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ABSTRACT

A comprehensive study of cold gas dynamic spray technology is required for
optimising performance and gun design &praying various materials. Cold
spraying technology i new technique in industry and very limited dasa
available. This thesifocuseson the investigation of cold spray parameters for
sprayingductile titanium alloys througha de-Laval convergentlivergent nozzle

and optimisation of the nozzle dimensions. This work descalmbgailed study

of the varius parametersiamely applied gas pressure, gas temperature, size of
titanium particles and dimensions of the nozzle on the outlet velocity of the

titanium particles.

A model ofatwo-dimensional axisymmetric nozzle was used to generate the flow
field of titanium particles with the help & gas stream flowing at supersonic
speed. ANSYS FLUENT software was used for the simulatioa ofld spray
nozzle. A standard k model has been used to accodot the turbulence
produced due to the very high velocitip. Differences in the velocity of
titanium particles weranodelled over the range of applied gas pressure, gas
temperature and size of titanium particles. From the CFD simulation results
optimum values of gas pressure and temperature were foundchdking a
successful coating of titanium particles. The optimum nozzle dimensions were
also found as the diverging length and exit diameter of the nozzlefowerd to

affectthe outlet velocity of titanium particles.

The simulation results show good agreatwith previous cold spray work using

different spraying material Validation of the CFD model was done by referring



to the experimental work and CFD work donedaimilar kind of flow field. The
grid quality of the model was investigated to get thgultsto converge and be

independenbf the grid sizeto give good agreement between the accuracy of

results and the computational time.
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1 INTRODUCTION

Cold spray process is a hew technique for coating metals like copper, aluminium,
titanium, gold, etc. on metal substrate. The worldwide istere this technique

has lead to significant research effort both in the design of equipment and
methods to make it simple and more efficient. This method is totally different
from other coating processes because low temperatures are used and this prevents
phase changes in metals and change in few properties like stress generation after
the significant change in the temperature. In this process a compressed gas is used
as a carrier gas for transporting metal particles through convediyengent

nozzle wheh is designed so that the gas, and hence particles, reach supersonic
speed. The large amount of plastic deformation in the particles on impact with the

substrate causes particles adhesion and deposition of a coating.

The basic cold spray system conswt® compressor, powder feeder, gas heater,
nozzle and a control panel to control the gas pressure, powder feed rate and gas
temperature. The main principle of the cold spray process is that the coating
depends upon the velocity by which patrticles strileedubstrate, because to make

a coating the kinetic velocity of sprayed particles should be more than a critical
velocity, so a most important aspect of cold spraying is how to get the required

kinetic velocity.

The size of the spray particles, gas temjpeesand gas pressure play an important
part in making a coating but the required velocity depends on design of nozzle.
Important parameters are the diameter of throat, the diameter of nozzle inlet and
outlet, the length of the convergent and divergentspair the nozzle, because to
getsupersonic speed we have to use a De Laval convediyemgent nozzle. We

can change the gas pressure, gas temperature and powder feed rate during the



process but we cannot change the dimensions of the nozzle to chaspedti®r

to get maximum efficiency.

So the main aim of this project is to optimize the appropriate nozzle for the cold
spray process using CFD (computational fluid dynamics) code the ANSYS
FLUENT software of interest is the effect of changes in gas teanhper gas
pressure, titanium powder particles size and transportation gas on the exit velocity

of titanium particles.

1.1 STRUCTURE OF THESIS

Chapter 1 is an introduction on the cold spray process and its basic principles. It

gives the scope of this project.

Chapter 2 outlines the background to cold spray technology and describes past
and current research on cold spraying. This chapter also describes the purpose of
cold spraying, the equipments used for coating, and the effects of different
parameters on theagticle velocity. The chapter includes information about the de

Laval nozzle, its importance and design.

Chapter 3 presents the experimental set up for spraying titanium particles through
a convergentivergent nozzle using computational fluid dynamicsUENT
code has been used for flow simulation. Numeric scheme and computational

domain grid generation procedure is described in this chapter.

Chapter 4 shows the results of CFD studies. The aim of this work was to analyse
changes in flow velocity of titanm particles and affect of various flow

parameters on it.



2 BACKGROUND

Over thepast few years new spraying techniques have been computationally
analysed and modelled for better understanding of the therecbanical
processes involved. Cold spray technolagyattracting the researchers and
industries worldwide because of its advantages over the other spraying methods
[1]. The cold spray dynamic technology is a new technique for coating metals
with very small metal powder particles using compressed gasnspregpulsion.

This technology was developed with the aim of producing pore free and non
oxidized coatings which were not possible with other conventional coating
techniques like HVOF, Plasma spraying and arc spraying. Due to the high
velocity of particles,this process gives a highly bonded coating with good
adhesion between particles and substrate, low friction coefficient, high thermal

and electrical conductivity, and excellent corrosion and oxidation resistance [2].

Many companiesand researchers worldte are working oncold spray.In the
USA, research on cold spray technology was firstiertakenby a consortium
formed under the auspices of the Natior@entre forManufacturing Sciences
(NCMS). After that many research centte=came interesteih this technology
e.g.the Institute of Theoretical and Applied Mechanics of the Russian Academy
of Science, Sandia National Laboratories and Pennsylvania State Uniy&}sity
Sandia National Lab had funded companies like ASB Industries, FefacK,

Pratt & Whitneyto a value o0f0.5 million U.S. dollars a year for 3 years to do
R&D and develop this technologiPennsylvania State University have received
grants fromthe U.S.Navy to do R&D onthe cold spray procesand develop an

anti skid coating [4].
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Figure 1: Number of patents applications over the number of year3]

The above graph shows number of US patents applications inclusive and
exclusive to cold spray technology. The exclusive patents refer to patents that
protectan idea that uses exclusively cold spray as part of an invention while

inclusive patents refer to those patents that include cold spray as one of the many

coating technologies [8].

A financial outlay of $3.4 million was spentby a joint venture of McGill

University and the National Research Council Canada to do research on this solid

state coating témology [5].Pr of Wi Il Il i am OO6Nei | of Cambr
received a large grant of abat® million for research and developmemt cold

spray andthe deelopment ofmanufacturing tools andgaipment used in this

process [4].In Australia CSIRO has established a well equipped cold spray
4



laboratory to initialize this technologgnd develop it for industrial applicatians
The Research Program Leader of CSIR@&terial Science andrigineering is Dr

Mahnaz Jahedi [6].

2.1 THERMAL SPRAYING

Thermal spray is the process in which a metal or alloy in molten or semi molten
state is usgto make a layer oa substrateThe tiermal spray technique was first
used inthe early 1900s when Dr Schoop (refer to the Master patent of Schoop
technology)[9] useda flame asa heat source. Initially it was practiced on metals
with low melting point and after that it was progressively extendedetals with

high melting point [9].For making the deposit in thermal sprayiagtream of
molten metal particles strikeesubstratebecomdlattened andhen undergeapid
solidification and quenching. Every droplet spreads to make its own layer and
these layers join to malksedeposit ofthermaly sprayd material. In thiprocess
voids are formed in the deposit mainly because of incomplete filling or
incomplete wetting of the molten metal and during the quenching of brittle
materials micro cracks are formed after the solidification oftenoimaterial.
These affecthe mechanical properties like elastic modulus and stress at failure

and physical propées like thermal conductivity [10].

When thermal spray is uséo makea coating of molten metal oa substrate it
results ina phasechangeand a microstructure with varying degreef porosity
solidification stresseandpoor corrosion esistance [7]At present thermal spray
technology is used by many industriesadsasic process fgoroducing a coating

with good corrosion resistancgood wear characteristics anttiermal barrier



coatings During thermal spraying the feedstock powdersha be fully or
partially molten and the coating laidup on thesubstrate as multi layers. the

case of oxygen sensitive materials thermal sprayingeas ina vacuum chamber
which increases the coSthermal spraying is no good for those materials which
readily oxidise or are temperature sensitive [8]. For these materials an option is

cold spraying.

2.2 DIFFERENT METHODS OF THERMAL SPRAYING

There are ditrent types of thermapsay methods availabl® make coatingsn
a substrateeither toimprove surfacgropertiesfor protection against corrosipn
wear oras athermal barrier. The different types of thermal spraying techniques

arer

1. HVOF (High velociy oxy-fuel spraying)

2. ELECTRIC ARC WIRE SPRAYING

3. PLASMA SPRAYING

4. FLAME SPRAYING

5. COLD SPRAYING[11][12]

2.2.1 HVOF

High velocity oxyfuel spraying is a method in which oxygen and fuel are burnt
and then passed through a nozzle with free expansion which resuls in
supersonic flame gas velocity. By introducing feedstock powder in the hot stream,

the powder particles become extremely hot and reach supersonic velocity. The



particles flatten after striking the substrate to form a well bonded and dense

coating [13].
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Figure 2: Schematic diagram of HVOF apparatus [17]

As, the temperature of the particles impacting on the substrate ranges from 1500
to 2500 K there is thermalegradation of theoatingmaterial.lt is difficult to
control the temerature ofthe hot jet andits velocity independetly and also
difficult to optimize the spray parameters because the spraying parameters, such

as fuel flow rate, take time to set up [14].

2.2.2 ELECTRIC ARC WIRE SPRAYING

Electric arc wire spraying is a vemyseful process for making metal coatings
because it is a low cost process. The wire used for welding can be electric arc

sprayed at high throughput (from 30 to 50kg/hr) [13]



AR o .
/'J: = .
/_
M \ W, ARC ZOmt
A CONTACT TUBE
SHROUD

~VE

Figure 3: Schematic diagram of electric arc wire spraijng system[15]

Two wires are used in these processes, which are electrically charged, one
positively and the other negatively by passing a current through them. The wires
are joined to make an arc which melts the wires. Compressed air coming from the
noz4e reduces the molten metal to tiny particles and sprays them on the substrate.
A higher spray rate can be achieved by using a high current rating system like
350A or 700A [15]. The coating formed by this method has relatively high density
and adheres wetb the work piece. Greater density and more bond strength can
be achieved by carrying out the process in a redpoessure chamber [13]. The
disadvantage of this process is that only wires that are electrically conductive can
be used and if preheating thfe work piece is required then a separate source is

necessary in this task [17].



2.2.3 PLASMA SPRAYING

Arc Column Workpiece

Ar, He, H,, N, - » / “
W Cathoce ——~ D |
and Powder |

Vaw
Cu Anode - | ]

Water Coating

Figure 4: Schematic diagram of plasma spraying systefi7]
As we can see in thEigure 4 the nozzle comprises a tungsten catholdequl
axially at the outer part of the anode which is a copper cylinder. A direct current
arc is maintained between the axially placed tungsten cathode and the copper
anode. An ionised gas is generated by heating it up to a temperature of 50,000°F
(30,000C). The powder is then introduced into the plasma jet where it is heated
above its melting temperature and achieves a velocity ranging from 120 to 610
m/sec. [17] The behaviour of the plasma spraying process igdeterministicin
which molten, semimolten or sometimes solid particles strike the substrate,
flatten followed by solidification and formation of difke splats. The size,
velocity and thermo physical properties of the particles striking the surface totally

influences the splat shape and hence the quality of the coating [18].

2.2.4 FLAME SPRAYING

Standard spraying techniques have certain limitations. It is difficult to make a thin
coating on a substrate as in some techniques only certain sizes of powder particles

can be usé and cannot be reduced from that size, so it is not easy to achieve a


http://en.wikipedia.org/wiki/Deterministic_system_%28mathematics%29

homogenous and dense coating. A very good powder feeding technique is needed
when using powder particle sizes below 5

expensive. Not every combitian of material is available in the market [19].

switching fuel and oxygen

valve
= S

HWSFS torch

pump

cooling waler

suspension flushing
vessel with liquid
stirring device

Figure 5: Schematic diagram of HVSFS torch

High velocity suspension flame spraying is a technique used to spray submicron
or nanoparticles at hypersonic speed to get a densehandadating on a work
piece. In this process, the powder is mixed with an organic solvent and fed axially
into the combustion chamber or the torch which resembles the High Velocity
Oxy-Fuel (HVOF) spray torch [20]. The disadvantage of the HVSFS techrsque i
that for spraying suimicron sized particles the stanéf distance of the spraying
torch has to be very small, which results in heat transfer from the gas jet to the
work piece. This heat changes the properties of the piece, so a proper and
effective coling system is required in this process when coating heat sensitive

materials [21].

10



2.3 COLD SPRAY PROCESS

The phenomenon of cold spray was discovered during an aeronautical

Il nvestigation i n t he 198006s. Wh e n dust

experiments, t particles were observed to stick on the substrate. This process
was undesirable but was recognised to be useful because particles of ductile
metals or alloys could be bonded onto metal surfaces, glass or ceramics at impact
velocities ranging from 400 t©200 m/s. This is how coatings are made on work
pieces [22]. The cold spray process or cold-@yasamic process is a coating
process wutilizing high speed met al or
size, with a supersonic jet of compressed gas aiklocity ranging from 300 to

1200 m/s on the surface of the work piece. The coating formed by this process
depends upon a combination of factors like particle velocity, temperature and size.
The powder particles in this process are accelerated by essuojegas jet at a
temperature lower than its melting point, thus reducing many effects which occur
in high temperature spraying like oxidation at high temperature, melting of the
substrate or spray particles, crystallization, evaporation, stress gengeigds

release and other related problems [23].

_‘\h_lﬂz_l_e_-—/
— [ 1
Powder e
Suppl
PR Throat
Compressed and Substrate

Heated Process Gas

Figure 6: Schematic diagram of cold spraying system
11
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Studies on cold spraying show that the most important parameter is the velocity of
the particles before they strike thebstrate. For making a successful coating the
particles should strike the substrate at a higher velocity than a critical velocity

[25].

100

deposition

=

abrasion

deposition efficiency

particle velocity

Figure 7: Correlation between the particle velocity and deposition efficiency

If the particks strike the substrate at a velocity lower than the critical velocity
then the particles will just scratch the surface of the substrate as they do in grit
blasting. By increasing the particle velocity the deposition efficiency reaches
saturation point with is nearer to 100%. Most of the research related to cold
spray is focused on achieving high particle velocity by making new designs of the

nozzle used for spraying [25].

2.3.1 REASON FOR DOING COLD SPRAYING

In the cold spray process, particles ranging in §izeom 5 t o 50em ar e
make a coating by number of layers. The cold spray process is relatively better for
making thicker coatings than thermal spraying because there are no thermal

stresses involved in it [26].

12



A most important consideration in intnacing new process to industry is a
reduction in the manufacturing cost of components. Most components in industry
are fabricated by casting which is the initial step in the production line. The Pratt
& Whitney company as a part of the US Air Force forgsngplier has developed

a model called value stream analysis which shows that reduction in cost cannot be
achieved by reducing the cost of one area in a production line. Pratt & Whitney
also developed a model for Laser Powder Deposition of titanium anchttsl

has been extended to model the cold spray process for titanium [4].

Finish

10% 5%

Material
31%
Rework
20%
Melt/P
our Mold
13% Invest 17%

4%

Figure 8: Value stream analysis [4]

The Value Stream Analysis shows that by using the cold spray process reduction

in cost can be achieved in the follogiareas:

1) Material input

13



2) Reduction in finishing time

3) Reduction in rework time

4) Reduction in the cost of mould preparation and melt pouring

5) Increase in material utilization because the deposition efficiency in cold

spraying is 60 to 95% [4]

The Value Streamesults showed that 70% of the value stream could be achieved
if rework and finishing were reduced by 75%, material input reduced by 50%, and
mould, casting cost and melt/pour cost reduced by 70%. These estimated figures
show that it is advantageous tceuws cold spray process because of a reduction in
the manufacturing cost of components. [4] For example, in the production of large
ring rollings and billets made from titanium alloys. Titanium is a very hard
material and it can take many days to machireh ggece. The process wears out
many of the cutting tools and more than 90% of the material is machined away in
getting the final product. This can cost more than $ 1 million dollars apiece. Even
in large scale production there can be a long lead timeubecaf the limited
availability of titanium, the processing capacity and the considerable time to
convert stock material into final product, so the cold spray process is used to

manufacture near net shapes by depositing titanium alloys [27].

To compare theost of applying a coating in by cold spraying with other thermal
spraying processes a new software package Cost Analysis Software (CAS) is
used. This software has been developed for accurately calculating the cost of
applying coatings which includes theost of powder, gas, electricity, nozzle

dimensions, desired coating thickness, deposition efficiency and start up and shut
14



down time. The output includes cost by category (gas, powder, labour, burden,

and amortization), cost per unit area, and spray {28

2.3.2 EQUIPMENT USED IN COLD SPRAYING

A block diagram of cold spray equipment with a powder heater installed is shown

in figure
gas heater
) AAAAAREAM
ARAARRAN
:Egsure G :®: In'lllilllln' 'ﬂlllilllll' I||'I Iill
as
=G| scentral | stionls, control |
le ata acquisition & control system Propulsion
Gas gas
supply B — Substrate
Coating
fz‘g;ﬁ;zrs Powder Supersonic
Powder /010141 nozzle
feeder [ |11
Gas heater

Figure 9: The block diagram of cold spray system [27]

Figure 10: The cold spray system in ASB Industry, Inc [4]

The main parts of the cold spray system involves
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A gas control module which contains the working gases such as helium,
nitrogen, argon and mixes of these gases and which enter the nozzle at

high pressure.

A data acquigion and control system for controlling the gas pressure from
the compressor, the powder feed rate into the nozzle and the gas heater

that maintains the proper temperature of the gas.[29]

A powder feeder which delivers powder in a continuous flow at & mas
rate between 5 to 10 Kg/hr to make a uniform coating and improve
reliability for measuring deposition efficiency. The powder feeders
currently available come with features like low maintenance, uniform and
accurate powder feeding, low powder wastagejmahpulsing and easy

cleaning. [23]

A gas heater is used to heat the gas up to a temperature ranging from 300°
to 650° C before it enters the nozzle. Heating the gas eventually increases
the powder particles temperature and velocity and hence ensurs plas
deformation after they strike a substrate. However the gas temperature at
the inlet of the nozzle is below melting point which means particles do not

melt during the process. [30]

In the coating process, the nozzle is the main component for depositing
solid-state particles. In the cold spray process, a convedjestgent de
Lavaltype nozzle is used to accelerate the particles at supersonic speed by
the gas flow. After leaving the nozzle at high velocity, the particles

impinge on the work piece and dergo plastic deformation because of
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collision and bonding with the work piece surface and other particles to
make a coating. Studies show reference [31] that better injection through

the nozzle gives the following benefits in coating formation:

a) It enabks the use of an increased gas temperature for the high cold spray

process.

b) The dwell time of the sprayed particles can be increased before they enter

the convergent divergent nozzle and heat the particle.

c) More powder gas flow can be used without clogding nozzle hence

increasing the effective temperature of propellant gas [31].

The table below is the typical cold spray control sheet: [32]
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VENDOR!:

Sheet  of

VENDOR PROCESS #:

PURCHASE ORDER NUMBER:

PART NUMBER!

S/N:

AREA TO RECEIVE DEPOSITION:

COLD SPRAY (CS) MANUFACTURER':

PART MATERIAL:

CSTYPE:

NOZZLE:

PART PREPARATION

METHOD OF CLEANING:

MASKING INFORMATION:

GRIT TYPE AND SIZE:

GRIT BLAST PRESSURE (MPa) :

+  Suction :

Pressure :

GAS (1) PRIMARY:

Temperature

Deg. C

Main Gas Pressure  MPa

Main Gas Flow (1)

nr’/hour.

Feeder Gas Pressure MPa

+ I+

Feeder Gas Flow (2)

3,
m’/hour.

I+ i+ i+

COATING POWDER

Powder material:

Powder size:

Supplier:

Material Lot # :

COATING DATA

Elapsed Time Between Surface Prep and Spraying:

Powder Feed Rate (kg/hr):

Powder Meter Wheel:

Nozzle to Work Distance:

Traverse rate (mnys):

Increment (mm):

Preheat Temp:

Deposition Thickness as Spraved:

Method of Preheat:

Number of Passes Per Layer:

Number of Layers:

Method of Cooling (if any):

NOTES:

CERTIFICATION #:

APPROVAL:
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2.4 FACTORS EFFECTING THE COLD SPRAY

PROCESS

Recent research on the cold spray process shows that successful
coatingformation on a substrate depends upon the velocity of the particles exiting
the nozzle and striking the surface of work piece. The velocity further depends
upon factors such as gas temperature, gas pressure, type of ge&3))sbd fize

of the particle used for spraying and the nozzle design which includes the throat
diameter, inlet diameter, outlet diameter, convergent length of nozzle and

divergent length34).

2.4.1 EFFECT OF GAS TEMPERATURE

Previous studies have found that if the temperature of thiercges is increased

then it directly affects the velocity of the particl&$|[and italso results in more
deposition efficiency of the particles on the substrate. Compressed gas enters the
convergent divergent nozzle with an inlet pressure of aroundaB@o get the
supersonic velocity. The solid powder particles are introduced in the nozzle
upstream and are accelerated by the rapidly expanding gas in the divergent part of
the nozzle. The carrier gas is often preheated to get high gas flow velocities
through the nozzle. In the cold spray process the gas is first heated to a
temperature ranging from 300 K to 900 K. Particles when introduced into a hot
gas stream, are in contact with the gas for a shorter time, so that when the gas
expands in the divergemart its temperature decreases. In this process the

temperature of the particles remains below their melting temperatjre |
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The main gases which are used for cold spraying are helium and nitrogen because
of their lower specific weight. WeMa Li et al [37] performed an experiment to

find the effect of gas conditions on particle velocity and temperature. The
experimentalresults show graphically the effect of inlet temperature of the
nitrogen gas on particle velocity when the nitrogen pressure is 1ad&vie? the

effect of helium inlet temperature on particles when the helium pressure is 0.6

MPa.
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Figure 11: Effect of the nitrogen temperature on particle velocity and

temperature under a pressure of 1.4 MPa
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Figure 12: Effect of the nitrogen temperature on particle velocity and

temperature under a pressure of 1.4 MPad7]
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The experiment also showed that, particles attained a higher velocity using helium
rather than nitrogen at a lower pressure than tisad for nitrogen. This is

because of the lower molecular weight of helium and larger specific heat ratio

[37].

The main consideration arising from increasing the temperature of the gas is the
robustness of the nozzle material, which results in gettingelihparticle velocity

and temperature. The German company CGT commercially manufactured a
tungsten carbide MO@ozzle which can spray copper particles at 600° C at a

pressure of 30 bars without plugging and erosion of the nozzle maB&tial [

Figure 13: A spray gun developed by the CGT spray systef35]

The main advantage of a high impact temperature is that it decreases the critical
velocity of the spray material because of thermal softening. The Figure 14 shows
the two lineswhich indicate the critical velocity and erosion velocities. Both are

temperature independeraq.
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Figure 14: Critical particle impact velocity as a function of particle

temperature, with an optimum window of impact conditions B5]

The deposition efficiency also depends upon the temperature of the carrier gas. It
was found that when nitrogen is used to spray titanium particles the critical
temperature is 155 °C, below this temperature no particle deposition took place.
When the émperature was further increased from this critical temperature, the

deposition efficiency also increased quickly, especially when the temperature of

nitrogen exceeded 215 °3{).
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Figure 15: Effect of N, temperature on depositio efficiency [38]
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2.4.2 EFFECT OF GAS PRESSURE

In an experiment performed by M. Fukumetbal [39] the effect of the gas inlet
pressure on the deposition efficiency was investigated and the results showed that

deposition efficiency increases with increaséhimgas pressure.

40

ki
=
T

Deposition efficiency [%0]
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I I

“ I 1 i J
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Process gas pressuwe [MNPa)

Figure 16: Dependence of deposition efficiency of coating on gas pressure

[39]

After studying the supersonic behaviour of the gas spray patrticles it was found
that particle velocity increases with an increasstagnation pressurd(]. When

the experimental results were compared with the theoretical values determined
from the onedimensional flow theory, the experimented found values were
slightly below than the theoretical values. This might be because th@&@tssns

used for gas expansion after passing the throat were isentropic.
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Figure 17: Effect of gas pressure on particle velocity40]

ChangJiu Li et al[41] performed an experiment to observe the effect of operating
pressure orthe average velocity of the particles. Two accelerating gas pressures

1.0 and 2.6 MPa and a gas temperature maintained at 400 °C were used.

Table 6: The average partcle velocity for two casesvere found to be 260 and
325 m/srespectively §1]

Pressure, Temperature,

Condition Gas MPa I k 1
C5 M, 1.0 400 1231.3 0.36
Ch M. 2.6 400 1347.5 0.36

Cold spray systems are further subdivided into two categories high pressure
systems and low pressure systems on the basis of gas pressure. A separate gas
compressor is required in these systems, higher pressure gases and a gas such as
helium is used in this system because of its low molecular weight to achieve very
high particle velocity. In a low pressure system a powder stream is injected into

the nozzle at the point where gas has expanded to low pressure. Since no
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pressurized feedes required in this system, it is often used in portable cold spray

systems.

Pressured gas
25-45MPa

Pressured gas
0.5-1 MPa

/ll Gas heater

\ Powder

feeder

Nozzle

Figure 18: High pressure systen{32]

2.4.3 THE EFFECT OF THE TYPE OF GAS

A 4

Substrate

Gas heater

A 4

Nozzle
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Low pressure
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Figure 19: Low pressure systeni32]
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In cold spray processdke type of gas used to spray powder particles plays an

important role in the acceleration of particles. In most cases nitrogen, helium, air

or the mixture of air and helium or air and nitrogen are used as carrier gasses

because of their lower moleculaeight [42].

Initially experiments using helium as a carrier gas were very successful in

achieving high adhesion and corrosion resistant coatings. Cold spray process

parameters were also developed with nitrogen to reduce the costs while

maintaining satisfadory coating performance48]. In onedimensional flow
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theory the mach number at the throat is assumed to be unity and the velocity of

gas can be calculated from:

r= A
[ is specific heat ratio and T is temperature of gas

where R is the specific ga®nstant (the universal gas constant is divided by the
gas molecular weight). The above equation shows why it is often found that
helium makes a better carrier gas for cold spraying. It has a smaller molecular
weight and higher specific heat rat@®4]. The specific heat ratios of nitrogen and
helium are 1.4 and 1.66 respectively. The specific gas constants for nitrogen and
helium are296.8J/Kg K and 2,077 J/Kg K respectively. According to the above
equation the velocity of nitrogen will be lower than tredocity of helium, and

when the temperature of the gas is increased the gas velocity increases and
subsequently so does the particle velocity. The drag force on particles increases
because of an increase in gas pressure as a result of an increaseensyys

[34].

Experiments have been undertaken to observe the efficiency of coating formation
as a result of difference in the measured particle velocities with both nitrogen and
helium as carrier gases. The studies have shown that of the high partcigyvel
from using helium results in metallic bonding of around 75% as compared to 30 to
35% when using nitrogen as a carrier g&4.[An optical diagnostic system was
used to measure the average particle velocity of 16 mm over free jet. Particle

velocitieswere predicted using converged flow solutions.
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Figure 21: Comparison between measure average particle velocity and
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The above figures show that increasing the gas temperature increases the gas
velocity throughout the nozzle gun, and hence more particle velocity. When the
helium is used as a carrier gas it gives a higher particle velocity than nitrogen as

the stagnation condition changes. It can be seen that there is an increases in

Gas Stagnation Temperature {K)

20 bars[45].
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particle velocityof up to 200 m/s in the case of helium compared with nitrogen

[43].

When helium and air are compared as carrier gases for spraying powder particles,
then results show that at the same total gas temperature the low molecular weight,
monoatomic helium hasore qualities of a good carrier gas than diatomic, higher
molecular weight air 46]. When calculated theoretically it is found that the
particles reach 42% of the gas velocity when helium is used and 62% of the gas
velocity when air is used. Since the beti velocity is 2.5 times that of air, by

using helium gas a higher particle velocity is achievi€ii [
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Figure 22: The mean particle velocity versus zaxis position (x = 0, y= 0). 22
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2.4.4 THE EFFECT OF PARTICLE SIZE

Previous study show that the powder particles used for spraying have a wide size
distribution range47]. The powder is fed into a gas stream flowing through the
nozzle. The acceleration of eaphrticle depends upon its size. Particles cannot
make a coating if they are very small in size or light in weight, because then they
will follow the flow and if the powder particles are very heavy or large in size
they will not get the kinetic energy frothe carrier gas to strike the substratd.

Small particles achieve high acceleration and large particles achieve less
acceleration. For making a successful powder deposit only the particles with a
velocity greater than a critical velocity can contribtdethe coating. Hence it is
very important to consider the particle size before carrying out cold spraying. The
particles size distribution can be expressed by the following HRemmler

formula:

where d is the partick diameter,fis the cumulative mass fraction of all particles
with the diameter less tharn,,ddy and m are constants which depends on the
powder used and can be found experimentally. The particle size range can be

determined as follows:

._ .Df- .
k- - .
| m O
N ——E N %
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where ¢hax and d,n are the maximum diameter and minimum diameter of the
powder particles used for spraying. The following graph shows the effect of
particles size on the particle velocity @hnitrogen and helium are used as carrier

gases.
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Figure 23: The effect of particle diameter on particle velocity under He and
N gases operated at the inlet pressure of 2 MPa and temperature of 340 °C

[48]

At high temperaturesnore plastic deformation occurs in particles when they
strike a substrate and this improves deposition efficied8y A previous study
shows that the particle temperature reaches maximum value when the diameter of
the particle i s defeemmed bytheiparticle and gag phase r
heat transfer. There is a maximum temperature profile for the smaller particles
because the heat transfer rate is faster for smaller particles. In larger particles, the

temperature increases slowh(].
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Figure 24: The influence of particle size on particle velocity and particle

temperature [50]

For spraying titanium powder particles, calculations were performed by T.
Marroccoet al [51] to determine the influence of particle size on the particle

velocity along the nozzle. Fine titanium (FTi) and coarse titanium (CTi) particle

di ameters 28 and 47 em were used respec

effect of the different titanium pacte sizes on the velocity of the particles when
helium was used at 3 MPa, and the graph is plotted showing the velocity profile
along the axial direction of the nozzle using both the compressible and non
compressible dragoefficient relationship for padie acceleration. The
experiment also showed that smaller particles smaller attained a higher velocity at

the nozzle outlet.
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Figure 25: Velocity plot along the nozzle axisg1]

Figure 25 shows the plot of velocity verdlistance along the nozzle for He gas
and Ti particles (a, b) 47and 28 em par
noncompressible el ati onship; (c, d) 47 and 28 ¢

compressible @elationship; (e) He gas ag £29 bar and Tp298K [51]

NOZZLE: A gas manifold to accelerate a gas to high velocity

2.5 DE-LAVAL NOZZLE

2.5.1 BACKGROUND OF THE DE -LAVAL NOZZLE

The first practical use of a convergent divergent nozzle was in the 1800s by the
Swedish engineer Carl G. P. De Laval. He de=igm steam turbine which
incorporated a supersonic expansion nozzle upstream of the turbine blades.
Initially some nozzles were convergent in shape and other designs the nozzle was
nothing more than an orifice. In 1882, de Laval added a divergent seztiba t

original convergent shape. By changing the nozzle design his steam turbines
32



began to run at a very high speed. Subsequently his design was demonstrated at
the World Columbian Exposition in Chicago in 1893. It was through this steam
turbine design thade Laval made a lasting contribution to the advancement of

compressible flowj2].
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Figure 26: Diagram of de-Laval nozzle

Where:- D;diameter of nozzle throat
D;andDe are the inlet and outlet diameter respectively

Ly,and Lgare convergent and divergent lengths respectively of the nozzle

2.5.2 REASON FOR USING A DE-LAVAL NOZZLE

In cold spray, a high particle velocity can be achieved by using high propellant
gas pressure and De Laval nozzle designs. Before the gas enters the cgnvergin

part of the nozzle it is preheated to attain a high velocity at the ti2%}at [

The reason behind using the convergent divergent De Laval nozzle is to get
supersonic velocity, which is possible because of its design. We can use the

equation of conserviain of mass to get the area velocity relation:

mass to get the area velocity relation:
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A is cross section area of nozzle

p is density of gas and u is gas velocity

For one dimensional and steady flow of an inviscid fluid with negligible body

forces, the momentum equation reduces to:

.
A ()
The processisstibsent ropic so p = p(4); using equyu
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+ =
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Substituting equation (4) in equation (1), we get

m_ =(JJ )I<>
T ., 0

Equation (5)s known as Ared/elocity relation:

Mach number: This is defined as the ratio of the fluid speed to the speed of sound.

Mach number plays an important role when simulating compressible flows.

1. For subsonic flow i.e. M<1, we have {ML) <0. Hene if B= Mg < 0,
then®ojMe > 0, and i< We > 0, then®)j Mo < 0. Thus, the velocity
of a subsonic flow increases if it passes through a converging duct, and
decreases as it passes through a diverging one.

2. For supersonic flow, we have (M) > 0, and the situation is reversed:;
when flow passes through the converging part the velocity decreases and
increases when flow passes through the diverging part.

3. For sonic flow, i.e. M = 1, we ha/®=j Be = 0, which corresponds to a
maximum or a minimumni the area distribution. However, only the

minimum area solution is the physically realistic soluti®g.[

Previous studies have found that the critical velocity of most materials is more

than 700 m/s, which shows the importance of supersonic flow for carrying
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these particles. To optimize the nozzle shape thedonensional flow model

has to be analytically stlied knowing the given gas condition, powder size
and nozzle dimensions. It is necessary to know the minimum particle velocity
for designing the cold spray nozzle so that a particular powder material bonds
well to a substrate. It is found that gas densityl nozzle length play an
important part in accelerating the particle to a velocity close to the gas
velocity [54]. The graph below shows the critical velocities of different

materials used for cold spraying.
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Figure 27: Calculated critical velocities for various spray materials 5]
By using computational codes like CFD the nozzle shape can be improved
or evaluated. High velocity can be achieved by having a properly shaped
nozzle and if the velocity is increased from the criticgocity it not only

affects the deposition efficiency but also the coating quétiy [
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2.6 OPTIMIZATION OF NOZZLE DESIGN

Onedimensional isentropic flow analysis has been used to show the general and
specific nozzle geometry and pressure ratio requiredetterate a shodkee
supersonic flow. B. Jodoin shows that nozzle geometry and pressure ratios are the
only factors to consider when designing cold spray nozzles operating at a specific
Mach nozzle. $4] By improving the nozzle design high particle velpacan be
achieved which leads to high deposition efficiency. To increase the velocity of
particles, gas dynamic models were used. In one of the examples it was found that
if the length of the nozzle was increased from 83 mm to 211 mm, and using
nitrogenas a <carrier gas with 12 em copper
be increased from 553 m/s to 742 m/s. This is an increase in 33% in particle
velocity and 80% increase in deposition efficiens§][ The strong bond between

the particle and substratemends upon the contact pressure between the particle

and substrate which is only achieved by the high kinetic energy of the particles

[56][57].

From previous simulation results obtained by assuming-donensional
isentropic flow indicates that particleelocity can be varied by changing the
expansion ratio of the nozzl84. An optimal expansion ratio for particle
acceleration of about 4 and 6.25 for nozzles with divergent lengths of 100 and 40
mm respectively were foundb§]. However these optimal vats may not be
accurate because changes in the nozzle exit diameter in simulations were not
precise. Previous studies show that nozzle inlet diameter and convergent length

has very little influence on particle velocity so more attention in previous résearc
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has been paid to the divergent length, the throat diameter and the exit diameter of

the nozzle.

2.6.1 EFFECT OF THE DIVERGENT LENGTH ON THE

OPTIMIZATION OF THE NOZZLE EXIT

It is found from the literature that maximum particle velocity is achieved when the
divergent length is increased from 150 mm to 200 mm. By further increasing the
divergent length, particle velocity changes slowly. When divergent length
increases from 67.6 to 170 mm the velocity increment is 80 m/s and optimal exit

diameter also increases 1ind.0 to 6.2 mm4g9].
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Figure 28: Effect of divergent length on optimal nozzle exit diameterg9|

2.6.2 OPTIMIZATION OF THE NOZZLE EXIT DIAMETER

The nozzle exit diameter has a significant effect on particle velocity. The effect of
the «it diameter of the nozzle on different particle sizes using nitrogen as a

carrier gas at a pressure of 2 MPa is shown in the figure below for a temperature
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of 300 °C. The optimal diameter of nozzle exit for maximum particle acceleration

is 5 mm under give conditions.
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Figure 29: Effect of nozzle exit diameter on the velocity of particles with

different sizes using nitrogen at pressure 2 MPa and temperature 300 °G4]

2.7 SIMULATION OF COLD SPRAY PROCESS

Modelling and simulation aresed by different research groups across the world
to investigate cold spray nozzles. The isentropic flow model is used to verify the
results of the simulations to cross check the results theoretically. Different
simulation packages are being used like@fi#d computer code which simulates

the impact of particle on the substra®é|[ FEM which simulates the deformation
kinetics and impact pressure in a cold spray procedsdnd ANSYS FLUENT
software package which simulates the nozzle design and alpdhemeters
involved in the process of loading the particles in a gas stream and coating the

substrate. §0] For starting the simulation it is important to know the critical
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velocity of the particles to be sprayed in order to optimize the other paranfeters o
the spraying. The method used for detecting the critical velocity of particles
involves the counting of the times the particles rebound from the substrate and
using imaging technique to improve the accuracy of the measurements of small
particles. 1] The critical velocities of different particles are as follows copper
500 m/s, aluminium 640 m/s, titanium 890 m/s, gold 250 m/s2&jc [Deposition
efficiency can be measured by weighing the substrate before and after the coating

relative to the mass flovhtough the nozzIegp).

For the numerical simulation of a nozzle, a commercial software package
FLUENT (Fluent Inc. Lebanon, NH) has been used to predict the flow field of the
carrier gas inside and nozzle and outside before striking the substrate and the
acceleration of the particles flowing in a gas stream. The main parameters
involved in simulation are nozzle geometry, gas conditiod3 [58 and
properties of powder particles. A-daval nozzle, with the main parameters of
convergent length, divergelength, throat diameter, and exit diameagteused for
simulation[34]. While solving compressible flow, there are gas density changes
with changes in the cros®ctional area of a duct so ideal gas laws have to be
used, which adds another variable, terapee T, to the calculations. Hence, the
energy equation must be solved along with other equations of compressible flows.
These are the initial processing conditions of process in the FLUENT software.
The boundary conditions are used to specify the stagnagiressure and

stagnation temperature of the carrier gas at the nozzle6dlet [
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Figure 30: Typical model of nozzle used in simulations5g]

Figure 31: Example of mesh used for simulationsg8]

Dueto the compressible nature of flow the pressure, temperature and density of
the fluid keeps on changing. According to previous studies thetlrbulence
model which has been used to solve for the resulting turbulence in the governing
gas flow equations,ra given by the twalimensional axisymetric, time dependent

NavierStrokes equatiortp][ 66].

Previous studies show that different nozzle designs are simulated according to the
type of coating required, powder particles to be sprayed and the velocity and

deposition efficiency required.
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3 EXPERIMENTAL PROCEDURE

3.1 INTRODUCTION TO CFD

The physical properties of all fluid flow are governed by the following three

fundamentals:

1) Mass is conserved

Mass conservation equation:

here &, is the added mas5,is density
2)F = ma (Newtonds second | aw)

Momentum conservation equation

=

_ Qu +
Z <Z e

Herep is static pressurd)is the stress tensagy - is the gravitational body foe

(buoyancy) and . is the external body forcé\s we are dealing with supersonic

flow, z - is zero compared to external body forces.

3) Energy is conserved

z z

— +
542f

OAZ [+ wi = -

z @
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Here Eis thetotal energy per unit mass,ik the conductivity the diffusion

flux of specieg and| |is the source term which refers to any heat source.

These basic principles for a flowing fluid can be written mathematically in the
form of partial differential equations. Basically Computational Fluid Dynamics
(CFD) replaces the governing differential equations with numbers to represent the
fluid flow, and these numbers are put in thdemensional space with a time
interval to get the desired flovietd in numerical form. The final outcome of the
CFD is a group of numbers in closed form which represent a flow field
analytically. CFD solutions generally require the repetitive manipulation of
hundreds, or even more than millions, of tasks which ar@ssiple for humans

to do without the help of computers. The new generation computers continue to
play an important role in the growth of Computational Fluid Dynamics. The
application of CFD for more complex and sophisticated cases depends mostly
upon the omputational resources like storage capacity and computational speed

(RAM) [67].

3.1.1 REASON FOR USING CFD

CFD is a simulation technique which does mechanics computationally. These
days simulation has become an important tool in the field of engineering and
physics and is used in applications like reconstruction and analysis of the
behaviour of the engineering products or physical situations under measured
boundary conditions (initial states, geometry, loads, etc.) The reasons for using

CFD are:
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a)

b)

d)

A need to foreast performance: Companies need to be able to predict the
behaviour and performance of their new product to determine and reduce
flaws which could affect their market value e.g. aircraft and car
manufacturers. Developing a new product is very expensbaut{&4.18

for a new aircraft, $1%for a new car; these and all subsequent quotations
are in 2000 US$)d8]. In this case the CFD simulation can help to predict

the behaviour and provide important information.

Cost of experiments: CFD can help to reslube cost of experiments
related to fluid dynamics. Performing an experiment in large wind tunnels
costs more than $%0 excluding the labour costs, modelling, result

analysis, and other hidden costs and time loss in designing.

Impossibility of experimerst In some cases it is impossible to perform the
experiments for example experiments related to atmosphere, space,
nuclear explosion, and some medical experiments which cannot be

performed on patients.

Insight: CFD simulation gives more information than experiment
would, for example, a grid consisting of 2’1@lls is equivalent to 2.10
numbers of measuring instruments. No equipment could have this many

measuring locations.

Computer speed and memory: The speed of computers and their storage
capacity al most doubl e every one

Simulation therefore gives more correct solutions as the algorithms
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currently under development which increases the accluaadyspeed of

calculations §9].

3.2 INTRODUCTION TO FLUENT

Fluent is the worldds | argest provider of
(CFD) software and services. For doing Computational Fluid Dynamics FLUENT

uses computer as a tool for analysing aadighing models. Fluent is computer

software used for making models of flowing fluid and heat transfer. In fluent
geometry of very complex models can be formed by using different type of

meshes for solving the problems related to fluid flow. It also allbwesmesh

refining or coarsening depends on the solution requégid [

Fluent is formed by the C language of computer and has used full freedom and
functions provided by the language. By using powerful computers FLUENT can
run separately simultaneous pesses on different CPUs connected in series or
parallel having same desktop. Through an interactive, menu drive interface all the
functions needed to compute a solution and display the results are accessible in

Fluent B9].

FLUENT PACKAGE INCLUDES THE FOLOWING PRODUCTS:

l. FLUENT, the solver.

.  GAMBIT, for pre-processing of geometry modelling and generating grid.
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[ll.  TGrid, an additional prprocessor for generating volume grids from

existing boundary grids.

IV.  Filters (translators) for importing surface and woki grids from

CAD/CAE packages such as ANSYS, CGNSJens, NASTRAN, and

others p9.

Gambit is used for making a grid and geometric model and Tgrid is used to
generate a variety of grids from an existing mesh boundary (generated by Gambit
or CAD/CAE packge). Fluent performs all the operations after reading the. grid
The process starts with specifying boundary conditions, setting fluid properties,

processing the solution, modifying the grid and analysing the reé@jts [

GAMBIT arratd
. or Mesh
— geametry setup - Other CAD/CAE Packages —
- 20/ 3D mesh generation
Boundary Boundary and/or

2D/3D Mesh Mesh Volume Mesh

FLUENT 4

- mesh import and adaption TGRID

- physical deEI‘_S ) — 2D triangular mesh

- boundary conditions - _ 3D tetrahedral I

- material properties Mesh - tetranedra _nles !

N — 2D or 3D hybrid mesh
- caleulation ‘
— postprocessing
Mesh

Figure 32 Flow chart of simulation in FLUENT
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3.2.1 CFD VALIDATION

It is important to validate the computational values before implementing them into

the practical work and assessing their u:
the right e g uln doneoby sotnparing the doraputatienal dlues

with those from previous experimental data to see whether the computational
simulation agrees with the real world observations. In the case of examining the

velocity of titanium particles through the nozzlelidation will be done by

comparing the simulation results with previous experimental results of cold
spraying. Different applications require a different degree of accuracy in the
validation, so the validation process is flexible to allow for differentrekegf

accuracy.

3.3 MODEL GENERATION OF NOZZLE IN GAMBIT

The first step to starting a simulation using the commercial computational code
Fluent is to model the geometry either by using any CAD software package or by
using the TGrid or Gambit of the Ansys plkage. To solve a problem using
Fluent first, the grid is generated in Gambit. Next the boundary conditions or flow
parameters are defined. These represent the model in the software and determine
the results obtained. The mesh enables Fluent to create idld through which

a pressure, velocity and temperature profile can be generated.

1. COMPUTATIONAL DOMAIN: This is formed by generating the grid
(mesh) which consists of small cells. These small cells form the whole

domain area for a twdimensional modelThe output of the CFD highly
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depends upon the quality of the mesh, so the initial step to getting good

results is making a good quality mesh.

% GAMBIT _ Solver: FLUENT 5/6 IL: procadure 8] x|
Alr Fait Sniver Help Operalun

I—_IQ'_JI

._IJ;I_Iﬂ

fpply | _Reset | Oose

‘ Global Control

mutive S| PE| B | F] o0 |

Deserp

Jownenis wirdow modify hide e j!l ] jﬂ
160 MRIEEF

5 —— #{ e =y

i#istant| | @ (3 BF [l 2 mersson of... < | @8 samer s s, | (D2 wreowsox, -] B samotsernp |[(E s v serverin - | T BOEFRBT cwnm

Tronscript

THR

Figure 33: User interface of GAMBIT

2. BOUNDARY CONDITIONS: These are specified on the edges of the
two-dimensional model to define boundaries such as pressure inlet,
pressure outlet, walls, axis, symmetry, and mass flow inlet. Setting
boundary conditions helps the software to read where dneifl coming
from and where the flow is going to, and what walls bound the flow in a

certain area.

3. DOMAIN TYPE: It is required to specify the domain type either as solid
or fluid before generating the mesh, so that we can select the common
fluid or solid from the material database in Fluent and define properties
such as density, specific heat, thermal conductivity and molecular weight

for CFD simulation.
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3.4 EXPERIMENTAL PROCEDURE

To attain the supersonic velocity of the gas stream it is necessary in thie case
construct the geometry of the convergent divergentadal nozzle model70].
Gambit is used to generate the mesh to create the flow field to give the pressure
and temperature profile in the nozzle. The simulation gives the various properties
of theflowing fluid and how different parameters affects the outlet velocity of the
titanium particles and to know the optimum parameters for spraying titanium

particles during cold spraying. The dimensions of the convedjeatgent nozzle

are:

Table 7: Dimensions of nozzle used for modelling

Inlet diameter 6 mm

Convergent length 20 mm

Throat diameter 2 mm

Divergent length 40 mm
Outlet diameter 4.114 mm

fjo— — ==
T .«

Figure 34: Model of axisymmetric nozzle drawn inGAMBIT

49



An axisymmetric model of the nozzle was used in the simulafiba. model of
the nozzleas shown in figure abowgashalf of the nozzle from theentreaxis of

the nozzleThe reasons for makingakisymmetriowvere

A It reducel the computational edft required to solve theroblem, Fluent

took less time to solve the @iolem and create the flow field.
A Flow field and geometrwere symmetrical

A Zero normal velocity at the plane of symmetry

A Zero normal gradients of all variables at plane of symmetry
A Noinput required

The plane of symmetrwas specified ashe axis in boundary specifications and
the nozzle modelvas defined such that flow, pressure gradient and temperature

werezero along this specified edge of the domain.

Using an axisymmetric model recks computational effort but it does not affect
the outcome of the simulation. Y. Let al, who investigated both the
axisymmetric nozzle and twdimensional full nozzle, found good agreement with

the experimental result3]].

3.4.1 MESH GENERATION

A ABouptbompproach was used tFHostwréceser at e
were created using a grid systesind tha the edges were created by joining the
vertices together. The face was created by joining the edges together. The mesh
created for the nozzle was a single block, structured mesh. The nozzle inlet was

divided into 100 nodes, consisting of a convergent 2@nmnm long divided into
50
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200 nodes and a divergent part 40 mm long divided into 300 nodes. The total
number of cells constituting the mesh was 50,000. Mesh independence was also
studied to see the effect of mesh resolution on the outcome of the simbhation
using a mesh with a different number of cells. The number of cells in the different

meshes was 100, 13,650, 18,900, 50,000, 88,000 for the nozzle geometry.

Table 8: Different mesh sizes for the computational dmain

No. Number & cells Outlet velocity (m/s)
1. 11,000 611.133
2. 13,650 611.456
3. 18,900 611.607
4. 50,000 612.11
5. 88,000 612.890

Number of cells v/sselocity
613 —
612.8
612.6 //
612.4 —
612.2 ——
> 612 ——
S 611.8 ——
o 611.6 7
> 611.4 7
611.2 /
611 T T T T 1
0 20,000 40,000 60,000 80,000 100,000
number of cells

Figure 35: The outlet velocity of the nozzle using different mesh resolutions
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It was evident from theesults that the different meshes (number of cells) did not
make much difference to the velocity of the gas stream at the outlet. It was
decided that a mesh with 50,000 cells would be used because a mesh with 88,000
cells was taking double the computatibtine of 50,000 cells with not much

difference in velocity profile.
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Figure 36: Sample of the mesh of the inlet of the nozzle

Figure 37: Sample of mesh of the throat of the nozzle
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Figure 38 Sample of the mesh quality

3.5 COMPUTATIONAL RESOURCES AND TIME

The systems uses Pentium(R) 4 CPU 3.80 GHz processors and 4 GB RAM which
were used for the calculations. The calculations were executed on the 5 systems
connected in se&s on a single processor which was connected to a supercomputer

CPU. The operating system was windows XP professional based.

The computational time for simulation of supersonic flow through a nozzle was
between 13 to 16 hrs of CPU time depending uponyjbe of gas used, pressure

and temperature. As the density of the helium gas is small and high gas velocity is
involved in its simulation the computational time for a simulation of helium was
more than for air and nitrogen. The calculations were done iftareht gas
temperatures and different gas pressures to see their effect on the outlet velocity.
The total computational time taken for all simulations was 1125 hrs CPU time

approx.
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