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SUMMARY AND KEY TERMS 

In the last few years a new method for surface preparation has evolved, namely thermo-abrasive 

blasting. This technique utilises a high enthalpy thermal jet to propel abrasive particles. 

The thermo-abrasive blasting gun, also called a thermal gun, is based on the principles of High 

Velocity Air Fuel (HVAF) processes. Nozzles used for thermo-abrasive blasting are subjected to 

thermal loading, wear and mechanical stresses. Therefore, the nozzle geometry and materials are 

critical for reliable performance of a thermo-abrasive system. In this investigation, the thermal 

stresses developed in the nozzle materials for thermo-abrasive blasting were analysed. 

The analytical and the computational models of the thermo-abrasive gun and the nozzle were 

developed. The computational fluid dynamics, thermal and structural finite element analyses 

have been employed in this study. The nozzle materials investigated were tungsten carbide, hot 

pressed silicon carbide, nitride-bonded cast silicon carbide and SIALON. 

The simulation and experimental results show that the highest thermal stresses occur during the 

first two minutes from the start of the thermal gun. However, thermal stresses are also high after 

the system is shut off. The nozzle geometry was optimised, which provided high cleaning rates 

with evidence of improved thermal loading, based on the experimental results. 

A new design of the thermal gun and the ignition method associated with a HVAF system were 

developed in this study. 

It is also concluded that the computation fluid dynamic and the finite element technique can be 

used to optimise the design of thermo-abrasive blasting nozzles. 
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BACKGROUND 

The increasingly competitive world market demands shorter throughput times for products and 

services. Metal fabrication requires the preparation of surfaces for painting, coating and other 

processes. Therefore, the target for the surface preparation industry is to clean the manufactured 

steel in the shortest possible time and to provide good surface quality for adhesion of paints and 

other coatings. 

Abrasive blasting is the most common method of surface preparation. Conventional abrasive 

blasting methods use a stream of high velocity air to propel abrasives against the surface to be 

cleaned. Figure 1 shows the schematic of a conventional abrasive blasting system. Compressed 

air is supplied to a pressure blast unit and blasting hoses. Abrasives are forced out of the 

pressure blast unit by the air into the hose and out through a blasting nozzle. The blasting nozzle 

accelerates the abrasive particles, which in turn bombard a surface, thereby removing scale and 

coatings. 

Pressure blast unit 

Figure 1. Schematic of a conventional abrasive blasting system 

Despite numerous developments in nozzle design, the productivity of conventional abrasive 

blasting methods is still mainly dependent on the power output of the compressor being used. 

Conventional abrasive blasting systems have reached their limit in terms of performance, mainly 

due to the difficulties of obtaining and maintaining the high pressure of required compressed air. 
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Conventional abrasive blasting methods are inefficient when the coating to be removed is hard or 

elastic like rubber or polyurethane. However, the biggest drawback of conventional sandblasting 

is moisture and impurities introduced by the compressor, which contaminate cleaned surfaces. 

In the yearly 1980's, a new method of using a ram-jet engine (Fig. 2) for propelling particles 

appeared in American and Russian patents (Browning, (1 983), Galchenko, (1982)). This method 

of abrasive blasting is called thermo-abrasive blasting because combustion is the major source of 

energy for the propulsion of abrasives. Combustion of he1 releases heat and generates a high 

temperature pressurized gas, which is directed through a nozzle to form a high velocity flow 

stream. Modifications of the ram-jet engine, whereby abrasive particles are introduced into the 

gas flow and accelerated by it, led to the design of an apparatus called the thermo-abrasive gun 

or in short thermal gun. 

The combustion process generated by a thermal gun is classified as High Velocity Air Fuel 

(HVAF) or High Velocity Oxy Fuel (HVOF) process depending on the oxidizer. HVOF 

processes have been successfully applied in metal spraying for a decade. HVAF processes, on 

the other hand, are not used in industry and very little scientific data is available. 

Combustion chamber 

Air 

zzle 

Fuel 
6 

Air 

Figure 2. Simplified schematic of a ram jet engine 

Over two decades attempts were made to produce thermal guns for thermo-abrasive blasting, for 

example, Browning's thermal gun (1993), Galchenko's thermal gun (1982) and Evdokimenko's 

thermal gun (1997). However, it appears that up to date thermal guns for thermo-abrasive 

blasting did not find an application in industry. 



In 2000 the author, together with Mr. S. Kotov, developed a thermal gun prototype, Kotov 

(2000). This prototype featured a regenerating air supply method similar to a ram-jet engine 

(Fig. 2) and the abrasive delivery nozzle positioned in the centre of the combustion chamber at 

some distance from the nozzle (Fig. 3). 

The features and description of the thermal gun prototype are as follows: 

The thermal gun prototype has three housings, a fuel valve, an injector, a nozzle and two 

electric spark electrodes (Fig. 3). 

The three concentric housings are used for the regenerating air supply, where the 

compressed air is used for combustion and cooling of the housings. 

Liquid fuel under pressure is delivered to fuel valve 6, which has needle 8. The primary 

goal of needle 8 is to regulate the amount of fuel delivered to the system. The needle has 

a cylindrical part and a tapered end. The cylindrical part provides an annular passage for 

the fuel, hence dispersing the fuel. The gap between the tapered end and the delivery 

opening of fuel valve regulates the amount of fuel when needle 8 moves up and down. 

The bottom of the fuel valve is positioned inside of the gun concentric with the radial 

hole of fuel injector 7 with gap D. The end of the fuel valve and the radial hole of fuel 

injector have chamfers, therefore, creating an annular passage for the air. Gap D allows 

about 10% of the compressed air to go into fuel injector 7 braking fuel into droplets, thus 

providing a first stage of fuellair mixing. 

Fuel and air mix further in annular passage E, which is formed by the inner core of fuel 

injector 7 and nozzle 9. In the annular passage the second stage of fueVair mixing takes 

place. The fueVair mixture is then ejected through holes F of fuel injector 7 into 

combustion chamber G, which are positioned at an angle to the axis of the gun. Going 

though holes F, the mixture is broken into small droplets of high velocity. 

The main stream of compressed air is directed first to annular passage A. Then it goes 

through holes B in nozzle holder 4 and into annular passage C. A portion of this air 

enters combustion chamber G through radial holes H in combustion chamber housing 3. 

xiv 



The rest of the air turns around and goes through the spiral grooves of fuel injector 7 into 

combustion chamber G. The spiral groove gives a swirling movement to the air. While 

going through annular passage C the air heats up by absorbing the heat from combustion 

chamber housing 3 while cooling it. The two streams, fueVair mixture and hot swirled 

air, intersect with each other at the entrance of combustion chamber G, creating 

turbulence. This is a final stage of fuel-air mixing. 

Combustion chamber housing 3 has the rows of radial and tangential holes H. These 

holes are important for various purposes. Firstly, they bring the oxidizer in along a 

combustion zone providing a stable combustion process in varying conditions. Secondly, 

they bring in cold air, which protects the combustion housing from overheating and 

subsequent collapsing. Thirdly, the radial holes help to hold a flame inside the 

combustion zone providing complete burning of the fuel. 

Ignition of the fuellair mixture is achieved by means of an electric spark between two 

electrodes positioned inside the combustion chamber. The gap between the electrodes is 

2 mm. An electronic ignition transformer provides a high voltage spark 

(14 kV). The supply voltage of the transformer is 12V DC. The power can be drawn 

from a car battery. This gives the thermal gun mobility, which is needed for applications 

in areas where there is no electricity. The gun is started at low volumes of the fueVair 

mixture. Once started the combustion process is self-sustaining. 

The abrasivelair mixture is supplied through delivering nozzle 9 (Fig. 3). The flow is 

then directed through a converging-diverging nozzle. 

The schematic of the thermo-abrasive blasting system is shown in Figure 4. The thermo- 

abrasive blasting system consists of a thermal gun with a blasting nozzle, a pressurized fuel 

container, a fuel line and a compressed air line for combustion. The compressed air is supplied 

to the sandblasting unit, which delivers abrasives to the thermal gun, similar to a conventional 

sandblasting system. 



1. Outer housing 
2. Middle housing 
3. Combustion chamber 

housing 
4. Nozzle holder 

6.  Fuel valve 

8. Fuel regulating Needle 
9. Sand delivery nozzle 
10. Air delivering housing 
11. Spark Electrode 

Ab Exit flow 

A. Passage between the outer and middle housings 
B. Holes in the nozzle holder 
C. Passage between the middle and combustion chamber housings 
D. Passage between the fuel valve and the injector 
E. Passage between the injector and the delive~y nozzle 
F. Injection holes 
G. Combustion chamber 

Air H. Air dilution holes 

Figure 3. Schematic cross section of the prototype of the thermal-gun 
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Compressed 
air 

Figure 4. Schematic of the thermo-jet system for abrasive blasting 

The rate of cleaning using the thermo-abrasive blasting is higher due to higher particle velocities. 

The high temperature jet also improves the quality of blasted surfaces as a result of a heat factor, 

which is responsible for removal of impurities, oil and moisture from surfaces. Also, due to the 

heat factor, the painting process can be done in cold weather, and in general the curing time of 

paint is reduced. 

The thermal gun prototype was successfully used for the removal of: 

0 metal coatings from dam gates at Vaal Dam, 

rubber from mining equipment and pipes, 

ceramic coatings from chemical equipment, 

polyurethane from components in the automotive industry, 

0 hard scale from components after sand casting. 

In all the above applications the cleaning rate obtained was far better than with a conventional 

sand blasting system. In many instances, a conventional system failed to do the job at all. An 

economic comparison of the blasting methods showed that thermo-abrasive blasting is twice as 

economical as conventional blasting (See page E 9 of Appendix E). 
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PROBLEM STATEMENT 

During trials, the following problems associated with thermo-abrasive blasting were identified: 

Short life of the blasting noule 

Practical experience showed that the biggest drawback of thermo-abrasive blasting is the 

short life of blasting nozzles due to extreme conditions combining heat, abrasive wear 

and mechanical stress. 

Initially the blasting nozzles were made of heat resistant steel, which retains its hardness 

at high temperatures. Nevertheless, due to abrasion, the nozzles wore out in a short time 

period. 

Attempts were made to use conventional blasting nozzles made of tungsten carbide and 

ceramic (SIALON). Trials showed that the tungsten carbide nozzles deteriorated by 

flaking on the outer surface due to heat. The SIALON blasting nozzles cracked during 

the start-up of the thermal gun, which was attributed to the thermal shock. 

Furthermore, it was noticed that cleaning rates, whether using short or long thermo-jet 

nozzles, were not substantially different, although traditionally long blasting nozzles 

provide much higher cleaning rates than short nozzles in conventional abrasive blasting. 

This raised concerns regarding optimum nozzle geometry for thermo-abrasive blasting. 

Limitingpower output of the thermal gun prototype 

The thermal gun prototype provided a stable performance and good overall results. However, it 

was noticed that the power of the thermal gun was limited and could not be increased further 

even if more fuel was provided. It is believed that the main reasons for this were the way the air 

and fuel mixed, as well as the small size of the combustion chamber. 

Furthermore, poor mixing of the fuel and the compressed air did not provide reliable ignition, 

especially at low temperatures. 
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Unreliable ignition 

A small combustion volume and the requirements of mobility create difficulties in designing a 

compact and efficient ignition system. A high voltage spark gives the highest temperature, 

which ignites fumes easily. However, the spark plug points may get wet from paraffin, thus 

insulating them, preventing a spark. 
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1. LITERATURE SEARCH 

1.1 High Velocity AirIOxy Flame Systems 

The closest system in terms of the combustion process to the thermal abrasive gun is a HVOF 

system. HVOF systems are used in thermal spraying. Thermal spraying incorporates a number 

of processes whereby molten/semi-molten material is deposited at high velocities by gas onto a 

surface. Typical types of coatings applied to surfaces using thermal spraying are metals, 

cermets, ceramics, carbides, intermetallics, or a combination of any of these material groups. 

Wire or fine powders are the most commonly used thermal spraying consumables. Thermal 

spraying can be divided into two major designs, low or high velocity processes. The biggest 

difference between high and low velocity processes is the coating quality. Low velocity 

processes produce coating particle sizes larger than 100 pn in diameter. These particles, when 

they oxidize during application, produce large undesirable oxide structures. With high velocity 

techniques, the particle sizes are small by comparison, and any oxides formed are of sub-particle 

size and well bonded between the metal layers. High particle velocities, furthermore, result in 

better bonding to the substrate. All metal spray applications are done using the high velocity 

equipment. A schematic of cross section of thermal spray gun is shown in Figure 1.1. 

Nozzle 
<- Coolant 

Air 
<- Gadoxygen Mixture 

Flow - - - -1 t-- PowderNitrogen Mixture 

Figure 1 .l. Schematic cross section of a thermal spray gun, Mostaghimi (2003) 

HVOF is a process in which a mixture of fuel and oxygen ignites in a high pressure combustion 

chamber and the combustion products are accelerated through a converging - diverging nozzle. 



A number of studies have been done on the quality of coatings, simulation of the coating 

process, application of CFD analysis, etc., in the field of metal spraying with HVOF systems. 

However, on the topic of analytical modelling of a HVOF system and the nozzle there are only 

few reported studies. The geometry of a nozzle for thermal spraying does not play such an 

important role because the particles are fine and are accelerated by the gas over a short distance. 

The nozzle of the thermal spraying gun is typically cooled by water, therefore, is it not subjected 

to high thermal stresses. Oberkampf (1996) modelled the internal and external flows in a sonic 

nozzle during a HVOF process. He assumed that the flow was axisymmetric and used Eulerian 

and Lagrangian formulations for the gas and particle phases. Sinha (1995) used a Lagrangian 

stochastic model to predict particle trajectories and the temperature history as a fimction of 

particle size and other coating parameters. Mostaghimi (2003) incorporated the above models 

into one model. Mostaghimi's model consists of several complementary parts and includes sub- 

models to simulate: (a) gas flow and heating; (b) particle heating and acceleration; (c) impact, 

spread, and solidification of particles on the substrate; (d) heat transfer within the coating and 

substrate; and (e) agglomeration of splats and formation of porosity. 

Reference to HVAF processes could only be found in literature in applications such as thermal 

spallation, Turns (2000). Thermal spallation is a technique used for drilling through rocks with 

high-temperature impinging flames. This technique was invented in the middle of the last 

century. It was extensively used in Siberia and other regions of the former Soviet Union. 

Thermal spallation has many advantages over mechanical drilling where rapid drill bit wear or 

expensive diamond cutters can be a problem. In thermal spallation, the flames rapidly heat the 

rocks, which crack due to the extremely high temperature gradients near the surface. Such high 

gradients cause the rock to crack due to the high thermal stresses. Thermal spallation differs 

from abrasive blasting due to the considerably higher temperature of the flame. Also, thermal 

spallation does not employ any abrasive particles. Thermal spallation guns are basically burners 

with short nozzles, which do not wear and are usually made of heat-resistant steel. Examples of 

the thermal gun for thermal spallation are shown in Figures 1.2 and 1.3. A picture of a thermal 

gun for thermal spallation is shown on page El  1 of Appendix E. 
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Figure 1.2. Schematic cross section of Varushin's N 1 HVAF gun for thermal spallation, (1973) 

Outer housing Combustion chamber housing 
\ / 

Flow 

--i 

Figure 1.3. 
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Nozzle Combustion chamber Injector 

Schematic cross section of Varushin's N 2 HVAF gun for thermal spallation, (1973) 

Rauenzahn and Tester (1991) studied supersonic flames impinging on rocks in a bore hole. In 

Rauenzahn's model, the reactant gases were assumed to be at equilibrium, thus the chemical 



reactions were not modelled. The effect of the chips on the flow field was ignored, so that only 

single-phase, compressible, axisymmetric, transient fluid flow was modelled. Turbulence was 

modelled using a combined k-E technique in the bulk of flow and the traditional law-of-the-wall 

in the boundary region. The rock surface temperature was calculated using Weibull's statistical 

failure theory, Weibull (1939). The primary objectives of Rauenzahn's (1991) study were to 

find the effects of the standoff distance between the nozzle and the rock and the inlet pressure 

ratio on the heat transfer and the drilled hole radius. 

Wilkinson and Tester (1993) studied thermal spallation drilling to further improve the 

understanding of this phenomenon. The rock temperature was modelled using Dey's thermal 

spallation rock mechanical model, which is based on a failure mechanism characterized by 

Weibull's statistical failure theory that requires some empirical parameters. The primary 

objective was to study the drilling rate and a hole diameter as a function of various parameters, 

using improved empirical parameters derived from experiments. Compressible, axisymmetric 

fluid flow and energy equations were discretised, using the finite volume formulation. 

The chemistry was not directly modelled, but was simulated by varying the gas properties. 

Rauenzahn, Tester and Wilkinson's work mainly concentrated on the relationship between the 

heat and rate of drilling in thermal spallation. Their models did not take into account chemistry 

and combustion reactions, and only 2-D single-phase flow was simulated. No particle simulation 

was included because it was not required for the simulation of the thermal spallation of rocks. 

Browning (1983) proposed a HVOF thermal gun for abrasive blasting where part of the air is 

separated from the aidabrasive mixture and used for stabilising the combustion process 

(Fig. 1.4). The other distinct feature of the Browning's thermal gun is a combustion chamber, 

which is perpendicular to the flow of abrasives. The thermal gun works on fuel and oxygen. 

The Browning's thermal gun has a tubular, slotted sand separator that permits air free of sand to 

pass along the rear side through a bend to the combustion chamber. According to Browning 

(1983), the air entering the combustion chamber through the radial holes stabilises the 

combustion. 



Water in 

Fuel 1 Oxygen 

Spark plug seat 

Figure 1.4. Schematic cross section of Browning's HVOF thermal gun, (1983) 

The position of the combustion chamber perpendicular to the airlabrasive flow would result in 

turbulence, which would reduce the flow velocity. The use of a sand separator, in the above 

patent, implies that all the abrasive particles must be relatively large, which is impractical. In 

addition, the apparatus requires pure oxygen for operation and water for cooling. 

The HVAF thermal gun shown in Figure 1.5 was presented by Galchenko (1982). This thermal 

gun has a regenerating cooling system, meaning that the main volume of air is used for 

combustion and for cooling of the parts, especially the nozzle. The blasting nozzle has a wide, 

but short, diverging section. The main disadvantage of this thermal gun is that it does not 

provide sufficient mixing of air and he1 because the air, after passing between two chambers, is 

losing pressure and is not entering through the spiral grooves of the injector. 



The author has built a similar thermal gun and tested it. It was found in experiments 

thermal gun had unstable combustion and a low thrust. 

Outer housing Middle housing Spiral grooves 

that the 

Nozzle Combustion chamber Combustion chamber Injector 
housing 

Figure 1.5. Schematic cross section of Galchenko's HVAF thermal gun, (1982) 

The HVAF thermal gun shown in Figure 1.6 was presented by Evdokimenko (1997) in a US 

patent 5607342. Referring to Figure 1.6, the high velocity flame jet apparatus includes a 

supersonic gun with a main combustion chamber having two parts, one of which is air-cooled 

and the other of which is water cooled. The air-cooled portion of the chamber is provided with 

radial air inlet holes to allow the cooling air to enter the chamber and stabilize combustion. 

The water-cooled portion of the chamber is elongated and terminates in a bend. A powder 

sprayer is arranged axially in the bent end of the combustion chamber. A removable exit nozzle 

is coupled to the end of the combustion chamber. Different nozzles are used for abrasive 

treatment and coating treatments. The first portion of the combustion chamber is provided with 

an ignition device attached to a gun. The removable igniter is connected to fuel and oxygen 

sources and supplies the flame to the combustion chamber when the apparatus is started. After 

the gun is ignited, the igniter is removed. 
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Figure 1.6. Schematic cross section of Evdokimenko's HVAF thermal gun, (1997) 

In the above design, the fuel mixes with cold air ultimately reducing the specific heat coefficient 

of the mixture. Another disadvantage of Evdokimenko's apparatus is that the fuel-air mixture 

cannot be regulated, which is impractical. Furthermore, the apparatus requires oxygen for 

starting up and water for cooling during operation. 

All of the above thermal guns have not found general applications in abrasive blasting due to 

many factors, such as low cleaning rates, complexity, reliability etc. In general, a thermal gun 

should have a high efficiency under varying process conditions and provide sustainable 

performance over a long period of use. The ignition system of the thermal gun should be simple 

and reliable. The parameters of a thermal gun should be regulated and controlled with ease by 

an operator. It is suggested that, for economic and safety reasons, a thermal gun should utilize 

liquid fuels, such as diesel or paraffin, and not oxygen and gas or petrol. The requirement of 

water cooling complicates the design and operation of thermal guns and should be avoided. 



1.2 Nozzle Design 

1.2.1 Abrasive Blasting Noule Designs 

In sandblasting applications, the airtabrasive flow is directed out through a blasting nozzle. 

A nozzle has three main features, a converging section, a throat and a bore. The bore of a nozzle 

can be straight or diverging (Fig. 1.7). If a nozzle has converging - diverging geometry it is 

called a Lava1 (or Venturi) type of nozzle. 

Considerations in the design of the nozzle include: 

throat diameter, 

exit diameter, 

included angle of the diverging section, 

length of the diverging section, 

length of the converging section. 

Converging section Throat Diverging section 

X l t  
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Figure 1.7. Abrasive Blasting nozzle 

The development of abrasive blasting nozzles has a long history, with some patents registered in 

the beginning of the 20" century. Up to the 1950's, only straight bore nozzles were used for 

sandblasting, Seavey (1985). It was then observed that blasting becomes more efficient as the 

nozzle exit diameters eroded. This led to the development of a converging-diverging shape of 

nozzle geometry currently used in conventional abrasive blasting. In further studies to improve 

nozzle efficiency, examinations of various modifications in nozzle sizes and contours were done. 



As it appears in literature, the Laval nozzle was never actually transferred to abrasive blasting, 

but rather evolved there on its own. The Laval nozzle is often referred to as a Venturi nozzle. 

In the last twenty years, a number of studies were done on the topic of nozzle design for 

conventional blasting. But up to the 1980's, there was no evidence of a scientific approach to 

abrasive nozzle design. Seavey (1985) studied long Laval nozzles for sandblasting. These 

studies revealed that there is little or no particle acceleration up to the nozzle throat. Figure 1.8 

shows the relationship between nozzle length, gas velocity and particle velocity, indicating that 

the particle velocity depends on the length of the diverging part. According to Seavey (1985), at 

an air velocity below Mach 2 and in a 180 mm long nozzle (diverging section), the particle 

velocity reaches 230 mlmin for 870 pm sand particles. 
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Figure 1.8. The relationship between nozzle length, air velocity and particle velocity, 

Seavey (1985) 
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There were attempts to the transfer technology of rocket nozzles to abrasive blasting nozzles. 

Settles and Garg (1995) investigated the relationship between the nozzle design and productivity, 

and suggested the use of a 150 mm Laval type of nozzle. 



Settles and Garg (1995) measured velocities for particle sizes between 10 pm and 1000 pn. 

At an air volumetric flow rate of 6 m3/min, a pressure of 7 bar and a nozzle throat diameter of 

9,5 mm, the particle velocity attained was 173 mis for 870 pm sand particles, while the air 

velocity reached Mach 2. For 100 pn particles, velocities of up to 350 m/s were reported 

[Settles, 1995:35]. At a size of 1000 pm, particles basically did not accelerate, whereas 10 pm 

particles approached the air stream velocity. 

It is generally accepted that three factors influence productivity of blasting. These are: 

correct nozzle geometry, 

running a nozzle at the designed pressure, 

smallest possible size of grit. 

Running a nozzle at the designed pressure means selecting the throat and exit diameters 

according to the power output of the compressor. Settles and Garg (1995) suggested that there is 

a linear relationship between the area ratio and the design pressure (Fig. 1.9). The area ratio is 

Exit Diameter 
Area Ratio = 

Throat Diameter 

Area Ratio 

Figure 1.9. Nozzle pressure versus nozzle area ratio, Settles and Garg (1 995) 



Settles's calculated the flow using a two-phase flow of air and particles. However, Settles's 

model did not include particle collision and coupling of the dispersed and continuous phases. 

Also, the calculations did not include thermodynamics of a high enthalpy flow, which is thought 

to take place in a thermo-abrasive jet gun. 

The size of the nozzle throat also plays an important role in the working conditions of 

sandblasting, as it gives rise to thrust. In general sandblasting, a thermal gun is a handheld 

apparatus. An operator's fatigue must be taken into account. Glushko (1973) suggested that the 

nozzle throat area can be determined as follows [Glushko, 1973: 231: 

where F = the thrust, N, 

p = the pressure in the nozzle, MPa, 

CT = the thrust coefficient, which depends on the nozzle pressure, (Fig 1.10). 

If the limiting thrust is not to be exceeded the trust coefficient CT increases with a pressure, 

hence reducing a nozzle throat diameter. For example, if a thrust is limited to 100 N then at the 

pressure of 1 MPa and CT = 1,2 the nozzle diameter, according to equation [1.2], should not 

exceed 10 mm. 

Glushko (1973) further suggested the use of a flanging coefficient for calculating the exit 

diameter of the nozzle as follows: 

D,, = Y, . D throat 11.31 

where Damat = the throat diameter of nozzle, mm, 

cp = the flanging coefficient, (Fig 1.10). 
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Figure 1.10. Thrust and flanging coefficients versus pressure, Glushko (1 973) 

According to Glushko (1973), it appears that the exit diameter of the nozzle also plays an 

important role in reducing the thrust as it depends on the pressure. This suggests that high 

pressure nozzles should have a wide exit. 

Figure 1.1 1 shows different nozzle designs used for conventional abrasive blasting. Straight 

bore nozzles (Fig. 1. l la)  are mainly used for low pressures of 4 - 5 bar, in suction blasting 

systems or when the application requires a bead pattern (www.airblast.com). The straight bore 

nozzle gives a concentrated blasting pattern. Venturi-type nozzles are more productive than 

straight bore nozzles because they increase particle velocity and create a wider blasting pattern 

(Fig. 1.1 lb). The Venturi nozzle with a wide opening exit, called ~ a z o o k a ~ ,  is used for higher 

pressures in the region of 12 bar (Fig. 1.1 lc). 

According to the studies done by the author, the majority of companies in South Africa and 

Europe use compressors producing a 250 CFM flow rate at 5 - 7 bar pressure. At pressures 

above 7 bar the operator's fatigue is far too high, due to thrust. Double Venturi bore nozzles 

(Fig. 1.1 Id) were designed to increase productivity by means of suction of atmospheric air 

through an additional opening and boosting air velocity. However, according to data obtained 



from Storm Machinery (Pty) Ltd, in practice, it does not give a significant increase in 

productivity. 
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Figure 1.11. Abrasive blasting nozzle designs, (www.airb1ast.com) 

1.2.2 N o d e  Design - Multiphase Flow Approach 

Gas and particle velocities are determined by the physics of adabrasive flow, which is a 

multiphase flow described by coupling effects between phases. Many years ago multiphase flow 

was a subject of study in pneumatic conveying of solids, Butters (1981). Later multiphase flow 

was applied for such processes and systems as plasma coating, water-jet cutting, solid propellant 

rockets, fire suppression etc. 



Multiphase flow consists of a continuous phase, which may be gaseous or liquid, and one or 

more dispersed phases in the form of solid particles, liquid droplets or gas bubbles. In general, 

the motion of the dispersed phase is influenced by that of the continuous one and vice versa via 

displacement and inter-phase momentum, mass and heat transfer effects. The strength of the 

interactions will depend on the dispersed particle's size, density and volumetric loading. 

Particle-fluid interaction refers to the exchange of properties between phases and is responsible 

for coupling in dispersed phase flow. Mass coupling can occur through a variety of mechanisms 

such as evaporation, condensation or chemical reaction. Because the particles of abrasives are 

solids, the mass coupling is not used here. Therefore, the two conservation equations, 

momentum and energy, are used in the calculations. The governing equations of multiphase 

flows are as follows, Crowe (1998): 

The general momentum equation for a particle is 

where Fdr = the drag force, N, 

F, = the pressure force, N, 

Fa, = 'virtual mass' force, i.e. the force that is required to accelerate the carrier fluid 

'entrained' by the droplet, N, 

Fb = general body force term which represents the effects of gravity, N, 

Ud = the particle velocity, m/s, 

md = the particle mass, kg, 

The subscripts c and dare for continuous and dispersed flows respectively. 

In the above formula, the most important is the drag force given by 

where Cd = the drag coefficient (a function of the 'droplet Reynolds number') 

A d  = the area of particle surface, mZ, 



p, = the density of the continuous phase, kgim3, 

U, = the fluid velocity, m/s, 

term (Ue - Ud) is used to establish the sign of the drag force. 

The drag coefficient for flows with high Reynolds numbers is as follows: 

where Re, = the particle Reynolds number, which is based on relative velocity 

where =the kinematic viscosity, N dm2 

Dd = the particle diameter, m. 

When the drag force acts on the particle in a uniform pressure field it is called steady-state drag. 

No acceleration of the relative velocity between the particle and conveying fluid takes place. 

Crowe (1998) suggested the use of the following equation of motion for a particle using the 

steady-state drag coefficient. 

m d - -  - 3 q c D ,  f (U,  - U , )  +mg 
dt 

where g = the acceleration due to gravity, m/s2, 

f = the drag factor. 

The drag factor is determined as follows: 



Energy coupling can be effected in three ways; radiation, convection and internal heating. 

Energy conservation is a statement of the first law of thermodynamics for an open system. The 

first law states that the rate of accumulation of energy in a control volume plus the net efflux of 

energy across control surfaces is equal to the rate of heat transfer to the system minus the work 

rate of the system on the surroundings. 

where h,= the latent heat of phase change, kJikg, 

4, = the surface heat transfer rates per unit surface area, 

A, = the particle surface area, mZ, 

cp,d = the particle material specific heat, idkg  K. 

The surface heat flux, q;, is given by the following relation, 

q, = h(Td - T,) 

where h = the heat transfer coefficient, w/.m2 OC, 

Td = the particle temperature, K, 

T, = the temperature of the continuous phase, K. 

The heat transfer coefficient (h)  is evaluated from a correlation applicable in the absence of mass 

transfer and then multiplied by a correction factor to account for the latter process. 

The corrected transfer coefficient is given by 

where Nu = the Nusselt number, 

Z = the particle loading, 

k = the thermal conductivity, W/m "c. 



Nu is obtained from the following Ranz-Marshall correlation for forced convection effects 

[Crowe, 1998:103]. 

Nu = 2 + 0,6&& [1.13] 

where Pr = the Prandtl number 

Thermal coupling between the phases effects the gas velocity. With thermal coupling the gas is 

cooled down by particles which absorb some heat from the gas. Therefore, the density increases 

and the velocity of the gas decreases. The coupling effects have to be included in the 

calculations especially when the volumetric loading of particles is high. 

There are two generic approaches for numerical simulation of particles in a fluid namely, the 

Lagrangian approach and the Eulerian approach. In the Lagrangian approach the velocity, mass 

and temperature history of each particle is calculated. In the Eulerian approach, the packet of 

particles is considered to be a second fluid, which behaves like a continuum, and equations are 

developed for the average properties of the particles. Each approach has its advantages and 

disadvantages depending on the nature of the flow. 

The Lagrangian approach appears to be the commonly used method for solving multiphase flows 

and determining fluid flow characteristics. The Lagrangian approach is applicable to both dilute 

and dense flows. If the flow is steady and dilute a form of the Lagrangian approach, known as 

the trajectory method, is used. If the flow is unsteady, the more general approach is the discrete 

element method. 

In the discrete element method, the motion and position of individual particles are tracked with 

time. Due to practicality, the number of particles is reduced by forming a parcel of particles. It 

is assumed that the parcel of particles moves through the field with the same velocity and 

temperature as a single particle. The parcel is identified as a discrete element. The motion of 

each parcel over one time interval is obtained by interpolating the parcel motion equation. At the 

time, the particle temperature, velocity and other properties can be calculated. At every time 

step, the properties of the particle can be determined by summing over all the particles in a 

computational volume (source terms). 



The Lagrangian approach can include two methods, primitive variable formulation and 

conservative variable formulation. The primitive variable formulation method involves particle 

pressure-velocity formulation directly. The continuity equation is checked for every cell. This 

approach is suitable for incompressible flows where a density is constant. For compressible 

flows, the continuity equation does not converge easily. Therefore, the conservative variable 

formulation method is applied. 

In the primitive variable formulation method the pressure inlet and outlet boundary conditions 

are specified and the solution provides the mass flow. The conservative variable formulation 

method differs from the primitive variable formulation method in that the inlet conditions are the 

initial conditions and the solution provides the outlet pressure and velocity. The conservative 

variables are useful because they do not change rapidly in a compressible flow, therefore, the 

computational grid does not have to be very fine. The other big advantage is that the 

conservative variables are constant across a shock wave. However, once one has solved for the 

conservative variables it is necessary to recalculate the primitive variables such as pressure, 

temperature and velocity. 

For multiphase flows in dusts or nozzles, the fluid velocity is determined as follows [Crowe, 

l998:248]: 

where X, Y and Z are conservative variables determined by 

where A = the cross sectional area of the nozzle, mZ, 

y = the ratio of the specific heat at constant pressure c, to the specific heat at constant 

volume c, 



The nozzle sectional area is presented in all the three conservative variables. Hence, the change 

of the nozzle diameter determines the flow velocity along the nozzle axis. 

In equation [1.14], the minus sign is for a converging section and the plus sign is for a diverging 

section of the nozzle. If the initial velocity was chosen too high the condition of unity will be 

achieved before the flow reaches the minimum area at the nozzle throat and a solution is not 

possible (the term on the right hand side becomes negative). This means the calculation will be 

invalid for the rest of the nozzle. The sonic condition should be achieved at the nozzle throat. 

After this condition is established, the calculation is repeated with the sign on the discriminant 

changing from minus to plus at the nozzle throat. The flow thereafter is supersonic. 

If the exit pressure is higher than or equal to the back pressure, no further changes in the 

calculations are needed. This corresponds to under-expanded or ideally expanded nozzle. If the 

exit pressure is less than the back pressure, a normal shock occurs in the diverging section. 

The sign on the discriminant is changed at a certain location in the nozzle, which yields an exit 

pressure equal to the back pressure. The location is determined by an iterative technique. If the 

geometry is unknown, this method would require many iterations before the balance between the 

flow characteristics and the nozzle geometry is achieved. 

Once the fluid velocity is known, the particle velocity can be found using the following formula, 

Butters (1981): 

where D d  = the particle diameter in mm, 

p d  = the particle density, kg/m3. 

From the above formula, a 1 mm diameter particle would obtain 50% of gas velocity, whereas a 

0,01 mm diameter particle would have almost 90% of gas velocity provided there is enough time 

for momentum coupling between the phases. 

Crowe (1998) suggested that the particle velocity continues to increase after they leave the 

nozzle as shown in Figure 1.12. As the air velocity accelerates, the particle velocity increases 



due to the increased drag force. The highest air velocity is achieved at the exit of the nozzle 

provided the geometry of the nozzle is correct. As the air velocity decreases after leaving the 

nozzle, the particle velocity continues to increase and at certain distance from the nozzle the 

velocities become equal. After that the particle velocity remains higher than the air velocity due 

to inertia of the particles. 
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Figure 1.12. Air and particle velocities inside and outside a nozzle, Crowe (1998) 

1.3 Nozzle Material 

1.3.1 Wear 

The wear resistance is the main property of blasting nozzles as they are subjected to abrasion by 

particles. Nozzle toughness is also important from the handling point of view. The other 

important property of abrasive blasting nozzle is porosity. If a material has high porosity, like 

cast ceramics, abrasive particles rapidly wear cavities in the material, causing turbulence, 

reducing velocity and eventually destroying the material. 



The blasting nozzle of the thermal gun is also subjected to extreme thermal stresses. The nozzle 

temperature reaches hundreds degrees of Celsius within seconds. Therefore, the nozzle material 

must have good all-round mechanical properties. Materials suited for abrasive blasting nozzles 

are tungsten carbide and ceramics, such as boron carbide, silicon carbide, nitride-bonded silicon 

carbide and SIALON. 

Nozzle wear is an important factor in nozzle design. However, it is not the goal of this project to 

study wear of thermo-abrasive nozzles. Therefore, there will be only a short description of wear 

of nozzle materials. 

The two major wear mechanisms of brittle materials are fracture due to cracks forming and 

scratching. A wear resistance parameter for brittle materials was suggested by Evans (1980), 

Where P = wear resistance parameter, 

K = the fracture toughness, MPa m'", 

E = Young's Modulus, MPa, 

H = Hardness, MPa. 

The critical load for generating cracks in brittle materials is referred to as a "cracking threshold", 

denoted by PC, which is measured in Newton. The cracking thresholds for various materials are 

shown in Table 1.1 [Scbwetz, 1995:150]. 

Table 1.1 Cracking thresholds 

I Item I Material I 
I I I I I 

Cracking threshold, PC, N I 10000 1 1000 100 10 1 



Wear of materials under dry sliding conditions depends on a sliding velocity given by ud7I3. For 

blasting nozzles, the particle velocity is higher in the diverging section of the nozzle, therefore, 

this section wears quicker than the converging section, which is proven in practice. 

Wear of ceramics under dry sliding conditions is, besides mechanical overload, often governed 

by frictional heating. During the processing of the ceramics, some faults remain at the grain 

boundaries. These faults may be regarded as initial cracks. Because of their origin their length 

is related to the grain size, which is small compared to the length of the contact. Metselaar 

(2002) showed that severe wear is the result of the propagation of these cracks due to 

frictionally-induced thermal stress. Since materials expand when heated, this localized heating 

will generate localized strain and therefore, stresses at the surface. At the tip of a pre-existing 

crack, this stress will reach a maximum value. The failure condition is as follows [Metselaar, 

2002:963]: 

where d = the length of crack, m, 

p = constant, which depends on the type of crack, 

o,, = the thermal stress, MPa, 

K = the fracture toughness, MPa m"z. 

In the analysis of brittle materials, the probability of failure is commonly modelled using the 

Weibull weakest link. This is based on the concept of a chain, which when one link fails, the 

total chain fails. The Weibull parameter is a measure of the scatter in the failure strengths of 

nominally identical specimens. The probability of failure by Weibull is as follows, Weibull 

(1939): 

5 = 1 - exp{- [;r [a)} 
where Pf= the probability of failure, 

A = the surface area, mZ, 

a = the unit area, mZ, 



m, = the Weibull modulus, 

a = the maximum stress, MPa, 

00 = the minimum failure stress, MPa. 

Wear of nozzle materials also depends on abrasive media. The characteristics of some abrasive 

media is given in Table 1.2 [Schwetz,1995:152]. The most abrasive blasting media used in 

abrasive blasting is a-Al203. 

Table 1.2 Physical properties of some erodent abrasives 

I Material I Composition I Density I Moh's Hardness I Grit number I Mean grain 1 

Alumina ( a-A1203 3,9 9,0 100 120 1 

Olivine 

Garnet 

1.3.2 Thermal Stresses 

Thermal stresses are developed because of phase transformation, differential expansion, 

anisotropic expansion within crystals and temperature gradients and their effects on dimensional 

changes. In the case of non-uniform dimensional changes, the changes lead to differential strain 

and finally to failure within the material. The thermal stresses are encountered in surface 

treatment techniques such as plasma spraying, physical vapour deposition and chemical vapour 

deposition. 

(Mg, Fe)2Si04 

Fe3Alz(Si04)3 

During thermal shock, when the change in temperature exceeds a critical temperature difference 

of the material, the tensile stress generated in the material due to temperature gradient exceeds its 

actual tensile strength, resulting in failure of the material. The basic formula for the thermal 

stress is as follows: 

where: a =the thermal stress, MPa, 
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E = the Young's modulus, GPa, 

a = the coefficient of thermal expansion, IPC. 

AT = the temperature gradient, K, 

v = Poisson 's ratio. 

The temperature difference or gradient, AT, which causes the failure of a material is known as 

the critical temperature difference. The temperature difference depends on thermal and 

mechanical properties of materials, thickness of the specimen and other conditions. Ultimately, 

the respective thermal expansion coefficients and mechanical properties are the most important 

factors determining the thermal stress sign and magnitude. The evaluation of thermal stresses is 

complicated by the fact that the material properties in equation [I ,221 change their values with a 

temperature change. 

Some conventional blasting nozzles are made of ceramic materials. Therefore, there was a need 

to investigate the ability of ceramics to withstand thermal shocks. There are many test methods 

available to characterise thermal shock and thermal fatigue of ceramic materials. They are 

mostly quench experiments, which are descending in nature. It appears that in quenching 

loading, the thinner the specimen the lower the thermal stress, [Panda, 2002:2195], whereas for 

ascending loading a thicker ceramic can withstand a greater temperature difference. Kesler 

(1998) obtained similar results when testing different thickness of coating layers of ceramics in 

plasma spraying. The thinner the layer of ceramic the higher the thermal stress the specimen 

could withstand [Kesler, 1998:219]. 

Kamiya (2001) studied thermal stress fractures of the ceramic filters due to char combustion in 

collected ash layers of power plants. Ceramic filters have the shape of hollow cylinders, which 

is similar to nozzles. Karniya (2001) used a modified formula for the calculation of thermal 

stresses of a cylindrical filter. The maximum tensile thermal stress on the outside surface of the 

cylindrical ceramic filter is calculated using the following equation [Kamiya, 2001: 1431: 



where b = the outer diameter of the cylinder, 

a =the inner diameter of the cylinder. 

Criteria defining the resistance to crack initiation and crack propagation were first proposed by 

Kingery (1955). The shock resistance criteria RI and Rz are for severe thermal shocks and mild 

thermal shocks respectively. The severe thermal shock criterion R1 corresponds to the maximum 

allowable temperature difference in a body under conditions of steady-heat flow. The mild 

thermal shock criterion R2 corresponds to the maximum allowable heat flux through a body, 

Kingery (1955). 

where o = the stress, MPa, 

E = Young's Modulus, MPa, 

v = Poisson's ratio, 

a = the thermal expansion coefficient, 1 o~Pc ,  

k = the thermal conductivity, W/m OC. 

Several fracture initiation criteria have been proposed, depending on the shapes of the structure 

(e.g. cylinder, plate or sphere) and the types of loading (e.g., heat flow, prescribed surface 

temperature, heat transfer by convection, steady state or transient heating or cooling conditions). 

Glandus (1981) suggested the use of the following criterion for determining a type of thermal 

shock: 

where b = the material thickness, m, 

h = the convection coefficient, w/.m2 OC, 



k = the thermal conductivity, Wim OC. 

If the value of /I > 40 a thermal shock is regarded as severe, if /I < 1 it corresponds to a mild 

thermal shock. 

Schmitt (2002) studied the thermal shock resistance from a micromechanical point of view and 

applied classical fracture initiation criteria, which was adapted to the case of heterogeneous 

materials by using: 

a homogenization method, 

computation of local stress state through stress concentration factors. 

Schmitt (2002) stated that micromechanics can be a tool to optimize heterogeneous materials 

against thermal shocks, i.e., the composition of the material can be tailored to respect the 

macroscopic thermal shock for a given set of failure mechanisms. 

Panda (2002) studied the effects of thermal conductivity and cooling of surfaces of ceramic 

samples. He concluded that the thermal conductivity of the interface does not affect the 

maximum thermal stress significantly but it changes the temperature distribution in the sample. 

According to Panda (2002) thermal stress is mainly influenced by the temperature distribution on 

a surface, which is exposed to heat flow and was not affected by the temperature distribution at 

the opposite surface. Therefore, measurement of temperature of the outer surface is not very 

critical for thermal stress calculation [Panda, 2002:332]. 

There are several commonly used methods of stress determination: mathematical modelling 

(analytical or numerical), material removal techniques (hole drilling, layer removal), mechanical 

methods (curvature, displacement, or strain measurement) and diffraction (X-ray or neutron) 

methods. Each technique has certain advantages and limitations; their applicability is 

determined by such factors as shape, dimensions, materials and processing conditions. 

Some of the advantages of neutron diffraction include its non-destructive nature, ability to 

determine stress in each individual phase of a composite, and applicability to specimens of 

various sizes and shapes. X-ray diffraction can determine stress only in a thin surface layer, 

whereas the penetrating power of neutrons enables through-thickness stress profiling without any 

material removal. 



The curvature method allows determination of stresses in thick layers of graded or 

inhomogeneous composition, and is a non-destructive method. This method has a narrower 

spatial resolution than the neutron diffraction technique, and thus allows more detailed through- 

thickness stress profiling of deposited layers. However, unlike the neutron diffraction technique, 

the curvature method can be used on only simple geometries of specimens. 

Material removal techniques, mechanical methods and diffraction methods could not be used in 

these studies because of the process conditions and limitations. These include: high temperature, 

hardness of specimens, no possibility to place a working system inside of measuring equipment, 

etc. It was concluded, therefore, that the analytical and numerical method would be more 

suitable and applicable to evaluating the stress conditions of thermal jet nozzles, i.e. for the 

purpose of this research. 

One of the most widely known analytical methodologies for determining the stress in places 

where the measurement can not be done is the Green's function technique (GFT), [Botto, 

2003:23]. According to the GFT the response at any point of a linear system due to an external 

input can he evaluated by means of its response (Green's function) to the corresponding unit 

input, whatever the input may he (load, temperature, etc.). The principle of the method is that 

temperatures at the boundaries of the model are measured (on-line) and then evaluated (off-line). 

In the thermal-abrasive gun, the temperature of the flow inside of the combustion chamber is in a 

region of 2 000 K. Theoretically, a thermocouple can be inserted into the combustion chamber. 

But practically it would he very difficult to achieve due to the small size of the thermal gun and 

many design constraints. For example, any object in the flow would create extra disturbances, 

and therefore, would interfere with the results. In addition the abrasives can destroy a 

thermocouple inside the chamber. More importantly the thermocouple can not he placed inside 

the blasting nozzle, where the flow temperatures must he obtained. 

Finite element numerical analyses of thermal stresses have been successfully used in a number of 

studies of plasma spraying and coating of ceramic materials. Ucar (2001) applied the general 

purpose finite element code ANSYS obtaining a transient thermallstructured coupled solution for 

various ceramic coatings. The main conclusions were that the thermal stresses depend on purity 

of the coating and mechanical mismatch due to a different thermal expansion coefficient. 

Kocabicak (1999) also used the ANSYS code to study the transient thermal stresses in coating 



systems and found that the finite element technique can be used to optimise the design and the 

processing of ceramic coatings. 

Traditionally sandblasting nozzles are mainly made of different grades of tungsten carbide. This 

is due to high wear resistance and mechanical properties of tungsten carbide. The main 

drawback of tungsten carbide is the cost of material and its weight. The erosion mechanism of 

WC nozzles appears to be a preferential removal of the cobalt binder followed by pluck out of 

the undermined WC grains [Schwetz,1995: 1531. 

With the advances of ceramic materials, attempts were made to replace tungsten carbide with 

various types of ceramics, such as boron carbide and silicon carbide. Silicon carbide nozzles 

have up to 50% longer service life than tungsten carbide nozzles, especially when blasting media 

is a-AlzO3. However, when a blasting media is steel shot the difference is only 20%. This is 

according to an American company called Boride (Engineered Products Group of Greenfield 

Industries), which produces blasting nozzles. The other advantages of silicon carbide nozzles are 

low weight and low cost compared with tungsten carbide. However, they did not find wide 

applications in industry mainly because of their brittleness. 

Boron carbide nozzles showed the highest wear resistant properties. According to Boride 

(Engineered Products Group of Greenfield Industries), the service life of boron carbide nozzles 

is at least 10 times longer than that of tungsten carbide nozzles. Again, they are not commonly 

used in industry mainly because of their brittleness. In order to protect boron nozzles from the 

mechanical shock they are covered with polyurethane. This obviously cannot be used for 

thermo-abrasive blasting due to the heat. 

One of the latest ceramic materials used for abrasive blasting nozzles is SIALON, which 

possesses excellent mechanical characteristics compared to the above mentioned ceramics. For 

example, the tensile strength of SIALON 050 according to company KRIMETAL is 450 MPa, 

and the fracture toughness 7,7 MPa m'". SIALON is also lighter than other materials. However, 

it appears that the course media creates microcracks in ceramic causing quick wear of nozzles. 

This was observed by Shigietaka (1993), who studied cutting of SIALON by means of water-jet 

cutting. When an angle of impact was close to 90' the fracture wear mechanism was dominating 

[Shigietaka, 1993:1267]. Schwetz (1995) reported similar results on brittle fracture of boron 

carbide nozzles. 



Some rocket nozzles are made of metallceramic functionally graded materials, where proprietary 

ceramic coatings protect nozzle base materials from high temperatures. 

The manufacture of a nozzle for thermo-abrasive blasting from metallceramic functionally 

graded materials is not feasible due to the length and small diameter of the nozzle bore, which 

would not allow a coating of ceramic inside the nozzle. The other point is that the coating layer 

would he worn out by the abrasive in a short period of time. 

Since HVAF and HVOF systems were introduced in coating processes there was a need for 

nozzles, which could withstand high temperatures. There were some developments in nozzle 

design for thermal spraying. However, references to applications of ceramic nozzles were found 

mainly in patents. 

According to Browning (1983), a nozzle or nozzle insert can be constructed by machining a 

graphite tube, and then coating the graphite tube with silicon carbide, which is a ceramic material 

having thermal expansion properties similar to graphite. A nozzle presented in US Patent 

4384434 has a length up to 14 inches, an outside diameter of 1 inch and a straight bore of one- 

half inch. According to Browning (1983), the silicon carbide coating was applied by a process 

initially patented by Texas Instruments Incorporated, and sold under a trade name of T.I. Coat, 

and also referenced under a trade name of M.T.C. Dura-Cote Silicon Carbide. The silicon 

carbide coating includes thicknesses greater than five-thousandths of an inch with zero porosity. 

Browning (1983) reported good results with regard to quality and speed of spraying. 

White (1996) reported on the nozzle inserts made of a solid Carborundum Hexalloy.RTM. 

material, which is a dense silicon carbide. Two nozzles were utilized, one, which has a central 

bore internal diameter of one-half inch. The other has a central bore internal diameter of seven- 

sixteenths inch. According to White (1996) tests with thermal spray guns yielded high 

deposition efficiencies and superior coating qualities. However, no data on the thermal stress or 

particle velocity was provided. White (1996) further stated that care must still be taken not to 

subject ceramic inserts and liners to thermal shock, and thus fracture, by heating up or cooling 

them down to quickly. Thermal shock of ceramic components is avoided in White's invention 

by starting-up combustion of the thermal gun at a combustion rate, which is slower than the 

operating combustion rate, thus preheating such ceramic components. 



Also during shut-down, a slow combustion rate can again be utilized to slow down the rate. at 

which ceramic components are cooled. In real working conditions this would be difficult to 

achieve. 

The conditions of nozzles in thermal spraying and thermal abrasive blasting differ. The nozzle 

in thermal spraying needs to maintain a certain temperature in order to prevent solidification of 

molten particles. According to White (1996) the minimum nozzle temperature should be 

maintained at 6 0 0 ~ ~ .  Radiant heat transfer is thought to be the primary mechanism for 

transferring the heat from a nozzle to particles. However, heat is also transferred to particles 

from high temperature pressurized gas. The uniformity of heat transfer is important in coating 

processes. 

1.4 Conclusions from Literature Search 

4 .  Thermal Abrasive Gun Design and Modelling 

The thermal guns built for thermal spallation were the predecessors of modem thermal spray 

guns and new abrasive blasting guns. These thermal guns used heat induced on the rock surface 

to cause thermal shocks that cracked the rocks. 

No complete analytical or computational models of thermo-abrasive blasting systems could be 

found in the literature. Some Russian scientists studied various aspects of the combustion 

process of HVAF systems, ignition and particle accelerations. 

Very little scientific data is available on the design of thermo-abrasive systems, but some 

technical information has been obtained from patents. Thermo-abrasive blasting systems fall 

under W A F  systems. W A F  systems are less common than HVOF, which are used for thermal 

spraying. A number of studies have been done on analytical, numerical and computational 

modelling of the HVOF processes and systems. However, there are significant differences 

between HVOF and HVAF systems, which do not allow the application of modelling of HVOF 

systems to HVAF systems and more specifically abrasive blasting. 



The differences are: 

HVOF systems essentially have a small burner with an attached nozzle. Whereas HVAF 

systems are built on the principles of a gas turbine and a ram jet with regenerating 

cooling systems. 

HVOF systems run on highly flammable gases and oxygen. HVAF systems run on any 

hydrocarbon fuel and air. There are different chemical reactions and therefore, different 

conditions. 

The HVOF system has a low flow rate compared to an abrasive blasting system, which 

must produce a much higher kinetic energy jet in order to accelerate a larger mass of 

particles per unit time. The typical nozzle throat diameter of a thermal spray gun is less 

than 10 mm. The thermo-abrasive blasting nozzle throat diameter is 14 mm to 17 mm. 

The HVOF system runs at higher temperatures in order to melt spraying materials. 

Therefore, it requires water cooling. HVAF systems must have an efficient air cooling 

system and this fact significantly changes the design of a thermal gun. 

The high velocity nozzle of the HVOF system is made of copper and it is cooled by 

water. The nozzle does not have to be long since coating particles are smaller and 

accelerate faster. The nozzle of a thermal abrasive gun has to withstand severe thermal 

shocks, wear and be of sufficient length for the acceleration of much heavier and larger 

particles. 

Nozzle Geometry and Material 

Typical nozzle designs for abrasive blasting are of a Lava1 type with long converging and 

diverging sections. This is done for the sake of lower turbulence and in order to increase particle 

velocity. It is believed that the diverging section of a blasting nozzle has to be 150 - 200 mm 

long in order to achieve particle velocities of the order of 200 m/s for 0,5 mm particle size. 

The thermo-abrasive blasting nozzles are subjected to high temperatures and they have to be 

designed accordingly. The goal is to achieve the maximum possible productivity of blasting 

using the simplest nozzle geometry to make the process economically viable. 



The geometry of nozzles for thermal spaying cannot be considered for abrasive blasting because 

they are designed for comparably smaller size and weight particles and much smaller flow rates. 

Although some patents have the examples of ceramic thermal spraying nozzles, in practice 

copper nozzles are typically used. 

Abrasive blasting nozzle materials are WC and ceramics. The WC has good all-round 

properties, but is expensive and heavy. Ceramic blasting nozzles are less common, but with 

advances in material science, there is an increase in ceramic applications for abrasive blasting. 

1.4.3 Thermal Stress Analysis 

Many studies have been done on thermal stresses and thermal shocks in ceramic materials used 

as coatings. However, no examples of thermal stress evaluation of the nozzles of high velocity 

flame systems could be found in the literature. 

None of the methods of thermal stress measurements can be directly applied to thermo abrasive 

nozzles because of the different constraints, such as: extremely high temperatures, rapid 

temperature rise, inaccessibility of space for measurements of flow parameters, a risk of 

disintegration of the nozzle due to fiacture etc. 

Since no direct measurements are possible, the computational modelling is the approach for 

obtaining thermal stresses in nozzle materials. CFD software can produce a temperature 

distribution in the flow and in the nozzle wall using a conjugate heat transfer analysis. However, 

no stress analysis is done by CFD software. The information from the CFD analysis is to be 

transferred to FEA software for stress evaluation. A CFD analysis can be of a steady-state type 

because a heat transient analysis is to be done in FEA. 

The rate of cleaning would be the best method to evaluate the effectiveness of nozzle geometry. 

While running trials on a speed of blasting, the nozzles can also be tested for thermal shock 

resistance. The outer temperature of the nozzle will be measured with a thermocouple and a 

computer program monitoring temperatures at certain time intervals. 



2. PURPOSE OF THE STUDY 

The biggest drawback of thermo-abrasive blasting is the short life of blasting nozzles due to 

extreme conditions combining heat, abrasive wear and mechanical stress. Therefore, there was a 

need to simulate the working conditions in order to obtain temperatures and stresses in the 

nozzle. 

The nozzle conditions are determined by the flow characteristics, which in their turn depend on 

the thermal gun design and parameters. Therefore, a model of a thermal gun is required for 

modelling of the nozzle conditions. 

The literature search results showed that there is no HVAF model of the thermo-abrasive gun or 

a thermo-abrasive blasting nozzle. Some studies in the field of HVOF are related to thermo- 

abrasive blasting or HVAF systems. 

Oberkampf (1996) modelled the internal and external flow in a sonic nozzle in the HVOF 

process. Mostaghimi (2003) incorporated the previously developed models for thermal spraying 

into one model. However, there are significant differences between high velocity thermal 

spraying and thermo-abrasive blasting, which does not allow to apply the previously developed 

models to thermo-abrasive blasting. 

In order to perform a stress analysis, a temperature distribution in the nozzle structure must be 

obtained. Due to the geometric and other constrains, this can only be done by means of 

modelling of the flow and the nozzle. A computational fluid dynamics analysis can provide a 

temperature distribution in the nozzle, which can, then, be used in a finite element analysis for 

stress evaluation. 

The specific aims of the study can be sumrnarised as follows: 

1. To analyse the combustion and particle flow processes inside the combustion chamber 

and the nozzle of a thermal gun in order to optimise the design of the combustion 

chamber and the nozzle; 

2. To develop computational fluid dynamics (CFD) models for simulations and evaluations 

of the combustion and thermo-abrasive blasting processes in order to obtain the 



temperature distribution in the thermal gun and the nozzles of different types and 

geometries; 

3. To apply the CFD data in a finite element analysis (FEA) to calculate/model thermal 

stresses in nozzles for the typical operating conditions of the thermal gun; 

4. To determine the most suitable nozzle materials and to determine to what degree an 

improved overall nozzle geometry can contribute to a reduction in nozzle failures and 

5. To optimise efficiency of thermo-abrasive blasting as a result of the improvement of the 

thermal gun design, the nozzle geometry and material. 

The methodology followed in this study was as follows (Fig. 2.1): 

(Stress analysis) 

'7- 
I FEA 

(Heat hansfer analysis) I 
I 

Nozzle Conditions: 
Optimum Nozzle Geometry Temperatures, 

Constraints 
Cooling 

Nozzle Materials CFD Modelling of the Process 

Initial Nozzle Geometry Advanced Design of the Thermal Gun 

Analytical and Numerical Modelling 

Figure 2.1. Methodology of the study 



The procedure of the study was as follows: 

Analytical and numerical modelling of the process inside the thermal gun 

Design, manufacture and testing of the thermal gun 

CFD modelling of the process inside the thermal gun and nozzles 

Finite Element Analysis of the nozzle materials 

Design, manufacture and testing of the thermo jet blasting nozzles 

Comparison of the modelling with experimental results 

Conclusions 



3. ANALYTICAL MODELLING OF THE THERMAL GUN 

3.1 Theoretical Principles 

3.1.1 Gas Cycle 

The thermal gun comprises elements of a gas turbine and a ramjet. The main features of the 

thermo-abrasive gun are a combustion chamber and a nozzle. A thermodynamic cycle of a 

thermal gun is derived from an air-standard Brayton cycle (Fig. 3.1) and includes only two stages 

(2 - 3 and 3 - 4), i.e. combustion and expansion stages. Refemng to Fig. 3.2, compressed air is 

supplied to the thermal gun by an external source, i.e. an air compressor (stage 1 - 2). 

Combustion of fuel takes place inside the combustion chamber of the thermal gun (stage 2 - 3). 

In the thermal gun, the expansion of gases takes place in a converging-diverging nozzle 

(stage 3 - 4). 

T 

Figure 3.1. T-s diagram of an air-standard ideal Brayton cycle 

State 1 State 2 State 3 State 4 

Compressor 0 Thermal gun Blasting nozzle 1 m 
Fuel 

Figure 3.2. Elements and stages of a thermal gun system 



The ideal Brayton cycle is applicable to the thermal gun with the following assumptions: 

Compression and expansion are reversible and adiabatic, i.e. isentropic. 

The change of kinetic energy of the working fluid between inlet and outlet of each 

component is negligible. 

There are no pressure losses in the components of the system. 

The working fluid is a perfect gas with constant heats. 

The mass flow is constant through the cycle. 

Heat transfer is 'complete', i.e. heat gained is equal to heat loss. 

The relevant steady flow of energy equation is [Cohen, 1996:38]: 

where Q and W are the heat and work transfers per unit mass flow, 

h = the specific enthalpy, kJkg K, 

U =  the velocity, mls. 

Applying this to the two stages of the thermal gun system, combustion and expansion we get 

where c, = the specific heat at constant pressure, Hikg K, 

T =  the absolute temperature, K, 

The subscripts correspond to the gas cycle stages. 

According to Cohen (1996) the efficiency of the ideal gas turbine cycle is determined as follows: 

net work output - cp(T3 -T4) -cp(TZ -q)  
77 = - 

heat supplied cp(T3 -Tz) 



The efficiency of the thermal gun can be expressed without the second term of the numerator 

because the compression is taking place inside the compressor. Then 

heat released - c, (T3 - T4) - ' = heat supplied c, (T3 - T, ) 

The above formula can be expressed in other terms. In thermodynamics, the properties of a gas 

are described by enthalpy and specific heats. The ratio of the specific heat at constant pressure 

c, to the specific heat at constant volume c, of ideal gas is 

Taking into account the isentropic p-T relation, the pressure ratio between states 3 and 4 (entry- 

exit of nozzle) is expressed as 

where r = the pressure ratio, 

pj = the pressure inside the combustion chamber, 

p4 = the pressure at the exit of the nozzle. 

The relationship between the pressure, specific heats and temperatures is as follows [Cohen, 

1996:39]: 

Then, the efficiency of the thermal gun can be expressed in terms of the pressure ratio and the 

ratio of specific heats as follows: 



It can be seen that the efficiency of an ideal Brayton cycle and hence the thermal gun depends 

only on the pressure ratio and the nature of the gas, i.e. on the efficiency of the combustion 

process. The higher the pressure ratio and ratio of specific heats, the higher the efficiency. 

The combustion temperature rise AT depends on the fueVair ratio and gas properties. For 

common hydrocarbon fuels, these values have been determined and are given in standard fuel 

combustion tables. However, the combustion efficiency is difficult to measure accurately. In 

practice it is assumed that combustion is nearly complete. 

For the thermal gun, the efficiency can be expressed as a ratio of kinetic energy of the jet to the 

rate of energy supplied in the fuel [Cohen, 1996:89]. 

where m = the mass flow rate, kg/s, 

Qnet, = the fuel net calorific value at constant pressure, klkg, 

mf = the fuel consumption, kg/s. 

The fuel net calorific value at constant pressure Q,,, is equal in magnitude but opposite in sign 

to the enthalpy of combustion reaction and can be taken from tables for common fuel 

compositions. For hydrocarbon fuel, containing 13,92% H and 86,08% C, the net calorific value 

is en,, = 43 I00 k lkg  [Cohen, 1996591. 

Once the fueVair f ratio is known, the fuel consumption can be calculated as 



3.1.2 Governing Equations 

The conservation laws for two consecutive stages of the gas cycle are as follows: 

Conservation of mass: m = p,AIUl = p2A2U2 

1 
Conservation of momentum: c,(T, - q )  + - (u; - u:) = 0 

2 

Conservation of energy: c,(T2 - q )  = 0 [3.14] 

Stagnation pressure and temperature are the properties of the gas that are used with static values 

to determine the combined thermodynamic and mechanical state of the stream. The relationship 

between the stagnation pressure and the pressure of the moving stream is as follows [Cohen, 

l996:93]: 

where M =  Mach number. 

The formula for the flow velocity in the nozzles is as follows: 

where R = the gas constant, J k g  K 

The flow velocity depends also on the geometry of a nozzle. From a designing point of view, it 

is important to use an expression relating the area A of a nozzle at a given section of a nozzle to 

the area A' that would be required for sonic flow (M = 1) at the nozzle throat. 



These areas are related as follows [Moran, 1998:43 11: 

m = p , . A , . U ,  = ~ * . A * . u *  

and 

* 
where p', U  , p and T* are the gas parameters when M =I. 

The relationship between nozzle diameter ratio, velocity and Mach number is [Moran, 

1998:431]: 

where A* = the area when M = I at stagnation conditions, m2, 

A = the nozzle area at a given section along the nozzle axis, m3 

For a given value of A/A* there are two values for the Mach number, one subsonic and one 

supersonic. The variations of A/A* with Mis given in the references [Moran, 1998:431]. From 

the above it can be seen that to accelerate a fluid suhsonically, a convergent nozzle must be used, 

but once M = 1 is achieved, further acceleration to M > 1 can occur only in a divergent nozzle. 

Therefore, a converging-diverging nozzle is required. Furthermore, the Mach number of unity, 

M =  1, can only occur at the location of a nozzle where the cross-sectional area is a minimum, 

i.e. in the throat. 

The back pressure, i.e. the atmospheric pressure, must be taken into account in the nozzle 

calculations because it influences nozzle geometry. Decreases in back pressure result in shock 

waves occurring inside of the diverging section of the nozzle. For example, the supersonic jet 

Concorde has variable throat and exit diameters. 



3.2 Analytical Modelling of the Thermal Gun 

Multiphase approach in these calculations is aimed at achieving gas flow characteristics. 

The analytical modelling does not include full coupling of dilute and discrete phases because this 

is modelled in the CFD analysis. Since the combustion gas flow is predominant in the thermal 

gun it is assumed that particles do not significantly influence the temperature of the flow. 

The Lagrangian approach with phase coupling for particle velocities is applied in the CFD 

modelling. 

The air flow from the compressor is divided into two flow streams. One stream flows directly to 

the combustion chamber (Fig. 3.3). The other stream canies the abrasives to the delivery nozzle. 

The two streams meet in the combustion chamber before entering the blasting nozzle. Therefore, 

the multiphase flow in the thermo-abrasive gun consists of a cold aidabrasive flow and 

combustion gases. 

Air for combustion Combustion chamber 

\. 
Nozzle 

FuellAir mixture 0 

\14 

d 
L- 

=- -- d 
I 

AirlAbrasive mixture / 
Delivery nozzle 

Figure 3.3. Diagram of the HVAF system 

3.2.1 Air/Abrasive Flow 

In order to calculate gas and particle exit velocities, as well as the effective nozzle geometry, 

relevant physical properties of the mixture of streams need to be determined. The procedure for 

calculating multiphase flows was described by Crowe (1998). 

The total mass flow rate includes the mass flow rate for the combustion stream and the mass 

flow rate for the abrasive stream. 



where m,,,,, = the mass flow rate of air directed to combustion, kgk, 

m,,, = the mass flow rate of air directed to propel particles, kg/% 

The aidabrasive stream is a two-phase flow consisting of a continuous phase and dispersed 

phase. The mass flow rate of air, which propels abrasives must include the loading of particles 

and is determined as follows: 

where z = the total loading. 

where Md = the mass flow rate of dispersed phase, kds, 

M, = the mass flow rate of continuous phase, kg/s. 

The volume fraction of air and abrasives can be obtained from the above mass flow rates. The 

density of the mixture can be calculated as: 

where: aai, = the volume fraction of air, 

pah = the density of air, kg/m3. 

The calculation of variables of a multiphase flow depends on whether the flow is dilute or dense, 

which can be determined using the ratio of the distance between the particles to the particle 

average diameter given as 



where 1 = the distance between particles, m, 

Dd = the particle diameter, m, 

a,b, = the volume fraction of abrasives, 

If the ratio l/Dd is greater than 10 the flow is considered dispersed and individual particles could 

be heated as isolated particles with little influence of the neighbouring elements on the drag or 

heat transfer rate. 

The characteristics of the airlabrasive mixture need to be calculated for further calculations of 

the nozzle geometry. The specific heat of the airlabrasive mixture is as follows: 

where cpai,= the specific heat of air, Jkg  K, 

C~ d 
= the specific heat of Alz03, Jkg  K. 

The gas constant of the airlabrasive mixture is 

3.2.2 Mixing of the Air/Abrasive and the Combustion Flows 

Abrasives are carried by the compressed air through the delivery nozzle into the combustion 

chamber where they mix with the combustion gases. The airlabrasive two-phase flow is 

regarded as a cold sheam. The mixing of the hot and cold flows takes place inside the 

combustion chamber as shown in Figure 3.4. 



The parameters of the aidabrasive cold stream are denoted as: m,u ,Tcold , pcold,, Dcold. The 

parameters of the hot stream are denoted as: mhot , Tholr pht,  Dm. The parameters of the mixed 

stream at the entry of the nozzle are denoted with index 3, which corresponds with the gas cycle 

state (Fig. 3.2): mj, T3 , p3 , Dj. 

AirIAbrasive cold mixture 
Mixture of streams 

Combustion housing 
Air inlet 

Fuel inlet 

\ 
Hot combustion gases 

Figure 3.4. Diagram of the mixing of the streams 

The momentum equation must balance to satisfy the conservation of momentum as follows 

(Fig. 3.4): 

Assuming that the flow is isentropic at the end of the combustion chamber and the static pressure 

is uniform across the combustion chamber, i.e. pht =pcold. Then, equation [3.29] can be solved 

by means of iterations assuming a Mach number in the combustion chamber. 

The pressure ratio is then calculated using equation [3.15]. From equation [3.15], the stagnation 

pressure is: 



The temperature ratio for the hot stream is calculated using [Moran, 1998:431]: 

The stagnation temperature is then 

The stagnation velocity of the hot stream can be calculated from the conservation of mass. 

The stagnation velocity of the cold stream (adabrasives) from the conservation of mass is 

The values of the mass flow rate, the velocities and the areas are substituted into equation [3.27] 

and the value of the momentum for incoming streams is obtained. 

Now parameters for the right-hand side of equation [3.27] need to be obtained and the equation 

must be balanced (See page A5 of Appendix A). The temperature of the mixture at state 3 can 

be found from the balance of enthalpy as follows: 

The mass flow rate of the mixture at the nozzle entry (state 3) using the conservation of mass is 



A number of iterations are required in order to find the mixture pressure and temperature. This 

is necessary to balance the momentum equation because there are two unknowns. First the Mach 

number is guessed. Then, the stagnation temperature of the mixture is found using equation 

[3.30] from the following ratio: 

In order to determine the stagnation pressure of the mixture the velocity is chosen according to 

the Mach number. The stagnation pressure is then calculated using 

If equation [3.27] is balanced, the parameters m3, T3, andp3 are used as the flow characteristics at 

the entry to the nozzle (See page A7 of Appendix A). 

3.2.3 Noule Geometry 

The nozzle throat diameter, the entry diameter and exit diameter are calculated using the 

standard tables for compressible flows in nozzles. If the combustion efficiency coefficient is 

included in the calculation then the pressure ratio between the states 3 and 4 is determined as 

follows [Cohen, 1996:403]: 

where Po3 = the stagnation pressure in the combustion chamber, MPa, 

p 4  = the critical pressure or the pressure at the nozzle throat, MPa. 



The critical pressure or the pressure at the nozzle throat is found again from the ratio: 

Since the area of the nozzle throat is unknown it is necessary to calculate the gas temperature, 

density and velocity at the exit. 

The mixture density in the nozzle throat is 

where R = the gas constant of the final mixture, Jlkg K. 

The gas velocity in the nozzle throat is 

The throat area per mass flow is determined as [Cohen, 1996: 1011 

where m = m3, the total mass flow, kgk. 

The nozzle throat area and diameter are determined using the above equation as follows: 



The specific thrust is [Cohen, 1996:87]: 

The full thrust is: 

The T-s diagram of the states within the nozzle is shown in Figure 3.5. From state 3 to state 4 an 

isentropic expansion takes place. Figure 3.6 shows the Laval nozzle with the entry (state 3) and 

the exit (state 4) corresponding to the gas cycle. 

Figure 3.5. T-s diagram of expansion in the nozzle, Moran (1998) 

Throat 

Converging section Diverging section 

Figure 3.6. Diagram of a Laval nozzle with the gas cycle states 
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The relationship between the change of nozzle diameter along the axis and a velocity of flow 

(Mach number) is given by equation [3.19]. The flow is considered isentropic with M = I at the 

throat and the diverging portion acting as a nozzle. A normal shock should be at the nozzle exit. 

The gas flow is modelled as an ideal gas with y = 1,4. Therefore, the tables for compressible 

A flows can be used [Moran, 1998:432]. The input to the reference table is the ratio of areas, - 
A' ' 

Since M = 1 at the throat A' = Ah,. Hence the ratio of diameters is 

‘4 - '4 - D 4  

A* 'throat " t h a t  

Given the value to diameter D4 the ratio can be found. It is important to find such a value of Dd 

that will provide a complete expansion of gas. This means that the pressurepr at the exit should 

be equal or close to the atmospheric pressure. Then a normal shock takes place at the exit of the 

nozzle. If the pressure pr  is greater than the atmospheric pressure then the flow is 

underenpanded, and a maximum velocity is not achieved. If, on the other hand, the pressure p 4  

is less than the atmospheric pressure the flow is overexpanded and a normal shock takes place 

inside the nozzle, which would also slow the flow. 

The calculation of the flow properties of the thermal gun is shown in Appendix A. From the 

numerical modelling, the calculated flow characteristics at state 3, which is at the entry to the 

nozzle, are shown in Table 3.1 (See page A7 of Appendix A). 

Table 3.1. The flow characteristics at state 3 

I property I Value 
I 

Density, kg/m3 
I 

3,20 

Specific heat, Jikg K 
I 

1052 

Gas constant, Jikg K 

Mass flow rate, kgis 

300 

0,186 
I 

Temperature, K 
I 

1477 

Pressure, MPa 0,775 



The geometry of the nozzle converging section was chosen according to the thermal gun 

dimensions. The entry nozzle diameter was chosen the same as the diameter of the inner 

combustion chamber. The length of the converging section was chosen according to the length 

of the nozzle holder (See Appendix E). 

According to the calculation shown in Appendix A, the nozzle included angle of the diverging 

section should he 5" - 6". Figure 3.7 shows the optimum nozzle hore geometry with a fixed 

nozzle throat of 16 mm and included angle of 5". The nozzle varying parameters are the length 

of the diverging section from 50 to 150 mm and the corresponding exit diameters. Because the 

nozzle wears out, the minimum range of diameters were chosen for the design. 

Figure 3.7. Calculated optimum hore geometry of a thermo jet nozzle 

The external surface of the nozzles is exposed to natural cooling (free convection) or to forced 

cooling. Appendix B includes the diagrams of different arrangements of the nozzles fitted to the 

thermal gun. 

If a nozzle is not covered by an housing, the cooling takes place in the atmosphere, e.g. free 

convection. It has been noticed that the WC nozzles start oxidizing if they are cooled in the 

atmosphere. It is assumed that cobalt, which is a binder, starts reacting with the oxygen and 

forms a yellowish powder. The ceramic nozzles were modelled with and without forced cooling 

to assess the stresses. 



The forced cooling on the diverging section of a nozzle was achieved in two different ways. In 

the first arrangement a portion of the compressed air from the systernlgun was directed to the 

nozzle outer surface. In the other arrangement, a suction effect of supersonic flow was used, 

where the nozzle was covered with an housing with suction holes (See Appendix B). 

The housing is longer than the nozzle and has a diameter twice that of the nozzle outer diameter 

in order to create a suction channel. The tests showed that this method provided sufficient 

cooling of the diverging section of the WC nozzles. 

3.3 Turbulence Modelling 

Turbulence modelling is important in designing high velocity air flame systems because they 

employ premixed flames. Mathematical models of turbulence are used to determine the 

Reynolds stresses and turbulent scalar fluxes. These models comprise additional differential or 

algebraic equations that relate the stresses and scalar fluxes to averaged properties of the 

turbulence field and also provide a framework for calculating these properties. Special models 

can also be employed to characterise the flow near solid walls. 

The models used for general applications are variations of the well known k-E model, all 

consisting of transport equations for the turbulent kinetic energy k and its dissipation rate E. 

The 'standard' model, in which the high (turbulent) Reynolds number forms of the k and E 

equations were used in conjunction with algebraic 'law of the wall' representations of flow, heat 

and mass transfer for the near-wall region. 

The size of the scales of turbulence determines the character of the turbulent flame Turns (2000). 

The Kolmogorov scale is the smallest length scale associated with a turbulent flow, and as such 

is representative of the dimension at which the dissipation of turbulent kinetic energy to fluid 

internal energy occurs. In order to calculate the Kolmogorov length scale l ~ ,  the Reynolds 

number must be estimated, based on the integral scale 10. It is assumed that the relative 

turbulence intensity is approximately 10% and that the integral length scale about lo = 1/10 the 

combustion chamber diameter. 

Referring to Figure 3.8, the combustion zone is divided into three sectors. The first zone is the 

combustion inlet, the second zone is the primary zone and the third zone is the dilution zone. 



In order to calculate mass flow rates the proportions of air, fuel and abrasives must be estimated 

in each zone. It was estimated that there are approximately 45% of the oxidizer in the inlet and 

the primary zone. In the dilution zone, the density of airlabrasive mixture was taken into 

account. The fuel mass flow was included in all three stages. The fueVair ratio was chosen as 

0,02 according to the measured mass flow rates at normal operating conditions. The pressure of 

the compressed air at the intake was taken as 5 bar (500.10~ Pa). The temperatures in the zones 

from the previous calculations are 300 JS, 1800 K and 1477 K, respectively. 

Inlet zone Pnmuy  w e  Dilution zone 

Figure 3.8. Combustion zones of the thermo-abrasive gun model 

The mass flows at the combustion inlet and in the primary zone are the same and can be 

calculated as follows: 

At the end of the dilution zone, the mass flow rate includes the aidabrasive mixture and is 

m3 = 0,186 kg/s as calculated in Appendix A. 

The densities in each zone, using equation [3.40], are: 



The velocities in each zone, using equation [3.12], are calculated as follows: 

u... = 0,186 
=90m/s 

"' l,58 .O,OOl26 

These values are similar to 

[3.54] 

the ones obtained in Appendix A (equation [A.11], page A5). 

The velocities of the hot stream and the mixed streams were Uhor = 47 m/s and U,, = 8 0 d s  

respectively. 

Reynolds numbers based on the mean flow are: 

where: = the viscosities at certain temperatures, 

D = the diameters of the zones, m. 

Reynolds numbers based on the turbulence quantities are: 



The Kolmogorov scales are [Turns, 200:433]: 

where: 10 = the largest length scale, mm, 

IK = the smallest length scale, mm, 

D = the combustion chamber diameter, D = 40 mm. 

Hence, 

y 40 lKi = lo . Rl 4 = - .770-O,~' = 0,00139mm 
10 

I,, = lo . R? = 4.220-~," = 0,07 mm 

I = 1 R = 4 I 030-Us7s = 0,022mm 

The calculated scales are small, with the smallest one at th e inlet, which represen 

of the smallest vortex tubes or filaments that permeate a turbulence flow. 

[3.62] 

[3.63] 

[3.64] 

e thickness 

The results of the analytical and numerical modelling are used in the advanced design of a 

thermal gun, which is shown in the next Section. 



4. DESIGN OF THE THERMAL GUN 

4.1 Advanced Design of the Thermal Gun 

The main difference between the initial and advanced designs is in the way the fueVair mixture is 

obtained (Fig. 4.1). The main portion of the oxidizer enters the combustion chamber in an 

opposite direction to the flow, providing more efficient mixing of fuel and air. Also, the fuel 

ejection passages are spiral grooves and not holes as in the initial design. This results in high 

efficiency of the combustion process and more power output. 

Combustion chamber 
Outer combustion housmg 

AY inlet ~~~h \ \ \ 
~MCX combustion housing 

AuiAbrasives Delivery nozzle 
Fuel 

Figure 4.1. Sectional diagram of the improved design of the thermal gun 

In the advanced design, the fuel and air first mix in annular passage C (Fig. 4.2). Then the 

fuellair mixture is ejected through intersecting spiral grooves N of the injector. As the fuel goes 

though the spiral grooves it is further broken into fine droplets travelling at high velocity and 

having vortex movements. 

The compressed air for combustion is supplied through hole A (Fig. 4.2). The main steam of the 

compressed air is first directed to annular passage, D. Then it goes through holes E in the outer 

combustion chamber housing, into spiral annular passage F, and into the combustion chamber. 

The spiral grooves accelerate the air flow, which helps to penetrate the air deeper into the 

combustion chamber. A portion of this air enters the combustion chamber through the radial 

holes in the outer combustion housing. While going through the annular passages D and F, the 

air temperature increases by absorbing the heat from the combustion housings. 



I Outer combustion housing 

K 

J 
Inner combustion housing 

M 

Delivery nozzle 1 L Delivery nozzle cover 

Figure 4.2. Schematic cross section of the advanced design of the thermal-gun 



The hellair mixture stream and hot air meet in the middle of combustion chamber. This is a 

final stage of fuel-air mixing. 

The main stream of the compressed air enters the combustion chamber in a direction opposite to 

the stream of fueVair mixture creating turbulence, which results in a greater mixing of 

combustion components. The high quality of the fuellair mixture provides complete combustion, 

leaving no carbon deposits inside the gun. 

The other air stream is directed through spiral grooves G .  The purpose of these grooves is to 

protect the outer combustion chamber housing walls from the fuel droplets depositing on it. This 

air also cools the housing. 

The other feature of the new design is cooling of the nozzle. Small portion of the air from 

annular passage D goes through holes K in the nozzle holder. This air is used for cooling the 

nozzle by creating a forced air flow in annular passage L between the nozzle and the housing. 

The air escapes through holes M in the housing. More details can be found in Appendix E. 

The abrasivelair mixture is supplied through the delivery nozzle (Fig 4.2). The flow is then 

directed through a converging-diverging nozzle. The concentricity of the delivery and the main 

nozzles is important for particles not to hit the sides of the main nozzle. Otherwise the main 

nozzle is worn unevenly and turbulence occurs in the flow. 

The diameter of the delivery nozzle plays an important role in performance of the thermal gun. 

The bigger the internal diameter the more abrasive can pass through and, the performance is 

therefore better. The internal diameter of the delivery nozzle should be within 9 to 13 mm. 

However, there is a limitation on the external diameter of the nozzle, which is determined by the 

wall thickness of the nozzle. If the external diameter were too big it would occupy more space 

of the combustion chamber. Hence, there would be less space for the combustion process and 

less efficiency of the system, otherwise the size of the chamber must be increased. 

The diameters of the delivery nozzle are dependant on a nozzle material and manufacturing 

processes. The delivery nozzle material must be heat resistant because the nozzle is inside of the 

area of high combustion temperatures. Also, the delivery nozzle material should be wear 

resistant as it delivers abrasives at relatively high speed, causing extensive wear. 



In this research, two types of the delivery nozzle material were tested. These were stainless steel 

310 and tungsten carbide. The former was a standard size pipe of half inch inside diameter. 

The latter one was a specially designed and pressed WC nozzle. The stainless steel delivery 

nozzles withstood the heat effect, but they wore out relatively quickly by abrasives. 

The tungsten carbide nozzles could not stand the high temperatures and oxidized on the outside 

surface. The solution was to place the tungsten carbide nozzle inside a cover of stainless steel 

pipe to protect the former from the heat. This is shown in the advanced design of the thermal 

gun (Fig. 4.2). 

The distance between the exit of delivery nozzle and the main nozzle is 12 - 20 mm, which was 

established experimentally. If the delivery nozzle is too close to the main nozzle it blocks the 

passage of the hot gases and the thermal gun chokes. If the delivery nozzle is too far from the 

main nozzle the back pressure is too high and abrasives slow down. The performance of 

blasting, in this case, is significantly reduced. Also small particles of abrasives are burnt because 

they stay in the hot gas flow longer. 

The delivery nozzle ideally should also have a form of a Lava1 nozzle. This would decrease wall 

resistance and increase the velocity of the flow. However, the size, the material and the 

manufacturing constraints do not allow such a design of the delivery nozzle. For example, 

tungsten carbide or ceramic nozzles require a wall thickness of 3 - 4 mm. At a nozzle length of 

220 mm and a small wall thickness the manufacturing processes become too expensive. 

As the result of tests the specifications of the thermal gun were established. They are presented 

in Tables 4.1 - 4.4. 

Table 4.1 Process operating specifications 

Characteristic 

Compressed air flow rate, m3/h 

Value 

200 - 320 

Fuel consumption, Vh 

Abrasive particles flow rate, m 3 h  

5,O - 8,O 

0,lO -0,15 

Maximum particle size, mm 

Pressure at the entry into the system, MPa 

2,OO 

0,3 - 0,9 



Table 4.2 Specifications of the combustion chamber housing 

Table 4.3 Specifications of the blasting nozzle 

Inside diameter, mm 

Wall thickness, mm 

Length, mm 

40 - 48 

2 - 2,5 

190 - 220 

Diameter of critical section, mm 

Included exit angle 

Table 4.4 Specifications of the delivery nozzle 

14,O -18,O 

2" - 5 O  1 
I 

Length of diverging part, mm 

Distance from the exit to the blasting nozzle, mm I 12-20 1 

70 - 100 

Internal diameter, mm 

External diameter not more than, mm 

4.2 Ignition System 

A new method of igniting HVAF apparatus evolved in this research. The meth 

9,O -13,O 

17 

ied on 

achieving a flame by means of a flame glow plug. Flame glow plugs are used for preheating 

diesel engines operating in cold regions. The diagram of the flame glow plug is shown in Figure 

E . l l  of Appendix E. 

Referring to Figure 4.2, flame glow plug H is positioned on the top of the gun. The heating 

element of the flame glow plug is positioned inside the combustion chamber. The fuel is 

supplied to the flame glow plug through fuel inlet I. An injector inside the flame glow plug 

dispenses a small quantity of fuel depending on the pressure in the fuel line. The conditions for 

the flame glow plug to ignite had to be similar to those on diesel engines. Therefore, holes J in 

the plug housing were made in order to provide passages for air for igniting a flame. If the air 

stream is too strong it cools down the heating element and no ignition takes place. On the other 

hand, too little air would not ignite a flame. The sizes and positions of the holes for the air 



passage were determined experimentally to achieve reliable ignition of the flame glow plug. 

Small amounts of fuel and air are supplied to the flame glow plug while it is heated up to 

1000 '~ .  It takes 15 - 20 seconds to ignite a flame. Once there is a flame inside the combustion 

chamber, the main air and fuel are simultaneously opened and combustion is achieved. 

4.3 Nozzle Designs and Materials 

The nozzle bore geometry was determined in Section 3 and Appendix A (pages A7 - A12). The 

nozzle external geometry depends on a type of material, a fabrication process and a cooling 

method. The possible nozzle materials include tungsten carbide, hot pressed Sic, nitride-bonded 

S ic  and SIALON. The material properties are shown in Table B.l of Appendix B. 

In this investigation, five different types of WC nozzles were used of which one was a 

conventional sandblasting nozzle (Fig. 4.3) and four types of WC nozzles were designed and 

manufactured. The designed WC nozzles differ in the nozzle throat diameter and the length of 

the diverging section. The nozzles were manufactured by Powder Industries (Pty) Ltd, situated 

in Johannesburg. All the WC nozzles were made of the same material. 

Figure 4.3. Diagram of the conventional abrasive blasting WC nozzle 

The conventional abrasive blasting WC nozzle has a Lava1 shape with a straight piece at the 

beginning of the delivering section (Fig. 4.3). This is made specifically for keeping the nozzle 

throat at the same size during wear. A productivity of conventional sandblasting is very 

sensitive to the size of the nozzle throat. A small increase in the nozzle throat diameter results in 

a substantial pressure drop. 



Two short WC nozzles were made from the standard nozzles by machining the pre-sintered 

billets (Fig. 4.4). The billets were first pressed in the existing form and pre-sintered. Then, the 

workpieces were cut to two sizes of 50 mm and 70 mrn length of the diverging section. 

The nozzle bore was machined from 12,75 mm to 15 mm diameter afterwards. Because of that 

the wall thickness got smaller than 3 mm in some places of the nozzles. The nozzles were then 

finally sintered. The sections of the nozzles are shown in Figure 4.4. 

a) 70 mm WC nozzle 

b) 50 mm WC nozzle 

Figure 4.4. Sections of the WC nozzles with 15 mm bore size 

The geometry of the 50 mm and 70 mm nozzles is not completely satisfactory because of the 

long converging section, which does not fit inside the nozzle holder, as can be seen in Figure B.3 

of Appendix B. Therefore, it is more difficult to cool down the diverging section of the nozzle. 

However, the nozzles were made for a purpose of testing the nozzle throat and the length of 

diverging section in correlation with a speed of blasting. 



Figure 4.5 shows two WC nozzles, which were specially designed. They have the same length 

but a different nozzle throat size. The two nozzle throat diameters were 16 and 17 mm, which 

were chosen according to the calculation done in Section 3. These nozzles were manufactured 

from the specially manufactured billet. The converging section of the nozzles was designed to 

fit inside the nozzle holder for cooling purposes. The outer surface of the diverging section was 

made cylindrical to achieve effective forced cooling because it provides an even size of the 

cooling passage along the nozzle axis (Figure B.2 of Appendix B). 

I 110 

a) 16 mm bore size 

110 J 
a) 17 mm bore size 

Figure 4.5. Sections of the WC nozzles with 16 and 17 mm bore sizes 

Other types of conventional sandblasting nozzle designs were also tested in this research. 

For example, Figure 4.6 shows a WC nozzle, which is used for blasting inside pipes and called 

an angle nozzle. The angle nozzle does not have the diverging section, instead it has three 

circumferential exit holes at an angle of 60' to the nozzle axis. Angle nozzles are used for 

blasting inside pipes of diameter from 70 to 250 mm. 



SIALON blasting nozzles, used in this research, were produced by a company known as Boride 

Inc. The SIALON blasting nozzle has the same geometry as a WC conventional nozzle 

(Fig. 4.3). 

Figure 4.6. Section of the WC nozzle for blasting inside pipes 

Two types of S i c  nozzles were made locally for testing. The geometry of the nozzles made of 

hot pressed S ic  and nitride-bonded S i c  is shown in Figure 4.7. The manufacturer could only 

make the geometry shown. The geometry of the diverging section complies with the calculated 

geometry. The converging section was shorter because of the manufacturing constraints. 

The angle of the diverging section could not be made bigger than 3' because it would reduce the 

wall thickness. 

Figure 4.7. Section of the S i c  nozzle 

The geometries of the thermal gun and the nozzles are used in the computational fluid dynamics 

analysis shown in the next Section. 



5. COMPUTATIONAL MODELLING OF THE THERMAL GUN 

5.1 Basic Conservation Equations 

The modelling of the process inside the thermal gun was done with computational fluid 

dynamics software, namely STAR-CD. The following basic conservation equations are applied 

in the modelling within STAR-CD software: 

5.1.1 Flow Field 

The mass and momentum conservation equations for general incompressible and compressible 

fluid flows and a moving coordinate frame (the 'Navier Stokes' equations) are, Warsi (1981): 

where t = time, 

xi = Cartesian coordinate (i = 1, 2, 3), 

ui = the absolute fluid velocity component in direction, 

4 = the relative velocity between fluid and local (moving) coordinate frame that moves 

with velocity u,,, 

p = the piezometric pressure, 

p = the density, 

z, = the stress tensor components, 

sm = the mass source, 

si = the momentum source components, 

& = the determinant of metric tensor. 



5.1.2 Heat Transfer 

The total Chemico-Thermal enthalpy is formed by summing up the mechanical energy 

conservation and the static enthalpy equations. The general form of the total enthalpy 

conservation equation for a fluid mixture is as follows, Patankar (1980): 

where T = the temperature, 

H = the chemico-thermal enthalpy, 

Fhj = the diffusional energy flux in direction 3, 

SI, =the energy source. 

5.1.3 Conduction and Conjugate Heat Transfer 

Conduction and conjugate heat transfer is applicable to conjugate heat transfer problems, i.e. 

those in which the temperature is to be simultaneously determined within a fluid and a 

neighbouring solid. For this purpose, it is assumed that the solid is isotropic, so that within it the 

following degenerate form of equation applies: 

where e = c,,T is the specific internal energy and the thermophysical properties of the solid 

material. Heat generation/dissipation may be specified using s,, as in the fluid. 

In the STAR-CD solution procedure, the energy equations for the fluid and solid are solved 

simultaneously and continuity of energy flux is enforced at the fluidisolid interfaces. 



5.1.4 Turbulence Modelling 

It is generally recognised that turbulence modelling is a complex problem and has a considerable 

degree of approximation. The main options of turbulence modelling available in STAR-CD 

software are the variations of the k-E model, all comprising transport equations for the turbulent 

kinetic energy k and its dissipation rate E. STAR-CD software provides both linear and non- 

linear turbulence models. All the linear models are unable to model anisotropic effects. Non- 

linear models, on the other hand, may prove a better alternative for flows where anisotropy, 

turbulence intensity gradients or secondary strain rates are important. 

The linear models included in STAR-CD software are as follows: 

The 'standard' model, in which the high (turbulent) Reynolds number forms of the k and 

E equations are used in conjunction with algebraic 'law of the wall' representations of 

flow, heat and mass transfer for the near-wall region. 

The low Reynolds number model in which general transport equations for k and E are 

solved everywhere, including the near-wall regions. 'Law of the wall' representations 

are therefore not required. 

The 'Renormalisation Group' (RNG) version of the k-E model, which is employed in high 

Reynolds number form in conjunction with 'law of the wall' functions. 

A modified version of the k-E model, known as Chen's k-E model, which employs both 

the production and dissipation time scales in closing the dissipation equation. This model 

is also utilised in high Reynolds number form in conjunction with 'law of the wall' 

functions. 

'Two-layer' models, in which the near-wall flow is simulated via one-equation low 

Reynolds number model consisting of a transport equation for k and an algebraic 

prescription for the turbulence length scale. The solution is matched to that of the 

standard k-E equations at the 'edge' of the viscosity-influenced region. 

All forms of the k-E and k-1 linear models contained in STAR-CD software assume that the 

turbulent Reynolds stresses and scalar fluxes are linked to the ensemble-averaged flow properties 

in an analogous fashion to their laminar flow counterparts. See Launder and Spalding (1974). 



where 

is the turbulent kinetic energy, p1 is the turbulent viscosity, and urn,, are the turbulent Prandtl 

and Schmidt numbers, respectively. The above equations effectively define these quantities. 

The turbulent viscosity is linked to k and E via 

or to k and I via 

where C, is an empirical coefficient, usually taken as a constant, and is another coefficient, to be 

defined when the individual model variants are presented. The turbulent Prandtl and Schmidt 

numbers are also empirical quantities that are usually assigned constant and equal values. 

An expression relating k, E and I is as follows: 

k312 
3 1 4 -  I = c,, 

E 



a) Standard k-8 Turbulence Model 

The transport equations of the standard k-E turbulence model (linear and non-linear) are as 

follows, El Tahry (1983): 

Turbulence energy 

where 

PNL is an empirical coefficient, PNL = 0 for linear models. The first term on the right-hand side 

of equation [5.13] represents turbulent generation by shear and normal stresses and buoyancy 

forces, the second viscous dissipation, and the third amplification or attenuation due to 

compressibility effects. The last term accounts for the non-linear contributions. 

Turbulence dissipation rate 



Table 5.1: Values assigned to the standard k-E turbulence-model coefficients 

b) RNG k-E Turbulence Model 

The formulation employed in STAR-CD software for the RNG k-E turbulence model is as 

follows, Yakhot (1992): 

Turbulence energy 

Turbulence dissipation rate 

where 

vo and B are empirical coefficients shown in Table 5.2. 

The distinctive feature of the RNG k-E model is the additional, last term in the dissipation 

equation. This is a modelled form of a term that arises from the RNG analysis and represents the 

effect of mean flow distortion on e. 



Table 5.2 Values assigned to standard the RNG k-e turbulence-model coefficients 

Most research studies in this field suggest the use of the standard k - E model or the RNG k-e 

model for modelling turbulence of combustion flows. Reitz and Rutland (1995) studied 

combustion and turbulence models of a diesel engine and concluded that there were minor 

differences in the predicted pressure and heat release rates between the standard and RNG 

turbulent models. 

The use of turbulence models requires imposition of the appropriate boundary conditions. 

The types of boundaries requiring particular attention are walls (especially when the high 

Reynolds number models are used) and inflow streams. 

The turbulence-modelling options for wall boundary conditions available in STAR-CD offer two 

ways of imposing the no-slip conditions on walls and calculating the resulting boundary layers. 

These are the 'Two layer' and 'Wall function' approaches. 

a) Two layer approach 

The no-slip conditions are applied directly and the boundary layers are computed by solving the 

mass, momentum and turbulence equations within them. In this approach, the wall regions are 

treated the same way as the interior flow, with the no-slip condition imposed at the boundary cell 

faces. The only distinction is that at some distance from the wall a switch is made from the high 

Reynolds number k - e model to the selected low Reynolds number k-1 or mixing length model. 

A fine mesh of at least 15 cross-stream grid points is employed near the wall, up to a thickness 

sufficient to encompass the near-wall region. 

b) Wall function approach 

In the wall function approach, algebraic relations based on the 'known' distributions of velocity, 

temperature and turbulence parameters in a one-dimensional equilibrium flow are used to 



'bridge' the boundary layer. Thus, they effectively provide turbulence boundary conditions at 

the layer's outer edge for the solution of the turbulence transport equations. 

For the purposes of numerical calculation, the 'law of the wall' distributions of velocity, 

temperature and other variables are assumed to prevail across the boundary layer. The latter is 

spanned by a single grid cell whose central node is assumed to be positioned at a distance of 

-30-looy+ units from the wall. If the node is placed too close, the utility of the wall functions is 

lost; if it is placed too far away, then the profiles are more likely to have departed from their 

assumed shape. The wall functions are used to link the fluxes through the wall face of the 

boundary cell to those at the central node. They are also used to modify the calculation of the 

'source' terms in the turbulence transport equations. 

5.1.5 Combustion Modelling 

Combustion modelling is a key element in the modelling of HVAF systems. Combustion is a 

phenomenon, which involves thermo-chemistry and fluid dynamics. Veynante and Vewisch 

(2002) highlighted the following features of combustion modelling: 

The fluid mechanical properties of the combustion systems must be well known to 

carefully describe the mixing of the reactants and, more generally, all transfer phenomena 

occurring in turbulent flames (heat transfer, molecular diffusion, convection, turbulent 

transport etc.). 

Detailed chemical reaction schemes are necessary to estimate the consumption rate of the 

fuel, the formation of combustion products and pollutant species. A precise knowledge 

of the chemistry is absolutely required to predict ignition, stabilization or extinction of 

reaction zones together with pollution. 

Two (liquid fuel) and three (solid fuel) phase systems may be encountered. Liquid fuel 

injection is a common procedure and the three-dimensional spatial distribution of gaseous 

reactants depends on complex interaction between the breakdown of the liquid sheets, the 

vaporization of the liquid, turbulent mixing, and droplet combustion. 

Radiation heat transfer is generated within the flame by some species and carbon 

particles resulting from soot formation and transported by the flow motion. 



HVAF combustion is especially difficult to model. For example, if liquid fuel is used, sub- 

models are required for turbulence, spray injection, atomisation, break-up, coalescence, 

vaporization, ignition, premixed combustion, diffusion combustion, wall heat transfer, and 

emissions (soot and NO,). All of these sub-models must work together in turbulent flow fields. 

Because of a high velocity of the flow, combustion inside the thermal gun is considered 

turbulent. In turbulent combustion, the differences are further complicated by the complexities 

of chemical kinematics and the strong non-linear coupling of the turbulence and the chemistry, 

Bilger (2000). Turbulent combustion is applicable to industrial furnaces, internal combustion 

engines, turbines, explosions etc. 

A flame structure is an important element of turbulent combustion. There are three types of 

flame structures. These are non-premixed, premixed and partially premixed flames. 

Non-premixed combustion is of practical importance in diesel engines, liquid fuel gas 

turbines, furnaces and fires. Most non-premixed problems are of the type that involves 

mixing and reaction of only two streams, one of fuel and the other of oxidant. 

Premixed combustion is of practical importance in spark-ignition engines, modem gas- 

fuelled gas turbine engines, jet engine afterburners and explosions. Here the fuel and air 

are essentially premixed to a mixture that is uniform in composition and temperature. 

Combustion occurs by the propagation of a front separating essentially unburnt mixture 

from essentially fully-burnt mixture. 

Partially premixed combustion is found in many furnaces where the fuel is partially 

premixed with so-called "primary air" before entering the combustor. This is also the 

situation in gas turbines with pre-vaporisers. Stratified charge engines and the so-called 

homogeneous charge compression ignition engine have considerable premixing of the 

fuel. 

In the design of the thermal gun, the fuel and air are partially premixed before entering the 

combustion chamber. Therefore, the models of partially premixed flames are considered to be 

applicable to the model of the thermal gun. 

There are two general approaches in solving combustion reactions, chemical kinetics and the 

Probability Density Function (PDF) method or their combinations and variations. Chemical 

kinetics is concerned with the mechanisms and rates of reaction of chemical species at the 



molecular level. This information is essential for modelling purposes, but highly system-specific 

(i.e. dependent on the nature of reactants, pressure, temperature, etc.) and often difficult to 

obtain. Reaction mechanisms vary in size and complexity from simple schemes involving a few 

species and a single reaction step, e.g. the irreversible reaction, to highly complex systems with 

thousands of species and hundreds of reactions. For example, Hawortb et al. (2000) proposed a 

chemical kinematics for propane-air combustion consisting of 73 reactions. Many commercial 

computational fluid dynamics software do not allow such a number of reactions to be modelled. 

For example, the version of STAR-CD software, used in this research, can only model up to 50 

chemical reactions. 

Simple, so called 'artificial' reaction schemes are often constructed as approximations to the 

more complex ones, to make them more tractable to analysis. The accuracy of the analysis is 

then dependent on the validity of the approximations. 

If the flow is turbulent, the conventional method of solving for the average values of the species 

concentrations, temperature and other variables gives rise to further complications when the 

chemical reactions are to be evaluated; because these are usually non-linear functions. 

Additional 'turbulent reaction' modelling is therefore necessary to evaluate the average reaction 

rates. Such models are available but they have their own sets of underlying approximations and 

uncertainties, Veynante and Vervisch (2002). Moreover, these models are non-universal and 

depend on the type of flame structure, i.e. non-premixed, premixed and partially premixed 

models. 

According to Bilger (2000), many systems with some primary air admixed with the fuel have a 

flame structure with diffusion-controlled reaction zones with diffusion essentially in the direction 

of the mixture fraction gradient and they can be satisfactorily modelled by models developed for 

non-premixed flames, i.e. PDF. Saxena and Pope (1999) also indicated that a PDF approach is 

the most suited method for turbulent-reactive flows since complex reactions can be treated 

without modelling assumptions. 

The standard Presumed Probability Density Function (PPDF) model was developed to predict 

non-premixed or 'diffusion' flames formed at the interface between separately-introduced fuel- 

bearing and oxidant-bearing streams. This model employs the 'fast-kinetics' assumption, which 

results in having turbulent mixing between the streams as the rate-controlling process. 



The standard PPDF model described by Richardson et al. (1953) characterises the mixing 

process in terms of: 

1. The time-average fields of the mixture fraction f and its mean square fluctuations or variance, 

defined as 

.2  
gf -f [5.22] 

where f ' is the instantaneous fluctuation about the mean and the overbar denotes the time 

average. Each field is governed by its own differential transport equation. 

2. A presumed form of probability density function (PDF) for the instantaneous mixture fraction 

F ,  which depends on the above mentioned variables and is denoted by Plf). 

The instantaneous temperature f ,  density P and species k concentrations can each be 

uniquely related to$ Their time-average values can then be determined from 

Where 4 stands for any of the above mentioned variables. Thus, the complete model consists of 

the transport equations for f and gf, the presumed PDF, Plf) and the set of 4 lf) relations for "T, 

"rn and P. 

The mixture fraction f is obtained by solving the following equation, Richardson et al. (1953): 

where a/,, = the turbulent Schmidt number, 

Df= is the molecular diffusivity of constituentf; 

= the dynamic viscosity, 



The source term S represents the addition of fuel into the gaseous phase originating from a 

second phase, e.g. diesel fuel droplets or coal particles. 

The equation for the variance gfis as follows: 

The presumed PDF form is a P function given by 

fO"(l- f)" 
P ( f )  = , 

j f"'(1- f)"'df 
0 

where 

The functions J( f )  are derived from the particular assumptions made about the instantaneous 

reactions and are specific to each fueltoxidant combination. The principal assumptions are: 

The reactions are 'fast', leading to thin burning zones embedded in the turbulent flow 

field. 

The thermo-chemical state at any point within such a zone is uniquely related to J: 

This assumption strictly requires that the zone he adiabatic, although empirical means of 

correcting for heat losses have been devised. 

Based on the results of the literature search, combustion modelling in this research was mainly 

done with the PPDF model, although a chemical kinetic model of a 3-step combustion reaction 

was also applied to compare the models. 



5.1.6 Mult&hase Flow Modelling 

The LagrangianiEulerian approach is used by STAR-CD software for solving multiphase flows, 

in which the conservation equations of mass, momentum and energy for the dispersed phase are 

written for each individual element. The governing equations for the continuous phase are 

expressed in Eulerian form and are suitably modified to take account of the presence of the 

dispersed phase. For flows involving a (comparatively) small number of dispersed elements, it is 

possible to solve a set of the aforementioned Lagrangian equations for every element. However, 

if the number of particles is large, a statistical approach is more practical. The total population is 

represented by a finite number of computational parcels (samples), each of which represents a 

group (cluster) of elements having the same properties. The number of samples must be large 

enough so that the properties of the full population are well represented. This can he assessed, in 

the absence of any other measures, by performing calculations with different numbers of samples 

and comparing the results. 

For the dispersed phase, STAR-CD software uses the Lagrangian conservation equations for 

momentum, mass and energy, which were described in Section 1 (equations [1.4] - [1.13]). 

For the continuous phase, the conservation equations with modifications are as follows: 

1. Account is taken of the displacement of the carrier fluid by the dispersed phase, measured by 

the fractional volume a,. The necessary modifications to the fluid equations are: 

(a) Replacement of the density p, and effective viscosity bft in the transport terms on the 

left-hand side by the products a, p, and a, b ~ ,  respectively. 

(b) Multiplication of the right-hand terms representing volume-integrated sources and other 

effects by a,. 

2. Inter-phase transfer effects are allowed for by including the appropriate sourcelsink terms, 

derived from the Lagrangian equations. 

The Lagrangian equations, when integrated over the control volume, yield the changes in the 

momentum, mass and energy of each discrete element between its entry and exit. The sum of 

these changes for all elements crossing the volume provides, with change of sign, the net 

momentum, mass and energy exchanged with the carrier fluid. These are the 'source terms' for 

the continuous phase equations. 



5.2 Model Physics 

The model of the thermal gun consists of a combustion chamber and different nozzle models. 

The combustion chamber of the thermo-abrasive gun is similar to a can-type combustion 

chamber of a gas turbine, Cohen (1996), scaled down to a hand-held device. The combustion 

chamber has a number of sets of air inlets placed circumferentially at the combustor head to 

promote maximum mixing and flame stabilisation (Fig. 5.1). 

Similar to a ramjet, the nozzle is directly coupled to the combustion chamber. A nozzle bore 

diameter of 16 mm was used in the simulation. This was calculated using the multiphase flow 

properties obtained in Section 3. The lengths of the nozzle diverging section were chosen as 50, 

70, 100, 120 and 150 mm. These values were alternatively used for the simulation. Different 

nozzle geometries (stsaight and Laval-type) were also modelled in order to compare the 

velocities of the gas flow and the abrasives. 

The air used for combustion enters through a number of inlets (Fig. 5.1). Approximately 80% of 

the air, directed to the combustion chamber, enters through inlet 1 and travels between the outer 

and inner combustion housings. This air enters the combustion zone in an opposite direction to 

the flame, creating the turbulence needed for mixing of fuel and air. A small portion of this air 

passes through the holes in the outer combustion housing creating additional turbulence and 

improving premixing of fuel and air. 

Approximately 20% of the air, directed to the combustion chamber, enters the combustion zone 

swirling through sets of inlets. The first set (not shown) is nearest to fuel inlet 3 .  This stream 

mixes with fuel at the entry to the combustion zone. The second set (Inlet 2) is at the wall of the 

combustion chamber housing. Air passing though this inlet protects the combustion housing 

wall from overheating by forming a high velocity air layer. 

The fuel stream is injected through inlet 3. The aidabrasive mixture enters the combustion zone 

through the delivery nozzle (Inlet 4), which is concentric with the combustion housing. 



Air injection holes 
Outer combustion housing 

\ \  \ Inner ca 
Air inlet 1 

\\ 
~mbustion housing 

AiriAbmives inlet 4 

Combustion zone Delivery nozzle 

Figure 5.1. Schematic of a half cross section of the model 

The outer housing was specified as a non-slip wall with the turbulence parameters. The delivery 

nozzle and the combustion housings where modelled as bafles (zero thickness cells). For the 

generic nozzle model, the nozzle was specified as a non-slip wall with the heat flux to account 

for cooling and radiation properties. For the 70 mm nozzle model, the nozzle wall and the 

cooling air streams were modelled with solid and fluid cells respectively. This was done in order 

to execute a conjugate heat transfer analysis in solids. 

The following modelling strategy was used: 

cylindrical coordinate system with hexahedral cells, 

inlet, outlet, cyclic and wall boundary conditions, 

steady, compressible and non-isothermal flow options, 

combustion models with the PPDF analysis and 3-stage chemical reaction, 

the standard k-E turbulence and RNG models for the turbulence characteristics, 

walls with the heat flux, radiation and material properties, 

two-phase Lagrangian model for particles. 

The physical properties of air are assumed were set as follows: 

air was assumed to be composed of 23,2% oxygen and 76,8% nitrogen, by mass, 

the pressure was 5 bar, 

the temperature was 293 K, 

the density varied according to Presumed Probability Density Function (PPDF) with 

pressure, 



the molecular viscosity was 1,8 1:1 o - ~  Pa s, 

the specific heat at 300 K was 1006 Jikg K, 

the thermal conductivity was 2,637.10.' Wlm K. 

5.3 Meshing and Boundary Conditions 

The thermal gun model dimensions were taken from the physical model designed previously 

(Fig. 5.2). A mesh of finite volumes was constructed using hexahedral cells having the 

following dimensions: 

10" sectors in the combustion chamber cross section with lmm radius segments, 

2 mm on the length along the model length. 

The total number of cells of the initial model varies from 15 000 to 27 000 depending on the 

nozzle length (Fig. 5.3). A grid-sensitive study was done after the initial solution was obtained. 

The results of the grid-refinement are shown in Section 5.6. 

Figure 5.2. Schematic of a half cross section of the model with the dimensions 

The delivery nozzle, the outer and inner combustion housings where modelled as bafJles with the 

injection holes as shown in Figure 5.4 in blue colour. 



Nozzle

Figure 5.3. Meshed model of the thermo-abrasive gun

Inner combustion housing

Air injection holes

Figure 5.4. Baffle boundaries of the thermo-abrasive gun model

For setting boundaries the following were taking into account:

. Realistic values were assigned to all dependent variables, including the turbulence

parameters and heat flux, and also to auxiliary quantities, such as density.

. Overall continuity was satisfied.

Only one sixth of the model was used with an aid of Cyclic boundaries where the flow pattern

repeats itself in a cyclic fashion (Fig. 5.5). The purpose of cyclic boundaries is to limit the size

of the domain, and hence the computer requirements, by excluding regions where the solution is
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essentially known. This in turn allowed one to model the flow in greater detail than would have

been the case otherwise.

The other features of Cyclic boundaries that were important for the model of the thermal gun

are:

. Cyclic boundaries are recommended for flows with swirl, which takes place inside the

thermal gun.

. Cyclic boundaries are used for the blending schemes to apply the maximum level of

central differencing in the tangential direction.

Cyclic boundaries of
the combustion chamber

Figure 5.5. Cyclic boundaries of the of the thermo-abrasive gun model

The model inlets are shown in Figure 5.6, which includes the orthogonal and the isometric views

of the model. The inlets are as follows:

. Inlet 1 is the no-swirling secondary air inlet between the outer housing and the outer

combustionhousings(gapD in Fig.4.2).

. Inlet 2 is the swirling air inlet along the outer combustion housing. In the thermal gun it

is provided by the twelve spiral grooves on the outer surface of the injector body.

The grooves are represented by the three holes of the corresponding area (grooves E in

Fig. 4.2).
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. Inlet 3 is the fuel inlet of the injector. There are four spiral grooves in the injector.

Therefore, the fuel inlet is represented by one hole in one fourths of the model (grooves

N in Fig. 4.2).

. Inlet 4 is the entry of the delivery nozzle. The inside diameter of the delivery nozzle is

10 mm (entry 0 in Fig. 4.2).

. Inlet 5 is the swirling primary air inlet of the injector. This inlet is represented by two

holes of 3 mm2 area each to provide the premixed fuel/air ratio similar to the injector

(grooves N in Fig. 4.2).

Air inlets I (non-swirling)

Air inlets 2 (swirling)

Air inlets 5 (swirling)

Fuel inlet 3 (swirling)

Air/Abrasive inlets 4

Figure 5.6. Inlet sets of the thermo-abrasive gun model

The air and fuel velocity magnitudes were calculated from the mass flow and the corresponding

areas of inlets. For the swirling flows, all three velocity components were specified according to

the angle of the spiral grooves of the injector. For non- swirling flows, only a Z(W)-velocity

component was included (See Table 5.3).

For the nozzle model with solid cells, two conditions were set, one was for free convection and

the other one was for forced cooling. Subsequently, the air on a top of the nozzle was given

either the buoyancy flow characteristics or a velocity of 50 mls at the Inlet (Fig. 5.7).

The radiation characteristics for the boundaries were set as shown in Table 5.4
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Table 5.3 Inlet modelling boundary conditions

Inlet

Nozzle

Figure 5.7. Meshed model of the gun with the nozzle and cooling cells

Table 5.4 Boundaries radiation characteristics

84

Boundary conditions

Inlet Density Velocity Component, mls Turbulence

of fluid, X, Y, Z, Turbulence Turbulence length

kg/m3 mls mls mls intensity k, scale I or

m2/s2 dissipation rate B

Air Inlet 1 1,19 0 0 70 0,1 0,01

Air Inlet 2 1,19 14 30 50 0,1 0,01

Fuel Inlet 3 1,83 14 30 50 0,1 0,01

AirlAbr Inlet 4 1,19 0 0 100 0,1 0,01

Air Inlet 5 1,19 6 12 22 0,1 0,01

Boundaries characteristics

Temperature, K Resistance Emissivity Reflectivity

Inlets 600 - 1 -

Outlet 900 - 1 -

Walls 600 or flux 0.8 0.8 0.2

Baffles 600 0.8 0.8 0.2



5.4 Combustion Models

Practice showed that the thermal gun can work on liquid and gaseous hydrocarbon fuel. For

modelling in this research, propane (C3 Hs) was used as fuel. Based on the results of the

literature search, the two approaches were applied to model combustion. These are an Adiabatic

Chemical reaction defined by Presumed Probability Density Function (PPDF) and three-step

reaction of C3HS.

5.4.1 Adiabatic Chemical Reaction Defined by PPDF

The combustion calculations used in this research are as follows:

. Transport equations are solved for the leading reactants and their mixture fractions.

(Mixture fraction =Unburnt fuel mass fraction + Burnt fuel mass fraction).

. The concentration of oxygen is obtained from its fixed fraction in the inlet air stream and

the amount of fuel burnt. Thus, an internal linear equation is employed to compute the

oxygen concentration. The nitrogen concentration is obtained from its fixed fraction in

the inlet air stream.

. The concentration of products (carbon dioxide and water vapour) is obtained from the

amount of burnt fuel and is therefore, also computed from a linear equation.

. Using linear equations for oxygen and product concentrations implies that the molecular

diffusivities of all species are treated as identical.

. It is assumed that the combustion rate is controlled by turbulent mixing of fuel and air

and is calculated via the Eddy break-up model.

. The mixture specific heat is assumed to be dependent on component specific.

The following numerical considerations were taken into account:

. The combustion source term in the leading reactant transport equations is large; therefore,

the fuel concentration requires under-relaxation.

. Using the chemico-thermal option for enthalpy, enthalpy and mixture fraction must

develop numerically at the same rate as the fuel fraction. Therefore, the under-relaxation

factors for enthalpy and transported species were set identical.
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. Small errors in calculating the fuel concentration can strongly influence the computed

temperature. Therefore, the transport equations for species and enthalpy were solved to a

tight solver tolerance of 0,001.

For the PPDF model, the 20 polynomial coefficients for density, temperature and chemical

species were loaded from the built-in database (Fig. 5.8). The software also maps automatically

any existing scalar variables to the constituents of the reaction scheme and defines their initial

conditions and properties. These coefficients can be viewed graphically as shown in Figure 5.9.
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Figure 5.8. Polynomial coefficients

A total of eight scalar variables were created and monitored, such as C3Hg,02 , CO, C02, H20

and N2, mixture fraction and variance. For an adiabatic PPDF model, correct specification of

scalar properties is unimportant because the enthalpy and species transport equations are not

solved (they are evaluated instead by the model). Density is also calculated in the same way.

The scalars for mixture fraction and variance were set to 'passive' automatically. Whereas

scalars from 3 to 8 (C3Hg,02, CO, C02, H20 and N2) were defined as follows:

Air Inlets 1, 2, 4 and 5:

. 02 concentration: 0,21

. N2concentration: 0,79
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Fuel Inlet 3:

. Mixture Fraction: 1

. C3Hgconcentration: 1

1.0
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Figure 5.9. Graphical representation of the polynomial coefficients

The solution control parameters were set for the under-relaxation factor and residual tolerance as

follows:

the under-relaxation factor =0,7

the residual tolerance =0,001

the under-relaxation factor =0,7

the residual tolerance =0,001

The control parameters for other scalars such as temperature are the same because, when option

Chemico-Thermal is selected for enthalpy, the programme changes these values automatically to

match those for temperature. This ensures that enthalpy and all transported scalars are developed

numerically at the same rate.

Figure 5.10 shows the resulting simulated temperature distributions of the adiabatic chemical

reaction of combustion of C3Hg inside the thermo-abrasive gun for a 100 mm straight bore
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nozzle. These results were identical for the standard k - Gturbulence model and for the RNG

k -Gturbulence model with a temperature difference of approximately of 130 K.

According to the computational results, the outer combustion chamber housing is subjected to

the highest temperature in the middle section. This is because it is a region where the fireball

occurs as a result of the flow velocities and a speed of the chemical reaction. The gas

temperatures at the inner combustion chamber housing are much lower due to mixing with the

high velocity stream of incoming air. The gas temperatures in the nozzle converging section are

considerably lower than in the diverging section due to the flow properties and partially because

of the protecting layer of incoming air, which is still effective in the converging section.

- ,,

a) Temperature distribution with the k - Gturbulence model

-- - -,

b) Temperature distribution with the RNG k- Gturbulence model
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Figure 5.10. Temperature distributions of the PPDF combustion ofC3Hg inside

the thermo-abrasive gun
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5.4.2 Three-Step Reaction of C3Ha

The three-step reaction of C3Hs is performed in the following form:

C3Hs + 1,50z --+3CO + 4Hz

CO + 0,50z --+COz

Hz + 0,50z --+HzO

[5.29]

[5.30]

[5.31]

The three-step reaction of C3Hsuses multiple chemical reaction steps to describe fuel pyrolysis

and the subsequent oxidation into combustion products. The physical properties of air (23,2%

oxygen and 76,8% nitrogen, by mass), leading reactants (C3Hs, CO, Hz) and products (COz,

HzO) are shown in Table 5.5.

For the three-step chemical reaction, it was necessary to initiate combustion by an ignition

mechanism. Ignition comprises an artificial reduction of the fuel concentration used to

determine the combustion rate and is performed over a pre-defined number of iterations. A total

of 90 cells were collected together and designated as ignition cells. A region of the flow domain

downstream of the inlets was chosen for this purpose.

Table 5.5 Physical properties of reactants

The type of the combustion model chosen was Local Source. The default setting for the flame

type model was Diff. Flame (Diffusion Flame), which is the desired option. The reaction rate

under-relaxation factor is not relevant in this case as it is used only in transient simulations. For

all three reactions, the default settings were accepted for the Rate Model (Eddy break-up model),

Type (Homogeneous), Tscale (Local) and Option (Standard) pop-up menus.
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Molecular weights Air C3Hs CO Hz COz HzO

28,96 44,0 28,0 2,0 44,0 18,0

Density Ideal gas

Molecular viscosity 1,81.10-5 Pa s

Specific heat Polynomial function of temperature

Thermal conductivity 2,637.1O-lW/m K



A total of ten scalars were created, including three 'passive' scalars representing the mixture

fractions of the leading reactants. The solution for these scalars is required by the Eddy break-up

formulation. The other scalars were set as 'active' so that their influence on the flow field could

be taken into account through the density calculation. As a result of the 'Polynomial' setting for

the background fluid, the programme automatically assigns a polynomial specific heat to the

scalar variables representing the reaction constituents. They can be viewed in Figure 5.11.
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The chemical boundary conditions for the inlets were specified as follows:

Air Inlets I, 2, 4 and 5:

The solution control parameters were set for Primary Variables as follows:

Figure 5.12 shows the three-stage combustion of C3Hg. It can be seen that the temperatures are

higher than with the previous combustion model. Also, the temperature distribution is different.

The reaction takes place over wide area of the combustion chamber spreading nom the delivery

nozzle to the outer combustion housing. The gas temperatures in the nozzle appear to be of the

same magnitude.
TEMPERATURE
ABSOLUTE
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ITER = 500
LOCAL MX- 2362.
LOCAL MN= 293.0
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440.8
293.0

Figure 5.12. Temperature distributions of the three-stage combustion ofC3Hg

The literature study indicated that a PPDF analysis is the most typical for this type of

applications. Thus; the PPDF model was used for obtaining particles velocities and temperature

distributions in the nozzle inner wall.
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. 02 concentration: 0,232

. N2concentration: 0,768

Fuel Inlet 3:

. MixtureFraction: 1

. C3Hgconcentration: 1

. Temperature: therelaxationfactor=0,7

. Temperature: the residualtolerance=0,001

. Density: the relaxation factor =0,8



5.5 Two-Phase Flow with Particles

There are a number of abrasive media used for abrasive blasting. The most commonly used are

platinum slag, garnet and Ah03 with fraction sizes varying between 0,1 mm and 1,5 mm in

diameter. Ah03 with a 0,5 mm fraction size was chosen for modelling, as it believed to give the

most common profile on blasted surfaces. The particle properties are shown in Table 5.6.

The volumetric loading of particles in the incoming air was chosen to be 0,05%, corresponding

to a volumetric particle flow rate of3,52.10-5 m3/s.

Table 5.6 Characteristics of the abrasive particle flow

The initial particle velocity was given at the entry to the delivery nozzle. The particles travel

some distance in the hoses and therefore, gain some velocity. The total number of particles

entering the delivery nozzle was estimated to be of the order of one hundred thousand per

second. Because only 1/6 sector was modelled, the number of particles entering the domain was

accordingly adjusted to 16 700 per second.

Particles were grouped into 50 parcels that were uniformly distributed across the inlet. Each of

the parcels represented 335 particles. The particle parcels were spaced inside the delivery nozzle

and along the Z-axis in order to prevent blocking of the delivery nozzle (Fig. 5.13). All particles

were considered to rebound perfectly from the walls. The definition of the initial conditions for

parcels was started with parcel no. 1, composed of 335 particles with identical behaviour and

properties. Also the initial diameter, density and temperature of a typical particle in the parcel

were set, as well as its initial position coordinates and initial velocity components.
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Property Value

Particle diameter, m 5,0'10-4

Density, kg/mJ 3,78'lOJ

Volumetric loading 0,0005

Initial velocity along a Z-axis, mls 10



Transport mechanisms and physical properties were defined for droplet type I on the basis of:

. Standard procedures for the calculation of momentum transfer between the continuous

and dispersed phases, which were set up in Section 3,

. Constant physical properties, with density set to 3780 kg/m3,

. Particles bouncing off solid obstacles in the event of a collision.

Delivery nozzle area

Particle parcels

VELOCITY MAGNllUDE

MIS

LOCAL MX. 10.00
LOCAL MN. 10.00

10M
10M
10M
10M
10M
10M
WOO
10M
WOO
10M
1000
1MO
1~OO
1~OO
1MO

Particles initial velocity vectors

Figure 5.13. Particle parcels spacing inside the thermo-abrasive gun model

The steady-state method SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) was

used as a solution method for fully-coupled procedure between the dispersed and continuous

flows. Firstly, the Lagrangian equations were solved on the carrier fluid equations (still with

implicit coupling between the two sets) for each iteration. Secondly, the Lagrangian solution

was applied to each dispersed element through the mesh from its starting point to the stage where

it either disappears from the calculation domain or adheres to a solid surface, if this particular

boundary condition is imposed.

In order to allow for the fact that the Lagrangian trajectories may change due to evolution of the

carrier flow during the iterative process, the related 'sources' of momentum, heat and mass in
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each cell are accumulated and then divided by the iteration counter N. This produces averages

that gradually attain their steady-state values as the calculation proceeds. The usual termination

tests are applied to decide when convergence has been achieved.

The results are stored in the track file, which provides information about particle velocities,

temperature and mass distribution. The particle tracks can be viewed with the velocity

distribution (Fig.5.14). It appears that particles gain velocity of approximately of 80 mls after

leaving the delivery nozzle. The biggest acceleration is achieved in the diverging section of the

nozzle where the high velocity flow increases the drag force. The prediction of the particle

velocity agrees well with the theory of multiphase flows.
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Figure 5.14. Particle tracks and velocities inside the thermo-abrasive gun model

The various lengths and geometries of the nozzle diverging section were alternatively used in the

modelling process. The results were analysed and presented in Section 5.7.

5.6 Grid Sensitivity Study

After completing a first set of the results, the entire grid of the thermal gun model was refined by

a factor of 2 in all three coordinates. The temperature in the nozzle boundary cells were

compared and found to be close. However, the computational time increased tenfold (See

Appendix C).
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Since the temperature and the heat flux in the nozzle boundary layer are the most important

characteristics in this study, the grid improvement was done be refining the cells near the nozzle

inner wall in order to achieve a two-layer turbulent model near the wall. This was done in a

number of steps. Firstly, the cells were refined by a factor of 2 in all three coordinates. After

that the cells were refined by a factor of 4 in all three coordinates. Lastly the cells were refined

by a factor of 6 in a radial direction and by a factor of 2 in an angular and longitudinal direction

(See Figure C.26 of Appendix C).

The y+ values for the nozzle region were obtained for all the steps and compared with the

prescribed range of 30 to 100 units to satisfy the criterion for the wall function. When the

resultant y+ values fall within the limits, it was considered that the grid-refinement was achieved.

Figure 5.15 shows the average y+ values obtained in the three grid-refinement steps. The data

indicates that the y+ values decrease with the grid-refinement. In the final step of grid-

refinement the y+ values obtained were between 31 and 85, which satisfies the criterion for the

wall function (See Figure C.27 of Appendix C).

900
800
700
600

+ 500
>- 400

300
200
100

o
1 2 3 4

Refinement steps

Figure 5.15. Y+ values obtained in the grid-refinement steps

The graphs of the residuals versus number of iterations for all the grid-refinement steps were

plotted, showing that the solution converged, starting from 251 up 500 iterations, (Fig. 5.16).

(See also Appendix C).
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Figure 5.16. Residualsversusiterations graphs

The data obtained from the solutions for the models with the course and refined grid was

analysed. It was found that the flow and particles velocities do not change significantly with the

grid refinement. The initial grid, therefore, was used in the studies of the optimum nozzle

geometry for particle acceleration, whereas the model with the refined grid was used to obtain

the temperature distribution in the nozzle inner wall. The refined-grid model is based on a 'two-

layer' grid model, a PPDF combustion model and an RNG k -Gturbulence model.

5.7 Analysis of the Results

5.7.1 Gas and Particles Velocities

A multiphase flow was simulated for various nozzlesand conditionsin order to determinethe

relationship between the nozzle geometry, gas and particle velocities. The nozzle models used

vary in length and the type of bore, i.e. straight or Laval type. The diverging section of the
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nozzles had 50, 70, 100, 120, 150 mm lengths. Also the velocities for particles with and without

combustion were obtained. The data obtained in this manner is presented in a number of graphs

(Fig. 5.17 - Fig. 5.21). The negative part of the horizontal axis (-50 to 0) (Fig. 5.17) represents

the converging section of the nozzle. The "0" represents the position of nozzle throat. Positive

values from 0 to 150 mm on the horizontal axis represent the length of the diverging section of a

nozzle.

2000 ~ Combustion Gas velocity

_ Airvelocitywithout combustion

500

1500

.!!!
E
i- 1000
'u
o
~

o

-50 -25 0 25 50 75 100 125 150
Nozzle length, mm

Figure 5.17. Gas and air velocities

The simulation results indicate that for conventional abrasive blasting, the air speed reaches

Mach 2 after having travelled 50 mm along the length of the diverging section, after which it

stays almost constant for the rest of the nozzle length. In the case of thermo-abrasive blasting,

the gas velocity would increase to Mach 5 over the same distance (50 mm from the nozzle

throat) for a distance of approximately 25 mm along the nozzle length, after which it would start

to decrease rapidly to about 1000 m/s at the nozzle exit. It appears, therefore, that the thermo-

abrasive nozzle should not be longer than 70 - 100 mm for the conditions set.

Figure 5.18 shows how the air and particle velocities change with nozzle length in conventional

sandblasting. A maximum particle velocity of 130 m/s is reached for a 150 mm long nozzle.

The data tend to indicate that the longer the diverging section of a nozzle, the higher the velocity

of particles, i.e. short sandblasting nozzles are ineffective in conventional sandblasting.
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Figure 5.18. Air and particle velocities without combustion

For thenno-abrasive blasting, with a straight bore nozzle of the same length of 150 mm, a

maximum particle velocity of 250 mls is reached (Fig. 5.19). Comparison of particle velocities

for the two methods of blasting shows that the particle velocity for thenno-abrasive blasting is

almost double the velocity in conventional blasting (Fig. 5.20). In tenns of kinetic energy this is

a fourfold increase.
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Figure 5.19. Gas and particle velocities with combustion with a straight bore nozzle
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Figure 5.20. Particle velocities with and without combustion with a straight bore nozzle
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Figure 5.21. Particle velocities with different nozzle bore geometries

The particle velocities attained for straight bore and Laval type nozzles for thermo-abrasive

blasting are shown in Figure 5.21. The data indicates (Fig. 5.21) that a nozzle with a straight

bore produces higher particle velocities than what would be possible with a Laval nozzle of the
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same length. However, practice shows that the blasting pattern with a straight bore nozzle is

more concentrated and therefore, smaller in size.

The choice of nozzle geometry depends on the type of application. If the blasted surface is hard,

e.g. hard metal coating, the straight bore is preferred as it gives more concentrated energy.

In general applications, where a surface has mill scale or has been oxidized, a Laval nozzle

would give a bigger (2x) blasting pattern and greater productivity. The conclusion is that

although the gas velocity decreases after 70 mm length of the diverging section, a nozzle length

of up to 150 mm is required for particles to gain a maximum velocity. However, longer nozzles

in thermo-abrasive blasting would absorb more heat and therefore, they would require additional

cooling.

5.7.2 Temperature Distribution in the Inner Surface of the Nozzle

The generic nozzle model does not include the outer surface geometry because it varies with the

material and manufacturing process. For example, WC nozzle can have a wall thickness

between 2,5 and 5 mm, whereas most ceramic nozzles have a wall thickness between 5 and

10 mm. The nozzle outer geometry also determines the clamping method, which in its turn

influences the cooling method as explained in Section 4 and shown in Appendix B.

In the generic nozzle model, the effects of the nozzle material and partly cooling method on the

nozzle inner surface temperatures were taken into account by including the material thermal

resistance between 0,006 and 0,012 m °C/W, calculated as follows [Ozisik, 1985:53]:

(
Dext

J
In-

Dint

Rtherma/ = 2. It .k . I
[5.32]

where Rtherna/= the thermal resistance, m °C/W,

Dext= the outer diameter, m,

Dint= the inner diameter, m,

k =the thermal conductivity, W1m2°C,

I =the nozzle length, m.
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The temperatures of the boundary layer of the flow inside the nozzles were obtained and used as

the inner surface nozzle temperatures (Fig. 5.22). The detailed graphical output and textual data

are given in Appendix C.

The thermal gun has a wide range of operating conditions, depending on the amount of fuel used.

This was modelled in the CFD analysis using low and high fueVair ratios (Fig. 5.22). The low

fueVair ratio of 0,01 corresponds with the minimum operating fuel consumption. It was found

that below this level the combustion is unstable. The high fueVairratio of 0,02 corresponds with

the maximum fuel consumption. Above this level incomplete combustion occurs resulting in

black smoke coming out of the nozzle.

The converging section of the nozzle has lower temperature than the diverging section

(Fig. 5.22). After the nozzle throat the temperature rises rapidly and stabilizes at approximately

70 mm. There were no differences in the temperatures of Laval and straight bore nozzle.

The data suggests that the temperature gradient between the nozzle converging and diverging

sections is 350°C. From the design point of view it is clear that the converging section of the

nozzle is subjected to extremely high temperatures and must be treated differently, compared to

the converging section.

-40 -32 -24 -16 -8 0 8 16 24 32 40 48 56 64 72 80 88 96 100

Converging Throat Diverging sections of Nozzle, mm

Figure 5.22. Temperature distribution in the boundary layer of a 100 mm nozzle
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Using a conjugate heat transfer analysis, the temperature distribution in the nozzle wall was

obtained for free convection and forced cooling (Fig. 5.23). The material properties such as

density, thermal conductivity and specific heat were set for the we and ceramic nozzles.

For forced cooling, the nozzle inner surface temperature is reduced on average by 1000e

compared with free convection (Fig. 5.24). The nozzle outer surface temperatures differ because

of the material properties, geometry and cooling method (Fig. 5.25). The temperature gradient in

the ceramic nozzles appears to be less than for the we nozzles for forced cooling.

The data indicates that for free convection the nozzle inner surface temperature is the same as for

the boundary layer (Fig. 5.22) and that the temperature gradient in the nozzle is low for all the

materials.

Outer surface Inner surface Nozzle throat

TEMPERATURE
ABSOLUTE
KELVIN
ITER - 200

LOCALMX- 663.4
LOCALMN- 569.9

Exit
-.-. -. _. -.-.-. _.-.-. -. -.-.<::

6634

6424

621.4

600.5

779.5

756.6
737.6

716.7

695.7

674.7
653.6

632.6

611.9
590.9

569.9

Figure 5.23. Temperature distribution in the we nozzle with forced cooling
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Figure 5.24. Temperature of the nozzle inner surface with forced cooling
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Figure 5.25. Temperature of the nozzle outer surface with forced cooling

In this modelling, the temperature of the cooling air was set 20°C at the entry of the cooling

passage. However, in reality, the temperature could be significantly higher due to fact that the

air absorbs some heat from the combustion chamber before entering the cooling passage. This

would influence the convection coefficient of the nozzle outer surface.

The temperature distributions in the boundary layer and in the nozzle inner surface were used in

the finite element analysis shown in the next Section.
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6. FINITE ELEMENTANALYSISOF THE NOZZLE MODELS

6.1 Basics of Heat Transfer Analysis Modelling

The heat transfer and the stress analyses were done with Finite Element Analysis (FEA)

software, namely ALGOR. Firstly, a heat transfer analysis was performed in order to determine

the temperature distribution through the nozzle models designed in Section 3, with the initial

temperatures obtained in Section 4. After performing the heat transfer analysis, a thermal stress

analysis was done to determine the stress and displacement due to the temperature distribution

and applied pressure. ALGOR software can perform two types of heat transfer analysis, steady-

state and transient. The results from either of these analyses can be combined with a stress

analysis to calculate the thermal stresses in a model. Furthermore, there are two types of

analysis; linear and non-linear heat transfer analysis. Linear steady-state heat transfer occurs

when the material's conductivity is not dependent on temperature and when radiation is not

applied. Either of these effects makes the problem nonlinear (iterative).

When the conduction coefficient is a function of temperature (orthotropic material model),

multiple iterations need to be performed to solve the steady-state heat transfer analysis problems.

For example, without knowing the temperatures, the thermal conductivity is not known, but the

temperatures cannot be calculated without the thermal conductivity. Thus, an iterative approach

is required. This is a non-linear heat transfer analysis. A transient heat transfer analysis is used

to determine the temperature distribution throughout time.

ALGOR software uses the following formulae for the heat transfer analysis:

Conduction: q =leAI1T
L

[6.1]

where: q =the heat flow or flux, W/m2,

k =the thermal conductivity, W1m2°C,

A = the cross section area of an element face, m2,

I1T=the temperature gradient in the direction normal to the area.
L
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Convection: q =hAX!!1T

where: h =the convective heat-transfer coefficient, W1m2°e,

A = the area of the element subject to convection, m2,

X= the convection multiplier,

!!1T= Ts-Too, °e,

Ts= the surface temperature of the element (calculated), °e,

Too= the temperature ofthe fluid (assumed to be constant), °e.

[6.2]

Applied Temperature: q = stiffness(!!1T} [6.3]

where: stiffness =the equivalent of convection coefficient times the area, w/oe

!!1T=Tn-XToo, °e,

Tn= the temperature of the node (calculated), °e,

X= the boundary temperature multiplier,

Too= the magnitude of the temperature entered by the user, °e.

In the transient heat transfer analysis, the following heat loads can be varied as a function of

time: nodal heat rate, nodal temperature control and nodal convection with a time-dependent

fluid temperature. For a transient analysis, the specific heat (cp) and density (p) are required

parameters.

The rate of energy decrease in an element is =Volume. p ,cp. dT
dt

[6.4]

where dTjdl =the change in temperature versus time.

The values for specific heat and mass density are controlled by part properties. A time-

dependent nodal heat rate can be applied to any node, which does not have a temperature

boundary element. The magnitude of the heat rate at each node is the product of the following

two quantities: the loading factor defined in the load curve, which may change in value with

time, the scale factor defined in the analysis parameters for each node, which does not change in

value with time. The temperature of the node on the model depends on the stiffness value.

A high stiffness value would cause the node on the model to be very close to the new node. A

low stiffness means that the boundary element absorbs some of the heat and the temperature of
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the node on the model could be significantly lower than the new node. In ALGOR software the

stiffness is actually a thermal conductance between the node and the reference temperature.

The time dependent reference temperature is defined by the following equation:

current valueof loading function. scale factor + Nodal Temperature
Tref = stiffness

[6.5]

Where the loading function is the "Factor" defined for the load curve.

The scale factor is the "Scale" value defined when identifying the nodes to which the function is

to be applied,

. The stiffness is the stiffness defined for the temperature boundary element,

. Nodaltemperatureis themagnitudedefinedforthe appliedtemperature.

In this research, the transient analysis was split into separate files instead of trying to describe the

entire load curve in one analysis. There are several scenarios of heating up and cooling of

thermo-abrasive nozzles. Thus, a number of files were used to analyse the transient heating of

the nozzle at certain time intervals, and then separate files were used to analyse each cooling

scenario. In order to accomplish this, the initial temperature for the second model (the restart

analysis) was chosen as the final temperature from the first model. The same procedure was

used repeatedly for a multi-phased transient analysis where parameters were changed from one

analysis to the next.

The procedure used was as follows:

1. The model for the first transient state heat transfer analysis was built (model 1 -Heating)

with the desired time intervals.

2. The heat transfer analysis was run.

3. The existing model was adjusted as needed for the second phase and saved under a new

name (model 2 -Cooling).

4. The final temperatures from model 1- Heating were specified as the initial temperatures

for model 2-Cooling.

5. The analysis for model 2 was then run and temperature distribution was obtained at the

time intervals.

6. The type of analysis was changed to Linear Stress analysis.
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7. The pressure loads were added to the models in both cases. However, they differ in

magnitude due to presence of combustion in heating up.

8. The constraints were added to the models.

9. Linear stress analyses were run for each time interval specified in the thermal models in

order to obtain stress, strain and displacement in the models.

6.2 Heat Transfer Analysis of the Nozzles in Heating up

6.2.1 Model Elements

The finite elements are connected at the nodes. A node is a coordinate location in space where

the degrees of freedom (DOFs) are defined. The finite formulation for heat transfer is

temperature-based, i.e. the nodal degrees of freedom are temperatures while the boundary

conditions will be heat fluxes and temperatures.

An element is a mathematical relation that defines how the degrees of freedom of a node relate to

the next. Elements can be one-dimensional (rods, beams), two-dimensional (membranes, plates,

shells and axially-symmetric solids) and three-dimensional (bricks). Blasting nozzles are

symmetrical about the central axis, therefore, the two-dimensional model elements were used in

this analysis. Two-dimensional thermal elements are 4-node elements made from straight line

segments drawn in the Y-Z plane. There is no heat flow (and thus no temperature change) in the

out of plane direction. Only one degree-of-freedom is defined for these elements, the

temperature. This degree-of-freedom corresponds to the Y translation in elasticity problems.

Although there is a swirling flow in the nozzle, the CFD simulation results indicate that there is

only a small variation in the temperature distribution in the nozzle inner surface in the

circumferential direction (See Appendix C, Figure C.29). Thus, an axisymmetric model was

used in this research. The model shown in Figure 6.1 has both geometric and load symmetry

about the Z axis. Radial coordinates are defined along the Y axis. Negative Y coordinates are

not admissible. The element thickness (in the hoop direction) is one radian.

The internal surface of the nozzle models was loaded with the applied temperatures, whereas the

external surface was exposed to convection in the heating up analysis. In the cooling down

analysis, both surfaces, inner and outer, were exposed to convection.
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Outer Surface
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Figure 6.1. Axisymmetric element model

Automatic meshing between two objects was used in the modelling. A grid-sensitive study was

done after the initial solution was obtained. The final meshing elements include the rectangular

and parallelogram elements with the maximum sizes of sides of 2 mm as shown in Figure 6.2.

The mesh was refined with the cleaning of duplicates and grouping of similar nodes.

The models of the ceramic and WC nozzles were developed according to the manufactured

specimens shown in Appendix B. Although five types of tungsten carbide nozzles have been

designed and tested only one common model was developed because of the minor differences in

the geometry of the WC nozzles. The main feature of the WC nozzle models, a thickness of the

material, was the same in all the WC nozzle models.

Three ceramic nozzle models were designed, such as SIALON, SiC, NSiC (nitride-bonded SiC).

The ceramic nozzle models varied not only in material properties, but in the geometry and

clamping methods. The SIALON nozzle model had the same geometry as the long tungsten

carbide nozzle. The SiC and NSiC nozzle models had the same geometry.

The main features of the nozzle models are inner and outer surfaces. The inner surface of the

nozzle models was subdivided into a number of patches according to the temperature

distribution, which had been obtained from the CFD analysis. The temperature of the inner

surface varied from 700°C to 1080°C depending on the model.
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The outer surface of the nozzle models was also subdivided into a number of patches in order to

apply different convection coefficients to each part of the nozzle model to represent the real

cooling conditions. Figure 6.2 shows the designation of surfaces in the ceramic nozzle models

(SiC and NSiC).

Inner surfaces with
applied temperatures :>

Flow

Outer surfaces with
convection coefficients

Figure 6.2. FEA Model of the SiC nozzle

6.2.2 Material Model

The material model was set to an isotropic type. An isotropic linear elastic material is a material

in which the mechanical properties such as elasticity constants are invariant with respect to

direction in the material, and the stress-strain relationships are defined by means of the two

constants, Young's modulus (E), and Poisson's ratio. Furthermore, all material properties

(conductivity and specific heat) are independent of temperature, i.e. the thermal conductivity is

constant in all directions. ALGOR software allows to use a temperature dependent conduction

coefficient. However, to calculate a conduction coefficient it would require not only temperature

dependent values of thermal conductivity and specific heat, but also flow velocities because of

forced cooling of the nozzle outer surface. Because this data is unavailable, a temperature

dependent conduction coefficient was not used in the analysis.

For the heat flow output, there are three options available concerning how the output heat flux or

rate through a face is calculated. The "Projected at Centroid calculation" type was used, where

the heat fluxes at the face are calculated from the derived nodal temperatures using Fourier's law.
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Since the geometry is axisymmetric, the material thickness is not used. The value of 1 rad

appears in the menu as a reminder that an axisymmetric analysis considers a 1 radian slice. This

only affects the heat flow through an element face, since the area of the face becomes a function

of the radial position.

6.2.3 Heat Transfer Analysis Settings

In the modelling, the temperatures of individual nodes were controlled as a function of time by

using applied temperatures and the stiffuess of the temperature boundary elements. This allowed

some degree of temperature relaxation in the generic nozzle model since the boundary layer

temperatures were used. The stiffuess of the Applied Temperature of 1'106 was applied for the

models where the boundary layer temperatures were used in order to account for some heat flux

in the material. The stiffuess of 1'107was applied for the models where the nozzle inner surface

temperatures were taken from the conjugate heat transfer of CFD analysis. In the control menus,

the heat flow calculations were set to "Projected at centroid", the boundary effects were set to

"Temperature controlled", the boundary effects solver was set to "Sparse" and the convergence

tolerance was set to 0.001.

A Transient Heat Transfer analysis was performed by executing the following steps:

1. First, the Load Curves that control the magnitudes of the applied temperatures was set.

The temperature load curve was defined by means of the graph. It was assumed that the

temperature would rise linearly from 20°C to the values determined previously in

the CFD analysis within 2 minutes time interval. This was confirmed in experiments by

measuring the nozzle outer surface temperature. Therefore, the parameters were set to 0

and 120 seconds for setting the complete process of heating up the nozzle. The total

number of cycles to be observed was set 120, giving a time interval of 1 second, meaning

that the output can be observed after every second. The reason for choosing such a small

time interval was to see the stress development in the material. This would allow the

determination of the extent of a thermal shock.

2. Next, the multipliers that are used to scale the loads were set to 1. The value placed in

the boundary temperature multiplier field is multiplied by the Applied Temperatures on

the model. If there is a need to change the magnitude of an Applied Temperature during

the analysis, one can do this in the loads tab by selecting the node and the load curve one

wants to use to control the magnitude. The load curve can also be scaled by a certain
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factor. Also, if one wants this load to start being effective at a time other than the

beginning of the analysis, the time in the activation time column must be changed. These

features are important for simulating various conditions. For example, in the starting

mode of the thermal gun when there is a relatively low temperature of burning inside the

nozzle, this can be simulated by the first load curve with certain temperatures. Then,

when the system is in full force the other load curve can be applied to the same nodes.

The results of the heat transfer analysis can be viewed at any time interval within a 2 minutes

limit. In this case the interval was set to 1 second. The results of the analysis are shown in

Appendix D.

6.2.4 Boundary Conditions

ALGOR software uses empirical correlations to calculate the convection coefficient, h. This is

used because most industrial problems are too complex to calculate an h value using its boundary

layer definition. It is found that the formula used in ALGOR software does not give a value for

the convection coefficient corresponding to the literature sources. Therefore, the convection

coefficients were calculated using the formulae given by Ozisik (1985).

In forced cooling, the cooling channel can be regarded as a duct. Then, a convection coefficient

for forced cooling can be calculated as follows, [Ozisik, 1985: 244]:

h = Nuk
D

[6.6]

where h =the convection coefficient, Wf.m20,

Nu = the Nusselt number,

k= the thermal conductivity of the fluid (air), W/m °e,

D = the diameter of a duct, m.

The Nusselt number for forced cooling is calculated as follows [Ozisik, 1985: 315]:

Nu =O,023Reo.8~ [6.7]
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where Pr =the Prandtl number,

Re = the Reynolds number.

The Reynolds number is calculated from the characteristics of the flow, properties of fluid and a

size of a duct as follows, [Ozisik, 1985:238]:

Re= UD
f.l

[6.8]

where: U =the flow velocity, mis,

D =the diameterof a duct,m,

J.t=the viscosity, m2;.s.

A convection coefficient for forced cooling of 1300 W;'m2 °C was obtained using the following

air characteristics at 300 K [Turns, 2000:653]:

Density:

Viscosity:

Thermalconductivi~:

Flow velocity:

Prandtl number:

Duct diameter:

1,18 kg/m3

1,568 10-5m2;.s

0,026 W1m°C

500 mls

0,707

0,02m

A convection coefficient for the natural cooling, or free convection, was calculated using the

Nusselt number given by [Ozisik, 1985:445]:

Nu = 0 48. RaO,25, [6.9]

where: Ra =the Rayleigh number

[6.10]
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where g =the gravity acceleration m/s2,.

Tw = the wall temperature, K,

Tw = the air temperature, K,

J.l=the viscosity, m2f.s,

D =the diameter of a duct, m,

Pr =the Prandtl number.

A convection coefficient for the natural cooling of 14 Wf.m2 °C was obtained for the following

air characteristics:

Density:

Viscosity:

Thermal conductivity:

Prandtl number:

Duct diameter:

1,18 kg/m3

1,568 10-5m2f.s

0,026 W/m °C

0,707

0,02m

6.3 Heat Transfer Analysis of Nozzles in Rapid Cooling down

The purpose for building this model was that it had been noticed that some ceramic nozzles

failed, not during a heating up process or operation of the system, but when the combustion

process was suddenly shut down. In this situation there is no flame, but a high mass flow of the

compressed air continues to flow through the nozzle. The temperature of the compressed air can

be low, especially if an after-cooler is used with a compressor, therefore, the air flow can quench

a hot nozzle.

In order to conduct the analysis, the same models from the Heat Transfer were used. The initial

conditions were set to the final temperature distribution after heating up. The internal and

external surfaces of the nozzle models were subjected to a forced cooling. However, the

convection coefficients on the inside and the outside were different due to the characteristics of

the flow and velocities.
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A Transient Heat Transfer analysis was performed by executing the following steps:

1. First, the temperature Load Curves that controls the magnitudes of the applied

temperatures was set to 0 for cooling process.

2. The initial nozzle temperatures were set as the last step of the output file of the Heat

Transfer Analysis for heating up the nozzle.

3. The time-step intervals for monitoring cooling were set the same as for heating up.

4. The boundary multiplier was set to O. The Conduction multiplier was set to 1.

The results of the heat transfer analysis can be viewed at any time interval within a 2-minute

limit. The results ofthe analysis are shown in Appendix D.

The external cooling methods of the nozzles were the same as for the heating up process. These

include natural cooling and forced cooling. The flow inside the nozzle was considered without

combustion. The following characteristics of the flow were obtained from the CFD analysis.

The pressure variation along the nozzle was chosen 0,5 - 0,2 MPa. The flow velocity was

chosen as 500 m/s.

A convection coefficient for forced cooling outside the nozzle was used from the previous

analysis as h =1300 JI s.m2.0c. A convention coefficient, h = 2800 Wf.m2 °C for forced cooling

inside the nozzle was calculated providing the following parameters at 300 K (Turns, 2000:653):

Density:

Dynamic viscosity:

Thermalconductiviry:

Flow velocity:

Prandtl number:

Duct diameter:

1,18 kg/m3

1,568 10-5m2f.s

0,026 W1m °C

700 mls

0,707

0,014 m

From the above, it can be seen that the convection coefficient inside the nozzle is much higher

than on the outside. This results in quenching of the internal surface of the nozzle and possible

thermal shock.
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6.4 Stress AnalysisSettings

After running the transient heat transfer analysis the models were used to conduct a static stress

analysis with a linear material models analysis. The linear stress analyses were done for the

nozzles in heating up and cooling down. The thermal stress analysis provided the stresses in the

nozzle models due to the temperature loads obtained from the thermal models.

There are two approaches to transferring the temperatures from a heat transfer analysis to a stress

model: the "direct" approach when the thermal model and stress models are identical and the

"indirect" approach when the two models have some difference, for example pressure or forces

are added to the thermal model. The stress model of the nozzle has some differences from the

heat transfer analysis, such as pressure and boundary conditions. Therefore, "indirect" approach

for transferring temperatures was used.

Items that were changed in the stress model, while keeping the two models identical, include the

following:

. Addition of model boundary conditions,

. Addition of pressures.

The heat transfer model does not take into account constraints when calculating temperatures.

The stress analysis, however, requires boundary conditions to be specified. If no boundary

conditions are specified then the object is free to expand and the thermal stresses would be only

due to a difference in temperatures between parts of the objects, for example, outer and inner

surfaces. In reality nozzles are constrained in some way. The boundary conditions of the

nozzles vary because of the geometry and a method of clamping the nozzles in the thermal gun.

The ceramic nozzles were constrained on their faces preventing a translation in the Z direction

(See Appendix B). The degrees of freedom in X and Y directions were allowed for expansion

while others degrees were constrained as shown in Figure 6.3.
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Figure 6.3. Constraints applied to the SiC nozzle

TheWC nozzleswerefixed in the thermalgunasshownin AppendixB. Thefixing surfaceis a

cone(convergingpart). Thismethodof clampingwas chosenaccordingto the nozzlegeometry

and the method of cooling. The clamping part cannot perfectly align with the cone, and there is

a clearance between the nozzle and the clamping part. This gives some degree of freedom for

the nozzles to expand. Hence, the rigid boundary condition would not be suitable, as they do not

allow any flexibility. In this case the boundary elements were applied instead of boundary

constraints.A boundaryelementis a typeof elementusedto connectthe finiteelementmodelto

fixed points in space allowing for some degree of flexibility.

The WC nozzles where constrained on the converging section of the nozzle as shown in

Figure 6.4. The boundary elements limit translations within specified stiffness. The same

clamping method was applied to the SIALON nozzles. The rigid boundary conditions have been

also applied to compare the results. The stresses obtained within the boundary constraints were

exceedingthe strengthof WC by far. Yet, theWC nozzlesneverfailedat the pointof clamping.

This means that boundary elements better represent the real working environment.
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Figure 6.4. Constraints applied to the tungsten carbide nozzles

The pressure gradient inside the nozzle was specified according to the results of the CFD

analysis. The pressure in heating up varies from 10 to 2 bars along the nozzle as shown in

Figure 6.5. The pressure in cooling down (no combustion) varies from 5 to 2 bar along the

nozzle length. However, it is appears as if the pressure influence is negligible compared with the

thermal loads.

1 MPa > Flow

0,5 MPa 0,4 MPa
0.3 MP 0.2 MP

Figure 6.5. Pressure applied in the SiC nozzle
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A stress-free reference temperature for each model was specified at 20°C. The stress-free

reference temperature is the temperature at which there is no expansion and no thermal stress.

Each material was given an appropriate thermal coefficient of expansion in the material property

data. The time-steps of 1 second were used for both analyses in order to obtain stress

distribution and development in the nozzle.

The Von Mises Stress was used for evaluating the we nozzles. They are expressed as follows

[Drotsky,1985:337]:

[6.11]

Where Sx,Sy,and Szare the axial stresses in the global directions, and Sxy,Syzand Sxzare the shear

stresses.

In terms ofthe principal stresses SI, S2and S3:

[6.12]

The principal stresses are typically used for evaluating brittle materials. According to the

maximum principle stress theory, a brittle material subjected to a complex stress will fail when

the maximum principle stress induced reaches the ultimate tensile or compressive stresses.

Therefore, the maximum principal stresses were used for evaluating the ceramic nozzles.

The principal stresses are determined as follows [Drotsky, 1985:280]:

[6.13]

The sums of the two terms results in the maximum principle stress ai, and the difference

between two terms results in the minimum principle stress a2.
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ALGOR software defines the stress tensor at a point allowing the stress components in the

various coordinate directions to be calculated. The most important directions used in this

analysis are

. XX direction: Stress tensor component showing the normal stress in the global X

direction. Positive (+) indicates tension; negative (-) indicates compression. In the nozzle

XX Stress tensor shows the magnitude of a Hoop stress.

. YY direction: Stress tensor component showing the normal stress in the global Y

direction. In the nozzle YY Stress tensor shows the magnitude of a radial stress.

. ZZ Direction: Stress tensor component showing the normal stress in the global Z

direction. In the nozzle ZZ Stress tensor shows the magnitude of an axial stress.

. XY direction: Stress tensor component showing the shear stress in the global XY

direction. (X indicates the direction normal to the face, and Y indicates the direction of

the shear stress.). In the nozzle XY Stress tensor shows the magnitude of a shear stress.

Let U j, the nodal displacement vector at node j, be defined in tern the global X, Y and Z

directions as follows:

T

U j = (ux uy uz) [6.14]

where T indicates the transpose of the vector.

The magnitude of the nodal displacement vector is given by:

[6.15]

The displacement is important for design considerations. It gives the information about a

magnitude of nozzle expansion and hence a size of clearance required for clamping a nozzle

without stressing it unnecessarily.

6.5 Evaluation of Nozzle Stresses in Heating up

The data obtained in the FEA analysis includes the values and the distribution of the

temperatures and the stresses in the nozzles at certain time intervals (See Appendix D).
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The examples of the bitmap images of the nozzles temperatures and stresses are shown in Fig.

6.6 and 6.7 respectively.

Time: 5 s

TimeStep: 5 of 120

Maximum Value: 1132.4B ~eg C
Minimum Value: 647 A09 ~eQ C

~

1132....

, 1083.Q73
1035.0408

gee.Q5Q1
Q38A~1g
880'-
841.4377
192.~
144.4234
ag~,g1e2
e47 .4J01

Figure 6.6. Temperature distribution in the SiC nozzle in heating up
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Figure 6.7. Stress distribution in the SiC nozzle in heating up

The FEA data was processed and presented as graphs where the horizontal axis represents the

time and the vertical axis represents the temperature difference (gradient) and the stress (Fig. 6.8

- 6.22).
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~ Temperaturegradient,~ T °C - MaximumPrincipalStress,MPa

2 3 4 5 6 7 8 9 10 11 12 13 14 15 s

Figure 6.8. Temperaturegradient and stressof the SiC nozzle with free convection

~Temperature gradient, ~ Toe -Maximum Principal Stress, MPa

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 s

Figure 6.9. Temperature gradient and stress of the SiC nozzle with forced cooling

For the SiC nozzle,the highestprinciple stresswith free convectionis 300 MPa, while, with

forced cooling it is 380 MPa (Fig. 6.8 and 6.9). The tensile strength of hot pressed SiC is 400

MPa. This shows that the direct thermal stresses are close to the failure level, especially when

forced cooling is applied. This also corresponds with the thermal shock criteria, which have the

values just below the maximum thermal shock criteria. The maximum thermal shock criteria RI

and R2are given in Table B.l of Appendix B.

The thermal shock criteria are

a(1- v) _ 380.(1- 0,15) = 197< 213R - - 3 -6
1- Ea 410.10 .4.10

[6.16]

a(1-v) k - 380. (1-0,15) .100 = 20 .103 < 21250R - . - 3 62 - Ea 410. 10 .4 .10-
[6.17]
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where cr=the stress, MPa,

E =the Young's Modulus, MPa,

v =the Poisson's ratio,

a.=the thermal expansion coefficient, 10-6/°C,

k = the thermal conductivity, W1m °C.

In the SiC nozzles with free convection, the maximum principal stresses initially occur on the

nozzle outer surface, but after 2 - 3 seconds they concentrate on the nozzle inner surface and

around the constraints. In the case of forced cooling, the maximum principal stresses also occur

on the nozzle outer surfaceduring first 3 - 4 seconds,thereafterthey are concentratedon the

nozzle inner surface (See Appendix D).

-+- Temperature gradient, ~ T °C _ MaximumPrincipalStress, MPa

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 s

Figure 6.10. Temperature gradient and stress of the NSiC nozzle with free convection

-+-Temperature gradient, ~ Toe -Maximum Principal Stress, MPa

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 s

Figure 6.11. Temperature gradient and stress of the NSiC nozzle with forced cooling
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For the NSiC nozzles, the highest principle stress with free convection is 490 MPa, while with

forced cooling it is 511 MPa (Fig. 6.10 and 6.11). The tensile strength of NSiC is 170 MPa.

This shows that the direct thermal stresses are above the failure level.

The thermal shock criteria exceed the maximum values indicating that the NSiC nozzle would

fail.

O'.(1-V) _ 511.(1-0,2) =262>105R - - 3 6
1 - £.a 260.10 .6.10-

[6.18]

a.(l-v) k - 511.(1-0,2) .25=6550>2615R - . - 3 6
2 - E.a 260.10 .6.10-

[6.19]

In the NSiC nozzles with free convection, the maximum principal stresses occur on the nozzle

outer surface during first 8 - 9 seconds, thereafter they concentrate on the nozzle inner surface

and around the constraints. In the case of forced cooling the maximum principal stresses occur

only on the nozzle outer surface.

~ Temperaturegradient,~ T °C - MaximumPrincipalStress,MPa800

700

cu 600c..

~ 500
b 400

~

o 300o

I- 200
<I 100

o
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 s

Figure 6.12. Temperature gradient and stress of the SIALON nozzle with partial cooling
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Figure 6.13. Temperature gradient and stress of the SIALON nozzle with forced cooling

For the SIALON nozzles,the highestprinciple stresswith partial forced cooling is 215 MPa,

while with forcedcoolingit is 235MPa(Fig.6.12and 6.13). Thesevaluesarebelowthe tensile

strength of SIALON, which is 470 MPa. The thermal shock criteria indicate that although the

direct thermal stresses are significantly below the failure level, the SIALON nozzle would not

withstand the thermal shock under present conditions.

RJ = (j.(1-v) = 235.(1-0,23) =196>92
E .a 288. 103.3,2 . 10-6

[6.20]

(j . (1- v) k _ 235. (1- 0,23) .20 = 3927 > 2763R - . - 3 6
2 - E .a 288. 10 .3,2 .10-

[6.21]

-+- Temperature gradient, A T °C _Von Mises Stress, MPa

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 s

Figure 6.14. Temperaturegradient and thermal stress of the we nozzle in heating up
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For the WC nozzles, the maximum Von Mises stress is 1000 MPa, which is below the tensile

strength of 1600 MPa indicating that WC nozzles should withstand the thermal shock under

present conditions (Fig. 6.14). The maximum Von Mises stress concentrates on the nozzle inner

surface. Thermal shock criteria for the WC nozzle were not calculated because no thermal shock

data is available.

6.6 Evaluation of Nozzle Stresses in Cooling

300

cu 250D..

:E 200
b 150

~

o 100o

I- 50

<I 0

-'-Temperature gradient, LlToe -Maximum Principal Stress, MPa

1 2 3 4 5 6 7 8 9 10 s

Figure 6.15. Temperature gradient and stress of the SiC nozzle in cooling

For the SiC nozzle, the highest principle stress is 275 MPa (Fig. 6.15), which is below the tensile

strength of SiC of 400 MPa. This shows that the direct thermal stresses are below the failure

level. The thermal shock criteria are also below the maximum allowed values.

(T.(1-v) _ 275.(1-0,15) =142<213R - - 3 6
1 - E.a 410.10 .4.10-

[6.22]

(T.(I-v) k - 275.(1-0,15) .100=14253<21250R - . - 3 6
2 - E.a 410.10 .4.10-

[6.23]
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500 -+- Temperature gradient, !J.T °C - Maximum Principal Stress, MPa

Figure 6.16. Temperature gradient and stress of the NSiC nozzle in cooling

For the NSiC nozzle, the highest principle stress is 452 MPa, which exceeds the tensile strength

of 170 MPa (Fig. 6.16). The thermal shock criteria are above the maximum allowed values. This

indicates that the NSiC nozzle would not withstand thermal shocks.

(j.(I-v)_ 452.(1-0,2) =231>105
RJ= E .a - 260. 103.6 . 10-6

[6.24]

(j.(1-v) k - 452.(1-0,2) .25=5775>2615R - . - 3 6
2 - E.a 260.10 .6.10-

[6.25]

-+-Temperature gradient,!J.Toe -Maximum Principal Stress, MPa

Figure 6.17. Temperaturegradient and stress of the SIALON nozzle in cooling

For the SIALON nozzle, the highest principle stress was 107 MPa (Fig. 6.17), which is below

the tensile strength of SIALON of 470 MPa.
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The thermal shock criteria are also below the maximum allowed values.

Rl = (j . (1- v) = 107.(1- 0,23) = 90 < 92
E .a 288 .103. 3,2 . 10-6

[6.26]

(j.(1-v) _ 107.(1-0,23) .20=1800<2763R - .k- 3 6
2 - E .a 288. 10 .3,2. 10-

[6.27]
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Figure 6.18. Temperature gradient and stress of the WC nozzle in cooling

In the WC nozzles, the maximum Yon Mises stresses concentrate on the inner surface.

The maximum Yon Mises stress is 122 MPa, which is below the tensile strength of 1600 MPa

(Fig 6.18).

6.7 Summary of Temperature Gradients and Thermal Stresses

In heating up, the temperature gradients in the nozzles materials follow the same trend with

nitride-bonded SiC having the highest values are shown in Fig. 6.19.
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Figure 6.19. Temperature gradients of the nozzle materials in heating up

The thermal stresses in the we nozzles appear to be the highest among all the materials.

However, they are below the tensile strength of we. The SIALON nozzles have the lowest

thermal stresses, possibly due to relatively thin nozzle walls (Fig. 6.20).

1200 I-+-WC -SiC SiN ~ Sialon I
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Figure 6.20. Thermal stresses in the nozzle materials in heating up

In rapid cooling (Fig 6.21), the temperature gradients in the nozzles materials follow the same

trend except for SIALON. This is possibly due to low thermal conductivity of SIALON.
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Figure 6.21. Temperaturegradientsof the nozzle materials in cooling

In cooling, the thermal stresses in the nitride-bonded SiC appear to be the highest among all the

materials, which could be attributed to the thickness of the nozzle walls (Fig 6.22).

The SIALON and WC nozzles have the lowest thermal stresses, possibly due to relatively thin

nozzle walls. The thermal stresses in cooling are lower than in heating up for all the nozzle

materialsexceptfor nitride-bondedSiC.

500 -+-WC -SiC NSiC ~Sialon
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Figure 6.22. Thermal Stresses in the nozzle materials in cooling

Therefore, according to the results, the preferred materials for thermo-abrasive blasting nozzles

are WC and SIALON.
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7. COMPARISONOF MODELLINGWITH EXPERIMENTALRESULTS

7.1 Experimental Set-up

The effectiveness of nozzle geometry, i.e. the nozzle throat diameter and the length of the

diverging section, was evaluated by the rate of removal of mill scale from flat steel surfaces.

The experiments were performed at the blasting sites of the following companies: Storm

Machinery (Pty.) Ltd, Blastrite (Pty.) Ltd and Rubberlining Services (Pty.) Ltd. The different

sites were chosen in order to obtain accurate and independent results in the real working

conditions. The experimental set-up is shown in Figure 7.1. During the experiments, volumetric

flow rates, pressures, consumptions of abrasives and time to clean 1 m2 were measured.

The flow characteristics were measured with a flow meter and pressure gauges. The time was

recorded with a stopwatch. The consumption of abrasives was measured by weighing the initial

and final weights of abrasives in the blasting unit. The cleanness of surfaces after blasting was

assessed by a specialist from Blastrite (Pty.) Ltd using a set of templates.

Fuel
container

PC

Flow meter

Air from
compressor

Pressure
gauges

Air/Abr

0,5 -D,? m

Air for combustion

Figure 7.1. Experimental set-up

In order to access the overall performance, the thermal gun was tested for removing of various

coatings; metal coatings, ceramics, rubber and polyurethane. Different types of blasting media

were also used in the tests. These include the most common blasting abrasives such as platinum

slag, garnet and Ah03.
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As it was mentioned in Section 1, none of the methods of thermal stress measurements can be

directly applied to thermo abrasive nozzles because of a number of constraints; extremely high

temperatures, rapid temperature rise, inaccessibility of space for measurements of flow

parameters, a risk of disintegration of the nozzle due to fracture etc. Since no direct

measurements are possible, the computational modelling was used for obtaining thermal stresses

in nozzle materials. While running trials on a speed of blasting, the nozzles were tested for

thermal shock resistance. The outer temperature of the nozzle was measured in a laboratory with

a thermocouple. The picture of the thermal gun on the laboratory stand is shown in Figure E.9 of

Appendix E.

7.2 Nozzle Geometry Tests

In the experiments, a steel surface of 1 m2 with mill scale was blasted to the Swedish cleanness

specification of Sa =2,5 ("whiteness" of a surface) using mineral slag of a 0,6 mm fraction size.

Blasting times with different nozzles using thermo-abrasive and conventional blasting are shown

in Figure 7.2. The data indicates that in thermo-abrasive blasting, high cleaning rates can be

achieved with the nozzle diverging section of 70 mm long, whereas using conventional abrasive

blasting, the nozzle becomes effective with the diverging section length of at least 150 mm. This

corresponds with the CFD analysis with regard to particles velocities in relation to the nozzle

diverging length.

-+- Thermo-abrasive blasting --- Conventional abrasive blasting

50 70 100 150

Nozzle diverging length, mm

Figure 7.2. Blasting time to clean 1 m2of steel surface with different nozzles
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Productivity comparison of thermo-abrasive blasting and conventional blasting is based on the

tests performed by Storm Machinery (Pty.) Ltd and shown in Table 7.1.

Table 7.1 - Productivity Comparison

The highest cleaning rate with the thermo-gun was obtained at the dry docks in Durban, where

1 m2of steel was cleaned in 30 seconds, using garnet.

The CFD model of a thermo-abrasive gun predicted a stable combustion process for the

geometries of the combustion chamber and the nozzle. The outer combustion chamber of the

thermal gun, shown in Figure 7.3, has a high temperature zone in a position predicted by the one-

step combustion model ofC3Hs in the CFD analysis shown in Figure 5.10.

High temperature zone

Figure 7.3. Picture ofthe outer combustion chamber after tests
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Specifications Thermo-abrasive Conventional

blasting abrasive blasting

Abrasives average grit size, mm 0,6 0,6

Pressure, bars 5 7

Flow rate, CFM 250 750

Cleaning Time of 1 m'\ min 0,9 1,25

Quantity of abrasives, kg 9 17



The thrusts of the initial and the advanced thermal guns were measured in the tests. The initial

thermal gun had a 120 N thrust, while the advanced thermal gun produced a 150 N thrust, which

is a 20% increase of power output. The calculated thrust, according to equation [A.29] of

Appendix A, is 186 N. The difference between the measured and calculated values of the thrust

can be attributed to running the thermal gun at the lower fueVair ratio or to a lower volumetric

flow rate of the compressor.

7.3 Nozzle Thermal Tests

Various arrangements of nozzles were tested including free convection, forced cooling and

partial forced cooling. From the tests, it appears that cooling increases thermal stresses in the

ceramic nozzles. The SIALON and hot pressed SiC ceramic nozzles failed the tests under

thermal loading, which can be attributed mainly to the material properties and/or the

manufacturing processes.

The hot pressed SiC nozzle withstood the thermal loading at the start of the thermal gun but

failed during the rapid cooling. The nozzle cracked in the area of the nozzle throat as predicted

by the stress analysis.

The conventional SIALON nozzles were obtained ready-made overseas as there are no local

manufacturers of SIALON. Altogether ten SIALON nozzles were tested as it was believed that

they could withstand the thermal shock according to the thermal stress analysis. It has been

noticed that SIALON could withstand thermal loading to a certain degree, for example, if not a

full power of the thermal gun was used (low fueVair mixture). However, with the increase of

fueVair mixture, the SIALON nozzles failed in the area of the nozzle throat. In some instances,

the SIALON nozzles were working for hours without breaking and good blasting performance

was observed. The SIALON nozzles were tested with different cooling methods, such as: free

convection of the diverging section, forced cooling of the whole nozzle and suction cooling of

the diverging section. There was no difference in the results.

Most of the SIALON nozzles failed thermal loading at the start of the thermal gun. However,

there was a case when the SIALON nozzle cracked due to rapid cooling too when the thermal

gun was suddenly switched off. It happened after prolonged working time, i.e. the nozzle was at
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high temperature. The thermal gun was stopped and the cool compressed air caused the nozzle to

crack. This can be attributed to a quality of the material and the manufacturing process.

Although the results of the thermal stress analysis showed that the nitride-bonded SiC nozzles

should fail the thermal shock, the material was tested. Initially a sample of a nitride-bonded

silicon carbide material was obtained from Thermal Ceramics (Pty) Ltd. The material was a pipe

with a 10 mm inside diameter and a 30 mm outside diameter. This is usually used for

thermocouples in furnaces. The material was wet cast nitride-bonded SiC. A special sleeve was

made to hold the sample. The sample did not have diverging nozzle geometry, it was just a

straight bore. After the number of experiments material did not fail. Therefore, the nitride-

bonded SiC nozzle was designed and the attempts were made to produce them at Advanced

Ceramic Refractory (Pty) Ltd. The moulds were made, the material was cast, but the sample

failed after pre-sintering when the mould was disassembled.

The 150 mm long conventional WC blasting nozzles were tested with different methods of

cooling of the divergent section. During the tests the WC nozzles glowed, as shown in Figure

7.4, if no forced cooling was provided. After some time the nozzle material started to deteriorate

due to excessive heat (Fig. 7.5). It is believed that the cobalt, which is a binder, starts oxidizing

in the atmosphere. However, inside the nozzle there were no signs of cobalt oxidation, despite

much higher temperatures. This is because the main composition of the combustion gas is C02,

CO, nitrides and vapour.

If the WC nozzles were cooled with forced cooling no oxidation occurred. But if the suction

cooling method was used there were signs of oxidation. The conventional sandblasting WC

nozzles are subjected to very high temperatures along the diverging section, as was also shown

in the CFD analysis. The converging section of the WC nozzles is subjected too much lower

temperatures as it is force-cooled. Hence, there was no visible material deterioration.
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Figure 7.4. we nozzle colour during normal operating conditions

Patches of material deterioration

Figure 7.5. we nozzle after overheating

The 50 mm we nozzle had slightly lower performance than longer nozzles. Because the nozzle

walls were too thin the material was overheated very quickly, similar to Figure 7.5, and broke off

(See Appendix B).

The 70 mm long 16 mm bore we nozzle, shown in Figure 7.4, had a similar performance as the

long nozzles. The nozzle material did not change appearance after being subjected to high

temperatures. This can be explained by the fact that the 70 mm long diverging section
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accumulates much less heat flux than 150 mm long nozzle. Therefore, it is believed that the

temperature does not exceed the critical level for oxidation of cobalt.

The WC nozzles were made by Powder Industries (Pty) Ltd. A semi-quantitative EDS (weight

percent) analysis showed: 89,9% W, 8,7% Co and 1,4% Ti. Atomic proportions were as follows:

74% W, 22% Co and 4% Ti.

The temperature of the outer surface of the WC nozzles was measured with a thermocouple

connected to a computer, which was running PICa Technology software for recording

temperatures. All the thermal gun settings were similar to industrial trials. The recording time

interval was set to 1 second. The graph of temperature is shown in Figure 7.6. The temperature

recordings were done for heating up and cooling down stages of the thermal gun operation with

free cooling of the nozzle. The thermal gas was started, and when the temperature stabilised the

gun was turned off and recordings were continued to observe temperatures while cooling the

nozzle down.

Referring to Figure 7.6, point 1 represents the start of the thermal gun. In approximately 20

seconds the temperature of the outer surface jumped by 60°C (point 2). Then, there was a period

of stability for about 60 seconds (point 3). After that the temperature jumped again to 220°C in

20 seconds (point 4) and stabilised at 240°C. The total time from the start of the thermal gun

was approximately 2 minutes.

50 100 150 zoo

Figure 7.6. Recorded nozzle outer surface temperatures
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When the thermal gun was turned off (point 5) the temperature sharply deceased from 2400C to

1300C within 10 seconds (point 6). Then the outside temperature increased to 2200C for 50

seconds (point 7). And after that the temperature started to decrease (point 8). The temperature

graph shows that there are a number of sharp changes of temperature in heating up and cooling

down.

Figure 7.7 shows the results of the finite element analysis of the short WC nozzle. Two nodes

temperatures are shown, outer node and inner node of the nozzle. This model was developed for

the low temperature range of the thermal gun. This graph corresponds with the actual results

obtained from the tests (270°C) for the outer surface temperature. In the FEA results, it appears

that the temperature of the inner surface node follows some oscillatory behaviour in the first 25

seconds before it stabilises. This can be some kind of a numerical phenomenon attributed to

ALGOR software code. For example, ALGOR software uses thermal stiffness, which is

basically the conduction of the thermal boundary element determined as follows:

S ifjir. 1000000.Thermal conductivity of materialtluness =
Average length of diagonalacross element

[7.1]

However, in this case, thermal stiffness is unknown because a node temperature can fluctuate to a

certain degree due to a conduction coefficient, which depends on the flow velocity.

Temperature °C

904rr \ Inner surface node
[\1\"\
111\/r.;-A"---------

I ~ -------

]1 f
.1

~

270

Outer surface node

Seconds

Figure 7.7. FEA temperature graph
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The results of a conjugate heat transfer of STAR-CD software showed much higher temperature

of the nozzle outer surface for free convection (600°C) than in the experiments. This can be

explained by a relatively large computational grid of the solid material in the CFD model.

7.4 NozzleWear Tests

No data on wear was obtained for the hot pressed SiC and SIALON nozzles because the nozzles

cracked. The SIALON nozzles, which withstood thermal shock for some time, did not wear out

when blasting with fine abrasives (0,6 mm). But, when blasting with coarse abrasives (1,2 mm),

the SIALON nozzle tended to wear, which is believed to have been caused by micro cracks.

The WC nozzles showed good resistance to abrasion even at much higher particle velocities.

During the trails, the WC nozzle did not show any wear after 3 tons of abrasives were put

through the nozzle. It is believed that the reason for slower wear of the thermo-abrasive nozzles

is a relatively low volume of abrasives per unit time compared to conventional blasting.

The nozzle wear mechanism is also different compared to conventional blasting. In the thermo-

abrasive blasting, the nozzle throat wears slower than the nozzle exit. This can be explained by

considerably higher particle velocities at the nozzle exit than at the throat.

In conventional blasting, the nozzle throat wears out at the higher rate compared to other sections

of the nozzle. This can be explained by the higher number of particles per unit area of cross

section of nozzle.
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8. CONCLUSIONS 

The analytical and computational models show a close correlation between the simulated and the 

actual characteristics of the flow, such as: velocities, thrust and temperatures. The CFD model 

showed a stable combustion process within the small combustion area of the thermal gun and 

this was confirmed by tests on the working prototype of the advanced thermal gun. 

The nozzle models were verified on the real nozzles. The nozzle bore geometry was developed 

by means of modelling and empirically. The stable combustion and high blasting performance 

was achieved with a nozzle bore diameter of 14 - 16 mm for the thermal gun with a 48 mm 

diameter of the combustion chamber. 

From the analytical and computational models, the flow parameters in the nozzle were obtained. 

According to the results of the modelling the temperature of the inner surface of the diverging 

section of a blasting nozzle can reach 800°C to 1 100°C within first 100 seconds from the start of 

the system while the outer surface of a nozzle is at much lower temperatures. This creates 

temperature gradients in the nozzle especially if the nozzle material has low thermal 

conductivity. The time interval for the temperature rise was confirmed by experiments. 

The thermo-jet nozzle is subjected to different kinds of thermal shock. The most severe thermal 

shock occurs at the start of the system. Another kind of thermal shock takes place when 

combustion is interrupted, then the nozzle is subjected to quenching thermal shock from the 

relatively cold compressed air. Ceramics are known for low resistance to quenching. Some 

ceramic nozzles broke during the quenching experiments. 

During sudden shutdown of the system, when there is no cooling air at all, the nozzle material is 

also subjected to a thermal shock, which can be even more detrimental to the nozzle. In this 

situation, the heat from the thermal gun internal components, such as the combustion chamber 

housings and the nozzle holder is transferred to the nozzle in the places of contact. The heat flux 

is applied to the relatively small area of the nozzle. This creates local sites of heat concentration. 

During the experiments, when the gun was shut off completely, the outer surface temperature 

dropped sharply by 100°C within 5 seconds and then rose again by 100°C during the next 10 

seconds (Figure 7.5). This results in the localised contraction and expansion in the material 

structure leading to cracks in the nozzle material. 



It is concluded that for the initial thermal shock, it does not matter if the outer surface of the 

nozzle is cooled down naturally or by forced cooling. However, during the prolonged operation 

of the thermal gun, forced cooling is essential for the WC nozzles to prevent oxidation of the 

cobalt. 

The ceramic nozzles were made of hot pressed Sic, wet cast nitride-bonded S i c  and SIALON. 

The geometries of the ceramic nozzles were chosen according to the limitations of the 

manufacturing processes, having the nozzle bore diameter of 16 mm, the diverging section of 

100 mm long with the included angle of 3". The hot pressed Sic, and SIALON nozzle materials 

failed in thermal loading during the start of the system, which is attributed to the material 

properties and the manufacturing processes. The wet cast nitride-bonded S ic  showed better 

thermal shock resistance properties, but the material structure was too porous for sandblasting 

nozzles. 

The WC nozzles showed overall good results in thermal shock resistance and mechanical wear. 

The nozzle bore diameters of 14, 15 and 16 mm were tested depending on the power output of a 

compressor. The 14 mm nozzle bore diameter is recommended with air compressors producing 

less than 250 cubic feet per minute (CFM). For 400 CFM compressors, the 15 mm nozzle bore 

diameter is the most suitable, and 16 mm nozzle bore diameter should be used for 700 - 1000 

CFM compressors. 

The nozzles with the lengths of nozzle diverging section between 0 and 50 mm showed low rates 

of blasting because abrasives did not gain acceleration. The nozzles with 70 - 150 mm long 

diverging sections achieved high cleaning rates. However, the 150 mm long WC nozzles 

deteriorated on the outer surface at high temperatures, possibly due to oxidation of the cobalt. 

The inner surface of the WC nozzles did not show any sign of oxidation. This could be 

explained by lower concentration of oxygen in the combustion gas. 

The length of the nozzle diverging section is an important factor in determining particle velocity 

and blasting productivity. Although the particle velocity increases with nozzle length, the rate of 

velocity increase does not justify the length of the diverging section of thermo-abrasive nozzles 

above 70 - 100 mm. Furthermore, a long diverging section is overheated by the combustion gas 

and may result in a nozzle material deterioration. 



For general abrasive blasting, the included angle of the diverging section should be 3' - 5' to 

cover a wider area. In the case of hard coating removal, a straight bore nozzle should be used as 

it gives more cutting energy. 

The new design of the thermal gun proved to be more efficient and versatile than the initial 

design. The new method of mixing air and fuel increases power output. The advanced thermal 

gun has outperformed the initial thermal gun in all tests. The new ignition method using a flame 

glow plug proved to be reliable and consistent. 

The CFD model can be used in further studies, such as: stress analysis of combustion housings, 

design of HVAF systems, effects of different abrasive media on productivity, etc. 

Future Work 

This study of the thermo-abrasive gun and the nozzle should be taken further to thermal spraying 

applications. The existing thermal spraying process is expensive due to the cost of equipment 

and consumables. The thermo-abrasive gun is much cheaper to run because it uses only 

compressed air and paraffiddiesel. The fuel consumption is approximately 5 litres per hour. 

It is envisaged that the WC nozzle can be used for metal spraying applications without water 

cooling. This would make the system simpler and more economical. For example, the copper 

nozzle used for thermal spraying, lasts approximately 100 hours. 

The reason why HVAF systems are not used in thermal spraying is that up to now there were no 

reliable working thermal guns. The initial trials of thermal spraying using the thermal gun 

described in this study, showed good results regarding speed and quality of spraying. 

In future work on thermal spraying, the following should be investigated: 

1. WC nozzles with emphasis on adhesion of molten materials such as metals, cermets 

and ceramics 

2. Nozzle wear using different coating materials and parameters 

3. Productivity and quality of coating 
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APPENDIX A 

NUMERICAL MODELLING OF THE THERMAL GUN 



1. Flow Parameters 

The calculations shown below are based on the analytical modelling done in Section 3. 

A typical air compressor, used for abrasive blasting, produces a volumetric flow rate of 6 m3/min at 5 bar 

pressure. By using flow meters fitted to both air lines, it was determined that approximately 65% of the 

entrant flow goes directly to the combustion chamber and 35% to propel abrasives. This corresponds to 

mass flow rates of O,O8 kg/s and 0,04 kg/s respectively. 

From the practical experiments it was found that approximately 4 kg of abrasives were used per minute of 

blasting, i.e. Md= 4 kgimin = 0,066 kg/s. The air flow rate is M, = m,iT= 0,04 kg/s. 

The total loading is 

where M = mass flow rates of dispersed (Md) and continuous (M,) phases, kgls 

Then, the mass flow rate of the aidabrasive mixture with loading Z is 

The density of the mixture using equation [3.23] is 

The ratio of the distance between the particles to the particle average diameter using equation [3.24] is 



Because the ratio is greater than 10 the flow is considered dispersed. In this case, individual particles 

could be treated as isolated particles with little influence of the neighbouring elements on the drag or heat 

transfer rate. 

At 300 K the specific heat of the aidabrasive mixture from equation [3.25] is 

where cpOlr = the specific heat of air, cpai, =I007 Jlkg K at 300 K [Turns, 200:653], 

C~ d 
=the specific heat of A1203, cpd= 1080 Jkg  K [Kocabicak, 1999:288]. 

The gas constant of the aidabrasive mixture from equation [3.26] is 

where Lid = the gas constant of the airlabrasive stream, further called a cold stream, 

y = the ratio of specific heats, y = 1,4 for ideal gas properties of air [Moran, 1998:755]. 

Refemng to Figure 3.4, the dimensions of the thermal gun were taken from the initial thermal gun design. 

Assuming isentropic flow the properties of the cold and hot flows are as follows: 

(a) The properties of the cold stream are: 

(a) The properties of the hot stream are: 



That = 1800 K 

Phot = Pcold 

Dhot = Dchamba - Dm,,, (Ahot = 0,l I8 m2 ) 

(c) The properties of the mixed stream at the entry of the nozzle are denoted as: 

The left-hand-side of the momentum equation [3.27] is calculated first. 

The stagnation pressure and temperatures of the hot stream need to he calculated. A Mach number inside 

a combustion chamber is assumed. Selecting the Mach number of M =  0,3 and using equation [3.15] the 

pressure ratio is: 

The stagnation pressure becomes. 

where po = the pressure inside the combustion chamber, MPa 

The temperature ratio from equation [3.31] is 

The stagnation temperature is 



[A. 101 

where: To = the temperature inside the combustion chamber, K 

The stagnation velocity of the hot stream is then 

where: R,, = the gas constant, for combustion gas, R,  = 287 Jikg K [Cohen, 1996:56] 

The stagnation velocity of the cold stream is 

[A. 1 11 

[A. 121 

The right-hand side of the momentum equation [3.27] is calculated as shown below. 

(rnmldUdd + ~ r n l d ~ d d )  + (mhotUhot + p h 0 t  
= 

[A. 131 
=(0,1O6.109+752.1O3 ~ 0 , 1 1 3 ~ 1 0 ~ ~ ) + ( 0 , 0 8 ~ 4 7 + 7 5 2 ~ 1 0 ~  .O , l l8 . l0 -~)  =983  

From the tables [Moran, 1998:757] the enthalpy of the mixture is 

hmu = hho, - hcold = hIll3 -h3,,,, = 2003,3-300,16 =1700,14 kJ/kgK [A. 141 

From the ideal gas table [Moran, 1998:757] the stagnation temperate of the mixture is T : ~  = 1500K. 

The mass flow of the mixture at the nozzle entry is 

m3 = m,~d + mhor = 0,106 + 0,08 = 0,186 kgis [A. 151 



In order to find the mixture pressure and temperature a number of iterations are required. These are 

necessary to balance the momentum equation because there are two unknowns. First the Mach number is 

guessed, M =  0,3. Then the temperature of the mixture is found using equation [3.29] 

[A. 161 

[A. 1 71 

In order to determine the pressure of the mixture the velocity is chosen U3 = 80 d s .  The pressure is then 

m3 . R,, .T, - 0,186.300.1477 
P3 = - = 0,775 MPa 

A3 .U3 0,126.1 0-' .SO 
[A. 1 81 

The right hand side of equation [3.27] is then 

0,186.80+ 775180.0,126.10~2 = 987 kg mis [A. 1 91 

The value of the left hand side of equation [A. 131 was 983 kg mis. The values of equations [A. 191 and 

[A. 131 are relatively close. This means that the momentum equation is balanced. 

The calculated flow characteristics at state 3, which is at the entry to the nozzle, are as follows: 

r n ~  = 0,186 kgis 

T3 = 1477 K 

ps = 0,775 MPa 

A3 = 0, I26 10.' mZ 

2. Critical Diameter of the Nozzle 

Assuming constant specific heat the pressure ratio between the states 3 and 4 using equation [3.37] is 



where 11 = the efficiency of the combustion process, which is considered to he nearly complete, 7] = 

0.95 

The critical pressure or the pressure at the nozzle throat is 

Since the area of the nozzle throat is unknown it is necessary to calculate the temperature at the exit first, 

which is found from the ratio and the temperature in a combustion chamber as follows: 

The mixture density in the nozzle throat is 

where R = the gas constant of the final mixture, R = Lid = 300 Jikg K 

The gas velocity in the nozzle throat is 

U, =.,/(y.R.T,)=.,/1,333.300.1266 =711 mis 

The throat area per mass flow is determined as follows: 



The nozzle throat area and the diameter are determined using equation [A.25] as follows: 

The specific thrust using equation [3.45] is 

The full thrust using equation is: 

3. Geometry of Nozzle Bore 

In the above section the nozzle was considered as a converging nozzle with the exit at the critical 

diameter DthrM,= D4. In this section the complete converging-diverging nozzle geometry is calculated. 

The nozzle throat diameter was determined using equation [A.27] as 17,4 mm. The nozzle throat wears 

out by abrasives to a bigger size, therefore, the diameter should be made at the lower limit. The 16 mm 

size of the critical diameter was chosen for modelling. Ideally the nozzle should have smooth curves. In 

practice, the geometry of the nozzle is simplified (Fig. A. I). 

State 3 
Entw 
A3 

Exit 

A4 

Converging Diverging 

Figure A. I Diagram of the simplified Laval nozzle 



The relationship between the change of nozzle diameter along the axis and a velocity of flow (Mach 

number) is determined from [3.19]. Tables with the variations of A/A' with Mare  given in literature 

[Moran, 1998:432]. 

The length of the diverging portion of the nozzle was considered to be 100 mm. Three exit diameters 

were examined. These were 24, 26 and 27 mm. The sizes correspond to the included nozzle angles of 

approximately 4,6-, 5,7' and 6' respectively. The atmospheric pressure was taken as 0,101 MPa. The 

calculations are as follows: 

For the area ratio of 1,5 the Mach number, the temperature and pressure ratio are found from the Table 

[Moran, 1998:432]. 

The corresponding values of the pressure, the temperature and the velocity at the exit are: 

Since the backpressure is greater than the atmospheric pressure p4 > p , ,  the flow is underexpanded. This 

means that the exit diameter is too small. 



For area ratio of 1,69, the Mach number, the temperature and pressure ratio from the table [Moran, 

1998:432] are 

The corresponding values of the pressure, the temperature and velocity at the exit are: 

Since the backpressure is less than the atmospheric pressure p4 < p , ,  the flow is overexpanded and a 

normal shock takes place inside the nozzle. This means that the exit diameter is too big. 

For area ratio of 1,62 the Mach number, the temperature and pressure ratio from the table [Moran, 

1998:432] are 

The corresponding values of the pressure, the temperature and velocity at the exit are: 



The calculated backpressure is very close to the atmospheric pressure, indicating the correct exit 

diameter, which can he between 26 and 27 mm for a perfectly expanded flow. A normal shock takes 

place at the nozzle exit. 

The real working conditions may vary. For example, the pressure and the temperature of the compressed 

air can fluctuate, depending on the conditions of the compressor. Therefore, in practice the nozzle throat 

and exit diameter can vary too. The nozzle included angle of the diverging section for these conditions 

should be 5" - 6". Because the nozzle wears out the minimum range of diameters were chosen for design. 

Figure A.2 shows the nozzle geometry with a fixed nozzle throat of 16 mm an included angle of 5". The 

variable nozzle parameters are the length of the diverging section from 50 to 150 mm and the 

corresponding exit diameters. The converging section was chosen according to the available sizes of the 

nozzle holder of the thermal gun. 

Figure A.2 Calculated optimum bore geometry of a thermo jet nozzle 



APPENDIX B 

NOZZLE DESIGNS 



- Exit 

Figure B.l Schematic section of the Sic  nozzle arrangement with forced cooling 

Forced Cooling 7 r Grmes r 

Figure B.2 Schematic section of the WC nozzle arrangement with forced cooling 
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Figure B.3 Schematic section of the WC and SIALON nozzle arrangement with suction cooling 
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Figure B.4 Schematic section of the we and SIALON nozzle arrangement with forced cooling
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Figure 8.5 we nozzles with the 50 and 70 mm long diverging sections

Figure 8.6 we nozzles with the 50 and 70 mm long diverging sections after tests
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Figure B.7 Hot pressed SiC nozzle after tests

Figure B.8 WC nozzles with the 70 mm long diverging sections before and after tests
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Figure B.9 Angle WC nozzle
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Figure B.l 0 Mould for the wet cast of SiC nozzle
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Table B.l Material properties.

The data was obtained from www.kce-fct.de FCT Technologie GmbH.

B- 8-

Property Material
Microstructure SIALON zr02 Hot pressed Nitride WC

SiC boded SiC
Density, kglm3 3230 6050 3150 2800 15000

Porosity, % <1 0 <3 <10 0

Mechanical SIALON zr02 SSIC NSIC WC
Young's Modulus, GPa 288 200 410 410 600

Poisson's ratio, 0,23 0,2 0,15 0,2 0,23
Fracture toughness, MPa 7,7 10 5 3,1 20
ml/2

Tensile Strength, MPa 450 850 400 170 1600

Compressive Strength, N/A 2100 2500 600 5000
MPa
Hardness, (Vickers), 94 HRA 14 26 15 15
GPa or (HRA)
Weibull Modulus 8-13 18 15 15 20

Thermal Properties SIALON Zr02 SSIC NSIC WC

Max Working 1200 1200 1900 1400 1000
Temperature, °c
Thermal Conductivity, 20 2 100 25 50
W/m °c

Thermal Expansion, 10'0 3,2 10,5 4 6 5,5
/oC
Thermal Shock Param, 92 324 213 105 0
RI
Thermal Shock Param, 2763 648 21250 2615 3
R2
Thermal Shock 92 N/A 380 600 N/A
Resistance, ToC
Specific Heat, J/kg C 280 480 1000 800 200
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1. Diagrams of Air and Gas Velocities
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Figure C.l Air velocity with the 50 mm Laval nozzle
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Figure C.2 Air velocity with the 50 mm straight nozzle
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VELOCI1YMAGNITUDE
MIS
ITER - 156

LOCAL MX- 705.6
LOCAL MN- 2.243

705.6

655.3
605.1

554.9
504.6

454.4

404.2
353.9
303.7

253.4

203.2
153.0

102.7
52.46
2.243

VELOCI1YMAGNITUDE
tvVS
ITER - 166

LOCAL MX- 688.4
LOCAL MN- 2.881

696.4

646.7
599.1

549.4
499.7

450.0

400.4
350.7
301.0

251.3
201.7

152.0

102.3

52.65
2.981
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Figure C.3 Gas velocity with the 50 mm straight nozzle
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Figure CA Gas velocity with the 70 mm Laval nozzle
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VELOCITY MAGNITUDE

MIS
ITER- 700

LOCAL MX- 1553.
LOCAL MN- 0.7878

1553.
1443.
1332.
1221.
1110.
998.9
888.0
777.1
668.2
555.3
444.4
333.5
222.6
111.7

0.7878

x
I

VELOCITY MAGNITUDE

MIS

ITER- 500
LOCAL MX- 1552.
LOCAL MN- 6.624

1552.
1442
1332.
1221.
1111
1000.
889.9
779.5
669.1
558.7
448.3
337.9
227.5
117.0
6.624
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Figure C.5 Gas velocity with the 100 mm Laval nozzle
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Figure C.6 Gas velocity with the 120 mm Laval nozzle
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VELOCITY MAGNITUDE

MIS
ITER. 500
LOCAL MX- 1521.
LOCAL MN- 7.138

1521.
1413.
1305.
1197.
1069.
960.6
672.4
764.2
656.1
547.9
439.6
331.6
223.5
115.3
7.136

VELOCITY MAGNITUDE

tv'VS

ITER- 500
LOCALMX- 1492.
LOCALMN= 7.591

1492.
1366.
1260.
1174.
1066.
962.0
656.0
749.9
643.9
537.6
431.6
325.7
219.7
113.6
7.591
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2. Diagrams of Particle Velocities without Combustion

.....

VELOCITYMAGNITUDE

MIS

LOCAL MX- 61.71

LOCAL MN- 10.00

.PRESENTATIONGRID.

61.71

76.59

71.47

66.35

61.22

56.10

50.96

45.66

40.73

35.61

30.49

25.37

20.24

15.12

10.00

Figure C.7 Particle velocities with the 50 mm Laval nozzle without combustion
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VELOCITYMAGNITUDE
MIS
LOCALMX- 107.7

LOCAL MN- 10.00

107.7

100.7
93.74

66.76

79.76
72.61

65.63

56.65

51.67
44.69

37.91

30.94

23.96
16.96

10.00

Figure C.8 Particle velocities with the 100mm Laval nozzle without combustion
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VELOCITYMAGNITUDE
MIS
LOCAL MX- 121.6
LOCAL MN- 10.00

121.6
113.8
105.6
97.65
69.66
61.66
73.69
65.90
57.92
49.93
41.95
33.96
25.97
17.99
10.00

Figure C.9 Particle velocities with the 120mm Laval nozzle without combustion

3. Diagrams of Particle Velocities with Combustion

VELOCITY MAGNITUDE
MIS
LOCAL MX- 222.2

LOCAL MN- 10.00

- --

222.2
207.1
191.9
176.7

161.6
146.4

131.3
116.1
100.9

65.79
70.63

55.47

40.32

25.16

1000

Figure C.l 0 Particle velocities with 50 mm straight nozzle
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Figure C.II Particle velocities with the 50 mm Laval nozzle
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Figure C.12 Particle velocities with the 70 mm straight nozzle
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VELOCITYMAGNITUDE

IvVS

LOCAL MX- 186.9

LOCAL MN- 10.00

186.9

174.3
161.7

149.0

136.4
123.7
111.1

98.47

85.83
73.19

60.55

47.92
35.28

22.64

10.00

VELOCITYMAGNITUDE
MIS
LOCAL MX- 250.2
LOCAL MN- 10.00

250.2
233.1
215.9
198.8
181.6
164.4
147.3
130.1
113.0
95.80
78.64
61A8
44.32
27.16
10.00
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Figure C.13 Particle velocities with the 70 mm Laval nozzle
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Figure C.14 Particle velocities with the 100mm straight nozzle
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VELOCllY MAGNITUDE

IVVS

ITER= 500

LOCAL MXK 203.7

LOCALMN= 10.00

203.7
189.8

176.0
162.2

148.3
134.5

120.7

106.8

93.00

79.17
65.33

51.50

37.67

23.83

10.00

VELOCllY MAGNITUDE

MIS

LOCAL MX= 290.7

LOCAL MN- 10.00

290.7

270.7

250.6
230.6

210.5

190.5

170.4
150.4

130.3

110.3
90.21

70.16
50.10

30.05
10.00



VELOCITYMAGNITUDE

MIS

ITER - 500

LOCAL MX- 194.4

LOCAL MN- 10.00

'PRESENTATIONGRID'

- --- _I
194.4

181.3

168.1

154.9

141.7

128.6

115.4

102.2

89.04

75.87

62.69

49.52

36.35

23.17

10.00

1_

Figure C.15 Particle velocities with the 100 mm Laval nozzle

VELOCITYMAGNITUDE
tvV5
ITER - 500

LOCAL MX- 315.3
LOCAL MN- 10.00

-~
..rT',

315.3

293.5

271.7
249.9

228.1

206.3

184.5

162.7

140.9

119.0
97.24

75.43

53.62

31.81

10.00

Figure C.16 Particle velocities with the 120mm straight nozzle
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Figure C.1? Particle velocities with the 120mm Laval nozzle

Figure C.18 Particle velocities with the 150 mm straight nozzle
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VELOCllYMAGNITUDE
Iv1fS
ITER~ 500

LOCAL MXa 231.2
LOCAL MNa 10.00

231.2
215.4
199.6
163.6
168.0

152.2

136.4

120.6
104.6

69.00
13.20

51.40

41.80

25.80

10.00

VELOCllY MAGNITUDE
Iv1fS
LOCAL MX- 344.5
LOCAL MNa 10.00

344.5

320.1

296.8
272.9

249.0
225.1

201.2
111.3

153.4
129.5

105.6

61.69
51.19

33.90
10.00
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Figure C.19 Particle velocities with the 150 mm Laval nozzle
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VELOCITYMAGNITUDE
1\11I5
ITER - 500

LOCALMX- 235.4
LOCAL MN= 10.00

235.4
219.3
203.2
167.1
171.0
154.9
136.6
122.7
106.6
90.50
74.40
56.30
42.20
26.10
10.00



STAR CD output graphs and files

o 4 8 12 16 20 24 28 32 36 o 10 20 30 40 50 60 70 80 90 100mm

Converging Section of Nozzle 0 -40 mm Diverging Section of Nozzle 0 -100 mm

Figure C.20 Temperature distribution in the inner surface of the nozzle for the low fuel/air ratio (RNG turbulence model)
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Converging Section of Nozzle 0 -40 mm Diverging Section of Nozzle 0 -100 mm

Figure C.21 Temperature distribution in the inner surface of the nozzle for the low fuel/air ratio (k - toturbulence model)
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RESIDUALS FOR FLUID , U RES. FOR FLUID ,

V RES. FOR FLUID'

W RES. FOR FLUID ,

MASS RES. FOR FLUID ,

27 53 79 105 131 157 183 209 235 281

100_0

1.0

TE RES. FOR FLUID 1
10.0

ED RES. FOR FLUID 1

0.1

0~1

0.001

0_'
1 27 53 79 105 131 157 183 209 235 281

ITERATION NUMBER

Figure C.22 Residual versus number of iterations for the initial cell grid

U RES. FOR FLUID 1

V RES. FOR FLUID 1

W RES. FOR FLUID'

MASS RES. FOR FLUID 1

RESIDUALS FOR FLUID'

O.1000E-OS

1

C- 13 -

-

b... /" i'-.- -""-

I

0.1

0.01

0.001

R 0.0001

E
O.1000E

S

1

\.
/' .............-- -----=- ......

27 53 79 105 131 157 183 205 m 261

D

U

A

;! ,,"',-"..",,, ,

ED RES. FOR FLUID ,

SCL , RES. FORFLUID 1

SCL Z RES. FOR FLUID 1

27 53 79 105 131 157 183 205 235 261

ITERA TION NUMBER
I

Figure Co23 Residual versus number of iterations for the first grid refinement



RESIDUALS FOR FLUID 1

D

U

A
D.1000e+a;;

1000.

lOOD

10D

ID

0.1

001

0,001

0.0001
1 183 209 23S 28110S 131 15753 79

ITERATION NUMBER

U RES. FOR FLUID 1

V RES. FOR FLUID 1

W RES. FOR FLUID 1

MASS RES. FOR FLUID 1

TE RES. FOR FLUID 1

ED RES. FOR FLUID 1

Figure C.24 Residual versus number of iterations for the second grid refinement

RESIDU

.0
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A
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1000.

100,0

10D
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00001
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ITERATION NUMBER

Figure C.25 Residual versus number of iterations for the RNG turbulence model
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Figure C.26 Temperature distributions with the RNG turbulence model

Nozzle

TEMPERATURE
ABSOLUTE
KELVIN
ITER. 229
LOCALMX- 2170.
LOCALMN- 293.0

VPLUS

2170.
2036.
1902.
1768.
1634.
1500.
1366.
1232.
1098.
963.5
829.4
695.3
561.2
427.1
293.0

LOCALMX- 437.6

LOCAL MN= 0.0000

Figure C.27 y+ parameter for the cells attached to the nozzle of the refined model
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437.6
406.3
375.1

343.8

312.6

281.3

250.1

218.8

187.5

156.3

125.0

93.77

62.51

31.26

0.3815E- 05



Figure C.28 Refined grid of the two-layer nozzle model

TEMPERATURE
ABSOLUTE
KELVIN
ITER- 282

LOCAL MX- 2015.
LOCAL MN= 293.0

Figure C.29 Temperature distribution in the nozzle inner surface
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2015.
1692.
1769.
1646.
1523.
1400.
1277.
1154.
1031.
907.9
764.9
662.0
539.0
416.0
293.0



The output parameters:

The output me of STAR-CD with the standard k - I:model

U, v, W, VMAG -
P -
TKE
EPS
T -
RHO
SC1 - SC8 -

Velocities
Pressure
Turbulence energy
Dissipation
Temperature
Density
Scalars (02, C02, C3H8,H20 etc)

1 1

1 STAR VERSION 3.150A 1

1 THERMOFLUIDS ANALYSIS CODE 1

1 Run on hardware: Windows NT 1

1 Stardate: 5-MAY-2004 Time is 11:58:53 I

1 1

1 1

I STAR Copyright (C) 1988-2002, Computational Dynamics Ltd. 1

1 Proprietary data --- Unauthorized use, distribution, 1

1 or duplication is prohibited. All rights reserved. 1

1 1

1 1

1 PROBLEM SPECIFICATION SUMMARY 1

1 1

I CASE TITLE => 1

I NUMBER OF CELLS => 24930 1

1 NUMBER OF BOUNDARY FACES => 7145 I

1 MESH DIMENSIONS XMIN XMAX YMIN YMAX ZMIN ZMAX I

1 (IN METRES) => O.OE+OO 3.3E-02 -1.6E-02 1.6E-02 -1.0E-01 2.4E-01 I

I RESTART DATA => WILL BE SAVED ON FILE.pst I

I SURFACE DATA => WILL BE SAVED ON FILE.pst I

C- 17 -



BOUNDARY DATA =>
CONVERGENCE DATA =>
FIELD DATA =>
STEADY FLOW =>
INITIALISATION =>
DATA DUMP (FILE.pst) =>
SOLUTION PROCEDURE =>
RESIDUALTOLERANCE.. =>
MAX. NO. OF ITERATIONS =>
NO. OF FLUID MATERIALS =>

WILL BE PRINTED ON FILE. info
WILL BE PRINTED ON FILE. info
WILL NOT BE PRINTED
START FROM ITERATION = 0
WILL BE EMPLOYED
EVERY 100 ITERATIONS
SIMPLE
1.00E-03

500
1

-> FLUID 1

-------------------------------------------------------------------------------------------
-------------------------------------------------------------------

SOLVE =>

-------------------------------------------------------------------------------------------

FLUID FLOW =>
CHARACTERISTIC LENGTH =>
MONITORING LOCATION. =>
PRESSURE REF. CELL =>
REFERENCEPRESSURE.. =>
REFERENCE TEMPERATURE =>
MOLECULAR VISCOSITY. =>
DENSITY =>
SPECIFIC HEAT =>
CONDUCTIVITy =>
TURBULENT PRANDTL NUMBER =>
RADIATIVE PROPERTIES. =>

.. =>
PROPERTIES OF SPECIES =>

=>
MIXTURE_FRAC =>
VARIANCE =>
C3H8 =>
02 =>
CO =>
C02 =>
H20 =>
N2 =>

CHEMICAL REACTION DATA =>

U, V, W, P, TE, ED, T,VIS,DEN,
(STATIC ENTHALPY, THERMAL FORM TRANSPORTED)
MIXTURE_FRAC VARIANCE C3H8 02
CO C02 H20 N2
TURBULENT INCOMPRESSIBLE HIGH RE K-EPS MODEL

1.OOOE+OO m
3295
3295

PREF = 5.000E+05 Pa
TREF = 2.930E+02 K
CONSTANT - MU
PPDF MODEL USED
CONSTANT - C
CONSTANT - K
PRTUR = 9.000E-Ol
ABSORPTIVITY = 1.000E-Ol
SCATT. COEFF = O.OOOE+OO
MOL.DIF. TUR.SCH.NO. HEAT FORM.
(m2/s) (J/kg)
3.004E-05
3.004E-05
3.004E-05
3.004E-05
3.004E-05
3.004E-05
3.004E-05
3.004E-05

=>

1.810E-05 Pas

1. 006E+03 J /kgK

2.637E-02 W/mK

9.000E-Ol
9.000E-Ol
9.000E-Ol
9.000E-Ol
9.000E-Ol
9.000E-Ol
9.000E-Ol
9.000E-Ol

O.OOOE+OO
O.OOOE+OO
O.OOOE+OO
O.OOOE+OO
O.OOOE+OO
O.OOOE+OO
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FIXED FLOW BOUNDARY FLUXES... =>

=>
=>
=>

REACTION DETERMINED BY PPDF MODEL
RATIO OF VELOC. AND FLUCTUAT. TIME SCALE 2.000E+00
NUMBER OF PRODUCTS 6

FVIN = 1.666E-02 kg Is FVOUT = O.OOOE+OO kgIs
FLOUT = O.OOOE+OO kg Is

-------------------------------------------------------------------------------------------
=>

-> TWO-PHASE LAGRANGIAN -------------------------------------------------------------------
-------------------------------------------------------------------------------------------

MAXIMUM NUMBER OF DROPLETS =>
PROCEDURE . . . . . . . .. =>

TURBULENCE DISPERSION MODEL . =>
O'ROURKES COLLISION MODEL ... =>
POST DATA =>
ACTIVE DROPLET TYPE =>
NUMBEROF COMPONENT ... =>
PHYSICAL PROPERTIES =>
MOMENTUMTRANSFER .. =>
VIRTUAL MASS COEFFICIENT =>
SLIP FACTOR =>

HEAT TRANSFER =>
=>
=>

MASS TRANSFER =>

INITIAL MASS FRACTION =>
WALL BOUNDARy =>
PARTICLES TRACKING TIME =>

51
COUPLED
ON
ON
TRAJECTORIES OF DROPLETS WILL BE SAVED ON FILE.trk
1

=>
=>

1
STANDARD

STAR; STANDARD CORRELATION
O.OOOE+OO
O.OOOE+OO

PROPERTIES DEFINED BY PROSTAR
SPECIFIC HEAT CAPACITY SPECIFIC LATENT HEAT

1 0.101E+04 0.330E+06
PROPERTIES DEFINED BY PROSTAR

SCALAR OF EVAPORATION SATURATION PRESSURE
1 0 0.100E+06
1 0.100E+01
DROPLET PERFECTLY BOUNCE BACK

2.500E+01 s
-------------------------------------------------------------------------------------------

-> ADDITIONAL FEATURES USED --------------------------------------------------------------
-------------------------------------------------------------------------------------------

RAMFILES OPTION ENABLED

THERMAL RADIATION IN PARTICIPATING MEDIA (WALL TEMP. RELA. FAC. = 0.30, NO OF BEAMS = 100)
-------------------------------------------------------------------------------------------

-> BOUNDARY TYPES USED -------------------------------------------------------------------
-------------------------------------------------------------------------------------------

INLET, OUTLET, WALL, CYCLIC, BAFFLE,
No. of cyclics in fluids= 1930
Turbulence intensity and Mixing length specified at inlets

-------------------------------------------------------------------------------------------

-> SOLUTION PARAMETERS -------------------------------------------------------------------
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VARIABLE

-------------------------------------------------------------------------------------------

W
I

-------------------------------------------------------------------------------------------

FAC. I

SCH. I

FAC. I

TOL. I

LIM. I

-------------------------------------------------------------------------------------------

I

-------------------------------------------------------------------------------------------

FAC. I

SCH. I

FAC. I

TOL. I

LIM. I

-------------------------------------------------------------------------------------------

I

-------------------------------------------------------------------------------------------

FAC. I

SCH. I

FAC. I

TOL. I

LIM. I

-------------------------------------------------------------------------------------------

I

-------------------------------------------------------------------------------------------

FAC. I

SCH. I

FAC. I

TOL. I

LIM. I

RELA.
DIFF.
DSCH.
SOLV.
SWEEP

VARIABLE

RELA.
DIFF.
DSCH.
SOLV.
SWEEP

VARIABLE

RELA.
DIFF.
DSCH.
SOLV.
SWEEP

VARIABLE

RELA.
DIFF.
DSCH.
SOLV.
SWEEP

U

7.000E-01
UD

O.OOOE+OO
1.OOOE-Ol

100

T

8.000E-01
UD

O.OOOE+OO
1.000E-01

100

V P TE ED

7.000E-01
UD

O.OOOE+OO
1. OOOE-Ol

100

7.000E-01
UD

O.OOOE+OO
1.000E-01

100

3.000E-01 7.000E-01
UD

O.OOOE+OO
1.OOOE-Ol

100

7.000E-01
UD

O.OOOE+OO
1.000E-01

100
5.000E-02

1000

DENS TVIS MVIS CP COND

8.000E-01
CD

1.000E-02

1.000E+00 1.000E+00 1.000E+00 1.000E+00

C3H8 02 C02MIXTURE_FRACVARIANCE CO

7.000E-01
UD

O.OOOE+OO
1.000E-03

100

H20

9.500E-01
UD

O.OOOE+OO
1. 000E-03

100

7.000E-01
UD

O.OOOE+OO
1. 000E-03

100

9.500E-01
UD

O.OOOE+OO
1. 000E-03

100

9.500E-01
UD

O.OOOE+OO
1.000E-03

100

9.500E-01
UD

O.OOOE+OO
1.000E-03

100

9.500E-01
UD

O.OOOE+OO
1.000E-03

100

N2

9.500E-01
UD

O.OOOE+OO
1. 000E-03

100
-------------------------------------------------------------------------------------------

* RESIDUAL NORMALISATION PRACTICE REPRESENTATIVE OF VARIABLE FLUX USED
* NORMAL ISAT ION FACTORS WILL BE DYNAMICALLY UPDATED AS THE FLOW DEVELOPS

-------------------------------------------------------------------------------------------

1 1

I I CALCULATIONMONITORINGINFORMATIONI I
1 1
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ITER I GLOBAL ABSOLUTE RESIDUAL I
NO UMOM VMOM WMOM MASS T EN DISS ENTH

MIXTURE_ VARIANCE C3H8 02 CO C02 H20
N2

1 3.85E-02 1.04E-02 1.58E-03 1.00E+00 1.83E+00 1.83E+03 O.OOE+OO

4.34E+08 1.33E+08 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

I FIELD VALUES AT MONITORING
U V W P TE

MIXTURE_ VARIANCE C3H8 02 CO
N2

-1.08E+01

1.24E-22

7.90E-01

LOCATION I
ED T

C02 H2O

5.34E+00-3.51E+01 O.OOE+OO 4.39E+01 6.84E+03 1.24E-02

2.66E-23 O.OOE+OO 2.10E-01 O.OOE+OO 3.91E-06 O.OOE+OO

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

2 3.84E-02 1.06E-02 2.32E-02 1.00E+00 1.24E-01 5.89E-01 O.OOE+OO -1.51E+01 7.34E+00-2.71E+01 O.OOE+OO 1.15E+02 8.15E+04 1.48E-02

7.88E-01 6.50E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 1.66E-14 1.80E-19 O.OOE+OO 2.10E-01 O.OOE+OO 3.91E-06 O.OOE+OO

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.90E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

3 2.43E-02 6.86E-03 9.87E-03 1.00E+00 7.45E-02 5.76E-01 O.OOE+OO -2.23E+01 1.08E+01-3.51E+01 O.OOE+OO 2.11E+02 2.78E+05 1.53E-02

3.06E-01 4.15E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 1.18E-12 5.56E-17 O.OOE+OO 2.10E-01 O.OOE+OO 3.91E-06 O.OOE+OO

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.90E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

4 1.42E-02 4.12E-03 3.72E-03 1.00E+00 5.79E-02 2.10E-01 O.OOE+OO -2.72E+01 1.33E+01-3.98E+01 O.OOE+OO 2.61E+02 4.31E+05 1.54E-02

2.29E-01 2.74E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 2.38E-11 7.04E-16 O.OOE+OO 2.10E-01 O.OOE+OO 3.91E-06 O.OOE+OO

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.90E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

5 9.95E-03 2.83E-03 3.22E-03 1.00E+00 3.57E-02 1.58E-01 O.OOE+OO -2.70E+01 1.35E+01-3.37E+01 O.OOE+OO 2.86E+02 5.32E+05 1.55E-02

1.61E-01 1.98E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.61E-11 2.00E-15 O.OOE+OO 2.10E-01 O.OOE+OO 3.91E-06 O.OOE+OO

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.90E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

280 2.89E-06 1.55E-06 4.47E-04 2.79E-04 1.02E-03 1.55E-03 O.OOE+OO -5.76E+01 2.16E+01-3.70E+01 O.OOE+OO 1.43E+02 4.78E+05 1.31E+02

4.78E-04 1.50E-04 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 3.14E-03 1.46E-05 O.OOE+OO 2.02E-01 O.OOE+OO 3.11E-03 1.31E-02

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.82E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

281 2.99E-06 1.61E-06 4.44E-04 2.43E-04 1.01E-03 1.54E-03 O.OOE+OO -5.76E+01 2.16E+01-3.70E+01 O.OOE+OO 1.43E+02 4.78E+05 1.31E+02

4.69E-04 1.33E-04 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 3.14E-03 1.46E-05 O.OOE+OO 2.02E-01 O.OOE+OO 3.11E-03 1.31E-02

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.82E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

282 3.07E-06 1.51E-06 4.40E-04 2.11E-04 1.01E-03 1.54E-03 O.OOE+OO -5.76E+01 2.16E+01-3.70E+01 O.OOE+OO 1.43E+02 4.78E+05 1.31E+02

4.63E-04 1.23E-04 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 3.14E-03 1.46E-05 O.OOE+OO 2.02E-01 O.OOE+OO 3.11E-03 1.31E-02

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.82E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

283 2.90E-06 1.45E-06 4.38E-04 2.09E-04 9.99E-04 1.53E-03 O.OOE+OO -5.76E+01 2.16E+01-3.70E+01 O.OOE+OO 1.43E+02 4.78E+05 1.31E+02

4.63E-04 1.29E-04 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 3.14E-03 1.46E-05 O.OOE+OO 2.02E-01 O.OOE+OO 3.11E-03 1.31E-02

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.82E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

&&&& --------------------------------------------------------------

*** CALCULATIONS TERMINATED - CONVERGENCE CRITERION SATISFIED

STAR-CD Version 3.150A Computational Dynamics, Ltd.
END OF EXECUTION - STAR

ELAPSED TIME IS 4612.60 CPU TIME IS 4527.10
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The output file of STAR-CD with the RNG k - e model

1 1

1 STAR VERSION 3.150A 1

1 THERMOFLUIDS ANALYSIS CODE I

1 Run on hardware: Windows NT 1

1 Stardate: 5-MAY-2004 Time is 11:58:53 1

1 1

1 1

1 STAR Copyright (C) 1988-2002, Computational Dynamics Ltd. 1

1 Proprietary data --- Unauthorized use, distribution, I

1 or duplication is prohibited. All rights reserved. 1

1 1

-------------------------------------------------------------------------------------------

PROBLEM SPECIFICATION SUMMARY ----------------------------
-------------------------------------------------------------------------------------------
CASE TITLE ... =>
NUMBER OF CELLS ... =>
NUMBER OF BOUNDARY FACES =>
MESH DIMENSIONS

(IN METRES) =>
RESTART DATA =>
SURFACE DATA =>
BOUNDARY DATA .. =>
CONVERGENCE DATA =>
FIELD DATA =>
STEADY FLOW =>
INITIALISATION =>
DATA DUMP (FILE.pst) =>
SOLUTION PROCEDURE =>
RESIDUAL TOLERANCE =>
MAX. NO. OF ITERATIONS =>
NO. OF FLUID MATERIALS ... ... =>

24930
7145
XMIN XMAX YMIN YMAX ZMIN ZMAX

O.OE+OO 3.3E-02 -1.6E-02 1.6E-02 -1.OE-01 2.4E-01
WILL BE SAVED ON FILE.pst
WILL BE SAVED ON FILE.pst
WILL BE PRINTED ON FILE.info
WILL BE PRINTED ON FILE.info
WILL NOT BE PRINTED
START FROM ITERATION = 0
WILL BE EMPLOYED
EVERY 100 ITERATIONS
SIMPLE
1.00E-03

500
1

-> FLUID 1

-------------------------------------------------------------------------------------------
-------------------------------------------------------------------

-------------------------------------------------------------------------------------------
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SOLVE =>

FLUID FLOW =>
CHARACTERISTIC LENGTH =>
MONITORING LOCATION =>
PRESSURE REF. CELL .. =>
REFERENCE PRESSURE =>
REFERENCE TEMPERATURE =>
MOLECULAR VISCOSITY. =>
DENSITY =>
SPECIFIC HEAT =>
CONDUCTIVITy =>
TURBULENT PRANDTL NUMBER =>
RADIATIVE PROPERTIES =>

=>
PROPERTIES OF SPECIES =>

MIXTURE_FRAC =>
VARIANCE =>
C3H8 =>
02 =>
CO =>
C02 =>
H20 =>
N2 =>

CHEMICAL REACTION DATA =>
=>
=>
=>

FIXED FLOW BOUNDARY FLUXES. .. =>

U, V, W, P, TE, ED, T,VIS,DEN,
(STATIC ENTHALPY, THERMAL FORM TRANSPORTED)
MIXTURE_FRAC VARIANCE C3H8 02
CO C02 H20 N2
TURBULENT INCOMPRESSIBLE HIGH RE K-EPS MODEL

1. OOOE+OO m
3295
3295

PREF = 5.000E+05 Pa
TREF = 2.930E+02 K
CONSTANT - MU

PPDF MODEL USED
CONSTANT - C

CONSTANT - K
PRTUR = 9.000E-01
ABSORPTIVITY = 1.000E-01
SCATT. COEFF = O.OOOE+OO
MOL.DIF. TUR.SCH.NO. HEAT FORM.

(m2/s) (J/kg)
3.004E-05
3.004E-05
3.004E-05
3.004E-05
3.004E-05
3.004E-05
3.004E-05
3.004E-05

=>

1. 810E-05 Pas

1. 006E+03 J /kgK
2.637E-02 W/mK

=>
9.000E-01
9.000E-01
9.000E-01
9.000E-01
9.000E-01
9.000E-01
9.000E-01
9.000E-01

O.OOOE+OO
O.OOOE+OO
O.OOOE+OO
O.OOOE+OO
O.OOOE+OO
O.OOOE+OO

REF. TEMP.

(K)

O.OOOE+OO
O.OOOE+OO
O.OOOE+OO
O.OOOE+OO
O.OOOE+OO
O.OOOE+OO

REACTION DETERMINED BY PPDF MODEL
RATIO OF VELOC. AND FLUCTUAT. TIME SCALE 2.000E+OO
NUMBER OF PRODUCTS 6

FVIN = 1.666E-02 kg/s FVOUT = O.OOOE+OO kg/s
FLOUT = O.OOOE+OO kg/s

-------------------------------------------------------------------------------------------

MAXIMUM NUMBER OF DROPLETS . =>
PROCEDURE =>
TURBULENCE DISPERSION MODEL . =>
O'ROURKES COLLISION MODEL ... =>
POST DATA . . . . . . . .. =>

=>

-> TWO-PHASE LAGRANGIAN -------------------------------------------------------------------
-------------------------------------------------------------------------------------------

51
COUPLED
ON
ON
TRAJECTORIES OF DROPLETS WILL BE SAVED ON FILE.trk
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ACTIVE DROPLET TYPE ........
NUMBER OF COMPONENT ........
PHYSICAL PROPERTIES ........
MOMENTUM TRANSFER ..........

VIRTUAL MASS COEFFICIENT
SLIP FACTOR ......

HEAT TRANSFER ........

MASS TRANSFER .

INITIAL MASS FRACTION
WALL BOUNDARy ........
PARTICLES TRACKING TIME

1
STANDARD

STAR; STANDARD CORRELATION
O.OOOE+OO
O.OOOE+OO

PROPERTIES DEFINED BY PROSTAR
SPECIFIC HEAT CAPACITY SPECIFIC LATENT HEAT

1 0.101E+04 0.330E+06
PROPERTIES DEFINED BY PROSTAR

SCALAR OF EVAPORATION SATURATION PRESSURE
1 0 0.100E+06
1 0.100E+01
DROPLET PERFECTLY BOUNCE BACK

2.500E+01 s
-------------------------------------------------------------------------------------------

-> ADDITIONAL FEATURES USED --------------------------------------------------------------
-------------------------------------------------------------------------------------------

RAMFILES OPTION ENABLED

THERMAL RADIATION IN PARTICIPATING MEDIA (WALL TEMP. RELA. FAC. = 0.30, NO OF BEAMS = 100)
-------------------------------------------------------------------------------------------

-> BOUNDARY TYPES USED -------------------------------------------------------------------
-------------------------------------------------------------------------------------------

INLET, OUTLET, WALL, CYCLIC, BAFFLE,
No. of cyclics in fluids= 1930
Turbulence intensity and Mixing length specified at inlets

-------------------------------------------------------------------------------------------

VARIABLE

-> SOLUTION PARAMETERS -------------------------------------------------------------------

TE
-------------------------------------------------------------------------------------------

I

-------------------------------------------------------------------------------------------

FAC. I

SCH. I

FAC. I

TOL. I

LIM. I

-------------------------------------------------------------------------------------------

I

-------------------------------------------------------------------------------------------

RELA. FAC. I 8.000E-01 8.000E-01 1.000E+00 1.000E+00 1.000E+00 1.000E+00
DIFF. SCH. I UD CD

RELA.
DIFF.
DSCH.
SOLV.
SWEEP

VARIABLE

U

7.000E-01
UD

O.OOOE+OO
1.000E-01

100

T

7.000E-01
UD

O.OOOE+OO
1. OOOE-Ol

100

V EDW P

7.000E-01
UD

O.OOOE+OO
1. OOOE-Ol

100

7.000E-01
UD

O.OOOE+OO
1.000E-01

100

3.000E-01 7.000E-01
UD

O.OOOE+OO
1.000E-01

100
5.000E-02

1000

DENS CONDTVIS MVIS CP
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I

I

I

-------------------------------------------------------------------------------------------

I

-------------------------------------------------------------------------------------------

FAC. I

SCH. I

FAC. I

TOL. I

LIM. I

-------------------------------------------------------------------------------------------

I

-------------------------------------------------------------------------------------------

I

I

I

I

I

DSCH. FAC.
SOLV. TOL.
SWEEP LIM.

VARIABLE

RELA.
DIFF.
DSCH.
SOLV.
SWEEP

VARIABLE

RELA.
DIFF.
DSCH.
SOLV.
SWEEP

FAC.
SCH.
FAC.
TOL.
LIM.

MIXTURE_FRACVARIANCE

O.OOOE+OO
1.000E-01

100

7.000E-01
UD

O.OOOE+OO
1.000E-03

100

H20

9.500E-01
UD

O.OOOE+OO
1.000E-03

100

1.000E-02

C3H8 C0202 CO

7.000E-01
UD

O.OOOE+OO
1.000E-03

100

9.500E-01
UD

O.OOOE+OO
1.000E-03

100

9.500E-01
UD

O.OOOE+OO
1. 000E-03

100

9.500E-01
UD

O.OOOE+OO
1.000E-03

100

9.500E-01
UD

O.OOOE+OO
1.000E-03

100

N2

9.500E-01
UD

O.OOOE+OO
1. 000E-03

100
-------------------------------------------------------------------------------------------

* RESIDUAL NORMALISATION PRACTICE REPRESENTATIVE OF VARIABLE FLUX USED
* NORMALISATION FACTORS WILL BE DYNAMICALLY UPDATED AS THE FLOW DEVELOPS

-------------------------------------------------------------------------------------------

ITER I GLOBAL ABSOLUTE
NO UMOM VMOM WMOM MASS

MIXTURE_ VARIANCE C3H8 02
N2

1 3.85E-02
4.34E+08
O.OOE+OO

1.04E-02 1.58E-03 1.OOE+OO

1.33E+08 O.OOE+OO O.OOE+OO

O.OOE+OO O.OOE+OO O.OOE+OO

1 1

1 CALCULATIONMONITORINGINFORMATIONI I
1 1

RESIDUAL ----------------I I----------- FIELD VALUES AT MONITORING LOCATION -------I
T EN DISS ENTH U V W P TE ED T

CO CO2 H2O MIXTURE_ VARIANCE C3H8 02 CO CO2 H2O
N2

1.83E+OO 1.83E+03 O.OOE+OO -1.08E+Ol 5.34E+OO-3.51E+Ol O.OOE+OO 4.39E+Ol 6.84E+03 1.24E-02
O.OOE+OO O.OOE+OO O.OOE+OO 1.24E-22 2.66E-23 O.OOE+OO 2.l0E-Ol O.OOE+OO 3.91E-06 O.OOE+OO
O.OOE+OO O.OOE+OO O.OOE+OO 7.90E-Ol O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

2 3.84E-02 1.06E-02 2.32E-02 1.OOE+OO 1.24E-Ol 5.89E-Ol O.OOE+OO -1.51E+Ol 7.34E+OO-2.71E+Ol O.OOE+OO 1.15E+02 8.l5E+04 1.48E-02
7.88E-Ol 6.50E-Ol O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 1.66E-14 1.80E-19 O.OOE+OO 2.l0E-Ol O.OOE+OO 3.91E-06 O.OOE+OO
O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.90E-Ol O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

3 2.43E-02 6.86E-03 9.87E-03 1.OOE+OO 7.45E-02 5.76E-Ol O.OOE+OO -2.23E+Ol 1.08E+Ol-3.51E+Ol O.OOE+OO 2.llE+02 2.78E+05 1.53E-02
3.06E-Ol 4.l5E-Ol O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 1.18E-12 5.56E-17 O.OOE+OO 2.l0E-Ol O.OOE+OO 3.91E-06 O.OOE+OO
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O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.90E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

4 1.42E-02 4.12E-03 3.72E-03 1.00E+00 5.79E-02 2.10E-01 O.OOE+OO -2.72E+01 1.33E+01-3.98E+01 O.OOE+OO 2.61E+02 4.31E+05 1.54E-02

2.29E-01 2.74E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 2.38E-11 7.04E-16 O.OOE+OO 2.10E-01 O.OOE+OO 3.91E-06 O.OOE+OO

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.90E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

5 9.95E-03 2.83E-03 3.22E-03 1.00E+00 3.57E-02 1.58E-01 O.OOE+OO -2.70E+01 1.35E+01-3.37E+01 O.OOE+OO 2.86E+02 5.32E+05 1.55E-02

1.61E-01 1.98E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.61E-11 2.00E-15 O.OOE+OO 2.10E-01 O.OOE+OO 3.91E-06 O.OOE+OO

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.90E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

280 2.89E-06 1.55E-06 4.47E-04 2.79E-04 1.02E-03 1.55E-03 O.OOE+OO -5.76E+01 2.16E+01-3.70E+01 O.OOE+OO 1.43E+02 4.78E+05 1.31E+02

4.78E-04 1.50E-04 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 3.14E-03 1.46E-05 O.OOE+OO 2.02E-01 O.OOE+OO 3.11E-03 1.31E-02

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.82E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

281 2.99E-06 1.61E-06 4.44E-04 2.43E-04 1.01E-03 1.54E-03 O.OOE+OO -5.76E+01 2.16E+01-3.70E+01 O.OOE+OO 1.43E+02 4.78E+05 1.31E+02

4.69E-04 1.33E-04 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 3.14E-03 1.46E-05 O.OOE+OO 2.02E-01 O.OOE+OO 3.11E-03 1.31E-02

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.82E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

282 3.07E-06 1.51E-06 4.40E-04 2.11E-04 1.01E-03 1.54E-03 O.OOE+OO -5.76E+01 2.16E+01-3.70E+01 O.OOE+OO 1.43E+02 4.78E+05 1.31E+02

4.63E-04 1.23E-04 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 3.14E-03 1.46E-05 O.OOE+OO 2.02E-01 O.OOE+OO 3.11E-03 1.31E-02

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.82E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

283 2.90E-06 1.45E-06 4.38E-04 2.09E-04 9.99E-04 1.53E-03 O.OOE+OO -5.76E+01 2.16E+01-3.70E+01 O.OOE+OO 1.43E+02 4.78E+05 1.31E+02

4.63E-04 1.29E-04 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 3.14E-03 1.46E-05 O.OOE+OO 2.02E-01 O.OOE+OO 3.11E-03 1.31E-02

O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 7.82E-01 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO

&&&& -------------------------------------------------------------- --------------------------------------------------------------

*** CALCULATIONS TERMINATED - CONVERGENCE CRITERION SATISFIED

STAR-CD Version 3.150A Computational Dynamics, Ltd.
END OF EXECUTION - STAR

ELAPSED TIME IS 4612.60 CPU TIME IS 4527.10



APPENDIX D

FINITE ELEMENT ANALYSIS RESULTS
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The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in heating up

Time: 1 s

Tim. Step 1 or 120

Maximum Value: 535 deg C

Minimum Value: 91.9438 deg C
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Figure D.l Temperature distribution
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Loaa Case: 1 of 1

Maximum Valu.: 191138e.o08 N/(m'2)

Minimum Value: -1 .41231e.o08 N/(m'2)

Figure D.2 Thermal stress distribution
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The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in heating up

Time: 5 3

Time &1ep.5 of 120
MaximumValue: 1132 48 deg C
Minimum Value: 647.409 aea C

Figure D.3 Temperature distribution

Load Case. 1 or 1

Maximum Value: 2 .17665e+008 N/(m"2)

Minimum Value: -3.2586..008 N/(m"2)

Figure D.4 Thermal stress distribution
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The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in heating up

Time: 10 s

Time Step' 10at 120
MaJdmumValue: 1051.94deg C

MinimumValue 767.306deg C

Figure D.5 Temperature distribution

lOad Case: 1 or 1

Maximum Va1ue: 2.061 e~oe NJ(mIl.2)

Minimum Value. -2.57401e+006 N/(m"2)

D.6 Thermal stress distribution
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Figure

D-3-

The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in heating up

Time"20 s

Time Step: 20 at 120

MaJdmumValue: 1066.37 deg C

Minimum Value 610.046 deg C

Figure D.7 Temperature distribution

Load Case: 1 of 1

MaximumValue: 1.69372e-+ooe N/(m"2)

1I1inimumValue: -2.0722Be+006 N/(m"2)

Figure D.8 Thermal stress distribution
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The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in heating up

Time:40.
Time Step. 40 of 120

MaximumValUe: 1051.9 deg C

Minimum Value: 801.436deg C

Figure D.9 Temperature distribution

Load Ca.e: 1 or 1

Maximum Value: 1.96972e+008 N/(m'2)
Minimum Value: -1 .64838.+008 NIO"'21

Figure D.I 0 Thermal stress distribution

rtmp.,6Iurt
dl'C

~

.,.,...
imes
100U04
078.768
~1.111g
\nO""'!!"
801.01G8
87e~73"
9151.627;
8204818
801.4358

Stl..
r.lillOmumPIJnClp.I'

N.'(m"2)

~

,...,22..008
_ 1.oo71i1128+oo8

1.24C103...oo8
8.i4202O..007
5.224832...007

1.eo073ee+OOl
.2.o11302,'t()07
4.(12Si14Cj1jl,+007
..g.247~.+O07
.1.28t1M1St+008
.1.049375.+009

D-4-

The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in heating up

Time60 .

TimeStep: 60of 120
MaximumValue.1049.9degC
MinimumValue:799.926deqC

Figure D.II Temperature distribution

LoadCa.e: 1of 1
MaxJmumValue 1.99944e+008N/(m"2)
MinimumValue:-1.61794.+008N/(m"2)

Figure D.12 Thermal stress distribution
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The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in cooling down

Time: 19

Time Step' 1 or 120

MaximumValue. 1017.11degC
Minimum Value: 769.702 oeg C

Figure D .13 Temperature distribution

Loaa Ca.e: 1 of 1

MaximumValue: 2.51478e+{)08 N/(m"2)

Minimum Value: -1.0573ge+{)08 N/(m'2)

Figure D .14 Thermal stress distribution
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The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in cooling down

Time.2 s

Time Step: 2 Of 120

Maximum Value: 960.638 deg C

Minimum Value: 708.67 aeg C

Figure D.15 Temperature distribution

LoaO Case: 1 Of 1

MaxImum Value: 2.51478e+008 N/(m"2)

Minimum Value: -1.0573ge+008 N/(m"2)

Figure D.16 Thermal stress distribution
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The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in cooling down

Time: 25

Time Step: 2 Of120
Maximum Value: 960.638 deg C

Minimum Value: 708.67 deg C

Figure D.l 7 Temperature distribution

Load Case: 1 Of 1

Maximum Value: 2.51478e+008 N/(m'"2)

Minimum Value: -1.0573ge+008 N/Cm'2)

Figure D.18 Thermal stress distribution
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The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in cooling down

Time: 3 s

Time Step. 3 of 120

MaximumValue:879399 deg C
Minimum Value: 667.126 deg C

Figure D.19 Temperature distribution

Load Case: 1 of I

Maximum Value. 2.7573e+008 N/(m'2)

Minimum Value:-6.07464e+O07 NI(m"2)

Figure D.20 Thermal stress distribution
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The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in cooling down

Time: 4 s

Time Step: 4 of 120

Maximum Value: 802.481 deg C

Minimum Value: 637.994 deg C

Figure D.21 Temperature distribution

Load Ca,e: 1 011

MaximumValue: 2 1834ge+008 N/(rn"2)

Minimum Value: -728521e+1l07 N/(rn"2)

Figure D.22 Thermal stress distribution
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The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in cooling down

Time: 55

Time Stw 5 of 120

MaximumValue:747.892 deg C

Minimum Value: 599.054 (leg C

Figure D.22 Temperature distribution

Load Case. 1 of 1

Maximum Value: 1 66522e+1l08 N/(rn"2)

Minimum Value:-3.18053e+007N/(m"2)

Figure D.23 Thermal stress distribution
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The Temperatures and Thermal Stresses in the hot pressed SiC
Nozzle in cooling down

Time: 105

Time Step: 10or120
MaXImumValue: 547.593 oeg C

Minimum Value: 448.994 OegC

Figure 0.24 Temperature distribution

LoaO Case: 1 or 1

Maximum Value: I .66522e+008 N/(m'2)

Minimum Value: -3.18053e+007 N/(m'2)

Figure D.25 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in heating up

Time'1s

Time Step: I 01120

MaXimum Value: 535 aeg c

Minimum Value: 37.7419 oeg C

Figure D.26 Temperature distribution

Load Case: 1 ot 1

MaXImum Value: 2.04808e+008 N/(m'2)

Minimum Value: -2.40604e+008 N/(m'2)

Figure D.27 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in heating up

Ttme: 5 s

Time Step' 5 of 120
MaximumValue. 1132.46 deg C

Minimum Value: 483.728 deg C

Figure D.28 Temperature distribution

Load Case: 1 of 1

MaximumValue:3.60926etIJ08 N/( 2)

Minimum Value:-5.6932e+008 NI( 2)

Figure D.29 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in heating up

Time: 10 S

Time Step 10 or 120

Maximum Value: 103873 deg C

Minimum Value' 664 058 deg C

Figure D.30 Temperature distribution

Load Case: 1 of 1

Maximum Value: 2.77264e+008 N/{m'2)

MInimum Value: -3.1178e+008 N/( 2)

Figure D.31 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in heating up

Time:20 5

Time Step: 20 of 120

Ma)(jmumValue: 1066.37 deg C

MInimum Value: 769.231 deQ C

Figure D.32 Temperature distribution

Load Case: 1 or 1

MaximumValue: 2.21956e+006 N/(m"2)

MinimumValue: -2.60771e+006 N/(m"2)

Figure D.33 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in heating up

Time: 40 s

Time Step. 40 of 120

MaximumValue:1051.9deg C
Minimum Value: 785.909 deg C

Figure D.34 Temperature distribution

Load Case: 1 or 1

Ma>omumValue: 2.5751e+008 N/(m'2)

Minimum Value: -2.12131e+008 N/(m"2)

Figure D.35 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in heating up

Time: 60 5

Time Step: 60 of 120

Ma~mum Value: 1049.9 deg C

MInimum Value 786.388 deg C

Figure D.36 Temperature distribution

Load Case: 1 011

M""'mumValue:2.60925e+008 N/(m"2)

Minimum Value: -2.o8602e+008 N/(m'2)

Figure D.37 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in cooling down

Time: 1 5

Time Step: 1or 120
M~mumValue: 1001 19deg C
Mln""um Value 732.278 deg C

Figure D.38 Temperature distribution

Load Case: 1 of 1

Maximum Volue.3.4058e+008 NI(m"2)

Minimum Value:-1 .22805e+008N/(m"2)

Figure D.39 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in cooling down

Time: 2 s

Time Step 2 01120
Ma~mum Value: 958.616 deg C

Minimum Value: 604 .099 deg C

Figure 0.40 Temperature distribution

Load Case. 1 or 1

Ma~mum Value: 4 52092et008 N/(m'2)

Minimum Value: -762406 N/(m'2)

Figure D.42 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in cooling down

Time: 3 s

Time Step 3 or 120
Ma~mum Value: 891.29 deg C

Minimum Value: 557.514 deg C

Figure 0.42 Temperature distribution

Load Case: 1 or 1

MaximumValue: 422827et006 N/(m"2)

Minimum Value: -8.12601 et006 N/(m"2)

Figure D.43 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in cooling down

Time: 4 s

Time Step: 4 or 120

MaXImumValue:812.559deg C

Minimum Value: 546.356deg C

Figure D.44 Temperature distribution

Laaa Case: 1 011

MaximumValue:3.53298e+008 N/(1II"2)

7 Minimum Value: -5.10168e+007 Nlrm"21

Figure D.45 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in cooling down

Time: 55

Time Step. 5 01120

Maximum Value. 749.306 deg C

Minimum Value: 509.104 deg C

Figure 0.46 Temperature distribution

load Case: 1 of 1

Maximum Value. 3.50478e+008 N/(m"2)

Minimum Value -9.06205e+006 N/(1II"2)

Figure D.47 Thermal stress distribution
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The Temperatures and Thermal Stresses in the nitride-bonded SiC
Nozzle in cooling down

Time: 105

Time Step: 10at 120
MaximumValue.556.859 deg C

Minimum Value"361.337deg C

Figure D.48 Temperature distribution

LoadCase 1 of 1

Maximum Value: 2.91454e+008 N/(m'2)

Minimum Value: -519290 N/(rn"2)

Figure D.49 Thermal stress distribution
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The Temperatures and Thermal Stresses in the SIALON Nozzle in
heating up

Time: 1 s

TimeStep. 1 Of 120

MaximumValue' 550 deg C

MinimumValue: 217 ,756 deg C

Figure 0.50 Temperaturedistribution
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LDad Case: 1 Df 1

MaximumValue: 1.07698e+OOBNI(m"2)

MinimumValue: .9 09671e+006 N/(m"2)

Figure 0.51 Thermal stress distribution
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The Temperatures and Thermal Stresses in the SIAL ON Nozzle in
heating up

Time~ 5 s

TimeStep 5 of 120
MaximumValue. 1164 .88 deg C

MinimumValue' 483418 deg C

Figure 0.52 Temperature distribution
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Load Case: 1 of 1

Ma)(lmumValue 2 1467Be+008N/(m"2)
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MoIximurnPdnoip.1
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Figure 0.53 Thermal stress distribution



The Temperatures and Thermal Stresses in the SIALON Nozzle in
heating up

Time' 105

Time Step: 10 of 120

Maximum Value: 1126 OB deg C

Minimum Vatue: 633.578 deg C

Figure D.53 Temperature distribution
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732 .078
082 .8278
033 .5776

D-17 -

Load Case' 1 of 1

MaXImumValue 1.0109Be+OOBN/(m'2)

MinimumValue' -6 17B27e+006N/(m"2)

Figure 0.54 Thermal stress distribution

Sl,...
M_mum P,lftolpal

NoI:m"2)

1.0109820+008

11.0370590+007
7 .9D4N4.+OO7

1I.601152I1e+007

5.1318704.+007

4.7<W5911Qe+007

3.1173233.+007
2.6OO4!l8.+oo7
Ui27703t+007
<W5411381

.(I 17820Q



The Temperatures and Thermal Stresses in the SIALON Nozzle in
heating up

Time:20s
Time Step: 20 ot 120
MaximumValue: 1098 91 deg C

MinimumValue: 61 0.518 deg C

hrnpor,ture
dog C

10QIUID7
1050.05
1001.22Q
052..300!!
003.45111
"4.7127
805.8738
757.03411
708.10111
MO.3e72
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Figure 0.55 Temperature distribution
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LoadCase: I or 1

MaximumValue 1.31902e+008 Nf(rn'-2)

MinimumValue:-6 56178e+006 Nf(mn2)

Figure 0.56 Thermal stress distribution
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The Temperatures and Thermal Stresses in the SIALON Nozzle in
heating up

Time- 40 5

Time Step. 40 of 120
MaximumValue: 1061.95 deg C

MinimumValue' 617 178 deg C

Figure D.S7 Temperaturedistribution
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Loadcase: 1of 1
MaximumValue:120597e+008NJ(m"2)
MinimumValue'.7.9921ge+006N/(mA2)

Figure D.S8 Thermal stressdistribution
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The Temperatures and Thermal Stresses in the SIALON Nozzle in
heating up

Time 60 s

TimeStep. 60 ot 120
MaximumValue' 1079.9 deg C

MinimumValue' 617 113 deg C

hrnp'l~tu..
degC
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Figure 0.59 Temperature distribution
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Load case. 1 of 1
MaXimum value' 1 .20112e+008 N/(m"2)

Minimum Value: .7 .91713e+006 NI(m'2)

Figure 0.60 Thermal stress distribution
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The Temperatures and Thermal Stresses in the we Nozzle in heating up

Time. 1 s

Time Step: 1 of 120

MaximumValue: 550 deg C

MinimumValue: 211 .064 deg C

Figure 0.75 Temperature distribution
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LDad Case: 1 Df 1

Maximum Value. 5,09494e+OOB N/(mA2)

Minimum Value' 1 00378e+OOB N/(w2)

Figure 0.76 Thermal stress distribution
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The Temperatures and Thermal Stressesin the we Nozzlein heating up

Temp.,.ture
dot C

11&4.B83

1102 171
10311.472
W&.7&aII
1114.0&12
~1.~58
1880'04
725.1146
1I0323Q1\
eoo.5341
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Time: 5 5

Time Step: 5 or 120
MaximumValue: 1164 .88 deg C

MinimumValue: 537 829 deg C

Figure 0.77 Temperature distribution

0- 22 -

Load Case: 1 of 1

MaXimumValue: 989193e+ooa Nf(mA2)

MinimumValue: 1.76771e+OOS N/(m"2)

Figure 0.78 Thermal stress distribution
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The Temperatures and Thermal Stresses in the we Nozzle in heating up

Time. 10 s

Time Step' 10 of 120

MaximumValue. 1071.33 deg C

MinimumValue- 689 388 deg C

Figure 0.79 Temperature distribution
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Str....
vonMis..
1U(nv'2)

2.1511802.+008
1_~221"'Ooe
1.7476170+009
1.543025.+008
1.339433.+008
1.133840+008
g .2924700+007
7 .2~.+OO7
62QlleJ30+OO7
3.154709.+oo7
1.1087811.+007

Load Case: 1 of 1

Maximum Value. 2.1568e+OOa N/(m'-2)

Minimum Value: 1 1087ge+007 N/(mA2)

Figure 0.80 Thermal stress distribution



The Temperatures and Thermal Stressesin the we Nozzlein heating up

Temp.,.tur.
de, C

1QQ8907
1000 217
1021527
118:2.8307
1144.1_

Q05.4!5&4
110O.7003
S28D761
789.386
750.6008
712.001.17

Time: 20 s

TimeStep: 20 of 120

MaximumValue: 109691 deg C

MinimumValue: 712,006 deg C

Figure 0.81 Temperature distribution
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Load Case: 1 of 1

MaxImumValue,3.1B67ge~06 N/(mA2)

MinimumValue: 2 10517e+007 NI(mA2)

Figure 0.82 Thermal stress distribution



The Temperatures and Thermal Stressesin the we Nozzlein heating up
Temper.tu,.

dtg C

1091.951
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Time Step: 40 of 120

MaXimum Value: 1081.95 deg C

Minimum Value: 711 739 deg C

Figure D.83 Temperature distribution
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von Mises
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LOad Case. 1 01 1

MaJrimumValue: 2 .55182e+008N/(mA2)
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Figure D.84 Thermal stress distribution



The Temperatures and Thermal Stressesin the we Nozzlein heating up
to",po,II.,.

dog C
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0&0.421:1
Q320~
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922.13155
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Time: 60 5

Time Step: 60 of 120

MaximumValue 1079.9 deg C

MinimumValue' 711 .665 deg C

Figure 0.85 Temperature distribution
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Load Case: 1 of 1

MaximumValue: 2.49086e+008 N/(mA2)

MinimumValue: 1.34214e+007 N/(mA2)

Figure 0.86 Thermal stress distribution



The output file of ALGOR for the we nozzle

ALGOR (R) Static Stress with Linear Material Models

Version 12.32-WIN 27-JUN-2003

Copyright (c) 1984-2003 ALGOR, Inc. All rights reserved.

Linear Stress

333 1 1 0 0 0

**** Linear stress analysis

**** Memory Dynamically Allocated = 261114 KB

Options executed are:

NOMIN

STRAIN

SPARSE

SUPCNF

SUPELM

SUPNOD

REAC

ENOR

processing ...

**** OPENING TEMPORARY FILES

NDYN =0

DATE: SEPTEMBER 14,2003

TIME: 11:59 AM

INPUT MODEL: C:\ALGORI2\WC\WC 10 sec

ALG.DLL VERSION: 13240000

**** BEGIN NODAL DATA INPUT

333 NODES

**** END NODAL DATA INPUT

**** BEGIN TYPE-4 DATA INPUT

220 ELEMENTS

**** END TYPE-4DATAINPUT
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**** Hard disk file size information for processor:

Available hard disk space on current drive = 26439.277 megabytes

**** BEGIN LOAD INPUT

Load factor = I.OOE+OOin the I st basket in load case I

Load factor = 1.00E+00 in the 4th basket in load case I

**** END LOAD INPUT

**** Invoking Sparse Solver ...

**** Symbolic Assembling Using the Skyline Matrix Profile ...

**** Assembled in One Block.

**** Real Sparse Matrix Assembly...

in the upper off-diagonal matrix:

number of entries in the profile =5181

number of symbolic nonzero entries= 4301

number of real nonzero entries =4301

**** Sparse Matrix Assembled in One Block

**** Load case 1

**** Sparse Matrix Factorization ...

**** Sparse Matrix Solving ...

**** End Sparse Matrix Solution

**** BEGIN DISPLACEMENT OUTPUT

**** PRINT OF DISPLACEMENT OUTPUT SUPPRESSED

**** END DISPLACEMENT OUTPUT

**** BEGINNING REACTION COM PUT ATIONS

**** LOADCASES REMAINING

**** BLOCKS REMAINING

**** GROUPS REMAINING

**** GROUP USED--ELEMENT/GLOBAL CONTRIBUTIONS

220 ELEMENTS

220 ELEMENTS REMAINING

200 ELEMENTS REMAINING

100 ELEMENTS REMAINING

**** ENDING REACTION COMPUTATIONS
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**** BEGIN DELETING TEMPORARY FILES

Processing completed for model:

[C:\ALGORI2\WC\WC 10 see]

**** TEMPORARY FILES DELETED

**** END OF SUCCESSFUL EXECUTION

Total actual hard disk space used = 0.257 megabytes

Sub-total elapsed time = 0.012 minutes

ALGOR (R) Stress Calculation Utility

Version 12.16-WIN25-APR-2003

Copyright (c) 1989-2003 ALGOR, Inc. All rights reserved.

**** Memory Dynamically Allocated = 261114 KB

Percent capacity: .01259
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WC 10 sec.t7 = 5.211kilobytes

WC 10 sec.t8 = 11.797 kilobytes

WC 10 sec.t9 = 0.000kilobytes

WC 10sec.tl0 = 0.000kilobytes
WC 10sec.tIl = 10.375 kilobytes

WC 10 sec.tl2 = 5.203 kilobytes

WC 10 sec.t13 = 5.211 kilobytes

WC 10 sec.tl4 = 0.000 kilobytes

WC 10 sec.tl5 = 0.000 kilobytes

WC 10 sec.tI7 = 0.000 kilobytes

WC 10sec.t51 = 13.750 kilobytes

WC 10 sec.t52 = 132.344 kilobytes

WC 10 sec.t54 = 2.625 kilobytes

WC 10 sec.t55 = 16.801 kilobytes

WC 10 sec.t56 = 33.602 kilobytes

WC 10 sec.t58 = 5.203 kilobytes

total temporary disk storage (megabytes) =0.2364

WC 10 sec.1 = 5.637kilobytes

WC 10 sec.do = 15.656 kilobytes



DATE: SEPTEMBER 14,2003

TIME: 11:59 AM

INPUT C:\ALGORI2\WC\WC 10 see

Percent capacity: .01109

Percent capacity: .01109

**** Begin Type 4 element calculation

220 elements

Percent capacity: .01344

o elementsremaining

Percent capacity: .0III 0

**** Writing stress and strain output files ...

o load cases remaining

**** Hard disk file size information for postprocessor:

75.754 kilobytes

24.109kilobytes

24.109 kilobytes

WC 10 sec. son =
WC 10 sec.nso =
WC 10 sec.sto =
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Total MKNSO disk space used = 0.12107 megabytes

**** End of successful execution

**** MKNSO elapsed time = 0.004minutes

**** The TOTAL elapsed time = 0.016 minutes



APPENDIX E

HVAF SYSTEMS



1. Designs of Thermo-Abrasive Systems

Figure E.! shows the initial design of the thermo-abrasive blasting system.

The system design consists of:

Figure E.l Initial design of the thermo-abrasive system
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1. Thermo-Jet Gun

2. Pressure blast unit

3. Fuel Drum

4. Car Battery

5. Pump



Sand and
Air

..4"" Holder

Middle Cylinder
~

Nut

.,.

Nome

Air

Figure E.2 Schematic section of the initial thermo-abrasive gun

Flame Glow
Plug

/H......
Outer Combustion Inner Combustion
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Air for
Combustion

Injector Delivery
Nozzle

Combustion
Chamber

Nozzle Holder Nozzle

Figure E.3 Schematic section of the new thermo-abrasive gun

Figure E.2 shows the initial design of the thermal gun. Figure E.3 shows the new design of the

thermal gun. It can be seen that in the original design there are three housings. The combustion

housing has many holes. In the new design there are two housings and the combustion housing
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has only few holes. The initial design has an electrode for ignition. In the new design there is a

flame glow plug.
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Figure E.4 Sectional view of the injector
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Figure E.5 Sectional view of the injector insert
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Figure E.6 Sectional view of the nozzle holder

Figures E.? and E.8 show the pictures of the new thermo-abrasive system. The control system

was designed to achieve the completely automatic startup of the system.

The logic sequence is as follows:

When the "deadman" handle is pressed it switches the control circuit. TIMER 1 switches on the

power to the flame glow plug for 50 seconds. The time needed to heat the flame glow plug to

10000Cis approximately 20 seconds. TIMER 2 delays for 20 seconds and then switches on the

electro-pneumatic valve which pressurizes the fuel container. The fuel is supplied to the flame

glow plug and is ignited. The pre-ignition stays on for another 10 seconds. After that the main

pneumatic lines open. The compressed air is directed to the combustion chamber and to the blast

unit. At the same time a pneumatic signal opens the fuel valve. The system is switched to full

power. If at any point in time the "deadman" handle is released the system shuts off.

E- 5-

0
I.() CO

lOH

v I 0

I
. C'\I I o

0;1
co...-

>< r--.: - a I.()
C'\I M

9$
'&

B-:E B-



The control system is run on a car battery. Some compressors have 12 V DC output, therefore

they can be used for running the control system.

Blastingunit

Fuel cylinder

"Deadman"
handle

Figure E.7 New design of the thermo-abrasive system
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Figure E.8 Control unit of the thermo-abrasive system

Figure E.9 Thermal gun on the stand

Figure E.9 shows the thermo-gun on the testing stand. Figure E.I 0 shows the blasting off the

rubber linings from the mining equipment.
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Figure E.! 0 Picture ofthe thermo-abrasive blasting

Body Seal

Figure E.!! Schematic section of the flame glow plug
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2. Economic Comparison

An economic comparison of the thermo and conventional blasting is based on the results of the tests

which were performed by Storm Machinery (Pty.) Ltd (See Table 7.1).

A formula for the cost of cleaning is available from www.blastrite.com of BLASTRITE (Pty.) Ltd. The

formula has been modified to include the cost of paraffin for thermo blasting. The costs are calculated

using the material and labour costs applicable to South Africa. The cost of cleaning of 1m2is as follows:

(FAl + L + A2 + CA3) + 5% , Rlm2
CleaningCost= Rate. D

[E.1]

Where F = the flow rate of abrasives, t/hour,

A]= the abrasive cost, Rlt,

L = the labour cost, Rlhour,

A2 =the air compressor cost, Rlhour,

Rate = rate of cleaning, m2/hour,

D = degree of cleanliness, D = 1 for Sa3 and D = 1,75 for Sa2,5

C = the consumption of paraffin, l/hour,

A3 =the paraffin cost, Rllitre.

Table E.2 - Cost Comparison
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Parameters Thermal Gun Conventional Systems

R =rate of cleaning, mL/hour 65 48

F =the flow rate of abrasives, t/hour 0,59 0,82

A)= the abrasive cost, Rlt 400 400

L =the labour cost, Rlhour 20 20

A2 =the air compressor cost, Rlhour 70 200

D =degree of cleanliness for SA3, 1 1

C = the consumption of paraffin, l/hour 6 -

A3= paraffin cost, Rllitre 3,7 -
Additional cost 5% 5%

Cleaning Cost of 1mL , RlmL R5,6 R 12,0



This shows that thermo blasting is at least 50% more economical than conventional blasting with 25%

increase in productivity. In order to match this performance, a conventional abrasive blasting system

must use a 19 mm nozzle, which requires a 1000 CFM flow rate at 12 bar pressure, and use at least

double the amount of sand.

3. Applications of HVAF systems

Figure E.12 Metal spraying with the HVAF gun

Figure E.13 Thermal spallation with a HVAF thermal gun
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