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Abstract

Interaction of Grid Generated Turbulence with Expansion Waves
by
Savvas S. Xanthos

Advisor: Professor Yiannis Andreopoulos

The interaction of traveling expansion waves with grid-generated turbulence was
investigated in a large-scale shock tube research facility. The incident shock and the
induced flow behind it passed through a rectangular grid, which generated a nearly
homogeneous and nearly isotropic turbulent flow. As the shock wave exited the open end
of the shock tube, a system of expansion waves was generated which traveled upstream
and interacted with the grid-generated turbulence.

The Mach number of the incoming flows investigated was about 0.3 hence
interactions are considered as interactions with an almost incompressible flow. Mild
interactions with expansion waves, which generated expansion ratios of the order of 1.8,
were achieved in the present investigations. In that respect the compressibility effects
started to become important during the interaction.

A custom designed vorticity probe was used to measure for the first time the rate-
of-strain, the rate-of-rotation and the velocity-gradient tensors in several of the present
flows. Custom made x-hotwire probes were initially used to measure the flow quantities

simultaneously at different locations inside the flow field.
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Although the strength of the generated expansion waves was mild, S = [%J] = 50

EW
0100 s, the effect on damping fluctuations of turbulence was clear. Vorticity
fluctuations were reduced dramatically more than velocity or pressure fluctuations.
Attenuation of longitudinal velocity fluctuations has been observed in all
experiments. It appears that the attenuation increases in interactions with higher Reynolds
number. The data of velocity fluctuations in the lateral directions show no consistent

behavior change or some minor attenuation through the interaction. The present results
. . x .
clearly show that in most of the cases, attenuation occurs at large Hdlstances where

length scales of the incoming flow are high and turbulence intensities are low. Thus large
in size eddies with low velocity fluctuations are affected the most by the interaction with
the expansion waves. Spectral analysis indicated that spectral energy is shifted after the
interaction to lower wave numbers suggesting that the typical length scales of turbulence

are increased after the interaction.
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a sonic speed
G, constant pressure heat capacity
Gy constant volume heat capacity
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dU/dy lateral derivative of mean longitudinal velocity
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) local boundary layer thickness
Ap pressure drop
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I current

Ry wire resistance

v Voltage

K pressure drop coefficient
K; wave number
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A pressure gradient parameter
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total pressure fluctuations
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Chapter 1: Introduction

1.1. Summary of Research

The interactions of shock waves and expansion waves with turbulent flows are of
great practical importance in many engineering applications since they considerably alter
the fluid field. Although a substantial amount of work has been devoted in the past to
study the behavior of turbulent flows, turbulence remains an unsolved problem for the
science and engineering community. For example, there is a need to be able to predict
and control high subsonic to high supersonic speed flows for optimal design of aerospace
vehicles. In this Mach number range, large variations in pressure, density or temperature
can take place that can have an impact on the dynamics of turbulence. Improving
prediction capabilities and providing effective control of compressible flows requires an
accurate description of the large and small scales dynamics as well as the time-averaged
statistical properties of the flow. Thus, a better fundamental understanding of the
turbulent flow structure is essential.

Most of the work on viscous interaction of compressible turbulence with waves
has been heavily concentrated on interaction with shock waves in an effort to alleviate its
adverse effects on the flow. For example, the unsteady interaction of a moving shock
wave with nearly homogeneous and isotropic decaying compressible turbulence reveals
attenuation of the shock wave’s strength as a result of the interaction with the turbulent
flow field, which depends on the mesh size of the grid or its Reynolds number, the flow
Mach number and the initial Mach number of the shock wave. Finer grids produce

turbulence, which attenuates the shock wave more than coarse grids at the same Mach
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number. Amplification of pressure fluctuations after the interaction is observed which
also depends on grid size (initial turbulence level) and grid shock strength.
The objective of the present work is to increase the physical understanding of
compressible turbulence interacting with expansion waves focusing on issues such as
attenuation of turbulence intensity and pressure fluctuations based on grid size, reduction
in skin friction and issues of relaminarization. The basic understanding of the physics of
such a flow was obtained through investigations in conveniently selected and reasonably
simplified flow configurations. A decaying compressible grid-generated homogeneous
and isotropic turbulent flow interacted with a planar expansion wave in a shock tube to
explore the potentially favorable effects of expansion waves on turbulence. A schematic
of this interaction is shown in Figures 1.1 and 1.2.
It should be expected, similar to the case of shock wave—turbulence interaction, see
Andreopoulos et al.!, that expansion wave-turbulence interaction will depend on:

a) the characteristics of the interacting expansion wave like strength, relative

orientation to the incoming flow, and location and shape,

b) the state of turbulence of the incoming flow as it is characterized by the

fluctuation levels of velocity, density, pressure and entropy and length scales ,

¢) the level of compressibility of the incoming flow, and

d) the flow geometry and boundary conditions.
All the above issues and more were addressed with the aid of the Large Shock Tube
Research Facility (STURF) located in the Mechanical Engineering Department that
provides a platform for high spatial and temporal resolution measurements of turbulence.

The later combined with the small size of transducers and probes of high frequency
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response as well as with single hotwires, X hotwire probes and a Vorticity probe allowed

for the investigation of all the issues mentioned above.
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Figure 1.1: Schematic of Interaction of expansion waves with isotropic turbulence.
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Figure 1.2: CFD modeling of the Interaction of expansion waves with isotropic
turbulence. Contours of X — Velocity [m/s].
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Chapter 2: Background Information

2.1. Introduction

Shock waves and expansion waves occur frequently in many technological applications.
The supersonic flow over a blunt body is a basic example of a strong bow shock wave
creation and the supersonic flow over a convex corner is a typical example of an
expansion fan creation. The generation of shock waves or expansion waves can be
observed in many engineering applications, i.e. inside turbines or compressors of turbine
engines as a result of the supersonic flow and unsteady flow phenomena. These moving
waves can interact with rotating or stationary blades as well as with the flow and may
result in phenomena, which can affect the operation and performance of the engine.
Another example of shock wave and expansion wave interaction with turbulence is in
hypersonic viscous flows attached on the surface of hypervelocity vehicles in the form of
boundary layers or separated from it, in the form of vortex emanating from a control
surface. These flows can be significantly affected, for example, after passing through a
shock wave or an expansion zone greatly affecting the performance of the vehicle.

In particular, one of the phenomena is the interaction of passing shock waves and
expansion waves with free stream turbulence, which can be considered as nearly isotropic
and nearly homogeneous. A unique facility has been developed at CCNY in which the
Mach number of the flow behind the reflected shock can be controlled independently
from the shock wave strength up to a certain extent. This has been achieved by replacing
the end wall of the shock tube with a porous wall of variable porosity. Having a solid end
wall with a porosity value of zero [0] results in a total reflection of the incident shock

wave into another shock wave whereas having an open end wall, a porosity value of one
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[1], results in a reflection of the incident shock wave into an expansion wave. The later
configuration has been used for in the present work. The large size of this facility allows
measurements of turbulence with high spatial and temporal resolution (see Briassulis &
Andreopoulos®, Briassulis et al.’, Agui*). Thus, shock and expansion wave interactions
even with incompressible flows can be generated.

The objective of the present research should be clear; to explore the effects of
expansion waves on turbulence yet one could not clearly demonstrate the reasoning
behind this objective unless some background information, in a sort of a nutshell, on the
interaction of shock waves with grid turbulence was provided.

Past work on shock wave — turbulence interaction, which has been recently reviewed by
Andreopoulos et al.' has shown that the interaction between a shock wave and turbulent
flow is mutual and the coupling between them is very strong. Complex linear and non-
linear mechanisms are involved which can cause considerable changes in the structure of
turbulence and its statistical properties and alter the dynamics of the shock wave motion.
Amplification of velocity fluctuations and substantial changes in length scales are the
most important outcomes of interactions of shock waves with turbulence. This indicates
that such interactions may greatly affect mixing. Contrary to the shock wave interaction
with turbulence, outcomes of which are previously mentioned, the expansion wave
interaction with turbulence has to have attenuating effects on turbulence, reduction in
skin friction and possible relaminarization of the flow. This work has focused on an
idealized case of an interaction of a planar expansion wave traveling through a grid-
generated turbulence. This flow represents an interaction with a simplified yet relevant

geometry, which can be used to investigate basic physics and/or as a test case for
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turbulence modeling in computational fluid dynamics. One way to simulate
experimentally the aforementioned interaction is by taking advantage of the induced flow
behind a moving shock in a shock tube. This flow is passed through a turbulence-
generating grid and the decaying turbulence behind the incident shock interacts with the
expansion wave after it has been reflected from the end wall of the shock tube. Figure 1.1
shows a schematic of the flow interaction in the shock tube. This flow configuration in
the shock tube provides a platform to investigate some fundamental issues associated
with turbulence through its interaction with the moving expansion wave. A full
description of the incoming compressible decaying turbulence before the interaction can
be found in Briassulis et al.’.

In general, interactions of shock waves and expansion waves with turbulent flows are of
great practical importance in external or internal aerodynamics of engineering
applications since they considerably modify the fluid field by vorticity and entropy

production and transport.

2.2. Interactions of Expansion Waves with Grid Turbulence

Detailed experimental investigations of interactions of expansion waves with
homogeneous and isotropic turbulence simply do not exist. The only existing studies are
rather limited and have been confined to turbulent boundary layers, as it will be discussed
shortly.

Past work by many investigators’® has reported direct or indirect evidence
demonstrating that in supersonic flow past an expansion corner the boundary layer reverts

from turbulent state upstream of the corner to a laminar state downstream. This basically
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indicates that expansion regions reduce the level of turbulence activity within a
compressible boundary layer. This is not unexpected since the boundary layer after the
expansion corner encounters a favorable pressure gradient and a strong dilatation effect.
In fact, Narasimha and Viswanath'® attempted to identify a criterion for the occurrence of
such reversion, following the theoretical work of Narasimha and Sreenivasan'' performed
at low speeds, which utilizes the ratio of the pressure gradient to a characteristic
Reynolds stress gradient as the parameter governing the completion of reversion. This
method has been successful in correlating and predicting the flow development,
especially in the later stages of reversion. In fact, it has been suggested by the former
authors in their study, that when a so-called pressure gradient parameter defined by:

A=-pl @2.1)

T

is very large, reversion or relaminarization can occur. In this case according to the
author’s definition, reversion takes place if there is evidence either of the growth of a thin
new shear layer from the corner or a considerable change in the associated flow
characteristics downstream. In supersonic flows, the pressure gradient typically occurs
over a few boundary layer thicknesses at the most, hence equation (2.1) simplifies to the

form:

A=_2p 2.2)

To

Empirical values of A above 70 are considered large enough for both incompressible and

compressible flows, values that indicate the region of reversion or non-reversion. Here p’
is the pressure gradient through the acceleration, & is the local boundary thickness and 7,

is the wall shear stress in the boundary layers just upstream of the acceleration. Ap is the
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pressure drop after the interaction of the expansion fan with the boundary layer
(considered positive in an expansion; favorable pressure gradient) over a few &.

Even though the previously mentioned work shows some encouraging signs of
relaminarization, some of the lines of work discussed in the later paragraphs will indicate
that the issue of relaminarization is not one of superficial nature and surely not an issue
that is yet resolved.

Dussauge and Gaviglio' studied the rapid expansion of a turbulent boundary
layer in supersonic flow both analytically, based on the Rapid Distortion Theory (see
reference 45) and experimentally emphasizing on the effect of bulk dilatation on turbulent
fluctuations. The authors indicated that their Mach 1.76 turbulent boundary layer had
been relaminarized by the expansion. Following the same hypotheses as the previously
mentioned authors, Smith and Smits'® used Rapid Distortion Approximation (RDA) to
simplify the Reynolds Stress equations, retaining terms, which were then modeled as
functions of the Reynolds stress tensor and gradients of the mean flow. The modeled
equations were then evaluated by comparison of calculated results with experimental
results for the case of a Mach 2.84 turbulent boundary layer in a 20-deg centered
expansion. Very good agreement between the two sets was reported. The authors do not
mention any evidence of reversion and based on their results mention that caution should
be taken before using the term of “relaminarization”.

Moreover, Dawson et al.'* performed multipoint wall pressure measurements to

investigate the response of a Mach 3, fully developed, compressible boundary layer to a

centered and a gradual (g = 50) expansion, both of 7-deg and 14-deg deflection. They

also did not mention any evidence of relaminarization, since, although their r.m.s
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fluctuation levels decreased across the expansions, the r.m.s normalized by the local
static pressure remained nominally constant.

Johnson'> on the other hand recently presented turbulence measurement
downstream of a convex wall with expansion corner where the flow was relaminarized.
In this experiment the flow had yet to recover after its first distortion through a concave
wall, while compression corner preceded the flow of Smith and Smits. Successive
distortions in the flow have a rather non-linear effect and therefore all the effects of
expansion are considerably masked either by the non-equilibrium state of the flow
upstream of the expansion corner or by the simultaneous presence of flow distortions due
to streamline curvature. The total turning angle « of the flow imposes a normal pressure
gradient to the wall flow, which may have a stabilizing effect if the streamline curvature
is convex or may cause a destabilizing effect if the curvature is concave.

In the hypersonic regime, the works by Bloy and Georgeer16, Hill'” and Lewis,
Gran and Kubota'® found no evidence of relaminarization of the boundary layers.

Recent work by Arnette, Samimy & Elliot'® and Dawson, Samimy and Arnette”
provided more detailed information on the structure of turbulent boundary layers through
expansion corners yet the authors did not mention any signs of relaminarization.

It was obvious from the reviewed literature that more fundamental work was
needed which can lead to better understanding of the phenomena related to interactions of
compressible turbulence with expansion waves.

Some of the fundamental aspects of turbulence can be studied better in flow
configurations where the flow is nearly homogeneous and turbulence is nearly isotropic.

The presence of 'a solid wall as a boundary in turbulent flows complicates its
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understanding by introducing large mean velocity gradients at the wall which are
responsible for the continuous production of turbulence. In order to better understand the
effects of expansion waves on turbulence, the interaction of grid-generated turbulence
with planar expansion waves was proposed. The effects of sudden expansion of zero
mean-shear turbulent flow have not been investigated before. The flow behind a
turbulence-generating grid contains a large scale of turbulent scales the size of which
depends on the distance from the grid and on its mesh size. This can establish an
experimental set up where the interaction of expansion waves with a flow having a

variety of turbulence scales can be studied. In flows where turbulence is distorted by a

rapidly applied mean shear S = (%q—)EW , the controlling parameter is the ratio of the
X

time-scale of turbulence L to the time scale of the applied strain, —éi.e. r= LS
q q

. L. 1s

the dissipative length scale and ¢ is the square root of the turbulence kinetic energy

(TKE). It appears that r is proportional to the pressure drop ratio and ¢° and inversely

2
proportional to the dissipation rate of turbulence kinetic energy ¢, i.e. r = gq_ Thus,

p €
this particular flow can provide different values of this scaling parameter at different
distances from the grid. The data to be obtained have the potential to provide significant
contributions in the modeling bompressible turbulence, which, so far, is entirely based on
subsonic flow concepts.

Preliminary results of the interaction of turbulence with expansion waves are
found in the work by Xanthos and Andreopoulos21 where a 20 percent overall reduction

in the r.m.s value of the pressure fluctuations after i.e. downstream of the interaction with
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the expansion waves is reported, indicative of the reduction in the range of the
fluctuations after the interaction. Based on the results briefly described above, along with
the mixed and controversial, one might describe, set of results presented in the literature
review, the objective of the present research work is clearly to investigate and explore
the potentially favorable effects of expansion waves on turbulence. In the very few
previous investigations of interactions of turbulence with expansion waves, the effects
due to stabilizing streamline curvature substantially masked the effects of turbulence
suppression due to flow expansion through the waves. In the proposed flow
configurations, planar expansion waves interacted with grid-generated turbulence in the
high-resolution shock tube research facility of CCNY, as mentioned in the introduction

part. This approach has assessed directly the effects of the interaction on turbulence.

2.3. The Shock Tube Facility

Unlike conventional low speed grid turbulence generated in a wind tunnel, the
present flow is produced in a shock tube behind a moving shock wave. Shock tubes are
traditionally used to study mainly moving shock waves and their reflections, or
interactions with solid surfaces and to generate high temperature environments. Our work
is not the first one to configure a stationary flow behind a moving shock wave. There
have been several attempts in the past to utilize the induced flow behind the shock to
study several flow phenomena. The experiments will be performed in the large scale
Shock Tube Research Facility (STURF), shown in Figures 2.1 and 2.2. The large
dimensions of this facility, 1 ft in diameter and 88 ft in length, provide an excellent

platform for high spatial resolution measurements of turbulence with long observation
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time of steady flow. The induced flow behind the traveling shock wave passes through a

turbulence-generating grid installed in the beginning of the working section of the

facility.
Figure 2.1: Shock Tube facility at CCNY, Driver section.
Vacuum Vacuum
Pump 1 Pump 2
Driver Diaphragm Grid EndWall [1 [1
Section Driven Driven Working / )
I Section Section Section JYiewport
(| Dump Tank

14.32” I

16ft

o e

| 16ft
Aft < 20ft < 201t > 8ft pe 8ft ’thl H

Q (@] Q

Figure 2.2: Schematic of Shock Tube Research Facility.
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Several turbulence-generating grids were used at different flow-Mach numbers. The
velocity of the induced flow behind the shock wave depends on the rupture pressure of
the diaphragm, i.e. driver strength P,.

The present shock tube facility has three distinguishing features. The most significant one
is the ability to control the strength of the reflected shock and the flow quality behind it
by using a removable porous end wall, placed at the flange between the dump tank and
the working section. The impact of shock wave on the end wall would result in a full
normal shock reflection in case of zero porosity (solid wall), a weak shock reflection in
case of moderate porosity, or expansion waves in case of porosity value of unity (open
end wall). The second feature of the facility is the ability to vary the total length of the
driven section by adding or removing one of the several pieces or modules that are
available or rearrange their layout. Proper arrangement of the layout of the various
modules of the shock tube can maximize the duration of the useful flow. The third feature
of the facility is its large diameter, which allows for a large area of uniform flow in the
absence of wall effects to be available while at the same time can provide a platform for
high spatial resolution in the measurements of turbulence.

There are two available working (test) sections, 2 feet and 8 feet in total length
respectively. Both are fitted with several single and X-type hotwires, a vorticity probe
and pressure ports (see Figures 2.3-2.7). This experimental set-up allows for time-
dependent measurements of one, two and three-velocity components, three components
of vorticity, total temperature, wall pressure and span wise pressure at several locations
of the flow field simultaneously. The pressure signals and velocity information can be

acquired with high frequency response Kulite pressure transducers type XCQ-062 both
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inserted in the flow (Mach Probes) and by pressure transducers flash mounted on the wall

along the working section.

m Pressure Taps
Mach Probes o Hot Wire
+veX HW Tap
D= +1.5% 1ft
’ . T ﬂ o o
SR Eg End-Wall
E: m Port9 [Port 16 mm [ D=+8ft

T 1

Port 17

Trigger/Port 6 Port 8 Port10 Port1l Port12 Port13 Port14 Portls

D=-10ft D=-4ft D=+1ft D=+2t D=+3ft D=+4ft D=+5f D=+6f D=+7ft

Figure 2.3: 2D schematic of the working section with
pressure and hot wiretap’s locations along the 8
ft length.

Figure 2.4: Actual 8ft section with all tabs shown.

X-Wires + Temp

m Pressure Taps

o Hot Wires Taps

+ve X
— i1 11
GRID éé ‘___J _J ‘EJ Open-End
ua j Wall
i D = 24in
Trigger Port12 Port13 Port14 Port15
D=48 in D=10in D=12in D= 14 in D=15.25in

Figure 2.5: 2 D schematic of the working section with

pressure and hot wiretap’s locations along the 2 ft

length. X-WIRE CASE.
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For details on the hot-wire techniques applicable to shock tubes see Briassulis et

al.*» >** where estimates of uncertainties in the measurements are also given.

Figure 2.6: 2ft working section — inside view with hotwires shown
— outside view with connectors.

m  Pressure Taps

o Hot Wires Taps

+tveX Vorticity Probe
__>
" Open-End
GRID i i_ Wall
i D = 24in
Trigger D=8in D=10in D=121in
D=48in

Figure 2.7: 2 D schematic of the working section with
pressure and vorticity probe locations along the 2 ft
length. VORTICITY PROBE CASE.

In addition the working section provides some view ports where non intrusive laser
imaging techniques can be utilized to visualize the flow i.e. interaction of the turbulent

field with expansion waves and/or shock waves.
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Figure 2.8: Pressure Transducer calibrator

Prior to any experiment, the shock tube is fitted with 9 pressure taps in the working
section and 8 in the driven section. The later transducers are placed throughout the driven
section in order to monitor the passage of the shock wave and also to check its uniformity
through the driven section. The shock tube is then pressurized so any leaks can be
detected prior to the experiments, and once the shock tube is free of any leaks a static
calibration is performed. The static response of the transducers is typically linear and
previous tests on these types of transducers revealed that the difference between the static
and dynamic calibration is only a few percent. The temperature effects are even smaller
for this type of transducers. A detailed description of the facility and the results of the
qualification tests can be found in the work by Briassulis”® and Briassulis et al.**.
Moreover the same transducers are calibrated statically in a pressure chamber that was
designing specifically for this reason. Figure 2.8 shows the actual assembly of the
pressure calibrator. Aluminum plates shown in Figure 2.9 are used as diaphragms and are

placed in between the driver and the conical sections. Initially, a circular 0.125in
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aluminum diaphragm (M1100) is inserted in between connecting flanges, which separate

the driver (dark section seen in Figure 3.1, red in true color) from the rest of the facility,

thus creating a partition.

Figure 2.9: Typical diaphragms, before burst/after burst

The 18% inch diameter diaphragms are machined with a 10 degree conical tapered end
mill that inscribes a mark shown in Figures 2.10 and 2.11 to create a weak point where
which will aid in rupturing the diaphragm and in controlling the bursting pressure. The
following Figure shows a typical scoring mark of 0.060 inches in depth that would result

in a bursting pressure of about 70psi.

Figure 2.10: 2D schematic of the diaphragm scoring depth.
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Figure 2.11: 2D Top View the diaphragm with score
Cut from Center extends 7 inches in each direction, 14in overall centered.

The basic operation consists of pressurizing the driver section until the dividing
diaphragm ruptures. Immediately after the diaphragm ruptures there is a simultaneous
generation of a shockwave, which travels downstream (into the driven section) at
supersonic speed and expansion waves which travels at the local sonic speed in the
opposite direction, upstream. The interface, which separates the gas initially in the driver
section from the gas in the driven section is known as the contact surface. This interface
is associated with sharp changes in density and temperature between the two gases. The
shock which is marked by a sharp jump in pressure induces uniform flow behind it while
the expansion fan produces a gradual drop in pressure. Structurally the facility can
withstand a maximum pressure differential between driver and drives sections of roughly
1000 to 1 which has the potential of producing shock Mach numbers of 3.2 and an
induced flow which reaches an asymptotic value of 1.89.

During experiments all signals are acquired simultaneously by using 4 National

Instruments PCI 6120 boards with 800 KSamples/sec sampling rate per each of the 16
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channels available at 16 bits resolution. The data acquisition system is triggered by the
arrival of the shock wave at the location of a wall pressure transducer 4 feet or 10 feet
upstream of the grid. The bulk flow parameters of the experiments that were performed
are listed individually according to the chapter that they are referred to, and include the
grid mesh density, the mesh size M, the flow Mach number M; behind the incident shock
of strength M, the Reynolds number based on mesh size Rey and mean flow velocity U,

and the solidity of the grids o, defined as the projected solid area per unit total area so
d 2
that o =1- [1 - M:| , where d is the rod diameter and M is the mesh size. All grids are

fabricated from circular steel rods and are shown in Figure 2.12 and Figure 2.13.

Figure 2.12: Typical grids.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BACKGROUND INFORMATION 20

Grid Wi Wo Wav d N Solidity
Meshes/in (in) (in) (in) (in) g

1x1 0.89 1.12 1.005 0.115 12 0.22

1.33x1.33 0.65 0.87 0.76 0.11 16 0.28

2 x2{a] 0.39 0.61 0.5 0.11 24 0.39

2x2[b] 0.43 0.59 0.51 0.08 23 0.28
3x3 0.25 0.41 0.33 0.08 35 0.39
4x4 0.18 0.31 0.245 0.065 47 0.44
5x5 0.16 0.24 0.2 0.04 61 0.37
8x8 0.1 0.15 0.125 0.025 99 0.36

Table 2.1: Grid Dimensions.

- I

l / N i

-t N -

Figure 2.13: Schematic of the grid with reference to Table 2.1.

All the Grid dimensions are given in Table 2.1. The values of M, are obtained in the flow
downstream of the grid and they are slightly smaller than the Mach number values
obtained in the approaching flow upstream of the grid. As the incoming shock wave
reaches the grid, it is transmitted through the grid with some minor losses due to viscous
effects while a very weak reflected shock travels as a small disturbance in the opposite
direction upstream as a result of the impact of the incident shock on the grid. This
disturbance is stronger at higher shock Mach numbers and in impacts with higher solidity

grids. This weakly reflected shock reduces the velocity and increases the temperature of
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the approaching flow by small amounts respectively. The induced flow behind the
incident shock, after it has experienced the effects of the upstream traveling weakly
reflected shock, passes through the grid to form a nearly homogeneous and isotropic

flow.

2.4. The Shock Tube Flow

Unlike conventional low speed grid turbulence, generated in a wind tunnel, the
present flow is produced in a shock tube behind a moving shock wave. Shock tubes are
traditionally used to mainly study moving shock waves and their reflections or
interactions with solid surfaces and to generate high temperature environments. This
work is not the first one to configure a stationary flow behind a moving shock wave.
There have been several attempts in the past to utilize the induced flow behind the shock
to study several flow phenomena. The results that are presented in this section are based
on the interaction of a shock wave reflected off the porous end wall given that no
experimental data yet exist for the interaction of grid generated turbulence with
expansion waves. They are given merely to illustrate the flow characteristics in the shock
tube.

The duration of the induced flow behind the shock wave may be limited by the
arrival of reflected expansion waves from the driver end wall which are formed during
the rupture of the diaphragm, by the arrival of shock or expansion waves formed at the
downstream end wall and the arrival of the contact surface which is characterized by a
large temperature gradient. To determine how different parameters (i.e. pressure, density,

temperature etc.) vary with time and position in the shock tube, a predictive tool was
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developed based on the predictor-corrector Total Variation Diminishing scheme (TVD).
The reader is referred to chapter 4 that gives a detailed description on the simulations.
The formation of a nearly homogeneous and isotropic turbulent flow with decaying

intensity can be described by considering the time-dependent wall pressure signals shown

in Figure 2.14.
60 2x2, 0=0.28; downstream
50
40 B 8x8, 0=0.36; downstream /

8x8, 0=0.36; upstream

Pressure (psi)
o
o
J

2x2, 0=0.28; upstream

5 10 15
Time (ms)

Figure 2.14: Time dependent pressure signals at locations

upstream and downstream of grid. B =6.53
1

The signals shown in this Figure were obtained at locations; one upstream and one

downstream of the grid. Two different grids were used in this case, one with solidity
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c =0.28 and M=12.7 mm (2x2 meshes/in) and the other with 6 =0.36 and M = 3.17 mm
(8x8 meshes/in). The values of pressure plotted in this Figure are above the ambient
atmospheric pressure. The incident shock is first detected by the pressure transducer
located upstream of the grid. As the incoming shock reaches the grid, it is partly
transmitted through the grid with some minor pressure losses associated with viscous
effects, it is partly reflected and it travels in the opposite direction. This disturbance due
to the reflected shock is stronger at higher Mach numbers and in impacts with higher
solidity grids. The pressure signals shown in Figure 2.14 upstream of the grid correspond
to flows with incident shocks of the same strength as is indicated by the same average
pressure level behind, yet they clearly demonstrate the effect of grid in the reflected
shock off the grid. The strength and speed of the reflected shock off the higher solidity
grid (8x8) is higher than in the case of the lower solidity grid (2x2).

The reflected shock, which travels in the upstream direction reduces the velocity
and increases the temperature of the approaching flow behind the incident shock by small
amounts respectively. The induced flow behind the incident shock, after it has
experienced the effects of the upstream traveling weakly reflected shock, passes through
the grid to form a nearly homogeneous and nearly isotropic flow. A full documentation of
the velocity field of the decaying turbulence can be found in the work by Briassulis et al.?
The minor losses of the transmitted shocks can also be seen in Figure 2.14 by considering
the pressure signals at the downstream of the grid location. In general, there some small
differences in the level of pressure behind the incident/transmitted shocks, which can be
attributed to the different grids. However, in the present case of the 2x2 and 8x8 grids,

the incident shock after its passage through the grids has the same strength, to a very
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good approximation, in both flows. The incident shock travels downstream and is
reflected off the porous end-wall or solid end wall and returns to the measuring location
after its interaction with the decaying turbulence present in the induced flow behind the
incident shock. The pressure signals shown in Figure 2.14 show the arrival of the
reflected shock at the measuring location to take place at about the same time in both
flows. This indicates that both reflected shock fronts travel with the same propagation
velocity. The pressure behind them, however, is different, which suggests that the shock
strengths are not the same although their speeds do not differ.

There are some other issues related to the data processing, which need to be discussed in
the context of the data statistics presented here. These are demonstrated in Figure 2.15,

which shows a typical time resolved pressure signal obtained at a location downstream of

the grid in an experiment with driver’s pressure ration—l—)“— =4.40. In Figure 2.15 the end
1

wall of the shock tube was left closed, resulting in a complete reflection of the shock
wave. In the case of the open end reflection a typical signal is shown in Figure 2.16. P, is
the pressure in the driven section before the rupture of the diaphragm, which in this
particular case was the ambient atmospheﬁc pressure. The signal in Figure 2.15 shows
the arrival of the incident shock over the measuring location followed by the arrival of
the reflected shock off the end-wall traveling upstream with Mach number Mg. As this
reflected shock reaches the turbulence generating grid is partially transmitted through and
partially is reflected in the opposite direction. This reflected grid shock is detected in the
measuring location as it travels downstream towards the end-wall, where it is reflected
and starts traveling in the opposite direction towards the grid. The pressure signal clearly

shows its passage over the location of the pressure transducer.
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Figure 2.15: Typical pressure signal

downstream of grid.5x5 grid size, i—“ = 4.40
1

The pressure signal in Figure 2.15 also shows the arrival of the expansion waves, which
are formed during the rupture of the diaphragm and travel initially in the opposite to the
shock wave direction, towards the end wall of the driver’s section. There they are
reflected and travel downstream, which is an issue that shall be discussed more due to the
complications it adds to the experiments during the interaction of the expansion wave
reflected over the open end of the shock tube. Figure 2.16 is clearly marked with the
different regions during a typical experiment with an open-end wall. An extensive
program has been undertaken to assess the quality of the grid flow established in the
shock tube. This was accomplished by measuring the flow uniformity and homogeneity

in the working section on planes normal to the flow and in the longitudinal direction.
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The flow isotropy was also tested and verified by several different methods. Results and
details of the flow quality are shown and discussed by Briassulis et al.’. They have

indicated that flow homogeneity is better in fine grids than in coarse ones.
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Chapter 3: Computational Analysis

3.1. CFD Method Introduction

As mentioned in the introduction, the way to experimentally simulate the
interaction is by taking advantage of the induced flow behind a moving shock in a shock
tube. This flow is passed through a turbulence-generating grid and the decaying
turbulence behind the incident shock interacts with the expansion wave after it has been
reflected from the end wall of the shock tube. In the present work, an attempt has been
made to explore several bulk characteristics with the aid of CFD analysis. The results
gave an insight and a direction to the correct choice of equipment, and in general, to the
whole experimental setup and apparatus. These were compared against experimentally
obtained results.
Three different CFD packages were utilized:

1. P4 a one dimensional compressible inviscid flow calculation which provides

information downstream of the moving shock wave such as:
a. Shock speed and Flow velocity [Ws U, — %]
b. Total and Static Temperatures [Tq,, T2 — K]
c. Density [p; — %]

d. Static and Total pressures [Pg, P2 (Pa or psi)],
based on a predefined driver pressure Ps.

2. TVD (Total Variation Diminishing): one dimensional inviscid compressible
flow analysis of expansion waves tailored to the present shock tube facility'.

3. Gambit and FLUENT:

! This will be presented in detail in Chapter 4
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a. 3-D unsteady inviscid flow package to simulate the moving shock
wave and compute the flow through the grids utilized in the present
experiments.

b. 3-D steady state viscous flow package (RNG Model) to compute the
flow upstream, through and downstream of the grids.

c. 3-D unsteady viscous flow package with Large Eddy Simulation
[LES] model to compute the flow upstream, through and downstream
of the grids.

3.2. CFD and Experimental Results of Shock Waves Traveling Through Grids
When a moving shock wave impacts a grid in a face-on fashion, it generates a reflected
shock traveling in the opposite direction and a transmitted shock propagating in the same
direction as the original shock. The reflected shock which travels upstream has strength
much higher than the incident shock in terms of pressure behind it, while the transmitted
one has strength slightly lower than the original one. This is evident in Figure 2.14 and
Figure 2.15 where the shock tube flow is described.

Four computational meshes of a single turbulence-generating grid were modeled under

(pascali {Time=6.0000e-DE} J
FLUENT 53 (2d coupied iny

Figures 3.1a,b: Reflected and transmitted shocks over four [4] meshes in a typical grid.
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FLUENT; a computational fluid dynamics (CFD) package for capturing the reflected
shock wave off the grid as well as the shock wave signature downstream after it has
passed through the grid. Figure 3.1a and figure 3.1b clearly illustrate the reflected and
transmitted shocks.

Figure 3.2a and Figure 3.2b show sequential frames of the static pressure distribution
inside the flow field. The frames of this animation are 2.5 ms apart. The flow field around
one basic cell of the flow is shown only. As the incident shock impacts the grid regions of
high pressure, they are shown upstream of the grid and are indicative of the formation of
a reflected shock traveling upstream. The reflected shock is generated during the impact
at the surface of the grid and it travels upstream as a three-dimensional highly distorted
disturbance. It acquires its planar form within one mesh size, M, upstream of the grid.
Part of the incident goes through the opening of the grid and part goes around the rods
where it is reflected. The transmitted shock has also been distorted during its passage
through the grid. Any flow inhomogeneities downstream of the grid and behind the shock
seem to disappear when the shock is at a distance of about 5 mesh sizes, M. When the
shock wave leaves the computational domain, a system of expansion waves is generated
which travels upstream. The basic characteristic of this system is that it has low pressure
behind it with no inhomogeneities. The major conclusion of this inviscid work is that the
distortions of the transmitted and reflected shocks that result from the impact of the
incident shock wave on the grid are decaying fast and that both shock waves appear to
become planar within a few mesh sizes from the grid. Qualitatively these findings agree
rather well with experimental evidence, which has shown that the shock recovers its

initial shape within about one shock tube diameter after it is distorted by the grid.
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The results of the CFD work should be always considered within the limitations of an
inviscid calculation. The effects of viscosity, however, are expected to even out possible
flow inhomogeneities much faster than what an inviscid calculation can show.

In that context the present qualitative results should be valid. Further comments on the
onset of homogeneity will be discussed later while the RNG k-€ viscous turbulent model

was used to analyze the experimental flows.

2 0eHE

Images 1-4 From Top to bottom. Images 5-8 From Top to bottom.

Figure 3.2a: CFD Calculations. Evolution of static pressure distribution inside flow
domain. Frames are 2.5 ms apart. Images 1-8.
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-7 e+

Images 9-14 From Top to Images 15-20 From Top to bottom.

Figure 3.2b: CFD Calculations. Evolution of static pressure distribution inside
flowfield. Frames are 2.5 ms apart. Images 9-20.
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Figure 3.3 shows the normalized pressure drop obtained experimentally across the Grid
versus the Reynolds number computed based on the grid mesh size, Reym. The pressure
drop across the grid remains relatively constant in the range of 12%. This pressure drop
can be expressed in terms of the coefficient K defined as:

AP

K=1
~ pU?
2,0

where AP is the difference between the pressure behind the incident shock and the
pressure behind the transmitted shock.

According to Xanthos et al.”®, this coefficient is expected to be a function of the flow
Mach number, M,, the Reynolds number based on the mesh size M, Rey and the solidity

of the grid o, i.e. K = K(M,,Re, ,0).

10000 23000 36000 49000 62000 75000 88000 101000114000 127000140000
Rey

Figure 3.3: Experimental Data Pressure drop across Grid vs. Rew.
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Following the work of Laws and Livesey*® and Groth & J ohansson®’ for incompressible
flows through fine grids, the dependence of solidity can be isolated from M; and Rem

asK = f(M,,Re,)E, . Taylor & Davies®® suggested that the factor F,, which in general

contains the effects of grid geometry, could be expressed in terms of the solidity ¢ as

F, =[-——— —1], since solidity is the dominant geometrical characteristic in the present

© (-0

case. Then, it appears that K = f(M,,Re,)[ 1].

(1-0y
Figures 3.4a and 3.4b demonstrate a visual association of two grids with the same size yet

with a different solidity value:

orid M = 0:5 [2x2b) Solidity = 0:26 Grid M = 0.5in [2x2) Solidity = 0.39

Figures 3.4a,b: Visual association of two grids with the same size, different solidity.

Figures 3.5 and 3.6 demonstrate the effects of grid solidity on the transmitted
shock wave strength for the 2x2 grid (M = 12.7 mm) with ¢ = 0.28 and the 4x4 grid (M =
6.35 mm) with ¢ = 0.44 respectively.

These figures show experimental data of the mean pressure distribution along the wall of
the working section. The longitudinal distance from the grid has been non-

dimensionalized by the mesh size M of each grid. In both cases with the two different
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grids, the incoming shock wave and flow have the same strength and Mach numbers

. . o ., AP

respectively. The data in figure 3.5 indicate a pressure drop across the grid A? of about
10% while the corresponding value of F,; is 0.929. The data in Figure 3.6 show a pressure
drop, % , of about 16% with F;= 2.18. In this particular case with the same M, for both

experiments, the function f(M,, Rem) depends on Rey only, 1.e. f(Rewm).

Pmean (pSi)

lncldent shock

Figure 3.5: Mean pressure distribution at P,/P;=3.74 for 2x2b grid, 0 = 0.28.

20}

15|
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Figure 3.6: Mean pressure distribution at P4/P, = 3.74 for 4x4 grid, 0 = 0.44.
The Rey for the 2x2b grid is twice the Rey of the 4x4 grid. According to Pinker &

Herbert” the function f(M,, Rey) decreases by about 30 percent for this increase in Rew.

Thus, the pressure drop coefficient K is expected to be higher in the grid with high
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solidity by about the ratio (1/1.3) F. | B2 = 1.7, a value which is close to the
experimental data presented here as well as the CFD modeled results tabulated in Table
3.2 in the later section. This is consistent with the experiments performed in the shock
tube’s 8ft working section described in Figure 2.7 where grids are used. In all
experiments with various grid sizes, the transmitted shock through the grid had to have
the same strength. This was achieved by slightly readjusting the incident shock strength
to account for the difference in pressure drops across the various grids so that the
pressure behind the transmitted shock remained practically the same.

In order to explore the bulk behavior of the present quasi-steady flow behind the incident
shock wave, through and downstream of the grid, a full three-dimensional version of the
renormalization group (RNG) of the basic two-equation steady state k-epsilon (k-€)
model was used. The k-¢ model is an eddy viscosity (u) model, which solves

approximate transport equations for the turbulent kinetic energy (k) where

k= —;—(u'2 +v'2 +w'?) and the turbulent dissipation rate (€) which is defined as the rate at

2
which k decays and then calculates the eddy viscosity p: u, =pC, L
£

The Renormalization group (RNG — k-¢) is similar in form to the standard k-¢ model yet
the empirical coefficients used in the k-¢ model are estimated theoretically from the RNG
theory. The more elaborate modeling represented by this model seems to outperform the
simpler “basic k-¢ model”; an attribute that directed our analysis to this type of
turbulence model. Very dense computation grids were set up to simulate each

experimental flow case placing all parameters and boundary conditions the same for
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correct and reliable modeling. Table 3.1 provides mesh information on individual

computational grids.

Grid Mesh Size-mm Solidity Number of Number of Nodes
0 Tetrahedral Cells
2x2a 12.7 0.39 807473 158178
2x2b 12.7 0.28 739382 142932
3x3 8.50 0.39 904518 172929
4x4 6.35 0.44 953472 181898
5x5 5.10 0.37 920508 174971
8x8 3.175 0.36 905633 172777

Table 3.1: Mesh information on individual computational grids.

The pressure drop through the various grids was imitially obtained along the working
section and compared with the results obtained experimentally.

Figure 3.7 shows a typical grid with the planes of symmetry visibly meshed for a three
dimensional effect. Table 3.2 provides the parameters for the CFD calculation used to
evaluate the percent pressure drop through the grids based on the experimental

characteristics of the flow.

Grid 2x2a Grid Image

Figure 3.7: 2x2a meshed Grid.
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Grid M | Solidity M, P, Rey Prm | Pam Pem | APP | K
. Pl 5
ougter| et |0 | Bor || | | Do |
(mm) Number (psi) (psi)
2x2a 12.7 0.39 0.30 35 122838 | 7.660 7.95 6.95 12.58 | 0.753
2x2a 12.7 0.39 0.34 40 | 147948 | 9.100 9.60 8.40 12.50 | 0.650
2x2a 12.7 0.39 041 50 | 193898 11.65 12.75 10.25 19.61 | 0.845
2x2a | 127 | 039 051 | 70 | 273381 | 1591 | 18.50 | 13.50 | 27.03 | 0.940
2x2b 12.7 0.28 0.30 35 122838 | 7.660 7.90 7.20 8.86 | 0.527
2x2b 12.7 0.28 0.34 40 | 147948 | 9.100 9.40 8.45 10.11 | 0.515
2x2b 12.7 0.28 0.41 50 | 193898 11.65 12.35 10.60 14.17 | 0.592
2x2b | 127 | 028 051 | 70 | 273381 | 1591 | 17.75 | 1425 | 19.72 | 0.658
3x3 8.50 0.39 0.30 35 82214 7.660 7.95 6.80 14.47 | 0.866
3x3 | 850 | 039 034 | 40 | 99020 | 9.100 | 9.60 8.00 | 16.67 | 0.867
3x3 | 850 | 039 041 | 50 | 129774 | 11.65 | 12.85 | 10.00 | 22.18 | 0.963
3x3 | 850 | 039 051 | 70 | 182972 | 1591 | 19.00 | 13.00 | 31.58 | 1.129
4x4 6.35 0.44 0.30 35 61419 7.660 8.00 6.80 15.00 | 0.903
4x4 6.35 0.44 0.34 40 73974 9.100 9.60 8.00 16.60 | 0.867
4x4 6.35 0.44 041 50 96949 11.65 13.00 10.00 23.08 | 1.014
4x4 6.35 0.44 0.51 70 | 136691 15.91 19.00 13.00 31.58 | 1.129
5x5 5.10 0.37 0.30 35 49328 7.660 8.00 6.90 13.75 | 0.828
5x5 | 510 | 037 034 | 40 | 59412 | 9.100 | 9.70 8.10 | 16.49 | 0.867
5x5 | 510 | 037 041 | 50 | 77865 | 11.65 | 12.75 | 1025 | 19.61 | 0.845
5x5 | 5.10 | 037 051 | 70 | 109783 | 1591 | 19.00 | 13.50 | 28.95 | 1.034
8x8 | 3175 | 0.36 030 | 35 [ 30709 | 7.660 | 8.00 7.10 | 11.25 | 0.678
8x8 | 3.175 | 036 034 | 40 | 36987 | 9.100 | 9.60 835 113.02 | 0.677
8x8 3.175 0.36 0.41 50 48475 11.65 12.60 10.50 16.67 | 0.710
8x8 | 3175 | 036 051 | 70 | 68345 | 1591 | 18.50 | 13.75 | 25.68 | 0.893
1.3x1.3 | 19.10 0.26 0.30 35 184741 7.660 7.88 7.30 7.36 | 0.437
1.3x1.3 | 19.10 0.26 0.34 40 | 222504 | 9.100 9.60 8.80 8.33 | 0433
1.3x13 | 19.10 | 026 041 | 50 | 291611 | 11.65 | 1230 | 11.25 | 8.54 | 0.355
13x13 | 19.10 [ 026 051 | 70 | 411148 | 1591 | 17.50 | 1525 | 12.86 | 0.423
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Before representing the results of these computations, the lines along which the results
were obtained with respect to the whole three dimensional domain should be made clear
since they are referenced in the legend of each set of results. Figures 3.8 and 3.9 provide

information on 36 cells [6x6] utilized for the creation of the computational gird.

Tygic:

Figure 3.8: Three dimensional domain with symmetry planes visible.

Typical Meshed Grid with Domain Visible

Figure 3.9: Three-dimensional domain with interior visible.
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The planes here shown are symmetry planes since in the 12-inch grids utilized for the

experiments, the number of total cells varied from 12x12 to 100x100.
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Figure 3.10b: Lines along Y with constant Z and X.

s

Figure 3.10c: Lines along Z with constant Y and X.
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All the result windows include in their legend a description of lines with the format of
“line(i) () # (k) #)”; 1, j, k taking the values of x, y, and z coordinates and (#) is the
numerical value of displacement [in inches] of the line along which the results were
obtained with respect to the grid coordinate system located at the center of the grid. For
example “linex y-0.252-0.25” indicates lines along the x-direction [refer to Figure 3.10a-
c] with a value of [-0.25in] displacement along the y and z directions from the center of
the grid. Figure 3.11 shows a typical static pressure drop [in psi] along the length of the
working section where position [0 inches] indicates the location of the grid. The flow
through the grid is similar to the flow through a converging-diverging nozzle of relative
short length. The pressure reaches a minimum at the minimum cross section location,

where the velocity is at maximum.

13.00 -J
12.00

11.00

linex y-0.25z-0.25
linex_y-0.75z-0.75
linex_y-1.25z-1.25
linex_y0.25z0.25
linex_y0.75z0.75
linex y1.25z1.25

® ¢ B B ® &

Static 1000

%
s
;

Pressure

(psi) ]
9.00
8.00 1

7.00 ] T T T T T 1

-2 0 2 4 3 8 10

Position (in)
Static Pressure Mesh = 0.5in [2x2a] - P4 = 50psi

Figure 3.11: Static Pressure drop through the 2x2a grid, P4 = 50psi.
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:
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Position (in)

Static Pressure

Mesh = 0.2in [5x5] - P4 = 50psi

Figure 3.12: Static Pressure drop through the 5x5 grid, P4 = 50psi.

In Table 3.2, %column summarizes the percentage pressure drop through the grids

based on the CFD computations. Prior to plotting these results, a quantitative comparison

based on the experimental results previously shown in Figures 3.5 and 3.6 can be quickly

pointed out. The first set of experimental data indicate a pressure drop 3 across the grid

of about 10% while the CFD calculation predicts a pressure drop % across the 2x2 grid

of 10.11% [see first underlined field in the table]. The second set of experimental data

indicate a pressure drop é}:iacross the grid of about 16% while the CFD calculation
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predicts a pressure drop —A—;i across the 4x4 grid of 16.60%. Moreover the pressure drop

coefficient K based on the CFD results indicates a higher value due to the solidity by the
ratio of 1.68, which is comparable with the results obtained experimentally.

The results of Table 3.2 are now presented here under Figures 3.13- 3.16. Figure 3.13
shows the relative pressure drop as a function of Rey for each grid. A limited comparison

with experimental data is also attempted in this figure. The CFD results indicate that for a

low value of solidity o, the pressure drop % is weakly affected with increasing value of

Rey. At values of solidity ¢ > 0.3, % is strongly affected and indicates an increased

values with an increase in Rey;, The experimental data appear to be close to the computed
values by the CFD modeling only in the cases of low solidity ¢ and low Rey. In general

the CFD data over predicts the experimental results.

0=0.44
0=0.37 |ax4f” i P | ..
30 : — £ =039 1
5x5 : : :
z z B é U
APIP e -tf/‘ ......... .......................... [ A. ........................
20
o JZ ' " odas | o=026
....... X0 Ef 3 x1.33 -
: B4
10
2x2 Exper. data
= P — ot Exbor. dama |
: : : 8x8 Exper. data
0 I ' l
0 100000 200000 300000 400000
Rey,

Figure 3.13: % versus Reynolds number based on Mesh size. CFD

results along with experimental points for comparison.
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Figure 3.14 show the dependence of épﬁ on the flow Mach number M, as it is predicted

by CFD. It appears that é}? increases with M, in almost all cases with different grids.

0.30 0.35 0.40 0.45 0.50

0 50000 100000 R 150000 200000 250000
e
M

Figure 3.15: CFD results of K versus Reynolds number based on Mesh size.
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The predicted values of the pressure drop coefficients [K] are shown in Figures 3.15 and
3.16. The value of K increases with an increased value of both M, and Rey. Larger

values of K were computed in the cases of higher solidity values, which indicates that K

is highly dependent on solidity.

11 —— 0.39, 2x2
. —&— 0.28, 2x2
~{}— 0.39, 3x3
K 1. ... e 0,44, 4X4
—Sfe  0.37, 5X5
—O— 0.36, 8x8
0.9 Pl
0.7
0.5
0.30 0.35 M 0.40 0.45 0.50

u

Figure 3.16: CFD results of K versus flow Mach number [M,].

The pressure drops along the grids based on a different experiment set than the ones
referred to in Figures 3.5 and 3.6 are tabulated in Table 3.3. The CFD computations
allowed the study of the pressure drop along the grids as was seen in the previous section.
Moreover the onset of homogeneity downstream the grid is of vital importance if one 1s

to investigate the expansion wave interaction with homogeneous turbulence downstream
a grid flow. Interestingly enough these CFD [RNG k-¢ and LES] computations provided

a prediction on the onset of this occurrence, which is tabulated in Table 3.4 as well.
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Grid M Solidity M, P, Rey Py m Py m Py m AP/P K
(Meshes | Mesh c Flow (psi) Theory | Upstr. | Downstr. %
/in) size Mach (psi) of Grid | of Grid
(mm) Numb (psi) (psi)

cr

2x2b 12.70 0.28 0.56 84 322543 18.44 21.45 19.36 9.74 0.298

2x2b 12.70 0.28 0.39 47 184317 10.92 12.59 11.37 9.69 0.457

4x4 6.35 0.44 0.31 37 66577 8.25 9.52 8.68 8.82 0.548

4x4 6.35 0.44 0.53 76.5 148110 17.12 19.48 17.59 9.70 0.310

5x5 5.10 0.37 0.48 64 101028 14.73 23.86 21.19 11.19 | 0.579

5x5 5.10 0.37 0.43 54.2 85217 12.63 14.58 12.90 11.52 | 0.487

8x8 3.175 0.36 0.56 85.5 81843 18.7 21.28 18.72 12.03 | 0.356

8x8 3.175 0.36 0.32 375 33926 8.40 9.38 8.55 8.85 0.524

Table 3.3: Experimental Pressure drops across different grids

The flow through a grid has similar characteristics with the flow through a very short
nozzle. The flow accelerates suddenly in the beginning and then decelerates slowly after
it passes the throat of the grid and exits into the wake where it merges with flow exiting
nearby cells. The flow in the near wake of the grid appears to be highly inhomogeneous.
Mixing, however, in the wake brings about a homogeneous flow after some distance. The

longitudinal and lateral derivatives of the mean longitudinal velocity U, %E and
x

oU ) : .
—— were used to determine the distance Xy where the deviation between the data of

these quantities appear to be less than 2 percent of the maximum %(_J_ peak to peak value
X

which takes place at the throat of the grid. The last column in Table 4, with the values of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




CFD ANALYSIS 46

Xy o o -y :
—]\7;1— , indicates that the flow becomes homogeneous within a distance of 10 to 25 mesh

sizes downstream of the grid. There are also some indications suggesting that the flow
becomes homogeneous within a shorter distance in cases with higher Rey. Similar
qualitative information has been observed in the experimental work of Briassulis et al.®.

The effect of solidity, in cases which Rey remains the same (cases with grids 2x2a and

. . - : X
2x2b) can also be discerned from these data. Increasing solidity seems to 1ncrease7” .

Grid Solidity, o Pressure, P, Xu Xp/M
psi in
2x2b 0.28 35 8 16
2x2b 0.28 50 5 10
2x2a 0.39 35 9 18
2x2a 0.39 50 9 18
3x3 0.39 35 6 18
3x3 0.39 59 8 24
4x4 0.44 35 4 16
4x4 0.44 50 4 16
5x5 0.37 35 3 15
5x5 0.37 50 2 10
8x8 0.36 35 3 24
8x8 0.36 50 3 24

Table 3.4: Homogeneity regions.

The results in Table 3.4 were obtained by examining sets of results for each computation
with different grid and different boundary conditions which generated flow conditions as
close to the ones obtained experimentally. Typical result sets are shown in Figures

3.17 — 3.27. Figures 3.17-3.18 show contours of X velocity [u] and velocity magnitude in
the flow region through and downstream the grid. The individual wakes of each rod of
the grids can be clearly seen. The flow through the grid is exiting the cell as a jet flow
which interfaces with the rod’s wake to create a highly inhomogeneous flow. The mixing

however between the jet-like flow and the wake-like flow brings fluid from the high
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momentum region to the low momentum region and vice versa resulting in a

homogeneous region downstream the grid. Values of the longitudinal velocity derivatives

—ag along various y = constant and z = constant lines are shown in Figure 3.19. The flow
X

as predicted accelerates and then decelerates downstream of the minimum cross sectional

) ) ) oU )
area. No substantial difference can be observed in the values of 6_ at these various
X

locations. On the other hand significant differences on the lateral and transverse

derivatives au and aa—U can be observed, Figures 3.20 and Figure 3.21, in the near wake
'z

region of the grid where strong inhomogeneous flow is present. It is clearly seen that the
later derivatives are of the same magnitude and decay at approximately 12-15 mesh sizes

after the grid.
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Contours'of X Velocity {m/s) M =.0.333in [3x3] P4 = 35psi

Figure 3.17: Contours of X Velocity [m/s] M=0.333in — P4 = 35psi.

Contours of Velocity Magnitude {m/s) M = 0.333in [3x3] P4 = 35psi

Figure 3.18: Contours Velocity Magnitude [m/s] M=0.333in — P4 = 35psi.
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Figure 3.19: e [Hz] versus distance downstream the grid - M=0.333in — P4 = 35psi.
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Figure 3.20: % [Hz] versus distance downstream the grid - M=0.333in — P4 = 35psi.
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Figure 3.22: Uy Velocity [m/s] versus distance downstream the grid

M=0.333in — P4 = 35psi.
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Figure 3.22 depicts the computed flow velocity [u] after the grid and it is evident that the
velocity magnitude downstream increases; this is mainly due to the pressure drop that
was observed across the grid and discussed previously.
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Figure 3.23: Uy Velocity [m/s] along the height of the grid
[y-direction] - M=0.333in — P4 = 35psi.
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Figure 3.24: Uy Velocity [m/s] along the width of the grid
[z-direction] - M=0.333in — P4 = 35psi.
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Figure 3.25: Vorticity - X [Hz] versus distance downstream the grid
M = 0.333in — P4 = 35psi.
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Figure 3.26: Vorticity - Y [Hz] versus distance downstream the grid
M = 0.333in — P4 = 35psi.
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Figure 3.27: Vorticity - Z [Hz] versus distance downstream the grid
M = 0.333in — P4 = 35psi.
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Chapter 4: Total Variation Diminishing Scheme

4.1. Introduction to TVD Scheme

The objective of this research work as mentioned earlier was to investigate the
potentially favorable effects of interaction of turbulence with expansion waves on the
flow. In order to correctly identify the duration of the useful flow as well as the location
of the true expansion wave — turbulence interaction, a predictive tool was developed
based on the predictor-corrector Total Variation Diminishing (TVD) scheme. These
simulations indicated the existence of two regions of traveling expansion waves (see
Figure 4.1 and Figures 4.7, 4.8). The first one is generated immediately after the rupture
of the diaphragm and travels in the opposite direction to that of the shock wave. It is
reflected over the end wall of the driver section and then it travels in the same direction

as the incident shock wave at a much higher speed due to the already induced flow.

|
t
2 Expansion Waves
Expansion
Waves
I
o
Grld . """""""""" =7
LWORKING SECTION ™™
Grid reflected  b-----v-ccmooooooooo NG
Shock Wave |
| _ Open End
. ' Transmitted
Incident Shock Shock Wave
Wave |
‘ . -
X

Figure 4.1: x-t diagram of the interaction.
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The second system of expansion waves is generated at the open end of the driven section
when the incident shock reflects over the open end of the shock tube’s working section
where the pressure is atmospheric. This system of expansion waves was utilized in the
present experiments to interact with the induced flow behind the incident shock wave,
which has traveled through a turbulence-generating grid. The grid was placed at the
beginning of the working section, sizes of which are tabulated in Table 3.2. A brief
description of the TVD scheme will be given here along with some results. These results
created the benchmark along which the instrumentation, apparatus and in general the

experimental setup [see chapter 5] was designed and fabricated on.

4.2. TVD Description
Starting from the governing equations, with initial and boundary conditions given,
the flow is monitored through different time process.
Physical meanings of some parameters used
a: Sonic Speed downstream of the shock.
M,: Mach number of the shock.
pi: Pressure of the downstream of the shock.
pz:  Pressure of the upstream of the shock.
Ti:  Temperature of the downstream of the shock.
T,:  Temperature of the upstream of the shock.
p1: Density of the downstream of the shock.
p2:  Density of the upstream of the shock.

R: Gas constant.
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u;:  Flow velocity of the downstream of the shock.
u;:  Flow velocity of the upstream of the shock.
dt:  Time interval.

dx: QGrid size.

4.2.1. Governing Equations

A Quasi-one-dimensional problem can be expressed by the Euler Equation as:

b0, F@ _,
ot Ox
[ m
P - m’
where @ =<m f@)=3 p ,
e
m
—(e+p)
P
X: Eulerian position.
t: Time.
p: Density.
m: Momentum.
e: Total unit energy.
The following relations exist, m=pu and e= ] + % ou’
}/ —

Where u: Velocity.
p: Pressure of the fluid respectively.

4.2.2. Initial Conditions
u(x,t =0)=0
px<d,t=0)=pz;p(x>d,t=0)=p,

p(x<d,t=0)=py;p(x>d, t=0)=p;
ex<d,t=0)=e; e(x>d, t=0)=¢
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where d is the location of the diaphragm used to separate the driver from the driven
section. The simulation is normalized by, p1 =1, p; = L, ¢, =2.5.

4.2.3. Boundary Conditions
The TVD scheme can be used to either create shock waves that will reflect at a solid or
porous end wall, as was mentioned earlier, thus allowing the flow adjustment of the
induced flow behind the shock wave or reflect at an open end wall to produce an
expansion fan, which is the aim of our experiments. The boundary condition allowing
expansion wave creation at the open end can thus be described as:

a. Left side is solid wall, so velocity changes its direction here.

b. Right side is the free surface, so velocity is continuous here.
In addition, the type of boundary conditions can also remove the expansion wave
influence on the calculation; this is referred as an “incident shock wave’ calculation.

4.2.4. Formulation of the TVD Scheme

. _
@) =) ~A(f ;-1 2

2

n+1 -r

a)j =W;
s 1 1 3 k k
where ful==(f;+ j+1+_zR.1ﬂ.1)
2 2 ﬂ'k:l ]+E 1+5
Eoo_ Kk k k k k
B =g +g 00"  +y Da’,
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g; =8" -max[0, min(

J+s

~k
g_+1
e

~k k
& 1 S
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1
2

)]

~ 1
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j+5 j+5

where A = ﬂ

Q(x) is called entropy-forced function, which is used to give out physical solutions at any
time.

1 x?

o) =129

X

1x‘£8
x> &

where 0.05<¢<0.5.

The term a is determined by the following linear equation group,
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Letting A(w) = @ and the characteristic values be
a

(@' o 2, o *)=(u-c, u, utc)

and the characteristic vector is:

/4
(y-Dp

+lu2.
2

where H =

Averaging by Roe format to get the values for the middle points and letting

D=\p;ulp;,

y =Duj+1+uj
J+ D+1
" 1=DHJ.+1+H].
5 D+1
1
¢ =(y-DH |, —Eu? 1)
]+5 J+E j+3

Since the shock tube has a variable areas section right after the diaphragm position [refer

n+l

to shock tube description] @;" has to be changed to a value with period of At after the

above calculations are performed.

4.2.5. Calculation procedure

1. calculate Atand A = AL
Ax

2. average by Roe
3. solve the characteristic values of matrix A and also vector CR
4. calculate a
5. calculate f

]iE
6. calculate ®’"

J
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4.2.6. Non-Dimensional Parameters

The results are provided in a non dimensionalized format given by the following groups:

- X
x=—,
L
- t
t=—
Z,
=2,
P
p-2,
D
_ \/;/_u
U= s
a,

JrL

4

where L is the total length of the shock tube and¢, =

4.3. Output Files with the TVD [Incident Shock Mode]

A typical output of the TVD program provides the following Variables:

a. Velocity
b. Pressure
c. Density

d. Static Temperature
e. Mach Number
f. Total Temperature
g. Mass flux [ pu]
Figure 4.2 shows a typical result plot of the incident shock wave version, where
the pressure ratio, density ratio and flow velocity behind the shock wave [P,,p, and U]

are used as input parameters. The y-axis of this graph indicates ratios with respect to the
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conditions downstream of the shock rather than absolute values. For example, the
pressure line starts with a value of 1.0 and jumps to the value of 1.62 after the shock
wave passed by that point of interest, which in this case is the starting point of the
working section indicating a value of P, = 23.82 psig. The effect of the expansion waves
reflected from the open end is visibly noticed in all parameters, i.e. the pressure plot
shows that the expansion starts at 0.60 seconds after the bursting of the diaphragm. The
expansion wave effect from the driver section is not observed here since the conditions of

the incident shock were used as input parameters.

Shock Tube Flow period and Parameters

Pressure ratio P4/P1=2.72
2.00 7

1.75

/ Pressure

1.50

1.25

1.00

Ration

0.75

0.50

4

0.25

L s e A L A A B
0.00 0.25 0.50 0.75 1.00 1.256 1.50 1.75 2.00

Time - sec

Figure 4.2: Shock tube Flow Parameters / Incident Case P41 =2.72.

4.4. Output Files with the TVD [Regular - Driver Section Mode]
During the shock tube experiments, the expansion waves from the driver side

could not be eliminated, thus the true pressure and density ratios in the driver section
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ought to be used as the boundary conditions if one would attempt to evaluate the correct
length of the shock tube, including the working section, that would maximize the useful
flow. Figure 4.3 provides all the information at a point 10 inches downstream of the grid

with a driver pressure P, = 35 psi.

b
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Figure 4.3: Shock tube Flow Parameters [EW included] - P4 = 35 psi.
The effect on the pressure and velocity due to the expansion waves from the driver
section are now evident. The arrival of the front of the expansion fan from the open end is
indicated at point 1. At point 2, the expansion wave drops the pressure to that of
atmospheric, basically indicating the end of the expansion fan. Location 3 points out the
arrival of the expansion waves from the driver section, the time at which the useful flow
is over. Plots like the ones in Figure 4.3 provide information only at a specific point,
which is usually the exception rather than the rule. If the history of all these variables

along the working section is needed, which it is in the case of the 2 component of
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velocity measurements with X wires as will be discussed later, it is necessary to monitor
the output of all these variables at different locations. Figure 4.4 provides a typical plot of
such an analysis with the pressure history for 10 locations; one at the triggering location,
one at the grid location, seven locations spaced 2 inches apart starting at 6 inches

downstream the grid, and one at the open end of the working section 24 inches from the

grid.

4.5. Expansion — Interaction Region

The TVD scheme tool was utilized to find the correct placement of the instrumentation
used in the working section for all the experiments since maximizing the flow would not
be of any interest if the correct timing of interaction was not known. As mentioned

before, two working sections were used, a long one of a total length of 8ft and a shorter

. — Ptrig
- Pressure at Trigger Pgrid
Pressure at Grid gg
1.4 —— P10
— P12
—— P14
—— P16
] —— P18
12 P4
1.0
0.8
0.6 T T T T T
0.02 0.04 0.06 0.08

Time

Figure 4.4: Pressure history of transducers along working section
[P4 =35 psig, U, =107 m/s , Wy =415 m/s].
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one of a total length of 2ft. Figure 4.5 shows the pressure contours against time and

location along the 8ft working section for a specific pressure ratio in the driver section.

Expansion Wave - Flow Interaction [8 ft Section]
Contours of Pressure and Velocity
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3

0.020 / —
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Figure 4.5: Expansion Wave — Flow Interaction / Pressure Contours [8ft].

This longer version allows for a longer maximum interaction time [about 10ms shown
below] for location # 1 yet the onset of the interaction with the turbulent flow from the
grid [about 10ms as shown below] is too long which eventually reduces significantly the
useful data duration. The shockwave-induced velocity is also shown here since it is a
requirement for the location of the start of the interaction. Figure 4.6 shows the pressure
contours against time and location along the 2ft. working section. The shorter version

indicates the onset of the interaction at about 2ms after the grid and a maximum
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Expansion Wave - Fiow Interaction [2 ft Section]
Contours of Pressure and Velocity
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Figure 4.6: Expansion Wave — Flow Interaction / Pressure Contours [2£t].

interaction time of about 1.5ms, which allows eventually a longer duration of useful flow
prior to the arrival of the expansion waves from the driver section. Figure 4.7 and 4.8
demonstrate the pressure contours and density contours of a typical experiment along the
12in diameter shock tube with the 2ft working section attached to it. All regions are
clearly labeled, especially the useful data duration, which is of vital importance for the
uncontaminated data processing. In general, it is clear that the induced flow is separated
by three distinct regions; passing through the grid becoming thus almost homogeneously
and isotropically turbulent, followed by the transient interaction with the expansion wave

[non-stationary region] and after that, decaying in the region after the interaction.
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Pressure Contours along Length of Shocktube
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Figure 4.7: Pressure Contours along 2ft length of Shock tube.
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Figure 4.8: Density Contours along 2ft length of Shock tube.
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The later is a region of interest. One of the controlling parameters for that interval is the
initial bursting pressure in the driver section [P,]. On that account, the TVD program was
utilized to simulate different ranges of pressure to optimize for the one that gives the
longest flat region after the expansion has passed. Figures 4.9a-d show four pressure
contour plots with different initial bursting pressures:

o P4,=35psig

o P4, =45 psig

o P4,=55psig

o P44=065 psig

As specified in Figure 4.9a the useful duration of data is approximately enclosed in the
circle by the region unaffected by the expansion wave from the driver section. It is clear

that the best choice is P4, = 35 psig, a value that was used for most of the experiments.

Higher bursting pressures were used in the cases that only the transient part of the
interaction was of interest. This lower pressure value choice reduces the strength of the
reflected shock off the grid that travels in the upstream direction as described in Figure
2.14 and Figure 2.15. This is an outcome that favors the experimental sets. In addition,
the pressure drop across the grid is kept as low as possible which allows the shock wave
to reform and recover its shape after its passage through the grid within a few mesh sizes

length.
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Pressure Contours along Length of Shocktube
P4 = 35psi

Time -sec

~AT
useful

I I I
100 200 300 400 500 600 700

Shocktube Length [inches]

Figure 4.9a: Pressure Contours along 2ft length of Shock tube [P4 = 35 psig].
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Figure 4.9b: Pressure Contours along 2ft length of Shock tube [P4 = 45 psig].
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Pressure Contours along Length of Shocktube
P4 = 55psi
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Figure 4.9¢: Pressure Contours along 2ft length of Shock tube [P4 = 55 psig].
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Figure 4.9d: Pressure Contours along 2ft length of Shock tube [P4 = 65 psig].
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Chapter 5: Experimental Set Up

5.1. Experimental Setup Introduction

In this chapter some of the experimental set up will be re-introduced or described
in more detail in order to allow the reader to follow the experimental steps that were
performed primarily for the X wire measurements. The vorticity probe will be introduced
as a whole in chapter 7.

The induced flow behind the traveling shock wave passes through a turbulence-
generating grid installed in the beginning of the working section of the facility. The
velocity of the induced flow behind the shock wave depends on the rupture pressure of
the diaphragm, i.e. driver strength P4 The initial step after verifying the correct value for
P4, which in our case was chosen to be around 21.00psig was to correctly choose the
appropriate instruments for obtaining the quantities involved in turbulent flows. To
simultaneously resolve two dimensional velocity components with hot wires, a cross wire
(X-wire at 45°) arrangement was used. New three-wire probes were designed and custom
built. Six different three-wire probe assemblies were concurrently used at different
downstream locations, all adjustable to different lengths, each carrying 2 hot-wires in an
X configuration and one cold-wire for simultancous velocity and temperature
measurements respectively. The three-wire probes were equipped with 5 um
Platinum/Tungsten wires for velocity measurements and with a 2.5 um
Platinum/Tungsten wire for temperature measurements. To eliminate any wake effects
from probes located upstream, all of the probes were staggered at increasing distances
from the tube wall. The probes we also varied in the radial direction in increments of 22.5

’degrees (see figure 5.3). The cross wires as well as the vorticity probe, were driven by
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DANTEC anemometers model CTA56CO01 and the temperature wires were connected to
EG&G model 113 low noise, battery operated pre-amplifiers/filters. The output signal of

the cold-wire was digitally compensated for thermal lag up to frequencies of interest.

Figure 5.1: Instrumentation for experiments Figure 5.2: Pressure Taps along the length

Figure 5.3: X wire Probes along working Figure 5.4: Open end condition for Shock
section Tube

For more details on the hot-wire techniques applicable to shock tubes see Briassulis et
al.3 where estimates of uncertainties in the measurements are also given. Figures 5.1 — 5.4

provide images of the location of the arrays as described above along with the

instrumentation of the setup.
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Figures 5.5 and 5.6 show a close up view of the one of the x wire probes utilized.

Figure 5.5: Close up of X wires Figure 5.6: Close up of X wire probe tip
# Grid Solidity XM P, - M, W,-m/s
Size psig

10in | 12in | 14in | 15.25in

1 2x2a 0.39 20 | 24 | 28 30.5 4.55 0.1892 | 388.60

2 3x3 0.28 30 | 36 | 42 | 4575 4.20 0.1759 | 385.25
3 4x4 0.39 40 | 50 | 56 61 4.44 0.1853 388
4 5x5 0.44 50 | 60 | 70 |76.25 4.68 0.1956 390
5 8x8 0.37 80 | 96 | 112 122 5.76 0.2313 400

Table 5.1: Experimental characteristics using X wire probes.

Table 5.1 provides some of the characteristics of the experiments performed with the
X wire assemblies. The CCA anemometer will be introduced in the vorticity probe

discussion, yet the most relevant settings that need to be mentioned are:
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Constant Current output driving the cold wires [CCA mode] at 6V power supply:
[0.6mA] with the ability to vary the value from 0.5mA to 1.0 mA.

Typical value for a cold wire resistance [10 Ohm],

Typical value of the BNC cable connecting the hot wires to the AD = 1.20 Ohm,

The Kulite pressure transducers flash mounted on the wall were driven by a constant
voltage power supply at 9V.

X- Wires are 45 degree type.
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Chapter 6: X-Wire Results

6.1.  Results of the Interaction Region

This chapter will provide typical results of the first set of experiments of
expansion wave interaction with turbulence having in mind that the understanding of the
interaction is of vital importance. In order to do that, some the pressure signals were low-
pass filtered and then the time-derivative was obtained. A typical result of this signal

processing is shown in Figure 6.1

0 1000 time 2000 3000 4000

Figure 6.1: Low-pass filtered pressure signal and its time-derivative.

The time derivative if divided by a typical propagation velocity C-U, can be converted to
| pressure gradient, which is the dominant term in the transport equation. The results show

that the pressure gradient peaks very close to the beginning of the interaction region, i.e.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



X-WIRE RESULTS 75

within 15 percent of its total duration. Then it starts to relax some of its strength and
reaches values close to zero at the end the duration of the interaction.

The signals of velocity pressure and temperature are characterized by a gradual change
through the interaction in addition to the presence of turbulence fluctuations. Most of the
turbulent fluctuations occur at frequencies higher than the low frequency scales of the
gradually changing values inside the interaction region. In order to remove this “trend”

the signals were high-pass filtered at about 500 Hz the results are shown in Figure 6.2.
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ff‘ Interacgtion : § §
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0 1000 2000 3000 4000

time

Figure 6.2: High-pass filtered signals of pressure velocity components
and total temperature. Signals are displaced for better visual-aid and
amplified.
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All signals have now a zero mean value. In order to demonstrate the amplitude of the
fluctuations within this interaction, the region was subdivided into ten shorter regions and
the r.m.s of the fluctuations was computed within each of these sub-regions. This
information within each of the zone is not an accurate value of the true r.m.s because the
process is not stationary. It represents, however, a reasonably good estimate of the
amplitude of the fluctuations within each sub-region. These r.m.s values <o;> are
normalized by the true r.m.s. value in the upstream region g, and are plotted in Figure
6.3. Thus, the ratio <g;>/ ¢, indicates the attenuation of the fluctuations within the
interaction. The data show that fluctuations are attenuated immediately after the start of
the interaction and reach the maximum attenuation approximately at the time the pressure
gradient reaches its peak value. Then they start to increase and approach the values

obtained in the downstream of the interaction region.

A—_—t————_—-—i—-——b—
: interaction
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0 1000 time 2000 3000 4000

Figure 6.3: Attenuation of turbulent fluctuations inside the interaction region.
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6.2. Turbulence modification through the interaction

Attenuation of turbulence is one of the major features of expansion waves-turbulence
interaction. Linear analysis is expected to predict attenuation of turbulence as long as
fluctuations of pressure, velocity and temperature upstream of the expansion waves are
small so that the front is not substantially distorted and the Rankine-Hugoniot conditions
can be linearized. DNS data or other CFD results are not available at this time.

Typically the attenuation of turbulent fluctuations should depend on the expansion waves
strength, the state of turbulence of the incoming flow before the interaction, and its level
of compressibility.

Figure 6.4 and 6.5 show the amplification ratio of the velocity vector fluctuations defined
as the ratio of the standard deviation of the fluctuations downstream of the interaction o4
to that upstream of the interaction 6, i.e. G = 64/0,. Data available from the two velocity
components of various experiments obtained by x-wires and the wall pressure are plotted
against the normalized distance from the rid, x/M, where is the mesh size.

The data of the 8x8 case, which are shown in Figure 6.4, express the attenuation of
longitudinal velocity fluctuations at all locations downstream of the grid. Close to the
grid, fluctuations of the lateral velocity component and pressure are amplified by the
interaction. However at further distances from the grid these fluctuations are attenuated.

It appears that the ratio G = o4/c, decreases with x/M.

Attenuation of longitudinal fluctuations through the whole flow field have been also
observed in the case of the 4x4 grid (see Figure 6.5). Lateral velocity fluctuations are

attenuated close to the grid and amplified further downstream. The data obtained with the
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vorticity probe seem to fit this pattern. Pressure fluctuations seem to be amplified close to
the grid and attenuated away from it.

The attenuatioﬁ data presented here have been obtained in incoming flows, which are
practically incompressible since the Mach number is about 0.3. The passage of the
expansion waves however accelerates the flow to Mach numbers about 0.8. Thus during
the interaction compressibility effects start to play a significant role, and therefore it is

expected to affected the flow development.
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Figure 6.4: Attenuation of turbulent fluctuations in the case of the 8x8 grid.
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Figure 6.5: Attenuation of turbulent fluctuations in the case of the 4x4 grid.
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Chapter 7: Vorticity Background

7.1. Introduction to Vorticity

Fluid particles in motion deform, and therefore, can conform to complex geometries and
shapes. Deformation represents the different ways in which particles can change shape,
and/or position under the influence of external forces. Formally the modes of deformation
are defined either as:
1. Simple translation
2. Simple rotation
3. Strain
a. Extensional strain
b. Shear strain
The Vorticity vector in Cartesian coordinates is defined by its three components,

ow Ov ou ow ov Ou
o, 20 p oM _Ow o, =% (7.1.1)
dy oz 7 0z ox ox Oy

and measurements of vorticity therefore can be performed by directly measuring velocity
gradients at two distinct, but nearby, points. The validity of approximating velocity
gradients relies on neglecting second order and higher terms from a Taylor expansion of
velocity. For instance, the velocity gradient of u in the z-direction is obtained by the

following Taylor expansion:

ou o’u o’u
u(xy,zy +h) = u(xo,zo)+h5(xo,zo)+h2 az—z(xo,zo)+h3 g(xo,zo)+ ........ (7.1.2)

By neglecting the higher terms, including the second one, the velocity gradient is then

approximated by:
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u(xq,2 +h) —u(xy,2,) sa—u(xo,zo) (7.1.3)
h Oz

Some other issues are mentioned here as they relate to the accuracy of the measurements
of velocity, and consequently, vorticity. The first being accuracy of single point velocity
measurements which is limited by hardware and design uncertainties as well as
uncertainty in the calibration of the non-linear curves. Taking the difference of two
velocities, which are very close in value, can possibly compound the error involved from
that of a single realization by bringing into play the sampling resolution. If care has been
taken to maintain a high signal-to-noise ratio and high-resolution analog to digital [A/D]
conversion is utilized, errors like this can be minimized. By the same token, better
accurécy can be attained if the separation distance, 4, is accurately known or measured.
The most serious problems concerning closely spaced intrusive probes are the
aerodynamic and thermal interference these probes produce on one another and their
spatial resolution. This is typical of hot-wire probes in which up to twelve individual hot-
wire probes have been recently implemented for three-dimensional vorticity

measurements (see e.g. Tsinober, Kit, and Dracos™).

7.2. The Vorticity Probe

A new multi hot-wire probe has been developed which is capable of measuring
velocity-gradient related quantities in non-isothermal flows or in compressible flows. The
present probe has been build upon the experience gained with vorticity measurements in
incompressible flows (see Honkan and Andreopoulos®') by using a probe with nine wires
and with velocity measurements in compressible flows by using single and cross-wire

probes (see Briassulis et al.*®). The present vorticity probe, which consists of 12 wires, is
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a modification of the original design by Honkan and Andreopoulos’’. The three
additional wires were operated under the Constant Current Mode (CCA) and used to
measure time dependent temperature. The probe essentially consists of a set of three
modules [see Figure 7.1d for an individual module or array], each of them being mutually
orthogonal to the flow. The rendered isometric view of the probe with the corresponding
laboratory coordinate system is shown in Figure 7.1a, Figure 7.1b and 7.1d. It provides
the front view of the probe whose overall size is determined by the cenroid to centoid
distance between the triple wire sets of 1.73mm (center to center extreme wire position is
2.6mm and extreme prong distance is 3.5mm). Each triple wire set is labeled as A, B and
C accordingly. The supporting stem holder is made of 316 SS stainless steel tubing with
an outside diameter of 0.375 inches and .040-inch wall thickness machined bent at 90
degrees. This stem construction showed no sign of deformation after many experimental
runs. The prongs are made from fine stainless steel rods which have been tapered towards
the hot-wire contacts. 30-gauge lead wiring was soldered to the other end of the prongs.
All the individual prongs are electrically isolated from each other through several ceramic
holders and the whole assembly is glued onto the aluminum tubing. Figure 7.2 shows

actual photographs taken by a stereo-microscope and a CCD Camera.
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t.5mm

Figure 7.1a: Isometric rendered view of the ~ Figure 7.1b: Front view of the vorticity probe.
vorticity probe.

2 > 4
-
/gﬂ;e stem

®

Figure 7.1c: Centroid Locations. Figure 7.1d: Single module of the Vorticity Probe.
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Figure 7.2a: Vorticity Probe Image. Figure 7.2b: Close up image of the probe.

Each module as seen in Figure 7.1d contains three hot-wires operated in the Constant
Temperature Mode (CTM). Each wire of the triple wire sub-module is mutually
orthogonal to each other, thus oriented at 54.7 degrees to the probe axis. Each of the 5
um diameter tungsten sensors is welded on two individual prongs which have been
tapered at the tips. Each sensor is operated independently since no common prongs are
used. Each of the 2.5 um diameter cold-wire was located on the outer part of the sub-
module as seen in Figure 7.1b.

The hot-wire output voltage E; of the ith sensor is related to the effective cooling

velocity, Uj o through the well known King's law:
E*=A+B(pU,)" (7.2.1)
Here the effective mass flux ( pU ;) is the independent calibration variable, which in this
form accounts for the effect of compressibility. The most general from of Ugyis given by:
Ul =Uy +k*U; +h*Uj (7.2.2)
where Uy , Ur and Up are the normal, tangential and bi-normal components of the

velocity vector with respect to the local individual wire coordinate system. The weighting

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VORTICITY BACKGROUND 85

variables k and 4 are the yaw and pitch coefficients. Andreopoulos® ** describes how the
acceptance cone for this probe type is found by applying a condition which is dictated by
evaluating the sign of the Jacobian of the raw voltage as a function of the velocity
magnitude, and yaw and pitch angles, formed between the probe coordinate system and
the lab coordinates system, over a range of these angles. The validity domain or
acceptance cone is determined by the range over which the Jacobian does not change
sign. It was found that the Jacobian criteria held for virtually the entire range was
investigated. The reader is referred to Appendix A where more details on the calibration
are inferred.

In selecting the dimensions of the vorticity probe, several conflicting
considerations were taken into account. The individual wire length, the size of the
individual sub-module and the size of the overall probe should be as a small as possible
so that small scales can be resolved adequately since it is known that most of the
contributions to vorticity come from small scales of turbulence. However, small wire
spacing can lead to thermal interference and cross talk between the wires. This was of
particular concern in the present case because of the high overheat ratio used in the
experiments. Yaw and pitch tests of the probe were carried out in order to identify any
thermal effects on wires located in the heated wake of a neighboring wire located
upstream. These tests indicated no thermal interference among the wires. The reason for
this behavior is that the spreading rate of the thermal wakes is reduced in high Reynolds
number flows.

The requirement to reduce the probe size had to be counterbalanced with the

requirement that the spacing between the sub-modules and the individual wires should be
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finite so that the velocity gradients, which were used to compute vorticity and strain-
rates, do not disappear.

The digitized sigﬁals were processed off-line. The cold-wire signals were first
converted to total temperature that together with the hot wire signals were used to obtain
instantaneous three-dimensional mass fluxes at three neighboring locations within the
probe. Mass fluxes were further separated into density and velocity by using the method
adopted by Briassulis et al.*> ** Decoupling density from mass fluxes assumes that static
pressure fluctuations are small. This is the ‘weak’ version of the original ‘strong
Reynolds analogy’ hypothesis of Morkovin®®. The original hypothesis is based on the
assumption that pressure and total temperature fluctuations are very small. In the present
work, total temperature was measured directly and therefore no corresponding
assumptions were needed. The pressure, however, was measured at the wall and not at
the location of the hot wire measurement. The mean value of this pressure signal was
used to separate the density and velocity signals since no mean pressure variation has
been detected across a given section of the flow.

In summary, it should be emphasized that the major contribution of the present
hot wire techniques is the addition of temperature wires to obtain instantaneous
information on total temperature. This allowed decoupling of all partial sensitivities of

the probe from each other.
7.3. Computation of Velocity Gradients

In flows where the compressibility effect plays a significant role, i.e. high-speed shock

wave induced flows like in our case, the simpler relation between raw voltage and the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VORTICITY BACKGROUND 87

velocity vector in subsonic flows, in which density is considered constant, does not hold.
The present probe output obtained by applying the calibration procedure of Appendix B
yields the three components of mass flux and the total temperature at each of the triple
wires. Still, these two flow variables are not sufficient to uniquely determine the velocity
vector. Additional data or assumptions need to be made concerning one of the
thermodynamic variables, i.e. density, pressure or temperature.

This is discussed in the following section. After properly extracting three velocity
components from the data of each of the three sets of triple wires, the velocity data can be
used to compute all three vorticity components and the six distinct rates of strain terms.
By following the one component gradient analysis initiated in Section 7.1 and applying a
probe coordinate system shown in Figure 7.1c, a Taylor’s expansion for each velocity

component is obtained as follows:

ou
— 10 1()
ull - ulo + ( ax )x10 3 X3, szl +( ax )xlo X0 3, Ax3l (731)
2 3
cu (e Ax, + (i Ax
u12 - ulo Ox X1y > %z X34 2, Ox X1 4% +¥3, 3, (7.3.2)
2 3
cu + (o Ax, +( 2 Ax
ul3 - ulo ox X1y 2% 5%3, 2, (ax )xlo,x20 JX3, 3, (7.3.3)
2 3

Equations 7.3.1 — 7.3.3 form a system of equations that can be written in matrix form as:
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u
U, 1 Ax, Ax, 6;
uw, |=|1 Ax, Ax, | —
ox, (7.3.4)
u13 1 Ax23 A.x33 aul
| Ox; |

The stream wise derivatives are obtained by applying the momentum equation in each

component and neglecting pressure and viscous forces. The final expression yields:

ou,_ ou, ou, Ouy,

u ~+u “+u =0 735
ot ax, ok, ™ o, (7.3:5)
. U .
which can be solved for P o | and thus yield:
Xy
Ouy, 1 | Ouy Ouy, Ouy

(7.3.6)

U, —1+U
o, wu | o ok, O o

0

In a similar fashion the other two stream wise derivatives can be obtained as:

Ouy, _ 1 _8u10 o ouy, . Ouy,

ox, | ot °an 0 x| (7.3.7)
Ouy _ 1 _aulo . Ouy, +u 8u10_

Oxy  uy | Of o ax, R ox, | (7:3.8)

u10

The temporal derivatives, i.e. , contained in Equations 7.3.6-8 can be easily

computed from differencing two successive velocity values and diving by the sampling

frequency interval, At.
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7.4. Description of Vorticity Measurement Experiments
This chapter describes the experiments performed to investigate the interaction of
the expansion waves with grid-generated turbulence. Chapter 8 will be dedicated for

results and based on the statistics observed. The turbulent flow is created by a rigid wire

mesh previously described, placed in front of the working section.

=  Pressure Taps

Wi T — o Hot Wires
+ve X
T Open-End
GRID B J Wall
u D = 24in

T

1T

Trigger

D=48in D=8in D=10in  D=12in

Figure 7.3: Two-dimensional schematic of the working
section with pressure and vorticity probe locations
along the 2 ft length.

Figure 7.3, describes again the 2 ft working section, since this is the only one used for
vorticity measurements. The reader is referred to Chapter 4 for the flow conditions
required for turbulence and expansion wave interaction based on the TVD scheme.

Table 7.4 provides all the pertinent experiments and operating conditions for each one.

Grid Size | Solidity X/M P; - psi M, W, - m/s
2x2a 0.39 20 6.35 0.2528 405.0
2x2b 0.28 20 6.70 0.2609 407.25
3x3 0.39 30 6.75 0.2629 407.75
4x4 0.44 40 5.95 0.2368 400

Table 7.4: Vorticity Measurement Experiments.
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Turbulence in experiments is characterized by the fluctuating behavior of measured
quantities. In grid generated turbulence the fluctuating levels and scales of eddies is
dictated by the porosity (open area ratio) of the grid mesh as well as the mesh size. Three
different grid sizes were used in the present work; 2x2, 3x3 and 4x4 meshes/inch. Two
2x2 grids with different solidities were utilized to see the effect variable solidity in the
same grid size. Again the reader is referred to the CFD chapter where ample comments

are presented of the behavior of these grids.

7.5. Decoupling of density and velocity

Mass fluxes were further separated into density and velocity by using the method
previously described. In the present work, total temperature was measured directly and
therefore no corresponding assumptions were needed. The pressure, however, was
measured at the wall and not at the location of the hot wire measurement. The mean value
of this pressure signal was used to separate the density and velocity signals since no mean
pressure variation has been detected across a given section of the flow. The procedure
involves an expression for mass flux, m;, in terms of total temperature, 7y, and pressure,

P, at the centroid of each array:

U. U.
m =pU, =P - PUi (7.5.1)
RT U,
R[T, 2C]

P

where U, is the instantaneous velocity component, i=1,2 or 3 and
UU, =U+U; +U?

The velocity can be decomposed into U; = U, +u;.
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An iterative scheme was used to decouple density and velocity. During the first iteration

2, .2
. .Uy tu
it was assumed that the quantity, ———

where u; and u; are the velocity components in
p

the span wise and normal directions respectively, are substantially smaller that the

2
quantity T, — % . Then Equation 7.5.1 can be rearranged to obtain a quadratic equation
p

for U, i

Rm
2C

LU} + pU, —m;RT, =0 (7.5.2)
p

For each digitized point, 7) and m; were available instantaneously at the centroid of each
module while pressure was measured at the wall. If the thin shear layer approximation is
invoked then the mean pressure at the wall can substitute the pressure at the centroid of
the array, which appears in the last equation. This assumption is justified because

pressure fluctuations are extremely small and therefore their impact on velocity

o o . 2m}R*T, |
fluctuations is minimal. The discriminant of the above equation A = p? + ——-9 is

P
always positive, and therefore there are two real roots. The product of the two roots, as
expressed by the ratio of the last term of the left hand side of the quadratic equation to the
coefficient of the first term, is always negative. Therefore one root is positive and one

negative. The negative root is unrealistic and only the positive root was accepted.
7.6.  Typical Raw velocity signals from vorticity Probe

This section will provide some of the raw data obtained by the 16 channel, 16bit,

800khz per each channel data acquisition system. Figure 7.4 provides a typical signal
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with just two channels out of the usual 16 that are obtained during the experiments.
Figure 7.5 is an enlargement of the same signal at the region of interest. Three regions are
visible here. The first jump in mass/flux is due to the arrival of the incident shock,
followed by the turbulent flow that has passed through the grid. The signals visually seem
to be relatively clean devoid of any electronic noise characteristics such as spikes. The
second region is that of an accelerating region flow due to the arrival of the expansion
wave; significant reduction in the fluctuating levels is visibly seen. After the interaction
with the expansion wave, Mass/flux, tends to attain a mean value which is either constant
or has a slight deceleration and then with the arrival of the expansion wave from the
driver section the signal drops even more. It should be noted here that the hotwires are
not able to distinguish the direction of the flow, being a cylinder in the flow, thus the
arrival of the expansion waves and the contact surface is observed by the pressure

transducer signals which are not plotted here.
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Figure 7.4: Typical hotwire signals during expansion wave interaction.
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Figure 7.5: Region of interest enlarged.
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Chapter 8: Vorticity Results

8.1. Vorticity and enstrophy in the flow field

A better understanding of the nature of the interaction of turbulent structures and
vortex motions of turbulent flows with expansion waves requires information on
important quantities like vorticity, rate-of-strain tensor and its matrix invariants, and
dissipation of turbulent kinetic energy. These flow quantities, although computationally
as well as experimentally demanding, when resolved to proper scales, are therefore well
suited for describing physical phenomena in vortical flows.
In the present work, however, the transport equations of vorticity and enstrophy will be
used to gain further insight of the processes involved in the interactions of shock waves
with turbulence by looking at the instantaneous signals of the various quantities involved.

The transport equation of vorticity

DQ; 1 dp 0p o |19ty 8.1.1)
1
=84 Q1 —Q:Sq +8: o — +&: -
k="k kk
Dt ! ! an p2 axq axn an éxq p 8xj

1

describes four dynamically significant processes for the vorticity component Q;, namely
that of stretching or compression and tilting by the strain Sy, vorticity generation through
dilatation, baroclinic generation through the interaction of pressure and density gradients
and viscous effects expressed by the viscous stress term. The term Si Q2 consists of one

stretching or compression component and two tilting components. This term presumably
plays an important role in the various processes involved which is not yet fully
understood. The viscous term may also describe reconnection of vortex lines at very

small scales due to viscosity. If the viscous term can be ignored since its magnitude, very
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often is small, then the change of vorticity of a fluid element in a Lagrangian frame of
reference can be entirely attributed to vortex stretching and/or tilting, to dilatational
effects and to baroclinic torque.

If the above equation is multiplied by €, then the transport equation for the

can be obtained:

1
enstrophy equation

in
0T, 0Q. Ot
w=Sikgkgi_QiQiSkk_F,3i igi op Op i 0 Qi_l_ T —g, 108 oty
Dt Tp 0x, 0x, T Ox, p OX, Yp ox, Ox,
(8.1.2)

The physical meaning of the terms associated with the time-dependant changes of
enstrophy of a fluid element in a Lagrangian frame of reference are similar with those
responsible for the generation or destruction of vorticity.

Figures 8.1-8.4 show signals of longitudinal velocity component U, lateral velocity

component U,, longitudinal, lateral and transverse vorticity components €;, €2; and €3

respectively, the enstrophy Qi(2;, wall pressure and total temperature for each of the
experiments with four different grids. Each signal has been normalized by its r.m.s. value
upstream of the interaction. As a result, signals with relatively large fluctuations are
reduced and signals with relatively small fluctuations are expanded. Thus, all signals
have been brought to about the same amplitude level. This normalization also helps to
observe whether the signal of the particular quantity is attenuated or not during or after
the interaction. This is because the r.m.s. value of this portion of the signals is the

attenuation/gain G which is defined in terms of a representative variable Q as the ratio

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VORTICITY RESULTS 96

Qrms,d — ﬂ

Qrms,u o,

G= where the superscripts u and d denote regions upstream and

downstream of the interaction respectively.

Each of the signals, with the exception of that of Uj, has been displaced by
multiples of 100 r.m.s. units to provide better visual aid. Pressure signals have been
simply displaced by 400 units and amplified by a factor of 10. The arrival of the
expansion waves is evident by the slow increase in velocity, the slow decrease in pressure
and T,.

An inspection of the level of fluctuations during or after the passage of the expansion
waves and actual computation of their r.m.s. values indicates that some signals are
attenuated and some not. The longitudinal vorticity Q, and lateral velocity components

U, and Us signals are expected to be only slightly affected by the interaction.
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Figure 8.1: Typical signals in the experiment with the 2x2a grid.
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Figure 8.4: Typical signals in the experiment with the 4x4 grid.

Figures 8.5, 8.6 and 8.7 show some typical probability density function distributions of
fluctuations of the three vorticity components before and after the interaction.
Longitudinal fluctuations are very little affected by the interaction, while the two lateral
components are reduced substantially. Similar attenuation can be observed in the

fluctuations of enstrophy as shown in the p.d.f distribution of Figure 8.8.
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Figure 8.5: Typical probability density function of longitudinal fluctuations 2x2a.
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Figure 8.6: Typical probability density function of lateral vorticity fluctuations 2x2a.
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Figure 8.7: Typical probability density function of lateral vorticity fluctuations 2x2a.
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Figure 8.8: Typical p.d.f. of enstrophy fluctuations.
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In flows where turbulence is distorted by a rapidly applied strain, like the strain

ou : TP
S = (—a—l) gy in the present case across the shock wave, the dissipative time scale of
x

1

) L . C
turbulence or eddy turnover time 7, = —%, where L; is the dissipation length scale and

1

1 —
= (= 2 . .
g=( 7 vu:) should be directly compared to the time scale of the applied strain
1 q3
T,, =—. The dissipation length scale, L., is defined as L, =", where ¢ is the
£
11

2
dissipation rate of turbulent kinetic energy, ¢°. The time T; then appears to be 7, = 9

This time scale indicates how fast the kinetic energy of a typical turbulent eddy is
dissipated into heat. The full dissipation rate has been evaluated in the present work. In

this case E = E-+E4 with

aUl' an
ES = 'quQk +2,u —é_'a——skkskk and Ed =4/3,uSkkSkk (813)
.Xj X

The strain rate S;; that is associated with the imposed disturbance of the incoming

oU;.  AUp,

expansion wave can be approximated by S§;; =¢( where AUgw is the

) Ew
X1 EW

velocity difference across the Expansion Wave and Axgy is its typical thickness. This can
be approximated by Ax,, = At,, U, where is Atz is the duration of the expansion zone

and (U, — U, ) is its convective velocity, which is approximated to be the speed of sound

in the upstream zone.
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The ratio of two time scales R, = T =5, —%is plotted vs Re) in Figure 8.9. The data
EW q

show that the time scale of turbulent eddy turn-over is about 1000 time greater than the

time scale of the interaction. It also appears that R, grows slightly with Re). There is no
strong dependence of R, on Rey as shown in Figure 8.10.
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Figure 8.9: Ratio of time scales as a function of Rey
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Figure 8.10: Ratio of time scales as a function of Rey,
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Table 8.1 shows a summary of the computed data obtained with the vorticity probe.

Figure 8.11 shows the ratios of the standard deviations G = 94 for the longitudinal and

(o}

u
lateral velocity and vorticity fluctuations. It appears that lateral vorticity fluctuations
attenuated the most with ratios between 0.74 and 0.42. The data also show that the
attenuations increase with Rey. Clear evidence of some attenuation is shown in the data of
longitudinal velocity fluctuations, although small amplification is measured in one
experiment. Longitudinal vorticity fluctuations show a constant behavior throughout all
Re,. Lateral velocity fluctuations show some rather weak dependence on Re).

The attenuation of turbulent kinetic energy and turbulence intensity is shown in Figure

8.12. In both cases attenuation seems to increase with Re).

175 180 185 190 195 200 205 210
Re,

Figure 8.11: Attenuation of velocity and vorticity fluctuations.
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Figure 8.12: Attenuation of turbulence intensity and turbulent kinetic energy.
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8.2.  Spectral Densities

Some further insight into the evolution of turbulence through the expansion wave can
be obtained by looking into the one-dimensional wave number spectra (power spectral
densities) of turbulent kinetic energy and of enstrophy, which describe the translational
kinetic energy relatively to the mean and the rotational kinetic energy respectively. Figure
8.13 shows spectra of %U;U; and %QiQ) upstream and downstream of the interaction
obtained in the flow with the 4x4 grid. These spectra have been computed from frequency
spectra after invoking Taylor’s hypothesis with convection velocities those of the mean
velocities U, and Uy for the upstream and downstream of the expansion wave regions. This is
based on the assumption that the frequency of the waves, ®, remains unchanged by the
interaction and that the associated wave number, K;, changes to satisfy the dispersion
relation o-k;U, =0 where U, is the convection velocity. Because of the difference in U, the
upstream and downstream wave number range will be different. The present choice of
convection velocities refers to the laboratory system of reference as opposed to the
alternative one moving with the wave, which requires different convection velocities. Values
of the streamwise wave number K; have been non-dimensionalized by the mesh size M.

The upper limit in the wave number scales is defined by the resolution of the
instrumentation and the lower limit, i.e. the larger eddies are defined by the shock tube

diameter D. Thus the ratio of the largest to smallest resolvable scales is about 300:1.
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Figure 8.13: Spectral Density - 4x4 Grid.

Through the interaction the spectral content of both turbulent kinetic energy and enstrophy
changes significantly. The most revealing pattern is that after the interaction the spectrum
shifts to lower wave numbers. This clearly indicates that the length scales of the flow
changed substantially. It appears that they increase through the interaction. There is also
attenuation of turbulent kinetic energy almost across the whole wave number spectrum. The
spectra of enstrophy also show a similar shift of energy towards lower wave numbers but a

lesser shift in turbulent kinetic energy.
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Figure 8.14: Spectral Density of longitudinal velocity fluctuations - 4x4 Grid.
Spectral densities weighted by the wave number K; of the longitudinal velocity fluctuations
are shown in Figure 8.14. The data show that there is a shift towards lower wave numbers. It
1s also interesting to observe that the K; location where the maximum density occurs also
shifts towards lower wave numbers.
The spectral densities of the longitudinal vorticity fluctuations, which are shown in
Figure 8.15, indicate a different behavior. The small scales are attenuated while the large
scales are amplified. There is a wave number region, 90 m™ <K;<300 m™ which corresponds

to wave lengths 3.3<NMM<11, which shows no amplification or attenuation through the

interaction.
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Figure 8.15: Spectral Density of longitudinal vorticity fluctuations - 4x4 Grid.

Figure 8.16 shows the spectral densities of the lateral vorticity fluctuations before and after
the interaction. The peak appears to be shifted towards lower wave numbers and also the

amplitude of the fluctuations is suppressed significantly.
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Figure 8.16: Spectral Density of lateral vorticity fluctuations - 4x4 Grid.
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Chapter 9: Conclusions

An attempt has been made to investigate experimentally the effects of flow
expansions caused by moving expansion waves on isotropic turbulence in a large scale
shock tube facility by employing multiple hot-wire probes of various types and related
instrumentation with high spatial and temporal resolution.

The incident shock and the induced flow behind it passed through a rectangular
grid, which generated a nearly homogeneous and nearly isotropic turbulence. As the
shock wave exited the open end of the shock tube a system of expansion waves was
generated which traveled upstream and interacted with the grid-generated turbulence.
This type of interaction is free from streamline curvature effects, which cause additional

effects on turbulence.

CFD was used systematically to design the experiment, identify useful time

windows and understand the bulk behavior of the incoming flow.

The flow field was generated by using a variety of grids of rectangular pattern of

different mesh size. The Reynolds number of the flow based on the mesh size, Re,,,

ranged from 50,000 to 200,000 while the turbulent Reynolds number Re; based on
Taylor's micro scale was between 150 and 250 which is reasonably high a laboratory
flow. The Mach number of the incoming flows investigated was about 0.3. In that respect
these interactions are considered as interactions with an almost incompressible flow. Mild
interactions with expansion waves which generated expansion ratios of the order of 1.8

were achieved in the present investigations. In that respect the compressibility effects
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started to become important during the interaction. The ratio of the eddy turnover time to
that of the strain rate of the interaction reached values of the order of 10°.

A custom designed vorticity probe was used to measure for the first time the rate-
of-strain, the rate-of-rotation and the velocity-gradient tensors in several of the present
flows. Testing and validation of the probe and its eventual use in the shock tube flow
field were a formidable task. Issues related to calibration, data analysis and spatial and
temporal resolutions appeared to be the most significant among all that were considered.

Custom made x-hot-wire probes were also used to measure the flow quantities

simultaneously at different locations inside the flow field.

Although the strength of the generated expansion waves was mild, S = [?I—J] = 50
EW

t0100 s™, the effect on damping fluctuations of turbulence was clear. In this experiment,
time- and space-resolved three-dimensional vorticity was measured for the first time.
Vorticity fluctuations were reduced dramatically more than velocity or pressure
fluctuations.

Attenuation of longitudinal velocity fluctuations has been observed in all
experiments. It appears that the attenuation increases in interactions with higher Reynolds
number. The data of velocity fluctuations in the lateral directions show no consistent
behavior change or some minor attenuation through the interaction. These results indicate
that the outcome of the interaction depends strongly on the upstream turbulence of the
flow.

The present results clearly show that in most of the cases, attenuation occurs at

large %distances where length scales of the incoming flow are high and turbulence
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intensities are low. Thus large in size eddies with low velocity fluctuations are affected
the most by the interaction with the expansion waves. Spectral analysis indicated that
spectral energy is shifted after the interaction to lower wave numbers suggesting that the

typical length scales of turbulence are increased after the interaction.
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Appendix A: Formation of Compression and Expansion Waves

A.l. Formation of Compression and Expansion Waves

Prior to describing the formation of compression and expansion waves and the
principle of operation of a shock tube, the definition and physical meaning of the speed of

sound is required.

A.1.1. The Speed of Sound

The physiological effects of speech and hearing are related to the transmission
and detection of tiny pressure disturbances because of the elastic nature of the fluid. The
speed at which these disturbances travel is commonly known as the speed of sound,
denoted by V; here and it depends on the compressibility of the medium in which it
propagates into. The aim here is to demonstrate how infinitesimal pressure, density and
enthalpy disturbances propagate through a compressible fluid. One might speculate that
the speed of sound would depend on the specific properties of the transmitting fluid and
perhaps on the magnitude of the pressure or sound disturbances themselves.

In order to relate the above-mentioned effects in a qualitative way, a homogenous
compressible fluid of pressure p, density p, and enthalpy % at rest in a piston tube with a
uniform cross-section is considered as shown in Figure A.1 Assume that that tube is
thermally insulated and the piston contained is close-fitted yet frictionless. This
assumption and under the restriction of small pressure disturbances, the process can be
considered reversible and isentropic. If the piston is given a steady velocity AV to the
right, an infinitesimal pressure pulse will be generated at the face of the piston, which

will propagate to the right at a velocity V. The fluid is compressed in front of the piston
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and the pressure, density and enthalpy increase slightly to p+Ap, p+Ap and h+Ah
respectively. Behind this advancing front, the properties remain constant at their
increased value as long as the piston continuous to move steadily. The fluid behind the
front moves at the same speed as the piston (AV) while the fluid in front of the advancing
pulse remains stationary. Considering the advancing front as stationary by choosing a
reference frame moving steadily at the speed Vi and by applying the equations governing

conversation of mass and momentum, the speed of sound V;is given by:

given that —’0<<1, for infinitesimal disturbances and under adiabatic and reversible

Jo,

conditions, 2P can be interpreted as the partial derivative of p with respect to p at

Ap

constant entropy, (2—p)s . Thus the expression for the speed of sound A.1 becomes:
0

e 2 (A.1.2)
op
N (A S (A.1.2b)
op

The relative magnitude of fluid speed and the speed of sound is of great
importance and is usually measured by the Mach number, M = K This number has a

a

physical importance much like the Reynolds, Nusselt and other dimensionless groups and
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is proportional to the square root of the ratio of the inertial to elastic or compressive
forces. Another interpretation for the Mach number is given as the ratio of the time
necessary for a pressure signal to travel a fixed distance to the time necessary for a fluid

particle to cover the same distance.

Pressure wave moving with velocity Vg Vs
e A

AV p+Ap p Fluid at Rest
ptAp == || p V=0
h+Ah h

T T S e

|

p
h, h+Ah h
V 1
p+Ap P
——— Vs
AV
y X
|
t A |
Piston%path
|
|
Path of pressure pulse
- X

Figure A.1: Propagation of a weak pressure wave along
a tube with a compressible fluid based on a
stationary observer.
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A.2. Shock Waves

Now that the speed of sound and the

propagation of small pressure disturbances ﬁ

have been elaborated on, the development of a '

. Piston path __| ” \
compression shock wave as well as an ™ ; Shock wave
Pressure

expansion wave is considered. To observe in =~ Pusepath ; o
! .—— Fluid particle

' path
a qualitative manner how a finite discontinuity : o x
a,
.. . p
can be formed reexamining the piston-tube %
arrangement described before and with the aid = : x

of Figure A.2, the formation of a compression

wave is illustrated. A slight steady movement
Piston path —)
of the piston produces a weak compression / path
®)
wave (a sound wave) that propagates through Figure A.2: Time-Distance Plot
a. Development of a shock wave by

the gas at rest. If the piston velocity is now a piston accelerating into a gas-
filled tube;

b. Development of a rarefaction
wave by a piston accelerating out
of a gas-filled tube.

increased a second time, a second
compression wave forms and also moves
along the tube. This wave travels at a higher sonic speed than the first because the gas
into which it travels is at a higher temperature as a result of the compression produced by
the first wave. The second wave thus has a higher absolute velocity than the first wave.
For a third increment in speed, the process is repeated and the generated sonic wave is
inclined to overtake the first two. The successive compression waves generated by the
successive accelerations, see Figure A.2a, of the piston tend to reinforce each other,

causing an abrupt contour of the wave. The pressure and temperature gradients tend to
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become very large, but internal viscous stresses and heat transfer rates limit this effect
resulting in a compression front termed as a normal shock wave that remains as a thin

(finite thickness) moving region.

A.3. Expansion Waves

By way of comparison, the formation of expansion waves can be explained in a
similar way. If the piston is drawn away from rather than into the fluid, a reverse process
to that just illustrated occurs. When the piston moves to the left at some velocity, a weak
expansion wave travels through the gas moving to the right at sonic speed. The gas
behind the wave is set in motion to the left at the speed of the piston. Due to the
expansion, the gas behind the wave is at a temperature and pressure slightly lower than
the gas upstream of the wave. A second increment in velocity of the piston generates a
second weak expansion wave, which travels to the right at a slower speed than the first
wave. The reduction is speed is because of the expansion and cooling experienced by the
gas as a result of the passage of the first wave. Note that the gas and the waves move in
the opposite directions. The second wave travels slower than the first wave and lags
behind the first wave. Each expansion wave is less steep than its predecessor and unlike
compression waves; successive expansion waves do not form a finite expansion wave.
The resulting pressure profile, termed a rarefaction wave, continuous to broaden along

the tube, see Figure A.2b.
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A.4. Shock Tube
A shock tube is a device suitable for producing high velocities and temperatures.

It is used extensively in the study of unsteady short duration phenomena in varied fields
ranging from aerodynamics, physics etc. Wave structures and wave interactions can be
studied when the shock wave propagates at a high speed yet these high speeds necessitate
that experimental measurements be accomplished in a very short time, usually in the
range of milliseconds or less. The shock tube consists of a long tube divided into two
sections by a diaphragm (membrane) as shown in Figure A.3a.

Chamber 4, called the driver section, contains gas (“driver” gas) at a high pressure
whereas chamber 1, called expansion section, contains gas (“test” gas) at a low pressure.
At time t = 0, the diaphragm (membrane) is ruptured, the driver gas compresses a slug of
the test gas, much as the moving piston described earlier, and generates a series of
compression waves that rapidly coalesce into a normal shock wave which propagates at
supersonic speed in the expansion section and sets up the gas behind it in motion in the
direction of the shock at velocity V,. The laws of normal shock dictate that p; > p;, T2 >
T aﬁd p2 > p1. At the same time a rarefaction wave emanates at the diaphragm section
and propagates in the opposite direction into the driver section 4. The leading rarefaction
wave (head wave) propagates into the gas of the driver section at a local speed of sound
c4. In a similar manner the tail wave propagates at a local speed of sound of c¢;. The gas in
the driver section is at rest until affected by the rarefaction waves and the gas behind the
tail wave is set in motion to the right at a velocity V3 equal to V,. The interaction of the
shock wave and the rarefaction waves establishes a common pressure p>(= p3) and a

common velocity V(= V3) for the gas downstream of these waves. The gases in region 2
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and 3 though differ in temperature and entropy, thus a surface of discontinuity is created
which moves to the right at the same velocity of the gases and these two regions. This is
called contact surface. Figures A.4a, A.4b A.4c show the distributions of different
properties at some later time t; based on the shock tube configuration described in

Figures A.3a, A.3b.

Diaphragm
/ aphrag
t=0 4 / Low-pressuregas 1
High-press.
gas
Head Tail
N\ /
t=t 4% 4 3 — 2 e I
Expansion Contact Shock
waves discontinuity  wave

Figures A.3a, A.3b: Shock tube

In addition the Figure A.5 indicates the location at which the test object must be placed in
order to subject it to a maximum testing time. This time depends on the length of tube

and the velocities of the shock and expansion waves.
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Figures A.4a, A.4b, A.4c: Property
Distributions at time = t;

t Reflected
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Rarefaction

Figure A.5: Time-Position diagram
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A.5 Moving Shock and Expansion Waves

When a normal shock or expansion wave propagates at a constant speed in a gas,
its apparent motion depends on the coordinate system that is selected. If coordinate
system is fixed, the motion is viewed as unsteady, yet if the coordinate system itself is
moving with the wave, the flow across the shock or expansion appears steady. With this
transformation in mind consider a normal shock wave propagating at an absolute velocity
V’sinto a gas that it is itself, moving at a velocity V’4 as shown in Figure A.6a and A.6b.
The shock propagation sets the gas behind it in motion at velocity V’y. Figure A.6a
indicates the properties of the gas across the shock wave relative to a fixed coordinate
system and are identified by primes. In Figure A.6b the coordinate system is moving with

the wave. The velocities of the gas on both sides of the shock are therefore related as

follows:
Vy, =V’ -V’ } (A5.1)
and V,=V-V’,
|ys_—_> Vs=0
V,y V,x Vy = V,s = V’y Vx = V’s = V’x
| > || = < 1||< ]
y U x Properties across a shock wave y X
Figure A.6a. Moving Wave Figure A.6b. Stationary Wave

When a normal shock wave travels in a closed-end tube, the gas between the shock wave
and the closed end remains at rest. The gas behind the shock wave however moves at a

velocity V’y Figure A.7a shows the incident shock reflected at the closed end of a shock
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tube and how it propagates back through the incoming gas. Again based on the

coordinate system two configurations of motion are observed, as it can be seen in Figure

A.7b.
V's
—— > Vs=0
V’y Vy= V’s = V’y V,s
C——— > Vx=0 < 3 | |
Incident shock Gas at
y X
wave rest
V'
<— V=0
V'y V=V +Vy V',
Gas at
—> | [ || c—— >
Reflected shock Reflected shock
wave wave X y
Figure A.7a. Velocities relative to a Figure A.7b. Velocities relative to  a
fixed coordinate system System moving with the

wave.

In the event that an incident shock wave is propagating into an open-ended tube as shown
in Figure A.8a ahd A.8b, due to the decrease in pressure that will take place across the
reflected wave and the incident shock wave at the open ended side of the tube, the
incident shock wave is reflected at the open end as an expansion wave. This is how
expansion waves are created in the working section of the shock tube in the
Aerodynamics laboratory of CCNY. The aforementioned waves then interact with the
grid generated isotropic and homogeneous turbulent field as described in Chapters 1 and

2 previously.
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——— > Vs Ve=0

V’y Vy= V’s - V’y V’s
C——>|| Vx=0 <K —
Incident shock Gas at rest S y X _
wave P > Paim P = Patm P 2 Patm P = Patm

V'
<—— ' V=0
Vy V=V +Vy V'
m—| It | | e
= VMat
Reflected expansion - Reflected expansion _
wave p > Paim Wave p > Paim P = Pam
Figure A.8a. Velocities relative to a Figure A.8b. Velocities relative to a
fixed coordinate system system moving with the
wave.

A.6  Governing Equations

Some of the governing equation will be presented here considering normal shock
waves propagating adiabatically through a gas in a shock tube of constant cross sectional
area A as shown in Figure A.9. The properties of the gas downstream of the shock will be
expressed here rather than derived. The derivations along with all the assumptions

involved can be found in many compressible Fluid Flow books.

Stationary Shock Wave
Vi > Vy c.v if|:
T<T, A (I
Px <Py <<
Px < py i
Sy < 8y y il x

Figure A.9b. Changes of properties across a normal
shock, stationary wave
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First properties will be expressed in terms of both the Mach numbers and ratio of specific

C
heats y (= —C—” ), and then they will be presented as functions of only the upstream Mach

v

number and y.

r 1+ r-1 M?
Ratio of static temperature: T (A.6.1)
T y -1
R M?

T 14
Using continuity and perfect gas law: —- = PPy Dy Py . (A.6.2)

Tx pypx Vx px

, v, M, |T,
since L= = e (A.6.3)
VX MX TX

and by using the above equations the temperature ratio can be eliminated and the pressure

ratio across the shock is given by:

e, T, p,

the ratio of stagnation pressures is given by:
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Poy _ _py_(&J ........................... (A.6.7)
pOx (&j px
.

which can be expressed in terms of My and My as:

(y+1)

Y =1, 226
1+~———M?)
P, M, y
2 = v, ey (A.6.8)
Pox y (1+7_1M2)m
2 X
The entropy change across the shock is:
Ty
T p E
s,—s,=C, In—=-Rln—==C, In—— (A.6.9)

T, p, ( P, j—,—
2

where temperature ratio is given by Eq. (A.6.1) and the pressure ratio by Eq. (A.6.4).

The temperature, pressure and density ratios can be expressed as functions of only a

single Mach number as follows:

T, _[2M; -(-DI2+(-DM;]

- e (A.6.10)
2 — —
1; y 2M - +(1y D e (A6.11)
2
Py Ve DM, (A.6.12)

p. V, 2+(y-DM;

-1
Poy _ 2ME=( =D DML 55 613

Po. y+1 2+(y ~)M?
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The pressure rise across the shock, Py P , 1s called the strength of the shock.

px pl

A.6.1. Rankine-Hugoniot Relations

The Rankine-Hugoniot relations relate the densities and the static pressures across
a normal shock. The derivation again is not in the scope of this appendix thus the
expressions will be expressed for reference.

The pressure ratio across the shock can be expressed in terms of the density ratio as

follows:
r+1lp
Py _ry-lp (A.6.1.1)
p. v+l _py
y=-1 p,

or conversely the density ratio can be expressed in terms of the pressure ratio:

—7+i&+1
Py _¥y=lpe (A.6.1.2)
P, y+1 p,

ﬁ__*__._...

ry-1 p,

Equations (A.6.1.1) and (A.6.1.2) relate the static pressure ratio and the density ratio
across an irreversible adiabatic compression shock wave. For an isentropic process the
. o (B
relationship of pressure and density is: = =| =2 | .iiiiiiniiiiinrenneeneen (A.6.1.3)
P D
If values of pressure ratio are calculated for various density ratios and compared with Eq.
(A.6.1.3), some interesting observations can be made. At low-pressure ratios (~ 4.0), the
Hugoniot curve and the isentropic curve differ only slightly from each other, so that a

weak shock appears like an isentropic process. To achieve such a pressure ratio across the
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shock the driver section of a shock tube needs to be pressurized to approximately 25
times that of the ambient (~ 375psig) which is much more than what this set of
experiments will deal with. At the large pressure ratios, which characterize strong shocks,
the density ratio reaches some limiting value (~ 6.0 for y = 1.4) whereas in the isentropic

process the density ratio increases constantly.
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Appendix B: Vorticity Calibration and Decomposition

B.1. Vorticity Probe Calibration For Velocity/Mass Flux Measurements

The vorticity probe consisted of three triple wire modules each coupled with an
independent temperature wire sensor. The hot-wires for velocity/mass flux measurement
were driven under a constant temperature mode using Dantec 56C01CTA/56C17 Bridge
modules, while temperature wires were driven under a constant current mode using a
simple electronic circuit shown in Figure B.2. The triple hot-wire module required a very
elaborate calibration procedure including velocity and yaw and pitch response tests. On
the other hand, the temperature wire calibration was simple due to the nature of the
temperature sensitivity of the wire, which yields a linear response to a sensed total

temperature.

B.1. Temperature (Cold Wire Calibration)
The cold wire, when placed in a flow, it measures both velocity and temperature

fluctuations. In order to use the cold wire as a temperature measurement device, the

sensitivity of the wire to velocity fluctuations must therefore be minimal, 1.e. U =0.

A length to diameter ratio of ~700 [length of ~1.5mm, diameter of 2.5 um] was used for
these wires to minimize the end conduction effects as proposed by (Bradshaw’®). To
calculate the corresponding sensitivities due to temperature and velocity fluctuations the
following expressions are used. The temperature sensitivity on the flow velocity of the
2um platinum/Tungsten temperature wire can be found by using the suggestion of

Wyngaard37 as:
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1
2 = n
aT I Rw(4Red)

8U ik, 1U,(024+0.56Re})?

(B.1.1)

where n = 0.45 and

1= supplied current [0.5mA]

R,, = the resistance of the wire [10 Q]

Rey = the Reynolds number based on the diameter of the wire

kr = the thermal conductivity of air [0.025 (A% Q)/(m °C)]

[ = the length of the wire [1.5mm)]
U; = the mean flow velocity [200 n
sec

The range of the temperature wire sensitivity to velocity fluctuation will now be
calculated in order to show its minimal value and thus minimal effect to the temperature

measurements. From Equation B.1.1 and assuming that a 2.5 um Platinum/Tungsten wire

. . m oT -5 OC
is used in a 200 — flow to measure temperature, then — =1.574x10 .
sec oU m/sec

Typical values that were used in the previous calculation are given in the brackets above

. . .. . OE .

where the properties of air were evaluated at 50 °C. The temperature sensitivity T is
L . .. OE . .

now required in order to calculate the fluctuation due to the velocity U since the later is

given by _6£=6_E£ (B.1.2)
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Using g—i=aIRw where o = 0.004-% is the temperature resistivity of the

Platinum/Tungsten wire, having a typical value of %f: = 0.024rf—g the velocity

sensitivity from Equation B.1.2 becomes—QE— = 9E or =3.778x107’ _mv_

oU 8T oU m/sec

Taking now into account the case of a very low speed [20— ], temperature sensitivity of
sec

o

the wire to mean velocity is: 2—5 =3.303x107* , resulting in a maximum velocity

m/sec
sensitivity of the wire of oF =7.928x107° my .
oU m/sec
In view of the above calculations, 3.778x1077 < OF <7.928x1078 my , 1t can be
oU m/sec

accurately assumed that the 2.5 pum temperature wire is insensitive to velocity
fluctuations in the above range of flow conditions.

The output voltage can be converted easily using a conversion factor similar to the above
T with the corresponding operating conditions of each cold wire (i.e. constant current,

R, 1,). The above value for the temperature sensitivity can be used without the
introduction of a significant error. A typical temperature calibration can be seen in Figure
B1. The 1-D inviscid total temperature of the flow is plotted against the calculated mean
total temperature using the above calibration value. The recorded shock strength of each
experiment was used to identify the 1-D total temperature. The data collapsing on a
straight line supports the insensitivity claim of the temperature wire to velocity as well as

the validity of the calculations.
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The calibration of the cold wires for the X wire probes, and the vorticity probe were

performed using the above procedure. Figure B.2 shows the circuit used for the

temperature wires.

Temperature Wire Calibration

0.0015
0.00135
/I
K4
0.0012 El
0.00105 /JZ}/
Y -
2ot oa0t /L
o O
, T Xe,-) ~-4
2 7.5-10 ﬁ :
S re(x) /JZ(
S —4
> 610 g
,I
4510 * 5
~4 /‘
310 e
L4
- "
1510 ; 3
R corr( Xt, Yt} = 96.091%
’
0
300 306 312 318 324 330 336 342 348 354 360
Xei, Xej, x

Temp - Degrees Kelvin

Figure B.1: Calibration Curve for a Typical Temperature Wire.

— VOLTAGE INPUT DC

" */ L334 Current Source gLEEQEEg:‘SJOR
LM344
220 Ohm

“?}; RED LED
1.34kOhm

iset Potentiometer
[R¥220 Ohm 140%

W 1N4148
SNE4LSS06 - BUFFER
LS
N
V
All amp Meter
L
Hotwire Output
Cold Wire
10 Ohm

Figure B.2: Electronic Circuit for Wires operated under CCA Mode.
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B.2. Triple wire calibration:
The triple wire required an extensive analysis owing to the governing King’s law
relation. King’s Law applied to non-isothermal flows is given by:

a b
E? T T
=A 2| +B|=X U..)" B.2.1
T -1, {T} {T}(P o) (B.2.1)

r

where T, is the wire temperature and 7, is a reference temperature usually taken to be the
ambient temperature. The wire temperature is set by setting the overheat ratio on the
Wheatstone bridge; in all the experiments here the overheat ratio was 100% which
rendered a hotwire temperature 7,, = 550K. Physically, this is done by adjusting the
decade resistance in the bridge, which causes an increase in current to the hot-wire, which
is on one branch of the bridge, thereby increasing the wire temperature due to increased
heat transfer at the wire surface. The values suggested by Kovasznay™ for a and b are

0.768, and the exponent #» may range from 0.42 to 0.45.

If 3-D response of the wire is considered, the relation for Uy given by Jorgenson®®
applies

UL =U, +k*U7 +1°U, (B.2.2)
The subscripts refer to the normal, tangential and bi-normal components respectively.
The coefficients £ and % are the pitch and yaw coefficients, respectively. They are
generally a function of the inclination of the impinging velocity vector, and normally
described in terms of the yaw and pitch angles of the vector. Combining Equation B.2.1

and Equation B.2.2 for three individual wires with some manipulation gives, (B.2.2
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T _|» T _in T |«
PE; [F’] PE; [7’] PE; [;’]
U 2 _y_____ "0 ,(pU 2 | *to (pU 2 _ | Yo
(p eﬁ”l ) Tw _ TO (p eﬂz ) Tw _ TO (p eﬁ; ) Tw _ TO

Due to the orthogonality of the triple wire set, Equation B.2.2 is conveniently employed
by noting that the tangential velocity components of one wire lies normal to one of the
other two and in the binormal direction of the third. This can be used derive the

component relations for each wire.

U2 =Y +k’X* +h’Z* (B.2.4)
UL =Z"+k,'Y? +h X’ (B.2.5)
UL, =X'+k’Z> +h,’Y* (B.2.6)

Where X, Y and Z have arbitrarily been chosen to be the normal, bi-normal and tangential
velocity components of each wire, respectively. For a calibration test, the velocity vector
is known in terms of the laboratory coordinate system. The velocity components in lab
coordinates are related to the wire coordinate velocity components through the use of the
respective direction cosines (the cosine of the angle between the primed and unprimed

coordinate axii), i.e.

ul | X'| [ecos(X',X) cos(X'Y) cos(X',Z)[ X
v =Y |=|cos(Y',X) cos(Y',Y) cos(Y,Z)|Y (B.2.7)
w A cos(Z',X) cos(Z'.Y) cos(Z'.Z2) | Z

Therefore, the normal, bi-normal, and tangential velocity components for each wire are

found from values of X, Y, and Z as derived above.
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Or,
X u
Y{=N"v (B.2.8)
VA w

The velocity magnitude, which is the same in both coordinate systems, can be used with
to reformulate the B coefficient of Equation B.2.1 with the help of Equation B.2.2. This is
seen in the following equation,

T 2 2 2
__(>_=A+[B(U~ e e Us

N " B.2.9
T K Q»}(p@ (B2.9)

The complex term in front of (pQ)" can be represented by a another coefficient B’, then

5]
TO _ ' n
= = A+ B'(pQ) (B.2.10)

This is a valid alternate form of King’s law since the coefficient B’ has absorbed the
dependence of the three wire components and the yaw and pitch coefficients. Notice this
expression implies that mass flux calibration can be performed independent of probe
orientation. The calibration procedure begins with this last expression. During a
calibration either in the wind tunnel or the shock tube, the probe is subjected to different,
but known or controlled, incoming flow conditions, i.e. increasing normal mean velocity
or mass flux respectively. The measured raw voltages and known flow conditions are

plotted to obtain a calibration curve. Therefore, the constants A4 and B’ are obtained from

this calibration.
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From,
2 2 2
B'= B(%%+k2%+hz—g—§) (B.2.11)

the coefficient B’ is shown to be a function of B, k, and 4. A simple method to obtain the
unknown coefficients above (recall B’ is found from the mass flux calibration) was
developed. This method starts with an assumed value of k and arbitrarily chosen value of
h with some justification. In the present case a value of ¥ = 0.02 has been chosen and
was kept constant. The value of 4, on the other hand, is significantly larger with average
values being reported as 1.2 for #°, with moderate variation. Once these two values are
chosen the coefficient B is determined, and its value, as that of the & coefficient, is kept
fixed. This leaves % to account for the variation in yaw and pitch of the sensed velocity
vector.

Yaw and pitch response experiments were previously performed on the probe to
determine the value of % as a function of these two angles. Each wire gives 4 as a smooth
function of yaw and pitch. These surface maps were used to obtain discrete interpolated
values of 4, which were then applied to the processing of the mass flux data. A two-
dimensional array was created from yaw coefficient values obtained from experiment,
whose function was to find an interpolated value of the yaw coefficient based on input

values of yaw angle and pitch angle. Figures B.3 — B.5 provide the calibration lines for
each of the wires for each of the individual array. The X — axis denotes the (pU )" where

n = 0.45 for the case of the hotwires in the vorticity probe. For the X wire probes the
power value of n was not assumed as the typical value of 0.45 but rather fitted the

calibration data that gave the minimum value of the error. The Y — axis denotes the
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voltage output of the Constant Temperature Anemometer normalized with respect to the

local flow temperature during calibration i.e.

Ei : Tr a
r=—2l
w - Oi Oi

Red Array [1] Velocity Calibration

//
020 Hotwire 3 .~ _ Hotwire2
e Red Array % Red Array

o Y
,_v:r_r(x s / / /
hw 4. (%)
__:l.,() 0.08 // %/
e p
_::61 /ZAV \\ 1UtVV '16 1
-0.13 ’% 2ed Armay..
=0.2 /
o 2 4 6 8 10 12 14 16

Figure B.3: Calibration Curve for Array # 1 [Red].

Green Array [2] Velocity Calibration
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j 0.22 V\,& //
E'( Y 0.15 / /
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-0 / Green Arrfay

o 2 4 6 8 10 12 14 16

Figure B.4: Calibration Clirve for Array # 2 [Green).
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Blue Array [3] Velocity Calibration
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Figure B.5: Calibration Curve for Array # 3 [Blue].

B.3. Transformation into Laboratory Coordinate System for a single array.

Each individual array for the vorticity probe has to have its individual velocity
components transformed into the probe and consequently into the laboratory coordinate
system. The transformation presents an inclination of the XY plane (rotated around the

Y-axis as shown in Figure B.6) by a pitch angle p, followed by a rotation around the X —

axis, roll angle o.

2l

:.7
-

bl

X
u

Figure B.6: Transformation of Coordinates.
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The transformation matrix for pitch is given by P:

cosf 0 -—sinf
P=| 0 1 0 (B.3.1)
sinff 0 cospf

where the roll matrix is given by R:

1 0 0
R=|0 cosw sinw (B.3.2)

0 -sinw cosw
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