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For space exploration

“Why should we go into space? (...) Spreading out into space will have an even greater 
effect (referring to the discovery of America by Columbus in 1492). It will completely 
change the future of the human race and maybe determine whether we have any future at 
all. (...)
We could have a base on the Moon within 30 years and reach Mars in 50 years - with 
manned space flight.”

Prof. Stephen Hawking on NASA 50th Anniversary Event, Washington, April 2008.



Abstract

When a vehicle travels at hypersonic speeds during launch, cruise or atmospheric re

entry it is subject to extremely high surface flow temperatures. As well as on the 

vehicle forebody, extreme heating can take place close to surface protuberances which 

are almost impossible to avoid in a real flight vehicle. These disturbances interfere 

with the freestream flow and result in complex viscous interactions which induce a 

local heat flux augmentation that can become detrimental to the integrity of the 

vehicle. A greater understanding of these flow phenomena is required.

This thesis develops the understanding of the behaviour of the flow around surface 

protuberances in hypersonic vehicles and presents an engineering approach to predict 

the location and magnitude of the highest heat transfer rates in their vicinity. To this 

end, an experimental investigation was performed in a gun tunnel at freestream Mach 

numbers of 8.2 and 12.3 and Reynolds numbers ranging from Reoo/m=3.35xl06 to 

Reoo/m=9.35xl06. The effects of protuberance geometry, boundary layer state, 

freestream Reynolds number and freestream Mach number were assessed. Further 

understanding of the flowfield was obtained through oil-dot visualisations and high

speed schlieren videos taken at frame rates of up to 50 kHz.

Results show the local interference interaction is strongly three-dimensional and is 

dominated by the incipient separation angle induced by the protuberance. In 

subcritical interactions - in which the incoming boundary layer remains unseparated 

upstream of the protuberance - the highest heating occurs adjacent to the device. In 

supercritical interactions - in which the incoming boundary layer is fully separated 

ahead of the protuberance - the highest heating generally occurs on the surface just 

upstream of it. An exception is for low-deflection protuberances under low-Reynolds 

freestream flow conditions in which case the heat flux to the side is greater.
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A attachment location, m
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C correlation constant
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c D drag coefficient, = D /(0.5pu2A^

C/ friction coefficient, = t w I (0.5p eu2e j

CH heat transfer coefficient, = q l  p j ^ c p (T0„ -  Tw)

CP specific heat capacity at constant pressure, J-kg^-K1

CP pressure coefficient, = ( p - p 00) / ( 0 . 5 )

Ch Chapman-Rubesin parameter, = (p wp w ) / (p epe)
d distance, m
D drag, N

or diameter, m
A mass diffusivity, =  a l  Le
G system gain, =2.06 at 0.1 kHz -  5kHz signal frequency
h protuberance height, m
H total enthalpy, J
i specific enthalpy, J-kg'1
I pixel intensity, on a scale from 0 to 255
k thermal conductivity, W -m ^K 1
I length or characteristic linear dimension, m
L lift, N

or separation length ahead of protuberance-plate junction, m
Le Lewis number, - a l D
M Mach number, -  VI  (yRT)°5
n refractive index

Nu Nusselt number, =  St Re Pr
P static pressure, Pa
P D drive pressure, Pa

Pr Prandtl number, =  (cpp } / k

q heat flux, =- .^p c pk̂ j V2J(a RVlG), W-m'2

r recovery factor, assumed r=l in calculation of St
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rn nose radius, m
R gas constant, =287.05 J-kg1-K1 

or radius, m
Re Reynolds number, = pul / g

Re/m Reynolds number per unit length, = pU / g
ReL Reynolds number based on L = pJJ^L / gx
R@x,k Reynolds number based on x* = pJJ«xk / gm
R&y,cl Reynolds number based on yc/; = pJJay cl / g^

S Reynolds analogy factor
S separation location, m
St Stanton number, =q/ (  pJU jzfi)
t time, s
T temperature, K
U longitudinal velocity, m-s'1
V total velocity, m-s '7
v, initial voltage across gauge, V

v ; average output voltage of integrated signal across effective run duration,2 V-s0-5
w protuberance width, m
X longitudinal distance, m
y lateral distance from centreline, m
z normal distance from flat plate, m

reek symbols

a protuberance deflection angle, degrees 
or thermal diffusivity, = £ / ( pcp)

a R coefficient of resistivity, K 1

Z viscous interaction parameter, =M30jCh/'Re
8 boundary layer thickness with edge at U = 0.99UX, m
8* boundary layer displacement thickness, m
Am distance margin, m
£ light deflection angle, degrees
4> geometrical angle, degrees
7 ratio of specific heats, = 1.4
P dynamic viscosity, kg-m^-s'1 

or Mach angle, degrees
9 temperature relative to wall, = Taw -  Tw
0 diameter, m
P density, kg-m3

J p c pk ) g thermal property of gauges, J-K1-m2-s~0'5

K surface shear stress, = g w(dul dy)w

CO exponential constant from g a zT 03 (co = 0.76)
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Subscripts and Superscripts

1 upstream of shock
2 downstream of shock
00 ffeestream conditions
* reference value

ahead ahead of protuberance
av averaged
aw adiabatic wall
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cl relative to centreline

coarse coarse grid
e conditions at boundary layer edge

eff effective
exp experiments

fplate flat plate
gw conditions of gas at the wall
h based on protuberance height
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or to incompressible flow
k relative to protuberance leading edge

lam laminar conditions
le relative to flat plate leading edge

max maximum value
min minimum value
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r recovery
rad radiation
ref reference value
run referring to gun tunnel run

s shock wave
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t transition location
T  total
te trailing edge
th theory

turb turbulent conditions
u undisturbed conditions at protuberance location 
w conditions on the wall
x based on local values

xxxi



Abbreviations

BOS
CARS
CCD
CFD
DGV
L2F
LCT
LDA
LED
LIF

MTV
PIV
PLIF
PNS
PSP
PTV

RANS
SA

SLR
SST

SWTBLI
TSP
VG

background oriented schlieren
coherent anti-Stokes Raman spectroscopy
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particle image velocimetry
planar laser induced fluorescence
parabolised Navier-Stokes
pressure sensitive paint
particle tracking velocimetry
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Coordinate System

The coordinate system uses as a reference the protuberance leading edge:

flow

Terminology

The following terms are used to classify the interference interactions:

SUBCRITICAL: The incoming boundary layer remains unseparated

upstream of the protuberance

SUPERCRITICAL: The incoming boundary layer is fully separated ahead of 

the protuberance

centreline
A

+ Z ,

Drotuberance
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CHAPTER 1

Introduction

Forty years after man first stepped on the Moon there seems to be a re-surging interest 

in the exploration of space with proposed goals as challenging as building a base on the 

Moon and bringing man to Mars. These challenges, along with the continued aim of 

flying faster, are reviving interest in hypersonic transport vehicles and related 

hypersonic aerothermodynamics. As these vehicles travel at hypersonic speeds during 

their launch, cruise or/and re-entry phases, the high kinetic energy of the flow results in 

extremely high temperatures that dominate their design. While special consideration has 

typically been paid to the heating of the vehicle forebody where the stagnation of the 

flow results in very high heat transfer rates to the surface, extreme heating can also take 

place close to surface protuberances which interfere with the incoming flow and give 

rise to complex local viscous interactions (Fig. 1.1). The very high temperatures 

induced at the regions of the protuberances constitute one of the principal hazards 

regarding the safety of hypersonic vehicles.

Figure 1.1 Artist’s impression o f  ARES I Upper Stage vehicle during re-entry. ©NASA 2009

Forebody

Surface , 
protuberances

L-
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Chapter 1 Introduction

1.1 Context

Surface protuberances are frequently unavoidable in the design of hypersonic vehicles 

in the form of control surfaces but also as smaller elements of the order of the boundary 

layer thickness. As an example, Fig. 1.2 shows a close-up view to some of the 

protuberances on the ARES I launch vehicle, which is currently being developed by the 

National Aeronautics and Space Administration (NASA, USA) for the Constellation 

program, to replace the Space Shuttle program and to provide human access to low- 

Earth orbit, the Moon, and even Mars in a farther perspective (Davis, 2008). As shown 

in more detail in Fig. 1.3, protuberances on the ARES I vehicle surface are found as 

instrumentation and cable protection pads, stiffeners, control modules and motors, feed 

and drain lines, etc. In any of these forms, the protuberance interferes with the 

freestream flow and results in a three-dimensional interaction which may induce 

extremely high heat transfer rates that can become detrimental to the integrity of the 

vehicle. While the expected high heat flux rates on the actual protuberances can be 

tackled by the use of advanced heat-resistant materials, it is the heating of the vehicle 

surface which generally becomes a concern in practical engineering applications 

(Stollery et al., 2008). Being able to predict the heat flux at the location of surface 

protuberances is an important design aspect in the development of new-generation 

hypersonic vehicles (Huebner et al., 2009; Wang et al., 2009).

Liqui

Liquid hydrogen feed feeoJ
and drain line fairing X

FLOW

Figure 1.2 Close-up view to surface protuberances on ARES I Upper Stage vehicle. 
Based on original design by ©NASA 2009
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Figure 1.3 Surface protuberances on Ares I launch vehicle.
Based on original vehicle design by ©NASA 2009
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Chapter 1 Introduction

1.2 Scope of the present investigation

The aim of the present work is to further develop the understanding of the behaviour of 

the flow around surface protuberances in hypersonic vehicles and the corresponding 

effects on the aerodynamic heating on the area surrounding the protuberance rather than 

on the protuberance itself.

The capability to predict computationally the heat transfer augmentation in interference 

regions is generally poor and therefore a greater understanding is required based on 

experimental studies. For this, an experimental program is carried out in the Cranfield 

University gun tunnel. The heat flux at different locations around the protuberances and 

at a range of different freestream conditions is measured by means of thin-film heat 

transfer gauges. A digital high-speed schlieren system is also developed to obtain flow 

visualisations that are used to determine unsteady features in the flow and to further 

explain the flow mechanisms around the protuberances. Oil flow visualisations are also 

obtained to determine the trajectory of the skin friction lines on the surface.

The case of three-dimensional compression ramps with finite span (W) and height (h) 

and semi-infinite length (1) is investigated in detail. The h/8u ratio of the datum 

configuration is 1 and the width is W/8U=2.7. These dimensions are representative of 

generic surface protuberances such as those shown in Figs. 1.1 - 1.3, which are 

considered to have a height of the same order of the boundary layer thickness. This is 

expected for most of the cases regardless of the many different functions and shapes the 

protuberances may have. The different effects that are investigated are as follows:

i. The effect of h/Su and W/8U ratio

ii. Deflection angle effect

iii. Effect of forward deflection

iv. Effect of boundary layer state

V. Reynolds number effect

vi. Mach number effect

4
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Through understanding of the flow field around these well-defined forms of 

protuberances and the effects on the local heat flux a generic engineering approach for 

predicting the induced heat flux augmentation to the surface surrounding the 

protuberances is developed. This approach provides rapid estimates of the location and 

magnitude of the hot spot in the vicinity of the protuberances for application during the 

different development phases of hypersonic vehicles, throughout which improved 

modifications are considered (e.g. to instrumentation, propulsion systems, control 

systems, etc.) which often imply changes to the vehicle’s protuberances. Following the 

previous example, as it has been seen throughout the maturing design of the ARES I 

launch vehicle, the changes to the protuberances are sometimes quite significant 

(Huebner et al., 2009). In general, when protuberances cannot be avoided, their surface 

is kept smooth with the purpose of minimising their interference with the flow as for 

example done with the roll control system module (Fig. 1.4). However, no clear 

guidelines to predict or minimise the induced heat transfer to the surface seem to be 

established as yet and modifications are believed to be unfavourable in some cases. 

Hence, the work presented in this thesis addresses these problems as well by developing 

the aforementioned hot spot predictive approach.

As a whole, the present work contributes to the development of more efficient designs 

of future hypersonic vehicles in terms of reliability, time, cost but most importantly 

safety.

Smoother sides (=135°) *

Higher deflection

Sharp sides (90°)im

u Low deflection

(a) Protuberance in preliminary test vehicle (b) Current protuberance design

Figure 1.4 Modified roll control system module on ARES I vehicle (Huebner et al., 2009).
©Elsevier 2009
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Chapter 1 Introduction

1.3 Content

This thesis is divided into 9 chapters. Following the present introduction, Chapter 2 

offers a review of background knowledge and existing literature relevant to this 

investigation. This is followed by a description of the experimental programme in 

Chapter 3 which also provides details on the flow diagnostic methods developed and 

applied. Chapter 4 goes on to present the part of the investigation that concerns heat flux 

in regions of attached flow. Since heat flux predictive methods for such cases are 

already available, this serves at the same time as a demonstration of the reliability of the 

experimental rig. After that, the results from the extensive experimental investigation on 

the interference interaction induced by surface protuberances are presented in Chapter 5. 

The development of the heat transfer predictive approach based on these results is then 

shown in Chapter 6, followed by a further insight into the behaviour of the flow field in 

such interactions in Chapter 7. This is followed by a further consideration of three 

specific protuberances in Chapter 8 which demonstrates the applicability of the method. 

Chapter 9 closes the study with the conclusions. Supporting documentation is presented 

in Appendices A -  D.
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CHAPTER 2

Background and Literature Review

In this chapter, an insight is given into the problem o f hypersonic 

aerodynamic heating and its significance in the development o f  vehicles 

flying at hypersonic speeds. A review o f literature regarding high 

aerodynamic heating regions in hypersonic flows is included followed by an 

overview o f the role o f experimental aerodynamics in hypersonic flow  

research. An outline o f the main flow diagnostic techniques used in high

speed wind tunnel testing is also presented followed by a description o f the 

current computational capability to simulate such flows. An overview o f the 

current knowledge on hypersonic interference aerothermodynamics closes 

the chapter.

2.1 Hypersonic vehicles

When a vehicle flies at velocities faster than the speed of sound the flow disturbances it 

generates cannot travel upstream and result in the formation of shock waves through 

which static pressure and temperature are rapidly increased. At high supersonic 

velocities the high kinetic energy of the freestream flow results in particularly 

significant temperatures in a layer close to the surface. This is known as the thermal 

layer and is mainly caused by flow compression and skin friction (van Driest, 1956). 

The high temperatures in this layer may cause the molecules in the air to dissociate into 

atoms and to later ionise, sometimes even resulting in radiation effects. These effects 

are distinguished as a subset of supersonic flows known as the hypersonic flow regime. 

Hypersonic flow is generally considered as this that travels at velocities of Mach 5 or 

greater (Moo> 5).
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Chapter 2 Background and Literature Review

Supersonic vehicles (Moo > 1) are generally slender and have sharp edges in order to 

avoid strong shock waves which may result in excessive pressure loads affecting their 

performance. Whereas pressure is the dominating flow property in the design of 

supersonic vehicles, hypersonic vehicles are generally considered to be temperature- 

dominated (Hirschel, 2007). This is because excessive thermal loads may not only 

become critical for the performance of the vehicle but also for its structural integrity 

(Bertin and Cummings, 2006). A well-known example is the disintegration of the Space 

Shuttle Columbia during re-entry in 2003 (Mazaheri and Wood, 2008).

Different aerothermodynamic effects may take place depending on the nature of the 

vehicle under consideration. A first distinction can be made between two main types of 

hypersonic vehicles: re-entry vehicles and cruise and acceleration vehicles (Fig. 2.1). 

The characteristics of re-entry vehicles are compared with those of cruise and 

acceleration vehicles in Table 2.1.

2.1.1 Re-entry vehicles

When a vehicle enters a planetary atmosphere this generally reaches high hypersonic 

speeds. The first known vehicle ever to reach hypersonic velocity was the WAC 

Corporal, a US Army rocket which in February 1949 was mounted on a German V2 

rocket and launched to an altitude of 390 km reaching over 8200 km/h upon re-entry. 

The first manned re-entry vehicle however was not seen until 1961, when Yuri Gagarin 

piloted Russia’s Vostok-1 reaching Mach 25 during its entry into the atmosphere. Other 

well known re-entry vehicles are NASA's Mercury, Gemini, and Apollo spacecrafts 

together with the Space Shuttle, the Russian Sputnik and Soyuz, the Chinese Shenzhou, 

and the European Atmospheric Re-entry Demonstrator (ARD), amongst others.

Re-entry vehicles can reach very high Mach numbers, up to approximately Mach 30 - 

e.g. the Apollo vehicle (Lee et al., 1970) - depending on their entry strategy. Since they 

need to be slowed down before reaching the ground, large drag (D) is usually preferred. 

In order to obtain high drag and low lift to drag ratios (L/D) re-entry vehicles are 

usually found at high angles of attack and thus in blunt configurations. This generally 

results in the appearance of strong detached shock waves with extremely high
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temperatures downstream of the shock. Flow compressibility effects can thus become 

particularly critical, especially on the windward side of the vehicle. Due to the high 

temperatures, special account needs to be taken of possible dissociation and ionisation 

effects of the air around re-entry vehicles. Radiation effects, usually from the vehicle to 

the flow, also need to be considered at even higher temperatures.

2.1.2 Cruise and acceleration vehicles

Hypersonic cruise vehicles are aircraft-like vehicles designed to travel at altitudes 

generally up to 30 to 40 km and at maximum Mach numbers of about 8 (Polezhaev, 

2000). The difference between hypersonic cruise vehicles and acceleration vehicles is 

that thrust needs to be constantly produced in the latter. In contrast to re-entry vehicles, 

cruise and acceleration vehicles generally require high L/D ratios, for which the drag 

needs to be minimised. They are therefore slender and fly at low angle of attack. Due to 

the lower Mach numbers and angle of attack in comparison with re-entry vehicles, the 

shock wave on the windward side of cruise vehicles is generally not so strong and real- 

gas effects are weaker. The flow field around this type of vehicle is generally dominated 

by viscous effects that may result in elevated surface temperatures especially in regions 

of viscous interactions (Boutry and Vital-Durand, 2003).

The first hypersonic cruise vehicle was the X-15 in 1959, which reached its top speed in 

1967 when it flew at Mach 6.7 conditions and at an altitude of 31 km. The impact of the 

thermal loads on the vehicle was noticed by its pilots, who could hear the airframe 

cracking as it heated up and as some parts of the vehicle’s skin glowed red (Thompson, 

1992). The second time the X-15 was flown at Mach 6.7 conditions, excessive surface 

heating resulted in structural melting damage due to viscous interactions and the end of 

the X-15 programme (Watts, 1968a, 1968b). Further hypersonic research programmes 

have been carried out since then. Recent projects involving hypersonic cruise vehicles 

are the X-43 (NASA) and the X-51 (by NASA, DARPA and US air force), the Sharp 

Edge Flight Experiment (SHEFEX, by DLR) and the Sustained Hypersonic Flight 

Experiment (SHYFE, by QinetiQ, UK MoD), among others. Examples of accelerator 

vehicles are the National Aerospace Plane (NASP, by NASA) and Sanger (Germany).
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(a) ARD re-entry vehicle. ©ESA 1998 (b) X-51 cruise vehicle. ©NASA 2009

Figure 2.1 Sample re-entry and hypersonic cruise vehicles.

Re-entry vehicles Cruise and acceleration 
vehicles

Mach number 0-30 0-8
Configuration Blunt Slender

Angle of attack Large Small
Drag Large Small

Lift / Drag Small Large
Flight time Short Long

Dominating effects Compressibility Viscosity
Real-gas effects Strong Weak

Table 2.1 Characteristics o f  re-entry vehicles and cruise and acceleration vehicles.

2.2 Hypersonic aerodynamic heating

The area of fluid dynamics that studies the effects of aerodynamic heating at hypersonic 

speeds is known as aerothermodynamics. Despite the existence of aerothermodynamic 

theoretical and computational prediction methods, these are in general not sufficiently 

established for most current applications and experimental studies are routinely required 

(Gnoffo et al., 1999; Bertin and Cummings, 2006). An introduction to hypersonic 

aerodynamic heating together with a review on critical heating regions on hypersonic 

vehicles follows.
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2.2.1 Aerothermodynamics

Aerothermodynamics considers the thermodynamics of high-speed air in which real-gas 

effects need to be taken into account due to the high temperatures present. Air is formed 

by molecular nitrogen (N2, 78%) and molecular oxygen (O2, 21%), argon, carbon 

dioxide and other spurious gases (Ar, CO2 and others, 1%). At hypersonic speeds, air is 

heated close to the surface due to compressibility and viscosity effects. At sufficiently 

high temperatures, air molecules may become excited and dissociation and 

recombination effects take place. The gas will then become a mixture of molecules and 

atoms mostly of nitrogen and oxygen. At higher temperatures ionization is likely to 

occur. As shown in Section 2.1, these effects are of particular importance in re-entry 

vehicles.

Typical aerothermodynamic phenomena around hypersonic vehicles are shown in Fig. 

2.2. These are mainly dependent on the flight Mach number, altitude, angle of attack 

and Reynolds number. The state of the surface viscous layer (i.e. the boundary layer) is 

a key aspect to determine the thermal state of the vehicle’s surface. As a general rule, 

the thickness of this layer is directly proportional to the square of the Mach number and 

inversely proportional to the square root of the local Reynolds number: S  oc M 2 R e / '5.

Thick boundary layers are therefore generally found in hypersonic flows together with 

thin shock layers around the body which give place to strong viscous interaction effects.

High-temperature real gas effects: 
Strong shock wave CH|> - Dissociation I recombination 
   ■-— m.—  - Ionization

Thin shock layer and 
thick boundary layer

Vi sco u sj nteracti on

/ \  , m '2\/ < x —j ^
/ # ^ 7  ■

Figure 2.2 Basic aerothermodynamic flow features around a hypersonic vehicle.
Example based on Space Shuttle vehicle.
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2.2.2 Viscous flow layer

The boundary layer on a hypersonic vehicle governs the shear stress and the thermal 

state of the surface. At flight below approximately 50km of altitude the boundary layer 

is generally laminar only at the front of the vehicle and it transitions naturally to a 

turbulent state as the local Reynolds number increases (Anderson, 2006). Even in flight 

conditions in which the boundary layer may be laminar, this may be easily triggered to a 

turbulent state by small surface irregularities (Babinsky, 1994).

Whether the state of the boundary layer is laminar or turbulent generally has a 

significant effect on surface heating. Given that turbulent boundary layers have a fuller 

velocity profile than laminar boundary layers, the displacement and momentum 

thickness of a turbulent boundary layer in proportion to any characteristic length is 

smaller. The higher flow momentum close to the vehicle’s surface in turbulent boundary 

layers generally results in higher wall shear stress and consequently in higher 

aerodynamic heating than when the boundary layer is laminar. A more detailed 

description of these effects can be found in the book by Hirschel (2007).

2.2.3 Thermal state of the surface

A significant part of the heat transported towards a hypersonic vehicle is transported by 

diffusion mechanisms towards the vehicle surface. The thermal state of a hypersonic 

vehicle’s surface majorly depends on the temperature of the gas close to the wall and on 

the wall temperature. A heat flux normal to the surface, i.e. heat transferred over unit 

area per unit time, is generally considered to determine its thermal state, as shown in 

Fig. 2.3. In some cases, a radiation heat flux from the surface to the air can be 

considered (Anderson, 2006). The thermal state of the surface can then give an 

indication of the thermal loads on the vehicle, which also depend on the structure and 

materials used.
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, Wrad

7»- q„
▼

Figure 2.3 Schematic diagram o f  thermal state o f  the surface.

As the surface is heated up, the local boundary layer thickness increases and the 

turbulent skin friction decreases thus resulting also in a decrease in heat flux (Hirschel, 

2007). Given that heat flux is a function of time, there may be a point when equilibrium 

is reached and no more heat is transferred to the surface. This takes place when the 

surface reaches the recovery temperature (Tr), which is in general slightly lower than 

the total temperature of the flow (Tr » 0.9To). An accurate prediction of the recovery 

temperature is not always possible.

2.3 Regions of high aerodynamic heating

High heat transfer rates on a hypersonic vehicle are generally found in the forebody or 

windward side, where stagnation regions may take place mainly due to the strong 

compression of the incoming flow (Fig. 2.4). High aerodynamic heating can also be 

found near surface discontinuities, in which strong interference effects may occur and 

give place to complex viscous interactions.

SHOCKW AVE

THERMAL LAYER 
\  (STRONG 
\  FRICTION)j

THERMAL LAYER
(STRONG COM PRESSION)

Figure 2.4 Aerodynamic heating caused by compression and friction effects.
Example based on X-15 vehicle.

13



Chapter 2 Background and Literature Review

2.3.1 Forebody

In vehicles flying at zero angle of attack, stagnation conditions generally take place at 

the nose or forebody. As the flow moves away from the stagnation region, the heat flux 

over the surface generally decreases. Whereas robust theoretical models to predict 

stagnation heat flux in hypersonic dissociated air are available (Fay and Riddell, 1958), 

the trend followed by the heat flux downstream of the stagnation region is strongly 

dependent on the actual geometry of the forebody. A number of experimental 

investigations have been carried out in the past to determine the aerodynamic heating 

along different forebody geometries. Common geometries investigated have been 

hemisphere-cylinders, flat-faced cylinders and hemisphere-cones (Kemp et al., 1959; 

Crabtree et al., 1965). The trend of the heat flux along these geometries is shown in Fig. 

2.5 based on previous experimental studies and non-dimensionalised with respect to the 

stagnation heat flux.

g
5,(0 = o)

*JO £

(a) Hemisphere-cylinder (b) Flat-faced cylinder (c) Hemisphere-cone

Figure 2.5 Typical hypersonic forebody geometries.

Early studies on hemisphere-cylinders were performed by Stine and Wanlass (1954) at 

supersonic Mach numbers (Moo = 2-3) and at laminar conditions. It was shown that for 

these geometries, the stagnation heat transfer (q0) was lower for large leading edge 

diameters ( 0 /e) according to the proportionality q0 oc 0 /e~0 5 (van Driest, 1956). Further

studies on hemisphere-cylinders were performed by Kemp et al. (1959) at Mach 

numbers between 7 and 14 and at laminar conditions. In their studies, a flat-nosed body
tbwith a comer radius of 1/4 of the cylindrical radius (R) was also investigated. Different 

semi-empirical methods to estimate the heat transfer to sharp cones, hemisphere-

14
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cylinders and hemisphere-cones with different cone semi-angles (5° to 30°) in 

hypersonic flows (Mach 5 to 10) were developed by Crabtree et al. (1965). Similar 

studies were performed by Holden (1964) at Mach numbers of 7,10 and 15.

More specific applications looked at conical aeroshell forebodies for investigations 

related to the Apollo entry vehicle (Lee et al., 1970). Other geometries which have 

received attention are cone-cylinder-flares and hemisphere-cylinder-flares (Coleman 

and Stollery, 1973). Further experimental measurements can be found in Holden and 

Moselle (1992), who put together a database of aerothermal measurements in 

hypersonic flows, including hemispherical noses under laminar and turbulent conditions 

at Mach 11, blunt cone forebodies under laminar and turbulent conditions at Mach 11- 

13 and large cone-flare models at Mach 11-16. Other specific forebody geometries such 

as biconic noses were also considered in their work.

2.3.2 Surface discontinuities

As well as on the forebody of a vehicle, high heat transfer rates can be found close to 

surface discontinuities that interfere with the incoming attached boundary layer. Not 

only can these irregularities provoke the transition of the boundary layer to a turbulent 

state when the incoming flow is laminar but they also can result in the presence of 

strong viscous effects that may induce high local heating.

2.3.2.1 Two-dimensional discontinuities

Common discontinuities found in hypersonic vehicles can be simplified in the form of 

two-dimensional rearward and forward facing steps, cavities, gaps, compression comers 

and protuberances (Nestler, 1985). Typical surface heating trends along these 

discontinuities are summarised in Fig. 2.6, where the local heat transfer rate (q)  respect 

the undisturbed heat transfer (qu) is plotted for turbulent interactions. In the case of

forward-facing steps, large separated regions are found ahead of the protuberance. The 

heat flux in the separation region ahead of the protuberance is reduced in fully laminar 

interactions (Needham, 1965), but in contrast, for turbulent interactions a progressive 

increase in heat transfer is found from the location of separation with a second and more 

marked increase on the surface just ahead of the step, followed by a decrease in heat
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flux downstream (Needham and Stollery, 1966a, 1966b). Some studies considering 

freestream laminar flow have reported an increase in heat flux along the separation 

region (Zakkay and Wang, 1973) believed to be due to the transitional behaviour of the 

boundary layer induced by the step and to the associated re-energising process. Such a 

difference between fully laminar and turbulent interactions is of high importance.

In rearward-facing steps, a low heat-transfer region appears on the surface just behind 

the step, followed by a slight increase as the boundary layer reattaches. Downstream of 

the reattachment region the heat flux starts approaching the undisturbed value. This is 

consistent with the case of a two-dimensional step, where similar effects as in the 

forward-facing step are found upstream of the protuberance and similar effects to 

rearward-facing steps are found downstream of it. It must be noticed that along the 

separated region the heat flux does not always follow a constant trend since this is 

strongly dependent on the number and location of vortices. The same is also observed in 

the case of cavity flows where, depending on cavity dimensions and incoming flow 

conditions, different recirculations may reattach inside the cavity and separate again 

(closed cavity flow) or skip the cavity and reattach at the other side (open cavity flow), 

giving place to different heat flux trends. The same is observed in the case of 

compression comers with turbulent boundary layer separation. In this case, an increase 

in heat flux is noticed as the incoming turbulent boundary layer separates from the wall 

followed by a much higher increase at the location of reattachment (Coleman, 1973b). 

Downstream of the reattachment region the heat flux starts decreasing until reaching 

similar values to the undisturbed heat flux. In the same way as in steps, in fully laminar 

separation regions the heat flux is decreased (Needham and Stollery, 1985) but 

transitional behaviour can be induced at reattachment just ahead of the ramp as 

suggested by the measurements from Holden (1964).

In conclusion, it must be taken into account that the heat transfer trend caused by 

surface discontinuities is principally sensitive to the separation and reattachment of the 

boundary layer to the surface as well as on its state (laminar/turbulent). The location and 

number of vortices in the flow is therefore a dominant aspect of these interactions. This 

is further complicated in surface protuberances given that these effects by themselves 

are three-dimensional and in many cases they are also fundamentally unsteady.
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(a) Forward-facing step (b) Rearward-facing step

(d) Closed cavity flow (e) Open cavity flow

(f) Compression comer

Figure 2.6 Hypersonic flow in simple surface discontinuities under turbulent conditions.
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2.3.2.2 Flow three-dimensionality around protuberances

In real applications, surface protuberances generally have markedly three-dimensional 

geometries. Given the complexity and three-dimensionality of the flow around them and 

due to the flow sensitivity to the specific geometry, no general approach to determine 

the heat flux in their vicinity has been derived to ‘date (Truitt, 1965; Surber, 1965; Fox 

et al., 2001). A representation of the three-dimensional flow field around a blunt fin and 

a cylinder is shown in Fig. 2.7. The appearance of a horseshoe vortex in the separated 

region is seen in both cases followed by secondary vorticities. Similar vortex systems 

were noticed by Giles and Thomas (1966) and Stainback and Weinstein (1967) around 

blunt swept and unswept fins. These vortices, together with the appearance of a 

complex shock structure ahead of the model, dominate the three-dimensionality of the 

flow field and thus the distribution of the thermal heating on the surface surrounding the 

protuberance.

separation 
shock— :

bow
shock \

secondary 
r  -  vortex

supersonic
— jet

separation /  
line

reattachment
point

¥  horseshoe 
vortex

(a) Flow around a blunt fin (Houwing et al., 2001). ©Springer 2001

Horseshoe
vortex

Tornado-like
vortex

Tornado-like
vortex

(b) Flow around a cylinder (Delery, 2001). ©Onera 2001 

Figure 2.7  Features associated with hypersonic flow over surface protrusions.
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Examples of different possible vortical structures ahead of protuberances are also shown 

in Fig. 2.8 for the case of cylinders on a flat plate based on the work by Sedney and 

Kitchens (1977). The appearance of one, two or three pairs of vortices upstream of the 

protuberance is observed. In regions of flow separation, low heat transfer is present 

whereas in reattachment regions the heat flux to the surface is high (Sedney, 1973).

S1 A3 S3 A2 S2 A1
77777777777777777777777777777/ 7777/ .

S1 A1
>77777777777777777/.
A2 S2 A1

(a) 2 vortices (b) 4 vortices (c) 6 vortices

Figure 2.8 Possible flow structure upstream o f  a cylinder. Separation=S and
Attachment=A. Based on the findings by Sedney and Kitchens (1977).

2.3.2.3 Region of separated flow

The increased heat flux in interaction regions is thus clearly linked to the separation and 

reattachment of the flow. For example, the typical trend in skin friction, pressure and 

heat flux on a compression comer interaction with a turbulent separated boundary layer 

is shown in Fig. 2.9 based on the results of Stollery and Coleman (1975). A correlation 

between pressure and heat flux along the separated region is observed. The skin friction 

in the separated region is indicated as negative to represent the upstream influence of 

the flow. These trends show that the highest pressure and heat flux take place on the 

compression ramp but they do not reflect the sharp heat flux peaks that occur in front of 

the discontinuity in some cases (Nestler, 1985).
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interaction length

1

Figure 2.9 Pressure, heat flux and friction coefficients on 2-dimensional compression ramp
for turbulent flow.

Large stand-off distances are present ahead of supercritical protuberances (i.e. with 

upstream boundary layer separation), that is in relation to the usually much lower stand

off distances ahead of simple hypersonic blunt geometries, e.g. 0.08r for the case of a 

sphere with radius r at Mach 8.9 (Miller, 1975). For example, Burbank et al. (1962) 

measured the heat transfer in the vicinity of a 2-inch by 4-inch (50.8mm x 101.6mm) 

rectangular stiffener at high supersonic speeds (Mach 3.5) under turbulent flow and 

observed interactions of approximately 3 times the height of the protuberance (Fig. 

2.10). Larger interactions of up to 6 times the height of the protuberance were observed 

in further studies on 2-dimensional steps at higher Mach numbers as shown in Fig. 2.11, 

based on Nestler (1985). Increased heat transfer rates take place along these large 

separation regions. Upstream of the separation and downstream of the reattachment the 

heat transfer becomes similar to the undisturbed flat plate value.

lines of constant q !  q u with correspondent value
2 in (50.8mm)

q l q ^ l  
before shock

^  24 in (635mm) 2 in (50.8mm)

q!qu S i  until 
reattachment shock

separation
' i

(a) Plan view (b) Side view o f the model

Figure 2.10 Heat transfer in the vicinity o f  a stiffener, based on Burbank et al. (1962).
Turbulent flow.
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Mach 8 .5 1 h = 25.4rrtn 
o — -Mach 6 .3 ' W6=2.5

h = 6.35 mm 
h/5 = 1.5

 undisturbed heat flux

-8 -7 -4 -3
x / h

-2

* 0.5

—\------- 1--------r~

-1 o 1

JL

Figure 2.11 Heat transfer ahead o f  hypersonic 2-dimensional steps in turbulent flow, based
on the work by Nestler (1985).

2.3.2.4 Effect of protuberance h/8 ratio

As well as the freestream properties, including those of the incoming boundary layer, 

the ratio between protuberance height (h) and local boundary layer thickness (Su), h/5u 

ratio, has been shown to have a strong effect in some cases on the heat transfer around 

surface protuberances (Nestler, 1985). Hung and Patel (1984) measured the heat transfer 

in the vicinity of cylindrical and rectangular protuberances and showed the effect of h/6u 

ratio on their heat transfer measurements at a freestream velocity of Mach 5.3. In their 

work, distinction was made between tall (h>20 or h>2W), short (h<0 or h<W) and 

wide protuberances (0  oo or W -» co, i.e. quasi-two-dimensional). Their main results 

showed that the highest heat transfer in the vicinity of tall protuberances is independent 

of their height (h) whereas around short and wide protuberances this is independent of 

the width or span (W) but strongly dependent on the protuberance height. Figure 2.12 

shows the correlation of the results from Hung and Patel (1984) for turbulent 

interactions plotting the ratio of maximum interference heat transfer rate over 

undisturbed heat transfer versus the h/8u ratio for each protuberance to show this effect. 

Further consideration to the different type of interactions is taken in Section 2.6.
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100
8U =  0.52/w (13.2 mm)

h = 2 in.
h  = 4 in.h  = 1 in.

D = 2in.
D = 1  in.

h =  1/4 in.
LONG PROTUBERANCES

h =
D = 1/2 in.

1/8 in.

SHORT PROTUBERANCES

(shaded area)

0.1
0.1 1.0 10 20h! 8

Figure 2.12 Correlations for short protuberances in turbulent flow, based on the results o f
Hung and Patel (1984).

2.3.2.5 Previous experimental studies on protuberances

Previous experimental studies on the aerodynamic heating caused by surface 

protuberances in high-speed flows are listed in Table 2.2. Most of the studies consider 

freestream Mach numbers of 5 or higher and have been carried out with ffeestream
( i n

Reynolds numbers between Reoo/m = 1x10 and 3x10 . In the cases where laminar 

incoming boundary layers are considered, investigations are often based on the 

effectiveness of the protuberances being used as boundary layer trips. Some of them 

consider irregularities such as sinusoidal waves which may appear on the surface of 

high-speed vehicles due to expansion or contraction of the surface material during 

changing temperatures. Investigations with turbulent incoming boundary layers have 

mostly considered swept and unswept blunt fins, cylindrical protuberances, forward and 

rearward steps, blocks and wedges, for example. The measurement region considered in 

these studies is also indicated in Table 2.2: on the protuberance (prot) or/and on the 

surface around the protuberance (surf).
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Table 2.2 Experimental studies on surface protuberances in supersonic/hypersonic flow.
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2.4 Experimental methods in hypersonic flow research

Several hypersonic research flight programmes have been carried out to date with the 

purpose of developing the technologies necessary to establish hypersonic flight. 

However, real flight projects are limited by their complexity and high costs involved. 

Most of the data on hypersonic flows generated to date have been obtained from ground 

facility testing. Despite the increasing use of computational fluid dynamics (CFD) as 

reviewed in Section 2.5, ground-test experimental studies are still of high importance in 

hypersonic flow research for both data generation and validation of numerical results.

2.4.1 Ground facility simulation

The most commonly used ground test facilities in hypersonic flow research are cold 

hypersonic wind tunnels (Needham, 1963). The main limitation of these, however, is 

their inability to simulate either the high temperatures or the high Reynolds numbers 

generally present in real hypersonic flight. Despite early concerns that low-temperature 

wind tunnel data would not be applicable to real hypersonic vehicles, this was proven 

wrong by the X-15 flight data, which showed excellent agreement with the pressure and 

force predictions from wind tunnel tests (Thompson, 1992).

In heat transfer studies, the wall heat flux is in most cases assumed to be equal to the 

heat flux in the gas at the wall. As explained in the previous sections, in some real flight 

conditions, real-gas effects which are not reproducible in low-temperature facilities may 

be present and give place to a radiation heat flux emanating from the vehicle. The heat 

flux predictions obtained in these facilities are thus of a conservative nature given they 

do not account for energy radiation effects from the vehicle to the surrounding air. 

Following the previous example, the X-15 flight data showed that the heat flux during 

hypersonic flight was about 35% lower than predicted by the well-established semi- 

empirical models of Eckert (1955) and van Driest (1956).
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A restricted number of high-enthalpy hypersonic tunnels exist which may simulate real 

gas effects. However, these have significant operational and interpretational limitations 

and so they are only considered useful in most cases in hypersonic combustion studies 

where high-energy conditions are present such as in scramjet combustor development 

(Becker, 1968; Smart and Suraweera, 2009). Low-temperature hypersonic wind tunnels 

are therefore the accepted generic tool in fundamental applications such as this 

considered in the present work.

2.4.2 Simulation of turbulent flow

A common constraint of cold wind tunnels is that they generally provide laminar 

conditions as a consequence of the usually low Reynolds numbers. When turbulent 

conditions need to be reproduced the transition of the boundary layer from laminar to 

turbulent has to be forced. This can be usually done by placing either distributed or 

discrete roughness trips close to the leading edge of the model. The trip effectiveness 

depends strongly on its geometry and on the local Reynolds number (Thyson et al., 

1978; Nestler, 1982). The effect of h/8u ratio - h being in this case the height of the 

tripping element - has also been observed to have a strong effect in some cases 

(Schrijer, 2003).

Boundary layer trips may also result in spanwise non-uniformities which affect the 

recreation of a homogeneous turbulent flow (Stainback, 1969; Sedney, 1973). In ideal 

applications, spanwise distortions need to be kept to a minimum and a fully developed 

turbulent boundary layer should be achieved (Sterret et al., 1967; Nestler, 1985). 

Further details on the effectiveness of boundary layer trips in hypersonic flows can be 

found in the studies by Stainback (1969), Schrijer et al. (2004) and Berry and Horvath 

(2007). While the forced transition of the boundary layer is known to be subject to a 

number of different factors such as freestream Reynolds number, Mach number and 

incoming boundary layer momentum thickness among others, all these investigations 

agree on the fact that there is an apparent compromise between trip effectiveness and 

the creation of spanwise non-uniformities. A careful selection of the boundary layer trip 

needs therefore to be made when a fully turbulent boundary layer is to be recreated.
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2.4.3 Flow diagnostics

Different flow diagnostics have been developed to date with the purpose of obtaining 

information from hypersonic flows such as pressure, density, velocity, temperature and 

species concentrations. Such methods are generally restricted by the short test durations 

- generally a few milliseconds - and small test regions, which constrain models to small 

scales and thus require high spatial resolution and fast response systems. The 

application of optical diagnostics, which allow non-intrusive imaging and data 

recording from the flow is furthermore limited by the high velocity, strong gradients 

and restricted optical access generally encountered. The main flow diagnostics used in 

high-speed wind tunnel testing are described in this section. A more detailed review on 

the development of optical measurement techniques and their application to supersonic 

and hypersonic aerospace flows in recent years can be found in Estruch et al. (2009a).

2.4.3.1 Qualitative and semi-quantitative diagnostics

Qualitative diagnostics such as oil-flow visualisations are used to obtain qualitative 

information from the flow. In this technique, a suitable mixture is placed on a surface 

prior to testing and its displacement due to wall shear stress can reveal the trajectory of 

the skin friction lines. The most common qualitative and semi-quantitative flow 

diagnostics are shadowgraph and schlieren, which are based in the concept of light 

refraction (Hayes and Probstein, 1959; McIntyre et al., 2007). Interferometry is also 

sometimes used to image phase changes in the light which depend on flow density. In 

shadowgraph, a beam of collimated light is directed to the flow and visualisations in the 

form of a flow field shadow are obtained (Porcar and Prenel, 1982). Density gradients 

in the flow cause a deflection ( s )  of the light beams which results in an image with 

darker or lighter regions (Wood et al., 1988). The deflection of the light ( s ) depends on 

an index of refraction which in its simplest definition is dependent on the local fluid 

density ( p  ). Shadowgraph is considered to be proportional to the second derivative of

local density ( d 2p / d y 2) and is generally sensitive to flows with large density gradients 

(Pianthong et al., 2003). Its main disadvantages are that weak density gradients such as 

these through expansion regions cannot be easily distinguished and there is no direct 

geometric correlation between the test region and its shadow (O’Byme et al., 1999).

26



Background and Literature Review Chapter 2

In the schlieren technique a spatial filter is used to select the direction of the density 

gradients sensitivity and to obtain image intensity proportional to the first derivative of 

the density gradient ( d p i d y )  (Fig. 2.13). Schlieren visualisations offer a geometrically 

correct image based on the density gradients averaged through the test section. A more 

detailed explanation of these techniques can be found in the literature by Shapiro 

(1953), Liepmann and Roshko (1957) and Settles (2001).

finite light source

test area
mirror

mirror

density gradients

CCD
optical lens

Figure 2.13 Schematic diagram of a two-mirror Z-type Toepler schlieren system.

2.4.3.2 Quantitative diagnostics

Measurement of quantitative flow data in hypersonic facilities is most commonly 

performed through intrusive methods. In most applications measurements are performed 

by monitoring the voltage across variable resistors designed to have resistance values 

proportional to the measured property. Laser-based techniques that are gaining 

importance due to their ability to yield non-intrusive velocity data are laser Doppler 

anemometry (LDA), particle image velocimetry (PIV), particle tracking velocimetry 

(PTV), Doppler global velocimetry (DGV) and laser-two-focus anemometry (L2F). 

Despite being generally established for the investigation of supersonic flows, limited 

applications have been performed on hypersonic flows. This is partly due to the 

difficulty in seeding this type of flow with solid or liquid particles, which is required by 

these techniques. Light reflections are another common difficulty in such methods and 

need to be avoided in order not to damage the recording device and retain data quality 

(Hamel et al., 2001).
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Whereas LDA and L2F yield high accuracy and spatial resolution velocity 

measurements from a point in the flow, PIV offers measurement of the velocity of the 

flow either in a plane or from a volume in its most advanced form. Two or three 

velocity components can be measured depending on the system. A review on this 

technique can be found in Grant (1997), Adrian (2005) and more recently in Raffel et al. 

(2007). Similarly to PIV, PTV measures velocity data in a planar or volumetric region 

but with the difference that the latter tracks the particles individually in time and space 

(Adrian, 1991). Another technique is DGV, which offers three-dimensional velocity 

data from a plane in the flow (Ainsworth et al., 1997). This has not had so many 

applications given that it generally requires one view for every different component of 

the velocity and thus a more complex imaging system than PIV.

Other optical laser-based diagnostics are the MTV, RELIEF and PLIF techniques, 

which are based on the insertion of a fluorescent agent or dye in the fluid and also yield 

velocity data. In these techniques, the fluorescent dye absorbs the laser light energy and 

reemits it at a different wavelength, which is then collected by the receiving apparatus 

and used for obtaining the required data (Gochberg, 1997). Fluorescence techniques 

may offer quantitative data typically in terms of concentrations, temperatures and 

velocity from the flow. PLIF can also measure temperature, pressure and species 

concentrations in a plane in the flow.

Other optical methods are based on spectroscopy. These include Raman spectroscopy 

and CARS, which measure temperature and species concentrations, and Rayleigh 

spectroscopy, which measures temperature and pressure. These techniques can be 

applied to both reacting and non-reacting flows and their main advantage is that the 

flow does not need to be seeded but instead is based on the molecular properties of the 

gas.

A schematic diagram based on the comprehensive review of non-intrusive techniques 

and their application to supersonic and hypersonic flow in Estruch et al. (2009a) is 

shown in Fig. 2.14 with a classification of these techniques according to flow property 

measured and degree of optical complexity.
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Figure 2.14 Main optical techniques applied to supersonic and hypersonic flows, 
reproduced from Estruch et al. (2009a). ©ASCE 2009
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2.5 CFD studies of hypersonic flows

Computational Fluid Dynamics (CFD) simulations are today extensively used in 

aerospace engineering to obtain numerical predictions of high-speed flows (Hung and 

MacCormack, 1976; Brenner et al., 1993; Birch et al., 2001; Hirsch, 2007). However, 

the application of CFD to hypersonic flows is not fully established in many aspects.

2.5.1 Current CFD capability

Different CFD codes have been used to date in studies involving hypersonic flows. The 

commercial package Fluent is certainly the most commonly used at present for generic 

low-speed applications (Estruch and Elsari, 2007); however, its suitability for 

hypersonic flow studies is not well established given the limited applications that have 

been performed to date (Lofthouse et al., 2002; Savino and Patema, 2005 and Menezes 

et al., 2005). Other codes that have been used for the study of hypersonic flows are 

based on the Parabolised Navier-Stokes equations (PNS), which neglect the streamwise 

diffusion and unsteady terms from the complete Navier-Stokes equations (Ludlow et al., 

2001a, 2001b; Shoesmith et al., 2006). Recent studies have demonstrated their 

applicability to hypersonic flows but as with Fluent the number of investigations are 

very limited (Birch et al., 2001). Another commercial code which is starting to show 

particular suitability for the study of hypersonic flows is Cobalt (Srinivasan and 

Bowersox, 2004); however, previous applications of Cobalt to predict hypersonic heat 

transfer do not appear to be available in the literature.

In general, regardless of the code employed, the computation of hypersonic heat transfer 

with suitable accuracy is more difficult than this of the surface pressure to the same 

accuracy and very fine computational grids are necessary to accurately represent the 

large velocity and temperature gradients normal through the surface boundary layer 

(Stetson, 1992). Further complications come when turbulent flows need to be simulated 

since turbulence models are generally not validated for the prediction of heat transfer in 

hypersonic flow (Rumsey, 2009).
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2.5.2 CFD studies on interference heating

Since early studies by Polak (1974) and Pai (1978) the heat transfer in regions of 

separated flow has been found to be generally subject to very large underprediction 

errors, i.e. with computational predictions usually falling well below corresponding 

experimental results. Since then, the number of CFD studies that have looked at the 

surface heat transfer induced by protuberances in hypersonic flows has been very 

limited. One relevant study is by Grotowsky and Ballmann (2000) on laminar 

hypersonic forward and backward facing steps. Another more recent study was on the 

Space Shuttle Orbiter plug repair protuberances, which consisted of swept cylinder 

models with short rounded protuberances (h/5 < 0.3) under Mach 11.5 laminar flow 

(Mazaheri and Wood, 2008). In both cases the flow features and pressure along the 

surface were well predicted but significant errors in the prediction of wall heat flux were 

observed. The same was also observed in the results by Gaitonde and Shang (1993) on 

2-dimensional blunt body and compression comer flows and by Knight et al. (1995) on 

impinging shock-wave/boundary-layer interactions (SWTBLIs).

The application of CFD to predict hypersonic heat transfer is thus clearly subject to 

large uncertainties in regions of separated flow. Since the heat flux augmentation in 

interference interactions occurs in such regions, the current CFD capability to predict 

hypersonic interference heat transfer is not considered sufficiently well established so as 

to perform a consistent investigation of interference interactions. This is even subject to 

higher errors if turbulent flows are considered. It is therefore essential to reach a further 

understanding based on experimental investigations. To this end, the present 

investigation is principally carried out from an experimental approach. A 

complementary computational study on the interference interactions considered in the 

present work was performed by Haas (2009). Among the different possible approaches 

reviewed in Section 2.5.1 the commercial code Cobalt was identified as the most 

suitable for the present application. Further details on this computational work are 

presented in Appendix D where the significant limitations of numerical studies for such 

applications are outlined.
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2.6 Hypersonic interference heating

The relevant background on hypersonic interference aerothermodynamics has been 

presented. It has been shown that the interference of the flow at the location of surface 

protuberances on both re-entry and acceleration vehicles can induce very high heat 

transfer rates to the surface and become critical to their integrity. The current capability 

to predict the heat flux in interference regions is poor and therefore a better 

understanding of the mechanisms that induce the local heat flux augmentation in the 

vicinity of surface protuberances is required.

2.6.1 Current understanding

The main concluding points based on the background and literature review are the 

following:

i. The highest heat flux usually takes place on the protuberance; however, since 

protuberances can be made of advanced heat-resistant materials in practical 

design applications it is the very high heat flux to the surface surrounding the 

protuberance which is usually of the highest concern.

ii. Most relevant studies to date have considered interactions induced by two- 

dimensional discontinuities such as compression ramps and steps. There are 

some physical mechanisms of interactions causing boundary layer separation 

upstream -  referred in this work as supercritical interactions — which are not 

totally understood as yet. The current semi-empirical and computational 

capability to predict the heat flux to the surface in these cases is also limited.

iii. The interaction induced by protuberances such as blunt fins and cylinders is 

strongly three-dimensional and the increase in heat flux occurs over the region 

of separated flow. This is in turn an even more complex flow case than this in 2- 

dimensional discontinuities and the understanding of the local heat flux 

augmentation is further limited.
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iv. The interaction induced by a surface protuberance depends on protuberance 

geometry (height, diameter/span, etc.) and on freestream conditions (thickness 

and state of the incoming boundary layer, Reynolds number, Mach number, 

etc.). A number of different parameters are therefore involved in these 

interactions.

v. Very few experimental investigations have measured the surface heat flux 

induced by three-dimensional protuberances on hypersonic flows. That together 

with the large number of parameters involved in these interactions has hindered 

the development of a generic heat flux predictive approach to date. The current 

knowledge in this area is thus limited.

vi. Careful consideration of the measurement techniques to be applied in the 

investigation of such flows needs to be taken. The application of optical methods 

to hypersonic gun tunnels is generally restricted by the very short run duration of 

these facilities, restricted optical access and strong gradients in the flow, among 

other reasons. Non-intrusive measurement of the surface heat transfer can be 

further complicated if different Reynolds and Mach number flows are to be 

studied.

2.6.2 Interference heating prediction

Despite the effort in developing empirical or semi-empirical correlations that provide 

heat flux predictions for simple protuberance geometries (Murphy, 1965), these are 

generally limited by the dearth of experimental data (Hung and Patel, 1984; Nestler, 

1985). In some correlations, the peak heat transfer is assumed as a reference, but given 

the complex three-dimensionality of the flow and the measurement resolution 

restrictions caused by the size and location of the gauges, erroneous peak heating values 

are suspected to have been considered in some studies as noticed by Neumann and 

Hayes (1981). In addition, correlations are also limited by the number of parameters
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considered and in many cases measurements are non-dimensionalised without a total 

understanding of the actual dependence on the reference value. For example, Fig. 2.11 

presents the heat flux measurements ahead and along two-dimensional steps as the ratio 

between local heat flux and the corresponding undisturbed heat flux; however, the 

dependence on the undisturbed heat flux is not totally clear. This implies that the non

dimensioning of the heat flux routinely performed in previous studies does not always 

have a physical explanation and therefore care needs to be taken in the misconceptions 

induced when interpreting such results since direct scaling rules are unlikely to be 

obeyed (Truitt, 1965; Surber, 1965). Other studies that non-dimensionalise the 

measurements with respect to the stagnation heat flux are also subject to the same 

limitations.

One of the main difficulties in the development of a generic predictive approach that 

can be used for different type of protuberances is the very different geometries that 

these can have. As mentioned in Section 2.3, a suitable distinction among three different 

types of protuberances was made in the work of Hung and Patel (1984) and Nestler 

(1985). Distinction was made between long (h>20 or h>2W), short (h<0 or h<W) and 

large protuberances ( 0 —» co or W ^ c o , i.e. quasi-two-dimensional). In the present 

work it has been preferred to refer to these protuberances as tall, short and wide 

respectively, but the same definitions are followed. As summarised in Fig. 2.15, the 

following effects on the peak heat transfer are expected:

i. Tall protuberances (h>20 or h>2W):

The peak heat flux in their vicinity is independent of protuberance height.

The effect of protuberance width/span is unclear.

ii. Short protuberances (h<0 or h<W):

The peak heat flux in their vicinity is independent of protuberance width/span.

The highest heat flux increases with protuberance height.

iii. Wide protuberances (0  - » co or W - » co):

As in short protuberances, the magnitude of the peak heat flux is strongly

dependent on protuberance height.
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Figure 2.15 Effect of h/8u and W/8 u ratios on peak heat flux in the vicinity of a
protuberance under turbulent flow based on experiments from Hung and Patel (1984).

Overall, previous experimental studies have shown that the local interaction induced by 

the presence of a protuberance in hypersonic flow depends mainly on its geometry and 

on the freestream flow conditions. Nevertheless, most studies to date have considered 

tall protuberances in the form of control surfaces and a generic predictive approach is 

not available due to the lack of experimental data encompassing all the main parameters 

involved (Nestler, 1985). To this end, using a hypersonic gun tunnel, the present 

investigation presents an experimental dataset of heat flux measurements in the vicinity 

of surface protuberances from a Mach 8.2 and 12.3 flow. In particular, 3-dimensional 

short compression ramp protuberances with finite span and of the order of the boundary 

layer thickness are considered to represent generic protuberance geometries such as 

those shown in Chapter 1. Further details on the investigation are given in the following 

chapter, where the experimental programme is described.
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CHAPTER 3

Experimental Programme

An extensive experimental investigation was performed in the Cranfleld 

University gun tunnel A description o f  the experimental programme 

comprising the design o f the models and the development o f  the 

measurement diagnostics applied is included in this chapter. High- 

resolution quantitative heat flux measurements were performed by means o f  

thin-film gauges and further understanding o f  the flowfield was obtained 

through oil-dot visualisations and high-speed schlieren videos taken at 

frame rates o f up to 50 kHz.

3.1 Hypersonic gun tunnel

Gun tunnels were first developed by the Ames Aeronautical Laboratory in U.S.A. 

(Eggers et al., 1955) and have since then been the most common tool used to reproduce 

hypersonic flow conditions for ground testing (Section 2.4). The Cranfield University 

gun tunnel is a one-shot, blow-down wind tunnel capable of simulating hypersonic flow 

conditions for durations of the order of a few milliseconds. As in all hypersonic 

facilities, the available optical access is limited and fast-response measurement systems 

are necessary principally due to the short durations and high speed of the flow. Further 

details on this facility can be found in Needham (1963).
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3.1.1 Operation

A schematic diagram of the Cranfield University gun tunnel is shown in Fig. 3.1, 

followed by two photographs in Figs. 3.2 and 3.3. This facility comprises a high- 

pressure reservoir at one side (0.113m ) and a vacuum dump tank at the other end 

(8.5m ). The drive of the tunnel is the high pressure air, which is compressed up to 2000 

psig (13.8xl06 Pa) in the reservoir. A double diaphragm arrangement separates the high 

pressure vessel from a shock-compression tube. The two diaphragms used are made of 

aluminium and their thickness is designed so that they break when the pressure across 

them is slightly over half of the pressure in the drive tank. Before starting the tunnel, air 

is compressed to the driver pressure inside the high pressure reservoir and to half of this 

pressure between the two diaphragms, while inside the barrel air is still at atmospheric 

conditions. Both diaphragms are subject to half of the driver pressure. The tunnel is 

subsequently started by venting the air between the two diaphragms causing their 

immediate rupture.

The gas in the compression tube has an initial volume of 0.032m (6.096m-long and 

81.39mm in diameter). An aluminium piston (lOOgr mass and 81.38mm-diameter) 

placed at the beginning of the tube is accelerated after the rupture of the diaphragms and 

compresses the initially atmospheric air in the barrel. This compression process gives 

rise to multiple shock reflections between the blanked end of the barrel and the piston 

increasing both the temperature and pressure of the gas in a highly non-isentropic 

manner. The piston then comes to rest close to the end of the barrel when the pressures 

at both sides of it become equal. At the end of the barrel a convergent-divergent nozzle 

is connected to the wind tunnel test section and then to a dump tank. Before each test 

the nozzle, test section and dump tank are evacuated to about 50Pa by a vacuum pump. 

A tape diaphragm is placed at the inlet of the nozzle in order to stop air flowing inside 

the test section prior to the run. This provides a sufficiently strong start pressure ratio 

through the nozzle throat. When the high-pressure high-temperature air in the shock 

tube breaks the tape diaphragm, air flows through the nozzle and produces a uniform 

hypersonic flow stream in the open jet test section. Air is then dumped into the vacuum 

tank and evacuated to the atmosphere immediately after each run.
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Figure 3.2 Photograph of Cranfield University Hypersonic gun tunnel.
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Figure 3.3 Close up view to test section of Cranfield University Hypersonic gun tunnel
with Mach 12.3 nozzle on.

3.1.2 Test conditions

Two different nozzles are available at present which allow obtaining Mach 8.2 and 

Mach 12.3 freestream conditions. The duration of the effective hypersonic flow varies 

depending on the nozzle used and on the operating conditions (which were changed by 

using different driver pressures) in such a way that reduced throat diameters (i.e. higher 

flow Mach numbers) provide longer duration running times (Table 3.1).

Depending on the operating Mach number and on the reservoir pressure, different 

Reynolds number conditions can be simulated. The initial barrel pressure was 

atmospheric for all the tests. At a freestream Mach number of 8.2, Reoo/m=4.84xl06 

(Too=56.8K) is obtained with drive pressures of 500 psig (3.5xl06 Pa), Reoo/m=6.57xl06 

(Too=72.0K) at 1000 psig (6.9xl06 Pa), Reoo/m=8.06xl06 (Too=81.7K) at 1500 psig
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(10.3xl06 Pa) and Reoo/m=9.35xl06 (Too=89.3K) at 2000 psig (13.8xl06 Pa). At Mach 

12.3 conditions, Reoo/m=3.35xl06 (Too=41.3K) is obtained at 2000 psig (13.8xl06 Pa). 

Lower driver pressures are not used at Mach 12.3 conditions due to the extremely low 

temperatures and pressures of the hypersonic jet which could lead to air liquefaction and 

possible damage to the facility and instrumentation. At freestream Mach numbers of 8.2 

and 12.3 and Reynolds numbers ranging from Reoo/m=3.35xl06 to Reoo/m=9.35xl06 

natural transition of the boundary layer does not occur as also found in a number of 

previous studies in the same facility (Coleman, 1973b; Vannahme, 1994). The boundary 

layer thus needs to be tripped if turbulent conditions are to be simulated (Section 2.4).

A list of the test conditions used in the present study is shown in Table 3.1. The initial 

wall temperature during the tests was Tw =295±5 K. The rapid establishment of the flow

(1-2 ms) - even in cases involving strong separation regions - was assessed from the 

high-speed schlieren results during all the tests. Although flat plate measurements were 

performed at a drive pressure of 500 psig (3.5x106 Pa), these conditions were not used 

in the study on the interference interactions due to the frequent premature fracture of the 

diaphragms and the consequent unwanted start of the tests in this case. That was 

because the thickness of the aluminium diaphragms was 22 SWG (0.7mm) at 500psig 

and that made them more sensitive to weak pressure differences between both sides than 

at the other test conditions, in which thicker diaphragms were used: 18 SWG (1.2mm) 

at lOOOpsig, 14 SWG (2.0mm) at 1500psig and 10 SWG (3.3mm) at 2000psig.

PD
[MPa]

P
1 0,00

[MPa] [K]
Ao

[kg-m*3] [m-s'1]
RQ j m  

[m-1]
trun

[ms]

8.2±0.05 13.8 ± 1% 10.9 ± 1% 1290 ± 3% 0.0371
±7.1%

1553 ± 
1.6%

9.35xl06 
± 7.6% 31±0.5

8.2±0.05 10.3 ± 1% 8.2 ± 1% 1180 ±3% 0.0304
±7.1%

1486 ± 
1.6%

8.06xl06 
± 7.7% 39±0.5

8.2±0.05 6.9 ±1% 5.4 ± 1% 1040 ±3% 0.0230
±7.1%

1395 ± 
1.6%

6.57x106 
± 7.7% 52±0.5

12.3±0.05 13.8 ± 1% 10.9 ± 1% 1290 ± 3% 0.0054 
± 6.2%

1584 ± 
1.5%

3.35xl06 
± 7.5% 176±0.5

Table 3.1 Experimental test conditions indicating uncertainty as further described in
Appendix C.
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3.2 Case study

To simulate the case of generic surface protuberances on a hypersonic vehicle, a flat 

plate which replicates the surface of the vehicle was used and different protuberance 

models were fixed on it as shown in Fig. 3.4. The investigation aimed at measuring the 

surface heat transfer rate at different locations around the protuberance and high-speed 

schlieren videos were obtained simultaneously for all the tests. Oil surface 

visualisations were performed separately. These data were used to provide an 

understanding of the flow interference effects induced by the protuberance and the 

effects on the aerodynamic heating. The protuberances were three-dimensional 

compression comers with finite span and height. The investigation was centred on the 

datum case of an a =30° protuberance at a freestream Mach number of Moo=8.2, 

Reynolds number of Reoo/m=9.35xl06 in a turbulent flow. The dimensions of the datum 

protuberance were 80mm in length, 5mm in height and 13.5mm in width. Further 

details on the test models can be found in Section 3.4.

nozzle Mach 
/envelope

nozzle
outlet

protuberance 
/  model

centreline
reference point

xle a 115mm 
VGs (.y,c = 20 mm)^_

leading edge 
Mach cones

Figure 3.4 Test model arrangement plan view.

Table 3.2 summarises the present case study. Due to the complexity involved in the 

operation of the facility and the complete experimental rig, and also to the costs, the 

investigation was limited by the number of runs. A careful selection of the tests required 

was done. Departing from the datum case, the following features were investigated:
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11.

111.

IV.

A protuberance twice the height and another one twice the width with respect 

to the datum configuration were considered to assess the effects of 

protuberance dimensions. A wider range of h/5u and W/8U ratios was not 

possible due to the design constraints present in this facility (Section 3.3).

The effect of protuberance deflection angle was studied with similar models 

but with deflection angles of a = 15°, 45°, 60° and 90°.

The case of a surface protuberance with forward deflection was also 

considered (a  = 135°).

The effect of boundary layer state, Reynolds number and Mach number on the 

magnitude of the highest heat flux was assessed for almost the full range of 

deflection angles (a  = 15° to a = 135°). Only the a = 15° protuberance was not 

considered in the study of Reynolds number effect due to the limited 

information this configuration was expected to provide.

G a u g e  block

A/

© © 
© © 
® ® 
® ®

B lank block

B lank
block

(a) Arrangement 1
G a u g e  block

©©0 ©
©©©©

B lank
block

G a u g e  block

©  ©  ©  ©  
©  ©  ©  © M odel

(b) Arrangement 2

M.r

© © © © © © © © © ©
®  ©  ©  ©  ©  ©  ©  ©  ©  © _____________M odel

© ©
© ©

(c) Arrangement 3 (d) Resulting measurements
Figure 3.5 Three hypothetical arrangements and resulting measurements.

Study RQ^/m [m'1] a[°] h [mm] W [mm] VGs

datum 8.2 9.35xl06 30 5.0 13.5 Yes
h/5u effect 8.2 9.35xl06 30 10.0 13.5 Yes
W/5U effect 8.2 9.35xl06 30 5.0 27.0 Yes

a  effect 8.2 9.35xl06 15,45,60,90 5.0 13.5 Yes
forward a  effect 8.2 9.35xl06 135 5.0 13.5 Yes
b.l. state effect 8.2 9.35xl06 15,30,45, 60,90,135 5.0 13.5 No

Rea, effect
8.2 8.06xl06 30,45,60,90,135 5.0 13.5 Yes
8.2 6.57x106 30,45,60,90,135 5.0 13.5 Yes

Mo, effect 12.3 3.35xl06 15,30,45, 60,90,135 5.0 13.5 Yes
Table 3.2 Summary of present study.
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Optical methods are usually preferred to obtain non-intrusive measurements in high

speed wind tunnel testing but their application to measure surface heating in hypersonic 

flows is particularly restricted by a number of factors as reviewed by Estruch et al. 

(2009a). Consequently, eight thin-film gauges were used in the present study with the 

purpose of obtaining high-resolution high-accuracy measurements of the flux of heat to 

the surface surrounding the protuberance models. The sensor elements were 

approximately 1.2mm-long and 0.3mm-wide and were very fragile (see more details in 

Section 3.7). One possible approach for these measurements would have been to use a 

model at a fixed position and with different insert locations on the flat plate where 

gauges could be placed. However, this would not have allowed for small measurement 

resolutions and would have limited the experiments by having to change the gauges of 

location for each specific test so that its relative distance to the gauges would allow a 

final distributed pattern of measurement points around the protuberance. Instead, a 

module with the 8 gauges was made and two different insert cavities of this module on 

the flat plate were designed: one for measurements ahead of the protuberance and 

another for side measurements. A prescribed set of fixing points on the flat plate was 

then used to fix the protuberance model at different positions relative to the sensing 

gauge module. The vacant cavity during each test was filled with a blank insert placed 

flush to the flat plate surface as shown in Fig. 3.5. Care was taken to ensure that the 

gauges, mounting block and the blanking piece were flush with the surface.

A further analysis of the results shows that the interaction was unaffected by the small 

changes in the longitudinal and spanwise location of the protuberance on the flat plate. 

The change in the undisturbed boundary layer heat flux between the different locations 

also was small (~2%) and not expected to affect the results as considered in the 

uncertainty analysis in Appendix C. Measurements were performed with a maximum 

spatial resolution of 2mm in the longitudinal (x) and lateral directions (y) in the cases 

required. Special care was taken in the selection of the measurement points so that 

enough resolution would be obtained in the vicinity of the model to capture the hot spot. 

The thin film elements were also oriented perpendicular to the direction of the highest 

heat flux gradients (which take place normal to the front and side of the model) to 

improve discretisation of the hot spot.
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(a) Thin-film module (b) Inserts and model on flat plate

Figure 3.6 Thin-film module and insert cavities on the flat plate.

NOZZLE
OLTTLET

VORTEX
GENERATORS

RAMP
MODELFLAT PLATE

THIN-FILM ,  
GAUGES CABLES

Figure 3.7 Photograph of models in gun tunnel test section.

3.3 Test constraints

The design of the experiments was restricted by different factors including: the useful 

jet diameter, Mach cones created by the models, test section blockage, regions of 

interest and spatial resolution, flexibility of the models, boundary layer thickness and 

protuberance geometry.

3.3.1 Jet diameter

The tunnel nozzles have an outlet of 196mm in diameter (Fig. 3.8). A Mach wave 

originates at the end of the nozzle with an angle// = sin-1 (1 /M ). A larger angle is 

obtained at Mach 8.2 freestream conditions: ju = 7°, while fi = 5° is obtained at Mach 

12.3. Considering the limiting case at Mach 8.2, the useful test section is reduced with 

the relation 0 eff = (196-2* tan 7°) mm, where x is the axial distance from the nozzle

outlet (Fig. 3.9).
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Mach cone

' i " * f  ’

test model

Figure 3.8 Mach wave envelope in Cranfield University gun tunnel test section with Mach
8.2 nozzle on.

• -1  1 nif i ~  sin —  -  7

>eff=h96-2x-tan 7°) mm

M r 0=196mm

x(mm)

Nozzle outlet Mach wave 
envelope

Figure 3.9 Perspective diagram of Mach wave envelope from nozzle.

3.3.2 Leading edge Mach cones

Mach cones also originate at each comer of the flat plate leading edge. These result in a 

reduced effective width of the flat plate with the following limiting relation at Mach 8.2 

conditions: Weff = fU -2xtan7° (see Fig. 3.10). Sufficient margin needs to be allowed

in order to avoid interference of the flat plate leading edge Mach cones with the 

interaction induced by the protuberance.

Flat plate

Mach cones

• -1 * msin —  = 7

Figure 3.10 Mach cones from flat plate leading edge at Mach 8.2 ffeestream conditions.
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3.3.3 Test section blockage

In previous experimental studies performed in the same facility and at operating 

conditions of Mach 8.2 and Reoo/m =9.35x106, test section blockage was observed to 

take place with cross-sectional model areas of about 3500mm (Vannahme, 1994). This 

was using a flat plate with a width of 102mm, thickness of 6mm and with a 44mm-long 

flap at 40° deflection. The frontal area of the flat plate and models thus needed to be 

kept below approximately 3500mm in order to prevent test section blockage.

3.3.4 Measurement regions and resolution

Based on the information gathered in the literature review (Chapter 2), it was expected 

that high spatial resolution would be required at distances close to the protuberance 

models. If the measurement surface of the thin-film probes had been relatively large 

with respect to the size of the model, high heat flux regions would have risked being 

underpredicted. At the same time, fine measurement resolution was necessary to capture 

the sharp heat flux gradients found with some of the configurations. Larger 

protuberance models thus resulted in improved measurement resolution; however, their 

size was also strongly restricted by the design constraints just discussed.

3.3.5 Flexibility of the models

The protuberance models were fixed at different positions relative to the thin-film 

modules. These needed to be moved laterally in some configurations and there was the 

possibility that Mach cones from the plate leading edge or from the nozzle outlet would 

interfere with the interaction region caused by the protuberance models. Considering the 

reference protuberance location of xie= 175mm, the model width of W= 13.5mm (refer to 

Section 3.4) and based on the literature review (Section 2.3), an expected lateral 

clearance of about 30mm respect the centreline was considered (Fig. 3.11). Allowing 

for a 10mm margin from each side, the total effective width (Weff) required on the flat

plate was approximately 80mm at xie=175mm. This was subsequently corroborated with 

the oil surface visualisations (Appendix B).
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// = sin-1 —  = 7°

flat plate ^
IlQmm margin 

30mm (max.)

expected interaction 
region

Mk = 8.2 centreline

= 175mm

leading edge 

Mach cones

Figure 3.11 Maximum clearance for lateral movement of protuberance models on plate.

3.3.6 Boundary layer thickness

A fully developed turbulent boundary layer was required in the main part of the 

investigation. In practical applications, the thickness of a turbulent boundary layer is 

also dependent on the height and location of the vortex generators (VGs) which are used 

to trip the originally laminar boundary layer. Based on previous experiments at Mach 

8.2 freestream conditions and Reynolds number of Re^/ m = 9.35x106, it was expected 

that 8  =10mm would be obtained at xle =200mm downstream of the leading edge using 

a VG height of 4mm. It was also expected that 8=4.3 mm would be obtained 

atx/e = 159mm with a VG height of 1mm (Vannahme, 1994). A slightly thicker boundary 

layer should be obtained at Mach 12.3 conditions. While the reference enthalpy method 

predicted a boundary layer thickness of £=5mm at xie= 175mm and M o0= 8.2

conditions, it predicted 8 =7mm at = 12.3 and at the same location on the plate.

3.3.7 Effect of protuberance geometry

The ratio between the height of the protrusions and the local boundary layer thickness 

(h/8u) was expected to have an effect on the heat transfer measurements for certain 

protuberance geometries. The effects of the W/8U and h/5u ratios on the maximum heat 

flux were previously investigated by Hung and Patel (1984) on supercritical 

protuberances as already presented in more detail in Chapter 2.
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3.4 Test models

The dimensions of the flat plate and models were selected based on the design 

constraints. The position of the models in the test section was also carefully considered.

3.4.1 Flat plate

The main constraint on the flat plate width ( W ) was the required lateral clearance of the 

models. As shown, an effective width of Weff =8Omm was needed at xie= 175mm.

Considering the flat plate would be placed just at the outlet of the nozzle, the nozzle 

Mach wave would not affect its effective width as long as it would be shorter than the 

nozzle diameter (196mm). The effective width of the flat plate was then restricted by 

the leading edge Mach cones.

Different possible values of W were considered to determine the best trade-off between 

W and the expected boundary layer thickness at the location of the protuberance 5U 

based on the test constraints (Section 3.3). These estimations showed that a flat plate 

width of at least 150mm was required in order to have sufficient mobility of the model. 

Although the widest plate used in previous studies in this facility was W = 130mm 

(Needham, 1965), previous calibrations had measured the Mach number at distances 3in 

(76.2mm) above and below the centreline and showed that the Mach number remains 

practically uniform around this area (Opatowski, 1967) thus confirming that the flow 

would be suitable for a plate of up to W = 152mm (6in). A width of W =150mm was

consequently selected. The chosen flat plate length was 265mm, which allowed placing 

the protuberance models at the different required locations.

A sharp leading edge was required to reduce the strength of the weak shock produced. 

For this, a leading edge angle of 10° was selected as a typical angle used in a number of 

previous studies (Bushnell and Huffman, 1967; Vannahme, 1994 and Kumar, 1991). 

The same thickness of 6mm used in previous experiments was also selected due to its 

known suitability (Kumar, 1991; Vannahme, 1994 and Prince, 1995). The final flat 

plate design is presented in Fig. 3.12.
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(a) Plan view
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(b) Side view 

Figure 3.12 Flat plate design.

The position of the flat plate and protuberance model in the test section is shown in Fig. 

3.13. The flat plate leading edge was placed at the nozzle outlet in order to obtain the 

maximum available effective flow diameter at the location of the protuberance. It was 

considered suitable to locate the flat plate at a height of 25mm below the nozzle 

centreline so that a larger margin between the Mach cone from the nozzle and the 

interference interaction produced by the protuberance models would be allowed.
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Flow  >
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Figure 3.13
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(b) Front view

Position of the flat plate in the test section considering Mach 8.2.
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3.4.2 Boundary layer trip

A study was done to find a suitable boundary layer trip. The ideal trip would provide a 

fully developed turbulent boundary layer with no spanwise effects. Based on the 

applications previously reviewed, two main options were considered: discrete vortex 

generators or distributed roughness patterns. The use of distributed roughness patterns 

was discarded given their reduced effectiveness to trip the boundary layer to a fully 

turbulent state before reaching the location of the protuberance (Section 2.4.2).

Discrete vortex generators were thus used to obtain a fully developed turbulent 

boundary layer at shorter distances. Although the use of a diamond configuration was 

shown to be a more effective boundary layer trip, this was not considered due to the 

strong non-uniformities expected in the downstream flow (Berry and Horvath, 2007). A 

strip of VGs based on the design used by Coleman (1973) in the same facility was 

chosen. This was also used by Vannahme (1994) and Prince (1995) at similar operating 

conditions (Fig. 3.14). Three different VG heights were tested: 1mm (VG1), 4mm 

(VG2) and 6mm (VG3), refer to Table 3.3. Whereas the shorter VGs provided a 

turbulent boundary layer thickness of 6u=5mm at xie=175mm, the others provided 

approximately 5u=12mm at the cost of much stronger downstream non-uniformities. No 

further specific measurements were performed to determine VG effectiveness but VG1 

was selected as the most suitable one given that it was expected to provide fully 

turbulent conditions without spanwise non-uniformities at the location of the 

protuberance, according to previous studies by Vannahme (1994) and Prince (1995).

h d 5U
VG1 1mm 3.5mm 5mm

VG2 4mm 15mm 12mm

VG3 6mm 22.5mm 12mm

to plate’s  sidew
vortex generators with 

same dimensions

x  , .=  2 0 mm
to plate's side

Table 3.3 Characteristics of VGs tested. Figure 3.14 Design of VGs used.
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A photograph of the lmm-high 30° triangular vortex generators with a 3.5mm spanwise 

spacing placed 20mm downstream of the flat plate leading edge is shown in Fig. 3.15 

together with the development of the vortices at different distances along the plate based 

on the liquid crystal flow visualisations by Vannahme (1994). With the same vortex 

generators and freestream conditions as in the present work, the spanwise 2- 

dimensionality of the turbulent boundary layer was demonstrated. In particular, it was 

found that the vortices break down between 100mm and 140mm from the plate leading 

edge. The two-dimensionality of the flow upstream of the protuberance is therefore 

ensured.

xle = 20mm Vortex generation

Q  Q  Q  Q  Q

Development of the 
vortex core

x,e = 60mm

Vortex interferencexlB = 100mm

xl8 = 140mm Breakdown

LC7qL.C7oL O 'q LC7qLC7

(a) VG1 on plate. Mx = 8.2, Re^/ m = 9.35x106 (b) Flow development along plate

Figure 3.15 Photograph of lmm-high vortex generator (VG1) and corresponding development 
on the flat plate based on liquid crystal flow visualisations by Vannahme (1994).

3.4.3 Protuberance models

Considering that the expected boundary layer thickness at the location of the 

protuberance for the datum case was about 8u=5mm a datum protuberance height of 

5mm was chosen to match the reference h/8u ratio of 1. Given the design of the thin-film 

block, 13.5mm had been chosen as a suitable width in order to measure the side heat 

transfer rates as close to the protuberance as possible with the thin-film module used. 

The 8 different models considered are shown in Table 3.4, with the corresponding 

geometrical definitions in Fig. 3.16.
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Figure 3. 16 Scheme of protuberance models used,

MODELS a (°) h (mm) W (mm) / (mm)
1 15 5 13.5 80
2 30 5 13.5 80
3 45 5 13.5 80
4 60 5 13.5 80
5 90 5 13.5 80
6 135 5 13.5 80
7 30 10 13.5 80
8 30 5 27 80

Table 3.4 Dimensions of models used, according to definitions in Fig. 3.16.

3.5 Surface oil visualisations

Oil flow surface visualisation methods are extensively used in conventional wind tunnel 

testing but their application in hypersonic gun tunnels is generally limited. This is due to 

the short test times and very low static pressures which very often result in poor quality 

visualisations. A suitable variance of this technique consists in applying different oil 

dots to the surface under study prior to the test. The oil dots are disturbed during the test 

and thus provide an indication of the limiting streamlines depending on the shear stress 

direction. The length of the oil streaks gives an indication of the shear stress magnitude 

at the location of each dot.
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Early applications of this technique were performed by Meyer and Vail (1967) and Rao 

(1970), who looked at the three-dimensional surface flow over delta-wing lifting 

configurations. Later applications of the oil-dot technique in gun tunnels were 

performed by Papuccuoglu (1993), Guiming (1994), Singh (1996) and more recently by 

Kontis (2008). In some of these applications the models were painted in black in order 

to obtain an improved contrast in combination with a white oil dot mixture.

In the present case the white oil dots could be well appreciated without needing to paint 

the models in black. Different mixtures were initially tested before a consistent oil blend 

was obtained. The mixture that was eventually used consisted of linseed oil, titanium 

dioxide and a few drops of oleic acid, similar to the mixtures used in previous 

applications (Papuccuoglu, 1993; Singh, 1996). The viscosity of the mixture was 

suitable to be placed on the flat plate model and the oil dots did not move during the 

nearly 1 hour preparation time of the gun tunnel. In general, low shear stress was 

expected over the separating flow regions while stronger skin friction -  and therefore 

longer strakes - was expected in the regions of flow reattachment. This technique was 

therefore particularly useful in the present case to identify these flow patterns on the 

surface surrounding the protuberances. The oil-dot flow pattern was recorded 

immediately after each run. Oil-dot visualisations taken for the present study can be 

found in Appendix B.

3.6 Time-resolved schlieren diagnostics

A digital high-speed schlieren system was developed to obtain time-resolved 

information from the flow under test. The first stages of the system development were 

carried out in the Cranfield University 2.5”x2.5” Supersonic Wind Tunnel given that 

this facility can provide up to Mach 2.4 conditions with durations of approximately 30 

seconds and this preliminarily eliminated the main constraint of the short run duration 

of the gun tunnel. Subsequently the system was developed in the gun tunnel for 

simultaneous application with the heat flux measurements. Based on digital image 

processing routines, semi-quantitative data from the flow was obtained.

55



Chapter 3 Experimental Programme

3.6.1 Schlieren optical arrangement

A Toepler schlieren arrangement was used in a Z-type configuration (Fig. 3.17). This is 

the most common schlieren arrangement given that it cancels comatic aberration. The 

main items used included an LED light source, two parabolic mirrors, a knife-edge and 

a digital camera (Fig. 3.18).

The light source was placed at the mirror focal length and arranged to bring the light 

through the test section. In the test section, light was diffracted by spatial density 

gradients (V p ) .  The deflection angle ( s )  was dependent on the characteristic length of 

the flow volume (1), on the refractive index (n) and on the density gradients in the form: 

s  = (1/n) Vp (Settles, 1985). The image was then brought to a focal point from the 

second mirror to the knife-edge. Any misalignment in the optical system resulted in a 

distortion of the circular shape at this point and hence of the final visualisation. The 

direction of the density gradients shown in the visualisation was selected at the knife- 

edge. In this case, a horizontal knife-edge was used with a blockage between 50% and 

80%. Vertical density gradients from the flow were thus highlighted in the schlieren 

images.

In the preliminary stages of the system development in the 2.5” x 2.5” Supersonic Wind 

Tunnel (Fig. 3.19), a digital SLR camera was used to obtain single images at exposure 

times of approximately 1 ms. With this arrangement, the camera lens was removed and 

the schlieren image was projected directly onto the CCD chip of the camera. Further 

details on this system can be found in Estruch et al. (2008, 2009b).

Focused
image LED Light

: :  h t« *

Mirror 1Mirror 2
Knife-edge-

WIND TUNNELHigh-Speed
Camera

Convex Lens
TEST AREA

Filter

Figure 3.17 Schematic diagram o f high-speed schlieren optical arrangement.
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MIRROR 1
LED LIGHT

FILTER

CONVEX LENS

MIRROR 2

WIND TUNNEL 
TEST AREA

HIGH-SPEED
CAMERA

KNIFE-EDGE

Figure 3.18 Photograph o f high-speed schlieren optical arrangement used in Cranfleld
University gun tunnel.

Test section

LED light source

Mirror 1
Mirror 2

Optics 
bench 1

Camera

Polariser filters

O ptics bench 2

Figure 3.19 Photograph o f  schlieren optical arrangement in Cranfield University 2.5”x2.5”
Supersonic Wind Tunnel.
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A sample schlieren image obtained with the present rig is shown in Fig. 3.20. The 

model in this case is a generic hypersonic blunt body comparable for example to the 

Apollo re-entry capsule (Section 2.1). The adverse pressure gradients across the shock 

at the top of the image result in a vertical downwards deflection of the light beams with 

the knife-edge blocking the bottom of the image horizontally. This occurs because light 

is always diffracted towards the regions of higher refractive index, which correspond to 

those with higher air density in this case, i.e. downstream of shock waves. For this 

reason, the same shock structure at the bottom half of the image appears as a brighter 

area instead of darker.

Figure 3.20 Sample schlieren image of hypersonic blunt body,
Mx = 8.2, RqJ  m = 9.35x106.

3.6.2 LED light source

An argon spark light source in combination with a film photographic camera had been 

used to date in the present facility to obtain snapshot schlieren images during the tests 

but this was not suitable for high-speed schlieren imaging. Other similar schlieren 

systems have typically used incandescent lamps, arc lamps and spark gaps (Smith, 

1994). Other light sources that have been successfully applied for schlieren imaging are 

laser diodes, which have proven to provide sufficient luminosity for high-speed 

schlieren visualisation (see e.g. Haley and Smy, 1988). Lasers are not so suitable for 

qualitative schlieren methods due to their coherence (Weinberg, 1963) and the 

translation of phase differences into amplitudes in this case (Settles, 2001). In large field 

schlieren applications, extended light sources have been generally used (Weinstein, 

2000).
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An LED was selected as a potential light source suitable for a high-speed schlieren 

system. Pawliszyn (1987) reported the suitability of LEDs for schlieren applications, 

highlighting their good beam pointing characteristics and high stability in light output. 

The incoherence of the LED light source and their compact design are also an advantage 

for schlieren applications (Estevadeordal et al., 2007). Similar applications used an LED 

with large currents for short pulse durations. While typical LED forward currents are 

only a few milliamps, LEDs can withstand higher intensity currents at microsecond 

pulse durations (Stasicki et al., 1990). Pulsed LED light sources were used in 

conventional and high-speed schlieren applications (Tsai and Bakos, 1998). Hiller et al. 

(1987) used a similar light source for unsteady flow investigation in a Mach-Zehnder 

interferometer system. Circuit designs suitable for this type of light source are outlined 

in the literature (Buttsworth and Ahfock, 2003). Pulsed LEDs have also had successful 

application in Cranz-Schardin cameras for high-speed shadowgraphy and interferometry 

(e.g. Bretthauer et al., 1991; Lu and Liu, 1997).

A preliminary investigation was therefore done to select possible potential LED light 

sources. Three LEDs with different wavelength, luminous intensity and viewing angle 

were initially tested and used in a continuous mode. Other LEDs examined in the 

present investigation were discarded due to the non-uniformity of their output light. 

This was mainly due to the encasement of the LED, which acts as a lens on the light 

produced and this has a strong effect on the quality of the visualisations. Although 

visualisations with a longer wavelength light source were expected to be more sensitive 

to weaker disturbances, other factors were shown to have a stronger impact on the 

quality of the visualisations such as light uniformity and optical alignment. As shown in 

Figs. 3.21 and 3.22, the three LEDs that were initially tested were a NSPW510BS 

Nichia white LED (9200mcd, 20° viewing angle), L-7113VGC-H Kingbright green 

LED (18000mcd, 20° viewing angle) and TLSH180P Toshiba red LED (lOOOOmcd, 8° 

viewing angle). They allowed for image exposure times of up to 0.5ms proving suitable 

for visualisation of steady flows.

Although the initial aim was to design a circuit providing the LED with high-intensity 

currents at short pulse durations, a new-technology high-power LED (3-Watt 

CREE Q5) which came onto market during the time of the investigation (2008) could be
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eventually used in a continuous mode. This LED provided sufficient light so as to 

obtain images at frame rates of up to 50000 fps (Fig. 3.23). In particular, the dominant 

wavelength of this LED was in the blue spectrum and visualisations were of a similar 

quality as those obtained with the NSPW510BS Nichia white LED, which had a 

dominant wavelength also in the blue spectrum of light and was the most suitable one 

among all the three initial LEDs as shown by the plots of intensity levels in Fig. 3.23. 

No other alterations needed to be made to the rest of the optical system.

(a) NSPW510BS Nichia (b)L-7113VGC-HKingbright (c) TLSH180P Toshiba 

Figure 3.21 Schlieren images of supersonic SWTBLI with different light sources
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Figure 3.22 Intensity levels along lines A-B from Fig. 3.21.
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Figure 3.23 CREE Q5 LED light source used in gun tunnel rig.
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3.6.3 High-speed schlieren system

The CREE Q5 LED light source was therefore used in a continuous mode and in 

combination with direct imaging onto a Photron APX high-speed digital camera without 

the need for further optical items (Fig. 3.24). By doing so, a relatively simple but 

efficient high-speed schlieren system was obtained (Estruch et al., 2008). Only the high

speed camera needed then to be timed with the wind tunnel facility. The trigger used 

was from a microphone signal which sensed the rupture of the diaphragms at the start of 

the run. The raw microphone signal was conditioned through a function generator 

(Thandar TG 503) before being sent to the camera processor box as a +5V TTL step 

pulse via the “General In” cable connector. The camera was then operated with the 

“Random Manual” function which constantly captures images and rewrites them every 

time the memory is full allowing the user to determine the number of images to be 

saved before and after the trigger is received. There was an inherent delay of 12.5ms 

between the trigger signal and the actual recording start time of the cameras which 

could be accounted for in this mode. High-speed schlieren images could thus be taken 

during the whole run duration.

The frame rate at which the cameras can operate is limited by the image resolution 

(Table 3.5). For the present study and due to the elongated shape of the field of view, 

schlieren images with a size of 1024px x 256px were taken for all the cases at 8000fps. 

In the cases where the flow was observed to be unsteady the image was also reduced 

and focused in the unsteady region allowing for acquisition frame rates of up to 50000 

fps but with a size of 256px x 64px and same pixel resolution (refer to Appendix B).

Figure 3.24 Knife-edge, convex lens, filter and high-speed camera in schlieren rig.
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Frame rate (fps) Max. Resolution (pixels) Record time (s)
Horizontal Vertical

2000 1024 1024 • 1
4000 1024 512 1
8000 1024 256 1
15000 256 256 1.1
50000 256 64 2.6
100000 128 32 5.2
120000 128 16 8.7

Table 3.5 Specifications of Photron APX high-speed camera.

3.6.4 Schlieren digital image processing

Apart from the qualitative schlieren videos obtained, quantitative information could be 

derived by reading the images as two-dimensional matrices where each cell value 

represents the pixel intensity on a greyscale from less intense (0) to more intense (255). 

This was performed with the Matlab image processing package.

Flow features in the image were quantified by looking at pixel intensity gradients. For 

example, the change in pixel intensity across a shock wave is shown in Fig. 3.22. Other 

flow features such as boundary layers or expansion regions are more gradual but are 

also visible. It must nevertheless be taken into account that the schlieren technique 

averages the density gradients across the volume and therefore the visualisations are 

affected by three-dimensionalities in the flow.

During the course of this investigation further digital image processing routines were 

developed which allowed obtaining information on the unsteadiness of the flow. A 

version of the Canny algorithm -  which is an edge detection method of common use in 

machine vision applications (Gonzalez et al., 2004) - was applied to locate the shock 

positions. The application of this algorithm was based on the principle that the shock 

location is discernible in the schlieren image as distinct dark or light regions when 

compared with the background light intensity. In comparison with simpler edge 

detectors (Sobel, Prewitt, Roberts and Laplace) this was found to give enhanced
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performance when locating the shock position. This was mainly due to its reduced 

sensitivity to noise and its edge-thinning capability, which provided a clear shock 

location and avoided detection of unwanted edges. Shock position was determined by 

applying a suitable threshold to isolate the highest intensity gradients in the image 

which once in binary form allowed the shocks to be distinguished as thin edges (Canny, 

1986; Ding and Goshtasby, 2001). From these edges the locations of the shocks were 

identified for each row in the image digital matrix.

A sample case of this application performed during the schlieren system’s development 

stages in the supersonic wind tunnel is shown in Fig. 3.25. In this case, the unsteadiness 

of an impinging shock-wave/boundary-layer interaction at Mach 2.4 was studied. 

Further information on these experiments can be found in Estruch et al. (2009c, 2009d). 

As expected from previous studies (Dolling, 2001), the impinging shock wave was 

found to be steady (Location A) and reflected shock wave was clearly unsteady 

(Locations B and C). At the unsteady shock locations, by processing a time series of 

images, the dominant frequencies in the shocks motion were obtained by means of 

spectral analysis using a Fourier transform based MATLAB toolbox. This provided a 

new method to measure shock wave unsteadiness that showed to be a reliable optical 

flow diagnostic for studies on shock wave unsteadiness and to be capable of yielding 

flow measurements in regions not accessible by intrusive methods. Further details on 

this method can be found in Estruch et al. (2008). However, unlike in this example, the 

application of this method in the present interactions did not reveal the presence of a 

clear dominant frequency. This is described in more detail in Chapter 7.

Figure 3.25 Application of the technique. Reproduced from Estruch et al. (2008). ©AIP 2008
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3.7 Heat flux measurements

Highly accurate heat flux measurements were required for the present investigation in 

part due to the importance of this data for the reliability of a subsequent semi-empirical 

approach. In addition, the system needed to be sensitive to heat transfer rates as low as
•y #

O.IW/cm given that very low heat flux values were expected at some of the test 

conditions as further shown in Chapters 4 and 5.

3.7.1 Thin-film gauges

Eight thin-film gauges were used for the measurement of transient temperatures during 

each test (Figure 3.26). These are fast response (lqs) temperature sensors which 

measure temperature changes of the order of 0.1K. Heat flux can be determined using 

the measured time-dependent temperature signal. To determine the heat flux, the theory 

of one-dimensional heat conduction into a semi-infinite body was assumed (refer to 

Appendix A). The sensors were individually pre-calibrated for both resistance

it) . The contact method
p h

was used to calibrate each gauge individually by the provider (SWL, RWTH). This 

method assumes that when the gauge is rapidly placed into contact with another 

element, a constant temperature is yielded for a certain time, which depends on the 

initial temperatures and thermodynamic properties of the thin film and contact elements.

The sensors consisted of a ceramic substrate (zirconium oxide) with a sputtered nickel 

thin film. A change in temperature on the surface of the thin film caused a change in its 

resistance as shown in Eq. 3.1, where R0 and T0 are the resistance and temperature of

the thin film prior to the measurement, as stated in the specifications (Appendix A). The 

determination of heat transfer was based on the analogy between the flow of heat into a 

semi-infinite material and the flow of current into an R-C circuit as derived by Schultz 

and Jones (1973). More details on this analogy can be found in Appendix A. The final 

relation used to obtain the heat flux is shown in Eq. 3.2.

temperature sensitivity and the thermodynamic property (Jpc
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R = R0{l + a R(T -T 0)) [Eq- 3.1]

9 =
(Jp̂ k) /2

O r V jG
[Eq. 3.2]

The diameter of the gauges used was 2.3mm and the length was 3.3 mm. The thin-film 

elements were approximately 1.2mm-long and 0.3mm-wide. Thin-films were very 

fragile and were only to be used in clean environmental conditions. In order to 

minimise changing the gauges from location, they were fixed flush to a thin-film 

module with dimensions shown in Fig. 3.27 which would only need to be changed to a 

second location on the plate. A corresponding blank module was made and placed in the 

redundant cavity during each test case. A sample photograph is shown in Fig. 3.28, 

corresponding to the side measurements on a protuberance model.

02 .3  W Film resistance 

Platinum wire \

Substrate (ZrO.)

00.3

Figure 3.26 Thin-film sensor design (left) and photograph (right), reproduced from product
specifications (Olivier, 2009).

8 h o l e s  d ia m et er  2.3

in
a1

Figure 3.27 Design of 8-off thin-film module in mm and indicating gauge number (refer to
Appendix A.3 for more details).
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fixing points
15° ramp 

model

Blank
moduleThin-film

module

Figure 3.28 Sample protuberance model showing thin-film module and blank module on
flat plate.

3.7.2 Test rig

A digital data acquisition system was commissioned in the gun tunnel to allow rapid 

analysis and storage of data following a run. The heat flux system was used at the same 

time as the high-speed schlieren system during the tests.

The gauges were inserted in the test section through the connexion cables in the bottom 

of the test area. The voltage change associated with the temperature rise of the gauges 

during each test was integrated using a resistor-capacitor (R-C) analogue integrator 

circuit (HTA1 5R.0185). This allowed for a direct integration of the temperature signal 

and avoided the uncertainties introduced by the half derivative terms in the numerical 

integration approach which make the calculation of heat flux particularly sensitive to 

experimental noise (Oldfield et al., 1978). The channels of the CONTECH analogue 

integrator circuits provided a constant current supply of 8.4mA to the gauges. The 

signal was then low-pass filtered at 50kHz (FYLDE 3018-F) and the data was acquired 

by a NI BNC-2110 DAQ data acquisition board without prior amplification of the 

signal. The sampling rate was 100kHz, and data were recorded after receiving a trigger 

signal from a microphone that detected the rupture of the diaphragms when the tunnel 

was fired. This microphone signal was also used to simultaneously trigger the high

speed schlieren system. The determination of heat transfer, as shown in Appendix A, 

was based on the analogy between the flow of heat into a semi-infinite material and the 

flow of current into an R-C circuit as described in more detail in the work of Schultz 

and Jones (1973). The estimated resolution in the present study was 0.1 W/cm2. An 

image of the heat flux rig is shown in Fig. 3.29 and a schematic diagram of the total rig 

is found in Fig. 3.30.
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Test section
Thin-fiim gauges 

to test section

DAQ board
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Nozzle
outlet
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INSIDE OF TEST SECTION

Figure 3.29 Image o f heat flux rig.
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Figure 3.30 Schematic diagram o f complete test rig.
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3.7.3 Effective established flow

The effective duration of the flow in the gun tunnel was determined from heat flux 

measurements and high-speed schlieren videos. Figure 3.31 shows schlieren images 

corresponding to the 90° protuberance case that shows the start of the development of 

the boundary layer on the plate. The effect of the passage of the shock front on the 

boundary layer up to the end of the run is also observed.

Boundary layer 
starts developing

C + 2.5 ms

Passage of shock 
front

Fully developed 
hypersonic flow

t0 +3 lms at Mm =8.2 
tn +176ms at M = 12.2

End of run

30mm in 20ps -> U*1500ms

Figure 3.31 Flow establishment based on high-speed schlieren visualisations, tunnel 
operating at drive pressure of 2000 psig.

Measurements for the stagnation heat flux on a hemispherical forebody (as considered 

in Chapter 4) are shown in Fig. 3.32 and are also shown over the datum flat plate model 

in Fig. 3.33. The effects of the passage of a normal shock are observed 2.5ms after the 

start of the run, as also shown in the schlieren results. After that, the flow becomes fully 

established for a duration of 31ms with the Mach 8.2 nozzle and 176ms with the Mach 

12.3 nozzle. As expected, the heat flux tends to decrease during the duration of the run 

as the temperature of the models also increases. In order to obtain an estimate of the 

heat flux, an average of the measurements between 10ms and 20ms with respect to the 

start of the run was calculated. This was selected as the established flow period based on 

an assessment of the high-speed schlieren videos.
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q(JV / an2)

Passage of shock 
front

Considered 
established flow

End of run

Start of 
the run

Figure 3.32 Typical measurement of heat flux with thin film gauges, stagnation
measurement, Mro = 8.2, ReM/ m = 9.35x106.

q(TP / cm2)
Passage of shock 

front

End of run
established flow

Start of 
the run

Reflections from 
dump tank

50

Figure 3.33 Typical measurement of heat flux with thin film gauges, flat plate.
Moo=8.2,R eoo/w  = 9.35xl06.
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3.8 Experimental uncertainty

A measure of the repeatability of the measurements is presented in the following 

chapter. A further uncertainty analysis is performed by considering a typical transducer 

error of 5% in the calibration of the thermal property of each individual gauge 

{^jpcpk^ and of 2% in the calibration of the thermal coefficient of resistivity a R as

quoted by the manufacturer. The error related to the input voltage of the gauges

V 1(l%), the measurement resolution of the output voltage V 2 (0.03%) and the

calibration of the system gain G (1.6%) was also accounted for together with the 

uncertainties related to the freestream flow conditions (Table 3.1) and wall temperature 

(1.7%). With a random error of 3.5% at 99.6% confidence and a maximum systematic 

error in the measurement of Stanton number of 9.5% based on the uncertainties 

mentioned, a total combined uncertainty of ± 10% is estimated, which is similar to the 

error range achieved in other similar experimental studies as reviewed by Simmons 

(1995). Further details on the uncertainty analysis can be found in Appendix C and a list 

of selected uncertainties is presented in Table 3.6.

Measurement Uncertainty

q ±7%

St ±10%

s ±16%

L ±10%

Table 3.6 Summary of uncertainty estimates
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CHAPTER 4

Heat Transfer in Attached Flow

Prior to the study o f aerodynamic heating in interference regions, 

measurements were made on configurations in which the flow remains 

attached and for which well-established theoretical and semi-empirical 

models are available. Based on these measurements, the accuracy o f the 

system and the reliability o f  the main predictive approaches developed to 

date are assessed. The state o f  the boundary layer is also inferred from the 

schlieren images along with a comparison between measured heat transfer 

and the corresponding analytical estimates. An overview on the application 

o f these methods to predict the surface heat flux on real vehicles is 

presented at the end o f  the chapter.

4.1 Introduction

The two main parameters in the design of high-speed vehicles are drag and aerodynamic 

heating. The latter is of especial importance at hypersonic speeds and generally drives 

the design characteristics of hypersonic vehicles. While this is demonstrated in the next 

paragraph, the definitions of heat transfer coefficient and Stanton number need to be 

first introduced. Although the non-dimensional heat transfer coefficient is used in part 

of the literature as in Eq. 4.1, the Stanton number (Eq. 4.2) is generally preferred for 

comparison purposes given that it provides a dimensionless ratio of the actual heating 

rate with respect to the potential heating rate of the local flow. An alternative coefficient 

is the Nusselt number (Eq. 4.3), which is related to the Stanton number, Reynolds 

number and Prandtl number by N u  = St Re P r .
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C„ = ------- ^ ------ r- [Eq. 4.1]
p M k - k )

St=  [Eq- 4.2]P j » ( h m - h w)

Nu‘ = K t ~ t \ [Eq'43]

Departing from the definition of the heat transfer coefficient (Eq. 4.1) and noticing that

V2 V2
at such high speeds haw&h0 =ha:+ -y- and - ^ - » h ao9 the especial importance of

aerodynamic heating at hypersonic speeds is clear. Based on these approximations, heat 

flux is roughly proportional to the cube of the velocity as shown in Eq. 4.4. This relation 

can be compared with the definition of drag in Eq. 4.5, which is proportional to the 

square of the velocity. Aerodynamic heating therefore increases more significantly at 

high flow velocities and thus becomes a driving parameter in the design of hypersonic 

vehicles although other parameters such as drag are also important.

[Eq.4.4]

r > * \ p J l c D \ Eq.4.5]

Different theoretical and semi-empirical models have been developed to date to obtain 

estimates of both the skin friction and heat transfer coefficients at hypersonic speeds. 

These are approximate methods which are used in engineering preliminary analysis to 

obtain rapid estimations of these parameters. The methods developed to date have been 

partly limited by the difficulty in obtaining analytical solutions based on simplifications 

of the governing continuity, momentum and energy equations. Whereas purely 

theoretical derivations are directly applicable in a limited number of cases, most 

approaches have relied on experimental measurements either linked with theory or in 

the form of data correlations. Despite their approximate nature, these are nowadays 

common estimation methods used in the aerothermodynamic design of vehicles such as 

the Space Shuttle (Hayes and Neumann, 1992). Further details on such applications are 

shown in Section 4.5.
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The most relevant predictive approaches developed to date are considered in this 

chapter. The first part of the study presents measurements of the stagnation point heat 

transfer at the leading edge of a blunt body and compares these with estimations from 

the well-established method of Fay and Riddell (1958). Following this, the accuracy of 

the system is assessed and measurements of the heat flux from the undisturbed 

boundary layer to a flat plate at different operating conditions of the gun tunnel are 

presented. Based on the comparison of these results with the existing predictive theory 

and schlieren visualisations, the nature of the boundary layer is determined through 

consideration of the reference protuberance position in the related study on interference 

heating (xie=175mm). Further analysis is made on the heat flux measurements over a 

hemisphere-cone-cylinder body with a semi-angle of 15°. An assessment of these 

predictive approaches is also carried out at both laminar and turbulent conditions.

4.2 Stagnation heat transfer

The stagnation point heat transfer on the forebody is one of the most critical factors in 

the design of hypersonic vehicles as already shown in Section 2.3.1. A comparison 

between existing theory and the present experimental measurements follows.

4.2.1 Established theory

The theory of stagnation heat transfer developed by Fay and Riddell (1958) is the only 

case for which sufficient simplifications can be made to reduce the boundary layer 

partial differential equations from the Navier-Stokes equations to an ordinary 

differential form. This is due to the unique assumptions that can be made in this point, 

including that the boundary layer can be considered laminar and axisymmetric. The 

concept of self-similar boundary layers developed by a number of aerodynamicists 

(Dorodnitsyn, 1942; Howarth, 1948; Lees, 1956) was used in the derivation of this 

method.
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A schematic diagram of the flow in the stagnation region of a hemispheric body is 

shown in Fig. 4.1, where the freestream flow is designated by the subscript 1 and the 

flow behind the bow shock by the subscript 2. The portion between points A-A’ in the 

image corresponds to the part of the detached shock which can be assumed normal 

respect the body’s leading edge. Arrows represent the stagnation streamline, along 

which the flow decelerates to the stagnation conditions indicated here as point t2.

thermal boundary, ' '  
layer /

bow shock wave

MZ<1 Ma = 0
 > —> ->•
T2,p2 Tt2,pt2

JWfx»1

hemisphere body

‘near normal 
shock wave 
(A-A1)

"shock layer

Figure 4.1 Flow field downstream of a hemisphere body at hypersonic speeds, based on
Bertin (1994).

Assuming the flow to be in thermo-chemical equilibrium and the Lewis-Semenov 

number Le = [pDtcp) / k to tend to 1, Fay and Riddell (1958) found that all their

individual heat-transfer calculations could be correlated by the following expression 

(Eq. 4.6), where an intermediate recovery factor for a laminar boundary layer is

generally assumed ( r = V Pr, with Pr=0.71):



Heat Transfer in Attached Flow Chapter 4

Based on this correlation, they then derived the relation for the stagnation-point heat

shown in Eq. 4.7. Whereas this applies for axisymmetric geometries, in two-

noticed by Lees (1956). Fay and Riddell (1958) presented the relation in Eq. 4.8 for the 

case of a cylinder with its face opposed to the freestream flow to represent a two- 

dimensional configuration.

For the case of a sphere, the velocity gradient term can be evaluated from Newtonian 

theory. For an axisymmetric body, this corresponds to Eq. 4.9.

Three-dimensional geometries, however, do not always allow for a direct prediction of 

the stagnation heat flux. For example, an effective curvature radius cannot be used in 

many applications given the strong influence of the velocity gradients in the streamwise 

and crosswise directions. As shown by DeJamette et al. (1987) a generic approximation 

in these cases is as in Eq. 4.10, where K is a ratio used to define the crosswise velocity 

gradient to the streamwise velocity gradient. In some cases, this is equal to the ratio of 

the two principal radii of curvature at the stagnation point. This approach is nevertheless 

an approximation and is prone to high errors.

transfer rate for a laminar boundary layer in dissociated air and over a spherical cap as

dimensional cases the heating level is reduced by an approximate factor of V2 as

q° = ( P r f 6 (P‘^ ' A [Eq. 4.8]

[Eq. 4.9]

axisym
[Eq. 4.10]
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4.2.2 Experimental measurements

Experimental measurements were performed at the leading edge of a hemispherical 

nose with a radius of 5mm and at freestream conditions of Moo=8.2 and Rea/m 

=9.35x106. The model consisted of a hemisphere-cone-cylinder which was placed at 0° 

angle of attack. A thin-film gauge was located at the nose of the model to measure the 

stagnation heat flux as shown in the schlieren image in Fig. 4.2 . Consideration of the 

measurements at the other locations along the forebody and further details on the 

model’s geometry can be found in Section 4.4. A detached shock wave is observed as 

expected from previous studies (e.g. Miller et al., 1975). The shock stand-off distance 

respect the leading edge of the nose is below 0.01R as also expected.

j x/D

Figure 4.2 Schlieren image of forebody indicating measurement locations in axial 
direction respect leading edge (refer to Section 4.4).

A measure of the repeatability of the measurements is performed based on three 

independent tests (Table 4.1). An average stagnation heat flux value of 130.9 W/cm 

(St0 =22.7x10') is determined and measurements differ up to ±1.3% from the average.

Test Number Experiments 
St0 (xlO'3)

Average
S t^ x lO '3)

Error 
(St0 - Sto av)/Sto av

1 23.0

22.7

1.3%

2 22.8 0.4%

3 22.4 -1.3%

. Table 4.1 Stagnation heat transfer repeatability measurements.
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Eq. 4.7 in combination with Eq. 4.9 (Fay and Ridell, 1958) are used to obtain a 

theoretical estimate of the stagnation point heat transfer at the given freestream 

conditions. Sutherland’s law is used to calculate viscosity n  as shown in Eq. 4.12. The 

estimated heat flux at the stagnation point is q0=132.6 W/cm2 (*SV0 =23.0x10"3). The

average experimental value thus differs in -1.3% with respect to the theoretical estimate 

(Table 4.2). This gives an indication of the expected accuracy of the system for this type 

of flow. A further uncertainty analysis is found in Appendix C. Stanton number is used 

throughout the present study to provide a non-dimensional measure of heat flux with 

respect to the thermal capacity of the flow. Given that the recovery factor in hypersonic 

flow cannot be determined with accuracy this is assumed r=l throughout the present 

study and therefore the presented Stanton numbers calculated as in Eq. 4.2 are 

effectively equivalent to the heat transfer coefficient as in Eq. 4.1. A total combined 

uncertainty of ±10% in the measurement of Stanton number is estimated, which is 

similar to the error range achieved in other similar experimental studies as reviewed by 

Simmons (1995). The conservative total uncertainty of ±10% - which is significantly 

higher than the error found in the accuracy assessment - is consistently considered.

r ji 1.5

/j. = 1.458x10 -------------  [Eq. 4.121
r  + 110.4 L 4 1

Experiments 
S t 0;exp (xl0‘3)

Theory 
St0>th (xlO'3)

Error 
( S t 0,exp -  S t 0 th ) / S t 0 th

22.7 23.0 -1.3%
Table 4.2 Comparison between experimental and theoretical stagnation heat transfer.

Further evidence of the system’s reliability is also shown by CFD simulations of the 

present case study using the IMPNS code by Mifsud et al. (2009). As mentioned in 

Section 2.5 this code is based on the solution of the Parabolised Navier Stokes

equations. A continuum value of £^=22.7x1 O'3 (>SYo=27.8xl0‘3 considering r = VPr,

with Pr=0.71) was determined in the grid convergence study. This value is the same as 

the average stagnation Stanton number in the experiments (Table 4.1). Further details 

on these numerical simulations can be found in Section 4.4.
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4.3 Heat transfer to a flat plate

Despite the fundamental nature of the case of a flat plate boundary layer, heat transfer 

estimation methods are in this case not subject to the unique simplifying assumptions 

considered in the stagnation point theory. Comparison is made between flat plate heat 

flux measurements obtained at a variety of freestream conditions in the gun tunnel and 

the estimated values based on different theoretical predictions.

The flat plate used in this study was the same used to represent the vehicle’s fuselage in 

the study on aerodynamic interference heating. Given that turbulent conditions were to 

be reproduced for the main part of the present study, the nature of the boundary layer 

reproduced by the vortex generators and at the location where the protuberances were to 

be subsequently placed was assessed. This was based on the schlieren visualisations and 

on the comparison with the theoretical estimates.

4.3.1 Established theory

Relatively simple prediction methods are available to estimate the heat transfer from a 

boundary layer to a flat surface. Predictive approaches developed to date for laminar 

and turbulent boundary layers are considered.

4.3.1.1 Laminar flow

The most common approach to predict the flux of heat from a laminar compressible 

boundary layer to a flat plate is the reference enthalpy method. This approach was 

originally proposed by Chapman and Rubesin (1949) who noticed that the formulas 

obtained from incompressible flow theory could be evaluated at a reference temperature 

to describe compressible flows. This approach was further developed by Eckert (1954) 

and Monaghan (1955) to include the concept of reference enthalpy also. In their work, a 

dataset of semi-empirical correlations was approximated to the numerical solutions 

from van Driest (1952) for compressible boundary layers. The expression for the 

reference enthalpy in Eq. 4.13 was obtained from their correlations. Whereas the 

reference enthalpy concept can be used for variable specific heat, in most practical
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applications a constant cp is assumed, where h = cpT . In this case, a reference 

temperature can be considered as in Eq. 4.14.

f  = i. + 0.5 0 ;  - / , )  + 0.22 ( / „ - / , )  [Eq. 4.13]

T’ =Te + 0.5{Tw-T e) + 0.22(Tm - T e) [Eq. 4.14]

The last term in these relations can also be expressed by the Mach number of the flow 

outside the boundary layer as shown in Eq. 4.15. This gives a clearer indication of the 

great effect of Mach number, as well as freestream and wall temperatures.

T’ =0.5Tt + 0.5Tw + 0 . 2 2 r ^ - M X  [Eq.4.15]

Eckert’s (1954) expression is the classical definition of reference temperature which has 

been used in most of the applications to date but a modified definition of this reference 

temperature has been recently provided by Meador and Smart (2005). While this latter 

definition derives directly from solutions of the boundary layer equations, contrarily to 

Eckert’s semi-empirical relation, the estimations obtained with Meador and Smart’s 

relation are only slightly more accurate - depending on the freestream conditions - and 

generally offer little advantages in engineering applications (Anderson, 2006). For a 

laminar boundary layer the Meador-Smart relation is as follows (Eq. 4.16):

r * / r e =0.45 + 0 .5 5 ^  + 0 . 1 6 r V ^ M /  [Eq.4.16]

From classical incompressible theory the skin friction for a laminar boundary layer is 

given as a function of Reynolds number as shown in Eq. 4.17. The same expression is 

then evaluated at some reference conditions (Eq. 4.18) where both the skin friction 

coefficient (Eq. 4.19) and the Reynolds number (Eq. 4.20) are based on values derived 

from the reference temperature. The reference density p  can be obtained by using the 

equation of state and assuming the same static pressure and p  from Sutherland’s 

relation such that:
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^ = 0 .6 6 4  R e f 5 [Eq. 4.17] 

c fl =0.664 R e f 5 [Eq. 4.18]

c '  = T" [Eq. 4.19]
1 * 2

2 PU‘

Re* =EJL2l [Eq. 4.20]
M

Once the skin friction coefficient is obtained, the Stanton number can then be derived 

based on the Reynolds analogy. The relation shown in Eq. 4.21 is generally assumed in 

laminar flow, where Pr* is the Prandtl number evaluated at a reference temperature. For 

air at standard conditions, the Prandtl number can be considered 0.71 (van Driest, 

1952). For more specific details on this analogy refer to White (2005) and Chi and 

Spalding (1966).

[Eq. 4.21]

Substituting the definition of friction coefficient in Eq. 4.18 into Eq. 4.21, an expression 

for Stanton number evaluated at reference conditions is obtained such that:

St* = 0.332 (Pr*„ )~m  (Re-, [Eq. 4.22]

From the reference Stanton number (St*) the heat flux can be evaluated based on the 

reference properties as in Eq. 4.23. This equation derives directly from the definition of 

Stanton number (Eq. 4.2).

q = p u ecp{Taw- T w)St'  [Eq. 4.23]
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The estimations obtained in the present case with the reference temperature method are 

compared with the equivalent predictions using the solutions for a laminar compressible 

boundary layer plotted in van Driest (1952) in terms of St Re0/  against freestream 

Mach number for various wall temperature ratios T w/Tx (Fig. 4.3). As it can be 

observed from these results, the general trend of StRe°x5 is to decrease as Mach number 

increases and also as T J T e increases. Summarised in Table 4.4 are the estimations for 

laminar flow at a range of different conditions simulated in the gun tunnel. The 

conditions at the boundary layer edge are assumed equal to the freestream conditions. 

Results of the boundary layer heat flux are in this section more suitable considered in 

W/cm2 units as usually done in the literature for undisturbed boundary layer heat flux. 

In general, good agreement among the different prediction methods is observed.

0.5 r —  =  0.25 t
T  — -£ «

■ - *  =  1.00  T  
T  —  .

0.4

0.3

0.2 Insulated plate

0.1

Figure 4.3 Flat plate solutions for different and Tw / Te based on van Driest (1952).

Classic T* 

q (W/cm2)

M-S T* 

q (W/cm2)

van Driest 

q (W/cm2)

Error

(qmax qmin)/qmin

Moo=8.2, Reoo/m=9.35xl06 1.3 1.4 1.3 8%

M«=8.2, Reoo/m=8.06xl06 1.0 1.0 1.0 0%

^ = 8 .2 ,  Reoo/m=6.57xl06 0.7 0.7 0.6 16%

M„=8.2, Reoo/m =4.84xl06 0.3 0.3 0.3 0%

Mco=12.3, Reoo/m =3.35xl0(> 0.3 0.4 0.3 25%

Table 4.3 Theoretical predictions for laminar boundary layers at different operating
conditions of gun tunnel.
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4.3.1.2 Turbulent flow

For predicting the heat flux from a compressible turbulent boundary layer to a flat plate, 

the reference enthalpy method is also generally used. However, estimation errors in the 

case of turbulent boundary layers are higher than in laminar flow principally due to the 

difficulty in predicting the skin friction coefficient. Different definitions of skin friction 

coefficient can be found in the literature. This coefficient is given as a function of local 

Reynolds number based on semi-empirical correlations. Two independent definitions 

have been considered in the present study: Eq. 4.24 (taken from White, 1974) and Eq. 

4.25 (taken from Schlichting, 1979). Further definitions found in the literature are 

shown in Eq. 4.26 (Schoenherr, 1952) and Eq. 4.27 (Crabtree et al., 1965) but are not 

considered here for the sake of simplicity and due to their less common use.

in White (1974): Cfi = 0.0592 Re)212 [Eq. 4.24]

in Schlichting (1979): Cfi = 0.02296Re^'139 [Eq. 4.25]

in Schoenherr (1952): Cfi = 0.370 logtRe,) -2'584 [Eq. 4.26]

in Crabtree et al. (1965): Cfi = 0.288 log(ReI)'2 45 [Eq. 4.27]

Reynolds analogy is again used to relate skin friction to Stanton number. Whereas for 

laminar boundary layers the ratio Sti /(0.5c^)is theoretically equal to (Pre) 2/3,

turbulent experimental data shows that a suitable ratio for turbulent boundary layers is 

1.22 (Crabtree et al., 1965), Eq. 4.28. This ratio is therefore higher than the 

corresponding laminar value.

= 1.22[Eq. 4.28]
0 .5^

By inserting the relations for skin friction in Eq. 4.24 and Eq. 4.25 into the Reynolds 

analogy in Eq. 4.28, the equations for Stanton number are derived. In terms of the 

reference conditions these are respectively as shown in Eq. 4.29 (from Eq. 4.24) and Eq. 

4.30 (from Eq. 4.25).
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Stt = 0.0142 Rex"°139 [Eq. 4.29]

St* = 0.0365ReV°2 [Eq. 4.30]

The reference conditions can be evaluated at the classical reference temperature of 

Eckert (Eq. 4.15) or at the more recent definition of Meador and Smart (2005), which 

for turbulent boundary layers is:

T' / Te = 0 .5 (l + 7 ; /7 ; )  + 0 . 1 6 f l ^ l M (,2[Eq. 4.31]

Theoretical estimations considering the flow conditions reproduced in the gun tunnel 

are listed in Table 4.5. The three different approaches considered are:

i. Method 1: The classic definition of T* in Eq. 4.15 is used with the definition

in White (1974) of skin friction coefficient, Eq. 4.24.

ii. Method 2: The classic T* (Eq. 4.15) is used with the definition in

Schlichting (1979) of skin friction coefficient, Eq. 4.25.

iii. Method 3: The more recent T* definition of Meador-Smart in Eq. 4.31 is

used with the definition in Schlichting (1979) of skin friction 

coefficient, Eq. 4.25.

Method 1 

q (W/cm2)

Method 2 

q (W/cm2)

Method 3 

q (W/cm2)

Error 

(qmax qmin)/qmin

1̂ 00=8.2, Reoo/m=9.35xl06 4.3 3.0 3.5 43%

Moo=8.2, Reoo/m=8.06xl06 3.0 2.1 2.4 43%

M«=8.2, Re0O/m=6.57xl06 1.8 1.2 1.4 50%

Moo=8.2, Reoo/m=4.84xl06 0.7 0.5 0.5 40%

M„=12.3, Reco/m^JSxlO6 0.5 0.3 0.4 66%

Table 4.4 Theoretical predictions for turbulent boundary layers at different operating
conditions of gun tunnel.
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As shown by the large differences in some of these theoretical estimates (up to 66%), 

the prediction of heat transfer in turbulent flow is clearly subject to significantly higher 

errors than those in laminar flow. This was already shown in the work of Meador and 

Smart (2005), who offered a comparison of the predictions with the reference enthalpy 

methods using their definition of reference temperature and this of Eckert with respect 

to van Driest’s (1952) boundary layer solutions. The percentage difference relative to 

the boundary layer solutions is expected to be of approximately 20%-30% at high 

Tw ITe ratios and at high Mach numbers. As an example, Fig. 4.4 compares Eckert’s and

Meador-Smart’s predictive approaches with the van Driest boundary layer solutions in 

the prediction of skin friction coefficient, which is considered to be proportional to the 

boundary layer heat flux through Reynolds analogy. The reference temperature method 

is found to underpredict the corresponding values from the solutions of van Driest 

(1952). It must therefore be remarked that despite the relative simplicity of the case of 

flat plate boundary layers, the available methods are of an approximate nature only. 

This is a good example of the great complexity involved in the prediction of heat 

transfer in hypersonic turbulent flows.

! i I i " T T
Van Driest II 
Eckert
Meador-Smart

Figure 4.4 Boundary layer solutions of turbulent flat plate cf  compared with reference 
temperature methods based on Meador and Smart (2005).
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4.3.2 Experimental measurements

At all the different freestream conditions simulated in the gun tunnel, the same vortex 

generators (lmm-high) were used with the purpose of obtaining a turbulent boundary 

layer. A fully turbulent boundary layer was not achieved in all the cases given the lower 

Reynolds numbers at some of the operating conditions. The state of the boundary layer 

was determined based on the schlieren images and the comparison between 

experimental heat transfer measurements and the corresponding theoretical estimations. 

This was then used to assess the state of the boundary layer at the reference location 

(xie= 175mm) in the experimental study of interference heating (Chapter 5). The criteria 

to distinguish the state of the boundary layer were the following:

i. Criterion 1: The appearance of the boundary layer in the schlieren images allowed 

discrimination between fully laminar conditions and transient/turbulent conditions. 

This was qualitatively observed by sampling lines of pixel data at several stations 

from the markedly higher intensity of the laminar boundary layer (-255/255 pixel 

intensity) in comparison to this of a transitional or turbulent boundary layer 

(approximately 100/255 to 150/255 pixel intensity) as qualitatively shown in Fig. 

4.5. Further schlieren images at different test conditions are shown in Chapter 5.

ii. Criterion 2: In cases where there was a doubt on whether the boundary layer was 

fully turbulent or transitional, comparison was made between the heat transfer 

measurements and the corresponding predicted estimates. Underpredictions about 

20%-30% were expected in the turbulent estimations (Meador and Smart, 2005). In 

this way, in the cases where heating was closer to the laminar estimation - despite not 

appearing as a laminar boundary layer in the schlieren image - a transitional 

boundary layer was effectively identified.

(a) Laminar flow (b) Turbulent flow

Figure 4.5 Schlieren images: Moo=8.2, Reoo/m=9.35xl06. Flow from left to right.
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A summary of the experimental measurements and the corresponding estimates 

(considering a 30% underprediction in the turbulent cases) is found in Table 4.5 

together with the inferred state of the boundary layer for all the different conditions. 

Based on this evidence, fully turbulent conditions are obtained at Mach 8.2 with drive 

pressures of 13.8xl06Pa (Reoo/m=9.35xl06) and 10.3xl06Pa (Reoo/m=8.06xl06) and at 

Mach 12.3 with 13.8xl06 Pa (Reoo/m=3.35xl06). A transitional boundary layer is 

obtained at lower drive pressures of 6.9x106 Pa (Reoo/m=6.57xl06) at Mach 8.2 and 

3.5xl06 Pa (Reoo/m=4.84xl06). As expected, without vortex generators fully laminar 

conditions are obtained.

Experiments (xie ~ 175mm) Estimates Boundary layer state

No VG 
q (W/cm2)

With VG 
q (W/cm2)

Lam. 
q (W/cm2)

Turb. 
q (W/cm2) Lam. Tran. Turb.

1̂ 00=8.2,
Reoo/m=9.35xl06 1.8 5.9 1.7 5.6 X . . . X

M00=8.2,
Reoo/m=8.06xl06

. . . 3.8 1.3 3.9 . . . . . . X

Mo0=8.2,
Reoo/m=6.57xl06

. . . 1.0 0.9 2.3 . . . X . . .

Moo=8.2,
Reoo/m=4.84xl06

. . . 0.3 0.4 0.9 . . . X . . .

M00=12.3,
Reoo/m=3.35xl06

. . . 0.9 0.4 0.7 . . . . . . X

Table 4.5 Assessment of boundary layer state at reference location. Laminar estimates 
use classic T* from Eckert. Turbulent estimates use Method 1. 30% 
underprediction is considered.

The datum undisturbed heat flux measurement is very close (5% higher) to previous 

measurements by Prince (1994) performed in the same facility and test conditions 

(Moo=8.2 Reoo/m=9.35xl06, turbulent) and using a similar VG design. As shown in 

Appendix A, this value is consistently measured in the undisturbed flow regions for all 

the different tests. A further analysis of the heat flux measurements in the vicinity of 

surface protuberances in the following chapters demonstrates the validity of the 

measurements and confirms the inferred state of the boundary layer in Table 4.5. 

Further evaluation of the experimental uncertainties is found in Appendix C, which 

together with the agreement in the stagnation heat flux measurements proves the 

accuracy of the system.
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4.4 Heat transfer over a hemisphere-cone-cylinder

As shown in the previous sections, the rate of stagnation heating to a hemispherical 

body is inversely proportional to the square root of the nose radius. It is also known that 

in order to reduce the drag of a hypersonic vehicle a slender afterbody is preferred. For 

these reasons, hemisphere-cone forebodies are a common shape in hypersonic flows.

The heat transfer over a hemisphere-cone with a semi-angle of 15° was measured at a 

freestream Mach number of 8.2 and Reoo/m=9.35xl06, and at both laminar and turbulent 

conditions. Measurements were made at different axial locations along the surface of 

the test model: x/D=0.2, 0.5, 0.7, 1.0, 1.5, 2.0 and 2.5 and a comparison was made with 

predictive approaches. The geometry of the model is shown in Fig. 4.6. The forebody 

consists of a spherically blunt cone followed by a tangent-ogive with a length of 2.0D. 

A cylindrical portion of diameter 1.0D follows the nose with a length of 1.0D. A 

schlieren image is found in Fig. 4.2.

OGIVAL CYLINDRICAL
HEM ISPHERICAL
R = 0 .1D

CONICAL

1.0D

1.3D MM*

2 .0 D

3 .0D

Figure 4.6 Forebody geometry.

4.4.1 Established theory

In regions far from the stagnation point, the flow properties can often be approximated 

by relations developed for flat plate configurations. Where reasonable predictions can 

be obtained by direct application of flat plate estimations over wing and cylindrical 

surfaces at 0° angle of attack, other geometries with more marked three-dimensionality, 

such as conical regions, present further complications (Hayes and Neumann, 1992).
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4.4.1.1 Laminar flow

The flow around a cone is subject to a three-dimensional relieving effect that results in a 

thinning of the boundary layer and in turn in larger velocity and temperature gradients 

through it. Higher skin friction and surface heating than in an equivalent two- 

dimensional boundary layer over a flat plate and at the same edge conditions thus takes 

place. Previous studies have suggested that this effect can be accounted for by using 

proportionality factors applied to the flat plate boundary layer predictions. A typical 

approach for laminar cases consists of calculating the heat flux to a flat plate with the 

corresponding boundary layer edge conditions and applying the Mangier factor of y/3 

as shown in Eq. 4.32. To obtain the conversion between freestream conditions to local 

conditions over the conical surface, reference can be made to NACA report 1135 

(1953). The corresponding flat plate values over the conical region in this case are: 

Ma)=5.26, /?oo=6800Pa, 7’>=197.4K. Although this simple approach is valid for sharp

cone configurations, estimations over blunt cones can be made by assuming the flow to 

be far from the leading edge. Estimations in such cases can also be made by reference to 

the numerical solutions presented by Crabtree et al. (1965) for sharp cones. In their 

work, the ratio q / q0 was plotted for different cone semi-angles against the ratio x/R, 

where R is the nose radius of the body (Fig. 4.7). By calculating the corresponding 

stagnation heat transfer q0 with the theory of Fay and Riddell (Section 4.2) the heat flux 

at different distances over the conical surface can be estimated.

ec=\s°
0.3

0.2

x/R

0.1

1 32 x/ R 4 6 6.55

Figure 4.7 Heat flux along a 15° semi-angle sharp cone. Based on Crabtree et al. (1965).
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9cm = ^ 9 ^ [  Eq-4-32]

Theoretical predictions in this case are listed in Table 4.6 using the following three 

different methods: the Eckert T* method considering the Mangier factor, the Meador- 

Smart T* method with the Mangier factor as well and Crabtree’s et al. (1965) solutions. 

At distances close to the leading edge of the forebody, theoretical estimates differ up to 

68% among them. This demonstrates that high errors are involved in the application of 

the Mangier factor close to the blunt leading edge as also supported by the experimental 

data (Section 4.4.2). Crabtree et al.’s (1965) numerical solutions are therefore expected 

to be more accurate. Along the cylindrical region of the forebody (Table 4.7), the 

reference enthalpy method is directly applied. As in Section 4.3, both the classic T* 

from Eckert and this of Meador-Smart are used. Reference is also made to the numerical 

solutions from van Driest (1952). Estimates along the cylindrical portion based on van 

Driest’ solutions are up to 2 times higher (100% error) than the estimates using Eckert’s 

reference enthalpy method. However, this is partly due to the low heat flux over the 

cylindrical region in comparison to this over the conical section. Along the conical 

region a reasonable agreement between the different estimates is obtained except at the 

locations close to the blunt leading edge.

x(mm)
Mangier & Eckert T* 

q (W/cm2)

Mangier & M-S T* 

q (W/cm2)

Crabtree et al. (1965) 

q (W/cm2)

Error

(qmax qmin)/qmin

10 26.3 26.8 15.9 68%

25 16.6 16.9 13.3 27%

35 14.1 14.3 12.6 13%

50 11.8 12.0 11.9 2%

75 9.6 9.8 10.6 10%

Table 4.6 Theoretica predictions along conical-ogival region for laminar flow.

x(mm)
Eckert T* 

q (W/cm2)

M-S T* 

q (W/cm2)

van Driest (1965) 

q (W/cm2)

Error

(Qmax qmin)/Qmin

100 1.3 1.4 2.6 100%

125 1.8 1.9 1.4 36%

Table 4.7 Theoretical predictions along cylindrical region for laminar flow.
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4.4.1.2 Turbulent flow

A similar approach as in the previous section is used for the turbulent boundary layer 

cases. It is again assumed that a similarity exists between the heat flux over the conical 

surface ( qcone) with this over a flat plate (qfplate). In this case, the proportionality is

considered as in Eq. 4.33 (White, 1974), where qfplate needs to be evaluated with the 

corresponding local conditions over the cone surface as described in the previous 

section. This factor is considerably below the laminar value of VJ (i.e. 36% lower). 

Estimations in Table 4.10 are presented using three different approaches, corresponding 

to the methods shown in Section 4.3.1.2: Method 1 (Eq. 4.15 and 4.24) and Method 2 

(Eq. 4.15 and 4.25) which consider the classic T* from Eckert, and Method 3 (Eq. 4.31 

and 4.25) which considers the Meador-Smart (M-S) T*. Whereas the Mangier factor is 

applied over the conical and ogival portion, a direct application of these methods is 

considered over the cylindrical region as in the previous section. Table 4.11 summarises 

the estimations obtained, where the highest variations in the prediction of heat flux are 

found along the cylindrical portion and with values up to 45%.

0» » = 1-14W  [Eq. 4.33]

x (mm)
Method 1 

q (W/cm2)

Method 2 

q (W/cm2)

Method 3 

q (W/cm2)

Error 

(qmax qmin)/qmin
10 33.9 24.9 27.6 36%

25 28.3 21.9 24.3 29%

35 26.4 20.9 23.2 26%

50 24.6 19.9 22.1 24%

75 22.7 18.8 20.9 21%

Table 4.8 Theoretical predictions along conical-ogival region for turbulent flow.

x (mm)
Method 1 

q (W/cm2)

Method 2 

q (W/cm2)

Method 3 

q (W/cm2)

Error 

(qmax qmin)/qmin
100 4.8 3.3 3.9 45%

125 4.6 3.2 3.7 44%

Table 4.9 Theoretical predictions along cylindrical region for turbulent flow.
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4.4.2 Experimental measurements

The experimental measurements are listed in Table 4.10 for the laminar boundary layer 

cases. Measurements from the turbulent boundary layer simulations are listed in Table 

4.11. The boundary layer trip in this case was carburundum grit particles placed at the 

start of the conical section. For both the laminar and turbulent cases, the peak heat 

transfer is located at the nose followed by a generally decreasing trend moving aft on 

the body. As expected, the turbulent configurations show a higher level of heat transfer 

over the body. Furthermore, for both sets of experimental data, there is a local heat 

transfer minimum along the conical section at approximately 0.7D which is ultimately 

followed by a decrease over the cylindrical section. It was ensured during the 

experiments that this trough was not linked to a system error and therefore there is some 

unidentified flow mechanism linked to this trend. Considering the theoretical estimates 

based on Crabtree et al. (1965) and van Driest (1952) for the laminar case along the 

conical and cylindrical regions respectively, and Method 2 (based on the Eckert T* 

method) for the turbulent case a generally good agreement is observed along the 

forebody, except in the dip in heat flux at x=0.7D. The laminar predictions at all the 

other locations are within an agreement of 13% or lower. Higher errors - of up to about 

40% - are found in the turbulent predictions.

x (mm) 10 25 35 50 75 100 125

qexp (W/cm2) 16.8 12.7 9.6 12.0 9.2 2.6 1.4

Stexp (xlO'3) 2.9 2.2 1.7 2.1 1.6 0.5 0.2

Error 

(SteXp—Stth)/Sth
6% -4% -23% 1% -13% -1% -2%

Table 4.10 Heat trans:?er along jbrebody and related uncertainty. Laminar flow.

x (mm) 10 25 35 50 75 100 125

q„p (W/cm2) 24.6 16.1 12.3 14.9 13.4 3.8 2.0

Stexp (xlO'3) 4.3 2.8 2.1 2.6 2.3 0.7 0.3

Error

(Stexp—1St*)/Sth
-1% -26% -41% -25% -28% 16% -39%

Table 4.11 Heat transfer along forebody and relatec uncertainty. Turbu ent flow.
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Further comparison of the present results is done with the corresponding PNS 

simulations by Mifsud et al. (2009). A full comparison with the present experiments and 

theoretical estimates is shown in Fig. 4.8. Considering the overall trend of heat flux over 

the forebody, the laminar predictions begin high at the stagnation point and then 

continuously decrease over the body length. In contrast, the turbulent predictions start 

high at the stagnation point, decrease over the hemisphere nose before rising over the 

conical region and the initial part of the ogival region to then keep falling towards the 

end of the model. Simulations with the algebraic turbulence model of Baldwin-Lomax 

(1978) predict a higher heat flux than the 1-equation turbulence model of Spalart- 

Allmaras (1992). In fact, the Spalart-Allmaras predictions follow the laminar heat flux 

level closely over the hemispherical nose before increasing with distance along the 

body.

In general, good agreement is shown between the empirical predictions for both laminar 

and turbulent assumptions and the experimental and computational results. Over the 

hemisphere-cone-ogive region, both analytical and experimental results with a turbulent 

boundary layer are close to the turbulent Baldwin-Lomax and Spalart-Allmaras 

predictions. In contrast, over the cylindrical portion, the turbulent Baldwin-Lomax 

predictions are higher than the analytical and experimental predictions, which find 

better agreement with the Spalart-Allmaras turbulence model.
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0.1

—  IMPNS - Laminar

—  IM P N S- Turbulent SA  

 IM PN S-T urbulent BL

•  Experim ents -  Laminar 

O Theory - Laminar

0.01

0}

0.001

0.0001
0.5 1 1.5 2 2.5 30

x/D

(a) Laminar flow experiments and theory compared with laminar and turbulent simulations.

IM PN S-T urbulent S A

IMPNS-Turbulent BL
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0.01  -
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0.001  -
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2 30.5 1.5 2.510
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(b) Turbulent flow experiments and theory compared with turbulent simulations.

Figure 4.8 Experimental heat flux measurements along hemisphere-cone-cylinder body 
compared with IMPNS computations and theoretical estimates from Mifsud et 
al. (2009).
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4.5 Application to real vehicles

The application of heat flux predictive methods in attached flow has been reviewed. The 

prediction of the heat flux in stagnation regions is well established but significant errors 

are expected in regions of undisturbed turbulent flow. Despite the approximate nature of 

these predictive approaches, their application has been used in the preliminary design 

analysis of hypersonic vehicles such as the Space Shuttle and the Apollo Command 

Module (Neumann and Hayes, 1992). Reasonable estimates of the actual flight 

environment have been obtained while real gas effects are not considerable.

As an example, the approach used for the estimations on the Space Shuttle Orbiter is 

shown in Fig. 4.9. As described by Haney (1983), the Space Shuttle Orbiter’s TPS was 

designed mainly on the basis of theoretical estimations and wind tunnel data. For that, 

the vehicle was divided into a combination of simple shapes for which analytical 

solutions were available. These more tractable shapes included: cones, cylinders, flat 

plates, spheres and wedges. Although significant differences were noticed between the 

theoretical heat transfer and that measured in the wind tunnel, such variations were 

considered through the use of calibration factors as shown in Fig. 4.10. Based on these 

results, the wind tunnel data were applied directly to flight by relating them to a 

pertinent reference heat flux.

swept cylinder
sphere Calibration factor

Data fairing<s>
Analytical
solution

\  tangent wedge\tangent cone1

xlL

Figure 4.9 Analysis techniques applied in design of Space Shuttle and data on windward 
lower section. Based on Bertin (1992).
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The percentage errors estimated using this approach are summarised in Fig. 4.12. These 

errors may seem very high but demonstrate that the prediction of the aerodynamic 

heating of hypersonic vehicles is one of the most challenging areas for both 

experimentalists and analysts. Conservative predictions are taken into account in the 

first development stages of any hypersonic vehicle, especially in regions of viscous 

interactions in which the prediction of heat flux is particularly subject to higher errors. 

An insight into this problem is offered in the following chapter.

15% —>101%!

15% Laminar 
36%Turbulent

10%

Laminar 
23% Turbulent

15% Laminar 
23% Turbulent

12%

21%
34%

12%
26%

26%

Figure 4.10 Uncertainties in pre-flight heating estimates for the Shuttle Orbiter based on 
empirical correlations complemented by analytical solutions (Hayes and 
Neumann, 1992).
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CHAPTER 5

Heat Transfer in Interference Regions

In this chapter, experimental measurements are analysed to obtain an 

understanding o f  the viscous interaction induced by surface protuberances 

on a hypersonic vehicle. The effects o f  the local interference interaction on 

the heating o f the vehicle surface are investigated in detail. Initially, the 

flow around the datum configuration is studied. This is followed by a brief 

assessment o f  the effects o f protuberance height and width. The effect o f  

protuberance deflection angle is also studied, together with the case o f  a 

protuberance with forward deflection. The effect o f  freestream conditions 

including boundary layer state, freestream Reynolds number andfreestream 

Mach number is also investigated.

5.1 Datum case

The experimental investigation was centred around the datum configuration of a 30°- 

deflected protuberance at Mach 8.2 and with a unit Reynolds number of 

Reoo/m=9.35xl06 (Table 5.1). A turbulent boundary layer with thickness 8u=5.0mm ±

0.5mm was obtained with the vortex generator strip (Section 3.4). The h/8u ratio of the 

protuberance was thus equal to 1 and W/8U was 2.7.

R eoo !m  [m'1] Tw [K] a[°] h/8u W/8U VG h [mm]

8.2 9.35xl06 295 30 1 2.7 1

Table 5.1 Freestream conditions for datum configuration.
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A snapshot schlieren image of this configuration is shown in Fig. 5.1. The boundary 

layer just ahead of the protuberance is primarily undisturbed (8u~5mm) until it impacts 

on the model. An attached shock is observed in the schlieren image. The larger shock 

spanning from left to right in the image is the weak shock which originates at the flat 

plate leading edge. Its effect in the present study is insignificant.

Heat flux measurements in the vicinity of this protuberance are shown in Fig. 5.2 using 

the local Stanton number. As described in Chapter 4, since the recovery factor in 

hypersonic flow cannot be determined with accuracy this is assumed r=l throughout the 

present study and therefore the Stanton number is effectively equivalent to the heat 

transfer coefficient ( CH) in this case.

The heat flux ahead of the protuberance is of the same order or slightly lower than the 

corresponding undisturbed heat flux value of 5^=1.0x1 O'3 (qu =5.9 W/cm2). The lower

values can be explained due to the slight thickening of the boundary layer at that 

location which results in lower temperature gradients through it. The highest heating is 

located to the side of the protuberance with a value of StmaK= 2.9x1 O'3

(#max= l 7-0W/cm2) at Rexyt = 9.8xl04(x)t = 10.5mm) and R e ^  = 7.5 xlO4 ( ycl = 8mm).

The increase in heating extending along the protuberance side is therefore nearly 3 

times higher than the undisturbed heat flux value as plotted in Fig. 5.3 for the different 

axial measurement locations. The distances in the plots presented are non- 

dimensionalised with respect to the freestream Reynolds number and where appropriate 

to the original dimensions in the experiments. Although this is not common practice, the 

non-dimensionalisation of distance based on other parameters more commonly used 

(e.g. W, h, 8U, etc.) is considered misleading in this case since it does not provide a 

suitable scaling in all the interactions as further shown in the following sections. 

Instead, the freestream Reynolds number appears to scale with the dimensions of the 

flow features linked with the increased heating in these interactions. It must therefore be 

kept in mind that the respective Reynolds numbers in the text effectively correspond to 

non-dimensional distances. Plan view plots of the heat flux measurements are included 

in Appendix A.
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fiat plate leading edge shock

attached shock

Ing boundary layer 

\

Figure 5.1 Schlieren image: turbulent, Moo=8.2, Reoo/m=9.35xl06, a=30°. Flow from left to right.

S;(xl0~3)

Turbulent, a  = 30
M x = 8.2 

R c K/m  =  9 .3 5 x l0 6 

h ! S u =  1 , W ! 5 U= 2 .1  

=  5 m m  , S tu = 1 .0 x lC n

x ,  (m m )

St(xl0~’ )  
13.0

0 y t ,(m m )

Figure 5.2 3D bar plot of heat flux measurements in the vicinity of datum protuberance.
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Figure 5.3 Heat flux at different cross-sectional locations to datum protuberance side.
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5.2 Effect of protuberance dimensions

The effect of protuberance width and protuberance height of relevance to the present 

measurements was briefly studied. Due to the small working section and high-resolution 

requirements to which the test models were subject, a brief assessment was performed 

considering the cases where the h/8u ratio was doubled relative to the datum and another 

where W/Su was similarly doubled. The wind tunnel conditions during these tests were 

the same as those considered in the datum case.

5.2.1 Protuberance height

The aspect of the flow field in this case is very similar to this of the datum configuration 

which show two subcritical interactions in the schlieren images (Fig. 5.4). The heat flux 

to the side of this protuberance is qualitatively similar to that in the datum interaction 

also and measurements at the centreline ahead of the h/8u=l and h/8u=2 protuberances 

match within 98.7% of the peak value as shown in Fig. 5.5. The behaviour of the 

boundary layer is therefore insensitive to the height of the protuberance for these cases.

5.2.2 Protuberance width

A W/8U ratio of 5.4 was considered. This is twice the W/8U =2.7 of the datum geometry. 

The schlieren results show that the aspect of the flow field is the same as with the datum 

protuberance model (Fig. 5.4). The local shock wave is distinguished more clearly due 

the increased width of the test model and given that schlieren is a spatially integrating 

technique. Heat flux measurements in the vicinity of this protuberance model can be 

found in Appendix A.

(a) h effect: h/8u=2, W/Su=2.7 (b) W effect: h/8u= l,  W/8U=5.4

Figure 5.4 Schlieren image: turbulent, Moo=8.2, Reoo/m=9.35xl06, a=30°.
Flow from left to right.
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Measurements to the side of the models show that the effects of width as well as of 

height on the hot spot are also negligible in practice (Stmsil =2.5x10’ to 2.9x10' are

measured in the three cases, Fig. 5.6). These findings suggest that the maximum heating 

in the vicinity of surface protuberances with a subcritical interaction is independent of 

protuberance height, which is in contrast to equivalent supercritical studies by Hung and 

Clauss (1980) and Hung and Patel (1984). The present investigation, however, has not 

considered h/8u ratios lower than 1. In these cases, particularly if the protuberance is 

totally submerged into the subsonic portion of the boundary layer, the local heat flux 

augmentation is not expected to be as significant and therefore they are not of particular 

importance. The effect of width on the magnitude of the hot spot is negligible in 

subcritical interactions as in short and wide supercritical protuberances (Hung and Patel, 

1984). Further understanding on the flow field is offered in Chapter 7.

2.0 -1

flow

-*— y ,  =0 ahead datum 
■a— ii. = 0 ahead h/Sx2

0.5 -

■5 -4 -3 -2 •1 0■8 -7 -6
R e x i o 4

Figure 5.5 Heat flux measurements ahead of datum h/5u=l and h/Su=2 configurations.
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Figure 5.6 Heat flux along side of datum, h/Sux2 and W/8ux2 cases, ycf=8mm.
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5.3 Effect of deflection angle

A further study was performed to determine the effect of deflection angle. Protuberance 

models with the same height, width and length as the datum protuberance, but with 

leading edge angles of a= 15°, a= 45°, a= 60° and a= 90°, were used to assess the effect 

of protuberance deflection angle. The freestream conditions were the same as for the 

datum study (Moo=8.2, Reoo/m =9.35xl06, turbulent).

Instantaneous schlieren images for each of the leading edge deflection angle 

configurations are shown in Fig. 5.7. As the deflection angle increases and thus the local 

interaction becomes stronger, a separation region is observed ahead of the protuberance. 

At these freestream conditions, subcritical interactions are obtained with the a=15° 

protuberance and the datum case and supercritical interactions are observed for a=45°, 

a=60° and a=90°. This is in good agreement with previous experimental studies on two- 

dimensional compression ramp interactions which report incipient separation angles of 

approximately a /=250-35° at hypersonic speeds (Elfstrom, 1971) as further discussed in

Chapter 6. High-speed schlieren images were recorded at frame rates of up to 50 kHz 

and show that the upstream flow is unsteady when the local interference interaction is 

supercritical. In these cases there is a clear oscillation of the boundary layer separation 

shock as explained in more detail in Chapter 7. For subcritical interactions, the flow 

appears to be pseudo-steady throughout the effective run duration.

(a) a=l 5°, subcritical (b) a=45°, supercritical

(c) a=60°, supercritical (d) a=90°, supercritical

Fig. 5.7 Schlieren images. Turbulent, Moo=8.2, Reoo/m=9.35xl06. Flow from left to right.
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Heat flux measurements for the different test cases can be found in Appendix A. On the 

a=T5° protuberance, a slight decrease in heat flux ahead of the model is observed in the 

same way as in the a=30° case (Fig. 5.2). The reattachment of the flow to the surface on 

the model side results in high heat flux values of the same order as those measured in 

the datum configuration. Despite the lower deflection angle, the flow reattachment takes 

place at a slightly farther distance from the protuberance leading edge. Given that the 

magnitude of the hot spot is very similar to this in the a=30° case, the side heating in 

subcritical interactions (i.e. those in which the boundary layer remains attached ahead of 

the protuberance) appears independent of model height and width but also it can be 

considered independent of deflection angle. This is further explained in the next chapter.

For the a=45° case, similar heat flux values to those measured in the subcritical 

interactions were found to the protuberance side (Fig. 5.8). Due to the supercritical 

separation of the boundary layer ahead of the interaction, high heat flux values were 

also encountered just upstream of the model. The magnitudes of the high heating rates 

both ahead and to the side of the protuberance were similar in this case 

(Stmax,side=3.3xl0‘ and Stmax,ahead=3.3xl0' ). This is attributed to the weak supercritical 

nature of the interaction. As a consequence, a clear hot spot cannot be distinguished due 

to the mixed effects to the sides and ahead of the protuberance.

As the protuberance deflection angle is increased to a=60°, the supercritical interaction 

ahead of the protuberance becomes stronger and the maximum heat flux increases as 

well. The hot spot is in this case clearly located just ahead of the protuberance, spanning 

its whole width. Heating rates to the side are of the same order of magnitude but located 

closer to the leading edge of the model and at a further distance from its side (Fig. 5.9). 

At a deflection angle of a=90°, the interaction ahead of the model becomes stronger and 

that also results in a further increase in surface heating upstream. The heat flux to the 

protuberance side reaches similar values as in the previous cases (Fig. 5.10). This is 

further shown in the form of a 3D bar plot in Fig. 5.11. An oil flow visualisation of this 

protuberance can be found in Appendix B, which also indicates the presence of the 

highest skin friction ahead of the protuberance and with a strong upstream influence. 

Significant skin friction is also qualitatively shown in the surface adjacent to the 

protuberance but not as marked as in the front.
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Figure 5.8 Side heat flux: turbulent, Moo=8.2, Reoo/m=9.35xl06, a=45°.
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Figure 5.9 Side heat flux: turbulent, Moo=8.2, Reoo/m=9.35xl06, a=60°.
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Figure 5.10 Side heat flux: turbulent, Moo=8.2, Reoo/m=9.35xl06, a=90°.
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Turbulent, a = 90°
Mx =  8 .2  

9 .35x10*  

hl5u= 1 t = 2 .7

<5l = 5  m m  , 5ru =  1 .0 x l0 " 3

-40

Figure 5.11 3D bar plot of heat flux measurements in the vicinity of a=90° protuberance.

Figure 5.12 plots the heat flux measurements ahead of the a=30°, a=45°, a=60° and 

a=90° protuberances. An almost linear relationship between protuberance deflection 

angle and the magnitude of the highest heat flux is observed in supercritical interactions 

as also shown in Fig. 5.13. The heat flux along the separated flow region increases 

gradually as it proceeds from the separation locus and it reaches its highest value just 

ahead of the protuberance. The extent of the separation region ahead of the protuberance 

is also longer at high deflection angles. The heat flux ahead of the subcritical 

interactions is equal or lower than the corresponding undisturbed value as already 

explained in Section 5.1.
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Figure 5.12 Heat flux measurements ahead o f different angle protuberances: 
turbulent, M«,=8.2, Reoo/m=9.35xl06, ycf0m m .
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Maximum heat flux measurements for different angle protuberances: turbulent, 
Moo=8.2, Reoo/m=9.35xl06.

106



Heat Transfer in Interference Regions Chapter 5

The heat flux ahead of the subcritical protuberances (a=15° and a=30°) remains almost 

undisturbed while for supercritical cases (a=45° to a=90°) the heat flux in the 

separation region increases and reaches its highest value just ahead of the protuberance. 

An almost linear relationship between protuberance deflection angle and the magnitude 

and extent of the heat flux augmentation ahead of the protuberance is thus observed in 

supercritical interactions. As expected from previous experiments (see e.g. Kuehn, 

1959; Holden, 1964) the extent of the separation region increases with deflection angle 

due to the higher adverse pressure gradient imposed to the incoming boundary layer. 

The present study of protuberance deflection angle thus shows that the local interference 

interaction induced by a protuberance is strongly dependent on whether the interaction 

is subcritical or supercritical. More details on a criterion to distinguish between these 

two cases is presented in Section 6.3.

As shown in Fig. 5.14, the following observations are made:

i. For subcritical interactions (a=15° and a=30° in this case) an increase in 

heat flux occurs to the side of the protuberance whereas heat flux rates of 

the same order or lower than the corresponding undisturbed value take 

place ahead of the protuberance.

ii. For supercritical interactions (a=45°, a=60° and a=90°) the highest 

heating rates are found just ahead of the protuberance where a separation 

bubble occurs. Increased heating is also found to the side of supercritical 

protuberances and with a similar magnitude to that measured to the side of 

subcritical protuberances. In weak supercritical interactions (a=45°) the 

highest heating is found both ahead of the protuberance and to its side and 

therefore a clear hot spot cannot be so easily identified
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Figure 5.14 Plan view of heat flux measurements on the a=30° and a=90° interactions.
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5.4 Effect of forward deflection

A different case which has received little attention to date is that of a protuberance with 

a forward deflection angle. To simulate this, a protuberance with an effective deflection 

angle of a=T35° was considered. A schlieren image of this configuration is shown in 

Fig. 5.15, where a larger separation region ahead of the model is seen with respect to the 

lower angle cases. The separation length is evaluated from the schlieren images with an 

uncertainty of ± 10% based on the unsteadiness of some of the interactions and on the 

extrapolation of the separation shock wave to the flat plate (Appendix C). Figure 5.16 

plots the extent of the separation length (L) ahead of the model (i.e. distance from 

boundary layer separation shock to plate-protuberance junction) which increases with 

protuberance angle. The high-speed schlieren results also reveal a strongly unsteady 

interaction in this case with a clear oscillation of the boundary layer separation shock as 

in the other supercritical cases.

L

Figure 5.15 Schlieren image: turbulent, Ma,=8.2, Reco/m=9.35xl06, a=135°.
Flow from left to right.
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Figure 5.16 Separation length ahead of protuberance for different supercritical angles. 
Turbulent, M«,=8.2, Reoo/m=9.35xl06, a=30° to a=135°.
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Heat flux measurements in the vicinity of this protuberance can be found in Appendix 

A. As in the previous supercritical interactions, increased heat flux is present to the 

sides and upstream of the protuberance with the hot spot just ahead of the model. The 

magnitude of the hot spot in this case also correlates almost linearly with those at the 

other deflection angles as shown in Fig. 5.17. The increased heating to the sides occurs 

at a farther distance from the model and diminishes as it proceeds downstream. 

Comparing this with the measurements in Fig. 5.12, the heat flux increases 

progressively as the flow separates ahead of the protuberance and therefore the region 

of intensified heating is larger in this case due to the larger separated flow region. Heat 

flux measurements show that the highest heat flux occurs just ahead of the protuberance 

and with values of 41.2% higher than with the a=90° configuration in this case (Fig. 

5.18) although high heating is also found to the side with a value of S,/milxJ/& =2.6x10"3

(Fig. 5.19). As shown in more detail in the following sections, it is believed that the hot 

spot was not captured in this configuration due to the measurement resolution and an 

actual increase in about 106.4% with respect to the a=90° case is expected instead. This 

statement is further justified by the measurements at the other freestream conditions as 

shown in the following sections and by the subsequent correlations presented in Chapter 

6.
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Figure 5.17 Maximum heat flux around different deflected protuberances: 

turbulent, Moo=8.2, R eoo/m =9.35xl06, a = 30° to a= 135°.
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Figure 5.18 Heat flux measurements ahead o f a=135° and a=90° cases.
Turbulent, Moo=8.2, Reoo/m=9.35xl06, ycf0m m .
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5.5 Effect of freestream conditions

The effect of the freestream flow conditions was investigated. An initial study looked at 

the effect of incoming boundary layer state. This was then followed by an investigation 

into the effect of Reynolds number and subsequently into the effect of Mach number.

5.5.1 Laminar flow

To assess the influence of the incoming boundary layer on the heat flux distributions 

experiments were performed at the same freestream conditions used in the datum study 

(Table 3.2) but without the vortex generators on the flat plate. This allowed a laminar 

boundary layer to develop. The boundary layer thickness at the location of the 

protuberance was 5U = 2.5mm ± 0.25mm. The h/8u ratio in this case was therefore 2.

Measurements were taken in the vicinity of the datum configuration (a=30°) and on the 

highest heat flux regions in the rest of the deflection angles considered.

5.5.1.1 Datum case at laminar conditions

A schlieren image of the a=30° case with an incoming laminar boundary layer is shown 

in Fig. 5.20, where the boundary layer is observed to separate ahead of the 

protuberance. Recall that for the datum case (turbulent, a=30°) the boundary layer 

remains attached ahead of the protuberance (Fig. 5.1). This is due to the increased 

sensitivity of laminar boundary layers to adverse pressure gradients which results in 

lower incipient separation angles. At these test conditions this is estimated to be a <15°

(Chapman et al., 1958; Hakkinen et al., 1959; Sterrett and Emery, 1960). Consequently, 

with the same protuberance geometry and operating conditions, the effect of the 

incoming boundary layer has a strong impact on the local interference heat transfer 

augmentation.
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Figure 5.20 Schlieren image: laminar, Moo=8.2, Reoo/m =9.35xl06, a=30°.
Flow from left to right.

Heat flux measurements obtained for this configuration are presented in Appendix A. 

As expected, due to the upstream separation bubble the heat flux ahead is increased with 

respect to the corresponding undisturbed heat flux value. Although the highest heating 

in supercritical interactions is generally located ahead of the protuberances, in weak 

supercritical interactions (low-Reynolds low-deflection cases) it can take place to the 

side of the device, as previously suggested by the a=45° turbulent results. The hot spot 

takes place to the side of the protuberance but at a farther distance from its leading edge. 

The magnitude of the heat flux to the side of the a=30° protuberance is shown in Fig. 

5.21 comparing the laminar and turbulent cases at axial locations corresponding to 

Re^ = 21.0x l04 (xA;=22.5mm, laminar) and Re^ = 9.8x104 (xk=\0.5mm, turbulent)

where the maximum side heating was measured for each case. The maximum side heat 

flux for turbulent conditions in terms of Stanton number is about 15% higher than under 

laminar freestream conditions. The incoming laminar boundary layer appears to become 

transitional or almost fully turbulent within the interaction region.

2 .5  -
S f x l O " 3

( ± 1 0 o /o  )  2 0  .

a  =  30’ turbulent

protuberance
side0 .5  - ujcsn

0.0
96 7 8 10 12  13  1411

R  c  v. cl x  1 0  4

Figure 5.21 Maximum side heat flux: Moo=8.2, Reoo/m=9.35xl06, a=30°.
Comparison between incoming laminar and turbulent boundary layer cases.
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5.5.1.2 Different deflection angles

Schlieren images for the laminar cases ranging from angles a=15° to a=135° are shown 

in Fig. 5.22. The boundary layer separates ahead of the protuberance in all the cases and 

therefore all the interactions are supercritical. At a=15°, the separation seems to be 

close to incipient conditions. This is in agreement with previous works by Chapman et 

al. (1958), Hakkinen et al. (1959) and Sterrett and Emery (1960). As also expected from 

these two-dimensional ramp studies, the length of the separation region for the laminar 

boundary layer cases is larger than in the turbulent configurations (Fig. 5.23) and 

increases with protuberance deflection angle in a similar way. The extent of the 

upstream separated region for laminar conditions is around 3 times longer than under 

turbulent conditions for each corresponding angle.

(e) a=135°

Fig. 5.22 Schlieren images. Laminar, Moo=8.2, Reoo/m=9.35xl06. Flow from left to right.
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Figure 5.23 Separated region for different deflection angles: Moo=8.2, R eoo/m =9.35xl06.

Heat flux measurements to the side of the a=15° and a=30° protuberances under 

laminar conditions are shown in Fig. 5.24, where the maximum side heat flux appears to 

be unaffected by deflection angle. For practical purposes and within engineering 

accuracy, an approximate value of the maximum heating adjacent to the protuberance 

can therefore be obtained by considering the heat flux to the side to be independent of 

boundary layer state, protuberance dimensions and deflection angle. This statement has 

been further demonstrated in Section 5.3 in the turbulent tests.
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Figure 5.24 Heat flux along side of 15° and 30° protuberances:
laminar, Moo=8.2, Reoo/m=9.35xl06, a=135°.
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At laminar conditions, heating rates higher than the undisturbed heat flux are measured 

ahead of the supercritical protuberances. At the low deflection angles, the heat flux 

amplification is small. This differs from most previous studies on two-dimensional 

discontinuities with laminar incoming flow (Chapter 2) in which the heat flux on the 

separated region ahead was found lower than the undisturbed heat flux. This is 

attributed to the 3-dimensionality of the present interactions causing early transition.

A comparison between the magnitude of the hot spots for different deflection angles and 

boundary layer state is shown in Fig. 5.25. The peak heating is found just ahead of the 

protuberances (R e^  = -1 .4 x l0 4, xk=- 1.5mm), except for the forward deflection model

(a=135°). In this case, whereas under turbulent conditions it is located at 

Rexk = -1.4xl04(xA;=-1.5mm), in laminar flow this is found slightly further upstream at

Re^ = -3.3xl04 (x k=-3.5mm) (Fig. 5.26). For the range of angles from a=15° to a=90°

the peak heat transfer magnitude is almost the same at both laminar and turbulent 

conditions and regardless of h/6u ratio with a difference of 0.5% for the a=90° 

interaction. Only the a=135° protuberance departs from the trend where it reaches a 

value of Stu =23.1x10' (qu =132.7 W/cm ) for a laminar boundary layer in comparison

to *S^=19.1xl0‘3 (qu =91A  W/cm2) for the turbulent case. This difference for the

forward deflection case is attributed to the lack of measurement resolution ahead of the 

a=135° protuberance where a slightly more complex interaction takes place as further 

shown in Chapter 7. The highest heating in the Moo=8.2, Reoo/m=9.35x106’ turbulent case 

is expected to occur at a location between (R e^ =-3.3xI04) xfc=-3.5mm and

RQXk = -1.4xl04(xA;=-1.5mm) based on these assumptions.

In general, based on this limited range of data, these results suggest that the maximum 

heat transfer rate is not strongly dependent on the state and thickness of the boundary 

layer for both subcritical and supercritical interactions. Although a more intensive 

investigation would be required to separate the effect of boundary layer thickness and 

boundary layer state, the consistent similitude in magnitude between the hot spot in 

these cases (-0.5%) despite the very different boundary layer thickness (8U is 100% 

higher in the turbulent case than in the laminar one) provides supporting evidence to 

this statement.
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Although the boundary layer state does not have a large influence on the magnitude of 

the hot spot, it does have a strong effect on the extent of the local interaction and thus 

on the region where heating rates are increased relative to the corresponding 

undisturbed value. It is worth noting that the highest heating rates in these cases are of 

the same order as the corresponding stagnation point heating by considering the 

protuberance height to be equal to an effective hemisphere radius h = RN = 5mm

(Section 4.2). This approximate analogy further demonstrates that extremely high 

heating rates can be present in the vicinity of surface protuberances.
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Figure 5.25 Hot spot magnitude for different deflection angles: Moo=8.2, Reoo/m=9.35xl06, 
a=135°. Comparison between laminar and turbulent cases.
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Maximum heat flux ahead of protuberance: Moo=8.2, Reoo/m=9.35xl06, a=135°. 
Comparison between laminar and turbulent cases.
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5.5.2 Reynolds number

The effect of freestream Reynolds number was studied by changing the drive pressure 

of the wind tunnel at Mach 8.2 conditions. Measurements were performed at a driver 

pressure of 13.8xl06Pa (Reoo/m=9.35xl06), 10.3x106Pa (Rec»/m=8.06xl06) and 

6.9x106Pa (Reoo/m=6.57xl06). As described in Chapter 3, the same vortex generators 

used in the datum study were employed in these cases.

5.5.2.1 Tests at Moo=8.2, Reoo/m =8.06xl06

The incoming boundary layer at Moo=8.2, Reoo/m=8.06xl06 test conditions is fully 

turbulent and has a thickness of 5U = 5mm ± 0.5mm (Table 4.4). Schlieren images for

all different angles at these conditions are shown in Fig. 5.27. Supercritical interactions 

seem to be slightly larger than those at 2000psi (Reoo/m=9.35xl06) and with a turbulent 

boundary layer. Similarly to the Reoo/m=9.35xl06 tests, a subcritical interaction is 

obtained at a deflection angle of a=30°, and supercritical interactions at the higher 

angles. Other aspects in the flow field are qualitatively the same as the corresponding 

interactions at the higher freestream Reynolds number conditions.

Heat flux measurements were taken in this case at the regions of highest heat transfer 

(refer to Appendix A). During the present tests, one of the gauges failed and reliable 

measurements on one of the gauge locations could not be obtained in some cases. The 

regions of highest interest are nevertheless considered for all the configurations. Due to 

the little additional information that the a=15° results provided, only the a=30° 

protuberance was considered. For the supercritical cases, measurements were taken 

ahead of the model where the hot spot is located. Further details on the heat flux 

measurements are presented in the following section.
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(e) a=135°

Fig. 5 .2 7  Schlieren images. Turbulent, Moo=8.2, Reco/m=8.06xl06. Flow from left to right.

119



Chapter 5 Heat Transfer in Interference Regions

5.5.2.2 Tests at Moo=8.2, Reoo/m=6.57xl06

At Moo=8.2, Reoo/m =6.57xl06 test conditions the incoming boundary layer is transitional 

and has a thickness of 5U = 5 m m  ±  0.5m m  as assessed in Chapter 4. Schlieren images

for all different angles at these conditions are shown in Fig. 5.28. Due to the lower 

resistance of the boundary layer to separation, the local a=30° interaction is 

supercritical in this case since the boundary layer, separates upstream of the 

protuberance.

The extent of the separation region ahead of supercritical interactions based on the high

speed schlieren images is plotted for the three different Reynolds number cases in Fig. 

5.29. Supercritical interactions with a fully turbulent incoming boundary layer at 

Reoo/m=8.06xl06 are slightly larger than those at Reoo/m=9.35xl06 and with a fully 

turbulent boundary layer as well. As described by Needham and Stollery (1966a, 

1966b) for two-dimensional ramp interactions, the length of the separated region is 

expected to increase with Reynolds numbers in fully laminar and fully turbulent flows 

but the opposite trend is expected in transitional flows. Although the latter trend is 

observed in the present case, there is a high level of confidence in the inferred state of 

the boundary layer as already shown in Chapter 4 -  i.e. fully laminar or fully turbulent 

at Reoo/m=9.35xl06 and Reoo/m=8.06xl06 conditions and transitional only at 

Reoo/m=6.57xl06 - and also based on the incipient angle a, as mentioned in Sections 5.3 

and 5.5. The observed trend is attributed to the 3-dimensionality of the present 

interactions which results in a re-energising process of the flow through the interaction 

similar to this occurring in transitional flow (Needham and Stollery, 1966a, 1966b) and 

thus in a higher resistance to separation of the boundary layer at higher Reynolds 

numbers.
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(e) a=135°

Fig. 5.28 Schlieren images. Transitional, Moo=8.2, Reoo/m=6.57xl06. Flow from left to right.
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Figure 5.29 Separation length for different Reynolds number cases and different deflection
angles at Moo=8.2.

Heat flux measurements on the high heat transfer regions of these interactions can be 

found in Appendix A. Measurements were only taken to the side of the a=30° 

protuberance where the hot spot was expected. For the supercritical interactions, 

measurements are taken just ahead of the protuberances. As expected, at these 

conditions the heat flux values in dimensional form (W/cm2 units, refer to Appendix 

A.2) are lower in comparison to the tests at the higher Reynolds numbers. In terms of 

Stanton number the non-dimensional heat flux is also found to decrease at lower 

Reynolds numbers as further shown in Chapter 6.

A comparison of the maximum heat flux values for the different Reynolds number cases 

is shown in Fig. 5.30. As before, the peak heat flux is found to the side of the 

protuberance in the subcritical interactions and ahead of the protuberance in the 

supercritical interactions. The forward deflection angle (a=135°) at Reoo/m=9.35xl06 is 

the only case which slightly deviates from this general trend. Also, the peak heating is 

weakly sensitive to Reynolds number. Although the location of the hot spot to the side 

of the subcritical protuberances is not so clear as in the supercritical protuberances 

where sharp gradients are present, a clear trend is noticed which shows that the 

reattachment of the flow to the side of the protuberance takes place at farther distances 

from the protuberance leading edge at lower Reynolds numbers (Fig. 5.31). This is
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explained through the reduced ability of the boundary layer to reattach at low Reynolds 

numbers and the expectation that the highest heat flux rates at this location are caused 

by the flow reattachment as further shown in Chapter 7. The Reynolds number is 

therefore suitable to non-dimensionalise the separation length L and other distances 

characteristic of these interactions. A further assessment on the effect of Reynolds 

number is made in the following section.
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Figure 5.30 Hot spot magnitude for different Reynolds number cases and different
deflection angles at Moo=8.2.
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Figure 5.31 Location o f  highest heat flux on side o f  a=30° protuberances.
M oo=8.2, Reoo/m=6.57xl06 to Reoo/m =9.35xl06.
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5.5.3 Mach number

Tests were performed at a ffeestream Mach number of 12.3. In this case, the drive 

pressure was 13.8xl06Pa (Reoo/m=9.35xl06). Only turbulent conditions were reproduced 

since the results at the lower Mach number indicated the hot spot magnitude not to be 

strongly dependent on the state of the boundary layer and due to the limitation in the 

number of experiments that could be performed. Further details on the test conditions 

and on the inferred state of the boundary layer based on the schlieren images and on the 

undisturbed boundary layer heat flux measurements were given in Chapters 3 and 4.

5.5.3.1 Datum case at Moo=12.3

As shown in Table 4.4, at Moo=12.3 Reoo/m=3.35xl06 test conditions vortex generators 

were used and a fully turbulent boundary layer was obtained. The thickness of the 

boundary layer was 8u=6.0mm ± 0.5mm. Schlieren visualisations in this case were not 

very clear due to the low density levels of the flow, which consequently resulted in low 

density gradients. The flow features in these interactions could still be determined in the 

images although the image quality is much poorer than in the previous cases. The 

interaction induced by the a=30° model was subcritical as shown in the schlieren image 

in Fig. 5.32. Heat flux measurements in the vicinity of the a=30° model can be found in 

Appendix A. The corresponding 3D bar plot is shown in Fig. 5.33. High heating rates 

are observed adjacent to the protuberance with the highest heat flux taking place far 

downstream from the leading edge (R e^  =35.1xl04, Xk=37.5mm) given that the 

boundary layer reattaches farther at low Reynolds numbers. The highest heating to the 

model’s side is found at Re cl = 3.4x 104 ( y cl =10mm) in this case, which is farther from

the model side than in the previous cases (Reyc/=2.7x104,.yc/=8mm). This is also 

attributed to the low Reynolds number which results in larger side recirculations.

Figure 5.32 Schlieren image: turbulent, Moo=12.3, Reoo/m=3.35xl06, a=30°.
Flow from left to right.
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Figure 5.33 3D bar plots o f  heat flux measurements: turbulent, Moo=12.3, Reoo/m=3.35xl0
a=30°.
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5.5.3.2 Different deflection angles

Schlieren images of all the cases studied are presented in Fig. 5.35. An attached shock 

wave is found at Mach 12.3 and supercritical interactions are found at a=45°, a=60°, 

a=90° and a=T35°. Based on the schlieren images, the length of the separation region 

ahead of the protuberance is smaller than in the laminar and transitional boundary layer 

cases (Reoo/m=9.35xl06 without VGs and Reoo/m=6.57xl06 with VGs) but significantly 

longer than in the turbulent cases at Moo=8.2 (Reoo/m=8.06xl06 and Reoo/m=9.35xl06 

with VGs). In non-dimensional form, as presented in Fig. 5.36, the separation region at 

Moo=12.3 is smaller than in the turbulent cases at the lower Mach number of Moo=8.2. 

This was expected since the resistance of boundary layers to separation increases 

significantly with Mach number (Kuehn, 1959).

(e) a=135°

Figure 5.35 Schlieren images: turbulent, Moo=12.3, Reoo/m=3.35xl06. Flow from left to right.
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Figure 5.36 Separation length ahead of protuberance.

Heat flux measurements on these configurations are presented in Appendix A. Ahead 

of the a=135° case, the highest heat flux measurements are not found just close to the 

model but farther upstream of it (Rex k = -3 .3x l04, Xk=-3.5mm) as also observed in the

Moo=8.2, Reoo/m=6.57xl06 and in the laminar Moo=8.2, Reoo/m=9.35xl06 tests. In 

contrast, at high Reynolds number conditions the highest heating was found just ahead 

of the model (Re^ k = -1 .4 x l0 4, Xk=- 1.5mm). Consequently, the measurements can be

classified in two groups:

i. Cases where the boundary layer is more robust and thus the separation region 

ahead of the supercritical protuberances and the distance from the leading edge 

to the side hot spot are shorter (Moo=8.2 Reoo/m=9.35xl06 turbulent, and Moo=8.2 

Reoo/m=8.06xl06 turbulent)

ii. Cases with weaker boundary layers, longer separation regions and side hot spots 

farther from the protuberance leading edge (Moo=8.2 Reoo/m=6.57xl06 

transitional, Moo=12.3 Reoo/m=3.35xl06 turbulent and Moo=8.2 Reoo/m=9.35xl06 

laminar).

This is discussed further in the following chapter.
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CHAPTER 6

Highest Heating in Interference Regions

One o f the main concerns in practical engineering applications involving 

the design o f hypersonic vehicles is to predict where the peak heat flux will 

be located during flight and how high this will be. In this chapter, the 

results obtained on the interference interactions investigated in the present 

work are considered to develop an engineering approach for the prediction 

o f the location and magnitude o f the highest heat flux in the vicinity o f  

surface protuberances. This approach is intended as a quick and reliable 

tool for aerothermodynamic design applications.

6.1 Hot spot magnitude

The magnitude of the hot spot for all configurations is summarised in Fig. 6.1 in 

dimensional form (qmax, W/cm ) and in Fig. 6.2 in non-dimensional form (Stmax). The 

magnitude of the maximum heat flux generally increases with both deflection angle and 

Reynolds number. The measurements at Mach 8.2 group closer together and the Mach 

12.3 measurements are much lower (about half the Mach 8.2 value), for which a clear 

effect of Mach number is also shown. The maximum heat flux in the subcritical 

interactions is practically the same for all the conditions simulated. These results 

provide further evidence that a consistent set of data has been acquired and that the 

measurement spatial resolution has been sufficient to capture the principal effects. As 

identified previously, the exception to this is the turbulent case with Moo=8.2, 

Re„o/m=9.35xl06, a=135°.
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Figure 6.1 Maximum heat flux in W/cm2 for all the different configurations.
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Figure 6.2 Maximum heat flux in Stanton number for all the different configurations.
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6.2 Hot spot location

Based on the location of the hot spot, the Reynolds number is also observed to have a 

significant effect on the behaviour of the interaction. Figure 6.3 plots the cases where 

the boundary layer is more resistant to separation. These are the Moo=8.2, 

Reoo/m=9.35xl06 and Moo=8.2, Reoo/m=8.06xl06 turbulent cases. In the subcritical 

interactions at these freestream conditions, high heat flux is found to the side of the 

protuberance and relatively close to the leading edge. At the lowest deflection angle, the 

hot spot to the side is located slightly farther from the protuberance leading edge. In the 

supercritical interactions, the highest heat flux is found just in front of the model (x k = -

1.5mm). With a a=45° protuberance a weak supercritical interaction is obtained and the 

location of the hot spot is unclear due to high heating both ahead and to the side of the 

device.

The location of the hot spot in the larger interactions is summarised in Fig. 6.4. In this 

case, the Moo=8.2, Reoo/m=9.35xl06 laminar, Moo=8.2, Reoo/m=6.57xl06 transitional and 

Moo=12.3, Reoo/m=3.35xl06 turbulent interactions are considered. In the subcritical 

cases, the flow reattaches farther from the leading edge of the model given the lower 

strength of the boundary layer. In the supercritical cases the hot spot is also found just

ahead of the model ( x k=- 1.5mm) except for the forward deflection protuberances

(a=T35°). The highest heating in this case takes place at a farther distance upstream of

the protuberance ( xk =-3.5mm) as further explained in Chapter 7.
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Figure 6.3 Location of maximum heat flux for resistant boundary layer configurations
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Figure 6.4 Location of maximum heat flux for weak boundary layer configurations
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6.3 Incipient separation conditions

The increase in heating in the vicinity of surface protuberances is dominated by the 

nature of the local interference interaction. If the interaction is subcritical, and therefore 

the boundary layer remains attached until it meets the protuberance, high heating occurs 

adjacent to the protuberance. If the interaction is supercritical, and the boundary layer 

separates ahead of the protuberance, then the high heating occurs to the side and 

upstream of the protuberance but with significantly higher heating rates ahead. The 

exception is in the case of weak supercritical interactions, i.e. with deflection angles 

close to the critical angle and at low Reynolds numbers, where the small separated 

region results in lower heating ahead of the protuberance rather than to the side of it.

In order to predict the location and magnitude of the hot spot around a protuberance it is 

important to evaluate whether the local interference interaction is subcritical or 

supercritical. An incipient protuberance deflection angle ( a t) needs to be estimated

based on the state of the incoming boundary layer (laminar, transitional or turbulent), 

and on the freestream Mach and Reynolds numbers. The protuberance incipient 

deflection angle is that where a slight increase in deflection results in an increase in the 

pressure gradient imposed on the incoming attached boundary layer and induces a 

separation. Intensive studies have been carried out on two-dimensional compression 

comer interactions to determine the incipient separation angle for certain freestream 

conditions (Chapman et al., 1958; Hakkinen et al., 1959; Sterrett and Emery, 1960; 

Babinsky and Edwards, 1996). A well established semi-empirical method, which can be 

used to predict the incipient separation of a laminar hypersonic boundary layer, was 

developed by Needham and Stollery (1966a, b). The relation in this case is shown in Eq.

6.1, where %x is the viscous interaction parameter as defined in the notations, and thus 

the relation in Eq. 6.2 is obtained:

[Eq. 6.1]

a, « 8 0 M :5Re,-0 25 ( ^ ) ° ' 25(/Je//c)-0 25 [Eq.6.2]
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In cases where the boundary layer is turbulent, prediction of the incipient separation 

angle is not as well established. It is necessary in this case to obtain a prediction based 

on empirical results such as shown in Fig. 6.5. The incipient separation angle is 

generally between 25° and 35° for hypersonic Mach numbers (Elfstrom, 1971). A 

correlation based on these turbulent data is as follows:

M f a i ~  11 [Eq. 6.3]

At high Mach numbers and low Reynolds numbers large protuberance deflections are 

possible in which the local interaction is subcritical. Although these correlations do not 

consider important factors such as wall temperature, they offer an approximate estimate 

of the incipient separation angle that may be found in real flight conditions. Once the 

incipient separation angle for the corresponding freestream conditions is determined, the 

local interaction can be predicted to be either subcritical or supercritical:

i. If a  < a i : The local interference interaction is subcritical.

ii. If a  > a i : The local interference interaction is supercritical.
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Figure 6.5 Semi-empirical prediction of incipient separation angle.
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6.4 Subcritical interactions

For subcritical interactions (a  <a t) the hot spot is located to the side of the 

protuberance. Ahead of the protuberance the heat flux values are close to the 

corresponding undisturbed value or slightly lower. The ratio StmXi / Stu is plotted for the

different cases with the purpose of determining a dependence on the state of the 

boundary layer (Fig. 6.6). In the present case, for a fully turbulent boundary layer 

/ Stu is approximately 2.7 whereas for a laminar or transitional boundary layer

StmsK/ Stuis around 6.5. A clearer correlation is observed in a form of Stanton number

(Fig. 6.7) for all the different flow conditions considered (Eq. 6.4). The previous 

correlations where the undisturbed boundary layer heat flux is considered are 

considered misleading given that the state of the boundary layer in the region of 

amplified heating is believed to be transitional or even fully turbulent. Heat transfer 

values lower or similar to the corresponding heat transfer in undisturbed flow were 

measured ahead of the protuberance (Eq. 6.5). Although the exact location of the hot 

spot cannot be accurately predicted given its long extent to the side of the protuberance, 

it is convenient to consider its location from the protuberance leading edge up to a

longitudinal distance of about Rexk = 0 - 5 x l0 5, i.e. xkmax = 0 - 5x l05 (Re^/zw^^Eq.

6 .6).

= 2.7 x 10-3 + 20% [Eq. 6.4]

* Stu [Eq- 6.5]

**._x = 0 -  5 x 105 (Re„/»))-' to protuberance side [Eq.6.6]
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Figure 6.6 Maximum heat flux in Stmax / Stu for all the different configurations.
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Figure 6.7 Maximum heat flux in Stmax for all the different configurations.
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6.5 Supercritical interactions

For supercritical cases the hot spot is generally found ahead of the protuberance and its 

magnitude is independent of the state of the incoming boundary layer. While this 

condition is in general related to the stagnation of the flow as hypothesised by Nestler 

(1985), no supporting evidence is found with the present dataset (Fig. 6.8) as the 

physical mechanisms that induce high heating ahead of supercritical protuberances do 

not directly correlate with the relevant relations considered in the classic stagnation heat 

transfer theory. As shown in Chapter 4, according to Lees (1956) and Fay and Riddell 

(1958) the following approximate relation is derived from Eqs. 4.8 and 4.9 to estimate 

the stagnation heat flux over a cylinder of radius equal to the height of the protuberance 

( h = RN) and with its face opposed to the freestream flow:

1-50-I _ * _ R e o/ |M = 9.35x10s =8.2 turb.

ReB/m = 8.06x10s Mm =8.2 turb.
’ Rejm = 6.57 x10s Ma =8.2 trans. 

-■— Re= / «  = 9.35X 10s M , =8.2 lam. 
Re /?* = 3.35x10s M =12.3 turb.

0 . 0 0  t ------------- 1-------------- 1-------------1------------- 1--------------1-------------- 1------------- 1------------- 1--------------1------------- 1

0 15 30 45 60 75 90 105 120 135 150
* (  o)

Figure. 6.8 Maximum heat flux non-dimensioned respect stagnation relation in Eq. 6.7.
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Given the highest heat flux ahead of the a=135° cases is strongly dependent on the 

location where the separated flow reattaches to the surface and also since there is a clear 

increase in heat flux as the deflection angle is increased, it seems clear that the 

maximum heating is linked to the reattachment of the flow ahead of the protuberance 

also as further shown in Chapter 7.

A further assessment of the results is subsequently performed using Buckingham-Pi 

analysis as applied in the development of predictive methods for heat transfer in 

attached flows (Rogers and Mayhew, 1980). In order to derive a correlation of the data 

the main variables responsible for the heat flux need to be determined. It is well 

established that the main parameters to be considered are:

p  viscosity

p  density

k  thermal conductivity

cp specific heat

0 temperature (relative to wall)

U fluid velocity

1 characteristic linear dimension

As expected from the previous literature (Chapter 2), the characteristic linear dimension 

/ which has a dominant effect in supercritical interactions is the height of the 

protuberance (h )  whereas the effect of width within short span protuberance 

configurations (about W/8U<10) is known to be negligible (e.g. see Fig. 2.15). The effect 

of boundary layer thickness is also considered negligible throughout the present 

experimental study as shown by the similitude between the peak heating at laminar and 

turbulent conditions (Section 5.5). Based on a dimensional analysis considering mass, 

length, time, thermal energy and temperature as the five fundamental units and grouping 

them in terms of two main non-dimensional groups (Re and Pr) the relation in Eq. 6.8 is 

derived, where a and b are exponents, C is a constant and Re^is Reynolds number

based on protuberance height. Since in experimental measurements of this type accurate 

knowledge of the Prandtl number Pr is generally not feasible, common predictive

139



Chapter 6 Highest Heating in Interference Regions

approaches developed to date consider a constant Prandtl number. For this reason, a 

common simplification is to assume Pr=l and Eq. 6.8 thus reduces to Eq. 6.9. For more 

details on the derivation of this relation refer to Rogers and Mayhew (1980).

N uh = C R e“ Pr* [Eq. 6.8]

N uh = C R e“ [Eq. 6.9]

The experimental results obtained at a freestream Mach number of Moo=8.2 and at 

Reynolds numbers of Reoo/m=6.57xl06 (transitional), Reoo/m=8.06xl06 (turbulent) and 

Reoo/m=9.35xl06 (laminar and turbulent) are used to obtain a correlation of Nuh with

RQh. The highest heat flux in terms of Nuh are plotted against ReA for the supercritical 

cases (a=45°, a=60°, a=90° and a=135°) showing a correlation of the measurements 

with a slope of a=1.6. Since Pr is considered equal to 1, Nuh = Stmax Re,, and a=1.6 are

introduced in Eq. 6.9 to obtain the relation in Eq. 6.10 (Fig. 6.9). Recall that the 

recovery factor in the calculation of Stanton number is also considered to be r=l and 

that the hot spot magnitude is considered to be independent of the state of the incoming 

boundary layer.

R C 6 = C [Eq. 6.10]

-4.2
1.71.6 2.1 2.2

-4.4 -

-4.6 -

♦  R e ,/m  =  6.57xlO s A /, =8.2 trans. 

o  R e ,/m  =  8.06x10s A /, =  8.2 turb. 

A R e ,/m  =  9.35 x10s AT, =8.2 turb. 

o  R e ,/m  =  9.35x10s A f, = 8 .2  lam.

-5.2 -

-5.4 J

Figure 6.9 Correlation of StmaxReh'0 6 with protuberance deflection angle a at different 
freestream Reynolds numbers in logarithmic scale for all the Mach 8.2 cases.
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The term Stmax R e / ' 6 is constant for different Reynolds numbers but it increases with

higher deflection angles (Fig. 6.10). As the protuberance deflection angle is increased, 

the deflection that the incoming flow experiences before reattaching to the wall is lower 

and so its impact energy to the surface is higher (Eq. 6.11). This is demonstrated in Fig. 

6.10 , which shows the constant trend obtained for the Moo=8.2 tests at all the different 

conditions by non-dimensioning the relation in Eq. 6.10  with respect to ( l- c o s a ) ,

while the same does not apply in the cases where the hot spot takes place to the side of 

the protuberance - i.e. in subcritical or weak supercritical interactions. The factor 

( l-c o sa )  is derived through basic trigonometry from the fraction of freestream mass

flow rate which is deflected towards the surface of the vehicle by the protuberance:

(l -  cos a )  / 2. Further details on the behaviour of the flow field ahead of supercritical

protuberances can be found in Chapter 7.

SrmlxR ej0-6/ ( l - c o s a )  = C [Eq.6.11]

SUBCRITICAL 
AND WEAK 

SUPERCRITICAL 
INTERACTIONS

SUPERCRITICAL
INTERACTIONS

O 0.10

H 0.05

Re*/ w  = 9.35x10* = 8 .2 turb.

— ♦— R e./?« =  8.06x10* M, =8 .2 turb.

- - a -  - Re*/m = 6.57x10* A/* = 8 .2 trans.

— ■—  Re*/ m =  9.35x10*

C1001!S*6 lam.

Figure 6.10 Correlation of StmaxReh’ /(I - cos a) for all the Mach 8.2 configurations
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The effect of Mach number is subsequently investigated through a similar correlation 

between the Moo=8.2 and the Moo=12.3 measurements. Its effect is found to be 

proportional to the square root of Mach number as shown in Eq. 6.12. Based on this 

analysis, Fig. 6.11 shows a correlation of the present experimental dataset in terms of 

the dominant parameters: Reynolds number, Mach number and protuberance deflection 

angle and height. A suitable constant C is found to be C = 5.2xl0~5. The actual 

thermal capacity of the flow is already taken into account in the definition of Stanton 

number. The correlation provided is subject to a total conservative uncertainty of ±25% 

while also considering the ±10% uncertainty inherent to the measurements.

Stmm Rej06 M ° / / (  1 -  cosa ) = C [Eq. 6.12]

To conclude, the maximum heat transfer to the side of the protuberance is presented in 

Eq. 6.13. The hot spot will nevertheless be located ahead of the protuberance in most 

cases following the relation in Eq. 6.14. In these cases the hot spot will take place as 

shown in Eq. 6.15. Only in low-Reynolds low-deflection cases will this be located to the 

side of the protuberance as a subcritical interaction (Eq. 6.4).

S L ^ e  = 2.7X10-3 ±20% [Eq. 6.13]

Stm̂ ahead = 5.2 x 1(T5 R C (1 -  c o s a ) M x-°-5 ± 25% [Eq. 6.14]

xk max = 0 -.5 x V04 (Re  ̂/ m)"1 ahead of protuberance [Eq. 6.15]
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6.6 Hot spot prediction

In what follows, a semi-empirical approach to predict the highest heating in the vicinity 

of surface protuberances is presented. Up to this point, the main findings in this 

investigation are summarised.

6.6.1 Summary of main findings

i. The interference interactions caused by the protuberances are expected to be 

strongly three-dimensional and an increase in heat transfer to the side occurs in 

all the cases.

ii. The impact of the local interaction on the heating of the vehicle surface is 

dominated by whether the interaction is subcritical or supercritical. The hot 

spot is found to the side of the protuberance in subcritical interactions and 

generally ahead of it in supercritical interactions, with the only exception 

being weak supercritical interactions.

iii. The state of the incoming boundary layer appears to have a negligible effect on 

the magnitude of the highest heat transfer in both subcritical and supercritical 

interactions. The boundary layer turbulence can however have a strong effect 

on the incipient separation angle and thus on the location of the hot spot and 

the region of increased heating around the protuberance.

iv. The highest heating in subcritical interactions is not affected by the height and 

the width of the protuberance. This is likely not to apply to protuberances with 

h/5u ratios lower than 1 and particularly if the protuberance is shorter than the 

subsonic portion of the boundary layer. In these cases, however, the peak heat 

flux is not expected to be as high. The magnitude of the hot spot in 

supercritical interactions increases with protuberance height.
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v. The magnitude of the hot spot in supercritical interactions decreases with 

Mach number and increases with Reynolds number. In subcritical interactions 

the effect of Reynolds number and Mach number is negligible. In the later 

interactions, all measurements correlate at the same Stanton number.

vi. The deflection angle of the protuberance has a strong effect on the magnitude 

of the hot spot in supercritical interactions. At high deflection angles the 

magnitude of the hot spot increases and protuberances should therefore be kept 

as slender as possible. Forward deflection angles need to be specially avoided. 

In subcritical interactions, the protuberance angle does not affect the 

magnitude of the maximum heat flux.

vii. The extent of the interaction region and thus the area where heat transfer is 

increased becomes larger with higher deflection angle. Laminar and 

transitional boundary layers are more prone to separation than fully turbulent 

boundary layers and are accompanied by larger separation regions. In these 

cases, reattachment to the side of the model occurs at a farther distance from 

the leading edge. The freestream Reynolds number also has a strong effect on 

the extent of the separated region.

6.6.2 Hot spot estimation approach

Based on these findings and on the current semi-empirical correlations, a summary for 

an engineering method for hot-spot estimation is presented in Fig. 6.12. The initial step 

is to estimate whether the interaction is subcritical or supercritical based on two- 

dimensional compression comer experimental data. In this case, high heat transfer 

regions around the protuberance are indicated and the location and magnitude of the hot 

spot can be estimated by using the derived semi-empirical correlations. In particular, the 

highest heating ahead of the protuberances can become critical in the design of 

hypersonic vehicles.
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More accurate estimations can be obtained in this case referring directly to Fig. 6.13 for 

the corresponding angle and Mach number. In this way, the uncertainty introduced by 

the correlations of deflection angle and Mach number is avoided and final estimates can 

be obtained with an uncertainty of ±15%. Particular scatter is observed at forward 

deflection angles (a=135°) given that the actual deflection suffered by the freestream 

flow before impact on the vehicle surface is also affected by the formation of secondary 

contrarotating vortices just ahead of the protuberance as further considered in Chapter 7.
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♦ Rejm = 9 .35x10* M .  = 8 .2 trans.

♦ R e =/m  =  3 .3 5 x l0 * Mx = 1 2 .3  turb.
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Figure 6.13 Correlation of StmaxReh’0'6 with protuberance deflection angle a at different 
freestream Mach numbers.

It must be noted that these semi-empirical correlations are based on well-defined forms 

of protuberances which do not account for other effects such as side sweep or skewness. 

Consideration into these effects is taken in Chapter 8, where the applicability of the 

method to three specific protuberances is assessed. Before, a further insight into the 

flow field is presented in the following chapter.
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CHAPTER 7

Flow Field in Interference Regions

In this chapter, the flow structure around the protuberance and other flow  

characteristics are interpreted according to the experimental results. While 

most o f the information is obtained from the high-speed schlieren videos, 

further details from the flow are also observed from the oil-dot 

visualisations and the heat flux measurements in the vicinity o f  the 

protuberances. All the interpretations are additionally supported by the 

computational results presented in Appendix D.

7.1 Flow visualisations

Schlieren systems capable of obtaining time-resolved visualisations from high-speed 

flows were first developed in the 1950s to investigate unsteady flows (Chapman et al., 

1958). The application of high-speed schlieren systems to date has been limited by the 

high complexity in having a very intense incoherent light source in combination with a 

fast framing device (Settles, 2001). A digital high-speed schlieren system was 

developed for the present application to study the unsteadiness of the interactions 

induced by the protuberances. Further details about this system are found in Chapter 2 

and also in Estruch et al. (2008).

7.1.1 Qualitative visualisations

Instantaneous schlieren visualisations of the different interactions investigated have 

been presented and described in Chapter 5 where it has also been shown that
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interference interactions may sometimes result in extremely high surface heating. The 

time-dependent flow visualisation sequences obtained offer a qualitative idea of the 

unsteadiness of these interactions. It is important to determine the unsteady behaviour of 

the flow since in this regime this can become particularly critical in terms of fatigue and 

structural damage to the vehicle (Delery and Marvin, 1986; Dolling, 1993).

Examples of the interactions under study are presented in selected schlieren images 

taken at a frame rate of 50kHz in Fig. 7.1a -  which corresponds to the subcritical 

interaction obtained with the datum configuration (Ma>=8.2, Reoo/m=9.35xl06, a=30°, 

turbulent) and Fig. 7.1b -  which corresponds to the supercritical a=90° case at the same 

freestream conditions as in the datum case. Only 0.1ms out of the total run time is 

captured within the sequences presented due to space restrictions but the whole effective 

run was captured during the tests as further shown in Appendix B.

The boundary layer in the a=30° case remains attached ahead of the protuberance and 

the interaction is therefore subcritical (Chapter 5). As shown in Fig. 7.1a, the attached 

shock appears not to move during the whole steady flow duration. On the other hand, a 

supercritical interaction is obtained with the a=90° model. In this case a separation 

shock is observed ahead of the protuberance which is clearly unsteady (Fig. 7.1b). 

Similar results have been consistently observed for the rest of supercritical interactions, 

where the separation shock ahead of the protuberance has been shown to move during 

the established flow duration.

Further investigation on the unsteadiness of the flow to the side of the protuberance 

could not be performed due to measurement restrictions (see Chapter 2). However, since 

the increased heating to the surface to the side of a protuberance cannot reach as high 

values as ahead of supercritical protuberances, the unsteadiness of the flow to the side is 

expected not to be of particular importance. Special attention needs to be paid to 

supercritical interactions, ahead of which extreme high heat flux rates can take place 

(see Chapter 5). In this case, unsteady heat loads can generate greater hazards with the 

resulting interaction. Based on these findings, the present sequences of schlieren images 

clearly reveal the following:
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i. Subcritical interactions:

The flow upstream of the protuberance appears steady. Since subcritical 

interactions do not induce particularly high increases in surface heat flux the 

unsteady behaviour of the flow is not of high importance in these cases.

ii. Supercritical interactions:

The flow upstream of supercritical protuberances is highly unsteady but no 

periodicity is qualitatively apparent based on the high-speed schlieren 

videos. The flow unsteadiness in the region of the interaction together with 

the high heat loads that are induced ahead of the protuberance in some cases 

can become a clear hazard for the integrity of the vehicle. Especial care 

needs to be taken in this case.

t0 +  2 0 /j s

(a) a=30°, steady (b) a=90°, unsteady

Figure 7.1 Time-sequenced schlieren images: Moo=8.2, Reoo/m=9.35xl06, turbulent.
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7.1.2 Shock unsteadiness

Further investigation on the unsteadiness of these interactions was done based on the 

schlieren videos and digital image processing as described in Estruch et al. (2008). The 

location of the shock in the present study was determined by detecting sharp changes in 

pixel intensity in the digital schlieren images (Chapter 3). This thus allowed 

discriminating features in the images based on the pixel intensity gradients through 

them. The test model, the boundary layer and the shock were thus discriminated in the 

form of binary images as shown in Fig. 7.2 for the different protuberance deflection 

angles of a=15°, a=30°, a=45°, a=60°, a=90° and a=135° respectively from Fig. 7.2a to 

Fig. 7.2f. The shock is clearly distinguished outside of the boundary layer but detection 

of the separation locus on the flat plate is not possible given that the embedment of the 

shock into the boundary layer is not so clear in the schlieren images.

(e) a=90° (f)a=135°

Figure 7.2 Shock detection: Moo=8.2, Reoo/m=9.35xl06, turbulent.
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Figure 7.3 plots the change in the location of the shock at a distance of y/5u=2 for the 

a=30°, a=60° and a=90° protuberances at Moo=8.2, Reoo/m=9.35xl06 and with a 

turbulent boundary layer to quantify the different shock locations between the 

subcritical and supercritical cases. This further confirms that whereas in the subcritical 

interaction (a=30°) the shock appears steady, in the supercritical cases (a=60° and 

a=90°) the separation shock wave is highly unsteady. The amplitude of the separation 

shock motion in the longitudinal direction is about 1.5mm in the a=60° case and 2mm 

in the a=90° case. Unsteadiness therefore grows with the increasing length of the 

separated shear layer caused by enlarging the protuberance deflection angle. As a 

consequence, not only the heat loads to the vehicle surface increase with high deflection 

supercritical protuberances, but also the flow becomes more strongly unsteady.

xs (mm) 
(± 0.2)

xs(mm)

separation shoc£

flow

0.5 -

-0.5 -

1510 12 13 14 16 17 18 1911 20
t(ms)

Figure 7.3 Shock wave oscillation between t=l 0ms and t=20ms from the start of the run.
Moo=8.2, R eoo/m =9.35xl06, turbulent.

A Fourier analysis of the shock unsteadiness for the a=90° interaction is shown in Fig. 

7.4. Further details on this method can be found in Estruch et al. (2008). The frequency 

resolution in this case is limited to 100Hz by the sampling frequency (50kHz) and the 

duration of the effective established flow run considered (~10ms). The power spectrum 

of the obtained signal is essentially broadband in nature and appears to contain no 

dominate frequency. This confirms what was qualitatively expected based on the 

schlieren videos which suggested that no clear periodic motion of the shock seems to be 

apparent in the supercritical interactions.
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Figure 7.4 PSD showing time-dependent and broadband signal at Moo=8.2, 
R eoo/m =9.35xl065 a = 9 0 ° , turbulent.

7.1.3 Supercritical hot spot unsteadiness

For a further analysis of the hot spot unsteadiness in supercritical interactions the flow 

ahead of the protuberance can be considered analogous to that ahead of 2-D 

supercritical compression ramps and 2-D steps. The physical mechanism responsible for 

the unsteadiness of this type of interaction is still not completely understood (Dolling, 

2001; Ganapathisubramani et al., 2007). A study on supersonic interactions presented in 

Estruch et al. (2009d) has shown that an intermittent region takes place under the 

separation shock wave. In this region, lower frequency energy fluctuations are found 

(102 — 104 Hz) and with a larger scale than in other regions of the interaction. In the 

separated flow region -  far from the separation locus -  most of the energy is found at a 

similar frequency range as this characteristic of the incoming boundary layer (104 Hz) 

and at a smaller scale also. In the separated flow region the incoming turbulence levels 

are amplified but little low frequency influence is observed. Large-scale unsteadiness 

therefore takes place in the intermittent region as shown in the schematic diagrams in 

Fig. 7.5.
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Figure 7.5 Low-frequency influence in other SWTBLIs.
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Two schlieren visualisations of the a=90° interactions at Moo=8.2, Reoo/m=9.35xl06 and 

turbulent boundary layer are shown in Fig. 7.6, where an intermittent region close to the 

separation shock wave is observed. It is thus expected that high-frequency small-scale 

fluctuations take place in the region of separated flow ahead of the protuberance. 

Despite the unsteady nature of these minor interactions its effect on the location of the 

hot spot is not expected to be significant. It is in the region where flow starts separating 

from the wall that large-scale unsteadiness takes place mainly due to the unsteadiness of 

the separation shock. As shown in Chapter 4, the heat flux augmentation in the 

separation region takes place gradually as the boundary layer separates from the flat 

plate and therefore the large-scale unsteadiness at this location does not occur in the 

regions of higher heat loads. Still, account needs to be taken of the intermittence of the 

flow and on the strong 3-dimensionality of the separation region as shown in Fig. 7.7. 

Further details on the concepts of large-scale low-frequency unsteadiness (in 

intermittent regions) and small-scale high-frequency unsteadiness (in separated regions) 

can be found in Estruch et al. (2009d).

reflected  sh o ck

reflected  sh o ck  

(  X g -  x)mjn

' ---------------V-------------- '  ' --------------------v --------------------'

Intermittent region  S ep ara ted  region
■hot sp o t

( large-sca le  (sm all-sca le
u n stea d in ess ) u n stea d in ess )

Figure 7.6  Schlieren images indicating mean position o f  reflected shock (x5) and maximum 

upstream displacement o f  the shock (xs - x s ). Moo=8.2, Reoo/m=9.35xl06, a=90°, 
turbulent.
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hot spot 
ahead

intermittent
region

(large-scale
u nstead iness)

separated region

(sm all-scale
u nstead iness)

Figure 7.7 Oil flow visualisation and corresponding interpretation.
Moo=8.2, Reoo/m=9.35xl06, a=90°, turbulent

7.2 Flow field interpretation

A further interpretation of the flow field around a surface protuberance can be made by 

distinguishing between subcritical and supercritical interactions as the effects in the heat 

flux augmentation around the protuberance between these two types of interactions are 

clearly different.

7.2.1 Subcritical interactions

In the subcritical cases, the flow upstream appears undisturbed and close to the 

centreline of the protuberance this can be considered as quasi-two-dimensional in the 

ycl direction. The increased heat transfer which occurs to the sides is caused by comer

effects which result in the appearance of a vortex as interpreted in Fig. 7.8 and similar to 

the junction horseshoe vortex observed in blunt swept fin interactions (Lakshmanan et 

al., 1988). The high heating rates appear as a consequence of the flow reattachment to 

the side of the protuberance (Fig. 7.9).
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Figure 7.8 Schematic diagram of the flow field around datum protuberance based on
present results.

ATTA CH ED
S H O C K

C O R N E R
E F F E C T S

QUA SI-TW O -DIM EN SIONAL FLOW

Figure 7.9 Artistic impression showing comer effects on datum case and quasi-2D flow
ahead of protuberance.
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7.2.2 Supercritical interactions

Whereas similar comer effects are expected to the side of supercritical interactions, the 

flow in this case separates ahead of the protuberance. An example is shown in Fig. 7.10 

based on the case of a a=135° protuberance under turbulent flow, Moo=8.2 and 

Reoo/m=9.35xl06. Given that high heating ahead of this model is due to the reattachment 

of the flow and assuming the existence of a large secondary recirculation in comparison 

to the other supercritical cases, this may explain the minor upstream change in the 

location of the hot spot as shown in Chapters 5 and 6.

SURFACE
HEATING

MAIN
VORTEX SECONDARY

CONTRAROTATING
VORTEX

HIGHEST HEATING 
AT REATTACHMENT

Figure 7.10 Schematic representation of flow in centreline: turbulent, Moo=8.2, 
Reoo/m=9.35xl06, a=135°. Streamlines based on qualitative CFD solution.

The same trend is also observed in the computational results by Haas (2009). Figure 

7.11 shows the flow pattern predicted for the supercritical interaction induced by the 

a=90° protuberance at freestream conditions of Moo=8.2 and Reoo/m=9.35xl06. A 

complex skin friction pattern on the surface ahead of the protuberance is observed 

which is characterised by different regions of flow separation and reattachment from the 

surface with a strong three-dimensional aspect. As shown by a comparison with the 

present measurements the highest heat flux is found along the primary reattachment 

line. The secondary separation and reattachment regions do not result in such strong 

heat flux alterations with comparison to the corresponding undisturbed local heating.
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Figure 7.11 Skin friction on surface ahead of protuberance: turbulent, Moo=8.2,
Reoo/m=9.35xl06, a=90° based on numerical simulations by Haas (2009).

The interpretation of supercritical interactions in the vicinity of the protuberances is 

therefore summarised in the form of two schematic diagrams in Figs. 7.12 and 7.13. The 

hot spot is generally found ahead of the protuberance at the location where the flow 

reattaches to the surface. A side vortex is also observed which induces an increase in 

heat flux to the side of the device as well. In weak supercritical interactions the heat flux 

to the side can be higher than this to the front of the protuberance. It must be taken into 

account that this is based on protuberances with side comers of 90° as in the present 

study (i.e. between protuberance side and vehicle surface). In cases where the side 

junction between the protuberance and the surface is found at an angle different than 

90°, the consequent different reattachment of the flow to the surface is expected to result 

in slightly different side heat flux as estimated using the approach in Chapter 5.
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protuberance
flow separation | _______

upstream reattachment hot spot side reattachment

Figure 7.12 Interpretation of the flow field around supercritical protuberances. Plan view.

hot spot ahead  
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bow shod
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Figure 7.13 Interpretation of the flow field around supercritical protuberances.
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CHAPTER 8

Application to Specific Protuberances

To further assess the results obtained from, the generic interactions, an 

experimental investigation was also performed on three protuberances with 

more specific geometries. Heat flux measurements, high-speed schlieren 

videos and oil dot visualisations were obtained for each o f  these

configurations. In particular, consideration is taken in the applicability o f  

the predictive approach developed in Chapter 6 to these specific 

protuberances. The flow field  around the protuberances is also described.

8.1 Case study

As shown in Fig. 8.1, the three protuberances that were considered in the present study 

were to represent the following cases:

i. A slender short protuberance which induces a subcritical interaction.

ii. A blunt short protuberance which induces a supercritical interaction.

iii. A tall protuberance which also induces a subcritical interaction.

(a) Slender 
Figure 8.1

(b) Blunt (c) Tall
Perspective view of slender, blunt and tall protuberances.
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The geometries of these protuberances are more specific than those considered in the 

main study. Tests were performed at Ma>=8.2 and Reoo/m=9.35xl06 and under turbulent 

flow (Table 8.1). In order to provide further credibility to the validation of the predictive 

approach, a thicker boundary layer (8u=12mm) than in the datum study (5u=5mm) was 

used. This was obtained by using a set of vortex generators with a height of 4mm and 

with a similar design as in the main investigation (Chapter 3). The heat flux of the 

undisturbed boundary layer at the location of the protuberance was Stu =1.0x1 O'3 as with 

the 8u=5mm boundary layer under the same freestream conditions.

R Q^/m [m'1] Tw M VG h (mm) 5u(mm) St„(xl0'3)

8.2 9.35xl06 295 4 12 1.0

Table 8.1 Test conditions with VG design as in Fig. 3.15.

8.2 Slender case

Slender protuberances can be found on hypersonic vehicles in a number of shapes. As 

shown in Chapter 1, this would be for instance the case of the liquid hydrogen feedline 

fairing and the ullage settling motor fairings on the ARES I upper stage vehicle. The 

present investigation has so far shown that slender protuberances are less prone to force 

the separation of the boundary layer ahead of the protuberance than blunt geometries 

and therefore the induced interaction at some given conditions is likely to be subcritical.

8.2.1 Protuberance model

A surface protuberance in the form of a launch support or an antenna fairing has been 

considered to represent a slender configuration. Similar launch pins can be needed on 

the surface of hypersonic vehicles in order to sustain them at the moment of their 

launch. Other similar devices can be found on the surface of hypersonic vehicles as 

protection pads for different purposes (Chapter 1). The protuberance used in the present 

case has a width of 19.3mm and a height of 6.5mm (Fig. 8.2). The h/5u ratio is 

approximately 0.5. An extension was attached at the back of the test model in order to 

allow fixing it to the flat plate.
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Figure 8.2 Dimensions of slender protuberance (all dimensions in millimetres)

8.2.2 Flow field

The flow field is assessed according to the schlieren and oil dot results presented 

respectively in Figs. 8.3 - 8.5. The subcritical nature of the present interaction is 

confirmed by the presence of an attached shock wave on the protuberance model. The 

oil dots ahead of the protuberance provide further evidence of the quasi-2-dimensional 

behaviour of the flow upstream of the model as interpreted in Fig. 8.5. Oil dots to the 

model side are the most strongly skewed. This demonstrates that the highest skin 

friction is located to the side of the protuberance as it is expected in subcritical 

protuberances.

Figure 8.3 Schlieren image of slender protuberance

SURFACE HEATING

■ 1 VERY HIGH

■ HIGH

■ i MODERATE

m LOW

attached
shock

Figure 8.4 Flow field along centreline based on schlieren image.
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flow
reattachm ent

boundary layer 
separa tion  '

s ic e  vortex

Figure 8.5 Oil flow visualisation and flow streamlines interpretation

8.2.3 Local heating

Heat flux measurements in the vicinity of this protuberance are presented in Fig. 8.6. 

The interference interaction induced by the protuberance results in an increase in local 

heating to the surface to the side of the model as expected for subcritical protuberances. 

It must be noticed in this case that the junction between the protuberance side and the 

flat plate is found at an angle of 145° and the leading edge is sharp. Thus there is a 

slightly different reattachment pattern of the flow to the side than with the generic 

protuberances considered in the main study, in which the protuberance side was 

perpendicular to the plate.

5r(xio-3)

Turbulent, Slender 
M a =8.2 

R e =!/fK =  9 .35x10s 
h! 8k w 0.5 5 W / Su — 1.6 
5* =  12mm, SiM =  1 .0x 1 0 '3

1.30.7 1.3
1.2 1.0I 176 1.1

M . 0 .6 .

1.1 1.0 0.5 1.0
2.1

1.0 0.4 0.5 I—>
0.54mm

0.4 0.6
centerline

flow

Heat flux measurements in the vicinity of slender protuberance.Figure 8.6
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The maximum heat flux measured to the side of this protuberance is Stmax side = 3.8x10 3,

which is about 40% higher than the values found with the generic protuberances 

(St ^  = 2.7 xlO-3 ±20%) as compared in Fig. 8.7. As expected, the different geometry

of the leading edge and the protuberance side in this case result in a reduced deflection 

of the flow before its reattachment to the flat plate. In absolute terms, the maximum heat 

flux in this case is of a similar order of magnitude in comparison to the much higher 

heat flux augmentations ahead of supercritical interactions which reach values up to 10 

times higher than the maximum heat flux to the side of the protuberance (Chapter 5). 

Ahead of the protuberance, the heat flux is similar to the corresponding undisturbed 

value or lower (S t < Stu).

yd(pmi)
flow,

-*—  Datum prot. 

*■ - -  Slender prot.

2.0  -

. ,  - •

0.5 -

0.0
2 3 4 5 6 70 1 8

Re(? --v. .,■, ) x 1 ° 4

Figure 8.7 Heat flux at different lateral locations to the side of slender protuberance at location 
of maximum heat flux and compared with datum interaction.

It therefore appears whereas the flow field in subcritical interactions remains practically 

undisturbed ahead of the protuberance, the hot spot is located to the side of the device 

and at a distance between R e^  = 0 - 5 x l0 5 (xk =0mm and 50mm in this case) with

respect to the protuberance leading edge. A further representation of the horseshoe 

vortex that induces the hot spot to the side of this protuberance is shown in Fig. 8.8. It is 

the slightly different reattachment pattern induced by the leading edge geometry and the 

protuberance side which result in slightly higher values in this case. This is further 

addressed in Section 8.5, where a conservative correction to account for the effects of 

side sweep not taken into account in the present study is considered.
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attached 
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undisturbed 
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side
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Figure 8.8 Perspective view showing formation of side vortex and quasi-2-dimensional
flow at centreline: slender protuberance.

8.3 Blunt case

As shown in the previous chapters, blunt protuberances induce stronger adverse 

pressure gradients to the incoming boundary layer than slender protuberances and are 

generally more likely to cause its upstream separation from the surface. Sample blunt 

protuberances also found on the ARES I launch vehicle are for example the roll control 

system and the reaction control system module (Chapter 1). Other similar protuberances 

on hypersonic vehicles can also be found in a number of different shapes.

8.3.1 Protuberance model

A geometry with a deflection of a=90° and a height of h= 11.9mm was chosen in this 

case to represent a specific blunt protuberance (Fig. 8.9). The shape of the model was 

representative of a ring where a hypersonic vehicle can be securely fixed before launch. 

The model was 27.9mm-wide and it had an extension to its back to allow fixing the 

protuberance at a different location on the flat plate. The h/8u ratio was 1.0.

8.0
J

L

r*—20,8—*■"!

r \  '\
2 .5---- -

\  i
I R 3 8 1

3 1 ,gj | ^ ^ - 0 3 .8 ( h o l e )^ - 0 3 .8 ( h o l e )

Figure 8.9 Dimensions of blunt protuberance (all dimensions in millimetres)
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8.3.2 Flow field

A schlieren image of this configuration is shown in Fig. 8.10 which reveals a 

supercritical interaction as it was expected at this deflection angle (a=90°). An 

interpretation of the flow field based on the schlieren image is shown in Fig. 8.11 where 

a large recirculation is represented ahead of the model. The heat flux to the surface in 

front of the protuberance is expected to gradually increase from the location of 

separation and to reach its highest value just ahead of the protuberance. An oil-dot 

visualisation of this case is shown in Fig. 8.12 together with an interpretation of the 

flow streamlines. This confirms the upstream effect of the flow ahead of the model due 

to the large upstream recirculation. The flow around the protuberance therefore appears 

highly 3-dimensional.

Figure 8.10 Schlieren image of blunt protuberance

SU R FA CE HEATING

VERY HIGH

MODERATE
boundary layer $ 

separation ' highest heating at 
reattachmentrecirculation

Figure 8.11 Flow field interpretation based on schlieren image
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boundary layer 
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Figure 8.12 Oil flow visualisation and flow streamlines interpretation

8.3.3 Local heating

Heat flux measurements ahead of this protuberance are shown in Fig. 8.13 and the 

complete set of measurements around the model is presented in Fig. 8.14. The hot spot 

is located just ahead of the protuberance with values of Stmsx =20.6xl0“3
9 • • • •

(tfmax = 118.4 W/cm ). This is in close agreement with the estimation using the predictive 

approach. With the relation Stmax ahead = 5.2 x 10“5 Re^6 (1 -  cos a ) M ~°5 a heat flux rate 

of S t ^  =19.4xl0“3(̂ rmax = 111.4 W/cm2) is estimated in this case, which is 5.9% below

the actual measurement -  that is taking into account that the prediction is subject to a 

±25% uncertainty. By referring to the chart in Fig. 6.13, the relation 

Stmax = 1.8x10-5 ReJ6 is shown to directly predict a value of

Stmax =19.2xl0“3(gmax = 110.5 W/cm2). This is similar to the previous prediction but is

subject to a lower uncertainty of ±15%. These measurements fall within the indicated 

error range of the semi-empirical relation as summarised in Table 8.2. Whereas the 

highest heating takes place ahead of the model, the heat flux also increases on the 

surface to the side of the model to reach values around St & = 2.7 xl0~3 ±20% as also

expected. Good agreement with the present method to predict the maximum heat 

transfer is thus demonstrated. It must also be noted that the induced hot spot is of the 

same order as the stagnation heat flux for a 5mm-radius sphere as shown in Chapter 4.
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Prediction
Method

Estimates Measurements % error

^ .(X I O -3) M l c m 2) ^ raax(><10-3) tfmaM IC™2) (estimate
measurement)

Fig. 6.12 19.4 111.4
20.6 118.4

5.9%

Fig. 6.13 19.2 110.5 6.7%

Table 8.2 Heat flux measurement and estimation ahead of supercritical protuberance,
yd = Omm.

flow Vfl, =  Omm f r |g = 9 0 g

a =  90* prot.{hi 5V = 1.0,<5j, = 5mm) 

Blunt prot. {h/Sl. = 1.0. SK = 12mm)

-20 -15 -10 -5 0-25-30

R e ^ x l O 4

25

20

15

10

SrxlO'^
(± 10%)

Figure 8.13 Heat flux measurements ahead of 90° generic protuberance (h/Su=l .0, Su 
=5 mm) and ahead of specific protuberance (h/ 8U=1.0, 8U =12mm), ycf0mm.
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Figure 8.14 Heat flux measurements in the vicinity of blunt protuberance.
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Whereas in the generic protuberances (Chapter 5) the hot spot takes place ahead of the 

protuberance and spanning across its whole width, the height of the present blunt 

protuberance is not constant in the spanwise direction (Fig. 8.15). At ycl = 4  mm the

height is approximately h=9mm and at ycl = 8 mm this is h=5mm. The reattachment of 

the flow just ahead of the protuberance at these y cl locations induces lower heat flux 

rates than at the centreline (y d =0mm) where the height of the model is greater 

(h=l 1.9mm). At these locations, the heat flux measured is Sty=4mm = 14.0x10-3 

= 80-6 W/cm2) and Sty_tnm =9.3xl0’3 ( q ^ mm =53.5 W/cm2) respectively (Fig. 

8.15). This falls within the error margin of ±25% considered in the relation 

Stmaxahead = 5.2 xlO~5 Re°h6 ( I - cos  a)M~°5, from which it is estimated that:

S W - =16.4*10"3 ( ^ 4,™ =94.2 W/cm2) and =11.5xl0“3 (g ,,Smm=66.2

W/cm ). Predictions are 14.4% and 19.2% higher than the measurements at the 

ycl = 4 mm and ycl = 8 mm locations respectively. Taking into account the strong three-

dimensionality of the protuberance and the difficulty in determining an effective height 

at these locations, the present agreement further demonstrates the validity of the 

predictive approach. A graphical representation of the flow field around the 

protuberance is shown in Fig. 8.16. The main separation region occurs upstream of the 

protuberance and the hot spot generally takes place just ahead of it. In addition, heating 

rates higher than the undisturbed heat flux also take place to the side of the 

protuberance, where a horseshoe vortex occurs.

flow

-30 -25 -20 -15 -10 -5 0
R e ^ x l O 1

Figure 8.15 Heat flux measurements at different lateral locations (y cl) ahead of blunt
protuberance.
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Figure 8.16 Perspective view showing highest heat flux augmentation ahead of the 
protuberance due to flow reattachment and side vortex: blunt protuberance.

8.4 Control fin

The most common type of protuberances in high-speed vehicles are control fins. In 

hypersonic vehicles, fins are usually sharp since these geometries generally provide 

better aerodynamic performance than blunt configurations. A sharp swept fin geometry 

with these characteristics is considered in this case.

8.4.1 Protuberance model

The dimensions of the fin considered in the present study are shown in Fig. 8.17. The 

model is significantly higher than the previous protuberances (h=63.8mm, i.e. h/5u=5.3). 

It is known that the effect of model height on the maximum heat flux is negligible with 

tall protuberances (Fig. 2.15). This is because the heat flux augmentation in this case is 

due to side effects which are independent on this parameter. The leading edge of this 

protuberance also has significant sweep effects as the slender case in Section 8.2.
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Figure 8.17 Dimensions of tall protuberance (all dimensions in millimetres)
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8.4.2 Flow field

The schlieren image in Fig. 8.18 shows that the boundary layer appears undisturbed 

ahead of the protuberance. The subcritical nature of the interaction is thus confirmed. 

The three-dimensionality of the flow around the protuberance is further demonstrated 

by the oil-dot visualisations (Fig. 8.19). Ahead of the fin, oil dots are almost unaffected 

and the highest skin friction takes place to the surface to the side of the model. The local 

interaction is therefore expected to be similar to this characteristic of subcritical 

protuberances given that the increase in side heat flux is caused by comer effects 

independently of the height of the protuberance in this case.

Figure 8.18 Schlieren image of tall protuberance

flow  
, re a ttacfi m erit

(o u n d a ry  lay er 
s e p a ra t io n

Figure 8.19 Oil flow visualisation and flow streamlines interpretation
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8.4.3 Local heating

Heat flux measurements in the vicinity of the fin protuberance are presented in Fig.

8.20. The highest heat flux is found to the side of the device 5Ymax = 3.7xl(T3

(qmax =21 W/cm2). This is higher than the expected value of Stmax = 2.7xl0-3 based on

the developed predictive approach (Fig. 6.12). This is attributed to the different comer 

effects that take place in this case although the order of magnitude is the same. The heat 

flux ahead Stahead is of the order of the undisturbed heat flux Stu or lower as expected 

for subcritical interactions.

Turbulent, Tall

Re=/ «  =9.35x10 
h!6u = 53,  W / S K- 0.7 
3„ = 12mm, S t ^  1.0x1 O'3

1.0 1.01.0 0.9 1.0

0.7 1.2
jQ l

17
J/7
2.4

0.9
j j j -

17ic
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JL5

IP
_2~3
2.2

J jL
1.5

2.7

0.8 0.7 1.71.0 1.3

2.1 1.73.7 3.2
4mm; 
< — > r

’centerline”

flow.

Figure 8.20 Heat flux measurements in the vicinity of tall protuberance.

The heat flux at different axial locations to the side of the protuberance is shown in Fig.

8.21. The increased heat flux in this region to the side of the fin does not take place 

close to the protuberance but at the second row of measurement points. This 

demonstrates that the specific geometry of this model results in significantly different 

side effects than those present in the generic protuberances. These measurements show 

that the method developed can also be applied to predict the maximum heat flux to the 

side of subcritical tall protuberances such as sharp fins, given that the side heat flux in 

this case is caused by the same effects. A further representation of the side vortices is 

shown in Fig. 8.22.
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Figure 8.21 Heat flux at different axial location to the side of tall protuberance
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Figure 8.22 Perspective view showing hot spot at location of reattachment of the side
vortex
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8.5 Review of predictive approach

The predictive approach developed from the main investigation in Chapter 6 has been 

applied to the previous examples. The predicted results, when compared with the 

different specific protuberances, show good agreement. The dependence of the heat flux 

augmentation on whether the interaction induced by the protuberance is subcritical or 

supercritical has also been demonstrated. In subcritical interactions the hot spot is 

located to the side of the protuberance due to the junction vortex that induces an 

increase in heat flux. In supercritical interactions this is generally in front of the 

protuberance due to the reattachment of the main separation bubble at this region.

Based on the comparison of the maximum heat flux rates predicted with this method 

and the corresponding measurements, the main weakness of this predictive approach is 

found to be that the effect of sweep in the lateral and longitudinal directions is not taken 

into account. However, this only affects the estimation for the heat flux to the side of 

the protuberance which does not reach such high values as those ahead of supercritical 

protuberances. Furthermore, with the significantly different effects in the present 

protuberances the highest heat flux to the side has been found to be within 50% of 

Stmax = 2 .7x l0-3 as found with the generic protuberances (Chapter 6). Based on the

present study, it is suggested that in practical applications a maximum side heat flux to 

the side of subcritical interactions can be considered in a conservative approach as:

» m» = 4 x l0 - 3 [Eq. 8.1]

The prediction of the hot spot ahead of supercritical interactions is in good agreement 

with the measurements on the specific blunt protuberance. However, it is confirmed that 

the heat flux just ahead of the protuberance is strongly dependent on its height as 

identified by the predictive approach. In this case, results are within 25% of 

Stmaxa h e a d  = 5.2 x 10~5 Re°6(l -  cos a)M„~0-5 and no correction is required.
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CHAPTER 9

Conclusions

An extensive experimental investigation on the interference interaction induced by 

surface protuberances on hypersonic vehicles has been conducted. The investigation has 

been performed in a gun tunnel at freestream Mach numbers of 8.2 and 12.3 and 

Reynolds numbers ranging from Reoo/m=3.35xl06 to Reoo/m=9.35xl06. Generic short 

protuberance models in the form of 3-dimensional compression comers with finite span 

have been considered. The height of the models has been of a similar order of 

magnitude to that of the incoming boundary layer thickness as generally expected in 

real flight vehicles. The different protuberance models have been attached to a flat plate 

which replicates the surface of the vehicle.

The very high temperatures induced at the regions of the protuberances constitute one of 

the principal concerns regarding the safety of hypersonic vehicles. The investigation has 

focused on measuring the heat flux on the area surrounding the protuberance rather than 

on the protuberance itself given that it is the heating in this region which generally 

needs to be predicted in practical engineering applications. Prior to the investigation of 

these complex interactions, the accuracy of the experimental system and the reliability 

of the main predictive approaches developed to date have been assessed based on a 

study of heat transfer in attached flows. The heat flux at different locations around the 

protuberances and at a range of different freestream conditions has subsequently been 

measured by means of thin-film heat transfer gauges with a measuring element size of 

1.2mm x 0.3mm. High-speed schlieren visualisations have been used to determine 

unsteady features in the flow and to further explain the flow mechanisms around the 

protuberances. Oil flow visualisations have also been obtained to determine the 

trajectory of the skin friction lines on the surface. The key findings from the 

investigation are summarised in the following sections.
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9.1 Key findings

Surface protuberances can be found on a number of different shapes on hypersonic 

vehicles. The viscous interaction that results from the interference of the protuberance 

with the incoming undisturbed flow varies depending on protuberance geometry as well 

as on freestream flow conditions. The following effects have been investigated: effect of 

protuberance height and width, effect of protuberance deflection angle, incoming 

boundary layer state effect, freestream Reynolds number effect and freestream Mach 

number effect. Particular emphasis has been placed on the induced heat flux 

augmentation due to the importance of aerodynamic heating at hypersonic speeds. An 

outline of the key findings is presented in this section as summarised in the schematic 

diagram in Fig. 9.1.

9.1.3 Inc

9 .1 .4  I

9.1.5 1 9.1.6 Flow unsteadiness

9.1.1 Dimensions 
(1 + cos a)  12 (height and width)

a  19.1.2 Deflection angle

Hot spot 
ahead o f  protuberance

Figure 9.1 Summary o f  effects investigated.
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9.1.1 Protuberance height and width

Results have shown that the highest heat transfer rates induced by subcritical 

protuberances are not affected by the height and the width of the protuberance; the local 

heat flux augmentation to the side is due to the appearance of a junction vortex. 

Protuberances shorter than the boundary layer thickness have nevertheless not been 

considered in the present study. It is possible that the height of subcritical protuberances 

has an effect on the hot spot magnitude in such cases; however, it is unlikely that the 

heat flux augmentation is higher than with taller protuberances and thus they are not 

considered important in the present study. In supercritical protuberances the peak heat 

flux increases with protuberance height but independently of width. In these cases the 

highest heat transfer rates are found ahead of the protuberance and span the whole 

width. It is important to distinguish between subcritical and supercritical protuberances.

9.1.2 Protuberance deflection angle

Furthermore, the peak heat flux in subcritical interactions is not affected by the 

protuberance deflection angle also due to the independence of comer effects from this 

parameter. In supercritical interactions, however, the hot spot magnitude increases 

significantly with deflection angle. As the protuberance deflection is increased, the 

deflection that the incoming flow experiences before reattaching to the wall is lower and 

so it results in higher mass flow rates on impact to the vehicle surface and thus in higher 

heat transfer rates at this location (Fig. 9.1). Higher hot spots can therefore be induced 

by large deflection protuberances. The hot spot can be significantly high in forward 

deflection cases in which the flow is deflected through a smaller angle before reaching 

the vehicle surface. The length of the separated flow region ahead of the protuberance is 

at the same time increased with higher deflection angles.
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9.1.3 Incoming boundary layer state

The state of the incoming boundary layer (laminar, transitional or turbulent) has a 

strong effect on the incipient separation angle because laminar boundary layers are more 

prone to separate than turbulent boundary layers. Consequently, in cases where the 

boundary layer is less resistant to adverse pressure gradients the region of separated 

flow is larger and therefore the heat flux is influenced over a larger area. The heating 

over this region is higher for turbulent boundary layers than for laminar boundary 

layers. Nevertheless, in the present configurations there does not seem to be a large 

dependence of maximum heating on the incoming boundary layer state. This is most 

likely because the incoming laminar boundary layer becomes transitional or even fully 

turbulent through the interaction as suggested by the present measurements. This is 

believed to be directly linked to the 3-dimensionality of the interactions and is 

supported by the analysis of results at all the test conditions.

9.1.4 Freestream Reynolds number

The resistance of the incoming boundary layer to separate from the wall is also a 

function of local Reynolds number. In subcritical interactions with weak boundary 

layers the hot spot to the side is found farther from the protuberance leading edge than 

in interactions with more energetic boundary layers. In supercritical interactions, the 

magnitude of the hot spot increases with Reynolds number and the extent of the 

separation length decreases with it. Both trends are in contrast to those observed in 

attached fully laminar or fully turbulent flow in which the opposite behaviour occurs but 

they follow the same trend observed in transitional flow. This behaviour is attributed to 

the re-energising process that the flow suffers along the interaction, which results in 

higher peak heating as the inertia forces are increased with respect to the viscous forces,

i.e. as Reynolds number is increased. In subcritical interactions the hot spot magnitude 

is independent of Reynolds number.
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9.1.5 Freestream Mach number

In supercritical interactions, the non-dimensional peak heat flux is inversely 

proportional to the Mach number. This trend is similar to that observed in attached 

boundary layer cases and is due to the greater kinetic energy dissipated by viscous 

friction in the boundary layer at higher Mach numbers. The boundary layer also 

becomes more resistant to separation at higher freestream Mach numbers and therefore 

the interaction region is expected to be reduced. In general, the local heat flux 

augmentation is lower at higher Mach numbers. In subcritical interactions, however, the 

magnitude of the hot spot to the side of the protuberances was found to be practically 

independent of the freestream Mach number. These conclusions are based on turbulent 

experimental data and on the assumption that the hot spot magnitude at the higher Mach 

number is not strongly affected by the incoming boundary layer state since laminar 

incoming boundary layers are expected to become transitional or even fully turbulent 

through the interaction.

9.1.6 Flow unsteadiness

An important aspect of these interactions is the fact that they are unsteady in some 

cases. The high-speed schlieren visualisations have shown that the flow is essentially 

steady in subcritical interactions. In contrast, supercritical interactions are inherently 

unsteady. A region of large-scale broadband unsteadiness takes place at the location 

where the boundary layer separates ahead of the protuberance and high-frequency low- 

scale unsteadiness is expected over the region of separated flow. The hot region in 

supercritical interactions is therefore expected not to be subject to significant unsteady 

loads, which could otherwise become an additional hazard to the vehicle’s structural 

integrity.
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9.2 Hot spot prediction

It is therefore clear that the impact of the local interaction on the heating of the vehicle 

surface is dominated by whether the boundary layer separates ahead of the protuberance 

or not. The hot spot is found to the side of the protuberance in subcritical interactions, in 

which the boundary layer remains attached until the location of the protuberance. 

Whereas increased heating is also found to the side of supercritical protuberances, 

which induce the upstream separation of the boundary layer, the hot spot generally takes 

place ahead of the protuberance and can become significantly high. In this case, the 

value of the peak heat flux increases with freestream Reynolds number, protuberance 

height and deflection angle but decreases with Mach number.

Based on the present experimental dataset, a semi-empirical approach has been 

developed to estimate the location and magnitude of the hot spot in the vicinity of 

surface protuberances in hypersonic vehicles. The main limitations of this approach are 

related to the maximum spatial resolution of the measurements of 2mm in the 

longitudinal (x) and lateral (y) directions in the cases required, i.e. normal to the front 

and sides of the protuberance where sharper heat flux gradients take place as 

qualitatively shown by the CFD simulations in Appendix D. The agreement within the 

whole correlation study provides proof of the reliability of the measurements. Rapid 

estimates of the peak heat flux to the surface surrounding the protuberance can therefore 

be obtained within engineering accuracy. The validity of the method has been assessed 

based on its applicability to three specific protuberances that represent a short 

subcritical, a short supercritical and a tall protuberance. The effects of side sweep or 

skewness are not considered but a conservative correction factor is recommended to 

account for these effects. This approach can be used as a prediction tool in the design of 

hypersonic vehicles and establishes relevant design guidelines which are not currently 

available. This is for instance demonstrated by the clearly unfavourable modifications 

made to the roll control system module protuberance on the ARES I vehicle (refer back 

to Chapter 1, Fig. 1.4), which was made smoother by increasing slightly its'deflection 

and its side angle with the surface. According to the present work, this results in slightly 

higher heat transfer rates to the side of the protuberance but significantly higher heating 

to the surface ahead of it.
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9.3 Recommendations for future work

The viscous interaction induced by a surface protuberance on a hypersonic vehicle is a 

complex flow phenomenon with many future challenges. The present experimental 

work has provided a further understanding of these interactions and a semi-empirical 

approach for local hot spot prediction which facilitates engineering applications. 

However, there are a number of more fundamental matters which need to be understood 

in more detail before a full understanding of these interactions can be reached:

i. The local heat flux augmentation in the vicinity of surface protuberances has 

been shown to be particularly sensitive to whether the interaction is 

subcritical or supercritical. It is necessary to develop the current predictive 

capability of incipient separation conditions in hypersonic flows. While a 

number of ground test studies have already investigated the incipient 

separation of the boundary layer, there is a need for further flight test data and 

numerical simulations.

ii. While the prediction of the heat flux in laminar attached boundary layers is 

relatively well established, turbulent flows are particularly subject to large 

discrepancies. Wind tunnel data seem to vary significantly between different 

test facilities and semi-empirical methods are also sensitive to such 

variations. Numerical simulations are particularly restricted by the turbulence 

models and therefore further developments in this area are required.

iii. The present experimental investigation has been performed in a hypersonic 

gun tunnel. The strong real gas effects typically encountered at high Mach 

numbers have therefore not been taken into account. Although this allows for 

a conservative prediction since radiation effects are usually encountered from 

the vehicle to the flow, similar studies could be performed in high-enthalpy 

facilities or in real flight conditions in order to obtain a further understanding 

of such effects. However, simpler configurations should be understood first 

(e.g. compression comers, incident shock-wave/boundary-layer interactions).
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iv. An important aspect of these interactions is the unsteadiness of the flow in 

separation regions. Although the implications to the surface heat transfer 

appear not to be so significant in that case, it is considered important to obtain 

a fuller understanding of these effects. As in the previous point, further 

understanding of the unsteadiness in simpler interactions should be first 

obtained.

v. Another aspect that may require future investigation is the corner flow effects 

that occur to the side of the protuberance. A junction vortex is known to 

occur at such regions but a further understanding of these aerodynamic 

phenomena needs to be obtained. It is therefore encouraged that further 

research on this type of flows is performed due to their many possible 

implications, e.g. in scramjets.

To conclude, the understanding of the 3-dimensional viscous interactions induced by 

surface protuberances on hypersonic vehicles relies on further experimental and 

numerical work. From the experimental side, it is expected that more detailed 

information from such flows will be able to be obtained as more advanced measurement 

diagnostics are developed. In particular optical diagnostics look promising, but these 

rely at the same time on technological developments regarding the instrumentation 

required. In general, preliminary investigations should always be performed in cold 

wind tunnels in which real gas effects are not reproduced. Subsequently, investigation 

should be performed in high-enthalpy wind tunnels, As for the numerical capability, a 

promising area which is expected to provide more accurate predictions of turbulent 

flows is Large Eddy Simulation (LES). Further developments in these areas are 

expected to be observed in the next coming years together with the very important data 

that can come from forecoming real flight tests.
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APPENDIX A

Heat Flux Measurements

In this appendix, further information on the heat flux measurements is provided. 

Initially, the fundamentals of the measurements are reviewed and details on the 

calibration of the experimental rig are shown. Subsequently the heat flux measurements 

in the vicinity of the protuberances are presented in the form of plan view plots. 

Measurements are additionally provided in tabulated form as W/cm2, Stanton number 

(S t)  and also as the ratio S t / Stu to facilitate future reference to the present work.

A.l Measurement approach

The present heat flux measurements are based on the theory of one-dimensional heat 

conduction. Consideration was taken between using a numerical or an analogical 

approach. Eventually the latter was employed as already discussed in Chapter 3.

A.1.1 Theory of one-dimensional heat conduction

A temperature difference between at least two systems results in the transfer of energy 

from hot to cold systems until equilibrium is reached. This flow of energy or heat flux 

( q ) is generally expressed per unit cross-sectional area and in a direction normal to the 

flow of heat (Fig. A.l). Given that a measure of energy cannot be directly obtained, heat 

flux measurements generally rely on its effects on temperature or spectral emissions to 

estimate the flow of energy. Four principal methodologies to measure heat flux are 

generally used: differential temperature, calorimetric, energy supply or removal and 

mass transfer analogy methods. Further details on these methods can be found in Childs 

(2001).

A -l
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The theory of one-dimensional heat conduction considers the conduction of heat 

between a conductive slab (thin-film in the present case) placed onto a semi-infinite 

insulating substrate. The temperature at the rear of the sensor is assumed not to be 

affected by the heat during the recording period. The direction of the deduced heat flux 

is perpendicular to the surface of the gauge and the variation of temperature in time and 

depth into a semi-infinite surface is thus modelled as in Eq. A .l, where a  is the thermal 

diffusivity, a - k ! ( p c ) . The same principle is also used in heat flux measurements 

performed with other instruments such as plug gauges, null point calorimeters, coaxial 

thermocouple gauges, thermo-chromic liquid crystals and radiometers, amongst others 

(Childs etal., 1999).

d2T 1 dT r .
^ T  = - ^ 7  [Eq. A.1]
ox a  ot

A.l.2 Thin-fllm gauges

The gauges in the present study were used to monitor a time-dependent surface 

temperature. Thin-film sensors were specifically developed for shock-tunnel and gun- 

tunnel applications. Their very thin element (a few pm thick) allows for very fast speed 

of response (about lps) to the highly transient surface temperatures typical of these 

facilities. The specified maximum recording time for the measurement of heat flux with 

the thin-film gauges used was 100ms. These makes the Cranfield University gun tunnel 

an ideal facility for the measurement of heat transfer by means of this approach.

T(x)

?(0
jThin-film sensor -Jpfaky

Sem i-infinite su r fa ce  ,

Figure A. 1 Principle of theory of one-dimensional heat conduction.
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A. 1.3 Calculation of heat flux

The transient temperature signal yielded by the thin-film gauges was used to obtain a 

measure of heat flux rate. This could be done numerically from mathematical models 

that integrate the time-dependent temperature signal (Atcliffe, 1995), or by using an 

analogue electrical circuit that serves the same function (Schultz and Jones, 1983; 

Sperinck, 1989).

A.l.3.1 Numerical technique

Assuming that A(T0) = 0 at t0= Os and 0 < x < co, the original one-dimensional heat

conduction equation can be developed to offer a relationship between heat flux to the 

surface and time-dependent surface temperature measurements, which for a step surface 

temperature change Tx -T Q is as shown in Eq. A.2. From superposition, and considering

a number of step surface temperature changes, the previous expression can be derived to 

Eq. A.3, which for a semi-infinite geometry can then be represented as in Eq. A.4.

temperatures are relative to the initial temperature. It must also be noticed that the 

square root of time is considered and thus it behaves as a half derivative, which makes it 

very sensitive to experimental noise as noticed by Oldfield et al. (1978).

q(t) = — = ----= =  [Eq. A.2]
Vtt J t - t Q

[Eq. A.3]

This derivation is based on the conditions that A(770) = 0 at tQ =0s and thus the recorded
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A. 1.3.2 Electrical analogy

An alternative approach consists in using electrical analogue integrator circuits that 

incorporate the integration of the transient temperature signal (Schultz and Jones, 1973). 

This method is based on the analogy between the flow of heat into a semi-infinite 

material and the flow of current into an R-C circuit as shown in Figure A.2.

< Ac

dq q + — Ax 
dx

A c
■ & Ai + — Ax 

dx

.Ax r  —  
2

c'Ax

(a) Flow of heat into semi-infinite material (b) Flow of current into R-C circuit

Figure A. 2 Electrical analogy.

The rate of absorption of heat through a semi-infinite material with thickness Ax is

dq dT
considered to be — —Ax by conservation of energy, this is also equal to pc — Ax.

dx dt

The corresponding governing equation for a semi-infinite material can thus be obtained 

by equalling both terms (Eq. A.5):

dq
dx

dT
^ = - pc' F

[Eq. A.5]

In a similar way, the rate of current through an R-C circuit i s  Ax, or also
dx

dVc '— Ax, where c’ and r’ are the capacity and resistance per unit length, yielding the 
dt

following governing equation in this case (Eq. A. 6):

di___ .dV  
dx dt

—  [Eq. A.6]
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Observing the analogy between the two governing equations, the conduction equation 

and Ohm’s law are also compared in Eqs. A.7 and A.8, where k is the thermal 

conductivity.

q = - k —  (Conduction equation) [Eq. A.7] 
dx

- i  = (Ohm’s law) [Eq. A.8]
r' dx

Based on the equations above, the following analogies can thus be drawn (Eqs. A.9- 

A.12).

q = i [Eq. A.9]

T = V [Eq. A. 10]

pcp =c' [Eq. A.l 1]

k = — [Eq. A. 12]
r'

Both the conduction equation and Ohm’s law can be solved by means of Laplace 

transforms to obtain the following relations, with the conditions that T(t0) = V(t0) = 0 at

t0 =0, (Eqs. A. 13 and A. 14), s being the Laplace variable.

q (s) = yJpcpky[sT(s) (Conduction equation) [Eq. A. 13]
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The change in voltage across the film is known to depend on temperature following this 

relation (Eq. A. 15), where aR is the temperature sensitivity, V0  the output voltage and

Vin is the voltage prior to the run.

v „ = ~  [Eq. A. 15]
a RT

Substituting Eq. A. 15 into the solution of the Ohm’s equation in the Laplace domain 

(Eq. A. 14), Eq. A. 16 is obtained.

L = J L , ^ a RV0T  [Eq. A. 16]
V r

This expression can then be substituted into the solution of the conduction equation in 

the Laplace domain (Eq. A. 13) to obtain a relation between heat transfer and current 

through the resistor (Eq. A. 17). The equivalent of this equation in the temporal domain 

is shown in Eq. A. 18, where the current iin through the resistor Rx is subject to the

voltage as Vout = Rtiin, and thus Eq. A. 19 can be derived.

[Eq. A. 17]

[E(1-A' 18]

q = J p ^ T J -  1 Vm  [Eq. A. 19]
p V c 'a RV0 Rt
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Considering also that at large times r 'lc ' = RJC  the following relation for the gain 

through the analogue circuit can be derived in the Laplace domain as in Eq. A.20. In 

the time domain this is as in Eq. A.21.

V
G -  out = R,

IC r- 1 
■y/s-7=

R \[a>
[Eq. A.20]

1 R
[Eq. A.21]

Substituting this into Eq. A. 19, the final relationship is obtained (Eq. A.22).

= (J p c k )  —t—L»l [Eq. A.22]
p h  a„K G

Knowing the gain of the system (G), the thermal property of the gauges p Cpk} , the

thermal coefficient of resistivity a R, the voltage across the gauges V0 and by measuring 

the output voltage Vout, this relation can be used to calculate the heat flux. Information 

on the measurement of V0 and Vout can be found in Section 3.6.5 in a description of the 

experimental rig. Further details on the calibration of the other variables p Cpk ) , ocR

and G ) are provided in the following section.
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A.2 Calibration factors

While the thermal property ^ p c pk̂ j of the substrate and thin-film and the thermal

coefficient aR (or a 0 in the calibration sheets) were provided by the manufacturer of the

gauges, a calibration of the system gain (G) was specifically performed for each of the 8 

channels for a range of different signal frequencies. As shown in the calibration curve in 

Fig. A.3, the gain G was 2.06 ±1.6%, at frequencies 0.1 kHz < freq < 5 kHz. Details on 

the other calibration factors of the gauges are summarised in Table A.l. The full 

calibration sheets for the 8 gauges are shown in Figs. A.4 to A.l 1.

1 0  - r

CD

0.1
0.1 1 10 100 1000

Channel 1 
Channel 2 
Channel 3 
Channel 4 
Channel 5 
Channel 6 
Channel 7 
Channel 8

Figure A.3

freq (kHz)

Gain calibration plot across 8 channels.

Gauge (yjpCpk^j (Wcm'2K'1 s0'5) a R ( K 1) V0<S)

1 0.3299 2.533 0.280
2 0.3317 2.074 0.363
3 0.3362 2.567 0.268
4 0.3377 2.495 0.340
5 0.3418 2.411 0.287
6 0.3336 2.450 0.386
7 0.3208 2.448 0.275
8 0.3394 2.661 0.286

Table A. 1 Calibration properties.
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Gauge No.: P-767 Date: 19.06.2006

R(A)=29,5 Q R(B) =0000 Q at T =  298 K

Static calibration

27,67 Q 
2,533 10‘3 K'1

00000 Q 
00000 10‘3 K*1

Dynamic calibration

Double pulse technique in air and glycerine.

Voltage Pulse in air: Ua;r = 13,344 V
Voltage Pulse in glycerine: Ugiyc = 13,344' V

The data from Fig.2 is approximated by linear regression.

T [K]370 K273.15 K

(A)
Ro = 
a0=
(B) 
R o-  
ao =

Fig.l gauge re

500.0

400.0

%  300.0

§  200.0 e
il loo.o

sponse Fig.2: V

500.0

400.0

1  300.0

|  200.0 
c
£  100.0

time - transformation

-100.0
-0.5 0

-100.0
0 0.5 1.0 1.5 2.0 2.5 -0.5 0. 

Zeit [ns]
0 0.5 1.0 1.5 2.0 

/Zeit (/ms]

gradient correlation coefficient

air (A+B) 385,129 0,9996
glycerine (A+B) 300,910 0,9997

ip c k  = 0.3299 ■ 2 r
K ’Cm • V s

Figure A.4 Specifications o f  thin-film gauge 1
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Gauge No.: P-780

R(A)=39,2 Cl R(B) =0000 Cl 

Static calibration

T [K]273.15 K 370 K

Date: 15.09.2006 

at T =  298 K

(A)
Ro= 37.26 Cl
a0-  2.074 10‘3 K‘
(B)
R0= 00000 a
ao= 00000 10'3K'

Dynamic calibration

Double pulse technique in air and glycerine.

Voltage Pulse in air: Uair=: 13.056 V
Voltage Pulse in glycerine: Ugiyc -  13,056 V

The data from Fig.2 is approximated by linear regression.

Fig.l gauge re

400.0

300.0

~  200.0 cn
1 100.0 
CO

0.0 I------

-100.0
-0.5 0

sponse Fig.2: V

<100.0 '

300.0

“  200.0 
d

■ A s  I I  100-°

time - transformation

-100.0
0 0.5 1.0 1.5 2.0 2.5 -0-5 0 

Zeit [ms]
C 0.5 1.0 1.5 2.0 

/Zeit [/ms]

gradient m^ /^ - correlation coefficient

air (A+B) 260,325 0,9995
glycerine (A+B) 203,632 0,9994

J
-[p A  = 0.3317 - , r

Figure A. 5 Specifications o f thin-film gauge 2
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Gauge No.: P-765 Date: 19.06.2006

R(A)=28.1 a  R(B) =0000 Q at T =  298 K

Static calibration

(A)
Ro= 26.34 Q 
a0= 2.567 10'3 K'1
(B)
Ro= 00000 Q 
a0= 00000 10'3 K'1

Dynamic calibration

Double pulse technique in air and glycerine.

Voltage Pulse in air: U ajr =  13,312 V
Voltage Pulse in glycerine: Ugiyc = 13.312 V

The data from Fig.2 is approximated by linear regression.

370 K273.15 K

Fig.l gauge re

500.0

400.0 

3 . 300.0 

g  2 0 0 .0CZ
1 00 .0

sponse Fig.2: a/

500.0

400.0 

3  300.0

i  20 0 .0c:
&  100.0

time - transformation

- 100 .0
-0.5 0.

- 100.0
0 0.5 1.0 1.5 2.0 2.5 - 0 .5  0. 

Zeit 1ms]
0 0 .5  1 .0  .1 .5  2 .0  

fleil [/ms]

gradient correlation coefficient

air (A+B) 402,190 0,9996
glycerine (A+B) 315,536 0,9996

Jpck  = 0,3362 ------- :— j=
K-cm -4s

Figure A. 6 Specifications o f  thin-film gauge 3
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Gauge No.: P-778 Date: 15.09.2006

R(A) =36,6 Q R(B) =0000 Q at T = 298 K

Static calibration

(A)
R 0 =  3 4 ,4 4  Q .  
a0= 2.495 10'3 K'1
(B)
R o =  00000 Q 
a0= 00000 10'3 K'1

Dynamic calibration

Double pulse technique in air and glycerine.

Voltage Pulse in air: Uair= 13,184 V
Voltage Pulse in glycerine: Ugiyc = 13.184 V

The data from Fig.2 is approximated by linear regression.

T [K]370 K273.15 K

Fig.l gauge re

400.0

300.0
e

200.0cne
I 100.0

sponse Fig.2:

400.0

300.0
€

200.0CnC=5
1 100.0 Cl CO

/ time - transformation

-100.0
-0.5 0

-100.0
0 0.5 1.0 1.5 2.0 2.5 -0.5 0. 

Zeit Ims]
0 0.5 1.0 1.5 2.0 

/Zeit [/ms]

gradient correlation coefficient

air (A+B) 302,805 0,9995
glycerine (A+B) 237,783 0,9996

■Jpck = 0,3377 J
K'-cm2 -Vs

Figure A. 7 Specifications of thin-film gauge 4
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Gauge No.: P-766 Date: 19.06.2006

R(A) =30,3 Cl R(B) =0000 Q at T =  298 K

Static calibration

28.50 Cl 
2.411 10'3 K'1

00000 Cl 
00000 10‘3 K:1

Dynamic calibration

Double pulse technique in air and glycerine.

Voltage Pulse in air: Uajr= 13,312 V
Voltage Pulse in glycerine: Ugiyc = 13.312 V

The data from Fig.2 is approximated by linear regression.

R [QU

T [K]273.15 K 370 K

(A)
Ro = 
a0=
(B) 
Ro = 
a0 =

Fig.l gauge re

500.0

400.0 

S  300.0

I  2 0 0 .0
c

£■  1 0 0 .0  

0 0

sponse Fig.2: \

500.0

400.0

1  300.0

§  2 0 0 .0
crc

g  1 0 0 .0

t̂ime - transformation

- 1 0 0 .0
-0.5 0.

- 1 0 0 .0
0 0.5 1.0 1.5 2.0 2.5 -0.5 0. 

Zeit (ms]
0 . 0.5 1.0 1.5 2.0 

/Zeit (/ms)

gradient correlation coefficient

air ( A + B ) 367,890 0,9996
glycerine ( A + B ) 289,635 0,9996

Jpck  = 0,3418 -------- , r-
K'Cm -4s

Figure A. 8 Specifications of thin-film gauge 5
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Gauge No.: P-777

R(A) =42,0 Q R(B)=0000 Q at

Date: 15.09.2006 

T = 298 K

Static calibration

T [ K]370 K273.15 K

(A)
Ro= 39,55 Cl 
a0= 2,450 10‘3 K'1
(B)
r0= ooooo a
Oo= 00000 10‘3 K'1

Dynamic calibration

Double pulse technique in air and glycerine.

Voltage Pulse in air:
Voltage Pulse in glycerine:

Uair= 13,120 V 
Uglyc= 13,120 V

The data from Fig.2 is approximated by linear regression.

Fig.l gauge re

400.0

300.0

“  200.0 cn
=3

I 100.0
in

sponse Fig.2: ^

400.0 

’ 300.0

w
“  200.0 cn
0

1 100.0
CL

CO

1 time - transformat] on

-100,0
-0 .5  0

-100.0
0 0 .5  1.0 1.5 2 .0  2 .5  - 0 .5  0 

Zeit (msl
0 0 .5  1.0 1.5 2 .0  

/Zeit Ifc]

gradient m^ / r correlation coefficient

air (A+B) • 268,831 0,9996
glycerine (A+B) 210,557 0,9996

Jpck  = 0,3336 ----- . \ r
* K-cm -4s

i

Figure A. 9 Specifications of thin-film gauge 6
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Gauge No.: P-768 Date: 19.06.2006

R(A) =28,6 Q. R(B) =0000 n at T =  298

Static calibration

R[QLk (A)
Ro = 26.89 Q
ao = 2.448 10'3 K'1

Ro P)
--------- 1— ► Ro = 00000 Q

273.15 K 370 K T[K] ao = 00000 10'3 K'1

Dynamic calibration

Double pulse technique in air and glycerine.

Voltage Pulse in air: U ajr =  13.312 V
Voltage Pulse in glycerine: Ug]yc = 13,312 V

The data from Fig.2 is approximated by linear regression.

Fig.l gauge re

500.0

400.0

5. 300.0

1 200.0 
c
3  100.0

sponse Fig.2: \

500.0

400.0 

S  300.0

I  200.0c
g  100.0

t̂ime - transformati on

-100.0
-0.5 0.

-100.0
0 0.5 1.0 1.5 2.0 2.5 -0.5 0 

Zeit t«is|
0 0.5 1.0 1.5 2.0 

/Zeit l/ms]

gradient correlation coefficient

air . (A+B) 403,709 0,9996
glycerine (A+B) 313,487 0,9996

J p c k =  0,3208 -------- -— t=
K ’cm -vs

Figure A. JO Specifications o f  thin-film gauge 7
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Gauge No.: P-779

R(A) =30,0 Q R(B) =0000 Q at

Date: 11.07.2006 

T = 297 K

Static calibration

R[Q],

370 K273.15 K

(A)
Ro = 28.14 Q
a0 = 2,661 10'3K‘
(B)
Ro = 00000 Q
«o~ 00000 10'3K'

Dynamic calibration

Double pulse technique in air and glycerine.

Voltage Pulse in air:
Voltage Pulse in glycerine:

Uair= 13,248 V 
Ugiyc = 13,248 V

The data from Fig.2 is approximated by linear regression.

Fig.l gauge re

500.0

400.0 

% 300.0 

|  200.0 

£  100.0

sponse Fig.2: ^

500.0

400.0 

1 . 300.0 

g  200.0cc
100.0

/time - transformation

-100.0
-0.5 0

-100.0
0 0.5 1.0 1.5 2.0 2.5 -0.5 0 

Zeit [ms]

K  ' '

0 0.5 1.0 1.5 2.0 
/Zeit [/ms]

gradient correlation coefficient

air (A+B) 373,963 0,9996
glycerine (A+B) 293,986 0,9996

Afpck = 0,3394 ---------— t=
K'Cm - V 5

Figure A. 11 Specifications of thin-film gauge 8
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A.3 Heat flux in the vicinity of the protuberances

In this section, the plots of heat flux measurements obtained in the vicinity of the 

different protuberance-plate configurations are presented in the form of Stanton number 

for all the conditions reproduced. Special care was taken in the selection of the 

measurement points so that enough resolution would be obtained in the vicinity of the 

model to capture the hot spot. The thin film elements were also oriented perpendicular 

to the direction of the highest heat flux gradients - which take place normal to the front 

and side of the model - to improve discretisation of the hot spot. Care was taken to 

ensure that the gauges, mounting block and the blanking piece were flush with the 

surface. Further details on the uncertainty of the measurements can be found in 

Appendix C. It must be remarked that each measurement was performed over a 

rectangular region of 1.2mm x 0.3mm which corresponds to the dimensions of the thin 

film element of the gauges.
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A.3.1 Turbulent flow, a=15°, 8u=5m m , Moo=8.2, Reoo/m=9.35xl06
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Figure A. 12 Heat flux measurements: turbulent flow, a=l 5°, 8u=5mm, Moo=8.2,
Reoo/m=9.35xl06
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A.3.2 Turbulent flow, a=30°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06
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Figure A. 13 Heat flux measurements: turbulent flow, a=30°, Su=5mm, Moo=8.2,
Reoo/m=9.35xl06-
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A.3.3 Turbulent flow, a=45°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06

I ii i 111
1111111111111111111111111111111111111
111
11111111

i

c~
o «  r
^  o
^  'h
II H

-  fc ®0 ON K
*J> H II S  
c  8 S

-  0  ^  J r  »-
3  ^  8 

jQ q
^  Pi «<

'  b

o

-  II
5

>• -^a 
-  era

E1 E
a ««

i  II

Si 5

to 0

—
-s2 ^>a

5

io 1 u> 0.  «» 
cm1

S i  51 CM1 r

co, 00 <*)■ N
CM

1i2 2.
0 't l  °»

° . |  0) ■̂1 N n 1 aj

M "1 1̂CM M*

r^l <0 «*>. « .  O1 mP

1
t1

(D| <0 "1 -Icm' n i

1.2
 

1.
5 Oj 1 O | C4 | 

■ CN*« (O"
0> 1 1 N 1

CO.0
00-

_ « , !  o i  m±0 , M|
— lO—0 111

11111
111
1I1
111
1111 0)
;= A

5/
£ l  J !  1

Figure A. 14 Heat flux measurements: turbulent flow, a=45°, 8u=5mm, Moo=8.2,
Reoo/m=9.35xl06
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A.3.4 Turbulent flow, a=60°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06
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Figure A. 15 Heat flux measurements: turbulent flow, a=60°, 8u=5mm, Moo=8.2,
Reoo/m=9.35xl06-
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A.3.5 Turbulent flow, a=90°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06
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Figure A. 16 Heat flux measurements: turbulent flow, a=90°, 8u=5mm, Moo=8.2,
Rejm=9.35xl06
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A.3.6 Turbulent flow, a=135°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06
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Figure A. 17 Heat flux measurements: turbulent flow, a= 13 5°, 5U=5mm, M
Reoo/m=9.35xl06
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A.3.7 Turbulent flow, a=30°, 8u=5mm, h/8ux2, Moo=8.2, Reoo/m=9.35xl06
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Figure A. 18 Heat flux measurements: turbulent flow, a=30°, Su=5mm, h/5ux2, M«=8.2,
Reoo/m=9.35xl06
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A.3.8 Turbulent flow, a=30°, 8u=5mm, W/8„x2, Moo=8.2, Reoo/m=9.35xl06
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Figure A. 19 Heat flux measurements: turbulent flow, a=30°, Su=5mm, W/8ux2, Moo=8.2,
Reoo/m=9.35xl06
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A.3.9 Laminar flow, a=30°, 8u=2.5mm, Moo=8.2, Reoo/m=9.35xl06
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Figure A.20 Heat flux measurements: laminar flow, a=30°, 5u=2.5mm, Moo=8.2,
Reoo/m=9.35xl06
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A.3.10 Laminar flow, a=15°, 8u=2.5mm, Ma>=8.2, Reoo/m=9.35xl0
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Figure A.21 Heat flux measurements: laminar flow, a=15°, 5u=2.5mm, Moo=8.2,
Reoo/m=9.35xl06

A.3.11 Laminar flow, a=45°, 8u=2.5mm, Moo=8.2, Reoo/m=9.35xl0
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Figure A.22 Heat flux measurements: laminar flow, a=45°, 5u=2.5mm, Ma,=8.2,
Reoo/m=9.35xl06
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A.3.12 Laminar flow, a=60°, 8u=2.5mm, Moo=8.2, Reoo/m=9.35xl06
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Figure A.23 Heat flux measurements: laminar flow, a=60°, 5u=2.5mm, Moo=8.2,
Reoo/m=9.35xl06

A.3.13 Laminar flow, a=90°, 8u=2.5mm, Moo=8.2, Reoo/m=9.35xl06

^(x  10“3)

1.3I

1.5
- I -

1.4I

5.1-I-

Laminar, a  = 90° 
M*,=8.2 

Re^/w = 9.35x10 
h/Su= 2 ,  W / Su =5.4 
8,=  2.5mm, # = 0.4xl0“3

£A
S'

1.8
- i -

2.5

10.5_ |_

11.2

centerline

floŵ

Figure A.24 Heat flux measurements: laminar flow, a=90°, 5u=2.5mm, Moo=8.2,
Reoo/m=9.35xl06
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A.3.14 Laminar flow, a=135°, 8u=2.5mm, Moo=8.2, Reoo/m=9.35xl06

St(xl0~3)

Laminar, a  = 135°
=  8.2 

RQ jm  = 9.35x106 
h/Su= 2 , W/Su= 5.4 
£ = 2.5mm, a  = 0.4xl0-3

4jngi

centerline

flOWN,

'•Mi3

2.4 6.4I I
.9 8.1

23.1 6.9 1—I—
22.5 5.2 
- i - 4 -

Figure A.25 Heat flux measurements: laminar flow, a=135°, 8u=2.5mm, Moo=8.2,
R eoo/m =9.35xl06'

A.3.15 Turbulent flow, a=30°, 8„=5mm, Moo=8.2, Reoo/m=8.06xl06
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Figure A.26 Heat flux measurements: turbulent flow, a=30°, 5u=5mm, Moo=8.2,
Reoo/m=8.06xl06
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A.3.16 Turbulent flow, a=45°, 8u=5mm, Moo=8.2, Reoo/m=8.06xl06
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Figure A.27 Heat flux measurements: turbulent flow, a=45°, 8u=5mm, Moo=8.2,
Reoo/m=8.06xl06

A.3.17 Turbulent flow, a=60°, 5u-5mm, Moo=8.2, Reoo/m=8.06xl06
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Figure A.28 Heat flux measurements: turbulent flow, a=60°, 8u=5mm, Moo=8.2,
Reoo/m=8.06xl06
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A.3.18 Turbulent flow, a=90°, 8u=5mm, Moo=8.2, Reoo/m=8.06xl0
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Figure A.29 Heat flux measurements: turbulent flow, a=90°, 8u=5mm, Moo=8.2,
Reoo/m=8.06xl06'

A.3.19 Turbulent flow, a=135°, 8u=5mm, Moo=8.2, Reoo/m=8.06xl06
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Figure A.SO Heat flux measurements: turbulent flow, a=135°, 8u=5mm, Moo=8.2,
Reoo/m=8.06xl06
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A.3.20 Transitional flow, a=30°, 8u=5mm, Moo=8.2, Reoo/m=6.57xl06
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Figure A. 31 Heat flux measurements: transitional flow, a=30°, 8u=5mm, M«>=8.2,
R eoo/m =6.57xl06'

A.3.21 Transitional flow, a=45°, 8u=5mm, Moo=8.2, Reoo/m=6.57xl06
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Figure A.32 Heat flux measurements: transitional flow, a=45°, 5u=5mm, Moo=8.2,
Rejm=6.57xl06
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A.3.22 Transitional flow, a=60°, 8u=5mm, Moo=8.2, Reoo/m=6.57xl06
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Figure A.33 Heat flux measurements: transitional flow, a=60°, 8u=5mm, Moo=8.2,
Reoo/m=6.57xl06

A.3.23 Transitional flow, a=90°, 8u=5mm, Moo=8.2, Reoo/m=6.57xl06
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Figure A. 34 Heat flux measurements: transitional flow, a=90°, Su=5mm, Moo=8.2,
Reoo/m=6.57xl06'
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A.3.24 Transitional flow, a=135°, 8u=5mm, Moo=8.2, Reoo/m=6.57xl06
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Figure A.35 Heat flux measurements: transitional flow, a=135°, 8u=5mm, Moo=8.2,
Reoo/m =6.57xl06

A.3.25 Turbulent flow, a=15°, 8u=6mm, Moo=12.3, Reoo/m=3.35xl06
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Figure A. 36 Heat flux measurements: turbulent flow, a= 15°, 8u=6mm, Moo= 12.3,
Reoo/m=3.35xl06
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A.3.26 Turbulent flow, a=30°, 5u=6mm, Moo=12.3, Reoo/m=3.35xl06
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Figure A.37 Heat flux measurements: turbulent flow, a=30°, Su=6mm, Moo=12.3,
Reoo/m=3.35xl06‘
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A3.21  Turbulent flow, a=45°, 8u=6mm, Moo=12.3, Reoo/m=3.35xl06
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Figure A.38 Heat flux measurements: turbulent flow, a=45°, 8u=6mm, Moo=12.3,
Reoo/m=3.35xl06

A.3.28 Turbulent flow, a=60°, 5u=6mm, Moo=12.3, Reoo/m=3.35xl06
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Figure A.39 Heat flux measurements: turbulent flow, a=60°, Su=6mm, Moo=12.3,
Reoo/m=3.35xl06
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A.3.29 Turbulent flow, a=90°, 5u=6mm, Moo=12.3, Reoo/m=3.35xl06
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Figure A.40 Heat flux measurements: turbulent flow, a=90°, 8u=6mm, Moo=12.3,
Reoo/m=3.35xl06

A.3.30 Turbulent flow, a=135°, 8u=6mm, Moo=12.3, Reoo/m=3.35xl06
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Figure A.41 Heat flux measurements: turbulent flow, a=135°, 8u=6mm, Moo=12.3,
Re«/m=3.35xl06
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A.4 Tables of heat flux measurements

The heat flux measurements obtained in the vicinity of the generic surface 

protuberances are listed. The longitudinal and lateral location of the measurements with 

respect to the protuberance are based on the coordinate system in Fig. A.42. The heat 

transfer rate is provided in dimensional form (W/cm2) and as Stanton number. The heat 

flux augmentation with respect to the undisturbed heating is also indicated as St/Stu. The 

height and width of the protuberance was h=5mm and W=13.5mm for all the tests 

except in the study of h/5u and W/5U effects as further shown in Chapter 3. The 

reference location (xr, yci) is based on the centre of the rectangular measurement area, 

which as previously explained corresponds to the thin film element of the gauges with 

dimensions 1.2mm x 0.3mm.

centreline d

+xk

protuberance

Fig. A.42 Coordinate system.

A.4.1 Turbulent flow, a=15°, 8u=5mm, Ma>=8.2, Reoo/m=9.35xl06

xk (mm) Yd (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 7.3 1.3 1.3
-1.5 0 5.1 0.9 0.9
-5.5 4 6.7 1.2 1.2
-1.5 4 4.8 0.8 0.8
-5.5 8 6.3 1.1 1.1
-1.5 8 5.9 1.0 1.0
2.5 8 4.7 0.8 0.8
6.5 8 8.7 1.5 1.5
10.5 8 10.9 1.9 1.9
14.5 8 14.6 2.5 2.5
18.5 8 10.9 1.9 1.9
22.5 8 10.2 1.8 1.8
26.5 8 7.8 1.4 1.4
30.5 8 9.0 1.6 1.6
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37.5 8 8.3 1.4 1.4
41.5 8 7.4 1.3 1.3
45.5 8 6.8 1.2 1.2
49.5 8 6.7 1.2 1.2
2.5 10 5.5 1.0 1.0
6.5 10 5.6 1.0 1.0
10.5 10 6.0 1.0 1.0
14.5 10 6.7 1.2 1.2
18.5 10 7.6 1.3 1.3
22.5 10 8.5 1.5 1.5
26.5 10 8.7 1.5 1.5
30.5 10 9.5 1.7 1.7
-5.5 12 4.9 0.9 0.9
-1.5 12 5.9 1.0 1.0
2.5 12 5.7 1.0 1.0
6.5 12 5.2 0.9 0.9
10.5 12 5.3 0.9 0.9
14.5 12 4.9 0.8 0.8
18.5 12 6.4 1.1 1.1
22.5 12 6.9 1.2 1.2
26.5 12 7.5 1.3 1.3
30.5 12 7.1 1.2 1.2
37.5 12 8.2 1.4 1.4
41.5 12 7.6 1.3 1.3
45.5 12 7.5 1.3 1.3
49.5 12 6.7 1.2 1.2
2.5 14 6.6 1.1 1.1
6.5 14 6.4 1.1 1.1
10.5 14 6.0 1.0 1.0
14.5 14 5.7 1.0 1.0
18.5 14 5.0 0.9 0.9
22.5 14 6.6 1.2 1.2
26.5 14 6.2 1.1 1.1
30.5 14 6.0 1.0 1.0

Table A.2 Heat flux measurements: turbulent flow, a=15°, 5u=5mm, Moo=8.2,
Reoo/m=9.35xl06'

A.4.2 Turbulent flow, a=30°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-7.5 0 6.6 1.1 1.1
-5.5 0 4.9 0.9 0.9
-3.5 0 4.6 0.8 0.8
-1.5 0 5.4 0.9 0.9
-7.5 4 6.7 1.2 1.2
-5.5 4 5.0 0.9 0.9
-3.5 4 4.4 0.8 0.8
-1.5 4 5.1 0.9 0.9
-7.5 8 6.5 1.1 1.1
-5.5 8 5.6 1.0 1.0
-3.5 8 5.2 0.9 0.9
-1.5 8 4.5 0.8 0.8
2.5 8 12.3 2.1 2.1
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6.5 8 16.1 2.8 2.8
10.5 8 17.0 2.9 2.9
14.5 8 14.6 2.5 2.5
18.5 8 12.0 2.1 2.1
22.5 8 10.9 1.9 1.9
26.5 8 11.3 2.0 2.0
30.5 8 10.4 1.8 1.8
37.5 8 7.9 1.4 1.4
41.5 8 7.1 1.2 1.2
45.5 8 7.4 1.3 1.3
49.5 8 7.0 1.2 1.2
2.5 10 5.2 0.9 0.9
6.5 10 6.3 1.1 1.1
10.5 10 8.2 1.4 1.4
14.5 10 9.4 1.6 1.6
18.5 10 10.1 1.8 1.8
22.5 10 9.9 1.7 1.7
26.5 10 7.3 1.3 1.3
30.5 10 10.1 1.8 1.8
-7.5 12 5.8 1.0 1.0
-5.5 12 5.6 1.0 1.0
-3.5 12 6.4 1.1 1.1
-1.5 12 5.8 1.0 1.0
2.5 12 5.7 1.0 1.0
6.5 12 5.6 1.0 1.0
10.5 12 6.3 1.1 1.1
14.5 12 6.6 1.1 1.1
18.5 12 7.5 1.3 1.3
22.5 12 7.9 1.4 1.4
26.5 12 8.7 1.5 1.5
30.5 12 8.3 1.4 1.4
37.5 12 8.4 1.5 1.5
41.5 12 8.1 1.4 1.4
45.5 12 8.7 1.5 1.5
49.5 12 8.0 1.4 1.4
2.5 14 6.2 1.1 1.1
6.5 14 5.9 1.0 1.0
10.5 14 5.7 1.0 1.0
14.5 14 5.7 1.0 1.0
18.5 14 7.2 1.2 1.2
22.5 14 7.3 1.3 1.3
26.5 14 7.6 1.3 1.3
30.5 14 7.3 1.3 1.3

Table A.3 Heat flux measurements: turbulent flow, a-30°, 8u=5mm, Moo=8.2,
Reoo/m=9.35xl06

A.4.3 Turbulent flow, a=45°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Yd (mm) q (W/cm2) St (xlO3) st/stu
-7.5 0 8.1 1.4 1.4
-5.5 0 10.7 1.9 1.9
-3.5 0 12.7 2.2 2.2
-1.5 0 18.6 3.2 3.2
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-7.5 4 8.6 1.5 1.5
-5.5 4 11.3 2.0 2.0
-3.5 4 14.1 2.4 2.4
-1.5 4 19.2 3.3 3.3
-7.5 8 7.0 1.2 1.2
-5.5 8 8.9 1.5 1.5
-3.5 8 10.7 1.9 1.9
-1.5 8 12.6 2.2 2.2
2.5 8 18.3 3.2 3.2
6.5 8 16.7 2.9 2.9
10.5 8 14.1 2.4 2.4
14.5 8 12.8 2.2 2.2
18.5 8 10.7 1.9 1.9
22.5 8 9.6 1.7 1.7
26.5 8 8.7 1.5 1.5
30.5 8 8.7 1.5 1.5
37.5 8 6.2 1.1 1.1
41.5 8 5.7 1.0 1.0
45.5 8 5.0 0.9 0.9
49.5 8 5.1 0.9 0.9
2.5 10 16.0 2.8 2.8
6.5 10 19.0 3.3 3.3
10.5 10 16.3 2.8 2.8
14.5 10 13.9 2.4 2.4
18.5 10 13.8 2.4 2.4
22.5 10 13.5 2.3 2.3
26.5 10 12.1 2.1 2.1
30.5 10 11.2 2.0 2.0
-7.5 12 4.3 0.8 0.8
-5.5 12 4.7 0.8 0.8
-3.5 12 7.0 1.2 1.2
-1.5 12 8.6 1.5 1.5
2.5 12 9.1 1.6 1.6
6.5 12 9.1 1.6 1.6
10.5 12 11.6 2.0 2.0
14.5 12 11.0 1.9 1.9
18.5 12 11.7 2.0 2.0
22.5 12 10.6 1.8 1.8
26.5 12 10.1 1.8 1.8
30.5 12 8.8 1.5 1.5
37.5 12 9.8 1.7 1.7
41.5 12 9.1 1.6 1.6
45.5 12 9.1 1.6 1.6
49.5 12 8.1 1.4 1.4
2.5 14 9.4 1.6 1.6
6.5 14 9.6 1.7 1.7
10.5 14 9.3 1.6 1.6
14.5 14 8.9 1.6 1.6
18.5 14 10.5 1.8 1.8
22.5 14 10.1 1.8 1.8
26.5 14 9.9 1.7 1.7
30.5 14 9.3 1.6 1.6

Table A.4 Heat flux measurements: turbulent flow, a=45°, 8u=5mm, Moo=8.2,
Reoo/m=9.35xl06'
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A.4.4 Turbulent flow, a=60°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-28.5 0 5.6 1.0 1.0
-24.5 0 5.6 1.0 1.0
-19.5 0 4.6 0.8 0.8
-15.5 0 7.1 1.2 1.2
-7.5 0 14.2 2.5 2.5
-5.5 0 16.4 2.8 2.8
-3.5 0 19.7 3.4 3.4
-1.5 0 31.9 5.6 5.6

-28.5 4 7.2 1.3 1.3
-24.5 4 6.2 1.1 1.1
-19.5 4 6.0 1.0 1.0
-15.5 4 7.2 1.2 1.2
-7.5 4 13.6 2.4 2.4
-5.5 4 15.7 2.7 2.7
-3.5 4 19.2 3.3 3.3
-1.5 4 31.4 5.5 5.5
-28.5 8 5.6 1.0 1.0
-24.5 8 6.2 1.1 1.1
-19.5 8 5.1 0.9 0.9
-15.5 8 5.9 1.0 1.0
-7.5 8 13.2 2.3 2.3
-5.5 8 14.5 2.5 2.5
-3.5 8 15.5 2.7 2.7
-1.5 8 21.0 3.6 3.6
2.5 8 17.1 3.0 3.0
6.5 8 14.2 2.5 2.5
10.5 8 12.4 2.2 2.2
14.5 8 11.8 2.1 2.1
18.5 8 9.5 1.7 1.7
22.5 8 8.7 1.5 1.5
26.5 8 8.4 1.5 1.5
30.5 8 7.4 1.3 1.3
37.5 8 6.0 1.0 1.0
41.5 8 5.0 0.9 0.9
45.5 8 4.8 0.8 0.8
49.5 8 4.5 0.8 0.8
2.5 10 22.5 3.9 3.9
6.5 10 17.9 3.1 3.1
10.5 10 14.7 2.6 2.6
14.5 10 13.3 2.3 2.3
18.5 10 12.8 2.2 2.2
22.5 10 12.7 2.2 2.2
26.5 10 11.8 2.1 2.1
30.5 10 11.1 1.9 1.9
-28.5 12 3.2 0.6 0.6
-24.5 12 4.5 0.8 0.8
-19.5 12 2.7 0.5 0.5
-15.5 12 3.5 0.6 0.6
-7.5 12 9.4 1.6 1.6
-5.5 12 11.8 2.1 2.1
-3.5 12 13.7 2.4 2.4
-1.5 12 13.4 2.3 2.3
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2.5 12 14.8 2.6 2.6
6.5 12 14.9 2.6 2.6
10.5 12 14.6 2.5 2.5
14.5 12 12.0 2.1 2.1
18.5 12 10.6 1.8 1.8
22.5 12 9.5 1.6 1.6
26.5 12 9.6 1.7 1.7
30.5 12 8.6 1.5 1.5
37.5 12 8.8 1.5 1.5
41.5 12 8.3 1.4 1.4
45.5 12 8.8 1.5 1.5
49.5 12 7.9 1.4 1.4
2.5 14 11.7 2.0 2.0
6.5 14 10.8 1.9 1.9
10.5 14 11.5 2.0 2.0
14.5 14 10.6 1.8 1.8
18.5 14 11.3 2.0 2.0
22.5 14 10.2 1.8 . 1.8
26.5 14 9.5 1.6 1.6
30.5 14 8.7 1.5 1.5

Table A.5 Heat flux measurements: turbulent flow, a=60°, 8u=5mm, Moo=8.2,
Reoo/m=9.35xl06'

A.4.5 Turbulent flow, a=90°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-28.5 0 5.0 0.9 0.9
-24.5 0 5.2 0.9 0.9
-19.5 0 8.4 1.5 1.5
-15.5 0 11.6 2.0 2.0
-7.5 0 20.9 3.6 3.6
-5.5 0 23.3 4.1 4.1
-3.5 0 25.6 4.4 4.4
-1.5 0 64.6 11.2 11.2

-28.5 4 6.9 1.2 1.2
-24.5 4 5.6 1.0 1.0
-19.5 4 9.5 1.7 1.7
-15.5 4 12.8 2.2 2.2
-7.5 4 19.3 3.3 3.3
-5.5 4 20.8 3.6 3.6
-3.5 4 28.2 4.9 4.9
-1.5 4 62.8 10.9 10.9

-28.5 8 5.7 1.0 1.0
-24.5 8 5.6 1.0 1.0
-19.5 8 7.2 1.3 1.3
-15.5 8 11.6 2.0 2.0
-7.5 8 18.3 3.2 3.2
-5.5 8 18.8 3.3 3.3
-3.5 8 18.4 3.2 3.2
-1.5 8 40.9 7.1 7.1
2.5 8 10.7 1.9 1.9
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6.5 8 10.9 1.9 1.9
10.5 8 10.1 1.8 1.8
14.5 8 10.1 1.8 1.8
18.5 8 9.0 1.6 1.6
22.5 8 8.4 1.5 1.5
26.5 8 8.4 1.5 1.5
30.5 8 7.6 1.3 1.3
37.5 8 5.4 0.9 0.9
41.5 8 4.6 0.8 0.8
45.5 8 4.5 0.8 0.8
49.5 8 4.4 0.8 0.8
2.5 10 19.0 3.3 3.3
6.5 10 12.7 2.2 2.2
10.5 10 11.4 2.0 2.0
14.5 10 11.4 2.0 2.0
18.5 10 10.3 1.8 1.8
22.5 10 10.6 1.8 1.8
26.5 10 10.4 1.8 1.8
30.5 10 9.8 1.7 1.7
-28.5 12 3.4 0.6 0.6
-24.5 12 4.3 0.8 0.8
-19.5 12 3.7 0.6 0.6
-15.5 12 7.8 1.4 1.4
-7.5 12 15.3 2.6 2.6
-5.5 12 16.2 2.8 2.8
-3.5 12 16.5 2.9 2.9
-1.5 12 16.0 2.8 2.8
2.5 12 17.4 3.0 3.0
6.5 12 13.5 2.4 2.4
10.5 12 11.7 2.0 2.0
14.5 12 9.4 1.6 1.6
18.5 12 9.0 1.6 1.6
22.5 12 8.3 1.4 1.4
26.5 12 8.7 1.5 1.5
30.5 12 8.0 1.4 1.4
37.5 12 8.3 1.4 1.4

; 41.5 12 7.9 1.4 1.4
45.5 12 8.4 1.5 1.5
49.5 12 7.8 1.4 1.4
2.5 14 14.6 2.5 2.5
6.5 14 12.9 2.2 2.2
10.5 14 11.7 2.0 2.0
14.5 14 9.6 1.7 1.7
18.5 14 9.6 1.7 1.7
22.5 14 8.7 1.5 1.5
26.5 14 8.1 1.4 1.4
30.5 14 7.4 1.3 1.3

Table A . 6  Heat flux measurements: turbulent flow, a=90°, 5u=5mm, Moo=8.2,
Reoo/m=9.35xl06
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A.4.6 Turbulent flow, a=135°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-28.5 0 5.1 0.9 0.9
-24.5 0 7.1 1.2 1.2
-19.5 0 12.8 2.2 2.2
-15.5 0 15.4 2.7 2.7
-7.5 0 23.0 4.0 4.0
-5.5 0 35.9 6.2 6.2
-3.5 0 90.4 15.7 15.7
-1.5 0 91.3 15.9 15.9

-28.5 4 6.3 1.1 1.1
-24.5 4 7.3 1.3 1.3
-19.5 4 13.9 2.4 2.4
-15.5 4 18.3 3.2 3.2
-7.5 4 21.1 3.7 3.7
-5.5 4 34.1 5.9 5.9
-3.5 4 92.4 16.1 16.1
-1.5 4 97.4 16.9 16.9

-28.5 8 5.2 0.9 0.9
-24.5 8 6.2 1.1 1.1
-19.5 8 9.9 1.7 1.7
-15.5 8 13.8 2.4 2.4
-7.5 8 19.5 3.4 3.4
-5.5 8 22.6 3.9 3.9
-3.5 8 46.0 8.0 8.0
-1.5 8 68.4 11.9 11.9
2.5 8 2.3 0.4 0.4
6.5 8 8.0 1.4 1.4
10.5 8 10.2 1.8 1.8
14.5 8 10.7 1.9 1.9
18.5 8 9.6 1.7 1.7
22.5 8 9.6 1.7 1.7
26.5 8 8.9 1.5 1.5
30.5 8 9.1 1.6 1.6
37.5 8 7.3 1.3 1.3
41.5 8 7.0 1.2 1.2
45.5 8 6.2 1.1 1.1
49.5 8 6.3 1.1 1.1
2.5 10 7.2 1.3 1.3
6.5 10 4.0 0.7 0.7
10.5 10 3.5 0.6 0.6
14.5 10 4.9 0.9 0.9

-28.5 12 3.2 0.6 0.6
-24.5 12 4.2 0.7 0.7
-19.5 12 6.1 1.1 1.1
-15.5 12 11.4 2.0 2.0
-7.5 12 16.6 2.9 2.9
-5.5 12 14.3 2.5 2.5
-3.5 12 16.8 2.9 2.9
-1.5 12 20.0 3.5 3.5
2.5 12 14.7 2.6 2.6
6.5 12 9.8 1.7 1.7
10.5 12 7.9 1.4 1.4
14.5 12 6.2 1.1 1.1
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18.5 12 6.4 1.1 1.1
22.5 12 5.7 1.0 1.0
26.5 12 5.4 0.9 0.9
30.5 12 4.7 0.8 0.8
37.5 12 5.0 0.9 0.9
41.5 12 5.1 0.9 0.9
45.5 12 5.5 1.0 1.0
49.5 12 5.1 0.9 0.9
2.5 14 15.1 2.6 2.6
6.5 14 12.7 2.2 2.2
10.5 14 10.5 1.8 1.8
14.5 14 8.1 1.4 1.4

1 24 11.7 2.0 2.0
5 24 10.4 1.8 1.8
9 24 8.9 1.5 1.5
13 24 8.2 1.4 1.4
1 28 11.9 2.1 2.1
5 28 10.7 1.9 1.9
9 28 10.0 1.7 1.7
13 28 8.3 1.4 1.4

Table A. 7 Heat flux measurements: turbulent flow, a=135°, 5u=5mm, Moo=8.2,
R eoo/m =9.35xl06

A.4.7 Turbulent flow, a=30°, 8u=5mm, h/5ux2, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Y ci (mm) q (W/cm2) St (xlO3) s t /s tu
-7.5 0 6.5 1.1 1.1
-5.5 0 5.1 0.9 0.9
-3.5 0 4.6 0.8 0.8
-1.5 0 5.3 0.9 0.9
-7.5 4 6.4 1.1 1.1
-5.5 4 5.6 1.0 1.0
-3.5 4 4.3 0.7 0.7
-1.5 4 5.4 0.9 0.9
-7.5 8 6.4 1.1 1.1
-5.5 8 6.0 1.0 1.0
-3.5 8 5.1 0.9 0.9
-1.5 8 4.5 0.8 0.8
2.5 8 11.4 2.0 2.0
6.5 8 14.9 2.6 2.6
10.5 8 15.1 2.6 2.6
14.5 8 14.0 2.4 2.4
18.5 8 11.9 2.1 2.1
22.5 8 10.2 1.8 1.8
26.5 8 10.1 1.8 1.8
30.5 8 8.9 1.5 1.5
37.5 8 8.3 1.4 1.4
41.5 8 7.5 1.3 1.3
45.5 8 7.8 1.4 1.4
49.5 8 7.6 1.3 1.3
-7.5 12 5.9 1.0 1.0
-5.5 12 5.7 1.0 1.0
-3.5 12 6.4 1.1 1.1
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-1.5 12 6.1 1.1 1.1
2.5 12 5.1 0.9 0.9
6.5 12 5.2 0.9 0.9
10.5 12 6.0 1.0 1.0
14.5 12 6.4 1.1 1.1
18.5 12 7.8 1.4 1.4
22.5 12 8.2 1.4 1.4
26.5 12 9.0 1.6 1.6
30.5 12 8.1 1.4 1.4
37.5 12 7.8 1.4 1.4
41.5 12 7.4 1.3 1.3
45.5 12 7.8 1.3 1.3
49.5 12 7.1 1.2 1.2

Table A.8 Heat flux measurements: turbulent flow, a=30°, Su=5mm, h/8ux2, Moo=8.2,
R eoo/m =9.35xl06

A.4.8 Turbulent flow, a=30°, 6u=5mm, W/5ux2, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 5.5 1.0 1.0
-1.5 0 5.5 1.0 1.0
-5.5 4 5.0 0.9 0.9
-1.5 4 5.8 1.0 1.0
-5.5 8 4.9 0.8 0.8
-1.5 8 5.9 1.0 1.0
-5.5 12 4.2 0.7 0.7
-1.5 12 5.3 0.9 0.9
2.5 14.75 12.8 2.2 2.2
6.5 14.75 15.8 2.7 2.7
10.5 14.75 12.9 2.2 2.2
14.5 14.75 14.0 2.4 2.4
18.5 14.75 12.0 2.1 2.1
22.5 14.75 10.7 1.9 1.9
26.5 14.75 8.7 1.5 1.5
30.5 14.75 10.1 1.8 1.8
37.5 14.75 10.0 1.7 1.7
41.5 14.75 9.2 1.6 1.6
45.5 14.75 8.8 1.5 1.5
49.5 14.75 8.7 1.5 1.5
2.5 18.75 5.6 1.0 1.0
6.5 18.75 5.5 1.0 1.0
10.5 18.75 6.2 1.1 1.1
14.5 18.75 5.9 1.0 1.0
18.5 18.75 7.8 1.4 1.4
22.5 18.75 7.8 1.4 1.4
26.5 18.75 8.1 1.4 1.4
30.5 18.75 7.1 1.2 1.2
37.5 18.75 9.1 1.6 1.6
41.5 18.75 8.5 1.5 1.5
45.5 18.75 8.7 1.5 1.5
49.5 18.75 7.8 1.4 1.4

Table A.9 Heat flux measurements: turbulent flow, a=30°, 5u=5mm, W/8ux2, Moo=8.2,
Re0O/m=9.35xl06'
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A.4.9 Laminar flow, a=30°, §u=2.5mm, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) s t /s tu
-5.5 0 4.1 0.7 1.8
-1.5 0 6.2 1.1 2.7
-5.5 4 3.8 0.7 1.7
-1.5 4 5.3 0.9 2.3
-5.5 8 3.8 0.7 1.6
-1.5 8 4.3 0.7 1.8
2.5 8 11.1 1.9 4.8
6.5 8 13.0 2.3 5.7
10.5 8 13.5 2.3 5.9
14.5 8 13.8 2.4 6.0
18.5 8 13.4 2.3 5.8
22.5 8 14.1 2.5 6.1
26.5 8 14.2 2.5 6.2
30.5 8 13.4 2.3 5.8
37.5 8 10.1 1.8 4.4
41.5 8 9.7 1.7 4.2
45.5 8 9.9 1.7 4.3
49.5 8 9.3 1.6 4.0
2.5 10 4.9 0.9 2.1
6.5 10 6.3 1.1 2.7
10.5 10 6.0 1.0 2.6
14.5 10 6.4 1.1 2.8
18.5 10 4.8 0.8 2.1
22.5 10 4.6 0.8 2.0
26.5 10 5.3 0.9 2.3
30.5 10 5.8 1.0 2.5
-5.5 12 2.4 0.4 1.0
-1.5 12 3.0 0.5 1.3
2.5 12 3.0 0.5 1.3
6.5 12 2.7 0.5 1.2
10.5 12 2.9 0.5 1.3
14.5 12 2.8 0.5 1.2
18.5 12 2.6 0.4 1.1
22.5 12 2.5 0.4 1.1
26.5 12 2.8 0.5 1.2
30.5 12 3.0 0.5 1.3
37.5 12 3.2 0.6 1.4
41.5 12 3.3 0.6 1.4
45.5 12 3.9 0.7 1.7
49.5 12 3.9 0.7 1.7
2.5 14 2.4 0.4 1.0
6.5 14 2.2 0.4 1.0
10.5 14 2.2 0.4 1.0
14.5 14 2.0 0.3 0.9
18.5 14 2.1 0.4 0.9
22.5 14 1.9 0.3 0.8
26.5 14 2.0 0.3 0.8
30.5 14 1.8 0.3 0.8

Table A. 10 Heat flux measurements: laminar flow, a=30°, 8u=2.5mm, Moo=8.2,
Rea/m=9.35xl06
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A.4.10 Laminar flow, a=15°, 8„=2.5mm, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 1.2 0.2 0.5
-1.5 0 1.5 0.3 0.7
-5.5 4 1.2 0.2 0.5
-1.5 4 1.5 0.3 0.6
-5.5 8 1.1 0.2 0.5
-1.5 8 1.3 0.2 0.6
2.5 8 4.7 0.8 2.1
6.5 8 10.3 1.8 4.5
10.5 8 13.4 2.3 5.8
14.5 8 15.0 2.6 6.5
18.5 8 14.0 2.4 6.1
22.5 8 14.4 2.5 6.2
26.5 8 13.5 2.3 5.9
30.5 8 12.7 2.2 5.5
2.5 10 1.2 0.2 0.5
6.5 10 2.4 0.4 1.0
10.5 10 4.3 0.8 1.9
14.5 10 5.6 1.0 2.4
18.5 10 6.6 1.1 2.9
22.5 10 7.3 1.3 3.2
26.5 10 8.4 1.5 3.6
30.5 10 8.4 1.5 3.6
-5.5 12 1.1 0.2 0.5
-1.5 12 1.1 0.2 0.5
2.5 12 1.6 0.3 0.7
6.5 12 1.6 0.3 0.7
10.5 12 1.7 0.3 0.8
14.5 12 1.6 0.3 0.7
18.5 12 1.6 0.3 0.7
22.5 12 1.7 0.3 0.7
26.5 12 2.2 0.4 1.0
30.5 12 2.4 0.4 1.0
6.5 14 1.2 0.2 0.5
10.5 14 1.2 0.2 0.5
14.5 14 1.3 0.2 0.6
22.5 14 1.4 0.2 0.6
26.5 14 1.5 0.3 0.7
30.5 14 1.5 0.3 0.6

Table A. 11 Heat flux measurements: laminar flow, a=l 5°, Su=2.5mm, Moo=8.2,
Re«/m=9.35xl06

A.4.11 Laminar flow, a=45°, 5u=2.5mm, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 7.3 1.3 3.2
-1.5 0 15.4 2.7 6.7
-5.5 4 6.6 1.2 2.9
-1.5 4 13.6 2.4 5.9
-5.5 8 6.4 1.1 2.8
-1.5 8 9.0 1.6 3.9
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2.5 8 12.0 2.1 5.2
6.5 8 11.3 2.0 4.9
10.5 8 12.5 2.2 5.4
14.5 8 14.3 2.5 6.2
-5.5 12 4.7 0.8 2.0
-1.5 12 5.1 0.9 2.2
2.5 12 4.0 0.7 1.7
6.5 12 3.4 0.6 1.5
10.5 12 3.2 0.6 1.4
14.5 12 2.7 0.5 1.2

Table A. 12 Heat flux measurements: laminar flow, a=45°, Su=2.5mm, Moo=8.2,
R eoo/m =9.35xl06

A.4.12 Laminar flow, a=60°, 5u=2.5mm, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 8.6 1.5 3.7
-1.5 0 30.2 5.2 13.1
-5.5 4 7.5 1.3 3.3
-1.5 4 26.9 4.7 11.7
-5.5 8 7.5 1.3 3.2
-1.5 8 15.7 2.7 6.8
-5.5 12 6.5 1.1 2.8
-1.5 12 6.7 1.2 2.9

Table A. 13 Heat flux measurements: laminar flow, a=60°, 8u=2.5mm, Moo=8.2,
Reoo/m=9.35xl06

A.4.13 Laminar flow, a=90°, 8u=2.5mm, Moo=8.2, Reoo/m=9.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 14.5 2.5 6.3
-1.5 0 64.3 11.2 27.9
-5.5 4 10.6 1.8 4.6
-1.5 4 60.2 10.5 26.2
-5.5 8 8.6 1.5 3.7
-1.5 8 29.1 5.1 12.6
-5.5 12 7.6 1.3 3.3
-1.5 12 7.8 1.4 3.4

Table A. 14 Heat flux measurements: laminar flow, a=90°, 8u=2.5mm, Moo=8.2,
R eoo/m =9.35xl06'

A.4.14 Laminar flow, a=135°, 8u=2.5mm, Moo=8.2, Reoo/m=9.35xl06

xu (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-7.5 0 16.6 2.9 7.2
-5.5 0 46.8 8.1 20.3
-3.5 0 129.8 22.5 56.4
-1.5 0 30.2 5.2 13.1
-7.5 4 13.6 2.4 5.9
-5.5 4 36.8 6.4 16.0
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-3.5 4 132.7 23.1 57.6
-1.5 4 39.4 6.9 17.1
-7.5 8 7.8 1.4 3.4
-5.5 8 13.2 2.3 5.7
-3.5 8 51.0 8.9 22.2
-1.5 8 28.7 5.0 12.5
-7.5 12 7.2 1.3 3.1
-5.5 12 7.6 1.3 3.3

Table A.15 Heat flux measurements: laminar flow, a=135°, 5u=2.5mm, Moo=8.2,
Reoo/m=9.35xl06

A.4.15 Turbulent flow, a=30°, 6u=5mm, Moo=8.2, Reoo/m=8.06xl06

xk (mm) Yd (mm) q (W/cm2) St (xlO3) st/stu
2.5 8 9.7 2.4 2.7
6.5 8 11.4 2.8 3.2
10.5 8 10.6 2.7 2.9
14.5 8 10.7 2.7 3.0
18.5 8 7.4 1.8 2.0
22.5 8 6.8 1.7 1.9
26.5 8 5.8 1.4 1.6
30.5 8 6.5 1.6 1.8
37.5 8 7.1 1.8 2.0
41.5 8 6.9 1.7 1.9
45.5 8 6.0 1.5 1.7
49.5 8 6.9 1.7 1.9
6.5 12 3.8 1.0 1.1
10.5 12 4.4 1.1 1.2
14.5 12 4.9 1.2 1.3
22.5 12 5.7 1.4 1.6
26.5 12 5.8 1.4 1.6
30.5 12 5.4 1.3 1.5
41.5 12 7.0 1.8 1.9
45.5 12 6.9 1.7 1.9
49.5 12 6.3 1.6 1.7

Table A. 16 Heat flux measurements: turbulent flow, a=30°, 5u=5mm, Moo=8.2,
Reoo/m=8.06xl06

A.4.16 Turbulent flow, a=45°, 8u=5mm, Moo=8.2, Reoo/m=8.06xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 7.1 1.8 2.0
-1.5 0 11.8 3.0 3.3
-5.5 4 6.9 1.7 1.9
-1.5 4 11.7 2.9 3.2
-5.5 8 6.4 1.6 1.8
-1.5 8 10.4 2.6 2.9
-5.5 12 4.5 1.1 1.2

Table A. 17 Heat flux measurements: turbulent flow, a=45°, 8u=5mm, Moo=8.2,
Reoo/m=8.06xl06
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A.4.17 Turbulent flow, a=60°, 8u=5mm, Moo=8.2, Reoo/m=8.06xl06

Xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 9.9 2.5 2.7
-1.5 0 18.1 4.5 5.0
-5.5 4 9.2 2.3 2 . 6

-1.5 4 17.3 4.3 4.8
-5.5 8 8.7 2 . 2 2.4
-1.5 8 13.4 3.3 3.7
-5.5 1 2 7.6 1.9 2 .1

Table A. 18 Heat flux measurements: turbulent flow, a=60°, 8u=5mm, Moo=8.2,
Reoo/m=8.06xl06

A.4.18 Turbulent flow, a=90°, 8u=5mm, Moo=8.2, Reoo/m=8.06xl06

xu (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 13.3 3.3 3.7
-1.5 0 42.1 10.5 11.6
-5.5 4 12.7 3.2 3.5
-1.5 4 40.9 10.2 11.3
-5.5 8 11.0 2.7 3.1
-1.5 8 23.5 5.8 6.5
-5.5 12 10.2 2.5 2.8

Table A. 19 Heat flux measurements: turbulent flow, a=90°, 8u=5mm, Moo=8.2,
Reoo/m=8.06xl06

A.4.19 Turbulent flow, a=135°, 5u=5mm, Moo=8.2, Reoo/m=8.06xl06

xu (mm) Yd (mm) q (W/cm2) St (xlO3) st/stu
-7.5 0 17.3 4.3 4.8
-5.5 0 30.5 7.6 8.5
-3.5 0 69.0 17.2 19.1
-1.5 0 76.7 19.1 21.2
-7.5 4 14.5 3.6 4.0
-5.5 4 24.5 6.1 6.8
-3.5 4 60.3 15.0 16.7
-1.5 4 73.3 18.3 20.3
-7.5 8 11.8 2.9 3.3
-5.5 8 14.7 3.7 4.1
-3.5 8 30.5 7.6 8.4
-1.5 8 34.3 8.6 9.5
-7.5 12 11.5 2.9 3.2
-5.5 12 11.4 2.8 3.2

Table A.20 Heat flux measurements: turbulent flow, a=135°, 5u=5mm, Moo=8.2,
Reoo/m=8.06xl06
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A.4.20 Transitional flow, a=30°, 8u=5mm, Moo=8.2, Reoo/m=6.57xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
2.5 8 4.1 1.7 4.3
6.5 8 4.2 1.8 4.4
10.5 8 4.4 1.8 4.6
14.5 8 4.6 1.9 4.8
18.5 8 3.6 1.5 3.7
22.5 8 4.1 1.7 4.3
26.5 8 4.7 2.0 4.9
30.5 8 6.0 2.5 6.3
37.5 8 5.3 2.2 5.6
41.5 8 5.9 2.5 6.1
45.5 8 5.4 2.2 5.6
49.5 8 5.0 2.1 5.2
6.5 12 1.5 0.6 1.5
10.5 12 2.1 0.9 2.1
14.5 12 2.3 0.9 2.4
22.5 12 2.5 1.0 2.6
26.5 12 2.8 1.2 2.9
30.5 12 2.8 1.2 2.9
41.5 12 3.3 1.4 3.5
45.5 12 3.4 1.4 3.5
49.5 12 3.2 1.3 3.4

Table A.21 Heat flux measurements: transitional flow, a=30°, 5u=5mm, Moo=8.2,
Reoo/m=6.57xl06'

A.4.21 Transitional flow, a=45°, 8u=5mm, Moo=8.2, Reoo/m=6.57xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 3.7 1.5 3.8
-1.5 0 5.6 2.3 5.8
-5.5 4 3.8 1.6 4.0
-1.5 4 5.9 2.5 6.2
-5.5 8 2.8 1.2 2.9
-1.5 8 4.7 2.0 4.9
-5.5 12 2.4 1.0 2.5

Table A.22 Heat flux measurements: transitional flow, a=45°, 8u=5mm, Moo=8.2,
Reoo/m=6.57xl06'

A.4.22 Transitional flow, a=60°, 8u=5mm, Moo=8.2, Reoo/m=6.57xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 5.2 2.2 5.4
-1.5 0 9.0 3.8 9.4
-5.5 4 5.3 2.2 5.5
-1.5 4 10.6 4.4 11.0
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-5.5 8 3.9 1.6 4.1
-1.5 8 7.6 3.2 7.9
-5.5 12 3.4 1.4 3.6

Table A.23 Heat flux measurements: transitional flow, a=60°, 8u=5mm, Moo=8.2,
Reoo/m=6.57xl06

A.4.23 Transitional flow, a=90°, 8u=5mm, Moo=8.2, Reoo/m=6.57xl06

xk (mm) Yd (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 6.8 2.8 7.1
-1.5 0 22.7 9.5 23.6
-5.5 4 6.0 2.5 6.3
-1.5 4 20.9 8.7 21.8
-5.5 8 4.2 1.7 4.4
-1.5 8 12.3 5.1 12.8
-5.5 12 3.8 1.6 3.9

Table A.24 Heat flux measurements: transitional flow, a=90°, 5u=5mm, Moo=8.2,
Reoo/m=6.57xl06'

A.4.24 Transitional flow, a=135°, 8u=5mm, Moo=8.2, Reoo/m=6.57xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-7.5 0 7.7 3.2 8.0
-5.5 0 15.3 6.4 16.0
-3.5 0 37.4 15.6 39.0
-1.5 0 20.5 8.5 21.3
-7.5 4 5.8 2.4 6.1
-5.5 4 12.1 5.0 12.6
-3.5 4 39.5 16.5 41.2
-1.5 4 20.2 8.4 21.0
-7.5 8 4.6 1.9 4.8
-5.5 8 7.1 3.0 7.4
-3.5 8 18.0 7.5 18.8
-1.5 8 10.4 4.3 10.9
-7.5 12 4.3 1.8 4.5
-5.5 12 4.4 1.8 4.6

Table A.25 Heat flux measurements: transitional flow, a=135°, 8u=5mm, Moo=8.2,
Reoo/m=6.57xl06

A.4.25 Turbulent flow, a=15°, 8u-6mm, Moo=12.3, Reoo/m=3.35xl06

xk (mm) Yd (mm) q (W/cm2) St (xlO3) st/stu
18.5 8 0.7 0.8 0.8
22.5 8 0.7 0.9 0.9
26.5 8 0.7 0.8 0.8
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30.5 8 0.8 0.9 0.9
37.5 8 0.7 0.8 0.8
41.5 8 0.7 0.8 0.8
45.5 8 0.7 0.8 0.8
49.5 8 0.7 0.8 0.8
18.5 10 1.4 1.6 1.6
22.5 10 1.5 1.8 1.8
26.5 10 1.6 1.9 1.9
30.5 10 1.7 2.0 2.0
37.5 10 1.7 2.0 2.0
41.5 10 1.6 1.9 1.9
45.5 10 1.6 1.9 1.9
49.5 10 1.7 2.0 2.0
18.5 12 0.9 1.0 1.0
22.5 12 0.9 1.1 1.1
26.5 12 1.2 1.4 1.4
30.5 12 1.3 1.5 1.5
37.5 12 1.7 2.0 2.0
41.5 12 1.8 2.1 2.1
45.5 12 1.9 2.2 2.2
49.5 12 1.9 2.2 2.2
22.5 14 0.8 0.9 0.9
26.5 14 0.8 1.0 1.0
30.5 14 0.8 1.0 1.0
41.5 14 0.8 1.0 1.0
45.5 14 1.0 1.1 1.1
49.5 14 0.9 1.1 1.1

Table A.26 Heat flux measurements: turbulent flow, a=l 5°, 8u=6mm, Moo=12.3,
Reoo/m=3.35xl06'

A.4.26 Turbulent flow, a=30°, 8u=6mm, Mcx)=12.3, Reoo/m=3.35xl06

xk (mm) Y ci (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 0.9 1.0 1.0
-1.5 0 0.7 0.8 0.8
-5.5 4 0.8 1.0 1.0
-1.5 4 0.7 0.8 0.8
-5.5 8 0.9 1.1 1.1
-1.5 8 0.7 0.9 0.9
2.5 8 0.9 1.0 1.0
6.5 8 0.9 1.1 1.1
10.5 8 0.9 1.1 1.1
14.5 8 0.9 1.0 1.0
18.5 8 0.9 1.0 1.0
22.5 8 0.9 1.1 1.1
26.5 8 0.9 1.1 1.1
30.5 8 1.0 1.1 1.1
37.5 8 0.8 1.0 1.0
41.5 8 1.0 1.2 1.2
45.5 8 0.8 1.0 1.0
49.5 8 0.9 1.0 1.0
2.5 10 0.7 0.9 0.9
6.5 10 1.2 1.4 1.4
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1.7
1.8
2.3
2.4
2.3
2.4
2.7
2.7
2.5
2.5 
1.1 
1.1 
0.8 
0.7 
0.9 
1.1
1.3
1.4
1.6
1.7 
1.6 
1.6
1.7 
1.6 
0.7 
0.6
0.6
0.6 
1.0 
0.9 
1.1 
1.1 
1.1 
1.2
1.3
1.3

Table A.27 Heat flux measurements: turbulent flow, a=30°, 8u=6mm, Moo=12.3,
Reoo/m=3.35xl06'

A.4.27 Turbulent flow, a=45°, 8u=6mm, MLo=12.3, Reoo/m=3.35xl0

xk (mm) yc, (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 0.8 0.9 0.9
-1.5 0 1.4 1.6 1.6
-5.5 4 0.7 0.8 0.8
-1.5 4 1.4 1.6 1.6
-5.5 8 0.6 0.7 0.7
-1.5 8 0.9 1.0 1.0
2.5 8 1.2 1.4 1.4
6.5 8 1.0 1.2 1.2
10.5 8 1.0 1.1 1.1
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14.5 8 1.0 1.2 1.2
-5.5 12 0.6 0.7 0.7
-1.5 12 0.6 0.7 0.7
2.5 12 0.6 0.7 0.7
6.5 12 0.7 0.8 0.8
10.5 12 0.9 1.0 1.0
14.5 12 1.0 1.2 1.2

Table A.28 Heat flux measurements: turbulent flow, a=45°, 5u=6mm, Moo=12.3,
Reoo/m=3.35xl06

A .4.28 Turbulent flow, a=60°, 5u=6mm, Moo=12.3, Reoo/m=3.35xl06

xk (mm) Yd (mm) q (W/cm2) St (xlO3) st/stu
-5.5 0 0.9 1.0 1.0
-1.5 0 1.9 2.2 2.2
-5.5 4 0.8 0.9 0.9
-1.5 4 2.0 2.3 2.3
-5.5 8 0.8 0.9 0.9
-1.5 8 1.5 1.7 1.7
-5.5 12 0.5 0.6 0.6
-1.5 12 0.7 0.8 0.8

Table A.29 Heat flux measurements: turbulent flow, a=60°, 5u=6mm, Moo=12.3,
Reoo/m=3.35xl06'

A.4.29 Turbulent flow, a=90°, 5u=6mm, Moo=12.3, Reoo/m=3.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-7.5 0 1.1 1.3 1.3
-5.5 0 1.4 1.6 1.6
-3.5 0 2.0 2.3 2.3
-1.5 0 3.5 4.1 4.1
-7.5 4 1.0 1.2 1.2
-5.5 4 1.4 1.7 1.7
-3.5 4 1.8 2.2 2.2
-1.5 4 4.4 5.2 5.2
-7.5 8 1.1 1.2 1.2
-5.5 8 1.1 1.3 1.3
-3.5 8 1.6 1.8 1.8
-1.5 8 2.9 3.4 3.4
-7.5 12 0.7 0.8 0.8
-5.5 12 0.8 1.0 1.0
-3.5 12 0.9 1.0 1.0
-1.5 12 0.8 1.0 1.0

Table A.30 Heat flux measurements: turbulent flow, a=90°, 8u=6mm, Moo=12.3,
Re0O/m=3.35xl06-
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A.4.30 Turbulent flow, a=135°, 5u=6mm, Moo=T2.3, Reoo/m=3.35xl06

xk (mm) Yci (mm) q (W/cm2) St (xlO3) st/stu
-7.5 0 2.3 2.7 2.7
-5.5 0 4.4 5.2 5.2
-3.5 0 7.2 8.4 8.4
-1.5 0 1.2 1.5 1.5
-7.5 4 1.9 2.2 2.2
-5.5 4 3.6 4.2 4.2
-3.5 4 7.3 8.6 8.6
-1.5 4 1.9 2.3 2.3
-7.5 8 1.4 1.7 1.7
-5.5 8 2.5 2.9 2.9
-3.5 8 4.2 4.9 4.9
-1.5 8 2.5 2.9 2.9
-7.5 12 0.9 1.0 1.0
-5.5 12 1.0 1.2 1.2
-3.5 12 1.2 1.4 1.4
-1.5 12 2.0 2.4 2.4

Table A.31 Heat flux measurements: turbulent flow, a=135°, Su=6mm, Moo=12.3,
Reoo/m=3.35xl06
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Flow Visualisations

This appendix presents flow visualisations obtained during the investigation on the 

interference interaction induced by surface protuberances. Both surface oil 

visualisations and high-speed schlieren visualisations are shown. Although these 

techniques are not inherently 3-dimensional, their combined results provide qualitative 

evidence of the flow’s 3-dimensionality.

B.l Surface oil visualisations

Oil-dot surface visualisations were obtained to qualitatively determine the regions 

where the highest skin friction is present. Oil dots were placed on a 5mm x 5mm grid 

around the protuberance. Further details on the application of this technique in the 

present study can be found in Chapter 3.

B.1.1 Turbulent flow, a=30°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06

Figure B.l presents an oil-dot visualisation taken for the datum protuberance. The flow 

upstream of the protuberance remains practically undisturbed while most of the dots are 

slightly moved in the direction of the ffeestream flow therefore indicating the flow’s 

two-dimensionality in this region. Oil dots are more markedly streaked to the side of the 

protuberance rather than ahead of it as expected from the higher heat flux measurements 

in this region. This provides qualitative evidence of the strong relation between skin 

friction and heat flux.
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Figure B. 1 Oil dot visualisation of datum configuration. Flow from left to right.

B .1.2  Turbulent flow, a=90°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06

An oil dot visualisation corresponding to the a=90° interaction is presented in Fig. B.2. 

In this case the interaction is supercritical and therefore the boundary layer separates 

ahead of the protuberance. There is a strong upstream influence which results in highly 

streaked oil dots especially close ahead of the model. These results, together with the 

corresponding schlieren images, provide further evidence of the particularly strong 3- 

dimensionality of these interactions. The location of boundary layer separation is not 

clear in the oil pattern due to the lower skin friction in the region of separating flow.
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Figure B.2 Oil dot visualisation: turbulent, Moo=8.2, Reoo/m=9.35xl06, a=90°. Flow from
left to right.
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B.1.3 Turbulent flow, a=135°, 8u=5mm, Moo=8.2, Reoo/m=9.35xl06

An oil-dot visualisation of the a=135° protuberance is presented in Fig. B.3. A strong 

upstream influence is observed in a similar way as in the a=90° interaction, with highly 

streaked dots ahead of the model as well. A close-up view of the oil dots below the 

leading edge of the protuberance shows the departure of the flow in two directions in 

this case: downstream and upstream (Fig. B.4). In order to image this effect, the 

protuberance was removed to obtain the close-up photograph and the 90° model was 

placed instead in order to be able to observe the oil dots under the forward leading edge. 

Two contra-rotating recirculations are expected ahead of the protuberance as shown in 

Chapter 7.

T " T " T T  i  j i »
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Figure B.3 Oil dot visualisation: turbulent, Moo=8.2, Reoo/m=9.35xl0 , a=135°. Flow from
left to right.

Figure B.4 Oil dot visualisation close-up view: turbulent, Moo=8.2, Reoo/m =9.35xl06,
a=135°. Flow from left to right.
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B.2 Schlieren image sequence

A com plete sequence o f  schlieren visualisations is presented in this appendix in order to 

dem onstrate the flow  establishm ent during a typical gun tunnel run and also as a  raw  

p roof o f  the unsteady behaviour o f  the flow  in supercritical interactions (Figs. B.5 to

B.15). The configuration presented is the a=90° protuberance under turbulent flow with 

Moo=8.2, Reoo/m=9.35xl06. The im ages in this case were obtained at a fram e rate o f  

8000fps and w ith a resolution o f  1024px x 256px.

Figure B.5 Schlieren image sequence from to-0.5ms to t0+l.375ms.

B-4



Flow Visualisations Appendix B

t+3m stn+1.5ms

tn+2ms tn+3.5ms

t+4m stn+2.5ms

Figure B. 6 Schlieren image sequence from t0+ l .5ms to t0+4.375ms,
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t0+4.5ms t0+6ms

t0+5ms t0+6.5ms

t0+7mst+5.5m s

Figure B. 7
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t0+9mstn+7.5ms

t0+8ms t+9.5m s

tn+8.5ms L+1 Oms

Figure B.8 Schlieren image sequence from t0+7.5ms to to+10.375ms
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tn+12ms

t0+13ms

Figure B.9 Schlieren image sequence from to+10.5ms to t0+13.375ms.
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t0+14ms

t0+16ms

Figure B.10 Schlieren image sequence from t0+13.5ms to t0+16.375ms.
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tn+18ms

t0+17ms

t0+19ms

Figure B .ll  Schlieren image sequence from t0+16.5ms to t0+19.375ms.
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to+20ms

tn+22ms

Figure B. 12 Schlieren image sequence from t0+19.5ms to t0+22.375ms.
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tn+23ms

tQ+24ms

Figure B. IS Schlieren image sequence from t0+22.5ms to t0+25.375ms.
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t0+26ms

t0+27ms

t0+28ms

Figure B. 14 Schlieren image sequence from t0+25.5ms to t0+28.375ms.
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t0+28.5ms to+30ms

t0+29ms tp+30.5ms

tn+31mst0+29.5ms

Figure B. 15 Schlieren image sequence from t0+28.5ms to t0+31.375ms.
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APPENDIX C

Uncertainty Analysis

An assessment of the uncertainties related to the present experimental work is 

presented in this appendix. The uncertainties are associated to the freestream wind 

tunnel conditions and to the location and magnitude of the measured heat transfer 

rates. The errors associated with the determined boundary layer thickness and 

separation length ahead of the supercritical protuberances are also briefly assessed. 

Further details on the methodology used to evaluate the present experimental 

uncertainties can be found in the book by Taylor (1992).

C.l Freestream flow conditions

The freestream conditions of the working section flow in the Cranfield University gun 

tunnel are dominated by the following three parameters:

i. The tunnel drive pressure (P d).

ii. The total temperature of the air in the reservoir (T0).

iii. The Mach contoured nozzle being used (either Mach 8.2 or Mach 12.3).
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As shown in Chapter 3, the drive pressure of the gun tunnel is changed in order to 

obtain different freestream Reynolds number conditions. This is regulated manually 

by the gun tunnel operator and there is therefore the possibility of human error. At the 

same time small air leaks can be expected in between the moment when the high- 

pressure pumps are stopped and until the tunnel blowdown is started. Based on past 

experience, the characteristics of the regulator system and the typically low decrease 

in the drive pressure observed during the operation of the tunnel result in an error 

estimate of ±20psig at a typical drive pressure of 2000psig, giving:

£ l ± L + i  % [Eq.C.l]
Po

The reservoir temperature of the facility was calculated by Needham (1965) and 

Opatowski (1967) at a range of driver pressure to barrel pressure ratios Pd/Pi from 50 

to 137. The total temperature during their tests was inferred from stagnation point heat 

transfer measurements on a hemispherical body using the stagnation point theory from 

Fay and Riddell (1959). Estimates were also based on the duration of the run and 

assuming chocked nozzle conditions. From their results, an uncertainty of 3% in the 

total temperature is considered:

£ l U  = ±3o/o [Eq.C.2]
To

The two nozzles used in the present case were designed to provide nominal Mach 

numbers of 8.2 and 12.3. Calibrations of these nozzles were performed by Opatowski 

(1967, 1969) and by Ledford (1973) for the Mach 8.2 nozzle and by Mohammadian 

(1968) for the Mach 12.3 nozzle. Their calibrations showed a maximum uncertainty 

of 4%, however, this does not isolate the uncertainty in the nozzle but it also accounts 

for errors induced by the drive pressure (1%) and the total temperature (3%). In the 

more recent work by Fiala et al. (2006) in the Imperial College gun tunnel an estimate 

on the uncertainty of the Mach number was ±0.05 with respect to the nominal Mach 

number (Mach 8.9). It seems reasonable to estimate the same value in our case:

£ ( M j  = ±0.05 [Eq. C.3]
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Based on the uncertainties associated with the drive pressure, temperature and Mach 

number (PD, T0 and M m) the uncertainties in the freestream density, velocity and 

Reynolds number are assessed. The larger uncertainty margins are found at the 

minimum estimated Mach number (M^-0.05), minimum total temperature (T0 - 3%)

and maximum drive pressure ( PD+ 1%). The flow properties are derived from the

corresponding compressible flow relations as shown in equations C.4 to C.7 and the 

freestream viscosity is evaluated from Sutherland’s relation. The corresponding 

uncertainty margins are considered as listed in Table C.l. These estimates are clearly 

of a conservative nature.

71=------ \ ------  [Eq. C.4]

[Eq.C.5]

P .= P .{ K T .f  [Eq- C.6]

U„=M „{rRT„f [Eq. C.7]

y  1.5

„  =1.458x 106----- 2------  [Eq. C.81
T  +110.4

Pd
[MPa]

T0>„
[K]

Poo
[kg-m'3] [m-s’1]

R t j r n  
[m'1]

8.2±0.05 13.8 ±1% 1290 ± 3% 0.0371 ±7.1% 1553 ± 1.6% 9.35x106± 7.6%

8.2±0.05 10.3 ± 1% 1180 ±3% 0.0304 ±7.1% 1486 ± 1.6% 8.06x106± 7.7%

8.2±0.05 6.9 ± 1% 1040 ± 3% 0.0230 ±7.1% 1395 ± 1.6% 6.57x106± 7.7%

12.3±0.05 13.8 ± 1% 1290 db 3% 0.0054 ± 6.2% 1584 ± 1.5% 3.35x106± 7.5%

Table C. 1 Experimental test conditions indicating conservative uncertainty margin.
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C.2 Heat flux measurements

In the measurement of the heat flux in the vicinity of the protuberances distinction is 

made between the error related to the measurement location respect the protuberance 

and this related to the measured heat flux value.

C.2.1 Measurement location

Two main sources of error could be mainly related to the measurement location with 

respect to the protuberance: the machining accuracy in the manufacture of the test 

models and the possible human error in the placement of the models on the plate for 

all the different protuberance-plate arrangements. However, the human error in 

placing the models at the different flat plate positions is considered negligible since 

special care was at all times taken in ensuring the correct position of the flat plate and 

protuberance arrangements. The total error in measurement location is therefore 

attributed to machining accuracy only.

Models were made by means of a computer numerical controlled (CNC) machine 

with an expected accuracy of ±0.005mm. An image of a sample flat plate is shown in 

Fig. C.l and a sample test model is shown in Fig. C.2 which corresponds to the datum 

protuberance (refer to Chapter 3). As shown in these technical drawings the 

protuberances had a number of holes in them which allowed placing them at different 

locations on the flat plate. A set of holes was also made on the plate which allowed 

for the different protuberance/flat plate arrangements. Considering an uncertainty of 

±0.005mm in the drilling of the flat plate fixing points, model fixing points, and on 

the sharpening of the protuberance leading edge, the maximum location error is 

estimated:

= yj3x0.0052mm [Eq- C.9]S(dT) = d { d f p hole s )  ^  &  {dprot,,holes) ( ^  protje )

fp, holes

\ 2 f  

+
V prot, holes prot,le

8 (dj) = ±0.009mm [Eq. C.10]
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Inn-high V ortex  
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to  su it M3 screw

Figure C. 1 Design of flat plate with vortex generators on.

Front view
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Top view

7 holes - d r ill  3mm diameter 
and countersink to su it M3 screw

2 7 . 5
3 4  . 5

4 4 . 5

5 2 . 5

6 3 . 5
7 1  . 5

A ll dimensions in mm

Figure C.2 Design of datum protuberance model.
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C.2.2 Measured value

An evaluation of the systematic, statistical and repeatability errors follows.

C.2.2.1 Systematic error

The present measurement approach consisted in placing the protuberance models at 

different locations on the flat plate so that its relative distance to the gauges would 

provide a final distributed pattern of measurement points around the protuberance. 

While the change with respect to the centreline (yci) is not assumed to affect the local 

undisturbed heat flux due to the expected two-dimensionality of the flat plate in the 

lateral direction, the change of the protuberance between different longitudinal 

locations respect the flat plate leading edge (xie) is expected to have an effect on the 

reference undisturbed heat flux. Along this direction, the protuberance was placed at 

different locations between xie=157.5mm and xie=l92.5mm, i.e. xie=175mm ±10%. As 

listed in Table C.2, based on the theory and on the computational results by Haas 

(2009), a maximum variation of ±2% is expected along this region:

% » ) =±2% [Eq.C .ll] 
9,

Arrangement case Fixing points on 
plate xie(mm)

Fixing points on 
model xie (mm)

Model I.e. from 
plate I.e. (mm)

Protuberance closest to plate 
leading edge 202 & 221 44.5 & 63.5 157.5

Protuberance farthest from 
plate leading edge 212 & 237 19.5 & 44.5 192.5

Table C.2 Closest and farthest positions of the protuberance models respect the flat
plate leading edge (I.e.).

xie=l 57.7mm xie= 175mm Xie=l 92.5mm
Error respect 
Xie= 175mm

q (W/cm2)

Cobalt 3.57 3.50 3.45 2%

Fluent 3.64 3.60 3.56 1.1%

Eckert 2.98 2.93 2.89 1.7%

Table C.3 Computational and theoretical estimates at these locations. Turbulent flow.
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The heat flux was calculated based on the relation shown in Eq. C.12. This is 

therefore a function of the product or quotient of the following independent variables:

( y [ p ^ ) g, <xr , G ,  and V0 (Eq. C.13).

q = ,a R,G,VMVC) [Eq. C. 13]

Assuming that the measured heat flux is restricted by the uncertainties involved in the 

derivation of each of these variables - 8  ̂ p c pk^j, 8 (aR ) ,  8 (G) , 8 (Vout) and 8 (V0) 

- the uncertainty in percentage error in the measurement of q is given as:

S(q) =  + +
8 (4 ^ )

\ 2
'<s(a*)Y J  <*(g)Y J  s (yM) r  j ( 8{V0)

V a R J

V2

G J V\  out y

i\2
[Eq.C.14]

Hence, the corresponding individual uncertainties are analysed:

i. The calibration of the gauges was performed by the provider. The 

respective errors in the thermal product {^pcpk^ and the thermal

coefficient of resistivity a T are the following:

— = ±5% [Eq. C.15]

d(aT) = ±2% [Eq. C.16]
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ii. The systematic error on the gain G was evaluated during the calibration of 

the system:

^ M  = ±1.6% [Eq.C.17]
G

iii. The initial voltage V0 was monitored on the CONTECH analogue 

integrator and kept within 1% from the reference voltage:

^ & )  = ±1% [Eq. C.18]
Vo

iv. As described in Chapter 3, the output voltage of the thin-film gauges goes 

through the analogue integrator circuit, the filter and the data acquisition 

board before being read in the computer (PC2). The errors relative to the 

analogue integrator and the filter were taken into account during the 

calibration of the system and are therefore included in the 1.6% error on 

the gain G. Hence the only error affecting Vout is the discretisation error

that occurs when the signal is digitalised by the data acquisition board 

(DAQ) NI BNC-2110. Considering that the DAQ was set to read an output 

voltage in the range from -10V to 10V and the number of levels for a 16- 

bit discretisation, the error associated to the output voltage is:

s (vm ) =± RanSe(Vm ) x l00_ ± j £ xl0o = +0.03% [Eq. C.19]
K .  2 2

Following Eq. C.14 and based on these individual uncertainties, the systematic error 

associated to the measurement of the heat flux is as follows:

^  = ±V22 + 52 + 22 +1.62 +12 + 0.032 * +6% [Eq. C.20]
q
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In this work, the Stanton number is consistently used as a non-dimensional measure of 

heat flux. The uncertainties related to the freestream density, velocity and the drive 

temperature also need to be considered as shown in Section C.l. While the 

uncertainties related to the total temperature are already included within the 

freestream density and velocity uncertainties, the wall temperature variation during 

the tests needs to be accounted for (Eq. C.22). The atmospheric temperature during 

the tests was within 295±5K. Considering the wall temperature (Tw) equal to this, an 

uncertainty of 1.7% is calculated. The uncertainty in the Stanton number is therefore 

as follows:

+iii

2
+

2
+ f 2

+
St y I  0 J  ̂ Poo J 1 J v. >

[Eq. C.22]

= +V 62 + 7 .1 2 + 1 .6 2 + 1 .7 2 * ± 9 .5%
St

[Eq. C.23]

C.2.2.2 Statistical error

To calculate the heat flux a mean output voltage was measured during the effective 

run duration between 10ms and 20ms from the tunnel start as shown in Chapter 3. 

Hence it is also necessary to calculate the statistical error on Vout.

The statistical error was evaluated for the maximum and minimum experimental mean 

heat fluxes. The maximum heat flux in the present experiments was 132.73 W/cm 

ahead of the turbulent a= 135° protuberance at Mach 8.2 and R eoo/m =9.35xl06. The 

minimum heat flux corresponded to the undisturbed boundary layer during the Mach 

12.3 tests, which was 0.68 W/cm . The mean output voltage, standard deviation and 

standard deviation of the mean relative to these two cases are listed in Table C.4.
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K u r j n ° d [ V ]

9mn.ii 0.61979 0.23822 0.00753

9min,m 0.00217 0.00326 0.00007

Table C.4 Statistical parameters for the maximum and minimum experimental turbulent
heat fluxes.

The uncertainty on the mean values is thus estimated from the standard deviation of 

the mean. For the gauge the maximum heat flux measurement, 99.6% of the mean 

readings are expected to be within:

Vout m ±2><7m that is 0.61979 ± 3 x  0.00753 at 99.6% confidence [Eq. C.24]

Similarly for the minimum heat flux measurement, 99.6% of the mean readings are 

included in:

Vout m ±3crm that is 0.00217 ± 3 x 0.00007 at 99.6% confidence [Eq. C.25]

In terms of heat transfer this is equivalent to:

qm ±3crm that is 132.73 ± 4.83 W/cm2 at 99.6% confidence [Eq. C.26]

qm ±3<rm that is 0.68 ± 0.02 W/cm2 at 99.6% confidence [Eq. C.27]
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Hence for a maximum and minimum heat fluxes the statistical errors are:

^ k f l  4.83 xlOO « 3.5% at 99.6% confidence [Eq. C.28]
I q ) 132.73V A /max

"<%)') _ 0.02
x 100 » 2.9% at 99.6% confidence [Eq. C.29]

? Jmin 0-68

The error in both cases is very similar. For the following developments, the largest 

value is considered:

C.2.2.3 Repeatability error

As shown in Section 4.3, a measure of the repeatability error was performed based on 

the heat flux measurements at the stagnation point of a hemisphere-cylinder forebody. 

Based on these three measurements, the system’s repeatability was assessed to be 

within ±1.3%. That is in agreement with previous repeatability assessments performed 

in the same facility, which indicated a repeatability of 1.2% (Opatowski, 1967). The 

slightly higher error in the present study is considered:

=±3.5% [Eq. C.30]
\  ^  J  maxmax

[Eq. C.31]
R
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C.2.2.4 Combined error

The total combined error accounts for the systematic, statistical and repeatability 

errors. The maximum uncertainty in the measurement of heat flux is thus considered 

as follows:

= ± ^62 +3.52 +1.32 « ±7% at 99.6% confidence [Eq. C.32]
q

In terms of Stanton number this is:

= W 9.52 + 3.52 + 1.32 « ±10% at 99.6% confidence [Eq. C.33]
St

As shown throughout the present investigation these measures are of a conservative 

nature.
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C.3 Schlieren visualisations

A brief analysis of the uncertainties related to the calculation of the boundary layer 

thickness and the separation length upstream of supercritical interactions is also 

performed. As shown in Chapter 3, these features were extracted from the digital 

schlieren visualisations by means of digital image processing using the Matlab image 

processing toolbox.

C.3.1 Measurement of boundary layer thickness

The measured boundary layer thickness in the schlieren visualisations is affected by a 

number of factors. The principal factors include image resolution and the 

discrimination of the flat plate and boundary layer edges.

The image focus is very sensitive to small changes in the schlieren optical 

arrangement, including changes in the angle of the light source, camera, mirrors and 

other schlieren optics. The best possible focus was maintained throughout the 

experimental programme. As shown in Fig. C.3, where the protuberance height 

(h=5mm) and length (l=80mm) are taken as a reference, the image resolution was 

5px/mm.

80mm / 400px
5mm

Figure C.3 Calculation of image resolution based on a=90° protuberance.
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The error associated to the discrimination of the boundary layer edge varied between 

laminar and turbulent boundary layers. Transitional boundary layers look similar to 

turbulent boundary layers in the visualisations. The edge of the laminar boundary 

layer is very sharp and is determined within ±1 pixel accuracy, while in the turbulent 

boundary layer cases this is within ±3 pixel accuracy as shown in Figs. C.4 and C.5. 

Considering the image resolution, the margin in determining the boundary layer edge 

is:

8 (ble) = ±0.2mm for a laminar boundary layer [Eq. C.34]

8 (ble) = ±0.6mm for a turbulent or transitional boundary layer [Eq. C.35]

A ±1 pixel resolution (±0.2mm) in the discrimination of the flat plate edge needs also 

to be accounted for to assess the total uncertainty in determining the boundary layer 

thickness. The total uncertainties are therefore:

8 (bllam) = 2.5 ± OAmm = 2.5mm ± 16% for a laminar boundary layer [Eq. C.36] 

8 (blturb) = 5 ± 0.8mm = 5mm ± 16% for a turbulent boundary layer [Eq. C.37]

i

(a) Laminar flow (b) Turbulent flow

Figure C.4 Representative boundary layers, Moo=8.2, Reoo/m=9.35xl0 , a=30°.
Line A-B is used in Fig. C.5.
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Figure C.5 Boundary layer profiles across lines A-B in Fig. C.5.
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C.3.2 Measurement of separation length

The main difficulty in determining the separation length ahead of the protuberance is 

associated with the extrapolation of the separation shock wave, which cannot be 

clearly distinguished inside the boundary layer. While it is difficult to put an 

uncertainty to it, the estimation error is based on the maximum and minimum 

extrapolation margin as shown in Fig. C.6 for a reference supercritical interaction. 

Based on this analysis, a reasonable estimate is to assume a maximum uncertainty in 

the extrapolation of the separation shock wave of 10%. The calculation of the 

separation distance ahead of the protuberance is further compared with the 

corresponding heat flux measurement in Fig. C.6. In the present sample case the heat 

flux starts increasing between 24.5mm and 19.5mm and thus the method to calculate 

the separation length is shown to be within the specified margin based on the 

agreement with the separation length interpreted from the schlieren image, which is 

23.8mm.

M  = ±io% [Eq.C.38] 
L

± 10%

(a) Schlieren image

flow 12 -

• x k ( n s n ) '

1 0 -

a= 9 0 !

-30 -25 -20 -15
-Y. R  e

-10

/  m x 1 0 4
-5 0

(b) Heat flux in front o f the protuberance.

Figure C.6 Protuberance interactions: turbulent, Moo-8.2, R eoo/m =9.35xl06, a=90°.
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C.4 Summary

A list of selected uncertainties estimated within this analysis are summarised in Table 

C.5.

Measurement Uncertainty

<1 ±7%

St ±10%

8 ±16%

L ±10%

Table C.5 Summary o f  uncertainty estimates
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APPENDIX D

Comparison with CFD

A comparison between the present experimental results and the numerical simulations 

performed by Haas (2009) is presented in this appendix. Full-scale (1:1) Reynolds 

Averaged Navier-Stokes (RANS) simulations were carried out with the commercial 

code Cobalt. The datum test conditions of Mach 8.2 and Reoo/m=9.35xl06 with a 

turbulent boundary layer (5u~5mm) were simulated and the a=30°, a=60° and a=90° 

protuberances were considered.

D.l Flow field

While the application of numerical simulations to hypersonic heat transfer studies is not 

established as yet, the main advantage of CFD is the large amount of qualitative 

information that can be obtained. In particular, information on the basic aspect of the 

flow field is of interest. For example, Fig. D.l shows two temperature contours of the 

flow field in the symmetry plane along the protuberance centreline for the a=30° and the 

a=90° cases. These contours qualitatively demonstrate that the highest heat flux on the 

protuberances occur at the top of the leading edge face. The high temperatures in the 

separated flow region correspond to the cores of the embedded vortices and to the 

reattaching flow.

H  ■
|T e m p e ra tu re ^ 1 5 0  250 350 450 550 650 75() ^ e m p e r a t u r e ^ 5 ^ 3 5 ^ 5 5 ^ 7 5 ^ 9 5 ^ 0 5 ^

(a) a=30° (b) a=90°

Figure D. 1 Temperature contour in symmetry plane, in K.
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The separation and reattachment of the flow in the present interactions has a strong 

effect on the surface heat flux. One of the principal flow features of supercritical 

interactions is the length of the separated region upstream of the protuberance. This 

varies significantly depending on the turbulence model employed. In this study, 

simulations were performed with three different turbulence models: the Spalart- 

Allmaras (SA), k-co and k-co Shear-Stress Transport (SST). A comparison of the 

predicted separation lengths L ahead of the protuberances is presented in Table D.l.

Case a=30° a=60° a=90°

SA 2.5 ± 0.25mm 12 ± 0.25mm 16 ± 0.25mm

k- co 8 ± 0.25mm 31 ± 0.25mm 35 ± 0.25mm

k- CO SST 6.5 ± 0.25mm 26 ± 0.25mm 31.5 ± 0.25mm

Experiments 0mm 19.3 ± 0.20mm 23.8 ± 0.25mm
Table D. 1 Separation length ahead of the protuberances.

At the simulated conditions, the k-co and k-co SST models predict separation regions 

about twice as long as those predicted by the SA model. In Fig. D.2, two illustrations of 

the flow field show the difference between the SA and the k-co SST predictions based 

on the flow streamlines along the symmetry plane. The flow field in the k-co simulations 

was very similar to this predicted with the k-co SST model given that both models use 

the same near wall formulation. While in the SA simulations the separation length is 

underpredicted by 30-40% with respect to the experiments, in the k-co simulations this is 

overpredicted by 50%-60% and by 30-40% in the k-co SST simulations. The k-co SST 

turbulence model (Menter, 1993) therefore seems to be slightly more suitable than the 

k-co model (Wilcox, 1992) in this case. The discrepancies between the separation 

lengths in the experiments and the numerical predictions with the SA and k-co SST 

models are an indication of the high complexity in predicting such interactions. This is 

of particular importance in quasi-critical interactions (e.g. a=30° protuberance) since 

weak supercritical interactions can be interpreted to be subcritical and vice versa as 

found in the present case.
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(a) SA turbulence model
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(b) k-co SST turbulence model

Figure D.2 Flow separation ahead of supercritical protuberance.
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D.2 Surface heat flux

One of the main simplifications of the present interactions was to assume symmetry 

conditions along the protuberance centreline as observed in the surface heat flux 

contours in the vicinity of the a=30°, a=60° and a=90° protuberances in Fig. D.3. A 

qualitatively good agreement with the present experimental results is observed: the 

highest heat flux induced by the a=30° protuberance is found to the side of the device 

and this induced by the a=60° and a=90° protuberances takes place ahead of the 

protuberance and with significantly higher values at the higher deflection angles. It is 

nevertheless noticed that a heat flux dip not observed during the experiments is 

predicted close to the centreline. This phenomenon is attributed to the symmetry 

conditions along the interaction centreline and is one of the principal faults of the 

numerical simulations. Such symmetry effects seem to disappear at distances far from 

the centreline (yci>4mm) in the contour plots, however, comparison with simulations 

considering the full protuberances showed large discrepancies in the prediction of the 

hot spot ahead of it (>100% higher than with the half protuberance).

The different turbulence models were also subject to significant discrepancies in the 

prediction of the heat flux along the separated flow region. In general, the SA model 

predicted larger peak heat transfer rates than the k-co and k-co SST models. However, the 

comparison between the predicted and measured peak fluxes is not straightforward 

given the simulated turbulence level was suspected not to match that reproduced using 

the vortex generators in the gun tunnel. While the present simulations were performed at 

a turbulence intensity of 0.1%, preliminary simulations at 10% turbulence intensity 

predicted undisturbed boundary layer heat flux rates 75% higher and with a very good 

agreement with the present experimental undisturbed heat flux. Due to time restrictions, 

simulations were only performed at the lower turbulence level but comparison with the 

present experimental results can be done by non-dimensionalising St with respect to Stu 

which is a general practice in similar studies. Comparison is also made in terms of 

Stanton number for completeness. A comparison of the numerical and experimental hot 

spots in the form of Stmax and Stmax/Stu is shown in Table D.2, where large discrepancies 

between the different turbulence models are observed in a similar way as in the 

prediction of the separation length ahead of the protuberance (Table D.l).
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Case Stu
a=30° a=60° a=90°

St max Stmax /S tu StOL max Stmax /S tu StL-,L max Stmax/S tu

SA 0.54 1.38 2.56 8.62 15.96 22.97 42.54

k-co SST 0.52 1.33 2.56 3.71 7.13 8.50 16.34

k-co 0.48 1.41 2.94 3.76 7.83 9.64 20.08

Experiments 1.0 2.9 2.9 5.5 5.5 11.2 11.2

Table D.2 Comparison of highest heat flux in different protuberance cases.

(a) a=30°

(b) a=60° (c) a=90°

Figure D.3 Heat flux distribution in the vicinity of protuberances.
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A full comparison of the experimental heat flux measurements in the vicinity of the 

a=30°, a=60° and a=90° protuberances with the numerical simulations is presented in 

Figs. D.6 -  D.l 1 in the form of St and St/Stu. From these results it is observed that:

i. The prediction of the heat flux in the a=30° interaction is excellent in terms 

of St/Stu. However, in terms of St the experimental measurements are 

significantly larger than the numerical results.

ii. At the higher deflection angles (a=60° and a=90°) the opposite trend is 

observed: there is relatively good agreement in St form in the regions close 

to the protuberance (yci=0mm, 4mm, and 8mm) while far from the 

protuberance the best agreement is observed in the form of St/Stu.

These results further corroborate that there is a fundamental difference between the 

mechanisms which induce the hot spot ahead of supercritical interactions and those 

which induce the side hot spot in subcritical and weak supercritical interactions. Little 

confidence can be placed in the present numerical results due to the high sensitivity to 

turbulence model and boundary conditions, amongst a number of other factors. Hence, 

no further conclusions can be drawn with confidence.

To conclude, these simulations are a good example of the limitations of the current CFD 

capability to predict hypersonic heat transfer. While CFD is able to offer qualitative 

information from the flow, quantitative predictions are subject to very large 

uncertainties in cases of strong flow separation, and generally with insufficient accuracy 

for engineering applications. CFD is a promising tool which is benefitting from the 

constantly increasing computer power and from the generally easier use and lower costs 

in comparison to experimental studies, however, further advances in this area clearly 

rely on experimental investigations.
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Figure D. 4 St in the vicinity of a=3 0° protuberance.
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Figure D.5 St/Stu in the vicinity of a=30° protuberance.
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Figure D.6  St in the vicinity o f  a=60° protuberance.
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Figure D. 7 St/Stu in the vicinity of a=60° protuberance.
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Figure D.8 St in the vicinity of a=90° protuberance.
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Figure D.9 St/Stu in the vicinity of a=90° protuberance.
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