separation regions are representations of regions with low Mach number and relatively

high turbulent conditions. The saddle-shaped flow separation regions at the shoulder are

indications of strong attached cross flow that contributes to the formation of vortex structure

at the shoulder. The vortical structures were based on turbulence intensity iso-surfaces that

were selected with reference to the velocity and pressure contours. The primary vortices are

seen to shed from the leeward side downstream of the saddle-shaped flow separation region

where the orange region seen in figure 7.9a indicate regions with greater turbulence intensity.

The region of greater turbulence intensity does not extend downstream due to the presence

of the embedded shock that reduces the flow velocity in the primary vortex. The secondary

vortex was initially formed as the primary vortex was formed near the strong turbulence

intensity region. However, as flow travels downstream, the secondary vortex was influenced

by the formation of the tertiary vortex. The presence of the tertiary vortex further affects the

diameter of the secondary vortex filament to accommodate a large elongated tertiary vortex

filament next to the cross flow separation line. The presence of multiple vortex structures

above the leeward side results in complex flow patterns in the flow separation region. This is

characterised by multiple separation lines on the surface.
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V2
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Figure 7.10: Mach number contours and velocity vectors at cross section 35mm from the

shoulder for cone-cylinder with 30◦ incidence and M3.2 flow conditions.

The cross-sectional plane, located at 35mm from the shoulder, for the cone-cylinder at 30◦

incidence and M3.2 flow condition is indicated in figure 7.10. The specified cross-sectional

plane was selected as cross-sectional planes upstream by the shoulder did not indicate distinct

characteristics of the secondary vortex, hence indications of flow characteristics with less

complexity compared to the hemisphere-cylinder. The embedded shock wave and primary

vortex are distinct where the maximum Mach number above the top of the cylinder is above

the freestream velocity of M3.2. A secondary vortex is present but does not seem to be fully

developed as the velocity in the separated region is relatively high due to expansion.

Primary vortex

(a) (b)

Figure 7.11: Flow field streamlines over cone-cylinder at 30◦ incidence and M3.2 flow condi-

tions shown at:(a) A rear oblique view, (b) A frontal oblique view.
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The 3D streamlines for the cone-cylinder at 30◦ incidence and M3.2 flow conditions is indi-

cated in figure 7.11. The dense streamlines travelling from the nose of the cone experience

severe cross flow where flow tends to converge to the symmetry plane, which the vortical

singularity point exists in the flow field. The streamlines eventually diverges laterally down-

stream where it forms part of the primary vortex induced by the cross flow separation from

windward flow travelling towards the leeward side.

The flow separation and supersonic flow features for the cone-cylinder at 30◦ are indicated

in figures 7.12 and 7.13 as 3D iso-surface. Similar to the hemisphere-cylinder, the iso-

surfaces were constructed from a combination of pressure, density, and turbulence intensity

iso-surfaces with reference to multiple cross-sectional planes as seen in figures E.2 and E.4

in appendix E. Figure 7.12 indicates the iso-surfaces for the cone-shaped shock wave, em-

bedded shock and vortex shock. The cone-shaped shock does not form a full revolution as

the 30◦ angle of incidence exceeds the cone deflection angle of 25◦, which causes a portion

of the revolution to remain as compression waves. Hence the flow over the leeward side of

the nose are able to travel at a greater velocity without the presence of a shock wave. The

embedded shock and vortex shock are present due to flow expansion over the leeward side

and the formation of the primary vortex respectively.

The 3D flow separation features are indicated in figure 7.13. The flow separation region

indicates flow at low Mach number, which is considerably less for the hemisphere-cylinder.

This was contributed by the greater velocity conditions experienced over the leeward side and

the absence of a tertiary vortex structure which decreases the flow velocity in local regions.

Flow separation occurs at the nose where the 25◦ meridional plane is collinear with the nose

flow separation line. The immediate flow separation occurring at the nose is contributed

by the high flow velocity over the leeward side of the nose which has sufficient energy to

initiate flow separation at the nose. The mechanism of flow separation over the cone-cylinder

at different angles of incidence is elaborated in the next section where the flow topology

provides evidence of the initiation of flow separation in relation to the incidence. The primary

vortex is developed further downstream of the shoulder where the main contributors are the

cross flow separation and the converging flow on the leeward side of the cone-cylinder. The

primary vortex is elongated with a turbulence intensity that is much lower compared to the

hemisphere-cylinder. As flow travels downstream, the secondary vortex is developed where

the flow impinging on the leeward side has gathered sufficient velocity to induce secondary

flow separation.
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Figure 7.12: 3D density iso-surfaces of supersonic flow features over the cone-cylinder at 30◦

incidence and M3.2 flow conditions viewed from:(a) A front oblique view, (b) A rear oblique

view.
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Figure 7.13: 3D Mach number and turbulence intensity iso-surfaces of supersonic flow features

over the cone-cylinder at 30◦ incidence and M3.2 flow conditions viewed from:(a) A rear

oblique view, (b) A front oblique view.
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7.3 Nose Geometry Influences on the Flow Separation Char-

acteristics and Properties

The results presented in this section are specifically aimed at flow separation characteristics,

hence comparisons of the geometric parameters, and later the Mach number parameter,

are constrained to flow topology and the cross sections indicating the Mach number and

velocity vectors. The selected types of result indicates the most distinct characteristics of

flow separation. For ease of discussion, the terms high, medium, and low angles of incidence

refers to 30◦, 20◦, and 10◦ of incidence.

Pressure
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F
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Figure 7.14: Surface streamlines and pressure contours for: (a) hemisphere-cylinder, (b)

cone-cylinder, at 30◦ angle of incidence and M3.2 flow conditions.

The comparisons of the hemisphere-cylinder and cone-cylinder at the same high angles of

incidence and Mach numbers are indicated in figures 7.14 and 7.15. Brief comparisons were

mentioned in the previous section, hence additional details for the nose shape comparisons are

considered. The locations of flow separation near the shoulder are a distinct difference which

caused several features of the flow topology to be affected as seen in figure 7.14. The flow sep-

aration at the shoulder of the hemisphere-cylinder resulted in the formation of flow separation

features such as focus (F ), saddle (S1), and reattachment (N) points on the surface of the

body. The presence of the saddle and reattachment points are significant as it contributes to

the formation of the tertiary vortex, which corresponds to the tertiary separation line, seen

in figure 7.14a. The typical characteristics of the saddle and reattachment points include

converging and diverging streamlines. The saddle point is located at the starting point of
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the cross flow separation hence can be interpreted as the interface of the nose flow separation

and cross flow separation. The reattachment point indicates streamlines converging from the

saddle point, hence forming an alternate flow system that affects the flow dynamics in the sep-

arated region. Both tertiary and secondary separation lines emanate from the reattachment

point hence indicating features of a tertiary and secondary vortex systems. The cone-cylinder

does not consist of flow separation points by the shoulder and has a pair of separation lines

emanating from the tip of the cone, which can be considered as the separation point. The

streamlines in the separated region are wavy where the formation of a secondary separation

line occurs further downstream of the shoulder. The pressure distribution over leeward side of

the hemisphere-cylinder consists of darker shades of green along the symmetry plane region,

indicating slightly higher pressures compared to the cone-cylinder. The region with multiple

separation lines on the leeward side of the hemisphere-cylinder also increases the pressure

distribution, despite experiencing lower velocities from the tertiary vortex system.
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Figure 7.15: Cross-sectional plane located at 35mm downstream of the shoulder with Mach

number contours and velocity vectors of: (a) hemisphere-cylinder, (b) cone-cylinder, at 30◦

incidence and M3.2 flow condition.
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The flow field comparison of the hemisphere-cylinder and cone-cylinder at high incidence

taken at the cross-section 35mm from the shoulder is indicated in figure 7.15. The presence

of the tertiary vortex for the hemisphere-cylinder has a distinct effect on the Mach number

regions where the flow velocity is greatly decreased in magnitude. The absence of the tertiary

vortex in the cone-cylinder allows flow to maintain relatively high supersonic flow conditions.

The embedded shock is present for both slender body types where the embedded shock for the

hemisphere-cylinder is slightly laterally longer. The embedded shock affects the secondary

vortex by reducing the flow velocity that approaches the surface. Hence the reduced flow

velocity resulted in a reduced vortex size which may favour conditions for the tertiary vortex.

This is apparent for the hemisphere-cylinder as the tertiary vortex (V2) seems much larger in

size in comparison to the secondary vortex (V3). The region above the embedded shock for

the cone-cylinder consists of a darker shade of red in comparison to the hemisphere-cylinder,

indicating a region with greater Mach number flow. This is affected by the higher flow velocity

over the leeward side due to the presence of compression waves on the leeward nose.

7.4 Body Attitude Influences on the Flow Separation Char-

acteristics and Properties

The variation in the angle of incidence is considered in this section where it is one of the vital

parameters that affected the flow separation characteristics. Selected angles of incidence

are considered as some configurations, such as low angles of incidence, did not contribute

sufficiently to the discussion due to the absence of nose flow separation. The results for 10◦

angle of incidence are seen in figures E.5 and E.6 in Appendix E.

The comparisons of the hemisphere-cylinder at high and intermediate angles of incidence with

the same flow conditions are indicated in figures 7.16 and 7.17. Prior to the flow topology and

flow field conditions, it was recognized that the shock wave over the hemisphere-cylinder at

intermediate incidence encounters a weaker bow shock at the windward side of the cylinder

compared to the high incidence configuration. The flow topology for the hemisphere-cylinder

at different angles of incidence is indicated in figure 7.16, where the differences in flow patterns

over the surface are distinct. The saddle point for the intermediate incidence is located further

downstream of the shoulder and almost in-line with the reattachment point. The location

of the saddle point for the intermediate incidence configuration is partially contributed by

cross flow trajectory, which is affected by the lower angle of incidence. The reattachment

points are situated at similar locations for both incidences, despite the difference in the saddle

point location. The nose flow separation line for the intermediate incidence configuration is

narrower compared to the high incidence configuration, hence forming a smaller separated

region. The nose separation line is also located further downstream of the shoulder, which

is indicative that the nose flow separation is delayed with a decrease of incidence. The

presence of the saddle and reattachment points correspond to the presence of a secondary and
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tertiary vortex system, which are evident from the existence of both secondary and tertiary

separation lines seen on the leeward side. Foci points are not seen for the intermediate

incidence configuration as the vortices near the shoulder are not developed, hence there are

fewer tertiary separation lines in the separated region. The pressure distribution on the

leeward side for the intermediate incidence configuration are greater and relatively uniform

along the symmetry plane. Hence the pressure distribution in the separated region tends to

be more predictable at lower angles of incidence.
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Figure 7.16: Surface streamlines and pressure contours over of hemisphere-cylinder at M3.2

conditions and: (a) 30◦ angle of incidence (b) 20◦ angle of incidence.

The flow field comparison of the hemisphere-cylinder high and intermediate incidences taken

at the cross-section 35mm from the shoulder is indicated in figure 7.17. The primary vortex

and embedded shock are the main differences in the flow field for variations in the incidence.

The primary vortex for the intermediate incidence configuration is more circular compared to

the more elongated primary vortex in the high incidence configuration. The circular-shaped

vortex results in the formation of smaller secondary and tertiary vortex systems as less flow

is directed downwards towards the leeward side of the surface. The embedded shock is absent

for the intermediate incidence configuration as flow expansion is not as severe compared to the

high incidence configuration. Instead of a flow with a lower velocity affected by the embedded

shock, flow on the leeward side impinges on the surface along the symmetry plane, hence

resulting in regions of lower Mach number for the intermediate incidence configuration. The

lowered Mach number corresponds with the increased pressure distribution in the separated

region.
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Figure 7.17: Cross-sectional plane located at 35mm downstream of the shoulder with Mach

number contours and velocity vectors of the hemisphere-cylinder at M3.2 flow conditions and:

(a) 30◦ incidence, (b) 20◦ incidence.

The comparisons of the flow topology for the cone-cylinder at high and intermediate angles

of incidence with the same flow conditions are indicated in figure 7.18. The distinct dif-

ference for the intermediate and high incidence configurations is the presence of the nose

separation line. The dense streamlines over the intermediate incidence configuration of the

cone-cylinder are indicative that flow separation over the nose is non-existent. However,

cross flow separation remains where S0 indicates the origin of the cross flow separation point.

Cross flow separation remains present for the intermediate incidence configuration as the

incidence was sufficient to allow flow to separate around the cylinder. It is relevant to recall

the high incidence configuration of the cone-cylinder where a full-revolution shock wave was

not encountered as the leeward side of the nose experienced a compression wave rather than

a shock wave. The significance of the compression waves on the leeward side of the cone

enabled the formation of flow separation over the nose of the cone. The intermediate inci-

dence configuration encountered a full-revolution cone shock as the maximum effective cone

deflection angle maintains a compression deflection i.e. positive angle of deflection relative
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to freestream vector. Although a weaker shock solution is encountered at the leeward side

of the cone for the intermediate incidence configuration, the flow downstream of the shock

decreased sufficiently to inhibit flow separation over the nose. Hence flow over the nose was

unable to separate from the surface for intermediate angles of incidence for cone-cylinders

with a cone deflection angle of 25◦. The secondary separation lines are similar for different

incidence configurations, which is indicative that the secondary vortex systems are mainly

dependent on the cross flow separations.
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Figure 7.18: Surface streamlines and pressure contours over of cone-cylinder in M3.2 condi-

tions and: (a) 30◦ angle of incidence (b) 20◦ angle of incidence.

The comparisons of the flow field characteristics for the cone-cylinder at high and intermediate

angles of incidence with the same flow conditions are indicated in figure 7.19. Although

the flow topology results indicated that the secondary and tertiary separation lines were

similar in the flow separated region for the intermediate and high incidence configurations,

the vortex systems were noticeably different above the leeward side of the cone-cylinder at

different incidences. The primary vortex system is more circular for the intermediate incidence

configuration where cross flow separation region is smoothly merged with the primary vortical

structure. The secondary vortex structure in the intermediate incidence configuration is

subtly greater in diameter, despite having a slightly lower Mach number and flow velocity

directly above the leeward side of the cylinder. However, the circular-shaped primary vortex

of the intermediate incidence configuration prevails over the greater velocity conditions as the

flow vectors were more horizontal, which promotes the flow to shear over the surface more

frequently instead of impinging at the leeward side surface.
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Figure 7.19: Cross-sectional plane located at 35mm downstream of the shoulder with Mach

number contours and velocity vectors of the cone-cylinder at M3.2 flow conditions and: (a)

30◦ incidence, (b) 20◦ incidence.

7.5 Mach Number Influences on the Flow Separation Char-

acteristics and Properties

The variation of Mach number is considered for this section to determine the differences

in flow separation characteristics. It was established in the previous section where flow

separation at the nose or shoulder were constrained to certain angles of incidence. Mach

number comparison are only considered for incidence configurations where nose or shoulder

flow separation occurs.

The comparisons of different Mach numbers for the hemisphere-cylinder at high angles of

incidence are considered in figures 7.20 and 7.21. The variation in the freestream Mach

number affects the flow downstream of the bow shock wave which also varies in geometry.
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The flow topology for the comparison of M2.8 and M3.2 flow conditions for the hemisphere-

cylinder are indicated in figure 7.20. There are subtle differences in the flow topology for

the hemisphere-cylinders at high angles of incidence where the shape and locations of flow

separation features differ. The nose flow separation line and cross flow streamlines converging

to the focus points for lower Mach numbers are more curved compared to the high Mach

number flow condition. The curved nature of the streamlines means that the saddle points

are located wider apart which affects the cross flow separation region. The interface of the nose

separation region and cross flow separation forms a kink at the saddle point. The lower Mach

number flow condition consists of two reattachment point where secondary reattachment

point (N1) is located in the same location as the reattachment point for the high Mach

number condition. The presence of N1 indicates a transition towards the multiple tertiary

flow separation lines in the separated region. The flow velocity in the separated region, for

the higher Mach number condition, allows for the condition of N1 to become the primary

reattachment while the other reattachment points dissipate which results in the formation of

more irregular tertiary separation line. The primary reattachment point (N2) for the lower

Mach number condition is formed as a result of dominant vortices generated near the shoulder.

Rather than converging at N1, surface streamlines tend to converging further downstream at

N2 which allows for diverging streamlines to form a more distinct tertiary separation line.

The pressure distribution over the leeward side of the hemisphere-cylinder at different Mach

number conditions does not differ significantly.

Pressure

(a)

(b)

0 0.01 0.02 0.03 0.04 (m)

Nose separation line Vortex core Primary separation line

S1
N

Vortex core

S1

N2
N1

Figure 7.20: Surface streamlines and pressure contours for hemisphere-cylinder at 30◦ angle

of incidence and: (a) M3.2 flow conditions, (b) M2.8 flow conditions.
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The flow field comparison of the hemisphere-cylinder at M2.8 and M3.2 flow conditions taken

at the cross-section 35mm from the shoulder is indicated in figure 7.21. The Mach number

contours indicate an expected difference in the flow conditions where the higher Mach con-

dition has regions of greater Mach flow values with exceptions to the vortex systems. The

embedded shock wave has similar dimensions where the Mach numbers above the embedded

shock is similar to the difference of the freestream Mach number. The Mach number contours

indicates a darker shade of blue (lower Mach number) located at the primary separation line

hence an indicating that the cross flow separation was stronger for the high Mach number flow

condition. However, this did significantly change the vortex structure compared to the low

Mach number condition. Despite the M2.8 flow condition containing a single distinct tertiary

separation line in the separated region, the tertiary vortex did not indicate any significant

difference in vortex shape.

(a)

(b)

Embedded Shock

V1

V1

V3

V3

V2

V2
Mach number Velocity

Figure 7.21: Cross-sectional plane located at 35mm downstream of the shoulder with Mach

number contours and velocity vectors of hemisphere-cylinder at 30◦ incidence and: (a) M3.2

flow conditions, (b) M2.8 flow conditions.

80



The comparisons of different Mach numbers for the hemisphere-cylinder at intermediate an-

gles of incidence are considered in figure 7.22. The discrepancies of the flow separation features

with variations in Mach number flwo conditions are more subtle and in some cases similar

for intermediate incidence configurations. The nose flow separation line are slightly curved

for the lower Mach number condition. The location of the saddle point and the cross flow

separation line are similar, hence the secondary and tertiary separation lines in the separated

region are also similar. The lack of differences for the hemisphere-cylinder at intermediate of

incidence for difference Mach number flow conditions are indicative of the exacerbated flow

separation characteristics experienced at higher angles of incidence as the differences were

more noticeable at higher incidences.

Pressure

(a)

(b)

0 0.01 0.02 0.03 0.04 (m)

Nose separation line Primary separation line

S1

S1

Figure 7.22: Surface streamlines and pressure contours for hemisphere-cylinder at 20◦ angle

of incidence and: (a) M3.2 flow conditions, (b) M2.8 flow conditions.

The comparisons of different Mach numbers for the cone-cylinder at high angles of incidence

are considered in figures 7.23 and 7.24. The differences in the flow separation characteristics

are expected to be even more subtle in comparison to the hemisphere-cylinder as there are

less flow separation features. The flow topology comparisons for the cone-cylinder at M2.8

and M3.2 flow conditions are indicated in figure 7.23. The primary separation and secondary

lines are identical for both Mach number conditions. The vortex systems seen in figure 7.24

are also similar with minimal differences in the shape of the primary and secondary vortex

structures. The difference of the flow conditions are evident from the Mach number contours

where the M2.8 flow conditions has a wider embedded shock above the leeward side of the

cylinder. However, the difference in the flow velocity is not sufficient to change the flow

separation characteristics.
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Pressure

(a)

(b)

0 0.01 0.02 0.03 0.04 (m)

Nose separation line Primary separation line

Secondary separation line

Figure 7.23: Surface streamlines and pressure contours for cone-cylinder at 30◦ angle of

incidence and: (a) M3.2 flow conditions, (b) M2.8 flow conditions.

(a)

(b)

Embedded Shock

Mach number Velocity

V1

V2

V2

V1

Figure 7.24: Cross-sectional plane located at 35mm downstream of shoulder with Mach

number contours and velocity vectors of cone-cylinder at 30◦ incidence and: (a) M3.2 flow

conditions, (b) M2.8 flow conditions.
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The differences for Mach number are subtle in comparison to geometric parameters over the

slender bodies. The apparent similarities for the Mach number variations are likely due to

the relatively small changes in Reynolds number which is a parameter that dictates flow

separation characteristics. The chosen Mach number flow conditions correspond to a fully

turbulent type flow separation, hence significant differences in flow separation are unlikely.
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8 Conclusions

The conclusions for the analysis of the supersonic flow separation characteristics and prop-

erties over the shoulder for the hemisphere-cylinder and cone-cylinder are as follows:

� Flow separation occurred over the shoulder of the hemisphere-cylinder at intermediate

and high angles of incidence at M2.8 and M3.2 supersonic flow conditions, while no flow

separation occurred over the shoulder at low angles of incidence.

� Flow separation occurred at the nose for the cone-cylinder at high angles of incidence

with M2.8 and M3.2 flow conditions.

� The complexity of flow separation structures was increased with increased angles of

incidence for the hemisphere-cylinder at high constant Mach number conditions.

� The nose flow separation occurring over cone-cylinders were limited by the relation of

the cone deflection angle and angle of incidence.

� The difference in high Mach number, while maintaining high Reynolds numbers, did

not yield significant flow separation differences for the hemisphere-cylinder. However,

subtle differences in the flow separation features were evident at intermediate and high

angles of incidence.

� The difference in high Mach number, while maintaining high Reynolds numbers, did

not yield significant flow separation differences for the cone-cylinder.
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9 Recommendations

The recommendations arising from this research are as follows:

� The nose shapes of the slender bodies considered for this research were simple shapes

that provided CFD flow visualization for the supersonic flow separation characteristics.

Modern application of slender bodies may require more complex nose shapes that are

considered optimized for its function, hence it is recommended that more complex nose

shape, such as elliptical or ogive nose shapes, be explored to study the flow dynamics

of flow separation.

� Reynolds number is a vital parameter that dictates the flow separation characteristic.

Flow separation at high Reynolds numbers have already been explored in this research

for hemisphere-cylinders and cone-cylinders, however they have not been explored at

lower Reynolds numbers that are in the transitional and laminar regions. Hence explor-

ing such conditions provides knowledge of the relationship of Reynolds number regimes

with the flow separation characteristics.

� At high angles of incidence, slender bodies experience vortices. developing downstream

of the leeward side. However, if the angle of incidence were to approach higher angles

of incidence, turbulent conditions may cause the flow downstream to be asymmetrical

which would affect the aerodynamic properties of the slender bodies. It is not known

whether the flow separation near the shoulder would also be affected at such conditions

hence it may be recommended to explore to unsymmetrical flow separation dynamics

that may occur at high angles of incidence.
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Appendix A : SSWT Calculation

A.1 SSWT Mach number calibration

The calibration of the SSWT is based on varying the veeder counter and determining the

correspond Mach number that is obtained from the throat configuration. A constant stagna-

tion pressure is used for the following calibration curve done by A. A. Fillipi [28]. The above

Table A.1: Table of veeder counter and Mach number obtained from calibration test com-

pleted by A. A. Fillipi. [27]

Veeder counter Mach Number

141 3.6

206 3.4

239 3.3

273 3.2

309 3.1

348 3.0

388 2.9

432 2.9

table represents data obtained from calibration tests. The values are plot as seen in Figure

A.1, which follows a 3rd-order trend. The 3rd-order equation is represented as:

M = (−6.992 × 10−10)C3 + (2.514 × 10−6)C2 − 0.004C + 4.118 (A.1)

Where M is the Mach number and C is the veeder counter.
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Figure A.1: Calibration graph representing the relationship between the veeder counter the test section Mach number. Calibration completed

by A. A. Fillipi. [27]
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Appendix B : Test Model Design

B.1 SSWT Shock Wave Loads

The SSWT loads calculated for the test piece and mounting block design are based on a

conservative method where a start-up shock and the dynamic pressure of the flow over the

test piece are combined. The total load is applied at the center of mass on the test piece

hence exerting a bending, shear, and axial load on the test piece. To ensure the maximum

load is considered, the loads over a cone-cylinder is determined as it has a greater area in

comparison to the hemisphere-cylinder.

The start-up shock wave load is derived from normal shock theory where the pressure ratio

in relation to the Mach number is considered. For the equations relating to normal shocks,

consider Anderson [6] for the relation of temperature, pressure, and density with Mach num-

ber. Start-up shock loads can be derived by considering pressure, area, and force. Hence

manipulating the stagnation and Mach number parameters to obtain equation B.2.

FN =
7P0SF (M2 − 1)

6
(
1 + 0.2M2

) 3.5
β

(B.1)

Where FN is the start-up shock wave force, P0 is the stagnation pressure, SF is the total

surface area of the cone-cylinder, β is a ratio as defined below and is specific for Mach numbers

above 3.

β =
(
0.9 + 0.1

SL
ST

)
(B.2)

SL is the surface area of lifting surfaces present on the test piece which is zero as lifting

surfaces are not considered for this research.

The dynamic pressure can be consider by applying the same stagnation pressure ratio to the

dynamic pressure equation seen in Bernoulli’s equation [6]. Hence obtaining equation B.3.

q =
0.7P0(

1 + γ−1
2 M2

) γ
γ−1

×M2 (B.3)

Where γ is the constant for heat capacity ratio considered for ideal gases. With the equations

derived above, the calculated loads on the test piece were determined as 422.8N for the drag

or horizontal force and 244.1N for the lift or vertical force.

B.2 Stress Analysis

The stress analysis for the mounting block assembly, sting rod, and test piece assembly were

initially completed using basic stress calculations. Ansysr Workbench� was further used
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in order to complete Finite Element Method(FEM) analysis to confirm the stress on the

assembly and model. The stress for each component did not exceed a safety factor of 2,

which was deemed acceptable for further experimental testing.

Figure B.1: FEM stress results for the cone-cylinder and adjustable strut at 30 incidence

Figure B.2: FEM stress results for the sting with applied loads transferred from the test piece

and adjustable strut
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Figure B.3: FEM stress results for the mounting block with applied loads transferred from

the stings

B.3 Test Model Specifications

The assembly and drawings with dimensions for the test model follows on the next page.
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Appendix C : Experimental Methods and Results

C.1 Uncertainty Analysis

The uncertainty analysis for the experimental results are specific for the determination of

the Mach number utilized for each test recorded. The variables that play a role in the

uncertainty of the results include the veeder counter, pressure transducer readings from the

both the stagnation chamber and the testing chamber and the voltage readings for the data

acquisition system.

The uncertainty of the pressure transducers have been completed by Hooseria [5], where the

equations that were considered are as follows:

P0 = mP0VP0 + cP0 (C.1)

P = mPVP + cP (C.2)

Where mP0 and mP are the gradients representing the transducer calibration data for the

static port and the test chamber pressure port respectively. The variables cP0 and cP are the

constants or y-intercepts of the linear fit of the transducers for the wind tunnel pressure and

static pressure respectively. Applying the method by Kirkup [29] to determine the uncertainty

analysis, the maximum and minimum error for the transducers are as follows:

(P0)max/min =

(
mP0 ± ∆mP0

)
VP +

(
cP0 ± ∆cP0

)
(C.3)

(P )max/min =

(
mP ± ∆mP

)
VP +

(
cP ± ∆cP

)
(C.4)

The data for the pressure transducers are seen in table C.1, which was obtained from the

thesis by Hooseria [5] whom used regression statistic methods to obtained an estimation of

the pressure transducer readings. The calibration data represents values that compliment

equations C.1 and C.2, hence allowing one to determine the voltage output with the corre-

sponding pressures that are measured from the pressure transducers. Note that for the case

of uncertainty analysis, the voltage is assumed to be a constant where the variables mP and

cP effects the deviations of the pressure readings that translates to the uncertainty of the

Mach number. The uncertainty error for the Mach number was determined by Hooseria [5]

to be approximately 2.3%, which is affected by the uncertainty of the pressure transducer

readings.
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Table C.1: Calibration data on the pressure transducers used for the experimental data. Data

edited from reference. [4]

Transducer type m (kPa/V) ∆m (kPa/V) c (kPa) ∆c (kPa)

Wind tunnel pressure 97.119 0.595 80.501 3.995

Static pressure 22.242 0.544 70.505 3.652

An additional uncertainty error is considered for the veeder counter which is relevant to

the calibration curve seen in figure A.1. Equation A.1 determines the Mach number with

the corresponding selected veeder counter, hence a resolution of ±1 is applied to the veeder

counter value (C). The equation for the maximum and minimum Mach number values with

the applied uncertainty deviation is as follows:

Mmax/min = (−6.992×10−10)(C±∆C)3 +(2.514×10−6)(C±∆C)2−0.004(C±∆C)+4.118

(C.5)

The uncertainty error of the veeder counter on the Mach number was determined to be 0.13%,

which is applied to the total uncertainty error as seen below:

ηT =
√
η2P + η2V (C.6)

Where ηP is the uncertainty error for the pressure transducer and ηV is the uncertainty error

for the veeder counter. The total uncertainty error, which was predominantly based on the

pressure transducer error, was 2.304% hence translating to M = 3.2 ± 0.07373.

C.2 Sample Test Log

The sample test log follows onto the next page.
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Appendix D : Computational Method and

Processing

D.1 Model Independence Results

(a)

(b)

(c)

0 0.01 0.02 0.03 0.04 0.05(m)

Separation region

Imbedded shockStagnation region

Mach number

Figure D.1: Mach number contours and vectors of the symmetry plane of the hemisphere-

cylinder with inflation layer mesh settings of: (a) 60 layers, (b) 75 layers, (c) 90 layers.
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(a)

(b)

(c)

(m)

Mach Number

Imbedded shock

0 0.01 0.02 0.03 0.04 0.05

Figure D.2: Mach number contours and vectors of the symmetry plane of the cone-cylinder

with inflation layer mesh settings: (a) 60 layers, (b) 75 layers , (c) 90 layers.
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(b)

(c)

0 0.01 0.02 0.03 0.04 0.05(m)

Separation region Imbedded shock

Stagnation region (d)

(a)

Mach number

Figure D.3: Mach number contours and vectors of the symmetry plane of the hemisphere-cylinder with local mesh refinement settings: (a)

0.335mm (150 circumferential cells), (b) 0.28mm (180 circumferential cells) , (c) 0.25mm (200 circumferential cells), (d) 0.228mm (220 circum-

ferential cells).
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Figure D.4: Coefficient of pressure plot at different circumferential locations at the shoulder of the hemisphere-cylinder.
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Figure D.5: Coefficient of pressure plot at different circumferential locations at 5mm downstream the shoulder of the hemisphere-cylinder.
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(c)
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Mach Number
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(d)

Imbedded shock

Figure D.6: Mach number contours and vectors of the symmetry plane of the cone-cylinder with local mesh refinement settings: (a) 0.42mm (120

circumferential cells), (b) 0.335mm (150 circumferential cells) , (c) 0.28mm (180 circumferential cells), (d) 0.25mm (200 circumferential cells).
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Figure D.7: Coefficient of pressure plot at different circumferential locations at 1mm downstream the shoulder of the cone-cylinder.
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1| file read-case "/mnt/lustre/users/tchan/Hemi-cylinder/Final/30inc/Hemi30_meshref_028mm.cas" 

2| file replace-mesh "/mnt/lustre/users/tchan/Hemi-cylinder/Final/20inc/Hemi20_mesh028mm.msh" 

3| file write-case /mnt/lustre/users/tchan/Hemi-cylinder/Final/20inc/Hemi20_M28_028mm 

4| define models solver density-based-implicit yes 

5| define models steady 

6| define models energy yes 

7| define models viscous transition-sst yes 

8| define models viscous curvature-correction yes 

9| define models viscous turbulence-expert kato-launder-model yes 

10| define models viscous turbulence-expert production-limiter yes 5 

11| define materials change-create air air yes ideal-gas no no yes sutherland three-coefficient-method 

1.716e-05 273.11 110.56 no no no 

12| define operating-conditions operating-pressure 0 

13| define boundary-conditions pressure-far-field pressure_farfield no 84000 no 2.8 no 293 yes no -1 no 0 

no 0 no no yes no 1 2 5 

14| define boundary-conditions fluid domain no no no no no 0 no 0 no 0 no 0 no 0 no 1 no no no no no 

15| define boundary-conditions symmetry symmetry 

16| solve set flux-type 0 

17| solve set discretization-scheme amg-c 1 

18| solve set discretization-scheme k 1 

19| solve set discretization-scheme omega 1 

20| solve set discretization-scheme intermit 1 

21| solve set discretization-scheme retheta 1 

22| solve set high-order-term-relaxation enable yes 

23| solve set high-order-term-relaxation options relaxation-factor 0.5 

24| solve set courant-number 1 

25| solve set under-relaxation k 0.8 

26| solve set under-relaxation omega 0.8 

27| solve set under-relaxation solid 1 

28| solve set under-relaxation turb-viscosity 1 

29| solve set under-relaxation intermit 1 

30| solve set under-relaxation retheta 1 

31| solve monitors residual check-convergence yes yes yes yes yes yes yes yes yes 

32| solve monitors residual convergence-criteria 1e-5 1e-5 1e-5 1e-5 1e-7 1e-7 1e-7 1e-7 1e-7 

33| solve initialize set-hyb-initialization general-settings 20 0.7 0.7 relative no no no 

34| solve initialize hyb-initialization 

35| solve set reporting-interval 10 

36| solve iterate 7000 

37| file write-case-data /mnt/lustre/users/tchan/Hemi-cylinder/Final/20inc/Hemi20_M28_028mm_7000.gz 

38| solve execute-commands add-edit curv_tempadapt 4000 "iteration" "adapt mark-with-gradients 

temperature curvature 2 no 0.012 0 no 0 0 0" 

39| solve execute-commands add-edit curv_machadapt 4000 "iteration" "adapt mark-with-gradients mach-

number curvature 2 no 0.012 0 no 0 0 0" 

40| solve execute-commands add-edit curv_intermitadapt 4000 "iteration" "adapt mark-with-gradients 

intermittency curvature 2 no 0.02 0 no 0 0 0" 

41| solve execute-commands add-edit curv_velocityadapt 4000 "iteration" "adapt mark-with-gradients 

velocity-magnitude curvature 2 no 0.008 0 no 0 0 0" 

42| solve execute-commands add-edit grad_pressureadapt 4000 "iteration" "adapt mark-with-gradients 

pressure space-gradient 2 no 0.04 0 no 0 0 0" 

43| solve execute-commands add-edit grad_incylinderref 4000 "iteration" "adapt mark-inout-cylinder yes 

no 0.11 0.15 -0.023 0 0 0 0.015" 

44| solve execute-commands add-edit set_incylindermask 4000 "iteration" "adapt change-register-type 5" 

45| solve execute-commands add-edit grad_sphereref 4000 "iteration" "adapt mark-inout-sphere yes no 

0.15 0 0 0.015" 

46| solve execute-commands add-edit set_spheremask 4000 "iteration" "adapt change-register-type 6" 

47| solve execute-commands add-edit grad_outcylinderref 4000 "iteration" "adapt mark-inout-cylinder no 

no 0.105 0 -0.023 -0.023 0 0 0.1" 

48| solve execute-commands add-edit set_outcylindermask 4000 "iteration" "adapt change-register-type 7" 

49| solve execute-commands add-edit combinereg 4000 "iteration" "adapt combine-registers 0 1 2 3 4 5 6 

7()" 

D.2 Fluent TUI Commands
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50| solve execute-commands add-edit adaptreg 4000 "iteration" "adapt adapt-to-register 10 0 0 yes" 

51| solve iterate 4000 

52| file write-case-data /mnt/lustre/users/tchan/Hemi-

cylinder/Final/20inc/Hemi20_M28_028mm_11000.gz 

53| solve iterate 4000 

54| file write-case-data /mnt/lustre/users/tchan/Hemi-

cylinder/Final/20inc/Hemi20_M28_028mm_15000.gz 

55| solve iterate 4000 

56| file write-case-data /mnt/lustre/users/tchan/Hemi-

cylinder/Final/20inc/Hemi20_M28_028mm_19000.gz 

57| solve execute-commands disable curv_tempadapt 

58| solve execute-commands disable curv_machadapt 

59| solve execute-commands disable curv_intermitadapt 

60| solve execute-commands disable curv_velocityadapt 

61| solve execute-commands disable grad_pressureadapt 

62| solve execute-commands disable grad_incylinderref 

63| solve execute-commands disable set_incylindermask 

64| solve execute-commands disable grad_sphereref 

65| solve execute-commands disable set_spheremask 

66| solve execute-commands disable grad_outcylinderref 

67| solve execute-commands disable set_outcylindermask 

68| solve execute-commands disable combinereg 

69| solve execute-commands disable adaptreg 

70| solve set convergence-acceleration-for-stretched-meshes yes 50 

71| solve iterate 2500 

72| solve set convergence-acceleration-for-stretched-meshes yes 75 

73| solve iterate 2500 

74| file write-case-data /mnt/lustre/users/tchan/Hemi-

cylinder/Final/20inc/Hemi20_M28_028mm_24000.gz 
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Appendix E : Additional Results

Mach Number

(a)
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2.551015202535 30 (mm)

Figure E.1: Mach contours of hemisphere-cylinder with 30◦ incidence and M3.2 flow condi-

tions at cross sections located with reference to the shoulder: (a)2.5mm, (b)5mm, (c)10mm,

(d)15mm, (e)20mm, (f)25mm, (g)30mm, (h)35mm.

(a)(b)(e) (c)(f) (d)(g)(h)

2.551015202535 30 (mm)

Mach Number

(a)

(d)

(g) (h)

(e)

(b) (c)

(f)

Figure E.2: Mach contours of cone-cylinder with 30◦ incidence and M3.2 flow conditions at

cross sections located with reference to the shoulder: (a)2.5mm, (b)5mm, (c)10mm, (d)15mm,

(e)20mm, (f)25mm, (g)30mm, (h)35mm.
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Figure E.3: Mach contours of hemisphere-cylinder with 30◦ incidence and M3.2 flow conditions at meridional plane of: (a)5◦ , (b)10◦ , (c)15◦,

(d)20◦
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Figure E.4: Mach contours of cone-cylinder with 30◦ incidence and M3.2 flow conditions at meridional plane of: (a)5◦ , (b)10◦ , (c)15◦, (d)45◦
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Figure E.5: Wall shear surface streamlines and pressure contours of the hemisphere-cylinder

at 10◦ incidence and M3.2 flow conditions

Figure E.6: Wall shear surface streamlines and pressure contours of the cone-cylinder at 10◦

incidence and M3.2 flow conditions
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Appendix F : Results for Future Research

The purpose of this section is to explore potential research topics that is related to super-

sonic flow separation for slender bodies with emphasis on the relationship of between the

flow separation mechanism and the angle of incidence. As determined from this research,

the angle of incidence plays a role in the initiation of the nose separation which affects the

vortical structures developed downstream of the shoulder of the slender bodies. The an-

gles of incidence that initiated nose flow separation were explored for the cone-cylinder and

hemisphere-cylinder, where the cone-cylinder cone deflection angle was constrained to 25◦.

The geometry configuration and flow conditions that were considered are as follows:

� Hemisphere-cylinder with 15◦ angle of incidence at M3.2

� Hemisphere-cylinder with 18◦ angle of incidence at M3.2

� Cone-cylinder with 25◦ angle of incidence at M3.2

The flow topology results are seen in figures F.1, F.2, and F.3. Each configuration consists of

cross flow separation where a distinct flow separation line can be determined. The transition

nose flow separation characteristics are seen for figures F.1 and F.3, where surface streamlines

are converging and potentially forming separation lines.

Pressure

0 0.01 0.02 0.03 0.04 (m)

Figure F.1: Wall shear surface streamlines and pressure contours of the hemisphere-cylinder

at 15◦ incidence and M3.2 flow conditions
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Pressure

0 0.01 0.02 0.03 0.04 (m)

Figure F.2: Wall shear surface streamlines and pressure contours of the hemisphere-cylinder

at 18◦ incidence and M3.2 flow conditions

Pressure

0 0.01 0.02 0.03 0.04 (m)

Figure F.3: Wall shear surface streamlines and pressure contours of the cone-cylinder at 25◦

incidence and M3.2 flow conditions

122


	Declaration
	Abstract
	Acknowledgements
	Contents
	List of Figures
	List of Tables
	Research Background
	Purpose of the Study
	Research Background
	Research Motivation
	Problem Statement

	Research Objectives
	Literature Review
	Compressible and Supersonic Flow
	Oblique Shock Waves
	Expansion Waves

	Flows in the Three-dimensional Domain
	Conical Flows
	Flows over blunt bodies
	Slender Bodies at Incidence

	Flow Separation and Topology
	Influence of Reynolds Number
	Flow Visualisation
	Experimental Flow Visualization
	CFD Flow Visualization


	Experimental Method
	Experimental Facilities and Apparatus
	Supersonic Wind Tunnel (SSWT) Facility
	Mounting block and Test Pieces
	Shadowgraph and Schlieren Imaging
	Surface Oil Flow Visualization

	Experimental Procedure
	Storage Pressurization Procedure
	Test Procedure
	Shut-down Procedure

	Precautions

	Computational Method
	Geometry and Meshing
	Geometry
	Inflation Layer Mesh Settings
	Local Mesh Refinement

	Model Equations and Solvers
	Model Independence
	Turbulence Model Independence
	Mesh Independence


	Post-Processing
	Experimental Results
	Optics Flow Visualization
	Surface Oil Flow Visualization

	Computational Results
	CFD Flow Visualization
	Data Plots

	CFD Model Independence
	Turbulence Model Independence
	Mesh Independence


	Results and Discussion
	Experimental and CFD Validation
	Flow Field Characteristics and Flow Topology
	Nose Geometry Influences on the Flow Separation Characteristics and Properties
	Body Attitude Influences on the Flow Separation Characteristics and Properties
	Mach Number Influences on the Flow Separation Characteristics and Properties

	Conclusions
	Recommendations
	: SSWT Calculation
	SSWT Mach number calibration

	: Test Model Design
	SSWT Shock Wave Loads
	Stress Analysis
	Test Model Specifications

	: Experimental Methods and Results
	Uncertainty Analysis
	Sample Test Log

	: Computational Method and Processing
	Model Independence Results
	Fluent TUI Commands

	: Additional Results
	: Results for Future Research

