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Abstract

In this dissertation a facility for the study of &k Wave Induced Cold Gas Spraying
(SWICGS) is investigated. The objective of the gtwahs to design, construct and test a
shock tube rig that will be used to acceleratejgiasto velocities required for deposition in
SWICGS applications. The testing of the rig invalwesing helium and air as gas drivers,

and testing for different diaphragm configuratiamsthe rig for best performance.

To understand the problem better a literature mevo@ several aspects surrounding the
field of SWICGS was conducted. This involved aspestich as particle critical velocity,
deposition efficiency, shock wave production andesal other topics. Based on the
compiled literature, three conceptual rig desigesengenerated. Concept B was selected to
be developed further into detailed design. The ntaintributing factors in the decision
making with regards to the rig design were the tgafd the design, the provision of

undisturbed flow in the tube and ease of manufactur

The final rig has a shock tube with an internahti$éer of 5mm. The pressure reservoir of
the rig is 0.377 litres, and the total length o ting is 2 meters, with a safety factor of at
least 10 for all components. The rig makes useolein®id valves to work as diaphragms;
the valves have an opening time of &@Gand a closing time of 1@@ The opening and

closing of the valves is controlled by a programrivextller controller.

Significantly high jet velocities were obtainedrabm temperatures using the designed rig,
with air as the gas driver jet velocities of upbtits.35m/swere achieved and with helium
as the gas driver jet velocities of up to 87&n@2were achieved within the tested range of
10 to 50 bars reservoir pressure. These high waeaan be achieved at a wave generation
frequency of 5 Hz. The rig can generate high v&ygeits even at higher frequencies of up
to 20 Hz. The single valve arrangement showed tgdmerally performing better than the

double valve arrangement within the tested rangecanditions.
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Shock Tube:

Compression Chamber:

Expansion Chamber:

Diaphragm:

Deposition:

Substrate Erosion:
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Normal Shock Wave:

Bow Shock Wave:

Shock Wave Induced Cold Gas Spraying.
Cold Gas Dynamic Spraying.
American Society of Mechanical Engineers.

Is a German abbreviation for Shock tubinulation on a

A nozzle with a converging sectfollowed by a diverging
section also known as the converging/diverging feozz

A long tube usually divided into twatpaby a diaphragm;
the volume on one side of the diaphragm constities
compressed gas region and the other side is typiesl
atmospheric conditions.

High pressure region in tbekstube

A low pressure region in theclkhtube, usually at
atmospheric conditions.

A layer separating the compression cleamipom the
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Chapter 1 Introduction
1.1 Background

In this dissertation a test facility for the stuofyCold Gas Dynamic Spraying (CGDS) is
investigated. CGDS is a process of applying coatimg exposing a metallic or dielectric
substrate to a high velocity (300-1200 m/s) jesmiiall (1-50u m) particles accelerated by

a supersonic jet of compressed gas (Papyrin, 2087%he cold gas dynamic spraying
process, powder particles are accelerated by thersonic gas jet at a temperature that is
always lower than the melting point of the materidlis means that coat formation on the
substrate occurs with powder particles being inobdsstate, as opposed to thermal

spraying techniques where patrticles are melted.

Gold gas dynamic spraying technology was first alieced in the early 1980s by Dr.

Anatolii Papyrin and his colleagues at the Institaf Theoretical and Applied Mechanics
of the Siberian Branch of the Russian Academy oér&e (Papyrin, 2007). The discovery
of the technology was made while studying modelgested to a supersonic two-phase
flow (gas + solid particles) in a wind tunnel (Alkiov et al, 1990). The research team
worked on the design of high speed ‘re-entry velsichnd during the experiments, using a
supersonic wind tunnel with metal tracer particlésyas observed that sometimes the
particles build up a coating on the target instefaeroding it (Steenkiste et al, 2003).

Outside of Russia, the cold spray process was muesbdirst in the United States by Dr.

Papyrin in 1994. At the present time, a wide speotof research is being conducted at
several research centres around the world, andndeof publications have been made on
the subject to date. A patent for the CGDS techmolwas issued in the United States in
1994 and Europe in 1995.

A new cold spraying technique (shock wave induceldl gas spraying; SWICGS) was
developed at the University of Ottawa, Canada id12@WICGS process is similar to the
CGDS process, in that feedstock powder particlesaacelerated to high impact velocities

in both processes, and the intermediate tempesatuecbelow the melting temperatures of
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the feed stock (Jodoin et al, 2007). The fundanteliti@rence between the two processes
is that the CGDS process makes use of a nozzleg#lnozzle) to accelerate feedstock
particle flow, whereas the SWICGS process uses pesspn waves (which coalesce to

form shock waves) generated in a shock tube sgtagoin et al, 2007).

1.2 Motivation

In the CGDS technique, the feedstock particlesaarelerated by a supersonic gas flow
beyond a material dependant critical velocity (Afkbv et al, 1994). This critical velocity

depends not only on the type of spraying and satestnaterial but also on the patrticle size
and temperature upon impact (Schmidt et al, 2086)dies have revealed that failure to
accelerate the feed stock particles beyond thealrivelocity results in substrate erosion
instead of coating formation (Schmidt et al, 2006)order to improve the coating quality

and to also extend the range at which the CGDSigoh can be used, it is desirable to

increase the particles impact velocity (Luo e2a09).

In SWICGS, the feedstock powder particles are loedteging their acceleration due to the
compression induced by the shock waves (Villafueteal, 2009). The SWICGS s

different from CGDS, in which the gas jet cools doas it expands in the diverging
section of the DelLaval nozzle (Villafuerte et a02). As a result of the particles being
heated during flight in the SWICGS process, théoali particle velocity at which solid-

state bonding takes place is effectively loweredldfterte et al, 2009). This makes the
SWICGS process able to achieve higher intermegiatecle impact temperatures than the
CGDS. Higher intermediate particle impact tempemtachieved by the SWICGS results

in lower critical velocities required for coat foaton compared to CGDS.

The total combined kinetic and thermal energy afiplas that the SWICGS process has,
results in high deposition efficiencies (Villafueret al, 2009). Due to the high particle
impact velocities offered by the SWICGS process #praying application can be
extended to a wider range of materials includireglst cermets and titanium. The more

efficient management of thermal energy at lowertigar velocities, along with



intermediate gas flow, is a key factor in reducamgrgy and gas consumption when using
the process (Villafuerte et al, 2009).

To experimentally prove the validity of obtainingt jvelocities that are adequate for
particle deposition (300-1200 m/s) under room temajpee, a test rig has to be constructed.
In spraying applications high jet velocities arguieed at very high frequencies. The rig
construction is therefore necessary to demonsttegepracticality of generating strong
compression waves repetitively at high frequencidse investigation of the SWICGS
process with an aid of a constructed test rig thdlp to understand the principles of gas
dynamics involved.



1.3 Objectives
» Design and construct a shock tube rig that willetm@te driver gas flow to

velocities required for particle’s deposition inctgas spraying applications.

» Use the shock tube rig to test for velocities whieim be achieved when using a
single diaphragm and a double diaphragm valve gemraent with air and helium as
the driver gases.

» Use the shock tube rig to test for changes in drges flow velocity with the
change in reservoir pressure for both valve arnaneges (single and double) and

both gas drivers (helium and air).



1.4 Literature Review

1.4.1 Cold Gas Spraying

The cold spraying processes can be classifiedtwocategories, based on the flow driver
mechanism; the CGDS process and the SWICGS problesdwo figures below (fig 1 and
2) show the difference in operation of the two CGlals Spraying processes. In the CGDS
process a converging-diverging nozzle also knowrth@sDe Laval nozzle is used to
accelerate flow to velocities required for particdeposition. When flow is accelerated
outwards, a rapid expansion occurs in the nozzletlwlowers the temperature of the
outgoing flow. Since the deposition of the parsctepends on the before impact particle
temperature among other factors; the cooling ofgasicles results in a higher critical

velocity being required for particle depositionatzcur.

High Pressure

Gas Supply — Converging - Diverging

Nozzle

/

>0 Gas Heater

DY L4
Y
5

Shock Generator

High Pressure
Gas Supply —» —

v\Shock Tunnel

Figure 2. Schematic diagram of a Shock Wave InduckCold Gas Spraying process

One of the major differences between the two pseE®ss that the CGDS process is continuous and
operates in a steady state; whereas the SWICGStepenith compression pulses that drive the
spraying particles. The compression pulses argerayl one after the other. The shock generated is

a moving one; and it is used to drive the flowéast of the flow moving across it. There is a flow



driver mechanism which uses the combination of lpstitesses (CGDS and SWICGS) where the
shock tube is fitted with a nozzle at the end. Woslolving this kind of a driver mechanism has
been done at the shock wave laboratory of RWTH Aacbniversity in Germany (Luo et al,
20009).

1.4.1.1Coat Formation

Except for very thin coatings, the spray processhmconsidered as a process that consists
of two stages: the spraying of the first layer aftiles on a substrate, and the build-up of
the coating (Papyrin, 2007). The fist coating layecold gas spraying is very vital for a
successful coat. During the first stage, the pagiénteract with the substrate, and this
process determines the quality of the boundary eodt the coating adhesion. The first
stage of coat spraying turns out to be more coma@d; because it depends on particle and
substrate parameters such as roughness, hardredsnaperature (Papyrin, 2007). The
first stage also depends on the state of the syrfalcich changes as the number of particle

impacts increases (Papyrin, 2007).

The nature of adhesion of metallic particles witbloeities ranging from 400m/s to

1200m/s and temperatures much lower than the rggitamt of the particle material to the

substrate is not yet properly defined in theorye Téctors that complicate the study of this
phenomenon are as follows (Papyrin, 2007):

> The size of the feed stock particles being verylisitg =10"°m).

> The short time of particles interaction with théstate { =107°s).

» The phase state of interacting objects in micranas near the contact boundary.

The process of adhesive particle-substrate interaduring cold spray can be considered
within the framework of the approach widely used gas-thermal spraying analysis
(Papyrin, 2007). However, it should be noted tludd spray involves a much greater effect
of kinetic energy of particles, leading to sigréfint differences in interaction of cold
particles and melted particles typical of gas tr@rdeposition techniques (Papyrin, 2007).
The temperature of particles and substrate durorgact depends on heat release in the

zone of high plastic strains, in the cold spraycage. However, the heat release is not



important in the interaction of melted particleshwihe substrate in the case of thermal

spraying processes.

1.4.1.2Material Critical Impact Velocities

All particle/substrate materials have a criticaltjgpée impact velocity at which deposition
will occur. There are two characteristic regiongagated by the critical velocity which can
be identified; the region below the critical velyciand the region above the critical

velocity. At the region where particles velocity below the critical velocity \(,<v,,)

substrate erosion takes place. Substrate erosiuot desirable in Cold Gas Spraying since
it damages the substrate instead of forming a ¢odhe region above the critical velocity

(v,>v,) the coating process begins to take place. Inrdg®on, the deposition efficiency

rapidly increases to around 50-70% as the partielecity significantly exceeds the
critical value (Papyrin, 2007). Studying the suditgrsurface has shown that all single

particles withv < v, whereby thev, =~ 250m/s are reflected on the substrate (Papyrin,

2007). As the velocity increases within the range > v

«» the character of particle-
substrate interaction is drastically changed; anabally growing coating is formed on the

substrate surface whew, =~ 900m/s (Papyrin, 2007). The typical values of dnigical

velocities () for various metals (Al, Cu, Ni, and Zn) are wittb00—-700 m/s (Papyrin,
2007).

Deformation of aluminum particles with different pact velocities on a polished copper
substrate is shown on figure 3 below. Particle iochpeelocities of 625m/s, 730m/s and
850m/s where tested. The microphotographs of athefuminum particles on a polished
copper substrate, illustrate the character of @artleformation depending on the impact

velocity (Papyrin, 2007)For v, = 625m/s, there is no layer of crown-shaped outbuteat

appears over the peripheral of attached particlehiA layer of crown-shaped outburst

appears over the peripheral of attached partices f= 730m/s, and is more noticeable at

v,= 850m/s. The layer of the crown-shaped outburetr die peripheral indicates how



much the particle has deformed to fuse with thessate and the thicker the layer the

greater the fusion (deposition efficiency).

(a) Vp= 625m/: (b) Vo= 730m/: (c) Vp= 850m/s
Figure 3: Deformation of aluminum particles with different impact velocities on a polished
copper substrate (Papyrin, 2007).

The impact velocity of particles in cold gas spraydepends on a number of factors. The
spraying feed-powder particle size, the spaying4e@wvder material type and the type of a
carrier gas being used dictate the impact velaeibges that can be achieved. From figure
4 below it can be clearly seen that helium as acgaser yielded higher impact velocities
compared to air. It is also important to note frtme figure that different materials have

different critical particle diameters where thehegt impact velocities can be archived



1200 -
Aluminum

Helium
Copper
Helium

1000

800 [

600 [

Particle Impact Velocity

400 [

Aluminum
Air

200

L f 0 Ll L
%o 10° 10" 107
Particle Diameter, microns

Figure 4. Effect of the particle size, the feed-poder material and the carrier gas of the

particle critical impact velocity for adhesion (Grugicic et al. 2003).

1.4.1.3Deposition Efficiency and Temperature Effects

In cold gas spraying processes the feedstock [emt@re in a solid state before their
interaction with the substrate. This means that dbkel spray method can be used for
coating applications at room temperaturowever,the use of a pure air jet at room
temperature does not ensure formation of coatingsdme of the materials. The before-
impact temperature can be increased by pre-hett;mgowder feed stock. It is important
to emphasize that the particle temperature undehn pue-heating is always much lower
than the melting point of the particle materialpypding coating formation from particles

in the solid state. Figure 5 below shows the resofitmeasured deposition efficiencies for
various metallic powders (aluminum, copper, andkelicas a function of stagnation

temperature of the driver jet. From the figuresibbserved that the deposition efficiency of

the particles increases with the increase in stagngemperature.
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Figure 5: Deposition efficiency of aluminum, copperand nickel powders sprayed on copper

substrate versus the air jet stagnation temperaturéPapyrin, 2007)

In figure 6 below curves 4, 5 and 6 show the ddtégore 5 above for the aluminum,

copper, and nickel powders, but the data is plotrdus the particle velocity used in the
computations (with the corresponding temperaturfeairoheating). By comparing these
dependences with those obtained with the use @firalnelium mixture as a driver gas at

T,= 300K (curves 1-3), it can be concluded that thdigle and substrate temperatures

also have a significant effect on the spraying essc otherwise these two families of
curves would coincidéPapyrin, 2007). The pre-heating of the air in fire-chamber
increases the particle temperature, which resaoltigoth an increases in particle velocity
and particles substrate temperature. For that nedke drastic increase observed for the
deposition efficiency can be attributed to the glowf both the velocity of sprayed
particles (which increases the pressure and teryseran the contact at the impact
moment) and the temperatures of the sprayed pestasid the substrate (which can lead to
changes in their properties, increase in tempegatuithe particle—substrate contact, and

hence, displacement toward lower values of thecatitvelocity (v, ) (Papyrin, 2007). It

can also be observed that slight preheating ofehallowed for the decrease the critical
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velocity and, as a consequence, to extend the rahgprayed materials with an air jet
(Papyrin, 2007).
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Figure 6: Deposition efficiency for aluminum, coppe and nickel powders accelerated by an
air helium mixture (1-3) and by heating air (4-6) \ersus particle velocity (Papyrin, 2007)

The use of a supersonic jet of air-helium mixtune &iaving a stagnation temperature of
300K and the use of a slightly preheated<(5D0 — 600K ) supersonic air jet allowed for
obtaining of coatings from most metals and manyyall(Al, Cu, Ni, Zn, Pb, Sn, V, Co, Fe,

Ti, bronze, brass, etc.) with particles of the size < 50 xm onto various metallic and

dielectric substances (in particular, glass, cecametc.) (Papyrin, 2007). The deposition
efficiency of the powders reaches 0.5-0.8, whickxgemely important from a practical

point of view in the development of particular teological processes (Papyrin, 2007). The
preheating capability increases the coating apjdics of cold gas spraying, and makes it

more appealing when compared to other sprayingggess such as thermal spraying.

1.4.1.4Cold Gas Spraying Advantages and Applications

Eliminating the harmful effects of high temperatare coatings and substrates such as in

thermal spraying offers significant advantages e possibilities for cold gas spraying.
These include (Papyrin, 2007):
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Avoiding oxidation and undesirable phases;
Retaining properties of initial particle materials;
Providing high density, high hardness, cold-work&drostructure;

Spraying thermally-sensitive materials;

V V V V V

Preparing the substrate minimally with surface prapon/masking, short standoff
distance;

A\

Depositing many materials at high deposition ratas efficiencies;

Y

Collecting and re-using particles (powder utilipatup to 100% with recycling);
» Increasing operational safety because of the absehbigh-temperature gas jets,
radiation, and explosive gases.

The above listed advantages make cold spray prognisi producing and repairing a wide

range of industrial parts. Examples include turtbfages, pistons, cylinders, valves, rings;
and bearing components, pump elements, sleeveflis,saad seals for many industries.

Various coatings may add strengthening, hardemirggr resistance, corrosion resistance,
electro-magnetic conductivity, thermal conductiyiand other properties (Papyrin, 2007).
The process is also suitable for production of cachgpowder materials and for direct

fabrication of parts.

1.4.1.5Powder Feeder and Feedstock Particles

One of the important elements of the cold sprayset the powder particles feeder, which
should provide a uniform controlled supply of thewgler into the spraying gun. Most

powders used in cold spraying have sizes rangiog ft to 5Qum and it is difficult to

provide a uniform powder feed rate because of tbhevder's agglomeration. Many
traditional powder feeders become ineffective wagkwith such fine powders. It is also
desirable in the cold spray process that the povieeder is able to preheat powder
particles to temperatures around 500K, for highodén efficiencies. Due to the
complexity and functional requirements of powdezders; they are usually very capital

intensive.

12



1.4.2 Shock Tubes and Gas Dynamic Principles

1.4.2.1Normal Shock Waves

A normal shock wave is a strong compression wave vary large amplitude, propagating
at a supersonic velocity in the direction perpeuldic(at 90°) to the shock medium's flow
direction.

The normal shock wave is an irreversible occurreimc®ne dimensional flow and is
characterized by discontinuous changes in the fimwperties of pressure, temperature and
density (Skews, 2008). The occurrence of a truthemaatical discontinuity hinges on the
assumption that the fluid is a continuum (Skew9&0 Since gases are composed of
individual molecules, a true discontinuity cannotur; however, the assumption of a true
discontinuity is satisfactory and closely approxiesawhat happens in real gases (Skews,
2008). Normal shock waves can be classified istationary normal shock waves and
moving normal shock waves. The moving normal sheale can use the same relations as
the stationary one; this can be achieved by supesing a reference velocity on the
observer so that the moving shock appears stagicimathe observer. Moving normal

shock waves can be generated experimentally byngalse of shock tunnels/tubes.

1.4.2.2Shock Tube Design

Figure 7 below shows a shock tube schematic wiingle diaphragm arrangement. The
gas tight valve which acts as the diaphragm divitlesshock tube into two regions; known
as the compression chamber (regionand the expansion chamber (redion The

compression chamber contains a gas at a preBsuvenich is greater than pressureof

the gas in the other half of the tube. When theesaleparating the two regions opens a
shock wave travels into the expansion chamber;thadxpansion waves travel into the
compression chamber. The expansion waves traveititg the compression chamber
would eventually reduce the pressure in the chattbatmospheric if the separating valve

is opened for long enough.
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Gastight Valve
(Diaphragm)

Figure 7: Single diaphragm shock tube schematic

Figures 8a and 8b below show the pressure disiibaiong the tube before and after the
valve has been opened. The dotted line in figurel@iotes the position of the gas which
was originally at the valve before opening (Wrigt261). The gas to the right of the dotted
line has been compressed and heated by the shaek wi the gas to the left of the line
has expanded from the compression chamber andheasfdre been cooled (Wright,
1961). Across the dotted line there will therefgemerally be a change in properties such

as temperature and density, such a point is kn@aantact discontinuity.

a) P P4‘ F’1
X —>
P,
T P. _ Contact Discontinuity
P 3
b) | P
1 X _>

Figure 8: Pressure plot before and immediately aftediaphragm rupture (Wright, 1961)

The immediate velocity and temperature distributisgide the expansion chamber when
the valve is opened is shown in figures 9 and llovbeThe velocity and temperature
distribution inside the tube are based on a oneed#&onal flow modelling. From the
distribution plots it can be observed that the bgjhemperature and pressure occurs in the
region immediately behind the shock front (red?on This is the region that accelerates

the powder particles in the spraying gun to higloeides.
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Figure 9: Representation of the instantaneous gahocity inside the expansion chamber just

before the shock wave exits the tube
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Figure 10: Representation of the instantaneous gasmperature inside the expansion

chamber just before the shock wave exits the
1.4.2.3Production of strong shock waves

1.4.2.3.1 Theuseof light driver gas

Sound has a higher speed when travelling througleggavith a higher pressure/density
ratio. The use of a gas with high sound speedeib#sis of many important shock tubes to
produce strong shock waves (Wright, 1961). The yetdn of strong shock waves is
based on the following formula:

yitla,
yi-la,

Where M is the Mach number of the wave, is velocity of sound in the driver gas; and

M = (1)

ais the speed of sound in air. From the relationshigan be seen that the greater the

speed of the driver gas, the greater the Mach nurobéhe generated waves. Various

methods of using the increase in shock strength edmpression chamber sound speed are
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widely used (Wright, 1961). The simplest methogkays a light gas such as hydrogen or
helium in the compression chamber. Of the two gagdsogen has a higher sound speed,

but the gas is very inflammable. This makes helgumore proffered alternative.

1.4.2.3.2 Gas pre-heating

Pre-heating of the gas driver increases its sopeddsand hence the strength of the shock
generated. Methods of heating the compression chiagds suffers from the disadvantage
that they tend to leave the compression chambeingasnon-uniform condition and the
shock wave is consequently attenuated as it propagdown the expansion chamber
(Wright, 1961).

1.4.2.3.3 Multiple Diaphragm Shock Tube

Figure 11 below shows a multi diaphragm shock tabengement. The gas in the
intermediate chamber is at a lower pressure tharcdimpression chamber. The expansion

chamber has the lowest pressure of the three regisnally atmospheric.

The diaphragm between the compression and inteatgedhamber is ruptured and the

shock wave which travels down the intermediate dienis reflected at the diaphragm

between the intermediate and expansion chambeliglftV1961). The pressure behind the
reflected shock is sufficient to rupture the secdiaghragm but, before it has time to open
fully; the reflected shock has travelled back legva hot, high-pressure region to act as a
compression chamber gas which will drive a shockevdown the expansion chamber

(Wright, 1961). Each additional chamber increabesshock strength by a factor of 12 or

16 according to whether the gas employed hags af 5/3 or 1.4 respectively (Wright,

1961). Intermediate

Compression Chamber Expansion
Chamber Chamber

|
I 7
|

Main Auxiliary
Diaphragm  Diaphragm

Figure 11: Multi diaphragm shock tube arrangement
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Another advantage of using multi stage diaphragithas even if the gas is pre-heated, it
leaves the compression chamber in a uniform canditll the preceding theory is based
on the assumption that the time of rupture of tiiermediate diaphragm is long compared
with the time for the reflected shock to travelegapreciable distance (Wright, 1961).

1.4.2.4SWICGS Flow Cycle

In this section the process that occurs in oneepsisay cycle of SWICGS in explained.

One pulse cycles is divided into the firing phasédn the valve is opened to create a
shock wave) and the filling phase (where the vavelosed to allow pressure build-up in

the compression chamber).

14241 Firing Phase

Figures 12a, b and ¢ below show the process tltatr®érom the opening of valve B to the
point where powder particles in the spraying gunaacelerated through the gun exit point.
Before the valve opening, the shock tube is diviokd two regions; which are regidn

(at atmospheric conditions) and regi@n (pressurized driver gas). Subsequent to the
opening of valve B, a shock wave is generated.shuek wave moves downstream of the
tube and overtakes the spraying powder particldsctwit then accelerates to high
velocities. The spraying particles are moved by hlifgh temperature, high pressure and
high velocity region immediately behind the shockver (region 2). Region 2 and region 3
behind the shock wave are at the same pressurgiffarent temperatures, with region 2

having a higher temperature.
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Figure 12: Firing phase schematic of one pulse cyl

1.4.2.4.2 Filling Phase

Assuming that valve B was opened for long enougbh ghat the conditions in the entire
tube are now at atmospheric conditions (similareionl ). Figures 13a, b and ¢ below
show the process that occurs from the point tratuhnel is at atmospheric conditions to a
point where it is re-filled and ready for the néixing phase. Once the compression waves
have exited the spraying gun, valve B will be ctbssnd valve A will be opened.
Compressed gas will flow into the tunnel from tleearvoir. The compressed gas will flow
into the empty compression chamber, reflect onesdvand create a high temperature
pressure zone in regidn. Once the high pressure and temperature zoneeaed in
regiond valve A will be closed and powder particles will inéroduced into the tunnel and

the tunnel will be ready for the next firing phase.
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1.4.2.4.3 SWICGS Cycle Shock Wave Diagram

The firing process mentioned above can also besepted in a form of a wave diagram as

shown in figure 14. The wave diagram shows an itlgal stage shock wave generation

(multi diaphragm arrangement) that occurs. Wheweval is opened during the filling

phase, a primary shock wave which reflects on vBIve generated. This reflected shock

wave creates a high temperature high pressurerregiich is denoted by regien. When

valve B is opened during the firing phase a seahutk wave is generated. The secondary
shock wave is the shock wave that is shown dritlegparticles during the firing phase in

figure 12. Region 4 represents conditions in tleemeoir; and region 1 is at atmospheric

conditions.
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Figure 14: An ideal shock wave diagram for a doublealve arrangement showing the

primary, reflected and secondary shock waves.

1.4.2.5Process Modelling

1.4.2.5.1 Primary Shock wave
The first stage is to determine the velocity of grenary shock wave; the known initial

conditions are the pressur€ andP,), temperature T, andT,), and density p,andp,) for

region 1 and region 4. The pressui® ), temperatureT,) and density p,) of region 2,

which is the region immediately behind the primahpck wave, can be calculated using
equations 1, 2 and 3 respectively (Anderson, 1988 to the nature of the equations a

solution will have to be found through an iteratprecess.

Pressure:

_ 2,

yal e [T
(V4 1)( a, j( P - :J
P,=P |1~ (2)

\/Zyl{Zyl +(y, +1)(|;: —1]} |
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Temperature:
=
-1) R
y 1 (3)
1+ V¥R
y-1R
y+1\P o
y-1h

P =P Y1), Py
y-1) R

In all three equations aboveg, is the specific heat ratio of the gas medium aisdthe

-
1
1
0 |50

Density:

(4)

speed of sound at the medium’s temperature. Fighreelow shows the primary moving

normal shock wave with a gas of velocityy moving behind it. The shock wave is
propagating at velocity/ into still air which is as atmospheric conditionk.should be

noted that the velocity of the gas behind the sheakot the same as the velocity of the

normal shock wave itself.

Moving normal shock wave

év

/ V. (Still Air)
Region2 —> 2 —
[

Region 1

Figure 15: Moving primary normal shock wave betweerregion one and region two

The primary normal shock wave velocity can be fowsihg the following (Anderson,
1982):

_ y+1 p,
Vgo=a,_ |[—| —-1|+1 5
) \/2y(pl j+ ©)

The shock wave velocity can also be expressedrinst®f its Mach number and sound

speed in the gas ahead of it and the relationship i
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Vo =Mgxa (6)

Finally, the actual velocity of the gas behind theving shock in region two is given by
(Oosthuizen et al, 1997):

_2m )

2 = eI, a (7)

1.4.25.2 Reflected Shock Wave

When the primary shock wave reflects on valve Begion of higher temperature and
pressure is generated. The moving reflected shankbe modelled as a stationary shock
with gas flowing across it. In this modelling, thieock divides the flow across it into the
andy components. The x component is upstream of theksaad the y component is
downstream of the shock. Conditions in theomponent represent the high temperature
and pressure conditions of the reflected shock. rEflected shock can be represented as
shown in the figure 16 below. The pressure and &zatpre conditions of component x are
similar to those of regiod. The velocity of component x is the sum of thdewkd wave
and that of regio@ . An iterative process will have to be followed atables of

compressible flow of air will have to be used técaéate conditions in component y.

X y
Vi =V +V, Vy =Ve =7
— a, =7
a=ay N
P =F, P ="
TX :TZ_ TY:’)

Figure 16: Reflected shock presented as a stationashock.

1.4.25.3 Secondary shock wave

To find the strength of the secondary shock simelguations as in the primary shock will
be used. The difference will be the initial cormtis; which will be the conditions of the

reflected shock in this case. The conditions ofiaeg4 will be represented by the

conditions of the reflected wave. Finally, the setary shock wave will be formed,

creating the regior2 in which the powder particles are going to be amegéd.
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1.4.2.6Particles Momentum Transfer
In general, gas/solid particle transport phenomshauld be considered within the
framework of the suspension flow in which the flpiarticle medium is taken as a single
phase with its own particular properties (Sunglatl891). The drag coefficient of the
particle C, can be taken from.

Cy =2, % o 8)
Where constants, a,and a, apply for smooth spherical particles over a raoigeslative

Reynolds number®, (Morsi et al, 1972), See appendix C.

The relative Reynolds number (i.e. the particlegri®&ls number) can be defined by:

,0DP|up —u|
= - 9
R="", )(

The acceleration of the particle can be measured) tise following:

i — p(V_Vp)ZA:,CD

10
d, 2m (10)

p

1.4.2.7Impinging Jet Flow

As shown in figure 17 the impinging jet flow fietdhn be divided into three main regions
(Donaldson et al, 1971). The first region represémsmain jet column in which the flow

is primarily inviscid and contains expansion anchpeession shock waves for non-ideally
expanding jets (Grugicic et al, 2003). The secoadion, generally referred as the
impinging zone, involves the region of jet impingarh onto the substrate, which is
characterized by large gradients which cause n@janges in the local flow properties
(Grugicic et al, 2003). The third region, known tae radial wall jet, includes the area
outside the impingement zone which contains theflgat, redirected laterally outward

after impingement (Grugicic et al, 2003). When apghing the substrate a bow shock is
developed and the primary jet is slowed down. Heedder particles carried by the jet
flow gain momentum during flight, and due to themamtum attained the feed powder
particles are not slowed down as much as the gst.flThis enables the feed powder

particles to impact the substrate at a reasonadpfehspeed.
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Figure 17: Schematic of a supersonic impinging jetow field (Grugicic et al, 2003)

1.4.2.8Pressure Measurement Techniques

Surface pressure measurements in short duratiditiéscrequire different approaches than
for continuous running facilities (Tropea et al,0ZD Because the measurement time is
short, pressure transducers with fast responsehawve to be used (Tropea et al, 2007). In
addition to the fast response time, the suscepditda of the pressure transducers has to be
installed close to the surface to minimize theni@ltime of the tubing system in front of
the susceptible area (Tropea et al, 2007). Pregmuges most commonly used in short-
duration hypersonic ground-based test facilitiespezoelectric pressure transducers.

To achieve fast response times, the susceptibke @fréhe pressure transducer has to be
positioned as close as possible to the model ®irfse shown in figure 18 (a) below, small

holes are drilled in the model which act as presgappings (Tropea et al, 2007). The
pressure transducer gauge is placed directly bethesk tappings. This installation is not

suitable for stagnation regions, where the flow nainectly stagnate on the pressure
transducer leading to high heat flux on the sudcleparea. A stagnation installation is

shown in figure 18 (b), where the susceptible aseprotected by the stagnation plate

(Tropea et al, 2007).
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Figure 18: Pressure transducer orientation for diferent flow directions (Tropea et al, 2007)

1.4.3 KASIMIR Simulation Software

The name KASIMIR is a German abbreviation for ‘Shéabe simulation on a computer’.

The KASIMIR program simulates what physically oumside a shock tube tunnel in a
relatively short space of time. The program cal@ddhe complete x,t-wave plan which is
displayed on the computer screen and providesnrdton about the variables of state
(e.g. pressure, temperature, density, shock vg|adiemical composition) at each position
(Kasimir, 2009). The ability to simulate the pherena inside a shock tube makes
KASIMIR a powerful tool to design new shock tubepexments, to understand the
experimental records, and to predict the gas dyosumnside the shock tunnel. Figure 19

below shows an example of a plot that can be obtiairsing the simulation software.

Figure 19: X-t-diagram of waves in a shock tube callated with KASIMIR

The KASIMIR program is based on a one-dimensiondecwhich takes into account high

temperature effects assuming chemical and thermallilgrium (Kasimir, 2009). The
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program has several common gas models installetstaould the user want to define their

own gas models not included in the code; they @asad

1.4.3.1Theoretical Basis of KASIMIR

The flow inside a shock tube is characterized lbgnst changes of the variables of state.
The variables of state are calculated on the ledstatistical mechanics with the following
assumptions (Kasimir, 2009):
» Thermochemical equilibrium.
» The flow in the shock tube is one-dimensional.
» Losses caused by the rupture of the diaphragm #sawehe influence of the
boundary layer are neglected.
» An exact Riemann solver is employed to reconstthet wave plan and to
determine the variables of state. Therefore, tieer® numerical diffusion inherent

in the solution.

1.4.4 Solenoid Valves

1.4.4.1Valve Types and Characteristics

A solenoid valve is a combination of two functiomaits; a) a solenoid operator essentially
consisting of a coil and spring, and b) a valveybodntaining an orifice in which a seal
disc, diaphragm or piston is located, which is posed according to the type of
technology used. The valve is opened or closed dyement of the magnetic core which is
drawn into a solenoid when the coil is energizéis takes the solenoid valve to have a
very fast response time when opening and closibifferent types of solenoid valves
which can be considered to act as a diaphragmsimoak tube are discussed in Appendix
D.

1.4.4.2The Effect of the Solenoid Valves on the CompressiaVaves

The purpose of the valves is to provide a gas tggal between the compression and
expansion chamber, which are to be opened anddchseequired. There is usually a time
delay in the opening of the valves before the vake fully open. The compression waves
may therefore have travelled several meters dowrtuhe before a well defined shock is
formed (Wright, 1961). When a diaphragm is usea@ ishock tube, the one dimensional
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character of the shock tube flow tends to be dgsttoUnder the initial differential
pressure it tends to bow. As soon as it shatterg#s flow has a component towards the
wall of the shock tube, rather than being diregtecely along the axis (Wright, 1961). This

effect results in transverse waves system beindyzmed inside the shock tube.

Solenoid valves have a rigid internal orifice whiefil not tend to bow when there is a
differential pressure between the compression apareion chambers. However, valves
such as the direct operated and lever type soleradi@ do not have a full bore flow valve
but have a small curve through which flow has &wét. This curved path can result in a
generation of transverse wave. There will also bigat delay in the travelling of the flow,

when compared to an ideal shock tube arrangement.

1.4.5 Structural Analysis

Several standards are used in industry for theysisabf pressurised pipes. The main
standards which are used include ASME, DNV and [B@se standards are based on the
hoop stress and safety factor that is related migimy other factors and best practices. In
all of the norms for the above standards the dgsigssure in pipes is based on:

» Wall thickness

» Diameter

» Specified minimum yield strength
Safety factors are based:

» Material characteristics
Environment
Load

Temperature

YV V V V

Type of pipe manufacture

» Other integrated correction factors
For the structural analysis of the shock tube thg, American standard ASME B31.13 is
used. This standard is generally used for pipingngustry. The straight pipe internal

design pressure limgd calculation equation is as follows (ASME B1.13, @P0
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pdD

t=———,(t<D/6),Y=0.4-0.7 and 11
2[0Y+de] ( /) (11)
(t>D/6),Y:ﬂ

D+d+2c

Wherepd is design pressure based on yield strenigtis; safety factort is wall thickness;
D is outside diametery, is yield strengthd is inside diameter¢ is sum of mechanical
allowances (corrosion, and erosion) and Y is afaoent which depends on a number of

factors.

Table 1: Values of Coefficient Y fort = D/6

Temperature, °C (°F)

< 482 2 621
(900 510 538 566 593 (1150
Materials & Lower) (950) (1000) (1050) (1100) & Up)

Ferritic 0.4 0.5 0.7 0.7 0.7 0.7
steels

Austenitic 0.4 0.4 0.4 0.4 0.5 0.7
steels

Other ductile 0.4 0.4 0.4 0.4 0.4 0.4
metals

Cast iron 0.0
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Chapter 2 Shock Tube Rig Design

The shock tube rig designed is to be used to aatelgas flow to velocities required for

particle’s deposition in the cold gas spraying psst The rig should accommodate both

the single (single valve arrangement) and doubd@hdagm (double valve arrangement)

experimentation. It should also accommodate differgas drivers. The rig should

accommodate the introduction of spraying gas pedi@t a later stage. The powder

particles may range from 1 to 50 microns in siz&€he powder particles are to be

introduced inside the shock tube at the expanstlamber. The induced shock wave

generated downstream of where the particles ameduated will then accelerate the

particles to a required velocity. The product reguents specifications are indicated in the

section below.

2.1 Product Requirements Specification

2.1.1

YV V. V V V V

2.1.2

Requirements

The tube should have an internal diameter rangimmm itbout 4mm to 5.5 mm.
The structure should have a safety factor of atl&@.

The reservoir should be large enough to createateny conditions

Accelerate powder patrticles to a velocity of abe@@@m/s to 1200m/s.

Have a pulsating system with a high shock generdtenuency.

Accommodate tests with both a single diaphragm andiouble diaphragm
arrangement.

Accommodate air and helium as gas drivers.

Constraints

Universities are not allowed to build pressure ebsgiith a diameter greater than
150mm without any authorization.
The rig should fit in the CGS laboratory
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2.1.3 Criteria

» Should not be expensive to build
Should be easy to construct

Readily available materials should be used

YV V V

Safe to operate (High safety factors)

2.2 Functional Analysis
The critical areas in the construction of the shitle are as follows:

2.2.1 The Transducer Ports:

Ports for transducer attachments have to be craateatious points of the shock tube. Due
to the high pressures that will be experiencechenghock tube sealing at the connection

point is very important. Proper care has to bertakeen designing.

2.2.2 Valve Selection:

Shock tubes normally have diaphragms which ruptuie very short space of time. Using
valves in the place of diaphragms will be challeggin that valves with a very fast
opening time while able to contain very high presswvill be required. The orifice of the
valves in relation to the tube size is also vergantant; the valve orifice cannot be smaller

than the tube’s internal diameter as this coulgeanhnoking.

2.2.3 Reservoir Construction:

The reservoir is to handle a pressure of 50 Banss iE a very high pressure and proper
care has to be taken when designing. The resealsnr has to be large in relation to the

tube, in order for stagnation conditions to occur.

2.2.4 Tube Dimensions:

The length and diameter of the tube are importantétermining whether generated

compression waves coalesce to form a shock wametor
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2.3 Concepts Considered

2.3.1 Concept A

As shown in figure 20 the tube is made from a thmeital bar with a bore in its centre, the
bar has thick walls in order to accommodate tracsdports. The shock tube is made out
of three metal bar sections with a bore: the gumck generator and the reservoir
connector. The metal bar sections are threadetl@nednds to allow for connection to the

valves and the reservoir vessel.

Transducer Port

Shock Generator

Reservoir Connector

(Expansion Chamber)

Solenoid valves

Figure 20: Concept A— Thick metal bar

Advantages

» Minimal shock tube flow disturbance at the pointrahsducer attachments.

» Fewer pipe sections used on the rig.

» Components are not fixed on one another (no wettds,will make the rig flexible
when dismantling or assembling.

Disadvantages

» Due to the wall thickness the steel bar is noaadsrd part, it will be difficult to create
a centre bore on the steel bar.

» The tapping points for transducer attachments ateon flat surfaces, this will be
difficult to make.

» Creating threaded sections of the thick pipe fdvevand reservoir attachment will be
difficult.
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2.3.2 Concept B

The shock tube consists of three pipe sections,gthe shock generator and reservoir
connector. There are four transducer stands omigh&he transducer stands are made of
steel blocks with a hole on their centre throughicWwhthe pipe sections pass. The
transducer stand blocks are tapped on the sideegidint where the pipe passes them, the
tapping is from the side through the pipe wall. Tiamsducer blocks are welded to the pipe

section to create a seal.

Gun
(Expansjon Chamber)

Shock Generator

Reservoir
Connector

Transducer Stand Transducer Port
Solenoid ValveWeloleol seal

Figure 21: Concept B — Transducer stands

Advantages

» Flat sections transducer stands will make it easytap and accurately align the
transducer with centre of the pipe.

» Standard pipe sections can be used.

» Minimal flow disturbance at the point of transduagachments.

Disadvantages
» The pipe is welded to the transducer stands, wiadbces the flexibility of the rig.
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2.3.3 Concept C

In this concept the shock tube consist of severn pattions with t-pieces in between. The
t-pieces connect to the pipe sections on two sielshouse a pressure transducer on the
threaded third side at the top. The shock genecatosists of two short pipe sections and a
t-piece in the middle. The pipe sections in theckhgenerator connect to the valves
through fittings.

Transducer Port Solenoid Valve

Reservoir
Connector

Figure 22: Concept C — T-piece connectors

Advantages
» Standard parts are used.
» Components are not fixed on one another (no wettis,will make the rig flexible

when dismantling or assembling.

Disadvantages
» Large flow disturbance inside the tube at the wlaner attachment points due to the t-
piece sections.

» Many short pipe sections
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2.4 Decision Matrix

Table 2: Concepts comparizon and decision making

Concept A:
Criteria Weighting Datum Concept B | Concept C
Safe to operate (High safe
factors) 0.2 6 7 4
Handle Repeatability (hand
repeatable experiments) 0.175 5 5 3
Use readily availabl
material (standard parts) 0.15 2 4 5
Should be easy to constrt
(put together) 0.125 4 6 7
Should not be expensive
build 0.1 2 5 6
Provide undisturbed flow i
the tube 0.25 4 7 2
Total 1 4.075 5.875 4.05

In the decision matrix the design criteria from f@duct requirements specifications
(PRS) was used as a basis for a preferred desidferddt criteria were allocated a
fractional weighting out of 1, based on their imparce. Different concepts were scored
against the weighting, with a score level rangmog 1 to 10. In this case 1 represents low
confidence and 10 represents high confidence.

From the above it was concluded that concept Bniwee feasible design. High weightings
in the decision making were given to provision ofdisturbed flow, and safety of

operation.
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2.5 Detailed Design

2.5.1 Tube Length Decision

Inspired by the conducted literature review théofwing dimensions were selected for the
shock tube using Kasimir simulation, see appendix G

Shock generator lengtB50mm

Gun length:750mm

Reservoir connector lengthS0mm

Tube internal diameteEmm

Tube outside diameteBmm

2.5.2 Reservoir Size Decision

Inspired by the conducted literature review andiassimulations (see Appendix G), the
dimensions below were selected for the tube regefoe dimensions give the reservoir a
total volume of 0.377 litres:

Reservoir length300mm

Reservoir internal diametetOmm

Reservoir outer diameteB0mm

With no net heat and work transfer between therigsand its surrounding the reservoir

will maintain stagnation conditions (Skews, 2008).

The reservoir assembly is shown in figure 23. M side plates clamp the pipe section in
between them using four threaded rods with nutsn@seals are used to seal between the
pipe section and the reservoir stands. In ordact@mmodate pre-heating of the gas in the
reservoir at a later stage a 20 mm clearance asvatl between the treaded rods and the
pipe section. A transducer stand with a port isafed at the centre of the reservoir. The

stand is welded onto the reservoir pipe section.
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Side Plate

Transducer stand
Welded joint

Pressure cylinder
connection port

Connection Rod

= Sliding Slots

Transducer port

Figure 23: Pressure reservoir assembly

2.5.3 Transducer Size and Attachment

Considering the small internal diameter of the &htobe, pressure transducers with a very
small sensing face have to be used. PCB pressursduicers with a sensing face of about
3 mm were selected. The transducers have ar 0F5 threaded section which connects to
a mounting base of an M10 bolt size. As shown gures 24 the tube will be inserted

through the transducer stands and silver weldeavtod any damage to tube due to its

small thickness

Silver welded joint

Transduce

attachment port
Inserted tube

Figure 24: Transducer stand after tube insertion ad welding
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2.5.4 Stagnation Pressure Measurement
This will be achieved by directing flow into a fikgressure transducer located at the gun
exit facing the direction of the flow. The transduavill be attached to a stand as shown in

figure 25 below, and the stand will be fixed orite shock tube rig base.

Shock tube

Transducer port Flow direction .
—_— V exit enc

——

Transducer stand

|

Figure 25: Stagnation pressure transducer stand

2.5.5 Valve Selection

Solenoid valves were selected to act as diaphragritse rig due to their rapid opening
reaction time. The selected valves have an orglize of 6mm; this is 1mm larger than the
tube itself. A bigger orifice will help facilitatéaster flow through the valves. The

specifications of the valves are attached in apipeBd

2.5.6 Structural Analysis

2.5.6.1Reservoir Analysis

The analysis of the reservoir will be made at thsigh condition of maximum pressure
loading, which is when the reservoir is subjecte8Q@ Bar of pressure loading.

a) Loading on the side plates (longitudinal loading

As shown in figure 26 below the connection rods subjected to tensile loading. The

loading in each rod will be calculated as follows:

Reservoir side area =772
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=0.007854 rh
Reservoir side force = KA
50Barx0.007854
= 39270 N
It should be noted that there are four rods holdimg reservoir side plates (reservoir
stands) and the centre pipe together. Assumingthieatods share the load equally, each
rod will be holding a force 9.8175 kN.

t
Il
'::‘— Rod

-"—b / «—M
- —
- —
- —
- —_—

— — P> A N

Figure 26: Side plate and rods pressure loading
Rod area =71 °
= 0.0003142 th
Rod loading =31.25 MPa
With yield strength of 350 Mpa, the rods have &safactor of 11.2.

b) Radial loading

. . pdD _
Using equation 11, t=————— , (t<D/6),Y =0.4-0.7 and
ged 2[JY+de] ( /)
d+2c
t~D/6), Y =———
( /) D+d+2c

A'Y factor value of 0.4 from table 1 was found ®dpplicable.

_ 5000000< 005
2[350000006- 5000000< 0.4]

t =0.355 mm
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Figure 27: Reservoir radial pressure loading
A safe pipe thickness is 0.355 mm, however the piged in the design is 5 mm. This
makes the structure to have a safety factor of 14.

2.5.6.2Tube Analysis

The tube’s D/6 value is less than the tube thicknaghich makes the Y factor to be
calculated as shown below.

t:& , (t>_D/6),Y:M
2o, + pdY] D+d+2c

Assuming mechanical allowances of 7.

_ 0.005+2x7
0.05+ 0.00F + 2x 7

= 0.996

pdD
t=————
2o, + pdY]

_ 5000000x 0.008
2[350000006- 5000000< 0.996

t =0.056 mm
A safe pipe thickness is 0.056 mm, however the pged in the design is 1.5 mm. This

makes the structure to have a safety factor of.26.6

2.5.7 Control Circuit

A control circuit is required for the triggering thfe solenoid valves. As shown in figure 28
the circuit diagram consists of the following compats: a circuit breaker, a 24 Volts
output transformer (power supply), a Moeller colero a normally open switch and two

solenoid valves. Detailed specifications of indiaticomponents are given in appendix B.
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Figure 28: Valve control circuit diagram

2.5.8 Programming

The program makes use of two input basic units Hdoth single and double valve
arrangement programmes. One output basic ungead tor the single valve arrangement
and two for the double valve, and a marker is dse@ach output. M markers also called
marker bits or auxiliary relays are used to stéwe Boolean states 0 or 1. The program
circuit diagrams also make use of a time relayinding relay can be used to simulate a
timer function in which the switching times for tloe and off switching of a switching

contact can be changed.

In order for the timing relay to operate as a swittshould be added in the circuit diagram

as a contact (in the contact field). The timer tiorg i.e. the way in which a timing relay
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controls the switching time, depends primarily be mode configured. The time relay is
used to set the opening and closing times of thenea valves. The configurable time

relay delay times can be between 5 ms and 99 hib9Imthe case where the valves have
to open and close frequently, the flashing modéeftime relay function was used. The
program circuit diagram for the single and douldésg arrangements are shown in figures
29 and 30.
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Figure 29: Single valve arrangement program circuitdiagram

41



Fle Edt View Project Circuit Diagram

Dl &R &6

simulation

Communication

Ostiloscope  Options 2

Q2 a |[vn e |D

HF 1 - Input basic unit

Ak R - Input expansion device

I @ - Output basic unit

A 5 - Output expansion device
I} 10 - Diagnostics slarm

Ak M- marker

Ak P-Fbuttons

4k - Jump

o A - Analog comparator threshold value st
I AR - Arithmetic

A BC - Block comparison

- B7 - Block transfer

2 B¥ - Boclean operation

I C - Counter relay

A CF - Frequency counter

T CH- High-speed counter

- <1 - Incremental encoder counter
2 CP- Comparator

I} D - Text display

A} DB - Data block.

F DC - PID controler

2 FT - PT1 signal smaothing filter
I &7 - Get value from the NET
A} Hw - 7-day time switch

AF HY - Vear time switch

- 3 - Conditional jump

o L5 - Value scaling

I MR - Master reset

I M - Daka multiplescer

F NC - Numerical converter
2 OT - Operating hours counter
2 PO - Pulse autput

I PT - Put value to the NET
0 P - Pulse width modulation
A 5C - Synchranize time via NET
2 5P - Serial protocol

AF =R - shift reqister

A 5T - et cycle time.

- 7 - Timing relay

- 7B - Table function

2 ¥C - Value linitation

< | >

" Commurication J B visualization

[ simulation

By Project | [ ircuit Diagram

on1

o002

o3

004

s

006

a7

o0&

003

0o

c D E

— 101

— 102

- 10201

[~ T0201

SMo1 —

3m02 —

RMO1 —

— To3a1

RMO2 —

[— M01

a01 —
{01

rQ[I2 —

— m02

L

£

Circuit Diagram Element |

I

1

v

(N3

Ready

Figure 30: Double valve arrangement program circuitdiagram
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2.6 Design Description
The 5mm internal diameter shock tube is weldedawosducer stands which are assembled

on a thick base assembly plate. The thick baserddgeplate, welded sections and the
bolted transducer bases will give good rigiditythe rig. The rig accommodates both the
single and double valve arrangements. For the esingllve arrangement the shock
generator, reservoir connector and the second \aitke rig are removed and replaced
with one long single tube which extends from thistfivalve to the reservoir, as shown in
the figures 31 and 32.

Assembly plate

Shock generator

Base steel bars  Figure 31: Double valve arrangement setup

Figure 32: Single valve arrangement setup
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2.7 Powder Feeder Development

Once the pulsing system is operational, powder Wélve to be introduced into the
compression chamber. A proposed mechanism to intethe powder is shown in figure
33. The powder feeder design consists of a hogp#eming valve and a vibrating motor.

The powder will be kept inside the hopper and tmatted into the shock tube through the
timing valve. The vibrating motor is to help fataie the flow of powder. Detailed

drawings of the powder feeder are shown in appeAdiMore development of the powder

feeding mechanism will be conducted once the pglsystem is in operation.

Hopper

Timing valve

Vibrating motor

\
N

Powder feeder stand

Shock tube gun

Figure 33: Powder feeder design
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2.8 Final Design
The figure below shows an assembly of the finaigtesComponents and sub assemblies

are given in appendix A.

Figure 34: Final design assembly drawing
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2.9 Shock Tube Rig Specifications

Reservoir volume: 0.377 liters

Shock generator volume: 6.87#

Gun Volume: 14.73nl

Tube internal diameterndm

Valves opening time: 10@s

Valves closing time: 10fhs

Valves voltage supply: 24 V

Transducer connection ports sizes: M10
Shock generator length: 35Gm

Gun length: 756im

Total length of shock tube: 1M
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Chapter 3 Apparatus

3.1 Consumables

3.1.1 Pressure Cylinder

Air and helium gas cylinder fitted with a pressuvegulator are used. There is also a stop
valve on the tube between the regulator and therves. Gas cylinder specifications are

shown in appendix B.

3.2 Hardware

3.2.1 Pressure Transducers

PCB pressure transducers were used to sense tlemtssure in the shock tube. The
following pressure transducers models were use@A21, 113A23and 113A24. The

transducer specifications are shown in appendix B.

3.2.2 Data Acquisition System

The Graphtec data capturing system is used. Thersysonsists of a data capturer and a
laptop computer with the required software. Sigmatked up by the transducers are first
amplified before being send to the data captules,system is shown in figure 35. The
pressure traces picked by the data acquisitioresystere saved as CSV files, which were

further processed with Matlab software package.

Data capture

Compute
Amplifiers

Connections
from the
amplifier to the
data capturer

Figure 35: Data acquisition system
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3.2.3 Solenoid Valves
Solenoid valves which are going to act as shock wiaphragms are used. The solenoid
valves have an orifice of 6mm and an opening amimy) time of 100ms. Valve

specifications are shown in appendix B.

Valve connection cable

Solenoid valve coil

Figure 36: Solenoid valves

3.2.4 Controller

The opening and closing of the valves is to berotletl using a Moeller controller. The
controller can be programmed from a desktop compugmg the Easy Soft Ver. 6.20 Pro

software. The Moeller controller specifications ah®wn in appendix B.

Switch

Power supply

1

- Circuit breaker
Figure 37: Valves control circuit
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3.2.5 Pressure Transducer Identification

Four pressure transducers were used in the expdrireo 113A21, onell3A23 and

one 113A24.The transducers will be named and positi as shown in figure 38. The
pressure transducer traces were identified in ¢hewing way; the blue colour represents
the shock generator pressure, the red colour igrdneducer immediately after the second

valve, the green colour is the transducer at thergauth exit and the white colour is the

stagnation pressure as the exit. Transducer D
Transducer A Transducer B Transducer C
e ] ] =
I:_n n_: " n & n

Figure 38: Transducer Identification
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3.2.6 Rig Assembly

All of the components mentioned above are assenariddarranged as shown in figure 39.

_'?-" ~ . Stop valve

Figure 39: Shock tube rig components assembly

3.3 Software

a) Kasimir Software

The software is used for shock tube flow simulation

b) Easy Soft Ver. 6.20 Presoftware

The software is used to control the opening ansitpof the solenoid valves. The opening
and closing frequency of the valves can also besaeij.

c) Graphtec software

This is a data capturing software for the data esttipn system.

d) Matlab 7 software

The software is used for data processing.
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Chapter 4 Methodology

4.1 Investigation Methodology
All tests were performed at room temperature ovesarvoir pressure range of 10 and 50

bar in increments of 10 bar. The pressure resewitlibe tested at the pressure range of 10
to 50 bar increments of 10 bars. The analysis ef diiferent valve arrangements and

different gas drivers were done in the followinge
4.1.1 Double Valve Arrangement: shock wave strength tests

4.1.1.1Analysis with Helium Gas as the Driver

a) Kasimir simulation (theory):
» Assuming air is occupying the intermediate chamber

b) Experimental analysis

4.1.1.2Analysis with Air gas as the Driver

a) Kasimir analysis (theory).

b) Experiment analysis
4.1.2 Single Valve Arrangement: shock wave strength tests

4.1.2.1 Analysis with Helium Gas as the Driver

a) Kasimir simulation (Theory)

b) Experimental analysis

4.1.2.2 Analysis with Air as the Driver

a) Kasimir simulation ( Theory)

b) Experimental analysis
4.1.3 Single Valve Arrangement: variable opening frequeng test

4.1.3.1Analysis with Air as the Gas Driver

a) Experimental analysis
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4.1.3.2Analysis with Helium as the Gas Driver

a) Experimental analysis
4.1.4 Single Valve Arrangement: gas pre-heating test

4.1.4.1Analysis with Air as the Gas Driver

a) Kasimir simulations (Theory)
4.1.5 Double Valve Arrangement: gas pre-heating

4.1.5.1Analysis with Air as the Gas Driver

a) Kasimir simulations (Theory)
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4.2 Procedure

421

Experimental Procedure

4.2.1.1 Shock Wave Strength Tests: Single and double vahagrangement

1)

2)
3)
4)

5)

6)

7

8)
9)

Firstly open the pressure cylinder valve slighligh every other valve closed (this
is done so that the reading of the outgoing pressur the regulator can be
obtained).
Adjust the pressure regulator to a setting of 10 Ba
Open the stop valve to fill up the reservoir
Take the pressure reading from the reservoir seimgede first pressure transducer
(This value should be the same as the pre set wupnqessure on the pressure
regulator).
Fire the tube:
a) In the case of the single valve arrangement: opervalve (diaphragm), and
close it after the tube has fired.
b) In the case of double valve arrangement: operetitey valve of the shock
generator; very shortly after that, open the ealvs.
Very shortly after opening the exit valve and thee has fired close the
entry valve followed by closing the exit valve.
Record the peak pressure readings from the sedbird, and fourth pressure
transducers.
The reservoir should have a continuous supply eksure from the cylinder to
ensure a constant set pressure in the reservdristlespecially in the case where
multi pulses are fired.
Close both the stop valve and the pressure cylinalee.
The steps above should be repeated for all therdiit set pressures which are to

be tested.

4.2.1.2Wave Generation Frequency Testing: single valve aangement

1)
2)

First set the valve opening and closing frequené&ytdz
Similarly to the testing procedure above, openpfessure cylinder valve slightly
with every other valve closed.
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3)
4)
5)
6)
7
8)
9)

4.2.2

Adjust the pressure regulator such that the outgpmessure is at 10 Bar.

Open the stop valve to fill up the reservoir.

Take the pressure reading from the reservoir semgduke first transducer

Open and close the isolation (diaphragm) valvel gacond.

Close both the stop valve and the pressure cylinalee.

Repeat the above steps for the valve opening freryuef 10 Hz and 20 Hz.

The steps above should be repeated for all therdiit set pressures which are to
be tested.

Kasimir Simulations

For the procedure followed when running simulatjoeger to figure 40 below.

1)
2)
3)

4)
5)
6)

First enter the number of sections that the shob& ts divided into

Enter the end time of the simulation

Enter the initial conditions of the tube: a) congzien chamber gas type, pressure,
and temperature, b) expansion chamber gas typesyree and temperature.

Select the time triggered valve opening option gpmeify the triggering time.
Specify the dimensions of the tube: diameter, sadéngths and the tube end type.

Finally enter the ambient pressure and temperatmditions surrounding the tube.

B DOSBox 0.71, Cpu Cycles:  max, Frameskip 0, Program: KASIMIR3 le= -

Info Parameter Dos-3Shell UWavediagram Enter state Enter shock Exit

tube scheme:

number of sections:|
endtime LM 10, 000
p-ratio expans.fan: |l

e, N

fAlt-X Exit Alt-P Parameter Alt-F3 Close F10 Menu

Figure 40: Kasimir simulation tube specifications screen wit two sections (1 and2)
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4.3 Precautions

The following precautionary measures should be tmibpwhen conducting the

experiments:

1) Pressure vessels should be kept in a dry cool enwars area. Ensure that cylinders are
secured

2) Ensure that the pressure rating of the solenoidevial not exceeded.

3) Ensure that the correct voltage and current ard setthe valves and the controller to
avoid burning them out.

4) Hearing protection should be worn at all times void hearing loss due to the loud
noise created by the jet exiting the gun.

5) There should be no obstruction in front of the guit.

6) Ensure that the transducers are kept safe ancvatdicted on the rig.
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Chapter 5 Results

5.1 Sample Calculations and Pressure Measurement

5.1.1 Theoretical Calculation of the Shock Strength: douke valve arrangement

The sample calculations in this section are base@ case where there are two valves
(diaphragms) in the shock tube, with one valve apea short time after the other. In these
calculations the high pressure and temperaturengateaat the end of the primary shock
wave are calculated. The obtained pressure angetature conditions are then used as an
input to quantify the further increase in tempematand pressure of the reflected shock.
The conditions of the reflected shock are then wedhitial conditions in the secondary
shock wave. The secondary shock wave is what ¥irtalives the spraying powder out of

the spraying gun.

5.1.1.1Generation of the Primary Shock Wave

The calculations were made using the followingiahitonditions with Helium as the gas
driver:

Compression chamber

Medium: Helium gas

Pressure P, ) 30 Bar
Temperature ) 204 K
Sound Speed(@,) 1008 m/s

Specific heat ratio ), ) 1.67

Expansion chamber

Medium: Air

Pressure ) 0.83 Bar (Atmospheric)
Temperature ;) 294 K

Sound Speedd,) 343.14 m/s

Specific heat ratio ;) 1.4
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Equation 2 is used to evaluate the static presauegion two as shown in figure 12 above
and equation 3 is used to calculate the static ¢eatpre of the region. Equations 6 and 7

are used to calculate the shock wave velocity dred dgas velocity behind the shock
respectively.

Pressure:

_ _ 2y

Va1
3
R =P |1- LA

P
\/21/1{21/1 +(n +1)(P2 -1}
1 -
2(167)

(167- 1)[343.14j( L3 1) 167-1

P, =30|1- 1008 )\ 083
P
214)] 214) +((14) +1) —2--1
J( ){( ) +((4) )(083 j}
P,= 7.714 bar
Temperature:

()3
-1) P
TZ:Tl% 4 1
y-1)R
K 1.4+1) . 7.714}
T =29 7717 |\14-1) 083

083 14 14+1\7.714
14-1) 083

T,=736.6 K

Shock wave velocity:

N A
Vo=a |2 2-1]+1
S ai\/ ZV(Pl j
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7714
V=343 MAXL L0240y
2(L4) | 083

Vo= 977.1 m/s

Gas velocity behind the shock wave:
2(M2 -1)
(v+M

_ 2( 285 - 1}
> (14+1)285

V, =

34314

V, =714 m/s

The following values were obtained for the givettiah conditions.

Calculated Results

Pressure P,) 7.714 bar(gauge)
Temperature T,) 684 K

Gas velocity ¥/,) 714 mis

Shock velocity ¥/s) 977 m/s

5.1.1.2Reflected Wave Conditions

The calculation was made using final conditionshef initial (primary) shock wave as the

initial conditions of the reflected shock.

Initial conditions

Medium: Air

Pressure 7.714 bar
Temperature 684 K

Gas velocity ¥/,) 714 m/s
Sound Speed @ 684K 524.24 m/s

The moving reflected shock can be modelled astemstay shock with gas flowing across
it. When modelled as stationary the reflected shekles the flow across it into the x and

y components. The x component is downstream ofstieck and the y component is
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upstream of the shock. Conditions in the y compbongoresent the high temperature and

pressure conditions of the reflected shock. Theingpand stationary shocks are shown

below.
Moving
V,. 714 m/s
T= 684K
a_ 52424 mls
P= 7.714 bar

Stationary
X Y
Ve= v, t714 V,=Vy=12
Ty= 684K T, =2
x = 524.24 m/s ay =17
128

P,= (714 bar

-2

From the above, table 3 below is generated. Thie tslfiows Mach numbers for the x

component obtained from the compressible flow wbled the Mach number obtained by

calculations (using gas dynamic equations). Theesponding velocity ratio of the two

components (x and y) will be found at the point rehilne two Mach numbers (from tables

and calculations) converge. Once the velocity rigtiestablished conditions of component

y can be calculated. Different values of reflectealve velocity {/;) will be substituted

(iterative process) until the Mach number valuasveoge.

Table 3: Iterative process to find the conditions bthe reflected shock

Number Calculated:
of Vy Vg v Vi
terations | Vk V, | Vi Vi+777 | FromtablesM, *a,
1 200 914 0.2188 4.00 1.7435
2 250 964 0.2593 3.00 1.8353
3 270 984 0.2743 2.79 1.8734
4 280 994 0.2817 2.69 1.8961
5 300 1014 0.2959 2.54 1.9533
6 340 1054 0.3225 231 2.0105
7 360 1074 0.3352 2.23 2.0486
8 380 1094 0.3474 2.15 2.0868
9 390 1104 0.3532 2.12 2.1059
11 395 1109 0.3561 2.10 2.1154
12 400 1114 0.3591 2.09 2.1249
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From the above table th®, value is 2.11 and the correspondiMy, value is 0.5598.

Using the temperature and pressure ratios at thet gbe following pressure and

temperature conditions were obtained on the refteshock:

Y =1.7789 = 50274
T P

T R
X X
Final conditions of the reflected shock

Pressure B, ) 38.78 bar

TemperatureT4.) 1216.76 K

5.1.1.3Generation of the Secondary Shock \Ave

Once again the final conditions of the reflectedckhare used as the initial conditions
when generating the secondary shock (final shock).
Initial conditions

Medium: Helium

Pressure P, ) 38.78 bar

Temperature T, ) 1216.76 K

Specific heat ratiok, ) 1.67

Once again equation 2 is used to evaluate the stassure in region two and equation 3 is
used to calculate the static temperature of themeg@nce the strength of the secondary
shock is found, the velocity behind the shock isih using equation 7.

Pressure:

_ 2y,

Va-1
REI G
PP |1- e

\/2;/1{2;/1 +(y, + 1)(';? - 1)} |

(167- 1)( 343.14)( P, 1)

1008 | 083

\/ 2(1.4){ 2014) +((L4) + 1)( 0'353 - 1)}

2(167)
167-1

P, =3878|1-
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P,= 8.602 bar

Temperature:
3
P \r-1 R
Pl (r+ )R
y-1)R |

Klml +8.602}
_ 59 8602|\14-1) 083

2= 083 [ (1.4+1j 8.602}
1+ 2L

T,=T,

14-1) 083

T,=789.15 K

Shock wave velocity:

__ |y+1(m
Ve=a, [Z=| 2 -1]+1
) %J2V(a

8.602
VS:343\/1'4+1( —1j+1

214)| 083

V5= 1030.49 m/s

Gas velocity behind the shock wave:

2(M? -1)
(v +1)M

_ 2z -1)
? (14+1)3

V, =762.51 m/s

V, =

34313

61



The following values were obtained for the givettial conditions.

Calculated Results

Pressure B) 8.602 bar
Temperature T, ) 789.15 K
Gas velocity ¥/, ) 762.51 m/s
Shock velocity V) 1030.49 m/s

NB: Velocities for different pressure ranges are satad using Kasimir. The simulations
give the theoretically expected values for theedéht compression chamber pressures. The
simulations are run for both the single and dowlalee arrangements. The Kazimir wave

diagrams for different pressures are shown in agipeh.

5.1.2 Technique of Measuring the Shock Strength from Expéments

The velocity of the shock is calculated using tcacers B and C as explained in section
3.2.5. The pressure trace of transducer B is shoythe blue colour and the pressure trace
of transducer C is shown by the green colour. Tdtéed line in figure 41 denotes a single
pulse created by a shock wave travelling across ttaesducers, in a single valve
arrangement tube. In this case the frequency wesS&1z and the reservoir pressure was
set at 30 Bar.
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Pressure [Bar]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time [s]

-4 1 i I

Figure 41: Pressure history for transducers B and Csingle valve arrangement at 5Hz and 30

bar pressure supply

Zooming into the figure tehow one pulse, the rise time of the transducersctearly be
seen. During the rise time (denoted by the doiteslih figure 42 below) the curves have
certain gradients. Using the gradients of the cuxe point of inflection can be located.
The point of inflection on the curves is the powttere the gradient reaches its maximum
value and starts to decrease. The point of inflactepresents the time when the pressure
transducers experience maximum flow, which is theetwhen the shock wave travels

across it.

Pressure [Bar]

L L
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 02
Time [s]

Figure 42: Enlargement of a single cycle from figue 41.
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5.1.3 Flow Velocity Behind the Compression Wave
The flow in the tube is isentropic, at 30 bar reegrpressure, single valve arrangement

Transducer Transducer
B c |
exit v 2 v

Calculating the pressure and Mach number at positin 2 (Skews, 2008)

Na
P_(L
P T

14

P (T, Yo
6.045 |\ 297

p2 = pstatic+ pdynamic

507+ 702 1

= T+ p,(52294)?
p, ==+ P,(52294)
P, = ART
Compressin
Reservoir pressure [Bar] | Wave Velocity P, T, P y
30 552.94 16.13 390.4 7.265 14

Mach number of the compression wavéSkews, 2008)

R =261
p

M, =125

a, =+/14x2871x3904
=396.13 m/s
v, = 125x 39613

=495.16 m/s
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Compressiol Mach Flow

Reservoir pressure [Bar] | Wave Velocity | Number P T, Velocity

30 552.94 1.25 16.13 390.4 495.16

5.1.4 Impact Velocity Sample Calculation

The transducer located 30 mm downstream of theegiirfacing the flow was used to read

the stagnation pressure at the point. The stagnatiessure is then used to calculate the
flow impact velocities. Calculations for both theltowv and above sonic conditions are
shown below. The assumption made is that the presgostream of the bow shock is

ambient. The flow Mach number upon impact is catad by finding the ratio of the

stagnation pressure and the ambient pressure.

V=JRTM?

v =+v14x2871x30092x 1022

v=354.74m/s
Ly L Impact
Reservoir pressure [Bar]| voltage[V] R P M T Velocity
30 0.525 160.58 1.935 1.02  1.0132 354.74
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5.2 Plots of Results
Tables of observations and results for tests ofereifit valve arrangements and valve

opening frequency are shown in appendix B. Theetabf observations and results are for
both the experimental data and Kasimir simulatitorsAir and He as gas drivers. The

results obtained are plotted in this section.

5.2.1 Single Valve Arrangement
The figures below show the change in compressioveweelocity, velocity of the flow
behind the compression and the flow impact velosityr the change in reservoir pressure

for the single valve arrangement.

1100 a
I a
1000
w i 2
E 900
~ i
§ 800 1
0 -
O
> 700 & 0
> L O
o
= 600 - ]
'g 500 L 1
qg, | A Theoretical - He
S 400 A Experimental - He
g | O Theoretical - Air
© 300 B Experimental - Air
[ u
200 g
10 15 20 25 30 35 40 45 50

Reservoir Pressure [bar]

Figure 43: Compression wave velocity change with ghchange in reservoir pressure: Single

valve
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Figure 44: Gas flow velocity behind the compressiowave change with change in reservoir

pressure

5.2.2 Double Valve Arrangement

The figures below show the change in compressiorewalocity and the velocity of the
flow behind the compression wave with the changeeservoir pressure for the double

valve arrangement.
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Figure 45: Compression wave velocity change with ghchange in reservoir pressure: Double

valve
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Figure 46: Gas flow velocity behind the compressiowave change with change in: Double

valve
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5.2.3 Multiple Valve Opening Frequency

The figure below shows the change in velocity & tlow behind the compression wave
with the change in reservoir pressure for the sinvglive arrangement. The plot shows the

flow velocities for valve opening frequencies ofl®,and 20 Hz.

900
| |
L . A
800 s
M
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700 .
L A
E‘_ 600 Y
E i X
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o
E a
400
z ‘ JAY
9
1N
w 300 &
O
O i .
200 [
: A Theoretical - He /\  Theoretical - Air
100 M Experimental - 20Hz - He & Experiment - 10Hz - Air
& Expenmsntal-10Hz:- He M Experimental - 5Hz - Air
*  Experimental - 5Hz -He
0
10 15 20 25 30 35 40 45 50

Reservoir Pressure [bar]
Figure 47: Multiple valve opening frequency: 5Hz, OHz and 20Hz.

5.2.4 Flow Substrate Impact Velocity

The figure below shows the change in flow impadoewy at the exit of the tube with the
change in reservoir pressure for both the singtedouble valve arrangement. The single
valve arrangement plots show the flow velocities falve opening frequencies of 5, 10
and 20 Hz.
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Figure 48: Flow impact velocity with change in presure

5.2.5 Flow Pressure Pulses

The figures below show flow pressure variationgrfimansducers B and C generated at 5,

10 and 20 Hz frequencies. The pressure trace®aeeréservoir pressure of 30 Bars.
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Figure 49: Pressure variation with change in time \th air as the driver gas: 5Hz
8 . .
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Figure 50: Pressure variation with change in time wh helium as the driver gas: 5Hz
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Figure 51: Pressure variation with change in time \th air as the driver gas: 10Hz
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Figure 52: Pressure variation with change in time \th helium as the driver gas: 10Hz
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Figure 53: Pressure variation with change in time \th air as the driver gas: 20Hz
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Figure 54: Pressure variation with change in time wth helium as the driver gas: 20Hz



5.2.6 Double Valve Time Delay Diagnosis

During the testing it was suspected that the doullee arrangement’s time delay of the
second valve opening was not responding as requitesltime delay dictates how long it
will take before the second valve opens after ttst 6ne. The set time delay should show
on the pulses detected by pressure transducergidicated previously, the blue colour
represents the shock generator pressure, the ledrds the transducer immediately after
the second valve, the green colour is the transdaicthe gun mouth exit and the white

colour is the stagnation pressure as the exit.

Tests were performed at a reservoir pressure @ir$ o confirm if the suspicion was true
or not and the results are shown in the figureswelime delays of 100ms, 150 ms and
200ms were set. In all the cases there is supposbd a time delay between the rise in
pressure of the shock generator and the rise sspre of the transducers downstream of
the second valve. However, what is observed istheapressure rise in the shock generator
occurs almost instantaneously as the pressurénride downstream pressure transducers,
irrespective of the time delay. This means thatstheond valve is opening before the time

delay elapses.
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Figure 55: Pressure traces with 10fistime delay in the shock generator: 5 bar pressure

reservoir
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Figure 56: Pressure traces with 15@stime delay in the shock generator: 5 bar pressure
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Figure 57: Pressure traces with 20@s time delay in the shock generator: 5 bar reservoir
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5.2.7 Gas Pre-heating
Kasimir simulations were run with different gas 4wesat temperature, room temperature

velocities were compared to a preheat temperaafr280 °C and 400C . The pre-heat tests
were done for both the single and double valvengeeent.The results obtained from the

Kasimir simulations are given in figures 58 and 59:
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Figure 58: Pre-heated gas flow velocity: single va arrangement
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Figure 59: Pre-heated gas flow velocity: double veé arrangement
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Chapter 6 Discussion
6.1 Shock velocity and velocity of the gas behind thdneck

6.1.1 Single Valve Arrangements

Figures 43 and 44 show the variation in compressiane and gas flow velocity with
changes in reservoir pressure for the single valwangement. The plots compare the
theoretical values with the experimental ones okthiwhen one pulse is fired with valve
opening and closing times of 1@@s. Theoretically (ideal conditions) for all the reseirv
pressures within the tested range (10 to 50 bahack wave should be formed for a
helium gas driver. In the experiments supersonmpession waves were generated for all
the helium cases, 10 to 50 bars of reservoir pres3ine compression wave velocities for
helium were close to the theoretical values. Expental compression wave velocities
(Table 4) ranging from 71fh/sat 10 bar reservoir pressure to 116 at 50 bar were
obtained. This is very close to the theoreticabuities (Table 7) of 73én/sat 10 bar and
1116 m/sat 50 bar. Gas flow velocities behind the compoessvave (Table 6) ranging
from 563.84m/sfor 10 bar to 876.92n/sfor 50 Bars were obtained, which is also very
close to the theoretical values (Table 7) of #A¥8at 10 Bars and 84@/sat 50 bar.

Theoretically, with air as the gas driver shock emare expected to form over the tested
range, shock wave velocities (Table 7) ranging fesfdm/sat 10 bar to 76@n/sat 50 bar
were expected. However, in the experiment supecsoompression waves were only
generated for reservoir pressures of 30, 40 anbdas0with the 50 bar reservoir pressure
generating a shock wave velocity (Table 4) of 628 In the experiment jet flow velocities
for the 10 and 20 bar reservoir pressures wereabgtmic conditions, with flow velocities
(Table 5) of 170.36n/s and 234.64n/srespectively. The gas flow velocities behind the
compression wave ranged from 170186 at 10 bar to 515.34 m/s at 50 bar, gas flow
velocities were reasonably close to the theordyiaatpected values at higher reservoir

pressures.
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6.1.2 Double Valve Arrangement

Figures 45 and 46 shows the change in compressawe and gas flow velocity behind the
compression wave with change in reservoir presisurtne double valve arrangement. The
Kasimir simulations show the shock velocities forand helium to be very close to one
another, which is very different when compared lie single valve arrangement case.
Shock velocities (Table 11) ranging from 588sto 945m/s were obtained for air and
velocities ranging from 55&/sto 969 m/s were obtained for helium when running the
simulations at 10 to 50 bar of pressure. The gseatargin between the two gases is 4.6%

at 20 bar, with helium having a slightly higheraaty.

Experimental jet velocities for helium deviate Blig from the theoretically expected
values. The shock velocities are within 91.5% & theoretical values. However, this is
not the case with air jets, which are significartiyer than the theoretical values. The
marginal difference for the air jets gets up to @0(QLO bar flow) from the theoretical

values.

From the double valve arrangement diagnosis it @sablished that the second valve is
opening almost instantaneously after the first @atvespective of the set time delay. This
means that the primary shock wave generated bfirtesalve forces the second valve to
open. This is despite the maximum pressure ratiigeovalve (200 bar) being 40 times the
tested pressure of 5 bar. The un-planned openirtheofralve has to do with the valve
design. The valves are normally closed single gcsimlenoid valves. This means that the
solenoid opens the valve seat when activated arehwbt activated a spring acts on the
valve seat to seal the valve. Under shock loathegspring is forced to open even if the

design pressure rating of the valves is signifigamigher that the tested pressure range.

6.2 Multiple Valve Opening Frequency Tests

6.2.1 Single Valve Arrangement

Figure 47 shows the change in gas flow velocityhwéservoir pressure for different valve

opening frequencies. The theoretical expected salaee compared with the values
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obtained during experimentation. Three openinguesagies of the valves were tested (5,
10 and 20Hz).

Helium experiments closely follow the theoreticalues. These experiments are always
within (Table 12) 85% of the theoretical value. §8hows the experimental helium jets to

be behaving almost as in the ideal shock tubelftihize tested frequencies.

The figure only shows two frequencies for air (81d:® Hz) compared with the theoretical
values, instead of three. This is because a diftdsehaviour with air is observed for the
three tested frequencies. The experimental jetbl¢I) seem to be getting closer to the
theoretically expected with the decrease in frequemHz frequency tests are always
within 56% of the theoretical value and 10 Hz freqgey tests are always within 47 % of
the theoretical value. At 20 Hz the air jets do Ima¢e distinct pulses and the flow is almost

continuous, hence the values for 20 Hz could nagtidained.

A valve opening frequency of 5 Hz coincides witle flastest time that the valves can be
fully opened (10fhg and fully closed (100mg. Increasing the frequency beyond the
maximum designed time means that the valves dofulgt open and close. Further
reducing the frequency from 5 Hz will not affecettime of the valves opening and
closing. At 10 Hz they open in B&and close in 5Gns and this is further reduced to 25ms
for 20 Hz. For this reason, fast moving air jetsldanot be formed since air flow is slower
when compared to helium. Due to this fastness bfife its jets are not affected by the
reduced opening and closing times of the solencalves, however, air jets are

significantly affected.

6.3 Flow Substrate Impact Velocity: single and double

Figure 48 shows the substrate impact velocity & fgas jet for different reservoir
pressures, different valve arrangements and diftegas drivers at different frequencies.
Flow impact velocities obtained ranged from (Tabfeand 20) 105.3fn/sto 555.13m/s
for both single and double valve arrangement. 5A#z of valve opening frequency the
single valvearrangement velocities (Table 20) ranged from 25 21/s to 450.2 m/s for air

and 172.8 m/s to 520.9 m/s for helium. This shompdct velocities of helium to be
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always slightly higher than those of air. The difigece in impact velocities of air and
helium is much smaller in comparison with jet flawlocity difference inside the tube.
This means that the helium jet gets significantlgcalerated at the gun exit. The
deceleration is attributed to helium having a lowensity, which makes it easy for its gas

particle to lose their momentum.

With a valve opening frequency 6fHz the double valve arrangement velocities ranged
from (Table 15) 105.31 m/s to 460.68sfor air and (Table 16) 131.29/sto 480m/sfor

helium. The helium impact velocities were slightiigher than those of air, similar to the
single valve arrangement case. When comparingtiggesvalve arrangement to the double
valve arrangement, the single valve substrate ibnpalocities were generally higher than

those of the double valve arrangement.

Impact velocities were also tested for the singddver arrangement at different valve
opening frequencies. Flow impact velocities (Ta®0® for air ranged from 166.m/sto

461 m/s at 10 Hz and no defined wave could be onéthat 20 Hz. Flow impact velocities
(Table 21) for helium ranged from 200.88sto 555.13m/sat 10 Hz and reached up to
549 m/sat 20 Hz. The flow impact velocity slightly decsea with an increase in valve
opening frequency for air. The flow impact velocity helium is almost constant for the

different frequencies.

In accordance with many previous experimental amwmhputational analyses it has been
shown that the gas flow is subsonic in the stagnagion at the tube exit and that the
component of the gas velocity normal to the substsarface is quite small in comparison
with the gas and particle exit velocity (Grujicit &, 2004). This is also observed in the

experimental results,

6.4 Tube Downstream Static Pressure
Tables 21 and 23 show static pressure readings stoceam at transducer B and transducer

C locations. Transducer B is 250mm from the satéralve and transducer C is 720mm
from the solenoid valve. At 250mm downstream tlaisipressure ranges from 24% to 34
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% of the reservoir pressure, with the pressuregbatr3.37 bar for a 10 reservoir pressure
and at 14.23 bars for a 50 bar reservoir pressutteei single valve arrangement. At 720mm
downstream which is closer to the gun exit thesfaessure ranges from 13 % to 18 % of
the reservoir pressure, with the pressure being7abar for a 10 bars reservoir pressure
and 8.66 bars for a 50 bar pressure reservoir.stdte pressure in the tube reduces as the
compression waves travel downstream of the solevedice. The static pressure in the tube
becomes important when powder has to be introdutedhe tube. To prevent the powder
from being pushed back into the feeder or being dsd into the shock tube the static

pressure in the tube has to be known.

6.5 Flow Pressure Pulses

Section 5.2.5 shows plots for the change in floatistpressure in time for the 5, 10 and 20
Hz frequencies. Figures 49 and 50 shows the chempgeessure in time at 30 bar for air
and helium gas at 5 Hz valve opening frequencys Az figure 60 shows the helium gas

to be travelling through the pressure transducarmtich faster rate than air.

Faster changing

gradient\
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/ gradient

=
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Figure 60: Air and helium static pressure pulses abHz

The solenoid valves take 10fs to fully open, and it is evident in the figure thae

compression wave passes in less than half the wvalering time, this means that the shock
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wave passes through the pressure transducers deamsof the valve before the valve is
fully opened.

Figures 51 and 52 show the change in pressurenm with a valve opening frequency of
10 Hz. It can also be seen that helium travelsutjinothe transducer faster than air. The
pressure of the pulses decreases with time, whednsithat gas is being taken out of the
reservoir faster that it can be supplied. Thereftwe faster frequencies of operation an
even larger reservoir will be required. Figuresas@l 54show the change in pressure in
time with a valve opening frequency of 20 Hz. Awabpening frequency of 20 Hz is too
fast for air since an almost continuous line offlmw is shown. It is also observed that the
static pressure recorded by the transducer redesess further with time when the valve

opening frequency is increased.

6.6 Gas Pre-heat Temperature

Figure 58 shows the change in gas flow velocitynre for different pre-heat temperatures
in the single valve arrangement. The following resg temperatures were tested: room
temperature (298 K), a pre-heat of 473 K and ahgad- of 673 K. In the single valve
arrangement case pre-heating the gas shows a addgancrease in the gas flow velocity.
The gas velocity was increased by (Table 23) 16.46%0 bar and 22.4% at 50 bar for
helium when a pre-heating temperature of 673K wa®duced. In air jets, the gas flow
velocity was increased by (Table 23) 25.8% at IOréservoir and 30% at 50 bar reservoir
when a pre-heating temperature of 673K was intredudhe gas velocity due to pre-
heating increases more for higher reservoir presscompared to lower pressures for both

air and helium.

In general air as the gas driver benefits more figas pre-heating than helium. Air
achieved a 30% velocity increase compare to th8%2%f helium when preheated to the

same temperature of 673 K at a reservoir presdus® dars. For the air jets at 30 bars,
increasing the temperature from room temperatu20®°C increases the velocity (Table

23) from 441 m/s to 511.5 m/s (16% increase) afdther increase in temperature 400

results in an air jet with a velocity of 567.9 n{&l% increase). This shows that the
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increase in gas velocities due to the increasesimperature to reduce slightly as the
temperature is increased even further, and ththascase with both air and helium gas

drivers.

Figure 59 shows the change in gas flow velocityirnre for different pre-heat temperatures
in the double valve arrangement. With helium asgag driver velocity increases due to
pre-heating do not follow a consistent trend. Thsreno significant change when the
reservoir temperature increases to ZDP however significant change is observed when

the temperature is further increased to 4D0There is also a slight increase in velocity
due to pre-heating for air jets; however, it alsesinot follow a consistent trend. There are
complex wave patterns (multiple reflections) in tihg when two valves are used. This

complexity could be attributing to the inconsistgas velocity change due to pre-heating.

6.7 Process Physics
In the Kasimir simulations the variables of state @alculated on the basis of statistical

mechanics with the assumptions that the flow insti@ck tube is one-dimensional and that
losses caused by the rupture of the diaphragm thasvihe influence of the boundary layer
are neglected. However, when a diaphragm is usedshock tube, the one dimensional
character of the shock tube flow tends to be dgsttoUnder the initial differential
pressure the diaphragm tends to bow. As soonsmstters the gas flow has a component
towards the wall of the shock tube, rather thamdpelirected purely along the axis. This

effect results in transverse waves being producgide the shock tube.

The solenoid valves used are not full bore flowwgal but have small cavities through
which flow has to travel. This curved paths regulh generation of transverse waves in the
tube. The flow also incurs losses due to the cupadtis. There is usually a time delay in
the valve opening process, before the valve caly foapen. This means that the
compression wave exits the valve before it is fulpened as shown in section 6.5. The
compression waves will therefore have travelledesvmeters down the tube before a
well defined shock is formed. The properties of skeéenoid valve make its flow deviate

from the ideal conditions characterized by the Kasisimulation. However, the
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simulations still give a good approximation of whia¢ flow velocity in the experimental

tube will be.

Due to the relatively small slope of the pressise in the pressure pulses plots, the flow is
modelled as strong compression waves instead akshaves. The flow is assumed to be
isentropic for modelling simplifications. For th@rpose of isentropic flow the stagnation
pressure is a useful reference but the conditiamdeiu which the different stagnation
properties remain constant must always be consldé€s&ews, 2008). While the static
properties are a measure of the thermodynamic sihtthe system, the stagnation
properties are a measure of the kinetic energy els Whe difference between the two

being entirely due to the kinetic energy of thedlu

The Mach number at the leading edge of the comipresgave propagates at local sound
speed and is unity and the Mach number of the flaNlwary through the compression. In
the experiment the static pressure at two pointendtream of the solenoid valve is known
and the compression wave velocity between the teiotp is also known. The kinetic
energy of the flow is approximated using the corspian wave velocity. The dynamic
pressure and the static pressure which give the foessure of the flow are used to

approximate the Mach number of the flow.

6.8 Particle Trajectory

Dykhuizen and Smith analysed the interactions ef darrier gas with the spray particle
under the approximation of a dilute two-phase @amn-interacting solid particles) flow
equation 10 shows how the particles relate to gs=flgw.

d, _ A(V-V,)PAC,
d, 2m

p

An analysis of the above equation shows that thimale particle velocity is equal to the
gas velocity. The gas velocity within the tube defseon the total gas temperature and the
tube geometry, but not on the gas pressure (undercondition of constant drag
coefficient). However, the particle’s initial acesgdtion is linearly dependent on the

stagnation pressure but independent of the tompéeature. Thus, while the stagnation
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pressure does not affect the maximum particle ¥glot has to be sufficiently high to
ensure that the spray-particles velocity will agmto the gas velocity over a relatively short
length (Grujicic et al, 2004).

In the experiment the reservoir temperature was$ &eppom temperature for all the tests.
The gas acceleration was solely dependent on digaation pressure. Reasonably high gas
velocities were obtained in the experiment for bathand helium jets. With preheating of

the reservoir gas; gas velocities will be even argire shown by figure 58.

6.9 Rig Performance

Significantly high jet velocities were obtainedrabm temperatures using the designed rig,
with air as the gas driver jet velocities (Tabled®)up to 516.34n/s were achieved and

with helium as the gas drive jet velocities (Tab)eof up to 876.92 m/s were achieved
within the tested range of 10 to 50 bars reserpoassure. These high velocities can be
achieved at a wave generation frequency of 5 He. fidn can generate high velocity jets

even at higher frequencies of up to 20 Hz.

From the literature it is observed that most matemjet deposited (have a critical velocity)
at velocities ranging from 500 to 700 m/s. Using tlesigned rig with helium as the gas
driver, some of the powder particles can be acatddrto the required critical velocity
range. With air as the gas driver pre-heating camuded to significantly increase the jet

velocities to values sufficient for particle depumsi.

85



Chapter 7 Conclusions and Recommendations

7.1 Conclusions

>

The air jet velocity is significantly lowered witimcreased valve opening and
closing frequency for the tested range.

Helium jets velocities behave similarly to eachestfor different valve opening and
closing frequencies within the tested range, tleeeno drops in velocity as the
frequency is increased.

Strong compression waves (supersonic compressigasyare formed in the tube,
the tube is not long enough for the compressionewae coalesce into a shock
wave.

The difference in impact velocities of air and beliis much smaller in comparison
with jet flow velocity difference inside the tube.

The flow impact velocity decreases slightly with sntrease in valve opening
frequency for air. The flow impact velocity for heh is almost constant for the
different frequencies.

The static pressure in the tube reduces as theregsipn waves travel downstream
of the solenoid valve.

The compression wave exits the solenoid valve bdfwe valve is fully opened.
Faster valve opening frequencies require even laggervoirs to accommodate the
higher air demand.

Gas pre-heating has a larger effect of increasasgvglocities at higher pressure for
the single valve arrangement.

The effectiveness of increasing gas velocity witle tincrease in temperature
reduces as the temperature is increased even rfuftre the single valve
arrangement.

The single valve arrangement generally performsebdhan the double valve

arrangement.
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7.2 Recommendations

» A heating unit should be incorporated into theirigorder to allow for testing of

pre-heated reservoir conditions.

» The reservoir should be made even bigger in omiendintain a constant pressure
at high frequencies (20Hz) test.

» A double acting solenoid valve should be used ler gecond valve in the double
valve arrangement. This is to prevent a springrtat act against shock loading.
If a solenoid is made to act against the shock,lohdnces of unplanned opening of
the valve will be significantly reduced.

» Different gas drivers should be tested, e.g. a ¢oation of helium and air or pure
nitrogen.

» Helium gas is very expensive; a mechanism to rectloé driver gas should be

investigated.

87



Reference List

1) A. PapyrinCold spray technologylsevier, 2007, pages 25-36.

2) A.P. Alkhimov, V.F. Kosarev, and A.N. Papyrdokl. Akad. Nauk SSSRol. 315,
1990, pp. 1062-1065.

3)A.P Alkhimov, A.N Papyrin, V.F Kosarev, US Paté&n802 413, (1994)
4) B. Jodoin, P. Richer, G. Berube, L. Ajdelsztin,Erdi-Betchi, M. Yandouzi,Pulsed-
gas dynamic spraying: process analysis, developrnaeal select coating examples

volume 201, 2007, pages 7544-7551.

5) T. Schmidt, F. Gartner, H. Assadi, and H. Krelpmvelopment of a Generalized
Parameter Window for Cold Spray Depositiéwwta Mater. , 2006, 54, p 7544-7551.

6) X. Luo and H. Oliver,Gas Dynamic Principles and Experimental Investigiasi of
Shock Tunnel Produced CoatingsSM International, 2009, p 1059-9630.

7) J. Villfuerte, D. Vanderzwet, M. Yandouzi and Bodoin, Shock Wave Induced

Spraying Advanced Materials and Processes, March 2009.

8) B.W. Skews, Course Notes-MECN 4001 and MECN 4004-Compressilitev, F
University of the Witwatersrand, 2008, pages 19 &hd0.

9) J K Wright,Shock Tubed.ondon: Methuen & CO LTD, 1961,

10) J. D. Andersoriiodern Compressible Flowicgraw-hill, 1982.

11) P. OostehuizeWy. E. CarscallenCompressible fluid flowNew York: McGraw-Hill,
1997.

88



12) C. Tropea, A. Yarin and J. FoSgringer Handbook of Experimental Fluid Mechanics,
Springer, 2007, pp 1095-1096

13) KASIMIR: Shock wave laboratory, Rwth Aacheniumsity, Germany, accessed 9
July 2009.

http://www.swl.rwth-aachen.de/en/industry-solutithns-films/

14) ASCO —Joucomati, Function, terminology and tmiesion types. Accessed: 9 October
2009.
http://www.ascojoucomatic.nl/images/site/upload/pdfi/01027gb.pdf

15) V.V Sobolev, J.M. Guilemany, J.A. CalgRrediction of Powder Particle Behaviour
During High-velocity Oxyfuel Spraying, ASM Interioaal, thermal spraying technology,
1995, vol 4(3). p 287-296

16) K.S Han, M.K Chung, and H.J. Surplication of Lumley’s Drag Reduction Model
to Two-phase Gas-Particle Flow in Pip&ans. ASME, J. Fluids Eng. , Vol 113, 1991,
p130-136

17) M. Grujicic, C.L Zhao, C. Tong, W.S DeRossetHelfritch, Analysis of the impact
velocity of powder particles in the cold-gdgnamic-spraying process, Material
Science and
Engineering, Vol A368, 2004, 222-230.

18) C.P. Donaldson, R.S. Snedeker, J. Fluid Megt{1971) 281.
19) S. A. Morsi, A.J. Alexandra, An Investigatioh Barticle trajectories in Two Phase

Flow
Systems, J. Fluid Mech. 55 (2) (1972) 193-208.

89



20) ASME B1.13, Process piping: ASME code for puessiping, ASME International,
2007, Page 18

90



APPENDIX A

Engineering Drawings
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Rig Assembly

92



fae

hesl

| “Aytpuong

1321S P DH3{0N
250q A|QWassy ‘WD
| “1aguny ws)|

93



V\”ig.w..,,_,,.h, ﬁa ;ﬁmﬂﬁﬁ
RE ﬁ%ﬁ%ﬁﬁ%
'3903 a8 ajoyd Aquasso Yy JayyaBioy yBinoayy Tyg 310N
8
TN MN‘ '_W.dr'wr
]
| o
N —
4
(0A}) wwg
a0y Z
|
I N T I
| | | 1| |
|
|
4 *Aj1uong
1334S Pl ‘013D
DUDJS 35Dq BUIDN
T T — Z:Jaquny wal|

94



SeTMTNA B 39 SIS
3425 FMHID W

it B

5

FI

FLETLOS IV 1 941 - S9N

[

3903 anos —

Xmgel

[ So—

O

UoI}iSod Z G
o
I 1 T [
Y N
rﬂ_ Lol
OF .
i I AN
- LO \T
NE = , -
/ I~
- | 09 .!
~ Ty T
ﬁ
= oo T
j w T
= BN
Pw I: — \\w
P | _ i
I
Ry

58

daag wuz,
poayL dl.obW

Lot —
IR T
T | b
e I
_ " |
B
1
1
£, *Aypuong

1334 Pl “BI43}DW
pUDJS J3INPSUD.] -BUIDN
¢ -Jaquiny way|

95



[ | s

4
a

moval e
. addt 3
Auedwod Wid o4 - S9N — _uﬂm.w
3903 A0S :

P3J3AI3P 3JD SIATDA
3} UM "J34D) PappD 3q im do}
U0 3AJ0A 3y} JJoddns o} S310H 340N

N

| | |

T Milladsil [z

SIS M

S |

|-

09
ﬂ

T
_
_JI,/ R

e

7o

06

¢ :Ajljuong

1931S Pl 103D}

PUDJS BATOA PIOUNOS : BWDN
2 130WNN Way|

96




e
3904 arios. B 9
17 1
L) L
=
O
_
s
u3Alb
3g o} S)0}3q “do} uo J3yD) ]
37D 30 01 310H 310 e =
P3711Jp 80 04 3104 90N o | 0 3 ._z.
IIMI‘ s mﬁ.ovo
S s B
|
!
_ | ‘A4juong
1334S PYIW JDNSIDW
pUDJS J3P334 JapMog 3WDN
i e m— = ¢ -Jaquiny way|

97



T3 Tl TR i SRS
0314735 IEMHLD SSAINN

WG WE NG WL
00 I

Y &

5|

Bddy

Auedwod pid eyl - S9N

3903 arnes

0340

| =)

9l

00L

SA0H 4 w0

¥-¥ NOLLJ3S

.
Buo) wuwisg
poa.yj dsg /19

\

%

Z ‘A4unng

1394S P1IW 10140
PUDJS J3PUNA] BWDN
q -13qUNN Wa}|

98



A W R BT
HHE ST

Ty| s

A (RIS Kl SN
FET
- Badh K3
[ Fwenmes i Bl - S9N —
3903 anNos

132JS Pl 71013}

W (g *J343Wwni[ 1DuaX3
Wi (0% ~J3aj3wnl(] \oudajuj

wuw og Ybua
SUOISUWIL * (g 3L J3puNAT
[ S|4 pJopunis

J1or PRIBPIRM

agn Japuni| 5 |
pUDJS J3INPSUDJ| L
Jusuodwo] | Jaquny

Som | za | [T
[EE Ty

& PUD 7 Jaqunu way)
4d Buimnu Aguwassy

99



pLT

Auedwod Wid o4l - SO

3903 aros

¢ Jaqunu Wway o}
BuIp1aMm B4 Pa3jDa.)
3q 0} 3104 3JON

| | |

Wis | m | WLAEEE Jrad

JHISIH WOIEI 3

T vvhowas

daap W 4}
PO3YL dl.0LW

| ‘Ajijuong

133}S Pl D1BJD
punjS Jadnpsund| SWON
/. -J3quny wa}|

100




_ o
A [T

Tl

Auediiod Wid 3ul - S9N

3503 dInos

/. Jaqunu

wayl yjim Buipam J34D panIidp
30 1)1 300} 3 U0 310} 34N

| Apijunng

1934S P 10NS{0KW
3qn| JapuiA] Bwoy
6 Jaguiny Way|

101



e ] . . KNk W€ K0k W2
D B BT jaiog | 40 Aq E.W:EW:M
e [ e alli
W34 YM DuIipjam Ja4jo paniip |
aQ T)IM 9qn} 3y} U0 310H 310N
N _, o0 - Y
. G, -
———————— o
i
e A — g " S s |
__ ‘?\
| ~5 ¢
| “A{LpuDNg
1334S Pl 103D
3qn| Japunky :BWoN
TR — 6 “Jeuiny Wal|

102



37 G HE R WL
s - STy

7| ST R SEI0

n4 W Sm 25 34335 B0 S8
3 F
T i 20
Auedwod Wid 9L - S5 (S]]
L | bt [t

3903 alNos T 3w =

( Jaguiny Em.__ 0}
Buip)am Jalio pajoadd
a0 0} 910H 310N

/

dasp \EE 4]
PO3JUL dl.OMA

! |

e | um | WL [

SEDLSIH HONSIATE

13}04 | 40 A pasioyjny

i i
NN I L
- S L I —— l..—| _ Qu
| | L,
T A
l | ! _ ‘qr S M
ey — B

S |

st 1934S Pl 1DI3I0KW
pUDJS J3INPSUDY] BWDN

| :Ajtyuong

/ -Jaguiny way|

103



Feeder Assembly
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Component Name: Handle b = e
Quantity: 1
Material: Mild Steel
Jo. B0 _
|
>m) T P &
i || | | il
. . /O -
- 90 o
5 5
b .
o — —— S T S —
| |
al 7 I
SOLID EDGE
= UGS - The PLM Company

2 PL =X 3 AL 2000 SLME WEIGHT
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APPENDIX B

7.3 Tables of Results
In this section the observations and results aktes different valve arrangements and

valve opening frequency changes are shown. Thesthambservations and results of both

the experimental data and Kasimir simulations foralhd He as gas drivers.

7.3.1 Compression Wave and Flow Behind the Compression 8ve Velocities

7.3.1.1 Single Valve Arrangement

The tables below show the change in shock and flelecity behind the shock with

change in reservoir pressure for a Single ValveaBgement. B-C refers to the flow

travelling duration between transducers B and Gtipogd 0.47m apart.

Table 4: Compression wave velocity with change ireservoir pressure: Air and He

Air Helium
Compressiol
Reservoir pressure Wave Velocity| B - C Time
[Bar] B - C Time [ms] [m/s] [ms] Shock velocity [m/s]
10 0.002¢ 18¢ 0.0006¢ 712.1.
20 0.001¢ 247.3% 0.0005: 870.3°
30 0.0008! 552.9¢ 0.000¢ 964.1(
40 0.00077! 606.4¢ 0.0004! 1044.4-
50 0.0007! 626.6° 0.00042! 1105.8¢
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Table 5: Flow velocity behind the compression waweith change in reservoir pressure: air

Compressiol Mach Flow
Reservoir pressure [Bar] | Wave Velocity | Number P, T Velocity
10 188 0.48 3.06 3134 170.36
20 247.37 0.65 4.939 324.2 234.64
30 552.9¢ 1.12 16.1: 390.4 443.6¢
40 606.4: 1.22 30.4¢ 412.F 496.7"
5C 626.6° 1.2¢ 37.¢ 417.¢ 516.3¢

Table 6: Flow velocity behind the compression waweith change in reservoir pressure: He

Reservoir pressul Compressiol Mach Flow
[Bar] Wave Velocity | Number P, T Velocity
10 712.12 1.34 10 440.5 563.84
20 870.37 1.58 19.65 481.9 696.37
30 964.10 1.6 36.6 505.9 723.63
40 1044.44 1.81 71.38 526.1 832.33
50 1105.88 1.88 93.52 541.3 876.92

Table 7: Kasimir Flow Simulations for the shock vebcity and flow velocity behind the shock:

Air and He
Air Helium
Flow Velocity Shock Flow Velocity
Reservoir pressure| Shock Velocity | Behind Shock Velocity Behind Shock
[Bar] [m/s] [m/s] [m/s] [m/s]

1C 574.7¢ 307.17: 736.87 478.54¢

20 653.66¢ 391.95¢ 890.46: 629.9:

3C 700.43: 441.12¢ 987.57. 721.86.

40 734.12: 475.74 1059.16: 788.35!

5C 760.47 502.42: 1115.99: 840.514
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7.3.1.2Double Valve Arrangement

The tables below show the change in compressiorflawdvelocity behind the shock with

change in reservoir pressure for the Double Valira#gement (Two stage diaphragms).

Table 8: Compression wave velocity change with chge in reservoir pressure: Air and He

Air Helium
Compressiol
B - C Time wave velocity B - C Time Shock velocity
Reservoir pressure [Bar] [ms] [m/s] 1[ms] [m/s]
10 0.00¢ 117.5( 0.000¢ 522.2:
20 0.0030! 154.1( 0.000:" 671.4:
30 0.00z 235.0( 0.0006! 723.0¢
40 0.000¢ 522.2: 0.0005:- 870.3:
50 0.000¢ 587.5( 0.0004¢ 959.1¢

Table 9: Flow velocity behind the shock change witbhange in reservoir pressure: air

Compressiol

Reservoir pressure [Bar] Wave Mach Flow
P Velocity Number P, T, Velocity
10 117.5( 0.2¢ 2.12¢ 303.7 101.3:
20 154.10 0.42 4.893 308.3 147.85
3C 235.0( 0.5¢ 6.5¢€ 329.¢ 211.1°
4C 522.2. 1.17 19.17 390.2 463.3¢
5C 587.5( 1.2t 30.3¢ 407 . 497.5
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Table 10: Flow velocity change with change in reseoir pressure: He

Compressiol
Wave Mach Flow
Reservoir pressure [Bar]  Velocity Number P, T Velocity

10 522.2: 1.02 5.39: 390.2 4079
2C 671.4: 1.3t 15.6: 429.7 561.0¢
3C 723.0¢ 1.42 20.27 443.¢ 603.6¢
4C 870.3: 1.64 38.8: 481.: 721.2¢
5C 959.1¢ 1.7t 54.0¢ 505.7 788.9¢

Table 11: Kasimir Flow Simulations for the shock véocity and flow velocity behind the shock:

Air and He
Air Helium
Reservoir pressure [Bar]| Shock Velocit | Flow Velocity | Shock Velocit | Flow Velocity

10 563.3¢ 292.20: 558.30t 330.01:
20 695.64. 436.15¢ 727.6¢ 414.33
30 756.00i 451.81! 789.77. 575.35:
40 865.27: 523.16¢ 880.8t 620.87t
50 945.4¢ 576.90: 969.17! 704.61.

7.3.1.3Effect of Valve Frequency Change on Jet Velocity:isgle Valve

The table below shows the flow behind the shockaiges with the change in pressure for

5, 10 and 20 Hz pulsating frequencies. Undefinedewstructures were obtained for a

frequency of 20 Hz with air as a driver.
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Table 12: Flow velocity with change in pressure anffequency

Theoretical Jet 20 Hz

Reservoir Velocity 5 Hz Frequency | 10 Hz Frequency Frequency

Pressure [Bar]| Air Helium Air Helium Air Helium | Air | Helium
10 307.173| 478.549 | 170.36 | 563.84| 144.1 | 578.36 - -

20 391.958| 629.91 | 234.64 | 696.37 | 222.98| 688.02 - 738.25

30 441.126| 721.862 | 443.66 | 723.63 | 250.1 779.2 - 757.47

40 475.74° | 788.35! | 496.77 | 832.3 | 292. 836.¢ - 832.3¢

50 502.42. | 840.51: | 516.3¢ | 876.9: | 312.0: 869.7 - 870.6¢

7.3.2 Change in Jet Impact Velocity with Change in Presse

The tables below show the jet flow velocity at iropan the substrate positioned 30mm

away from the exit of the gun. The velocities at@amed by measuring stagnation

pleasures at the position of the substrate.

7.3.2.1Single Valve Arrangement

Table 13: Flow impact velocity on substrate downsttam of gun exit: Air

Reservoir pressure P, [kPa] & L Impact
[Bar] Voltage[V] P M T Velocity

10 0.322¢ 1.18¢ 1.18¢ 0. - 172.7¢

20 0.4E 137.6: 1.65¢ 0.8¢ - 304.0¢

30 0.52¢ 160.5¢ 1.93¢ 1.0z 1.013: 354.7¢

40 0.62¢ 191.: 2.2 1.1€ 1.102¢ 420.9:

50 0.6¢ 20€ 2.E 1.2z 1.140¢ 44257
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Table 14: Flow impact velocity on substrate downstram of gun exit: He

Reservoir pressure b kPa R T, \mpact
[Bar] Voltage[V] ° P M T Velocity
10 0.3225 98.65 1.189 0.5 - 172.75
20 0.44 134.59 1.62 0.86 - 297.09
30 0.535 163.64 1.972 1.03 1.0198 359.38
40 0.73 223.29 2.69 1.28 1.1783 480.06
50 0.82 250.82 3.022 1.36 1.229 520.92

7.3.2.2Double Valve Arrangement

Table 15: Flow impact velocity on substrate downstam of gun exit: Air

P [kPa] R, T, Impact
Reservoir pressure [Bar] Voltage[V] P M T Velocity
10 0.2¢ 88.7 1.07 0.31 - 105.3:
20 0.40¢ 123.8¢ 1.49: 0.77 - 266.0¢
30 0.45¢ 13¢.17 1.671 0.8¢ - 307.t
40 0.56¢ 172.8: 2.08: 1.0¢ 1.052: 382.7¢
50 0.6¢ 211 2.54: 1.2¢ 1.153: 460.0¢

Table 16: Flow impact velocity on substrate downstram of gun exit: He

P [kPa] R, T, Impact
Reservoir pressure [Bar | Voltage[V] P M T Velocity
10 0.2 91.7¢ 1.10¢ 0.3¢ - 131.2¢
20 0.50¢ 154.47 1.8¢ 0.9¢ - 338.5¢
30 0.5¢ 168.2: 2.027 1.0¢€ 1.1039: 384.7:
40 0.6¢€ 201.8¢ 2.4:% 1.2 1.12¢ 440.3¢
50 0.7t 223.2¢ 2.6¢ 1.2¢ 1.17¢ 48C

7.3.3 Impact Velocity Change with Change in Pressure anéfrequency

The tables below show the impact velocity as showtables 20 and 21 above. Tables 20
and 21 show impact velocities for 5Hz and the wblelow show the impact velocities for

10 and 20 Hz frequencies for the single valve grearent.
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Table 17: Flow impact velocity on substrate downstram of gun exit pulsating at 10 Hz: Air

Reservoir pressure P [kPa] R T, Impact
[Bar] Voltage[V] P T M Velocity
10 0.31 94.82 1.15 n/a 0.45 166.7
20 0.4 122.35 1.47 n/a 0.76 262.59
30 0.48 146.82 1.7689 1.1767 0.94 352.3
40 0.51 156 1.88 1.196 0.99 374.08
50 0.64 1.95.7¢ 2.3€ 1.278¢ 1.1¢ 461

Table 18: Flow impact velocity on substrate downstzam of gun exit pulsating at 10 Hz: He

Reservoir pressurg P, [kPa] R T, Impact
[Bar] Voltage[V] P T M Velocity
10 0.34 104 1.2F 1.067: 0.5¢ 200.3¢
20 0.44 134.59 1.62 1.1479 0.86 318.3%
30 0.55 168.23 2.027 1.2247 1.06 405.3
40 0.75 229.4 2.764 1.338 1.3 519.6
50 0.825 252.35 3.04 1.3754 1.37 555.138

Table 19: Flow impact velocity on substrate downstgam of gun exit pulsating at 20 Hz: He

Reservoir pressure T. Impact
Voir p u P, [kPal] R 1y p
[Bar] Voltage [V] P T, M Velocity
10 Complex flow
20 0.46 140.7 1.695 1.162 0.9 335.2
30 0.56 171.29 2.064 1.229 1.07 409.84
40 0.7: 223.29 2.6¢ 1.327: 1.2¢ 509.5¢
50 0.82 250.82 3.022 1.3693 1.36 549.87
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Table 20: Summarized impact velocities table for ta 5, 10 and 20 Hz frequencies

Reservoir 5 Hz-Velocity 10 Hz-velocity 20 Hz-velocity
pressure [Bar] Air Helium Air Helium Air Helium
Undefined Undefined
10.00 172.75 172.75 166.7 200.36 waves waves
Undefined
20.00 304.05 297.09 262 59 318.35 waves 335 2
Undefined
30.00 354.74 359.38 3523 405.3 waves 409.84
Undefined
40.00 420.91 480.06 374.08 519 6 waves 509 58
Undefined
50.00 442.52 520.92 461 555 13 waves 549 87

7.3.4 Change in Down Stream Static Pressure with Changa iReservoir Pressure

The two transducers located downstream of the emlevalves where also used to keep

track of change in static pressure. Transducer Bdated 250mm downstream of the

second solenoid valve and transducer C is locag@inm downstream of the second

solenoid valve. The two tables below show statespure changes with change in reservoir

pressure for the single arrangement.

Table 21: Transducer B static pressure traces

Air Helium
Static Static Static Static
Reservoir Transducer| pressure | pressure | Transducer| pressure | pressure
pressure [Bar] | Voltage[V] [psi] [Bar] Voltage[V] [psi] [Bar]
10 0.173 34.5: 2.3¢ 0.24¢ 48.9( 3.37
20 0.476¢ 95.117 6.5¢ 0.342 68.2¢ 4.7(
3C 0.532¢ 106.2¢ 7.32 0.52¢ 104.7¢ 7.2%
4C 0.80¢ 160.6¢ 11.0¢ 0.87¢ 174.6¢ 12.0:
5C 1.03¢ 206.5¢ 14.2: 1.03¢ 206.5¢ 14.2:
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Table 22: Transducer C static pressure traces

Air Helium
Static Static Static Static
Reservoir pressurg Transducer| pressure | pressure | Transducer| pressure | pressure
[Bar] Voltage[V] [psi] [Bar] Voltage[V] [psi] [Bar]
10 0.114: 23.17 1.6C 0.122 24.7( 1.7¢
2C 0.30¢ 61.5¢ 4.2t 0.18¢ 37.2¢ 2.51
3C 0.362¢ 73.3¢ 5.07 0.297 60.12 4.1¢
4C 0.55¢ 112.3¢ 7.7¢ 0.52 105.2¢ 7.2
5C 0.7: 147.7" 10.2( 0.6z 125.5: 8.6¢€

7.3.5 Driver Gas Pre-heating

Kasimir simulations were run with different gas jeat temperature, room temperature

velocities were compared to a preheat temperaafr280 °C and 400C. The pre-heat tests

were done for both the single and double valvengement.

Table 23: Gas pre-heat velocities for the single g arrangement

Air — Velocities [m/s]

Helium — Velocities m/g]

25°C 200 °C 400°C 25°C 200 °C 400°C
Reservoir Room Pre-heat Pre-heat Room Pre-heat Pre-heat
pressure [Bar] | temperaturg temperature| temperature| temperature| temperaturg temperature
10 307.17: 351.65¢ 386.2¢ 478.54¢ 524.42; 557.35:
20 391.95¢ 452.31¢ 500.19: 629.9: 698.35¢ 748.87:
30 441.12¢ 511.47. 567.84! 721.86: 806.0%1 869.21°
40 475.74° 553.4. 616.16¢ 788.35! 884.84¢ 958.08!
50 502.42: 585.93: 653.77¢ 840.51- 947.18: 1028.85!
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Table 24: Gas pre-heat velocities for the double e arrangement

Air — Velocities[m/s]

Helium - Velocities |m/q]

25°C 200 °C 400°C 25°C 200°C 400 °C
Reservoir Room Pre-heat Pre-heat Room Pre-heat Pre-heat
pressure [Bar] | temperaturg temperature| temperature| temperature| temperaturg temperature

10 292.20: 358.05! 382.3: 330.01: 369.96¢ 381.08:
20 436.15:- 444.67- 438.6¢ 414,33 519.14¢ 603.76°
30 451.81! 518.12: 520.93: 575.35¢ 562.09¢ 717.3¢
40 523.16¢ 583.04¢ 586.8: 620.87¢ 630.04¢ 834.04¢
50 576.90: 633.39: 605.43 704.61. 666.¢ 850.32¢
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APPENDIX C

Components Specifications

Solenoid Valve :

Table 25: Solenoid valve specifications

Supplier's name: Connexion Development L

Maximum pressure: 1 to 200 Bar

Operating temperature: -10°C to + 100°C
Orifice size: 6mm

Opening or Closing time: 100ms
Medium: Air or Helium

Weight: 430 ¢
Voltage: 24V
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Gas Cylinders:

Table 26: Helium cylinder specifications

Supplier's name:

Afrox

Available Helium pressure:

200 Bars

Specification 99.9999 to 100%
Volume 7.1
Cylinder Content Weight: 1.5 Kg

Table 27: Dry-air cylinder specifications

Specifications: Dry-Air Cylinder
Supplier's name: Afrox
Available air pressure: 100 Bars
Volume: 71m’
Cylinder Content Weight: 8.5 Kg

Pressure transducers:

Table 28: PCB Pressure transducer — Model 113A21

Supplier's name: PCB Piezotronic

Measurement range: 1379 kPa
Operating temperature: -72t0 135°C
Maximum Flash
Temperature: 1646 °C
Resonant Frequency: 500 kHz
Maximum Pressure: 6895 kPa
Weight: 6.0 gm
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Controller:

Table 29: PCB Pressure transducer — Model 113A23

Supplier's name:

PCB Piezotronic

Measurement range: 68 950 kPa
Operating temperature: -7310 135°C
Maximum Flash
Temperature: 1649°C
Resonant Frequency: 500 kHz
Maximum Pressure: 103 420 kPa
Weight: 6.0 gm

Table 30: PCB Pressure transducer — Model 113A24

Supplier's name:

PCB Piezotronic

Measurement range: 6895 kPa
Operating temperature: -73t0 135°C
Maximum Flash
Temperature: 1649°C
Resonant Frequency: 500 kHz
Maximum Pressure: 68950 kPa
Weight: 6.0 gm
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Table 31: Moeller controller specifications

Supplier's name: Moeller
Voltage supply: 24V DC
Analog output: 0 to 10 VDC/10 bits
Number of outputs: 8
Number of inputs: 4
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APPENDIX D

Drag coefficients for different Reynolds numbers (Mrsi et al, 1972)

= 249 for Re < 0.1,
.‘_J'
22.73  0.0903
Cp = 3.69 4 f ~ for 0.1 < Re < 1,
Re Re”
291667 3.8889
Cp=1.222 4 - - for 1 < Re < 10.0,
Re Re
46.5 116.67
Cp = 0.6167 4 — ~ for 10.0 < Re < 100.0,
Re Re”
08.33 2778
Cp = 0.3644 + — - for 100.0 < Re < 1000.0,
Re Re”
4
Co = 0357 4 148.62 B 4.75 xﬂ]D
Re Re

for 1000.0 < Re < 5000.0,

490.546 57.87 x 10
Re } Ré’

for 5000.0 < Re < 10000.0,

1662.5 5.4167 x 10°
Re } Reé’

for 10000.0 < Re < 50000.0.

Cp = 046 —

Cp = 05191 -
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APPENDIX E

Solenoid Valve Types

Tube pinch solenoid valve
The tube pinch solenoid valve is the only full b@osv (with no idle space) solenoid of the

listed valves. The tube pinch valve provides aastieed flow, with a high coefficient of
flow; however it is limited by the fact that it hasry low pressure limits and a low shut-off
capability (ASCO, 2009). Therefore, this valve cbulot be suitable for a shock tube
application, since very high pressures are invalved

o

Fluid Flo
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Figure 61: Sectioned view of the Tube pinch solertbvalve

Diaphragm type solenoid valve
Diaphragm valves are related to pinch valves, bey tare not full bore flow. The valves

have a limited idle volume. Instead of pinching tmer closed to provide shut-off, the
diaphragm is pushed into contact with the bottorthefvalve body. The diaphragm valves
provide a very clean flow and tight shut-off. Howeyv the valve has a very low

pressure and temperature limits, and multi-turrraten limitations (ASCO, 2009).
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Figure 62: Sectioned view of the diaphragm solenoidalve

Direct operated 2/2 solenoid valves

The 2/2 direct operated valve is the most commasigd valve and one that is readily
available. In this valve the core is mechanicaliyrected to the disc and opens or closes
the orifice, depending on whether the solenoid #nergized or de-energized (ASCO,
2009). These types of valves can handle very highsures compared to others and have a
very fast response time which is required to gdeesttong shock waves. However, the

valve is not a free bore flow and has an idle vadum

Fluid Flow |

Figure 63: Sectioned view of the direct operated &mnoid valve

Lever type solenoid valves
Levertype solenoid valves are designed for high diffea¢pressures and flow rates. Heat

dissipation for the electromagnetic part is optediy separating the control system from
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the valve itself (ASCO, 2009). These valves arealige suited for high
temperatures. The valve is also not a free bore &#lind has a huge idle volume.
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Figure 64: Sectioned view of the lever type solerbvalve

ambient

135



APPENDIX F

Wave Diagrams from Kasimir Simulations
The figures below show wave diagrams for both Imeland air at 10, 20 and 30 bars of

reservoir pressure.

0.50
position [nl

Figure 65: 10 bar reservoir pressure with air as tle gas driver

0.50
position [nl

Figure 66: 10 bar reservoir pressure with helium ashe gas driver
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Figure 68: 20 bar reservoir pressure with helium ashe gas driver
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Figure 70: 30 bar reservoir pressure with air as tle gas driver
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Figure 72: 40 bar reservoir pressure with helium ashe gas driver
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Figure 74: 50 bar reservoir pressure with helium ashe gas driver
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Appendix G

Validation of the shock tube length selection

Valve 1 Valve 2

- \
Reservoir Shock generator Gun

300mm ~ 100mm_ A B

A

In the length simulation the reservoir size is kephstant, the shock generator and gun
diameters are also kept constant at 5mm. Diffestioick generator and gun lengths are
simulated and the shock exit velocities as wethasflow velocities behind the shock wave

were compared.

The tests are performed for a single valve arramgeémhere valve 1 is kept constantly
opened and valve 2 is opened and closed (actiagdeésphragm) to generate shock waves.
All the simulations were run at a constant reserpoessure of 30 bar, with helium as the

gas driver at a temperature of 294K.

The simulation results are shown in figures 75 @ob&low, and a summary of results is
shown in table 32. Six different cases were sinedlaand the results show a shock wave to
be formed in all the cases. The shock wave velagihot affected by the length of the tube
within the tested range. This can be attributethéofact that in the simulation program the
diaphragm ruptures instantly and shock waves getdd over a very short length. In a
case where solenoid valves are used as diaphragmid take slightly longer (longer
length tube) for a shock wave to be generated tl@dower cases (smaller length tubes)
might not suffice. It is also necessary to createugh space (enough tube length) to allow
for pressure transducer attachments on varioustpoim the rig. On the other hand the
shock tube should not be made too long unnecegs@tik to the above mentioned reasons

the shock tube dimensions in case D was selected.
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Table 32: Simulation results summary

Shock generatc Gun lengtl | Shock exil | Flow behind the shoc

length (A) m (B) m velocity velocity at exit
Case A | 0.05 0.15 982.572 718.207
CaseB | 0.1 0.25 982.572 718.207
CaseC | 0.2 0.5 982.572 718.207
CaseD | 0.35 0.75 982.572 718.207
CaseE | 0.5 1 982.572 718.207
Case F | 0.75 15 982.572 718.207

[ DOSBox 071, Cpu Cycles:  max, Frameskip 0, Program: KASIMIR3 ool

startplace=
starttine =
endplace =
endtine =

-0.00 0.10
position [ml

velocity =

ins =
Machnumbar=

B DOSBox 0.71, Cpu Cycles:

startplace=
Starttime =
endplace =
endtine =

max, Frameskip 0, Program: KASIMIR3

0.00 0.20
position [l

xglocitu = 982.572

iru =
Machnunber=

shock uauve
2.853
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Figure 76: Case B Shock wave diagram

[ DOSBox 0.7, Cpu Cycles:  max, Frameskip 0, Program: KASIMIR3 =]

0. 00 0.20 . 40
position [nl
startplac B velocity 982.572
Starttine pata ing shock_wave
endplace -500 Hachnunbe 2.853
endtine o

[ DOSBox 0.71, Cpu Cycles:  max, Frameskip 0, Program: KASIMIR3.

.00

startplac 5 velocity
starttine 5 i
endplace i [nl Machnunbe
endtine

Figure 78: Case D Shock wave diagram
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B DOSBox 071, Cpu Cycles:  max, Frameskip 0, Program: KASIMIR3 o=

0.50
position [nl
startplace= - 000 velocity = 982.572
starttine kind shock_usve

[ DosBox 0.71, Cpu Cycles:  max, Frameskip 0, Program: KASIMIR3 [l g

0.50 1.00

position [ml
velocity 982.572
ki shock _wave
Hachnunber 2.853

Figure 80: Case F Shock wave diagram
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