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Abstract

A combined PIV and Schlieren measurements have been carried out in the transonic-
supersonic wind tunnel (TST-27) to investigate the effect of exhaust plume and the vari-
ation in nozzle length on the flow topology and mean pressure distribution on the wake of
axisymmetric backward facing step model at freestream Mach numbers of M∞ = 0.76 and
M∞ = 2.20, respectively. Four different nozzle length configurations with and without the
presence of a supersonic exhaust plume have been tested. Testing with different nozzle length
configuration resulted in flow cases where the shear layer reattachment occurred on the noz-
zle (solid reattachment), on the flow downstream of the nozzle (fluidic reattachment), and
intermittently on the nozzle and on the flow (hybrid reattachment).

A qualitative identification of the effect of exhaust plume and the variation in nozzle length
on the flow topology on the wake of axisymmetric backward facing step model, at the above
mentioned conditions, is successfully described by means of Schlieren visualization. The topo-
logical flow features for the subsonic and supersonic flow cases has been identified (i.e shock
waves, Prandtl-Meyer expansion fan, boundary layer, separated shear layer, recompression
and plume shocks). On the other hand, a quantitative identification of the effect of exhaust
plume and the variation in nozzle length on the flow topology and mean pressure distribution
on the wake of axisymmetric backward facing step model, at the above mentioned conditions,
is successfully done by means of planar PIV. The planar PIV measurements in the wake re-
gion of the model provided detailed information of the mean flow field properties (i.e mean
velocity, turbulent kinetic energy, Reynolds stresses and reverse flow). Using these mean flow
field properties data, the mean pressure distribution is reconstructed based on the momentum
equation.

It has been shown that an increase in nozzle length and the presence of an exhaust plume
caused an increase in mean reattachment length at M∞ = 2.20, while no significant change in
mean reattachment length was noticed at M∞ = 0.76. Significantly higher turbulent kinetic
energy levels have been observed for L/D = 1.8 cases where solid reattachment occurred,
at M∞ = 2.20. In contrast to supersonic flow cases, the flow cases at M∞ = 0.76 showed
a significantly lower turbulent kinetic energy levels. Comparisons of flow cases with a long
nozzle without a plume and flow cases with a short nozzle but with a plume suggest that
the presence of the plume cannot accurately be modeled by replacing the plume with a solid
geometry. From the pressure results it is observed that the location of the low-pressure region
downstream of the base remained unchanged for different flow cases with and without exhaust
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x Abstract

plume and for different nozzle lengths. Furthermore, it has been shown that an increase in
nozzle length leads to higher local pressure at the nozzle exit and hence results in a less
under-expanded for the supersonic flow cases or more over-expanded plume for the subsonic
cases.
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Chapter 1

Introduction

The investigation of the interaction between the base flow and exhaust plume is of fundamental
importance for the aero-thermodynamic design of the next generation launch vehicles. One
of the critical areas in the design of the launch vehicle is the quantification of pressure and
thermal loads that occur as result of the interaction between the base flow and exhaust plume
in the base region during ascent. Figure 1.1 show atmospheric ascent of Ariane 5 and Delta

Figure 1.1: Araine 5 (left) and Delta IV Heavy (right) during launch. Courtesy of ESA and U.S.
Air Force

IV Heavy launcher. During the atmospheric ascent, the base region of a launch vehicle is
identified by a large separation region due to an abrupt change in geometry. This separated
region, where the pressure is relatively low, suffer from high base drag, which makes up
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a significant part of the overall drag of the vehicle. Moreover, the inherent unsteadiness of
the flow generates fluctuating pressure-induced side-loads on the external nozzle structure. In
particular during the transonic flight regime, the low-frequency components of these oscillating
side-loads may excite a structural response (transonic buffeting) and lead to structural failure.
Also, the entrainment of the hot exhaust plume gasses in the recirculation zone may result in
significant thermal loads on the external surface of the nozzle. In the view of the above, the
quantification of pressure and thermal loads in the base region of launcher is relevant for the
development of a reliable and efficient launch vehicle.

Since pressure and thermal loads are difficult to measure during a real life launch, quantifica-
tion is commonly done using numerical simulation techniques and by means of wind tunnel
experiments. A generic axisymmetric Backward Facing Step (BFS) geometry is commonly
used as a simplification of a launch vehicle base to investigate the development of complex flow
phenomena in the base region. Even though a number of past studies used scaled launcher
model for the investigation, such as e.g. Schrijer et al. (2011), Reijasse and Delery (1994),
Hannemann et al. (2011), a generic geometry is more commonly used in the context of aca-
demic research for reasons of simplicity. This generic geometry consist of a conical forebody,
a cylindrical main body and a cylindrical afterbody that represent the main stage and the
nozzle of a typical launch vehicle, respectively.

M<1

Shear Layer

Exhaust Plume

Axis of Symmetry

Recirculation Zone Reattachment Zone

δ Time averaged 
dividing streamline

Corner Eddy

0.
5D

Figure 1.2: Schematic of mean flow topology of a subsonic BFS. Adapted from Driver et al.
(1987)

As a result of sudden change in geometry, the external flow past the edge of the cylindrical
main body starts to separate (see Figure 1.2). As result, a recirculation region is formed which
is divided from the external flow by a shear layer that emanates from the edge. Depending
on the length of the cylindrical afterbody (nozzle), the reattachment of the separated shear
layer occur on the nozzle, on the flow downstream or on both the nozzle and on the flow.
The occurence of these types of reattachments are reffered by Deprés et al. (2004) as solid,
fluidic and hybrid reattachment, respectively. The introduction of an exhaust plume at the
end of the nozzle has two significant impacts on the flow field in the base region. Firstly,
the presence of exhaust plume leads to displacement of the outer flow as a result of the
blockage and secondly, entrainment at the plume boundary causes the acceleration of the
outer flow towards the base (Bergman, 1970). In addition, the blockage due to the presence
of an exhaust plume result in an increase of pressure at the base whereas the entertainment
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M>1

0.
5D

Expansion Fan
Recompression 

Shock

Shear Layer

Exhaust Plume

Axis of Symmetry

Recirculation Zone Reattachment Zone

δ

Plume Shock

Figure 1.3: Schematic flow topology of supersonic BFS. Adapted from Loth et al. (1992) and
Bannink and Schoones (1998)

tends to decrease it (Bergman, 1970). Furthermore, the effect of exhaust plume on the flow
field depends on the reattachment location of the separated shear layer. This effect can be
small for the solid reattachment, but it can be great if the shear layer reattachment is fluidic
(Deprés et al., 2004).

The flight regime during ascent of a typical launch vehicle always covers subsonic, transonic,
supersonic, and hypersonic flow velocities. At the transition from subsonic to supersonic
flows, a Prandtl-Meyer expansion (PME) fan is developed at the edge of the cylindrical main
body (see Figure 1.3). Shock waves are developed at the reattachment location due to the
deflection of the flow in the direction of the freestream. Due to the presence of exhaust plume,
additional shock wave is formed, which can be attributed to the displacement of the flow by
an exhaust plume. As the flow velocity increase from subsonic to supersonic regimes, the
ambient pressure and temperature decreases and the over-expanded exhaust plume becomes
under-expanded.

Numerous experimental and numerical studies on the base flows has been done in the past that
aimed to identify the driving mechanisms of the flow dynamics developing in the wake region
of a BFS and to quantify the corresponding pressure loads. Most of these studies investigated
base flows at the freestream Mach number of M∞ = 0.7 (e.g. Deprés et al. (2004), Weiss
et al. (2009), Hannemann et al. (2011), Scharnowski et al. (2015), Schrijer et al. (2014)) while
others aimed at studying supersonic freestream Mach numbers (e.g. Scarano et al. (2005),
Deck et al. (2007), Janssen and Dutton (2004), Statnikov et al. (2016)). A small number of
these studies investigated both subsonic and supersonic flow cases (e.g. Bitter et al. (2011),
Scharnowski et al. (2016a), Statnikov et al. (2016)). For quantification of the (fluctuating)
pressure loads on the model surface, previous experimental studies used pressure transducers,
which is unable to measure pressure in the flow away from the surface of the model. A
number of studies employed PIV which provides instantaneous velocity vector measurements
in a cross-section of a flow and also it is a whole-flow-field technique. PIV technique has been
employed to study the unsteady nature of the flow (Schrijer et al. (2011), Scharnowski et al.
(2015), Schrijer et al. (2014), Bitter et al. (2011)), to acquire mean flow field and Reynolds
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stress distributions (Scharnowski et al., 2015) and to investigate the effect of control devices
(Scharnowski et al. (2015), Schrijer et al. (2010)). Furthermore, it has been also used in base
flow investiagtion with presence of an exhaust plume (e.g Scarano et al. (2005), Scharnowski
et al. (2016a)).

PIV technique is good alternative for pressure transducers, however it does not provide direct
measurement of the pressure in the flow. Pressure reconstruction in the wake of an axisym-
metric BFS at subsonic and supersonic flow by means of PIV has been largely unexplored,
with the exception of studies performed by Blinde et al. (2014) and van Gent et al. (2017).
The pressure field is reconstructed by solving the Navier-Stokes (NS) equation where the
velocity and acceleration are known variables from PIV measurement. The evaluation of in-
stantaneous pressure field is done by means of time-resolved PIV measurements whereas the
mean pressure field is determined from ensembles of uncorrelated PIV measurements (van
Oudheusden, 2013). Using PIV technique is particularly beneficial when the model geometry
introduces spatial limitations for the installation of pressure transducers on the surface.

In the view of the above, the present thesis will aim to investigate the effect of nozzle varying
length and presence of an exhaust plume on subsonic and supersonic axisymmetric base flow
by means of PIV. In particular, attention will be paid to the impact of these changes on the
mean pressure distribution and unsteadiness.

1.1 Research Objectives & Methodology

The overall research goal of the present thesis is to investigate the effect of varying nozzle
length and presence of an exhaust plume on the on the flow topology and mean pressure
distribution on the wake of axisymmetric BFS at subsonic and supersonic flows. To achieve
this goal, the research is divided into following objectives:

• To characterize the flow topology in the wake of axisymmetric BFS at subsonic and
supersonic flows, for flow cases with and without exhaust plumes and for different nozzle
lengths by means of planar (2D) PIV

• To carry out mean pressure reconstruction in the wake of axisymmetric BFS at subsonic
and supersonic flows, for flow cases with and without exhaust plumes and for different
nozzle lengths using PIV data

• To determine the effect of varying nozzle length and presence of exhaust plume on
the flow topology and mean pressure distribution on the wake of axisymmetric BFS at
subsonic and supersonic flows

In order to accomplish these objectives a wind tunnel experiment is carried out in the
transonic-supersonic wind tunnel (TST-27) of the High Speed Lab at the TU Delft, on a
generic rocket model in subsonic and supersonic flows. This model is a modified version of
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the same model as used within the framework of FESTIP (Future European Space Trans-
portation Investigation Program) (Hirschel, 1996). The afterbody of the model contains a
nozzle that generates a (non-heated) exhaust plume. For the present study only the length of
the nozzle is varied and not the step height of the base. Based on study performed by Gentile
et al. (2016), an increase in step height (or nozzle diameter) result in a gradual shrinking of
the recirculation region and upstream movement of the reattachment point. Planar PIV and
Schlieren techniques are employed to investigate the wake region of an axisymmetric BFS in
subsonic and supersonic flows. This will allow to characterize in great detail the flow topology
and mean pressure distribution in the wake of an axisymmetric BFS and identify the effect
of nozzle and exhaust plume on the flow topology and mean pressure distribution.

1.2 Thesis Outline

The structure of present thesis is as follow: In Chapter 2, the characteristic features of the
BFS flows relevant for the present study are introduced. The basic principles of the mea-
surement and pressure reconstruction techniques used are briefly outlined in Chapter 3, while
practical matters related to experimental apparatus and setup for the present investigation
are presented in Chapter 4. Chapter 5 is dedicated to the discussion of the experimental re-
sults. Finally, Chapter 6 presents major conclusions of thesis and outlines recommendations
towards future works.
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Chapter 2

Base Flow Characteristics

During atmospheric ascent of a launch vehicle, such as Ariane 5, complex flow phenomena
develop at its base region (Figure 2.1). An understanding of the development of these complex
flow phenomena is essential for the design of a reliable and efficient launch vehicle. As such,
this chapter aims to familiarize the reader with the characteristic features of the base flows.
Also, this chapter briefly reviews the effect of nozzle length and presence of an exhaust plume
on high-subsonic and supersonic base flows.

main 
stage 

recirculation 
region 

oscillating 
shear layer 

main engine’s 
nozzle 

exhaust plume 

Figure 2.1: Development of complex flow phenomena during ascent of Ariane 5 (Scharnowski
et al. (2016a), courtesy of ESA)
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8 Base Flow Characteristics

2.1 Base Flow Geometry

Figure 2.2(a) shows the base region of cryogenic main core stage of Ariane 5, which consist of
the main stage and the nozzle. To study and understand the complex flow phenomena that
develop in this region, the base geometry of Ariane 5 is commonly simplified to a cylindrical
main body and a cylindrical afterbody, as shown in Figure 2.2(b). In literature, this simplified
geometry, which resembles the base region of an actual Ariane 5 launcher, is typically referred
to as the Backward Facing Step (BFS).

Many experimental and numerical studies have been performed on BFS geometry to investi-
gate the characteristic flow features that also develop in the base region of a typical launcher
such as Ariane 5. Although a number of studies investigated realistic scale models (e.g. Rei-
jasse and Delery (1994) and Schrijer et al. (2011)), using such a generic geometry is a more
common practice in the context of academic research. Many studies reported in the liter-

Main Stage

Nozzle

(a) Ariane 5 cryogenic main stage and
the nozzle. Courtesy of ESA

Cylindrical 
Main Body

Cylindrical 
Afterbody

(b) Simplified geometry of Ariane 5
base region

Figure 2.2: Actual and simplified base geometry of Ariane 5

ature are performed on the two-dimensional BFS geometries. The present thesis, however,
studies three-dimensional, axisymmetric BFS geometry which provides a more realistic rep-
resentation of the base region of a real Ariane 5 launcher. As shown in Figure 2.2(b), the
three-dimensional axisymmetric BFS features an axis of symmetry around the BFS geometry
with finite cylindrical afterbody extension.
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2.2 Base Flow Topology

The flow field in the wake of the BFS geometry is complex and unsteady, involving numerous
instability mechanisms. The mean flow topology of a generic BSF geometry, as shown in
Figure 1.2, illustrate the most common flow features that develop the wake of the BFS. As
can be seen from this figure, the wake of a (subsonic) BFS can be identified by three main
zones, namely, the separated shear layer, a recirculation zone and a reattachment zone. The
interaction between these flow features result in an unsteady low-frequency motion (Driver
et al. (1987), Hudy and Naguib (2007), Spazzini et al. (2001)). The following sections will
briefly discuss these flow features that develop in the wake of BFS at subsonic and supersonic
flows.

2.2.1 Separated Shear Layer

Shear layer is a layer of fluid where a velocity gradient is present. As shown in Figure 1.2,
the separated shear layer originates at the edge of BFS and curls down to impinge on the
afterbody. As the upstream boundary layer separates at the edge of BFS, a strong velocity
gradient, which is enclosed by the recirculation zone and external flow, induces a shearing force
in the flow. This strong velocity gradient in the shear layer is subject to Kelvin-Helmholtz
instabilities, which generates eddies that roll-up into spanwise orientation (Robinson (1991),
Scharnowski et al. (2016b)). According to Browand (1966), Winant and Browand (1974) and
Scharnowski et al. (2016b), as a result of viscous shearing these spanwise oriented eddies grow
in size and pair while convecting downstream. In addition, for a BFS geometry it has been
shown by Troutt et al. (1984) that eddies grow to a maximum size, proportionate to the step
height while moving downstream and result in broadening of the shear layer.

Figure 2.3 show a model that was developed by Winant and Browand (1974) to explain the
roll-up process of the eddied in the shear layer of BFS. As shown in Figure 2.3(a), the process
of roll-up starts with application of a wave which causes a distortion of the boundary of a
region that contains the vortices. This region with vortices generates vertical velocities which
causes the disturbances to grow. As a result the region that contains edddies becomes flatter
and thinner (with strong waves), as shown in Figure 2.3(b) and Figure 2.3(c). Finally, as the
disturbances grow even more, the two shearing layers start to roll over each other forming a
discrete eddies (see Figure 2.3(d)). According to Driver et al. (1987), the reattachment of the
separated shear layer in the wake of the BFS results into a low-frequency flapping motion.
As reported by Robinson (1991), the Kelvin-Helmholtz instabilities in the shear layer may
increase for three-dimensional (axisymmetric) model.

2.2.2 Reattachment Zone

As shown in Figure 1.2, the separated shear layer that start at the edge of the BFS, flows
downstream and eventually reattaches downstream of the step. This reattachment point is
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(a)

(b)

(c)

(d)

Figure 2.3: Schematic illustration of the initial instability of the shear layer, and the roll-up into
discrete eddies (Winant and Browand, 1974)

not fixed at single point, it varies within a region called the reattachment zone. According to
Eaton and Johnston (1982), this variation is related to the low-frequency flapping motion. For
the present thesis four afterbody configurations with different lengths (L/D) are considered.
Depending on the length of these afterbody configurations, the separated shear layer will
reattach on the afterbody or on the flow further downstream. A special situation exists if,
due to the unsteadiness of the flow, the reattachment intermittently occurs on the afterbody
and on the flow. Deprés et al. (2004) refers to these different flow configurations as solid,
fluidic and hybrid reattachment. These three different reattachment cases are shown in Figure
2.4.

The reattachment length, xr is defined as distance between the base and the point where
the shear layer impinges the external surface. In the literature, the reattachment length in
case of a two-dimensional BFS is commonly made dimensionless using the step height h of
the base. For (three-dimensional) axisymmetric BFS, however, the reattachment length is
generally non-dimensionalized with the diameter D of the cylindrical main body. Schrijer
et al. (2014) conducted an experiment on an axisymmetric BFS at freestream Mach number
of 0.7. From statistical analysis of the flow field, a non-dimensionalized reattachment point
of approximately x/D = 1.0 is observed for the time-averaged shear layer with h/D = 1/3.
Figure 2.5 shows the comparison of the normalized reattachment length (xr/h) as function
of step height Reynolds number (Reh) for axisymmetric and (two dimensional) planar cases.
From this figure it can be observed that the reattachment length for axisymmetric BFS is
shorter than for the two-dimensional case. Furthermore, for the planar case an increase in step
height Reynolds number (Reh) results in increase of normalized reattachment length (xr/h),
while for axisymmetric case an increase in step height Reynolds number result in decrease
of the normalized reattachment length (Gentile et al., 2016), although for this configuration
this is governed by the effect of an increasing h/D ratio.

According to Adams and Johnston (1988) and Eaton and Johnston (1982), the state of in-
coming boundary layer and Reynolds number has an effect on the mean reattachment length.
Laminar boundary layer and low Reynolds number display increased unsteadiness in reat-
tachement length (xr) compared to turbulent bondary layer and higher Reyonolds num-
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Figure 2.4: Schematic illustration of different reattachment cases

ber. Furthermore, a PIV experiment performed by Scharnowski et al. (2016a) on the two-
dimensional BFS have shown that the reattachment length increases from 5.1h at freestream
Mach number of 0.7 to 5.5h at freestream Mach number of 0.8.

2.2.3 Recirculation Zone

A schematic representation of the recirculation zone in the wake of a BFS is shown in Figure
1.2. This zone is bounded by the separating/reattaching shear layer and the external wall of
the BFS. Past experimental studies on flow separation over BFS and bluff bodies performed
by e.g Kim et al. (1979), Bradshaw and Wong (1972) and Abbott and Kline (1962) gives an
insight into the physical aspects of recirculation region. According to Kaul and Frost (1976),
the momentum diffusion from shear layer into the recircuation zone sets the wake fluid into
motion. In reattachment zone the pressure increases due to the compression. As a result,
this pressure increase generates a steep pressure gradient near the wall which returns part of
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Figure 2.5: Normalized reattachment length (xr/h) as a function of step height Reynolds number
(Reh) (Gentile et al., 2016)

of the flow near the wall upstream, in order to feed the recirculation zone (Kaul and Frost,
1976).

As shown in Figure 1.2, the recirculation zone consist of two counter-rotating vortices, a
primary one at the center which rotates clockwise and a counter clockwise secondary vortex
at the left corner of the base. The secondary vortex is a feature that typically occurs in low-
subsonic flows. It has been observed in subsonic (e.g Deck and Thorigny (2007), Hall et al.
(2003), Spazzini et al. (2001), Hudy and Naguib (2007), Scarano and Riethmuller (1999)) but
also in supersonic flows (e.g Bitter et al. (2011)). Figure 2.6 show a time-averaged velocity
field with streamlines as presented by Scarano and Riethmuller (1999), which clearly show
the occurrence of the primary clockwise vortex that extends from the base of the BFS to the
reattachment point and a secondary vortex which is located at the left corner of the BFS.
This secondary vortex, commonly referred to as corner eddy, is formed as results of shear
layer separation which is induced by the reverse flow now approaching the step as a forward
facing step (Kaul and Frost, 1976). According to Hudy and Naguib (2007), the size of this
corner eddy decreases as the Reynolds number increases.

The fluctuation of the flow reattachment point causes the recircuation zone to grow and shrink
in a quasi-cyclic manner. According to Schrijer et al. (2014) this growing and shrinking is
characterized by large-scale fluctuations that dominate the flow motions and the momentum
exchange across the shear layer, as illustrated in Figure 2.7. Furthermore, according to
Spazzini et al. (2001) the secondary vortex in the corners of BFS also grows in size and
strength until it becomes as large as the step height and then break down.
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Figure 2.6: A time-average velocity field vector plot and stream-traces pattern in the wake of
2D BFS (Scarano and Riethmuller, 1999)

Figure 2.7: Contribution of mode 2 to the flow field (left) and its effect on the shear layer position
(right) as indentified by Schrijer et al. (2014)

2.2.4 Supersonic BFS

Figure 1.3 show mean flow topology of a supersonic BFS. At the transition from subsonic
(M < 1) to supersonic (M > 1) flow regimes a PME fan appears at the edge of the BFS. This
expansion fan causes a strong deflection of the developing shear layer toward the afterbody
wall compared to the subsonic case. As shown in Figure 1.3, as the shear layer impinges on
the afterbody wall, the flow turns back in the direction of the freestream and as a result a
recompression shock is developed (Loth et al., 1992). According to Simon et al. (2007), the
adverse pressure gradient which emerges from the change in in lateral streamline curvature
causes the development of the recompression shock. Furthermore, the incoming external flow,
which is deflected by an expansion fan at the edge of a generic rocket model, again changes
direction due to the expanding supersonic jet and an oblique shock, also called the plume
shock develop in the supersonic external stream (e.g. Bannink and Schoones (1998)).

Supersonic BFS have been studied in numerous experimental and numerical investigations. In
an experimental study conducted by Meliga and Reijasse (2007), a decrease in reattachment
length have been observed when the freestream Mach number increased from 0.9 to 1.3,
which can be related to the strong deflection of the shear layer due the centered expansion
waves. Similar observation have also been noticed by e.g Chen et al. (2012) and Scharnowski
et al. (2016a). According to Simon et al. (2007), the major differences between subsonic and
supersonic BFS flows appears to be the decrease of the shear layer growth and the turbulent
Reynolds stress magnitude. Furthermore, It has been found that this decrease in shear layer
growth and turbulent Reynolds stress magnitude is a result of the compressibility, with the
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convective Mach number Mc as a scaling parameter (Simon et al., 2007). Using isentropic
flow assumption, the convective Mach number is defined as follow:

Mc =
U1 − U2

a1 + a2
(2.1)

where U1 and U2 are the velocities of the high- and the low-speed streams and a1 and a2 the
corresponding speed of sound.

2.3 Effect of Nozzle Length and Exhaust Plume

As outlined in section 1.1, the goal of the present thesis is to investigate the effect of varying
nozzle length and presence of an exhaust plume on the on the flow topology and mean pressure
distribution on the wake of axisymmetric BFS at subsonic and supersonic flows. As such, this
section aims to provide a brief review of the past studies that have been performed by other
researchers to investigate these effects.

2.3.1 Varying Nozzle Length

The effect of nozzle length and presence of exhaust plume on the mean and unsteady surface
pressure field in the wake of an axisymmetric BFS have been investigated experimetally
by Deprés et al. (2004) using pressure tap. Four model configuration were tested, with
and without supersonic exhaust plume at freestream Mach number of 0.85. Two of these
model configurations were with extended cylindrical rear-body (nozzle), having a length of
L/D = 0.6 and 1.2. From these experiments, it is observed that the nozzle length (L/D)
play an important role in the mean and unsteady flow features in the wake of a transonic
axisymmetric BFS compared to the configuration with presence of exhaust plume. The effect
of exhaust plume will be discussed in section 2.3.2. Similar observation have been also noted
by Scharnowski et al. (2016a), where a two-dimensional BFS model with an exhaust plume
was investigated in subsonic, transonic and supersonic external flows using PIV technique.

Depending on the length of the nozzle, L/D the separated shear layer will impinge on the
nozzle wall (solid reattachment), the flow (fluidic reattachment) or on the nozzle wall and
flow (hybrid reattachment) (Deprés et al., 2004) (Figure 2.4). For L/D = 1.2, it is observed
that the presence of exhaust plume has little effect on both the mean and unsteady pressure
because it is located farther downstream and it is not interacting immediately with the sub-
sonic recirculation zone. When L/D = 0.6, the presence of exhaust plume causes the static
pressure for a given nozzle pressure ratio (NPR) to decrease by approximately a constant
value compared to the case without exhaust plume. This reduction in pressure, which is due
to the jet suction effect, alters the attached boundary layer up to x/D = −0.4. Furthermore,
for L/D = 0.6, the exhaust plume directly interacts with the recirculation bubble, resulting
in higher rms pressure levels on the nozzle. Despite the fact that the exhaust plume forms
an obstacle in the wake, the production of large-scale vortices still persists. For L/D = 1.2,
the separated shear layer impinges near the end of the nozzle, with the predominant vortex
shedding frequency of SrL ≈ 0.6, which is related to the transportation of the eddies in the
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2.3 Effect of Nozzle Length and Exhaust Plume 15

separated shear layer. For L/D = 0.6, the separated shear layer impinges on the exhaust
plume, with the dominated large scale vorticies at a shedding frequency of SrD ≈ 0.2. A
numerical investigation on a similar model configuration as used by Deprés et al. (2004), have
been carried out by Weiss et al. (2009). A vortex shedding frequency of SrD ≈ 0.2 have been
found which is in agreement with the frequencies that was also found by Deprés et al. (2004)
(for L/D = 0.6) and Meliga and Reijasse (2007).

Deprés et al. (2004) also observed a reduction of the predominance of the antisymmetric
mode m = 1 for increasing nozzle length. An another experiment was conducted by Wolf
et al. (2012), who investigated the effect of the perturbing afterbody, with L/D of 1.2 on the
bluff body geometry in subsonic freestream conditions. The result of this investigation showed
that the mean wake flow topology stay unaffected when the nozzle is present. However, it
has a stabilizing effect on the flow field which is due to a decrease of the static turbulent level
and the elimination of the large-scale dynamic modes.

2.3.2 Presence of Exhaust Plume

Wind tunnel experiments were conducted by Bergman (1970) to investigate the effect of
exhaust plume on the boat-tail pressure drag. From this experiment it is concluded that the
exhaust plume has two substantial effect on the local flow field and pressure drag, namely, it
leads to the displacement of the outer flow as a results of blockage and it causes the acceleration
of the outer flow due to entrainment at the plume boundary. Furthermore, it is shown that
the blockage causes the pressure in the base regions to increase while the entrainment at the
plume boundary results in decrease (Bergman, 1970).

As noted in section 2.3.1, the presence of exhaust plume has little effect on the mean and
unsteady presures compared to the variation of the nozzle length. This effect can be small
if the separated shear layer reattaches on the nozzle (solid reattachment), well upstream of
the exhaust plume. The effect is significant if the nozzle is short enough to allow fluidic
reattachment (Deprés et al., 2004). An experimental investigation on base flow and exhaust
plume interaction in supersonic flow regimes have been carried out by Bitter et al. (2012).
By employing pressure sensitive paint (PSP), it is found that the pressure distribution in the
wake region of the FESTIP model is not affected for changing nozzle pressure ratio (NPR).
Also, Scharnowski et al. (2016a) concluded that the presence of an exhaust plume is not
affecting the reattachment point of the separated shear layer. The findings by Bitter et al.
(2012) and Scharnowski et al. (2016a) are in accordance with the results found by Deprés
et al. (2004). Furthermore, according to Wolf et al. (2012), the presence of exhaust plume
in the near wake of the BFS has a stabilizing effect and also leads to the elongation of the
recirculation zone, which is due to the acceleration of the shear layer caused by the exhaust
plume.
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Chapter 3

Measurement and Pressure Reconstruction
Techniques

This chapter aims to provide the reader with the basic principles of the flow diagnostics
that will be used in the present thesis: Particle Image Velocimetry (PIV) and Schlieren
visualization. For the present thesis the quantitative investigation of the axisymmetric base
flows will be done using two component PIV (2C-PIV), therefore the discussion of the basic
principle will be limited to planar PIV only. Also, this chapter aims at setting out the
numerical technique which is necessary to reconstruct the mean pressure from the obtained
PIV data.

3.1 Particle Image Velocimetry

PIV is a whole-flow-field imaging based measurement technique which provides instanta-
neous velocity vector measurements in a cross-section of a flow. Nowadays it is one of the
most successful measurement technique used in education and industrial research. In modern
aerodynamic studies this technique is very attractive for the reason that it helps to investigate
unsteady flow phenomena as, for example, in separated flows that occurs at the trailing edge
of a typical BFS geometry (Raffel et al., 2007). In the following sections, the basic working
principle of PIV will be described briefly.

3.1.1 General Working Principles

PIV is a non-intrusive measurement technique where light scattering micron-sized tracer
particles are employed to track the fluid flows. These micron-sized tracer particles are said
to be ideal when they (1) accurately follow the motion of the fluid, (2) do not alter the fluid
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18 Measurement and Pressure Reconstruction Techniques

motion or its properties, (3) do not interact with each other and (4) scatter enough light
(Westerweel, 1997). Figure (4.14) illustrates a typical experimental setup of a planar (2C)
PIV measurement in a wind tunnel and its working principle. This setup consist of a laser,
imaging and laser sheet optics and high resolution digital camera. Light scattering tracer
particles are inserted to the flow, upstream of the measurement plane. Using laser optics and
mirror, the light beam coming from the laser is formed into a light sheet illuminating tracer
particles twice with a short time interval ∆t (LaVision GmbH, 2012). This time interval is
dependent on the mean flow velocity and the magnification at imaging (Raffel et al., 2007).
The light that is scattered by the tracer particles are captured onto two consecutive frames
by a charged-couple device (CCD). By knowing the displacement of the two captured particle

Light sheet optics Mirror

Light sheet

Laser

Flow with
tracer particles

Illuminated
particles

Imaging optics

Image plane

Flow direction

First light pulse at t
Second light pulse at t+dt

t+dt
t

y

x

Figure 3.1: Schematic representation of a two-dimensional PIV-setup in the wind tunnel. Adapted
from Raffel et al. (2007)

images and the time interval, one can calculate the particle velocity with a central finite
difference (de Kat, 2012),

u (t) =
x (t+ ∆t)− x (t)

∆t
+ o

(
∆t2

)
(3.1)

where u is the tracer particle velocity, x is the position of the tracer particle and ∆t is time
separation between the two pulses. Rather applying this approach to estimate the particle
velocity, PIV software performs statistical analysis and cross-correlation to obtain displace-
ment of a group of particles images within an interrogation window (de Kat, 2012). Figure
(3.2) shows how the particle velocity is obtained by cross-correlation of two particles images.
This is done by subdividing the particle image into small interrogation windows. Afterwards,
by performing cross-correlation and localization of the correlation peak, the average particle
image separation (∆x, ∆y) is obtained. With the given magnification (M) of the camera, the
two velocity components, u and v can obtained as follow (LaVision GmbH, 2012)

u =

(
1

M

)(
∆x

∆t

)
(3.2)
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v =

(
1

M

)(
∆y

∆t

)
(3.3)

Figure 3.2: Evaluation of two images by cross-correlation. Adapted from LaVision GmbH (2012)

3.1.2 Tracer Particles

PIV is an indirect measurement technique which computes the tracer particle velocity rather
than fluid velocity. For this reason the fluid mechanical properties of the tracer particles have
to be carefully investigated in order to be certain that they faithfully follow the flow.

The accuracy of PIV measurements is primarily affected by the choice of flow tracer particles.
For an accurate PIV measurements, it is required that the tracer particles are small enough to
follow the flow but large enough to scatter enough light. These two requirement oppose one
another, requiring a trade-off solution to acquire an optimum. Raffel et al. (2007) provides
an estimate for the velocity lag of a particle in a continuously accelerating fluid to be:

Us = Up −U = d2
p

(
(ρp − ρ)

18µ

)
a (3.4)

where Up is the tracer particle velocity, U is the flow velocity, µ is the dynamic viscosity of
the fluid, ρp and ρ are the density of the particle and fluid, dp is the diameter of the particle
and finally a the acceleration of the flow. When the density of the particle is lager than the
fluid density, the step response of a particle velocity is given by

Up (t) = U

[
1− exp

(
− t

τp

)]
(3.5)

where τp is particle time response given by:

τp = d2
p

ρp
18µ

(3.6)
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This response time is the time after which the particle velocity changes to 1-e−1 = 63% of
the new flow velocity (Scarano, 2013). The value of this should be kept below the smallest
time scale of the flow, yielding a critical conditions for the cases where turbulent flows are
considered.

For the present experiment titanium dioxide (TiO2 ) particles of type Kemira P580 will be
used, which are known to accurately follow the flow. These particles have a primary crystal
size of 30 nm, a nominal density of 150 kgm−3 and a particle response time of τp = 2.56
µs (Ragni et al., 2011). However, since the current experiment will be performed in high-
speed flow regimes where shock waves are present, the faithful flow tracing can never be
accomplished, at least inside limited regions of the flow directly downstream of a shock wave
where the flow unexpectedly slows down. The particle tracing fidelity in turbulent flows is
evaluated by Stokes number Sk, defined as follow:

Sk =
τp · U∞
D

(3.7)

Tropea et al. (2007) states that the condition Sk <1 returns an acceptable flow tracing ac-
curacy with errors below 1%. The free stream velocities for the current experiment will be
approximately 239 ms−1 for high subsonic cases and 534 ms−1 for supersonic cases. These
freestream stream velocities, particle response time of τp = 2.56 µs and main body diameter
of D = 50 mm, result in Stokes number of Sk = 0.01 for subsonic cases and Sk = 0.03 for
supersonic cases, respectively.

As mentioned before, small tracer particles are necessary to achieve the fluid mechanical
requirements and flow fidelity. However, small particles scatter less light and are more difficult
to detect. The scattering efficiency of a tracer particle is computed by the scattering cross
section which depends on the ratio of refractive index, the wavelength of light λ−4 and the
particle diameter dp (Scarano, 2013). A common way to solve the issue with less scattering
light behavior of smaller particle is to use larger particles, provided they still follow the flow
accurately (Scarano, 2013).

3.1.3 Imaging of Particles

Imaging of the tracer particles in the light sheet require imaging system. This system consist
of cameras and photographic lenses and it is characterized by its focal length f, f-number (f#)
and image magnification M. The photographic lenses are used to focus the image of particles
on an imaging plane. The distances from the object plane Z0 to the photographic lens and
from the photographic lens to the image plane z0 are related by thin lens formula (See Figure
(3.3)) (Raffel et al., 2007):

1

f
=

1

z0
+

1

Z0
(3.8)

By knowing the distances Z0 and z0, one can determine the magnification, M with the
following equation:

M =
z0

Z0
⇒M =

pixelsize×#ofpixels

FOV
(3.9)
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Figure 3.3: Schematic representation of the object plane, lens and image plane. Adapted from
Raffel et al. (2007)

Furthermore, by knowing the focal length (f) and the aperture diameter (D) of the lens, one
can define the f-number (f#) to be

f# =
f

D
(3.10)

By knowing the the magnification, M and the effective particle diameter dp, the diameter of
particle images can be obtained by

dgeom = M · dp (3.11)

But, due to diffraction effects the minimum particle image diameter is limited to

ddiff = 2.44 · f# · λ (M + 1) (3.12)

where λ is the wave length of the laser light. With Euclidean sum of dgeom and ddiff , an
approximation of the resulting particle image diameter is given by

dτ =

√
(M · dp)2 + (ddiff )2 (3.13)

For considerably small particles, the expression of dτ is generally dominated by the diffraction
limit, meaning that dτ ≈ ddiff . This is an important parameter that should be carefully
considered when perfoming PIV experiments. Scarano (2013) reports an optimum situation
that is accomplished when dτ is approximately 2-3 pixels. When dτ < 1, the particle position
and the measurement displacement tend to be locked to integer values, also commonly referred
to as as peak locking. According to Scarano (2013), the focal depth δz, which gives the range
in which the particles are in focus, can be determined with Equation (3.14) (Scarano, 2013)

δz = 4.88 · λ · f2
#

(
M + 1

M

)2

(3.14)

In this equation the f# is the only parameter that can be adjusted. This parameter can be used
to optimize the particle image size, which is vital for the accuracy of the PIV measurement.
The light intensity captured on the sensor of the camera and velocity measurement errors
depends on this parameter. Selecting low values for f# will result in an increase of light
intensity. This however, decreases the depth of focus and therefore making it difficult to
focus.
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3.1.4 Illumination and Image Recording

Lasers Nowadays pulsed lasers are the standard choice as a light source for PIV applications.
These light sources have the capacity to provide monochromatic light with high energy density.
The provided monochromatic light can be easily shaped into a thin light sheet without being
affected by chromatic aberrations (Raffel et al., 2007). The Neodym-YAG (Nd:YAG) and
Neodym-YLF (Nd:YLF) are the most common lasers used for PIV applications. Table (3.1.4)
provides the specification of these two types of lasers. The choice of laser depends on the
type of PIV experiment to be conducted. For high-speed (time-resolved) PIV experiments,
which requires significantly higher recording rates, the Nd:YLF laser is preferred. This laser
has a much higher repetition rate but a lower pulse energy compared to Nd:YAG laser. The
Nd:YAG laser is commonly used for low-speed PIV experiments where the recording rate is
not requirement.

Type Wavelength [nm] Pulse Energy [mJ ] Repetition Rate [Hz ]

Nd:YAG 532 20 - 500 10 - 30
Nd:YLF 526 10 - 30 1,000 - 10,000

Table 3.1: Specification of lasers for PIV application. Adapted from Scarano (2013)

Camera The most common used camera for PIV measurements are Charge Coupled Device
(CCD) and Complementary Metal Oxide Semiconductor (CMOS). A perfomance comparison
of these two cameras can be found in Hain et al. (2007). According to Raffel et al. (2007),
CCD cameras are extensively used in PIV experiments compared to CMOS. However due
to repaid development of chip technology the CMOS cameras are more frequently used for
high-speed PIV.

3.2 Schlieren Visualization

Schlieren is an experimental technique that is used to visualize the flow field of varying density
by using refraction of the light. The schlieren system shown in Figure (3.4) is by far the most
popular arrangement, also known as z-type Herschellian system. It consist of consists of a
focused light source, two field mirrors, a display screen/board and a knife edge. This technique
relies on the principle of light refraction due to the variation of the refractive, which can be
described by Snells law as:

n1 · sin (α1) = n2 · sin (α2) (3.15)

Where 1 and 2 refer to different physical media, ni is the refraction index and αi is the
incidence angle of the light beams. Equation (3.15) describes the change of the direction of
light beam when entering a material with a different refraction index as illustrated in Figure
3.5. The value of the refractive index of a transparent medium is given by:

n =
c0

c
(3.16)
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Figure 3.4: Z-type schlieren arrangement (Settles, 2001)

Figure 3.5: Refraction effect of light beam

where c0 is the speed of light in vacuum (3× 108 m/s) and c is the local speed of light. The
refractive index for air and other gases is given by (Settles, 2001):

n = 1 + kρ (3.17)

where k is Gladstone-Dale constant (2× 10−4 m3/kg for air) and ρ is the local density. From
this equation it can stated that variations of density directly translate into variations of the
refractive index. This basically what Schlieren visualization technique does.

According to Settles (2001) the optical inhomogeneities tends to refract light rays in propor-
tion to their gradients of refractive index in an x-y plane. The curvature of a refracted light
ray is given in Equation (3.18).

∂2x

∂z2
=

1

n

∂n

∂x

∂2y

∂z2
=

1

n

∂n

∂y
(3.18)

Integration of Equation (3.18) once, gives the components of the angular light ray deflection
in the x-y directions:

εx =
1

n

∫
∂n

∂x
∂z εy =

1

n

∫
∂n

∂y
∂z (3.19)
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With the refractive index n given in Equation (3.17), the expressions in Equation (3.18) and
Equation (3.19) can be written as:

εx =
k

1 + kρ

∫
∂ρ

∂x
∂z εy =

k

1 + kρ

∫
∂ρ

∂y
∂z (3.20)

The light intensity gradients of the images acquired with Schlieren are related to the density
gradients in the flow according to:

∆I

I
∝ Kf2

a

∫ x2

x1

∂ρ

∂x
dz (3.21)

where f2 is the focal length of the parabolic mirrors and a is the light offset. Now that the
working principle of the Schlieren visualization id known, the Schlieren setup can be made.
This setup will be discussed in section 4.4

3.3 Pressure Reconstruction

For the current investigation, the main flow variable of interest is the pressure in the base
region of an axisymmetric BFS. There are numerous way to obtain pressure field experimen-
tally, such as using pressure orifices or pressure sensitive paint. However, the applicability
of these techniques are limited for the study of the dynamics fluid phenomena due to their
intrusive nature and the limitation to provide a characterization of the mean flow field only
(van Oudheusden, 2013). To overcome these limitations, the present thesis will implement
the state-of-the-art method in which the pressure field is determined from the velocity data
obtained from the PIV experiments. The principle of this method relies on combining the
velocity field data obtained from PIV experiment with the governing flow equations. This
method will be discussed in this chapter.

Pressure field determination based on the instantaneous velocity field data obtained from PIV
have been studied by Gurka et al. (1999). In this study two incompressible low-speed flow
problems haven been tested; a water flow in a pipe and an impinging air jet. The pressure field
is computed using pressure Poisson equation which was derived by applying the divergence
operator on the incompressible Navier-Stokes equation (Gurka et al., 1999). The current
thesis, however, deals with high-speed compressible flows. An extension of the pressure field
computation for high-speed compressible flows are outlined in van Oudheusden et al. (2007),
Van Oudheusden (2008a), van Oudheusden (2013) and Souverein et al. (2007).

PIV based pressure field determination shows some similarity with Computational Fluid Dy-
namics (CFD) based computation. Both methods use Reynolds-averaged Navier Stokes equa-
tion to determine time-averaged flow variables. The main difference, however, is that for a
CFD based computation the velocity field data is determined numerically rather than being
obtained experimentally as it is in the case of PIV based computation. Also CFD approach
for compressible flows requires momentum, continuity and energy equations to form a closed
system whereas PIV based approach only requires the momentum equation.
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3.3.1 Governing Equations

For incompressible flows the Navier-Stokes equations can be employed to determine the pres-
sure gradient from the momentum equation, with the assumption that density and viscosity
are known (van Oudheusden, 2013):

∇p = −ρD
~U

Dt
+ µ∇2~U (3.22)

In Equation (3.22) D~U
Dt is the acceleration of a fluid particle followed from Lagrangian per-

spective. From an Eulerian perspective (stationary reference frame), the material derivative
can be expressed as:

D~U

Dt
=
∂~U

∂t
+
(
~U · ∇

)
~U (3.23)

Inserting Equation (3.23) into Equation (3.22), the following expression is obtained for the
momentum equation:

∇p
p

= −ρ

(
∂~U

∂t
+
(
~U · ∇

)
~U

)
+ µ∇2~U (3.24)

Since the current investigation deal with high-subsonic (transonic) and supersonic flow
regimes, the momentum equation, as shown in Equation (3.24), has to be adapted in or-
der to account for the compressibility effects. For compressible flows the density and viscosity
show up as an extra unknowns in the momentum equation. Therefore to solve for pres-
sure, additional relations (flow equations) have to be invoked. These additional equations
are invoked by using ideal gas law and the adiabatic flow assumption (van Oudheusden et al.
(2007), Van Oudheusden (2008a), van Oudheusden (2013) and Souverein et al. (2007)). The
ideal gas law, as defined in Equation (3.25), is employed to replace density with pressure and
temperature:

ρ =
p

RT
(3.25)

The adiabatic flow assumption on the other hand is employed to express the temperature in
terms of velocity:

T

T∞
= 1 +

γ − 1

2
M2
∞

(
1−

~U2

U2
∞

)
(3.26)

where γ is the specific hear ratio (γ = 1.4 for air), M∞ is the freestream Mach number which

is derived from the known flow conditions and ~U
/
U∞ is the velocity ratio which is obtained

from PIV data. Using isentropic flow assumption, the pressure ratio (p/p∞) can be obtained
from temperature ratio derived in Equation (3.26) as follow:

p

p∞
=

(
T

T∞

) γ
γ−1

(3.27)
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It should be noted that Equation (3.27) is only valid for the regions of isentropic flow and
not in the wake of an axisymmetric BFS, which is the region of interest for the current
investigation. As will be discussed in section 3.3.3, the pressure ratio as seen in Equation
(3.27) will be used as boundary condition for solving the mean pressure field.

Using ideal gas law and adiabatic flow assumption, Equation (3.24) can be written as:

∇p
p

= −∇ ln

(
p

p∞

)
= − γM2

∞

U2
∞ +M2

∞

(
γ−1

2

)(
U2
∞ − ~U2

) (∂~U
∂t

+
(
~U · ∇

)
~U

)
+ µ∇2~U

(3.28)

The aim of the present investigation is to determine the mean pressure field for high-subsonic
(transonic) and supersonic BFS flows. Mean pressure field is invariant in time. Therefore,
the unsteady time derivative term in Equation (3.28) can be canceled. Also for high Reynolds
numbers flows, the viscous term in Equation (3.28) can be neglected (van Oudheusden et al.,
2007). As a result, the momentum equation can be written as:

∇p
p

= −∇ ln

(
p

p∞

)
= − γM2

∞

U2
∞ +M2

∞

(
γ−1

2

)(
U2
∞ − ~U2

) ((~U · ∇) ~U) (3.29)

From PIV experiment only the velocity data can be obtained. Therefore, to formulate the
pressure gradient components only in terms of velocity, for steady flow conditions the non-
conservative formulation of the momentum equation as given in Equation (3.30) is followed
(Van Oudheusden, 2008a).

1

p

∂p

∂xi
=
∂ ln

(
p
p∞

)
∂xi

= − 1

RT
uj
∂ui
∂xj

(3.30)

For turbulent flows the contribution of turbulent stresses are included in the pressure gradient
formulation by Reynolds-averaged form of the momentum equation (Equation (3.29). The
idea behind Reynolds-averaging is to decompose an instantaneous quantity into its mean and
fluctuating quantities. As outlined by Van Oudheusden (2008a), the Reynolds-averaged (non-
conservative form) momentum equation can be expressed as seen in Equation (3.31). Here
the effect of density fluctuation have been neglected, as well as the viscous stresses.(

δij +
ui′uj ′

RT

)
∂ ln(p̄/p∞)

∂xj
= − 1

RT

(
ūj
∂ūi
∂xj

+
∂ui′uj ′

∂xj
− ui′uj ′

T

∂T

∂xj

)
(3.31)

A theoretical order-of-magnitude analysis performed by van Gent et al. (2017b), showed that
the Reynolds-averaging formulation for unsteady flows as seen in Equation (3.31), can be
simplified to:

∂ ln(p̄/p∞)

∂xi
= − 1

RT

(
ūj
∂ūi
∂xj

+
∂ui′uj ′

∂xj

)
(3.32)

Here p is the pressure, ui denotes the velocity in the xi direction, T is the temperature and R
is the specific gas constant. Equation (3.32) does not consider the spatial gradient of the mean
density and the effect of density fluctuations (Jeon et al., 2015), as a preliminary investigation
showed that inclusion of the related terms does not lead to more accurate results.
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3.3.2 Sequential Least-Square Pressure Field Reconstruction

To solve Equation (3.32) for pressure, similar discretisation technique as proposed by Jeon
et al. (2015) is used. The discretization of sub-domains and the corresponding pressure
gradient fields resulted in a linear system of equations, which is then solved using the Matlab
algorithm mldivide.

According to Jeon et al. (2015), the cost function s is defined as a sum of squares of the
difference between the measured and the reconstructed pressure gradients over the certain
integration domain D as follows:

s =
∑
x∈D

|∇pPIV −∇p| (3.33)

Here ∇pPIV is the measured pressure gradient from PIV, ∇p is the reconstructed pressure
gradient and x is the position of grid point. In contrast to Jeon et al. (2015), the solver
does not use a staggered grid for both calculating the pressure at each PIV grid point and
considering the pressure gradient between the grid points.

3.3.3 Boundary Conditions

Solving for pressure as outlined in section 3.3.2, requires specification of appropriate boundary
conditions on the region of interest. Two types of boundary conditions can be employed, either
Dirichlet boundary condition or Neumann boundary conditions. For the current investigation,
pressure gradients were used implicitly as Neumann boundary conditions on all sides of the
domain except for the top of the domain for -0.1 < x/D < 0.5, as shown in Figure (3.6)(red
line). In the top of the domain the logarithm of the pressure ratio (Equation (3.27)) obtained
from isentropic flow relations was prescribed as a boundary condition, as indicated in Figure
(3.6)(blue line). The validity of assuming isentropic flow at distances larger than two step-
heights from the afterbody was demonstrated in van Gent et al. (2017). Neumann boundary
condition are employed in the wake of the BFS where the isentropic flow assumption is invalid.

x/D

y/
D

-0.5 0 0.5 1 1.5
0

0.2
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1

Figure 3.6: Application of boundary conditions for pressure reconstruction. Red lines indicate the
Neumann type while the blue line indicate logarithm of the pressure ratio type boundary condition
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Chapter 4

Experimental Apparatus and Arrangements

In order to accomplish the research objectives of the present thesis, a planar PIV experiment
in combination with Schlieren visualization have been conducted in the transonic-supersonic
wind tunnel (TST-27) of the High-Speed Aerodynamics Laboratories at the Delft University
of Technology.

This chapter discusses the experimental apparatus that are used for the PIV and Schileren
experimental campaigns and their corresponding arrangements. The discussion start with
the introduction of the flow facility and the wind tunnel model, followed by a discussion of
experimental campaigns and flow conditions. Next, the Schlieren and planar PIV experimen-
tal apparatus and setup are discussed, followed by PIV image acquisition and processing.
Finally, this chapter ends with PIV uncertainty analysis.

4.1 Flow Facility

A picture of the TST-27 wind tunnel is shown in Figure 4.1. The TST-27 wind tunnel is used
to study flows in transonic and supersonic regimes. It is a blowdown type wind tunnel with a
test section width of 280 mm and a height varying from 250 mm to 270 mm depending upon
the Mach number. The freestream Mach number (M∞) in the test section range from 0.5 to
0.85 (subsonic) and from 1.15 to 4.2 (supersonic). The supersonic Mach numbers at the test
section are achieved by a continuously variable throat and a flexible upper and lower nozzle
walls, with a possibility to vary the Mach number during a run (Figure 4.2). For subsonic
flows the Mach numbers are set by means of a variable choke section in the outlet diffusor,
as shown in Figure 4.2.

Small deviations of the Mach number during a run are corrected by automatic fine adjustment
of the choke. For generating dry oil free air in the wind tunnel, a 300 m3 vessel which is
pressurized to 40 bar is used. The maximum running time of the wind tunnel is up to 300
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Figure 4.1: The TST-27 wind tunnel

Figure 4.2: Schematic layout of the TST-27 wind tunnel, top view (Bannink and Schoones, 1998)

seconds and allows to investigate the flow field over a model. This wind tunnel is designed
such that the maximum unit Reynolds number varies from 3.8 · 107 m−1 in the transonic
range to 1.30 · 108 m−1 at Mach number of 4. As can be seen from Figure 4.1, circular quartz
glass windows on either side of the wind tunnel are provided for the optical access to the test
section.

4.2 Wind Tunnel Model

The wind tunnel model used for the present investigation is a modified version of the orig-
inal FESTIP (Future European Space Transportation Investigations Program) model that
was used by Bannink et al. (1997) and Scarano et al. (2005) to study experimentally and
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numerically the base flow and exhaust plume interaction. As shown in Figure 4.3, the mod-
ified model is axisymmetric consisting of a conical forebody with a length of 97 mm and a
cylindrical afterbody with a length of 90 mm.

= D

BL trip
High Pressure 

Supply

Figure 4.3: Modified FESTIP Model

The conical forebody has a semi-apex angle of 11◦ and a nose bluntness radius of 7.5 mm.
The cylindrical main body has a diameter (D) of 50 mm. The nozzle that generates cold
exhaust plume of dry air, protrudes from the center of the cylindrical main body. The nozzle
is conical with a divergence of 15◦ (half angle of 7.5◦). As shown in Figure 4.3, the model is
supported in the wind tunnel at the lower side of the cylindrical main body. Through tubes
in the model support compressed air from four 50 liter bottles is supplied to the nozzle for
the generation of a cold exhaust plume. Each of these compressed air bottles are filled up to
a pressure of 300 bar using a compressor (Figure 4.4)

Compressor

Compressed 

Air Bottles

Figure 4.4: Compressed air bottles and the compressor

In order to investigate the effect of varying nozzle length, the nozzle length of the original
FESTIP model has been modified. In Figure 4.3 the modified nozzle with extended length is
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shown in dark green. The effective nozzle length is varied by sliding three different collars of
the size 30 mm and 15 mm over the nozzle. In Figure 4.3, the position of these collars are
indicated with red dotted lines. With these sliding collars, the present thesis investigate the
following nozzle lengths: L/D = 1.8, 1.2, 0.9 and 0.6. As shown in Figure 4.3, a BL trip strip
of 0.15 mm in diameter have been applied at about 40% of the nose in order to assure a fully
developed, turbulent boundary layer. Furthermore, at the top the cylindrical main body is
equipped with nine pressure taps. These pressure taps are connected to a Druck Ltd PDCR-
22, 0-15 psi differential pressure transducer and used to determine the effective freestream
Mach number. For the present experiment the number 8 pressure transducer (indicated as a
red dot in in Figure 4.3), which is connected to the most upstream pressure tap at a distance
of 65 mm from the base step corner, is used for the determination of the free stream Mach
number during the experiments.

4.2.1 Exhaust Plume Simulation

Compressed air is used to simulate the exhaust plume during the wind tunnel experiments.
It is relatively simple in setup and operation and it is more appealing when the simulation
of jet temperature plays less importance. The nozzle of the modified FESTIP model has an
area ratio between the nozzle exit and throat diameters of Ae/A

∗ = 11.67. This generates
a supersonic jet with an exit Mach number of Me,jet = 4. For the present investigation the
goal was to simulate an exhaust plume that was similar to that of the Ariane 5 during its
ascent at high-subsonic and supersonic speeds. During the wind tunnel experiments this was
achieved by selecting a total jet pressure so that the ratio of static pressure at the nozzle
exit and static freestream pressure was similar to the Ariane 5 when traveling at Mach 0.70
and 2.20. The total pressure in the settling chamber of the jet is regulated by the HP1000
computer system via a main valve, as seen in Figure 4.5.

According to Pindzola (1963), the pressure ratio and the Mach number are the most important
flow parameters to be duplicated to achieve a similar initial inclination angle of the jet which
is important to achieve a similarity in the pressure distribution in the base region. The
following paragraph discusses in detail the calculations that has been performed to determine
the selected total jet pressure during experiments.

Total Jet Pressure

To have a similar ratio of static pressure at the nozzle exit and static free stream pressure
(pe,jet/p∞) as during the actual ascent of the Ariane 5 traveling atM∞ = 0.70 andM∞ = 2.20,
first the static pressure at the nozzle exit of the Ariane 5 (pe,arian5) and the static free stream
pressure (p∞,Ariane5) are determined. The static pressure at the nozzle exit of Ariane 5 is
determined as follow:

pe,ariane5 = pc ·
(
pe
pc

)
(4.1)

In this equation pc is the combustion chamber pressure of the Vulcian-2 rocket engine that
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Main Valve

Figure 4.5: The main jet valve

powers the Ariane 5 ESC-A core stage and pe
pc

is the ratio between the pressure in nozzle exit
and in reaction chamber. Using the expression for nozzle expansion ratio (Ae/A

∗), as given
in Equation (4.2) (Zandbergen, 2016), one can determine the pressure ratio pe

pc
.

Ae
A∗

=

√
γ
(

2
γ+1

) γ+1
2(γ−1)√√√√ 2γ

γ−1 ·
(
pe
pc

)( 2
γ

)(
1−

(
pe
pc

)( γ−1
γ

)) (4.2)

With specific heat ratio of γ = 1.4 for combustion gases, combustion chamber pressure of
pc = 117.3 bar for Vulcian-2 and nozzle expansion ratio of Ae/A

∗ = 58.2 (Coulon, 2000),
a pressure ratio of pe/pc = 0.0012 is obtained using a numerical method. Inserting this
obtained value into Equation (4.1) gives the static pressure at the nozzle exit of the Ariane 5
of pe,ariane5 = 0.14 bar.

The static free stream pressure and temperature during ascent of Ariane 5 at M∞ = 0.70 and
M∞ = 2.20 depends on the altitude. The altitude at which Ariane 5 travel at M∞ = 0.70
and M∞ = 2.20 is obtained from the launch profile of the Ariane 5 (SpaceFlight101.com,
Arianespace (2016)). Figure 4.6 show the launch profile (velocity as function of altitude) of
the Ariane 5. Using the standard atmosphere, pressure and temperature are determined at
the certain altitude (h), with the following equations (Anderson, 2004):

• For h ≤ 11000 m

p1 = ps

(
1− ah1

Ts

)
(4.3)

T1 = Ts + a (h1 − h0) (4.4)
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Figure 4.6: Ariane 5 launch profile

• For 11000 m ≤ h ≤ 25000 m

p2 = p1 · e
−
(
g0
RT2

)
(h2−h1)

(4.5)

T2 = const = 216.66K (4.6)

where a is the lapse rate, g0 is the gravitational acceleration at sea level and R is the specific
gas constant. From sea level (h = 0 m) up to an altitude of h = 11000 m, the lapse rate is
equal to a = −0.0065K/m. The gravitational acceleration at sea level is 9.80 m/s2 and the
specific gas constant of air is R = 287J/(kg ∗K). Furthermore, ps and Ts are the pressure
and temperature at sea level (h = 0 m). The determined values of the static free stream
pressure and temperature as function of altitude (h), as well as the velocity of Araine 5 and
its corresponding Mach number, are provided in Appendix A.

The exit pressure ratio (EPR) of the Ariane 5 is defined as follow:

EPR =
pe,ariane5
p∞,ariane5

(4.7)

This pressure ratio is used to obtain similar ratio of static pressure at the nozzle exit and
static freestream pressure as during the ascent of the Ariane 5. From Equation (4.7), it
follows that at M∞ = 0.70 and M∞ = 2.20 the exit pressure ratios are EPR = 0.1982 and
EPR = 1.5280, respectively. By setting the ratio pe,jet/p∞ equal to EPR of the Ariane 5,
the following expression is obtained for the static jet pressure at the nozzle exit during the
wind tunnel experiments:

pe,jet
p∞

= EPR⇒ pe,jet = p∞ · EPR (4.8)
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where the free stream static pressure in the wind tunnel (p∞) is determined as follow:

p∞ = p0 ·
(

1 +
γ − 1

2
·M2
∞

)(
− γ
γ−1

)
(4.9)

where p0 is the total pressure in the settling chamber of the tunnel and M∞ the freestream
Mach number in the tunnel. The value of these two parameters are set during the wind
tunnel experiments. Using isentropic relations and Equation (4.9), the total jet pressure that
is selected during the experiment is computed as follow:

p0,jet = pe,jet ·
(

1 +
γ − 1

2
·M2

jet

)(
γ
γ−1

)
(4.10)

PIV and Schlieren experiments were carried out at M∞ = 0.70 and M∞ = 2.20, with total
pressure of p0 = 2.0bar and p0 = 2.5bar, respectively. For these flow conditions a total jet
pressure of p0,jet = 43.40 bar and p0,jet = 54.24 bar is computed which will result in similar
ratio of static pressure at the nozzle exit and static free stream pressure as during the ascent
of the Ariane 5 traveling at M∞ = 0.70 and M∞ = 2.20, respectively. However, as will be
discussed in the following paragraph, the computed total jet pressures caused condensation
in the exhaust plume.

4.2.2 Exhaust Plume Condensation

From the PIV measurement with freestream Mach number of M∞ = 2.20, total pressure of
p0 = 2.5 bar and total jet pressure of p0,jet = 54.24 bar, condensation in the plume can be
observed in the recording, as shown in Figure 4.2.2. In the recording the condensation in the
plume is recognized as region with highest number of counts. This poses serious problems
during the processing of the PIV data.

Condensation of plume, which consists of dry air (78.1 % N2 and 20.9 % O2) occur when
total pressure in settling chamber is too high, which makes the expansion of jet flow of such
magnitude that the temperature drops below the condensation temperature of air. When the
(static) pressure in the plume goes beyond the vapor pressure of air, then condensation of the
air in the plume may occur.

As such, in order to avoid condensation in the plume the vapor pressure of air is studied. The
vapor pressure of air, which consist of 78.1 % N2 and 20.9 % O2, is determined using Antoine
equation, as given in the following equations (NIST):

pvapor,N2 =

(
10 · exp

(
AN2 −

BN2

CN2 + T

))
(4.11)

pvapor,O2 =

(
10 · exp

(
AO2 −

BO2

CO2 + T

))
(4.12)
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Figure 4.7: Condensation in the exhaust plume during PIV measurement

Gas Temp. range [K] A B C

Nitrogen (N2) 63.14-126 3.7362 264.651 -6.788
Oxygen (O2) 54.36-154.33 3.9523 340.024 -4.144

Table 4.1: Antoine equation parameters for nitrogen and oxygen

where T is the temperature and the Antoine equation parameters A, B and C for oxygen and
nitrogen are given in Table 4.1. Using Dalton’s law, the total vapor pressure of a mixture of
nitrogen and of oxygen is expressed as follow:

pvapor,total = pvapor,N2 × 0.781 + pvapor,O2 × 0.209 (4.13)

In order to determine the occurrence of condensation in the plume, first the static temperature
in the jet is determined as follow:

Te,jet = T0,jet ·
(

1 +
γ − 1

2
M2
jet

)−1

(4.14)

where T0,jet is total jet temperature, which is 288 K. This temperature is then used to deter-
mine the vapor pressure of mixture of nitrogen and oxygen in the plume. In Figure 4.8 the
total jet pressure as function of static jet pressure at the nozzle exit is provided, which illus-
trate the conditions for different jet Mach numbers at the nozzle exit. Condensation in the
plume occur if the vapor pressure of mixture of nitrogen and oxygen is smaller than the static
jet pressure (pe,jet). Using Equation (4.14), for the nozzle with Mjet = 4, a static jet tempera-
ture of Te,jet = 67.4 K is obtained. Inserting this computed temperature into Equation (4.11)
and (4.12) and afterwards using Equation (4.13), a vapor pressure of pvapor,total = 0.19 bar is
obtained for the mixture of nitrogen and oxygen. Using Equations (4.8) and (4.9), a static jet
pressure of pe,jet = 0.29 bar and pe,jet = 0.36 bar is computed for M∞ = 0.70 and M∞ = 2.20,
respectively. The computed vapor pressure of mixture of nitrogen and oxygen is smaller than
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Figure 4.8: Total jet pressure (p0,jet) as function of static jet temperature Te,jet at nozzle exit

the static jet pressures for both flow cases, therefore condensation in the plume occur. A
way to avoid condensation in the plume is to have pvapor,total > pe,jet, but without changing
pe,jet to maintain jet similarity. This can be achieved by lowering the jet Mach number at
the nozzle exit from Mjet = 4 to Mjet = 3.5. For Mjet = 3.5 the vapor pressure of mixture of
nitrogen is pvapor,total = 1.37 bar, which is lager than for Mjet = 4 and thus condensation is
avoided. It should be noted that for total jet pressure (p0,jet) calculation for Mjet = 3.5 nozzle
the same EPR is used as for Mjet = 4.0 case. A decrease in Mjet is achieved by increasing the
throat diameter (dt) of current the nozzle. Nozzle area ratio relation, as given in Equation
(4.15) is used to determine the increased nozzle throat diameter corresponding to Mjet = 3.5.

Ae
A∗

=

(
γ + 1

2

)− γ+1
2(γ−1)

(
1 + γ−1

2 M2
jet

) γ+1
2(γ−1)

Mjet
(4.15)

dt =

√
4

π
·A∗ (4.16)

Inserting Mjet = 3.5 give an nozzle area ratio of Ae/A
∗ = 6.79. With known value of the

nozzle exit area of Ae = 16.40 mm, the nozzle throat area becomes A∗ = 31.112 mm2.
Finally, using Equation (4.16) a throat diameter of dt = 6.294 mm is obtained. A redesign
of the nozzle with increased throat diameter (dt) is provided in Appendix B.

An overview of all the known and calculated parameters for Ariane 5 nozzle and current
nozzle configurations with Mjet = 3.5 and Mjet = 4.0, are provided in Tables 4.2, 4.3, 4.4 and
4.5.
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Ariane 5 Mach = 0.70 Mach = 2.20

Chamber Pressure (pc) 117.3 bar -
Pressure Ratio (pepc ) 0.0012 -

Exit pressure (pe,ariane5) 0.14 bar -
Expansion ratio (Ae/A

∗) 58.2 -
Height (h) 2900 m 16700 m
Temperature (T ) 269.30 K 216.65 K
Ambient pressure (p) 0.71 bar 0.09 bar
EPR 0.1982 1.5280

Table 4.2: Araine 5 nozzle parameters

Mjet = 3.5 Mjet = 4.0

Tunnel (nominal) Plume (nominal) Tunnel (nominal) Plume (nominal)

Mach 0.70 3.5 0.70 4.0
Total pressure 2.5 bar 27.2 bar 2.5 bar 54.25 bar
Static pressure 1.80 bar 0.36 bar 1.80 bar 0.36 bar
Total temperature 283 K - 283 K -
Static temperature 257.74 K 82.03 K 257.74 K 67.38 K

Table 4.3: Nozzle flow properties for M∞ = 2.20 flow case

Mjet = 3.5 Mjet = 4.0

Tunnel (nominal) Plume (nominal) Tunnel (nominal) Plume (nominal)

Mach 2.20 3.5 2.20 4.0
Total pressure 2.0 bar 21.80 bar 2.0 bar 43.40 bar
Static pressure 0.19 bar 0.29 bar 0.19 bar 0.29 bar
Total temperature 283 K - 283 K -
Static temperature 143.80 K 82.03 K 143.80 K 67.38 K

Table 4.4: Nozzle flow properties for M∞ = 0.70 flow case

Mjet = 3.5 Mjet = 4.0

Component
Composition

share
pvapour [bar]

Condensation
[Yes/No]

pvapour [bar]
Condensation

[Yes/No]

Nitrogen (N2) 0.78 1.66 No 0.23 Yes
Oxygen (O2) 0.21 0.39 No 0.04 Yes
Total vapour pressure 0.99 1.37 No 0.19 Yes

Table 4.5: Vapour pressure results for Mjet = 3.5 and Mjet = 4.0
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4.3 Experimental Campaigns and Flow Conditions

The experimental investigations for the present thesis were divided into two campaigns, the
first campaign being Schlieren and the second one planar PIV. The main purpose of the
Schlieren campaign was to identify the topological flow features in the wake of an axisymmetric
BFS but also to investigate the proper start-up of the wind tunnel. The main purpose of the
PIV campaign was to obtain velocity fields in the wake of an axisymmetric BFS at subsonic
and supersonic flows in order to be able to determine the mean flow field properties, such as
mean velocity field and mean pressure distribution. Section 4.3.1 discusses the relevant flow
conditions for the Schlieren and PIV campaigns. In section 4.3.2 the test matrices for the
Schlieren and PIV experimental campaigns are provided.

4.3.1 Flow Conditions

Table 4.6 provides the most relevant flow conditions for the Schlieren and PIV experimental
campaigns. The ’freestream’ conditions, denoted by ∞, refers to the flow conditions over
the cylindrical main body of the model. The freestream Mach number (M∞) and the to-
tal pressure (p0) in the settling chamber was set by the wind tunnel operator. The total
temperature (T0) in the settling chamber was measured before the wind tunnel run. The
freestream pressure (p∞) was measured via a pressure sensor in the cylindrical main body
located 65 mm upstream of the base edge (see Figure 4.3). For the present investigation, the
wind tunnel was operated at nominal Mach numbers of Mnom = 0.70 and Mnom = 2.20. As
a result of blockage effects, the effective freestream Mach number (M∞) for the subsonic case
was M∞ = 0.76. Knowing these, all the other freestream parameters have been determined
using isentropic relations and Sutherlands law of viscosity.

With the known freestream Mach number, total pressure and temperature in the settling
chamber, the freestream static temperature have been calculated using isentropic relatios:

T0

T∞
= 1 +

γ − 1

2
M2
∞ (4.17)

Where γ = 1.4 is the specific heat ratio of air. Using ideal gas law, with the assumption that
the gas is calorically perfect, the density in the freestream is computed as follow

ρ∞ =
p∞
RT∞

(4.18)

In this equation R = 287.058 J ·
(
kg−1K−1

)
is the ideal gas constant of air. The dynamic

viscosity in the freestream is determined using Shuterlands law:

µ∞ = µref ·
(
T∞
Tref

)1.5

·
(
Tref + S

T∞ + S

)
(4.19)

Where µref and Tref are the reference dynamic viscosity (µref ) and temperature and S is
the Sutherlands constant. According to White (2005), µref = 1.716 × 10−5 J ·

(
kg−1K−1

)
,
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Tref = 273 K and S = 111 K. Finally, the freestream velocity and the Reynolds number
based on the diameter (D = 50mm) of the cylindrical main body are computed as follow:

U∞ = M∞ ·
√
γRT∞ (4.20)

ReD =
ρ∞U∞D

µ∞
(4.21)

Parameter Symbol Units Subsonic Supersonic

Free stream Mach number M∞ [-] 0.76 ± 0.01 2.20 ± 0.01
Total pressure p0 [bar] 1.98 ± 0.01 2.48 ± 0.01

Free stream pressure p∞ [bar] 1.38 ± 0.01 0.23 ± 0.01
Total temperature T0 [K] 273 ± 3 277 ± 3

Free stream velocity U∞ [m · s−1] 239 ± 3 534 ± 3
Reynolds number ReD [-] 1.5× 106 3.3× 106

Jet Mach number at nozzle exit Me,jet [-] 3.5 3.5
Total jet pressure p0,jet [bar] 22 ± 2 27 ± 2

Static jet pressure at nozzle exit pe,jet [bar] 0.28 ± 0.01 0.36 ± 0.01
Total jet temperature T0,jet [K] < 288 < 288
Nozzle pressure ratio NPR =

p0,jet
pe,jet

[-] 76 75

Table 4.6: Flow conditions

4.3.2 Test Matrices

Table 4.7 show the experimental test matrix for the Schlieren and PIV experimental cam-
paigns. During the Schlieren campaign, four different nozzle configuration (L/D = 0.6, 0.9,
1.2, 1.8) have been tested at M∞ = 0.76 (subsonic) and M∞ = 2.20 (supersonic) with and
without the exhaust plume. For the subsonic cases, the total pressure in the settling chamber
was set to p0 = 2.0 bar, whereas for the supersonic cases it was set to p0 = 2.5 bar. For the
subsonic case with exhaust plume, the total jet pressure was set to p0,jet = 22 bar whereas
for the supersonic it was set to p0,jet = 27 bar. The same experimental flow conditions have
used during the PIV campaign.
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Campaign Technique Config. (L/D) p0,jet [bar] M∞ [-] p0 [bar]

1 Schlieren

0.6
off

0.7 2.0

22

0.9
off
22

1.2
off
22

1.8
off
22

0.6
off

2.2 2.5

27

0.9
off
27

1.2
off
27

1.8
off
27

2 PIV

0.6 off

0.7 2.0

22

0.9
off
22

1.2
off
22

1.8
off
22

0.6
off

2.2 2.5

27

0.9
off
27

1.2
off
27

1.8
off
27

Table 4.7: Experimental test matrix for the Schlieren and PIV campaigns

4.4 Schlieren Apparatus and Setup

A z-type schlieren setup for the present experiment is shown in Figure B. A photograph of
the Schlieren setup from both sides of the wind tunnel are shown in Figures 4.11 and 4.12,
respectively. As shown, the setup consist of Xenon flash lamp (spark light) as a light source,
two large parabolic mirrors with focal length of 3.5 m, two plane mirrors, a pinhole, two lenses
with f = 200 and f = 180, a knife edge and a high speed camera.

The Instantaneous flow features, such as separated shear layer, generates a very strong den-
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Figure 4.9: Schematic of the Schlieren setup, top view

sity gradient in the wake of an axisymmetric BFS as a result of vortex roll-up and pairing
mechanisms. The speed of the convective vorticies are very high. In order to record these
high-speed convective vorticies in great detail, a Xenon flash lamp (spark light) is used. This
flash lamp has a low exposure time of 20 ns and it acts as point light source. The MIN-
ISTROBOKIN generator is used to operate Xenon flash lamp on external triggering up to
10 kHz at approximately 220 V . In order to avoid loss of the light, a tube insulation with
length of 10 cm is used. Using a lens with f = 200 and a pinhole, the light coming from
the Xenon flash lamp (point source) is converted into a beam of light. The lens is used to
focus the light coming from the light sources and the purpose of the pinhole is to control the
thickness of the light beam. The back side of the pinhole is covered with a transparent tape
in order to avoid diffusion. A plane mirror directs the light beam passing the pinhole into
the direction of the parabolic mirror. A collimated beam of light, formed by the parabolic
mirror, crosses through the test region. A second parabolic mirror and a plane mirror is used
to focus the collimated beam of light passing through the test region at the location where
the knife edge is placed. This knife edge blocks the light which is bent due to the density field
resulting into a visualization of the density gradient of the flow field. Horizontal Schlieren
knife orientation is used for the present experiment in order to visualize vertical gradients
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(e.g. shock/expansion systems, boundary layer). Directly after the knife edge a lens with
f = 180 placed in order to focus the light beam into the lens of high-speed camera. The
camera used for the Schlieren setup is Lavision Imager pro HS 4M (Figure 4.10). It has a 4
Megapixel resolution (2016 × 2016 pixels) and 12 bit CCD sensor. The recorded images from

Figure 4.10: Lavision Imager pro HS 4M camera. Courtesy of Lavision

the camera are transferred via CAT-5 ethernet cable to a PC. Furthermore, the camera and
the MINISTROBOKIN generator are connected via RG-56 cable and BNC connectors to a
Lavision High Speed Controller PTU which triggers the camera and the light source. The
controller is also connected to a PC via USB cable. DaVis 8.3.1 software from Lavision is
used to control the camera and the light source and also to process the recorded data.

Figure 4.11: Schlieren setup Figure 4.12: Schlieren setup
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4.5 Planar PIV Setup and Apparatus

Planar PIV measurements were conducted in the base region of the modified FESTIP model
(Figure 4.3). The field of view (FOV) of the base region that is investigated during the
PIV measurements is shown in Figure 4.13. The size of this FOV, which is the region with
orange grid lines, is 140 mm by 50 mm (width×height), which is similar for all the 16 cases
considered for the present investigation (4 nozzle lengths; 2 Mach numbers; with and without
exhaust plume). The size of the FOV is also selected such that both the in-flow boundary
layer on top of the model before the step and the presence of an exhaust plume is investigated.
Figure 4.14 show the planar PIV setup installed in the TST-27 wind tunnel to investigate

Figure 4.13: The Field of View (FOV)

the FOV shown in Figure 4.13. This setup consist of the following components: 4 cameras,
modified FESTIP model, an illumination source (not shown in Figure) and a seeding system
(not shown in Figure). The 4 camera setup is used to obtain a large FOV in the base region
of the model without losing the spatial resolution. As such, the FOV as shown in Figure 4.13
is divided into four equal sizes of 35 mm with an overlap of approximately 4 mm.

4.5.1 CCD Cameras

For the planar PIV experiments, 4 LaVision Imager LX 2MP interline CCD cameras, fitted
with a Nikon lens of 105 mm is used to capture the flow field of interest (Figure 4.15). This
camera has a maximum resolution of 1628 by 1236 pixels with a pixel pitch of 4.40 µm and
lowest shutter speed of 1.0 µs. It record 14 bits images and the recorded images are transferred
via CAT-5 cable to a PC. The camera is connected via RG-56 cable and BNC connectors to
the LaVision external PTU (Figure 4.16). This external PTU which is connected to a PC via
an USB cable, triggers the camera (and the laser). Lavision DaVis software, versions 8.1.2
and 8.3.1, respectively are used to control the camera (and the laser) and also to process the
recorded data.
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Figure 4.14: Planar PIV setup, top view

4.5.2 Illumination

For the PIV experiments, a Spectra Physics Quanta-Ray PIV-400 Neodymiumdoped Yttrium
Aluminium Garnet (Nd:YAG) laser is used to illuminate the required FOV. This laser emits
green light with wavelength of 532 nm by converting the infra red light with a wavelength of
1064 nm. The maximum energy provided by this laser is 400 mJ per pulse. Its pulse duration
for λ = 532nm is between 5-10 ns and the repetition rate increases up to 10 Hz. A control
unit together with a remote control are used to turn the laser system on & off (Figure 4.17).
Triggering of the laser during a measurement campaign happens via a LaVision external PTU
and DaVis 8.3.1 software. During the operation of the laser, water is used to cool down the
system and nitrogen gas is used to keep the optical components of the laser system dry and
clean.

As shown in Figure 4.17 and 4.18, the laser beam is guided inside the wind tunnel through
a series of mirrors that are mounted outside the tunnel and a laser probe that is installed
downstream of the test region. The laser probe is equipped with set of lenses and mirrors to
form a diverging laser sheet from the laser beam.
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Figure 4.15: LaVision Imager LX 2MP
camera with 105mm Nikon lens

Figure 4.16: LaVision external PTU

Laser

Control 

unit

Remote 

control

Laser 

beam

Mirrors

Figure 4.17: Spectra Physics Quanta-Ray PIV-400 system and illustration of the laser beam path

4.5.3 Seeding

Throughout the PIV experiments the flow in the wind tunnel was seeded with Titanium
Oxide (TiO2) particles of the type Kemira P580. The particles have a primary crystal size
of 30 nm (the actual particles form agglomerates of approximately 500 nm (Schrijer et al.,
2006)), a nominal density of 150 kgm−3 and a particle response time of τp = 2.56 µs (Ragni
et al., 2011).

The TiO2 particles were injected into the wind tunnel via a seeding rake placed in the
settling chamber, which was connected via a hose to a high-pressure cyclone seeding generator
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Figure 4.18: Laser probe inside the wind tunnel
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Figure 4.19: TiO2 seeding system

operating at 10 bars (see Figure 4.19). The high-pressure inside the cyclone generator is
created through a hose which was connected to the pressurized air system of the TST-27
wind tunnel. The valve that controls the pressurized air system is located in the control room
of the TST-27 wind tunnel.

4.5.4 PIV Parameters

Table 4.8 summarizes the PIV experimental parameters.
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Parameter Unit Subsonic Supersonic

FOV mm2 140×50 140×50
FOV overlap mm 4.0 4.0
Focal length mm 105 105
f# - 8.0 8.0
Digital resolution pixel/mm 30.3 30.3
Magnification factor - 0.19 0.19
facq Hz 5.0 5.0
∆t µs 2.5 1.0
Image pairs - 500 500
Measuring time s 15.0 15.0
Laser power % 70/75 70/75
Window size pixels 48 × 48 48 × 48
Vector spacing mm 0.40 0.40

Table 4.8: Planar PIV parameters

4.5.5 Reflection Problems and Solution

When conducting PIV measurements, it is very important to have good image quality. The
illuminated particle images that are recorded during the PIV experiments should have higher
intensity than the background or the camera noise.

Figure 4.20(a) shows a raw image of single exposure PIV recording that was captured by one
of the four cameras during the PIV measurement. In this figure, a strong reflection above
the external surface of the nozzle is observed. This region with reflection arises due to the
impingement of the laser light on the external surface of the model. It has higher intensity
than the surrounding scattering TiO2 particles. The region with reflection causes undesirable
effect during the analysis of the recorded images performed by cross-correlation. According
to Sciacchitano and Scarano (2014) these regions with reflection dominate the correlation
map introducing a self-correlation stripe-like region of high intensity that typically precludes
the detection of the displacement peak. Because the light reflection dominates the pixel
intensity with respect to particles peak, even when the correlation window minimally includes
the reflection region, the cross-correlation signal degrades and an erroneous vector estimate
(outlier) is produced. Figure 4.20(b) shows an instantaneous vertical velocity vector field
contour that was obtained by using filters at an image pre-processing stage to deal with the
undesired effect of laser light reflections. However, still outliers can be observed in the region
with reflections.

Since the filters used during pre-processing did not solve the issues related to reflections, the
following methods haven been used during the experiments to avoid reflection.

• Spraying the model with black paint and using black tape

• Reducing the laser power

Qais Payanda M.Sc. Thesis



4.5 Planar PIV Setup and Apparatus 49

(a) (b) 

Reflection 

Region 

Nozzle Nozzle 

Outliers due to 

Reflections 

Figure 4.20: (a) Raw image of single exposure PIV recording. (b) Instantaneous vertical velocity
vector field contour

(a) (b) 

Nozzle Nozzle 

Figure 4.21: (a) Raw image of single exposure PIV recording without reflection. (b) The corre-
sponding instantaneous vertical velocity vector field contour

• Cleaning the surface of the model and windows after each wind tunnel run

• Changing the height of the laser probe

• Positioning the camera at a small angle

The model and support sting are made of stainless steel, which has a high reflectivity. In order
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to mitigate laser light reflection, the nozzle is sprayed with black paint and the cylindrical
main is covered with black tape (Figure 4.22). The main body is not painted due to the

Figure 4.22: Painted nozzle and taped main body

presence of pressure taps on the upper part. For the future experiments it is recommended
to use models made of aluminum materials with a highly polished surface because of its very
low diffuse reflectivity with respect to steel or other materials. After each wind tunnel run
the surface of model, both windows and the laser probe mirror were cleaned from the seeding
with ethanol in order to minimize reflection. Additionally, by lowering the height of the laser
probe and positioning the cameras, not perpendicular to the region of interest but with small
angle (≈ 1◦), the reflection problems have been solved.

4.6 PIV Image Acquisition & Processing

4.6.1 Image Acquisition

Before recording, the 4 LaVision Imager LX 2MP cameras were calibrated. A self made
calibration plate made of millimeter graph paper was used to calibrate the cameras (see Figure
4.23). The cameras were calibrated everyday before the PIV measurements by first aligning
the calibration plate with laser sheet and then taking a picture of the FOV corresponding
to each camera. A perspective image calibration of Davis, with a polynomial of 3rd order
was performed on the taken pictures until all the 4 camera achieved RMS fit lower than
0.25 pixels. After the calibration procedure, the PIV experiments were conducted where 500
images were recorded in four runs of 125 images for each of the 16 cases studied.

4.6.2 Image Pre-processing & Vector Computation

This paragraph explain the steps followed to pre-process the raw PIV images. The recording
and pre-processing of the PIV images were done using Lavision DaVis software, versions 8.1.2
and 8.3.1, respectively.
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Figure 4.23: Millimeter graph paper calibration plate

Image pre-processing is of considerable importance before performing vector computation.
Its main purpose is to remove background illumination but also to reduce the effect of noise
and the reflections that is captured by the cameras. As a result of this image pre-processing,
the quality of raw images enhances. In the following, the pre-processing step performed on
the raw PIV images are explained.

1. Subtract time filter In order to enhance the contrast of the raw PIV images, the
obtained local minimum intensity in each run is subtracted from all the raw images of
that particular run. The local minimum intensity is single image.

2. Add geometric mask The model is geometrically masked to mitigate regions with
reflections and other artifacts that has negative impact on the derived results. To make
sure that each run from the same case to be pre-processed has the same mask, the added
geometric mask was saved.

3. Make mask permanent Permanent mask is applied on the geometric mask to set the
disabled pixel values to zero.

4. Subtract sliding minimum The contrast of the resulting intensity is enhanced by
subtracting the minimum intensity within 16 pixel-sized kernels.

5. Min-max filter for intensity normalization This filter is applied to normalize the
resulting intensity with a kernel of 6 pixels.

The effect of these performed pre-processing steps on raw PIV images can be seen in Figure
4.24.

After completing the pre-processing steps of the PIV data, the computation of the velocity
vector fields is performed. For this purpose DaVis software is used. Velocity vector fields
were computed using multi-pass correlation procedure of decreasing window size. The initial
iteration starts with an interrogation window size of 96×96 pixels, with no window weighting
function (square) and an overlap of 75%. The final three iterations were carried out with an in-
terrogation window size of 48×48 pixel, with Gaussian window weighting function (Elliptical,
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(a) Raw PIV image (b) Subtract time
filter

(c) Masking + Sub-
tract sliding mini-
mum

(d) Min-max filter
for intensity normal-
ization

Figure 4.24: The effect of pre-processing steps on raw PIV images

2:1) and an overlap of 75%, resulting in a vector spacing of 0.40 mm. The multi-pass post-
processing is performed with the universal outlier detection of DaVis. It detects the spurious
vector that are outside the standard deviation of a filter region of 5×5. After computation
of the velocity vector field, based on visual inspection it is observed that approximately 5 -
15% of the computed velocity vector fields were deemed to suffer from insufficient seeding
quality, depending on the case considered. As such, before performing post-processing with
Davis, these velocity vector fields which suffered from insufficient seeding quality, haven been
removed manually.

After completing the computation of velocity vector field, the post-processing of the vector
fields are performed in order to discard the outliers. This is done by using the universal
outlier detection with same filter region as used for velocity vector computation but now the
groups with less 5 vectors are discarded and replaced. Figure 4.25 show the computed velocity
vector field snapshot before and after performing vector post-processing with universal outlier
detector. After completion of vector post-processing, the average velocity vector fields, the
Reynolds stresses (Rexy, Rexx, Reyy), turbulent kinetic energy and standard deviations of
the set of post-processed vector fields have been obtained using DaVis.

4.6.3 Merging of Vector Fields

The vector fields that were obtained from 4 cameras after post-processing are 4 separate
vector fields. These 4 vector fields were merged to each other using Tecplot software. The
merged vector fields were transferred to a common grid by applying linear interpolation with
Tecplot. Before merging the separate vector field, first approximately 5 vectors at left and
right side of each vector field is removed. During merging of the vector fields the same overlap
of 4 mm minus the vectors that were removed from left and right side was used. The final
grid consists of 420×137 (L×H) points with a similar spacing as in the original vector fields.
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(a) Multi-pass post-processing (b) Vector post-processing

Figure 4.25: Velocity vector field before and after post-processing with outlier detection

4.7 PIV Uncertainty Analysis

This section outlines the uncertainty analysis of the measured properties obtained from the
PIV experiments. Uncertainty analysis of the obtained experimental data is a crucial part,
which is required to evaluate the accuracy of the measured properties. The accuracy indicates
the difference between experimentally measured value of a quantity and the true value. This
difference is defined as an error and is used to quantify the uncertainty (Stern et al., 1999).
Two significant sources of uncertainty in the present planar PIV experiments are the limited
ensemble size and the uncertainty resulted from the planar PIV measurements, such as cross-
correlation, particle slip and spatial resolution. These main sources of uncertainties will be
defined and discussed in the following sections. In the last section a summary of the results
of the discussed sources of uncertainties will be provided.

4.7.1 Uncertainty From Ensemble Size

The present thesis investigated the mean flow properties and mean pressure distribution.
These mean flow field properties were obtained from the ensemble average of all the PIV
recorded images. The mean flow field uncertainties associated to the limited ensemble size
will be discussed here.

The uncertianty analyses of mean velocities, RMS velocity fluctuations and Reynolds shear
stress, related to the finite ensemble size (N) follow those introduced by Benedict and Gould
(1996). These expression are also discussed by Sun (2014) and Humble (2009). The uncer-
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tainties associated to the mean streamwise and radial velocity components (ū, v̄) can be seen
in Equation (4.22).

εū =

√
u′2√
N

=
〈u′〉√
N

εv̄ =

√
v′2√
N

=
〈v′〉√
N

(4.22)

Where N is the ensemble size, u′ and v′ are the streamwise and radial velocity components
fluctuations, 〈u′〉 and 〈v′〉 are the RMS of velocity fluctuations. The intensity of the fluctuation
in the wake region of BFS is higher than in the freestream. As such, higher uncertainties of
the mean velocities in that region is expected.

The expressions for the uncertainty of the RMS of the streamwise and radial velocity compo-
nents fluctuation are given in Equation (4.23).

ε〈u′〉 =

√
u′2√
2N

=
〈u′〉√
2N

ε〈v′〉 =

√
v′2√
2N

=
〈v′〉√
2N

(4.23)

The uncertainty of the Reynolds-averaged shear stress is given Equation (4.24)

εu′v′ =

√
1 +R2

u′v′

√
u′2
√
v′2

√
N

(4.24)

where the term Ru′v′ is the correlation coefficient, defined as:

Ru′v′ =
u′v′√
u′2
√
v′2

(4.25)

The uncertainty in turbulent kinetic energy (TKE ) is estimated through Equation (4.26)
(Sciacchitano and Wieneke, 2016):

εTKE =
〈u′〉2 + 〈v′〉2√

2N
(4.26)

4.7.2 Uncertainty of PIV Measurement

This section discusses the uncertainties that are produced from the PIV measurement tech-
nique, such as uncertainties as a result of tracer particle slip, cross-correlation and spatial
resolution.

Uncertainty as a result of particle slip

The accuracy of the measured properties from the PIV experiments depend on how well the
seeding particle follow the flow and how accurately the displacement of these particles can be
computed from the recorded images. TiO2 particles are used during the PIV experiments.
These particles have different density and velocity than that of the surrounding fluid. This
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difference between fluid and particle velocity is called the particle slip velocity, uslip. It is
defined as a product of the particle response time, τp and the particle acceleration, ap (Sun,
2014):

uslip ≈ τp · ap = ετp (4.27)

The uncertainty related to particle slip velocity, (ετp) is determined by normalizing Equation
(4.27) with the freestream velocity, U∞. TiO2 particles have particle response time of τp =
2.56 µs (Ragni et al., 2011). According to Melling (1997), for large density ratio (

ρp
ρf
� 1),

the particle acceleration (equation of motion) can be simplified to:

dup
dt

= ap =
up − uf
τp

(4.28)

Where up and uf are the instantaneous particle and fluid velocity. According to Ragni (2012),
when steady flow is assumed, Equation (4.28) can be simplified to Equation (4.29).

ap =
−→
U · ∇

−→
U (4.29)

Inserting Equation (4.29) into Equation (4.27), the particle slip velocity is obtained as seen
in Equation (4.30).

uslip ≈ τp ·
(−→
U · ∇

−→
U
)

(4.30)

It is noted that the particle slip velocity given in Equation (4.30) is only used as an estimate
for regions without the presence of strong vortices, such as free stream. According to Sun
(2014), for regions with presence of strong vortices, such as recirculation and reattachment
region, the uncertainty due to the particle slip velocity is estimated through Equation (4.31)

ετp = uslip ≈ τp ·


∣∣∣~U2
∣∣∣

r

 (4.31)

Where r is the vortex radius and is of the same magnitude as the step height (h) of the

BFS. According to Sun (2014), the velocity magnitude
−→
U can be estimated through Equation

(4.32).∣∣∣−→U ∣∣∣ = U∞ − Uconv (4.32)

Where U∞ is the free stream velocity and Uconv is the convective shear layer velocity.

Uncertainty as a result of cross-correlation

The instantaneous velocity uncertainty produced as a result of image cross-correlation oper-
ation is estimated by Equation (4.33) (Humble, 2009).

εu =
εcc
κ∆t

(4.33)

Where κ is image resolution in pix/mm, ∆t is the pulse separation time of the laser and εcc
is the uncertainty associated to the cross-correlation operation. According to Humble (2009),
εcc is of the order of 0.1 pixel for planar PIV and 0.2 pixel for tomographic PIV.
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Uncertainty as a result of spatial resolution

The uncertainty produced as a result of spatial resolution is estimated by the quantity l∗ =(
WS
λ

)
, also referred to as normalized window size. In this ratio WS is interrogation window

size and λ is the spatial wavelength of the relevant flow structure. The ratio of the of of
measured velocity and true velocity (u/u0) with the normalized window size WS

λ can be
modelled through sinc function, as defined in Equation (4.34) (Schrijer and Scarano, 2008).

εsr =
u

u0
= sinc

(
WS

λ

)
(4.34)

According to de Kat and van Oudheusden (2012), the spatial wavelength (λ) can be deter-
mined by taking l∗ = 0.5. As a result, the the spatial wavelength (λ) will be twice the final
window size (WS) of 48× 48 for the present PIV experiment.

4.7.3 Summary of Uncertainty Results

In this section the results of the uncertainties as defined and discussed in sections 4.7.1
and 4.7.2 are provided in Table 4.9. All uncertainty values in this table are normalized
with freestream velocity of U∞ = 239 ms−1 for subsonic case and U∞ = 534 ms−1 for the
supersonic case. Additionally, the normalized absolute values of the uncertainties are given
as percentage. For both, subsonic and supersonic case, the uncertainties are calculated for
L/D = 1.8 with exhaust plume at a point in the region where shear layer reattaches. For
subsonic case the ensemble size was N = 250 images and for supersonic case N = 476 images.
Now that all the uncertainties are computed, the total errors for each of the variables ū, 〈u′〉

Subsonic Supersonic

Uncertainty parameter Value Percentage Value Percentage

Mean streamwise velocity (εū) 3.8 m/s 1.6 % 6.4 m/s 1.2 %
Mean radial velocity (εv̄) 2.7 m/s 1.1 % 2.9 m/s 0.5 %
Streamwise velocity fluctuation (ε〈u′〉) 2.7 m/s 1.1 % 4.5 m/s 0.9 %

Radial velocity fluctuation (ε〈v′〉) 1.9 m/s 0.8 % 2.0 m/s 0.4 %

Reynolds-averaged shear stress (εu′v′) 199.3 m2
/
s2 0.4 % 515.2 m2

/
s2 0.2 %

Turbulent kinetic energy (εTKE) 244 m2
/
s2 0.4 % 760.2 m2

/
s2 0.3 %

Particle slip velocity (ετp) 4.9 m/s 2.1 % 13.3 m/s 2.5 %
Cross-correlation (εu) 1.3 m/s 0.6 % 3.3 m/s 0.6 %
Spatial resolution effect (εsr) 1.5 m/s 0.6 % 3.4 m/s 0.6 %

Table 4.9: Summary of normalized uncertainty results for subsonic and supersonic cases

and u′v′ is estimated through standard error propagation relation given by:

εtotal =
√
ε2
ensemble + ε2

u + ε2
τp + ε2

sr (4.35)

For the subsonic case εtotal,ū = 1.98%, εtotal,〈u′〉 = 1.60% and εtotal,u′v′ = 1.23%. While for
supersonic case εtotal,ū = 2.9%, εtotal,〈u′〉 = 2.8% and εtotal,u′v′ = 2.65%.
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Chapter 5

Experimental Assessment

This chapter presents and discusses the results that were obtained from the Schlieren and
the planar PIV experimental campaigns. Section 5.1 presents the Schlieren results, where the
topological flow features and the issues related to wind tunnel start-up are briefly discussed.
In section 5.2 the results of the planar PIV experiments are presented; this entails discussion
of instantaneous and mean flow results. The analysis of mean flow results include discussion
of inflow conditions, velocity distribution, turbulent kinetic energy (TKE), pressure field and
reverse flow probability (RFP).

5.1 Schlieren Results

For the present thesis investigation, Schlieren visualization is used to qualitatively identify the
effect of varying nozzle length and the presence of an exhaust plume on the topological flow
features in the wake of an axisymmetric BFS at subsonic and supersonic flows. Additionally,
Schlieren experiments are used to select subsonic and supersonic test conditions (M∞, p0)
at which the wind tunnel starts properly. In section 5.1.1 the topological flow features of an
axisymmetric BFS at subsonic and supersonic flows are discussed. Section 5.1.2 discusses the
wind tunnel start-up investigation.

5.1.1 Topological Flow Features

Supersonic Case

Figure 5.1 show Schlieren results for M∞ = 2.20 for L/D = 0.6, 0.9, 1.2, 1.8, with and without
exhaust plume, respectively. In all cases shown, the incoming flow is from left to right.
As discussed in section 4.4, a vertical knife edge, which allows to obtain horizontal density
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gradient, was used during the Schlieren campaign in order to better visualize the shock waves
(SW) system. A downside of using vertical knife edge is that the boundary layer (BL) at the
top of the main body is not clearly visible.
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6

8

4

7

9
11

5

10

12

(a) L/D = 0.6 (b) L/D = 0.9

(c) L/D = 1.2 (d) L/D = 1.8

Figure 5.1: Schlieren mean flow field results for M∞ = 2.20, p0 = 2.5 bar and p0,jet = 27 bar

As shown in Figure 5.1(a), a number of distinct features can be observed from the Schlieren
mean flow field images. The shock waves (SW) (indicated by 1 and 2), which originate from
the nose and the tripping wire of the model are reflected off the upper and lower tunnel
walls (indicated by 4). At the location where the model geometry changes from canonical
forebody to cylindrical main body, the first Prandtle-Mayer Expansion (PME) fan (indicated
by 3) can be observed. A turbulent boundary layer (BL) (indicated by 5) that develop due

Qais Payanda M.Sc. Thesis



5.1 Schlieren Results 59

to the tripping wire, can be seen flowing over the upper part of the model. The second
PME (indicated by 6) develop at the edge of the BFS due to an abrupt increase in flow area
as a result of abrupt change in geometry. Furthermore, at the edge of the BFS the shear
layer separates (indicated by 7). The second PME fan causes the separated shear layer to
deflect downwards and impinge on the exhaust plume. Upon impingement, the deflected
shear layer changes the direction again due to the expanding jet resulting in development
of a plume shock (indicated by 8). An expansion fan (indicated by 9) at the nozzle lip can
be seen for the nozzle operating at Me,jet = 3.5. Furthermore, between the expansion fan
(9) at the nozzle lip and the jet boundary (indicated by 10), a barrel shock (indicated by
11) develop. The configurations without exhaust plume, which are provided in Appendix C
(Figure C.2), have similar shock/expansion wave system as the configuration with exhaust
plume except in the region near the nozzle exit. The shock/expansion wave system for
L/D = 0.9, L/D = 1.2 and L/D = 1.8 configuration with exhaust plume are shown in
Figures 5.1(b), 5.1(c) and 5.1(d), respectively. For L/D = 1.2 and L/D = 1.8 configurations
the separated shear layer impinges on the nozzle, resulting in a recompression shock more
upstream of the exhaust plume compared to L/D = 0.6, where the recompression shock
(plume shock) occur right above the exhaust plume. As can be seen in Figure 5.1, the exhaust
plume for all nozzle configurations is under-expanded. However, as can be seen, the under-
expansion of the exhaust plume for L/D = 1.8 configuration is less compared to L/D = 0.6.
This can be attributed to presence of higher pressure region in the plume region caused by
the development of recompression shock more upstream of the exhaust plume. It should be
noted that the precise shape of the exhaust plume (over-expanded or under-expanded) is not
defined by the ratio of the static jet pressure and the pressure in the freestream, but by the
ratio of the static jet pressure and local static pressure at the location of the exhaust plume.
The difference between both ratios depends on the geometry of the model, in particular the
nozzle length.

The support sting mounted at the lower part of the cylindrical main body disturbs the flow
behind it. In Figure 5.1(a) this region is indicated by (12). As the flow reaches the trailing
edge of the support sting, an abrupt increase in flow area results in development of a PME
fan. A numerical study on base flow of a blunted cone-cylinder rocket model in the presence of
supersonic exhaust jet at M∞ = 2.98, has been conducted by Dharavath et al. (2010). From
this study it has been observed that due to the presence of support sting, the recirculation
patterns in the upper and lower portions in the base region are different, as seen in Figure
5.2. In addition, it is found that the lower portion of the base experiences lesser base pressure
compared to the upper portion due to the presence of a support sting. Also, it has been
shown that the radial variation of base pressure in the lower portion is less compared to
the radial variation of base pressure in the upper portion (see Figure 5.3). The maximum
difference in base pressure between the lower portion and the upper portion was about 50%
(Dharavath et al., 2010). Ottens et al. (2001) also conducted a numerical study of support
influence on base flow of the FESTIP model in supersonic flow. This study concluded that
the expansion fan emanating from the trailing edge of the support sting causes a decrease of
the base pressure and that the flow around the FESTIP model with a support sting cannot
be treated as axisymmetric. Moreover, a PIV investigation conducted by Oudheusden and
Scarano (2008b), also on the FESTIP model in supersonic flow showed that at the lower part
of the model a significantly higher turbulence level is observed, which can be attributed to
the presence of support sting.
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Figure 5.2: Mach number contour for
M∞ = 2.98. Adapted from Dharavath et al.
(2010)

Figure 5.3: Radial variation of the base
in lower and upper portions of the base.
Adapted from Dharavath et al. (2010)

Subsonic Case

Figure 5.4 show the Schlieren results for M∞ = 0.76 for L/D = 0.6, 0.9, 1.2, 1.8, with and
without exhaust plume, respectively. By comparing the subsonic case with the supersonic
case as shown in Figure 5.1, it can be observed that the boundary layer in subsonic case is
thinner. Also, due to the absence of the expansion fan at edge of the BFS, the deflection
of the separated shear layer towards the nozzle or plume is not as sharp as it was in the
supersonic case, which results in larger recirculation region compared to supersonic case.

As can be observed from Figure 5.4, the exhaust plume of the subsonic cases is over-expanded.
This over-expansion can be attributed to the lower static jet pressure at the nozzle exit (pe,jet)
compared to the free stream pressure (p∞). As provided in Table 4.6, the static jet pressure
at the nozzle exit is pe,jet = 0.28 bar for M∞ = 0.76, which significantly lower than the free
stream pressure of p∞ = 1.38 bar. According to Sutton and Bibarz (2001), if the free stream
pressure placed on the supersonic nozzle is sufficiently larger than the static jet pressure
at the nozzle exit, shock-induced flow separation will occur inside the divergent portion of
the nozzle, as shown in Figure 5.5. Furthermore, Summerfield et al. (1954) reports that
the flow separation inside the nozzle occurs as soon as the ratio of nozzle exit pressure to
ambient pressure (pe,jet/p∞) drops below 0.35-0.45. For the present case, with pe,jet = 0.28
bar and p∞ = 1.38 bar, the pressure ratio is pe,jet/p∞ = 0.20. This pressure ratio is below the
Summerfield separation criterion of 0.35-0.45 and therefore on basis of this it can be concluded
that the flow sepatation indeed occur inside of the nozzle. Also, Zandbergen (2016) reports
that in case of an over-expanded exhaust plume, where (oblique) shock waves exist at the
nozzle exit, this shock waves may propagate upstream and cause flow separation inside of the
nozzle. By visual inspection of the mean Schlieren images as shown in Figure 5.4, it can be
seen that the oblique shock waves for all nozzle configurations appears to emanate slightly
upstream of the nozzle exit, especially for L/D = 0.9 (Figure 5.4(b)) where the oblique shocks
seems to occur further upstream of the nozzle exit. Therefore, this also suggest flow separation
in the nozzle. Although there seems to be flow separation in the nozzle, it is however difficult
to see whether there is more of less flow separation for one or other nozzle configurations.
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Earlier investigations on supersonic rocket nozzles (e.g. Lawrence (1967), Verma (2002)) have
shown that the development of shock wave/boundary layer interaction in an over-expanded
nozzle display strong unsteadiness which can result in symmetrical or asymmterical flow
separation. The shock-induced flow separation in rocket nozzles is considered undesirable
because an asymmetry in the ow can induce dangerous lateral forces, the so-called side-loads,
which may damage the nozzle (Frey and Hagemann, 2000). From the mean Schlieren images,
as shown in Figure 5.4, the flow separation in the nozzle appears to be axisymmetric, which
according to Sutton and Bibarz (2001) can be attributed to steady flow in the nozzle. By
further inspection of the instantaneous Schlieren images, a slight back and forth movement
of the separation shock is observed. Furthermore, it can be observed that the diameter of the
supersonic exhaust plume is smaller than the exit diameter of the nozzle. At the exit of the
nozzle the flow in the inner core is supersonic, but is enclosed by an annular shaped region of
subsonic flow. An overview of the results without exhaust plume are provided in Appendix
C (Figure C.1).

5.1.2 Wind Tunnel Start-Up

At the beginning of the Schlieren campaign several experiments were conducted to investigate
proper start-up of the wind tunnel for the selected flow condition (M∞ and p0). Additionally,
for the supersonic case these experiments were used to select M∞ and p0 so that the reflected
shock waves from the upper and lower tunnel walls did not interfere with topological flow
features occurring in the exhaust plume region.

Table 5.1 provides a test matrix for this investigation. Only one nozzle configuration (L/D =
1.2) without exhaust plume was tested for a range of M∞ and p0, as shown in Table 5.1.
For the subsonic case, it is found that the wind tunnel starts properly when freestream Mach
number of M∞ = 0.70 and total pressure of p0 = 2.0 bar are selected. Figure 5.6 show
instantaneous Schlieren snapshot for M∞ = 2.0 for two different total pressures, namely
p0 = 1.5 bar and p0 = 2.5 bar. Figure 5.6(a) show the case in which the tunnel is set to
nominal Mach number of Mnom = 2.0 and total pressure of p0 = 1.5 bar. Clearly, in this
case due to the low total pressure the tunnel does not start properly, resulting in a flow field
without presence of shock/expansion waves. Figure 5.6(b) show the instantaneous Schlieren
snapshot for M∞ = 2.0 but with a total pressure of p0 = 2.5 bar. As can be observed, in
this case the tunnel starts properly, resulting in a typical flow field with shock/expansion
waves. As can be seen in Figure 5.6(b), the shock waves reflecting from the tunnel walls are
now directed towards the region where the supersonic jet exhausts. In order to avoid that
these reflected shock waves interfere with the exhaust plume, the freestream Mach number is
increased to 2.2. The results of this increased Mach number is shown in Figure 5.7, where the
reflected shock waves are now further away from the exhaust plume compared to M∞ = 2.0
case . As a result of this investigation, all the Schlieren experiments and the planar PIV
experiments were conducted with M∞ = 0.70 and p0 = 2.0 bar for the subsonic cases and
with M∞ = 2.20 and p0 = 2.5 for the supersonic cases.
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p0 [bar] Config. (L/D) p0,jet [bar] M∞ [-]

1.5

1.2 Off

2.0
2.0 0.7, 1.5, 1.6, 1.7, 1.8, 1.9, 2.0, 2.1, 2.5
2.3 2.2
2.5 2.0, 2.1, 2.2, 2.3
3.0 2.5
3.5 2.5

Table 5.1: Schlieren experimental test matrix for wind tunnel start-up investigation

(a) L/D = 0.6 (b) L/D = 0.9

(c) L/D = 1.2 (d) L/D = 1.8

Figure 5.4: Schlieren mean flow field results for M∞ = 0.76, p0 = 2.0 bar and p0,jet = 22 bar
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Figure 5.5: Flow separation inside a nozzle (Herbert and Herd, 1964)

(a) Mnom = 2.0, p0 = 1.5 bar (b) M∞ = 2.0, p0 = 2.5 bar

Figure 5.6: Instantaneous Schlieren snapshots for L/D = 1.2, without exhaust plume

Figure 5.7: Instantaneous Schlieren snapshots for L/D = 1.2 at M∞ = 2.2, p0 = 2.5 bar,
without exhaust plume
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5.2 PIV Results

5.2.1 Instantaneous Flow Organization

The wake region of an axisymmtric BFS is linked to a large-scale periodic fluctuations induced
by the instability of the shear layer. The mean velocity field results, which will be discussed in
the coming sections, does not provide sufficient approximation of the instantaneous conditions
in the wake region. Therefore, present section provides instantaneous velocity distributions
in order to show the presence of the turbulent structures in the wake of an axisymmetric
BFS. Figures 5.8 and 5.9 presents two separate, non-correlated snapshots of the streamwise

x/D

y/
D

0 0.5 1 1.5 2

0

0.2

0.4

0.6

0.8
-0.3 -0.1 0.1 0.3 0.5 0.7 0.9 1.1

< u >/ U∞

(a) Momentum injection

x/D

y/
D

0 0.5 1 1.5 2

0

0.2

0.4

0.6

0.8
-0.3 -0.1 0.1 0.3 0.5 0.7 0.9 1.1

< u >/ U∞

(b) Momentum ejection

x/D

y/
D

0 0.5 1 1.5 2

0

0.2

0.4

0.6

0.8
-0.6 -0.4 -0.2 0 0.2 0.4

< v >/ U∞

(c) Momentum injection

x/D

y/
D

0 0.5 1 1.5 2

0

0.2

0.4

0.6

0.8
-0.6 -0.4 -0.2 0 0.2 0.4

< v >/ U∞

(d) Momentum ejection

Figure 5.8: Instantaneous velocity distribution snapshots of L/D = 1.8 at M∞ = 0.76, with
plume

(u) and radial (v) instantaneous velocity distributions, at different time instances for L/D =
1.8 and L/D = 0.6 at M∞ = 0.76 with exhaust plume, respectively. These instantaneous
velocity distribution, which are more chaotic than the mean velocity distribution, illustrate
the deviation of the unsteady shear layer from its mean. As shown in Figure 5.8(b), a
significant increase of the recirculation region can be observed for L/D = 1.8 compared
to the first streamwise instantaneous velocity distribution snapshot (Figure 5.8(a)). For
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L/D = 0.6, however, this increase in recirculation region is not clearly visable. From all the
500 instantaneous snapshots of the flow field that was obtained from DaVis for L/D = 1.8,
it is observed that the recirculation region grows and shrinks in a quasi-cyclic manner as a
result of fluctuating reattachment point of the shear layer. As discussed in section 2.2.3, this
periodic increase and decrease of the recirculation region can be linked to the momentum
injection and ejection, which is identified by Schrijer et al. (2014) as the second unsteady
mode (see Figure 2.7).

Figures 5.8(c), 5.8(d), 5.9(c) and 5.9(d) show the radial (v) instantaneous velocity distribu-
tions for L/D = 1.8 and L/D = 0.6, respectively. The radial (v) instantaneous velocity
distributions seems to be more choatic than the streamwise (u) distribution. From both, the
radial and streamwise instantaneous velocity distributions, large-scale vortical structures can
be observed in the base region and further downstream, for both the momentum injection
and ejection cases. As can be seen from Figure 5.8(b), during the momentum ejection, the
reattachment length gets longer and the recirculation region burst sending the momentum
downstream. As shown in Table 5.2, an increase in reattachment length result in decrease of
maximum backflow velocity. 5.9.
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Figure 5.9: Instantaneous velocity distribution snapshots of L/D = 0.6 at M∞ = 0.76, with
plume
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5.2.2 Mean Flow Results

Inflow Conditions

The inflow conditions have been investigated to verify the state of the boundary layer and
the freestream velocity (U∞) upstream of the edge of BFS. This is done by plotting the
mean streamwise velocity profile at x = −0.1D for M∞ = 0.76 and M∞ = 2.20 for L/D =
0.6, 0.9, 1.2, 1.8, with and without exhaust plume, as shown in Figure 5.10.

0.7 0.8 0.9 1 1.1
0.5
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(a) Subsonic case (M∞ = 0.76)
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(b) Supersonic case (M∞ = 2.20)

Figure 5.10: Mean streamwise velocity profiles at x = -0.1D (upstream of separation point)

It is noted that the used PIV setup was not able to capture the velocity exactly at the
model surface due to the limitations in spatial resolution and practical difficulties to view
close to the wall surface. As such, the velocities were measured slightly above the surface of
the model. As result, only the outer part of the boundary layer over the cylindrical main
body was measured. With the obtained velocity profiles, the boundary layer thickness at
x = −0.1D is estimated by taking a point in velocity profile where the velocity has reached
99% of the freestream velocity. For the subsonic cases this boundary layer thickness was
approximately δ99%/D ≈ 0.06 or δ99% ≈ 3 mm and δ99%/D ≈ 0.11 or δ99% ≈ 5.5 mm for
the supersonic cases. Since the conical forebody of the model is equipped with a tripping
wire, it can be assumed that the boundary layer over the upper surface of the cylindrical
main body is turbulent. Furthermore, by comparing the typical velocity profile of laminar
and turbulent boundary layers, as shown in Figure 5.11, with the mean streamwise velocity
profile as shown in Figure 5.10, it can be concluded that the velocity profile of boundary layer
for both subsonic and supersonic cases are indeed turbulent.
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Figure 5.11: A comparison of a typical laminar and turbulent boundary layer velocity profiles

In Figure 5.10, the mean streamwise velocity, ū is nondimensionalized with the freestream
velocity, U∞ which is computed using isentropic relations and the measured local static pres-
sure (p∞), total temperature (T0) and pressure (p0) in the settling chamber. As can be seen
in Figure 5.10, small variation in inflow velocity can be observed between different cases. A
variation of no more than 0.01U∞ can be seen in inflow velocity between the cases with and
without exhaust plume, except for L/D = 0.6 at M∞ = 0.76. With different nozzle lengths
this variation is no more than 0.02U∞.

Mean Velocity Distribution

Figures 5.12 and 5.13 display the mean streamwise velocity contours, ū for M∞ = 0.76 and
M∞ = 2.20, respectively. In both figures, the cases without and with the presence of exhaust
plume are shown at left and right side, respectively. The four different nozzle lengths increases
from top to bottom from L/D = 0.6 to 0.9, 1.2 and 1.8. As shown in both figures, the origin
for all nozzle configuration is located at the edge of the cylindrical main body (x/D = 0) and
at the center line of afterbody (y/D = 0). The streamwise velocity, ū is nondimensionalized
with the freestream velocity of U∞ = 239 ms−1 for subsonic case and with U∞ = 534 ms−1

for supersonic case. For the sake of comparison, the figures have one common color bar for all
the cases shown. These colors specify the magnitude of the mean streamwise velocity, ū. The
black arrows and contour lines, in both figures indicate the vectors and the zero streamwise
velocity, respectively. The location of the model and the shape of the exhaust plume are
indicated with light and dark grey colors, respectively. Due to insufficient seeding particles
in the plume region, no velocity data could be acquired in at least 20% of the instantaneous
velocity fields, resulting in a region with outliers. As such, during post-processing the plume
region has been masked with DaVis in order to avoid the region with outliers, which can be
problematic for the subsequent analysis of mean pressure fields. Figure 5.14 show average
Reynolds stress (< Rexy >) vector field of the plume region obtained with one of the 4
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cameras. It is used to estimate the shape of the plume for masking. The reason for using
average Reynolds stress vector field is that it is easier to see where approximately the plume
region is compared to mean velocity vector fields. As shown in Figure 5.14 (right), the plume
region with outliers is masked by applying a geometric mask. It should be noted that the
masked plume region is an approximation, it possible that the actual plume region is slightly
above or below the masked region.
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Figure 5.12: Mean streamwise velocity for M∞ = 0.76 case for increasing nozzle length (top to
bottom); without plume (left) and with plume (right); Solid black line indicates zero streamwise
velocity
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Figure 5.13: Mean streamwise velocity for M∞ = 2.20 case for increasing nozzle length (top to
bottom); without plume (left) and with plume (right); Solid black line indicates zero streamwise
velocity

Table 5.2 show the result of the mean shear layer reattachment length (LR) and the absolute
value of the maximum mean back flow velocity (|ūmin|) for M∞ = 0.76 and M∞ = 2.20 for
four different nozzle configurations, respectively. The mean shear layer reattachment length
is determined from Figures 5.12 and 5.13 by taking the streamwise location where the zero
streamwise velocity, as indicated by black contour line, meet the solid afterbody (nozzle) or
the exhaust plume. The mean shear layer reattachment length is nondimensionalized with
the diameter (D = 50 mm) of the cylindrical main body.
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Figure 5.14: Average Reynolds stress (< Rexy >) without masked exhaust plume (left) and with
masked exhaust plume (right)

M∞ = 0.76 (no plume) M∞ = 0.76 (plume) M∞ = 2.2 (no plume) M∞ = 2.2 (plume)

LR/D |ūmin|/U∞ LR/D |ūmin|/U∞ LR/D |ūmin|/U∞ LR/D |ūmin|/U∞

L/D = 0.6 n.a n.a 0.9 0.40 n.a n.a 0.6 0.28
L/D = 0.9 n.a n.a 1.0 0.42 0.8 0.27 0.9 0.28
L/D = 1.2 1.1 0.39 1.1 0.38 0.9 0.31 1.0 0.29
L/D = 1.8 1.1 0.36 1.1 0.37 1.1 0.39 1.1 0.39

Table 5.2: Mean reattachment length (LR) and absolute value of maximum mean back flow
velocity in the recirculation region over the nozzle (|ūmin|)

As shown in Figures 5.12 and 5.13, the step at x/D = 0 causes the incoming subsonic and
supersonic flow to separate and deflect towards the afterbody. As a result, a recirculation
region with significant back flow is formed, as shown in Table 5.2. As can be observed from
both figures, the outer external flow and recirculation region in the wake of BFS is divided
by a shear layer. Depending on the nozzle length (L/D), the shear layer impinges on the
nozzle (solid reattachment), on the flow further downstream (fluidic reattachment) or on the
nozzle and the flow downstream (hybrid reattachment). These three reattachment cases were
also discussed in section 2.2.2 and schematically illustrated in Figure 2.4. Furthermore, for
the cases without exhaust plume, a secondary recirculation downstream of the nozzle can
be observed. The formation of this secondary recirculation downstream of the nozzle is also
observed by Weiss and Deck (2011), as shown in Figure 5.15. As the nozzle exit remained
open during the tests without exhaust plume, the recirculation region downstream of the
nozzle is likely to extent inside the nozzle. Moreover, due to the separation of the back flow
over the nozzle, a secondary recirculation region for the majority of the cases can be observed
at the corner of the base (x/D = 0), especially for the subsonic case. The observation of the
secondary recirculation region was possible thanks to the high spatial resolution of the PIV
system.

As can be observed from Figure 5.12 and Table 5.2, for M∞ = 0.76 an increase in nozzle
length does not result in significant change in shear layer reattachment length, but it does
decreases the maximum backflow velocity. For L/D = 0.6 and L/D = 0.9, the shear layer
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Figure 5.15: Axisymmetric BFS with L/D = 1.2 without presence of an exhaust plume (Weiss
and Deck, 2011)

does not impinge on the nozzle. For the cases with exhaust plume, the shear layer impinges
on the plume. The cases without exhaust plume leads to a merger of the recirculation regions
downstream of the base and downstream of the nozzle. For L/D = 1.2 and L/D = 1.8,
with and without exhaust plume, the mean shear layer reattachment occur on the nozzle
at LR/D = 1.1. This mean reattachment point is in accordance with the numerical studies
of Deck and Thorigny (2007) and Weiss et al. (2009), where a mean reattachment point
of LR/D ≈ 1.1 was found for an axisymmtric BFS with L/D = 1.2 at M∞ = 0.70, with
and without exhaust plume. Furthermore, in their paper, Deprés et al. (2004) indicate a
reattachment length of LR/D ≈ 1.3 for an axisymmetric rearward facing step (L/D � 1) at
M∞ = 0.80 and a reattachment length of LR/D ≈ 1.2 for L/D = 1.2 at M∞ = 0.70. As can
be seen in Figure 5.12, L/D = 1.2 and L/D = 1.8 cases look remarkably similar up to the
reattachment point, however downstream of this point, the flow looks clearly different. For
L/D = 1.8, it can be seen that after the reattachment of the shear layer the flow has the
chance recover. As a result, a higher streamwise velocity can be observed over the nozzle and
further downstream. Moreover, without exhaust plume, the longest nozzle length (L/D = 1.8)
display a more pronounced recirculation region downstream of the nozzle.

As shown in Figure 5.13, due to the expansion fan at the edge (x/D = 0), a sharp deflection
of the shear layer towards the nozzle can be observed for M∞ = 2.20 compared to M∞ = 0.76
case. As a result of this sharp deflection, the recircultation region is smaller compared to
M∞ = 0.76 case. For the cases without exhaust plume, the reattachment occurs on the nozzle,
except for L/D = 0.6 (Figure 5.13 (a)), which per definition does not have a reattachment
location. This case also displays a small separation zone on the nozzle at x/D ≈ 0.5, which
is induced by separation of backflow over the trailing edge of the nozzle. For L/D = 0.6
and L/D = 0.9 with presence of exhaust plume, the mean reattachment occur on the plume
while for L/D = 1.2 and L/D = 1.8 the reattachment occurs on the nozzle, regardless of the
presence of plume. Furthermore, as can be observed from Figure 5.13 (d) and (f), the presence
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Author Technique M∞ L/D LR/D

Current Experimental 0.76 0.6 n.a (without plume)/0.9 (with plume)
- - - 0.9 n.a (without plume)/1.1 (with plume)
- - - 1.2 1.1 (without plume)/1.1 (with plume)
- - - 1.8 1.1 (without plume)/1.1 (with plume)
Deprés et al. (2004) Experimental 0.70 1.2 1.2 (without plume)
- - 0.80 � 1.0 ≈1.3 (without plume)
Gentile et al. (2016) Experimental 20 m/s 2.0 1.2
Deck and Thorigny (2007) ZDES (numerical) 0.70 1.2 ≈1.1
Weiss et al. (2009) ZDES (numerical) 0.70 1.2 ≈1.1
Le (2005) - 0.70 1.22 1.1
Herrin and Dutton (1994) Experimental 2.46 >2.5 1.335
Loth et al. (1992) Large eddy (numerical) 2.09 h/R = 0.28 LR/h = 3.2

Table 5.3: Normalized reattachment lengths (LR/D) for axisymmetric BFS

of exhaust plume appears to make the reattachment length slightly longer for L/D = 0.9 and
L/D = 1.2. As shown in Table 5.2, the reattachment length for L/D = 1.8 at M∞ = 2.20 and
M∞ = 0.76 are similar, while a slight increase in backflow can be observed for M∞ = 2.20. For
L/D = 0.9 and L/D = 1.2, the reattachment occur further upstream of the nozzle compared
to M∞ = 0.76 case.

Table 5.3 provide an overview of the reattachment length found for the current cases and in
the literature. A good agreement with Deprés et al. (2004), Deck and Thorigny (2007), Weiss
et al. (2009) and Le (2005) is found for the subsonic axisymmetric case with L/D = 1.2. Also
L/D = 1.8 case show good agreement with Deprés et al. (2004) and Gentile et al. (2016), with
a slight difference in the reattachment length of 0.1-0.2. The reattachment length (LR/D)
for the supersonic axisymmetric case shows a difference of approximately 0.25 with respect
to the values reported by Herrin and Dutton (1994).

Turbulent Kinetic Energy

Turbulent kinetic energy (TKE ) is a measure of intensity of turbulence, which can be deter-
mined according to:

TKE =

〈
(u′)2

〉
+
〈

(v′)2
〉

2
(5.1)

where 〈u′〉 and 〈v′〉 are the RMS of the streamwise and radial velocity fluctuations. For the
present investigation the TKE is used to assess the unsteadiness of the flow in the wake
of an axisymmetric BFS, where the most of turbulent structures appear. Figures 5.16 and
5.17 display the organization of the TKE levels for M∞ = 0.76 and M∞ = 2.20, respec-
tively. Additionally, for comparison of different flow cases and nozzle lengths, in Table 5.4 the
maximum TKE levels in the shear layer are provided. The TKE levels in Figures 5.16 and
5.17 and in Table 5.4 are normalized with the squared of the free stream velocity, U2

∞. It is
worth mentioning that the flow, especially in shear layer near to the base, contains structures
with length-scales comparable or smaller than the spatial resolution of the PIV system used
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during measurements. Processing of the these small structures results in modulation of the
determined velocity distributions and hence underestimation of the TKE levels.
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Figure 5.16: Turbulent kinetic energy for M∞ = 0.76 case for increasing nozzle length (top to
bottom); without plume (left) and with plume (right)

In Figures 5.16 and 5.17, low levels of TKE can be observed in the outer flow region, while
shear layer and reattachment region show high levels of TKE. The high TKE levels in wake
are enclosed by the outer boundary of the shear layer. Typical TKE levels in the freestream
region related to turbulence intensity levels is in the range 1-2% U∞ . From an hot-wire
anemometry measurements conducted by Giepman et al. (2015) at a freestream Mach number
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Figure 5.17: Turbulent kinetic energy for M∞ = 2.20 case for increasing nozzle length (top to
bottom); without plume (left) and with plume (right)

of M∞ = 1.70, a turbulence intensity of approximately 0.5% U∞ is found. At the top of the
domain high TKE levels can be observed, especially for the supersonic case (Figure 5.17).
These high TKE levels are due to higher measurement errors arising from insufficient flow
seeding conditions. In order to avoid the propagation of these higher measurement errors to
the pressure computation, the fluctuation levels in the region y/D > 0.75 are adjusted to
a typical levels in the freestream. The high levels of TKE in shear layer and reattachment
region can be associated to the presence of small-scale structures in the instantaneous flow
organization as well as the large-scale unsteadiness in the base, which arises due to the
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flapping motion of the shear layer, vortex shedding of large-scale turbulent structures and
enlargement/shrinkage of the separated region (Deprés et al., 2004). As can be observed

M∞ = 0.76 (no plume) M∞ = 0.76 (plume) M∞ = 2.2 (no plume) M∞ = 2.2 (plume)

TKE
/
U2

∞ TKE
/
U2

∞ TKE
/
U2

∞ TKE
/
U2

∞

L/D = 0.6 0.056 0.058 0.018 0.022
L/D = 0.9 0.060 0.064 0.018 0.021
L/D = 1.2 0.062 0.061 0.020 0.019
L/D = 1.8 0.051 0.049 0.038 0.042

Table 5.4: Values for the maximum turbulent kinetic energy in the shear layer

from Figure 5.16 and Table 5.4, for M∞ = 0.76, the presence of exhaust plume does not show
notable impact on the TKE organization or the maximum TKE levels, except for L/D = 0.6
case, where the reattachment occur on the plume. Notable differences in the TKE levels can be
observed between the flow cases with different nozzle lengths. The highest TKE levels can be
observed for L/D = 0.9 and L/D = 1.2 configurations, for which the reattachment of the shear
layer occur on the nozzle and the flow downstream (hybrid reattachment) (compare Table 5.2).
The high TKE levels and the increased unsteadiness for these two nozzle configurations can be
attributed to the unsteadiness of the reattachment region, which moves back and forth. For
L/D = 0.6, the reattachment always occur on the downstream flow (fluidic reattachment)
while for L/D = 1.8 it always occur on the nozzle. A slightly lower TKE levels can be
observed for L/D = 0.6 compared to L/D = 0.9 and L/D = 1.2 cases. The lowest TKE
levels, however, is found for L/D = 1.8, which can be attributed to steady reattachment
region compared to other nozzle configurations. For comparison, in Figure 5.18 (left) the
turbulent kinetic energy distribution as obtained by Statnikov et al. (2013) for M∞ = 0.70
and L/D � 1.0, is provided. The the TKE organization for L/D = 1.8 (Figure 5.16 (g-h))
appears to be in good agreement with the TKE distribution shown in Figure 5.18 (left).
Small difference of approximately 0.003 in TKE levels can be observed between the current
case (Figure 5.16 (g-h)) and the literature.
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Figure 5.18: Turbulent kinetic energy distribution for transonic (M∞ = 0.70) (left) and super-
sonic (M∞ = 6.0) (right) flows according to Statnikov et al. (2013)

The TKE levels for the supersonic flow cases at M∞ = 2.20 is shown in Figure 5.17 and

MSc. Thesis Qais Payanda



76 Experimental Assessment

Figure 5.19: Turbulent kinetic energy distribution for M∞ = 2.50. Adapted from Herrin and
Dutton (1994)

Table 5.4. Much smaller TKE levels relative to U2
∞ can be observed for the supersonic

cases compared to subsonic one. In addition, especially for L/D = 0.9, 1.2 and 1.8, it
can be observed that the regions with highest TKE levels occur much closer to the nozzle
surface compared to subsonic cases. The flow cases with L/D = 0.6, 0.9 and 1.2 show similar
maximum TKE levels, while twice as high TKE levels can be observed for L/D = 1.8 (Figure
5.17 (g-h)). For comparison, in Figure 5.18 (right), the TKE distribution for the supersonic
flow case, as obtained by Statnikov et al. (2013) is provided. In general the TKE topology of
the current L/D = 1.8 is more of less similar to the literature (Figure 5.18 (right)), however,
the overall TKE values are not comparable. Figure 5.19 show the TKE distrribution as
obtained by Herrin and Dutton (1994) for M∞ = 2.50 (axisymmetric). The TKE levels for
the current L/D = 1.8 case is in good agreement with the TKE results as shown in Figure 5.19,
both show a maximum TKE level of 0.035. For all nozzle lengths at M∞ = 2.20 , the presence
of exhaust plume seems to extend the elevated TKE levels in streamwise direction. According
to Statnikov et al. (2013), due to the acceleration of the flow, the expansion fan at edge of
an axisymmetric BFS result in a decrease of the TKE, whereas the presence of recompression
shock increases the TKE again, as shown in Figure 5.18 (right). As seen in Figure 5.1,
the recompression shock is present in all nozzle configuration. The twice as high TKE levels
obtained for L/D = 1.8 cannot be attributed to the presence of recompression shocks because
from the TKE results the recompression shocks seems to be steady in all cases because of
the low TKE (<0.001). A possible mechanism for this increased TKE levels could be the
convection of the vortical structures in the shear layer upon impingement. These vortical
structures, which are formed due to Kelvin-Helmholz instabilities in the upstream part of the
shear layer, may leave the shear layer and shed downstream, while other vortical structures
may follow the shear layer and break down into smaller structures towards impingement.
After impingement, some of these small structures may convect downstream while others may
convect upstream into the recirculation region, where they may interact with the structures
in the shear layer. The interaction of these small structures in the shear layer may lead to
more turbulent shear layer, which in turn may attribute to higher TKE levels. From the
mean streamwise velocity distribution, as shown in Figure 5.13, it can be observed that for
L/D = 1.8 the zero streamwise velocity (black contour line) is slightly curved before meeting
the nozzle surface compared to other nozzle configurations. This may indicate that more
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structures are convected upstream into the recirculation region which in turn may interact
with the structures in the shear layer. This interaction may lead to more turbulent shear
layer, which in turn may result in higher TKE levels.

From the comparison of cases with a long nozzle configuration without exhaust plume and
the cases with a short nozzle configuration but with an exhaust plume, it is observed that
the presence of exhaust plume cannot be accurately modelled by replacing the exhaust plume
with a solid geometry.

Mean Pressure Field

The procedure for computing the mean pressure fields from the obtained PIV data is out-
lined in section 3.3. This paragraph discusses the mean pressure results as obtained by the
PIV based pressure reconstruction technique. In addition, these mean pressure results are
compared with the literature.

Figure 5.20 and Figure 5.21 display the mean pressure field organization for M∞ = 0.76 and
M∞ = 2.20 flow cases, respectively. In order to represent the relative pressure at a certain
point in the flow field, the mean pressure results for both flow cases are normalized according
to:

Cp =
2 (p− p∞)

(γM2
∞)

(5.2)

where γ is specific heat ratio, p is the static pressure at a point in flow field and p∞ and
M∞ are freestream pressure and Mach number, which are obtained from the isentropic flow
relations. Comparison of the exact pressure levels is hampered by a systematic uncertainty
in the overall pressure level for each case that is introduced by uncertainty of the boundary
condition used during pressure reconstruction. As such, the current discussion will focus on
the relative distribution.

Generally, from Figures 5.20 and 5.21, a low mean pressure region directly downstream of
base can be observed for all nozzle lengths. As can be seen, the center of this low pressure
region is situated at the core of the recirculation region where the velocity obtains a zero
value (compare Figures 5.12 and 5.13). Strong pressure gradients can be noticed between
high and low pressure region. In addition, from the bottom figures, it can be observed that
downstream of the location where the pressure reaches it maximum value, the pressure starts
to decrease again.

By comparing the mean pressure field of subsonic and supersonic flow cases, a considerable
differences can be observed. For the subsonic flow cases (M∞ = 0.76), it can be seen that
the low pressure region develops upstream of the base step. While the supersonic flow cases
(M∞ = 2.20) display a more oblique mean pressure field organization and higher pressure
gradients as a result of expansion waves at the base step and also recompression shocks
at reattachment location. For comparison, in Figure 5.22 the mean pressure distribution
as obtained by Statnikov et al. (2013) for M∞ = 0.70 and M∞ = 6.0 for L/D � 1.0 is
provided. The mean pressure organization of the current L/D = 1.8 case at M∞ = 0.70
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Figure 5.20: Mean pressure for M∞ = 0.76 case for increasing nozzle length (top to bottom);
without plume (left) and with plume (right)

and M∞ = 2.20 (Figure 5.20(g) and Figure 5.21(g)) are quite similar to the mean pressure
distribution as shown in Figure 5.22 (left). Large difference in the Cp values can be seen for
the supersonic case (compare Figure 5.21(g) and Figure 5.22 (right)), which can be attributed
to different free stream Mach numbers used.

From comparison of the subsonic and supersonic flow cases with and without presence of
exhaust plume and for different nozzle lengths, a number of interesting observations can be
drawn. Firstly, it can observed that the location of the low pressure region downstream of the
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Figure 5.21: Mean pressure for M∞ = 2.2 case for increasing nozzle length (top to bottom);
without plume (left) and with plume (right)

base stays at the same location for different flow cases. Secondly, an increase in nozzle length
causes the nozzle to move downstream into the high pressure region. As a result of this high
pressure region, the shape the exhaust plume directly downstream of the nozzle exit is more
over-expanded for the subsonic case or less under-expanded for the supersonic case, as shown
at the bottom of Figures 5.20 and 5.21. The difference in the shape of exhaust plume have
been validated by means of Schlieren visualization, as discussed in section 5.1.1.

The mean pressure field results as shown in both figures, display a number of artifacts which
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Figure 5.22: Mean pressure distribution for transonic (M∞ = 0.70) (left) and supersonic (M∞ =
6.0) (right) flows according to Statnikov et al. (2013)

can be related to the measurement errors during experiments, specifics of the experimental
arrangements and data processing with DaVis software. Firstly, for the supersonic flow cases
an increase in mean pressure can be noticed over the cylindrical main body before encountering
the expansion fan emanating from the edge. This increase in mean pressure can be related
to a series of weak shock waves created by pressure taps at the upper part of the cylindrical
main body. Due to the supersonic nature of the flow this increase in mean pressure over the
main body is not expected to arise from the flow dynamics downstream of the base. Secondly,
the mean pressure field for supersonic case display a number of vertical features (e.g. Figure
5.21(b) at x/D = 0) which occur due to the stitching of the average vector field obtained
from the PIV recording. Lastly, the mean pressure fields for the subsonic flow cases display
small features near the edge of the step resulting from measurement errors in that area due
to reflections of laser light. The contribution of these measurement errors also resulted in
hot-spots of TKE levels near the step edge (compare Figure 5.16(a) and Figure 5.20(a)).

Table 5.5 show the minimum mean pressure (Cpmin) values and its corresponding locations
(x/D, y/D) for M∞ = 0.76 and M∞ = 2.20 and all nozzle lengths. The L/D = 0.6 case, for
which fluidic reattachment occur, show a noticeable difference in Cpmin between the cases with
and without exhaust plume, for both subsonic and supersonic flow cases. For the subsonic
flow cases the presence of exhaust plume for L/D = 0.6 result in an increase of Cpmin value.
This is not expected because according to Deprés et al. (2004) the presence of exhaust plume
would rather decrease the pressure due the jet suction effect. The supersonic case on the other
hand show a decrease of Cpmin value for L/D = 0.6 with exhaust plume, which can be linked
to the jet suction effect. Moreover, Table 5.5 show that the streamwise location of Cpmin does
not vary much, it remains at approximately x/D ≈ 0.5. In order to show the dynamic effect of
the recirculation region on the base and the nozzle structure, the mean pressure distributions
coefficient (Cp) along the base and the nozzle surfaces are presented here. Figure 5.23 show
mean Cp distribution along the nozzle surface for M∞ = 0.76 and L/D = 0.6, with and
without exhaust plume. Since L/D = 0.6, the mean Cp data only extends to x/D = 0.6.
For comparison, Figure 5.23 also show the mean Cp distribution as reported by Deprés et al.
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M∞ = 0.76 (no plume) M∞ = 0.76 ( plume) M∞ = 2.2 (no plume) M∞ = 2.2 ( plume)

Cpmin x/D y/D Cpmin x/D y/D Cpmin x/D y/D Cpmin x/D y/D

L/D = 0.6 -0.309 0.547 0.186 -0.222 0.514 0.362 -0.081 0.520 0.208 -0.132 0.463 0.287
L/D = 0.9 -0.211 0.493 0.386 -0.246 0.545 0.346 -0.130 0.444 0.263 -0.114 0.466 0.30
L/D = 1.2 -0.207 0.522 0.385 -0.220 0.530 0.392 -0.131 0.395 0.267 -0.117 0.392 0.284
L/D = 1.8 -0.184 0.570 0.376 -0.186 0.545 0.390 -0.137 0.460 0.356 -0.127 0.428 0.298

Table 5.5: Cpmin
values with corresponding locations
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Figure 5.23: Mean Cp distribution for
M∞ = 0.76 and L/D = 0.6

0 0.2 0.4 0.6
-0.35

-0.25

-0.15

-0.05

0.05

Figure 5.24: Mean Cp distribution for
M∞ = 0.76 for L/D = 0.6, with BC set
to constant value

(2004) for L/D = 0.6 case with and without exhaust plume. As shown, an almost constant
difference in mean Cp distribution up to approximately x/D ≈ 0.55 can be observed between
the cases with and without exhaust plume. After x/D ≈ 0.55, the current L/D = 0.6 case
without exhaust plume show a sudden increase of mean Cp distribution. This sudden increase
is not physical and can be attributed to the presence of small structure at x/D ≈ 0.55 (see
Figure 5.20(a)), which probably occur due to the processing or laser light reflection. Also at
x/D = 0, where the mean Cp distribution suddely decreases for the case without plume or
increases for the case with plume, presence of small structures can be observed. Accoring to
Deprés et al. (2004), for the fluidic reattachment case (L/D = 0.6), the presence of exhaust
plume causes the static pressure all along the nozzle surface to decrease due to the jet-suction
effect. However, as shown in Figure 5.23, the mean Cp distribution for the current case
increases when exhaust plume is present. Also as reported by Bergman (1970), due to the
presence of plume there is entrainment which acts to decrease the pressure. This increase can
be attributed to the value of the boundary condition set at the upper left corner of the frame
when computing the pressure. The value of this boundary condition is not constant and it
may cause the mean Cp value to shift. A possible solution is to set a constant value for the

MSc. Thesis Qais Payanda



82 Experimental Assessment

0 0.2 0.4 0.6 0.8
-0.25

-0.15

-0.05

0.05

Figure 5.25: Mean Cp distribution for
M∞ = 0.76 and L/D = 0.9
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Figure 5.26: Mean Cp distribution for
M∞ = 0.76 and L/D = 1.2

boundary condition, the result of which is shown in Figure 5.24. The mean Cp results for
the cases with and without exhaust plume as reported by Deprés et al. (2004), show a larger
difference than the current cases. A difference of approximately 0.1 is observed for the data
points from Deprés et al. (2004) whereas the current data show a difference of approximately
0.05 between the cases with and without exhaust plume.

Figure 5.25 show the mean Cp distribution for M∞ = 0.76 and L/D = 0.9 with and without
exhaust plume. This case is similar to fluidic reattachment case (L/D = 0.6). However, in
contrast to L/D = 0.6 case, the presence of plume results in decrease of mean Cp distribution
(see Figure 5.25 and Table 5.5), which is also in agreement with Deprés et al. (2004). A sharp
decrease in mean Cp distribution can be observed at x/D = 0, similar to the L/D = 0.6 case.
Figure 5.26 show the mean Cp distribution for M∞ = 0.76 and L/D = 1.2 with and without
exhaust plume. For comparison, Figure 5.26 also show the results as reported by Deprés et al.
(2004), Deck and Thorigny (2007), Weiss and Deck (2011) and Meliga and Reijasse (2007)
for L/D = 1.2. The current results are in agreement with these reported results. Initially
the mean Cp distribution decreases up to x/D ≈ 0.55 which is then followed by an increase
indicating the onset of reattachment process further downstream. The difference between
plume on and plume off cases is small, which can be attributed to the fact that the jet-
suction effect as reported by Deprés et al. (2004) is absent for this hybrid case. As shown, the
case with exhaust plume display a slight decrease in mean Cp compared to the case without
plume, which is in agreement with the results from Deprés et al. (2004). However, after the
reattachment (x/D ≈ 1.1), the decrease in pressure seems to be larger, which can be linked
to the bigger impact of the plume in that region due to entertainment. By comparing the Cp
values of the present experiment with Deprés et al. (2004), a poor agreement can be observed,
especially close at the base corner and towards the reattachment point, with an approximate
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deviation of 0.05. Better agreement can be seen at approximately x/D ≈ 0.6.
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Figure 5.27: Mean Cp distributions for M∞ = 0.76 and L/D = 1.8

Figure 5.27 show a comparison of the mean wall Cp distribution for M∞ = 0.76 and L/D =
1.8 with and without exhaust plume with the results obtained by Deprés et al. (2004) and
Statnikov et al. (2013). In this case the reattachment is on the nozzle (solid reattachment).
The mean Cp distribution for present measurements with and without exhaust plume are
almost similar up x/D ≈ 1.4. After this point due to the influence of the plume the wall
pressure distribution start to deviate. The result from present measurement without exhaust
plume is in agreement with the result for L � D obtained by Deprés et al. (2004) and
Statnikov et al. (2013). A slight decrease in mean Cp distribution can be observed at x/D ≈
0.6 for the case without plume.

Figure 5.29 show mean Cp distribution for M∞ = 2.20 and for all nozzle lengths. For the
comparison also the mean Cp distribution for M∞ = 0.76 and all nozzle lengths is provided.
By comparing Figure 5.29 with Figure 5.28 and Table 5.5, a lower pressure can be observed
for the supersonic case, which can be expected as a result of higher Mach number. Moreover,
Figure 5.29 display a sharp pressure drop at x/D = 0 which can be attributed to the presence
of an expansion fan at the edge. This expansion fan causes the flow to accelerate and hence
reduce the pressure. Since the expansion fan is isentropic, the pressure computation can still
be performed. The only issues for the pressure computation is oblique shock waves, which
are not isentropic and which can disrepute the validity of the used pressure reconstruction
technique. The current supersonic pressure results are not compared with the literature due
lack of investigation on the supersonic pressure in the wake of an axisymmetric BFS flows.

Due to shock wave the total pressure and the Mach number downstream of the shock are dif-
ferent. These downstream properties are obtained by using Schlieren images and the following
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oblique shock wave relations (Nasa, 2017):

cot (θ) = tan (µ)

(
(γ + 1)M2

2
(
M2sin2 (µ)− 1

) − 1

)
(5.3)

M2
1 sin2 (µ− θ) =

(
(γ − 1)M2sin2 (µ) + 2

2γM2sin2 (µ)− (γ − 1)

)
(5.4)

pt1
pt0

=

(
(γ + 1)M2sin2 (µ)

(γ − 1)M2sin2 (µ) + 2

) γ
γ−1
(

(γ + 1)

2γM2sin2 (µ)− (γ − 1)

) 1
γ−1

(5.5)

where θ is the deflection angle, µ is the shock angle, M and M1 are the upstream and
downstream Mach number and finally pt0 and pt1 are the upstream and downstream total
pressures, respectively. The shock angle, µ in Equation (5.3) is determined from the Schlieren
images, which than is used to estimate the Mach number upstream of the shock (M = 1/sinµ)
and also the deflection angle, θ. Knowing the deflection and shock angle, Equation (5.4) is
then used to determine the Mach number downstream of the shock. From the Schlieren image
a shock angle of µ = 30.8◦ is found. Finally, using Equation (5.5) result in a total pressure of
pt0 = pt1 · 0.999 downstream of the shock. This show that the total pressure does not change
that much after the shock.
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Figure 5.28: Mean Cp distributions for M∞ = 0.76

Figure 5.30 and Figure 5.31 show the mean Cp distribution along the base for M∞ = 0.76
and M∞ = 2.20 flow cases, respectively. Both flow cases show a nearly homogeneous base
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Figure 5.29: Mean Cp distributions for M∞ = 2.20

Cp distribution up to y/D ≈ 0.45 for all nozzle lengths, with and without exhaust plume.
For subsonic cases, as shown in Figure 5.30, similar to the mean Cp distribution along the
nozzle surface, the L/D = 0.6 case without exhaust plume show a large decrease in base Cp
distribution compared to plume on case. Similar explanation for this decrease as given before
for Cp distribution along the nozzle also applies for the base Cp distribution. Furthermore,
from Figure 5.30 it can be seen that for increasing nozzle length the base pressure slightly
increases. For L/D = 0.9, 1.2 and 1.8 with exhaust plume, the pressure seems to decrease
slightly compared to plume on cases.

Reverse Flow Probability

According to Spazzini et al. (2001), reverse flow probability (RFP) can be obtained by ana-
lyzing the percentage of time a vector is directed upstream. RFP can be useful in determining
the unsteadiness of the flow but also the mean position of the reattachment point (Spazzini
et al., 2001), which for the current investigation have been obtained by taking the streamwise
location where the zero streamwise velocity contour meets the geometry or the plume, as
discussed in section 5.2.2.

Figures 5.32 and 5.33 show the RFP organization for M∞ = 0.76 and M∞ = 2.20, respectively.
For RFP = 1, the flow (vectors) is always directed upstream, while for RFP = 0, the the
flow (vectors) is directed downstream 100% of the time. For both subsonic and supersonic
flow cases it can be observed that the presence of exhaust plume does not seems to affect
the overall RFP organization, except for the L/D = 0.6 case where the fluidic reattachment
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Figure 5.30: Mean base Cp distribution for
M∞ = 0.76
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Figure 5.31: Mean radial Cp distributions
for M∞ = 2.2

occur. For the subsonic flow cases the region where the flow is essentially directed upstream
(RFP = 1) appears to be located approximately between x/D = 0.2 - x/D = 0.9 for all
flow cases, except for the L/D = 0.6. Without exhaust plume, a large region where the
flow is essentially directed upstream (RFP = 1) can be observed at the nozzle exit for the
L/D = 0.6 compared to other cases. This suggest that the flow (recirculation region) may
extent to inside the nozzle, as previously mentioned in section 5.2.2. When the exhaust plume
is present, the location of the region with RFP = 1 is moved to the nozzle surface. In all flow
cases a secondary recirculation region can be observed at the corner of step (x/D = 0). For
L/D = 0.6 at M∞ = 0.76, also very small recirculation can be seen at x/D = 0.5 when the
plume is absent. When plume is present this small recirculation disappear and the secondary
recirculation region at the corner reduces in size. This can be attributed to jet-suction which
has a stabilizing effect, as mentioned previously in sections 5.2.2 and 5.2.2. For the supersonic
flow cases, the region where the flow is essentially directed upstream (RFP = 1), are moved
slightly upstream towards the corner. Also for the supersonic small secondary recirculation
region can be observed at the corner, however these are much smaller compared to subsonic
flow cases. For L/D = 1.8, the region where the flow is essentially directed upstream is bigger
and longer compared to other flow cases.
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Figure 5.32: Reverse flow probabily for M∞ = 0.76 case for increasing nozzle length (top to
bottom); without plume (left) and with plume (right)
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Figure 5.33: Reverse flow probability for M∞ = 2.20 case for increasing nozzle length (top to
bottom); without plume (left) and with plume (right)
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Chapter 6

Conclusions and Recommendations

This chapter provides conclusions and recommendation for the future work that are drawn
from the work presented in chapter 5.

6.1 Conclusions

PIV and Schlieren experiments have been carried out to investigate the effect of varying
nozzle length and the presence of exhaust plume on the flow topology and mean pressure
distribution in the wake of an axisymmetric BFS at freestream Mach numbers of M∞ =
0.76 and M∞ = 2.20, respectively. For this investigation four different nozzle configurations
with the lengths of L/D = 0.6, 0.9, 1.2 and 1.8 with and without the presence of exhaust
plume have been tested. These tests showed that, depending on the nozzle length, the shear
layer will impinge on the nozzle (solid reattachment), on the flow downstream of the nozzle
(fluidic reattachment) and intermittently on the nozzle and on the flow downstream (hybrid
reattachment).

The wake of an axisymmetric BFS at freestream Mach numbers of M∞ = 0.76 and M∞ = 2.20
differ significantly. For M∞ = 0.76 flow cases, it is found that an increase in nozzle length
and presence of exhaust plume did not cause considerable change in mean reattachment
length (LR). In contrast to reattachment length, the absolute maximum backflow velocity
(|ūmin|) was found to decrease for longer nozzles. From the relative turbulent kinetic energy
(TKE

/
U2
∞) results, it is noticed that the presence of exhaust plume for M∞ = 0.76 cases did

not affect the organization of the TKE levels except for L/D = 0.6 case. The cases with hybrid
reattachment (L/D = 0.9 and 1.2) show higher TKE levels due to an increased unsteadiness.
Furthermore, the L/D = 1.8 case with solid reattachment has shown a considerably lower
TKE

/
U2
∞ compared to other cases.

For M∞ = 2.20 flow cases, the mean velocity results showed a longer reattachment length
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for an increase in nozzle length and presence of exhaust plume compared to M∞ = 0.76 flow
cases. In contrast to M∞ = 0.76 flow cases, an increase in the absolute maximum backflow
velocity (|ūmin|) was found for longer nozzles. In general, for M∞ = 2.20 flow cases lower
TKE

/
U2
∞ levels have been observed compared to M∞ = 0.76 flow cases. For L/D = 1.8

case, where the shear layer impinges on the nozzle (solid reattachment), significantly higher
TKE

/
U2
∞ levels were found compared to other supersonic flow cases. Moreover, the presence

of exhaust plume caused elongation of the region with elevated TKE
/
U2
∞ levels.

From mean pressure results large differences in pressure fields were found for M∞ = 0.76 and
M∞ = 2.20 flow cases. Results showed a fixed location of the low-pressure region downstream
of the base for different flow cases with and without exhaust plume and for different nozzle
lengths. Furthermore, an increase in nozzle length was found to result in a higher local
pressure region at the nozzle exit. As result of this, the exhaust plume of the subsonic case
was more over-expanded, whereas for supersonic case the exhaust plume was less under-
expanded.

From the comparison of cases with a long nozzle configuration without exhaust plume and
the cases with a short nozzle configuration but with an exhaust plume, it is observed that
the presence of exhaust plume cannot be accurately modelled by replacing the exhaust plume
with a solid geometry.

6.2 Recommendations

Due to time constrain, the exhaust plume for the present investigation was not seeded. How-
ever, for better characterization of the complex turbulent interaction developing in the wake
of the model between the external flow and the supersonic exhaust plume, for the future
work it is recommended to introduce seeding particles (TiO2 particles) in the exhaust plume.
Furthermore, seeding the exhaust plume will also solve the problems related to occurrence of
outliers in the plume region due to the absent of seeding particle in that region, which can
be problematic for the subsequent analysis of pressure.

During the experiments with exhaust plume on, due to the control system of the compressed
air supply, the total jet pressure that was set, dropped about 10% over the duration of each
run (approximately 30 seconds). In order to avoid that total pressure drop during each run,
it is recommended to revise the system that controls the jet pressure or another option is to
reduce the pressure in the tanks from 300 bar to approximately 100 bar. From the Schlieren
results, it is evident that for M∞ = 0.76 flow cases the flow in the nozzle of over-expanded
plume separates. The flow separation in the nozzle may reduce the jet Mach number. In
order to avoid flow separation in the nozzle for over-expanded plume, it recommended to use
higher total jet pressure or use bell shaped (contoured) nozzle instead.

For the present investigation a pressure tap located 65 mm upstream of the step is used to
measure the static pressure during a run. This pressure tap is outside of the FOV that is
investigated. In order to validated the reconstructed pressure field, it is highly recommended
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to measure the reference pressure in the FOV. For the current investigation this mean using
the most downstream pressure tap, which is in the FOV that has to be investigated. Finally,
it also is recommended to use fully closed nozzle exit when conducting experiments without
exhaust plume since there is possibility that the flow moves inside the nozzle.
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Altitude [m] Velocity [m/s] Temperature [K] Pressure [Pa] a [m/s] Mach

0 0 288,15 101325 340,3 0

100 38,6 287,5 100129,4 339,9 0,11

200 56,9 286,85 98945,2 339,5 0,17

300 69,8 286,2 97772,4 339,1 0,21

400 81,4 285,55 96610,9 338,8 0,24

500 91,9 284,9 95460,6 338,4 0,27

600 101,4 284,25 94321,4 338,0 0,3

700 110,0 283,6 93193,2 337,6 0,33

800 117,9 282,95 92076,0 337,2 0,35

900 125,3 282,3 90969,7 336,8 0,37

1000 132,4 281,65 89874,1 336,4 0,39

1100 139,2 281 88789,3 336,0 0,41

1200 145,8 280,35 87715,0 335,7 0,43

1300 152,2 279,7 86651,4 335,3 0,45

1400 158,4 279,05 85598,2 334,9 0,47

1500 164,4 278,4 84555,4 334,5 0,49

1600 170,1 277,75 83522,9 334,1 0,51

1700 175,7 277,1 82500,6 333,7 0,53

1800 181,0 276,45 81488,5 333,3 0,54

1900 186,2 275,8 80486,4 332,9 0,56

2000 191,2 275,15 79494,4 332,5 0,57

2100 196,0 274,5 78512,3 332,1 0,59

2200 200,7 273,85 77540,0 331,7 0,6

2300 205,1 273,2 76577,5 331,4 0,62

2400 209,5 272,55 75624,7 331,0 0,63

2500 213,7 271,9 74681,6 330,6 0,65

2600 217,7 271,25 73747,9 330,2 0,66

2700 221,5 270,6 72823,8 329,8 0,67

2800 225,3 269,95 71909,0 329,4 0,68

2900 228,9 269,3 71003,6 329,0 0,7

3000 232,3 268,65 70107,4 328,6 0,71

3100 235,7 268 69220,5 328,2 0,72

3200 238,9 267,35 68342,6 327,8 0,73

3300 242,1 266,7 67473,7 327,4 0,74

3400 245,1 266,05 66613,9 327,0 0,75

3500 248,1 265,4 65762,9 326,6 0,76

3600 251,0 264,75 64920,7 326,2 0,77

3700 253,8 264,1 64087,3 325,8 0,78

3800 256,5 263,45 63262,6 325,4 0,79

3900 259,2 262,8 62446,5 325,0 0,8

4000 261,7 262,15 61638,9 324,6 0,81

4100 264,3 261,5 60839,8 324,2 0,82

4200 266,7 260,85 60049,2 323,8 0,82

4300 269,1 260,2 59266,8 323,4 0,83

4400 271,4 259,55 58492,8 323,0 0,84

4500 273,7 258,9 57726,9 322,6 0,85

4600 275,9 258,25 56969,2 322,2 0,86

4700 278,1 257,6 56219,6 321,8 0,86

4800 280,3 256,95 55478,0 321,3 0,87
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4900 282,5 256,3 54744,3 320,9 0,88

5000 284,6 255,65 54018,5 320,5 0,89

5100 286,7 255 53300,5 320,1 0,9

5200 288,8 254,35 52590,2 319,7 0,9

5300 290,9 253,7 51887,6 319,3 0,91

5400 293,0 253,05 51192,7 318,9 0,92

5500 295,1 252,4 50505,3 318,5 0,93

5600 297,2 251,75 49825,4 318,1 0,93

5700 299,3 251,1 49152,9 317,7 0,94

5800 301,5 250,45 48487,8 317,3 0,95

5900 303,6 249,8 47830,0 316,8 0,96

6000 305,8 249,15 47179,5 316,4 0,97

6100 308,1 248,5 46536,1 316,0 0,97

6200 310,4 247,85 45899,9 315,6 0,98

6300 312,7 247,2 45270,7 315,2 0,99

6400 315,1 246,55 44648,5 314,8 1

6500 317,5 245,9 44033,3 314,4 1,01

6600 320,0 245,25 43424,9 313,9 1,02

6700 322,6 244,6 42823,4 313,5 1,03

6800 325,2 243,95 42228,6 313,1 1,04

6900 327,8 243,3 41640,6 312,7 1,05

7000 330,4 242,65 41059,2 312,3 1,06

7100 333,1 242 40484,3 311,9 1,07

7200 335,8 241,35 39916,1 311,4 1,08

7300 338,5 240,7 39354,3 311,0 1,09

7400 341,2 240,05 38798,9 310,6 1,1

7500 344,0 239,4 38249,8 310,2 1,11

7600 346,7 238,75 37707,1 309,8 1,12

7700 349,5 238,1 37170,7 309,3 1,13

7800 352,3 237,45 36640,4 308,9 1,14

7900 355,1 236,8 36116,3 308,5 1,15

8000 357,9 236,15 35598,2 308,1 1,16

8100 360,8 235,5 35086,2 307,6 1,17

8200 363,6 234,85 34580,2 307,2 1,18

8300 366,5 234,2 34080,1 306,8 1,19

8400 369,4 233,55 33585,9 306,4 1,21

8500 372,3 232,9 33097,5 305,9 1,22

8600 375,2 232,25 32614,8 305,5 1,23

8700 378,2 231,6 32137,9 305,1 1,24

8800 381,1 230,95 31666,6 304,7 1,25

8900 384,1 230,3 31201,0 304,2 1,26

9000 387,1 229,65 30740,9 303,8 1,27

9100 390,1 229 30286,3 303,4 1,29

9200 393,1 228,35 29837,2 302,9 1,3

9300 396,1 227,7 29393,5 302,5 1,31

9400 399,2 227,05 28955,1 302,1 1,32

9500 402,2 226,4 28522,1 301,6 1,33

9600 405,3 225,75 28094,3 301,2 1,35

9700 408,4 225,1 27671,7 300,8 1,36

9800 411,5 224,45 27254,3 300,3 1,37
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9900 414,6 223,8 26842,0 299,9 1,38

10000 417,7 223,15 26434,8 299,5 1,39

10100 420,8 222,5 26032,5 299,0 1,41

10200 424,0 221,85 25635,3 298,6 1,42

10300 427,1 221,2 25243,0 298,2 1,43

10400 430,3 220,55 24855,5 297,7 1,45

10500 433,5 219,9 24472,9 297,3 1,46

10600 436,7 219,25 24095,0 296,8 1,47

10700 439,9 218,6 23721,9 296,4 1,48

10800 443,1 217,95 23353,5 296,0 1,5

10900 446,3 217,3 22989,8 295,5 1,51

11000 449,5 216,65 22630,6 295,1 1,52

11100 452,8 216,65 22276,6 295,1 1,53

11200 456,0 216,65 21928,1 295,1 1,55

11300 459,3 216,65 21585,0 295,1 1,56

11400 462,5 216,65 21247,3 295,1 1,57

11500 465,8 216,65 20914,9 295,1 1,58

11600 469,1 216,65 20587,7 295,1 1,59

11700 472,4 216,65 20265,6 295,1 1,6

11800 475,7 216,65 19948,5 295,1 1,61

11900 479,0 216,65 19636,4 295,1 1,62

12000 482,3 216,65 19329,2 295,1 1,63

12100 485,6 216,65 19026,8 295,1 1,65

12200 488,9 216,65 18729,1 295,1 1,66

12300 492,2 216,65 18436,1 295,1 1,67

12400 495,6 216,65 18147,7 295,1 1,68

12500 498,9 216,65 17863,8 295,1 1,69

12600 502,3 216,65 17584,3 295,1 1,7

12700 505,6 216,65 17309,2 295,1 1,71

12800 509,0 216,65 17038,4 295,1 1,72

12900 512,3 216,65 16771,8 295,1 1,74

13000 515,7 216,65 16509,4 295,1 1,75

13100 519,1 216,65 16251,2 295,1 1,76

13200 522,4 216,65 15996,9 295,1 1,77

13300 525,8 216,65 15746,6 295,1 1,78

13400 529,2 216,65 15500,3 295,1 1,79

13500 532,6 216,65 15257,8 295,1 1,8

13600 536,0 216,65 15019,1 295,1 1,82

13700 539,4 216,65 14784,1 295,1 1,83

13800 542,9 216,65 14552,8 295,1 1,84

13900 546,3 216,65 14325,1 295,1 1,85

14000 549,8 216,65 14101,0 295,1 1,86

14100 553,3 216,65 13880,4 295,1 1,88

14200 556,8 216,65 13663,3 295,1 1,89

14300 560,3 216,65 13449,5 295,1 1,9

14400 563,9 216,65 13239,1 295,1 1,91

14500 567,4 216,65 13032,0 295,1 1,92

14600 571,0 216,65 12828,1 295,1 1,94

14700 574,6 216,65 12627,4 295,1 1,95

14800 578,2 216,65 12429,8 295,1 1,96
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14900 581,9 216,65 12235,4 295,1 1,97

15000 585,5 216,65 12043,9 295,1 1,98

15100 589,2 216,65 11855,5 295,1 2

15200 592,9 216,65 11670,0 295,1 2,01

15300 596,6 216,65 11487,5 295,1 2,02

15400 600,3 216,65 11307,7 295,1 2,03

15500 604,0 216,65 11130,8 295,1 2,05

15600 607,8 216,65 10956,7 295,1 2,06

15700 611,6 216,65 10785,3 295,1 2,07

15800 615,3 216,65 10616,5 295,1 2,09

15900 619,1 216,65 10450,4 295,1 2,1

16000 623,0 216,65 10286,9 295,1 2,11

16100 626,8 216,65 10126,0 295,1 2,12

16200 630,6 216,65 9967,6 295,1 2,14

16300 634,5 216,65 9811,6 295,1 2,15

16400 638,4 216,65 9658,1 295,1 2,16

16500 642,3 216,65 9507,0 295,1 2,18

16600 646,2 216,65 9358,3 295,1 2,19

16700 650,1 216,65 9211,9 295,1 2,2

16800 654,0 216,65 9067,8 295,1 2,22

16900 657,9 216,65 8925,9 295,1 2,23

17000 661,9 216,65 8786,3 295,1 2,24

17100 665,9 216,65 8648,8 295,1 2,26

17200 669,9 216,65 8513,5 295,1 2,27

17300 673,8 216,65 8380,3 295,1 2,28

17400 677,9 216,65 8249,2 295,1 2,3

17500 681,9 216,65 8120,1 295,1 2,31

17600 685,9 216,65 7993,1 295,1 2,32

17700 690,0 216,65 7868,1 295,1 2,34

17800 694,0 216,65 7745,0 295,1 2,35

17900 698,1 216,65 7623,8 295,1 2,37

18000 702,2 216,65 7504,5 295,1 2,38

18100 706,3 216,65 7387,1 295,1 2,39

18200 710,4 216,65 7271,5 295,1 2,41

18300 714,5 216,65 7157,8 295,1 2,42

18400 718,6 216,65 7045,8 295,1 2,44

18500 722,7 216,65 6935,6 295,1 2,45

18600 726,9 216,65 6827,1 295,1 2,46

18700 731,1 216,65 6720,2 295,1 2,48

18800 735,2 216,65 6615,1 295,1 2,49

18900 739,4 216,65 6511,6 295,1 2,51

19000 743,6 216,65 6409,7 295,1 2,52

19100 747,8 216,65 6309,5 295,1 2,53

19200 752,0 216,65 6210,8 295,1 2,55

19300 756,2 216,65 6113,6 295,1 2,56

19400 760,4 216,65 6017,9 295,1 2,58

19500 764,7 216,65 5923,8 295,1 2,59

19600 768,9 216,65 5831,1 295,1 2,61

19700 773,2 216,65 5739,9 295,1 2,62

19800 777,4 216,65 5650,1 295,1 2,63
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19900 781,7 216,65 5561,7 295,1 2,65

20000 786,0 216,65 5474,7 295,1 2,66

20100 790,3 216,75 5389,0 295,1 2,68

20200 794,6 216,85 5304,7 295,2 2,69

20300 798,9 216,95 5221,7 295,3 2,71

20400 803,2 217,05 5140,0 295,3 2,72

20500 807,5 217,15 5059,6 295,4 2,73

20600 811,8 217,25 4980,5 295,5 2,75

20700 816,1 217,35 4902,5 295,5 2,76

20800 820,5 217,45 4825,8 295,6 2,78

20900 824,8 217,55 4750,3 295,7 2,79

21000 829,2 217,65 4676,0 295,8 2,8

21100 833,5 217,75 4602,9 295,8 2,82

21200 837,9 217,85 4530,9 295,9 2,83

21300 842,3 217,95 4460,0 296,0 2,85

21400 846,6 218,05 4390,2 296,0 2,86

21500 851,0 218,15 4321,5 296,1 2,87

21600 855,4 218,25 4253,9 296,2 2,89

21700 859,8 218,35 4187,4 296,2 2,9

21800 864,2 218,45 4121,8 296,3 2,92

21900 868,6 218,55 4057,4 296,4 2,93

22000 873,0 218,65 3993,9 296,4 2,95

22100 877,4 218,75 3931,4 296,5 2,96

22200 881,8 218,85 3869,9 296,6 2,97

22300 886,2 218,95 3809,3 296,6 2,99
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(a) L/D = 0.6 (b) L/D = 0.9

(c) L/D = 1.2 (d) L/D = 1.8

Figure C.1: Schlieren mean flow field results at M∞ = 0.7, p0 = 2.0 bar and p0,jet = 0 bar
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(a) L/D = 0.6 (b) L/D = 0.9

(c) L/D = 1.2 (d) L/D = 1.8

Figure C.2: Schlieren mean flow field results at M∞ = 2.2, p0 = 2.5 bar and p0,jet = 0 bar
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