Nozzl e fora Thermal Spray gun and nethod of Thermal Spraying The present
invention relates to a nozzle for a thernmal spray gun and to a nethod of

t hermal swoayiomgornd rel ates particularly, but not excl weirg2yi0/dsousa nozzl e
for a high velocity oxygen fuel (HVOF) thermal spray gun and net hod of HVOF
thermal spraying. Techniques of thermal spraying, where a coating of heated
or nelted nmaterial is sprayed onto a surface, are well known. One such
technique is high velocity oxygen fuell t her mal spraying in which a powdered
material, for exarrple Tunsten Car bi de Cobalt (WC-Co), is fed into a
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246- 253, 2006. Nozzles fromtwo such spray guns are shown in Figure 1. The
nozzl e 10, of a HVOF spray gun, has a conbustion chanber 12 into which a
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wi t hout exceeding a critical value. The tenperature at which

Examples of HVOF thermal spray guns are disclosed in G.D. Power, E.B. Smith, T.J.
Barber, L.M. Chiapetta UTRC Report No. 81-8, UTRC, East Hartford, CT, 1991, Kamnis S
and Gu S Chem. Eng. Sci. 61 5427-5439, 2006 and S. Kamnis and S. Gu Chem. Eng.
Processing. 45 246-253, 2006. Nozzles from two such spray guns are shown in Figure 1.
The nozzle 10, of a HVOF spray gun, has a combustion chamber 12 into which a mixture
of oxygen and fuel is injected through inlet 14 together with a powder that is to coat a
substrate {not shown). Combustion of the fuel takes place in the combustion chamber
and combustion gases expand and pass through a convergent-divergent restriction 16

and on through a barrel 18 before exiting through an exhaust 20.

Similarly, nozzle 22 has a combustion chamber 24 with various inlets 26 for fuel and
oxygen and a convergent-divergent nozzle 28 with an extended divergent portion forming
a barrel which contains an exhaust 30. The powder coating is introduced into the barrel

as the divergence begins.

To avoid oxidation of the powdered material, heating must fake place smoothly over a
range of temperatures without exceeding a critical value. The temperature at which
oxidation starts for most sprayed materials is well below the maximum flame temperature
of around 3300K. For example, Tungsten Carbide Cobalt oxidation starts at a surface
temperature of around 1500K. As a result, injection of the powder into the centre of the

combustion chamber is not appropriate for this material and generally for non-ceramic



oxidation starts for nost sprayed materials is well below the maxi mum fl ame
tenperature of around 3300K. For exanple, Tungsten Carbi de Cobalt oxidation
starts atwe 2urifooe tenperature of around 1500K. As a resuwldB20ionjsesbi on of
the powder into the centre of the conmbustion chanber is not appropriate for
this material and generally for non-ceram cmaterials and therefore the
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produces this behaviour inside the barrel. Wen the powder is injected into
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| ong barrel, typically 350 |limts the applications to which the thernal
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conponerthmugh ¢éhd smeRsiidthéndsO TR $ibck wave diamonds result in a loss of temperature
and expansion on exiting the barrel increases the temperature loss. An overall decrease
in static temperature {from around 3000K to around 2000K) and an overall increase in
velocity (from around 200 m/s to around 1800 m/s} after compression and expansion in
the convergent-divergent nozzle region, produces this behaviour inside the barrel. When
the powder is injected into the high velocity gas stream, its dwell time is decreased due to
an increased rate of acceleration. Therefore to ensure sufficient particle heating, a long
barref is required to maintain high gas temperatures. This long barrel, typically 350mm,
limits the applications to which the thermal sprayer can be applied, for example, internal

surfaces of even quite large components are impossible to spray.

Small particles, below 10 pm, cannot practically be used because such small powdered
material disperses in the gas field and consequently rebound from or never reach the
article being sprayed. As a result, the small particles never reach the flow centre line and
therefore cannot benefit from the high velocity/temperature flow regions. Instead they
follow a route on the border of the free jet and when mixing with the ambient air outside
the barrel starts, they diffuse in all directions. The lightweight particles are therefore

chasing the flow direction and consequently are blown away from the substrate.



Smal | particles, below 10 mm cannot practically be used because such snall
powdered material disperses in the gas field and consequently rebound from
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an aspect of the present invention, there is provided a nozzle for a
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in devices of the prior art under the sane conditions of oxygen/fuel
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tip of the diverging neans, reducing the |oss of energy. As a result, of

the increased stability of the jet, the barrel portion of the
By creating a divergence in the stream of combustion gases, which then recombine into a

single stream, a number of advantages are provided. Firstly, the nozzle of the present
invention generates a more stable supersonic jet which reaches a higher axial velocity
(around 2 mach) and is maintained for longer than in devices of the prior art under the
same conditions of oxygen/fuel mixture and mass flow rate. The device of the present
invention also reduces the trailing shock waves (diamond shock waves seen in the prior
art jet) thereby reducing the loss of energy/temperature of the powder particles. This
results in a single expansion of the flow, just after the tip of the diverging means, reducing
the loss of energy. As a result, of the increased stability of the jet, the barrel portion of the
nozzle is not necessary and can be eliminated. The overall length of the nozzle is
therefore reduced allowing spraying of previously inaccessible surfaces, for example,

internal surfaces of components.

Furthermore, because a divergence is created in the combustion gas stream, either
producing two or more linear gas streams with the diverging means between them or an
annular stream with the diverging means at the centre, the coating material can be
introduced within the gap or divergence created in the stream by the divergence means.
.As a result, the coating material is never in contact with the fuel and oxygen mixture and is
only in contact with the combusted gases once combustion is complete. As a result, the

risk of oxidation of the coating material is reduced. This risk of oxidation is further
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In another preferred embodiment the coating material inlet comprises at least one
aperture in said diverging means at a most downstream point of said diverging means in

said stream.

By introducing the coating material on the downstream side of the diverging means, the
advantage is provided that the coating particles do not pass through the nozzie and
therefore do not come into contact with any part of the nozzle, such as a barrel. As a
result, the heated particles do not damage the nozzle thereby extending the lifespan of a
nozzle. Furthermore, because particles of coating material are being introduced into the
middle of a stable stream of combustion gases the particles do not suffer much radial
deflection meaning that they are more likely to remain within the gas stream. This in turn
means that smaller particles of coating material (<10ym) can be used for coating.
Furthermore, the introduction of coating material into the middle of the stable and

converging jet reduces waste from larger particle moving radially and missing their target.

In a preferred embodiment, the exhaust comprises a substantially annular aperture

extending between said combustion chamber and said diverging means.



By introducing the coating material on the downstream side of the diverging
nmeans, the advantage is provided that the coating particles do not pass

t hrough twe wnzwbesand therefore do not cone into contaetTwis2i0a3ysspart of
the nozzle, such as a barrel. As a result, the heated particles do not
damage the nozzle thereby extending the |ifespan of a nozzle. Furthernore,
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sai d exhqusdompNemer-di ng to anot her aspect of the present invention, there
is provided a thermal spray gun conprising:- at |east one nozzle
substantially as set out above; fuel supply neans for supplying fuel to at

| east ong &t Gné Hetzld AltantiaithscR@bitbovat eri al supply neans for supplying
coating material to said coating material inlet. In a preferred enbodi nent,

the spray gun is a high velocity oxygen fuel spray gun. According to a

further fasRREblyFhedrlolyuppRItg fld) Ve Bt 18 ont REKGUEISnIgY evd ded a net hod of
applying a coating material on an object, conprising the steps of:-
introducing at | east one fuel into a conbustion chanber of a nozzle of a
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forma stream of gases within said conbustion chanber towards an exhaust;

In a preferred embodiment, the spray gun is a high velocity oxygen fuel spray gun.

According to a further aspect of the present invention, there is provided a method of

applying a coating material on an object, comprising the steps of:-

introducing at least one fuel into a combustion chamber of a nozzle of a thermal spray gun
and combusting said fuel to produce combustion gases that form a stream of gases within

said combustion chamber towards an exhaust;

diverging said stream around at least one diverging device thereby creating a plurality of
streams into a plurality of streams or an annular stream before converging said streams to

a single stream;

introducing at least one coating material into said stream and spraying said material onto

an object.

In a preferred embodiment, the at least one coating material is introduced into said
streams in the space between a plurality of diverged streams or in the centre of the

annular stream.



di verging said stream around at | east one diverging device thereby creating
a plurality of streans into a plurality of streanms or an annul ar stream
bef ore convengimg2sai d streans to a single stream intredwaBrgioaisodseast one
coating material into said streamand spraying said material onto an
object. In a preferred enbodi nent, the at | east one coating material is
introduced into said streans in the spéice between a plurality of diverged
streans or in the centre of the annul@ar streamIn another preferred
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a front 0 t|on of the nozzle of Figure 2 ; Figure 4 is a schematic

represen Ron of the front portion of the nozzle of Figure 3 ; Figure 5is
a scherratl c representation of a spray gun of the present invention; Figure
6 is a tic re resentatl n of the ont ortlon of a nozzle of anot her
enbodi 9””8 P ﬁé)ebs?p Té‘f‘ﬁv’?"h{? |WZ|9?PE){’P?@”‘? % a schematic representation

of the front portion of a nozzle of a further enbodi nent of the present
ure 8 is.a
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Figure 4 is a schematic representation of the front portion of the nozzle of Figure 3;
Figure 5 is a schematic representation of a spray gun of the present invention;

Figure 6 is a schematic representation of the front portion of a nozzle of another

embodiment of the present invention;

Figure 7 is a schematic representation of the front portion of a nozzle of a further

embodiment of the present invention;

Figure 8 is a graph showing a comparison between the gas velocity flow fields of the

present invention and an example of the prior art;

Figure 9 is a graph showing a comparison between the temperature flow fields of the

present invention and an example of the prior art;

Figure 10 is a graph showing the particle velocity comparison between the present

invention and an example of the pricr art;

Figure 11 is a graph showing the particle temperature comparison between the present

invention and an example of the prior ar;



Figure 11 is a graph showing the particle tenperature conparison between
the present invention and an exanple of the prior art;Figure 12 is a graph
show ng twe pavtobe path-line in 2D conparing the presegt/gBsnisosn and an
exanple of the prior art; Figure 13 is a graph show ng the surface

oxi dation conparison between the present invention and an exanple of the
prior art; and Figure 14 an Oxygen nnlf fraction contour plot of the
external donai n conparing the present nvention and an exanple of the prior
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i ndi cated at 130. The nozzle 100 al so has coating material inlets 132 in
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curved top and bottom walls 120 and 122 and side walls 124 with edge 126, form
exhausts 114. It should be noted that the side wall, opposing the side wall 124 shown in

Figure 2, is not illustrated in either Figure 2 or Figure 5, but is partially present in Figure 3.

The presence of the aerospike 116 between exhausts 114 causes the stream 112 of

combustion gases to diverge, as indicated at 128, and to converge as indicated at 130.

The nozzle 100 also has coating material inlets 132 in the form of apertures at the end of
coating material feed pipes 134. The inlets 132 are preferably located in the most
downstream edge 136 of aerospike 116 and on a short planar surface that is normal to the

direction of stream 112.

The operation of thermal spray gun 102 will now be described with continuing reference to
figures 2 o 5. Fuel is pumped into combustion chamber 104 of thermal spray gun 102
through fuel inlet 106 from fuel supply pipe 108. A typical fuel is a mixture of gaseous
fuel, for example propane, and oxygen. The fuel is supplied at a rate of 68 Imin, with
oxygen supplied at a rate off 220 I/min. This propane and oxygen are mixed with air
{(flowing at 471 I/min) and a carrier gas, for example nitrogen or argon flowing at a rate of
14.5 I/min. However, this nozzle could also be used with other fuels including, but not

limited to, Kerosene, Propane, Propylene and Hydrogen. Where a liquid fuel, such as
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At the point of convergence, the coating material, for example powdered Tungsten
Carbide Cobalt, is added to the converging gas stream 112, at a rate of 50 g/min. At the
point of powder injection, the gas temperature is around 1500K and the axial velocity of
the gas is around 30 m/s. This rapidly increases to 2500K and 1700 m/s respectively
before the powder particle impacts the surface being coated. However, the dwell time of
the particle in the gas stream is sufficient to allow smooth and betier particle heating than

seen in the prior art.

The linear exhausts 114 are narrow elongate apertures in the combustion chamber and
result from a linear aerospike being used. This shape of aperture has the advantage of
producing an elongate coating spray. As a resull, coating material is applied to the
surface very efficiently and evenly in a spraying stroke similar to using a wide paint brush.
However, other shapes of aerospike are equally applicable to this type of nozzle. When
the nozzle shown in the figures is cut in a cross-section running normal to the axial flow of
gases indicated by arrow 112, the cut edges form a series of rectangles. An annular
aerospike engine could also be used in which the same cross-section would produce a

series of circular edges. In this case, the exhaust would be a single circular annular



The |inear exhausts 114 are narrow el ongate apertures in the conbustion
chanber and result froma |inear aerospi ke being used. This shape of
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result, coating material is applied to the surface very efficiently and
evenly in a spraying stroke simlar to using a w de paint brush. However,
ot her shapes of aerospike are equally applicable to this type of nozzle.
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Figure 6 shows a nozzle 100 adapted for use in a wire flane spray gun. In

this exaRipiea ar YEOP 5 fed through a heated ceranic aerospi ke 116 into
the converging gas streans 112 at 130 where it is atom zed in an atom zing

zone 142. The resulti ng spray 144 in’gacts on a surface to be coated (not
shown) . 95 examgle: RighreR shovea nezge 80 pdapigddordisadn 21vareritRnesRipy 8Un+ 8t use

as a pl apRkBegiple A GrviBA34DA8SRY A MOR héiRed Qe fic] dersépieanEe 1kt Wd h the
aerospi ke 116 formng a pair of tungsten cathodes 144 and the surfaces 146
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In a further example, Figure 7 shows a nozzle 100 adapted for use as a plasma gun. Arc
gas passes through the nozzle in streams 112 with the aerospike 116 forming a pair of
tungsten cathodes 144 and the surfaces 146 of top and botiom walls 120 and 122 which
form water cooled anodes. Powder is infroduced into the converging gas stream through

inlet pipe 148.

The nozzle of the present invention can also be used in cold spraying. In this case the
Oxy-Fuel burning gases are replaced with typical cold spray gases such as helium or

nitrogen carrier gases used at higher flow rates.

Set out below, with reference to Figures 8 to 14, are examples of a modelled analysis of
the performance of the embodiment of the present invention shown in figures 2 to 5, when
compared with an example of the prior art. The nozzle of the present invention generates
a stable supersonic jet which is powerfully directed towards the spraying line. Comparing
with an example of the prior art, which uses a converging diverging nozzle (CDN), the
nozzle of the present invention reaches higher axial velocity (see Figure 8) which is
maintained longer than in the prior art. This increase in velocity is as a result of the

delayed mixing of the jet core with ambient air due to narrower jet spread. Although the



i nl et pipe 148. The nozzie of the present invention can also be used in
cotd spraying. In this case the Oxy-Fuel burning gases are replaced with

typi cal owbdospreysgases such as helium or nitrogen carpce/cERranasoisaed at
hi gher flow rates. Set out below, with reference to Figures 8 to 14, are
exanpl es of a nodelled analysis of the performance of the enbodi nent of the
present invention shown in figures 2 t@ 5 , when conpared with an exanpl e
of the prior art. The nozzle of the present invention generates a stable

supersonic .j et igh is rfully directed towards the spraying line.
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velocity are not on the nozzle front base but at a certain distance from
it. The short | ow velocit egi on. works in favo of powder heating. In
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temperature drops further. In contrast, the nozzle of the present invention is designed in
such a way that the flow expands just once at the nozzle tip. The top and bottom jet
streams, which are merged downstream, deliver enough energy through convection and
radiation for heating up the powder at the desired level. Furthermore, the nozzle of the
present invention prevents direct contact between the powder and the flame eliminating
the undesirable reactions on the powder's surface. The gas temperature flow field
generated by the nozzle of the present invention has a configuration that is ideal for low

surface reaction particle heating.

The improvements in gas flow characteristics are reflected in particle heating and
acceleration. The powder material used for the simulation is Tungsten-Cobalt Carbide
(WC-12Co). The nozzle of the present invention is designed in such a way that the
aerospike provide a robust configuration for delivering maximum kinetic and thermal
energy to the powder by reducing the aerodynamic loses and conseguently loses to
deliverable energy. The simulations show in Figures 10 and 11 that both critical
paramefers of velocity and temperature are well above those possible in the prior art. For
20um particles the surface temperature reaches the value of 1200K and the velocity 650
m/s. At this higher temperature, material softening starts to take place and combined with

the higher kinetic energy increases in deposition rate and coating quality are expected.
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flow direction and consequently are blown away fromthe substrate. However,

the r]OZLPhe ?nght trpuarrh3 I proﬂes endured for sprayed particles give rise to oxidation on the
‘surface of powders which has been found in as-sprayed metallic coating using
microscopic image techniques. Metallic oxides are brittle and have different thermal
expansion coefficients in comparison to the surrounding metals. Therefore, the oxides in
the coating have a negative effect on the mechanical properties of coating, which
undermines the performance of coated products. This gives rise to the importance of
reducing the development of oxides during thermal spraying in order to achieve higher
quality coatings. Oxidation on the particle surface will take place when enough oxygen is
available in the surrounding gas flow. Based on the Mott—Cabrera theory, oxidation is
controlled by the ion transport through the oxide film and therefore the growth of the oxide
layer can be limited by decreasing the oxygen fraction that surrounds the particle. The
oxygen maole fraction increases in the jet when mixing with ambient air occurs. The
oxygen contour plot in Figure 14 shows the supersonic gas jet generated by the nozzle of
the present invention can protect more than in the prior art where excessive oxygen io
penetrate info the jet core. As a result, in the present invention a very small amount of
oxygen is available and less oxidation is expected. The oxide film thickness is 5 times less

than is created from the prior art.



invention is designed in such a way that nmakes it even nore appropriate for
spraying small particles. The aerospi ke nozzle design allows for an axial
powder i nyecbiopmof2er which particle dispersion is |imtedrassivsnszn
Figure 12. The resultant particle velocity vector in a radial direction is
considerably smaller than in the prior art therefore spraying |ocation on
the substrate can be precisely controléed. The high thermal profiles
endured for sprayed particles give ridé to oxidation on the surface of
powder s jch has been found in as-sprayed netallic coating using
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nozzl e conprising:- at |east one conbustion chamber having at |east one
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stream of said combustion gases.

3. A nozzle according to claim 2, wherein said coating material inlet comprises at
least one aperture in said diverging means at a most downstream point of said diverging

means in said stream.

4, A nozzle according 1o any one of claims 1 to 3, wherein said exhaust comprises a

substantially annular aperture

extending between said combustion chamber and said diverging means.

2. A nozzle according to any one of claims 1 1o 3, wherein said exhaust comprises a
plurality of substantially linear apertures extending between said combustion chamber and

said diverging means.

8. A nozzle according to anyone of the preceding claims wherein said diverging

means extends at least partially outside said combustion chamber through said exhaust.

7. A nozzle for a thermal spray gun substantially as hereinbefore described with

reference to Figures 2 to 14 of the accompanying drawings.



said stream of conbustion gases; and divergi ng neans, |ocated at | east
partially within said conbustion chanber, for creating a divergence in said
st r eam ofwoeoiwmbizen gases thereby creating a pluralitypofi/ca08m38480r an
annul ar stream before converging to a single stream 2. A nozzle according
to claim1, wherein said diverging neans further conprises at |east one
coating material inlet for introduci ng at | east one coating material into
said stream of said conmbustion gases. §’.' A nozzl e according to claim?2 ,
wherein said coating material inlet conprises at |east one aperture in said
di vergi ng neans at a nost downstream point of said diverging neans in said
stream &. A narmreakbspeay gumeprbwisagy one of clains 1 to 3 , wherein said
exhaust conprises a substantially annul ar aperture extendi ng between said
conmbusti on chanber and said diverging neans. 5 . A nozzle according to any
one of chideast ohie hozZke acashdingtonarsaing dfxhanst tcdnpri ses a plurality of
substantially |inear apertures extendi ng between said conbustion chanber
and said diverging neans. 6 . A nozzle according to anyone of the precedi ng
cl ai s woer fipplysasghsdovapplying foelaoat leastemdsarkfubidalst; aparti al | y outside said
conbusti on chanber through said exhaust. 7 . A nozzle for a thermal spray
gun substantially as herei nbefore described with reference to Figures 2 to
14 of t heoating amiarizy supgphdmawhsias sdoplying teting imasqtaiio sHith ca0inp Mmaseriy Infetat

| east one nozzle according to any one of clains 1 to 7; fuel supply neans
for supplying fuel to at | east one said fuel inlet; and coating materi al
supply neans fArspsaipplryiapgordingtto ngaineBewhadeirt eaid adptlayc gat iisa high erlagliy i Nl et .
9 . Aspra n,according to claim8, wherein said spray gun is a high

vel oci tyo’gé?gﬁf?l??f@ygg'b‘r ay gun. 10. A thermal spray gun substantially as
her ei nbefore described with reference to

10. A thermal spray gun substantially as hereinbefore described with reference to

Figures 2 to 14 of the accompanying drawings.
11. A method of applying a coating material on an object, comprising the steps of:-

introducing at least one fuel into a combustion chamber of a nozzle of a thermal spray gun
and combusting said fuel to produce combustion gases that form a stream of gases within

said combustion chamber towards an exhaust;

diverging said stream around at least one diverging device thereby creating a plurality of
streams into a plurality of streams or an annular stream before converging said streams to

a single stream;

introducing at least one coating material into said stream and spraying said material onto

an object.

12. A method according to claim 11, wherein said at least one coating material is
introduced into said streams in the space between a plurality of diverged streams or in the

centre of the annular stream.

13. A method according to claim 10 or 11, wherein said fuel is oxygen and at least

one fluid fuel.



Figures 2 to 14 of the acconpanying drawings. 11. A nmethod of applying a
coating material on an object, conprising the steps of:- introducing at

| east onewbuelo/iomi2e a conmbusti on chamber of a nozzl e of patidB01vRdsopr ay gun
and conbusting said fuel to produce conbustion gases that forma stream of
gases within said conbustion chanber towards an exhaust; diverging said
stream around at | east one diverging _dﬁ\{i ce thereby creating a plurality of
streans into a plurality of streanms or ‘an annul ar stream before converging

said streans t i nal t m_introducing at |east, one cpating naterial
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introduced into said streans in the space between a plurality of diverged
streans or in the centre of the annular stream 13. A nethod according to
claim10i®r 11A nodr for a speaydunuible nogzlexypmerisiagne at | east one fluid fuel . 14.
A net hod of applying a coating materia! on an object substantially as

her ei nbef ore described with reference to Figures 2 to 14 of the
acconpangtileast dnavhargiser HbSing At feaszdre ihtet fon regiving @ winearh beatieast loae carrier
conprising: - at | e mber. havi n | east _one inlet for receiving a
stream of as{ndf‘aééesa[%?ﬁrﬁ]eegﬂgygﬂgpe%ggstﬁ}%sag{gtfeggg?fsﬁea%q(haust for exhausting
said stream of gas; and diverging neans, |located at |east partially within

sai d chaI er. for cr atti g%z di verg nciﬂi n aihd[nitr am of . gas .t her eb
creating & B RTAPy 5718 P &gk PEFINNVIHA 5P PP Ve Pl Y T 8NVEFEThg to a
si ngl e sihrsaanstrebfn offgaxothetebdy feoratiag pplanaliguwi stredres o arlaanalanptressn bgfoad | east
one chan(pe(l rhavitg Sal_tl Ietast one inlet for receiving at ieast one carrier
gas and At TéaSC 8t gé?(ﬁéeifg[ﬂ‘ for exhausting said gas, wherein said exhaust
further conprises at |east one aerospike.

186. A nozzle for a spray gun, the nozzle comprising at least one chamber having at
least one inlet for receiving at least one carrier gas and at least one exhaust for

exhausting said gas, wherein said exhaust further comprises at least one aerospike.



