The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



UNIVERSITY OF CAPE TOWN

ITUMIVESITH| TASEKAFA » UMNIVERSITEIY VAN KAAFSTAD

CEFARTRENT OF MECHAMNICAL ENGINEERING

Design, Build and Commission a Shock Tube
Apparatus for Autoignition Research

Author: Michacl Downey

Supervisors: Adj. Prof, Andrew Yates
Trevor Cloete

MHssertation subimitted in partial fulfibment of the requirements for the degree of
Master of Science in Mechanical Enginectiog

December 2004






Declaration

I know the meaning of plagiarism and declare that all the work in the document, save
for that which is properly acknowledged, is my own.

Signed by candidate

Michaet Downey
December 2009

iii



Acknowledgments

The author wishes to express his sincere gratitude to the following people:

Prof. Andy Yates, for his time and advice throughout the thesis.

Trevor Cloete, for his valuable insights, ideas and guidance.

Mark Wattrus, for his assistance with LabVIEW programming and instrumenta-
tion.

The workshop staff, particularly Len Watkins and Glen Newins, who skillfully
manufactured the components of the prototype.

* My parents, whose unfailing belief in me was a constant source of encouragement
throughout my studies.

This project was supported and sponsored by the Sasol Technology Fuels Research
Group, headed by Paul Morgan.

The additional financial assistance of the National Research Foundation (NRF) towards
this research is hereby acknowledged. Opinions expressed and conclusions arrived at
are those of the author and are not necessarily to be attributed to the NRF.

iv



Synopsis

Background

An integral part of the research conducted at the Sasol Advanced Fuels Laboratory
involves the characterisation of fuel combustion properties such as autoignition be-
haviour. To facilitate autoignition research, the laboratory was equipped with a rapid
compression machine capable of measuring ignition delays ranging from 1 to 50ms at
test temperatures of up to 10004 . However, the need to access higher test temperatures
and shorter ignition delays led to the requirement for a shock tube apparatus.

Conventionally, a shock tube, which is a conceptually simple device, relies on the
sudden rupture of a diaphragm separating a chamber of high pressure (driver) gas from a
chamber of low pressure (driven) gas to generate the shock wave. Although the device’s
most direct application is as a test facility for studying the shock wave phenomenon, it
has become an indespensible experimental tool in the field of high temperature chemical
kinetics and autoignition research. When applied to this field, the shock wave is utilised
to transform the test gas almost instantaneously to a high temperature state which can
be well over 1000K.

Objectives

The Sasol Advanced Fuels Laboratory undertook to develop a shock tube facility
suitable for conducting autoignition research at test conditions beyond the capability
of the rapid compression machine. It was specified that the facility should be capable
of accessing test temperatures in the range 1000 to 1500K for a test duration of at least
1ms. Given the repetitive nature of the experimentation, it was required that the facility
be capable of performing multiple tests in rapid succession under automated computer
control. Due to the scale of the undertaking, its development was split into two phases.
The scope of the present project covered the initial phase of the development, which



included the design, manufacture, installation, instrumentation and commissioning of
the basic shock tube. The second phase of the development would involve the addition
of automation, thermal control and fuel preparation, supply and purging systems to
the facility. Although the development of these systems was beyond the scope of this
project, provision for their incorporation was to be considered in the design. It was
specified that the basic shock tube was to be commissioned by demonstrating its ability
to establish appropriate test conditions with a high degree of repeatability.

Test facility design

A novel, diaphragmless type of shock tube was developed. A specially designed, pneu-
matically operated rapid opening sleeve valve replaced the function of the diaphragm.
The valve was a significantly modified version of the two-stage, piston actuated concept
upon which several existing diaphragmless installations are based. The primary reason
for adopting a diaphragmless configuration was to facilitate the automation of the
apparatus. For convenience, the shock tube was designed to operate using compressed
air as the driver gas. A high pressure reservoir, consisting of a bank of gas bottles
connected in parallel with a SCUBA compressor, was designed and installed to provide
the supply of compressed air. To enable the test conditions established in the shock tube
to be determined, it was instrumented with a sequence of high frequency, charge output
piezoelectric pressure transducers which were set up to record the propagation of the
shock wave. Note that in accordance with The University of Cape Town’s strict health
and safety policy, all aspects of the facility were designed with safety considerations as
a requisite priority.

Commissioning

A commissioning programme was undertaken to make the basic shock tube fully oper-
ational, investigate its performance and make refinements to improve its performance.
The initial tests were conducted at relatively low driver pressures to verify correct, safe
operation of the apparatus. Once this had been established, the apparatus was tested
at gradually increasing driver pressures all the way up to the maximum rated driver
pressure.

By the end of the commissioning and refinement process, the shock tube functioned
reliably and consistently over the entire operating range. Starting with both the driver
and driven gases at ambient temperature and the driven gas at atmospheric pressure,
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it was capable of accessing a maximum test temperature of 973K with a repeatability
of £25K. The test duration at these conditions was 1.3ms. It was shown that, by
incorporating initial pre-heating and driven gas rarefaction in the second phase of
the development, a maximum test temperature of over 1500K would potentially be
attainable.

Concluding remarks

As required by the scope of this project, a potentially automatable shock tube suitable
for use as a high temperature autoignition research apparatus was successfully designed,
installed and commissioned. The apparatus was capable of accessing useful test
conditions with a high degree of repeatability.

In this application the specially developed rapid opening sleeve valve represented a
significant improvement to existing diaphragmless shock tube technology. Its design
enabled extremely short opening durations, in the region of 0.5ms, to be attained
and also featured a streamlined flow path between the driver and driven sections.
Control of the valve operation could easily be automated and, compared to conventional
diaphragmed shock tubes, the test turn around time was reduced by the period required
to replace a diaphragm.

The following recommendations are made regarding the implementation of the second
phase of the development of the facility:

* Incorporate an air-fuel mixture preparation and supply system with the shock
tube. The system must ensure accurate air-fuel ratio metering and complete,
homogeneous vaporisation of the mixture. It must also perform the function
of purging the combusted test gas after each test. Consider integrating the fuel
system with a vacuum system to rarefy the driven gas, as this will enable test
temperatures in excess of 1500K to be accessed.

¢ Incorporate a system for controlling the initial driver and driven gas temperature.
The system must be capable of uniformly raising the gas temperature to 410K,
and should make use of the water cooling jacket which was purposely designed
to ensure thermal isolation of the rapid opening sleeve valve.

» Use computer control to automate the test sequence in order to convenience the

repetitive nature of fuel characterisation experimentation.
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1 Introduction

1.1 Background

The Sasol Advanced Fuels Laboratory (SAFL), based at the University of Cape Town,
was established to research the application of synthetic fuels to combustion engine
technologies, with the intent to identify potential for the future growth of Sasol. An
integral part of this research involves the characterisation of fuel combustion properties
such as autoignition behaviour. Autoignition is the process whereby a combustible
substance spontaneously ignites due to its thermal energy - there is no external source
of ignition such as a spark or a flame. The time taken for a substance to autoignite at
a given thermodynamic state is termed the ignition delay. Autoignition is relevant to a
wide range of fuel applications, including compression ignition, spark ignition and jet
turbine engines.

To facilitate autoignition research, the Laboratory was equipped with a rapid compres-
sion machine (RCM). The principle of RCM operation is as follows: a piston rapidly
performs a single compression stroke and is held stationery at the top dead center
(TDC) position, allowing the ignition delay of the compression heated substance to
be measured. The Laboratory’s RCM was capable of measuring ignition delays ranging
from 1 to 50ms at test temperatures of up to 1000K. However, the need to access
higher test temperatures and shorter ignition delays led to the requirement for a shock
tube apparatus.

Conventionally, a shock tube, which is a conceptually simple device, relies on the
sudden rupture of a diaphragm separating a chamber of high pressure gas from a
chamber of low pressure gas to generate the shock wave. Although the shock tube’s
most direct application is as a test facility for studying the shock wave phenomenon, it
has become an indespensible experimental tool in the field of high temperature chemical
kinetics and autoignition research. When applied to this field, the shock wave is utilised
to transform the test gas - in this case a mixture of fuel and air - almost instantaneously to
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a high temperature state which can be well over 1000K. At such temperatures, ignition
delays are generally below about 2ms.

1.2 Project scope

The Laboratory undertook to develop a complete shock tube facility suitable for
conducting autoignition research at temperatures beyond the capability of the rapid
compression machine. Given the repetitive nature of the experimentation, it was
required that the facility be capable of performing multiple tests in rapid succession
under automated computer control. Due to the scale of the undertaking, its development
was split into two phases. The scope of the present project covered the initial phase of
the development, which included the design, manufacture, installation, instrumentation
and commissioning of the basic shock tube. The second phase of the development
would involve the addition of automation, thermal control and fuel mixture preparation,
supply and purging systems to the facility. Although the development of these systems
was beyond the scope of this project, provision for their incorporation was to be
considered in the design. Performing actual fuel characterisation experiments was not a
requirement of the present project; it was specified that the basic shock tube was to be
commissioned by demonstrating its ability to establish appropriate test conditions with
a high degree of repeatability. As there was no existing expertise or experience in shock
tube technology at the University of Cape Town, a preliminary objective was to develop
a sound knowledge base from which to approach the design by researching the topic
and studying the underlying shock wave theory.

1.3 Plan of development

The report begins with a review of the literature on shock tube techniques, followed
by a theoretical overview of the method. Then, to clarify the design problem, the
specifications to be met by the proposed shock tube are identified, and the factors
which affect its ability to comply with them are investigated. The installed facility
is then introduced, and details of its features, operation and safety considerations are
given. The results of the commissioning and testing programme are then presented
and discussed against the context of required performance and theoretical behaviour.
Finally, conclusions are drawn based on the test results, and recommendations for
further development of the facility are made.

Note that throughout the report, stated pressures are absolute.



2 Literature review

2.1 Development of the shock tube

The shock tube is a well described, conceptually simple apparatus for creating shock
waves in a controlled environment. The first published work relating to such a device -
was authored by the Frenchman Paul Vieille in 1899 [1]. His apparatus consisted of a
cylindrical tube more than 6m long, partitioned into two sections by a thin membrane
made of collodion. The shock wave was created by increasing the air pressure on one
side of the membrane until it burst. This fundamental concept remains the basis for
shock tube operation.

In subsequent years, the theoretical analysis of the flow processes occurring in a shock
tube was developed and refined by combining the work of a number of independent
researchers. According to Glass and Hall [2], at around the time of the second world
war, G.I. Taylor [3], G.N. Patterson [4] and A.H. Taub [5] independently deduced the
principle shock tube equation which relates the initial pressure ratio to the pressure
jump across the shock wave. For a detailed description of both shock tube theory and
technology, the Handbook of Shock Waves is recommended [6].

2.2 Description of a conventional shock tube

This section is intended to give an overview of the components and working of a basic
shock tube setup. Although there is no unique design, in general the apparatus consists
of the following elements:

* a high pressure tube, known as the driver tube
* a low pressure tube, known as the driven tube

* a membrane, which is normally a thin metallic disk, known as the diaphragm.
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In the most simple case, both tubes are hlanked off af one end and have the same
constant, circubar cross section. They are aligned axially and joined together al their

opett etds - with the diaphragm forming a seal between them - as shown in Figure 2.1,

The shock tube aperates as follows: the driver and driven sections are filled with gas, the
type of which depends on the application ol the apparatus. The zas pressure inthe driver
scetion is nercased until the diapheagm bursts, This generates a shock wave, which
propagates rightwards into the dnven gas, causing a slep jump in ils thermodynamic
state, When the shock wave encounters the endwall of the driven tube, 1t refieers off it
and propagates leftwards, back through the tube, causing another step jump in the state
of the driven gas. Figeee 201 shows the prapagatian of the various waves ereated ina
shock tube. It also illustrates the pressure and temperature profiles ol the gas within the

shock tube at a time £ -- £, affer rmupture of the diaphragm,
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Figure 2.1: Wave prupagation and thermedynamic profile in a shock tube (modified
from [7])
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As illustrated, eventually the reflected shock wave collides with the interface between
the driver and driven gases, termed the contact surface, which had been traveling
rightwards from the location of the diaphragm at a velocity less than that of the initial
shock wave. This collision results in the partial reflection of the shock wave, and thus
usually signifies the end of an experiment.

It can also be seen that from the instant of diaphragm rupture, as the shock wave
propagates into the driven gas, the high pressure driver gas is being processed by a series
of expansion waves, known as the expansion fan, which propagate from the location of
the diaphragm, back into the driver gas. The expansion process is isentropic.

Note that the wave fronts shown in Figure 2.1 distinguish the different thermodynamic
regions established within the shock tube: region (1) contains driven gas at the initial
conditions, region (2) contains shocked driven gas, region (3) contains isentropically
expanded driver gas, region (4) contains high pressure driver gas at the initial conditions
and region (5) contains driven gas which has been re-shocked by the reflected shock
wave. Knowing only the initial conditions in the shock tube, shock wave theory can
be used to predict the conditions in each of these regions. This ability of a shock tube
to establish a number of distinct, theoretically describable regions of high energy flow

makes it a suitable instrument for a diverse range of applications.

Comment:

Although the use of a bursting diaphragm is a simple way to achieve the near instan-
taneous removal of the separation between the driver and driven sections necessary
to generate a shock wave, the method has several practical disadvantages: a new
diaphragm must be used for each test, making the method costly, time consuming and
inconvenient to automate. It also results in poor repeatability due to the inconsistent
rupture of each diaphragm, even when techniques such as cross scratching are employed
(see Figure 2.2). Fragments of the burst diaphragm have been known to impact and
damage the expensive pressure transducers mounted along the driven tube [8], and
can potentially contaminate the test gas. Additionally, when fragmentation occurs it is
necessary to at least partially dismantle the shock tube after the test in order to remove
the debris. In attempts to overcome these issues, various ‘diaphragmless’ shock tube
configurations have been developed - see Section 2.5.
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Figure 2.2: Bursting ol a cross scralched diaphragm [9}

2.3 Applications of the shock tube

Since its invention about a hundred years ago, the shock tube has found use in a broad
spectrum of research areas, Infacl ils use is so extensive that only some of the more
common applications are discussed bere. A thorough record of shock wbe related

research is detailed in the various Proceedings ol the Shock Tube Symposium.

As the shock wbe s prncipally a sinple device tor creating a shock wave noa
laboratory environment, 1ts most direct application is as a tool for invesheanng the
shock wave phenomenon. From a gas dynamies perspective. topics studied imelude
shock wave reflection, focusing, bifurcation and transitions through the shock front,
Yrom a mechanical design point of view, it has been used to study the shock loading

response ol structures and materials (sec, for cxample, 1)

One of the first apptications of the shock tube in the U.S.A. was as a device for
calibraling piezoetectric blast pressure gauges [5], Another use 18 as an gerodynamic test
facility capable of producing (lows in the subsonic, transonic, supersonic and hypersonic
regions, provided that only short Mlow durations are required [11]. Commercially, an
explosives detonator sirmilar 1o nature o a shock tbe 15 replacing electrical detonators

in the mining industry for salety reasons [12].

A important utility of the shock tube at present is as an experimental ool in the field of
chemical kinetics research. [n this application, it is the ability of a shock tube to almost
instantly alter the state of a test zas, from an initial, low encrey and unreactive condition,
to a comparatively hisgh energy condition at which the chemical reactions of interest are
triggered, that makes 11 so uselul. This jump in conditions is achieved actoss the shock
wave. The near instanl change in state s tequired o ensure thal any chemical events

which occur during the transition do not contribute significantly to the overall reaction
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progress. The categories of chemical kinetics where shock tubes have found use are
numerous and include reaction rate chemistry, combustion, dissociation and pyrolysis.
A review of these experimental methods is given in [13].

2.4 The shock tube for autoignition research

In the combustion branch of chemical kinetics research, autoignition is an important
topic. Autoignition is the process whereby a combustible substance spontaneously
ignites due to its thermal energy - there is no external source of ignition such as a spark
or a flame. Itis a topic that is particularly relevant to combustion engine technology. For
example, compression ignition (diesel) engines rely on autoignition to ignite the fuel,
unlike spark ignition (gasoline) engines, where autoignition can cause the undesirable
phenomenon of ‘engine knock’. Additionally, autoignition is the principle which
underpins flame propagation and is therefore highly relevant to jet turbine engines. The
time taken for a substance to autoignite at a given thermodynamic state is termed the
ignition delay. In general, the ignition delay decreases with increasing temperature. For
a more detailed description of autoignition, see [14].

The aim of this project was to design and build a shock tube for investigating the
high temperature autoignition of combustion engine fuels. More specifically the
apparatus was intended for characterising fuels by measuring their ignition delay at high
temperatures, above 1000K. For a review of the operation of a shock tube in this mode,
see [15]. The basic principle of operation is as follows: as was shown in Section 2.2,
the incident shock wave causes a sudden jump in the temperature of the driven gas. The
reflected shock wave then causes a further, even greater temperature jump, effectively
leaving in its wake a uniform region of stationary, high temperature driven gas referred
to as region (5). If a gaseous mixture of fuel and air is used as the driven gas, the initial
conditions in the shock tube can be chosen such that the high temperature regime within
region (5) triggers the autoignition of the fuel air mixture, whilst the relatively moderate
temperature behind the incident shock is below the autoignition threshold.

The ignition delay can be measured by using a fast response pressure transducer to
record the pressure history of region (5), as shown in Figure 2.3. Note that this pressure
transducer is usually mounted in the endwall of the driven tube, where the shock reflects,
as the parcel of gas at that location is the first to be elevated to region (5) conditions and
hence will autoignite first. The test conditions can be determined using one dimensional
shock wave theory, as shown in Section 3.6.
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Figure 2.3: Mceasuring ignition delay from the pressure history at the endwall

The major advantage of using a shock tube for autoignition research 1s that it offers a
simple way of almost instantly prepaning 4 test gas 1o a very high temperature, quiescent
state, The rapidity of the temperature rise, which can be well over 1000K in magmitude.
is required so that ity duration does not contribuie significantly o the ignition delay
peniodd. The main drawhback is that the test conditions can only be maintained for
very short duration - from the instant the shock reflects w the instant it collides with
the contacl surlace, shown as AL in Figure 2.1, (It only the gas immediately next 1o
the endwall is of interest the test duration is shightly longer - at lasts unnil reflections
ofl the contact surface collide with the endwall.) Although the test duration increases
with driven tube length, so do the fricional flow losses. Thercfore. extremely long
lubes wre ineflicient and cause a severe reduction in shock strength. Typically, existing
autoignition facilities have a driven tube length in the range of 5 1o 1, and are capable

of meusuring ignition delays no longer than a few millisceonds (see, for example, [ 16H]).

Another practical consideration is that, due 1o the sudden impact of the shock wave
apainst the endwall, mechanical vibwation noise is superimposed on the recorded
pressure trace. Technigues such as coupling the driven whbe (o a large, vibration damping
inertial mass have been employed to minimise the severity of the noise (see, for example,

L17])-
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2.5 Diaphragmless shock tubes

As an alternative to the conventional bursting diaphragm method, various “diaphiagm-
less” shock tibe confignrations have been developed whereby the diaphragm is replaced
with a quick action valve. Such a confipuration is advantagenns when highly repeatable
lest coneilions and/or aulomation are required, as in the present case. As discussed in
[18], the longer the diaphragm opening duration the longer the distance required for the
shock W atlaim 1ls peak velocity, hence the primary difficulty with the diaphragmless
appreach is achicving a sufficiently rapid valve opening time to generate a well formed
shock wave in a reasonable tube lTength.

For a review of some alternative diaphragmless shock tube designs, see [19], however.
most are similar in nature to the two-stage, piston actuated concept developed by Oweuchi
et al [20]. A derivative of this concept is shown schematically in Figure 2.4, Note
that the driver and driven tubes are arranged in an annular configuration instead of the
conventional series arrangement, The valve function is achieved by the motion of two
pneumalically operaled sliding pistons: the main piston, which replaces the diaphragm
al lhe inlerface between the tubes, and the auxiliary piston, which operates the outlet
ports of the actating chamber.

acluating chamkwr

oullet ports
petpa 33 drives tube

supply of

driven lube
compressed gas

auxiliary fslon

main piston

Mow botween the driver
and driven tubes

4

|
redease of & __ %
compressed gas ‘_/

vented actuabng
chamber gas

Figure 2.4: The two-stage, piston actuated diaphragmless shock tube concept
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With reference to Figure 2.4, the device functions as follows: a backpressure is
applied to the auxiliary piston, causing it to slide forward and block the outlet of
the actuating chamber. Compressed gas flows through a small orifice in the auxiliary
piston, pressurising the actuating chamber and causing the main piston to move forward
and block the flow path between the driver and driven tubes. Once the tubes have
been charged to the desired conditions, the shock tube is triggered by releasing the
backpressure behind the auxiliary piston. The compressed gas in the actuating chamber
causes the auxiliary piston to slide backwards and quickly uncover the large outlet ports,
out of which the gas rapidly escapes. When the pressure in the actuating chamber drops
below a threshold level, the high pressure driver gas propels the main piston backward,
opening the flow path between the driver and driven tubes. If the main piston opens
sufficiently quickly, a shock wave is generated. Note that the sole purpose of the
auxiliary piston is to ensure the rapid evacuation of the actuating chamber so as to
maximise the opening acceleration of the main piston.

Comment:

The positioning of the valve at the end of the shock tube enhances its accessibility and
servicibility and facilitates its thermal isolation from the potentially heated shock tube.
However, the concept does not attempt to streamline the flow path, and thereby minimise
the flow losses, where the driver gas is redirected around the 180° bend. Furthermore,
the fact that the main piston begins the opening process from a stationary start is not
optimal, as a reduction in opening time would be possible if the piston was already
moving at speed as the opening process was begun.

10



3 Theoretical approach to shock tube
flow

3.1 Introduction

The underlying theory upon which shock tube operation is based is described here.
To lay a foundation upon which to build the theory, a fundamental understanding of
the shock wave is first discussed. Then, a theoretical description of the gas flow in a
shock tube is developed, and the principles for determining the test conditions in an
autoignition shock tube are covered more specifically. In general, the approach to the
theory follows that of the Handbook of Shock Waves [6].

3.2 A fundamental understanding of a shock wave

In a gaseous substance, a shock wave is a jump discontinuity in the state of the gas.
In other words, it is a very thin region, of the order of a few mean free paths of the
molecules involved, across which there is a sudden change in the state of an otherwise
continuous gas. A change in state implies a change in energy, and indeed a shock wave
is essentially the means by which a sudden energy release is distributed. The jump
discontinuity associated with a shock wave is a result of the fact that a shock wave
always travels faster than the speed of sound in the gas into which it is moving. This
means that the unshocked gas has no way of anticipating the approach of the shock
wave, and is therefore unable to react gradually to any changes caused by the shock
to the gas in its wake. Thus the change in the gas’ state, from unshocked to shocked,
occurs in a sudden jump across the shock wave.

It is also insightful to note that the flow behind the shock wave is subsonic relative to
the shock wave. If this was not the case, energy would be unable to propagate up to the
shock wave to sustain it.

11
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3.3 Flow across a planar, one-dimensional shock wave

'to facilitate the analysis of the Qow within a shock wbe, a mathematical description

of the flow across a shock wave 1s developed here. Consider the simplest case of a

planar shock wave, normal t a uni-directional.

imviscid gas [hw, as shown m [gure

3.1, Ideally, this is the type of shock wave penerated within a shock be. According to

the chosen comrdimate system, the shock wave is

traveling at an absolute velocity vy, in

the positive r direction. Analysing the ow relative to an observer maving afong with

the shock wave, and noting that the gas flow is also in the x direction. the case can be

treated as simple one-dimensional steady slate flow, where propertics of the gas vary

only in the & dircction. The passage of the shock wave causes a jump in the absolule

velocity, density, pressure and temperature of the

and 75 respectively.

shock wave

oas ITort th, M. 1 aml T]_ to ta, oo, L

=y
lv“ll
V- v
=i t
pz pz Tz pr P Ty
Vz
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Pz |
™M
B2 L e
M
rl‘z

Figure 3.1: Planar shock wave normal to the direction of Now (modified from [21])
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The relations governing the flow across the moving shock wave are derived by applying
the steady state, one-dimensional versions of the fundamental laws of conservation of
mass, momentum and energy:

Conservation of mass

P1(Vw — V1) = p2(vVe — V2) (3.1)

Conservation of momentum

p1(Vw — v1)* + p1 = po(ve — v2)* + P2 (3.2)
Conservation of energy

(vw —v1)? _ P G v2)?

h
Lt 2

(3.3)

where h is the specific enthalpy of the flowing gas, and heat transfer has been assumed
to be negligible. To obtain a solvable system of equations, an equation of state is needed.
Assuming the gas is ideal and calorifically perfect, then

YRT
v—1
where R is the gas constant and -y is the constant ratio of specific heats and both are

p=pRT and h= (3.4)

properties of the gas. At this stage it is convenient to define two terms, namely the
speed of sound in a gas and the Mach number, which will be useful in simplifying the
subsequent analysis. The speed of sound in a gas, denoted by a, represents the speed at
which small pressure disturbances travel in that gas and is given by

a = \/vRT (3.5)

The Mach number of a shock wave, denoted by M, is defined as the ratio of the speed
of the shock wave (relative to the unshocked gas into which it is moving) to the speed
of sound in the unshocked gas. The Mach number gives an indication of the severity
of the shock wave; the greater the Mach number the ‘stronger’ the shock wave. M is
calculated as follows:

U — U1

(3.6)
a1

13



Theoretical approach to shock tube flow

Equations 3.1 to 3.6 can be combined to yield the relations which describe the steady
state, one-dimensional flow across a moving shock in terms of its Mach number [21]:

P2 (’Yl + 1)M2

2+ (- )M D

v~ = %23’_1 - (M - -Al?) (3.8)
%=1+%1-I(M2—1) (3.9)
S T

3.4 Ideal analysis of shock tube flow

Consider Section 2.2, in which the operation of a conventional shock tube was
described. Figure 2.1 illustrated the various regions established within the shock tube
at a time ¢t = t, after the rupture of the diaphragm. According to the diagram, regions
(1) and (4) were at the initial conditions of the driven and driver tubes respectively. If
these conditions are known, the flow subsequent to diaphragm rupture can be predicted.
In other words, the boundaries and states of regions (2), (3), (5) can be determined
with respect to time. The theory of ideal shock tube flow is presented below. Note that
throughout the analysis, the properties of region (1) are denoted by the subscript 4 and
so on. In developing the theory, the following assumptions were made:

1. The flow is inviscid and one-dimensional, and there is no heat transfer.
2. The diaphragm rupture is instantaneous.

3. All gases are ideal and have constant specific heats.

3.4.1 Change in conditions across the incident shock wave

The incident shock wave defines the boundary between regions (1) and (2). It can be
shown that the Mach number of the incident shock wave, denoted by M,, is a function
of the initial gas properties and pressure ratio across the diaphragm [22]:

a7
2 1 e
Pe 114 —%(Mj - 1)} — - (3.11)
oL 1-2is (M- 5)
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The state of region (2) can easily be determined by substituting M, for M in equations
3.7 to 3.10, which describe the flow across a shock wave. Note that initially the driven
and driver gases are stationary, therefore v; = v4 = 0.

p2 (m +1)M?

2 _ 3.12
pr 2+ (m—1)M? G-I
2&1 1
= M, — — 1
(2] '71+1 ( 8 Ms) (3 3)
P21, 2N 2y (3.14)
D1 mn+1
T 20n — 1) (mM2+1), ,
221 s M?2_1 3.15
T +('¥1+1)2 M? (My =1 ( )»

3.4.2 Change in conditions across the contact surface

The contact surface defines the boundary between regions (2) and (3), and represents
the interface between the driven and driver tube gases. For continuity, the velocity of
the contact surface, v,, is equal to the velocity of the gas in region (2). The density and
temperature may vary across the contact surface, however the pressures and velocities
immediately adjacent to it must be equal:

Ve == Uy (3.16)
P3 = P2 3.17
Vg = Us (318)

3.4.3 Change in conditions across the expansion fan

The expansion fan defines the boundary between regions (3) and (4). It consists of a
series of expansion waves which isentropically expand the driver gas from the initial
pressure of the driver gas to the pressure of the shocked gas. The leading expansion
wave in the fan is called the expansion head, and it travels back into the driver tube at a
velocity vy, equal to the speed of sound in region (4):

Vp = —Ay (3.19)

15



Theoretical approach to shock tube flow

As the expansion process is isentropic, the temperature of region (3) can be determined
as follows:

T4— Pa

Knowing the temperature and pressure of region (3), the density can be calculated from

2=t
Ts _ (?ﬁ) " (3.20)

the ideal gas law (see equation 3.4).

3.4.4 Change in conditions across the reflected shock wave

As described in Section 2.2, when the incident shock wave reaches the endwall of the
driven tube, it is reflected and propagates back up the tube, effectively re-shocking the
gas through which it passes. In Figure 2.1, region (5) consists of the re-shocked driven
tube gas. The reflected shock wave defines the boundary between regions (5) and (2). It
can be shown that its Mach number, denoted by M., is a function of the Mach number
of the incident shock wave [23]:

Mg - 22|
SR EEET7E

The conditions in region (5) can be determined by applying equations 3.7 to 3.10 across

(3.21)

the reflected shock wave:

Ps (v +1)M?

S 3.22
p2 24 (m—1)M? (5.22)
vs = 0 (3.23)
Ps 2 2

P51 (2 -1 3.24
s s 1( ) (3.24)

T; 2n — 1) (mMZ+1) . 4
— =1 L M2 -1 3.25
T, + (71 + 1)2 Mz ( r ) ( )
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3.4.5 Subsequent processes in the shock tube

When the reflected shock wave collides with the contact surface it is partially reflected.
The interaction is complex and the thermodynamic profile within the shock tube is no
longer straight forward to analyse, hence this is normally regarded as the instant beyond
which the shock tube ceases to maintain useful flow. After this event, the conditions
within the shock tube gradually equalise to stagnation values.

However, it should be noted that the initial conditions within the shock tube may be
‘tailored’ such that the reflected shock wave is completely transmitted through the
contact surface such that it leaves the contact surface stationary at the point of collision.
This enables the conditions in region (5) to be maintained until the arrival of the
reflected expansion fan. A method for determining the tailored condition is described
in [24]. Assuming that the same gas is used in the driver and driven sections, tailored
operation is obtained when the initial conditions are tuned such that the speed of sound
either side of the contact surface is equal:

az = Qo (3.26)

Note that within a given range of initial conditions tailoring is not necessarily attainable.

3.5 Non-idealities in real shock tube flow

In reality, all of the assumptions listed in the ideal analysis of shock tube flow above are
violated to some degree. As real gases are not inviscid, a boundary layer develops
behind the shock wave. This viscous boundary layer results in attenuation of the
shock wave, which is seen as a reduction in the shock Mach number with axial
distance along the driven tube [25]. The attenuation due to the boundary layer becomes
more significant with an increase in shock Mach number, an increase in wall surface
roughness and a decrease in driven tube diameter [26].

It has also been shown that an increase in diaphragm rupture time causes an increase in
shock formation length. This means that the shock attains its peak velocity at a location
further downstream from the diaphragm [27].

Furthermore, real gases have temperature dependent specific heats and can undergo
chemical reactions such as dissociation and ionization in the region of elevated
temperature behind a shock [28]. All of the above non-idealities result in a reduced
shock Mach number compared to the ideal theory prediction. Alpher and White [29]
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have shown that the loss in shock strength can be parhally offset by using a vanahble
cross section shock tube, whereby the dover tube has n greater cross sectional fow arca
than the driven tube. As the area ralio approaches inhoity, the Mach number may be

inereased by a factor of up e L1 as comparced to the constant arca case.

For a given initial diaphragm pressure ratio, a measure ot the overall efficiency of a
particular shock tube is obtained by comparing the actual Mach number with the ideal
valug as predicted by equation 3.11. Soch a comparisen is given in Figure 3.2, The
shock tube to which it apphies was a varation of the piston actuated, diaphragmtcss
type, The doven wube had a diameter of Bbrern, and the deiver to driven arca ratio was
1.65. Both the dover and drven gases were air af room temperature. For more details of
the apparatus, sec [19]. Figure 3.2 clearly illustrates that the deviation from ideal theory

increases with an increase in shock Mach number |30,
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Fiaure 3.2 Elficiency of a diaphragmless, piston actuated shock tube (adapted from
[19)

3.6 Determining the test conditions in an autoignition
shock tube

The test conditions, namely the remperature and pressure of region (3], at which a
particular ignition delay cxperiment is to be conducted, are a function of the Mach

number of the incident shock wave. 1T the inital conditions within the shock whe
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are known, equation 3.11 can be used to estimate the Mach number, however, due to
the non-idealities discussed in Section 3.5, the actual Mach number may be somewhat
" different.

To ensure accurate determination of the test conditions, the Mach number must be
measured. In practice, this can be done by recording the passage of the shock using
a series of two or more pressure transducers near the end of the driven tube. Knowing
the distance between the transducers and the time interval between the arrival of the
shock at each sensors, the velocity and hence Mach number of the shock wave can be
calculated.

A comprehensive review describing the effects of non-idealities on the test conditions is
given in [26]. However, it can be shown that by manipulating the equations presented in
Section 3.4, one can obtain, with reasonable accuracy, the conditions in region (5) as a
function of the measured Mach number and the initial conditions of the driven gas [31]:

ps _ [2n M7 —(n - 1)} [—2(“/1 — D+ MBn-1) (3.27)

51 7+ 1 2+ M2(m — 1) '

T 2 —)MZ+3=n][Bn —1)M7 —2(n — 1)] (3.28)

T (n +1)2M7 '
P _psTh (3.29)
pr mTs
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4 Preliminary investigation of the
design problem

4.1 Introduction

Despite the conceptual simplicity of a shock tube, its design presented many technical
challenges and required several conflicting requirements to be balanced. To clarify the
design problem, the desired specifications to be met by the shock tube were identified,

and the factors which affect the device’s ability to comply with them were examined.

4.2 Design specifications

The manufacture of the shock tube was undertaken to meet the need for an experimental
apparatus capable of characterising the autoignition behavior of fuels at conditions
beyond the range of the RCM, which could access a maximum test temperature of
1000K and measure ignition delays down to 1ms. As such, the main criteria to be
met by the design were as follows:

1. The apparatus should be capable of accessing test temperatures, i.e 75, in the
range 1000 to 1500K.

2. The apparatus should be capable of measuring ignition delays of below and up to
1ms at such temperatures.

3. The apparatus should be compatible with the use of a fuel-air mixture as the test
gas. It was anticipated that the apparatus would primarily be used to test gasoline
and jet fuel.

4. The design should facilitate the planned future automation of the apparatus to do
multiple tests under computer control.
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5. The design should make provision for the incorporation of thermal control and
fuel mixture supply and purging systems.

6. The apparatus is to be made cost effectively at UCT’s engineering workshop. It
should therefore be manufactured using readily available materials and standard
fitting and turning equipment.

7. The apparatus should produce valid results with good repeatability.

4.3 Problem clarification

The primary step in the design of the shock tube was to determine the initial conditions
and functional dimensions necessary to achieve the desired performance specifications
listed above. In this way, the specifications were translated into physical constraints
which defined the essential features of, and provided a useful starting point for, the
detailed design of the apparatus. The secondary step was to consider the challenges
associated with the need for an automatable test sequence and good test repeatability. A
summary of the findings of the problem clarification process is given in Table 4.1 at the
end of this chapter.

4.3.1 Factors affecting test temperature
4.3.1.1 Initial pressure ratio

An increase in the initial driver/driven pressure ratio causes an increase in the Mach
number of the shock wave and hence a greater temperature jump in the driven gas - see
equations 3.11 and 3.28. For convenience, the driven (or test) gas, which consists of the
fuel-air mixture, was constrained to be at approximately atmospheric pressure:

p1 =~ lbar 4.1

As will be shown, a suitable driver pressure, p,, can only be determined once the driver
gas type has been selected.
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4.3.1.2 Initial gas temperatures

Equation 3.28 indicates that an increase in the initial temperature of the driven gas
results in an increase in the final test temperature. Additionally, it was desirable to
raise the initial temperature of the test gas to promote vaporisation of the fuel. Jet fuel
has a higher boiling range than gasoline and must be heated to about 400K to ensure
it fully evaporates. Practically, design complexity increases with temperature, hence it
was decided to limit the temperature of the driven gas to 410K - just sufficiently high
to vaporise jet fuel:

Ty < 410K 4.2)

As will be shown, an increase in the initial driver/driven temperature ratio causes an
increase in the Mach number of the shock wave, however, the temperature of the driver
gas was also constrained to be below the chosen practical limit of 410K:

T, < 410K (4.3)

4.3.1.3 Driver gas type

According to equation 3.11, an increase in the driver/driven sound speed ratio, which is

given by

W _ jumls @.4)
a n ma Ty '

where m is the molecular weight, results in an increase in the Mach number of the
shock wave and hence a greater jump in the temperature of the test gas [22]. Thus to
produce strong shock waves it is desirable to use a high temperature, low molecular
weight driver gas, one example of which is Helium. However, this requires pressurised
cylinders of Helium to be bought. A more convenient alternative is to use atmospheric
air, supplied directly from a compressor, as the driver gas. Although air has a higher
molecular weight than Helium, this can be compensated for by compressing it to a
higher pressure. The graph over the page compares Helium and air (assuming constant
v values of 1.67 and 1.40 respectively) in terms of the initial driver pressure required
to obtain a suitable range of test temperatures. All the other initial conditions are at the
limiting values determined above of p; = lbar, T\ = 410K and T = 410K.
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Figure 4.1; Comparison of Helium and air as driver gases

It wis decided to ose aie as the driver gas as the convenicnce of having an unlimiled,
free source of driver gas was deemed highly desirable, despite the fact that the shock
tube would have to be designed o sustain higher pressures. From Figure 4.1, it can be
scen that a driver pressoce of nearly 200007 1s required to abtain tesr emperatures in the
region of [HONK

flg == 200bar (4.3)

4.3.2 Faclors affecting lest duration
4.3.2.1 Driven tube length

With reference 1o Figure 2.1 which shows the propagation of the various waves within
a shock tube, the length of the driven tube, L, required to give a minimum test duration

of Af, can be estimated as follows:

Le=wv.t and vl — AL+ 0.0 = vl

Ay e, + vy)

L,=
=iy (. )

(4.6)
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where v;, v, and v, denote the speed of the incident shock, the reflected shock and the
contact surface respectively (calculated as per Chapter 3). For a shock tube operating
on air at the previously determined initial conditions of p; = lbar, py = 200bar and
T, =T, = 410K, the wave speeds are as follows:

vs = 1059m/s
v, = 45Tm/s
v, = 753m/s

Substituting these values into equation 4.6, the driven tube must be more than 4.19m
long in order to ensure a test duration of at least 1ms:

Ly > 4.19m 4.7

4.3.2.2 Driver tube length

The driver tube must be sufficiently long so that the reflected expansion fan does not
overtake the contact surface until the test is complete. This is easily ensured by choosing
the length of the driver tube, denoted by Lp, such that the expansion head only reflects
after the test is complete. The expansion head travels back into the driver tube at the
speed of sound in the driver gas, a4, hence the minimum driver tube length is given by

LD = (1,4(t1 + At) (48)

Noting that ¢; = %ﬂ and substituting in At from equation 4.6, the expression can be
re-written as

LD _ Lda4 (’l}s + 'UT) (49)
Vg Ue + Uy

For the initial conditions above, a, = 406m/s, hence the driver must be greater than

0.48 times the length of the driven tube:

Lp > 0.48L, (4.10)
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4.3.3 Factors affecting fuel compatibility
4.3.3.1 Combustion pressure rise

During an experiment in an autoignition shock tube, the reflected shock wave triggers
the ignition of the combustible test gas contained within the driven tube. The driven tube
must be designed to withstand the resulting combustion pressure rise over and above the
pressure rise caused by the shock wave, as well as the increased stagnation pressure. If
it is assumed the test gas is a stoichiometric mixture of a typical combustion engine
fuel, for example gasoline, and air, representative values of the heating value, Q gy, air
to fuel mass ratio, m, /my, and specific heat at constant volume of the mixture, C,,, are
as follows [32]:
Quv = 44M J/kg

mg/my = 14.6kg/kg
Cy, =11kJ/kg.K

For the most severe case in terms of combustion pressure rise, of adiabatic constant
volume combustion without dissociation, the temperature rise due to combustion, AT,
can be estimated as follows:

meHV = (ma —+ m;) CUATC

Quv
(1 + %) c,

Substituting in the above values, AT, = 2564K. For a constant volume heat addition

= AT, = (4.11)

process, the temperature and pressure before and after heat addition, denoted by
subscripts ; and ; respectively, are related as follows:

bi _ _Ps
RT, R;Tj
iR Ty —T;
= Py = &ij- [1 + “'f—T—} 4.12)

For an experiment at the previously determined initial conditions, shock tube theory
indicates that the temperature and pressure behind the reflected shock are 75 = 1547K
and ps = 34.6bar respectively. Substituting in these values of T, p; and AT, for T,
p; and (T — T;) respectively, and neglecting the change in gas composition due to
combustion, the post-combustion pressure in the driven tube (given by py in equation
4.12) is about 92bar. As this is less than the initial driver pressure of 200bar, the final
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pressure in the shock tube will equalise to a value between 92 and 200bar. Thus it was
decided that the design pressure of both the driver and driven tubes would be 200bar,
with an appropriate safety factor.

4.3.3.2 Material selection

All components of the shock tube that come into contact with the fuel-air test gas had
to be selected so that they would not chemically react with, or be degraded by, the fuel.
It was decided to construct the driven tube from carbon steel, as although stainless steel
is less reactive and would be preferred, the cost of using it was prohibitive. Where seals
were required, it was decided that Viton® o-rings would be used, as they are compatible
with hydrocarbon fuels, can withstand ambient temperatures of over 450K, and provide
a cheap, reliable and simple means of sealing.

4.3.4 Factors affecting shock tube performance

4.3.4.1 Shock tube diameter

It was desired to keep the overall size of the shock tube as compact as possible in order to
minimise manufacturing costs and complexity, thus the nominal internal diameter of the
driven tube was set at 50mm, which is the minimum diameter below which boundary
layer build up behind the shock wave causes significant deviation from ideal theory
[26]. As discussed in Section 3.5, improved performance is obtained if the driver tube
is designed to have a larger cross sectional area than the driven tube.

4.3.4.2 Operational concept

As the specifications stipulated that the shock tube was to be automatable and produce
highly repeatable results, it was decided that a diaphragmless type of shock tube was
most suitable. It was felt that significant improvements could be made to the existing
diaphragmless concepts described in Section 2.5. As discussed there, the main challenge
in designing a diaphragmless shock tube is to minimise the opening time of the valve
which replaces the diaphragm, such that a shock is formed within a reasonable tube
length. A rule of thumb suggests that for every millisecond of opening time, the shock
requires a length of about 100 tube diameters to form adequately [33]. For a driven tube
of diameter 50mm and length around 5m, it was clear that the aim should be to design

a rapid opening valve that would open fully in well under 1ms, thereby ensuring that
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the incident shock would be adequately formed well before it reflected off the endwall
of the driven tube.

4.3.5 Summary of problem clarification

By investigating the principles of shock tube operation, the design specifications,
which define the desired performance of the shock tube, were translated into physical
constraints which define the essential features of the required product. The most
important of these constraints are the initial conditions at which the shock tube must
operate, the functional dimensions of the shock tube and the operational concept . Table
4.1 lists these constraints.

Table 4.1: Shock tube functional requirements

r Initial conditions
Driven tube pressure, p; nominally atmospheric
Driver tube pressure, py up to 200bar
Driven gas temperature, T up to 410K
Driver gas temperature, T} up to 410K
Driven gas type fuel-air mixture
Driver gas type compressed air
f Functional dimensions ]
Driven tube length, Ly greater than 4.19m
Driver tube length, Lp greater than 0.4814
Driven tube internal diameter nominally 50mm
Driver tube cross section to give larger c/s area than driven tube
Operation
Principle of operation diaphragmiess valve
Diaphragmless valve opening time under 1ms
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S The solution: a diaphragmless, high
pressure air driven shock tube
facility

5.1 Introduction

As required for this project, a basic shock tube apparatus was designed, built and
installed. It will be shown that the working concept for the shock tube possessed some
novelty. A number of subsystems were developed and integrated with the shock tube to
produce a basic, functioning facility suitable for the intended application of autoignition
research. These subsystems included a high pressure air supply, a pneumatic control
circuit, a mounting system and a diagnostic and data capture system. Throughout the
design, planned future developments of the facility were borne in mind, and provision
was made for the incorporation of automation, thermal control and fueling systems.
This chapter summarises the components, features and operation of the installed shock
tube facility. Details of the subsystems are given in Appendix A. A complete set of
manufacturing drawings for the apparatus is contained in Appendix G.

5.2 General description of the facility

A novel, diaphragmless type of shock tube was developed. A rapid opening valve re-
placed the function of the diaphragm. The primary reason for adopting a diaphragmless
configuration was to facilitate the automation of the apparatus. The driver tube was a
2.9m long carbon steel tube, of the type commonly used to make high pressure hydraulic
cylinders. It had an internal diameter of 110mm and an external diameter of 140mm.
The driven tube was 6.1m long, was also made from hydraulic cylinder tube and had
an internal diameter of 50/mm and an external diameter of 65mm. The shock tube was
designed to operate at initial driver conditions of up to 200bar and 410K, and initial
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deiven conditions i the region of Her and up o AI0K . A pnoumanc erecinie controlled
s operation. Figure 5.1 15 a photossraph ol the shock tohe apparatus. B was mounted
on a portable frame which allowed toe height adjusiment. When fully assembled and
mounted, the shock tuhe - excludmy all connected subsystems - occupied o space Tin
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Figure 5.1: Photograph of the shock tube apparatus
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The rapid opening valve was a significantly modificd version of the two-stage, piston
uoluitled concept described in Section 2.5, It was preumatically operated and could
be reset in under one minute. This gave the faabity a greatly reduced test turm-around
time compared 1o conventional diaphrapmed shock tubes, The design of the valve is

discussed in more detail in Section 5.4,

The shock tube used compressed air as the driver gas. A high pressore rescrvoir was
designed 1o supply the compressed air, The reservorr consisted ol i bank of three
B high pressure zas bottles connected in paratlel with a SCUBA compressor, The
systenm was automated to runindependently of the shock tube, wherehy the commpressor
switched on when the reservoir pressure dropped helow F900er and swatched oIT again
when the pressure tose above 2008q@r . The compressor pwmped air to 2000 at avate of
L.1i/min. Bach shock tube experiment required ahout 204 of air at the driver pressuec,
Thus each test at a dover pressure of 200bar required about 20 minutes of compressor

operation. Figure 5.2 is a photograph of the compressed air reseovonr,

-
f
supply relief valve
line T
r pressure gauge

Figure 5.2: Photosraph of the compressed air reservoir
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A high frequency piezoelectric pressure transducer (Kistler model 603B1) was mounted
1m from the endwall of the driven tube, and another was mounted in the endwall itself.
The pressure signals from these sensors were sampled simultaneously at 200kHz, giving
a time resolution of 5us. The data was captured on a computer, and was used to
determine the speed of the shock wave and the ignition delay for a given experiment.

Table 5.1 gives the rated operating conditions of the shock tube and compressed air
reservoir. Also given are the test conditions which were theoretically accessible by
the apparatus. Note that the overall fuel-air equivalence ratio, denoted by ¢, of the
driven gas was limited to values lean of stoichiometric. This prevented the possibility
of excess fuel combusting with the oxygen in the driver gas and thereby causing
overpressurisation of the shock tube. However, it was possible to test fuel-rich mixtures
by diluting the test gas with an inert bath gas such as Argon.

Table 5.1: Operational range of the shock tube facility

Shock tube operating conditions

Driven tube pressure range [bar] 05<p <15
Driver tube pressure range [bar] 7 < py <200
Driven tube temperature range [K| 290 < Ty <410
Driver tube temperature range [K] 290 < T, < 410
Driven gas type 0 < ¢ < 1 fuel-air mixture
Driver gas type compressed air

Compressed air reservoir

Maximum reservoir pressure [bar| 208
Maximum reservoir temperature [K] 300
Reservoir capacity [{] 50, 100 or 150
Reservoir gas type compressed air

Ideal test conditions (assuming v = 1.40)

Maximum test temperature [K| Ts = 1547
Maximum test pressure [bar] ps = 34.6
Test duration at these conditions [ms] At =14

Throughout the development of the shock tube facility, safety was the major priority.
Safety issues are discussed in Section 5.5. Furthermore, an evaluation of the operational
safety risks associated with the facility, and details of the steps taken to address them,
are given in Appendix D.
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3.3 Provisions for future development of the facility

As permitted by the scope of this project, the basic shock tube was manually operated
with the driver and driven gases initially at ambient temperature. For the purpose
of evaluating the performance of the shock tube, it was sufficient to use atmospheric
air as the driven gas, because the test conditions achieved in air are similar to those
achieved in a lean fuel-air mixture. Furthermore, it was possible to conduct a proof of
concept ignition delay experiment by injecting a precise amount of liquid fuel into the
driven tube and allowing sufficient time for it to completely evaporate and diffuse. The
following provisions were made for incorporating those aspects of the design which
were beyond the scope of this project:

* An axial flow inlet valve for the fuel-air mixture was provided - see Figure 5.3.
Additionally, Viton® o-ring seals were used throughout the shock tube as they are
compatible with fuel vapour.

* The driver and driven tubes can be heated by wrapping insulated electrical heating
coils along their length. To thermally isolate the rapid opening valve, a water
cooling jacket was incorporated - see Figure 5.3. Heating of the valve was
undesirable as thermal expansion could upset the small tolerances between the
sliding valve components.

* The use of a rapid opening valve instead of a diaphragm facilitates computerised
control of the shock tube. The pneumatic control circuit shown in Figure 5.1 can
easily be automated by replacing the manual levers on the two-way ball valves
with computer activated quarter-turn solenoids.

Important notes:

1. The two-way ball valves were rated for use up to 350K, therefore when the heating
system is installed, these valves need to be replaced if they will be exposed to
higher temperatures.

2. It is recommended that before any new development is added to the shock tube
facility, a complete risk assessment should be conducted and documented.
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5.4 The rapid opening diaphragmless valve

5.4.1 Mode of operation

Developing the mpid opening valve prescnted the major design challenge of the project.
A cross section through the center of the valve is shown in Figure 5.3, As illustrated,
the driver tube surrounded a scetion of the driven tube in an annular wrangement, and
the valve acted at their interface, where Lhe Dow was redirected through 1807,

throttle chamber trigger chambor actuating chamber

cxhaust chamber driven lube
; supporl webs

slidimg slewve ™~ bolted Nange: joint

throttle and ring piston  exhaust porls Fuaes|-avir water cooling
one-way vialve mixlune inlel Jacket

irigger valve open prnoeumatic damper seglon

| main venksy

thratled MNow

At

pressure balancing fow

Figure 5.3: The pneumatically operated rapid opening sleeve valve system
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With reference to Figure 5.3, the valve mechanism functioned as follows: compressed
gas was supplied to the trigger chamber, causing the ring piston to slide forward and
close the exhaust ports of the actuating chamber. Compressed gas was then supplied to
the actuating chamber through small leakage holes in the one-way valve, causing the
sliding sleeve to move forward and block the shock flow ports between the driver and
driven tubes. The driver tube was then charged with compressed gas, and the driven tube
filled with test gas at the desired conditions. The apparatus was now ready to perform a
test.

The test was initiated by opening the trigger valve to release the pressure in the trigger
chamber. When the pressure there dropped below a certain threshold, the compressed
gas in the actuating chamber forced the ring piston to snap backward, and flowed
through the large exhaust ports into the exhaust chamber, which was vented to the
atmosphere through several orifices. This caused the pressure in the actuating chamber
to drop rapidly. The high pressure gas in the driver tube then propelled the sleeve
backward into the actuating chamber, rapidly opening the shock flow ports. The
subsequent rush of driver gas through the shock flow ports generated the shock wave.

5.4.2 Design features

The valve mechanism had some novel design features which warrant special mention.
Firstly, the valve was designed to operate using compressed gas from the same supply
and at the same pressure as the the gas used in the driver tube. This aided convenience
and eliminated the need to prevent leakage between the valve and driver through the
clearance space around the outside of the sliding sleeve.

Secondly, the mechanism was designed such that when the ring piston was in the closed
position, the pressure of the gas in the actuating chamber acted on a smaller area of the
piston than the pressure of the gas in the trigger chamber. As these pressures were equal
just prior to a test, the pressure in the trigger chamber had to drop below a threshold
level before the ring piston would unseat. This allowed time for the trigger valve to be
fully opened before the threshold level was reached - in other words the valve action
was insensitive to the rate at which the trigger valve was opened. Additionally, as the
ring piston unseated it exposed more of its area to the actuating chamber gas and hence
was forced open quickly, thereby promoting rapid evacuation of the actuating chamber.
Note that a similar area differential technique was used to ensure that the sliding sleeve
only started moving once the ring piston had opened fully.
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Thirdly, the sliding sleeve was made from high strength aluminium (which is a
lightweight metal), and had a ‘run-up length’ whereby, as it started sliding backward,
it had to travel a distance more than twice the length of the shock flow port openings
before it actually uncovered them. Thus by the time it did uncover them, the sleeve had

been accelerated to a high speed and the opening process was rapid.

Fourthly, the flow path between the driver and driven tubes was sculpted so as to
streamline the flow, and therefore minimise the losses, as the avalanche of driver gas
was redirected around the 180° bend.

Fifthly, a self-regulating pneumatic damper was designed to decelerate the sliding sleeve
once it uncovered the shock flow ports. A damper was necessary as the sliding sleeve
travelled at such a high speed that it would have been be damaged were it stopped by
metal on metal impact. The pneumatic damper functioned as follows: at the instant
the sleeve fully uncovered the shock flow ports, it also blocked the exhaust ports,
trapping the gas still remaining behind the sleeve in the actuating chamber. As the sleeve
continued to move backward, it compressed this trapped gas and consequently slowed
down. To prevent the sleeve from rebounding excessively, the trapped compressed gas
was allowed to escape through a throttle and one-way valve into the throttle chamber.
The throttle chamber was maintained at the same pressure as the driver gas propelling
the sleeve via a direct connecting gas line. Thus gas could only flow from the actuating
chamber into the throttle chamber once the back-pressure in the actuating chamber
exceeded the pressure propelling the sleeve - at which stage the sleeve was decelerating.
The major feature of the pneumatic damper design was that it was inherently self-
regulating in terms of operating pressure. In other words, it was not necessary to make
any adjustments to the setup of the damper when different driver tube pressures were
used.

Additionally, as the valve contained a number of annular sliding parts, much attention
was paid to ensuring good concentricity and accurate location of the various sliding
surfaces. The valve components were spigoted so that they would be naturally aligned
and located during the assembly process. And finally, o-rings were used to provide
seals wherever needed throughout the valve and shock tube. O-rings were chosen as
they provide a simple, reliable, reusable and cheap method of sealing.
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5.4.3 Valve performance model

During the design of the rapid opening valve, a model for simulating and optimising its
performance was developed and programmed into Microsoft Excel®. The main aim of
the model was to predict the motion of the sliding sleeve during the opening process.
Inputs to the model were the dimensions and masses of the various valve components,
volumes of its chambers and the initial conditions such as gas pressure and temperature.
Gas dynamics and thermodynamics theory were used to model the gas flow processes
within the valve, and basic kinetic theory was used to model the resulting motion of the
valve’s moving parts.

Some design phase simulations of valve performance are illustrated as follows. Figures
5.4 and 5.5 show the anticipated performance at the maximum rated driver pressure of
ps = 200bar. Then to demonstrate the versatility of the concept, Figures 5.6 and 5.7
show the anticipated performance at the minimum rated driver pressure of p; = Tbar.
In both cases, all other parameters were equal, with p; = lbar and 77 = T); = 300K.

The simulation of valve performance at the maximum driver pressure indicated a valve
opening time, measured from the first open to the fully open position, of 0.54ms. Once
the valve was fully open, the pressure in the actuating chamber built up, causing the
sleeve to decelerate, and then fluctuated as the sleeve rebounded slightly. After a few of
these damped oscillations, the sleeve was brought to rest in the fully open position.
Note that the sleeve never impacted the end stop, nor did it rebound past the fully
open position. The slope of the line indicating sleeve motion gives the velocity of
the sleeve. The average sleeve velocity during the opening process was about 46m/s.
The simulation at the minimum driver pressure also indicated correct valve operation.
However, in this case the opening time and velocity were slower at 2.7ms and 9m/s
respectively.

As shown in Figure 5.4, the modelled pressure in the actuating chamber built up to about
twice the initial driver pressure, hence the components of the actuating chamber were
designed to withstand twice the maximum driver pressure, which equates to 400bar,
with an adequate safety factor.

During commissioning of the shock tube, the model was used to check that the valve
was functioning properly. This was achieved by recording the pressure in the actuating
chamber during testing of the shock tube, and then fine tuning the model parameters
until good agreement with the experimental data was obtained. The validated model
was then used to provide an indication of the actual motion of the sliding sleeve.
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Figure 5.5: Predicted sleeve motion at maximum driver pressure
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5.5 Safety considerations

5.5.1 General safety instructions

In accordance with The University of Cape Town’s strict health and safety policy,
the shock tube facility was designed with safety considerations as a requisite priority.
To this end, a risk assessment was conducted to identify and address any potential
operational hazards. The results of the risk assessment are presented in Appendix D. To
ensure the safety of the operator and those in the vicinity of the facility, the following
safety instructions were made mandatory:

» Wear eye and ear protection when operating any part of the facility. If the shock
tube is heated, or if handling fuels, also wear gloves. If other people are in the
vicinity, also provide them with this equipment and make them aware of potential
hazards.

Adhere strictly to the operating procedures described in Appendix C.

» Never operate the facility outside of the rated conditions listed in Table 5.1.

Adhere strictly to the assembly, inspection and maintenance instructions de-
scribed in Appendices A and B.

¢ Perform and document a thorough risk assessment a) before making any modifi-
cations to the facility, and b) before using the facility or any of its components for
any purpose other than they were specifically was designed for.

5.5.2 High pressure equipment safety issues

The shock tube assembly included three main pressure containing vessels: the driven
tube, the driver tube and the outer cylinder of the rapid opening valve. Each of these
vessels was constructed from a section of seamless hydraulic cylinder tube and two
boilerplate steel flanges - one welded at each end of the tube. South African law
regulates the manufacture of pressure vessels that have a nominal internal diameter
over 150mm [34], hence the shock tube components, which all had internal diameters
under 150mm, were not subject to this legislation. However, in the design phase
careful consideration was given to the fact that during operation the vessels would
contain very high pressure gas, which is inherently dangerous, and would undergo cyclic
pressurisation, making them susceptible to fatigue. To ensure the safety of the pressure
containing vessels, they were designed using the ASME code for pressure vessel design
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as a guide [35]. Note that safeguard against fatigue is intrinsically built into the code.
In addition, to double check that safe stress levels would not be exceeded during
pressurisation, a basic stress analysis of the vessels was carried out using the Abaqus®
finite element analysis (FEA) software package. Details of the design calculations are
given in Appendix E.

During the manufacture and commissioning of the facility, the following important
safety measures were implemented to minimise the potential danger of the high pressure
equipment:

» All critical welding of the flanges onto the tube sections was done by certified
welders, and was stress relieved and tested for cracks. The welding report is
contained in Appendix F.

* The assembled shock tube apparatus, comprising of the driver tube, the driven
tube and the rapid opening valve, was hydrostatically pressure tested to 250bar.
The test certificate is contained in Appendix F.

» The high pressure gas bottles used as the compressed air reservoir were inspected,
hydrostatically pressure tested to 358bar and re-certified to their design pressure
of 208bar by an accredited authority prior to their installation. The test certificate
is contained in Appendix F.

» All components of the high pressure pneumatic circuitry, such as valves, air sup-
ply lines, seals and fittings were purchased new from reputable OEM suppliers,
and were rated for safe operation at the conditions to which they would be exposed
during normal shock tube operation.

 Inspection and maintenance schedules, assembly instructions and operational
procedures for the subsystems of the facility were compiled. They are contained
in the relevant appendices.

Important note: The shock tube apparatus was designed to be a full scale, working
prototype. Although every effort was made to ensure high levels of safety, if the
prototype is to be put into regular service the dangers associated with the high pressure
equipment warrant the extra precaution of having the facility independently evaluated
by an experienced professional engineer, particularly with regard to the long term
fatigue life of the pressure containing vessels and the safety of the high pressure
circuits/systems.
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6 Commissioning of the shock tube

6.1 Introduction

The objectives of the commissioning programme were to make the shock tube facility
fully operational, investigate its performance and make refinements to improve its
performance. The commissioning strategy was to conduct initial tests at relatively
low driver pressures to verify correct, safe operation of the facility, and then to test
at gradually increasing driver pressures all the way up to the maximum rated driver
pressure. Once reliable operation over the complete operating pressure range was
obtained, the focus shifted to improving the performance of the shock tube. At the
end of the chapter, the final performance of the shock tube is discussed.

As the installation of a heating system and a fuel mixture preparation system were
beyond the scope of this project, all commissioning tests were done using air at room
temperature and pressure as the driven gas, and compressed air at room temperature as
the driver gas. The diagnostic equipment for evaluating the shock tube’s performance
consisted of three high frequency piezoelectric pressure transducers. Two of these
sensors were mounted in the driven tube - one was located in the sidewall of the tube
exactly 1m from the endwall, the other was mounted in the endwall itself. Both sensors
were flush mounted. They provided a means of analysing the propagation, rise time
and magnitude of the pressure jump caused by, and indicative of, the shock wave. The
third transducer was used to measure the pressure in the actuating chamber of the rapid
opening valve for the purpose of validating the valve performance model.

All commissioning tests were conducted according to the following basic procedure:

1. Set the rapid opening valve to the closed position.
2. Fill the driver tube with compressed air at the desired pressure.

3. Normalise the driven tube to atmospheric pressure.
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4. Record the initial test conditions (py, 11, pa and 1)

5. Ready the data captyre svstem (o record the sipnals from the pressure transducers.
6. Operate the shock tube by trigpering the rapid opening valve,

T, Examine the fest results to check that the shock tube operated correctly

4 Repeat to perform another 281, or discharee and shut down the facilicy,

6.2 Preliminary low pressure commissioning

For the nitial tests, the shock wbe was operated at a dnver pressure below [0bar,
Mo difficultics were encountered during these tests, The facility as a whole operated
reliahly. Most notably, the rapid opening slecve valve lunctioned well. When the valve
was closad. no leakape ocenrred between the driver and driven tubes, and when it was
triggered, it opened sufficiently quickly for a shock wave w be penerated, as evidenced
by the recorded deiven tubce pressure traces. A typical test result is shown in Figure
f1.1. Note that the pressure traces were nol smoothed or filtered in any way, The miaal

conditions sl which the st was pecformed are given in Tabile .1,
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Figure 6.1: Driven tube pressure traces rom a typical low prossure test

Figure 6.1 shows that the incident shock wave travelled down the driven tube, passing
the sidewall pressure transducer at ¢ - 104.620ms, Tr reached and was reflected off
the endwall at # = 106 5¥ms. Thus the endwall pressune transducer caperienced a
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Table 6.1: Initial conditions for the test result shown in Figure 6.1

Driven gas pressure, p; £ 0.01 [bar] | 1.01

Driver gas pressure, py & 0.2 [bar] 7.7
Driven gas temperature, 77 =5 [K] | 295
Driver gas temperature, T, +5 [K] | 295

single pressure jump equal in magnitude to the sum of the incident and reflected shock
wave pressure jumps. The reflected shock wave then propagated back up the driven
tube, eventually passing the sidewall pressure transducer at ¢t = 109.760ms. The small
pressure jump trailing the reflected shock wave was a partial reflection of the reflected
shock wave off the contact surface. The gradual pressure decay behind the incident
shock was attributed to boundary layer growth.

The rapid opening sleeve valve operated reliably and consistently throughout the low
pressure commissioning phase. After the testing had been completed, the valve was
dismantled and inspected for wear or damage. All components were found to be in good
order. There was no evidence of impact between the sliding sleeve and endstop, which
indicated that the pneumatic damper was performing its primary function. From the
success of the low pressure tests it was concluded that the shock tube was functioning
correctly and operating safely. The next step was to commence the high pressure
commissioning phase.

6.3 High pressure commissioning

During the high pressure commissioning phase, the shock tube was tested at gradually
increasing driver pressures, up to the maximum rating of 200bar. This section first
details the difficulties that were encountered in trying to obtain reliable operation at
high pressure and the solutions implemented to address those difficulties. Then, the
refinements made to optimise the efficiency of the shock tube in comparison to ideal
shock tube flow are described.

6.3.1 Operational difficulties encountered during testing

6.3.1.1 Seal failures

The rapid opening valve operated reliably at driver pressures below 100bar, and the
driven tube pressure traces indicated that the shock tube was consistently generating
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a shock wave, However, when the rapid opentng valve was reloaded Tor the nexi
test followimg the lirst HI06ar test, 1t was discovered that compressed gas was leaking
into the driven tbe. Disassembly and tnspection ol the valve revealed that the o-ring
which seals between the actuating chamber and the driven tube had been blown fram
ity groove. [t was lound, broken mto three pieces, near the end ol the driven tube.
Ingure 6.2 Mlustrates the mechanism by which this was thought to have happened. Jusi
after the valve was fired and the sliding sleeve was moving off the o-ring. the pressure
in the actuating chamber would still be high relative to the (atmosphertc) driven tube
pressure.  This pressure differential across the o-ring caused 11 o squeczc out of is
groove, between the edges ol the groove and the sleeve, and subsequently get blown
down the driven tube by the avalanche of driver gas,

Figure 60.2: Hlustration ol the process by which the o-ring seal Guled

The problem was resolved by replacing the artginal o-ring with one that had a smaller
internal diameter but a greater cross sectional diameter, so that when in its groove the
a-rtne was signilicantly strelehed and 15 elasneity held it in place. Table 6.2 compares

the dimensions of the orginal and replacement o-rings.

Table 6.2: Camparison between ariginal and replacement o-rings

Dimension Original | Replacement
[nternal diameter e A3 b
Cross section diameter [rin | 1 5 |

After this moditication, the shock tube operated withont incident as the driver pressure
wis increased Lo just below 200bar. The Girsl two tests at 2006ar were successtul, and
the driven fube pressure traces tndrcated that the shock tube continued to elfectively

generale shock waves. However, when the rapid opening valve was reloaded alter
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the scoond 200bar test, two leaks were noticed.  Compressed gas was leaking into
the exhaust chamber of the valve, and once again there was leakage of compressed
air intu the driven tube. Disasscmbly and inspection of the valve revealed the two o-ring
scals indicated in Fipure 6.3 to be at fault. Both o-rings had been fitted into dove-tail
grooves designed to retain them, however at the extremelv high test pressure they had
hath partially popped out of their grooves,

Figure 6.3: Problematic o-ring seals

It was suspected that in both cases Lhis had occurred as follows: when the valve was
louded and pressurised, compressed air was forced inlo the groove around Lthe o-ring.
Then when the valve was triggered, causing the pressurc within it to drop suddenly,
the o-ring was pushed oul of its groove by the expanding gas trapped behind it. The
problem was resalved by gluing bath o-rings into their grooves using a cyvanoacrylate

adhesive. Subsequenity the rapid opening valve operated reliably,

6.3.1.2 Component wear

When the rapid opening valve was disassembled after the second 2006ar test to
imvestigate the causes of the leaks, all of ils components werc inspected for wear, There
was no indication of impact between the sliding sleeve and the endstop. however there
was some scralching on the outer surface of Lthe sleeve. This was expected given that
the sleeve was made Irom aluminiwmn and slid within a much harder steel cvlinder, The
seratches were yvery minor and were easily polished away vsing a scouring pad and

polishing fluid. Figure 6.4 shows a photograph of the scratches on the sleeve.,
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Figure 6.4: Photograph showing scralches on the sliding sleeve

All of the other valve components were in good condition and showed virtually no signs
of wear. Inspection of the driver and driven tubes revealed only onc issuc: the gasket
that sealed hetween the flanges at the endwal] of the driven tuhe had been burnt through.
A photograph ot the zasket is shown in Figure 6.5, This was seen as ¢vidence that the
shock tuebe had established a region of very high temperature gas behind the reficcted
shock wave. The gasket was replaced.

Figure 6.5: Photograph of the burnt endwall gasket
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6.3.2 Shock tube performance investigation

Consider Figure 6.6 which shows the driven tube pressure races from the fivst two tests
tonminally at the maxumwm rated daver pressure of 2000y, The mitial conditions for
these tests are given 1in Table 6.3, The high degree of reproducibility cbtained was a
feature of all repeated tests, and indicated that the rapid cpeming valve was operating

consistently. For a comparison between the caleulated test comditions, see Table 6.4
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Figure 6.6: Driven tube pressure traces for the first two naminally 2004ur tosts

‘Table 6.3: [nitial conditions for the test results shown in Figure 6.6

Test number Test 1 | Test2
Drriven gas pressure, py + .01 [Bar] | 101 | 101
Driver gas pressure, p, + 1 [bur 03 | 204
Driven gas temperature, T = 5 [£] | 295 243
Deiver gas temperature, Ty - 5 [£] | 205 | 295

The incident and reflected shock waves are indicated on the pressure traces. The incident
shock wave had a rise time of under Hjzs. The reflccted shock wave had a rise time of
under 10p5. Note that the recorded signals had a time reselution of Hpes, hence the
rise limes may in [act have been significantiy shorter. The naise on the pressure traces
immediately after the passage of the shock waves was most likely due to mechanical
vibralion of the pressurc transducer mountings as they were impacted by the shock
wave, and was not actual gas phenomena. This issve has been reperted previously,

and 1 some cases hay been addressed by coupling the shock tube to a large mass
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whose inertia helps minimise vibration [17]. Installing such an inertial mass may be
a worthwhile future modification to the facility.

Excluding the noise, the endwall pressure traces indicate a steep pressure rise coinciding
with the reflected shock wave, followed by a period of steady, elevated pressure more
than 1ms in duration. This is exactly the pulse shape required of the apparatus.
However, for the given initial driver to driven pressure ratio, ideal shock tube theory
predicts a significantly higher shock Mach number, and therefore reflected shock
pressure, than that which was actually obtained. The reasons for this inefficiency of the
shock tube relative to ideal performance were discussed in Section 3.5. A comparison
of the actual and ideal test results is given in Table 6.4.

Table 6.4: Comparison between actual and ideal performance
Test result Test 1 | Test2 | Ideal
Incident shock Mach number, M, | 2.34 2.33 | 261
Incident shock pressure, py [bar] 6.3 6.2 7.9

Test pressure, ps [bar] 25.1 | 24.7 | 349
Test temperature, Ts [K] 935 | 929 | 1113

In Section 4.2 it was specified that the shock tube should be capable of accessing test
temperatures of up to 1500K. Extrapolation from the above results indicated that,
assuming both the driver and driven gases were initially heated to 410K, the shock tube
was actually only capable of accessing a maximum test temperature of about 1300K.
Clearly the efficiency of the shock tube would have to be improved if it was to meet the
test temperature specification. Considering the non-idealities discussed in Section 3.5,

it was evident that improvements could potentially be made by:

» reducing the opening time of the rapid opening valve,

e polishing the inside of the driven tube to reduce its surface roughness and thereby
decrease attenuation of the shock wave,

» further streamlining the flow path between the driver and driven tubes to minimise
frictional flow losses.

The strategy for improving the efficiency of the shock tube was as follows: firstly, the
performance of the rapid opening valve was evaluated to check that it was operating
optimally. Then, the driven tube was polished internally to see what gains could be

made. Finally, the webs between the driver and driven tubes were streamlined to see
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if doing so yielded any further improvement. Note that the shock tube was tested
in between polishing and streamlining so that the relative gains from each of these
modifications could be assessed.

6.3.2.1 Evaluating the performance of the rapid opening valve

The valve performance model was fine tuned to fit the experimentally recorded actuating
chamber pressure history by adjusting the model parameters. Figure 6.7 is a comparison
of the recorded and modelled actuating chamber pressure profiles for Test 1 in Table 6.3.
The high frequency oscillations on the recorded pressure trace were most likely due to
resonance of the air in the connecting passageway between the actuating chamber and
the pressure transducer. This is proved as follows: the resonant frequencies, f, of a gas

passageway closed at one end are given by the following equation:

na
F=1 (6.1)

where a is the speed of sound in the gas, L is the length of the passageway and n is an
odd, positive integer (1, 3,5...) representing the resonance node. The speed of sound in
air at room temperature is =~ 340m/s. The connecting passageway is a straight drilled
hole, through the flange on the outer cylinder of the actuating chamber, of length 57mm.
Substituting these values into Equation 6.1 and setting n = 3, one obtains a resonant
frequency of 4473 H z. This compares very well to the frequency of 4317H z measured
as the gas in the actuating chamber drops back down to the initial valve pressure (see
Figure 6.7), at which instant the gas would be at approximately room temperature.

Excluding these oscillations from the comparison, good agreement between the model
and experimental data is evident from the instant the sliding sleeve begins to move. The
accuracy of the model’s calculations for sleeve velocity and opening time was estimated
at +:20%. The motion of the sleeve according to the validated model is shown in Figure
6.8. It indicates that the sleeve had accelerated to 48m/s by the time it opened the
shock flow ports. Although the process of decelerating the sleeve was not identical to
the motion anticipated in Figure 5.5, the desired function of bringing the sleeve to rest
without either impacting the endstop or re-bounding past the fully open position was
achieved. Also note that the deceleration process has no effect on shock tube efficiency.
The predicted opening time of 0.52ms meets the requirement stated in Table 4.1 that for
effective shock wave formation, the opening time should be below 1ms. Hence it was
decided that the valve was performing sufficiently well and further attempts to reduce

the opening time were unnecessary.
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6.3.2.2 Ellect ol pulishing the inside of the driven tube

Ta reduce the surface roughness of the inside of the doven tube. it was thoroughly
polished using o fine grit cylimnder hone, The improvement in surface finish this yiclded
wits substantial, as previcusly the only sweface preparation had been o use 4 sanding
Hap wheel 10 remove scale and rvst from the as manufaciwred tube. The shock tobe
wits then tested again at a nominal driver pressure of 2006ar, The results of the test are

shown in Figure 6.9, The itial conditions for the test are given in Table 6.5.
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Figure 6.5 Doven tube pressure traces obtained subsequent 1o pelishing

Table 6.5 Iniual conditions for the test results shown in Figure 6.9

Driven gas p:'ussil-:';:, p £ 001 [beer| | LO1 !
Diriver gas pressure, ¢ = 1 bar] 2¥2

Diriven was temperature, T, | 5"[1’1'] 295 ‘
Driver gas tTE.I‘.I'IchHtUI'G:_IH +5 4] | 295

Compared 1o the tests performed prior w polishing Lhe driven tube, a significant
improvement in cfficieney was evident. The shock Mach number increased [rom 2,34
to 234, and the reficeted shock pressure inercascd by about 2ier. 10 was suspected that
the slight dip in pressure at the endwall immediately afier the reflection of the shock
wave was duc 1o leakage past the endwall gusket, which again showed cvidence ol burn
through. ft was replaced with a now onc made F'mom high temperature gasket material,
and the codwall was reattached using extra high tensile bolts (property class 12.9) 1o
increase the clamping foree on the gasket,
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6.3.2.3 Effcct of strcamlining the How path between the driver and driven tubes

The design of the shock tube had incorparated sculpting of the 1507 bend between
the driver and driven wbes lor optisial fow, However the doven tube support webs
indicated in Figure 5.3 had only been rounded at their leading edges. To try reduce
the [ow losses due w these webs, it was decided to shape them by hand to be as
aerodynamically streamlined as passible, The trailing edges were tapered so that the
webs had the cross section of an aerofull, and the web sufaces were polished. The
shock tube was then re-agssembled and fested once again at a nominal driver pressore of
2000, The results of the 1est are shown in Figure 6,10, The imbal conditions at which
the test was perfarmed are given in Table 6.6.
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Figure 6.10: Driven lube pressure traces oblaned subsequent to sireamlining Lhe webs

Table 6.6 Initial conditions for the 1est resolts shown in Figure 6,10
L.01

Driver gas pressure, pny | | [bar] 205

IDriven gas pressure, py £ 001 har]

Driven pas temperatore, 75 £5 [£] | 295
| Driver gas temperature, 7, £ 5 K] | 295

When compared 1o Figure 6.9, Figure 6,10 shows that streamliming the flow path
resulted in a mimaor increase in shock whe efficiency over and above the improvement
alveady gained by polishing the driven tube. The shock Mach number increased from
2,349 to 240, More significantly the tighter clamping of the new high temperature gasket
helped reduce the dip i pressure upon reflection ol the shock wive,
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6.4 Final test results and discussion

6.4.1 Shock tuhe pertormance

To assess the (inal performance of the shock tube alter all modifications had been made,
a senies ol lests were conducted over a range ol drver pressures between 10 and 2000ar.
Note that lor all these tests, the doven gas was air at room lemperature and pressure
(approximately 205K and 1.01bar respectively), and the driver gas was compressed
air at rooin lemperature. The incident shock Mach number obtained in cach test was
measured and used o calculate the test pressure and temperature according to equations

3.27 and 3.28 respectively. The results of these tests are presented and discussed below.,

6.4.1.1 Efficiency ol the shock tube

Figure 6,11 gives an indication of the efiiciency ol the shock tube relatve to ideal
performance. As expecied, lhe devialion lvom ideal theory increased with the shock
Mach nomber. Real gas eflecls are a cause ol this non-ideal hehaviour (see Section
3.5), Comparison with Figure 3.2 shows the shock tube 1o be more cfficient than the
similar diaphragimless installation described in Section 3.3, Tn that case, no attempt had
been made w opltimise the Mow path between the driver and driven tubes. It is likely that
[urlher improvemenis in efficiency can be made by additional polishing and streamlining
of all Mow surfaces, particularly the inside of Lhe driven ube - whose surface finish was
shown Lo have a significant ellzct on elficiency, as well as the inside of the driver tube -

whose surlace finish was not inproved (om the as manutaciyred condition.
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6.4.1.2 Attained test conditions

Figure 6,12 shows the test conditions attained the by shock wbe as a function of initial
driver pressure. At the maximum driver pressure, where tesl Lo fest yarialion was
most severe, test temperature was repeatable o within =25/, and test pressure was
repeatable o within | 1.26ur. As cxpected, test temperature increased diminishingly
with an increase in pressure ratio, 'The recorded pressure traces from a test performed al
the maximum raled driver pressure are shown in Figure 6.1}, Apart from the mechanical
vibration noise, the shape of the pressure pulse at the endwall of the driven tube is well
suited for the intended application of autoignilion research: the pressure rise duc to the
reflected shock wave has an extremely rapid rise time ol under 105, and subscquently
the elevated pressurc in the test section of the driven tube renmuins approximately stcady
ior the entire test duration ot L. 3res. The measured Mach number of the incident shock
wave was 2400 The calculated test pressure and terperalure were 27 Lbar and 973K
respectively. Note that the calculated test pressure agrees well with the recorded test
pressure shown in Figure 6,10,
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Figure 6.12: Test temperature and pressure as a function of initial driver pressure

6.4.1.3 Maximum accessible tesl candilions

Extrapolating [rom Lhe observed shock tube performance, when a healing system 1s
installed o pre-heat the diver and driven gases to an initial temperature ot AL0,
the shock tube will he capable of accessing a maximum test temperature of 13535

Although this is still below the targel tesl temperature of 15300/, it was dcemed high

Commissioning of the shock tube
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enough for the shock tube o be a valuable and wseful research apparatus. A further
Imerease intest wemperature, beyond the target of 1500/, could be obtained by operating
the shock tube at a driven gas pressore below O60ar. This would necessilate the design
ol a vacuum system for rarefying the driven gas. The olwiows solution is to incorporate
the vacuwm systerm ilo the futaee development of the Tucl mislure preparation system,

The potential testing capability of the shock tube is summurised 1n Table 6.7.

Table 6.7: Maximuom testing capability of the shock tube

Parameter Tested range | Potential m‘?r'ﬁ..tj.
Driven pas ]:.n:.»;.»;i'ﬁl'-';"}:,'[hm-] . 1401 I
Driver as pressure, iy fnr| e i)
| Diiven gas temperature, 17 [A 205 T
Eivcr-g;m lempetature, Ty A ' M5B 110 |
Test pressore, p- |bor| T 200
Test emperature, 75 A Wiz R AT
" Test duration, At [m ] 1.3 .9

6.4.2 Performance of the rapid opening valve

Figure 6.13 shows the valve opening time as a function of driver pressure as calculated
by the experimentally validated valve perfonnance model. The other iniilal condilions
weresetat pp lherand Ty Ty S00A° Note that for all driver pressures hugher

thin 30 the vpening Ume is under 1.0wries.

Opening fime [ms]

n bl fin 5 120 12R 150 LI 20
Driver pressure [Bar]

Figure 6.13: Calculated valve opening time ax a tunction of driver pressure
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6.4.3 Autoignition experiment

To prove that the shock tube was capable of performing useful autoignition experiments,
a final test was conducted using a fuel-air mixture as the driven gas. In the absence of a

dedicated mixture preparation system, the test procedure was as follows:

1. Set the rapid opening valve to the closed position. Note this requires at least
partial charging of the driver tube.

2. Remove the pressure transducer in the endwall of the driven tube and inject
precisely the mass of fuel required to achieve a stoichiometric air-fuel ratio within
the driven tube.

3. Replace the pressure transducer and leave the apparatus overnight so that the fuel
has time to evaporate and diffuse throughout the driven tube.

4. Charge the driver tube and ready the data capture system.

5. Operate the shock tube by triggering the rapid opening valve.

6. Safely discharge the shock tube.

7. Examine the recorded pressure traces for evidence of autoignition.

The initial conditions at which the test was performed are given in Table 6.8. The
fuel tested was n-heptane, as it readily evaporates at room temperature. 1.38cm® of
n-heptane was injected into the driven tube; precisely the amount required to give a
stoichiometric air-fuel ratio when mixed completely with the driven gas.

Table 6.8: Initial conditions for the autoignition experiment

Fuel tested n-heptane

Fuel-air equivalence ratio, ¢ + 0.05 1

Driven gas pressure, p; =+ 0.01 [bar] 1.01

Driver gas pressure, py + 1 [bar] 195
Driven gas temperature, 77 & 5 [K] 295
Driver gas temperature, Ty & 5 [K] 295

The recorded driven tube pressure traces are shown in Figure 6.14. The onset of
autoignition is clearly evident. The Mach number of the incident shock wave was
measured and used to determine the test temperature and pressure. The results of the
test are summarised in Table 6.9.
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Figure 6.14: Driven lube pressure traces for the autoignilion experiment

Table 6.9: Resulis of the autoignition experiment

. Incident shock Mach number, M, 354_'
| Test pressure, s |hr}.-r'|_” 955 |
‘Test emperalure, f5 [K] 891
Ignition delay, [7125] (.71

The measured ignition delay of 0.7 1wms was shorter than cxpected. To investgale
the aceuracy of the result, a chemical kinetic simulation of the test was run using
CHEMEKIN® software to solve the mechanisin developed by Westbrook et al [36]. The
simulation predicied an ignilion delay of 1.0¥ms. The mest likely explanation for this
discrepancy was thal the fuel was not given sufficient time to diffuse completely and
evenly throughout the driven pas, resalting in a rich air-fuel ratio at the test section.
This cxplanation was supported by further CHEMKIN simulations, which indicated
that a 0.7 Lrns ignition delay corresponds to a fuel rich cquivalence ratio of @ = L5
The test resull gave strong evidence of the polential of the of the shock tube as a
uscful autoignition rescarch apparatus, whilst highlighting the need for a dedicated fuel
nmixture preparation system W be developed.
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7 Concluding remarks

A potentially automatable shock tube facility suitable for high temperature autoignition
research was designed, installed and commissioned. The shock tube was capable
of establishing useful test conditions with high reproducibility. Upon completion of
commissioning, starting with both the driver and driven gases at ambient temperature
and the driven gas at atmospheric pressure, it was capable of accessing a maximum test
temperature of 973K for a duration of 1.3ms. It was shown that, by incorporating initial
pre-heating and driven gas rarefaction in future developments to the facility, a maximum
test temperature of over 1500K is potentially attainable.

The shock tube used compressed air as the driver gas. A high pressure compressor
and reservoir system was installed to supply the compressed air. This setup gave the
advantage that, excluding the running costs of the compressor, the supply of driver gas
was free, unlimited and non-toxic. The disadvantage was that the shock tube had to
operate at significantly higher driver pressures than would have been necessary if a

lighter gas, such as Helium, was used.

The specially developed rapid opening sleeve valve was a novel feature of the shock
tube facility. It effectively replaced the function of a diaphragm. The valve was a
significantly improved version of the two-stage, piston actuated concept of Oguchi
et al [20]. A model for assessing the performance of the valve was developed and
validated with experimental data. It indicated that extremely short opening times, in the
region of 0.5ms, were attained. The short opening time combined with the sculpting
and streamlining of the flow path through the valve, between the driver and driven
tubes, helped maximise the efficiency of the shock tube. Control of the valve operation
could easily be automated and, compared to conventional shock tubes, the test turn
around time was reduced by the period required to replace a diaphragm. By the end
of the commissioning process, reliable and consistent operation of the valve had been
attained.
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8 Recommendations

The developed shock tube was essentially a working prototype, and as such, several
areas where improvements could be made had been identified upon completion of
commissioning. Additionally, the incorporation of automation, thermal control and
fuel preparation, supply and purging systems were beyond the scope of this project
and should be undertaken in future projects. Note that the provisions made to facilitate
the integration of these systems are described in Section 5.3. The recommendations for
further development and improvement of the facility are as follows:

* Incorporate an air-fuel mixture preparation and supply system with the shock
tube. The system must ensure accurate air-fuel ratio metering and complete,
homogeneous vaporisation of the mixture. It must also perform the function
of purging the combusted test gas after each test. Consider integrating the fuel
system with a vacuum system to rarefy the driven gas, as this will enable test
temperatures in excess of 1500K to be accessed.

 Incorporate a system for controlling the initial driver and driven gas temperature.
The system must be capable of uniformly raising the gas temperature to 410K,
and should make use of the water cooling jacket which was purposely designed
to ensure thermal isolation of the rapid opening sleeve valve.

» Use computer control to automate the operation of the facility in order to both
reduce the risk of human error and convenience the repetitive nature of fuel
characterisation experimentation.

» Couple a large inertial mass to the end of the driven tube to reduce the mechanical
vibration noise seen on the endwall pressure trace. Also consider modifying the
endwall of the driven tube to the plug design described by Tranter et al [8], as
this may eliminate gasket issues and improve the quality of the reflected shock
pressure trace.
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Recommendations

Consider further polishing the inside of the driver and driven tubes to improve the
efficiency of the shock tube. A preferable alternative would be to chrome plate
the tubes internally, as doing so would prevent a deterioration in surface finish
due to corrosion.

Consider mounting additional pressure transducers along the length of the driven
tube so that the rate of shock wave attenuation can be measured. This will enable
a more accurate calculation of the speed of the shock at the instant it reaches
the endwall, which will in turn lead to a more accurate determination of test
temperature.

Investigate to what extent the volume of the driver tube can be reduced without
adversely affecting either the operation of the rapid opening valve or the test
conditions. Given the time and energy required to compress the driver gas, a
reduction in driver volume would be desirable.

Although every effort was made to ensure high levels of safety, the dangers as-
sociated with the high pressure equipment warrant the extra precaution of having
the facility independently evaluated by an appropriately qualified, experienced
professional engineer, particularly with regard to the long term fatigue life of
the pressure containing vessels and the safety of the high pressure pneumatic
circuits/systems. It is also important that a thorough risk assessment be performed
and documented prior to making any modifications to the facility.
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Subsystem design and maintenance

A.1 Overview

In order to give the shock tube functionality, several subsystems were integrated with
it: the compressed air reservoir provides the supply of high pressure driver gas, the
pneumatic circuit controls the operation of rapid opening valve and the pressurisation
of the shock tube, and the data capture system records the test results. This appendix
details the design and maintenance of these subsystems. Procedures for operating the
shock tube via the subsystems are contained in Appendix C.

A.2 The compressed air reservoir

A.2.1 Design details

A detailed schematic of the compressed air reservoir is shown in Figure A.l. It
comprises a three-stage high pressure SCUBA compressor connected in parallel to a
bank of three 50 gas bottles. Thus the system can be configured to have a capacity
of either 50, 100 or 150!. The maximum pressure rating of the reservoir is 208bar. A
gauge indicates the reservoir pressure, and a relief valve prevents over-pressurisation.
The compressor pumps air to 200bar at a rate of 1.1{/min. Each shock tube experiment
requires about 20! of air at the driver pressure. Therefore each test at a driver pressure
of 200bar corresponds to about 20min of compressor operation.

The compressor is a L&W 225 purchased from Orca Industries. It has a built in
pressure relief valve which limits the maximum pressure it can supply to 240bar. The
manufacturer’s manual contains detailed operating and maintenance instructions and
must be read by the operator. Note that the following modifications were made to
automate the operation of the compressor:

* The compressor was fitted with an adjustable pressure switch which automatically
turns it on when the reservoir pressure drops below 190bar, and then turns it off
when the pressure reaches 205bar.

s Timer controlled solenoids were fitted to the condensate drains to automate their
operation.

¢ The manufacturer’s tank filling valve was removed and the outlet from the
compressor was plumbed directly into the reservoir manifold.

The gas bottles were sourced from a compressed natural gas storage facility. To
ensure their integrity, they were visually inspected, hydrostatically pressure tested and
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Subsystem design and maintenance

re-certified to a test pressure of 358bar and an operating pressure of 208bar by an
accredited authority. The test certificate is contained in Appendix F. The rating of the
gas bottles was the limiting factor which determined the maximum reservoir pressure -
all other pneumatic fittings were rated for operation at pressures at or above 250bar.

A.2.2 Maintenance

The manufacturer’s manual contains a schedule for maintaining the compressor. It
specifies maintenance tasks according to hours of operation . To facilitate adherence
to this schedule, the compressor was fitted with an hour counter. Take particular note
of the sump oil, air filter cartridge, and air inlet filter replacement intervals. Spares for
these consumables were purchased and kept in store. If additional spares are required,
or for service support, contact Orca Industries. The high pressure gas bottles must
be periodically inspected, pressure tested and re-certified by an approved authority.
The company Executive Safety Services provides this service. Control the connections
between all pneumatic fittings and check for correct functioning of the pressure relief
valve regularly. For maximum safety it is recommended that the compressed air
reservoir system be completely overhauled within five year intervals.
supply to

praumatic
controf circuit

reservoir manifold

manifold g
pressure gauge

reservolr
outlet valve

pressure
relief vaive

gas bottle
valves

3-stage scuba
compressor

condensate
drains

Figure A.1: Schematic of the compressed air reservoir system
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A.3 The pneumatic control circuit

A.3.1 Design details

The pneumatic circuit controls the following functions:
» Supply of compressed air from the reservoir to the shock tube.
» Operation of the rapid opening valve and therefore shock tube.
* Depressurisation of both the shock tube and compressed air reservoir manifold.

A detailed schematic of the system is shown in Figure A.2. The adjustable regulator
limits the supply pressure from the compressed air reservoir, and the non-return valve
prevents backflow to the reservoir. Gauge G1 indicates the trigger chamber pressure,
gauge G2 indicates the actuating chamber and driver tube pressure, and gauge G3
indicates the driven tube pressure. The length and flow rating of the lines connected
to the rapid opening valve are critical to its performance. The exhaust line was plumbed
into a large extraction duct which has an outlet on the roof of the building.

The circuit was assembled from quality OEM high pressure pneumatic and air com-
patible hydraulic fittings. All pneumatic fittings were sourced from Swagelok, and
all hydraulic fittings were supplied by Hyflo. All components have a rated operating
pressure of at least 250bar. The connections between the circuit and the shock tube
were made with flexible high pressure hose to allow for recoil of the shock tube as it is
triggered.

A.3.2 Maintenance

Prior to operation, ensure that all connections are secure, all line clamps are in place
and that no bends in the flexible hydraulic hose violate the minimum bend radius of
180mm. In the event of a leak, immediately replace the faulty component. Do not
interchange the components of the circuit - always make sure to connect a component
to the same mating part. Prior to assembling a connection, ensure it is clean and the
threads undamaged . The components of the pneumatic circuit have a recommended
service life of five years, hence overhaul the system within this interval.
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Subsystem design and maintenance

A.4 The data capture system

A.4.1 Design details

The primary purpose of the data capture system was to record the propagation of the
shock wave along the driven tube. Accurate determination of the incident shock velocity
was necessary for calculation of the post shock thermodynamic state. A secondary
purpose was to record the pressure in the actuating chamber during a test so that the
operation of the rapid opening valve could be verified.

A schematic of the system is shown in Figure A.3. Two high frequency, charge output
piezoelectric pressure transducers (Kistler type 603581) were mounted in the driven tube
- one was located in the sidewall of the tube exactly 1m from the endwall, and the other
was located in the endwall itself. Both sensors were flush mounted to ensure accurate
measurement of the shock rise time. A third, similar transducer (Kistler type 60151)
was mounted in an air passageway which directly accessed the actuating chamber.

The output from each transducer was connected by a short, low noise signal cable to a
charge amplifier (Kistler type 5015A). The amplifiers output a voltage signal directly
proportional to the measured pressure. The voltage signals were connected to the data
capture computer, which was equipped with a high speed data card and programmed
with a LabVIEW® user interface for controlling the data acquisition. The system is
capable of simultaneously sampling each channel at 200k H z, giving a time resolution
of 5us per sample, for a duration of 0.5s. The LabVIEW program triggers sampling
from the instant a selected channel crosses a chosen threshold voltage level.

A.4.2 Maintenance

The Kistler pressure transducers and charge amplifiers are valuable equipment. For
service support or to repair/replace faulty components, contact the local Kistler
agents, Inher SA. To prevent misuse, the operator must read and be familiar with
the manufacturer’s manuals. Take particular note of the sensor mounting instructions
regarding tightening torque and the requirement to keep the cable connections perfectly
dry. The sensors are mounted in adapters, a small brass washer forming the seal, and
then the adapter is mounted in the shock tube, a special copper washer forming the seal.
A supply of spare sealing washers was purchased and kept in store. The manufacturer’s
calibration sheets for the transducers are kept on file, however to ensure measurement
accuracy they should be re-calibrated periodically. Always ensure the equipment is kept

in a moisture free environment.
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Assembly, inspection and maintenance of the shock tube

B.1 Assembly instructions

B.1.1 General

A detailed assembly drawing of the basic shock tube apparatus (including the rapid
opening sleeve valve) is contained in Appendix G. To ensure safe, correct operation,
the shock tube must always be assembled according to the arrangement shown therein.
Before assembly, inspect all components and replace/repair those which show signs of
excessive wear/damage/corrosion. Additionally, all unpainted metallic surfaces must be
thoroughly cleaned and then lubricated with a thin oil/grease (suggest (J20) in order to
both protect against wear and corrosion and reduce friction between the sliding parts.
Take great care when dismantling/transporting/assembling components of the apparatus
to ensure that the functional surfaces are not damaged in any way. During assembly,
never use excessive force - all components were designed and manufactured to fine

tolerances and slide easily into place when correctly aligned.

B.1.2 O-ring seals

The shock tube assembly includes a number of o-ring seals. The placement and size
of each o-ring is indicated in Figure B.1. During assembly, inspect each o-ring and
replace those which are damaged. Coat all o-rings in a thin layer of rubber grease prior
to fitting them in place. It is critical for the high temperature and fuel compatibility of
the apparatus that Viton® o-rings are used throughout.

B.1.3 Bolt fastening

The shock tube assembly includes several structurally critical bolted flange connections.
It is mandatory that these bolts are fastened to the correct torque as indicated in Figure
B.1. When either assembling or dismantling a flange connection, use the criss-cross
tightening sequence to ensure proper seating and even loading of the joint. Property
Class 8.8 high tensile steel bolts and nuts must be used throughout. Assemble each bolt
with a true-hardened steel washer under both the bolt head and the nut. The bolts were
designed to be re-usable, however it is good practice to replace them after a few re-
assemblies. The nuts and washers must be replaced each time the joint is re-assembled
for operation.
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Assembly, inspection and maintenance of the shock tube

B.2 Inspection and maintenance of the shock tube

It is important that the shock tube apparatus be kept free of corrosion. To this end, it
must be kept indoors in a dry environment and its exterior should be repainted when
necessary. To establish the long term operational reliability of the shock tube, it should
be completely dismantled and visually inspected for internal wear/damage/corrosion
after each major round of testing. When this is undertaken, polish off any minor
surface corrosion, replace/repair any damaged components and make a note of the
maintenance work done. It is recommended that the pressure containing shell be
professionally examined for cracks and defects, particularly at the welded flange
joints, and hydrostatically pressure tested to 250bar after the first year of service
and subsequently every two years. Also perform these examinations prior to re-
commissioning the shock tube if it has not been used for a long period of time. For
maximum safety, a conservative service life of 10 years is recommended, hence the
shock tube should either be overhauled or de-commissioned by the year 2019.
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Operational procedures

C.1 Pre-test checks

The following checks must be completed prior to operating the shock tube or any of its
subsystems:

» Ensure that the shock tube has been correctly assembled. In particular, all bolted
flange joints must be fastened to the correct torque and all seals must be in place.

* Check that the shock tube is longitudinally aligned, horizontally level and
securely fastened to the mounting frame, which must be resting stably on its floor

mounts.
* Check that all pneumatic connections are in place and are secure.

» Check that all flexible hose lines are not sharply bent, twisted or damaged in any
way.

» Ensure that all pressure transducers are securely in place.

» Check that all the signal cables from the pressure transducers to the data capture
computer are connected, untwisted and have some slack to allow for recoil of the
shock tube.

o The first test of the day should always be conducted at a low driver pressure (=
10bar}), so that any leaks and/or malfunction can be identified and repaired prior
to operating the shock tube at high pressure.

* It is recommended that the operator read through all the procedures herein before
operating the shock tube. Doing so will clarify the interaction between the
subsystems.

» Note that ear and eye protection must be worn by the operator and those in the
immediate vicinity of the system.
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C.2 Shock tube testing

The operation of the shock tube relies on the pressurisation of the driver and driven
tubes and the action of the rapid opening valve. These functions are controlled by the
pneumatic control circuit. With reference to Figure A.2, follow the steps listed below to
conduct shock tube experiments.

1. First charge the compressed air reservoir according to the procedure described in
Section C.3.

2. Close all valves V1 to V7 and completely unscrew the regulator so that it prevents
flow.

3. Open the reservoir outlet valve.
4. Open valve V1 and set the regulator to the desired driver pressure.

5. Slowly open valve V2. This causes the ring piston to move forward and block
the outlet from the actuating chamber. Wait until gauge G1 indicates complete
pressurisation of the trigger chamber.

6. Slowly open valve V3. This causes the sliding sleeve to move forward and close
off the flow ports between the driver and driven tubes. A metallic sound will be

heard when the sleeve reaches the closed position.

7. Open valve V4 and then V5. This fills the driver tube and equalises the throttle
chamber to the driver pressure.

8. Very slowly, and only partially, open valve V7. Ensure the driven tube is fully
depressurised and there is no leakage flow into it.

9. Close valve V7 to seal off the driven tube exhaust line.

10. Monitor gauge G2 which indicates the driver pressure. Once the regulator
pressure is reached, close valves V2 and V3 in sequence to isolate the shock tube
from the air supply.

11. Fill the driven tube with the chosen test gas.

12. Note and record the initial test conditions: driver gas pressure and temperature,
and driven gas pressure and temperature.

13. Operate the data capture system according to the procedure described in Section
C5.
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Fire the rapid opening valve, and thereby shock tube, by quickly opening valve
V6.

A few seconds after the shock tube is fired, close valve V6 and then open valve
V2. This resets the ring piston and prevents the shock tube from discharging
completely through the exhaust chamber.

Save the captured test data.

To perform another test at the same or higher driver pressure, close valves V5
and V4 in sequence, then repeat from step 6. If testing is complete, follow the
remaining steps to depressurise the system.

Close valve V1 and V2.

Very slowly, and only partially, open valve V7 to depressurise the shock tube.
Open valve V6 to discharge the trigger chamber.

Slowly open Valve V2 and screw in the regulator to depressurise the supply line.

Slowly open valve V3 to ensure the driver tube and rapid opening valve are fully
depressurised.

Close all valves V2 to V7 and unscrew the regulator to the blocked flow position.

Shut down the compressor and depressurise the reservoir manifold according to
the procedure described in Section C.4.
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C.3 Compressed air reservoir operation

With reference to Figure A.1, follow the steps listed below to operate the compressed air
reservoir. In the event of a malfunction, immediately switch off the compressor, close
the gas bottles and depressurise the system. It is again stressed that the operator must
first be familiar with the compressor manufacturer’s manual.

1. Check the compressor sump oil level.
2. Manually switch on the compressor room extraction fan.

3. Close the reservoir outlet valve. This shuts off the supply line leading to the shock
tube.

4. Close all gas bottles.

5. Open the two manual condensate drain valves at the base of the compressor to
ensure it is fully depressurised. Once ensured, close both drain valves.

6. Switch on the compressor and ensure the fan rotates in the correct direction.

7. Observe the reservoir manifold pressure gauge. After 20 to 30 seconds, the gauge
will indicate a steady rise in pressure. Check that the compressor turns off when
the pressure reaches approximately 205bar.

8. Slowly open either one, two or all three gas bottles, depending on the desired
reservoir capacity. As the pressure drops below 190bar, the compressor will
automatically switch on. Note that the automatic condensate drains were set
to open for 10 seconds immediately as the compressor starts, and thereafter at
approximately 10 minute intervals.

9. Leave the door of the compressor room open as the gas bottles are filled to ensure
good ventilation.

10. During the filling process, monitor the system at approximately 10 minute
intervals to check that the pressure is indeed rising and that the automatic
condensate drains are functioning.

11. Check that the compressor switches off when the pressure reaches about 205bar.
12. Perform the shock tube tests according to the procedure described in Section C.2.

13. Upon completion of the day’s testing, shut down the compressor and depressurise
the reservoir manifold according to the procedure described in Section C.4 below.
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C.4 Compressed air reservoir shut down and

depressurisation

1. Ensure the shock tube is depressurised, all valves V1 to V7 are closed and the
regulator is completely unscrewed to the blocked position.

2. Switch off the compressor.
3. Close all the gas bottles.

4. Open, and leave open, the manual condensate drains to ensure depressurisation of
the compressor.

5. Open the the reservoir outlet valve if it is not already open.
6. Open valves V6 and V2.
7. Open valve V1 and slowly screw in the regulator to depressurise the manifold.

8. Once depressurised, close all valves, including the reservoir outlet valve, and
unscrew the regulator to the blocked position.
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C.5 Set up of the data capture system

With reference to Figure A.3, follow the steps listed below to set up the data capture
system to record the results of a shock tube test. Note that the charge amplifiers should
be turned on and allowed to warm up for at least half an hour prior to testing. Also note
that to save time during testing, the system can be preset up to step 9 before commencing
the shock tube testing procedure.

1. Verify that the charge amplifiers and computer are switched on.

2. Verify that the charge amplifiers are set to the correct sensor sensitivity:

Sensor location | Serial number | Manufacturer’s calibration
Sidewall 2067751 —5.501pC /bar
Endwall 2067752 —5.589pC /bar

Actuating chamber C'193578 —16.25pC /bar

3. Set the maximum output range of each charge amplifier to the same value. As a
guide, the value should be about twice the driver pressure.

4. Check that the charge amplifiers are set to the ‘DC long’ and ‘LP filter off” modes.

5. Note the sensitivity, in bar /V" of the charge amplifier output as indicated on the

amplifier screen.

6. On the computer, double click on the desktop icon entitled *Shock Tube’. This
opens the LabVIEW user interface.

7. Enter the sensitivity (bar/V) of the charge amplifier output.

8. Set up the data capture trigger. It is suggested that the system is set to trigger
when the actuating chamber signal (channel A2) drops lower than —1bar-.

9. Verify that the sample rate and duration are set to 200k H z and 0.5s respectively.

10. When ready to fire the shock tube, press the ‘Meas’ button on all amplifiers to
activate their output signals. A green led on the amplifier front panel will light up.

11. Click the Capture button on the LabVIEW user interface. The data capture system
is now ready, and will begin sampling as soon as the shock tube is fired and the
trigger channel crosses the threshold voltage.
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12.

13.

Remember to save the recorded data after each test. This is done by clicking the
save button on the LabVIEW user interface.

After the days testing is complete, remember to switch off the amplifiers (switch
is at the back panel) and shut down the computer.
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Operational safety assessment

D.1 Risk assessment

Throughout the development of the shock tube facility, ensuring a high level of safety
was the priority. To minimise the operational hazards associated with the facility, a
risk assessment was conducted. The following safety concerns were identified and
addressed.

D.1.1 System over-pressurisation

The shock tube was rated to operate at a maximum driver pressure of 200bar. To enable
it to be quickly pressurised to this limit, the compressed air reservoir was designed
to provide a slightly higher maximum supply pressure of 208bar. The compressor
was equipped with an automatic pressure switch which turns it off once this pressure
is reached. A regulator between the reservoir and shock tube closes the supply line
when the shock tube pressure reaches 200bar. Over-pressurisation of either system
beyond its upper limit would reduce the design safety factors guarding against their
structural failure. Structural failure of these systems could cause a number of hazards.
Ranging in severity from minor to extremely dangerous, they include: leaks, system
malfunction, damage to equipment, high velocity gas jets and projectiles, and in the
worst case bursting of the pressure containing vessels.

Potential modes of over-pressurisation of the compressed air reservoir that were
identified included failure of the compressor to turn off at the upper pressure limit and
overheating of the reservoir. The following measures were implemented to address these
hazards:

» The reservoir was fitted with a pressure relief valve set to blow off if the pressure
exceeded safe levels.

» The compressor was equipped with its own pressure relief valve for redundancy.

* The compressor was fitted with a easily accessible manual shut down switch for
turning it off should the automatic pressure switch malfunction. The reservoir

pressure is indicated by a pressure gauge for monitoring purposes.

» The gas bottles in which the compressed air is stored were inspected, hydrostati-
cally pressure tested and re-certified to a test pressure of 358bar and an operating
pressure of 208bar at room temperature by an accredited authority prior to their
installation. The test certificate is contained in Appendix F.
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* Instructions for depressurising the reservoir manifold were included in the
operating procedure lists.

» The reservoir was installed in an uninhabited, brick wall enclosed room to
minimise the consequences of a structural failure.

» The enclosed room is ventilated by an extraction fan to prevent overheating.
Mandatory operation of the fan is included in the operating instructions for the
system.

Potential modes of over-pressurisation of the shock tube that were identified included
failure or incorrect operation of the pressure regulator, and overheating of the shock
tube. The following measures were implemented to address these hazards:

* The assembled shock tube was hydrostatically pressure tested to 250bar to ensure
its structural integrity if the regulator failed and it was subjected to the maximum
reservoir pressure of 208bar. The test certificate is contained in Appendix F.

* The pressure in all sections of the shock tube is indicated by pressure gauges. If
the pressure regulator failed to close the supply line when the maximum pressure
was reached, a manually operated valve for doing so was provided.

* Instructions for a) operating the regulator and b) depressurising the shock tube
were included in the operating procedure lists.

* Recommendation was made that if any modifications are to be made to the facility,
such as the installation of a heating system, a thorough risk assessment must first
be conducted and documented.

D.1.2 Missassembly of the shock tube

The shock tube comprises three main elements: the driven tube, the driver tube and the
rapid opening valve. These elements are assembled together by means of o-ring sealed,
bolted flange joints. Additionally, the rapid opening valve is itself assembled from a
number of individual parts. Missassembly of the apparatus could result in:

* Malfunction of the rapid opening valve.

s Structural failure and the associated hazards described in Section D.1.1.
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Potential modes of failure include missassembly due to incorrect arrangement of
components, misalignment of components, left out components, damage caused by
forced assembly, use of unsuitable standard components (e.g. wrong size bolts or o-
rings), under/over tightened bolts and incorrect lubrication. The following measures
were implemented to address these hazards:

* Assembly instructions were compiled.
» Mandatory control of bolt torque was included in the assembly instructions.

» All standard components were specified in the assembly instructions.

D.1.3 High pressure pneumatic circuitry

The shock tube is operated by a high pressure pneumatic circuit which controls the
following functions:

+ Supply of compressed air from the reservoir to the shock tube.
* Action of the rapid opening valve.
» Discharge of the shock tube and reservoir manifold.

Incorrect operation of this system could damage the shock tube or cause it to
malfunction. In addition, breakage of any of the components of the pneumatic circuit
could cause dangerous safety hazards such as high velocity gas jets and projectiles, loud
noises and lashing pressure hoses.

Potential modes of failure include the use of defective components, missassembly of
the components, over-pressurisation of the system, incorrect operation of the system
and relative motion between the circuit and shock tube due to shock tube recoil. The
following measures were implemented to address these potential safety hazards:

¢ All pneumatic fittings were purchased new from reputable OEM suppliers, and
were rated for safe operation at the conditions to which they would be exposed
during normal shock tube operation.

« All pneumatic fittings were assembled strictly according to the manufacturers’

recommendations.

» Pressure gauges were included in the circuit so that the pressure in all separated
sections could be independently monitored.
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Flexible hose was used to make all connections between the pneumatic circuit and
the shock tube to allow for relative motion.

Wherever practical, pressure hoses and tubes were securely clamped down.

Operation and maintenance instructions for the system were compiled.

Mandatory use of eye and ear protection was included in the operating procedures.

D.1.4 Malfunction of the rapid opening valve

The rapid opening valve controls the flow between the driver and driven tubes. It
is operated pneumatically by the compressed driver gas. Malfunction of valve could
damage its internal components, make the shock tube perform poorly or make it
completely inoperable, and trap compressed air within the shock tube.

Potential modes of failure include malfunction due to worn or damaged valve com-
ponents, broken seals, missassembly of the valve and incorrect valve operation. The
following measures were implemented to address these potential hazards:

All separate chambers of the shock tube were connected to a discharge line to

enable complete depressurisation in any valve configuration.

» Pressure gauges connected to the various chambers indicate leakage past seals.

All the valve’s moving parts are contained internally and therefore do not
endanger the operator.

Assembly, operation and maintenance procedures were compiled.
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E Pressure vessel design calculations
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Prssure vessel design calculations

E.1 Introduction

The pressure containing shell of the sheck tube consisted of three main vessels; the outer
cylinder of the rapid opemng valve, the driver tube and the driven tube extension. Each
vessel was constructed from a section of hydraulic cylinder tube and two bollerplate
steel Nupges - one welded ol each end of the tbe. The vessels were joined by
holting together the mating flanges, The shell was designed for a maximum intermal
operating pressure of 2000ar. South Atrican law regulates the manufacture of pressure
vessels that huve a nominal internal diameter over 150mm [34], hence the components
ot the shell, which all had internal diameters under 150wrn, were not subject to
this legislation. However, during the design phase careful consideration was given
to the fact that during operation the vessels would contmn very high pressure gas,
which is inherently dangerous. and would undergo evelic pressurisation. making them
susceptible to Catimue.

To illustrate the method by which these vessels were designed, the calculations involyed
in the design ol the dever wbe are described in thns appendix. Reference is made to

Figure E.1. which shows the elements of the driver tube vessel,

hydraulic cylinder tube

Figure E.1: Driver lube pressure contaimng vessel



Pressure vessel design calculations

E.2 Pressure containing tube

The hasic element of the vessel was 1 single length of thick walled seamleys 5T52-3
hydraulic wbe, of the type commonly wsed in the construcion of large, high pressure
hydraulic cylinders. .57752-3 steel has a minimum yield strength of 30504 Pa. The tube
wits purchased new [rom the hydraolic supplics cotnpany HYTFLO 5A (Piy) Lid. Tahle
E.I lists the dimensions and manufacturer specified pressure rating of the tohe section.

Note that the tube wis riled [or prossures well whove 200 0ay.

Tuble E. 1; Dimensivns and pressure ruting of the pressare containibg (ube

Length [mm] 9T

Imternal diameter [mm] | 110
- Wall thickness [mm]| - 15
| Pressure rating |bar| 20

E.3 Flange design

Figure E.2 shows i schematic of the driver wbe Dange attachments. The fanges wore
mtachined from AST M A516 Gr70 boilerplate sicel, which is a commaonly used Hange
metal dee to its excellent weldahility and stringently controlled mechanical strengih
properies. [t has a mimmoem yicld steength of 2620 pa. Sealing hetween cach pair of

adjoining flanges was by means of a Viton® o-ring.

oo!

— | @B
a6 wealds

Figure E.2: Dniver tube flange schematie
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Pressure vessel design calculations

E.3.1 Flange bolting

Adjoining flanges were bolted together using Property Class 8.8 high tensile steel bolts
preloaded to 75% of their proof strength. For each joint, the size of the bolts and the
number of bolts to use were calculated according to the method for designing fatigue
loaded tension joints with preload as detailed in [37]. The method specifies formulae
for calculating the following safety factors:

» The bolt load factor, n, defined as the multiple of the tensile load on the joint that
would cause bolt yielding.

* The safety factor guarding against fatigue failure, ny, defined as the ratio of the
alternating load strength to the alternating stress in the bolt.

» The safety factor guarding against joint separation, 7, defined as the ratio of the
tensile load which would cause joint separation to the tensile load on the joint.

The results of the flange bolting design calculations are summarised in Table E.2 below.

Table E.2: Flange bolting design

Flange joint [ A I B I
Tensile load on joint [kN] | 270 | 270
Bolt size M16 | M16
Number of bolts 12 12
Bolt grip length [mm] 84 54
Preload torque [Nm] 226 | 226

n 73 | 5.3
Ty 50 | 3.6
g 3.7 | 3.9




Pressure vessel design calculations

E.3.2 Flange size and welding

The flanges at each end of the driver tube were identical. They were designed using the
ASME Boiler and Pressure Vessel Design Code [35] as a guide. Note that safeguard
against fatigue failure is intrinsically built into the code. The flanges were double bevel
butt welded onto the tube ends (see Figure E.2). To ensure good weld penetration,
the flanges were weld prepared by machining large 45° bevels to a narrow root at the
inside diameter. All welding was done by certified welders, and was subsequently stress
relieved by heat treatment and tested for cracks using the magnetic particle inspection
(MPI) technique. The ASME code specifies maximum safe limits, in terms of the
material strength value Sy, for the hub stress, Sy, radial stress, Sp, and tangential
stress, St, in the welded flange as calculated by formulas specified in the code. The
stress limits are as follows:

Sy < 1.55;

SRSS_f and (SH+SR)/2§Sf

Sr < Sf and (SH + ST)/2 < 8¢

For ASTM A516 Gr70 boilerplate, Sy = 138M Pa. The results of the flange design
calculations are summarised in Table E.3.

Table E.3: Driver tube flange design

Flange outside diameter, A [mm] | 230
Bolt circle diameter, C' [mm] 200
Raise face diameter, D [mm)] 176

O-ring mean diameter, G [mm] 131

Flange inside diameter, B [mm] | 140

Flange thickness, £ [mm] 27
Weld leg size, ¢ [mm)] 12.5
Sy [MPa] 133
Sy [MPa] 120
St [MPa] 65
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Pressure vessel design caleulations

E.3.3 Finite element analysis of the vessel

Tor double check that sufe stress limits would not be exceeded upon pressurisation of
the vessel, a basic analysis of the stresses in the vessel at the maximum rated internal
pressure of 2000ar was carried out using the Abaqus finite element analysis (FEA)
sofiware package, The analysis sccounted {ur the intérnal pressure on Lhe vessel and
the external tensile load (due to the intermal pressure) on the Hange attachmenrs. Figure
E.3 illustrates the von Mises stress profile through a cross seclion of the vessel at the
critical flange attachments, As shown, the maximum stress through the section did not
excesd 120M Pa, which is below the safe upper stréss Umil of 1380 Pa specilied for
the flange metal in the ASME code,

YWon Mises Strezz [Pa)

+1.200e+02
+1,103e+02
+1.007e+02
+3.100:+07
+3, 134+0Q7
+51eFe+07
-5, 201e+07
+5.234e+07
+4,265e+07
+53.301e+07
+2,334e+07
+1,362=+07
+4,0153e+06

Figuee L.3: Stress profile through the Hange cross section
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Hydrostatic pressure test and weld quality control certificates

F.1 Shock tube hydrostatic pressure test certificate



uur
SHOCK TUBE APPARATUS

HYDRAULIC SYSTEM PRESSURE TEST CERTIFICATE Na: 32523

e —

DATE OF TEST: 02 JULY 2009
TEST LOCATION: GCT CAMPUS
HYFLO Southern Adrica (Pry) Lid. INSPECTEION APPROVAL: N/ A

Reg. 66/02231/07

PO Box 240, Paanden Eiland, 7420, South Africa
500 Neprune Strect, Paarden Eiland
Tel. (0257 514 3000
Fax. (0213 511-7877
VAT Reg 4530205479
Eemail: rowfgghyfo.co.za

NAME OF TEST COMPANY:

JOB No.; €T 32523 ORDLR Nu: N/&

SYSTEM DETAIL

MANUFACTURER: UCT

DESCRIPTION: Shock

DRAWING #: o/
Ay Tube Appacarus

SYSTEM TYPE: ¢ LOSED HOSEUSED: AT

FITTING 1: 165 FITTING 2: 165

PRESSURE DETAILS
WORKING PRESSURE: TFST PRESSURE: [ TEST HOLD TIME | FEST ELUID
N/A 25 M 1 13 i, WATER

TEST REPORT: \CCEVTED, NO LEAKS,

T L . Sl i & e S =t o S - e - W - =

TEST GAUGE DETAILS

SERIAL No.- CALIBRATION DATE: | RECALL DATE:

TEST ENGINEER: GLAPPROVAL: | CUSTOMER :

RANLION L WILLEAMS NAA MECHAEL DOWNEY
STAMP SIGR:

HYFLO SOUTHERN AFRICA {PIY) &
CAPE TUWN BRANCH
PO, B0 240
FARRIDEN EILANG # 400
PHOMNE 0211 514 300
AR IRV RE TRIT

1T AHANR0S4TY




Hydrostatic pressure test and weld quality control certificates

F.2 Gas bottle inspection and hydrostatic pressure test

certificate



. TEST CERTIFICATE

Independent Pressure Test Station

Bios Park, 79 Scheckier Rowsd

Killamey Gardens

a4

lelfax. 021 556 5741

WY TG i oo
Susonetonsanet

CURTOMER

NO BT ugT
CARE OF  EXECLITIVE SAFETY SERVICES
1E IBSLED IWOTI2008 PAGE 1 OF 1 COMTACT Na. - 21, 510 4728
_'_I;';" "m";&&i -1 LT (TRY F WaTTH ,l wmm 1 .1'_..1: -1 HPI-I;.I.- ql"ﬂ‘. Teliry A TR AR o i ki Rﬁm_nﬁi =7
A L T . UL S SEERT, ' LARAEIY | | seec | Al L 1=, SN MO | | SRS N (SR M ARE LGa% 14 W
| DRNOFIZ000 | GTANBANN ] | L e | W GAS | S030Lr L Pl | RS04 St 023 AGCERT | AGCEPT | ACCEPT | 6901k T | 3SB00 AP | TEGT PARSED
| OOIE000 | QPARBAEIE | BOOLE te GAS 50,00 Lir | | BESOasA | SE7 023 ACCERT '-.G.QE.";,!.._.E-.!PT £9.0] kg O | msann ke |TEAT PASEED
| CR0TZ00n | §rASANIE {500 te| Gas | suioly | Bsscasy | swr N2 | ACCERT | ACCERTW ACCEPT | sRASLy | 0% | B8040 [TERT PASAED
L OMOTIA00E | §TAL e | GAL 5050 L ES5045/1 S8 0Fy | ACCEPT | ACCEPT | AGCEPT | BO0Kg | 0% | 35800 hPy [TEST PARRED
| OBOP2000 | STANMANE | WDy de | GAaS | S00Ly BE50an| 557 023 ACCEPT | ACCEPT | ACCEPT | 6h85kg | O% | 3530009 [TEST PaSSED
| OSOA00E | STApAd | SO0 . M| GAS | SOy | BESG4EN | EET pors | ACCEPT 1 | AGGERT | o57Shg | 0% | 35800Pa [TEST PASSED
| oor0oy | GAMMdN) LS00 te| Gas | so30w | assMen | vo7 023 | ASCERY | WECEPT | ACCEPY | 850Sks | D% | 3sapowPs |TEST PAGSED
| D07 005 L] 14 o] Ga= DALy | | EE5085 s il ] ACCEPT \ RCCEP] | ACCEPT | ARAShsy | O% | 35800 wPs \TEST PASTED £1
onTous | yramet? | wow =] Gas sozoiy | masoks | suT o | ACCEPT | AccEm | accert | esmoig ot | 2800w |TEST PASEID [/ B
FECOMMENDED NEXT TEST OATE EVALUE! SANAS APPRIDVE D S GINS TOHT JGEERBES

LT CrunEhcE Padlonad Tee amond FES TS mne BE STAWPED pnlTi THE FIS AR Sl DaTED ) TERWE A0 CONDITMME EAFL T LW WALL GF AVARATLE UM REGUES |
Twse cySmuiers have Leer (85080 In Agoiedancs with SARS 50 e406 and SABES 019, this cendicae snould D etamen by e cient a5 it may be requesd Dy & cymaer filler befors rehil

f&&ﬂﬁﬁ SAMASG Acciecitedt Facility

ST e

Compamy Req NG, 2003031949417

e
Fegeterect Stamp @
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F.3 Weld quality control certification

F.3.1 Hand over certificate
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s\liweld

2 Draged Boad, Ndaben - PO Box 145, Howsard Place 7450 Caps Tiwn, South Alrca
Tel. +27 (0§21 511 7473 « Fax +27 (527 511 S48 + Websie. waw alfweld oo za « Emal infe@allweld oo za
Wal Mo: 480017 2290 « Ok Mo~ 1 88800023

Hand Over Certificate

Client: Chevron i o
Client's Order Number: | 894783 Description: | Manufacture 5 x
Spog! Pieces.

Job Number: 147040

Scope of Work

Spool Pieces As Per Drawing No: (STWO001, STW002, STWO003, STW004
& STW005)

Cut all materiai and prep.
| - Fit and tack maieriai together.
- Fit-Up inspectien and dimensional check prior to welding.
- Weld as per welding procedure AW017.
- Clean welding by means of grinding
- In-House MPI prior to PWHT.
- PWHT as per welding procedure AW0Q17
- Machine gaskel faces.
- 100% MP| after PWHT
- Final Inspection
Release.

This is to certify that Aliweld Marine and Industrial CC has completed the |
‘works or sectionfs thercof as detaied in the scope of work to the full -
| satisfaction as per your requirement, : A, j

; Fean ke M

. | ".""4'
Signature Signature; -
g ‘ g

Date; ' Date:
0a i te‘_?g/:]%;

" Client's Representative: ‘ &/lweld Representative:
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F.3.2 Welding procedure specifications



Aliweld

Compary Name Allweld
Welding Pracedure Spec. No AWOI1TY
Revizion Mg

Welding Processiesh GTAW and SMAW

WELDING PROCEDURE SPECIFICATION

(WPS) QW-482
ASME BPY Section IX 2004
WPS No. AW T rev 0

By, AMVY Badenhorst

Types: Manuz

JOINTS {OW-402)
Joint sketch/details
Juint Design: Single V, double bevel Groove angle-l
Backing (Yes!Mo) no
Backing Matenal. nfa Base
Jant Preparation machine and grnd \%] EIHI
Thlcknts Iandmg
Groove angle 35-40 degrees
Roat gap 3-5mm
Landing; 0-2mm rﬂ-ﬂt
Base metal thickness: 4.8mm to 44mm
gap
BASE METALS (QW-403
ASME designation
P Na: 1 Group Mo 1 () P Na 1 Group No 1
Specification type and grade
ASTM 4106 Grade B (and othear P No 1 metals) 1o ASTM A10E Grade B {and ather P No 1 metals)

Thickness Range

Basa Metal Butt  4.8mm to ddmm Fitet alf thickness
Weld Matal: Butt:  4dmm maximum Fillel: all sizes
Pipe Diameter Range all
FILLER METALS (QW-404
PRGCESS GTAW SMAW
SFA No 518 51
AWS No ERTIS5-6 EF018-1
F-MNo 8 4
A-No 1 g
Size 1.6mm and 2. 4mm 2.5mm, 3.18mm, 4.0mm
Ctner none none

Thickness Range

Butt 12mm maximum
Fillet all
Elec -Flux (cla g5 nfa
Flux Tradename nfa
Consumabls Inser none

CHher

3Z2mm maximum
aff
= -
n/a
none




WELDING PROCEDURE SPECIFICATION (WPS) QW-482 (reverse side)

WPS Number: AWD17 Revision:0
 POSITIONS {QW-402) POSTWELD HEAT TREATMENT (QW-407)
Positionis) of butt: all Temperature Range 586 - 620 degaes Celsius
Weld Progression.  uphilfforwards Time Range 1 hour per 25mm
Posianis of ket all Heating/Cooling Rake 110 Clhr massrraim
Nates' Heahingicooling atoverpelow 000 s anaonknsles

PREHEAT {QW-406} GAS |OW-S08)
Frenaeat Temy. {munj 20 degrees Celsius Gasfes) % Coma. (mix] | Flow Rate)
Interpass Temp (max) 200 degrees Celsius Shiglding Argon 959897 15-20 Ipm:
Praheat Maintenancs: Rgne Backing none - na rida
Preheat method: n'a Traifing none nia na
Other Win Ambiept Temp 10 degress Celsius

ELECTRICAL CHARACTERISTICS |QW-409)
Current AC orDC DE Pelarity - [GTAW! + (ShMAY)
Amperage Range  see below  Wollage Range see below
Tungsten Electrode Size and Type: 2 4mm - 2% Thonzted
Mode of Metal Transter GMAW  nfa
Electrode Wire Feed Spead nia

TECHNIQUE {QWy-410)
Skring ar Weave Bead: sinnger and weave beads Cortact Tube to Work Distance. nfa
Orifice or Gas Cup Size B-12mm Multiple or Single Pass (per 5ide)  bwo passes rianimre:
Imbial & Interpass Cleaning  grind and wire brush Multiple or Single Electrodes: single
Method of Back Gouging.  nane Travet Speed (Range) rrz gl
Osoillabon:  none Peening nane
Wek] | Pro- Filer Metal Cuprent Yalt | Travel Speed|nokes
Layer| cess Classification  © Size  FNo AMo| Typei Pol | Amp Range [Range| mmimin
raat | GTAW ERTOSE 24mm B 1 D - 1010 1356 | 8-12 45 to 55
npsss|GTAW|  ER70S8  2emm 6 1 | Dc | - | 1350175 | e12| s0to 100
M |cTaw ER70S6  24mm, &8 1 | DC 155t 175 | 912| 70toB0
or | SMAW E7018-1 25mm| 4 | (v, + 40 bo 145 | 21-28] 70to 180 1-3
cap [GTAW|  ER7056  24mm 8 | 1 | DC| - | 15610175 | 912| 8510100 | 3
ar  [SMEW C7018-1 #hmm 4 1 it + Qi to 110 1 21-28) 1350 150 1-3

Mates: 1 Electrodes to pe paked as per manufaclurer's mstruchons and kepl In a8 baking oven,
an site 1o be kepkin a hotbox at 8% degrees Colsius minirm.
2. 3.15mm and 4.0mm elecrodes size may also b usad,

ALUNELD/

3 Meat Input {if impact testing & requirement] to be in ihe range 1 o 3 kimm




LWLIPOS T

WO AYCADE.COM
Tah 021 552 8728

Atlantic Verification Cape (Pty} Ltd
Gavernment Approvad lnspection Authonty

15 Stabon Road, Montague Gardens. 7941

PROCEDURE
QUALIFICATION
RECORD

ASME BPVY Section X

Company Name;
POR No: AVO5-ike06
WPS No: AWDLT rev (I

Welding Processes:

Bhute:
GTAW und SMAW
Ty pes (Manoal, Aoto, Semi-A uto):

Albweld Marine

Manuul

2T September 2005

JOINTS (CW-4112)

Thickn
|
i

Groove ang
Base 57—
Metal

Iam:hng

| ruol

gap

C D SMAW
D GTAW

e S

Liwoove angle (a): 30-4) degrees
Rizot wap (R ¥ drarm
Landing 4F3: 1. 3mm

BASE METAL (QW-403)

Type or Grade: B to same
P W | Group Mo 1 e same

Thickness of test coupon:

Material Spec: ASTM A6 ro same

MM Lo same

POSTWELD HEAT TREATMENT (()W-407)
Temperahire: Sozk al 605 deprees Celsius lor | hr
Heating rate: 220 Chr frem 300 C

Coinling ralg! 100 C'hre down o 300 then air cool

[Dramieter of test cougpomn: "N B to same GAS (OW-408)

Retainers: T Type Wixture Elow Raie

FILLER METALS [OMW-4014) Shielding Argon 09 _997% |4 Ipm
Process GTAW | SMAW Hacking: | na n'a n‘a

S5FA No: 518 51 Trailing: n'a . na n'a

AWS Class: ER70S-6 | E7018-}

Filler Metal F Mo, & 4 TRIC ‘H: "TERIST W09

Weld Metal A No; | 1 Current: D

Filler Meial Stze 24mm | 2.573.05mm Polarity: -{OTAWSE + SMAW

Orther 1 Armps; 95-164 Volls: 928

Deposited Weld Metal Gimim 16mm Tungsten Clectrode Sixe; 24mm - 2% Thoriabed

{hher: {iher:

POSITION (OW-405] TECHNIQLUE (W -450)

Position of groove: 6k Travel Speed.

Weld Progression.  wpwards Strtme or weave bead:  weave max, 3 fifler OD

PREHEAT ({W-4iM) Oscillation  none WE:‘-D _

Hreheat ‘[emperature: 56 deprecy Celsiuy Multiple/Single Blecirodes: single FNLL —

Interpass Temperakure. 175 degrees Celsius max, MulnpleSingle Pass, milliple

Cither: Chher: [l

AYED trev Page 1 0f 2



PQR No. AV05-0606

MECHANICAL TEST RESULTS
- e

TENSILE TEST Results (1)W-15H IMP Labs Report Mo 0526511
Spus Test INnxmsions (immi X-S5ECTHON TEMSH,E STHENGT
A Tupe width thick | ARFAmmed [ &N | UTSach | UTS regu. Logation mature of fracture

Tl 1 xw | 200 | i85| 372|180 as3mpa | 415MPa |Ductile in parent metal - accentable
m [xwl 200 190 382 | 187 490Mmpa | 415 MPa |Ductite in parent meial - acceptable
note. MW = [ransverse cross weld tensile test AW = Al weld 1ensile test

C.U'IDE BEND TEST Hesults {QW-160) IMP Labs Repart No B5-2652-1

Spec.  Tesi | Loc- Bead Specimen Foarmer Fraciure appearance

ng. | Type alon Angle Thickness | Dismeter and gomarks
I SBW | XW 130 H mm 40 mm | no defects visihie - satisfserory
: SBW XW 180 [Omm 40 mm | nodefects isible - satisfuctory
"3 SBW XW 180 | 10mm 40 mm  nodefect visible - satisfactory
i SBW XW 180 1Omm 40 mm  nosefects visible - satisfactory
e SHW = side bend wekd s FH_W Fage hend weld test RRW = rool h_q.-ld weld st XKW = frunsversy uross w2l
TOUGHNESS TEST Resulis {uw"-:‘m; [MP Labs Repor Mo 0326521
L. Migienzions gmmb | Moteh | Test | Energy phsorwed 011 | Aot Volues | Regqu Viloes | | meral Expaninon %o Shepr

nin’s | oandth | thicks | bemgth| Lo, | Temp| @ tese epipeeare | ave. | min | ove. | mim Fgsli= ¢mmi Mol
3] w | o 55 [ wwm|aec] sz vie ) izl we 2y 27 | 19
3 | e 1w ss |nazl zoc] e 120 [ ve iz, ws | 2 | e
3 | o |10 ss |eafaoct oo 120 une|msiw| 2w - . -
Motes WM = Weld Mel  HAZ = Heat AfTected Fome  PM = Parem Medal
WELD RUN INFORMATION

Weld | Process Classification Driameler Curreni WValts wii | Travel Speed [ Fleat [npu
Laver timm} Tvpe  Amps L i FRMI AN klimm
1 | oraw ER705-6 24mm |DC- 127 9-10 | na 50 .52

24 | aTaw | ER70S46 24mm | DC-  144-164 9-10 | nia 72.95 1.03-1.37

ix | SMAW E7018-1  |25/305mm | DO+ 95-139 2128 | na 71-170 1.10-2.85
oap) sMaw | B8 3smm |[DC o8 2198 | na | |44 02
HARDNESS SURVEY & MACRO TMI” Labs Report No 03-2632-2 is!

Woles: Elardness locations in sccordance with bs en 288 Pan 3 at 6 ¢ clock position
Results of macro exemination: acceptable

LOCATION cap LOCATION rout

PM [ 154 160 160 175 170 179 rm 162 173171 175 173 173

WAZ{ 203 186 192 230 196 | 192 HAZ| 198 | 198 193 | 186 |87 186

wM| 245 234 243 wml| 205 213 213 | '

FILLET WELD TESTS ({)W-188) none

SRELAND
: AL }PE ?;5 CPi 3SR D34
For: AVCAPE (Py) Lid FrE N, Wﬁm . For: Lloyd's REgjster _

sadfcipg yscr K

LA B

Kesubis; nea Penetration into Parent Metal (Yes ' Nok na
Wielder's MName: M Higuins LB No: TI11125252086
Radiography- Performed by;  Kaysonics Keport Mo: 1724 Resulisiagcepahie
We cerllify thail the statements on this cerlifivate gre correct and that the test welds were prepared, !
welded and 1ested n atcurdnru:! with the reauirements of ASME BTY Eﬂ]e Section i JHH__‘1 P.‘LLWELD/'I

- e —
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F.3.3 Welding consumable certification
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AMALGAMATED WELDING & CUTTING

MATERIAL INSPECTION CERTIFICATE (EN 10204: 2004 type 3.1)

PRODUCT: TIGSTEEL ER 705-8 DATE:; 2008-08-28
DIAMETER: 240 mm

BATCH NUMBER.: 12403 L

ELECTRODE MARKING:

CLASSIFICATION: ASME/AWS-5FA AS.18: ER 705-6

1. CHEMICAL COMPOSITION {ACTUAL)

%C | %Si | %Mn: %S | %P | %Cu
005 [ 083 | 143 [ 0010 [ 0010 } 0053 |

2. MECHANICAL PROPERTIES (ACTUAL - AS WELDED)

TENSILE YIELD: |° o HARDNESS IMPACT STRENGTH
STRENGTH | STRENGTH | ELONGATION {GHARPY V-NOTCH)
{MPa) (MPa) TEST TEMP. | JOULES
. {°C)
5393 470 ; 33 ; - 48 AVE: 167
‘ : 127 221 154

3 RADICGRAPHY
Acceptable

This confirms that the product TIGSTEEL ER 705-6, batch e, 12403, has been tested
and manufactured n accordance with ASME/AWS SFA 5 01-82. Class 82, Schedule |,
and complies with the requirements of ASME/AWS SFA 5.18-83.

THIS CERTIFICATE IS GENERATED ELECTRONICALLY & REQUIRES NO
SIGNATURE.
ALWEER
VALIDATED BY: 5. SCOBRAMONEY
QUALITY CONTROLLER

OESA (PTY) LTD

Arnalguiatad Wildng & Cutting [Pry] Lo« Fegaeranon o 1887,/ 2606,/07
Dirsctors: W.0. Cagtzan = HA Harein G van Iyl
L?"“W Spartan, Kampton Bark s PO Box 273, Kampton Prrk, 1620 - L2710 97 a‘m.ﬂaaa (FRTP L)Y 284 2343875 - fan (+27| M TTETE 120
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a.:u:lrt .ifncnn Nuﬂmm
Accredifation SEtenm

[NVLIPOG2

Ravsimis lnspectaent, Test &Comthicatton

WELDER QUALIFICATION CERTIFICATE

[ WELDER NAME: T.ARENDSE

[STAMP NG ST129

| WELDERS 1D: 7408135250081

MANUFACTURER. AlLL WELD

LSING WPS Mo AWG26

HEWV Mo )

T DATE - 17:02:2009

THE ABOYVE WELDER IS QUALIFIED FOR THE FOLLOWING RANGES,

MATERIAL SPECIFICATIONS TO
MATERIAL SPECIFICATIONN

ASTM A 106 GR B
A5TM A 106 GR B

VARIABLES ACTUAL VALUES RANGE QUALIFIED
PROCESS. GTAW SMAW | GTAW SMAW
: PROCESS TYPE: MANUAL MANUFAL | MANLAL MANMUAL
[ JOINTS SINGLE ¥ GROOVE ALL
RACKINC imeial, weld meal. fos, ot } ARGOM 99.99%, WEILD METAL WITHAWITHOUT WITH f:'NL'l_'__
BASE METAL PT =P Flio P11, P34, P41 10 P49 &

CHEMICAL COMPOSITION

TEST COUPON THICKNESS TOTAL | 3.73 mm UNTIMEITED

FIFE DIAMETER 21 3 um 2 3 mm TO UNLIMITED

FILLER META! ER&}S-BE WITHIN F No LIMITS

5. F A NO 5.28 WITHIN F Na LIMITS

F. N, Fir F&

CONSUMABLE INSERTS witawataw, | NONE sk
WELD DEPOSIT THICKNESS Y. Timm _ T At [
PES]TTON

WELD POSITION fi3 ALL PEXSITIONS

WELL PROGRESSION LiIFIHLL B ALL EXCEPT YERTICAL DEIWHN

FOAS
BACKING CGAS (G TAW PAW (iMaW )
SHIELDING GAS

ARCON 99.9%
ARGON 90.0%

ARG Do oy
ARGON 99.9%,

ELECTRIUAL CHARACTERIATICS

| CURRENT DC 10
_POLARITY -~ | £NEG E-NKG ONLY
TEST RESULTS
IYPE AND NUMBER: RATHOGRAPHY ACCEPTABLE {YESNO) YFS

LINASSIGNED METALS OF 5IMILAT

| s

VISUAL EXAMINATION RESUI

FATHOGRAPHIC TEST RESULTS:

TS ACCEFTABRLE
ACCEIMTARBELE

REPORT Mo 11854

P FILLET WELD -
| DEFECTS
FILLET LEG SIAE:

TRACTURE TEST

M

i

A
NONE

LENGTH AND PERCENT
MACRO TEST FLISION
CONCAVITY CONVEXITY

MNA LNt

L WELDING TEST CONDUECTED BY: RUIC [Py) Lid

MECHANICAL TESTS CONDUCTED BY: N'A

"WERE PREPARED, WELDED, AN

WE CERTIFY THAT TIE SIH.TI:MFNT‘ [N THIS RECORD ARF. CORRECH ANDTHAT THE TEST COUPONS

SLFD IN ACCORDANCE WITH THE REQUIREMENTS OF THE LATEST

CEDITION AND ADDENDA SRV

:.'d-"ix OF THE AsME CUODE.

W ol - o i e
DATE: 17012200880 Rosd Hee e el '"i’ i CLIENT: L S ‘{
: rel 447 {D)21 55 T4 3.3 i {0121 ;&éﬂﬂm { |
: e wawaitnld 10 n';*f,ﬁ'%ﬁ” e RITC(PTYILED  SIGN: |
TN ARDOTTER

Marine & IndusSTrEL

FETE =T

/ ey

-

- Twwe
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F.3.5 Non-destructive examination reports
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RLETC.

MNON-DESTRUCTIVE TERTING

SURFACE CRACK TEST REFORT

Report Na: 3904
Sheel 1 OF 1

Dale; 28/03/2009

Contractor: ALLWELD MARIME & IMDUSTREAL Jab Moo 1040
Ciiant. aCT Systam Localion: ALTWELD W SHOB
COMPOMENT! |
WELD ITEM: SPOOL PIECES Matertal CARROM STEEL
DETAIL Dr awipg Mo: STWEO4
Surface: Thickneas: VARIOUOS
Fragaration: AZ WELOEDICLEANED
MAOGNETI PARTICLE TEST FENETRANT FLLID TEST COMSLIMARLE BATCHES
Testing Apparatus: Fanateapt davelaper:
L MAGHAFLUX YE YOKE bR ) == BATCH No.
Madium for Tesling: Ramaval Method:
ARDRDX RIS | BID-5 BLACK M BOqI3WY:  NEO3OE
Tachnigue (Wet/Dry): Cwnll Tirms {Penenylrant]
WET Fulfh BOE -3¢ Osely
TECHHNICGAL LIFTING POWER: Dwall Tima [Developar]
DETAIL . 4BKG -AC N sk rrid
Accaptance Criteria: Acceptance Gritera)
SERMBISTAL . i Mik
PROCEDURE: PROCEDURE;
RifC-A-4AT-001 REY O A
WeldNg - INTERPRETATIDN Acc R
SA0T —— - 100% MPI AFTER WELDING AFTER PWHT ON 5X SPODL PIECES Boo
SAW02
__ SaW = C.ARENDSE : 5T
__SAwWnA N
NG RECORDABLE INDICATIONS FOLUND AT TIME OF TEST,
e b B |
’__'_,r""rﬂ
2 _—
i = Ll _’,/’F"f =
L
Tachnician o Inspection Aulherity ik =
Mame. FLOTTERING Quat.  SNT-TCHA Ll \. T A Sign: Sign
Dale: 26/03/200% Shgn: {Dala: Dale;

=i
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KL 1.C.

NON-DESTRUGCTIVE TESTING

SURFACE CRACK TEST REPORT

Raport Na: 3908

Shaat 1 0OF 1
[Date 267032009
| Contractor: ALLWELD MARINE & INDUSRTRIAL Jaob M, 170G
Clbemt: = LT Gystam Location: ALLWELD W.SHOF
CUMFONENT! | .
WELD ITEM: SPOOL PIEGES Malarial CARBON STEEL
‘ DETAIL Drawing Ne: S TWODISTEG03
Surfaca Thichness: VARICUS
Pragaration: AS WELDEDNCLEANED
MAGHETIC PARTICLE TEST FENETRAMY FLLID TEST LONSUMABLE HATOHES
| Teshng Apparalls: Panelrant developar:
MAGRAFL I YE YOKE A BATCH Mo,
Medium far Tesiing: Ramaoval Method;
ARDROX 80340 | 8053 BLACK MA RIOIW ;060308
’ Technlque (WelDry} Dwall Tima {Penenatran)
WET M BOD +F;  [S3ALR
TECHNIGAL LiIFTING FOWER: [raveell Time {Dovelopar)
DETAIL o e MERE=AG e b o
I Acenplanca Criteria; Acceptance Grilaria-
ATAE B3 3 e N
PROCEDURE: PROCEDURE:
I RITC-PT-00 1 REY & LN
| Weld Mo ! INTERFRETATION Bcc. Hu
E" SAWE 100% MP| AFTER WELDING | AFTER PWHT O 5X SPOCL PIECES Aze |
SaWDI =
b SH-WGS == C. ARENDSE : ST122 ="
1 SAWDA P .
NO RECORDABLE INDICATIONS FOUND AT TIME OF TEST.
T - T e — L L) - — --F'-F‘_,.:-"'
% s
1 : — . e
J B
=, s = —ne
PRy i //J_J,..f-" =
| ’/,.r"’
— i — _r’,'-,/ e ———
/..-"'.f"
| !,_'_,./-
i
| //__r,
fﬂrﬂ-‘-
~Technigian ’—\ e tnapaction dulhority =
iMama: F.LOTTERING Qual;: SNT-TC 1A l{@- I' f:‘ : Sign: Signe
Date:  26/03/2009 Sign; Data: Date;




RLT.C.

NON-DESTRUCTIVE TESTING

SURFACE CRACK TEST REPORT

Repart Mo: 3506

Shael | OF 1
Date: EGHOIIZO09
1 Contracior: ALLWELD MARINE & INCIUSTRIAL Job No: 17040
Client: T System Locatian: ALLWE| D W BHGR
COMPONENT
WELD ITEM: S5POGL PIECES Malariai: CARBON STEEL
i DETAIL n_rawir!g_Ng_:__ B L ST\IWI.'}j_.___ Sl & .
Jurface, Thicknens: VARIOUS
Preparation: AL WELDEDVCLEAMED
MAGHETIC PARTICLE TEST PENETRANT ELLID TERT CONSUMABLE BATCHES
| Tealing Apparaius, Panetrant geveloper:
SARGRATL N Y5 YDRE Pty BATCH No.
Meadlum for Testing: Removal Method:
ARDRCIX BO03IVY ! 303 BLACK Bt BOEaW ¢ UE030E
] Techn|que (Well Dyl Dweald Tiona {Pananetrant)
WET Plishy BOD-3: Q52308
TECHMICAL LIFTIMNG POWER: Dwell Tima {Davalopir)
DETAIL AERG =BG e S e
I Acceplance Criteria Acceptance Griter|a;
ASME B31.3 N
FROCEDURE: PROCEDURE:
_1 RITC -F-RIT<¥1 REV U LITEY
| Weld No INTERPRE TATION A iy
| Fawo 100% MPI AFTER WELDING { AFTER PWHT ON 5X EPDD!:_lF']!E[:ES ______ Acc
SAWDE
. C. ARENDSE @ ST124 vrs._t D
| HO RECORDABLE {NDICATIONS FOUND AT THME OF TEST, 1
- _',..--"F.'f
: - ———
_,.-""f =
| £l o
I _F’_r,-‘/ﬂ-f/f = = e o ¢
[— e Eh
r "H’.‘r‘-
I ../"-/’F o o
Technigian e " Inapection Autharity Fgr I
Mame: F.LOTTER|ING Qual: SNT-TC1A LY 'LT_ —~N Sign: Sign;
']
] Date: 26032009 Sign: Date: Dale: |




RLT.C

NOMDESTRUCTIVE TESTING

SURFACE LRACK TEST REFORT

Report No: 3807

Sheet 1 OF 1
Data: 2E0NZI0S
I Contracior: ALLWELD MARENE & INDLISTRIAL Jdob Ha: 17040
Cliant: (i) Syutem Lacation: ALLWELD W SHOP
COMPONENT { i -
WELD ITEM SPOOL PIECES Materiai GARDOMN STEEL
| DETAIL Orawlng Ma: SEWI0ESTRG
Surfaca Thicknoog! VARIDUS
Freparation; A5 WELDEDICLEANED
MAGHETIC FPARTICLETEST PEMETRAMT FLUIG TEST COMSUMABLE BATCHES
! Tasting Agparatus. Panelrant devaelopear:
MAGNARLLX YEvOKE | N, A BATCH Ne.
Medium far Testing: Hamoval Method:
ARCROE BQP%W {_E‘}J-S BLATH FLid 2903% @ OEDICE
| Tachnigue (Wek!Dryj: Twell Tima [Fanaenetrant)
WET Mia 2 800 -3 . A5EHGE
TEQHNICAL LiIFTING POWER: Dwetl Time {Daveloper]
BETAIL e 434G Ag i
| Acceptanoce Gritaria! Ahooaptance Crnteria:
s _ABWEEI 3 Hid
PROCEDURE: PROCEDURE:
I RilEaH-M 1001 REWS Kl
T Waid Na - INTERERETATION Ao, : R
i SAWDY 100 MPLAFTER WELDING [ AFTER PWHT ON 5X SPOOL PEECES Acg |
| SAWZ
3AWI3 C. AREMDSE | STY1i3
1 SAWD

N RECORCABLE INDICATIONG FOUNG AT TIME OF TEST,

.a-"'ff
./'""J"’_;
g e
Technician — Inzpection Aulhority Cliant ™,
Mame F LOTTERING Gueal:  SNT-TS A LB WT = Sign; Sign:
Dale; 260342009 Slgm: Datsy Date:

G S




G Detailed manufacturing drawings
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SECTION A-A

Parts list Continued
I tem Part Name ¢ Material Remark [4 [intet rod | [Mild steel Ball seat

| shaft | Mild steel {5 lendwall | ASTM AS16 Grade70|Boilerplate

2 |head plate [ 150C steel 16 {valve cylinder asm l Weld assembly

3 Ishaft flange b IMild steel I7 {driver connector asm| | Weld assembly

4 tquide cylinder | 1ENY Condition N 18 tdriver tube asm | Weld assembly

5 {ring piston { |Bronze 19 |driven tube inn asm | Weld assembly

6 [siiding sleeve | {Atuminium 7075Condition T6 20 |driven tube ext asm | Weld assembly

1 drf@n connector I {ENS Condl:*fon N 21 {M20 by 140mm bolt 12 {Class 8.8 Std. part University of Cape Town
8 |sliding coupler | |ENS Condition N 22 {M20 by 11 0mm bolft 12 |Class 8.8 Std. part Department of Mechanical Eagineering
9 loneway ring | |Bronze 23 {MI6& by 1i0mm bolt 12 1Class 8.8 Std. part Title

{0 {throttle plate gear I |As supplied Module | 24 [MI6 by 80mm bolt 12 1Class 8.8 Std. part @E Shock Tube Assemb)

i | Jgear pinion | [As supplied  [Not shown 25 [MI0 by 40mm bolt 10 [Class 8.8 Std. part T ote Sheet o
12 [gear align pin | [Mild steel 26 [MI0 by 60mm bolt g [Class 8.8 Std_pari ol (LI 1e00220 |18

aws By Drowing Hember

I3 1 teflon bush I |Teflon Not shown 27 [M36x2.0 nut I |Class 8.8 Std. part o1 |Michaet Dowsey STASHOOY







122

12 -

DETAIL A: O ring groove

SCALE 2,000

Note: Surf fin and break edges also
apply to groove in detail B

]

‘{——SEE DETAIL B

Remarks

- 0. 45 | 5.5 5
s A Polish
& surface
<] Undercut Polish m -+
2| thread ‘l l—}””“e R
LA '/
./ i
B A | R B S I S E S foebdeaed B
I e e R\ i
o == f . Debur 1x45 '\
o y-1 4
SEE DETAIL A
—M36x2 = 2
St <
6, 7%
,90 . RO.
Pod
R
|6
A//// i Mild steel
Debur |x45° \\\¢Zi Item| Moter ial
Break edges RO.15

University of Cape Town
Deporiment of Mechenical [ngineering

5.1 |1, 6,67
DETAIL B
SCALE 1,000

@ 3 Title
Dimensions | Scale Date Sheel |of
8 BB
Jolucoace {9,500 30.10.2008 2 45
Draws By Drowing Humber
8.1 Hichoe! Downey $TPOOY
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Title
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SCALE 1,00

| 3 Hild Sleel |
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University of Cape Town
Depar Iment of Mechanical Emgineering
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