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ABSTRACT

Many surface preparation and treatment processes utilise compressed ar to propd particles
agang surfaces in order to cleen and trest them. The effectiveness of the processes
depends on the velocity of the particles, which in turn depends on the pressure of the
compressed ar. This paper describes a theema gun built on the principles of High Vdocity
Air Fud (HVAF) and High Vdocity Oxy Fud (HVOF) processes. The designed apparatus
can be used for abrasve blasting, coating of surfaces, cutting of rocks, removing rubber
from mining equipment, cleaning of contaminations etc.

131



http://sajie.journals.ac.za

1. I ntroduction

Conventional sand/shot blagting methods use a stream of high velocity air to prope the
sand or other abrasives againg the surface to be cleaned and prepared for painting. Despite
numerous developments in nozzle desgn the productivity of the conventiond method is
dill mainly dependant on the pressure of the compressed ar being used. Conventiond
sandblagting sysems have reached ther limit in terms of performance, manly due to the
difficulties of obtaning and maintaining the high pressure of compressed ar. Figure 1
shows the diagram of the conventiond abrasive blagting system.

The HVAF and HVOF processes have been successfully gpplied in metd spraying for a
decade. Attempts were aso made to use these processes for aborasive blasting.  For
example, the apparatus designed by J. Browning [1] and described in US Patent 5,283,985.
The man disadvantages of the previous sysems ae ther complexity in operating, the
requirements of oxygen for combustion and water for cooling and bulky designs.
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Compressed Venturi Nozzle
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Figure 1. Diagram of the conventional abrasive blasting system
2. Theoretical Basis

The HVAF and HVOF processes use a high veodty flame-jet provided by combustion of
a fue, which releases heat and generaies a high temperature pressurized gas. The gas is
directed through a nozzle to form a high veocity flow stream. The particles are introduced
in the high vdodty flow stream and accelerated by it to a supersonic veocity. The
obtained two-component supersonic  high-temperature enthapy jet possesses high kinetic
energy, which can be converted into useful work. The particle velocity depends on
pressure, nozzle parameters, particle sze, shape and mass. Figure 2 shows the rdationship
between dynamic pressure and velocity of particles of 0,3 to 0,7 mm in diameter.
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Figure 2. Thereationship between pressure and particle velocity

A gas cyde of a high veocity thermd gun includes combustion and expanson in a nozzle.
According to Cohen [2], the efficiency of a combustion process can be expressed as
follows

_ Theoreticala for given ?T

. 1)
Actud a for given DT

Where a =thefud/ar ratio
? T = the combustion temperature rise

The combustion temperature rise depends on the fud/ar ratio and gas properties. For
common hydrocarbon fuels these vaues are given in the tables. For example, for pareffin,
contaning 1392% H and 86,08% C, with an initid temperature of 300 K and a
combustion temperature rise of 900 K, it requires a fuel/air ratio of 0.025. The combustion
efficiency is difficult to messure accurately. In practice combugion is nearly complete,
thereforeh = 95 - 99%.

Refering to Figure 3, a converging nozzle is conddered because it is adequate for
cdculation of thrust and veocity of gas flow in a criticd area of a nozzle. The ultimate
criteria of peformance of a high velocity theema gun is thrugt, which is expressed as
follows
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F=m(\¢—Vi)+ Ac (Pc- P1) 2

Where: m = the mass flow, g/s
V =thevdocity of flow, m/s
P = the pressure, Pa
A; =theareaof anozzle

Nozzle throat
Combustion chamber

Figure 3. Diagram of a nozzle system

The critical pressurerdiois.
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Where: P; = the pressure in the combustion chamber
P = the pressure in the critical area of the nozzle, or athroat

g = theratio of pecific hests,

Ratios of specific heats are found from the graphs, depending on the temperature and the
fue/air ratio. For combustion gases g = 1,333.

Assuming the pressure in a combustion chamber is P = 8 bars and the combustion
effidency ish = 0.95, then the critical ratio and pressure in the nozzle are;
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The emperature of the critical area of a nozzle is found from the ratio and the temperature
in acombustion chamber asfollows:

T :?Li =8 2 9500=1028 K ©
g1y’ &1333+1g

The gasdengty inanozzleis

P, _ 100" 42

C

RT. 0287 1028

c

=1,425kg/nt (7

Where: R = the universd gas congtant, (for combustion gas R = 0,287)

The gasvedodity inanozzeis

V, = /(gRT.) =/(1333" 0,287" 1028" 1000) = 627 m/s )

The specific area of anozzle, or area per mass flow, is determined as follows.

A 1 1
=t = = = 000115k 9
A m r’V,_ 1425 627 J ®)

Assuming the velodity of gas in a combustion chamber as Vi = 140 m/s and the pressure
outsde nozzle as 1 bar,(i.e. complete gas expangon), then the specific thrugt is.

F=(V, - v1)+i(Pc - P,) =(627 - 140)+00011" (4.2- 1)’ 10° =839N:s/kg (10)
m

Taking the mass flow m = 0,12 kg/s for the flow rate of a typicd compressor the diameter
of the critical areaof anozzle is determined using equetion (9) asfollows.

A =m” A =012" 00011=0,00013n7 (12)

D :\/4[)'At :\/4 O’I:))OOB =0,013m=13mm (12)

C

Thefull thrust usng equetion (10) is

F=m’ F, =012" 839 » 100N (13)
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According to Glushko [3] the power of the themd gun can dso be limited by the

operator’s fatigue, therefore the diameter of the criticd area of a nozzle can be expressed
asfallows

F
= 14
Ac ch (14)

Where: F = thethrust, N

P1 = the pressure in the combustion chamber, Pa
Cr = the thrust coefficient, which depends on the pressure, see Figure 4

For the above conditions this formula gives the same resuilt.

A

= F - 190 _4000125n? (15)
C,h, 1 08 10

D, = 1/4 pph = /4 0?0125 = 00126 m=13mm (16)

The entry diameter of the nozzles should be equd to the diameter of the combustion
chamber. The exit diameter of the nozzle, Deyit, IS calculated as follows:

Dexit :j ch (]ﬂ
Where: D, = the criticd diameter of nozzle, mm
J =theflanging coefficient, which is determined from the greph, Figure 4
Cp,
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Figure 4. Thrust and flanging coefficients ver sus pressure
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In a ample term the ratio of the criticd diameter of nozzle to the combustiion chamber
diameter determines the velocity of gas. The sustainable combustion process is achieved
when thisrdtio is

D¢ o2 (18)

1
Where: D; = the diameter of a combustion chamber, mm

It is recommended to choose the diameter of the combustion chamber D, as
D1 = kq XD¢ (29
Where: 26 £k, £3

The high veocity themd gun utilises the regenerating cooling method where the oxidizer
is ds0 used for cooling. Referring to Figure 5, the theema gun has three housings. The
annular passages between them are chosen according to the flow rate of the compressed
ar, which is required for the combustion process. The wall thickness of the three housings
should be between 1,5 and 4 mm. The annular passages should be between 2 and 4 mm.
Reducing area of the annular passages intendfies the heat absorption due to incressing ar
velocity. However it increases resstance and results in a pressure drop.

The lineer dimensons of the themd gun depend on the size of the combustion chamber,
which is divided into two sectors, an active zone and an after-burning zone. In the active
zone the amount of oxidizer is gradudly increesng to the fud/ar raion. The ar is
deivered into the combustion chamber in zones, a number of which can vary from 4 to 8.
Each zone has rows of holes. In order to provide stable increase of oxidizer the sums of
areas of holes in each zone must be the same. The parameters of combustion process vary
adong the combugtion zone. Hence the Szes of holes should vary, however it increases the
manufacturing costs of combustion housings.

The linear dimengons of the combustion housing can be determined as follows:

D
Lac = K xD—°3 100mm (20)
Latter = KaXLac (21)

Where: 800 £ k, £ 900
0,75£k, £1 0,75

3. The Design of the Thermal Gun

Figure 5 shows the sectiond view of a themd gun. The sustainable performance of the
system can only be achieved if the specific parameters of the process are obtained.
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a) A method of preparation of an air/fuel mixture and delivering it into the combustion
zone

>

Refarring to Figure 5, fud vave 6 has needle 8. The primary god of needle 8 is to
regulate the amount of fud ddivered to the sysem. The needle has a cylindrica part
and a tapered end. The cylindrica part provides an annular passage for the fuel, hence
disperang fud. The gap between the tapered end and the delivery opening of fud vave
regulates the amount of fuel when needle 8 moves up and down.

The bottom of the fud vave is podtioned ingde of the gun concentric with the redid
hole of fud injector 7 with gap D. The end of the fud vadve and the radid hole of fud
injector have chamfers, therefore creating an annular passage for the ar. Ggp D alows
about 10% of the compressed ar going into fuel injector to break the fuel into droplets.
Thus providing afirg sage of fud/ar mixing.

Fud and ar mix further in the annular passage C, which is formed by the inner core of
fud injector 7 and nozzle 9. In the annular passage the second stage of fue-ar mixing
takes place. The fud/ar mixture is, then, gected through holes F of fue injector 7,
which are posgioned a an angle to the axis of the gun, into the combustion chamber
G. Going though the holes the mixture is broken into smdl droplets of very high
veocity.

The main steam of compressed air is directed fird to an annular passage A. Then it
goes through holes B in nozzle holder 4 and into an annular passage H. A portion of
this air enters combustion chamber G through the radid holes in combustion housing 3.
The rest of the air turns around and goes through spird grooves E of fue injector 7 into
combustion chamber G. The spird grooves gives a swirling movement to the air. While
going through an annular passage H the air becomes hot by absorbing the heat from the
combustion housing 3 while cooling it.

The two sreams, fud/air mixture and hot swirled ar, intersect with each other a the
entrance of combustion chamber G cregting a turbulence. This is a find dage of fue-
ar mixing.

b) Igniting of the mixture

Ignition of the fud/ar mixture is achieved by means of an dectric spak between two
electrodes. An dectronic ignition transformer provides a high voltage spark (14 kV). The
supply voltage of the trandformer is 12V DC a 5 Amps that can be drawn from a car
battery. The gun is darted a low volumes of the fud/ar mixture. Once dated the
combustion process is sdf-sugtained. While hot the thermd gun can be sarted a full flow.
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Figure 5. Design of athermal gun
¢) Sabilising of the combustion process

Combustion housng 3 has the rows of radid and tangentid holes These holes are
important for various purposes. Firdly, they bring oxidizer in along a combustion zone
providing a stable combustion process in varying conditions. Secondly, they bring in cold
ar, which protects combusiion housng from overheating and subsequent collgpsing.
Thirdly, the radid holes hep to hold a flame indgde the combustion zone providing
complete burning of a fud. Ladly, the tangentid holes add swirling to the fuel/air mixture,
Increasing atlomising of the mixing and therefore improving the combustion process.

The stable performance of the system is achieved within the following design parameters.

1. A raio of the cross-sectional area of the nozzle to the cross-sectiond area of the
combustion chamber is between 0,1 and 0,14.

2. Annular passage A between housing 1 and cooling housing 2 is less than 0,8 of the
cross-sectional area of pipe 10.

3. Annular passage H between cooling housng 2 and combudtion housing 3 is
between 2,5 and 3 of the cross-sectiond area of the nozzle.

4. The sum of the areas of dl ar passages to combugtion chamber is less than 2 times
the cross-sectiond area of the nozzle.

5. Compressed ar for holding a flame indde of combustion chamber G is to be
introduced through combustion housing 3 in 6 rows of holes. The diameter of holes
IS between 4 and 6 mm.
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6. Compressed ar for cooling combusiion housng 3 is to be introduced into
combustion chamber G through number of rows of holes. The diameter of holes is
between 1 and 1,5 mm.

d) Delivery of abrasives

The aorasvelar mixture is supplied axidly through delivering nozzle 9 (Figure 5). The
flow is then directed through a converging-diverging nozzle. The relationship between the
nozzle geometry and particle velocity is shown in Figure 6. The nozzle design includes the
cylindrica part, which increases the initid accderation of flow. The find paticle veodty
depends on the length of the diverging part. The criticd area diameter of the nozzle is
determined as shown above. For example, for a combugtion chamber 40 mm in diameter,
the nozzle diameter is 14 mm.
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Figure 6. Thereationship between the nozzle geometry and particle velocity

The blaging nozzle of the theema gun is subjected to high mechanicd dresses, extreme
thermal stresses and wear. The nozzle temperature reaches 900°C in the diverging zone.
The converging zone is cooled by the flow d compressed air (Figure 5). One of the ways
of cooling the nozzle in the diverging zone is to use a suction effect of high veocity
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dream. Hence, no ar from the system is wasted on cooling. Nozzles are subjected to high
tensle, compresson and hoop sresses. Nozzle toughness is dso important from the
handling point of view. Therefore nozzle maerids must have good dl-round mechanica
properties.

The nozzle wear depends on paticle materid properties and ther velocity. The most
abrasve materid used in sand blagting is AlbOz. Materids suited for nozzles are ceramics
and carmets. For example, commonly used tungsten carbide has high toughness, tendle
srength and therma shock resistance. However, cobat, which is a binder, tends to oxidize
a high temperaures. Therefore intensve cooling is essentid. Ceramics nozzles are made
of boron nitride, slicon carbide and SIALON. The latter has excellent wear properties,
good mechanicd drength and therma shock properties. However, a ragpid change of
temperature still poses problems for ceramics.

4. A Comparison of the Systems

The tests were peformed on manufactured sted. The results are shown in Table 1. The
blasting medium was platinum dag with paticles sze between 0,3 and 0,7 mm. The fud
consumption of the therma gun is between 5 and 7 liters per hour. As it can be seen from
Table 1 e productivity of the thermd gun is three times higher. The direct operating costs
are up to 50% less compared to conventiona abrasive blasting.

Table 1. Productivity Comparison

Parameters Thermd Gun Conventiond Systems
Pressure, bar 5 5

Flow rate, cfm 200 200
Cleaning Time, min 1 3

Quantity of abrasives, kg 8 25

Paraffin consumption, | 0.1 -

The themd gun works in conjunction with conventiond sand blagting equipment, such as
mobile or dtationary sand pots. Therefore there is no need to replace existing equipment.
The only requirement is a dight modification of the hoses and fitting on the sand pot. The
ovedl diagram of the system is shown in Fgure 7. The recommended sizes of hoses are: 1
inch for the sand hose and %4 inch for the air hose.
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Figure7. Diagram of thethermal gun system
5. Conclusons
The main advantages of the thermd gun include:

higher productivity

lower operating costs

the pressure is produced right at the blasting nozzle

lower consumption of blasting sand

heat removes moigture, oil and other impurities from blasted surfaces
the ail that comes from the compressor is burnt

surfaces are heated up, alowing painting processes in winter

better adhesion of paint

VVVVVVYVYYVY

The HVAF and HVOF technologies offer greast potentiad for surface preparation and
treatment processes. Different systems can be developed for various industria gpplications.
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