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Abstract

Previous experimental work, utilising a unique large scale shock tubeysstiat the
four-wave shock reflection pattern, known as the Guderley reflectkisisefor Mach
numbers below 1.10 on wedge angles of #did 15. The current study proves for the
first time that these rare reflections can be produced in a conventiaeX &ibe for Mach
numbers ranging from 1.10 to 1.40 and for various disturbances in the fflaww shock
tube configurations were tested, the first consisted of a perturbatiooeson the floor of
the tube, and the second utilised a variable diverging sectioh (B, and 20). A new
principle was applied where the developed Mach reflection undergoesssive reflections
off the upper and lower walls of a tube to produce the desired reflectlmmhifh resolution
images captured using a sensitive schlieren system showed evideneefotitth wave,
namely the expansion fan, for the majority of the results for both shock aiffegarations.
A shocklet terminating the supersonic patch behind the reflected wave teassitingly
only observed for Mach numbers of approximately 1.20. The wave stasctvere similar
to those observed in previous experimental work, except no evidétioe second shocklet
nor the multi-patch geometry was found. Multi-exposure images of the patipggshock
superimposed on a single image frame analysed with oblique shock equatiomsted the
velocities near the triple point. It was shown that the reflected wave is veakvand that
the flow behind the Mach stem is supersonic confirming the shock refletctidresindeed
Guderley reflections.

Dream as if you'll live forever, live as if you'll die today . . .

James Dean
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Chapter 1

Introduction

This section introduces the nature of shock wave reflections such @aread irregular
reflections, and further discusses the sub-domains of irregulartiefiesuch as the von
Neumann and the Guderley reflections. The nature of weak shock eieetions, and an
outline of the development of this specialised field of weak shock wavectiefteis also

covered. The equations presented in this chapter are crucial whenatialg the correct
initial conditions for the simulations presented in Chapter 3, and in determininiipthie
conditions behind a plane or oblique shock wave.

1.1 Background

Over the past century considerable research has been conducteshdy shock wave
reflection as this phenomenon is very important in the field of aerodynamicsmgSshock
waves of Mach numbers higher than 2.2 in air have been extensively dtinieever in
the supersonic civil aviation industry, lower Mach numbers are of pdatiénterest. For
example regular and irregular reflection interactions are critical in utadeti®g various
phenomena such as off-design inlet flows, inlet starting, and flow stalMgh regard
to supersonic inlet flows the interactions and reflections of weak shovksaare very
common for low and moderate Mach numbers from 1.0 to 2.0. However, in sesotaveak
shock waves the fundamentals of these waves have still not been erggelyad, therefore
leaving an obscure domain which has still not been completely investigatado 2010)

The most typical example of the uncertainty in the irregular reflection domaimeak

shock waves is a shock reflection in the range of flow parameters wbharbleumann’s
three shock theory (3ST) does not produce any solution even thoymgriments show
that a Mach like reflection exists (Bleakney & Taub 1949). This paradax faised
considerable interest in developing new wave theories to better undetsamature of
weak shock wave reflections. The following dissertation aims at exploringda& shock
wave irregular reflection domain using a novel experiment to producegaeimeflection
called the Guderley reflection.



1.2 Shock Waves

A shock wave can be simply described by a spontaneous change in avii@ngby the
velocity decreases and the pressure increases through this regibarpfchange. The
discontinuity in the flow features are illustrated in Figure 1.1(a). The extrethiglyegion
separating the supersonic velocity and relatively low pressure state tata@trelatively
low velocity and high pressure is termed a shock wave. A schlieren plapiogsf a
normal shock wave is shown in Figure 1.1(b), where the white vertical peesents the
discontinuity between the supersonic flow on the left and subsonic floweoright. The
thickness of the shock wave is usually only a few mean free paths thickhtuk svave
in general is curved, however many shock waves which occur in pahdiitiations are
straight or commonly known as normal shock waves. In normal shocksnidne velocities
both upstream and downstream of the shock are at right angles to itlewshee, however
when there is a change in flow direction across the shock wave, the slavekis termed
an obligue shock wave (Oosthuizen & Carscallen 1997).

Shock
wave
— | —>
p
v
Normal
— shock
T wave
(a) Tllustration of pressure, velocity (b) Schlieren photograph of a
and temperature variations normal shock wave.

across shock wave.

Figure 1.1: Normal shock wave.

1.3 General Theory

The ratio between the velocity of the gas to the speed of sound in the gas is @aimp
parameter when considering the compressibility of flows. This ratio is called/du
number, given in Equation 1.1.

gas velocity

M= speed of sound (1)

If the Mach number is smaller than on&/(< 1) the flow is subsonic and information of the
flow can propagate upstream therefore allowing the flow to anticipate amgel in area
that may occur downstream. However)if > 1 the gas is moving faster than the speed
of sound, known as supersonic flow, and thus information cannotgedp upstream. This



means that a supersonic flow cannot go through any adjustments in flove fgaging
with an obstacle (e.g. curve in a pipe).

The speed of sound is given in Equation 1.2

as = \/YRT (1.2)

where~ is the ratio of specific heats of the gdsjs the gas constant being considered, and
T is the temperature of the gas in Kelvin.

The inverse Mach slope for a uniform plane incident wave off a reflgainface is given
by Tesdall, & Hunter (2002) in Equation 1.3

b 13
TS M -1 (1.3)

whered,, is the wedge angle in radians, affl is the incident Mach number. The inverse
Mach slope is a useful value to determine the clarity of the flow features inder&y
Mach reflection. The influence of the inverse Mach slope will be destiibenore detail
in Section 2.1.

Galilean transformation

Attaching a frame of reference to a moving shock wave can transform dve mto a
pseudo-stationary shock wave by superimposing the reversed velbttiy moving shock
wave. Figure 1.2 illustrates this transformation whereby steady flow thecaieghen
be applied to solve the regions in the flow field. This transformation will be utilised
analysing the flows for the three-shock configuration as will be showrpjpeAdix A.

Moving Shock Wave Stationary Shock Wave
us =0
State (x) State (y) State (x) State (y)
Vg Vs Uy Up = Vs — Uz Uy = Vs — 0y
> —1 > —> e e

Figure 1.2: Galilean transformation.

The following Equations 1.4, 1.5, 1.6 are used to determine the requiredupeeand
temperature ratios to produce a specific Mach number in a frame of reéereith the
shock stationary. These equations were used to calculate the approptiateonditions
for the computational fluid dynamics (CFD) analysis discussed in Section 6.3.

M? + _2

2 _ y—1
My = Y (1.4)
-1



1y y—1
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T, (1.5)

i M (1.6)

Oblique Shock Waves

The preceding section was concerned with shock waves normal to thedfteation,
however in many practical cases as shown in Figure 1.3, if a supersowidsfirequired

to change its flow direction by, this results in a inclined shock wave being formed to
the original flow direction. These inclined shock waves are generallydcabdique shock
waves. Similar to a normal shock wave, an oblique shock wave is a cornveresse which
generates higher static temperatures and pressures while at the same simg aaliop in
the Mach number. Note that the flow direction denotedByis parallel to the wedge angle

O
Oblique shock
wave Mo
M, f N
N 0,

7

Figure 1.3: The oblique shock wave as a result of flow over a wedge.

The following equations, commonly referred to as the oblique shock eqsatiomderived
by transforming the oblique shock into a normal shock. The derivatiomass that the
flow is a steady two-dimensional planar adiabatic flow, that no externd isanvolved,
and that the effects of body forces are negligible. The relationship kbeattie downstream
Mach numbei/;, the upstream Mach numbéfs, the resultant shock wave pressure ratio
g—j, the oblique shock wave inflow angte and the flow deflection angteare listed below
(Zucrow & Hoffman 1976):

D2 2y ) ~v—1
= ﬁJ\4123m?(¢) -l (1.7)
% + MEsin?(¢)

M2sin®(¢ — 6) =
2 (¢ ) %Mfst(qb) -1

(1.8)

MEsin?(¢) — 1
M2(v + cos(2¢)) + 2
Equations (1.7), (1.8) and (1.9) are used in Section A to analyse thectiegdtows behind
the shock waves presented in this study.

tan(0) = 2cot(¢)

(1.9)



1.4 Wave Diagrams

In order to design a fully functional shock tube it is important to understaadlynamics
of the various waves in the shock tube at various operating conditiomswate diagrams
described below give insight into the operation of a general shock wltieas the length
of the driver section can be correctly determined, as is presented tasfhe Design
Development in Appendix 4.4.2. Consider a “shock tube” in its simplest fomchv
consists of a long constant area tube divided into two sections by a digphrss shown
in Figure 1.4(a), the sections to the left and right of the diaphragm areddhikéedriver

and expansion chamber respectively. Each section is filled with gas efatitfconditions
p1, T1, m1, 71 andpo, To me, v2, Wherep is the pressurel’ is the temperaturen is the

molecular weight ang is the ratio of specific heats of the respective gas.

High pressure gas is contained in the driver, and low pressure gasatlg at atmospheric
conditions, is contained in the expansion chamber. When the diaphragptusead, either
mechanically or by increasing the pressure of the gas in the driverc slave propagates
into the expansion chamber and an expansion wave simultaneously pgempaga the
driver as seen in Figure 1.4(}.is the length downstream with its origin at the beginning
of the driver, and is the time witht = 0 at diaphragm rupture. The one-dimensional plot
seen in Figure 1.4(b) is obtained from the time-dependent Euler equaticthefmally and
calorically perfect gases.

Analysing the wave diagram, it is seen that the head of the unsteady expaveve
reflects off the left wall of the driver sectiog-@xis) and is subsequently accelerated by its
interaction with the centred expansion fan. Since the head of the refleqgiadston wave
has a larger velocity than the incident shock wave, the lengths of the drideexpansion
sections have to be selected so that the time at which the reflected expaaibes the
end of the shock tube is delayed by as much as possible. The delay of batflgtted
expansion wave and the incident shock wave allow for a maximised testing tisieies
having a relatively long driver.

Figure 1.5 illustrates the velocity, temperature, density, and pressureuistniof the flow

at a constant point in timg as seen in 1.4(b). It is seen that constant flow conditions are
obtained between the the incident shock wave and the contact sudgoen(a-b), which

is also indicated as region 2 shown in Figure 1.4(b). Notice that at the ¢mtHace

(z = b) the velocity and pressure remain constant, however there is a discontmtlity
temperature and density. The temperature of the gas is seen to increasstaitk wave
and decrease through the expansion fan.

Note that the wave diagrams presented in Appendix 4.4.2 were produicedkesimir 3
which is a commercially available shock tube simulation program developed [Shibek
Wave Laboratory, RWTH Aachen University. The program is based one-dimensional
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Figure 1.4: Pressure waves in a shock tube.
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Figure 1.5: Velocity, temperature, density, and pressure distribution dbtli@t a constant
pointin timet; after the diaphragm ruptures; position of the incident shock wayegntact
surface ), head of the unsteady expansion wasg)e(Tropea et al. 2007).

code which takes into account high temperature effects assuming chemicthermal
equilibrium.

1.5 Shock Wave Reflections

This section is critical in understanding the various shock wave reflectitish occur
for different flow conditions. This will make it easier to identify the obsérgbock wave
configurations captured experimentally and allow the observations to baltyisgamined.



When a plane shock interacts with a wedge wall, a number of reflection Eatiecur
depending on the strength of the incident shock wave, the wedge énglad the gas
specific heat ratig). There are 13 different wave configurations which are presente@in th
evolution tree in Figure 1.6 (Ben-Dor 2007). The first two branchesgmighe regular (RR)
and the irregular (IR) reflections, it is seen that the majority of the more comgilections
fall under the irregular reflection domain. Irregular reflections areldd into the strong
shock and weak shock categories, namely Mach reflections, and déneaeflections (VNR,
VR, and GR) that represent the von Neumann paradox conditionsoutdsbe noted that
in the context of this report the initially unnamed reflection ?R is now refeiwests the
Vasilev reflection (VR). In the present work only the weak shock wasmain or rather
the von Neumann paradox conditions for irregular reflections will be tiyaged. This has
been highlighted in yellow in Figure 1.6. Therefore, particular interestgred on the
von Neumann (VNR), Vasilev (VR), and the Guderley (GR) reflectionsrter to obtain
a better understanding of the characteristics of general shock wieetions, the RR and
MR are briefly described below.

| Types of Shock Wave reflections |

[DMR™|

Figure 1.6: The 13 possible wave configurations (Ben-Dor 2007).

| 1 m|
[DiMR]|  [stMR]|  [mMR]
SR |
PTMR ,—‘—\
TMR DMR
|

[DMR*

1.5.1 Regular Reflection

At lower shock strengths or larger wedge angles one observes the simvple configuration
pattern consisting of two shock waves. This wave configuration is calledeipaar
reflection (RR) as shown in Figure 1.7. As the plane shock wave movesteveedge a
reflected shock wave (R) is formed, which meets the incident shock Waatetie reflection
point (r) on the wedge surface. In order to analyse the flow behind tnstack waves, the
oblique shock theory is utilised (see Section 1.3, page 4).



Figure 1.7: Schematic for regular reflection (RR).

1.5.2 Irregular Reflection

For smaller wedge angles the RR transforms into a simple Mach reflection (ShtR)n
in Figure 1.8. The transition between RR and SMR results in the reflected eiderin
shock waves moving away from the surface and producing an addisimugé shock which
is in perpendicular contact with the surface. This shock wave is called th Mtem
(M) and therefore the SMR consists of three shock waves. The poinhiahvthe three
waves intersect is named the triple point (T), whereby a contact discdptoriginates as
a result of the different flow conditions passing through the Mach stehreftected shock
wave. The contact discontinuity is commonly referred to as the slipstreaiva(#yus other
irregular Mach reflections (e.g. DIMR, StMR) have been observed kasgitied as shown
in Figure 1.6, however these reflection types are not relevant to thentuvork.

Figure 1.8: Schematic for simple Mach reflection (SMR).

1.5.3 The von Neumann paradoxes

To analyse the flow fields behind each wave in the RR and SMR, von Neuioanulated

the two-shock and three-shock theory, which assumes that all shoeksh® Rankine-Hugoniot
jump conditions, and all the waves are of negligible thickness and curvatheetheories
presented excellent agreement for strong shocks, but for weakskerious discrepancies
were found when comparing theoretical results with experimental olis@rsaThe conflict
between experiment and theory is commonly referred to as the “von Neupaaadox”.



One discrepancy of the “von Neumann paradox” shows that the reguilection exists in
parameter regions where no physically realistic theoretical solution is p@s§he second
discrepancy, shows that a reflection configuration similar to the simple Méebtien is
observed for weak shocks (von Neumann 1963, Henderson 18&f) though no standard
triple point configuration is compatible with the jump relations across the shodksomtact
discontinuities. The latter discrepancy was called the “triple point paraa®itie predicted
limits of the triple points where considerably different from those obseBe&hoff 1950).

In order to resolve the paradox, Guderley (1947) proposed a tigdhgconsistent solution
instead of the nonphysical branch in the von Neumann theory. The solutiah used
approximations of potential (isentropic) flow for weak shock waves lcoled that a
supersonic N1>>1) patch exists in the region behind the triple point. But this could not
eliminate the contradiction in von Neumann’s theory as it did not include a téiagen
discontinuity. Guderley’'s proposed four-wave structure, as showtigare 1.9, consists

of three important elements: a reflected shock wave which is directed t®waroiming
flow, a Prandtl-Meyer expansion emanating from the triple point, and asuge patch
attached to the Mach stem (Guderley 1962).

Figure 1.9: Schematic illustration of Guderley’'s proposed reflection slgpwan
Prandtl-Meyer expansion emanating from the triple point directly behindeflected shock
wave.

Although the four-wave theory resolves the apparent paradox, idiseegarded for decades
due to the absence of high resolution experimentation and simulations to etiseneally
small supercritical patch behind the triple point. Intensive experimentabkBiy &
Taub 1949, Sternberg 1959, Sasoh & Takayama 1994) and numesiatibss (Colella
& Henderson 1990, Brio & Hunter 1992, Tabak & Rosales 1994) could tiot resolve this
wave configuration, therefore dismissing Guderley’s proposal.

The characteristics of the SMR-like reflection pattern as a result of tlemdetiscrepancy
were first discussed in detail by Colella and Henderson (1990). With $eeot the
Euler equations and a second-order shock-capturing scheme witiivadapsh refinement,



the authors named the observed reflection the von Neumann reflectior) @éicted

in Figure 1.10. When comparing the SMR and vNR, it is seen that the SMR has a
distinct discontinuity in slope between the incident and Mach shock neariphe pioint,
alternatively the VNR consists of a single wave with a smoothly turning tangieimgathe
incident and Mach shock waves (Colella & Henderson 1990). It shioeildoted that the
authors hypothesised the VNR as a possible resolution to the von NeumaaioxyaBut
as is discussed in Section 1.5.4, the VNR appears in a parameter domainthgneris a
solution of the nonstandard 3ST, however the von Neumann parados tefsituations in
which wave configurations which look similar to SMR are in a domain in which the 3S
does not have any solution. Therefore, this suggests that the auliypthesis cannot
resolve the von Neumann paradox.

Based on their results they also proposed a hypothesis that the reflactddrear the
triple point degenerates into a continuous compression wave. Howeeee it some
controversy concerning their results due to the numerical viscosity addegolution in
their computations. It should also be mentioned that the discretisation of thesfulgtions
with shock-capturing schemes is known to always include some numerisa mothe
algorithm, making Colella and Hendersons' results even more controv@xsiabyv et al.,
2010).

Figure 1.10: von Neumann reflection (vVNR).

1.5.4 Guderley and Vasilev Reflections

This section outlines the weak shock wave reflection domain based on thiénegptal and
numerical work published to date. The von Neumann reflection vNR, Gydexflection
GR, and the newly presented Vasilev reflection VR are described by the-#hiock and
four-wave theories (3ST & 4WT) respectively. Since the main objectivihie work is
to verify the existence of either the GR or VR, it is important that the transitidarie
between the various reflections are understood, as will be describmd Behe following
information in this subsection has been obtained from Ben-Dor (2007Vasitev et al.
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(2008).

The three-shock theory (3ST) is used to analytically describe the MR w@avigguration.
Figure 1.11 represents the four flow discontinuities in a MR, indicating thesponding
intersection angles; and flow deflection angle% through each of the shock waves. Based
on the assumptions of the 3ST, which states that the flow is inviscid and thetsmtiace

is infinitely thin, this means that the streamlines on both the sides of the contiatesare
parallel, i.e.,

01 £ 0y = 05 (1.10)

Figure 1.11: Schematic illustration of the wave configuration of a MR.

From Equation (1.10), the 3ST can be divided into two types:

e A ‘“standard” 3ST where
01 — 0y = 0s. (1.11)

e A “nonstandard” 3ST where
01 + 05 = 03. (1.12)

As will be shown subsequently, the standard 3ST solution is used to yield ,antieh
is utilised in most textbooks to describe the boundary conditions across tlstresim.
Alternatively the solution of nonstandard 3ST comprises of two cases:whieee the
solution is physical which results in a vNR, and another case where th&osois not
physical which results in a new type of reflection, VR. The VR is an interntediave
configuration between the vNR and the GR, and will be described subrstgin more
detail. In the cases where the 3ST does not provide a physical or lmtipepthe four-wave
theory (4WT) is utilised which is presented in Vasilev et al. (2008).

Figure 1.12 shows the three different wave configurations, vNR, YIR GR, whereby the
gray colour denotes the subsonic flow behind the triple point. In the vNR fitdg/s that
the flow regions behind the reflected shock and Mach stem are subsoiie VR there
iS one supersonic region covering the area between the slip stream aeflébhted shock
wave with a Prandtl-Meyer expansion fan inside it. The GR consists of twersanic
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regions behind the triple point, whereby the one is similar to the VR and the ¢eéson
located between the slipstream and the Mach stem. Note that both the sippegohes
in the GR are discontinuous across the slip stream. By analysing the nungugyesonic
regions near the triple point, the three wave configurations (VNR, VR,GRy can be
simply characterised.

Figure 1.12: Schematic view of three different wave configurationsvN#&), (b) VR, and
(c) GR. Gray denotes subsonic flow (Vasil'ev, Elperin & Ben-Dor 2008

Based on the computational analysis of Vasilev et al. (2008), the weak sfave reflection
domain was investigated by means of the evolution of tH){polar combinations as the
complementary wedge angl, = 90° — ¢, is decreased from an initial value ¢f°, for
which the reflection is a MR, t81° which represents a GR fdi/; = 1.47 and~y = g The
authors’ work presents a full picture of the reflection phenomenon indghstandard-3ST
domain and beyond it. The evolution of the types of reflection obtained dorciegd$ are
presented in Figure 1.13. It is seen that for the GR and the VR, the flowd#te reflected
wave needs to be sonic for both cases, and as already discussedavtbeliiod the Mach
stem must be subsonic for the VR and supersonic for the GR.

P2 < 90° ’qﬁT:lw P2 > 90°

My <1 | My >1

I:MjR L2 |
(R My =1

(Mo <1, My <1 My <1y Me =1
| VR | | GR |

| My =1, M3 <1 | | Mo =1, M3 > 1|

Figure 1.13: Evolution-tree presentation of the transition criteria betweaeugaeflections
(Vasil'ev et al. 2008).

Progressing to the transition criteria shown in Figure 1.13, Figure 1.14ssti@rdomains
of and the transition boundaries between the various shock wave reileotifigurations in
the (M, 6<) plane for a diatomicy = %) gas. Curve 1 is the MRVNR transition curve,
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i.e.,o = 90° on this curve. Above this curug, < 90° and the reflection is MR. Curve 2 is
the VNR—VR transition curve, i.e M5 = 1 on this curve. Curve 3: The V\RGR transition
curve, i.e.,Ms = 1 on this curve. Curve 4: The curve on whidly, = 1, below this curve
no reflection exists as the flow behind the incident shock wave is subsdh&.domain
below this curve is commonly referred to as the no-reflection domain (NR dprnadiove
curve 5 the 3ST has at least one mathematical solution and below it, the 3SThatdeave
any mathematical solution. Between curves 2 and 5, the 3ST has a ndngblsgdution.
The von Neumann paradox discussed in Section 1.5.3 exists in the domaideldoy
curves 2 and 4. Guderley proposed the four-wave concept whichvesl the paradox in
the domain bounded by curves 3 and 4. The reflection between curves8ia a GR as
shown in Figure 1.12(c), while the reflection that occurs inside the domaindeal by 2
and 3 is VR as shown in Figure 1.12(b). (Vasil’ev et al. 2008)

40.00

0+ x
MR

VR 1
36.0 \\\ 2|~
\

32.0

28.0

]7/_ 1 No Reflectiq
24.0

1.00 1.25 1.50 1.75 M 2.00
(2

GR 3ST=4WT \
n

Figure 1.14: Domains of and the transition boundaries between variowk stave
reflection configurations fory = 1.4. Curve 1. The MR-VNR transition curve, i.e.,
¢2 = 90°. Curve 2: The VNR-VR transition curve, i.e s = 1. Curve 3: The VR-GR
transition curve, i.e.)3 = 1. Curve 4: The curve on which/; = 1. Below this curve
the flow behind the incident shock is subsonic and therefore a reflectiomottake place.
Curve 5: Above this curve, the 3ST has at least one mathematical solutidrebow it, the
3ST does not have any mathematical solution (Vasil'ev et al. 2008).
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Chapter 2

Literature Review

Only recently, with the use of advanced high resolution simulations and imxg&ation
has the flow field directly behind the triple point been resolved, showingeg&ithat the
four-wave structure proposed by Guderley does in fact exist. Thipteh discusses the
key publications which have contributed to the progression in the field ok wesgular
reflections with particular reference to the Guderley reflection.

2.1 Numerical Solutions

Vasil'ev & Kraiko (1999) with the use of a high-resolution numerical studing Euler
equations showed that Guderley’s proposed resolution might in facblrect. Based
on their study for a wedge angle of 12.8nd a Mach number of 1.47, they observed a
supersonic patch and a narrow expansion fan centred on the triple pbitefore, in the
sub-domain where the three-shock theory has no solution, they founat-avéive structure
which Guderley hypothesised in 1947. Figure 2.1 shows the expansian thvat exists
directly behind the reflected shock combined with a supersonic patch oubynie sonic
line (M=1) and the slip stream.

In the same year Vasil'ev & Kraiko (1999) with the use of extensive catians, formulated
a four-wave theory (4WT) which completely resolved the von Neumanados: It was
determined with the use of numerical results and a theoretical analysisithatd& shocks
a very small logarithmic singularity with very large flow variable gradients vieoad in
the vicinity of the triple point. The numerical results also showed that the turevaf the
reflected shock wave at the triple point was approaching infinity. Astrekthe large
curvature of the reflected shock wave the subsonic flow behind it cgpesend becomes
supersonic, similar to what is seen in Figure 2.1.

Similarly, evidence of Guderley’s proposed resolution was also contamedimerical
solutions of the steady transonic small disturbance equations as shownuire R,
therefore further reasserting the existence of the supersonic patatdhiae triple point
(Hunter & Brio 2000). Hunter & Brio (2000) also contemplated that a ssq@c patch
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Figure 2.1: Expansion wave evaluation in high-resolution numerical stvdsillev &
Kraiko 1999).

could be terminated by a small shock existing behind the supersonic patctharihere
could be a series of such patches along the Mach stem. Zakharian (@@0@&)e use of
Euler equations for weak shock reflection confirmed the validity of thdtseshtained by
the steady transonic small disturbance equations, and showed that apgargaic patch
does occur behind the triple point as proposed by Guderley, but theyodidiscover an
additional small shock as suggested by Hunter & Brio (2000). The soldé@tarmined that
the supersonic and expansion fan region is approximately 0.5% of the sfachlength,
however the observed length of the supersonic patch is directly depesdéhe resolution
of the mesh behind the triple point and the mesh refinement technique utiliseluafEak
et al. 2000).

Figure 2.2: Numerical solution of the transonic small disturbance equatiurgér & Brio
2000).

With the use of a self-similar solution and a highly refined mesh at the vicinity of the
triple point, Tesdall et al. (2002) resolved a remarkably complex flow stre@s shown in
Figure 2.3(a). The numerical solutions were carried out for variouerssvMach slopea]
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values ranging from 0.3 to 0.8. All of the solutions contained a small regicuérsonic
flow behind the triple point, and it was discovered that this region deateapédly with
increasinga. Note the most clearly defined flow features were observea$d.5. (Tesdall
et al. 2002)

Figure 2.3(a) illustrates the corresponding flow structureafer 0.5 which consists of a
sequence of triple points and tiny decreasing supersonic patches atohgath stem. It
was suggested that the supersonic patches are formed by the reflé¢tien@ak shocks
and expansion fans between the sonic line and the Mach stem. As showmia Eig(b),

each expansion wave is centered at a triple point and reflects off the lgmn into a

compression wave. The compression wave forms a shock wave thatotgetise Mach
stem reflecting as a succeeding expansion fan, resulting in a cascaig#eopoints. The

expansion fan emanating at each triple point resolves the von Neumaadtogdor weak

shocks. However, the solutions question whether there is an infinitersegjaktriple points
in an inviscid weak shock Mach reflection. Tesdall and Hunter’s (2€8&8)ngs therefore
confirmed a new type of weak shock wave reflection, called the Gudestlction (GR)

(Tesdall et al. 2002).

MWMﬂM
‘\‘\\W\“W‘\w\"\u\“
“\“\“I‘\“ \‘ﬂ““‘l‘“ | u‘w\u\“

Second

(a) Detailed contour plot witfi68 x 608 (b) Schematic showing sequence of triple
grid points fora= 0.5 points

Figure 2.3: Refined numerical solution of the steady transonic small distcelEguations
showing a sequence of triple points (Tesdall et al. 2002).

Following the detection of the Guderley reflection by Tesdall et al. (2@0R)oblem for the
nonlinear wave system was studied numerically by Tesdall & Sander6).2Di®e nonlinear
wave system consisted of a«3 hyperbolic system that has a structure similar to that of
the compressible Euler equations. At a set of parameters where a raarstaolution

for regular reflection occurs, a numerical solution remarkably similar todhs¢rved by
Tesdall et al. (2002) was obtained. The wave structure again consfgtsgquence of triple
points along the Mach stem, with centred expansion fans emanating frontrgégeipoint.
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The detection of this wave structure in the former system brought abothiemmumerical
analysis utilising full Euler equations (Tesdall et al. 2008). At a set cipaters where both
regular and Mach reflection are impossible it was discovered that neariigdl solutions
were again observed, therefore verifying the Guderley reflectighdur

Based from the solution by Tesdall et al. (2008), the self-similar Mach eur(itd) is
plotted for a cross section directly behind the Mach stem and the triple poimter
analyse the sequence of triple points. Figure 2.4 shows the pldt fer 1.04 and a wedge
angle of11.5°, where it is seen that shock/expansion wave pairs exist, where theuarge
in the plot is the leading reflected shock, and the two corresponding snisdiepresent the
first and second shock respectively. Note that the crossing at 1 indicates jumps across
weak reflected shocks or across the sonic line. It was established teatghpersonic
regions exist in the vicinity behind the triple point. The height of the sup&segion was
determined to be approximately 0.6% of the length of the Mach stem, which is 288tegr
than Zakharian’s (2000) results. The discepancy is a result of temadd mesh refinement
techniques utilised by Tesdall et al. (2008), and thus the improved ovesalution of the
vicinity behind the triple point.

1.02

1.015

1.01 F

1.005

Supersonic
1 S\ !

Subsonic

Self-similar Mach number

0.995

0.99 T T T T T
0.4098 0.41 0.4102 0.4104 0.4106 0.4108 0.411

Figure 2.4: Cross section af taken bottom-up slightly to the left and parallel to the Mach
stem (Tesdall et al. 2008).

Based on the study conducted by Vasil'ev et al. (2008), the reflectiareak shock waves
have been reconsidered analytically using shock polars. As discimsSedtion 1.5.4, the
solutions of the three shock theory (3ST) were classified as "star@&rdsolutions” and
"nonstandard-3ST solutions”. It was shown that there are initial comditichere the 3ST
does not provide any solution, and the four shock theory (4WT) in thiis&tions replaces
the 3ST. Therefore, the 4WT which is derived by Vasil'ev et al. (2038)sed to describe
the VR and GR wave configurations respectively. It was also shownttbdour different

wave configurations can exist in the weak shock reflection domain, thé kédlection
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(MR), a von Neumann reflection (VNR), a Vasilev reflection (VR), andidésley reflection
(GR). The domains and transition boundaries between these four wafigurations were
also determined, as presented in Figure 1.14 on page 13.

Recently, Defina, Susin & Viero (2008) presented high-resolution nigaiesolutions of
the depth averaged inviscid shallow water equations which provided newriafion on
the weak shock reflection domain within the von Neumann paradox conditidie
authors computed shock reflections close to the Guderley and the Vasliéstions which
confirmed the validity of the four-wave theory, however they did not disc@a complex
sequence of supersonic patches predicted by Tesdall et al. (200@).absence of the
additional triple points and supersonic patches agrees with the suggegtigasiiev
et al. (2008) that the complex sequence of triple points only occurs durisgpady flow
conditions, which is not the present case in the work of Defina, Susin &V29H08). It was
noted that the four-wave model correctly predicts the wave pattern atbertriple point
but is not the solution of the GR, as the flow downstream of the Mach stem iridiméty
of the triple point is still supersonic and it is further turned towards the Maem. Defina,
Susin & Viero (2008) therefore discuss a possible solution to betteridesbe developed
wave characteristics of the GR. Note all results are based on the Fraodsenty = 1.7
which is equivalent to the Mach numb&f = 1.7.

As seen in Figure 2.5(a), the solution looks at the general four-wavetste whereby the
flow passing through incident shock deflects fromfy = 0 to 64. This results in another
triple point7; developing alond; with a corresponding four-wave reflection similar to that
around?’. The flow in region 7 is supersonic and similarly the flow is turned towards the
Mach stem, and an addition triple point is then required albngAs seen in the shock
polar presentation in Figure 2.5(b), for each triple point addition, thectefieshock polar
reduces in size and flow conditions downstream of the expansion wawe ctaser toward

the critical position for the incident shock;. For an infinite number of triple points the
solution will reach the critical condition along the incident polar shock, aeddfiected
shock will subsequently be reduced to a point (Defina, Susin & Vier@200

When comparing authors’ results obtained for a Froude numbgp ef 1.7 and a wedge
angle off = 10° and Vasilev and Kraiko’s (1999) solution shown in Figure 2.1, both show
that the sonic line is discontinuous when crossing the slip stream. Ther&fefma et
al.(2008) argue that the hypothesis given by Tesdall and Hunter Y2fa@2he developed
sequence of triple points, seems unlikely to trigger the next supersonic péien the
compression wave forms from the reflection of the expansion fan offahie ine (Defina,
Susin & Viero 2008).

After the successful results obtained by Defina, Susin & Viero (20®8)milar paper on
the VR within the framework of inviscid shallow water flow using improved higgohation
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Figure 2.5: Defina et al. (2008) first solution for GR: Four-wave ofitb® patterns close to
triple pointsT andT; for Fy = 1.7 andd = 10° (Defina, Susin & Viero 2008).

simulations was subsequently published. Their results again indicate thsipgatch
behind the reflected shock indicated by the thin dashed line shown in Fidi(e9.2Note
that A/h,; denotes the ratio between the grid sixeand the length of the Mach stem
hyr. They also confirmed the four-wave theory with the steady flow field andkstvave
pattern close to the triple point. The following comparison between the analgtialon
of the four-wave theory and the numerical results are superimposedureR2g(b). It is
seen that the reflected shock, the Mach stem, the slip stream and theiexgdanshave
the directions predicted by the four-wave theory. Other quantitative cosopa between
theory and computational results between the relative water depth andiftmtiah inside
the supersonic patch gave errors smaller than 0.5% thus again confirmiragittiey of the
four-wave theory.

The present numerical technique also allowed for the reconstructiorehéipe of the
reflected shock which is plotted in Figure 2.7. The plot consists of the cohjpuigle s
between the reflected shock and the x-axis, where the chosen cderdyrsiem has the
origin at the triple point with the y-axis tangent to the reflected shock at tiggnorThe
plot gives a good indication of the curvature of the reflected shock wigshlts in the
acceleration of the flow from subsonic to sonic conditions behind the tedletiock wave
for both the GR and VR (Vasil'ev et al. 2008). Their results also showatttie flow
in the supersonic patch is not uniform, but is affected by a weak conmpneasve. It
was suggested that the compression wave originates from the interactiumafpersonic
flow in the patch with the subsonic flow immediately downstream, which results inlh sma
deviation toward the reflected wall at the sonic line (Defina, Viero & Susi80

In the most recent study related to the GR, Tesdall & KeyFitz (2010) fori@algroblem
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Figure 2.6: The Vasilev reflection pattern close to the triple pointFipe= 1.93 andf =
10°: (a) The solid lines are iso-Froude contours and the thin dashed line istielise;
(b) the analytical solution of the four-wave model superimposed on the mcahsolution
(Defina, Viero & Susin 2008).
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Figure 2.7: The angl@ of the reflected shock as a function of the distam¢é, from
the triple point, indicating the curvature of the reflected shock wave whighltsein the
acceleration of the flow from sonic to sonic conditions behind the refledtedkswave
(Defina, Viero & Susin 2008).

for the unsteady transonic small disturbance equations (UTSD) equatiocls describes
the effects of a rarefaction wave reflecting off a sonic line, as showigir& 2.8.

The solution of this problem is analogous to the weak shock reflection, kkaewGR, as
the numerical work aims at modeling the behavior of the expansion fan ititeyagith
the sonic line. The authors determine whether the reflection of the expdasi@md the
sonic line form a compression wave which then steepens into a shoclows shFigure
2.9(a). The numerical results shown in Figure 2.9(b) confirms their studphbwing that
the expansion wave does in fact reflect off the sonic line forming a shock

Unlike the GR, the numerical solution does not indicate any sign of a segoéaupersonic
patches and shocks; however they do confirm the existence of a siruglie which forms

inside the supersonic region as depicted in Figure 2.10. Therefore oihcsutled that the
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Figure 2.8: A schematic diagram of the computational domain. AB is the wall &E2
is the numerical boundary. In the region to the right of the sonic line, theifi@wpersonic,
and to the left it is subsonic (Tesdall & KeyFitz 2010).
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Figure 2.9: Comparison between the reflecting rarefaction problem ager@y reflection;
both plots representvelocity contours. The region in (b) contains a single supersonic patch
with the second patch visible at the bottom left. In both (a) and (b), the flowpsrsonic

to the right of the sonic line and subsonic to the left (Tesdall & KeyFitz 2010)

interaction of the rarefaction and the sonic line forms a transonic sRgek coupled to the
supersonic and subsonic regions across the sonic line and shoclsoilicdine/shock is
considered a new type of free boundary problem which has not prglyibeen formulated
or analysed, thus considerable work still needs to be conducted on this/pe of free

boundary problem.

To summarise the recent numerical results, the Guderley reflection solasdrelen found

in two-dimensional shock reflection problems in UTSDE, the nonlinear wgstems, the

full compressible Euler equations, and the inviscid shallow water flow moddl.th&
solutions show that the supersonic region is very small, therefore it is mois that

the Guderley’s proposed reflection could not for decades be detexgedimentally. The
numerical solutions also showed that the size of the supersonic regioaperponal to

the length of the Mach stem. It was estimated that a Mach stem of roughly one mete
in length would be required to obtain sufficient resolution to experimentallgrobsthe
vicinity behind the triple point. This led to the unique experimental work condulste
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Rarefaction

Figure 2.10: Schematic of the shock structure produced by the refledtiba marefaction
wave off the sonic line. The shock begins in the supersonic regionPaRgirepresents the
transonic shock as shown (Tesdall & KeyFitz 2010).

Skews and Ashworth (2005) which is discussed in the following section.

2.2 Experimental Findings

Following the announcement of the Guderley Mach reflection found hyallest al. (2002),
Skews & Ashworth (2005) constructed a large-scale shock tube leapigiroducing Mach
stem lengths an order of magnitude larger than those in conventional simk Figure
2.11 shows the basic size of the shock tube and a photograph of the faEiigyfacility
consisted of a cylindrical cross-section driver, a short rectangubsis-section, a diverging
driven section and a large rectangular cross-section whereby thengdihwave reflects
off the roof producing the desired reflection pattern. The sketch shovesl some typical
wave profiles as the shock propagates downstream. Note that Figureepresents the
facility used by Skews, Li & Paton (2009) whereby & diverging section is used instead
of the 10° diverging section by Skews & Ashworth (2005).

The unique experimental study obtained high resolution schlieren phptogadicating
small scale expansion structures behind the reflected shock. The#is resembled the
wave patterns observed by Vasil'ev & Kraiko (1999) and Tesdall €2802), even though
the incident shock wave generated was only approximately planar due tylthdrical
shock initially propagating through a diverging section. The tests wer&edasut on a
10° ramp with incident shock Mach numbers ranging from 1.05 to 1.1 (Skewsl&vAgh
2005). Figure 2.12 is a photograph observedMbe 1.073 with a Mach stem length of
766mm. The first photograph is the original magnified schlieren image, and tvge#ta
the right were obtained using contrast adjustments and selected conteabbtlds (Skews
& Ashworth 2005).

As shown in Figure 2.12, their results clearly detected the fourth wave, Inaime
expansion fan, and an indication of two accompanying shocklets as was/eld by Tesdall

22



1500 300

o
%3
=3
= [
ol
>ng
o]
1105 )
L)
46

Figure 2.11: Shock tube used by Skews et al. (2009).

et al. (2002). The expansion wave is defined as the dark region dikedtlnd the reflected
wave, and the shocklet is the bright line underneath the reflected shddka expansion
wave. Since two shocklets (supersonic patches) were observedettiisd/the numerical
work produced by Tesdall et al. (2002), and in doing so resolvedahé&eumann paradox.
Analysis of the photographs determined that the expansion wave and téngisiaocklet
are estimated to be less than 2% of the length of the Mach stem, which is cohkidera
larger than that predicted numerically.

Figure 2.12: Complex flow structure behind reflected shock wave (SKewshworth
2005).

As an extension to the recent experimental work, Skews et al. (2009)eshimproved
results of the Guderley Mach reflection for incident shock Mach numizarging from
1.05to 1.1 on a 15ramp. Figure 2.13(a) shows is an experimentally captured photograph
where it is seen that there is clear evidence of the expansion fan direbilydathe reflected
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shock as proposed by Guderley (Skews et al. 2009). When anatp&imgntours in Figure
2.13(b), conclusive evidence of the first shocklet is found, indicated, followed by
two further regions (2 and 3) which strongly suggest the existence aett@nd and third
shocklets. These results further satisfy Tesdall et al. (2002) okigmms, therefore ensuring
the credibility of the solutions obtained numerically. However, it should bedntiat
the experimental observations of weak shock reflections off thin wediges not show a
defined slipstream even though a apparent Mach reflection occussismobably because
the weak shock reflection is really weak, making it difficult to observe thestsépm
experimentally.

M 5 M

(a) Original schlieren image (b) Processed image to highlight
shocklets

Figure 2.13: Experimentally captured Guderley Mach reflection for a eetgle of 15
and Mach number of 1.12 (Skews et al. 2009).

In addition to the experimental photographs, quantitative data of the flovh Mambers
behind the major waves were determined using superimposed images. Fodantiach
number of approximately 1.125 it was found that the reflected wave is veak with
the flow Mach number ahead of the wave being less than 1.05 and the flomdlkibk
wave being less than 0.98 respectively. The very weak flow Mach n@nitdne vicinity
of the triple point, called for very sensitive optical arrangements in ordeapaure the
density gradients in the flow. It was mentioned that higher resolution tests wfifishorter
duration light source would better resolve the details of the flow features.

2.3 Motivation

Skews & Ashworth (2005) and Skews et al. (2009) discovered theeexis of the Guderley
reflection in the case of an approximately planar incident wave reflectfrgldf and 15
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taper in a shock tube. Their results were only conducted for incident Mambers between
1.060 and 1.094, thus further study is required to investigate whether tiuei®@y Mach
reflection occurs for Mach numbers above this ranigex* 1.1), and for a larger variation of
tapered angles. Since all the experimental work conducted to date utilisepkaligerging
shock tube shown in Figure 2.11, high strength incident shock wavéd coube achieved
due to the decay in the incident shock wave strength along the length of dbk &lbe.
Therefore, by using a smaller constant cross-sectional area sHzekh® incident shock
wave strength can be maintained.

Since there is limited experimental work in the weak irregular shock reflectoomadh,
particularly the Guderley reflection, it is extremely important to find a practicanse
of observing this rare reflection without the use of a specially constrifatslity. The
idea of using a conventional shock tube to study these reflections cameveten Skews
(2007, personal discussion) observed a photograph of an eémpeas-like region behind
a reflected shock produced in a conventional shock tube. The @askelach-like reflection
consisting of an apparent expansion fan was accidentally producprbtryding pressure
tappings in the shock tube facility. This led to the concept that a perturbadiorces
instead of a ramp angle could be utilised to produce the Guderley reflectierfollowing
experiment aims at verifying whether the Guderley reflection can be daped in a
conventional shock tube utilising either a wedge angle or a perturbationesoUsing a
conventional shock tube will allow for a more practical method of studyinghtitare of
these rare irregular reflections.
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Chapter 3

Objectives

The primary objectives of this study in weak shock wave reflection domaia tee

1. Investigate whether the Guderley reflection exists in a Mach numbee @il to
1.4 utilising a conventional shock tube.

2. Investigate what is the best means of producing the Guderley refleeftber by
utilising a perturbation source or various ramp angles.

26



Chapter 4

Experiment Design

This chapter describes how the irregular Mach reflections will developeicdnventional
shock tube facility, clearly outlining the difference between triple point pgapion path
in the previous experimental work and the underlining principle utilised in thidystAn
introduction to the shock tube layout and the required modifications aresgsguThe two
shock tube configurations, which consist of various perturbationses@and ramp angles
are described below. Note that all the engineering drawings have beeded in Appendix
D.

4.1 Dynamics of the Study

As was discussed in the Literature Review, the Guderley reflection (G&Ralheady been
observed experimentally by Skews et al. (2002) and Skews et al. X280% a unique
large-scale shock tube layout seen in Figure 4.1. The GR was produtiezicorner where
the diverging section connects with the constant cross-sectional alfoek

To produce a GR, the Mach stem of the reflection needs to be in the orde® of in

length. Therefore, the shock tube utilised in Skews et al. (2009) andsS&eAshworth

(2005) required a height of approximately 1.1 m to provide sufficientegfar the
developed reflection to expand so that the expansion patch behind thetipteould be
experimentally resolved. This shock tube facility was very impractical apéresive due
to the size of the apparatus. The shock tube was limited to producing MacHestgths
smaller than 1.1 m, and waves strengths weaker than M = 1.1.

3610
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Figure 4.1: Schematic of developed reflection used by Skews et al.)(2009
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Due to the limitations of the large scale shock tube, the current study makesf ase
conventional shock tube to satisfy the first objective. An existing cdiveal shock tube
layout described in Section 4.2 will be modified to accommodate various patitumb
sources and ramp angles. Since the shock tube is only 0.45 m in height this thaa
a Mach stem of no larger than 0.45 m can be produced as the triple poirdfteeisteracts
with the walls of the tube. Figure 4.2 shows the first reflection of the triple jpditie floor
of a conventional shock tube, where a new inverted reflection is creAgethe reflection
configuration propagates further downstream it reflects off the ceilirtheoshock tube,
inverting the reflection to its initial orientation. After a number reflections of tipéetpoint
it is seen that a jagged trajectory path is created. As seen in Figure 4.2attrediem for
the shock reflection before each triple point reflection transforms into tideint wave for
the new shock reflection after the triple point reflection. A more detailed rapta of the
dynamics of the multiple trajectory paths is described in the “Discussion of thelt®&in
Chapter 7.

Starting of irregular Triple point Second
Mach reflection~ trajectory path reﬂefnon
t t A t: t: A t
! Y Finst : > Thid !
reflection reflection

Figure 4.2: Progression of developed irregular Mach reflection doaars for different
time steps; showing the overall trajectory path of a triple point in a conventional shock
tube.

In Figure 4.2 it is seen that at any time intertadlownstream, the actual length of the Mach
stem is smaller than the height of the tube (0.45 m), which according to Vasilera&i&
(1999) would not be suitable to develop a Guderley reflection as the Mawchis required
to be in the order of 1.0 m. The following study is constructed on a hypothegimged
by Skews (personal communication, 2008) which states that the Mach starhea to the
shock reflection is not the apparent Mach stem length observed atisacinterval, but
rather the overall vertical distance traveled by the triple point from wtereeflection was
created. Therefore, the overall vertical distance traveled by the trgie [ named the
virtual Mach stem length.

Utilising this hypothesis it is possible to produce virtual Mach stem lengths inrither o
of 2.0 m in a sufficiently long (9.0 m) conventional shock tube. The virtuaciMa
stem hypothesis will be tested by investigating whether the GR does in fagt imcthe
parameters of the experimentation, furthermore the relationship betweerz¢hef she
supersonic region and the Mach stem length will also be investigated andsskstin
Chapter 7.
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With the application of this hypothesis, the current study makes use of two dsgtho
utilising either a perturbation sources or a ramp angle, to satisfy the firattogj@f this
research. The first method utilises a triangular perturbation source dodhef the shock
tube. A schematic shown in Figure 4.3 shows the interaction of the a normzk slave
with the perturbation source, resulting in a irregular Mach reflection whieh fiiopagates
downstream.

Fully developed

Normal Interaction with irregular Mach
shock wave perturbation reflection
R ! R !

—> —>
[ :
A M
/T\

Perturbation
source

Figure 4.3: Developed irregular Mach reflection due to the normal sheftdcting over a
triangular perturbation source.

The second method shown in Figure 4.4 utilises a diverging section similar tsédin the
previous experimental work. This method produces an improved irrelldah reflection
as there is only a single change in direction as a result of the change itiatiret the
ceiling of the shock tube. By simply altering the angle of the diverging sectmaffects of
various wedge angles on the developed irregular Mach reflection ceaslig studied. The
only issue of using the diverging section is that a cylindrical shock wasteaal of a normal
shock wave develops in the diverging section, but as discussed ineCHa the radius of
curvature of the incident shock wave is large and is not apparent ixpegimental images
obtained.

Fully developed
irregular Mach
30 reflection

Interaction with
ceiling

Cylindrical
shock wave

M

Figure 4.4: Developed irregular Mach reflection due to the cylindricatlsheflecting off
the ceiling of the expansion chamber.

The following sections in this Chapter describe the existing shock tube facildytlze
modifications which were undertaken on the facility to conduct this study.

4.2 Existing shock tube

A newly manufactured shock tube, named the Lorenzo’s tube, was therd@mnal shock
tube utilised in the experimentation. The shock tube and the accompanyirmey dias
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designed by a Master’s student (2008) from the School of Aeroreutechanical and
Industrial Engineering, University of the Witwatersrand. Figure 4.St@ws the shock
tube layout, where the Lorenzo’s tube is attached to a large aspect-raioduabisting of
two large rotating walls on either side of the tube; each wall consists of two Vitesving
ports. The rotating walls allow the viewing ports to rotate into various positions iviéwve
structure overshoots the viewing port.

The overall dimensions of the assembled shock tube are approximately 18mgtin, 1.2 m
high and 0.1 m wide, as shown in Figure 4.5(b). Itis seen that the expesesition consists

of three sections each are 2.0 m in length making it is possible to shortenetytirda the
shock tube if necessary. The 0.305 pressure tested driver makes up the compression
chamber, whereby a safe operating pressure of approximately 10abdveccontained,
producing a maximum Mach number of roughly 1.67 given that the conditionsstream

are atmospheric (0.83 bar). It should be noted that the most vulnerablgooent in the
shock tube are the viewing ports, which have been calculated usingty fetfor of 2 to
withstand a maximum driver pressure of 10 bar without inducing any stres&s in the
viewing ports.

(a) Photograph of shock tube assembly

Large aspect  viewing

Flow direction ratio tube ports
’ Rotating \ T
Driver Expansion chamber  wall ™ N
1155 mm
450 mm¢
<‘“————— ¢ P> <¢—————————PpC¢—————PpC——— >
2000 mm 2000 mm 2000 mm 2000 mm 2000 mm

(b) Schematic indicating internal dimensions of the shock tube assembly

Figure 4.5: Existing shock tube layout.
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In order to pressurise the driver, a diaphragm (plastic sheet) is platacken the driver
and the first expansion chamber. The bolts and nuts are fastened witketlo¢ an impact
wrench securing the diaphragm between the driver and the first gxmachamber section.
When the driver is pressurised to the required pressure, the pluntigggered, and a
normal shock is generated due to the rupture of the diaphragm. The ®fleckion travels
down the expansion chamber where it is then photographed at the viewring p

4.3 Modified Large-Aspect Ratio Tube

The main purpose of the experiment is to utilise a conventional shock tubesétodea
GR. As shown in Figure 4.5(b) above, the internal heights of the expacsi@amber and
large-aspect-ratio tube are 450 mm and 1155 mm respectively. The inteight of the
large-aspect ratio tube needed to be reduced by 705 mm so that a tamstaral height
of 450 mm could be maintained throughout the entire shock tube assemblynstand
internal height was achieved by the insertion of a plug-in section in the-&spect ratio
tube, illustrated by the hatched triangle in Figure 4.6.

Flow direction Large aspect-ratio tube
—_—

Expansion chamber Plug ~ &
\l' 1155 mm

i i
< P

6000 mm 2000 mm

450 mm i

\

Figure 4.6: Schematic of internal dimensions for the existing expansion @raand the
large-aspect ratio tube.

The required length of the plug was determined by analysing the rotated pesitidhe
observation window furthest downstream. Figure 4.7 shows two rotafi@siions for the
observation window. It is seen that the plug only requires a length obajpately 1.0 m
so that the full rotational capability of the observation window could be utilised

Figure 4.8 shows the design of the plug which was constructed from mild stdw.
wedge-shaped plug consists of a 1.0 m length standard 100 mm u-chahioél is
supported by a rectangular plate and a rib. The u-channel and ribwedted together, and
then fastened onto the supporting plate, which was finally securely boltecaorexisting
end-flange from the existing shock tube. The plug structure displayetjing=4.8 was
designed for a maximum incident wave Mach number of 1.5. However, itldhm® noted
that this structure was designed using a safety factor of 10, thus muehn Magh numbers
can be supported.
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Figure 4.7: Rotational positions for observation window.

When the viewing ports are positioned vertically as shown in Figure 4.5, tieanel of
the plug assembly passes between the two viewing ports of the rotating wad .vifetiiing
ports are rotated to a different position, this will result in the ports sliding thesides of
the u-channel and possibly scratching the glass. Protective tape hvaeddo both sides
of the u-channel to prevent any damage to the viewing ports and the inserfece of the
tube. Note that the engineering drawings for the given plug have belex@ttin Appendix
D. Both shock tube configurations (perturbation source and ramp amigssribed below
make use of the plug-in section as it is a fundamental part of the shockdaemhly.

Plate supporting Supporting rib

U-channel and rib

U-channel Connecting

Existing end

flange

Figure 4.8: Design for plug which is inserted in the large-aspect ratio tube.
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4.4 Shock Tube Configurations

The experiment consists of tests conducted on two different shock tuifigarations. The
first configuration consists of the existing shock tube described abolgling a mounting
plate where various perturbation sources can be fastened. Thedseoofiguration
makes use of a diverging section at the beginning of the expansion sedtiote that
testing was initially conducted on the first shock tube configuration, thereladsed on
the experimental results it was decided that a second shock tube catiiguvould be
necessary to produce an improved shock reflection.

4.4.1 First Configuration

The first configuration utilises the existing shock tube layout with two peatioh sources
positioned in the expansion chamber. As shown in Figure 4.9, the perturtsatioce is
fastened at the bottom of a mounting plate. The mounting plate can then bedsbetween
any two sections of the expansion chamber. The mounting plate and p&darbaurce
assembly provides flexibility in designing a number of inserts of variouslesofin this
experiment only two inserts were manufactured.

Mounting

plate

Perturbation
source

Figure 4.9: Mounting plate with attached perturbation source.

The two manufactured inserts are illustrated in Figure 4.10. The first ihasrt plain

rectangular profile with an overall perturbation height of 35 mm, whereasabond insert
has a triangular profile with a height of 20 mm, and an angle of*53\bte that the angle
of the triangular profile is of no particular importance, and was merely chtoseeduce the
strength of the second reflected shock produced when the shodspass the perturbation
source.

4.4.2 Second Configuration

After having completed testing with the first shock tube configuration, a nesutayas

designed based on the original setup used by Skews and Ashwor®) @ud Skews et al.
(2009). The second setup consists of a diverging section at the begiirtine expansion
chamber, ensuring the development of a clearly defined shock reflestite flow field no
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(a) Manufactured mild steel inserts (b) Dimensions for inserts

Figure 4.10: Perturbation sources

longer experiences an abrupt change in the area as was produteddsrturbation source
which produced multiple reflected waves. The following configuration aspired the
construction of a new driver and plunger section.

Diverging Section

Three ramp inserts of 2015°, and 20 were selected for the diverging section to produce
the desired irregular Mach shock reflections. The 40d 15 inserts were chosen as these
are equivalent to the ramp angles utilised by Tesdall et al. (2002), Skedv#\shworth
(2005) and Skews et al. (2009). This allows the current results torhpa@d with previous
studies. In order to expand the testing domain, aifi€ert was also manufactured. The
experiment investigates incident shock waves in the test section with Macbens in the
range of 1.10 to 1.40.

Based on the dimensions of the expansion chamber, the outlet dimensioesdofeiging
section are 459100 mnt, where 100 mm is the internal width of the shock tube section.
The inlet dimensions of the diverging section were chosen as100 mn? as the best
aspect ratio for efficient diaphragm rupture is 1:1. The correspgrdigth of the diverging
section could thus be calculated based on the inlet and outlet dimensions.ewyingy
section length of 2000 mm was chosen which gave a ramp insert angle roixapately
10°. As shown in Figure 4.11, two ramp sections of Hnd 20 respectively could be
contained individually within the diverging section using additional supports

500 -
400
300
200
100 [

Driver Diverging section
Existing tube e 15 deg channel
====20 deg channel

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Figure 4.11: Diverging section dimensions for the various ramp inserts.
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The ceiling, floor, and both the ramp sections of the diverging section earstructed
from standard 10050 u-channel sections which have been ground on both sides to provide
a uniform surface to ensure a well sealed assembly. The manufactifrean@p section is
shown in Figure 4.12, where it is seen that a horizontal channel is &stamto a slanted
channel to produced the desired ramp angle for the ceiling of the digesgiction.

Support plates .

Figure 4.12: 20 ramp assembly.

Figure 4.13 shows the complete assembly of thé rEnp section which is supported
through the ceiling of the diverging section by four bolts. The following bods be
removed and replaced by plugs to seal the ceiling of the diverging sectien testing
is conducted on the 2Qeiling, or alternatively the Z0ramp section may be inserted also
supported by the four bolts. Thus with the use of the support holes thriegceiling, a
number of different ramp sections can be manufactured to study a rhrgmpangles.

Note that the insertion and removal of the ramp sectioned consists of renmwngf the
side plates, the ramp section was then carefully positioned within the divesgatign and
supported by the permanent®10-channel. Due to the considerable weight of the side
plate, a hand operated winch was used to guide the side plate away frohotkesbe and
consequently reattaching it.

Plunger Section

The plunger section as seen in Figure 4.14 has a constant cross deutianaf 106 100
mm?, a length of 300 mm, and includes a pricker mechanism. The ceiling and floloe of
plunger section were also made of the standard u-channel which wasdutilig@ighout
the tube. The plunger section connects the driver to the inlet of the digesgction, the
circular and rectangular flanges at each end fasten onto the caordisgeircular flange of
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Figure 4.13: Diverging section assembly.

the driver and the rectangular inlet of the diverging section.

The pricker mechanism was used to rupture the diaphragm between thiedwardlanges
of the driver and the plunger section. As seen in Figure 4.14, the priogehanism fastens
onto the external wall and consists of a stainless steel needle. The needénually
triggered by pulling it back and engaging the catch, whereby it is thentdiredccompressed
spring. When the catch releases, the needle punctures and ruptulistehded diaphragm.
Note that the pricker mechanism was easily adjusted to suite different testid@ions to
ensure that there is sufficient travel in the needle to allow the diaphragmngistently
burst during tests. Once the diaphragm ruptures, the initially unsteadyrajed shock
passes through the plunger section thus giving the shock wave stfficiento develop
into a well structured shock before entering the diverging section.

Driver

A new driver (pressure vessel) was designed to withstand a maximursupgesf 10
bar, capable of producing a maximum initial Mach number of approximately il &
downstream conditions are atmospheric. With an internal diameter of 154 mmteheal
cross sectional area of the driver was chosen to exceed that of tharidg(106: 100 mn¥)
of the diverging section. This is important to produce a “clean” ruptureafoeffective
shock wave to be generated.
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Figure 4.14: Plunger section with accompanying pricker mechanism.

The overall length of the driver was chosen by plotting the correspgvdave diagrams for
varying driver lengths for a maximum intended Mach number of approximatélyFigure
4.15 displays the wave diagrams for driver lengths of 0.5, 1.5, and 2.8pecgvely. Note
that the plots resemble a simplified constant cross-sectional tube, as ¢ngirtivsection
could not be accounted for in the simulations. However, as Ashwortrbjad€termined
in his CFD simulations, the diverging section does not drastically changefféttseof
the rarefaction waves, and that only a slight deviation is seen from tlee®dglinear curve
(Skews & Ashworth 2005). Since the change in area of Ashworth'slstube facility was a
factor of 11, and the tube used in this investigation is only a factor of 4.5, trassrtbat the
effects of the area change are not as significant, and thus the waverdgare sufficiently
accurate for the selection of the driver length. Itis seen in Figure 4.tt&tthe testing time
increases as the length of the driver increases, therefore a 2.0 m ¢kivgthwas chosen as
this provided a sufficient time interval between the incident and reflecteansion wave
in the testing section.

Figure 4.16 shows the driver assembly. In order to easily manoeuvraitiee, & support
stand was made which consists of a set of wheels and a guide rail so tllaivirecan be
easily lodged or withdrawn from the plunger flange so the diaphragmeagptaced. The
specifications of the driver and the pressure certificate are givenpegix C.
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Figure 4.15: Wave diagram plots for a Mach number of 1.40 and varidver dengths.

Pressure

Guiding rail
Support stand

Figure 4.16: Driver assembly.
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Chapter 5

Apparatus

This chapter briefly describes the two shock tube configurations and strarirentation
used in the experiment. The design, modifications and the functioning of igtengxshock
tube were outlined in the previous Chapter.

5.1 First Shock Tube Configuration

As described in Section 4.4, the first shock tube configuration considiseoéxisting
shock tube configuration shown in Figure 4.5 combined with the triangularipludpich
maintains the height of the shock tube in the large-aspect ratio tube, andrtbebption
mounting plate which supports the perturbation sources. Figure 5.1 is matbef the
shock tube layout, were it is seen that the mounting plate can either be pabibf®
between the first and second expansion chambers or at “B” betweeedbad and third
expansion chambers respectively. Both these positions were usedyttheadistance in
which the triple point of the developed reflection travels before arrivinheatest section
(large-aspect ratio tube). The important correlation between the odestahce traveled by
the triple point and the virtual length of the Mach stem will be discussed int€h#p

Large aspect

I - mounting plate positions ratio tube

Plug-in

Driver Expansion chambers
N 1155 mm
450 mm } A B N
PP PC————————>C————————>
2000 mm 2000 mm 2000 mm 2000 mm 2000 mm

Figure 5.1: Schematic of first shock tube configuration.

5.2 Second Shock Tube Configuration

The second configuration makes use of the newly designed driverierdidg section as
shown in Figure 5.2. As seen in Figure 5.2(b) the configuration makesf e constant
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area expansion chambers and a varying area expansion chambeegi(ajsection). Either
two expansion chambers as shown in Figure 5.2(b), or one expansionbeh can be
utilised depending on the downstream propagation length required.

(a) Shock tube layout.

Large aspect
ratio tube

Plug-in

Diverging )
section Expansion chambers

Driver  Plunger J J 1155 mm
450 mm¢ @/

¢“————P>¢——————P¢———————P¢————Pp¢————>
2300 mm 2000 mm 2000 mm 2000 mm 2000 mm
(b) Schematic of second shock tube configuration.

Figure 5.2: Diverging shock tube configuration.

Figure 5.3 below is an image of the newly designed driver and divergictgpae The 15

and 20 ramp inserts are inserted into the diverging section by removing one of the sid
plates as shown in Figure 5.4. A chain block was used to support the side ywizle

the ramp insert was manually placed into position and fastened onto the ceilithg of
diverging section. Since the angle produced by the diverging sectisrciitecal for the
developed reflection, it was important that the downstream edge of the iresmp was
correctly aligned with the expansion section. It should be noted thatmZ@&per gasket
was taped to all joining surfaces and sections of the shock tube to redudeakages
during the operation of the shock tube.

The driver was pressurised to 13 bar for the 1.4 Mach number runsmiasit that the
driver was being pressurised above its maximum operating pressudeart However, the
manufacturer of the driver verified that the driver could be safelyaipd at 13 bar since
the flanges and the round tube of the driver were designed to withstarnxiraumapressure
of 16 bar.
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Figure 5.4: Replacement of a ramp section in the diverging section.

5.3 Data Acquisition Instruments

Data acquisition instruments were used to detect the shock passing by twegagh
pressure transducers which consequently triggers a light sourcepaicdied time delay
in order to capture the wave at the viewing port.

Three pairs of transducer ports are located on the third expansion ehdratvever only the
pair furthest downstream were used as shown in Figure 5.5. The twsysestransducers
are separated by 50 mm, and are situated at the centre height of theierpdnasnber. By
analysing the pressure traces the time delay between the two pressusevepikeused to
determine the incident shock wave Mach number. The speed of the incidecit wave
was then used to calculate the time delay required to capture the shock attiteeatehe
viewing port, given that the distance between the first downstream treasdnd the centre
of the viewing ports is approximately 790 mm. It should be noted that the |aecaratio
tube consists of a number of transducer ports which were not utilisedhaswere located
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in the constant cross-sectional area region.

Large aspect ratio tube

Utilised
transducers
Expansion chamber

T
Pressure transducer —» € — < =
pair 50mm 790mm

Figure 5.5: Pressure transducer ports on expansion chamber.

The following data acquisition instruments were used:

e Two high speed fast response PCB PiezotronicsRGRnsor piezo-electric pressure
transducers (Model 113A21). Serial number: 14052 (ChannaMnstream); Serial
number: 14050 (Channel 4, upstream).

e High speed PCB ICR) sensor signal conditioner (Model 482A22) which amplifies
the signals from the pressure transducers.

e Yokogawa DL1540 digital oscilloscope which receives the output siginais the
signal conditioner and plots the voltage against time. The plots are then used to
determine the respective Mach numbers for each experiment. The tdggetgut
signal from the oscilloscope is then forwarded to the time delay unit.

e Time delay unit, Centre for Instrumentation Research, Cape TechnickorbWiti
999995 and 0 — 2.5V output. The time delay unit then utilises the specified time
delay which triggers the xenon flash power supply (Model C3684),aand result
causes the xenon light source to emit one pulse of light.

5.4 Optical System

A general Z-layout schlieren setup was used to capture the wave s&rymduced by
the perturbation sources and ramp inserts. In order to capture the wegular Mach
reflection as well as the highly anticipated expansion fan and terminatinlstoa
sensitive schlieren system was required.

The schlieren setup utilised is illustrated in Figure 5.6. As seen the systelstsafawo
knife edges, one after the light source and the other before the cafmreaon flash light
source with an exposure pulse time of 49is shone through a converging lens and focused
on the first knife edge. The first knife edge consists of two razor bladparated by less
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than 1 mm controlling the amount of light entering the system. The distance bethee
first mirror and the knife edge is exactly set to the focal length of the pécamirror.
The second knife edge is a single razor blade, and functions mainly td #tgusensitivity
of the optical system. The distance between the second knife edge arettmel snirror
is also the mirror’s focal length. The light bending around the secone leufje is then
concentrated by a converging lens so that the image fits onto the digital ¢as@rsor.

Light Knife
source
. vl edge
Schlieren :Q\p J

Mirror field ~_ 7777 TR Mirror

./ Camera

edge

Figure 5.6: Schematic of a basic Z-layout schlieren system

The two parabolic mirrors mentioned above, have a diameter of 12.5 inchm{89)2and a
focal length of 1.905 m. These two mirrors were used at opposite ends wietlving port
(schlieren field) to produce a parallel beam of light passing through gteséetion. For
the light to be parallel, the distance between the two mirrors must be larger tiartwir
focal length. It should be noted that all the components of the schliestarsywere at the
same level as the centre of the viewing port to ensure that a clear antbutgtismage was
obtained. However, as discussed in Chapter 7 the images producedduhlieeen system
do not produce a uniformly sensitive image, this was due to the difficulty iniatigine
schlieren system in the laboratory and the optical stigmatism produced byitherging
lenses.

Two sets of images were captured: single-frame images using a Nikon Dil dagmera
of 12.34 million pixels and multiple-frame images using a high speed camera of 0.5 million
pixels. The setup of each camera is discussed below.

5.4.1 Single Frame Camera

The high resolution single-frame images were captured using aslxnon light source
and one light-filter after the first knife edge. The filter was used to retheetensity of
light entering the schlieren setup. The shutter of the camera was controllaghhiyaby
a wireless remote control, note that the camera was set on the bulb trigger Abtiee
single-frame images were captured at least twice to ensure the repeatdhihigyresults.
The sensitivity of the system was continuously attuned by fine adjustmentg &htfe
edges during testing resulting in varying illumination of the images. The sensitivttye
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camera was adjusted to suite the amount of light being cutoff by the first&ddfe and the
filter. Generally an ISO of 400 was utilised for the photographs. It shibelldoted that the
flow pattern behind the triple point was best resolved when the knife edgegusitioned
parallel to the reflected shock wave allowing a high sensitivity in detecting ribgspre
gradients in the direction of the reflected shock wave.

5.4.2 Multiple-Frame Camera

The million frame per second camera manufactured by The Cooke Corpoved® used
together with a constant light source (a standard 45 W car lamp). Sincautiersof the

camera is programmed (exposure, the delay between frames, and the difndmes) it

was necessary to use a constant light source so that the viewing gocowénuously lit to
capture the propagating shock wave reflection. The multiple overlaid imé&¢jes moving

shock wave reflection are then analysed to determine the trajectory path toiple point

so that the speed and direction of the flow behind each shock wave catdsmined. Due
to the low pixel resolution (0.5 million pixels) of the camera and the large field of,vtee

expansion patches were barely visible but the three main waves werly gesgented to
obtain quantitative data of the wave velocities and the deflection angles.ratedoire for
analysing the multiple frame images is further discussed in Section 6 on page 47.

The specification of the high speed camera are given below.
e Manufacturer : PCO Computer Optics GmbH

Serial : 335 CG 0073

Trigger : TTL-signal

Width : 1 ps...1 ms

Delay : 0us...999us

Cycle:0-9

5.5 Control Panel

The control panel is located on a stand next to the data acquisition instrususfitshat
the shock tube can be conveniently operated from a standing positiorcontrel panel is
supplied by a high pressure compressor with a limited pressure of 15 li@r islsupplied
to the driver. The control panel consists of the following components:

e Inlet hose from the high pressure compressor.

e A Wika pressure gauge connected to the driver via a 1/2” BSP radialeotion, so
that the static pressure can be measured. The gauge has a prasge @to 1000
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kPa with a resolution of 5 kPa and an accuracy of 1%. (Make: Wika, 28362,
Catalog. No: 232.50.160)

e A pressure regulator to smooth out and reduce the pressure supmiedtiie
compressor into the driver.

e A global-type 317 valve to control the pressure supplied from the corsqrasto the
driver.

e A venting ball valve to release the pressure in the system, in case of anezroerg
such as a premature piercing of the diaphragm.

e An outlet hose which supplies the driver with pressure.

e A mercury thermometer to measure the ambient temperature. Temperatur@fange
-5to 50°C and a resolution of 0°Z.

It should be noted that both the small and large drivers were press$dinige the same 15
bar pressure line.

5.6 Diaphragm

To obtain the various flow speeds required for the experiment, diffedeghragm
thicknesses and combinations of mylar sheeting were used. As mentionae lied
diaphragm is inserted between the flanges of the driver and the plerErsrespectively.
The two flanges are lined with a rubber gasket so that an effectivéssgalduced around
the diaphragm when the flanges are fastened together. The natustlpbessure is an
important property of the diaphragm as this is the pressure in which therdgphuptures
without having to be manually ruptured.

As part of the calibrating process, various diaphragm thicknesseseobomultiple layers
were ruptured to determine their corresponding natural burst pesssurhe acceptable
range of operating pressures for each diaphragm configuratiochesen to be less than
90% of the natural burst pressure to prevent premature burstindhurseng pressure being
the pressure in the driver when the pricker pierces the diaphragm.

For the driver in the first configuration a diaphragm of 128 was used, producing a natural
burst pressure of 2.5 bar. None of the M = 1.2 and M = 1.3 tests in this seteeded a
static pressure of 2.0 bar. For the driver utilised in the second shoclkctutbiguration the
diaphragm thickness, the number of layers and the correspondingliaiust pressures for
each diaphragm arrangement are listed in Table 5.1.
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Table 5.1: Diaphragm properties for driver section in the second dlbekconfiguration.

Diaphragm Number  Natural Mach
thickness  of layers  pressure number

(2m) (£20 kPa) produced
50 1 200 1.1
50 2 400 1.2

100 1 390 1.2

100 2 780 1.3

100 3 1200 -

100 4 1600 14

5.7 Computing Facilities

The following hardware and software was used for all the CFD simulatiodsGAD
modeling.
5.7.1 Hardware

All simulations were carried out on three desktop computers from the Cotignab
Modeling Computer Laboratory. The specifications of the computers utilisedjigen
below:

e Processor: Intel(R) Xeon(R) CPU X3370 @ 3.00GHz

e RAM: 4.00GB

5.7.2 Software

All the software below was obtained from the School of Mechanical Eaeging, University
of the Witwatersrand, and all were academic versions.

Operating system: Microsoft Windows 7 Professional (64-bit)
Computational fluid dynamics software: Fluent from the software packaggs 12.0 was
used to develop the shock tube model and mesh generation. Simulations weaéténeun

for different shock tube configurations and initial conditions.

Visualisation software: Tecplot 360 2009 was used for all the postegeiicg of the
simulations obtained from Fluent.
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Chapter 6

Methodology

This chapter discusses the research methodology for both the shockantigurations.
The ranges to be explored in each configuration are outlined, and thedvietivbich the
numerical and experimental work were analysed is discussed.

6.1 Numerical Studies

Numerical simulations were initially undertaken on both shock tube confignsatio
construct a better understanding of the dynamics of the developed sdftaiktions. Since
previous experimental work already explored a range of low Mach nisr(Bé, < 1.1),
this study also aimed at determining whether the GR exists for higher Mach nsunilies
simulations were performed for Mach numbers of 1.2 and 1.3 for the patiansources,
and Mach numbers of 1.1, 1.2, 1.3, and 1.4 for the ramp angles. Two ®Rpashamber
lengths (2.0 m and 4.0 m) were also simulated for the various Mach numberetmae
the effect of the virtual Mach stem length on the size of the supersonmnréghind the
triple point.

The computational work predicted the propagation path of the triple poimistogam, and
was not aimed at resolving the flow features in the vicinity of the triple point.tigjectory

path of triple point for each condition was plotted and examined to determinthertibe

triple point would pass through the observation window during the expetah&sting.

Since the vicinity around the triple point is of concern, the wave velocities wmeasured in
close proximity to the triple point. This allowed the numerical work to predict trength

of the reflected shock wave of the shock reflection. The velocity of tfiected shock
wave could not be measured experimentally in the shock tube facility. Aigésorof the

numerical models are presented in Section 6.3.

6.2 Experimental Studies

The experimental tests were conducted using the same conditions as in thecalsbedy.
These tests were performed utilising the operational manual, the pre-¢etlidt, and the
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test log presented in Appendix B. Calibration of the shock tube facility wassrquired
to produce the desired shock wave strengths, thereafter the schi@rigucation needed
to be constantly adjusted to capture the weak flow fields behind the triple pdiimagyes
were captured and the corresponding pressure traces recortiedordssure traces were
used to determine the velocity of the incident shock waves in all the images. Alesna
then underwent contrast adjustments to clearly distinguish between theeffdurds of
the GR. Various measurements from the images were taken to determine thé thiee o
supersonic region and the velocities of flows behind each shock wéie d&ta was then
compared existing published work.

Tests which showed the best indication of the GR were then repeated pingecawith
a high speed camera so that the flow velocities in the vicinity of the triple poirid duzu
experimentally determined. This data together with the numerical data was tmé&meal
to obtain a better understanding of the nature of the captured GR.

6.3 Computational Fluid Dynamics Model

Numerous simulations were undertaken to determine the best model to effeotiine the
irregular Mach reflection. The variables that where adjusted to obtainveging solution
where: the cell element type, the Courant number, the refining andecwagsadaption
thresholds, the level of refinement per adaption, and the number of itesdiefore each
adaption.

All the simulations were built using the two dimensional interface using Fluent on
the commercially available Ansys 12 package. It should be noted that a nurhbe
two-dimensional simulations were also attempted using an in-house Euler deladoped

in 1995 by a MSc student named Luke Felthun. The code, which is commdalye® to

as “Luke’s code”, produced similar results to that obtained using Fluemever due to

the inability of Luke’s code to utilise parallel processing, the simulations req@xtensive
processing time. Therefore, it was decided that Fluent would be bist dor all the
simulations.

A density based solver was used to take into account the flow compressihidythe
fluid (air) was modeled as an ideal inviscid gas. An unsteady time setting veserch
for the transient analysis, and implicit and explicit models were attempted, badiuging
similar results. The final models were simulated using an explicit formulation wihitzad
uniform quadrilateral mesh of 15 mm interval size. The initial meshes for@hanid 20
ramp angle shock tube configurations are shown in Figure 6.1. The pbel downstream
in the shock tube represents the position of the viewing port.
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10° ramp angle

20° ramp angle

Figure 6.1: Initial uniform quadrilateral mesh for second shock tubdigamation with
interval size of 15 mm

Since all the simulations were transient, dynamic mesh adaption was used &thefin
region around the propagating shock wave configuration so that thie ivBtacted shock
wave could be clearly resolved. A normalisation mesh adaption scheme adsngereby
the mesh was refined by analysing the density gradients in the flow. It wasd that the
coarsening and refining thresholds of nearly equivalent values teduised (approximately
0.5% for the rectangular step and @5for the triangular step) so that the weak reflected
shock wave could be clearly defined at the furthest downstream posftibe shock tube.
For example, if a slightly larger coarsening threshold was used compatbé tefining
threshold, this would of resulted in the weak reflected shock wave deragpidly as it
propagated downstream. Therefore, a large number of simulations tenepged with
varying mesh adaptation values so that the weak reflected shock wadebeoresolved
effectively.

One to three million nodes were required to model the internal area of thk sime As

expected more nodes were required for the triangular perturbatiooesouthe first shock
tube configuration, as the step produced a much weaker disturbancdlowthie should be

noted that each warkstation utilised for the computations took approximatedy diages to
run each simulation, this was mainly due to the extensive number of nodesmpiregach
model as well as the continuous mesh adaption which was undertakeriévtssations. A
initial Courant number of 1.0 was utilised, but later a value of 1.5 was usathywhoduces
equivalent results in half the processing time.

Inlet Conditions

The inlet pressure boundary conditions for the model were determimnegiiEiguations (1.4)
to (1.6) to produce the required initial incident shock wave at the inlet o§ltoek tube.
The inlet pressures required for the first shock tube configuratioe @esily obtained as a
constant cross-sectional area is maintained throughout the expahsimber, however for
the second shock tube configuration the decaying cylindrical shock bieeging section
had to be accounted for. An iterative approach was taken to determindttakimntident
shock wave Mach number at the inlet of the diverging section so that theree Mach
number was produced at the outlet of the diverging section.
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The inlet pressures presented in Tables 6.1 and 6.2 are given for aenar@mperature
of 18°C and an atmospheric pressure of 0.83 bar. Table 6.1 tabulates the irdéiaren
used for the first shock tube configuration for the two Mach numbersnl4d &, and Table
6.2 the pressures used at the inlet of the shock tube, also tabulating togiagie decay
percentages for the four Mach numbers and three ramp angles. Thennshibck wave
Mach numbers from the simulations were in an acceptable error range6ti2ibe desired
Mach numbers.

Table 6.1: Inlet pressures for the first shock tube configuration

Required Mach Gauge pressure Static
number total (Pa) pressure (Pa)
1.2 133036 125606.7
1.3 167762.3 149815

Table 6.2: Inlet pressures for the second shock tube configuratgedlmn the 15ramp
angle

Required Mach Initial Mach Decay Gauge pressure Static
number number (%) total (Pa) pressure (Pa)

1.1 1.23 11 142704.1 132665.8

1.2 1.39 14 205544.4 173258.4

1.3 1.57 17 302479.0 224851.2

14 1.74 19 424234.1 279339.3
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Chapter 7

Discussion of Results

The numerical and experimental results obtained during this study amnpedshere. The
experimental results make up the majority of the discussion and where logeaytterical
results are used to construct a better understanding of the dynamicsdefvisleped shock
reflection.

7.1 Overview

This section looks at the results produced by the two shock tube cortfanga For the
first shock tube configuration comprising of the perturbation sourcets, were performed
for incident Mach numbers of around 1.20 and 1.30. In the case of dmmdeshock tube
configuration with the three ramp angles, a wider range of incident Magctbers (1.10 to
1.40) were studied. The main objective of this study was to determine wheth@uitterley
reflection (GR) could be produced in a conventional shock tube. Tdretaitilising the two
shock tube configurations with the range of incident wave strengthsge ferameter set
was explored to find the most likely conditions where the GR could occur.

The discussion begins by introducing the dynamics of the wave reflectior shiick tube
using the numerical results obtained. The experimental images are thesezhahd where
logical numerical work is utilised to quantify certain aspects of the shockatash. It
should be noted that due to the weak incident shock wave Mach numbkeks (/s < 1.4),
and the small disturbances in the flow (in particular thé rEinp angle and the triangular
perturbation), some of the the numerical results could not be clearly egssahd thus have
not been included in this report.

Note that the Mach numbers of the shock reflections in the images refer tcattleimber
measured just before the test section as shown in Figure 5.5 on pagkig®lach number

is denotedM,;s, which stands for the Mach number before the test section. However, fo

the numerical results the Mach number represents the speed of the sfleckan at the
test section, this is denotéd,,.
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7.2 Numerical Study

As presented in the Literature Review, a number of computational techrtiguesalready
been developed to predict the complex flow structure in the vicinity of the tripiet.p
However, the purpose of the CFD in this report aims at only determining thettwajepath

of the triple point and the shock wave velocities. Due to the insufficientutso of the

simulations, as a result of the lack of processing power and the applicdtiondamental
numerical models, the vicinity near the triple point could not be resolved v i GR.

The following study is based on the hypothesis which suggests that thes#anhattached

to a Mach reflection at any time interval is the overall vertical distance travélethe
triple point of the Mach reflection. For a better understanding of what themsyeve need

to study the trajectory path of a given reflection. For example, considérdygilar Mach
reflection produced by the rectangular perturbation source for aificialent shock wave
Mach number of(f;; = 1.21. Figure 7.1 shows a static pressure contour of this reflection
propagating downstream in the shock tube for various time steps. The simuigatiodeled
using a 2.0 m expansion chambgg. (= 2.0 m).

The first time step shows the undisturbed normal shock wave propagatihg taht in
the shock tube, where it interacts with the perturbation source producimgegular Mach
reflection. The succeeding images show the propagation path of the triptelpavnstream,
as it first reflects off the ceiling and then the floor of the shock tube. Tple fpoint of the
reflection finally passes through the centre of the viewing port in the last tiepe $hese
simulations were completed before any experimentation was conducted tmitetehe
position of the triple point in the viewing port, and to determine the number of trigilet p
reflections which occurred in the shock tube before arriving at theingeport downstream.

The number of reflections in the shock tube allows one to determine the overadial
distance travelled by the triple point. Shown in Figure 7.1, the triple point travels
approximately 2.5 shock tube heights upon arriving at the viewing port. means that
irregular Mach reflection according to the hypothesis has a virtual Maoh length {,.,,s)

of 1.125 m but only an apparent Mach stem lendgh,{) of around 0.225 m. However, if
the length of the expansion chamber is extenddg.te- 4.0 m as shown in Figure 7.2, this
allows the shock reflection to propagate further downstream, extendingrthal Mach
stem length, and improving the likelihood of observing the GR. The solid aslgeddines

in Figure 7.2 represent the trajectory pathsfér, = 1.21 andM,;s = 1.31 respectively.

As expected the initial trajectory path of the triple point for the solid line showFigare
7.2 is identical to that shown in Figure 7.1. For a stronger shock wave ibsrsthat the
trajectory angle is larger allowing the triple point fof,; = 1.31 to pass by the periphery of
the viewing port. The numerical work predicted the triple point position to withiadius
of 30 mm of the actual position observed in the experimentation. The disurgpatween
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Figure 7.1: Static pressure contours of developed irregular Maclctiefiepropagating
downstream for the rectangular perturbation sourcéfgr= 1.21.

the results was because the Mach numbers produced in the experimentienally
deviated by around 5% compared to the values obtained in the numerical simslatie
simulations were also based on an inviscid model, thus neglecting the visdects &ff
the air. The simulation nonetheless, provided a good approximation of the popié
position. For example, for the trajectory paths presented in Figure 7.@rimgntally both
these reflections passed through the top of the viewing port, this compalesith that
predicted numerically.

Figure 7.2: Trajectory path of triple points féf;; = 1.21 andM;; = 1.31 for an expansion
chamber of 4.0 m.

Utilising the 4.0 m expansion chamber the virtual Mach stem length is almost dbidble
loms =~ 2.25 m. Figure 7.3 shows the directly proportional relationship between the length
of the expansion chamber and the growth of the virtual irregular Macbctesh according

to the hypothesis described earlier. If the shock tube is assumed not toubeda by

an upper wall, the produced shock reflection continues to expand onyfan time until

the developed reflection is large enough to resolve the region behind tleepipt. The
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hypothesis suggests that the Mach stem remains virtually attached to thersfieckion
regardless of the triple point reflections off the walls of the shock tube.

The aim of this study is to produce a Mach stem length in the order of 1.0 msiéh@R
can be observed. However, utilising a conventional shock tube, thetoajepath of the
triple point encounters the upper and lower floor of the tube a number of tiepesiding on
the length of the expansion chamber. Compared to the previous work g 8kal. (2009),
the triple point underwent only a single undisturbed trajectory path makirmgmiact with
walls of the shock tube due to the large-scale setup. At this stage it is unkmbat the
effect of the triple point reflecting in the shock tube has on the integrity didkefeatures
behind it. For a better understanding of the fundamental dynamics of tbharrdimg triple
point, the numerical results are studied and discussed later.

, ' Sa
ol aiecto ®
Vit M

A

RI, o 0.45m
K\ Sy

Figure 7.3: Virtual growth of irregular Mach reflection for a shock tubelounded by an
upper wall. This schematic shows the uniform growth of the supersonigrréghind the
triple point ag,,,,,s increases downstream.

lvms

The number of reflections which occur in both shock tube configurationshe 2.0 m
and 4.0 m expansion chamber are summarised in Table 7.1. The valuest@iesethe
brackets are the approximate virtual Mach stem lengths obtained for eafilywration.
For the different perturbation sources and ramp angles the numbdleatians undergone
remained the same for a specific Mach number, but the virtual Mach steth kegied by
approximately 40 mm to 70 mm.

Table 7.1: Number of reflections undergone for the various shock tabggarations.
Values in brackets represent the approximate virtual Mach stem lerigth$. (

Configuration Expansion chamber Mach numbers
length 11 1.2 1.3 1.4
Perturbation source 20m - 209m) 209m) -
40m - 4(1.8m) 4(1.8m) -
Diverging section 20m 2(09m) 209m) 2(0.9m) 2(0.9m)
40m 3(1.35m) 4(1.8m) 5(2.25m) 5(2.25m)
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The first image in Figure 7.4 shows the trajectory plot of the triple point fol8ieramp
angle and Mach number df/;; = 1.31. This image describes the interchanging positions
of the incident wave and the Mach stem after each triple point reflection ishibek tube.

At a downstream distance of approximately 1.6 m, the shock reflection is initcaityefd

at the corner of the tube where the triple point then follows a curved trajepaih until

it encounters the floor at a downstream distance of 2.65 m. Note thaelerioountering
the floor, the shock reflection configuration consists of the Mach stefh@¢Mtop, and the
incident wave () at the bottom of the triple point. The orientation of the shock reflection
changes once the triple point rebounds, where the incident wgMee(lore the triple point
reflection becomes the new Mach stemyjNbr the new trajectory path. Consequently it is
seen that the trajectory path now propagates towards the upper wallgenimere it then
reflects off the ceiling at a downstream distance of approximately 3.5 m. Simfiarighe
second triple point reflection, the incident wave) (becomes the Mach stem {Wfor the
next shock reflection. Therefore, after each triple point reflectiom,nthident wave and
the Mach stem interchange, whilst the reflected wave undergoes chargeentation with
respect to these two waves. It is seen that five triple point reflections before the shock
reflection arrives at the end of the expansion chamber. A detailed inatistidyy Skews
(1970) describes the trajectory by a triple point of a Mach reflection whfiacted off a
plane wall.

Shown in the Mach number plot in Figure 7.4, both the strength of the incidave and
Mach stem are plotted at the beginning of the diverging section at a deansiistance
of 0.4 m. Since the vicinity around the triple point is of concern, the wave itEleavere
measured in close proximity to the triple point. As the normal shock enters thegitig
section, a cylindrical shock wave is formed, where it then reflects offoheer at the end of
the diverging section creating the desired initial shock reflection. As isisgée plot, the
strength of the initial cylindrical shock decays by 14% from 1.54 to 1.38redghteracting
with the corner. The developed Mach stem;jMas an initial Mach number of M = 1.42
which is about 7% stronger then that of the incident wayg (These two waves decay
until the first triple point reflection off the lower floor, thereafter both theves’ Mach
numbers increase in strength to almost similar values. The shock reflectionriiergoes
another trajectory path causing the waves to decay in strength once agaitme triple
point reflects off the upper wall, resulting in another amplification in shodngth at a
downstream distance of 3.5 m. After a number of triple point reflections theéentwave
Mach number gradually tends to a Mach number of roughly 1.30.

Figure 7.5 plots the reflected wave Mach number versus the downstrezpagated
distance. Similar to the incident wave and the Mach stem, the reflected wagegord
continuous decay as it propagates downstream. After each reflectior shitk tube,
the strength of the wave is seen to strengthen only by 0.1% to 0.3% which igiégle
compared to the 1% to 4% amplification experienced by the incident wave acid $fkm.
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Figure 7.4: Dynamics of the shock reflection in the shock tube foradp angle)M;s =

1.31, 4.0 m expansion chamber. First image illustrates the change in orientatioe of th
shock reflection downstream, second image illustrates the trajectory patiplefgoint
downstream, and the third image plots the incident wave and Mach stem weaxgtbtr
versus the downstream shock tube length.

The decay of the reflected wave appears more steady, with the wawatiyadnding to M
=1.003. The reflected wave is very weak at the furthest downstreaitigmoand it is not
surprising that the slip stream could not be resolved in the simulations.

Therefore, it is seen that each triple point reflection in the shock tube amspiife waves

in the shock wave configuration, preventing the shock reflection wéakesignificantly
as it propagates downstream. This was an important factor in maintaining tlo& sh
strength after each triple point reflection, allowing the incident wave Machbers of
approximately 1.4 to be produced, which could previously not be studie ilathe-scale

shock tube (Skews et al. 2009).
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Figure 7.5: Reflected wave Mach number versus distance downstredsy fimmp angles,
M, = 1.31, 4.0 m expansion chamber.

7.2.1 Summary

The numerical results provide a means of determining the overall trajecatinyamd the
wave velocities in each shock tube configuration. The number of triple peflections in
the shock tube and the virtual Mach stem length were determined for thesanaditions;
these are given in Table 7.1 on page 54. It was found that the Mach sfieme leach triple
point reflection becomes the incident wave for the newly developed siefiektion. After
each triple point reflection the Mach stem and incident wave strengthgnédtd 4%,

this establishes a very important technique to maintain the strength of the sfileckion

downstream.

7.3 Experimental Results

Over 400 single-frame and 10 multi-frame schlieren photographs weteredmluring the
experimentation. However, only the most qualitative images are presentésisiuitly. Due
to the large range of tests undertaken, the illumination of the images variedeaisy as
continual adjustments were made to the knife edges to find the best balaneeié¢he
sensitivity and visibility of the images.

Figure 7.6 shows a general image capturing the entire viewing port usingcthieren
system. The incident and reflected waves and the Mach stem have betdlab I, R
and M respectively. It is seen that the incident wave and Mach stemreserged by a
gray vertical line, and the reflected wave is presented by the slanted wltexianding
to the top left corner of the photograph. The reason for the differelaucs identifying
these shock waves is because of the angle at which the second krefelgd@ff the light
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entering the schlieren system. In all the images the second knife edgejusieddo match
the angle of the reflected shock wave to improve the sensitivity of the floeapin that
direction. Note that in all the images the shock reflection pattern is preseritedhe
incident shock wave on the top and the stationary air on the right.

Position of
incident shock
wave

Horizontal and
vertical cotton
threads

Guderley
reflection

Figure 7.6: General schlieren photograph captured through the vigwirigshowing the
GR. (20 ramp angle M;s = 1.10, 4.0 m expansion chamber) Virtual Mach stém,; =
1505 mm; Actual Mach steml,,,s = 205 mm

The vicinity behind or to the left of the triple point, encircled by the dotted whitedhmavn
in Figure 7.6, is the area of interest which was magnified and cropped ttyaeserve the
underlying flow features. The four vertical and horizontal lines in the enaige cotton
threads mounted across the viewing window each separated by 50 mm $loetishiock
reflection could be scaled relative to these threads. On close examinatiapjitsisent that
a dark streak exists directly beneath the reflected wave within the enciatited dine. This
streak which emanates from the triple point is called the expansion wave present in
all the images shown in this report. The existence of this wave alone is eeideatcthe
GR does in fact exist in a conventional shock tube thus supporting the ropbative of
this study. This observation also proves the virtual Mach stem hypotlassésMach stem
length of 205 mm shown in Figure 7.6 is too small to experimentally observed the GR
therefore the virtual Mach stem length of 1505 mm needs to be consideteddh

To capture the GR a very sensitive schlieren system was necessdigulBatrouble arose
in obtaining images of uniform sensitivity, this is observed by the darketrasted area
seen in the centre of the viewing port shown in Figure 7.6. The least sensggion
is presented by the lighter contrasted periphery of the viewing port. Itlievied this
nonuniformity was attributed to the optical stigmatism of the converging lensishan
misalignment of the schlieren setup. Since the flow region of concern @irelgion in
Figure 7.6) only makes up a fraction of the schlieren photograph, theniformity of the
setup did not significantly effect the flow features being studied.
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Figure 7.7 shows a GR dff;;s = 1.236 using the rectangular perturbation when the second
knife edge has not been correctly adjusted. It is seen that the expargion behind the
reflected shock wave was not detected. This emphasises the importaraecefafly setting

the sensitivity of the schlieren system to observe the GR. This probablsitaged to the
GR not being detected before. Continuous adjustments of the knife edgaesassary
throughout the experimentation to consistently capture the GR.

Figure 7.7: Incorrectly adjusted schlieren system showing no eviddribe dow features
behind triple point. GR produced using a rectangular perturbatiofffpy = 1.236.

The two sections that follow concentrate on discussing the conditions in vihih
expansion patch and the shocklet were captured experimentally.

7.3.1 The Expansion Wave

Figure 7.8 shows the shock reflection observed for ttferathp angle My;s = 1.10, and
4.0 m expansion chamber. At this level of magnification the waves seem pitimen
indication of a slight bend between the incident shock and the Mach stemxpam&on
wave, centred on the triple point, is clearly seen by the black fan-shageshimmediately
behind the reflected wave. This observation is similar to the primary patcliciaedy
Zakharian et al. (2000) and Vasil'ev & Kraiko (1999), however naclevidence is found
of a slipstream nor a shocklet in the images. The absence of the slip strezamig due
to the orientation of the knife edge and the inability of the schlieren system tareathe
really weak pressure gradients across the slip stream. Even with the m&isteesthlieren
setup with the knife edge positioned correctly, the slip stream was notveloiser

When analysing the expansion wave it is uncertain of the exact length id=tas the
patch gradually disappears the further it emanates from the triple point. efitimated
that the expansion wave shown in Figure 7.8 is approximately 96 mm in lendthinoe
no shocklet is present this means that the size of the supersonic paiold beh triple
point could not be determined. It should be noted that the size of thesaupempatch is
determined by the point in which the shocklet terminates the expansion westors7.3.2
analyses the size of the supersonic region for the images which showekshew of the
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shocklet.

Figure 7.8: Original and contrasted image of GR clearly showing the eiqrawave which
is represented by the black fan-shaped region immediately behind thegaéfleave. (20
ramp angle,My;s = 1.107, 4.0 m expansion chamber, photo 278),,; = 1208 mm;
lams = 308 mm

Figure 7.10 presents a series of tests for the perturbation sourcesmpdangles, and
compares the tests obtained for the 2.0 and 4.0 m expansion chambers. itlates
clearly show the existence of the expansion wave, therefore confirmenfgtinth wave in
the GR. For the very first time the GR is observed for incident shock streraf 1.2 to
1.4, and for unconventional disturbances (perturbation sources? fitoth. All the images
have been scaled identically so that direct comparisons can be maddimggae size of
the various waves in the GR. It is observed that the visibility of the expansave is
dependent on the strength of the incident shock as well as the angle &ntipeinsert.
Comparing similar Mach numbers shown in Figures 7.10(a) and (d), it ismvitlat the
reflected shock is stronger for the°2@mp angle, and the expansion wave is more clearly
defined.

Comparing Figures 7.10(a) and (c) for the”I@mp angle, it is seen that;,, the angle
between the incident and reflected waves, increases for stronges lglach numbers. The
relationship betweew;, and the incident Mach number is shown in Figure 7.9. It is seen
that the data points fap;,. correspond well with those predicted by the explicit formula
for a reflected sonic wave presented by the solid trend line (Kobayashi #397). This
suggests that the reflected wave of the GR is almost sonic which supponsrtiegically
results which showed the reflected shock to be approximately 1.003. fowad that for

the larger ramp angles the reflected wave strengthens resulting in the diatizdiéurther
away from the trend line.To understand the geometry of the GR, the apghetween the
reflected wave and expansion wave was analysed. Large scatigrwas found for the
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various Mach numbers with only a slight increaseuin as the shock strength increased.
An average value ab,. ~ 7° was obtained for the 2Gand 15 ramp angles, and,.. ~ 9°
for the 20 ramp angle.
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Figure 7.9: Comparison between the angles between the incident waveeareflgtted
wave (v;-), and the reflected wave and the expansion wayg) (versusM,;, for the 10
ramp angle. The solid line represents the angleredicted by a explicit formula for weak
shocks (Kobayashi, 1997).

In the majority of the images in Figure 7.10 there are a number of transvevss wéich
trail the reflected wave. These waves should not be confused wittklstscas they are
weak waves which have no effect on the waves of the shock refle&ibansverse wave is
shown to intersect the reflected shock in Figure 7.10(f) where it is saértt ttoes not effect
the reflected wave in any way. The transverse waves are generafigdagither during the
rupturing of the diaphragm or when the shock front propagates dovams reflecting off
any misaligned walls of the expansion chambers. The majority of the traeswenges
produced during the rupture were dampened out by lining the walls of tbhekdube
directly after the driver with a carpet-like cover. This proved succe$sf the lower Mach
numbers, but in the case of Mach numbers 1.30 and 1.40 numerous teE@ayes were
still produced, as shown in Figure 7.10. In future work, it is advised terekthe plunger
section to allow more time for the shock wave to develop before entering tleegidig
section. This will minimise the number of transverse waves produced folighetiMach
numbers.
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(a) 10° M1.106 (Photo 706)

.

&
%
e

(g) 10° M1.208 (Photo 20) (h) 15° M1.301 (Photo 37) (i) 15° M1.405 (Photo 45)
I 7

(i) 20° M1.206 (Photo 68) (k) Rect. M1.303 (Photo 795)
Shock reflections for 2.0 m expansion chamber

Figure 7.10: Summary of all the images showing evidence of the fourth wWate GR as
a black fan-shaped region immediately behind the reflected wave. All imagéseasame
scale. Note the images obtained using the rectangular perturbations ateddey Rect.
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It has been proven thus far that the GR can be produced in a comansioock tube.
However, it is important to compare the shock reflections observed in thdyg &iuthose
shown in Skews et al. (2009). Shown in Figure 7.11 are three images ethta@na ramp
angle of 158 and My;s ~ 1.10. Figures 7.11(a) and (b) are from the current study utilising
the 4.0 m expansion chamber whilst Figure (c) was presented in SkelW$28G9). Again
all three images have the same scale so that the size of the waves can becosigpayside
each other. Figure 7.11(a) was captured 80% of the time for the followingdjtoons, whilst
Figure 7.11(b) was captured for the remainer 20% of the tests. Accamigiews (2010,
personal communication) the images in Skews et al. (2009) were alselscaaptured,
requiring multiple tests to observe a single image showing evidence of thelshsickwn
in Figures 7.11(c). This could be due to changes in atmospheric conditi@syanner in
which the diaphragm ruptured, or the sensitivity of the schlieren systesseltould of all
contributed to not capturing the desired flow features repeatedly.

Comparing the Figures 7.11(b) and (c) it is seen that the flow featuredraost identical,
but the overall size of the GR presented in the conventional shock tulmngderably
larger. This is because the virtual Mach stem length ) in Figure 7.11(b) is around 350
mm larger then the Mach stem produced in the large-scale tube shown ir$igdr(c).
It should also be noted that the second expansion wave in Figure 7i$1fbj visible,
this could be a result of a less sensitive schlieren system. The lighter reglion the
expansion wave shown in Figures 7.11(b) and (c) represents th&lshotthe GR as
predicted by Tesdall et al. (2002). These flow features were alswdféar a number of
conditions presented in Section 7.3.2.

50 mm

30 mm

(a) 15° M1.097 (Photo 004) (b) 15° M1.097 (Photo 238) (¢) 15° M1.07 (Skews, 2009)
Lms = 1174 mm Lms = 1153 mm Lims » 800 mm

Figure 7.11: Comparison between the schlieren images obtained from thentional
shock tube (images (a) and (b)) and large-scale shock tube (image (c))

From the above observation it can be stated that the large-scale shaxlamdbthe
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conventional shock tube are capable of producing almost identicdtgedthe only real
issue is the repeatability of obtaining these images, as the desired images areptaied
on average once out of every five tests.

Summary

The series of tests all clearly showed the existence of the expansionimenvediately
beneath the reflected wave confirming the existence of the fourth wave iGRheas
shown in the schematic in Figure 7.12. The virtual Mach stem hypothesis evded
as the GR was observed for apparent Mach stem lengths,Qf ~ 200 mm which
according to previous numerical work the supersonic region would bsmndl to resolve
GR experimentally (Zakharian et al. 2000). Thus the only valid explanatiooliserving
the GR was if the virtual Mach stem lengthlgf,s ~ 1100 mm was considered. Some tests
showed evidence of a shocklet beneath the expansion wave, thess coagsponded with
those observed in Skews et al. (2009). However, the repeatability & tiesults were an
issue, as on average only one out of every five tests showed evideachocklet beneath
the expansion wave. Therefore, this section concludes that the GRecaucbessfully
studied in a conventional shock tube, and it further proves the virtuahidgem hypothesis.

R

Expansion —»
wave

Triple point

Figure 7.12: Structure of GR with expansion wave immediately beneath theteefflwave.

7.3.2 Evidence of the Shocklet

The three images shown in Figure 7.13 where obtained for the two perturlsatioces
using the 2.0 m expansion chamber alfg,; =~ 1.20. Initial evidence of the shocklet
was observed for the rectangular perturbation sourcé/fgr = 1.233, shown in Figure
7.13(a). An expansion wave behind the reflected wave and a terminatickjstare seen as
predicted in Tesdall et al. (2002) and experimentally verified in Skews Bwasth (2005)
and Skews et al. (2009). The shocklet is represented by the distimtcasting line almost
parallel to the reflected wave immediately beneath the expansion wave. Dlreldly the
shocklet a dark region is vaguely visible, suggesting that a seconch&rgpavave may
exist, but no sign of a second shocklet was observed. Figures Y di3db(c) also show
these distinct features for the triangular perturbation sourcéfgy = 1.187 & 1.191.
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Interestingly the shocklet was only observed for Mach numbers art2tifor both the
perturbations, later it is shown that similarly the shocklet was only obsersied the 15
and 20 ramp angles fo ;s ~ 1.20.

(a) Rect. M1.233 (b) Tri. M1.187 () Tri. M1.191
(Photo 885) (Photo 1459) (Photo 1461)

Figure 7.13: GR with evidence of the shocklet produced by the perturbsiarces, where
Rect. and Tri. denotes the rectangular and triangular perturbationsctesty. The
shocklet is the lighter area identified beneath the expansion wave. Ansgpahamber
of 2.0 m was used for these tests.

Figure 7.14 presents the images captured using the diverging sectiongéngtsat two
different shock reflections occur when using the 2.0 m and 4.0 m exgaasambers. It
should be noted that the GR comprising of a shocklet was mostly obsemvéf fo~ 1.20
and ramp angles of 25and 20. Seen in Figure7.14(a) for the 2.0 m expansion chamber,
the shocklet is clearly seen emerging from the Mach stem below the triple fpoiboth
the images. The shocklet then intersects and terminates the expansionlivanauld be
noted that as shown in Figure 2.9 on page 21, the shocklet is formed byphaston
wave reflecting off the sonic line in the vicinity of the triple point, which then irgets
the Mach stem (Tesdall & KeyFitz 2010). Since it is not possible to obstesonic
line in the experimental images, we describe the shocklet as emerging fraviatestem
and terminating the expansion wave, this is essentially not what happérthjsballows
the flow features to be described in a more understandable manner. Simildediures
are seen in Figure7.14(b) for the 4.0 m expansion chamber where thesiap wave and
shocklet are more than double in length when compared to the images in Figi(eg.7.1
This is expected as the shock reflection shown in Figure7.14(b) hatetlawearly double
the downstream distance compared to Figure7.14(a). This means thabthersfiection
would have expanded by roughly twice the size allowing the flow featurtgisdéhe triple
point to be resolved more clearly as shown in Figure7.14(b).

The images obtained for the perturbations showed no sign of a secoeidettand second
expansion wave as shown by Skews et al. (2009). In theory, acgoralifiesdall et al.
(2002) there should be an infinite sequence of expansion waves ackletls beneath the
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reflected wave for an inviscid flow. However, since the waves in this sitglyery weak and
the viscous effects of the air are present, it is not surprising that theeseg of supersonic
patches as observed in Tesdall et al. (2002) and Tesdall et al.)(2@08 not resolved. It
should also be mentioned that the triple point undergoes a number of refle(@ito 5) off
the ceiling and the floor of the shock tube, which could possibly dampen egrade the
integrity of the flow features behind the triple point. The extent of the degji@u of the
flow features (sequence of supersonic patches) are unknownegonddthe scope of this
study.

\\ |

15° M1.204 (Photo 33) 15° M1.177 (Photo 119)

\
A

R
20° M1.206 (Photo 32) 20° M1.200 (Photo 193)
(a) 2.0 m expansion (b) 4.0 m expansion

chamber. chamber.

Figure 7.14: Comparison between the shocklets produced by thaentb20 ramp angles
for l.. = 2.0 & 4.0 m. Larger expansion waves are observed for the 4.0 m expansion
chamber tests shown in (b). This is due to the larger virtual Mach stem len(jih in

In both the shock tube configuration tests, the GR has been observed sviglihnsion
wave beneath the reflected wave, and in some cases evidence of tkiesivas also found.

To determine the size of the supersonic patch, images with a clearly defipaalston wave

and shocklet were required. Figure 7.15 indicates how the length of gezstnic patch
was measured, the same measuring technique was adopted by Tesdalle% (2002). It

is seen that the size of the supersonic patghig defined by the vertical distance between
the 24 triple point and the region where the shocklet intersects or terminates tapsap
wave. The 24 triple point is clearly defined in the images as the intersection of the shocklet
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with the Mach stem, and the region encircled in Figure 7.15 indicates wheréadbklst
terminates the expansion wave. The latter region was approximated with arainty of
5 mm as the point where these two waves intersect was not always clesolyad.

Termination of
expansion wave

15t Triple point

2" Triple point

Figure 7.15: Length of supersonic regirbehind the triple point (Photo 885).

Figure 7.16 is a plot of the size of the supersonic paighversus the virtual Mach stem
length {....s) for My =~ 1.20. Itis expected, as illustrated in Figure 7.3 on page 54, that the
size of the supersonic patch is directly proportional to the virtual Mach Ergth. When
comparing similar data sets shown in Figure 7.16 it is seen that size of thessnjgpatch
does in fact increase for increasing virtual Mach stem lengths. The twarlimend lines

for both the 18 and 20 ramp angles have similar gradients, meaning that the size of the
supersonic patch increases at a certain rate regardless of the ral@p3inge there were
limited data points, it could not be conclusively determined whether there erasrgly a
linear relationship. But it is suspected that if more data points were obtaiegdvbuld
follow a similar trend. More data points in the future can be obtained by studygnGR
using two alternative expansion chamber lengths (e.g. 3.0m and 5.0m) to allifferant
range of virtual Mach stem lengths to be explored. It is seen that théegtdzbtween the
two data points for the triangular perturbation is however much steeper thiasbtiained for

the ramp angles. But since the two data points are in such close proximity taotieg

no definitive statement can be made regarding the growth of the supepsdaicfor the
triangular perturbation.

Analysing the different supersonic patch siZzgsn Figure 7.16, it is seen thdf ranged
from 24 mm for the 20 ramp angle for a virtual Mach stem of 1059 mm, to 78 mm for
the 15 ramp angle and a virtual Mach stem of 1950 mm. The ratio between the sojgerso
patch size and the virtual Mach stem was found to be in the range of 2.3%%0 Z.8is
compared reasonable well with the 2% obtained experimentally in Skews &08B)(
but the experimental results still remain doubtful when compared to numevar&l in
Tesdall et al. (2008) where a value of 0.6% was obtained. Howevdnpitld be noted
that their simulations were based on inviscid flows and a planar incident stenak and
the experimental work in Skews et al. (2009) did not undergo a suocesktriple point
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reflections off the ceiling and the floor of the shock tube. These couldine seasons for

the discrepencies between the results. It is seen that the size of thesupgratches for

the perturbation sources are 20 to 30 mm larger than that produced byathartye angles

for similar ,,,,,s. The 15 ramp angle produced a supersonic patch 11 mm larger than that
obtained for the 20ramp angle. It is unknown why these GRs resulted in considerably
different supersonic regions, but it is suspected that that the plarideirt wave produced

for the perturbation tests could have an effect on the complex flow steustinind the triple
point.
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Figure 7.16: Variation of supersonic patch sizg ith the virtual Mach stem lengtli.(,.;)
for My;s ~ 1.20.

Summary

Evidence of a single shocklet beneath the expansion fan was fouttteftwo perturbation
sources, and the $&and 20 ramp angles. Interestingly only Mach numbers of approximately
1.20 showed evidence of the shocklet, and in some images an indication cbradse
expansion wave was also vaguely visible. Figure 7.17 is a schematic of theb&#Rved
which includes the observed shocklet. The second expansion wavedicented with

a question mark as it was uncertain whether it was a true feature of thk sftection.

It was found that the size of the supersonic patch increased for lairgieal Mach stem
lengths, therefore allowing the flow features behind the triple point to berlretelved
when utilising the 4.0 m expansion chamber. However, a large variability inughersonic
patch size was obtained for the difference perturbations and ramp angtesnly the two
ramp angles having similar linear growth rates. The sizes of the supersainiep varied
between 2.3% to 4.8% of the virtual Mach stem length, this compared redsaovbwith
the 2% obtained experimentally for lower Mach numbers in Skews et al. Y2009
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Figure 7.17: Schematic of GR wave structure consisting of a shocklet ranch@ertain
secondary expansion wave. This reflection was observed 1 ouénf Bests conducted.

Table 7.2 summarises all the observations for the experimentation. “E” inglittzdie an

expansion wave was observed, and “E & S” indicates that a shocktealsa observed in
the GR. The tests with no entries “-”, are the tests whereby the triple pointaigass

through the viewing port. It is seen that the majority of the parameter seteshewidence
of the expansion wave, whilst only 7 of these conditions showed signe achthicklet.

Table 7.2: Summary of the observations for the entire parameter set. “E&tedithat an
expansion wave was observed, and “E & S” indicates that a shockketilsa observed
in the GR. The tests with no entries “-” are the tests whereby the triple pointadigass
through the viewing port.

Configuration Expansion chamber Mach numbers
length (m) 1.1 1.2 1.3 14

Rectangular 2.0 E&S E
perturbation 4.0 E E
Triangular 2.0 E&S E
perturbation 4.0 - -

1> 2.0 - E E -
ramp angle 4.0 E E - E

15° 2.0 E E&S E&S E
ramp angle 4.0 E&S E&S - -

200 2.0 E E&S - -
ramp angle 4.0 E E&S E -

7.4 Quantitative Results

The following section determines the nature of the flow behind each wave ishiek
reflection by applying oblique shock equations to the superimposed imagteserhusing
the high speed camera. This allowed the shock reflections observesl taldws categorised
as either a GR or VR depending on whether the flow behind the Mach stempédsssuic
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or not. Two measuring methods were utilised to determine the coordinates didble s
reflections relative to the grid shown in Figure 7.6. The first method preden Section

7.4.1 consisted of scaling the image manually with reference to two vertical amd tw
horizontal cotton threads each 50 mm apart. However, due to the peesérmarrel
distortion in the images a second method presented in Section 7.4.2 makes use of a
two-stage spline technique which ensures that the asymmetric grid and thepmr ding

triple point co-ordinates were all mapped onto a grid of known size to ciotine optical
abberation.

7.4.1 |Initial Data

Images for the 15ramp angle and/;;s = 1.20 were analysed, as they showed evidence
of the first shocklet as observed by Skews et al. (2009). A highdspamera was used to
capture superimposed images with adjustable time delays and exposure tineego&nore

of 3 us was used to clearly distinguish the incident wave, the Mach stem and tledldutad
wave so that the trajectory and velocity of the triple point could be determéed result of

the poor pixel resolution, the clarity of the images were insufficient to capiiersupersonic
patches and shocklets. Each photograph consists of three to six ouedagjels of the triple
point with a set time delay of 7Qs between them. These images were scaled using two
horizontal and two vertical guides, both 50 mm apart. A typical multi-frame insagjgown

in Figure 7.18.

Figure 7.18: Five superimposed images taken at high magnification fot efifp angle
and My;s = 1.206. Exposure time of 3is and a time delay of 70s between the triple
points.

Due to the cylindrical incident wave produced in the diverging section,sé&n in Figure
7.4 on page 56 that the triple point trajectory path is curved as expectetheANaves in

the vicinity of the triple point nonetheless appear to be planar in the photwgrap shown
in Figure 7.18. This is mainly due to the very large radii of curvature of theewand the
optical magnification. When utilising the oblique shock equations to calculatespective

wave velocities, it was assumed that the incident and the reflected waveglaaar near the
triple point, implying that the flow regions in the vicinity of the triple point are uniforA

70



pressure trace obtained just before the test section shown in Figurdid&tes that there

is very little decay in the pressure behind the incident wave. At a time of ajppately
600 us there is a jump in the pressure, this is the reflected wave trailing behind tble sho
reflection. The steadiness of the flow behind these two waves thus ssifpuniformity

of the flows in the oblique shock approach. A sample calculation given ireAgig A on
page 79 determines the wave velocities and flow deflection angles.
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Figure 7.19: Typical pressure trance record for the two pressunsduaers positioned
before the test section, shown in Figure 5.5 on page 42rdSp angle My = 1.312.

Four images were analysed for the® T&mp angle and/,;; = 1.206 (test 1 to 4), and one

for My:s = 1.303 (test 5). Three positions of the triple point were used in each image to
obtain well averaged results. Measurements were taken between thadistcond shock,
the second and third shock, and the first and third shock, where thecte® triple point
trajectory paths and the relative position of the reflected wave were deegfraging the
drafting interface in Solid Edge V.19. Finally the wave velocitié$, ( M>, and M3) and

the flow deflection angleg{, 62, andds) for the three regions (shown at Figure A.1 on page
79) were calculated as an average between the three shocks.

The analysis showed a slight amount of scatter for the tests 1 to 4, as shbigure 7.20.
The repeatability of the data obtained in test 5 could not be commented on astitevas
only overlaid image obtained fav/,,; = 1.303. For all the tests the flow/; is just above
sonic conditions, whilst the flowl/s ahead of reflected wave is subsonic. These results
are unrealistic and flawed, as according to the conservation of erzeflgyy can only go
from subsonic to supersonic if additional energy is added to the flow oeifaitba of the
flow is decreased. None of these events occurred during the expéatinanand so it is
possible that the non-physical data is a result of the uncertainty in the reeasnis. Since
the reflected wave is very weak, a measurement error of the shock pasdtiittle as 0.5
mm was shown to change the nature of the flow from subsonic to supemsoriga versa.
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Therefore any distortion in the image could change the nature of the floy beloulated.
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Figure 7.20: Initial Mach number data for captured GRfdy;; = 1.206 (test 1 to 4), and
Mpys = 1.303 (test 5).

Similar results to those shown above were initially observed in Skews et 8B)20here it
was found that the flow changes from subsonic to supersonic. It isegwvered that barrel
distortion was the main calibration source of error in the images. Since the sduope s
was utilised in this study, barrel distortion was also an underlining factor tmbsidered.
The effect of barrel distortion caused the corners of the blockseztd®y the grid not to be
square, this increases particularly towards the periphery of the imapesdigtortion was
believed to be attributed to the distortion produced due to the objective lens stlitieren
system. To resolve this problem the same image processing technique utiliskemia S
et al. (2009) was applied to the images to reduce the above mentioned op&caitzn.
The modified results are given below.

7.4.2 Refined Data

A program developed by Mr. Paton transforms the asymmetric grids of theeBriatp a
grid of known size. This is achieved using a two-stage spline method whichlags the
actual co-ordinates of the triple points relative to the corrected grid (Skeal. 2009). The
refined results where analysed in the same manner as before, with thendaserements
taken off each image averaged. Since only six blocks of the grid werdevidife to the
high magnification as shown in Figure 7.18, only these blocks could be utilggethd
grid correction. It was therefore necessary that each triple pointtaEméccompanying
intersection points with the grid, fell within the six grid block area to ensurettieaspline
method mapped the points accurately. The results are given in Figure 7.21.

It is first seen that the flow/, is now supersonic, with all the data points positioned above
the sonic line {4/ = 1). The reflected wave is very weak, and the deflecti through
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it is also small, on average less than one tenth of a degree as shown in ‘Babkdl the
tests determined the flow/; to be just below sonic conditions, a Mach number of around
0.99. Unlike the initial oblique shock calculations presented above, thedafsults make
physical sense, as the the flow goes from supersonic to subsonicpabksing through the
reflected wave. The barrel distortion in the images can therefore bedimgi@s the major
calibration error in the schlieren system.
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Figure 7.21: Modified Mach number data for captured GRlfr, = 1.206 (test 1 to 4),
and My = 1.303 (test 5).

Table 7.3: Modified Mach number data for captured GR.

Test Avg. Avg. Avg. 0 o1 09
number My, M Mo Ms;  (deg) (deg) (deg)
1 1.185 1.316 1.015 0.989 26.14 6.581 0.083
2 1.192 1.319 1.017 0.990 26.31 6.627 0.071
3 1.191 1.321 1.022 0.983 26.61 6.595 0.094
4 1.200 1.323 1.022 0.987 26.67 6.674 0.161
5

1.302 1.460 1.005 0.999 27.65 10.592 0.013

Since M5 is supersonic, and the slopes between both the Mach stem and the incident
wave are similar as shown in Figure 7.15, this means that the flow immediately behind
the Mach stem is similar to the flow/> behind the incident wave. Hence, this means the
flow behind the Mach stem is also supersonic. As shown in Figure 1.12gm 133 the
Guderley reflection consists of a supersonic region behind both thetesflerave and the
Mach stem, whilst the VR consists of only a supersonic region behind tleetedl wave.
Therefore, because the flow is calculated to be supersonic behind ttie d¢km in the
current experiments, this suggests that the observed shock reflezteomsfact GR, and

not VR.

When analysing the flow structure predicted by Tesdall et al. (2002) ur&ig.4 on page
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17, it is seen that the flow immediately behind the reflected wave is subsoniwdallby
a sequence of diminishing supersonic patches along the Mach stem. Tieal reffilique
shock data also predicts the flol; behind the reflected wave to be subsonic behind
the reflected wave, however the analyses cannot determine the nathee ftdw further
downstream of the reflected wave as the oblique shock equations &et drashe planar
wave assumption which models the flow as uniform in the three regions. Theriual
results resolved a reflected wave with a radius of curvature of 2.20 nth&”2.0 m
expansion chamber contrary to the planar wave assumption. The waxagurarcould
thus result in the flow accelerating from subsonids( ~ 0.99) to sonic or supersonic
conditions, producing the first supersonic region. This supersogiorreould represent
the first supersonic patch behind the expansion wave as predicted bgrtipatations of
Tesdall and co-authors (Tesdall et al. 2002, Tesdall & Sanders, Z@&dall et al. 2008).
The incident shock strength used for these computations are much weakpared to
the current experiments, and therefore it would be interesting to investigather the
observations in the this report could be reproduced numerically.

7.4.3 Summary

The initial oblique shock analysis produced unrealistic results, wherebgubsonic flow
ahead of the reflected wave turned into supersonic flow behind the waveas found
that since the reflected wave was very weak, measurement uncertafr@i&sem greatly
affected the nature of the flow. Barrel distortion was found to be the mébraigon source
of error in the images. This led to a more refined analysis which determinedhbéhind
the reflected wave to be just below sonic conditioh (~ 0.99), and the flow deflection
09 through the weak reflected wave to be on average less thah & Was determined that
the Mach number behind the Mach stem was approximately 1.02, which cotlfiatise
reflections observed are in fact GR. The data could not be quantitabeetpmpared to
Skews et al. (2009) due to the different incident Mach number strengths
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Chapter 8

Conclusions

The high-resolution experiments for both shock tube configurationseshewidence of the
forth wave in the GR, confirming that the GR can be produced in a convahtbock tube.
The majority of the images captured only the expansion wave behind thetedfkguock,

whilst a few images provided evidence of the shocklet terminating the exymanave. The

latter images showing identical flow features to those observed in Skew£22@0). This

required the use of very sensitive optical arrangement.

Unrepeatable results were obtained showing evidence of the shocklet@Rhthese were
only captured on average once in every five tests. Interestingly thé&lsheeas mostly
observed for incident Mach numbers of around 1.20 for the d&d 20 ramp angles.
Vague evidence of the second expansion wave was observed, Baegtirence of supersonic
patches as predicted by Tesdall et al. (2002) could not be resolved.

The virtual Mach stem hypothesis was verified as the GR was obseorettheffirst time,
in a conventional shock tube capable of only producing Mach stem leagtalier than 0.4
m. Therefore, the Mach stem attached to the Mach reflection, is the overtdial distance
travelled by the triple point over the entire duration of the reflection. It vaasva that the
further the shock reflection propagated, the larger it expanded alldivinfipw features to
be better resolved. The triple point reflections in the shock tube werel fmube a very
important technique in maintaining the strength of the shock reflection downstas a
result of the amplification of the waves after each triple point reflection. dlilisred Mach
numbers as high as 1.40 to be achieved in this setup.

The supersonic patch size was found to vary between 2.3% to 4.8% oftila Wiach stem
length. For the 15and 20 ramp angles a directly proportional relationship with similar
gradients was observed when plotting the size of the supersonic patch evitintttal Mach

stem length. The Taramp angle produced a better defined GR with supersonic patches 46%
larger compared to the 20amp angle. The size of the supersonic region was considerably
larger than that produced in Skews et al. (2009) as a result of the Mrgeal Mach stem
lengths produced.

75



An oblique shock analysis under the assumption of plane waves was ateddan
superimposed images for the “1samp angle forMy; = 1.20. It was shown that
the reflected wave was very weak with the flow Mach numbér ahead of it being
approximately 1.02 with a reference frame fixed to the primary triple point. B wa
determined that the flow behind the Mach stem was approximately 1.02, whicinnee
that the reflections observed for the’Xamp angle and/,,; = 1.20 are in fact GR.

Very similar results were obtained for the perturbation sources and tloeisaamp angles,
both showing evidence of the first shocklet underneath the expamsioDifficulty arose in
determining which of the results correctly represented the GR as the size siiplersonic
patch varied for both the shock tube configurations. The ramp anglegocation was
the preferred setup, as the data could be easily compared with resultspfesious
experimental work. The perturbation dimensions were complicated to parisaehs
various shapes and sizes could be tested. Therefore, it is adviseid foatre studies
the ramp angle configuration be utilised.
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Appendix A

Data Anaylsis

The following chapter presents a sample calculation using the oblique shecky tto
determine the wave velocities in the shock reflection observed in Section A& flow
in the three regions near the triple point were analysed as shown in Figlir@ e regions
labeled as 1, 2 and 3 represent the flow ahead of the incident wavbebhimdl the incident
wave and the reflected wave.

R @ |
: 79
3 \ \ Win
A
~/\ Mo (D
1) ¢2 Wirg, nt
M, topte P2
wa'sﬁf?f?/—“"””
T 0
M
t d to
First frame Second frame

Figure A.1: Schematic of two superimposed irregular Mach shock reflectioimet; and
to.

In order to analyse the flow in the three regions in the vicinity of the triple poietfltdws
were made pseudo-stationary by superimposing the reversed velocity toiplle point on
the wave configuration. The deflection angles and the Mach numbergf@gions 1, 2 and
3 were then calculated using oblique shock wave theory for a steadyitmendional planar
adiabatic flow by applying Equations (1.8) and (1.9) on page 4. Beforen@asurements
were obtained from the multi-frame images, the images needed to first be coakectly so
that the grid represents a 560 mn? matrix. Thereafter, the triple point trajectory angle
and the angles between the incident and reflected shock wayesndw;,, were measured
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using the drafting option on Solid Edge V.19.

Images were obtained using the high speed camera for the second dimchktdiguration,
where 5 to 6 overlaid frames were shot with a delay between each frant® o8 {this
includes the exposure time of.3). However, only 3 of the overlaid frames where required
in the analysis. An image obtained for the® Msedge angle for a Mach number of 1.2
will be used for this sample calculation. Figure A.2 shows the multiple-framegrend
measurements obtained from the image.

Figure A.2: Oblique shock wave analysis of three overlaid images for theabdp angle
and My, = 1.206

For the following calculation the Mach numhg&f; of the incident shock wave is determined
by the displacement travelled in a time interval, — ¢; which is essentially the set delay
time of the camera.

The velocity of the incident shock wave is given by:

_d _0.03002
At T30
The Mach number of the incident shock wave for an atmospheric tempecét2teC:

=411.23 m/s

v v 411.23 B
T a  20.048273.15 +21

The components of the Mach numblef; parallel to the triple point propagation pathis:

1.190

M. 1.190
M, = 5 = =1.338
' coshy c0s(27.19°)

The anglep; which the incident wave makes with the propagation path:

¢1 =90° — 6 =90° — 27.19° = 62.81°

The general oblique shock wave equations were then used to determidfitfrdwtion angle
01 of the flow entering region (2) and the Mach numBés of the flow behind the incident
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shock wave:

MEsin®(¢1) — 1

M (7 + cos(2¢1)) + 2)
1.33825in?(62.81°) — 1

1.3382(1.4 + cos(2 x 62.81°)) + 2)

5 = tan! (200t¢1

= tan! <200t62.81"
= 7.052°
and

2.+ Msin®¢y
M2sm2¢1 -1

1/2
) /sin(¢1 — o1)

2x1.11.33825in2(62.81°) —
026

1/2
+ 1.338%s5in?%(62.81°
_ ( 14-1 ( ) ) /3in(62.810 — 7.0520)
1.

For the reflected shock wave, a similar approach is undertaken, wheeredw inflow angle
¢ is used for the oblique shock analysis::

¢p2 = ¢1 — 61 + wip, = 62.81° — 7.052° + 26.68° = 82.44°

The Mach number of the flow entering the region (3) is similarly determined plyimg
the oblique shock equations with reference to the afigle

MZsin?(¢o) — 1

M3 (v + cos(2¢2)) + 2)
1.0262sin?(82.44°) — 1

1.0262(1.4 + cos(2 x 82.44°)) + 2)

8 = tan! <200t<;52

= tan! <2cot82.44O

= 0.2136°
and
2 202 1/2
= + M2 sin ¢2 )
Mz = (;71 5 > /sin(¢2 — 02)
ﬁMQ sin“gpg — 1

_ 2+ + 1.026%sin?(82.44°)
2x1.01.02625in2(82.44°) — 1

= 0.992

/2
) /sin(82.44° — 0.2136°)

The same procedure is applied to the second frame with the shock wavgucatiéin of
anglew;,,. It should be emphasised that the following analysis is very basic, howsye
values obtained should give a rough estimate of the flow velocities in eaicimreg
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Appendix B

Testing Procedures and Precautions
for Shock Tube Tests

B.1 Testing Procedure for Large-Scale Diffraction (450mm)
Shock Tube

Revision No.: 0
Revision Date: 2009.09.23

All test data for any given series of data to be recorded using LSIBYL:@y sheet) as per
the operating procedure listed below. Precautions as outlined in LSD8:6tbe adhered
to at all times.

1. High pressure air receiver must be charged to supply drivercaksiube.

2. Before any given day’s testing the pre-test inspection (LSDSTHl4) be made and
signed by the first operator for the day.

3. Switch on all instrumentation.

4. Close all valves on control panel except ball valves for drivéicgtaessure and driver
vent ball valves.

5. Open high pressure line globe valve.

6. If aflow visualisation system is set up and the xenon lamps are beingssed light
source these must be switched onto external mode, i.e. must not flagtedpe

7. Thediaphragm trigger plunger spring must be compressed and latthéte cocked
position.

8. After greasing the top and bottom of the diaphragm material (to improliegead
to secure it for closing the driver), fit a new, undamaged diaphragretsttross the
inlet to the expansion section.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Ensure that fingers and limbs are not in the diaphragm clamping areatobt then

close driver slowly and carefully from the rear.
Loosely fit all driver securing nuts manually.

Using the supplied pneumatic wrench and PPE (vibration-damping glpeggles,

visor and hearing protection), tighten the driver securing nuts in theeseguabelled
on the driver flangesi.e. 1-1-1, 2-2-2, 3-3-3 etc. as per the drlaenping procedure
(LSDST-03).

Switch on operator headlamp and switch off test area lights (if the téstgsthe
schlieren photography or similar flow visualisation, otherwise the test atga hgust
be left on).

The oscilloscope must be triggered on (must say “waiting for trigger)the delay
time must be input on the delay box.

Hearing protection as provided must be worn by all persons insidestieg room
from this point on until the end of a single test. Check that no unauthorisesbips
have entered the venue and that interlocks are still active.

Close the driver vent ball valve.

The pressure regulator valve at the top must be opened to 15 — 2@iheddtesting
pressure as indicated on the unit.

The control globe valve must be slowly opened to pressurise ther dgetion. Blow
the whistle at approximately half the required driver pressure to alesbpsioutside
of the venue of the impending test in case of a premature burst.

Close the control globe valve once the required driver pressisrbden attained.

Blow the whistle again and wait 3 - 5 seconds before the plunger stringlesl to
prick the diaphragm. If flow visualisation is required, the operator head zongt
be switched off and the camera hand trigger must be closed and held alu#dte
blast can be heard.

The operator headlamp must be switched on (if necessary) andidlesppply globe
valve immediately closed.

The driver vent ball valve must be opened to allow remaining air in tiverdio be
vented.

Switch on the test area lights.

Loosen the driver section securing nuts as per the driver clampimgegure
(LSDST-03).
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24. Remove the loosened nuts manually and open the driver by pushingviiy sind
carefully at the rear.

25. Remove and dispose of the burst diaphragm.
At the end of any given day’s testing:

26. Close the high pressure line globe valve.
27. Open all valves on the control panel.

28. Move the downstream blast barrier from the testing position and rethevauffler
from the shock tube exhaust.

29. Remove all diaphragm material trapped in the test section.

B.2 Testing Precautions

Revision No.: 0
Revision Date: 2009.09.23

1. In the event of a failed diaphragm burst (diaphragm does notneiptuonly slowly
leaks following trigger release), the panel supply globe valve must beckmsd the
driver vent valve slowly opened to safely vent the driver. As venting nsuse the
diaphragm to rupture, the whistle must be blown at the start of this proeedat all
hearing protection must be worn.

2. Make sure all the bolts for the driver section are screwed in correathgs not to strip
the bolts.

3. Apply grease on bolts every 20 tests to ensure long-life of bolt threads

4. When placing diaphragm between gaskets, make sure the diaphraigndigection
is correct, the grain direction must be vertical.

5. All doors must be locked and if any unauthorised person enters titegtesom, the
testing procedure must be aborted immediately. The unauthorised persbibenus
asked to leave the room for testing to proceed.

6. Blast barriers must be placed correctly and under no circumstangesnyane walk
in-front of the shock tube outlet when testing.

7. Always make sure the plunger is re-set before clamping the drietiosevith the
new diaphragm set.

8. Make sure the oscilloscope has recorded a pressure trace tafomencing the next
test.
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9. A whistle must be used at least 30s before testing of the shock tube.

10

. Hearing protection must be worn before testing of the shock tube.

B.3 Driver Clamping Procedure

Revision No.: 0
Revision Date: 2009.09.23

10.

11.

12.

13

. Ensure that wrench socket is securely fitted to the pneumatic wremkckthanall

personal protective equipment (vibration-damping gloves, goggles, aml hearing
protection) is worn.

Tightening Before Test

. Ensure that the pneumatic wrench is set to turn clockwise (tighten).

. Fit the socket of the pneumatic wrench over the nut at the “1” positidineatop of

the driver flange.

. Loosely holding the socket to ensure safe operation, tighten the migdrgssing the

trigger, allowing the wrench to run for 3 seconds after it has stoppethgufreely.

. Once the pneumatic wrench has stopped turning remove it from the nut.

. Fit the socket of the pneumatic wrench over the next “1” position clisgkivom the

top as seen from the rear of the driver.

. Repeat steps 4 — 6 for the remaining “1” position nut.

. Fit the socket of the pneumatic wrench over the nut located at the “&itigo

clockwise next to the first “1” position as seen from the rear of the dawel repeat
steps 5 — 7 for the “2” positions.

. Repeat 8 for positions “3” to “6”.

Loosening After Test
Ensure that the pneumatic wrench is set to turn counter-clockwisse(ino

Fit the socket of the pneumatic wrench over the nut at the “1” posititimeeatop of
the driver flange.

Loosely holding the socket to ensure that the nut and / or sockettdly free, loosen
the nut by depressing the trigger until the socket turns freely.

. Once the pneumatic wrench has stopped turning remove it from the nut.
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14. Remove the nut from the socket and remove the washer from theflm@téssary).

15. Fit the socket of the pneumatic wrench over the next “1” position glaekfrom the
top as seen from the rear of the driver.

16. Repeat steps 4 — 6 for the remaining “1” position nut.

17. Fit the socket of the pneumatic wrench over the nut located at the ¢&itign
clockwise next to the first “1” position as. seen from the rear of theediand repeat

steps 5 — 7 for th.e “2” positions.

18. Repeat 8 for positions “3” to “6”.
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Diaphragm material removed from test section

High pressure line globe valve closed

All valves on control panel opened

Blast barriers moved away from exhaust
Muffler removed from shock tube exhaust
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Appendix C

Driver Certificate of Manufacture

89



Idld OL ADNYI4

IvL3g diam
ddld Cl 13X20S

g-8 NO M3IIA

LE0L

oove

Y=% NO M3IA

iﬁﬁi;

LEHEE

Vil WEIMI G-ObEY W O-G0HTHI

aGe

90



Appendix D

Shock Tube Engineering Drawings
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D.1 First Shock Tube Configuration - Perturbation Sources
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Holes need to be drilled
info existing End Plate ALl
holes are M10.

70

3275

605

149

NAME

UNIVERSITY OF THE WITWATERSRAND

ORAWN BY | Andre Cachucho (0501252N)

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR

TTE Fyisting End Plate

DATE 24/04/2008

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 1

SCALE: 1:8 | WEIGHT: 20f10




Countersink: internal
diameter of 6mm
diameter holes, with
countersink
diameter and angle
of 8mm and 82
degrees

83

Countersink: internal diameter
of M8 threaded holes, with
countersink diameter and
angle of 1mm and 90 degrees

aa:

£15

\Q

NAME

Andre Cachucho (0501252N))

Prof. B. W. Skews

24/04/2008

UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTEE Support Plate

2 || P I3
LN (@)
D D
i
&
N
N 0
N _ ¢/
\< B DRAWN BY
NN 8 SUPERVISOR
T ENG APPR
A OATE
jLﬂt—}u{—ﬂr S

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

REV

SCALE: 1:4 | WEIGHT:




ALl holes are M8 threated
holes

30

SECTION A-A

30

UNIVERSITY OF THE WITWATERSRAND

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTEE Support Rib

NAME
ORAWN BY | Andre Cachucho (0501252N)
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 24/04/2008

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV

QUANTITY: 1

SCALE: 1:5 | WEIGHT: L of 10




495|

99

Both holes are: M6 (SK

@

4f

threaded holes, with
countersink diameter and
angle of 1Tmm and 90
degrees

Since the U-channel has slanted
infernal sides, they will have fo
be machined such that the
support plate can be properly
fitted and bolted onto the area
shown in Detail A

[
\ -

/

DETAIL A

OETAIL B

NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY Andre Cachucho (0501252N)|  scHooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews __
ENG APPR TME y_Channel std. 100 x 50 steel
DATE 2L104/2008 channel
ALL DIMENSIONS ARE IN MILUMETERS. | QUANTITY. 1 e

TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

SCALE: 1:5

WEIGHT:

50f 10




Perpendicular /

section

Step Insert  ————

Joining Plate

NAME
ORAWN BY | Andre Cachucho (0501252N))
SUPERVISOR | Prof. B. W. Skews

DATE 24/04/2008

UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

ENG APPR [T Middle Plate Assembly

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED

QUANTITY: 1

REV

+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

SCALE: 1:5 | WEIGHT:




300

15
100 _,_ 100 o M5 threaded ho X
® - D Ty E
R 10 | R0 N ( W )
- 1A
: P N p L
T - O L8 \\ /
O - &
62 62 DETAIL A <
D - D S ALl the bolt holes are M18 in - -
diameter except for the ones 1
indicated on the drawing. -
Fan _ Fan m
N N This plate should use a 16mm 2
Q standard mild steel plate and then N
y machined down fo a thickness of R
Ve - a5 ‘ 15mm
T A 1l 2
| m‘
100 | NAME 1 TUNIVERSITY OF THE WITWATERSRAND
MS hol ORAWN BY Andre Cachucho (0501252N)|  stHooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
OL€s SUPERVISOR | Prof. B. W. Skews __
ENG APPR TME Joining Plate
H— Rt OATE 24/04/2008
130 ALL DIMENSIONS ARE IN MILUMETERS. | qUANTITY. 1 e
170 TOLERANCES UNLESS OTHERWISE STATED
* 0.2MM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05° ISCALF-1:5 | WEIGHT: 7 of 10




20

M5 threaded CSK holes

1 ! ‘
M| bl =~ .
‘ <«
10
- 20
120
130
B 140
NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY | Andre Cachucho (0501252N)f  schoot oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR e Perpendicular Section
DATE 24/04/2008

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

REV

SCALE: 1:1 | WEIGHT:




M5 Threated holes

] ) 5
| ' '
Z A ¥ 0 il
i L] L] ! L]
| 10 75
30 15
70
100
NAME UNIVERSITY OF THE WITWATERSRAND

ORAWN BY Andre Cachucho (0501252N)l scooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews

ENG APPR [T Triangular Step No.1
DATE 24/04/2008

ALL DIMENSIONS ARE IN MILUMETERS. | QUANTITY. 1 e

TOLERANCES UNLESS OTHERWISE STATED

+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05° ISCALE- 11 | WEIGHT:




M5 Threated holes

A 15

50

10

I M M
L/ L] L/

10

10 10 15

70

100

NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY Andre Cachucho (0501252N)l scooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR [T Rectangular Step No.
DATE 24/04/2008

ALL DIMENSIONS ARE IN MILUMETERS. | QUANTITY. 1 e

TOLERANCES UNLESS OTHERWISE STATED

+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05° ISCALE- 11 | WEIGHT:




D.2 Second Shock Tube Configuration - Diverging Section

93



NAME

ORAWN BY | Andre Cachucho (0501252N)

SUPERVISOR | Prof. B. W. Skews

UNIVERSITY OF THE WITWATERSRAND

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

TME Driver and diverging section

TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

ENG APPR
DATE 14/09/2009 assembly
ALL DIMENSIONS ARE IN MILUMETERS. | QUANTITY. 1 e

SCALE: 1:13.33 | WEIGHT:

1 of




[fem Number

Title

Quantity

N

Section walls including fop and
bottom u-channel

1

Caster support rail

Large reinforcing flange

Stabliser assembly

Caster support assembly

Top and bottom flanges

NN

Oriver flange

—_

End-section flange

O | ol 9| | uvT | |l w N

Small reinforcing flange

—
[a>)

Channel support insert pieces

NN

UNIVERSITY OF THE WITWATERSRAND

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTE Diverging section assembly - Part

NAME
ORAWN BY | Andre Cachucho (0501252N)
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 07/10/2009

List

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 1

SCALE: 1: 833 WEIGHT: 1 of




Flanges are welded
onto both side walls

NAME

ORAWN BY | Andre Cachucho (0501252N)

SUPERVISOR | Prof. B. W. Skews

UNIVERSITY OF THE WITWATERSRAND

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

ENG APPR

DATE 07/10/2009

"TE Diverging section assembly - Welds

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

REV

SCALE: 1: 833

WEIGHT:

1 of




100

25 2425 25

4498

_:O: :O (o] (o] (o] (o] (o] (o] (o] (o] (o] (o] (o] (o] (o] (o] (o]
__g___l'u'l ______________________ ,u.,___é_‘
| | |1
175 1. 1650 175
NAME UNIVERSITY OF THE WITWATERSRAND

ORAWN BY | Andre Cachucho (0501252N))
SUPERVISOR | Prof. B. W. Skews

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTE Diverging section assembly

ENG APPR
DATE 07/10/2009
ALL DIMENSIONS ARE IN MILUMETERS. | QUANTITY. 1 e
TOLERANCES UNLESS OTHERWISE STATED
£ 0.2MM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05° 1 SCALF: 1 833 | WEIGHT: 1 of




Hole Table
Hole X Y Size
= X 1 94,55 0 ¢ 16
, , 12 94,25 0 b 1
119 4
14l o | 13 -9387 999 ¢ 16
M 18 14 9388 100,25 ® 16
© ©
15 9382 19995 b 1
Ic 1 16 9382 2009 b 1
® ¢ 17 -9388 39945 b 1
3 1k
o o 18 9398 4005 b 16
/ i ! 7_\ 19 ~9455 49945 b 1
/ | fmm | 110 9368 5009 ¢ 1
. oy
L u u H
NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY LORENZO LACOVIG SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews |
ENG APPR TE Driven Section Front Flange Hole
DATE 19/06/2007 Table

ALL DIMENSIONS ARE IN MILUMETERS. | QUANTITY. 1 e

TOLERANCES UNLESS OTHERWISE STATED

+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05° TSCALE-1:-10 | WEIGHT:




25

200,76

£66

550

2000

NAME

UNIVERSITY OF THE WITWATERSRAND

ORAWN BY | Andre Cachucho (0501252N)

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR

TLE Triver section wall 1 of 3 (mild sfeel

DATE 07/10/2009

platel

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 2

SCALE: 1:0.1 | WEIGHT: 1 of




25

200,76

° o
° o
° o
o ° o
LN
LN
|
‘ (] o o o o o o o (] (] o '
2000
NAME

ORAWN BY | Andre Cachucho (0501252N))

SUPERVISOR | Prof. B. W. Skews

ENG APPR

UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

TLE Triver section wall 1 of 3 (mild sfeel

DATE 07/10/2009 plafel
ALL DIMENSIONS ARE IN MILUMETERS. | quaNTITY: 2 e
TOLERANCES UNLESS OTHERWISE STATED
£ 0.2MM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05° TSCALE- 1: 01 | WEIGHT: 1 of




Hole Table
Hole X Y
11 94,2 1911 ALl holes are M145 plain
12 192,77 2083
13 2912 2756
14 3897 2428 i
N
15 4882 2601 1 2 ==
/' © |
16 586,7 2773 | -
17 6852 2946 ;* l l l l l l l
18 882,72 3291 Xi‘ | | | | | | | |
19 7837 3118
110 980,7 3463
M 1079,2 3635
112 777 380,8
113 12776,2 398
114 1374,7 4153
" il o NAME UNIVERSITY OF THE WITWATERSRAND
116 15717 4498 ORAWN BY Andre Cachucho (0501252N)l scooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
l 16702 4o ENG APPR TE Driver section wall 2 of 3 10degree
118 17687 4843 DATE 07/10/2009 hole table (mild steel plate)
REV
ALL DIMENSIONS ARE IN MILLIMETERS. :

19 1867.2 201> TOLERANCES UNLESS OTHERWISE STATED QUANTITY 1
120 1936 2 5136 + (.2MM OR TO STANDARDS DICTATED BY

' : MATERIALS USED. ANGLES IN DEGREES £ 05 ° ['SCALE: 1 11111 WEIGHT Tof




Hole Table

Hole X Y
11 100 25
12 200 25
13 300 25
14 400 25
15 500 25
16 600 25
17 700 25
18 800 25
19 900 25
110 1000 25
m 1100 25
112 1200 25
113 1300 25
114 1400 25
115 1500 25
116 1600 25
117 1700 25
118 1800 25
119 1900 25

Y

ALl holes are M145 plain

M2 131146015116 1171181 19 [ 110 1M 1121 131 1141 1151 116 1171118 | 119
= X1
NAME UNIVERSITY OF THE WITWATERSRAND

ORAWN BY Andre Cachucho (0501252N)|  stHooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews -

ENG APPR TE Driver section wall 3 of 3 Horiz

DATE 07/10/2009 hole table (mild steel plate)

REV

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED

QUANTITY: 1

+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES + 05 ° ['SCALE: 1. 111

WEIGHT:

1 of




25

75

500

NAME

UNIVERSITY OF THE WITWATERSRAND

ORAWN BY | Andre Cachucho (0501252N)

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR

(TTE Large reinforcing flange

DATE 07/10/2009

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 2

SCALE: 1:0.5 | WEIGHT: 1 of




19

FanY
YV
o
o
- PL
o
o
=
FanY
AV
(@)
LN,
I
(@) ‘
LN
FanY
AV
o
(@)
=
I FanY
‘ A4
(@)
o
=

—O—

75

600

25

NAME UNIVERSITY OF THE WITWATERSRAND
DRAWN BY LURENZU I-A[UWE SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR TE Driven Section Side Flange
DATE 09/06/2007 [mild steel platel

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 2

SCALE: 1:5 | WEIGHT:




25

75

240

NAME
ORAWN BY | Andre Cachucho (0501252N))
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 07/10/2009

UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTE Small reinforcing flange

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 2

REV

SCALE: 1:0.5 | WEIGHT: 1 of




by

25

These flanges are required for both
the plunger section and the diverging
section

83

UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTEE Top or Bottom Flange

NAME
ORAWN BY Andre Cachucho
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 14/09/2009

[mild steel platel

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 8

SCALE: 1:1 | WEIGHT:




Hole Table

Hole X Y
11 100 5 g L L1203 e [ 15 [1e L7 118 119 Lm0 | [z [ a3 | 1as | 195 | 196 | 147 [ 118 [ 119
- p~ = 4 b o o © o & ¢ & o o & o & & o & o §
ENEEEE R e
13 300 25
14 400 7 2000
15 500 25
16 600 25
17 700 25
18 800 25 All plain holes are M14.5
19 900 25
110 1000 25
M 1100 25
112 1200 25
113 1300 25
114 1400 25
NAME UNIVERSITY OF THE WITWATERSRAND
115 1500 25 ORAWN BY Andre Cachucho (0501252N)} SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING
116 1600 25 SUPERVISOR | Prof. B. W. Skews -
TITLE.
ENG APPR Floor Std Steel U-channel (100x50)

118 1800 25 ALL DIMENSIONS ARE IN MILUMETERS. | qUANTITY. 1 e

TOLERANCES UNLESS OTHERWISE STATED
119 1900 25 +(0.2MM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

SCALE: 1:0.5 | WEIGHT: 1 of




100

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

100_, _100_, 100_, 100Q_, 100_, 100_, 100_, 100_, J100Q_, 100_, 100_, 100_, 100_, 100Q_, 100_, 100_, 100_, 100_, 100_, 70, _
LA 1692,
04 ! ! | | |
| i il il el il il Al il il il Al il il il il il i) il Wl i A
‘ 1 g o g gy g gy g s A ) M sl [ Jp iy S N N |
| ! \'\\/'/ ! ! ! ! r
o
Ol & threaded M14 holes
need to be tapped and
sealed. 20 plain M145 holes
N\
-\\II||||||||||||||||||,-
e e e e e e e T e S S S S A S SR S S 18 )
A-I,'II|||||I||III||'III'B
263 =L 14915 =L 2847
2039,7
e -7 NAME UNIVERSITY OF THE WITWATERSRAND
/ \ ORAWN BY Andre Cachucho (0501252N)) SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING
/ SUPERVISOR | Prof. B. W. Skews -
ENG APPR ME 10 degree U-channel
R OATE 07/10/2009 Standard steel U-channel (50x100)
REV

SCALE: 1: 833 WEIGHT: 1 of




£66

50

6938

Support insert

3

100
3

@

NB: Weld support inserts (Blocks) before machining

UNIVERSITY OF THE WITWATERSRAND

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

T Horizontal section: 15 degree

NAME
ORAWN BY | Andre Cachucho (0501252N)
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 07/10/2009

Std steel U-channel (50x100)

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV

QUANTITY: 1

SCALE: 1:333 | WEIGHT: 1 of




15°

100

3

Lo 2759 ;
e — - - =
134 2517
B 563,6 -
13523
Insert support

\ ° ‘

° A

NB: Weld support inserts (Blocks) before machining

2517

301,7

NAME

ORAWN BY | Andre Cachucho (0501252N)

SUPERVISOR | Prof. B. W. Skews

UNIVERSITY OF THE WITWATERSRAND

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

ENG APPR

[TTTLE 5|

DATE 07/10/2009

anted section: 15 degree
Std steel U-channel (50x100)

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

REV

SCALE: 1:5.56| WEIGHT:

1 of




Item Number Title Material Quantity
1 Horizontal 15 deg U-channel Steel 1
2 15 degree U-channel Steel 1
3 Horiz support insert Steel 1
4 15 degree support insert Steel 1

Steel U-channels welded together,
where upon a gusset is welded in )
place for extra support

\
\
&
Ko

|

£66

NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY Andre Cachucho (0501252N)l scooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR [TTEE 15 degree U-channel insert Assembly
DATE 07/10/2009

ALL DIMENSIONS ARE IN MILUMETERS. | QUANTITY. 1 e

TOLERANCES UNLESS OTHERWISE STATED

+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES + 05 ° [SCALE: 1. 8.33] WEIGHT. Tof




Insert support

100

3
69

2356

NB: Weld support inserts (Blocks) before machining

NAME

UNIVERSITY OF THE WITWATERSRAND

ORAWN BY | Andre Cachucho (0501252N)

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR

T Horizontal section: 20 degree

DATE 07/10/2009

Std steel U-channel (50x100)

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV

QUANTITY: 1

SCALE: 1: 4.35] WEIGHT: 1 of




100

_ 182
10233
Insert support
\ o
® ! J
4 3
2416
2916
NAME UNIVERSITY OF THE WITWATERSRAND
NB: Weld support inserts (Blocks) before machining DRAWN BY | Andre Cachucho (0501252N)}  sciooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR TME S| anted section: 20 degree
DATE 07/10/2009 Std steel U-channel (50x100)
ALL DIMENSIONS ARE IN MILUMETERS. | QUANTITY. 1 e
TOLERANCES UNLESS OTHERWISE STATED
+(.2MM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05° SCALF: 1 435| WEIGHT: 1 of




Item Number Title Material Quantity
1 Horizontal 20 deg U-channel Steel 1
2 20 degree U-channel Steel 1
3 Horiz support insert Steel 1
4 20 degree support insert Steel 1

£66

REV

I
Steel U-channels welded together, 16
where upon a gusset is welded in Z
3 place for exfra support — = 2
: 115 X7 B
9 =
B —E\ A e
s ) == _ _ _ i
./
- 10384 _
- —\ NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY | Andre Cachucho (0501252N)|  schooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
| SUPERVISOR | Prof. B. W. Skews -
o E 4 ENG APPR TME 20 degree U-channel insert Assembly
\\ // DATE 07/10/2009

S
OETAIL A

OF

TAIL B

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

SCALE: 1: 833 WEIGHT: 1 of




Item Number | Title Quantity
1 Castor support rail 2

2 Caster support angle

3 Trolley stabiliser flange b

b Trolley stabiliser bar 2

5 Caster support assembly b

NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY Andre Cachucho SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR TME Stand assembly Layout
DATE 13/09/2009

ALL DIMENSIONS ARE IN MILUMETERS. | quaNTITY: 1 e

TOLERANCES UNLESS OTHERWISE STATED

+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05° ISCALF-1:5 | WEIGHT:
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NAME
ORAWN BY | LORENZO LACOVIG
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 13/09/2009

UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTEE Castor stand assembly

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 1

SCALE: 1:5 | WEIGHT:
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Both holes are threaded

NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY Andre Cachucho (0501252N)|  stHooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR TME 15 deg channel section: Support
DATE 07/10/2009 insert

REV

ALL DIMENSIONS ARE IN MILLMETERS. | QUANTITY: 1
TOLERANCES UNLESS OTHERWISE STATED

VI + 0.2MM OR TO STANDARDS DICTATED BY
/IEW A MATERIALS USED. ANGLES IN DEGREES * 05 ° [SCALE- 1.1 1 WEIGHT. Tof
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Both holes are threaded

NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY Andre Cachucho (0501252N)l scooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 07/10/2009 section

TE Sypport insert: 20 deg channel

REV

ALL DIMENSIONS ARE IN MILLMETERS. | QUANTITY: 1

TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES + 05 ° ['SCALE. 1. 1

WEIGHT:

1 of
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NAME
ORAWN BY | Andre Cachucho (0501252N))
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 07/10/2009

UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTE Support insert: Horizontal section

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 2

REV

SCALE: 1:1

WEIGHT:

1 of




[tem Number | Title Quantity
1 Front driver flange 1
2 Wheel supports 2
3 Round tube 1
b Valve plugin 2
5 Oriver 1st end flange 1
6 Oriver Z2nd end flange 1
7 Wheel b
8 Oriver stand assembly 1
NAME UNIVERSITY OF THE WITWATERSRAND
The manufacturing of the driver will be outsourced DRAWN BY Andre Cachucho (0501252N)|  sciooL oF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING
to Arlec Engineering Works LCL. SUPERVISOR | Prof. B. W. Skews e
ENG APPR “DOriver and support assembly
DATE 07/10/2009
ALL DIMENSIONS ARE IN MILUMETERS. | qUANTITY. 1 e
TOLERANCES UNLESS OTHERWISE STATED
+ (.ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05° FSCALF: 1 7.69| WEIGHT: 1 of




[tem Number | Title Quantity

1 Castor support rail 2

Trolley stabiliser flange

N

Trolley stabiliser bar

N

Trolley V-rail

Ul | ] WwWEN
N

Stopper V-rail

NAME UNIVERSITY OF THE WITWATERSRAND

ORAWN BY Andre Cachucho (0501252N)l scooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews

ENG APPR (TTE Oriver stand assembly
DATE 07/10/2009

ALL DIMENSIONS ARE IN MILUMETERS. | QUANTITY. 1 e

TOLERANCES UNLESS OTHERWISE STATED

+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES + 05 ° [SCALE: 1. 7,601 WEIGHT. Tof
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NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY Andre Cachucho (0501252N)|  stHooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR TME Driver stand assembly
OATE 07/10/2009

ALL DIMENSIONS ARE IN MILLIMETERS.

REV

QUANTITY: 1
TOLERANCES UNLESS OTHERWISE STATED
* (.2MM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05° 1 SCALE: 1 6.67] WEIGHT: 1 of
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UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTEE Castor Support Assembly

NAME
ORAWN BY | LORENZO LACOVIG
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 02/05/2007

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: &

REV

SCALE: 1:5 | WEIGHT:
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NB: ALL HOLES ARE TAPPED

NAME

ORAWN BY | Andre Cachucho (0501252N)

SUPERVISOR | Prof. B. W. Skews

ENG APPR

DATE 07/10/2009

UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTE Oriver stabilising bar
std 50 X 50 steel bar

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 2

REV

SCALE: 1:5 | WEIGHT:

1 of
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SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTEE Oriver Stabilizer Flange

NAME
ORAWN BY | LORENZO LACOVIG
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 23/10/2007

[mild steel platel

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: &

SCALE: 1:1 | WEIGHT:
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NAVE UNIVERSITY OF THE WITWATERSRAND

ORAWN BY | Andre Cachucho (0501252N)

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR

TME New driver supports

DATE 07/10/2009

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 2

SCALE: 1:125 | WEIGHT: 1 of




1650

NAME UNIVERSITY OF THE WITWATERSRAND
DRAWN BY LURENZU LA[UVH} SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR TME Castor Support Rail
DATE 02/05/2007 std 100 x 50 x 3 Rectangular Steel Tube

ALL DIMENSIONS ARE IN MILUMETERS. | quaNTITY: 2 e

TOLERANCES UNLESS OTHERWISE STATED

+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05° TSCALE-1:-10 | WEIGHT:
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NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY Andre Cachucho (0501252N)|  stHooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR TME Driver stabilising bar
DATE 07/10/2009 std 50 X 50 steel bar

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 2

SCALE: 1:5 | WEIGHT: 1 of
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OETAIL A

NAME

UNIVERSITY OF THE WITWATERSRAND

ORAWN BY | LORENZO LACOVIG

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR

(TTEE Trolley Caster Support

DATE 13/06/2007

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV

QUANTITY: 2

SCALE: 1:10 | WEIGHT:




350

NAME

UNIVERSITY OF THE WITWATERSRAND

ORAWN BY

LORENZO LACOVIG

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR

Prof. B. W. Skews

ENG APPR

(TTEE Trolley Stabilizer Assembly

OATE

23/10/2007

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 2

REV

SCALE: 1:5 | WEIGHT:
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NB: ALL HOLES ARE TAPPED
NAME UNIVERSITY OF THE WITWATERSRAND

ORAWN BY LORENZO LACOVIG SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -

ENG APPR TME Trolley Stabilizer Bar

DATE 23/10/2007 std 50 X 50 steel bar

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 2

REV

SCALE: 1:5

WEIGHT:
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SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTEE Trolley Stabilizer Flange

NAME
ORAWN BY | LORENZO LACOVIG
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 23/10/2007

[mild steel platel

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: &

SCALE: 1:1 | WEIGHT:
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UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

TTE \_Groove Wheel (mild steell

NAME
ORAWN BY | LORENZO LACOVIG
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 03/12/2007

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: &

REV

SCALE: 1:1 | WEIGHT:
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UNIVERSITY OF THE WITWATERSRAND

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

TITE gl

NAME
ORAWN BY | Andre Cachucho (0501252N)
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 07/10/2009

Std. 30x30x3 Steel rectangular ftube

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 2

SCALE: 1:7.69] WEIGHT: 1 of
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UNIVERSITY OF THE WITWATERSRAND

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

TITE gl

NAME
ORAWN BY | Andre Cachucho (0501252N)
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 07/10/2009

Std. 30x30x3 Steel rectangular ftube

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 2

SCALE: 1:7.69] WEIGHT: 1 of
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NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY LORENZO LACOVIG SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR TME Castor Support Angle
DATE 09/06/2007 (pricker foot) [mild steel plate]
REV

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

SCALE: 1:1 | WEIGHT:
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NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY LORENZO LACOVIG SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR ME Castor Support Angle
DATE 09/06/2007 [mild steel platel

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 3

SCALE: 1:2 | WEIGHT:
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NAME

UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTEE Castor Support Arm

ORAWN BY | LORENZO LACOVIG
SUPERVISOR | Prof. B. W. Skews
ENG APPR

DATE 02/05/2007

std 100 x 50 steel channel

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV

QUANTITY: &

SCALE: 1:5 | WEIGHT:
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NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY | Andre Cachucho (0501252N)f  schoot oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
. . . SUPERVISOR | Prof. B. W. Skews -
The following parts will be cut by water jet. ENG APPR TME \Wheel frame support
DATE 25/03/2010

REV

ALL DIMENSIONS ARE IN MILLIMETERS. QUANTITY: &
TOLERANCES UNLESS OTHERWISE STATED
* (.2MM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05° T SCALE- 1: 05 | WEIGHT: 1 of




D.3 Plunger section

94



Item Number Title Material Quantity
1 Plunger pricker wall Steel 1
2 Pricker assembly Steel 1
3 Plunger U-channel Steel 2
b Plunger side wall Steel 1
5 Oriver flanges Steel b
6 U-channel inserts Steel b

Face joins to driver section

\
/.

0
\

UNIVERSITY OF THE WITWATERSRAND

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTE Plunger section assembly

NAME
ORAWN BY | Andre Cachucho (0501252N)
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 07/10/2009

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV
QUANTITY: 1

SCALE: 1:333 | WEIGHT: 1 of
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NAME UNIVERSITY OF THE WITWATERSRAND

ALl holes on this face are M14

Face to join with driver section]

ORAWN BY | Andre Cachucho (0501252N)

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR

(TTE Plunger assembly - driver view

DATE 07/10/2009

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV

QUANTITY: 1

SCALE: 1:2 | WEIGHT: 1 of
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NAME UNIVERSITY OF THE WITWATERSRAND

ALl holes on this face are M14

Face to join with driver section]

ORAWN BY | Andre Cachucho (0501252N)

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR

(TTE Plunger assembly - driver view

DATE 07/10/2009

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV

QUANTITY: 1

SCALE: 1:2 | WEIGHT: 1 of
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NAME UNIVERSITY OF THE WITWATERSRAND

ALl holes on this face are M14

Face to join with driver section]

ORAWN BY | Andre Cachucho (0501252N)

| SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR

(TTE Plunger assembly - driver view

DATE 07/10/2009

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV

QUANTITY: 1

SCALE: 1:2 | WEIGHT: 1 of
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NAME UNIVERSITY OF THE WITWATERSRAND
ORAWN BY | Andre Cachucho (0501252N)f  schoot oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR TITLE Plunger pricker wall section
DATE 07/10/2009

ALL DIMENSIONS ARE IN MILLIMETERS. REV

TOLERANCES UNLESS OTHERWISE STATED

QUANTITY: 1

+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

SCALE: 1:2 | WEIGHT: 1 of
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NAME UNIVERSITY OF THE WITWATERSRAND

ORAWN BY | Andre Cachucho (0501252N)f  schoot oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR TITLE Plunger pricker wall section
DATE 07/10/2009

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

REV

SCALE:1:2

WEIGHT:

1 of




ALL holes on this face are M145
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NAME UNIVERSITY OF THE WITWATERSRAND

ORAWN BY Andre Cachucho (0501252N)|  stHooL oF MECHANICAL AERONAUTICAL AND INDUSTRIAL ENGINEERING
SUPERVISOR | Prof. B. W. Skews -
ENG APPR e Plunger U-channel
DATE 07/10/2009 Std Steel 100x50 U-channel

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

REV

QUANTITY: 1

SCALE: 1:2 | WEIGHT: 1 of
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UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(TTEE Pricker Slider assembly

NAME
ORAWN BY Andre Cachucho
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 14/09/2000

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

REV

SCALE: 1:10 | WEIGHT:
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UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

(T Pricker Arm (Bottom)

NAME
ORAWN BY | LORENZO LACOVIG
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 05/06/2007

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

REV

SCALE: 1:1 | WEIGHT:
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ORAWN BY | LORENZO LACOVIG

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

SUPERVISOR | Prof. B. W. Skews

ENG APPR

(TTEE Pricker Arm (Top Section)

DATE 13/06/2007

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

REV

SCALE: 2:1 | WEIGHT:
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UNIVERSITY OF THE WITWATERSRAND

SCHOOL OF MECHANICAL, AERONAUTICAL AND INDUSTRIAL ENGINEERING

TME pricker Lever

NAME
ORAWN BY | LORENZO LACOVIG
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 13/06/2007

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED

+ (0.2ZMM OR TO STANDARDS DICTATED BY
MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

REV
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NAME
ORAWN BY | LORENZO LACOVIG
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 05/11/2007

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1
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SCALE: 1:1 | WEIGHT:
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ENG APPR TME Pricker Stopper
DATE 05/11/2007

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °

QUANTITY: 1

REV

SCALE: 1:1 | WEIGHT:
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NAME
ORAWN BY | LORENZO LACOVIG
SUPERVISOR | Prof. B. W. Skews
ENG APPR
DATE 13/06/2007

ALL DIMENSIONS ARE IN MILLIMETERS.
TOLERANCES UNLESS OTHERWISE STATED
+ (0.2ZMM OR TO STANDARDS DICTATED BY

MATERIALS USED. ANGLES IN DEGREES £ 05 °
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QUANTITY: 1
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