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Summary

Hypersonic flows over lifting vehicles are characterized by the high amount of thermal loading present on
the structure. Especially around control surfaces, that guarantee maneuverability of the vehicle, very high
thermal loads are found. Besides the thermal loads, hypersonic lifting vehicles encounter a large range of
Reynolds numbers during the descending and ascending phase. The combination of the two effects creates
a shock wave boundary-layer interaction that is very challenging to predict.

In the past, a lot of research is done on this in the form of flows over compression ramps. However, still
not every aspect is clearly understood. In this report an investigation is performed on strong shock wave
boundary-layer interactions in compression ramp flows. In front of the compression ramp a very long flat
plate is placed which results in a thick boundary-layer at the interaction location. This will enlarge the effects
present in the shock wave boundary-layer and aids the visualization of the interaction.

Measurements are performed using Schlieren, Quantative InfraRed Thermography (QIRT) and Background
Orientated Schlieren (BOS) in the HTFD wind tunnel in Delft. The working principle of the HTFD is based
on the Ludwig tube principle. The experiments are performed at a Mach number of 7 and at a range of ramp
leading Reynolds numbers of 1.67 ·106 −5.30 ·106. The model consists of a flat plate on which five different
compression ramps can be placed. The ramps have angles of 10°, 15°, 20°, 25° and 30° and are designed such
that they do not block the wind tunnel too much.

The Schlieren measurements show clearly the typical flow topology found in compression ramp flows. A
separation shock wave is present that closely resembles the theoretical inviscid shock wave angle. In front
of the ramp, a separation bubble is present with on top a strong shear layer. At the reattachment location a
strong reattachment shock wave is present. Furthermore, clear compression waves are found between the
shear layer and the separation shock. The waves can be traced back to instability waves in the shear layer
which points at a transitional shear layer.

From the Schlieren images, quantitative data is obtained in the form of the shear layer length, the shear
layer angle and the fluctuations during the run. The shear layer length shows a clear dependency on both the
ramp angle and the Reynolds number. Both variables cause an increase in the shear layer length when they
are increased. The shear layer angle gets lower with an increasing Reynolds number and gets higher with an
increasing ramp angle.

The fluctuations are based on the computation of a Standard Deviation (STD) field in time. This STD field
gives additional information on instabilities waves in the shear layer. It is found that at high ramp angles and
high Reynolds numbers the shear layer is getting turbulent near the ramp. Outside the turbulent part, the
instability waves clearly grow inside the shear layer. Also, the shape of the waves change in the shear layer
from asymmetrical to a more symmetrical profile.

To get QIRT data, first a successful calibration of the camera was performed using a black body. Besides
that, calibration plates were made such that the data can be mapped into physical coordinates. The data
showed that a large overshoot in heat flux is present at the reattachment location for high ramp angles. For
the lowest ramp angle this overshoot is not present. The effect of the Reynolds number on the peak heat fluxes
is less clear. Only for the highest Reynolds numbers a decrease is found in peak heat fluxes. A potential reason
for this is that the shear layer becomes turbulent instead of transitional. However, this should be investigated
further.

Furthermore, spanwise streaks are observed in the reattachment region. Besides the compression waves
found in the Schlieren data, this is evidence that there are transitional structures present in the shear layer. A
cross sectional view showed that two types of waves are present, big large waves with on top smaller waves.
It was not possible to find the magnitude change of these waves on the Stanton number due to aliasing.
However, the non-dimension wavelength is found. It turns out that both type of waves decrease for increasing
Reynolds numbers. It should be noted that the spreading in the data is large. So to confirm this, additional
research is required.

At last, BOS measurements are done to look at the density changes in the shear layer. Unfortunately, the
measurement set-up was not accurate enough to find any density changes. Instead an investigation is done
to find the deficiency in the set-up. It showed that probably the lack of light in the test section was the cause.
This resulted in that there are not sufficient intensity differences in the images for a proper cross correlation.

v





Contents

Preface iii

Summary v

List of Symbols ix

1 Introduction 1
1.1 Historical Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Control Surfaces in Hypersonic Flows. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.3 The Hypersonic Environment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 Research Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.5 Report Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Hypersonic Compression Ramp Flows 5
2.1 Inviscid Flow Topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Viscous Flow Topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 Reference Temperature Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.2 Weak Shock Wave Boundary-Layer Interactions . . . . . . . . . . . . . . . . . . . . . . 9
2.2.3 Strong Shock Wave Boundary-Layer Interactions . . . . . . . . . . . . . . . . . . . . . 10

2.3 Typical Pressure Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4 Typical Heat Flux Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.5 Compression Ramp Correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.5.1 Free-interaction Theory/Plateau Pressure . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.5.2 Incipient Separation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5.3 Shear Layer Length. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.5.4 Peak Heating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3 Experimental Apparatus 21
3.1 Hypersonic Test Facility Delft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3.1.1 Operating Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1.2 Operation Envelope HTFD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.1.3 Tandem Nozzle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.1.4 Free Stream Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2 Test Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.1 Flat Plate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2.2 Compression Ramps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.2.3 Coordinate System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4 Flow Measurement Techniques 31
4.1 Schlieren Imaging. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.1.1 Light Refraction Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.1.2 Schlieren Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.1.3 Schlieren Measurement System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.1.4 Image Data Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.2 Background Orientated Schlieren (BOS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2.1 Theory of BOS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.2.2 BOS Measurement System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2.3 BOS Image Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

vii



viii Contents

4.3 Quantitative InfraRed Thermography (QIRT) . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3.1 Infrared Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3.2 Infrared Measurement System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.3.3 Calibration Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.3.4 Heat Flux Data Reduction Procedure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.3.5 Processing Heat Flux Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5 Schlieren Imaging Results 53
5.1 General Flow Topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2 Flow Topology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.2.1 Shear Layer Length. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.2.2 Shear Layer Angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.3 Instability Waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.4 Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

5.4.1 Errorbars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.4.2 Image Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.4.3 Shear Layer Edge Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6 QIRT Results 75
6.1 Compression Ramp Heat Flux Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
6.2 Peak Heat Fluxes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
6.3 Spanwise Waves. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
6.4 Uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.4.1 Errorbars. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.4.2 Coordinate Mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
6.4.3 Camera Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

7 BOS Results 91
7.1 Model Motion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
7.2 BOS Camera Settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
7.3 Shock Generators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
7.4 Correlation Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

8 Conclusion 99

9 Recommendations 101
9.1 Schlieren Imaging. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
9.2 QIRT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
9.3 BOS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

Bibliography 103

A Compression Ramp Models 105

B Additional Schlieren Data 107
B.1 Compression Wave Angles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
B.2 Correlations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
B.3 STD Fields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

C Additional QIRT Data 113
C.1 Streamwise Stanton Number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
C.2 Peak Stanton Numbers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
C.3 Wavelengths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

D Test Matrices 119
D.1 Schlieren . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
D.2 QIRT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122



List of Symbols

Greek Symbols

β Shock wave angle °

γ Ratio of specific heats (−)

δ Boundary layer thickness m

δ∗ Boundary layer displacement thickness m

ε Emissivity (−)

Λ Non-dimensional wavelength (−)

λ Wavelength (m)

µ Mach angle, dynamic viscosity °, kg /(m · s)

ν Kinematic viscosity Pa · s

ρ Density kg /m3

σ Growth rate (−)

ϕ Deflection angle °

ϕSL Shear layer angle °

Arabic Symbols

a Speed of sound m/s

C Speed of light m/s

c Thermal capacity J/(kg ·K )

c f Local skin-friction coefficient (−)

ch Stanton number based on (Tt −Tw ) (−)

cp Specific heat at constant pressure J/(K ·kg )

d Diameter m

Ebλ Spectral exitance for a black body W /(m2 ·m)

h Enthalpy J/kg

I Intensity of a signal (−)

K Gladstone-Dale constant m3/(kg ·m)

k Thermal conductivity W /(m ·K )

L Length of the storage tube m

M Mach number (−)

n Refractive index (−)

ix



x List of Symbols

p Pressure Pa, (N /m2)

Pr Prandtl number (−)

qs Heat flux W /m2

R Specific gas constant J/(kg ·K )

Re Reynolds number (−)

St Stanton number based on (haw −hw ) (−)

T Temperature K

t Time s

u Velocity m/s

x Streamwise coordinate mm

y Spanwise coordinate mm

z Height coordinate mm

Superscripts & accents

∗ Reference temperature state

Subscripts

0 Start of the interaction

∞ Free stream properties

a Ambient

aw Adiabatic wall

e Edge of boundary-layer

L Ramp leading edge

r Recovery

s Surface

t Total quantity

w Wall quantity

x Locally



1
Introduction

1.1. Historical Background
The start of Hypersonic research can be traced back until the end of WW2. During this period the hypersonic
flight regime was primarily investigated for military dominance, which resulted in the first rocket that could
reach a Mach number just below the hypersonic speed region: the V2.

When the war ended, the responsible scientists for the V2 were brought back to the Sovjet Union and the
United States. There they continued working on hypersonic missiles. They found, that the pointy shape of the
V2 could not withstand the thermal loads present at hypersonic speeds and design changes were required.

During the space race, reentry vehicles were developed which could withstand high hypersonic Mach
numbers. These capsules operated at very low L/D ratios. A low L/D ratio results in a near ballistic reentry
which results in a deceleration at low altitudes where high densities are present. This creates very high ther-
mal loads on the structure. Furthermore, a ballistic reentry vehicle has the downsides of high g-loads and low
maneuverability.

Another approach is to do the complete opposite and use vehicles with a considerable higher L/D ra-
tio. This approach counters all the downsides stated above. Low maneuverability can be solved using con-
ventional control surfaces. The g-loads can be lower because it is possible to extend the deceleration time.
Furthermore, because the deceleration can be started at higher altitudes, it is possible to lower the overall
thermal loads loads.

However, these benefits come with a cost. Lifting vehicles have a more complex geometry with junctions,
sharp edges and compression surfaces. At these locations very high local heat fluxes can be present due to
shock wave boundary-layer interactions. Furthermore, these heat fluxes are present for a prolonged time due
to the longer deceleration time.

1.2. Control Surfaces in Hypersonic Flows
One of the most critical locations is on deflected control surfaces. Figure 1.1 shows the Space Shuttle. This is
the only lifting reentry vehicle that was used regularly and had control surfaces for maneuvering. The figure
shows that the Space Shuttle had elevons and rudders for controlability and a body flap to trim the vehicle.
During the first flight, the body flap caused a trim anomaly. It was found, that at a certain flight phase a
relative pitching up motion of ∆CM = 0.03 was found compared to predictions. Later investigations showed
that this error came from neglecting the compressibility and viscous interaction effects on the body flap [1].

1



2 1. Introduction

Elevons

Rudder

Body �ap

Figure 1.1: Control surfaces on the Space Shuttle. [2]

The working principle of a control surface is based on creating a pressure difference between the top and the
bottom. In supersonic flow, this is done by creating a shock wave on the side that is turned into the flow. On
the other side an expansion fan is present that expands the flow. On the compressing side, severe shock wave
boundary-layer interactions can be present that can create significant elevated heat fluxes.

1.3. The Hypersonic Environment
It is commonly known that the definition of subsonic flow and supersonic flow lies at M = 1. However, the
boundary between the supersonic and hypersonic flow is not so clearly defined. This is because the charac-
teristics of a hypersonic flow become gradually more important when increasing the Mach number. Conven-
tionally the limit of supersonic flow lies at a Mach number of 5.

Going higher than Mach 5, the oblique shock wave angle starts to become very small and as a result lies
very close to the surface of the object. Furthermore, the boundary-layer becomes thicker at higher Mach
numbers. Combining these two effects results in an interaction between the shock wave and boundary-layer.
Also, the temperature effects in the boundary-layer cannot be ignored anymore and have a profound effect
on the heat flux. Furthermore, very high temperature can be reached in hypersonic flows, especially in shock
wave boundary-layer interactions. At these temperatures the chemistry of gasses becomes important and as
a result the ratio of specific heats (γ) are not constant anymore.

At last, hypersonic conditions are usually found during reentry of space vehicles. During this reentry a
lot of different velocity and densities are encountered. As a result, a large Reynolds number range is present
during reentry. This has a profound effect on the boundary-layer, resulting in the presence of laminar, tran-
sitional and turbulent boundary-layers in different flight phases. The state of the boundary-layer has a big
influence on the heat fluxes present on the surface. A turbulent boundary-layer can increase the heat flux
with three times the value found in a laminar boundary-layer [3]. This shows the importance of correctly
predicting the boundary-layer state during reentry.

1.4. Research Objective
The aim of this thesis is to investigate the strong shock wave boundary-layer interactions found in hyper-
sonic compression ramp flows with emphasis on the structures found in the shear layer. This is done by
doing Schlieren, Quantitative InfraRed Thermography (QIRT) and Background Orientated Schlieren (BOS)
measurements in the HTFD wind tunnel in Delft.

The Schlieren measurements are used to investigate the general flow topology of the shock wave boundary-
layer interaction and to give qualitative information on the shear layer. The QIRT data is then used to give
a quantitative description of the heat fluxes on the ramp. At last, it was intented to use BOS for spanwise
information on the shear layer, but it did not work out as expected.
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1.5. Report Outline
This report consists of eight chapters. Chapter 2 gives an introduction in hypersonic compression ramp flows.
This consists of describing the general flow lay-out of compression ramp flows. Also typical pressure and heat
flux distributions are given. Furthermore, theoretical approximations are stated which will later be tested
against the experimental results.

After that, Chapter 3 describes the wind tunnel used for the experiments. Also, the design and design
decisions for the wind tunnel model are explained in this chapter.

Chapter 4 gives the physical principles and applicability of the different flow measurement techniques
used during the experiments. Next to that, the data processing techniques are explained.

Chapter 5, 6 and 7 explain the results found for respectively the Schlieren, QIRT and BOS measurement
campaigns.

In Chapter 8 the conclusions found in the report are discussed. At last, some recommendations for future
research are given in Chapter 9.





2
Hypersonic Compression Ramp Flows

In this chapter the flow characteristics of a compression ramp flow over a flat plate are explained. This is done
to give an idea of the background of the performed experiments. Also, it helps understanding the usefulness
of the results and aids understanding them.

First, the inviscid case is explained in Section 2.1. The results of the inviscid case act as input for the
viscous case which is explained in Section 2.2. In that section an method is given to estimate the flat plate
boundary-layer properties such as the incoming boundary-layer thickness, skin-friction coefficient and Stan-
ton number. These properties are important for the flow topology of the weak interaction and strong inter-
action between the shock wave and boundary-layer, which is treated after that. Then typical pressure and
heat flux distributions are discussed in respectively Section 2.3 and Section 2.4. Both these quantities are of
great importance in compression ramp flows as the pressure influences the mechanical loads and the heat
flux causes the thermal loads present on the ramp. At last, some commonly used correlations related to com-
pression ramps are given in Section 2.5.

2.1. Inviscid Flow Topology
In Figure 2.1, a schematic representation of a compression ramp on a flat plate is given. In order to compare
the results obtained in this chapter with the results in Chapter 5 and Chapter 6, the set-up is equivalent to the
set-up explained in Section 3.2. This means, that the flat plate is at an angle of 1° and a leading edge shock is
present.

The inviscid analysis starts with the inflow conditions explained in Section 3.1.4. As the flow accelerates
throughout the entire test section, the inflow Mach number has to be estimated. The following calculations
are therefore performed at M0 = 7.5. The importance of the inviscid calculations lies in the fact that even
when viscosity is added, the majority of the flow is still inviscid. Also, the inflow conditions after the leading
edge shock are not affected by viscous phenomena. This section will quickly explain the inviscid field and
how it is calculated.

0
1

β2

β1

M0, Pt0, Tt0, P0, T0, ρ0   

φ

2

Figure 2.1: The inviscid flow topology of the experiments.

The strength of an oblique shock wave depends greatly on the shock wave angle. The relation between the
incoming Mach number, the flow deflection and the shock wave angle is the following:

tanϕ= 2

tanβ

M 2
0 sinβ2 −1

M 2
0

(
γ+cos2β

)+2
(2.1)

5



6 2. Hypersonic Compression Ramp Flows

After solving for the shock wave angle (β), the normal component of the flow with respect to the shock wave
is calculated using the following equation:

Mn0 = M0 sinβ (2.2)

This normal component can then be plugged into the normal shock wave jump equations. For the normal
component of the Mach number after the shock wave, this is the following:

M 2
n1

=
1+

(
γ−1

2

)
M 2

n0

γM 2
n0

−
(
γ−1

2

) (2.3)

For the thermodynamic variables the following equations are used:

ρ1

ρ0
= (γ+1)M 2

n0

2+ (γ−1)M 2
n0

(2.4)

p1

p0
= 1+ 2γ

γ+1

(
M 2

n0
−1

)
(2.5)

T1

T0
= p1

p0

ρ0

ρ1
(2.6)

The total temperature of the flow remains constant over a shock wave. The total pressure jump is calculated
using:

pt1

pt0

=
(

(γ+1)M 2
n0

(γ−1)M 2
n0

+2

) γ
γ−1

(
γ+1

2γM 2
n0

− (γ−1)

) 1
γ−1

(2.7)

The last step is to convert the normal component of the Mach number back to the total Mach number parallel
to the geometry:

M1 =
Mn1

sinβ−ϕ (2.8)

The example given above is for the leading edge shock wave. The variables after the shock wave due to the
compression ramp are computed in a similar way. This time, instead of using the inflow conditions before
the leading edge shock wave, the conditions after the leading edge shock wave have to be used as input.

From these calculations the flow properties stated in Table 2.1 are found. These values will be used in the
next section, as well as in Chapters 5 and 6 to compare the results with the theoretical values.

Table 2.1: Quantities at different stages of the inviscid compression ramp flow at M0 = 7.5.

Stage θ (°) β (°) M ρ (kg /m3) p (Pa) T (K ) pt (Pa) Tt (K )
0 0 / 7.5 0.035 470 47.3 30.23 ·105 579
1 1 8.3 7.29 0.040 564 49.8 30.22 ·105 579
2 31 39.65 2.50 0.19 14.1·103 259.6 24.53 ·105 579

2.2. Viscous Flow Topology
In this section the viscous flow topology is explained. First, this is done for the flat plate. After that the shock
wave boundary-layer interaction due to the presence of the ramp will be treated.

2.2.1. Reference Temperature Method
The reference temperature method is used to determine boundary-layer properties like the boundary-layer
thickness (δ), skin friction coefficient (c f ) and Stanton number (St ). The method is based on the fact that the
only difference between compressible boundary-layers and incompressible boundary-layers is the temper-
ature distribution in the boundary-layer. To compensate for this, the incompressible boundary-layer equa-
tions have to be applied at a reference temperature (T ∗).
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The flow topology of the flat-plate is shown in Figure 2.2. The edge of the boundary-layer is shown in orange
and is steadily growing when traveling from the leading edge. As the boundary-layer starts growing after the
leading edge shock, the conditions at stage 1 of Table 2.1 have to be used.

0 1

M0, Pt0, Tt0, P0, T0, ρ0   

Figure 2.2: The viscous flow topology over the flat plate.

As said, the starting point is to obtain a reference temperature at which the other quantities are calculated.
The equation used is the following [3]:

T ∗

Te
= 1+0.032M 2

e +0.58

(
Tw

Te
−1

)
(2.9)

It shows that the reference temperature depends on the wall temperature, the temperature at the edge of the
boundary-layer and the Mach number at the edge of the boundary-layer. At the edge of the boundary-layer
the values are equal to the inviscid values in region 1. This means that Me = M1 = 7.29 and Te = T1 = 49.8
K . The only variable that is still unknown is the wall temperature (Tw ) which is found using the following
equation:

Tw

Te
= 1+ r

γ−1

2
M 2

e (2.10)

Where r is the recovery factor and is equal to r =p
Pr . The Prandtl number (Pr ) is approximately constant

and equal to Pr = 0.71. Plugging in all the values gives a reference temperature of T ∗ = 393.1 K .
In order to find the boundary-layer thickness of the boundary-layer, the incompressible flow relation has

to be used at the reference temperature. The incompressible Blasius boundary-layer relation is as follows [4]:

δ= 5x√
Re∗x

(2.11)

The local Reynolds number must then be computed at the reference values as shown in:

Re∗x = ρ∗ue x

µ∗ (2.12)

The reference density is computed as follows:

ρ∗ = p∞
RT ∗ (2.13)

In this equation, T ∗ is the reference temperature computed above. In the boundary-layer, ∂p
∂y = 0 meaning

that the pressure at the edge of the boundary-layer is imposed throughout the boundary-layer. Therefore
p∗ = pe = p1. The dynamic viscosity is also a function of temperature and therefore it has to be evaluated at
the reference temperature. This is done using Sutherland’s law:

µ∗

µr e f
=

(
T ∗

Tr e f

) 3
2 Tr e f +S

T ∗+S
(2.14)

Sutherland’s law depends on several reference conditions which are stated in Table 2.2. The velocity at the
edge of the boundary-layer equals the value outside the boundary-layer which is equal to the velocity in
region 1. By using the temperature and Mach number it is computed in the following way:

ue = M1
√
γRT1 (2.15)
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Table 2.2: Reference quantities for Sutherlands law.

Tr e f (K ) µr e f (kg /(m · s)) S (K )

273.15 1.716 ·10−5 110.4

Now that the local Reynolds number is known, it is plugged into Equation 2.11. Plotting the boundary-layer
thickness as a function of x gives the line in Figure 2.3. The figure shows, that at the location of the ramp
around 415 mm from the leading edge, a boundary-layer thickness of 6.7 mm is expected.

0 50 100 150 200 250 300 350 400
x (mm)

0

1

2

3

4

5

6

7

(m
m

)

Figure 2.3: Boundary-layer thickness (δ) as function of x.

Apart from Equation 2.11, several other incompressible flow relations exist for a flat plate. The for compress-
ibility corrected relation for the skin friction coefficient is the following:

c f =
0.664

p
C∗

p
Rex

(2.16)

In this equation, the incompressible relation is corrected with C∗, which is given by:

C∗ = ρ∗µ∗

ρ1µ1
= T1µ

∗

T ∗µ1
(2.17)

The ratio of dynamic viscosity is calculated using Sutherland’s law shown in Equation 2.14. This results in the
following expression:

C∗ =
(

T ∗

T1

)1/2 T1 +S

T ∗+S
(2.18)

Using Reynolds analogy the relation of the Stanton number is derived, which is the following:

St = 0.332p
Rex

p
C∗ (

Pr∗)− 2
3 (2.19)

In the last equation the Prandtl number (Pr ) is evaluated at reference conditons using the following equation:

Pr∗ = µ∗

c∗p
k∗ (2.20)

With c∗p = 1004 J/(K ·kg ). The thermal conductivity (k∗) is evaluated in the same way as the dynamic viscosity
(µ):

k∗

kr e f
=

(
T ∗

Tr e f

) 3
2 Tr e f +Sk

T ∗+Sk
(2.21)
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The reference values are found in Table 2.3. Plugging in all the values gives Figure 2.4 for the skin friction
coefficient and Figure 2.5 for the Stanton number. The Stanton number will act as validation for the data
reduction method explained in Section 4.3.4.

Table 2.3: Reference quantities for Sutherlands law.

Tr e f (K ) kr e f (W /(m ·K )) Sk (K )

273.15 0.0241 194

0 50 100 150 200 250 300 350 400
x (mm)

0.001

0.002

0.003

0.004

0.005

0.006

c f
(

)

Figure 2.4: Local skin friction coefficient (c f ) as function of x.

0 50 100 150 200 250 300 350 400
x (mm)

10 3

St
(

)

Figure 2.5: Stanton number (St ) as function of x.

2.2.2. Weak Shock Wave Boundary-Layer Interactions
In the inviscid case the complete flow is supersonic, meaning that a pressure increase cannot propagate up-
stream. As a result, the shock wave starts at the leading edge of the ramp. When the boundary-layer is added
the flow topology changes. This section discusses the case where the flow is only slightly changed. This is
called a weak shock wave boundary-layer interaction.

In Figure 2.6 the flow field is given. Still the leading edge shock wave and the shock wave due to ramp are
present. Also, the boundary-layer (in orange) seems to be unaffected.
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0 1
β2M0, Pt0, Tt0, P0, T0, ρ0   

φ

2

Figure 2.6: The flow topology for a weak shock wave boundary-layer interaction.

When zooming in on the region near the compression ramp, the flow of Figure 2.7 is found. Because of the
no slip condition at the wall, the flow velocity is zero at the wall. The boundary-layer is characterized by
a velocity distribution which starts with zero at the wall and equals the free stream velocity (u1) at the end
of the boundary-layer. This means that at some point in the boundary-layer profile, the Mach number gets
below 1. This is shown by the dashed line in Figure 2.7. Underneath this line the flow is subsonic.

Through this subsonic channel the pressure increase, imposed by the ramp propagate upstream. This
locally reduces the velocity resulting in that the subsonic channel dilates to preserve mass conservation. Be-
cause of this dilation of the boundary-layer, several compression waves form locally. These compression
waves coalesce in the free-stream into a shock wave. When all the compression waves have coalesced, the
shock wave in the free-stream equals the shock wave that would be obtained in the inviscid case.

β2

φ

2

δ M1

Sonic line

Compression waves

1

Figure 2.7: Close up of a weak shock wave boundary-layer interaction.

2.2.3. Strong Shock Wave Boundary-Layer Interactions
When the compression ramp angle is further increased, the strength of the required shock wave is also in-
creased. This means that a larger adverse pressure gradient is present in the subsonic channel. At some point
the boundary-layer cannot cope with the adverse pressure gradient anymore and it separates. This point is
called the incipient separation point. This phenomena significantly alters the flow field as shown in Figure
2.8.
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0 1
M0, Pt0, Tt0, P0, T0, ρ0   

φR

S

T

Figure 2.8: The flow topology for a strong shock wave boundary-layer interaction.

In Figure 2.9, a close-up of the shock wave boundary-layer interaction is given. On the left it is clearly visible
that compression waves form on the separation bubble. The compression waves coalesce together into the
separation shock. On top of the separation bubble a strong shear layer is present which travels downstream.
Near the ramp, the flow has to be deflected further in order to follow the ramp. This creates compression
waves that focus into the reattachment shock. Just downstream of the reattachment, the boundary-layer on
the ramp reaches its thinnest point and therefore the highest peak heating is expected at that location.

Because the Mach number is first reduced after the separation shock wave, the reattachment shock wave
always has a larger shock angle. This means, that the two shock waves intersect at point T creating a shock-
shock interaction. At the Mach numbers of these experiments, an Edney Type VI interaction is expected.
Above the shock-shock interaction, the shock wave which is expected from the inviscid calculations is present.

1

φR

S

T
2

Sonic line

Compression waves

Dividing streamline

δ M1

Separation shock

Reattachment shock

Slipline

Expansion fan

Figure 2.9: Close up of a strong shock wave boundary-layer interaction.

2.3. Typical Pressure Distributions
In this section typical pressure distributions are given for the compression ramp flows. In Figure 2.10 the
expected pressure distributions for an inviscid flow and weakly interacting viscous flow are given.

Behind the leading edge shock wave, the pressure (p1) is constant both in the viscous case and the inviscid
case as ∂p/∂y = 0 in the boundary-layer. The only observed difference between the viscous and inviscid case,
is the distance it takes before the pressure jump is complete. For the inviscid case this is achieved almost
instantly with a shock wave. For the viscous case the pressure jump starts with compression waves due to the
presence of a subsonic channel. As the compression waves coalesce into the inviscid shock wave, the final
pressure is expected to be the same as the invisicid value.

The location where the pressure starts increasing, is called the interaction origin. The distance between
the interaction origin and the ramp is then the interaction length (Li ). Experiments have shown that the
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interaction length is influenced by the compression ramp angle, the Mach number and the boundary-layer
thickness Reynolds number (Reδ) [5].

p1

Inviscid �ow

Interaction origin

Viscous �ow

p2

p 

x 0

Figure 2.10: Theoretical pressure distribution for a weakly interacting flow.

Figure 2.11 shows the pressure distribution for the strongly interacting flow and the inviscid flow. The inviscid
flow still consists of one pressure jump due to one oblique shock wave. The viscous flow now consists of two
jumps. The first jump starts with the compression waves coalescing into the separation shock wave. After
that the so called plateau pressure is reached. Near the reattachment point, compression waves start to form,
which initiates the second pressure rise. When all the compression waves are coalesced, the inviscid flow
value is reached.

The interaction origin is now located at the first compression wave of the separation shock, which is much
further upstream than for weak shock wave boundary-layer interactions. The distance between the interac-
tion origin and the ramp leading edge is called the separation length (Lsep ).

p 

 

p2  

x 

S

p1

Inviscid �ow

R

Interaction origin

Plateau pressure 
Second pressure rise 

First pressure rise Viscous �ow

0

Figure 2.11: Theoretical pressure distribution for a strongly interacting flow.

Measured pressure distributions for different compression ramp angles at hypersonic Mach numbers are
given in Figure 2.12. For the lowest ramp angles (15°, 26° and 30°) the pressure profile of the weakly interacting
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flow is found. After the interaction, they nicely converge to the inviscid value for their respective ramp angle.
Also, increasing the ramp angle increases the interaction length (Li ).

When the compression ramp angle is further increased, pressures higher than the inviscid pressure are
found. This is different from the expectations given by Figure 2.11. The reason for this, is that in the hyper-
sonic regime the shock waves angles are very small. This means that triple point T in Figure 2.9 lies very
closely to the boundary-layer or even inside the boundary-layer. The total compression by the separation
shock wave and reattachment shock wave results in a higher pressure increase than only the single inviscid
shock wave. This causes the peak pressures shown in Figure 2.12, after the peak an expansion fan is present
which reduces the peak pressure to the expected inviscid value.

For the highest compression ramps, the pressure distributions clearly reach the same plateau pressure.
The only thing that changes when increasing the ramp angle, is the separation length. This phenomena is
explained in Section 2.5.1. This section gives theoretical evidence that the plateau pressure is independent of
the compression ramp angle.

Separation

Reattachm ent 

Peak pressure

Ramp angle

p1
p

φ
38
36
34
32
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15

80

40

0
-50 0 50
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L

M1 = 9.22
p1

x-L (mm)

φ(˚)=

Inviscid 
solution

Figure 2.12: Measured pressure distributions over different compression ramp angles at M1 = 9.22, Reδ = 4 ·105 and Tw /T0 = 0.28 [6].
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2.4. Typical Heat Flux Distributions
After looking at different pressure distributions, this section will show typical heat flux distributions over
compression ramps. Figure 2.13 gives a theoretical heat flux distribution for a strong shock wave boundary-
layer interaction. First, a sharp decrease at the leading edge of the flat plate is seen, this is the same as in
Figure 2.5. After that, the heat flux drops due to the increase in boundary-layer thickness.

When reaching the separation point, the heat flux has a significant drop for a laminar flow. This is due to
the dead air region underneath the separation bubble. In the case of a turbulent flow, the heat flux increases
slightly before reaching a plateau value. This is a result of the large turbulent eddies promoting the exchange
of flow near the wall and the outer high energy flow [6].

At the reattachment point, the expected peak in heat flux is seen. This is the result of a very thin boundary-
layer near the reattachment point, the so called necking region. The peaks can rise even further due to the
presence of high peak pressures as discussed in Section 2.3.

q  s

x

S

R

0

Turbulent
�ow

Laminar
�ow

Figure 2.13: Theoretical heat flux distribution for a strongly interacting flow.

Figure 2.14 shows the heat fluxes of the same experiment performed as in Figure 2.12. As expected, there are
very high peak heat fluxes present near the reattachment regions. As after separation, the heat flux reaches
an elevated plateau, it has to be a turbulent interaction.

Looking at the peak values, the problem of thermal loads in hypersonic flows becomes clearly visible. For
the highest compression ramp angle an increase of 36% is found, compared to the already high heat flux after
the shock wave boundary-layer interaction. Depending on the inflow conditions, this can result in very high
temperatures at the reattachment point.

It is known, that even higher heat fluxes can be found when the shear layer transitions from laminar to
turbulent. The large coherent transition structures promote the exchange of energy towards the wall creating
even larger peaks either in spanwise or streamwise direction.
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Figure 2.14: Measured heat flux distributions over different compression ramp angles at M1 = 9.22, Reδ = 4 ·105 and Tw /T0 = 0.28 [6].

2.5. Compression Ramp Correlations
This section is used to give some correlations for compression ramp flows. These can be used to predict
certain flow phenomena or for designing an experiment. The section is divided in subsections based on the
different flow features as seen in the previous flow distributions.

2.5.1. Free-interaction Theory/Plateau Pressure
The characteristics of the flow during separation in supersonic and hypersonic flow can be interpreted by the
free-interaction theory [6]. This theory can be used to derive the following equation:

p(x̄)−p(x̄0)

q0
= F (x̄)

√√√√ 2C f0(
M 2

0 −1
)1/2

Where :

x̄ = x −x0

L

F (x̄) =
√

f1(x̄) f2(x̄)

(2.22)

In this equation the subscript 0 means the starting location of the interaction. The equation correlates the
pressure in the interaction with the pressure at the interaction origin. In Table 2.4 the correlation constants
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for the pressure at the separation location and the plateau pressure are stated. For the interaction extent the
following equation is derived:

Ls

δ∗0
=

√
2

f2(x̄)

f1(x̄)

1
p

c f0

(
M 2

0 −1
)− 1

4 (2.23)

Table 2.4: Correlation values for F at the separation point and the plateau value [5]

F (separation location) F (plateau value)
Laminar flow 0.8 1.5

Turbulent flow 4.2 6

Equations 2.22 and 2.23 show that the plateau pressure and the interaction extend depend on quantities at
the interaction location and not on downstream quantities such as the shock strength or compression ramp
angle. This means, that the location of the separation point and the angle of the shear layer are determined
only by the required pressure increase for incipient separation. The whole pressure rise required for a com-
pression ramp is therefore split into two parts, a part at the separation shock wave and a part due to the
reattachment shock wave. The compression at separation is fixed at the incipient separation value because
it is not dependent on the compression ramp angle. This means, that an increase in overall pressure rise
requires an additional pressure rise at reattachment. Therefore, increasing the compression ramp angle will
increase the peak pressure found at reattachment of the shear layer.

The length of the shear layer is fixed such, that it obtains sufficient momentum to overcome the required
reattachment pressure rise. The only possible way to gain momentum is a higher shear layer velocity. This is
obtained by increasing the shear layer length. As the reattachment point is fixed, an increase in compression
ramp angle will move the separation point forward.

Looking at Figure 2.12, the theory as described above is confirmed. Increasing the compression ramp
angle indeed increases the shear layer length. Also, a nearly constant plateau pressure is found for different
compression ramp angles. As a result, the compression at reattachment is increased for higher compression
ramp angles.

The effect of the Reynolds number can also been found using the free-interaction theory. It is observed
that the overall pressure increase is lowered when increasing the Reynolds number. Furthermore, the inter-
action extent is increased with increasing Reynolds number. As a result, a stronger shock wave is required to
separate the boundary-layer at lower Reynolds numbers. This behavior is confirmed for Reynolds numbers
up to Reδ = 105, for higher Reynolds numbers the effect is reversed. Then the boundary-layer is less prone
to separation with increasing Reynolds number. The reason that free-interaction is not able to describe this
behavior, is that inertia forces are neglected and only the viscous forces are taken into account in the form of
the skin friction coefficient (c f0 ). At higher Reynolds numbers the viscous contribution reduces compared to
the inertial forces, so the error becomes larger.

2.5.2. Incipient Separation
A lot of shock wave boundary-layer correlations depend on the hypersonic viscous parameter given by the
following equation:

χLE = M 3∞
p

Cp
ReL

Where :

C = ρwµw

ρ∞µ∞

(2.24)

In this equation, C is the Chapman-Rubesin linear viscosity parameter. A correlation for the incipient sepa-
ration compression ramp angle (ϕ) is given by [7]:

M∞ϕi nci p = 4.32
√
χεL (2.25)

In this case the correlation depends on a wall temperature corrected hypersonic viscous parameter which is
given by:
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χεL = γ−1

γ+1

(
0.664+1.73

Tw

Tt

)
χL (2.26)

2.5.3. Shear Layer Length
Several relations exist to determine the length of the shear layer. In this section, two are discussed, one which
is partly based on theory and another one which is correlated to several experiments performed in wind
tunnels.

The following relation is based on computational results of 2D shock wave boundary-layer interactions
[8]:

Lsep

δ∗0
= 4.4

p3 −pi nc

p1 ·χ
(2.27)

The pi nc is found using a relation that is partly based on the free-interaction theory and partly correlated to
data:

pi nc −p1

p1
= 1

2
γM 2

∞1.85
p

2

√
c f0(

M 2∞−1
)1/2

(2.28)

The other approximation is based on the correlation of several experiments. These results are combined into

Figure 2.15. Based on that figure, a trendline of the form Lsep /δ0 = a

(
(M0ϕ)2

χ0

)b

is correlated to the data. This

gives a = 1.09 and b = 2.44 and results in the following relation [9]:

Lsep

δ0
= 1.09

((
M∞ϕ

)2

χ0

)2.44

(2.29)
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Figure 2.15: Upstream influence and separation length correlation [9].

2.5.4. Peak Heating
As shown in Section 2.4, there are large peaks present in the heat flux distribution near reattachment. There
are several relations available to predict the peak heat flux. One of the simpler methods is the following
relation [10]:

chpeak

ch0

= a

(
p3

p1

)b

theor eti cal
(2.30)

In this equation the theoretical inviscid pressure is used to correlate the peak heat flux. The constants a
and b depend on the flow state. For turbulent flow atur b = 1 and btur b = 0.8 is found and for laminar flow
al am = 0.13 and bl am = 1.13. In the case when the laminar shear layer transitions to a turbulent shear layer,
higher peak heat values are expected. The laminar relation is corrected for that in the following way [10]:

chpeak

ch0

= 0.468
(
ReL0 ·10−6)1.85

(
p3

p1

)1.13

theor eti cal
(2.31)

Holden in [11] uses instead of the theoretical inviscid pressure jump, the actual pressure jump to correlate
the data. The following equation is then found:

chpeak

chr e f

=
(

ppeak

pr e f

)0.7

(2.32)

A different approach for calculating the peak heat flux is assuming a new very thin boundary-layer near the
reattachment point [12]. An approximation of a hypersonic boundary-layer using the reference temperature
method explained in Section 2.2.1 is:
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ch (Rex )n = A

s

(
ue pe

u∞p∞

)1−n (
T∞
T ∗

)1−2n (
C∗)(Tr −Tw

Tt −Tw

)
(2.33)

Table 2.5: Correlation values for Equation 2.33 [12].

n A s
Laminar flow 0.5 0.332 Pr 2/3

Turbulent flow 0.2 0.0296 1

Depending on the boundary-layer state, different correlation constants have to be used. In Table 2.5 the
different constants are given. Equation 2.33 can then be used to compute the boundary-layer with origin
near the reattachment region. As a reference condition, a normal flat plate boundary-layer with sharp leading
edge is used. The peak heat flux can be found by dividing the reattachment boundary-layer with the reference
boundary-layer. The following equation is then obtained:

chpeak

chr e f

= B
(
Re∗xpeak

)a
(

ppeak upeak

pr e f ur e f

)1−n (
xpeak

Lpeak

)n

(2.34)

The different constants are given in Table 2.6. The last thing that is required is the growth length of the
boundary-layer (Lpeak ). This length scale is approximated using the following equation:

Lpeak = δr eat t achment

sin
(
ϕ−ϕsep

) (2.35)

Table 2.6: Correlation values for Equation 2.34 [12].

n a B
Laminar peaking 0.5 0 1

Turbulent peaking 0.2 0 1
Turbulent peaking and laminar reference 0.2 0.3 0.072





3
Experimental Apparatus

This chapter is used to explain which experimental apparatuses are used in the experiments. This explana-
tion is split into two parts, the first part describes the working principle and the operational envelope of the
Hypersonic Test Facility Delft (HTFD) in Section 3.1. Furthermore, the free-stream conditions used during
the different tests are given. The second part of this chapter explains the design choices of the models used
in the HTFD in Section 3.2.

3.1. Hypersonic Test Facility Delft
The Hypersonic Test Facility Delft (HTFD) is a wind tunnel based on the Ludwieg tube concept. The benefit
of using the Ludwieg tube principle is the relatively low turbulence uniform flow, the long run time and the
possibility of attaining high unit Reynolds numbers.

3.1.1. Operating Principle
Figure 3.1 gives a schematic representation of the Ludwieg tube principle. As seen in the figure, a Ludwieg
tube consist of four main sections: a storage tube, a nozzle, a test section and a vacuum tank.

In the storage tube, the fluid is pressurized and heated to the desired conditions. Between the storage tube
and the nozzle, a fast acting piston is placed which holds the fluid into the storage tube at high temperature
and high pressure. When the piston is pulled back, the fluid flows into the nozzle where it is accelerated to
the desired Mach number depending on the area ratio between the throat and the test section. In the test
section the flow then reaches the desired flow conditions. The vacuum tank ensures that there is a sufficient
pressure ratio present over the nozzle such that the tunnel is able to start and sustain the flow conditions.

L

Storage tube

Fast acting valve

Nozzle Test
section

Vacuum tank

Figure 3.1: Schematic representation of a Ludwieg tube wind tunnel [13].

The process in the storage tube after pulling back the piston is shown in the t , x− diagram given in Figure
3.2. At t = 0 the piston is pulled back and an expansion wave starts to form at the valve. This expansion wave
moves into the storage tube and away from the valve. At the end of the tube, the expansion wave reflects back
towards the nozzle. When the reflected expansion wave reaches the valve again, the run is over.

Because the piston is pulled back very fast, the expansion wave can be treated as a centered expansion
wave. The location of the valve is at location x = 0 in Figure 3.2. The beginning of the wave is then shown by
the line O A and the end by line OSB . The reflection of the wave is shown by the lines ASE and BF . The end
of the run is then found at location E at x = 0 and t = t1. The conditions over the expansion wave (from 0 to
1) are computed using "simple wave" theory. Along a characteristic the following holds:
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u0 + 2a0

γ−1
= u1 + 2a1

γ−1
(3.1)

In region 0 the air in the tube is at standstill so u0 = 0, this results in:

2a0

γ−1
= u1 + 2a1

γ−1
(3.2)

Rewriting this equation gives the following expression for the velocity in the storage tube:

u1

a0
= M1

1+ γ−1
2 M1

(3.3)

During this process, the total temperature also changes. The ratio of the total temperature over the expansion
wave may be derived as follows [14]:

Tt1

Tt0

= 1+ γ−1
2 M 2

1(
1+ y−1

2 M1

)2 (3.4)

Because an expansion wave is an isentropic process, the isentropic relations can be used to calculate the
pressure jump. This results in:

pt1

pt0

=

 1+ γ−1
2 M 2

1(
1+ y−1

2 M1

)2


γ
γ−1

(3.5)

As said, the duration of the run is determined by the time it takes for the expansion wave to travel to the end
of the tunnel and back again. In Figure 3.2 this point is shown as t1. The total running time is calculated with
the following equation [14]:

t1 = L

a0

2

1+M1

(
1+ γ−1

2
M1

) γ+1
2(γ−1)

(3.6)

All of these parameters depend on the Mach number after the expansion wave. The Mach number is found
using conservation of mass and depends directly on the ratio between the storage tube diameter and the
critical throat diameter. The relation between the ratio and the Mach number is as follows:

(
dtube

dcr i t

)2

= 1

M1

(
2

γ+1

(
1+ γ−1

2
M 2

1

)) γ+1
2(γ−1)

(3.7)

t

x

F

E

C

D

A
B

0

S

Head wave

Tail wave
Particle
pathExp.

L

p0 T    0

t1

1

0
,

p1 T    1,

H

Figure 3.2: t , x−diagram of the storage tube [13].
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3.1.2. Operation Envelope HTFD
In the previous section the general working principle of a Ludwieg tube was given. In this section, this is
translated to the operational envelope of the HTFD. Equation 3.7 shows that the Mach number (M1) and
therefore the run time and total quantities depend on the ratio between the tube diameter (dtube ) and the
critical throat diameter (dcr i t ). This ratio also determines what Mach number is reached in the test section
(because of dcr i t ), provided that the pressure ratio is large enough.

As the test section in the HTFD is fixed, it is only possible to vary the Mach number by changing the throat
diameter. The throat diameter in the HTFD is varied by inserting different nozzles. Unfortunately, for Mach
numbers lower than 9, the throat diameter is limited by the size of the piston and cannot be increased. In
order to reduce the Mach number below 9, a so called tandem nozzle is used. This will be explained further
in Section 3.1.3. The properties over the expansion wave for different free stream Mach numbers are shown
Table 3.1.

Table 3.1: HTFD expansion wave properties for different nozzles [13].

M M1 Tt1 /Tt0 pt1 /pt0 t1a0/L

6-9 0.09 0.97 0.89 1.94
10 0.05 0.98 0.93 1.96
11 0.03 0.99 0.95 1.97

Because the temperature of air in the test section drops very fast, it may happen that the air starts to conden-
sate. To prevent this from happening, the storage tube is heated. To reduce the energy consumption only the
part of the storage tube that contains the air that is used during a run is heated to a temperature of around
773 K . This is between point H and 0 in Figure 3.2. From the total length of 29 m, only the first 6 m of the
storage tube is heated to 773 K .

The temperature difference between the hot tube and the cold tube results in a contact discontinuity
on which the expansion wave can reflect, reducing the effective run time of the wind tunnel. This effect is
severely reduced by keeping the mass flow constant on the junction between the hot and cold tube. Using
this, the following relation between the tube diameter and temperature can be derived [14]:

dhot

dcold
=

(
Tcold

Thot

) 1
4

(3.8)

This means, that for the HTFD the remainder of the storage tube has to be heated to 375 K . In Figure 3.3
the static pressure upstream of the piston as function of time is given for the M = 7 configuration. Before
opening the valve, the flow is at standstill and the total pressure equals 99.8 bar . When the valve is opened,
the pressure rapidly drops to around 83 bar due to the expansion wave. The small oscillation at t = 130 ms
is due to a small reflection of the expansion wave on the contact discontinuity between the hot and cold
tube. The last thing that is observed, is that the pressure is slightly increasing after the expansion wave hits
the discontinuity. The reason for this, is that cold air from the cold part of the storage tube is heated under
constant volume in the hot part, effectively increasing the pressure.
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Figure 3.3: Static storage tube pressure for the M = 7 configuration [13].
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3.1.3. Tandem Nozzle
As stated above, the free stream Mach number is changed by changing the throat diameter of the nozzle.
However, for Mach numbers lower than 9 the throat diameter has to become larger than the piston diameter
resulting in non-sonic conditions in the throat.

In order to reduce the Mach number below 9, a tandem nozzle is used as shown in Figure 3.4. First the M =
9 nozzle is used to accelerate the flow to supersonic conditions, then a normal shock wave slows down the
flow to subsonic conditions. Over the normal shock wave, a total pressure drop occurs making it possible to
increase the throat diameter of the second nozzle. The total pressure loss as function of the nozzle diameters
is calculated using normal shock wave theory in the following equation [13]:

pt2

pt1

=
(

dcr i t1

dcr i t2

)2

(3.9)

In Table 3.2 the throat diameters for the different nozzles are stated. For the results presented in this thesis
the M = 7 nozzle is used, which has a diameter of 34.3 mm. Plugging in the diameters in Equation 3.9 gives a
total pressure loss of 32% for the tandem nozzle configuration.

In [13] the pressure in the settling chamber is measured for this particular tunnel. There it is found, that
the total pressure loss is slightly less than the theoretical value found with Equation 3.9. A possible reason for
this, is that the flow is not slowed down with one shock wave, but with multiple shock waves, which is more
efficient.

Table 3.2: HTFD throat diameters for different nozzles [13].

M 6 7 8 9 10 11
dcr i t (mm) 48.0 34.3 25.38 19.35 15.12 12.06

Piston Throttle nozzle M = 9 Nozzle inserts M = 6 - 8

Settling chamber

M > 1 M < 1

Piston housing

Normal shock

Figure 3.4: Schematic diagram of the tandem nozzle in the HTFD [13].

3.1.4. Free Stream Conditions
There are a couple of things that influence the free stream conditions in the test section. One of them is,
that the flow keeps on diverging due to the outflow of the nozzle. As a result, the Mach number keeps on
increasing throughout the test section. This effect is partly counteracted by the increasing wall boundary-
layer in the test section. The boundary-layer reduces the effective cross-section and therefore the diverging
behavior. A combination of these effects results in M∞ ≈ 7.5 for the M = 7 nozzle. The quantities of the
remaining nozzles are given in Table 3.3.

The other effect originates from the discontinuity between the nozzle and the test section. Due to the
slight change in angle at that location, Mach waves with the following Mach angle start forming:

µ= arcsin
1

M∞
= arcsin

1

7
= 8.3° (3.10)

As the Mach waves travel into the test section they shrink the usable test area. This gives a usable test area of
around 200x200 mm2 around the center line of the test section.
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Table 3.3: HTFD free-stream conditions for different nozzles [13].

Nozzle M∞ pt (bar ) Tt (K ) Re/L ·106 (m−1)

M = 6
6.4 2.8 579 1.61
6.5 14.3 579 7.90

M = 7
7.4 5.4 579 2.22
7.5 28.0 579 11.05

M = 8
8.4 10.0 579 3.07
8.5 51.2 579 15.08

M = 9
9.4 20 585 4.65
9.5 88 585 19.70

M = 10
10.3 20 585 3.76
10.5 88 585 15.85

3.2. Test Model
The test model is used to create the desired flow topology in the HTFD. The goal of the model is to simulate
the separation and reattachment of the flow and the instabilities in the shear-layer. The model consists of
two separate parts: a flat plate and the compression ramps. There are several requirements made, which the
model has to fulfill:

REQ-MODEL-01 The model should be able to operate at varying local Reynolds numbers;

REQ-MODEL-02 The model should be able to operate at different pressure jumps;

REQ-MODEL-03 The model should not be influenced by external disturbances;

REQ-MODEL-04 The model should fit in the HTFD test section;

REQ-MODEL-05 The model should not prevent the HTFD from starting;

REQ-MODEL-06 The model should have a low thermal product (ρck);

REQ-MODEL-07 The model should have a high emissivity (ε);

REQ-MODEL-08 The model should be optically visible through the HTFD windows.

3.2.1. Flat Plate
The basis of the set-up is the same large flat plate in the middle of the test section used in [15]. Several changes
are made to the plate, in order to make it suitable for experiments with large compression ramps.

The flat plate is shown in Figure 3.5. As seen in the figure, the plate consists of three parts: the leading
edge (shown in beige), an aluminum frame (shown in grey) and in the middle a Makrolon plate (shown in
blue). The leading edge is separable in the case of damage or blunt leading edge experiments need to be
performed. For the experiments performed in this report, a sharp leading edge of 50 µm is used to prevent
the occurrence of blunt leading edge instabilities. The overall dimensions of the plate are 800 mm × 350 mm
(L×B).

During the experiments of [15] there was an attachment point for micro ramps. For these experiments
the Makrolon plate is changed to a fully flat plate to prevent radiation changes in the Quantitative InfraRed
Thermography (QIRT) runs. To have a high contrast between the infrared radiation from the ambient air and
the radiation from the plate, a high emissivity is required. Furthermore, REQ-MODEL-06 states that a low
thermal product is required. The reason for this, is that with a low thermal product a larger resolution in the
temperature signal is obtained. It is found that Makrolon has these favorable thermal properties, therefore
the middle part of the flat plate is made of Makrolon. In Table 3.4 the Makrolon properties of importance for
the QIRT are summarized.

Table 3.4: Makrolon material properties.

Material ρ (kg /m3) c (J/(kg ·K )) k (W /(m ·K )) ε (−)
Makrolon 1.2 ·103 1.17 ·103 0.2 0.88
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In Figure 3.5, also the Mach waves traveling from the sides of the leading edge towards the middle of the test
section are shown (in orange). The angle µ is calculated using Equation 3.10 and is found to be 8.3° for a
Mach number of 7.0, this Mach number is chosen because the leading edge of the plate is at the start of the
test section. To fulfill requirement REQ-MODEL-03, it is important that the ramp is not placed outside the
orange lines.

Finally, requirement REQ-MODEL-01 states that the local Reynolds number should be variable. This is
partly achieved by varying the total pressure in the hot tube, but in order to fine-tune the local Reynolds
number it is beneficial to vary the location of the ramp. Therefore screw holes are added on the sides of
the flat plate. In Section 3.2.2, the location of the holes and how they influence the design of the model are
elaborated upon.

µ

µ
Figure 3.5: Top view of the adapted flat plate.

The reason for choosing a large flat plate with a compression on top instead of only a ramp, is the boundary-
layer thickness (δ). As explained in Section 2.2, the boundary-layer thickness grows when going further from
the leading edge. This means that with the configuration of the flat plate plus a ramp a very thick boundary-
layer is present. In Section 2.5 it is shown that the absolute size of the separation bubble is greatly influenced
by the boundary-layer thickness. On top of the large separation bubble, strong and long shear-layers are
expected. In these shear-layers the instabilities have a lot of time to grow and are therefore more visible and
stronger. This makes it possible to see the effect of transitional shear-layers on the heat fluxes better.

During the experiments, the ramps are placed on a distance from the leading edge of xLE = 417 mm. The
experiments are performed in a total pressure range of the hot tube of pt = 30−95 bar . In combination with
the leading edge distance of 417 mm, this gives the leading edge Reynolds numbers as stated in Table 3.5.

Table 3.5: Leading edge Reynolds numbers.

pt (bar ) 30 40 50 60 70 80 90 95

ReL ·106 1.67 2.23 2.79 3.35 3.91 4.46 5.02 5.30

3.2.2. Compression Ramps
The compression ramps are used to create the shock wave boundary-layer interaction. The strength of the
interaction is determined by the pressure jump imposed on the boundary-layer. The pressure jump is varied
by varying the compression ramp angle. To reduce the complexity of the model, five discrete ramps were
made instead of a continuous model. The angles of the ramp are 10, 15, 20, 25 and 30° based on the data in
[12].

From [16] it is known that the HTFD has trouble with starting because the large frontal area of the model
is blocking the test section too much. Therefore the frontal area of the model in [16] is taken as a maximum
for the model. The frontal area of that model is equal to 130 cm2.

As a large part of the frontal area is already consumed by the flat plate (70 cm2), it is not possible to use
a compression ramp over the full width of the flat plate. This is also not necessary as a large part of the flat
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plate is excluded due to the Mach waves initiated at the leading edge. Another consideration for the width of
the ramp, is the presence of 3D effects when the width becomes too small. Therefore an optimum has to be
found between a large width to avoid 3D effects and a frontal area which cannot be too large. From [14] it was
found that at a width of 115 mm the flow is nearly uniform in spanwise direction. Therefore a width which is
slightly increased is opted, this gives a width of 120 mm for the compression ramps.

Looking at the frontal area, this means that the 20, 25 and 30° ramps will be too high. Therefore, these
ramps are clipped to a height matching with a frontal area of 50 cm2. The correlations of Section 2.5 were
used to determine whether the shear-layer would still reattach on the ramp, which was still the case. This
results in the ramp of Figure 3.6. All the ramps are made out of Makrolon just as the middle part of the flat
plate.

92 mm

92 mm

120 mm

120 mm

41 mm

49 mm

82 mm

Figure 3.6: Isometric view of the 30° compression ramp.

Because the ramps could not extent over the full width of the flat plate, clamps had to be made to fix the
ramps on the flat plate. As shown in Figure 3.6, the clamps are fixed to the ramp with three screws, to prevent
the ramp from torquing up, a pin is placed between the leading edges of the clamp and ramp. The slit in the
clamps are made such that it can exactly be fastened on the flat plate with three screws. As a result it can
be moved between every hole. Furthermore, one screw is always at the beginning of the slit ensuring that
the leading edge is always perpendicular with the flow. Because the clamps have to transfer the loads from
the ramp to the holes without translation they have to be very stiff. Therefore they are made out of stiffned
stainless steel.

Furthermore, the clamp insert in the ramp is too large for the 10 and 15° ramps. To solve this issue a
second set of clamps with a smaller insert and only two holes is made, as shown in Figure 3.7. Also the
head of the screws near the leading edge are too high, making them visible in the Schlieren images, therefore
countersunk screws are used.
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92 mm

92 mm

120 mm

120 mm

32 mm124 mm

Figure 3.7: Isometric view of the 15° compression ramp.

The complete model in the test section of the HTFD is shown in Figure 3.8. The ramp is placed on the same
location as it is placed during the experiments. The images for the other ramps can be found in Appendix A

Figure 3.8: The 30° ramp placed in the test section.

3.2.3. Coordinate System
For the remainder of the report, a consistent coordinate system has to be created. It is chosen to have the
origin of the x-axis at the leading edge of the ramp. This means, that everything before the ramp has a negative
x-coordinate and everything on the ramp, a positive x-coordinate. Furthermore, the x-axis touches the flat
plate at the leading edge of the ramp and is pointing to the left with an angle of 0°. As a result, the x-axis does
not lie on the top surface of the flat plate but above it due to the 1° angle of the flat plate. The origin of the
y-axis is placed in the middle of the ramp. Looking towards the front of the ramp, the y-axis is positive towards
the right. At last, the z-axis is positive upwards and is perpendicular to the x- and y-axis. Figure 3.9 gives an
overview of the coordinate system.
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Figure 3.9: Visualization of the coordinate system on the ramp.





4
Flow Measurement Techniques

This chapter describes the flow measurement techniques used during the experiments. The background
theory, the required equipment and the processing of the data is discussed. First, this is done for Schlieren
imaging in Section 4.1. Then Background Orientated Schlieren (BOS) is discussed in Section 4.2. At last,
Quantative Infrared Thermography (QIRT) is treated in Section 4.3.

4.1. Schlieren Imaging
Schlieren imaging is used to obtain a qualitative description of the compression ramp flow. From this, sev-
eral quantitative values are extracted. This consists of shock wave angles, shear layer angles and shear layer
lengths. Furthermore, the growth rate of the waves in the shear layer is determined.

The section, covering Schlieren imaging consists of four parts. First the physical principles of Schlieren
imaging are discussed in Section 4.1.1. After that, the application of these principles to Schlieren imaging is
explained in Section 4.1.2. Then the measurement set-up is treated in Section 4.1.3. At last the procedures of
getting the desired quantitative data is discussed in Section 4.1.4.

4.1.1. Light Refraction Theory
It is known that the speed of light depends on through which medium it is traveling. The ratio between the
local speed of light (C ) and the vacuum speed of light (C0) is called the refractive index and is given by the
following equation:

n = C0

C
= 1+Kρ (4.1)

This equation is dependent on K , which is the Gladstone-Dale constant, and the density (ρ) of the medium.
The Gladstone-Dale constant varies with the composition of the medium and the wavelength of the light. The
latter can be observed in a rainbow for example. For air, Kai r = 2.24−2.33 ·10−4 in the range from infrared to
ultraviolet light. The result of a change in refractive index is given by Snell’s law in the following equation:

n1 sin(α1) = n2 sin(α2) (4.2)

Snell’s law indicates that light rays are deflected when they travel to a medium with a different refraction
index. In Figure 4.1, this is given in a schematic representation for the case that n2 > n1. It can then be con-
cluded that light rays are deflected towards the direction of the increasing refractive index. As the refractive
index increases for an increase in density, the light rays are deflected over a shock wave.

31
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n1
n2

α2

α1

Figure 4.1: Deflection of light rays.

4.1.2. Schlieren Method
In the previous section, it is explained that a shock wave deflects light rays towards the higher density medium.
Schlieren imaging is based on this deflection of light. This is visualized in Figure 4.2. In the focal point of the
lens a Schlieren knife is placed, which shields a part of the incoming rays. When the light ray hits the shock
wave it is deflected as explained by Snell’s law. As a result, it is shielded by the Schlieren knife and will be
shown as a dark line on the image.

Also the opposite is true, when the density gets lower the rays are deflected away from the Schlieren knife.
Locally this increases the light intensity and brighter lines are observed.

How much the rays are deflected, depends on the change in refractive index. When this change is larger,
larger deflections are created and the effect is larger. Therefore, Schlieren imaging visualizes ∇n. As a result
also ∇ρ is observed by Schlieren imaging. Because the density gradients are very large over shock waves, they
are clearly visible in Schlieren images.

Lens Lens

Light source

Camera image sensorTest section

Schlieren knife

Focal point
Shock wave

α1

α2

Figure 4.2: Working principle of Schlieren imaging.

4.1.3. Schlieren Measurement System
The Schlieren measurement system consists of a high speed camera, mirrors, lenses, a Schlieren knife, a
pinhole and a light source. The set-up as used during the experiments is shown in Figure 4.3. The set-up is a
derivative of a conventional Z-set-up, however due to the limited space this was not fully possible. Instead,
the parallel beam through the test section is deflected with a mirror before it hits the parabolic mirror.

The camera used is the LaVision Imager pro HS 4M. This camera has a resolution of 2016× 2016 pixels
and can reach a frame rate of 1280 f ps at full resolution. When the resolution is cropped, the frame rate
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can be increased. For the experiments the Schlieren knife is placed horizontally with the shielded side on
the bottom. This means, that compressions are shown in black and expansions are shown in white in the
images. The parabolic mirrors are used to make a parallel beam through the test section. In the focal point
of the parabolic mirror the pin hole is placed. This pinhole determines how much light is shining through
the test-section. When more light is available, the Schlieren knife can be closed further. This results in more
sensitivity for density fluctuations. However, too much light will result in overexposure of the camera, so an
optimum has to be found.

During the experiments two different light sources are used, a normal continuous LED lamp and a spark
lamp. The majority of the time a LED lamp is used combined with a exposure time of 1 µs of the camera. To
have a closer look at the unsteady features of the flow, the spark lamp is used. This lamp is able to give pulses
in the order of nano seconds.

Mirror
Lamp

Camera

Lens, f=300mm
Schlieren knife

Mirror Parabolic mirror

Parabolic mirror

Model
Flow direction Lens, f=100mm

Lens, f=150mm

Pin hole

Figure 4.3: Test set-up during the Schlieren measurements.
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4.1.4. Image Data Processing
The Schlieren images are further processed to get quantitative data. This consists of two different parts, one
part is focused on the overall flow topology and the other part on the instability waves in the shear layer.
The flow topology consists of the shear layer angle, the shear layer length and the corresponding shock wave
angle. These results are discussed in Section 5.2. From the instability waves, the growth rate is deducted.
These results are presented in Section 5.3. The full flow chart of the process is given in Figure 4.4. In the
flowchart all the different data processes are summarized

Test data (.tif �les)

Recognize
shock wave

Recognize
shear layer

Linearly extrapolate
shear layer

Determine
shear layer angle

Determine
shear layer length

Calculate theoretical
shock wave angle

Determine
 shock wave angle

Compare theoretical 
and actual

shock wave angle

Compare shear angle
length with literature

Calculate STD
in time

Find thickness 
of the

shear layer

Determine growth
rate of shear layer

β (˚)

ω (˚)

β (˚)

Lsep (m) σ 

Figure 4.4: Flow diagram of the processing of the Schlieren data.

Starting on the left in Figure 4.4, the recognition of the shock wave is stated. In the data the shock waves are
almost straight, therefore the shock wave is recognized by looking for minimum intensities at the edges of the
images. Because multiple shock waves are present in the image, it is not always possible to use the minimum
intensity, in that case the parameter is tuned per experiment. Because the shock wave is nearly linear, a linear
regression line is made based on the shock wave. The slope of the regression line is then converted to the
shock wave angle (β) by simple trigonometric functions.

The recognition of the shear layer is done by finding the maximum intensity in every pixel row. This
is possible due to the strength of the shear layer, it has by far the highest intensity in the image. Because
of the size of the shear layer, the separation point lies outside the image. Therefore, an extrapolation has
to be performed to find the shear layer length. As the shear layer is very linear at the beginning, a linear
extrapolation is performed for the first 300 pixels in the image. The hardest part is to determine a criteria for
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the start of the shear layer, or in other words, when does the linear extrapolation stop?
One of the options is to stop the shear layer at the intersection with the flat plate. However, in this case

this is not possible, due to the small angle of the shear layer near separation, the angle of the flat plate and
the thick boundary-layer. The flat plate is at an angle of 1°, initial runs show that the shear layer is at an angle
of approximately 5°. This means that the flat plate and shear layer are closing in on each other with only a
rate of 4°. Due to this slow convergence, crossing the additional distance of the thick boundary-layer gives a
very large increase in total shear layer size. For example: with a boundary-layer of 2 mm and a shear layer
angle of 5°, the shear layer length is increase by 29 mm by taking the intersection at the flat plate compared to
the intersection at the boundary-layer edge. If the boundary-thickness is 2.5 mm, the additional shear layer
length increases even to 36 mm. This shows the sensitivity of this solution. Therefore this solution is not used
in the post-processing.

Another option is to let the shear layer start at the edge of the boundary-layer. But, the thickness of the
boundary-layer is not known so it had to be taken from the reference temperature method. This mixing of
experimental and theoretical data is unfavorable and therefore not used. Another feature of the start of the
shear layer is that it induces the separation shock wave. This means, that the origin of the shock wave and the
origin of the shear layer should be very close to each other. Therefore, the shock wave is linearly extrapolated
and the intersection of this line and the shear layer extrapolation is taken as the starting point of the shear
layer. The slope of the linear extrapolation is converted to the shear layer angle (ϕSL) with trigonometric
functions. The theoretical shock wave angle is then calculated by using the equations in Section 2.1 and can
be compared with the measured shock wave angle.

Near the ramp the shear layer is moving up due to the compression waves. Therefore reattachment is not
clearly defined. As end point the shear layer is linearly extrapolated to the ramp. The distance between the
intersection with the shock wave and intersection with the ramp is the shear layer length (Lsep ). This length
can then be compared to the correlations given in Section 2.5.

Looking more closely to the shear layer, it is observed that waves are traveling through it. It is interesting
for the transition behavior to see what the growth rate (σ) is. The growth rate is determined by taking the
standard deviation (STD) of all the pixels in time. This gives a field of STD values that represent the fluctu-
ations. Around the shear layer the STD value is the largest. The STD values around the shear layer are the
results of the fluctuations inside the shear layer. If the waves grow bigger, the spread of the STD value around
the maximum will increase. For every pixel row, the STD peak is found. The STD value found 50 px next to
the peak is subtracted. The first roots next to the peaks are then found. The shear layer width is defined as
the distance between the roots. The slope of the linear regression line through the width distribution is the
growth rate (σ).

4.2. Background Orientated Schlieren (BOS)
Background Orientated Schlieren (BOS) is a method based on the same physical principle as explained in
Section 4.1.1. In section 4.2.1, it is explained how this theory is used to obtain a flow field. Then, the used
measurement system is treated in Section 4.2.2. At last, the image processing is discussed in Section 4.2.3.

4.2.1. Theory of BOS
As said, BOS is based on the same physical theory as conventional Schlieren. This theory is based on the fact
that the refractive index of a medium depends on the density. As a result, a change in density results in a
change in refractive index. Snell’s law states that light rays deflect when meeting a change in refractive index.
This means that a change in density can be observed by looking at the deflection of light rays.

BOS uses this principle by placing a speckle pattern on the background of the image. A camera is placed
in focus on this pattern. If then a density change is present in front of the pattern, the light rays will deflect.
On the image this will manifest as a movement of the speckles. This is shown in Figure 4.5. The displacement
on the image is given by the following equation [17]:

∆y = f

(
ZD

ZD +ZA − f

)
εy (4.3)

In this equation, f is the focal distance of the lens. The other variables are defined as in Figure 4.5.
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Figure 4.5: Principle of BOS [17].

It is required for BOS to have a relative displacement of the speckles, therefore two camera shots have to be
performed. In one shot there are no density changes present so it can act as a reference. The other shot is then
the image, with density changes present. These two runs can then be correlated using the same correlation
methods used in PIV. This will then create a density change field. Because the same software is used as for PIV,
it is desired to have the same speckle size for which the software is optimized. This means that the speckles
should have a size of around 3−5 pixels in the image.

4.2.2. BOS Measurement System
The measurement system used during the experiments is shown in Figure 4.6. The set-up consist of LED
lamps, a speckle pattern and the same camera used during the conventional Schlieren imaging. On the cam-
era lenses with different focal points are placed. The exposure time and which lenses are used, is treated in
Section 7.2.

Camera

ModelFlow direction

Lens

LampLamp

Figure 4.6: Test set-up during the BOS measurements.

For the experiments the model configuration is used, which is expected to give the clearest contrast between
the two shots. A high Reynolds number will results in the strongest density changes. Therefore, the test is
performed at a high total pressure of 95 bar . From theory it is also known that shear layer gets longer for
higher pressure jumps. Therefore the 30° ramp is used during the experiment. The speckle pattern has a
speckle size such that it covers around 4 or 5 pi xel s in the image. However, it is possible that due to the very
small speckles, the shape of the speckles is lost. This affects the accuracy of the correlation and therefore also
a speckle size of 10 pi xel s is used during the experiments.
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4.2.3. BOS Image Processing
As mentioned above, the images are processed using PIV correlation software. The software used in this
case is DaVis 8. Several choices can be made in DaVis for the correlation. These consist of the interrogation
window, overlap and passes. Because the density changes are expected to be small, computationally heavy
settings are used. These are an interrogation window of 64×64 pixels, 75% overlap and 3 passes.

4.3. Quantitative InfraRed Thermography (QIRT)
Quantitative InfraRed Thermography (QIRT) is used to look at the heat fluxes present near the reattachment
region. The principle of the method is based on the detection of radiation coming from the surface. This
section will start with an explanation of the infrared theory in Section 4.3.1. After that, the measurement sys-
tem is explained in Section 4.3.2. Then the calibration procedure is treated in Section 4.3.3. This calibration
procedure is required to find the heat flux, which is explained next in Section 4.3.4. At last, the processing of
the heat flux data to the desired results is explained in Section 4.3.5.

4.3.1. Infrared Theory
A body with a temperature above 0 K radiates electromagnetic waves. The amount of radiation is a function
of the surface temperature and wavelength. For a blackbody the spectral exitance, which is the amount of
energy transmitted per area per wavelength, can be calculated using the following equation:

Ebλ =
C1

λ5

(
e

C2
λTs −1

) (4.4)

This equation is called Planck’s law. C1 and C2 are called respectively the first- and second radiant constant
where: C1 = 3.7415 ·10−16 W m2 and C2 = 1.4388 ·10−2 mK . Figure 4.7 gives the spectral exitance as a function
of wavelength for different temperatures.
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Figure 4.7: Planck’s law.

Looking at the graph, it is shown that the maximum spectral exitance for a temperature lies on a line in the
logarithmic plane. This line is called Wien’s law and is described by the following equation:

λmax Ts = 2.896 ·10−3 (4.5)

To find the total radiation per surface area for a given temperature, Planck’s law has to be integrated over all
wavelengths:

Eb =
∫ ∞

0
Ebλdλ=σT 4

s (4.6)
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This equation is the well known Stefan-Boltzmann law with σ = 5.670 ·10−8 W /(m2 ·K 4) and represents the
area underneath each Planck curve. All the equations stated above can only be used for blackbodies, however
in reality objects do not act as blackbodies over the whole range of wavelengths and therefore emit less energy.
The total real body radiation is then:

Er =
∫ ∞

0
ε(λ)Ebλdλ (4.7)

ε(λ) is the emissivity of the body and in some cases it depends on the wavelength as is shown in Figure
4.8. The gray body hypothesis states, that the emissivity is not dependent on the wavelength. This is a valid
assumption as the emissivity of most materials is nearly independent of wavelength. As a result the following
equation is valid:

Er = εσT 4
s (4.8)

In reality, the emissivity has a directional dependence, however for angles less than 50° this is negligible.
Another dependency is on the surface temperature. The reason for this, is that the wavelength band changes
for a different surface temperature, as seen in Figure 4.7. As a result, also the gray-body emissivity has to
change [18].
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Figure 4.8: Radiation of a black body, gray body and real body [18].

The remainder of the incoming radiation can either be absorbed (αλ), reflected (ρλ) or transmitted (τλ). The
λmeans that the quantities depend on the wavelength. As radiation cannot be destroyed the following has to
hold:

αλ+ρλ+τλ = 1 (4.9)

Kirchoff’s law states that in a thermal equilibrium the absorption equals the emissivity for all temperatures
and wavelengths (ελ =αλ). For non-transparent gray bodies the equation above becomes:

ε+ρ = 1 (4.10)

The radiated energy by a gray body is then:

Er = εσ(T 4
s −T 4

a ) (4.11)

Where Ta is the ambient temperature. However, during the experiments the infrared camera is not operating
in vacuum, this means that also the environmental disturbances have to be taken into account. This means
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that Equation 4.9 also has to hold for air. For the test it is beneficial that no radiation is lost in the air, so all the
radiation is transmitted. Therefore, the air should not absorb or reflect the radiation. It is known that without
additional particles, air is non-reflective in the infrared spectrum. However, in Figure 4.9 it is shown that for
some parts in the infrared spectrum there is a lot of absorption and therefore less transmissivity present. The
absorption is the result of CO2 and H2O in the air. Looking at Figure 4.9 there are two possible measurement
regions:

• Short Wave Band (SWB): 3 µm − 5 µm,

• Long Wave Band (LWB): 8 µm − 12 µm.
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Figure 4.9: Transmissivity of air for different wavelengths (1 atm, 25 °C , 25% relative huminity and 30 m distance) [19].

4.3.2. Infrared Measurement System
The infrared measurement system consists of an infrared camera, a germanium window, the test model dis-
cussed in Section 3.2 and a tripod.

The camera used is the CEDIP Titanium 530L which is shown in Figure 4.10. This camera uses a quantum
detector. The detector consists of an array of 320×256 Mercury Cadmium Telluride (MCT) quantum detec-
tors. The spectral response is 7.7− 9.3 µm which lies in the LWB band explained above. The camera has a
maximum frame rate of 250 H z using the full resolution. For the experiments the frequency is limited to 200
H z to prevent an information overflow for the processing computer.

As said, the camera consists of 320× 256 individual detectors, to get the same response on radiation a
Non-Uniformity Correction (NUC) procedure is done. This NUC procedure makes sure that the gain and
offset of the detectors are such, that an uniform response is created. The NUC is performed by covering the
lens with a black cylinder, with this the gain and offset is calculated for each pixel. For the noisy pixels a
Bad Pixel Reduction (BPR) procedure is performed. In this procedure a weighted average of the surrounding
pixels replaces the noisy pixel.

The sensitivity of the camera is determined by the exposure time. As a result, the exposure time deter-
mines which temperature range can be measured. To determine the required temperature range, an experi-
ment is done with the internal calibration of the camera. From this, a maximum temperature of around 383 K
is found near reattachment. As a higher exposure time is beneficial, the upper limit of the temperature range
is fixed to 393 K . This results in an exposure time of 144 µs. The full range is then 261 K ≤ T ≤ 393 K .
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Figure 4.10: The Cedip Titanium 530L infrared camera.

Section 4.3.1 explained that a high transmissivity is required for the air inbetween the camera and the model.
The same holds for the wind tunnel windows. Unfortunately, normal glass windows are opaque in the infrared
spectrum and cannot be used. Therefore, a germanium window is used during the test. Germanium has a
transmissivity of approximately τGE ≈ 0.8 [20].

A tripod is used to put the camera at the correct height and at an angle with respect to the wind tunnel.
Without this angle the camera would see his own reflection. The angle chosen is 15°. The complete measure-
ment system is shown in Figure 4.11.

Camera

ModelFlow direction

Germanium window
15º

Figure 4.11: Test set-up during the QIRT measurements.

4.3.3. Calibration Procedure
The infrared camera explained in the previous section has digital levels (DL) as output. As the temperature
change is required for calculating the heat fluxes, these digital levels have to be converted to temperatures.
This is done by calibrating the camera with a blackbody in conditions which are representative of the actual
experiments.

As mentioned in Section 4.3.1, a blackbody is a perfect emitter and therefore also a perfect absorber.
However, in reality such a body does not exist. To get as close to a blackbody, the geometry in Figure 4.12
is used. The high emissivity is obtained in two ways, first the inside of the cylinder is painted black. This
already increases the emissivity to ε≈ 0.9. To increase the emissivity even more, the opening of the cylinder
is narrowed and a cone is placed on the back. As a result, the incoming radiation reflects on the cone towards
the wall where it is reflected again etc. Because of the narrow opening, the radiation cannot easily escape
from the cylinder. Furthermore, because the sides are black, after every reflection a large part of the radiation
is absorbed. With this configuration an emissivity of ε= 0.999 is obtained [21].

The temperature is controlled by pumping water through the blackbody. The temperature is monitored
by three J-type thermocouples placed at the inlet, the cone and the outlet. The thermocouple at the cone is
used for the calibration, as the camera is pointing directly at it. The other thermocouples are used to check if
the temperature is stable in the blackbody.
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Figure 4.12: Schematic view of the blackbody [19].

In the experiment a germanium window is used because it has a high transmissivity in the infrared spectrum.
However, the transmissivity is not equal to one and should therefore be compensated for. This is done by
calibrating the camera while it looks through the germanium window. In this way the transmissivity of the
windows is incorporated in the calibration curve. The window is placed under the same angle as is done
during the experiment. At last, the whole is set-up is covered with a black cloth to avoid that background
radiation influences the calibration. The full calibration set-up is shown in Figure 4.13.

15º

Camera
Germanium window

Blackbody

Black cloth

Figure 4.13: Set-up of the calibration procedure.

During the calibration, the temperature is increased from 10°C to 85°C . After every 5°C the cone in the black-
body is recorded with the infrared camera. The camera is configured at the same exposure time (144 µs) and
frequency (200 H z) as used during the experiments. The data is then fitted on the following equation:
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T = B

ln
( R

I +F
) (4.12)

This gives the constants B , F and R as stated in Table 4.1. The result of the curve fit is shown on top of the
data points in Figure 4.14.

Table 4.1: Calibration constants.

Constant B F R

Value 6.58 ·102 3.406 2.47 ·104
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Figure 4.14: Calibration curve for the infrared camera.

The calibration process is summarized in the flowchart stated in Figure 4.15. In the next chapter this flowchart
is extended for the heat flux data reduction procedure.

Thermocouple data
 (.xslx �les)

Camera recordings 
(.ptw �les)
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Find calibration 
constants

Make calibration 
function

Make calibration 
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T (K)

I (DL)

B, R, F

I = f(T)

T = f(I)

Figure 4.15: Flowchart of the calibration procedure.

4.3.4. Heat Flux Data Reduction Procedure
With the calibration curve ready, it is possible to find the surface temperatures and from that the heat flux
can be deducted. But before it is possible to calculate the surface temperature, the measured intensity has to
be corrected.

The measured intensity consists of two parts, the emitted radiation by the model (Ir ) and the reflected
radiation from the ambient air (Ia). The first one is required to calculate the surface temperature. Therefore
the measured intensity has to be corrected as is shown by the following equation:

Imeas = εIr +ρIa (4.13)
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From Equation 4.10 it is known that ρ = 1−ε. Plugging this in gives the following equation:

Imeas = εIr + (1−ε)Ia (4.14)

When the ambient intensity is known, the intensity emitted by the model is known. The intensity from the
ambient is calculated as follows:

Ia = R

e
B

Ta −F
(4.15)

This is the inverse of Equation 4.12 with the calibration constants of Table 4.1. However, for the temperature
the ambient temperature is plugged in. The emitted radiation by the model is then:

Ir = Imeas − (1−ε)Ia

ε
(4.16)

This intensity is filled in Equation 4.12 to find the surface temperature of the model. This results in the fol-
lowing equation:

Ts = B

ln
(

R
Ir
+F

) (4.17)

From the surface temperature in time, the heat flux can be computed. This is done by using the theory of
heat conduction in a semi-infinite one dimension wall. The model is treated as a thin-film sensor with only
the Makrolon ramp as medium. This is possible, because the Makrolon already has favorable properties as is
explained in Section 3.2. The heat flux is then calculated by solving the one dimensional heat equation. This
results in the following equation for the heat flux:

qs (t ) =
√
ρck

π

∫ t

0

dTs (τ)
dτp
t −τdτ (4.18)

As all the variables are known in this equation, it is theoretically possible to directly numerically integrate the
equation and find the heat flux in time. However, the equation requires the derivative in time of the surface
temperature signal. Differentiating a measured signal significantly increases the noise and is therefore not
desired. This is circumvented by looking at the cumulative heat input first:

Q(t ) =
√
ρck

π

∫ t

0

Ts (τ)p
t −τdτ (4.19)

This equation is numerically integrated in the following way [22]:

Q (tn) =
√
ρck

π

n∑
i−1

φ (ti−1)+φ (ti )p
tn − ti−1 +

p
tn − ti

(4.20)

In this equation φ(t ) = Ts (t )−Ts (0), which is the temperature rise compared to the start of the run. The heat
flux is then found by using a finite difference scheme on the previous equation:

qs (tn) = dQ (tn)

d tn
= −2Q (tn−8)−Q (tn−4)+Q (tn+4)+2Q (tn+8)

40(tn − tn−1)
(4.21)

For comparison it is convenient to non-dimensionalize the heat flux. In Section 2.2.1 the Stanton number
(St ) is introduced for a flat plate. The general definition is as follows:

St = qs

ρe ue (ht −haw )
(4.22)

In practical applications it is very hard to determine the adiabatic wall enthalpy. Therefore, an alternative
definition of the Stanton number (ch) is used in this report. Instead of using the adiabatic wall enthalpy, the
total enthalpy is used. By using h = cp T the following equation is found for the alternative Stanton number:

ch = qs

cpρ1u1 (Tt −Tw )
(4.23)
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The wall temperature in this case is taken locally instead of using a global average of the wall temperature.
The total data reduction procedure is then summarized in the flowchart in Figure 4.16.
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Figure 4.16: Flowchart of the total data reduction procedure.

The data reduction procedure is validated by doing a flat plate run in the HTFD. This data is converted to
heat fluxes with the method stated above. This result is compared to the result found with the reference
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temperature method in Section 2.2.1. In Figure 4.17 the result is shown. The total pressure is varied to vary
the Reynolds number. Good agreement between the reference temperature method and the data reduction
method explained above is found. In this case x is the distance from the flat plate leading edge instead of the
coordinate system explained in Section 3.2.3.
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Figure 4.17: Comparison between the reference temperature method and a flat plate experiment for different total pressures.
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4.3.5. Processing Heat Flux Data
Now, the heat flux data is processed further to get the desired results from it. These are the location and
magnitude of the peak loads near reattachment. These results are presented in Section 6.2. The second part
is looking at the wavelength of the spanwise variation of the peak heat flux. These results are presented in
Section 6.3.

The first thing that is required, is the position of the ramp in the images. The data consists of 320×256
heat flux points. These points have to be related to physical coordinates. Because the camera is at an angle, it
is not possible to simply scale the pixels to a distance. In order to solve this, three calibration plates are build
for the two types of ramps and flat plate. The plates are shown in Figure 4.18.

Figure 4.18: The different calibration plates.

The calibration plates are placed on the top of the model and are made of aluminum as shown in Figure 4.19.
Due to the difference in emissivity of Makrolon and aluminum, the calibration plate is clearly visible with the
infrared camera. To create additional calibration points, holes are made in the plates. The image shown in
Figure 4.20 is then found when recording the calibration plates with the infrared camera. In this figure the
holes in the plates can be seen clearly
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Figure 4.20: Infrared camera image of the model with calibration plates.

The coordinates of the heat flux image are then interpolated to the coordinates known from the CAD model.
The idea behind this, is to have an array of actual x-coordinates. In this array the x-coordinates are the x-
locations of two holes of the flat plate calibration plate, the leading edge of the ramp, the holes of the ramp
calibration plate and the end of the ramp calibration plate. The origin of the x-coordinates is set at the ramp
leading edge. For the 30° ramp this gives for example: xact = [−50,−20,0,(17.5,47.5,77.5,82) · cos(30°),120].
The cosine is to project the hole location on the ramp, to the flat plate underneath it. From Figure 4.20 the
pixel locations are known,
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which are for the 30° ramp: xmeas = [38.6,86.1,120.3,146.0,192.0,239.2,242.3,316.8]. A 1D interpolation func-
tion is made to map the measured x-coordinates to the actual coordinates (xmeas → xact ). This makes it pos-
sible to enter the x-coordinate of the actual experiment in the interpolation function and the x-coordinates
are converted to the actual coordinates. For the y-coordinates a similiar procedure is followed, but then in the
spanwise direction. The interpolation locations are chosen to be in the centerline of the model and near the
reattachment location, which is on the black lines in Figure 4.20 and 4.19. This means that the locations fur-
ther away of the interpolation location have a slight error, but at the reattachment location and the centerline
the interpolation is accurate.

The camera is configured to record for 1 s, but the actual run is in the order of 100 ms. This is done to
make sure that the full run is captured. This means that at f = 200 H z, 200 frames are obtained. In Figure
4.21 the variation heat flux in time is given for a point on the ramp. The actual usable run is between the red
dots. The usable run is detected by looking at the gradients of the heat-flux in time. The first jump in the first
derivative is the start of the run, the second jump is the end of the run.

Start of the run

End of the run

Figure 4.21: Heat flux during a run.

Now, the pixels are converted to physical locations and the frames of the run are known, the heat flux dis-
tribution can be found on the centerline. As seen in Figure 4.21, there is some variation in time, also there
is some spanwise variation in heat flux over the ramp. Therefore, the data is averaged over the second half
of the run in time and ±25% in spanwise direction. From this averaged centerline heat flux distribution, the
peak heat flux can easily be recognized as shown in Figure 4.22. These peak heat fluxes can then be compared
with the correlations given in Section 2.5.
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Start of ramp

Peak heat �ux

Figure 4.22: Heat flux taken over the centerline for the 30° compression ramp and ReL = 5.30 ·106.

In Figure 4.23 the heat flux field of a measurement is given. In this figure spanwise streaks are seen near the
highest heat flux location. These streaks are better seen when looking at the spanwise cross section near the
heat flux peak region in Figure 4.24. In this figure the ramp starts at y =−60, which is the result of the mapping
explained above. Looking at the heat flux on the ramp, it is seen that there are some 3D effects present which
influence the distribution near the side of the ramp. In order to perform a Fourier Transform on the data, this
has to be corrected.

Spanwise streaks

Figure 4.23: Heat flux distribution for the 30° ramp and a leading edge Reynolds number of ReL = 5.30 ·106.
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Figure 4.24: Spanwise distribution of the maximum heat flux for the 30° compression ramp and ReL = 5.30 ·106.

The correction is done by interpolating the plateau with a 8th order polynomial, which is then subtracted
from the raw data. The result is shown in Figure 4.25. In this figure, the original data minus the mean and the
corrected data is given. In the corrected data it is observed that the 3D effects near the edge of the ramp are
removed. This aids in finding the wavelength with a Fourier Transform.

40 20 0 20 40
y (mm)

3000

2000

1000

0

1000

2000

q s
(W

/m
2 )

Raw data
Corrected data

Figure 4.25: Corrected heat flux distribution of the maximum heat flux for the 30° compression ramp and ReL = 5.30 ·106.

Then, a Fast Fourier Transform (FFT) algorithm is performed. The whole second half of the run in time
and ±25 data points before and after the peak value are used in the FFT. The highest peak is found to be
the wavelength with the largest energy content and is taken to be the primary wavelength. Furthermore, a
second relative peak is found as secondary wavelength. The wavelength is then non-dimensionalized with
the following equation:

Λ= 2πδL

λ
(4.24)

In this equation Λ is the non-dimensional wavelength. δL is the boundary-layer thickness at the start of the
ramp obtained with the reference temperature method of Section 2.2.1. λ is in this case the length of the span
divided with the amount of waves found with the Fourier transform. The whole process is summarized in the
flowchart given in Figure 4.26.
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Figure 4.26: Flowchart of processing of the heat flux.





5
Schlieren Imaging Results

In this chapter the results obtained with Schlieren imaging are presented. First, the general flow lay-out
is discussed in Section 5.1. In this section the different features found in the Schlieren images are briefly
discussed. After that, Section 5.2 discusses the general flow topology. This means, that a closer look is taken
at the shear layer angle and the shear layer length and what the effect of the ramp angle and Reynolds number
is on them. This is then compared to theory and empirical correlations found in Section 2.5. Then, Section
5.3 focuses more on the transitional behavior of the shear layer. This consists of looking at the wavelength
and growth rate of the waves. Also a close up of the waves is given. At last, in Section 5.4 the uncertainties of
the analysis are discussed.

When data is presented in this chapter errorbars and means are used. The errorbars are calculated using
the minimum and maximum rule of a boxplot. The markers in the figures are the means of the data with the
outliers removed.

5.1. General Flow Topology
Figure 5.1 shows a Schlieren image for a 30° ramp at a ramp leading edge Reynolds number of ReL = 5.30 ·
106. Comparing this figure with the theoretical flow field in Figure 2.9 shows several similarities such as a
shear layer and a corresponding separation shock wave and reattachment shock wave. However, in Figure
5.1 extra phenomena are present, such as waves in the shear layer. Furthermore, the waves are so strong,
that compression waves are formed. The waves point at a transitional shear layer instead of the laminar or
turbulent shear layer. In this chapter, the phenomena captured in this and similar images obtained with
Schlieren are discussed and analyzed.

Leading edge
shock wave

Separation
shock wave

Reattachment
shock wave

Shear layer

Compression waves

Figure 5.1: Example of a Schlieren image for the 30° ramp and a leading edge Reynolds number of ReL = 5.30 ·106.

53



54 5. Schlieren Imaging Results

5.2. Flow Topology
In Figures 5.3-5.7, Schlieren images are shown for the different ramps. All the images are made at a ramp
leading edge Reynolds number of ReL = 5.30 ·106. At first, it is noticed that in all cases the flow is separated.
Figure 5.2 shows the theoretical incipient separation ramp angles for different Reynolds numbers obtained
with Equation 2.25. It shows that for the whole Reynolds number range, the incipient separation ramp an-
gle is lower than 10°, the smallest ramp investigated. This is consistent with the results found during the
experiments, where in all cases there was flow separation.

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
ReL 106 ( )

6.5

7.0

7.5

8.0

8.5

9.0

9.5

in
ci

p
(°

)

Figure 5.2: Incipient separation ramp angles (ϕi nci p ) as function of Reynolds number.

The second thing that is observed, is that the flow does not reattach on the ramp in the case of the 10° ramp.
The combination of the length of the shear layer and the shear layer angle results in the shear layer going over
the ramp. This means that it is not a classical shock wave boundary-layer interaction, which is the topic of
this research. Therefore, the 10° ramp is not used for the remainder of the experiments.

Figure 5.3: Schlieren image for the 10° ramp with ReL = 5.30 ·106.

The flow fields of the 15° and 20° ramps show the separation point of the boundary-layer. Increasing the
ramp angle, shifts the separation point upstream, outside the image. Therefore an extrapolation has to be
performed to find the shear layer length. As explained in Section 4.1, the shock wave and shear layer are
linearly extrapolated until they intersect. The flow field of the 15° ramp angle is used to validate this approach.
Figure 5.4 shows that near the separation region, both the shock wave and shear layer are very straight, and
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therefore a linear extrapolation is allowed. Furthermore, when the intersection between the shock wave and
shear layer is compared to the actual separation point, a small error of 5 mm is found. However, it should be
noted that finding the actual separation point is also prone to errors due to the gradual start of the separation
as shown in Figure 5.4.

Figure 5.4: Schlieren image for the 15° ramp with ReL = 5.30 ·106.

Figure 5.5: Schlieren image for the 20° ramp with ReL = 5.30 ·106.

On the 15° and 20° ramp, the reattachment shock wave angle has a very small angle and lies therefore almost
flat on the ramp. Increasing the ramp angle further, requires the strength of the reattachment shock wave
to increase. For an oblique shock wave this is manifested as an increase in shock angle. In Figures 5.6 and
5.7 this effect is observed, for both ramp angles the reattachment shock wave has a higher shock wave angle
compared to the flatter ramps. The reattachment shock wave angle on the 30° ramp has become so large that,
the shock-shock interaction is now present in the image.
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Figure 5.6: Schlieren image for the 25° ramp with ReL = 5.30 ·106.

Figure 5.7: Schlieren image for the 30° ramp with ReL = 5.30 ·106.

As explained in Section 4.1.3, for the majority of the experiments a continuous burning LED lamp and a
camera with an exposure time of 1 µs are used. This means that unsteady structures that move or rotate in
a time in the order of 1 µs or larger, are captured by the camera. However, a lot of structures in turbulent
and transitional flow have a time scale lower than that. This means, that the average of the these structures
is found. To circumvent this, a spark light is used. This light flashes in the order of nano seconds meaning
that high frequency structures are observed without the averaging effect. This result is shown in Figure 5.8.
For this image the Schlieren knife is upside down, so compressions are shown in white and expansions in
black. The figure shows that at reattachment a very sharp and strong shock wave is formed. Also, especially
between the reattachment shock wave and the ramp incoherent, high frequency structures are present. Next
to that, it appears that two separation shock waves are present instead of one. This is the result 3D effects in
the spanwise direction.
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Figure 5.8: Schlieren image for the 30° ramp with ReL = 5.30 ·106.

Figure 5.9 shows the flow field at a Reynolds number of ReL = 1.67 ·106. Comparing this to the case of ReL =
5.30·106 in Figure 5.7 shows that the intensity of the shear layer in the image is a lot lower for the low Reynolds
number case. As the intensity is coupled to density changes, this means that the expansion over the shear
layer is a lot weaker for low Reynolds numbers than for high Reynolds numbers. The effect on the length
of the shear layer and the shear layer angle is hard to observe. This is because the separation onset falls
outside the image. A detailed description of this is given in respectively Section 5.2.1 and 5.2.2. Also the
compression waves, which are clearly seen in the higher Reynolds number case, are not observed in Figure
5.9. This difference is discussed in Section 5.3.

Figure 5.9: Schlieren image for the 30° ramp with ReL = 1.67 ·106.

5.2.1. Shear Layer Length
The shear layer length is determined by identifying the cross section of the separation shock wave and shear
layer in every Schlieren image. An example of this procedure is shown in Figure 5.10. The green line is the
shock wave, the blue line is the maximum intensity found in the image, which corresponds to the shear layer.
The orange line is a straight line fitted to the first linear part of the shear layer as explained in Section 4.1.4.
Only near reattachment the shear layer is not straight anymore and a difference between the blue and orange
line is present. The curvature and how far it extends is not constant and also varies with the ramp angle and
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Reynolds number.

Figure 5.10: Processed Schlieren image for the 30° ramp with ReL = 5.30 ·106.

To obtain the shear layer length, the shock wave and shear layer are extrapolated. The result of the extrapola-
tion is shown in Figure 5.11. The shear layer length is then defined by the length of the orange line.

Figure 5.11: Extrapolated Schlieren image for the 30° ramp with ReL = 5.30 ·106.

As stated above, the extrapolation is validated by performing the extrapolation for the cases where the com-
plete separation bubble is visible. This shows that a linear extrapolation until the intersection between the
shear layer and shock wave is a good approximation for the separation point. For the higher ramps this valida-
tion is not possible because the separation points are upstream of the image. To get a feeling of the curvature
of the shear layer upstream of the image, the observed shock wave angle is compared to the shock wave angle
found by filling in the shear layer angle in the oblique shock relations stated in Section 2.1. If the shear layer
angle estimated with the extrapolation is straight, then the shock wave angle calculated based on this shear
layer angle should be close to the experimental shock wave angle.

The result is given in Figure 5.12 for the 15° ramp and in Figure 5.13 for the 30° ramp. Overall the difference
between the two are lower than 1° and within the error margin. Therefore, choosing the intersection of the
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shear layer and shock wave as separation point is accurate enough for this analysis.
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Figure 5.12: Comparison between measured and theoretical shock wave angles (β) for the 15° ramp as function of Reynolds number.
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Figure 5.13: Comparison between measured and theoretical shock wave angles (β) for the 30° ramp as function of Reynolds number.

Both the effects of increasing the ramp angle and changing the Reynolds number on the shear layer length
are investigated. Figure 5.14 shows the effect of the Reynolds number for the 15° and 30° ramp. The figure is
normalized with the boundary-layer thickness at the interaction location (δ0). The boundary-layer thickness
is obtained using the reference temperature method stated in Section 2.2.1.

The figure shows that there is an increase in shear layer length for increasing Reynolds number. Further-
more, higher ramp angles increase the separation length further. In Chapter 2 it was found that this result
is expected for Reδ < 105. The maximum boundary-layer thickness Reynolds number (Reδ) found in the ex-
periments equals Reδ = 0.4 ·105. This means that an increase of shear layer length with Reynolds number is
consistent with experiments reported in literature [5].
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Figure 5.14: Shear layer length (Lsep /δ0) for the 15° ramp and 30° ramp as function of Reynolds number.

Concerning the effect of the ramp angle, Figure 5.15 shows the shear layer length as function of ramp angle for
a Reynolds number of ReL = 1.67 ·106 and ReL = 5.30 ·106. Increasing the ramp angle increases in both cases
the shear layer length. Looking at Chapter 2, this confirms the free-interaction theory. The free-interaction
theory states that the initial compression at the separation shock wave is constant and that the remainder of
the required compression is done at reattachment. Increasing the ramp angle, increases the total required
pressure jump, as a result the pressure jump at reattachment also has to increase. The shear layer has to over-
come this additional reattachment pressure, the only way to do this is by increasing the maximum velocity on
the dividing streamline as seen in Figure 2.9. To increase this momentum exchange between the outer flow
and the streamline, a longer shear layer is required.
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Figure 5.15: Shear layer length (Lsep /δ0) as function of ramp angle at ReL = 1.67 ·106 and ReL = 5.30 ·106.

At last, the shear layer length correlations found in Section 2.5 are compared to the data found with the exper-
iments. First this is done for Equation 2.27. The result is shown Figures 5.16 and 5.17 for two different ramp
angles. In these figures the shear layer length is normalized with the boundary-layer displacement thickness
at the interaction location (δ∗0 ).

Figure 5.16 shows that the correlation agrees well with the experimental data. For the 20° ramp it under-
estimates the shear layer length. At 25°, the correlation starts to overestimate the shear layer length as seen in
Appendix B.2. For 30° the overestimation is even larger.
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A potential reason for failing to capture the effect of the ramp angle is the limited range for which Equation
2.27 is correlated, 1.4 ≤ p3

p1
≤ 1.61, 1.4 ≤ M1 ≤ 3.4 and 105 ≤ Rex0 ≤ 6 · 105[8]. Because the ramp angles and

higher Mach numbers in these experiments cause significant higher pressure jumps, it can be expected that
the equation is not correctly correlated for this range. This means that a re-calibration of the equation with
higher Mach numbers and pressure jumps can result in a correct prediction of the shear layer length in the
low hypersonic range.
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Figure 5.16: Shear layer length (Lsep /δ∗0 ) and theoretical data from Equation 2.27 for the 15° ramp as function of Reynolds number.
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Figure 5.17: Shear layer length (Lsep /δ∗0 ) and theoretical data from Equation 2.27 for the 30° ramp as function of Reynolds number.

The other equation that is compared to the experimental results is the equation from [9] stated in Equation
2.29. Looking at the result in Figure 5.18 and 5.19, it shows that the equation completely diverges from the
data in all cases.
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Figure 5.18: Shear layer length (Lsep /δ0) and theoretical data from Equation 2.29 as function of ramp angle at ReL = 1.67 ·106.
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Figure 5.19: Shear layer length (Lsep /δ0) and theoretical data from Equation 2.29 as function of ramp angle at ReL = 5.30 ·106 .

In contrary to the previous correlation, this correlation is valid in the Mach number range of the experiments.
However, extending Figure 2.15 with the experimental data, it shows that the experiments fall completely
out of the applicable range of Equation 2.29. This is shown in Figure 5.20, where a representative selection
of the newly obtained experimental results are added with triangles. Looking at the graph it shows that the
experiments are far away from the correlation lines. Furthermore, because the equation scales with the power
of 2.44, the deviation is strongly amplified.

The reason that these experiments are not in the range of the correlation is due to the high Reynolds num-
ber. Comparing the Reynolds number range of the experiments with the data found in [12] it shows that at
around ReL = 1.3·106 transition is starting. This means that at the lowest Reynolds numbers, little transitional
behavior is expected and at the highest Reynolds numbers strong transitional or turbulent behavior is found.
The transitional behavior is very hard to capture with correlations that are outside the transitional Reynolds
number region.

Because the transitional structures promote the momentum exchange between the outer flow and sepa-
ration bubble, it will reduce the shear layer length. This is also found when looking at Figure 5.20, the shear
layer length is lower than expected from the correlations.
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Figure 5.20: Upstream influence and separation length correlation [9] with current the experiments added.

5.2.2. Shear Layer Angle
The free-interaction theory mentioned above, states that the initial compression near the separation shock
wave is independent of the flow after separation, which means that it is independent of the ramp angle. It
is therefore expected that the shear layer angle is almost constant for different ramp angles. Because the
Reynolds number has an effect on the skin friction coefficient at the interaction location (c f0 ), a dependency
on the Reynolds number is expected.

Figure 5.21 shows the effect of the Reynolds number on the shear layer angle. Looking at the means of
the different data points, there is a small downward trend visible of around 0.5−1.0°. However, the result is
constant in the error margin. So no conclusive relation is found between the shear layer angle and Reynolds
number.
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Figure 5.21: Shear layer angle (ϕSL ) for the 15° ramp and 30° ramp as function of Reynolds number.

When evaluating the effect of increasing the ramp angle at two different Reynolds numbers, a slight increase
in shear layer angle is found as is shown in Figure 5.22. A possible reason for this, is the increase in shear
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layer length for increasing ramp angle. As the ramp is fixed, this shifts the separation point forward. At this
location a thinner boundary-layer is found, with a higher skin-friction coefficient. This can cause a reduction
in shear layer angle, depending on the state of the boundary-layer.
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Figure 5.22: Shear layer angle (ϕSL ) as function of ramp angle for ReL = 1.67 ·106 and ReL = 5.30 ·106.
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5.3. Instability Waves
Looking at Figures 5.4-5.7 at the beginning of the chapter, clear compression waves between the shear layer
and shock waves are observed for all ramp angles at a Reynolds number of ReL = 5.30·106. These compression
waves are imposed by the undulations of the shear layer. These undulations cause local compressions and
expansions in the flow. The compression is manifested as compression waves, while the expansion will be
more gradual and therefore not visible.

The figures show that increasing the ramp angle, makes the compression waves stronger and therefore
more visible. Comparing Figure 5.7 with Figure 5.9 shows the effect of the Reynolds number. For the low
Reynolds number case, the compression waves and the undulations in the shear layer are not visible anymore.
This means, that the shear layer starts transitioning in the Reynolds number range of the experiments.

From the angles of the compression waves it is possible to get an estimate of the velocity of the waves and
therefore the shear layer velocity. This is only possible for the highest Reynolds case, because the waves are
strong and straight enough for their angle to be measured reliably. Figure 5.23 shows an example of the angles
for the 30° ramp. The cases for the 20° and 25° are shown in Appendix B.1.
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Figure 5.23: Compression wave angles of for the 30° ramp with ReL = 5.30 ·106.

Because the compression waves are assumed weak, they can be treated as Mach waves. The following equa-
tion can therefore be used to calculate the Mach number from the compression waves:

Mcw = 1

sinµcw
(5.1)

The Mach number is then converted to the local velocity with the following equation:

ucw = Mcw
√
γRT (5.2)

In this equation T is the temperature after the separation shock wave obtained with the oblique shock wave
relations. The velocity is in the direction of the shear layer as shown in Figure 5.23. Values are found between
466−611 m/s, which is around 46−59% of the local flow velocity. What is also observed, is that the wave angles
decrease towards the ramp. This shows that the shear layer is accelerating towards the ramp, this is expected
as the shear layer has to obtain additional momentum to overcome the reattachment pressure jump.

A closer look into the shear layer is given in Figure 5.24. The figure shows two frames of a high speed
Schlieren run zoomed in on the shear layer. The two frames clearly show a wavelike pattern in the shear
layer. This shows that indeed the compression waves stem from disturbances in the shear layer, which might
indicate that it undergoes transition.
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Figure 5.24: Schlieren image of the shear layer at a frame rate of 21.559 f ps for the 30° ramp with ReL = 5.30 ·106.

Determining the wavelength of these waves in the whole experimental range is impossible, because the pres-
ence and visibility of the compression waves strongly depends on the Reynolds number. This makes it hard
to quantify the wavelength for lower Reynolds numbers, because not all compression waves are visible. This
would make the analysis very unreliable and therefore a more qualitative analysis is done.

In Figure 5.25, it is clearly visible that the distance between two compression waves is not constant. When
traveling towards the ramp the distance grows, meaning that the wavelength is growing inside the shear layer.
It is therefore not possible to find a constant wavelength. Looking at the frequency distribution in the shear
layer might therefore be more interesting. This requires the velocity of the shear layer at every location which
can be obtained with for example PIV. Doing a quick analysis based on the velocities obtained above, shows
that the frequency of the waves is increasing from 20 kH z to 70 kH z towards the ramp, based on the following
equation:

f = ucw

λcw
(5.3)

Figure 5.25: Compression wave angles of for the 30° ramp with ReL = 5.30 ·106.

Similarly, the growth rate is investigated using the standard deviation (STD) in time of the whole flow field.
First, the effect of the Reynolds number on the STD field is investigated. Figures 5.27-5.29 show the STD fields
for the 30° ramp at Reynolds number of respectively 1.67 ·106, 3.35 ·106 and 5.30 ·106. The STD limits of the
figure are kept constant. The figures show that the STD values of the separation shock waves are reasonably
constant, which means that the overall disturbances in the flow do not increase a lot with increasing Reynolds
number. However, a considerable STD increase in the shear layer is found when increasing the Reynolds
number. This effect is also slightly observed when increasing the compression ramp, but is considerably
smaller. The STD fields for the other ramps are shown in Appendix B.3.

The cross sectional view of the STD field is used to determine the state of the boundary-layer. Figure
5.26 shows the expected cross sectional view of the STD for different boundary-layer states. Comparing the
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shear layers of Figures 5.27-5.29 shows that all shear layers have a higher STD on the edges compared to the
middle. For the ReL = 1.67 ·106 this points at a laminar shear layer with very weak transitional structures in
it. Furthermore, these structures are symmetrical. When increasing the Reynolds number these structure
become larger and the STD grows. However, in the ReL = 5.30 · 106 case, the symmetry of the structures is
not present at the beginning of the shear layer. At that location a very high STD is found at the bottom of the
shear layer. This high STD value fades out into a symmetrical shear layer near the ramp. This can be due to
the fact that the transitional structures form at the bottom of the shear layer and grow towards larger, more
symmetrical structures when going towards the ramp.

Laminar
shear layer

Turbulent
shear layer

Transitional
shear layer

Sideview STD cross sectional view

Figure 5.26: Sketch for the different STD cross sectional views.



68 5. Schlieren Imaging Results

Figure 5.27: STD field for the 30° ramp with ReL = 1.67 ·106.

Figure 5.28: STD field for the 30° ramp with ReL = 3.35 ·106.

Figure 5.29: STD field for the 30° ramp with ReL = 5.30 ·106.
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In order to take a closer look at the STD shape of the shear layer, a cross sectional profile is plotted at two
different locations. The first line is at x = −105 mm, the other line is at x = −30 mm. For clarification, the
lines and profiles are shown in Figures 5.30-5.32.

Figure 5.30: STD field for the 30° ramp with ReL = 1.67 ·106.

Figure 5.31: STD field for the 30° ramp with ReL = 3.35 ·106.
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Figure 5.32: STD field for the 30° ramp with ReL = 5.30 ·106.

Figures 5.33-5.35 show the STD profiles rotated and zoomed in. The ReL = 1.67 ·106 case in Figure 5.33 shows
that the maximum STD value at x = −30 mm is similar to the value of the shock wave. This means that the
fluctuations in the shear layer are the same order than the fluctuations of the shock wave itself.

0 10 20 30 40
z (mm)

0

5

10

15

20

25

ST
D

(c
ou

nt
s)

x = 30.0 mm
x = 105.0 mm

Figure 5.33: Slice of the STD field at the beginning of the shear layer and further downwards for the 30° ramp with ReL = 1.67 ·106.

Increasing the Reynolds number to the value in Figure 5.34 shows that the STD value is increasing compared
to the shock wave. Also here it is visible that at x =−105 mm there is one high peak at the bottom of the shear
layer (z = 6.8 mm) which lowers into two peaks at x =−30 mm (z = 13.1 and z = 15.7 mm).
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Figure 5.34: Slice of the STD field at the beginning of the shear layer and further downwards for the 30° ramp with ReL = 3.35 ·106.

In all cases it is observed that the width of the peak between x = −105 mm and x = −30 mm is strongly
increased, meaning that the disturbances in the shear layer have become larger.
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Figure 5.35: Slice of the STD field at the beginning of the shear layer and further downwards for the 30° ramp with ReL = 5.30 ·106.



72 5. Schlieren Imaging Results

The thickness of the peaks is measured with the method explained in Section 4.1.4 for every row of pixels.
This gives the example in Figure 5.36.

Figure 5.36: Example of a detected shear layer.

The width distribution of the region with increased fluctuations is plotted in Figure 5.37 for ReL = 5.30·106 and
in Figure 5.38 for ReL = 4.46 ·106. The primary thing that is observed, is that both lines show an increasing
thickness when moving in downstream direction. However, the ReL = 5.30 · 106 case starts to flatten near
the ramp while for lower Reynolds numbers this behavior is not observed. A possible reason is, that the
shear layer of the high Reynolds number is becoming turbulent which slows down the growth of the coherent
transitional structures.
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Figure 5.37: Shear layer thickness for the 30° ramp with ReL = 5.30 ·106.
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Figure 5.38: Shear layer thickness for the 30° ramp with ReL = 4.46 ·106.

The growth rate (σ) is then defined as the slope of the trendline (orange line) in Figures 5.37 and 5.38. This
rough approximation gives the result in Figure 5.39. For both ramps an initial increase is found. For the
15° ramp the value is lower, probably because the shear layer is more laminar at the beginning. Due to the
flattening of the growth rate near the end of the ramp for high Reynolds number, the average growth rate
drops again when increasing the Reynolds number further.
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Figure 5.39: Growth rate (σ) for the 15° and 30° ramp as function of Reynolds number.
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5.4. Uncertainties
This section explains the uncertainties that are present in the data. This is done for the errorbars presented
in the data in Section 5.4.1. Furthermore, the conversion between pixel to millimeters is discussed in Section
5.4.2. At last, the uncertainty in the shear layer edge detection for the determination of the growth rate is
discussed in Section 5.4.3.

5.4.1. Errorbars
As discussed in the beginning of the chapter, the errorbars in the figures are the minimum and maximum of
the boxplot whiskers. Every frame of a run is a sample and multiple runs are combined. This means that in
the errorbars both the repeatability of the wind tunnel and the repeatability of the flow are incorporated in
the error margin. Furthermore, Figure 5.8 shows that the shock wave consists of two lines instead of one. The
reason for this, is that Schlieren imaging projects the whole span on an image, meaning that 3D effects due
to the finite span of the ramp are clearly visible. As a result an average is found over the span, which is also
incorporated in the error bars shown in the figures.

5.4.2. Image Scaling
To convert the number of pixels to millimeters, a scaling factor has to be found in the image. Because the
ramp is not always completely visible, it was opted to use the plate thickness at the ramp leading edge as
reference. For every frame, the number of pixels of the plate is determined and divided by the theoretical
value to get a scaling factor. This scaling factor is then averaged over one run.

This procedure introduces some uncertainties. One of the problems is, that a small reference length is
used, meaning that a small detection error in pixels is exaggerated in millimeters. A detection error has two
sources, one is that the plate is not correctly projected on the lens due to shadows. This makes the plate
thicker on the image. The effect of this uncertainty is unknown. The second one, is that the plate is detected
too late and the thickness in pixels will be too small. Looking at the data, it is found that the detection is off
with a maximum of 6 pixels on a plate thickness of 180 pixels. This introduces an uncertainty of 3% in the
scaling factor.

5.4.3. Shear Layer Edge Detection
In this section the uncertainty introduced by the detection method of the shear layer edge is discussed. Look-
ing at Figure 5.38 it shows that around 20% of uncertainty is present looking at a x-location. However, the
analysis uses the slope of the trendline, meaning that the uncertainty of the whole analysis is less than 20%.
Because the trendline is found using least-squares it is not known how the slope is affected by the detection
uncertainty.
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QIRT Results

In this chapter the results obtained using Quantitative InfraRed Thermography (QIRT) are presented. First,a
brief overview is given of the different features found in the QIRT images in Section 6.1. After that, a closer
look is given to the peak Stanton numbers in Section 6.2. Next the spanwise streaks seen in Section 6.1 are
discussed in Section 6.3. At last, a part is written about the uncertainties of the analysis in Section 6.4.

6.1. Compression Ramp Heat Flux Distribution
In Figure 6.1, an example is given of a heat flux field for the 30° ramp and a ramp leading edge Reynolds
number of ReL = 5.30 ·106. In the image several flow features are distinguished. First of all, a line of high heat
flux is visible in the middle of the ramp. From theory it is known that this location is very close to the shear
layer reattachment point, also the largest heat fluxes are expected on this location. After the peak heat fluxes
relaxation is seen.

Furthermore, in this region of high heat flux, spanwise streaks are observed. The streaks locally increase
the heat flux to even higher values. These streaks are probably caused by the transitional structures inside the
shear layer, also seen in Chapter 5.

The separation point of the shear layer is not observed, because the length of the shear layer is so large it
falls upstream the field of view of the camera. The values in front of the ramp are therefore all in the separation
bubble and are expected to be nearly constant because of the slow moving air.

High heat �ux at reattachment

Relaxation

Spanwise streaks

Figure 6.1: Example of a heat flux distribution for the 30° ramp and a leading edge Reynolds number of ReL = 5.30 ·106.
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When the ramp is lowered to 15°, Figure 6.2 is obtained. The clear peak near reattachment is gone and is
replaced by a constant, elevated heat flux after reattachment.
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Figure 6.2: Heat flux distribution for the 15° ramp and a leading edge Reynolds number of ReL = 5.30 ·106.

The effect of the ramp angle is better seen when the heat flux over the center is plotted. The result is shown in
Figure 6.3. In this case the Stanton number (ch) is plotted instead of the heat flux. In the figure, the overshoot
of the Stanton numbers and the relaxation afterwards are clearly observed for the higher ramp angles. As
explained in Section 3.2, some ramps are flattened to reduce blocking of the wind tunnel. Unfortunately, the
ramps are therefore too short to find the fully expanded values.

Comparing Figure 6.3 with Figure 2.14 shows very similar results with increasing heat flux peaks for an
increasing ramp angle. Also, there is no peak for the 15° ramp in both figures. The streamwise profiles for
other Reynolds numbers are shown in Appendix C.1 and show comparable results.
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Figure 6.3: Streamwise Stanton numbers (ch ) as function of ramp angle at ReL = 5.30 ·106.

In Figure 6.4 the heat flux field is given for the same ramp as in Figure 6.1, but with a lower Reynolds number.
In this figure the spanwise streaks in the reattachment region are more clear. Furthermore, the location of



6.1. Compression Ramp Heat Flux Distribution 77

the reattachment has shifted aft, which is a result of the changed shear layer angle and shear layer length
explained in Chapter 5. The effect of the Reynolds number on the magnitude of the peak heat flux is hard to
see in this type of figure. A closer look at this is given in Section 6.2.

50 25 0 25 50 75 100
x (mm)

80

60

40

20

0

20

40

60

y
(m

m
)

0

1675

3349

5024

6698

8373

10047

11722

13396

15071

q s
(W

/m
2 )

Figure 6.4: Heat flux distribution for the 30° ramp and a leading edge Reynolds number of ReL = 1.67 ·106.
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6.2. Peak Heat Fluxes
This section focuses on the peak heat fluxes. In Chapter 2 it is explained that the peak heat fluxes can exceed
the expected value with almost 36%. As a result, very high thermal loads are present at the peak heat flux
location. This makes the reattachment location one of the hardest parts to design. A closer look at the behav-
ior of the peak heat fluxes is given for different ramp angles and Reynolds numbers. Furthermore, the peak
heating correlations from Section 2.5 are plotted against the experimental data to compare the results of the
measurements and the correlations. The peak heat fluxes are obtained with the method explained in Section
4.3.5. The errorbars are the spreading of three wind tunnel runs at the same ramp and Reynolds number
conditions.

Figure 6.5 shows the peak Stanton numbers for a leading edge Reynolds number of ReL = 1.67 ·106 and
ReL = 5.30 · 106. Both lines show a near linear, trend in increasing peak Stanton number for an increasing
ramp angle. In Appendix C.2 the same trend is also observed for other Reynolds numbers.
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Figure 6.5: Peak Stanton numbers (chpeak
) as function of ramp angle at ReL = 1.67 ·106 and ReL = 5.30 ·106 .

The effect of the Reynolds number on the Stanton number for a given ramp angle is shown in Figures 6.6
and 6.9. For the 15° ramp the peak heat flux is decreasing with Reynolds numbers in between the range of
ReL = 1.67 ·106 and ReL = 3.35 ·106, but in the error margin of the data. After ReL = 3.35 ·106, the peak heating
is increasing again, before reaching a plateau at the highest Reynolds numbers. The reason for this, is that no
overshoot is found in Figure 6.3, meaning that the peak Stanton number is close to the theoretical value of
the heat flux behind an oblique shock wave.
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Figure 6.6: Peak Stanton numbers (chpeak
) for the 15° ramp as function of Reynolds number.

For the higher ramp angle shown in Figure 6.7 and the other ramps in Figures 6.8 and 6.9, a reasonably con-
stant trend is found between a Reynolds number of ReL = 1.67 · 106 and ReL = 3.91 · 106 . But, when the
Reynolds numbers get above ReL = 3.91 ·106 the peak heat flux is decreased.

As explained in Section 4.3.5, the peak heat fluxes are averaged over the second half of the run and ±25%
of the span. This means, that the decrease of the heat flux at high Reynolds numbers cannot be attributed to
the spanwise streaks. The effect of the spanwise streaks will be explained in Section 6.3. So these figures show
whether the state of shear layer or shear layer thickness have an effect on the mean heat flux at reattachment.
As said, the overall effect is small, but for high Reynolds numbers it gets lower. A potential reason for this, is
that the shear layer is starting to get turbulent and therefore lowers the peak heat flux.
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Figure 6.7: Peak Stanton numbers (chpeak
) for the 20° ramp as function of Reynolds number.
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Figure 6.8: Peak Stanton numbers (chpeak
) for the 25° ramp as function of Reynolds number.

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
ReL 106 ( )

0.0055

0.0060

0.0065

0.0070

0.0075

0.0080

0.0085

c h
pe

ak
(

)

Figure 6.9: Peak Stanton numbers (chpeak
) for the 30° ramp as function of Reynolds number.

In Section 2.5, correlations between the peak Stanton number and Stanton number at the interaction onset
location (ch0 ) are given. In order to validate these equations, the Stanton number at the interaction onset
location has to be known. This is done using the reference temperature method of Section 2.2.1 and the
location of the interaction onset (x0) is found using the shear layer data from the Schlieren measurements.
These are then converted with Figure 6.10 and the following equations:

α= 180°− (
180°−ϕ)−ϕSL −1° =ϕ−ϕSL −1° (6.1)

xsep = sinα

sin180°−ϕLsep (6.2)

x0 = xLE −xsep (6.3)
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Figure 6.10: Schematic view of the x0 calculation.

Figure 6.11 shows the correlations of Equations 2.30-2.32 together with the experimental data. It shows that
both the turbulent and transitional correlation lie very close to each other. This is the result of the used
correlation data to make this correlation. At this Reynolds number the transitional heat fluxes are close to
the turbulent heat fluxes. However, the reason for the elevated value compared to the laminar correlation
is different. The transitional heat fluxes come from coherent structures inside the laminar shear layer that
elevate the heat flux and the turbulent heat fluxes from the turbulent shear layer.

The measured data lies above the correlations, which means that the transitional structures seen with the
Schlieren imaging are stronger than the correlation predicts. Also the flow is not yet turbulent.
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Figure 6.11: Peak Stanton numbers (chpeak
) as function of ramp angle at ReL = 1.67 ·106.
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At the Reynolds numbers of ReL = 2.23 ·106 and ReL = 2.79 ·106 as stated in Figures 6.12 and 6.12, the transi-
tional correlation is very close to the measured data.
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Figure 6.12: Peak Stanton numbers (chpeak
) as function of ramp angle at ReL = 2.23 ·106.
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Figure 6.13: Peak Stanton numbers (chpeak
) as function of ramp angle at ReL = 2.79 ·106.

Increasing the Reynolds number further to ReL = 2.79·106, results in the correlation for transition completely
overestimating the peak Stanton numbers and lying closer to the turbulent correlation. This can be seen more
clearly in Figure 6.15. At this Reynolds number, the shear layer is almost turbulent near reattachment as is
seen in the Schlieren measurements. This result is in line with the correlations, the shear layer is not fully
turbulent but is getting closer to it.
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Figure 6.14: Peak Stanton numbers (chpeak
) as function of ramp angle at ReL = 5.30 ·106.
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Figure 6.15: Peak Stanton numbers (chpeak
) as function of ramp angle at ReL = 5.30 ·106.

6.3. Spanwise Waves
As seen in Figure 6.1, there are spanwise streaks present in the heat flux. It is known that these spanwise
streaks can further increase the already high peak heat fluxes near the reattachment location. It is therefore
very important to have proper knowledge on how transitional structures influence the heat flux.

For the analysis, the data is first corrected for the spanwise effects due to the geometry of the ramp, as
explained in Section 4.3.5. Furthermore, the spanwise data just before and after the reattachment location
is used to determine the spanwise wavelength. The errorbars present in the plot are then the minimum and
maximum of boxplot whiskers.

Figure 6.16 shows the spanwise variation of the Stanton number near the peak heating region for the
15° ramp. In the figure it is clear that indeed spanwise waves are present. For the 30° ramp, the result in
Figure 6.17 is found. Besides the waves with a small wavelength found for the 15° ramp, waves with a larger
wavelength have formed.
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Figure 6.16: Spanwise Stanton numbers (ch − chmean ) for the 15° ramp and ReL = 1.67 ·106.

40 20 0 20 40
y (mm)

0.0006

0.0004

0.0002

0.0000

0.0002

0.0004

0.0006

c h
(

)

Raw data
Corrected data

Figure 6.17: Spanwise Stanton numbers (ch − chmean ) for the 30° ramp and ReL = 1.67 ·106.

When the Reynolds number is increased further to ReL = 5.30 · 106, the results in Figures 6.18 and 6.19 are
found for respectively the 15° ramp and 30° ramp. Comparing it with the lower Reynolds number case, it
shows that also for the 15° the wave with a large wavelength have formed. This shows that the amplitude of
these waves is dependent on the Reynolds number.
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Figure 6.18: Spanwise Stanton numbers (ch − chmean ) for the 15° ramp and ReL = 5.30 ·106.
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Figure 6.19: Spanwise Stanton numbers (ch − chmean ) for the 30° ramp and ReL = 5.30 ·106.

To have a closer look at how many waves are present for both types of waves and how they are affected by the
Reynolds number and ramp angle, a Fast Fourier Transform (FFT) is performed on the signal. This results in
Figure 6.20, in this case only half of the domain is shown. In this figure, two peaks are observed between 3
and 5, which coincides with the large wavelength waves. The small wavelength waves are harder to find in
the frequency spectrum because the energy content is less, therefore a relative peak has to be found. Looking
in the figure this gives a peak at 15.
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Large wavelength waves
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Figure 6.20: FFT of the spanwise Stanton number distribution for 30° ramp and ReL = 5.30 ·106.

The results for the large wavelength waves are shown in Figure 6.21 and 6.22. The wavelength is normalized
using the method in Section 4.3.5. For the 15° ramp the non-dimensional wavelength for the lowest Reynolds
number has such a large error that it cannot be used to draw conclusions from. For the Reynolds number
range between ReL = 2.23 · 106 and ReL = 5.30 · 106 a decrease in wavelength is found. The reason for the
spreading at the low Reynolds numbers is that the large wavelength waves are still very small as shown in
Figure 6.16. When the magnitude grows, they are better grasped by the FFT.
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Figure 6.21: Non-dimensional wavelength (Λ) for the large wavelength waves for the 15° ramp as function of Reynolds number.

For the 30°, larger uncertainties are found compared to the 15° ramp, but a clear decrease in wavelength is
found for increasing Reynolds number. In Appendix C.3 the other ramp angles are shown, also in this data
the same trend is found.
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Figure 6.22: Non-dimensional wavelength (Λ) for the large wavelength waves for the 30° ramp as function of Reynolds number.

The dimensionless wavelength for small wavelength waves found on the ramp is shown in Figure 6.23 and
6.24 for the 15° and 30° ramp. Also for the small wavelength waves a decreasing trend for increasing Reynolds
number is found when looking at the mean. But, also in this case there is a large spread found in the data.

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
ReL 106 ( )

0

5

10

15

20

25

(
)

Figure 6.23: Non-dimensional wavelength (Λ) for the small wavelength waves for the 15° ramp as function of Reynolds number.
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Figure 6.24: Non-dimensional wavelength (Λ) for the small wavelength waves for the 30° ramp as function of Reynolds number.

To conclude, a decreasing non-dimensional wavelength is found when increasing the Reynolds number for
both types of waves. There is no relation found between the non-dimensional wavelength and ramp angle.
Comparing the results with literature, shows that this is not completely in line with results in [23] and [24]. In
those papers a slight reduction in dimensional wavelength with increasing ramp angle is found in this case
of Görtler waves. A reason for this discrepenacy is, that the error margin of the method used in this report is
considerable larger than the trend found in the literature. Another option is that the waves in the shear layer
are not of the Görtler type.

Furthermore, [24] found an increasing dimensional wavelength for increasing Reynolds number. Con-
verting these values to non-dimension wavelengths with the method explained in Section 4.3.5 shows that
there is not a coherent relation found between the non-dimensional wavelength and Reynolds number. How-
ever, it should be noted that the Reynolds number range of [24] is lower than these experiments.

6.4. Uncertainties
This section briefly describes the uncertainties that are present in the data. This is done for the errorbars
presented in the data in Section 6.4.1. The mapping of the data to physical coordinates is treated in Section
6.4.2. Furthermore, the noise of the camera is shortly discussed in Section 6.4.3.

6.4.1. Errorbars
In the data, errorbars are shown that describe the spreading of the data. In all the data, except the data for the
spanwise waves, this spreading is based on the three runs that are performed per data point. So no statistical
analysis is performed on the data, because there are only three data points. For the spanwise waves data a
larger dataset is obtained, so the errorbars are different. In that case the errorbars represent the min, max
whiskers of a boxplot, just as is done in Chapter 5.

6.4.2. Coordinate Mapping
For the mapping there are also some uncertainties present. These consist of two things, one is that a 1D inter-
polation is used. The second one is the hole determination. As stated in Chapter 4, the x- and y-coordinates
are interpolated separately. This means that not the whole field is interpolated, but only two lines. As a re-
sult, drifting away from the interpolation lines means that an error is introduced. The interpolation lines are
chosen near the reattachment region and on the centerline. As these locations are only used for the data pre-
sented in the plots, the error will be in the order of the truncation error of the interpolation scheme. Far away
from the lines some drifting of a maximum of 5 px is observed, this creates an error of around 3 mm or 2.6%
of the ramp width. As this offset is only present in the contour plots, which are used only for visual purposes,
this is deemed to be acceptable.

Another error is introduced by detecting the holes of the plates in the heat flux images. The holes itself
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have a diameter of 5 px and are easily detected. The middle of the hole is then detected with a maximum
accuracy of 0.5 px which introduces a maximum error of 0.3mm.

6.4.3. Camera Noise
The noise level of the camera is shown in Figure 6.25 on the same location as the reattachment location during
a run. The noise level on the Stanton number is around ±0.000005. The smallest Stanton number used in the
data, is that of the small spanwise waves which have a magnitude of 0.00005. This means that the signal to
noise level is around 10.
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Figure 6.25: Noise level of the camera.





7
BOS Results

In this chapter the results of the BOS measurement campaign are presented. As the results were not as ex-
pected, this chapter is build up in a different way than the previous sections. First the motion of model is
explained in Section 7.1. Then the choice of the camera settings and how they influence the results are dis-
cussed in Section 7.2. After that, shock generators are treated in Section 7.3. At last, a discussion is given
about the correlation method in Section 7.4.

7.1. Model Motion
In Figure 7.1, the displacement of a point on the flat plate is given as function of time. What is noticed, is that
a large sinusoidal shape is found. This motion is attributed to the movement of the model during the run.
One of the reasons for this, is the shape of the displacement. The sinusoidal shape is characteristic for solid
body movement (spring). Furthermore, the motion is hardly affected by the focal point at a constant speckle
size. This also confirms that the motion is due to the movement of the model. If the motion was caused by a
density change, a difference lens should have had an effect, as is seen in Equation 4.3.
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Figure 7.1: Displacement in x-direction as function of time for different lenses at an exposure time of 4 µs.

The movement of the model is corrected by interpolating the displacement field with a linear polynomial
and subtracting it from the displacement field. The low polynomial order is chosen to make sure that the
polynomial is not able to capture the density changes in the flow. An example of the low order polynomial in
time is given in Figure 7.2.
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Figure 7.2: Linearly interpolated displacements for different lenses at an exposure time of 4 µs.

7.2. BOS Camera Settings
From Equation 4.3, it is known that the displacement due to a density change depends on the focal point ( f ).
As also ZA is influenced by f , it is hard to directly quantify the effect of changing the lens. Different lenses
are tried to see the effect on the displacements. During the experiments, lenses with a 60 and 105 mm focal
length are used. The displacements found using different lenses are given in Figure 7.3.
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Figure 7.3: Displacements in x-direction corrected for the model motion at an exposure time of 4 µs.

What is observed, is that the displacements are below 0.15 px. This is lower than the accuracy level of the
correlation, which is around 0.2 px. Also, there are no coherent structures present, these were expected
from the conventional Schlieren results. The found displacements are therefore probably noise from the
correlation method. Looking at the difference between the two lenses, it is observed that the noise for the 105
mm lens is slightly lower. A possible reason for that, is the fact that for a higher focal number, the camera has
to move further from the model. This makes it possible to slightly increase the light in the test section.

BOS is largely affected by the amount of light that is shining on the speckles. For the correlation a large
difference between intensities is beneficial as will be explained in Section 7.4. A way to increase the amount
of light on the sensor is by increasing the exposure time. Therefore, a high exposure time is preferred when
looking only at the BOS set-up. However, the high Mach number makes it impossible to increase the exposure
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time a lot. For the conventional Schlieren, the majority of the experiments are performed at an exposure time
of 2 µs. The distance traveled of a wave in the shear layer is approximately:

d =Vshear texposur e (7.1)

In this equation, Vshear is the velocity of the shear layer, which is taken from Section 5.3 and is approximately
Vshear = 500 m/s . An exposure time of 2, 4 and 10 µs gives then a traveled distance of respectively 1, 2 and 10
mm. This means that increasing the exposure time will blur or average the shear layer. The exposure time is
therefore limited to 4 µs. Figure 7.4 then shows the effect of the exposure time on the displacement for the 60
mm lens. It is indeed observed that increasing the exposure time slightly lowers the noise of the correlation
method. This also points at the direction that there is not enough light present to do a proper correlation.
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Figure 7.4: Displacements in x-direction corrected for the model motion using a lens with flens = 60 mm.

7.3. Shock Generators
To determine why no density changes are observed, shock generators are used. The shock generators cause
shock waves in the flow, which are strong density fluctuations. By doing this, it is possible to rule out that
the density changes in the shear layer are too small to capture. So if nothing is found, then the correlation
method is not accurate enough to correlate. If shock waves are found, then the density fluctuations in the
shear layer are not strong enough to capture with the current method. In reality, the two depend on each
other since for stronger density changes the correlation is easier to perform.

Two separate shock generators are used, one is a cylinder placed on the flat plate with a height larger than
the boundary-layer thickness. The other one is the actual ramp, which is used to create the shear layer in
the experiments. However, now the camera is focused on the reattachment region of the shear layer. On this
location a strong reattachment shock wave is expected.

Figure 7.5 shows the shock generator and how the bow shock wave is going to form around it. On the red
line the displacements in both x-direction and y-direction are calculated. On the red line two large peaks in
displacement are expected at the location of the shock wave, with no displacement in the middle. In Figure
7.6 the results are given. What is observed, is that no displacement above the accuracy limit is present in both
the x- and y-direction.
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Flow direction

Bow shock Shock wave
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Figure 7.5: Schematic view of the shock wave generator and the displacement plane shown in Figure 7.6.
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Figure 7.6: Displacements in x-direction and y-direction corrected for the model motion using a lens with fl ens = 105 mm.

To check whether the reattachment shock wave on the ramp is present, the displacements in x-direction is
plotted on a vertical line over the ramp. A peak in displacements is expected near the reattachment region.
Figure 7.7 shows the result. Also in this figure only noise levels are obtained.
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Figure 7.7: Displacements in x-direction on the ramp corrected for the model motion using a lens with flens = 105 mm.

As both of the results do not show any sign of density changes, it is probably the correlation that has trou-
ble dealing with the experiment conditions. In the next section a detailed discussion is presented on the
correlation method and what might be the problem with it.

7.4. Correlation Method
Figure 7.8 gives the Root Mean Square (RMS) uncertainty for different pixel displacements. The different lines
represent the difference in intensities between the particles (speckles) and background in bits. Because BOS
uses PIV software for correlating the two images, this graph is also valid for BOS. In that case the particle
image shift equals the speckle shift.

For intensity differences higher than 6 bi t s (26 = 64 count s) the RMS-uncertainty is not improving fur-
ther. However, for lower differences the RMS-uncertainty increases rapidly. Especially for small speckle shifts,
the performance deteriorates fast for low intensity differences.
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Figure 7.8: RMS - uncertainty as function of pixel displacement for PIV [25].

Table 7.1 shows the properties of the different experiments. Looking at the maximum intensity difference
(∆I ), it is observed that for an exposure time of 4 µs and a speckle size of approximately 4− 5 an absolute
maximum of 38 count s is reached, which roughly equals 5 bi t s. In this case the order of the RMS-uncertainty
equals the order of the speckle image shift. For the desired exposure time of 2 µs, the result is even worse
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because the signal consists of even less bits. Especially because these numbers are a maximum. Overall the
intensity difference is considerably lower.

Furthermore, for the small speckle size, the shape of the speckle is lost which also contributes to a bad
correlation. For the large speckle size this problem is solved, also the intensity difference is slightly increased
but still lower than the desired 6 bi t s.

Table 7.1: Characteristics of the different BOS experiments.

Experiment fl ens (mm) Exposure time (µs) Maximum ∆I (count s) Speckle size (px)

1 60 2 26 4-5
2 60 4 33 4-5
3 60 10 47 4-5
4 105 2 30 4-5
5 105 4 38 4-5
6 105 10 58 4-5
7 180 4 41 10
8 105 2 35 10
9 105 4 47 10

For larger speckle shifts, an intensity difference of 4 bi t s is sufficient to get the lowest RMS-uncertainty.
Which in that case is considerably lower than the speckle image shift itself. This is the reason why the model
motion is properly captured and the displacements due to density differences are not.

Figure 7.9 shows the noise on the windoff signal compared to the displacements found by the correlation
in time. What is seen is that the order of the signal is the same as the order of the noise, meaning that a signal
to noise ratio of 1 is found.
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Figure 7.9: Displacements in x-direction corrected for the model motion and noise at an exposure time of 2 µs and fl ens = 105 mm.

Increasing the exposure time to 4 µs gives the figure stated in Figure 7.10. The noise level is approximately
halved compared to Figure 7.9. This shows that the noise level can be lowered by adding more light. Together
with Figure 7.8 and Table 7.1, it shows that not enough light was present in the test section to get proper
results.
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Figure 7.10: Displacements in x-direction corrected for the model motion and noise at an exposure time of 4 µs and fl ens = 105 mm.

Looking at Figure 7.8, it is required to have at least a 6 bi t s signal. This means that 64 count s have to be
present between the two images. This means that for an exposure time of 2, the intensity difference should at
least double. It is hard to quantify the extra amount of light necessary, but it should be more than double in
the way the lamps are positioned now.





8
Conclusion

In this thesis the strong shock wave boundary-layer interactions on a compression ramp in a hypersonic flow
is investigated. To successfully do this, test models are developed with varying ramp angle. Furthermore, the
existed flat plate model is adapted such that it can house different models including the compression ramps.

Also, a Schlieren set-up is made and the infrared camera was successfully calibrated to make a quanti-
tative analysis possible. Next to that, calibration plates are designed which can map the measurements to
physical coordinate systems.

The Schlieren measurements were performed to visualize the flow topology in front of the compression
ramp. It shows that for all ramps the flow is separated and a strong shear layer is present. Also, very clearly
compression waves stemming from instability waves in the shear layer are observed.

Using the Schlieren data the effect of ramp angle and Reynolds number are tested on the shear layer
length. It showed that there is a clear increase in shear layer length for increasing both the ramp angle and
Reynolds number. When comparing the data to theoretical equations, it shows that it is very hard to have
correct predictions in this Reynolds number and Mach range. A possible reason for this, is the transitional
state of the shear layer.

For the investigation of the shear layer instability waves, a Standard Deviation (STD) field is computed.
This showed that the instability waves are growing in the shear layer and that the shape is probably not con-
stant throughout the shear layer.

The QIRT data gives a good quantification of the heat fluxes present on the ramp. It shows clearly the
dependency of the heat flux overshoot on compression ramp angle. For small angles the overshoot is not
observed, while for high compression ramp angles a severe overshoot is found.

Also, the peak heat fluxes are hard to predict with existing correlations due to the transitional behavior of
the shear layer in the Reynolds number range of the experiments.

Next to that, additional evidence is found of the presence of transitional waves in the shear layer in the
form of spanwise streaks. The magnitude change due to these streaks could not be found, but an investigation
on the non-dimensional wavelength is done. This showed that two types of waves are present, large ones and
smaller waves on top of the large waves. Both waves show a decrease in non-dimensional wavelength for an
increase in Reynolds number.

At last, it turned out that the BOS set-up was not accurate enough to see density fluctuations. An investi-
gation was performed on the potential cause and it turned out, that probably there was not enough light in
the test section. This resulted in a cross correlation that gave a signal to noise ratio of one.

Overall, the experiments clearly showed the different attributes present in a strong shock wave boundary-
layer interaction. Additional features were found which can be linked to large instability waves in the shear
layer. This opens up a lot of possibilities to deeper investigate the transitional behavior of the shear layer and
the effect it has on the overall flow topology. Also, work can be put into making BOS a successful non-intrusive
measurement method in hypersonic flows.
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9
Recommendations

In this chapter some recommendations for future research are given. These are split into three sections which
each treat a different experimental method used for this report.

9.1. Schlieren Imaging
During the Schlieren experiments a lot of global data is gathered of the flow field and instability waves in the
shear layer. For future research it would be nice to have a closer look into the shear layer and to see what type
of instabilities are found.

During these experiments this was already tried using a burst light, however, this led to an overexposed
shear layer so no unsteady details could be seen. More time can be put into avoiding this overexposure which
makes it possible to see the unsteady nature of the waves more clearly.

Furthermore, in this report a lot of emphasis is put in the reattachment region. Because of this, the sepa-
ration point and the formation of the disturbances, fell outside the image. Future experiments can focus on
the separation point by moving the ramp aft, such that the start of the shear layer can be investigated.

At last, a velocity profile of the shear layer can help in identifying the type of instability present in it. This
can be done by doing (Tomo-)PIV measurements. For example, it might be possible to see the pumping
motion of the Görtler instabilties present in the shear layer.

9.2. QIRT
During the processing of the QIRT data, two concerns were found that could be improved in future experi-
ments. The first one consists of the distance between the camera and the model. During the analysis of the
spanwise waves it was found that a lot of aliasing was present in the small peaks. This made it impossible to
find the effect on the magnitude of the Stanton number. For future experiments the camera should be placed
closer to the model such that a higher spatial resolution can be obtained.

The second concern is that more holes should be made into the mapping plates. In these experiments
there were not enough holes present to do an accurate 2D interpolation. This was fixed by doing two 1D
interpolation near the region of interest which introduces an error when moving away from the interpola-
tion location. Especially when the interpolation area is going to be in the whole shock wave boundary-layer
interaction region, a 2D interpolation method is required.

9.3. BOS
As explained in the report, the BOS method used was not accurate enough to obtain any data. This was
attributed to the lack of light in the section, as a result the cross correlation could be performed properly.

For future experiments more emphasis should be put on getting more light in the test section. This can
be done by for example placing LED strips in a ring around the wind tunnel window inside the test section.
Besides that, it is nicer to start with a configuration that creates density differences so large that they are
found with the cross correlation software. From that baseline point, the density differences can be lowered to
the point where they are not visible anymore. This defines the boundaries of the method better and makes it
easier to solve any difficulties when looking at small density fluctuations.
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A
Compression Ramp Models

In this appendix the remainder of the compression ramps used during the experiments are presented.
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Figure A.1: Isometric view of the 10° compression ramp.
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Figure A.2: Isometric view of the 20° compression ramp.
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Figure A.3: Isometric view of the 25° compression ramp.



B
Additional Schlieren Data

B.1. Compression Wave Angles
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Figure B.1: Compression wave angles of for the 20° ramp with ReL = 5.30 ·106.
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Figure B.2: Compression wave angles of for the 25° ramp with ReL = 5.30 ·106.

B.2. Correlations
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Figure B.3: Shear layer length (Lsep /δ∗0 ) for the 20° angle and theoretical data from Equation 2.27.
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Figure B.4: Shear layer length (Lsep /δ∗0 ) for the 25° angle and theoretical data from Equation 2.27.

B.3. STD Fields

Figure B.5: STD field for the 15° ramp with ReL = 1.67 ·106.



110 B. Additional Schlieren Data

Figure B.6: STD field for the 15° ramp with ReL = 2.79 ·106.

Figure B.7: STD field for the 15° ramp with ReL = 5.30 ·106.

Figure B.8: STD field for the 20° ramp with ReL = 1.67 ·106.
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Figure B.9: STD field for the 20° ramp with ReL = 2.79 ·106.

Figure B.10: STD field for the 20° ramp with ReL = 5.30 ·106.

Figure B.11: STD field for the 25° ramp with ReL = 1.67 ·106.
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Figure B.12: STD field for the 25° ramp with ReL = 2.79 ·106.

Figure B.13: STD field for the 25° ramp with ReL = 5.30 ·106.



C
Additional QIRT Data

C.1. Streamwise Stanton Number
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Figure C.1: Streamwise Stanton numbers (ch ) for different ramp angles at ReL = 1.67 ·106
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Figure C.2: Streamwise Stanton numbers (ch ) for different ramp angles at ReL = 3.35 ·106
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Figure C.3: Streamwise Stanton numbers (ch ) for different ramp angles at ReL = 5.02 ·106
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C.2. Peak Stanton Numbers
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Figure C.4: Peak Stanton numbers (chpeak
) for different ramp angles at ReL = 2.23 ·106 and ReL = 4.46 ·106 .
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Figure C.5: Peak Stanton numbers (chpeak
) for different ramp angles at ReL = 2.79 ·106 and ReL = 3.91 ·106 .
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C.3. Wavelengths
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Figure C.6: Non-dimensional wavelength (Λ) for the large wavelength waves for the 20° ramp as function of Reynolds number.
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Figure C.7: Non-dimensional wavelength (Λ) for the large wavelength waves for the 25° ramp as function of Reynolds number.
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Figure C.8: Non-dimensional wavelength (Λ) for the small wavelength waves for the 20° ramp as function of Reynolds number.
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Figure C.9: Non-dimensional wavelength (Λ) for the small wavelength waves for the 25° ramp as function of Reynolds number.





D
Test Matrices

D.1. Schlieren

Table D.1: Schlieren test matrix day 1

Test N r. ET (µs) Ramp Thot ≈ 500 (K ) Tcold ≈ 100 (K ) pt ≈ 95 (bar ) Pi vot hol e pvac < 4 (mbar )
1 2 - X X 95 BC X
2 100 - X X 95 EF X
3 2 10° X X 95 BC X
4 2 10° X X 95 BC X
5 2 10° X X 95 BC X
6 100 10° X X 94.75 EF X
9 2 20° X X 95 BC X

10 2 20° X X 95 BC X
11 2 20° X X 95 BC X
12 100 20° X X 95 EF X
13 100 20° X X 95 EF X
14 100 20° X X 95 EF 2.7
15 2 15° X X 95 BC X
16 2 15° X X 95 BC X
17 2 15° X X 95 BC X
18 100 15° X X 95 EF X
21 2 25° X X 95 BC X
22 2 25° X X 95 BC X
23 2 25° X X 95 BC X
24 100 25° X X 95 EF X
25 100 25° X X 95 EF X
26 100 25° X X 95 EF X
27 2 30° X X 95 BC X
28 2 30° X X 95 BC X
29 2 30° X X 95 BC X
30 100 30° X X 95 EF X
31 100 30° X X 95 EF X
32 100 30° X X 95 EF X
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Table D.2: Schlieren test matrix day 2

Test N r. ET (µs) Ramp Thot ≈ 500 (K ) Tcold ≈ 100 (K ) pt (bar ) Pi vot hol e pvac (mbar )
1 2 30° X X 50 BC 3.08
2 2 30° X X 40 BC 2.607
3 2 30° X X 35 BC 2.637
4 2 30° X X 30 BC 2.72
5 2 30° X X 95 BC 2.7
6 2 30° X X 40 AB 2.75
7 2 30° X X 50 AB 2.75
8 2 30° X X 95 AB 2.4
9 2 30° X X 30 AB 2.32

10 100 30° X X 30 EC 2.54
11 2 10° X X 50 BC 2.35
12 2 10° X X 40 BC 2.5
13 2 10° X X 30 BC 2.45
14 2 15° X X 50 BC 2.6
15 2 15° X X 30 BC 2.6
16 2 25° X X 30 BC 2.6
17 2 25° X X 40 BC 2.65
18 2 25° X X 50 BC 2.65
19 2 20° X X 30 BC 2.56
20 2 20° X X 40 BC 2.8
21 2 20° X X 50 BC 2.7
22 2 20° X X 95 BC 2.9
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Table D.3: Schlieren test matrix day 3

Test N r. ET (µs) Ramp Thot ≈ 500 (K ) Tcold ≈ 100 (K ) pt (bar ) Pi vot hol e pvac (mbar ) f ps
1 2 15° X X 95=94.61 BC 2.5 1280
2 2 15° X X 95=94.58 BC 2.5 1280
3 2 15° X X 95=94.65 BC 2.2 1280
4 2 15° X X 50=50.34 BC 2.4 1280
5 2 15° X X 40=40.34 BC 2.4 1280
6 2 15° X X 30=30.46 BC 2.3 1280
7 2 15° X X 80=80.4 BC 2 1280
8 2 15° X X 70=70 BC 2 1280
9 2 15° X X 60=60.08 BC 2.5 1280

10 2 30° X X 60=60.17 BC 2.3 1280
11 2 30° X X 70=70.02 BC 2.2 1280
12 2 30° X X 80=79.87 BC 1.8 1280
13 2 30° X X 95=94.86 BC 1.16 3863
14 2 30° X X 95=94.64 BC 1.84 8149
15 2 30° X X 30=30.1 BC 1.6 8149
16 2 30° X X 30=30.05 BC 2.6 5319
17 2 30° X X 30=30 BC 2 9661,4
18 2 30° X X 95=94.87 BC 2 9661
19 1000 30° X X 95=94.86 FG 2.2 195
20 952 30° X X 95=94.78 FG 2.2 975
21 952 30° X X 95=94.6 EF 2.2 975
22 400 30° X X 95=94.5 EF 2 975
23 400 30° X X ? EF 2 975
24 400 30° X X 95=94.64 HJ 2.5 975
25 400 30° X X 95=94.5 EF 1 975
26 400 30° X X 95=94.66 EF 1.4 975
27 400 30° X X 95 EF 2.5 975
28 400 30° X X 95=94.55 EF 2.2 975
29 400 30° X X 95=94.51 EF 2 975
30 400 30° X X 95=94.51 EF 2 975
31 1.28 30° X X 95=94.75 BC 2.5 Max
32 1.28 30° X X 95 BC 1.5 6236,9
33 1.28 30° X X 95 BC 1.28 9649,5
34 1.28 30° X X 95=94.55 BC 1.95 9649
35 1.28 30° X X 95=94.57 BC 1.9 21559
36 1.28 30° X X 95=94.52 BC 1.5 21559
37 1.28 30° X X 95=94.51 1.47 21559
38 1.28 30° X X 95=94.51 AB 2.8 48412
39 1.28 30° X X 95=94.56 HG 2.8 60620
40 1.28 30° X X 95=94.51 EF 1.38 60620
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D.2. QIRT

Table D.4: QIRT test matrix

Test N r. ET (µs) Ramp Thot ≈ 500 (K ) Tcold ≈ 100 (K ) pt (bar ) pvac (mbar ) f ps
1 144 30° X X 30 X 200
2 144 30° X X 40 X 200
3 144 30° X X 50 X 200
4 144 30° X X 60 X 200
5 144 30° X X 70 X 200
6 144 30° X X 80 X 200
7 144 30° X X 90 X 200
8 144 30° X X 95 X 200
9 144 15° X X 30 X 200

10 144 15° X X 40 X 200
11 144 15° X X 50 X 200
12 144 15° X X 60 X 200
13 144 15° X X 70 X 200
14 144 15° X X 80 X 200
15 144 15° X X 90 X 200
16 144 15° X X 95 X 200
17 144 25° X X 30 X 200
18 144 25° X X 40 X 200
19 144 25° X X 50 X 200
20 144 25° X X 60 X 200
21 144 25° X X 70 X 200
22 144 25° X X 80 X 200
23 144 25° X X 90 X 200
24 144 25° X X 95 X 200
25 144 20° X X 30 X 200
26 144 20° X X 40 X 200
27 144 20° X X 50 X 200
28 144 20° X X 60 X 200
29 144 20° X X 70 X 200
30 144 20° X X 80 X 200
31 144 20° X X 90 X 200
32 144 20° X X 95 X 200
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