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ABSTRACT 

IGNITION OF METHANE AIR MIXTURES BY HOT NITROGEN JETS 

The deduction of overall chemical reaction rate from a hot gas ignition 
system has several advantages over using other systems, notably the good 
repeatibility of the ignition temperature. In this study a parallel invest-
igation was carried out to determine the overall reaction rate for a methane-
air mixture. Experimentally the methane air mixture was made to ignite by 
an axisymmetric hot turbulent nitrogen jet. The ignition temperature was 
found to occur at a well defined value and was repeatable to within 1 5°C. 

Theoretically, a prediction method was developed to calculate the ignition 
temperature. The method is based on the characteristic differences in the 
axial temperature profiles of the hot gases across a critcial jet temperature 
which separates ignition from no ignition. The governing heat, mass and 
momentum equations are written in parabolic form. The effect of turbulent 
mixing is modelled by two turbulent quantities, namely the turbulent kinetic 
energy and its dissipation rate. The chemical reaction rate of a 
stoichiometric mixture is represented by a global expression given by:-

2 / g 
~ K ' m C H 4

, m 0 2 '
P *T 2 ' e x P /RT) 

where m is the mass fraction, p and T are pressure and temperature respectively 
and K, E and R are constants... 

The governing equations are solved by the finite difference numerical 
scheme in conjunction with Spalding and Partankar's method. 

Then by matching the measured and the predicted ignition temperatures 
under a given set of flow conditions, the deduced kinetic constants were found 
to be:-

K = 7 . 8 8 x 1 0 6 ( S 3 -*K
 / 2/kg-M); E = 2 . 1 5 x 1 0 8 (J/kg-mole) 

Incorporating these constants into the prediction method, the calculated 
ignition temperatures were in good agreement with the measurements in so far 
as the changes of flow conditions did not significantly alter the turbulence 
intensity and the chemical compositions. 

During the course of this study a high temperature electric heater was 
developed for heating the nitrogen jet to the temperature required for 
ignition. The heater was capable of heating the nitrogen jet up to 1580°C 
at a flow rate of 3.2 g/s. Construction of this heater requires careful 
design to prevent overheating due to voltage breakdown of the insulators, 
porosity changes of the ceramic tube and other causes, which are recorded in 
detail to provide a design guidance. 
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CHAPTER 1 

INTRODUCTION 

1.1. THE SUBJECT OF THE PRESENT STUDY 

1.1.1. Ignition by a Hot Gas 

The phenomena studied in this thesis take place when a hot 

turbulent nitrogen jet is injected into a stream of methane-air 

mixture as shown in Figure 1. The two gas flows, which are co-axial 

and symmetric about the centre line, will gradually mix in the down-

stream region of the flow. Under favourable conditions a flame will 

be formed in the mixing layer, propagate and ignite the unburnt 

mixture of the methane-air gases in the outer (secondary) flow. 

Such phenomena are known as "ignition by hot gas" or simply as "hot 
. „14-28 gas ignition 

1.1.2. The Minimum Ignition Temperature 

The condition leading to the ignition of the combustible mixture 

is determined primarily by the temperature of the hot nitrogen jet. 

Ignition was found to occur at a clearly defined temperature of the 

nitrogen jet at the nozzle exit. This may be illustrated by the 

axial temperature profile shown in Figure 1A. 

The gas temperatures at the centre line will initially 

decrease near the potential core region where no methane gas is 

present to provide chemical reaction, and heat is lost in the presence 

of a steep radialwise temperature gradient. If the temperature of 

the nitrogen jet were sufficiently high, as in the case of the upper 

curve, the rate of chemical reaction would reach a level at which 

the released heat would exceed the heat loss. As a result the 

temperature of the hot gases will increase, thereby increasing 

the rate of the reaction until the accelerated reaction produces a 

flame in the mixing layer. 

If, on the other hand, as in the case of the lower curve, the 
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temperature of the hot nitrogen jet were below a critical value, then 

the heat loss would exceed the heat rele ase. In this case, the 

axial temperature will continue to decrease in the downstream direction 

and no flame will be observed in the flow. 

The change from the case of no ignition (lower curve) to the case 

of ignition (upper curve) is separated by a small temperature difference 

of the hot nitrogen jet at the nozzle exit. The temperature of the 

hot nitrogen jet, at which ignition is just observed, is defined in 

this thesis as the minimum ignition temperature (M.I.T., see Figure IA) . 

This ignition temperature is affected by the velocity, temperature, 

chemical composition and the geometry of the flow. The measurement 

and the calculation of this ignition temperature form the main subject 

of this study. 

1.2. THE IMPORTANCE OF THE IGNITION TEMPERATURE 

1.2.1. Relevance to Engineering Problems 

Fatal explosions in the coal mining industry have been caused by 

hot gas ignition. Combustible mixtures (mainly methane-air) in the 

coal mines may be ignited by a hot stream of gases issuing from an 
9 

enclosure , (e.g.an electric machinery) or from the process of blasting. 

Similar explosion hazards also exist in other industrial environments, 

such as flour mills, chocolate factories, etc., in which the 

atmosphere is fuel laden. On the other hand, a pilot flame may 

fail, partially or completely, to ignite the gases in a combustor. This 

may give rise to a potential explosion hazard in the case of a complete 

failure to ignite the gas or as in the case of a gas turbine some of 12 13 
the fuel may leave the combustor unburnt due to the ignition delay ' 

The unburnt gases represent not only a combustion loss but the 

incomplete combustion also generates undesirable pollutants. Hot gas 

ignition also plays an important part in the design of fuel injection 

of rocket engine; flame stabilisation of burner by retention flame ; 

pilot flame ignition of ram jet and other domestic and industrial gas 

appliances. 

In order to prevent an explosion or to improve the performance of 

a combustor, it is necessary to quantify accurately the ignition 
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temperature and the factors which affect this temperature. This 

data may be obtained empirically, but full scale experiments are, in 

general, expensive, inconvenient and possibly very difficult to 

conduct. 

1.2.2. Relevance to Chemical Kinetic Studies 

Alternatively, it may be possible to calculate the ignition 

temperature based on data obtained from relevant small-scale 

experiments. If, for instance, the axial temperature profile could 

be calculated, the ignition temperature would be readily deduced from 

graph. such as Figure 1A. Calculation of the temperature profile 

requires the solution of governing heat, mass and momentum equations 

and, above all, a known chemical reaction rate. This knowledge is 

at present not readily available due partly to the insufficient 

understanding in the field of chemical kinetics. 

Amongst the hydrocarbons methane is chemically the simplest 

molecule. But despite several studies,e*g# 3 > 9 4 » 9 6 a n d 1 3 0» t h e 

detailed kinetics of methane-air combustion is not yet fully understood 

(see paragraph 1.5). Alternatively the chemical reaction is treated by 

some combustion technologists as a single step reaction with an 

"overall" reaction rate 5.6.119.120,123# ^ r e a c t i o n r a f c e > 

m ^ , contains an Arrhenius type temperature dependence:-

m ^ = -K.mf.m02.exp(-E/RT).p
2.T~3/2 

where mf and m ^ are mass fractions of fuel and oxygen, T and p are 

temperature and pressure respectively, R is the gas constant and K and 

E are two kinetic constants. . 

The overall kinetics concept has been studied by various techniques 
6 7 ft including the shock tube , batch reactor and flow reactor0 systems. 

This work has contributed to the overall kinetic reaction rate 

measurements, but have suffered several defects, notably the effect 
26 122 of the walls of the apparatus ofi the reaction rate ' 

The hot gas ignition system may also be used to deduce the overall 

k i n e t i c constants. The technique is to calculate the ignition 
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temperature with presumed kinetic constants. The correct kinetic 

constants are obtained by comparing the calculated and measured 

ignition temperatures until the two are matched. Such a method is 

superior to other systems for two principle reasons:-

(i) the energy for the initiation of ignition is provided by 

the hot gas jet which is heated independently of the combustion 

process. The temperature of the hot gas can be maintained at a 

very steady value and this allows the ignition temperature to be 

measured accurately prior to the ignition (see Chapter 2). 

(ii) the processes leading to ignition take place entirely in 

the gas phase and are free from the effect of a solid surface. 

1.2.3. Relevance to the Turbulent Flame Calculations 

26 

The hot gas ignition system was applied by Vanpee and 'Fink to 

deduce the overall reaction rate for laminar flows. For most practical 

engineering problems, the flows are likely to be turbulent and 

frequently associated with methane gas. Recently large amounts of 

natural gas have been found. Since methane gas constitutes over 

80% of the natural gas, the physical properties of these two 

gases are very similar. Thus, the need to provide a reaction 

rate for the calculation of a turbulent flame involving methane gas is 

indeed a prime task of today's combustion technologists. 

1.3. THE OBJECTIVE OF THE PRESENT STUDY 

The objective and the main theme of this thesis is therefore the 

deduction of the overall kinetic constants for methane gas from the 

study of a turbulent hot gas ignition system. This objective was achieved 

through a parallel study of experimental and theoretical work. Experi-

mentally, the task was to construct a test rig so as to measure the minimum 

ignition temperature and to quantify the factors which influence its 

magnitude. Theoretically, the task was to develop a calculation method 

so as to predict the ignition temperature. From this parallel study, , 

the overall kinetic constants for methane gas in a turbulent flame 

were then obtained by the process of iteration to match the calculated 

and the measured ignition temperatures. 
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We shall now proceed to review previous work on hot gas ignition. 

The phenomenon of hot gas ignition was treated largely in the past either 

as a theoretical or experimental subject. It may therefore be convenient 

to review this -subject in two separate sections. 

1.4. REVIEW OF PREVIOUS EXPERIMENTAL WORK 

In this section the concept of "ignition temperature" as a parameter 

to determine the occurrence of hot gas igniiton will be described through 

the historical developments. The background leading to the demand for the 

present experimental work will then be clearly seen. 

1.4.1. Work on Safety in Mines 

It was observed at the turn of this century that an explosion inside 

an enclosure would not necessarily induce the surrounding methane-air 

gases to explode, even though apertures were cut open in the surfaces 

of the enclosure (see Beyling (1906) , quoted in Reference 9). This 

observation prompted many experimental investigations and produced 

various flame trap devices. One such flameproof enclosure has a pair 
9 

of flanges which have a narrow passage between them. Smith and 

Titman^ found that a gap of 1 mm between two 13 mm breadth flanges 

would prevent external explosion. The cooling effect of the flanges 

was at first accepted as a prime factor causing the quenching of the 

flame. But visible flames ejected from holes and perforated plates 

could be seen outside the enclosure and yet failed to ignite the 

external mixture. Further work by Staples (1945, quoted in Reference 

9) , also observed that preheating the flanges and replacing the flanges 

with better conductive materials did not have a: significant effect on 

the quenching distance between the flanges. Although the "safe gap" 

was used as a parameter to safeguard mining equipment (B.S. 229, 

1946) the mechanism leading to the ignition of the outside combustible 

mixture remained largely unknown. 

1.4.2. Work on Gas Turbines 

The unsolved problem was later looked at from a different view. 

Lloyd^ observed that in the combustion chamber of a gas turbine, a 

fraction of fuel may pass through the primary combustion zone unburnt. 
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The combustion loss was linked to an "ignition delay time" by 

12 13 . . 

Mullins ' . If the ignition delay time was longer than the res-

idence time of the fuel in the hot gas stream then ignition could 

not possibly occur. However, these two time scales are not prop-

erties of the fuel alone, but are also affected by the local heat 

generation and dissipation rates of the gases. 

Nevertheless, Mullins was able to demonstrate that the "ignition 

delay time" could be measured as a dependent variable which was 

affected by several independent parameters. For instance, the fuel/ 

air ratio was found to have little effect on the ignition delay time, 

but the oxygen index of the hot gases was inversely proportional to 

the square of the delay time. At 750°C the ignition delay time of 

methane gas was found to be 600 times longer than that of hydrogen gas. 

Jackson and Brokaw (quoted in Reference 51) deduced different results 

but Millins' findings were reinforced by the work of Miller"^. 

1.4.3. Ignition by Hot Product Gases 

In the late 1950's Wolfhard and Bruszak 1 4 , 1 5' 1 6' 1 7 started a 

long series of experiments on hot gas ignition. They devised an 

apparatus to study the quenching of the ejected flame. A short burst 

of flame was discharged from a jet nozzle into a stream of combustible 

mixture flowing co-axially in the same direction. The ejected flame 

would or would not ignite the combustible mixture depending not only 

on the diameter of the jet, but also on the fuel/air ratio of the 

flame and other factors such as the type of fuel. 

This investigation cast doubt on whether the flame, if 

quenched, was extinguished before entering or after leaving the jet 

nozzle. It was particularly interesting to note that the hot product 

gases of a methane-air mixture could ignite a cold mixture after it 

had apparently been extinguished. This phenomenon suggested that 

the cold mixture was not ignited by the "flame" as such, but merely by 

the thermal energy of the hot product gases. 

18 
To prove the point, Wolfhard and Burgess employed another set of 

apparatus in which a flame was continuously discharged and stabilised 

at the jet nozzle while a cold combustible mixture was discharged 
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momentarily from a cylinder which enclosed the jet nozzle. This 

eliminated the unknown of the quenching location as the flame must be 

extinguished outside the nozzle. The thermal energy needed to 

ignite the cold mixture was measured and from the "thermodynamic 

charts for combustion processes" (Hottel, H. C., et al, Willey, 1949) 

the corresponding adiabatic flame temperature was calculated. 

Wolfhard and Burgess went on to show that the adiabatic flame 

temperature (the adiabatic flame temperature at which the cold mixture 

could just be ignited) was a function of the flow rate,, dimensions 

of nozzle, etc. and thus confirmed the fact that the ignition of a 

combustible mixture was a result of heating by the hot gases and the 

temperature of the hot gas could be used as a dependent parameter. 

The term "hot gas ignition temperature" (which is referred to 

in this thesis as the "minimum ignition temperature") was suggested 

and subsequent hot gas ignition experiments carried out by the other 

workers also employed this parameter. Non-combustible hot gases 

(e.g. nitrogen, air, etc.) were used in place of the combustion product 

gases since a flame was no longer a necessary condition.for ignition. 

1.4.4. Ignition by Hot Non-Combustible Gases 

52 
Wright and Becker were among the first to use non-combustible 

hot gas in the investigation of bluff body flame stabilisation. The 

cases of hot gas ignition of a combustible mixture by a hot laminar jet 
19 20 21 22 23 were thoroughly studied by Wolfhard ' ' , Vahpee , Kuchta , 

24 25 26 Singer ' and Fink . The case of hot gas ignition of a propane-
27 

air mixture by a hot turbulent jet was studied by Goh and Ma 

Because of the rapid development in rocket engines experimental work on 

hot gas ignition was extended into the field of supersonic flow. 
44 53 . . . Slutsky, et al and Cohen, et al both studied the hot gas ignition. 

of a supersonic free jet flow while the case of duct flow was 

investigated by Peter, et al^8 and Bray, et al^. 

Most of these experiments employed similar apparatus. The 

non-combustible hot gas was heated by a platinum rhodium resistance 

heater. Attempts to extend the measurement of ignition temperature 

to the case of me thane-air mixture by a hot turbulent non-combus tibLe 
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gas failed, because the platinum-rhodium heater could not provide the 

high temperature of the hot gas needed to ignite the mixture, and 

there were no suitable and convenient methods to replace the platinum-

rhodium resistance heater (see Chapter 5 for detailed discussion). 

The present experimental investigation is an attempt to tackle 

an important part of this long series of experimental work on hot 

gas ignition. (Important because of the methane gas and the turbulent 

flow, see paragraph 1.2). 

1.5. REVIEW OF PREVIOUS THEORETICAL WORK 

It may be recalled (paragraph 1.3) that part of the present study is to 

calculate the ignition temperature and it has been stated (paragraph 1.2.2) 

that this task requires the solution of the governing equations which may be 
27 

written in general form as (see also Figure 18) :-

^ 6(1) . H 1 I / r _ d<t> 
P U S T + P V " 5 7 = 7 r r < f > • r . s * - < 2> 

where <|> is the dependent variable including the velocity, enthalpy (and 

hence temperature) and mass fraction of various chemical species, etc.; 

x and r are-axial and radial co-ordinates; u and v are velocities; p is the 

density; is the diffusion coefficient and So is a source term of cfem 

The solution of the above equation involves four major aspects of 

combustion research. These are:-

(i) the mathematical solution of the equation, 

(ii) the physics of the turbulent mixing, 

(iii) the chemistry of the reaction, and 

(iv) the interaction between the turbulent mixing and the chemical 
reaction. 

Large volumes of work have been and are still being done in each of these 

areas. In this section the relevant work will be examined separately before 

a summary remark is made in paragraph 1.5.5. 
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1.5.1. Numerical Solutions to the Non-Linear Equation 

The governing equations are two dimensional parabolics. They 

are non-linear in nature and the variables are i n t e r d e p e n d e n t . It 

requires the simultaneous solution of all the equations. Before 

the computer had widespread usage, attempts to treat hot gas ignition 

were confined to laminar flows'. 

The general mathematical approach was to assume the product of 

the laminar viscosity and the density of the gases to be independent 
58 

of the temperature* by Howarth's Transformation . The transformed 

momentum equation, which was uncoupled from the energy and species 

equations, could be readily reduced to Blasiu's equation, the solution 59 
of which has been well tabulated . Then, by neglecting the 

kinetic heating term in the energy equation and by assuming the source 

terms of the energy and species equations to take the Arrhenius' 

exponential form, similarity between the energy and species equations 

could be established. 

29 
Marble and Adamson were amongst the first to employ this 

technique. The ignition of a cold combustible mixture by a parallel 

hot product stream was studied. The "similar" equations were solved by 

a perturbation method up to the onset of ignition. Beyond the flame 

front the flow field was solved by the integral method developed by 
Von Karman^. Dooley^ continued the parallel flow problem while 

31 

Cheung and Kavity found that the ignition distance in the wake 

behind a flat plate was shortened due to nonuniform initial velocity 

distribution*which was assumed uniform in Marble and Dooley's studies. 

If the non-uniform temperature distribution was taken into . 32 
consideration, Cheung and Chiu found that by lowering the temperature 

of the hot gas stream the overall temperature of the flow did not 

necessarily decrease, since the heat loss to the cold gas was reduced 

at the same time. 

33 
For the ignitioncfa combustible mixture by a hot surface Toong 

concluded that the incipient ignition occurred at the same ratio of the 

wall temperature to the flow velocity. Hot plate ignition was 34 

also investigated by Dooley using the iteration method up to the 

formation of a flame. A similar numerical method was also employed 
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by Tsuji , who found that a minimum width of hot gas jet must 

be exceeded for the ignition of a parallel stream of cold combustible 
36 

mixture. Casaccio applied the same treatment to a parallel flow 

with strong pressure gradients. 

The technique described above is severely restricted in its 

applications. Since the momentum equation must be uncoupled from the 

others, the technique is applicable only to laminar flows. The need 

to establish similarity between the energy and species equations has 

prevented these equations from assuming their exact .forms and hence 

induces errors. Furthermore, the mathematical method such as 

perturbation, iteration, integral methods, etc. are approximate. 
61 62 Libby applied the integral method proposed by Oseen to the 

treatment of a co-axial reacting flow and found that errors were 

incurred in predicting the initial mixing region. Zeiberg and 
42 . . 

Bleick also reported that the integral method was in seri,ous error 

in calculating a supersonic wake behind a bluff body. Although a 

large number of small strips could be employed in conjunction with 6 3 the integral strip method such elaboration would then approach the 
37 38 same exactness offered by the finite difference method ' 

The finite difference method removes the restrictions by the 

exactness of its approach in reducing the differential equations to 

the corresponding finite difference equations. Although numerical 

approximations are made, the physical structure of the equations are 

retained. The finite difference method was first applied to non-
37 38 65 reacting flows by Kramer and Lieberstein , Howe , Wo and others. 

66 

Mixing with chemical reactions was discussed by Pai . Later 

Visiliu^ applied the six-nodes Crank-Nicolson method^ in the mixing 

of two turbulent supersonic streams. 

The six nodes implicit method was also employed by Spalding and 
39 

Partankar . The general boundary layer parabolic flow with or 

without chemical reaction was written into a computer program which 

was used by a number of workers investigating the hot gas ignition 41 phenomenon. These include Bray and Fletcher , who treated the 

ignition of a turbulent supersonic pre-mixed ethylene-air mixture by 
26 

a hot co-axial jets Fink and Vanpee , who studied the ignition of a 

laminar pre-mixed Combustible mixture of various fuels and Goh and Ma 
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who investigated the ignition of a propane-air mixture by a hot 

turbulent jet. 

The arrival of the computer age has not only improved numerical 

accuracy, but has also enabled complicated turbulent mixing to be 

mathematically modelled as described below. 

1.5.2. Mathematical Modelling of Turbulent Flows 

Hot gas ignition problems with a turbulent flow were treated by 
69 . 61 41 

such workers as Ting and Libby , Libby , Bray and Fletcher and 
27 

Goh and Ma . All these workers employed the Prandtl's (1925) 

mixing length hypothesis, in which the "turbulent viscosity" was 

proportional to the square of a length scale. The weakness of this 

model is that the length scale must be prescribed by the properties 

of the time mean values which are not turbulent quantities. 

Prandtl's (1945) later hypothesis of linking the turbulent viscosity 

to the turbulent kinetic energy was a step forward, but this model 

also contained a length scale which must again be prescribed. 

Other workers suggested that the "length scale" (1) could be 

combined with the "turbulent kinetic energy" (k) to form a second 

turbulent quantity, and hence eliminated the need to prescribe it 

algebraically. Various k and 1 combinations were tried. Chou7^" 

used (also known as the turbulent energy dissipation rate e) 
70 2 while Spalding proposed the k/1 combination. Others, such as 

k ^ l and k-1, have also been tried. 

The turbulent viscosity, Mt» as calculated from these two 

turbulent quantities (k and k-1 combination) was added to the laminar 

viscosity to form, mathematically, an "effective" viscosity. An 

alternative to the "effective viscosity" concept is to compute the 
1 2 

Reynold's stress pu'v' ' (where u', v' are fluctuating velocities) 

so that the diffusion effect caused by the turbulent fluctuations may 

be calculated directly. 

118 

Launder et al. tested these three different approaches, namely 

the mixing length hypothesis, the k - £ model and the Reynold's 

stress model. The k - 8 model was found to be slightly superior to 



- 18 -

the mixing length hypothesis and was comparable to the Reynold's 
72 

stress model, but it has simpler mathematical structure. Rodi , 

however, found that if the k model is applied to a round jet, some 

of the "universal-constants" embodied in the model must be treated as 73 

a function of the axial velocity gradient. Launder and Jones also 

suggested modification to a low Reynold's number flow, but the model 

was made for the region near a wall and was not immediately applicable 

to a free-jet flow. 

1.5.3. Chemical Kinetics of Methane-Air Mixtures 

The classical explanations of the ignition of a combustion system 

are approached by two different theories. The thermal explosion 
82 

theory explains the ignition of a combustible mixture as a result 

of the energy released by the chemical reaction exceeding the heat 
91 lost by the system. The branching chain explosion theory , describes 

ignition through a material balance on the intermediate active centres 
S2 93 

that are necessary to maintain the branching chain. Recent attempts ' 

have tried to unify the two theories by taking into account 

the parameters of temperature, pressure, and concentrations 

simultaneously. 

If the branching chain theory is ignored, the methane-oxygen 

oxidation may be expressed by a single step overall reaction:-

CH4 + 202 > C0 2 + 2 H 20 

with a reaction rate m ^ expressed by:-
4 

m C H 4 = - K m c ^ . m ^ . p 2 . ! " 3 7 2 . exp ( - E /RT ) 

(symbols have been explained in paragraph 1.2.2.). 

Various techniques have been established to measure the kinetic 
123 

constants. Kydd and Foss injected burnt gases of different 

aeration into a well stirred adiabatic reactor and measured the delay 

time (t) to reach the equilibrium temperature (T). The activation 

energy (E) was then calculated from the graph of Int vs V t . In a 
g similar manner, Nemeth and Sawyer injected a pre-heated CH^-02"^ 
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mixture into a quartz duct and measured the reaction time from which 

120 
E was again deduced. Williams et al also obtained overall kinetic 

data from an adiabatic flow reactor. The data obtained from these 

reactor studies are subject to the effect of the w a l l where active 

centres may be initiated or terminated. The heat losses at the wall 

in these studies were also not adequately accounted for. 

.The burning velocity of a flame was related to the reaction rate 

by Vandenabele et a l ^ , b u t the measurement of the burning velocity 

b y the Schlieren method produced an activation energy which was very 

different to other measurements (see Table 16). Low temperature 

reaction at high pressure ( > 100 atmosphere) was studied by M e l v i n ^ . 

The reaction time, which w a s found to be a few seconds to several 

minutes,was correlated w i t h flame temperature to calculate the activation 

energy. 

Other techniques include shock tube measurement,* Sharp 

p r e s s u r e , temperature and species concentration changes behind a 

reflected shock w a v e are measured^' ^ ^ . This technique requires the 

measurement of rapid changes in the flow properties for the duration of 

a few micro-seconds. A c c u r a c y of the deduced ignition delay time, 

w h i c h is related to the reaction rate, is limited by the accuracy of 

interpretation--of the m e a s u r e d curves and the approximation in the 

temperature calculation across the shock w a v e . The hot gas ignition 

system is superior to other systems for reasons which have already 
26 

been discussed (paragraph 1 . 2 ) . Fink and Vanpee use a photographic 

technique to measure the flame length and plot it against 1/T 

(T is the temperature of the h o t gas) to deduce the activation energy. 

Optical measurement of the flame length i s , h o w e v e r , approximate 

because of the difficulties in deciding the exact location of the flame 

front. 

The overall kinetic concept is, of course, a simplified version 

of the actual reaction m e c h a n i s m . The detailed chemical kinetics 

of methane gas has been a subject of active research. In the 5 0 f s 

various oxidation mechanisms w e r e proposed. For instance, Enikolopyan 

suggested, from his low temperature studies, that the methane w a s 

initially attacked b y O2:-
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CH4 + O 2 > CH 3 + HO 2 

subsequently, methyl is also attacked by 0 2 to form formaldehyde; 

CH3 + 0 2 > C H 2 0 + OH 

and CH^ is further attacked b y : -

CH, + OH > CH 0 + H O 0 
4 3 2 

CH4 + HO 2 >CH 3 + H 2 O 2 

formaldehyde is converted to formyl by the active hydroxyl and H 0 2 , 

0 2 : -

CH 20 + OH >CH0 + H 2 0 

CH20 + 0 2 >CH0 + H 0 2 

C H 2 0 + H 0 2 >CHO + H 2 0 2 

3 

Westernberg and Fristrom argued that the C H 4 + 0 2 reaction is endo-. 

thermic. The initial attack on methane is more likely to be initiated 

b y hydroxyl and the 0 and H radicals 

CH. + OH >CH_ + H O 0 
4 3 2 

CH4 + H ^CH 3 + H 2 

CH, + 0 > CH0 + OH 
4 3 

95 4 
This view was shared by Dixon-Lewis et al and Blundell et al. , b u t 

121 91 
Glassman and Bradley b e l i e v e d 0 2 was the initial attacking agent 

3 . . 
Westernbery and Fristrom also suggested the decomposition of m e t h y l 

into CO by w a y of:-

CH3 + 0 2 > CH 2 0 + OH 

CH 20 + OH £ CH0+ H 2 0 

CHO + OH > CO + H 2 0 
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126 but according to Fenimore and Jone CH^ was attacked by 0 radical 

through unspecified steps:-

i.e. CH3 + 0 > CO + 

91 
Bradley also suggested that oxidation of methyl firstly formed 

the methylperoxy which was then decomposed 

C H 3 + 0 2 > C H 3 ° 2 

C H 3 0 2 : > C H 2 0 + O H 

96 
The measurement of Peters and Machmen confirmed the finding of 

126 Fenimore and Jone that methyl was mainly removed by 0 radicals 

CH3 + 0 >CH 20 + H 

They also found that the collision with a third particle could produce 

CO:-

C H 2 0 + M > C O + H 2 + M 

3 The final combustion product of C02 is suggested by Westernberg to be: 

C O + o 2 > c o 2 + 0 

96 But again, Peters et al believed the CO to be combined by OH, 

CO + OH > C0 2 + H 

There was little argument about the branching reactions because 

of the studies in the H2-O2 systems:-

H + 0 2 OH + 0 

0 + H 2 > OH + H 

0 + H 2 O ^ O H + O H 
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3 96 
The chain propagation and termination were believed ' to be 

those shown in Table 8- B u t , added to this list, other reactions 

129 130 etc. 
may also be found in the literature ' ' 

Methane oxidation in air w i l l inevitably produce nitrogen oxides-

These oxides are minor species but are classified as pollutants. If 

the reactions leading to the formation of nitrogen oxides are included, 

127 128 
the oxidation mechanism w i l l become even more complicated ' and 

98 

disputable . (Reference 98 employs 134 reactions). 

1.5.4. Modelling of Turbulent R e a c t i n g Flow 
It may be expected that in a turbulent reacting flow the turbulent 

mixing and the chemical reaction will interact on each other. For 

instance, turbulence produces fluctuation of the species concentration 

which w i l l alter the reaction r a t e . Instability of the combustion 

will in turn increase the turbulent transportation. 

131 

Bray argued that the buoyancy effect on turbulent kinetic 

energy (k) is w e l l established experimentally, b u t the effect is not 

explicitly reflected in the k equation. He suggested that this effect 

may be introduced through the pressure term in the k equation. 

The effect of turbulence on combustion has been treated by 

four different approaches. In the case where the dominating time 

scale is the reaction time (i.e. the turbulent mixing is so fast that 

the reaction rate depends primarily on the reaction time) the effect 

of turbulence may be treated b y an "overall kinetic" reaction 

133 

constant . In the other extreme, the fuel and oxidant may be 

engulfed in large eddies. These large eddies must be "stretched" 

so that they can be broken into smaller eddies until molecular 

reaction can take p l a c e . The mixing time in this case is much 

greater than the reaction time and hence the reaction rate depends 80 81 
primarily on the rate of stretching. Spalding ' suggests that 

the stretching rate may be proportional to the mean velocity gradient 

in his "eddie break up" m o d e l . 

In b e t w e e n , the reaction time and the mixing time may be of a 

similar order of m a g n i t u d e . In this case, the reaction rate depends 
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on the probability of the fuel and oxidant existing at the same 

place and the same time. 

The time mean reaction rate mf is then modelled by a "presumed' 1 

131 
probability density function (P) :-

P f 
>tt _ 

f> ^ p . m ^ P d m j 

viheremj are the mass fractions of species T j' .various probability density 

functions (pdf) have been a s s u m e d , depending on the type of flow, 

e.g. 99,131,134,135,136,etc. . , . , . . . . a > > > > > This approach is deficient m two 

areas: (a) the pdf must be prescribed, possibly backed by experience 

or experimental measurements; (b) it takes no account of the laminar 

diffusion effect. 

12 A 132 

Spalding and his c o - w o r k e r s , in their ESCIMO theory ' , 

suggested that the pdf may be constituted in two parts which are each 

determined by equations b a s e d on exact physical laws. In the first 

p a r t , the population density distribution in a system is calculated by 

Eulerian fixed co-ordinates. The small eddies are then observed 

with Lagrangian moving co-ordinates, so that the flow becomes laminar 

to the moving observer. Since the reaction rate in a laminar flow 

may be calculated, the n e e d to prescribe the pdf is eliminated. But 

although the population' density distribution of the large eddies is 

known in a few special cases, e . g . a fully stirred reactor, it is 

still largely unknown for m o s t types of fluid flow. 

1.5.5. Concluding Remarks 

From the above examination of the current status in the four 

aspects of turbulent reacting flow calculation, it may be seen that 

the numerical and turbulent mixing of non-reacting flows are fairly 

well established. There r e m a i n s , h o w e v e r , a large gap in our 

knowledge of the other two aspects, namely the chemical kinetics of 

methane-air oxidation and the effect of turbulent mixing on the 

reaction r a t e . In t i m e , better understanding will be found to 

resolve these p r o b l e m s , b u t until then a simplified approach is 

needed to bridge the g a p . 
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1.6. THE APPROACHES OF THE P R E S E N T STUDIES 

1.6.1. Measurement of M.I.T. 

Figure IB illustrates the scheme by which the minimum ignition 

temperature (M.I.T.) was m e a s u r e d under a given set of conditions. 

The mass flow r a t e , temperature and concentration of the gases, which 

may affect the M . I . T , , w e r e p r e s e t by the gas valves and the heaters 

to reach steady v a l u e s . A f t e r w a r d s , the nitrogen jet was gradually 

heated, until ignition w a s just observed through the glass cylinder 

which enclosed the flows. A platinum-rhodium thermocouple attached 

to a traversing table was u s e d to measure the temperature of the h o t 

nitrogen jet prior to and after the ignition had occurred. It was 

found that the measured M . I . T . was repeatable to within ± 5°C approx-

imately. 

In this study the following variables of the flows (see Figure . 1) 

were changed, one at a t i m e , to determine their effects on the 

M.I.T.:-

(i) the mass flow r a t e of the primary flow, 

(ii) the diameter of the jet nozzle from which; -the hot nigrogen jet 

emerges, 

(iii) the temperature of t h e secondary f l o w , 

(iv) the air/fuel ratio of the combustible m i x t u r e , 

(v) the oxygen concentration of the secondary flow. 

s . g 6 I S 

From the previous e x p e r i m e n t a l works on hot gas ignition ' ' 
22 27 e t c . 

' ' the M . I . T . of a m e thane-air mixture by a hot turbulent 

nitrogen jet was estimated in the region between 1300-1500°C. To 

heat a turbulent flow to this temperature, a heater of unconventional 

design was required. S e v e r a l heater designs were considered 

and tried (see Chapter 5) . A t the end a molybdenum-alumina heater 

was used after no less than twenty prototypes had been built. 

B a s i c a l l y , the heater consisted of an electrically heated 
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molybdenum tube wrapped round an alumina tube. Heat generated 

by the molybdenum element was conducted through the alumina tube to 

the nitrogen jet w h i c h was flowing inside the alumina tube. The 

detailed structure of this heater is shown in Figures 7,8 and 9 . 

The fundamental features of the heater were its low voltage supply 

and the elaborate protecting chamber. It was found that unless 

extreme care was taken to protect the molybdenum from 

oxidation by the ambient air, and to reduce the risk of electrical 

insulation breakdown, the heater could easily be destroyed during 

tes t. 

Development of this h e a t e r has been accompanied by extreme 

difficulties during the course of this study. A detailed account 

of the heater design and the causes of failure of the prototype 

heaters w i l l be discussed in Chapter 5 . 

1.6.2. Calculation of M . I . T . 

The governing equation (equation 2 , see paragraph 1.5) was 

solved by the six nodes implicit method, in a computer program w h i c h 

39 

was based on Spalding and Partankar's method . The domain of 

calculation was restricted to the region where changes of flow 

properties were s i g n i f i c a n t , i . e . in the mixing layer only. 

The search for the M . I . T . w a s started by an initial 'guessed' 

temperature of the nitrogen j e t . A "marching integration" swept 

the calculation of the flow from the nozzle exit gradually towards 

the downstream region to detect any sign of axial temperature 

increase after the initial fall near the potential core region (see 

Figure 1A). The initial guessed temperature of the nitrogen jet 

was then updated with a zig-zag searching technique until the two 

temperatures, one of w h i c h produced an increased axial temper-

ature profile and the other w h i c h did n o t , were separated by a very 

small amount. In this m a n n e r , the M.I.T. was found to be predictabls 

to within ± 1°C. 

Embodied in the calculation was a single step global chemical 

reaction:-
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C H 4 + 2 ( 0 2 + ~ N 2 ) — C 0 2 + 2 H 2 0 

+ 2 X | | N 2 (4 ) 

with the reaction rate expressed by the Arrenhius 

dependence as follows:-

= - K ra
CH4

 m
0 2 p 2 T' 3/ 2 exp (" E/ r t> 

where r| is the equivalence ratio defined in Chapter 2 and a, E. and K are 

overall kinetic constants which were obtained by matching the 

predicted and a set of measured M.I.T. The best-fit constants 

were then used to predict the other measured M.I.T. in order to check 

the validity of the deduced constants. 

The effect of the turbulent mixing was expressed by two turbulent 

time mean properties, namely the turbulent kinetic energy, k, and the . 

dissipation rate,tL. These two quantities were expressed in the 

same form as equation 2 (paragraph 1.5), i.e. with (D - k £nd 0 - 6 

respectively. 

1.6.3. Results of the Present Studies 

The present study has achieved results in the following areas:-

(i) 

(ii) 

(iii) 

(iv) 

type temperature 

i + n 

a 

•) ( 5 > 

a high temperature heater was successfully built. The 

heater raised the temperature of turbulent nitrogen jet with 

a mass flow rate of 3.2 x 10 ^ kg/s to a maximum of 1580°C. 

This has never before been obtained, 

the M.I.T. of methane-air by a hot turbulent nitrogen jet 

was measured under several different flow conditions with 

repeatability to within t 5°C, 

an ignition temperature calculation method was developed 

with an accuracy to within t 1°C, 

a set of overall :"binetic constants for the methane-air reaction 

rate was extracted from the turbulent hot gas ignition sys tem. 
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1.7. SUMMARY OF THE REMAINING THESIS 

This thesis consists of six chapters of which the general background 

and the scheme of the present studies are introduced in this first 

Chapter. Chapter 2 describes the experimental work. The details of 

the rig are explained with particular reference to the design of the 

high temperature heaters. This is followed by a descri ption of the 

experimental procedures before the result of the M.I.T. measurement at 

the stoichiometric ratio is given. Special cases of rich and lean 

mixtures are presented separately. The repeatability of the measurements 

is thoroughly checked. 

Chapter 3 describes the theoretical work. The basis of M.I.T. 

prediction is firstly introduced and this leads to the simplifications 

of the governing equations.' Treatment of the chemical reaction rate and 

the turbulent mixing are specified before the numerical solution 

procedure is presented. The solution procedure is handled by a computer 

program, code-named "METHANE". The validity of the calculation method 

is tested against non-reacting flows. This is then followed by the 

prediction of the M.I.T. Comparison between the predicted and the 

measured M.I.T. values provides a set of best-fit overall kinetic 

constants. Finally, the computer program is used to predict M.I.T. 

outside the range of the experiments. 

Chapter 5 describes the general background of the heater design. 

The main causes of failure of the prototype heaters are discussed in viev 

of the possible usefulness of the present design and to prevent repeated 

failure elsewhere. 

The thesis ends with a discussion of the experimental and theoretical 

work in Chapter 4. The main findings are presented in Chapter 6. 
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C H A P T E R 2 

EXPERIMENTAL INVESTIGATIONS 

2 . 1 . SCOPE OF THE PRESENT E X P E R I M E N T A L WORK 

The task of the present e x p e r i m e n t a l work was to measure the m i n i m u m 

ignitiqn temperature (M.I.T.) of methane-air mixture b y a hot turbulent 

nitrogen jet with the scheme as shown in Figure IB. This task was carried 

out in three stages:-

Stage I : Construction and development of the test rig, 

Stage II : Measurement of the M . I . T . , and 

Stage III : Measurement of the velocity profiles at ambient temperature. 

2 . 1 . 1 . Stage I: Development of the Test Rig 

The scheme illustrated in Figure IB was translated into a test 

rig which is shown in Figure 2 and Plates 1 to 3 . E s s e n t i a l l y , the 

test rig consisted of a test section (in the main b o d y ) , several 

electrical and flow circuits and five heaters. The heaters 

apart, construction of the r i g demanded no more than systematic 

planning and laborious m a n u f a c t u r i n g and fitting. Most development 

work was spent on the design of a high temperature h e a t e r . 

The ignition temperature of the methane-air mixture by hot 

turbulent nitrogen was e s t i m a t e d in the region between 1300—1500 C . 

This estimation was b a s e d on previous work, on hot gas ignition. 

The ignition temperature of methane-air b y a hot laminar nitrogen 

jet (emerged from a 15 m m diameter nozzle) was found to be in the 

o 26 
region of 1300 C .. M e a n w h i l e , the ignition temperature of a 

propane-air mixture b y h o t laminar and turbulent jets were measured 

20 27 

by Wolfhard et a L and Ma et al. . The measured values w e r e approx-

imately 1000 C and 1250 C respectively for a 10 m m diameter n o z z l e . 

N o laboratory heater could heat a turbulent jet to the required 

17 27 
ignition temperature of methane-air mixture. Wolfhard, Goh , e t c . 
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wound platinum-rhodium (Pt-Rh) resistance heating elements (melting 

points: Pt = 1772°C; Rh = 1963°C) on the outside wall of a recrystall-

ised alumina tube (maximum working temperature = 1950 C). The 

maximum gas temperature obtained by these heaters depended on the gas 
26 

flow rate. Vanpee and Fink reported a maximum gas temperature of 

1436°C at a flow rate of 0.07 x 10" 3 Kg/s. Goh and M a 2 7 found that 

the Pt-Rh heater would burn out at about 1300°C with a 3.0 x 10""3 Kg/s 

nitrogen jet. 

At the start of the present study the author employed a similar 

Pt-Rh heater,but it failed to ignite the methane-air mixture. Subse-

quently the Pt-Rh resistance wire was replaced by iradium-rhodium 

(Ir-Rh) resistance heating elements(melting point of Ir = 2447°C) but 

again the methane gas failed to ignite, due to reasons discussed in 

Chapter 5. It was then decided that other heating elements must be 

used. Molybdenum metal was employed and after numerous modific-

ations to the original design (see Chapter 5) a heater was successfully 

used to heat the nitrogen jet to a maximum of 1580°C at a flow rate 

of 3.2 x 10" 3 Kg/s. 

2.1.2. Stage II: Measurement of M.I.T. 

Since ignition by hot gas is determined by the balance between 

the heat released by chemical reactions and the heat transfer between 

the hot and cold gases, it may be expected that those factors which 

affect this balance may also affect the M.I.T. These factors may 

include (a) the temperature and chemical compositions of the combust-

ible gases of the secondary flow, (b) the diameter of the nozzle and 

the mass flow rate of the flows, and (c) the flow pressure. 

The number of factors and the range of variations to be invest-

igated were determined by two considerations. They must on the one 

hand reflect fully the effect of these factors on M.I.T., but 

they must also be practically attainable. For instance, it might 

be desirable to investigate high mass flow rate, but a high velocity 

nitrogen jet would imply a short residence time of hot gas in the 

test section in relation to the ignition delay time of the combustible 

mixture. As a result the temperature of the hot nitrogen jet 

required for ignition would be extremely high and difficult to obtain. 



- 30 -

The effect of flow pressure was not investigated because safety 

precautions could not be provided in the laboratory. In practice, 

one may find a hot jet being discharged into a stagnant combustible 

mixture. It would therefore be unrealistic to vary or impose a 

high velocity on the secondary flow. Furthermore, only nitrogen 

was used as the hot gas jet. This was because in the calculation 

of the ignition temperature the hot gas was assumed to take no part 

in the chemical reaction (see Chapter 3) . This assumption ruled 

out air as the hot gas and there was no need to consider other inert 

gases (e.g. helium, argon etc.) since the effect would be the same 

as the nitrogen gas. Apart from these restrictions, the following 

factors were investigated 

(i) The diameter of the nozzle, dp. Two diameters were tested. 

These were 15.00 mm and 19.35 mm, 

(ii) Mass flow rate of the primary flow, m . The range tested 
-3 ^ 

was between 1.4 and 3.6 x 10 Kg/s. The corresponding 

velocity of the hot nitrogen jet at the nozzle exit was 

between 24 and 115 m/s, 

(iii) Temperature of the secondary flow, Ts . This was tested 

between 18°C to 187°C. 

(iv) Equivalence ratio of the secondary flow, H , which is defined 

as 
"CH, 

4 
* o 2 

n = 

at stoichiometric ratio 

* where m̂ jĵ  and are mass fractions of methane and oxygen 

respectively, n w a s tested between 0.56 and 1.36, and 

(v) Oxygen index of the secondary flow, £ , which is defined as 

5 = 

" V X 

The normal air oxygen index is 0.233. Lowest index tested 

was 0.188. 
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The diameter of the glass cylinder which enclosed the flows and 

the mass flow rate of the secondary flow were maintained constantly 

at 290 mm and 50 x 10"3 Kg/s respectively. The corresponding 

velocity of the secondary flow was 0.6 to 1.1 m/s depending on its 

temperature. 

2.1.3. Stage III: Measurement of the Velocity Profiles 

In addition to the ignition temperature measurements the axial 

velocity profile in (a) a free round air jet and (b)- an air to air 

co-axial flow at ambient temperature having the same geometry as 

Figure 1, were measured. The velocity profiles were measured by a 

three-hole probe (Ref. 57, see also Figure 17).. The purpose of these 

measurements was to provide a computational check against the cold 

flow calculations obtained from a computer program which was sub-

sequently used to predict the M.I.T. (see Chapter 3). 

2.1.4. Summary of the Remaining Part of the Chapter 

In the remaining pages of this chapter the experimental work will 

be described in three sections, each of which covers one of the three 

stages of work. The detailed construction of the test rig is described 

in paragraphs 2.2. to 2.6. Measurement of the M.I.T. is presented in 

paragraphs2.7. to 2.8. and finally, the measurement of the velocity 

profile is given in paragraph 2.9. 

2.2. GENERAL LAYOUT OF THE RIG 

The general layout of the rig is shown in Figure 2 and plates 1 to 3. 

For description purposes, it may be convenient to divide the rig into 

four sections:-

I: the main body in which the ignition was observed, 

II: the heater from which the gas flows were raised to the required 

temperatures, 

III: the electrical and fluid flow circuits by which the temperatures 

and the flow rates of the gas flows were controlled, and 
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IV: the instrumentation on which the various flow properties were 

measured. 

2.3. THE RIG. I: THE MAIN BODY - FIGURE 3 

The main body of the test rig consisted of a test section (Figure 

3, W), two gas ducts, a cooling water jacket (Figure 3, C) and a fuel 

injector (Figure 3, G). 

2.3.1. The Test Section - Figure 3, W 

The test section was enclosed by a transparent heat resistant 

glass cylinder (Figure 3, A). The upper end of the cylinder was 

open. Burnt or unburnt gases were allowed to be discharged freely 

out of the open end of the cylinder. A vented hood (not shown) was 

placed 1200 cm above the glass cylinder to remove the discharged 

gases from the building. The working section occupied a space of 

500 mm length measured from the nozzle of the primary flow to the top 

of the glass cylinder and bad a circular cross-section of 290 mm 

diameter. Seven 6 mm holes were drilled along a vertical line on 

the glass cylinder (Figure 3, B) for the insertion of measuring probes 

(thermocouple and pressure tube). Ignition could be visibly observed 

through the glass cylinder. 

2.3.2. The Primary Flow 

The primary flow (nitrogen gas) was heated by three heaters. 

These were, in the order of the direction of the flow, the pre-heater 

(Figure 3, S) , the connecter heater (Figure 3, Y) and the main heater 

(Figure 3, D) . The heated nitrogen gas was discharged vertically 

upwards from an alumina tube which was a part of the main heater 

(Figure 3, D and Figure 4). A converging flow reducer* (Figure 5) 

could be cemented on the top of the alumina tube to form a smaller 

nozzle. The original internal diameter of the alumina tube and the 

reduced nozzle were 19.35 mm and 15.0 mm respectively at ambient 

temperature. (Corrections for thermal expansion were made during the 

calculation of M.I.T.). 

* Machined out of machinable block, supplied by Anderman, London. 
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2.3.3. The Secondary Flow 

The secondary flow was composed of a mixture of air, diluting 

nitrogen and methane gases. Air and nitrogen gases" were mixed in 

the first of the two secondary flow heaters (Figure 2) before enter-

ing the settling chamber (Figure 3, X) via two 76.2 mm diameter 

circular ducts (Figure 3, L). Further heating took place inside 

the settling chamber. The gases then entered vertically upwards into 

the mixing duct (Figure 3, Z) where methane gas was injected down-

wards from the fuel injector ring (Figure 3, G) . Further mixing of 

the gases was enforced as the gases passed through a layer of glass 

beads (Figure 3, F). A honeycomb section (Figure 3, E, 50 mm long) 

was used to straighten the flow before the mixture entered the 

test section. 

2.3.4. The Cooling Water Jacket - Figure 3, C 

In order to avoid the possibility of ignition by a hot surface, 

the secondary flow was separated from the main heater (Figure 3, D) 

by a cooling water jacket (Figure 3, C) . The jacket was a 1085 mm 

long, triple walled brass cylinder with a 140 mm long conical stainless 

steel cap (Figure 3, C). (Diameters of the cylinders: 70 mm I.D., 

111 mm O.D.; diameters of the cone: 111 mm O.D. base, 35 mm O.D. top. 

Surface of the cone was inclined at 15° to the vertical, see Figure 4). 

2.3.5. The Fuel Injector - Figure 6 

The injector ring was a 25 mm square sectioned duct which was 

fixed to the wall of the mixing duct (Figure 3, Z) by two rods and a 

13 mm diameter copper tube. This copper tube was also the gas inlet. 

Forty-eight Amal injectors were equally spaced around the underside 

of the ring. On each head of the Amal injector seven 0.5 mm holes 

were drilled in such an arrangement as to maximise the spray of 

the gases and hence the mixing with the air-nitrogen gases (Figure 6). 

Pressure drop between the inlet and the injectors (i.e. the pressure 

drop inside the ring) was expected to be far smaller than the 

pressure drop across the injectors. Therefore the amount of methane 

gas discharged through each of the forty-eight injectors should be 

approximately the same. 
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2.4. THE RIG. II: THE HEATERS 

A total of five heaters were built. Three of these heaters were used 

for the heating of the primary flow (the nitrogen gas) and the other two 

for the heating of the secondary flow (the combustible mixture). 

2.4.1. The Main Heater - Figure 7 

(a) The heating element 

A molybdenum metal sheet*, 0.5 mm thick, 76 mm wide and 

approximately 1150 mm long was rolled and pressed into a split 

tube of 25.5 mm I.D. (Figure 9).. On the opposite side of this 

split, which was 4 mm wide, a 4 mm gap was cut longitud-

inally from the lower end of the tube to a distance of 38 mm from 

the top end so that the molybdenum tube was almost separated 

longitudinally into two equal halves by the two 4 mm gaps, except 

at the top end. 

Each half of the lower end of the molybdenum tube was again 

split longitudinally into three identical strips (134 mm long 

and 12 mm wide). These strips were then bent outwardly through 

approximately 75°. The molybdenum tube was then slid over a 

purox recrystallised alumina tube+ (25.0 mm O.D., 1220 mm long 

and 6 mm thick). A 38 mm gap was left between the top ends of 

the molybdenum and the alumina tubes. At the lower end, the 

molybdenum tube was clamped to the ceramic tube by a device shown 

in Figure 8, Section A-A. 

The entire surface of the molybdenum metal, except the "fork 

strips" (Figure 9) was covered by several layers of alumina 
x • 

cement . The cement coating took a total of three days,in 

order to allow the drying of the inner layer before an outer layer 

was applied. 

* Supplied by Amax Speciality Metals, USA 

+ Supplied by Morgan Refractories, UK 

x Supplied by Morgan Refractories, UK 
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These processes were n e c e s s a r y to keep the two halves of the 

molybdenum tube at a distance apart, because the di-electric strength 

(or breakdown voltage, as it is also called) of alumina cement falls 
o 54 

exponentially beyond 1000 C . If the gap were smaller than a 

critical value, short circuit would develop and damage the heater 

(see Chapter 5 for further discussion). Presence of water in the 

cement could also decrease the di-electric strength, thus the coated 

molybdenum tube was dried in a large oven at 110°C for at least 

twenty-four hours. The electrical r e s i s t a n c e of this heating element 

was 0.007 ohms at 20°C, but increased to about 0.07 ohms at 1900°C. 

The heating element was supplied by high current (up to 350 amperes) 

but at low voltage (maximum 14 volts) to reduce the risk of voltage 

breakdown. 

(b) The protecting chamber 

Molybdenum oxidises readily above 400°C and rapidly above 1000°C 

and may not be used in oxidising atmospheres. For this reason the 

heating element was housed inside a protecting chamber. 

The inner wall of this chamber was the alumina tube (Figure 7, A, 

this wall caused serious oxidation problems, see Chapter 5 for details). 

The outer wall was made up of a mild steel tube (Figure 7, L, dimensions 

68 Tnm O.D., 3. imn thick and 870 Trcra long) , an alumina tube (Figure 7, J, 

dimensions 40 mm O.D., 34 mm I.D., 140 mm long), two alumina caps 

(Figure 7, B and C) which were cast from 1800 castable alumina 

cement*, and a mild steel box (Figure 7, M: dimensions 216 mm O.D., 

89 mm high). 

The walls of the chamber were jointed together by various methods 

in order to prevent leakage. B (referring to Figure 7, and also 

applying to the rest of this paragraph) was jointed to J by alumina 

cement; C and J were cast in one piece; C and L and L and M were 

compressed between a layer of gasket; M and A were sealed by a special 

sealing unit (Figure 7, D) which was a pair of male to female caps 

(cast from 1800 cement) with a layer of compressed Suffil+ (a 

ceramic fibre, working temperature 1600°C) between them. M and A 

* Supplied by Morgan Refractories, UK 

+ Supplied by Morgan Refractories, UK 
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were further sealed by a layer of Autostik and alumina cement on 

the outside (Figure 7, P and T). The gap between A and B was filled 

with a layer of Suffil (Figure 7, E). 

Even with above sealings a certain amount of air was found 

to enter the chamber due possibly to (a) the gradual formation of 

thermal cracks in the alumina cement, (b) change of porosity of the 

alumina tube at elevated temperature and (c) diffusion through the 

Suffil packing. 

Subsequently, the chamber was pressurised to create a positive 

pressure difference with respect to the surrounding air and hence 

prevent the outside air from entering the chamber. Protecting gases, 

either argon or forming gas (25% H 2 - 75% N 2) were injected into the 

chamber under pressure (approximately 2-3 p.s.i.) and allowed to leak out 

of the chamber through the gaps (e.g. between A and B, A and D, of 

Figure 7) . .To reduce the flow rate of the protecting gas, the inside of 

the chamber was filled with alumina insulating powder*, Kaowool+ and 

Suffil (Figure 7, E, K and R) . 

(c) Electrical connections 

The two ends of the molybdenum heating element (i.e. the "fork" 

strips, see Figure 9) were connected to the copper terminal bars 

(see Figure 7, V, Figure 8, Section B-B). Each copper terminal bar 

was connected to a pair of brass connectors (Figure 8, Section B-B) 

w h i c h were extended through the mild steel box (Figure 7, M) for 

external electrical connections. The brass connectors were electric-

ally insulated with asbestos sockets. 

A water cooling coil was inserted inside the mild steel box 

(Figure 7, S) to reduce the temperature in the vicinity of 

the copper terminals. This was necessary because any small amount 

of oxidation of the molybdenum heating element, even a thin film, 

could create a high electrical resistance at the contact surfaces 

between the molybdenum and the copper bars. At low temperature the 

intensity of oxidation would be greatly reduced. 

*+ Supplied by Morgan Refractories, UK 
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(d) The ceramic fragments 

The alumina tube (Figure 7, A) is not a good heat conductor. 

To improve the heat transfer to the gas flow, two thirds of the 

lower part of the alumina tube was fitted with segments of alumina. 

These segments were arranged three in a set, each 100 mm long 

and back to back, to form a delta section (Figure 9, Section B-B) . 

Each set was then placed above and across the other so that- maximum 

turbulence was created as the nitrogen gas passed through these 

ceramic fragments. 

The maximum temperature of the hot gas attained by this heater 

alone was 1085°C at a flow rate of 3.0 x 10" 3 Kg/s. Clearly this 

temperature was not high enough to ignite the methane gas and a pre-

heater was needed. 

2.4.2. The Pre-Heater (Figure 10) 

(a) The heating matrix 

The pre-heater was made up of thirty-four heating matrices. 
Each matrix (Figure 11) was constructed by coiling a heating element, 

either in the form of a coil or tape, on an alumina frame. The frame 

was formed by joining two alumina rods and two square columns together 

in the manner shown in Figure 12. 

For economic reasons three different heating elements were used. 

The Nichrome V* tape provided the first sixteen heating matrices and 

raised the gas flow temperature to a maximum of 870°C. The tape was 

0.2 mm thick, 1.3 mm wide and was wound between the two alumina rods 

at a pitch of ten strips per inch (25.4 mm). Each Nichrome V heating 

element was approximately 24 ohms. 

Kenthal-Al+ wire was used in the next five heating matrices. 

The wires were 1.0 mm diameter and were coiled into a helical section 

of 4.0 mm diameter, before being would around the alumina rods at a 

pitch of 2.5 coils per inch. These heating matrices were about 12 

ohms each and were capable of raising the gas temperature by a further 

* Supplied by British Driver Harris, UK 

+ Supplied by Hall & Pickles Ltd., UK. 
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170°C to a maximum of 1030°C. 

The final thirteen heating matrices were made by 80% Platinum-

20% Rhodium* alloy. The diameter of the Pt-Rh wire was 0.5 mm and 

was coiled into a 2.0 mm helix before being stretched between the rods 

at four coils per inch. Each heating matrix was 12 ohms approxim-

ately. The thirteen Pt-Rh matrices raised the gas temperature to 

a final maximum of 1320°C. 

(b) The_gas_duct 

The thirty-four heating matrices were inserted inside a gas duct 

which was formed by forty alumina blocks sandwiched between forty-one 

mild steel plates (Figure 10). The alumina block was cast from 

the 1800 castable alumina cement. (Overall dimensions 300 mm square 

and 38 mm thick, Figure 13) . In the middle of each block was a 

102 mm square opening. The heating matrices were placed on the 

recesses cast out in each block except the first and the last three 

blocks, which did not have a heating matrix, but were used to provide 

passages for the gas flow- from a 25 mm diameter circular tube to 

the 102 mm square duct and vice versa. The electrical terminals of the 

heating elements were led out of the block through the grooves on 

one side of the blocks (Figure 13). 

* 

The adjacent alumina blocks were firmly pressed between a layer 

of Kaowool (a ceramic fibre in the form of blanket, maximum working 

temperature is 1250°C) by the compression of the steel plates 

(Figure 14). These steel plates were "chained" together at 

alternative sections. A pair of rollers were attached to every four 

steel plates. 

The assembled heater sat on two rails so that the bulk of the 

heater could move freely during the thermal expansion (or contraction), 

except at the exit end of the heater which was anchored to the floor 

by two triangular posts (Figure 3, S). This anchorage was needed 

to prevent the pre-heater from breaking the alumina tube of the main 

heater during thermal expansion. 

* Supplied by Johnson Mattheys, UK. 
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On the outside of the alumina block and between the steel 

plates a sealing compound made up of calcium flouride and sodium 

silicate was applied to reinforce the sealing provided by the 

Kaowool gasket. Originally, the pre-heater was linked to the 

main heater by an alumina tube which was insulated by several 

layers of Kaowool blankets. The gas flow temperature was found 

to drop by as much as 200°C between the exit of the pre-heater 

and the entrance of the main heater. To reduce this temperature 

drop a connector heater was built. 

2.4.3. The Connector Heater - Figure 15 

(a) The heating blocks 

The connector heater was made up of five heating blocks. 

These heating blocks were cast from 1800 alumina castable cement*. 

Immersed inside the blocks were Kanthal-Al heating coils arranged 

in a closely packed zig-zag fashion. The heating elements were 

made from 1.0 mm wire and were placed nearer to one surface of the 

block so that this surface could be readily heated to just under 

1000°C. 

(b) The steel container box 

The steel bpx (Figure 15) was 356 mm long, 127 mm high and 

203 mm wide. One end of the box was cut open for the "docking" 

to the last steel plate of the pre-heater (see Figure 3). Four 

of the heating blocks were placed against the inside walls of the 

steel box, as shown in Figure 15. The pre-heater and the main 

heater were then linked together by an alumina tube (25 mm diameter) 

and a connector block which was cast from alumina cement. Space 

inside the steel box was filled with alumina insulating powder. 

Finally, the top of the box was covered by the fifth heating block 

(Figure 15) . 

With this arrangement the temperature drop of the gas flow 

between the pre-heater exit and the main heater entrance was reduced 

to less than 70°C. 

Supplied by Morgan Refractories, UK. 
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2 . 4 . 4 . The Secondary Flow Heaters 

Since the m a x i m u m design temperature for the secondary flow 

was only 200°C heating could be adequately provided by commercial 

h e a t e r s . There w e r e two secondary flow heaters (Figure 2) . 

The first heater was a 3 k W Secomark Industrial Heater*. 

This cylindrical heater has s i x heating elements arranged in two 

sections in the direction of the flow. The second heater consisted 

of sixteen £ kW domestic e l e c t r i c heating bars equally spaced inside 

the settling chamber (Figure 2) . 

* Supplied by Service E l e c t r i c C o , L t d . , U . K . 
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2.5. THE RIG. Ill: FLUID FLOWS AND ELECTRICAL CIRCUITS 

In the design of the present test rig "supply" and "control" were two 

important factors. The experiments were conducted continuously day and 

night for up to a week in order to avoid frequent heating and cooling, which 

could cause damage to the heaters. Thus, it was necessary to plan and 

ensure continuous supplies of all fluid flows and to regulate the electrical 

power loading to the heaters as-accurately and smoothly as possible. A 

schematic diagram of the supply and control system is given in Figure 2. 

2.5.1. Fluid Flows - (See Also Plate 2) 

(a) Primary flow - Figure 2, top right 

Nitrogen was the only gas in the primary flow but air was 

temporarily used in place of the nitrogen during the heating up 

and cooling down periods to reduce the cost. Air was "supplied 

from the laboratory "shop-air" but nitrogen was fed from bottles 

of compressed "oxygen-free nitrogen" gas*. The bottle nitrogen 

gases were arranged in two sets of six bottles. Each set 

supplied approximately six hours of continuous running. A 

three-way valve provided the change over to replace the empty 

bottles. The mass flew rate of the primary flow was adjusted by a 

coarse 25.4 mm diaphragm valve and a parallel fine 6.35 mm needle 

valve. 

(b) Secondary flow - Figure 2, top left-

The secondary flow was a mixture of air, nitrogen and methane 

gases. Clean air was obtained from the department's Howden 

compressor while nitrogen was fed from bottles of compressed gas 

as before. During the ignition test methane was injected only 

when the ignition was thought to be approaching. Thus, a 

solenoid valve was inserted in the supply line to provide a quick 

cut-off on completion of the ignition test. The methane gas was 

supplied from a bottle of commercial graded compressed gas 

(purity of methane was over 99.6%). Adjustment to the mass 

* Supplied by British Oxygen Corporation, UK. 

+ Figure supplied by British Oxygen Corporation, UK. 
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flow rate was by a 76.2 mm globe valve in parallel with a 

25.4 mm needle valve for air and a 25.4 mm diaphragm valve in 

parallel with a 6.35 mm needle valve for nitrogen and methane 

gases. 

(c) Protecting gases 

Ideally, forming gas (75% ^-25% H2) should be used to protect 

the molybdenum metal from oxidation because the presence of 

hydrogen could remove any traces of oxygen. But hydrogen gas 

could leak into the test section and take an active part in the 

combustion. As a result, ignition temperature could be affected 

by the presence of the hydrogen gas. Therefore, during the ignition 

test forming gas was replaced by argon, which is, of course, an 

inert gas. Both of these gases were supplied from bottles of 

compressed gas and were pre-dried by concentrated sulphuric acid. 

The typical flow rate of the argon gas was 0.006 x 10~3 Kg/s 

(i.e. 0.2 ml/min) as compared to the flow rate of 2.05 x 10~3 Kg/s 

for the hot nitrogen gas. Thus, even if all the argon gas had 

diffused into the primary flow its presence should not have any 

significant effect on the result of the ignition temperature 

measurements. 

2.5.2. Electrical Circuits - Figure 2, bottom, and Plate 3 

The total current demanded by the five heaters was high and this was 

supplied from a 400 amp rated power sub-station in the laboratory. 

Currents applied to the heaters were regulated by twenty-four variacs 

in order that the temperature of the gas flow could be increased 

gradually. 

(a) Main heater 

The 415 volt main was stepped down by a heavy duty trans-

former at a ratio of 11^:1. Output from the transformer was 

regulated by an inbuilt variac to a maximum of 350 amperes at 

14 volts giving a maximum power supply of about 5 kW to the main 

heater. In addition a small transformer and a variac 

were inserted in the primary circuit of the heavy duty transformer 
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to provide fine control on the temperature of hot nitrogen jet. 

On average, these controls were able to adjust the nitrogen gas 

temperature to within 1°C of the desired value. 

(b) Pre-heater 

The thirty-four heating matrices of the pre-heater were 

divided into ten groups. Each group was supplied individually 

by a 240 volts main. All the heating matrices were connected in 

parallel so that a failure of one individual heater would not fail 

the heater as a whole and hence disrupt the proceedings of the 

experiment. (An.early version of the pre-heater was less versatile 

and frequently disrupted the experiment, see Chapter 5). Nich-

rome and Kanthal heating elements were controlled in groups of 

three or four by a 20 amp rated variac, but the Pt-Rh heating 

elements were each controlled by an 8 amp rated variac. 

(c) Connector heater 

The heating elements of the five heating blocks were divided 

into three groups of the same electrical resistances. These were 

then supplied by 240 volt three-phase main (live to neutral) via 

a 13 amp rated three-phase variac (also connected live to neutral). 

(d) Secondary heaters 

The six heating elements in the first of the two secondary 

flow heaters (i.e. the Secamak Industrial Heater) could each be 

switched on to give six discrete changes of gas flow temperature. 

The sixteen heating elements in the settling chamber (Figure 3, K) 

were, however, connected in parallel and jointly regulated by a 

30 amp rated three-phase variac (240 volts, live to neutral). 

This variac was able to control the secondary flow temperature to 

within 2°C of the prescribed value. 

2.6. THE RIG. IV: INSTRUMENTATION 

2.6.1. Temperature Measurements 

(a) Minimum ignition temperature - Figure 16 

The temperature of the hot nitrogen jet which was the minimum 

ignition temperature when an ignition was just observed, was 
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measured by a platinum-platinum 13% rhodium thermocouple made from 0.5 mm 

diameter wires. The bead of the hot junction was approximately 1.5 mm 

diameter. The leading wires of this thermocouple were sleeved inside a 

twin bored 2.5 mm diameter alumina insulating tube which was in turn 

inserted into a stainless steel tube, as shown in Figure 16. The steel 

tube was bent downward to face the hot nitrogen jet. A length of 107 mm 

of alumina tube was exposed outside the steel tube to prevent over-

heating of the metal in the high temperature zone and to reduce heat 

conduction by the steel tube. Furthermore, the hot junction of the 

thermocouple was at a distance of 6.35 mm from the alumina insulator so 

that disturbance to gas flow in the space near the hot junction was as 

little as possible. 

This thermocouple probe was inserted into the working section 

through an opening in the glass cylinder. The steel tube was attached 

to a traversing table. Normally the hot junction of the probe was 

located at the near side of the glass cylinder and only moved to the 

centre line of the primary flow for measurement. Two stoppers at the 

sliding handle of the traversing table provided quick movements between 

these two positions. 

The hot; junction was paired with a cold junction which was immersed 

inside an ice box. This thermocouple was then connected to a Solartron 

digital volt meter (readable to ±0.001 mV) via a DISA (52B30) integrator. 

Conversion to temperature was provided by a pre-calibrated table*. Heat 

loss due to radiation is estimated arid values are presented in Chapter 4. 

(b) Secondary flow - Figure 3 

The secondary . flow temperature was measured by a copper-con-

stantan thermocouple located at the base of the working section mid-way 

between the glass cylinder and the cooling water jacket (Figure 3,T). 

The thermocouple wires were insulated by glass fibre and supported by a 

stainless steel tube. This thermocouple was also paired with a cold 

junction (at 0°C) and connected directly to an "advanced" digital volt 

meter (readable to t 0.01 mV) . Conversion to temperature was made 

usingBS 1828 (1961) tables. 

* Supplied by Johnson Matthey Metals Ltd., London. 
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In addition, another fifteen thermocouples of various types 

were inserted at important locations such as inside the pre-heater. 

Details of these thermocouples are given in Table 1. 

2.6.2. Mass Flow Rate Measurements 

Both the primary and the secondary flow rates were measured by 

orifice meter with D-D/2 tappings. An orifice plate of appropriate 

throat diameter was inserted inside a straight pipe at a location of 

at least 30 diameters downstream of the flow entry. ' Upstream pressure 

and the pressure difference across the D—D/2 tappings were measured in 

U-tube glass manometers filled with appropriate fluids (with mercury 

or paraffin of S.G. = 1.58 and 0.784). The temperature of the 

upstream of the orifice plate was measured by a copper-constant an 

thermocouple. This temperature was later used to correct the gas flov 

properties in the calculation of the mass flow rate based oh the pro-

cedure laid down in B.S. 1042, part 4 (1964). The detail of pipe size, 

orifice plate throat diameter, etc. is given in Table 2. 

2.6.3. Velocity Measurements 

The measurement of axial and radial velocities of a free round jet 

and an air to air co-axial flow at ambient temperature (see paragraph 

2.1.3 for reasons of measurement) was provided by a three hole pressure 

probe. 

(a) The probe - Figure 17 

The pressure probe was constructed based on the design of 

Heitt and Powell . It has three pressure holes of 0.725 mm 

diameter drilled in a V groove on a solid stainless steel cylind-

rical head (Figure 17) of 6.35 mm diameter. These holes were 

linked to three hypodermic tubes enclosed inside a 6.35 mm O.D. 

stainless tube which was silver soldered into the cylindrical head. 

The V groove was 1.75 mm wide with an inclination angle of 

120 . Two of the pressure holes (hereafter called holes No. 1 

and 2) were drilled in one of the inclined surfaces of the V groove 

at a radial angle of 72° (see Figure 17, section X-X ). A third 

hole (hole No. 3) was drilled in the other inclined surface of 
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the groove opposing hole No. 1. 

(b) Calibration 

The probe was calibrated in a low speed wind tunnel. It 

was assumed that the mean velocity profile in the working section 

of the wind tunnel was uniform and that the flow was parallel to 

the walls. The time mean velocity was measured by a conventional 

two-hole pitot static tube, (i.e. the three-hole probe was calib-

rated against the pitot static tube). 

Calibration was carried out in two steps. In the first stage, 

the ratio of (pi-p2)/V.H. was measured as a function of the yaw 

angle (i.e. rotation angle about the longitudinal axis of the probe, 

see Figure 19, lower graph), where:-

p^ and P2 were the pressures in hole Nos. 1 and 2," 

V.H. was the velocity head of the flow defined by 

V.H. = £.p.Q , where Q and p were mean velocity (see 

Figure 18) and density of the flow respectively. 

Secondly, (P1T3)/(P1~P2) w a s also calibrated against the 

yaw angle (pg was the pressure of hole No. 3, see Figure 19, upper 

graph). 

To calculate velocities the pressure ratio (P1-P3) / (px"*P2̂  w a s 

used to find the yaw angle and from this V.H. was found using the 

lower graph of Figure 19. The two component velocities were then 

calculated from (see Figure 18):-

U = Q Sin 9 and V = Q Cos 8 

where U and V were axial and radial velocities and 

Q was the yaw angle. 

Measurements of the pressure differences (i.e. P1-P3 and 

Pl~P2^ were taken on a Furness micromanometer, which was connected 

to a Solartron digital voltmeter (± 0.001 mV) via a DISA (52B30) 

integrator. 
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2.7. THE EXPERIMENT. I; IGNITION TESTS 

2.7.1. Procedures for Operating the Heaters 

At least ten hours before the heaters were switched on, forming 

gas was injected into the protecting chamber (Figure 4) in order to 

repel the residue air. The presence of forming gas inside the 

protecting chamber was checked by passing a combustible gas (e.g. 

methane) in place of the forming gas for a short period of time. 

Formation of a flame above the jet nozzle (Figure 3).would indicate 

that the chamber was filled with the passing gas. 

At the start of the heating (usually in the morning of the first 

day) air was- used in the primary flow. The electricity supplied to 

the heaters was gradually increased, twice an hour, but later stepped 

up to three or four times an hour. A typical rate of temperature 

increase of the hot gas jet at'this stage was about 100°C per hour. 

About ten hours later (first day, evening) the hot gas jet would 

reach a temperature of about 1000°C. This flow temperature was then 

kept constant overnight without further adjustment to the power supply. 

At this stage, air in the primary flow was replaced by the nitrogen 

gas. (This is a very important procedure, see Chapter 5 for discussion). 

Another twelve hours later (second day, morning) a further increase 

of hot gas temperature was made , but at a slower rate of about 

40-70°C per hour. The secondary flow (excluding methane gas) and its 

heaters were also switched on at this stage. When the primary flow 

temperature was approaching the estimated ignition temperature (usually 

on the second day, mid-day) forming gas was replaced by argon in order 

to avoid possible effects of the presence of hydrogen (in the forming 

gas) on the ignition temperature measurement as discussed in paragraph 

2.5.1. 

2.7.2. Procedure of Searching Minimum Ignition Temperature 

As the estimated ignition temperature was approached the primary 

flow temperature just above the nozzle (at x = 5 mm, y = 0, see Figure 18) 

was measured by the Pt-Rh thermocouple (Figure 16). The thermocouple 
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was then quickly withdrawn from the hot gas zone before methane gas 

was injected into the secondary flow. Injection of methane gas 

lasted for not more than fifteen seconds (except for rich mixtures 

see paragraph 2.8.4). If, during this time, the primary flow 

temperature was high enough, a flame could be seen to form in the 

mixing layer and then quickly propagated into the unburnt combustible 

mixture in the secondary flow # At this moment the methane gas was 

quickly cut off. 

The temperature of hot gas jet was measured again, before it was 

reduced by a small anrount. The ignition test was then repeated and 

depending on whether the ignition had taken place or not the temperature 

of hot nitrogen jet was either further decreased or increased. Such 

processes were repeated several times until two successive tests, 

which produced one with ignition and one without ignition, were separated 

by a smallest temperature difference of the hot nitrogen jet (up to 

i 5°C) . The temperature of hot nitrogen jet which just managed to 

produce an ignition was, by definition, the minimum ignition temperature. 

2.7.3. Reproducibility of the M.I.T. 

Two types of tests were carried out to check the reproducibility 

of the measured M.I.T. These were:-

(a) Test under a given set of flow conditions (referred to as reference 

flow conditions, see Table 3), but measured at different dates, 

Figure 20. 

(b) Test under variable secondary flow temperature,measured at the 

beginning and the end of one continuous experiment, Figure 21. 

From these tests the M.I.T. was found to be repeatable within 

± 5°C. The lowest and the highest measured M.I.T. under the reference 

flow conditions were as follows 

for dp = 19.35 mm 

1279°C <M.I.T. <1288°C 

for dp = 15.00 mm 

1372°C < M.I.T. < 1379°C 
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where dp is Che nozzle diameter of the primary flow. 

2.8. THE EXPERIMENT. II: IGNITION TEMPERATURE MEASUREMENT 

2.8.1. Test Range and Result 
< 

After the first ignition was found the test was continued to 

carry out ignition temperature measurements for various flow conditions. 

The variables and test ranges were as follows:-

(i) 1.4 x K r H i S p <3.6 x 10~3 Kg/s 

where n^ is the mass flow rate of the primary flow, 

(ii) 18°C4TS.<187°C 

where Ts is the temperature of the secondary flow, 

(iii) 0.56 < H < 1.36 

where r| is the equivalence ratio of the secondary 

flow as defined in paragraph 2.1., 

(iv) 0.188 <, I < 0.233 

where \ is the oxygen ratio of the secondary flow, 

again as defined in paragraph 2.1. 

These variables were tested at first for a jet nozzle of the hot 

nitrogen gas of 19.35 mm diameter (dp). They were then repeated for a 

second diameter of 15.00 mm. At the start and sometimes at the end 

of a given set of experiments, the ignition temperature was checked 

under the reference conditions given in Table 3 to ensure that the 

rig had not developed faults, such as gas leakage, which could alter 

the ignition temperature. 

Results of the ignition temperature measurements are tabulated in 

Tables 4 to 7 and plotted in Figures 22 to 25. 

Prior to an ignition test, the mass flow rates and flow temperatures 

were stabilised and measured. Since the methane gas was injected after 

the flow temperatures were measured the temperature of the secondary 

flow was that of the flow which excluded the methane gas. As a resuLt 

the measured temperature was higher than the actual secondary flow 
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temperature. Thus, adjustments were made to correct the measured 

temperature. 

2.8.2. Ignition at or Near Stoichiometric Mixture 

At or near the stoichiometric ratio of the combustible mixture, the 

formation of the visible flame in the primary flow was accompanied by 

a loud low pitch "bang" (which sounded like "foom") . As soon as it 

was formed, the flame could be seen to propagate into the unentrained 

combustible mixture in the secondary flow. In a fraction of a second 

the flame quickly moved down the test section in the opposite direction 

to the flows by the phenomenon known as "flash-back". If methane gas 

was not quickly cut off the flame could be seen to be stabilised at 

the top of the honeycomb section (Figure 3, E). 

2.8.3. Ignition of a Lean Mixture 

As the fuel/air ratio decreased to a lean value (approximately 

r| <0.75) the "loud bang" which accompanied the formation of flame was 

absent. Instead a pale bluish haze was seen to form in an inversed 

conical shell at a height of about 0.1 to 0.3 metres above the jet 

nozzle. The bluish haze was accompanied by whistling noises and 

persisted for a short time (a couple of seconds, but longer as H 

decreased) after the injection of methane gas. Finally, a flame was 

seen to propagate into the secondary flow followed by the flash back into 

the mixing duct. The noise observed during this period sounded like 

"sz sz sz zoom" (at this moment the flame was formed). As 

the equivalence ratio was further decreased the bluish haze was seen 

to form at a distance further away from the jet nozzle. The brightness 

of the haze was also gradually decreased until it could no longer be 

seen at an equivalence ratio of about 0.56. 

2.8.4. Flame Formation of a Rich Mixture 

The following phenomenon was observed, for a rich mixture (nM.1 

approximately), when the hot nitrogen jet temperature was just below 

(about 10-20°C) the measured ignition temperature:-

As the ignition temperature was approached, fuel was injected for 

• n 
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a maximum period of about 15 seconds. Since no ignition was 

observed the methane gas was cut off. But, a few seconds after the 

fuel was cut off, it was a surprise to see that a flame had formed 

above the level of the top of the glass cylinder (Figure 3, i.e. 

outside the test section ). Almost at once a very "loud bang" 

(which sounded like "bom") was heard. The flame lifted upwards and 

disappeared. However, it was not clear whether the "bang" was heard 

before or after the flame vanished. The whole phenomenon occured in 

a fraction of a second. 

At first it was thought that ignition had occurred, so the fuel 

was again injected. No ignition was, however, observed after two 

minutes of fuel injection, but as soon as the fuel was cut off the 

same phenomenon was observed again. 

If the primary flow temperature was increased (by about 10 to 

20°C) the normal ignition phenomenon as described in paragraph 2.8.2. 

was observed. On the other hand, if the temperature was lowered 

further (more than 20°C approximately below the measured ignition 

temperature) no ignition of either kind was observed. 

The ignition phenomena of lean and rich mixtures will be further 

discussed in Chapter 4. 

2.9. THE EXPERIMENT. Ill; VELOCITY MEASUREMENTS 

For reasons already explained in paragraph 2.1.3., the axial and radialwise 

axial velocity profiles were measured for (a) a round air-free jet and (b) a 

confined air to air co-axial flow. Both flows were under ambient temp-

erature and pressure .The Reynolds' number of these flows was in the order of 

1.0 x 10^ and was similar to that in the ignition experiment. 

2.9.1. Measurement of Free Jet Flow 

The glass cylinder (Figure 3,A) was removed from the main body so that 

an air jet could be discharged freely from the 15 mm diameter flow 

reducer nozzle (Figure 5). The air flow rate was set at a constant 

2.25 x 10 3 Kg/s under an average ambient temperature of 20°C approx-

imately (varied between 17°C to 25°C). Velocities were measured by 
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the following procedures. 

(a) Locating the 3-hole probe 

With the probe mounted on the sleeving ring (Figure 16) the 

position of the traversing table was adjusted until the probe 

crossed the centre line of the jet nozzle. The probe was then 

moved horizontally to match the centre of the V-groove of the 

probe (Figure 17) with the centre of the nozzle. To ensure the 

probe traversed in the vertical plane containing the centre line 

of the nozzle, two more sleeving rings were fixed on the vertical 

bar of the traversing table. Vertical traversing of the mobile 

sleeving ring, which was between the two fixed rings, was then 

guided by a vertical rod linking the three rings. 

The probe was raised 15 mm above the nozzle and rotated about 

its axis until the pressure difference of p^-p2 was zero. The 

direction of the flow was then mid-way between the pressure holes 

Nos. 1 and 2. The probe was again rotated by 36° so that Nos. 

1 and 3 pressure holes were both facing the direction of the air 

flow. 

(b) Measurement of axial velocity profile 

Vertical traversing of the probe along the centre line of the 

jet nozzle was taken at intervals of 15 mm, up to a height of 

300 mm above the nozzle (i.e. 20 diameters downstream). The results 

are given in in Table 9 and Figure 26. Symbols used in these 

tables and graphs are given in Figure 18. 

(c) Measurement of radialwise axial velocity profiles 

Radial traversing (i.e. horizontally) was taken at distances 

of 60,120,180,240 and 300 mm (i.e. 4,8,12,16 and 20 diameters) 

above the jet nozzle. Results of the measurements are given in 

Table 9 and Figure 28. 

2.9.2. Measurement of Confined Co-axial Flow 

Measurements of the confined co-axial flow were similar to those 

of the free jet flow except for the following changes:-



- 53 -

(a) The glass cylinder was put back to its original position (Figure 3), 

(b) Primary and secondary flow rates were 2.0 x 10 and 50 x 10 Kg/s 

respectively, 

(c) Radial traversing was taken at distances of 63,161,228,285 and 

345 mm above the jet nozzle (i.e. at 4.2,10.7,15.2,19 and 23 

diameters)• 

The results of measurements are given in Table 10 and Figures 27 

and 29. 

2.10. CLOSURE 

In this chapter the detailed construction of the rig, particularly the 

heaters, is given in full before the experimental procedures, observations 

and results are presented. The implications of the experimental results 

will be discussed in Chapter 4. 

The present experimental work took an estimated total time of about 

three and a half years to complete. It was expensive, difficult, painful 

but finally successful. This proved the point that experimental work, though 

valuable as it is, could be costly, both in terms of time and cash. 

It is then inevitable to ask this question: could the phenomenon of hot 

gas ignition . be investigated by means of theoretical analysis in so 

far as it were possible? The next chapter will look into this question by 

a parallel theoretical investigation of the same problem, i.e. the prediction 

of the M.I.T. 



- 54 -

C H A P T E R 3 

THEORETICAL INVESTIGATIONS 

3.1. SCOPE OF PRESENT THEORETICAL W O R K 

The task of the p r e s e n t theoretical study was to develop a 

mathematical method so that the minimum ignition temperature (M.I.T.) 

could be calculated. This task was carried out in three stages:-

Stage I: Formulation of the equations governing the hot gas 

ignition p h e n o m e n o n and solution of these 

equations, 

Stage II: Testing of the solution method against a non-reacting 

flow before combustion was introduced into the 

calculation a n d , finally, 

Stage III: Prediction of the M.I.T. based on an assumed overall 

reaction rate and deduction of correct reaction rate by 

comparison w i t h the measured M.I.T. 

3.2. THEORY I: THE ASSUMPTIONS , 

3.2.1. Basis for M.I.T. Prediction . 

It may be recalled (see Chapter 1) that the axial temperature 

profiles between the cases of ignition and no ignition are 

remarkably different (see Figure 1,A). If the axial temperature 

could be found for different initial temperatures of the hot nitrogen 

jet then the M . I . T . could b e readily deduced. T h u s , the task of 

calculating the M . I . T . w a s to find a solution to the equation which 

determined the temperature distribution in the flow field. 

The flow field, as illustrated in Figure 1, is governed by 

conservation equations. These equations may be written in 

27 
cylindrical co-ordinates (x - r, see Figure 18) as :-
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continuity equation: 

4(Pur) + ^ (pvr) = o (1) 

other conservation equations: 

p u - F x + p v T 7 " 7 ^ ( *  r W + S 0 ( 2 ) 

where 0 stands for the dependent variables which include velocity (u) , 

total enthalpy (h) , mass fraction of various chemical species (mj) and 

turbulent transport quantities (k,S). is an effective exchange 

coefficient and S ̂  is a source term of 0 . As for the temperature, 

T, it is expressed indirectly in the enthalpy equation by the following 

definition-

s' « C p T +
 m c H H + (£u 2+k) (3) 

where m__ is the mass fraction of methane 

H is the heat of reaction of methane 

and k is the turbulent kinetic energy. 

3.2.2. Boundary Layer Assumption 

In writing equations 1 and 2, it is assumed that the flow is two-

dimensional parabolic, steady and axisymmetrical. These assumptions 

are generally correct because mixing between the fast moving hot 

nitrogen jet (typically 60 m/s) and the slow moving combustible mixture 

(typically 1 m/s) produces a large radial change of velocity, 

temperature and concentration as compared to the small changes in the 
\|J V 

axial direction (i.e. ~ }} . Thus, the flow field as shown m 

Figure 1 can be treated using boundary layer approximations, except at 

the lip of the jet nozzle. 

As the primary and the secondary flows meet at the exit of the 

main heater (Figure 31) , they form a small annular recirculation zone 

which is not parabolic but elliptic. The entire flow field could 

of course be rewritten in elliptical form so as to account for this 

recirculation zone, but in doing so one would invite two difficulties:-

(i) numerical solution of an elliptical equation required far 

more computing time than the parabolic equation, 
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(ii) the boundary conditions in the recirculation zone required 

elaborate experimental measurements. 

In the present study this small recirculation zone was ignored 

and this decision was supported by the close agreement between the 

measured and the calculated results (Figures 26 to 29). 

3.2.3. Steady Flow Assumption 

For a non-reacting system, for example before methane is injected 

into the mixing duct, the flow as shown in Figure 1 is steady (i.e. 

independent of time and hence two-dimensional (x and r)). Ignition 

of a hot gas is, however, not a steady, but a transient phenomenon. 

After the flame is formed at a height of about 5 to 10 diameters above 

the jet nozzle, it will propagate into the secondary flow. Flame 

propagation is time dependent. The only time the flow might remain 

steady would be with a stabilised flame, which could occur if the 

burning velocity of the flame was equal and opposite to the velocity 

of the flow. This would, however, be a special case which would be 

unlikely to occur. 

However, the objective of the present study is in the prediction 

of the occurance of an ignition and not in the calculation of flame 

propagation after the ignition. It is valid to assume a steady flow 

up to and including the flame front during the initial stages of the 

formation of the flame. Within this region (i.e. from x = o to the 

position where flame is first formed) the axial temperature profile 

will develop sufficiently to indicate whether a flame has been formed 

or not (Figure 1,A). It is automatically assumed without further 

calculation that this flame will propagate into the secondary flow and 

cause the methane-air mixture to burn. This assumption is, of 

course, based on the experimental observations. 

3.2.4. Single Step Overall Chemical Reaction Assumption 

The chain reaction of methane-air oxidation has been discussed 

in some detail in Chapter 1 and it is concluded that we have yet to 

determine the exact oxidation mechanism. In this study the methane-

air oxidation is assumed to take place by a single step overall 

reaction:-
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CH 4 + 2(0 2 + ~ N 2 ) - > C0 2 + 2H 20 + 2 X N 2 (4) 

with a reaction rate given by:-

H " " K«tH » Q 2 P V
3 / 2 . ^ ( - E / B T ) (5) 

where H is the equivalence ratio defined in Chapter 2 (see paragraph 

2.1.2.) , we have also concluded that the current knowledge of the 

relationship between chemical reaction rate and the turbulence of the 

flow is still in its exploratory state. Thus, in this study the 

effect of turbulence on the reaction rate is solely reflected by the 

overall kinetic constant, K, of equation 5. This assumption will be 

further discussed in Chapter 4. 

3.3. THEORY II: THE EQUATIONS 

3.3.1. Momentum Equations 

Axial velocity, u Substituting 0 = u, a U e££ which is the 

effective viscosity, and taking into account the buoyancy and pressure 

forces, equation 2 becomes:-

fe + ^ T? " H <«.ff- & + « p E - - £ > (6> 

where P^ is the free stream gas density at the same downstream 

distance as P. The effective viscosity, ^gf f, is a sum of the 

laminar viscosity (U^ ) and the turbulent viscosity (U ) :-

i.e. M e f f " "l • » t ( 7 ) 

Laminar viscosity For a mixture which consists of n species, 

the laminar viscosity may be written as:-

n 

W1 = £ V (8) 

where mj is the mass fraction of species j. and j• is the 

corresponding laminar viscosity, which may be assumed to obey 
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29 
Sutherland's law :-

/ \ / T J , 1.505 
M-, . = (M, —") ( l,j 1, j ^ref l+0.5055ref <9> 

The reference temperature, T r e f , is set at 500°C and the correspond-

ing reference viscosity (U-. •) for gas at 500°G is taken from Kaye and 

68 
Laby . These reference viscosities are shown in Table 11. 

Turbulent viscosity and the transport equations The turbulent 

viscosity is calculated from two turbulent transport quantities, namely 

the turbulent kinetic energy, k, and its dissipation rate, 

M t = C M C d , p f (10) 

C and C , are functions of axial distance, x. Equation 10 was introduced 
. 6 4 

by Launder and Spalding and the two turbulent transport quantities may 

also be written in the form of equation 2:-

+ = ^ CUD 

and PU £ • pv »f = I £ . f ) • « ( C l l«t< £ f - C 2pe) _ ( u ) 

£ 

where <?e , CJ c^ and C 2 are constants. Derivation of these equations may 

be found in Reference 64. k and £ are related to each other by a length 

scale, 1:-

k
3 /
2 

e = c d ~ (13) 

The ''constants" The values of C , , 0 , C^ and in equations 
•—"——"" ^ |J k S y2 

10 to 13 were believed to be universal constants. But Rodi and 
73 

Jones et al found that some of these constants needed to be modified 

when applied to a low Reynold's number round jet flow. 

In the present study C^ and C^ values are deduced from the experi-
/ 2 74 

mental measurements of Rodi and Bradshaw et al. (see Appendix A). 

The value deduced from the measurements at a distance less than five 
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diameters downstream is different from those deduced at a distance 

beyond twenty diameters downstream (Figure 32). This is possibly due 

to the preponderance of the turbulent energy generation rate over 

its dissipation rate, in the region near the nozzle. The values of 

Ĉ j and C^ are assumed to be linear functions of x (streamwise 

distance) as shown in Figure 33. The other three constants have 
64 exactly the same values as those recommended by Launder et al. , 

i.e. C 2 = 1.92; ok = 1.0; a g = 1-34 

but it is necessary to change the value of C^ from the recommended 

1.56 to 1.6 in order to obtain better agreement between the predicted 

and measured velocity profiles. 

3.3.2. Energy Equation 

Total enthalpy, "h Substituting 0 = "E, which is defined as:-

h = C pT + m C H 4 H + G o 2 + k) ( 3 ) 

equation 2 becomes 
2 

„ &h A „ Vh 1 I / e£f . .ih, A 1 W „ I . l K T 
dx ir r ir 6h br r ir v eff G, "b r 

h 

k h (14) 

where 0, is the Prandtl number and is equal to 0.7 for axisymmetric 
75 

jets . The source term includes effects due to kinetic heating 

by the mean velocity and fluctuating velocity gradients. 

Specific heat, Cp Again, for a mixture which consists of 

n species, the specific heat may be calculated from:-

n 

Zm. 
-1 C 

P j a < 1 Wj S , J (15) 

where Cp^j is the specific heat of species j. Values of Cp $j are 

n 
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76 
obtained from Spier and are assumed to be polynomial functions 

of second order:-

S . j • a i + b j T + c j T * ( 1 6 > 

The coefficients of these second order polynomial are given in 

Table 12. Wj of equation 15 is the molecular weight of species j. 

Density p Density is calculated from the known temperature 

and pressure:-

P = P / R T (17) 
n 

/o y n where R = K ' W j (18) 

and (ft. is the universal gas constant. 

3.3.3. Mass Fraction Equations 

The single step overall chemical reaction as expressed in 

Equation 4, 

i.e. CH 4 + 2(0 2 + N 2 ) - » C 0 2 + 2H 20 + 2 X | | ^ 

contains five species, namely CH^, 0 2 > C0 2, H 2 0 and N 2 . The 

distribution of mass fraction, n 

is also governed by Equation 2. 

distribution of mass fraction, 9 of each of these five species 

Thus, with $ » m.; 

Pu ^ m C H 4 + f> v frmq^ - I ± ( r . ̂  ^ 4 ) + (19a) 
k x r o r

 s ^ r ^ 

nu m-
Pu ^ °2 - i°2 _ 1 I W

e f f vm n 

—t + P v —* = — (r* o Oo . *r'f 
ox

 1
 Or r 6r o \

 L
 ) + s or 

(191) 

i x ' & r r dr v a \ ' ti2u 
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pu r c o z £ 0 2 _ 1 » M j g . ^ + ( 1 M ) 
ix b r r Ar o —v— 2 s jr 

+ - I J - (r 
p l L I T p v — r > r " ( 1 9 e ) 

where O g is the Schmidt number which is also equal to 0.7 and 

is the reaction rate per unit volume of species j. 

By the assumption of the single step, overall chemical reaction 

(paragraph 3.2.3.), generation and consumption of four of the five 

species (i.e. CH^, 0 2 , CO2 and H 20) must be fixed at relative rates 

Thus, if o(. and 3 are defined by:-

- »C0 2 + S 2 mcH 4 ( 2 Q ) 

and 3 = m°2 " S 1 m C H 4 
(21) 

where S^ and S 2 are stoichiometric ratios, equations 19a, 19b and 

19d may be combined to yield:-

P u Tx P I? " 7 T 7 ( r* "oT- f? (22) 
s 

a n d p u M = £ > ( 2 3 ) 

s 

Similarity between equations 22 and 23 suggests thato^ and |5 

are linearly related:-

d -JL 3-3 < 2 4 )  

E I E P I 

where I and E denote the boundary values. Furthermore, the following 

two algebraic equations may also be established:-

^ 2 ° = S 3 m C 0 2 (25) 

and = 1 - mcH 4 - Mq 2 " mc0 2 " w & 2 ° 
(26) 
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Thus the five species equations (equations 19a to 19e) can be 

reduced to two differential equations (equations 19a and 22, or 

23) plus three algebraic equations (equations 24, 25 and 26). 

The stoichiometric ratios, St, S n and So are 4.0: 2.75; 9/ll 

respectively. 

It appears in the first instance that either equation 22 or 

23 may be equally used as the second differential equation. 

Consideration of initial conditions shows that o n l y ^ may be used. 

This is because the initial value of 3 could be zero for all r 

if the fuel/air ratio were stoichiometric. It would remain zero 

because the equation does not contain a source term. 

3.3.4. Summary of the Governing Equations 

(a) Primary dependent variables 

Continuity equation:-

-y^four) + i ( p v r ) = o * (1) 

Other conservation equations:-

( „ 

where 0 stands for the six primary dependent variables, namely 

u, k, £ , h,
 m
CH4 and &C and may be expanded fully into the 

following equations:-

£
 +

 & - 7 W < ".ff
 r +

 < ® - <
6
> 

£l 

p u f + p v £ = 7 1 7 ( r T T " i f > + ! < t ^ P«) - W ) 

n i h A n ^h lb pu T— + pv -r— = r— 
dx ir r Jr 

, Mef£ ih. 1 b C u ( n _ 
( r ~ Y e f f " % 

a r < a k ar^J] 
(14) 
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. p
2
 . T " *

3 / 2
. e x p ("

E
/RT)

 A 

s 

(b) Secondary dependent variables 

(19a) 

P u ^ + p V 7 7 " 7 1 7 ( r - 0 7 T ? < 2 2 ) 

U - U + M (7) 
eff I t 

k 2 
s S c d p % < 1 0> 

1 - C , £ : (13) 

T = (h - mc H / -H ~ £u 2 - k) (3) 

P - P / R T (17) 

mC02 = ^ ~ S 2 m C H 4 ( 2 0 > 

™02 - 3 + Sx
 , n

CH 4 (21) 

^ 2° * S3 mC02 

= 1 - «CH 4 -
 m
o 2 ~

 m
C 0 2 ~ " ^ O (26) 

(c) Constants 

Prandtl numbers 

Oh = 0.7; °s = 0.7; °k = 1.0; °S = 1.3 

Stoichiometric ratios 

S x = 4.0; S 2 = 2.75; S 3 = 9 / l l 

,-n 
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Turbulent constants:-

Ct = 1.60; C 9 = 1.92 

C,, Cd 

~ < 5 0.6 0.228 
dp 

> 20 0.45 0.095 

5 > < f - > $ 2 0 - 0 . 0 1 ( ~ ) + 0 . 6 5 -0.00867 + 0.2723 

dp 

< 
dp x dp dp 

where dp is the diameter of the primary flow jet nozzle. 

3.4. THEORY I I L CO-ORDINATE TRANSFORMATIONS 
3.4.1. Transformation f r o m Cylindrical to Von Mises Coordinates 

By applying boundary layer assumptions with the approximation of 

dijj p u r dr, where iji is a stream function defined by:-

Vp ^ lb 
f - = p ur; -r* = - p vr (27) 
dr dx 

equations 1 and 2 can be combined into one equation expressed in V o n 

Mises coordinates (x - vjj ) as:-

p u "i - p u U ( p u r 2 f ® $ + s® ( 2 9 ) 

The advantage of this coordinate transformation is that the 

radial velocity, v , is e l i m i n a t e d from the calculation. This approx-

imation produces no severe e r r o r , but see the discussion in 

paragraph 3.7.1. 

In general, the domain of calculation is bounded by constant x 

and ip lines. One obvious boundary of ip is at r = o. Another 

boundary of constant stream function may be found in the secondary 

flow away from the mixing z o n e , for example at the wall of the 

glass cylinder. 
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Such a calculation domain is numerically uneconomical because unnecessary 

calculations are included in regions of insignificant radialwise 

changes of flow properties, (i.e. ^ i o ) , while relatively few 

numerical calculations are carried out in the region of steep radial 

profile, (e.g. in the mixing layer). 

3.4.2. Transformation from Von Mises to Spalding - Pantankar's Coordinates 

By using a non-dimensional coordinate,^, which is defined as:-

E 

it is possible to confine the domain of calculation to that bound by 

(i.e. ( 0 = 0 ) and (i.e.03 = 1). Neither iJj nor lb is necessarily 
" £ E 

a constant with respect to x. This method was originated by Spalding 
39 

and Partankar . The subscripts I and E denote the chosen inner and 

outer boundaries. Since the flow is axisymmetric about the centre-line 

the inner boundary is conveniently chosen at r = o and ijĵ. = o for 

all x. 

The bulk of the secondary flow (Figure 1) is unaffected by the 

mixing in the primary flow. It would be numerically more accurate 

to exclude the secondary flow from the domain of calculation. 

Therefore, the outer boundary of the mixing layer, that is the 

boundary between the primary and the secondary flows, is chosen as 

the 'Ef boundary. 

Applying the definition of CO in equation 28, equation 2a can be 

transformed into x - Wcoordinates as:-

i ! + ( a + m *± . ± ( c ^ + d 

dx v J ,JOJ 4(1) ̂  dor 

-d ^ 

where: a = dx 

^E - V i ' 

b = ~ 5 x 

c = 
9 U 

P ur eff 

(2b 

(14) 

J 
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and d = —— 
Pu 

3.4.3. Entrainment Rate Calculation 

Equation 29 contains terms of entrainment rate at the 'I' and fE' 

boundaries, i.e. and ^ E respectively. Obviously, ^ ^ = o 

tli dx dx dx 
sinceTi = o for all x* It would also be an easy task to calculate 

the entrainment rate at the fE f boundary from the definition of the 

stream function, namely:-

<H>K " " ( p V r ) E 

but for the elimination of the 'v1 component velocity from the calcul-

ation. An alternative approximate formulation may be derived from the 

following considerations:-

At the fE f boundary it can be assumed that the cross stream 

gradients are zero from the definition of "free boundary", (i.e. 

- o) . Hence, equation 26 becomes:-

( a + b ) lu = Tu ( c 

* (c ih 
or a + b = W ; (30) 

ico 

Also, from equation 29, the entrainment rate at the E boundary may be 

written as:-

ffe = (a + b) - (31) 
dx E 

Combining equations 30 and 31 it can be readily shown that the 

entrainment rate at the E boundary is given approximately by:-

" 2 < r Meff>E 

(Sr), 
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This formulation provides a convenient method of calculating 

the entrainment rate and hence of determining the outer boundary 

of the mixing layer. However, the entrainment rate calculation 

depends critically on the evaluation of ( S r) E • I n t h e numerical 

solution of equation 26, which will be presented in the next section, 

the downstream value of r is calculated from the upstream flow 

properties (i.e. from d i[J =purdr). The value of r cannot be 

obtained. until the entrainment rate is evaluated. Thus, the step 

size between the upstream and downstream "grid points" must be small 

enough to prevent error caused by abrupt- axial changes in the flow 

properties. The optimum size of the forward step will be examined 

later in this chapter. 

3.4.4. Boundary Conditions 

The domain of calculation is bounded by x = o, (j = o and u =» 1 

lines (Figure 34) . At each of these three lines the boundary con-

ditions are as follows:-

(a) Initial" boundary, (i.e. at x = o) 

(i) Velocity (u) : the velocity profile in a pipe flow at low 
3 79 

Reynolds number (4 x 10 ) was measured by Nikurade and was 

found to be:-

u = (f-) 1 / 6 (Uj- - Ug) + Ug (27) 
E 

This empirical formulation is used to generate the initial 

velocity profile at x = o. The boundary velocities Ug and lij 

are calculated from the mass flow rate measurements. 

(ii) Turbulent transport quantities (k and 8): it is impractical 

to measure the initial values of k and £ for each flow condition. 

Instead, the "length scale, Jt " (equation 13) is generated by the 
64 

turbulent mixing length hypothesis . The 

calculated length scale is then used to evaluate the initial 

values of k and £ from the following equations (see Appendix A) :-
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, C ,, >. 2 
k V X 1 } (28) 

c d 

k 3 / 2 

and e = C d — — (13) 

(iii) Temperature (T): the initial temperature profile is 

calculated from the ~ p o w e r law:-

i.e. ^ E , ( 1 - ^ ) 7 ( 2 9 ) 

t x - T e T : 

(iv) Mass Fractions (nu): 

m C 0 2 = "b 2o = 0 for all r 

= m ^ = 0 for all r except at r = ij, (rE =" ~ ) where 

they take the values of the secondary flow 

= r except at r - r E where m^ 2 = 

^ E . x = o 

(b) Inner boundary (i.e. at y = o) 

^ = 0 for all (D and x 
ir 

(c) Outer boundary (i.e. at W = 1) 

(J) = (d))E for all 0 and x 

" < W E . x - 0 

where (fl))E X = Q are calculated from the secondary flow 

3.5. THEORY IV: FINITE DIFFERENCE EQUATIONS 

3.5.1;, Transformation into Finite Difference Equations 

The flow field may be divided into large numbers of small 

elements bounded by constant x and w lines, as shown in Figure 34, 
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Each (j line is given a number which starts from 1 ( &d= o) , 2 

i-1, i, i+1, to n (to = 1). The adjacent constant x lines 

are also denoted by symbols U (upstream) and D (downstream). Consider 

an element bounded by i + i U and D lines (the shadowed area, 

see Figure 31) and integrate equation 2b over this element:-

i+l r u 
f \ a \ (!) 1 

dx dto = 4. {&•<••»«) 
dx d(j 

47 
The resultant finite difference equation was found to be as follows:-

D. (J). _ = A. 0. , + B. <D. „ ^ + C. 
i i,D i i+l,D l Vi-1,D l (2c) 

where A^, B^, C^ and D^ are "coefficients" of the finite difference 

equation given by:-

Ai = (G - j m ' ) i + l 

= (G + i m')._j 

C. l 

G. 
i-1 

*i,u - w i - i > + S i 

A i ^ B i + <°i+4 - « ) - S i 

G. + , =
 ( r M

eff, dth+j 

OJ <|J 
Y = ( E - I>n 

yx 

( x = forward step size) 

(33) 

i'i+J = (a + bw). + 1 <*E I ) u 

i'i-1 - (a + b W ) . 4 
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S^ and S ^ are two linearised components of the source term defined 

by:-

d .
 S i , S i / <jt>. (34) 

3.5.2. Marching Integration 

Equation 2c contains three "downstream" values, i.e. n i ,D , 
<D i + 1 D and 0 . n while the upstream values are embodied in the 

"coefficients" (i.e. A^, etc.) of the finite difference equation. 

If the numerical calculation were started at x = o where the initial 

conditions of the flow properties were known, the adjacent downstream 

values (i.e. ^ etc) might be calculated, and on completion of the 

calculation the downstream values could be updated as "upstream" 

values for the calculation of the next adjacent grid line. , 

For each constant x grid line the n simultaneous equations (i.e. 

equation 2c with i 55 1, 2 ...., n - 1, n) may be solved by the tri-

diagonal matrix algorithm technique. Equation 2c is converted into 

an alternative form which contains only two downstream values:-

•i D P i °i+l,D + Qi C2d) 

where ? i - A i/(D i - P ^ ) 

Qi = (B£ Qi-i + C ^ / C D i - Bi P ^ ) (35) 

The upstream values of Ai, Bi, Ci and D£ are calculated thus en-

abling Pi and Qi to be evaluated. lHj jj may then be calculated in 

the reverse order of i from i = n - l t o i - 2 . In this manner the 

flow properties including the temperature may be calculated point by 

point in a given constant x grid line then line by line from x = o 

to a designated downstream grid line. Such a process is known as 

"marching integration"^. 
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3.5.3. Grid Distribution 

(a) Radialwise grid distribution 

It is obvious that in the region of large gradients of 

flow properties a larger number of grid points is required than 

in the regions where the gradient is relatively small. Near 

the 'E' boundary (i.e. outer boundary of the mixing layer) large 

gradients in the flow properties may be expected, particularly 

in the regions close to the jet nozzle exit. In the present 

study thirty grid points are used (i.e. thirty to points, n = 30). 

At x = o, ten of these grid points are assigned in the region 

between r = r and r = o.9 r_ , where r n is the radius of the jet 
p p P 

nozzle. The other twenty points are distributed in the region 

between r 13 o and r = 0.9 r p . In both regions the grid points 

are evenly distributed with respect to the radial distance (r). 

Non-uniform distribution of the grid points, such as sinusoidal 

and polynomial function of second and third orders, were 

tried but did not give better results than the linear distribution. 

(b) Axialwise grid distribution 

The forward step size, k x, (i.e. distance between the upstream 

and downstream lines, see Figure 34) is determined by:-

S x = FRA • r p (36) 

where FRA is a scaling factor and has a normal value of 0.05 

except in the first twenty steps of calculation for which the 

forward step size is modified by:-

S x = FRA • r • d l * I S T E P ) (36a) 
V 20 

where ISTEP is the number of steps counted from x - o. 

3.5.4. Effect of Grid Size on M.I.T. Calculation 

Clearly the more grid points that could be allocated to 

the domain of calculation the better the numerical accuracy would be 

but it would also increase the number of calculation steps and hence 
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the computing time. It is necessary to compromise between the 

numerical accuracy and the computing time consumption. 

It was found that the predicted M.I.T. was affected by the size 

of the grid element. Figure 35 and Figure 36 show that the predicted 

M.I.T. converges into a finite value as the number of grid points in the 

to direction (i.e. n) is increased, while the forward step size (£x = 

FRA* dp) is decreased. 

The predicted M.I.T. with n = 30 and n = 60 are 1283°C and 

1279°C respectively. (Figure 35). The difference 

is 4°C but to increase n from 30 to 60 will double the computing time. 

Similarly, the predicted M.I.T. with FRA = 0.05 is 1297°C and is 

1307°C if FRA » 0.005 (Figure 36). The difference is 10°C but 

reducing FRA from 0.05 to 0.005 will increase the computing time by 

ten times. To reduce the computing time the grid' size used 

in this study is defined by n = 30 and FRA = 0.05. 

3.5.5. Summary of Finite Difference Equations 

°i,D = Pi°i+1,D + Qi (2d) 

Qi = (Bi Qi-1 + Ci)/(Di - Bi Pi-i) 

(35) 

D . = A i + B i + If < U i + j - fc>i_i) - S i 

Gi-4 " ( r t Jeff,Q)i+l 

= (G - 1 m')i+! 

= (G + 1 m y ) i - | 

(33) 
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^ = W e 

5 x 

• / 
m 

i ± J = (a + b « ) i 4 l (Hfe -

/ 
- S i + — S i a d 

ipi+i "ipi-i q,i+i "ijji-^ L , u ' u 
(34) 

d ^ 

~dx 

b = 

< - V 
dx 

life " 0> x 

P u r ^ eff 
c = — —r2 

Glfe 

(29) 

S d) 
d = 

p u 

0) = ijJ " l|il 
TD - \b 
E I 

(28) 

dr 
p u r (27) 

subscript 'Ef denotes outer boundary 

'•I' " inner 

fi i • i ii grid number 

A - « 

_ -2 (r^ef£)E 

d X E ( 5 r ) E 

(14) 
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subscript 1U I denotes upstream 

" fD' 11 downstream 

U = FRA* dp • ( L + 2 0 S T E P ) I S T E P ^ 2 0 

J x = FRA.dp. ISTEP > 2 0 

rE 

i ^ i\ 2 

(36) 

FRA = 0.05 

Boundary conditions 

(a) At x = o 

r 
u = (UX " U E ) + u E (27) 

(28) 

e - C d (13) 

r 1 / 7 

T = (1 - (T x - T e ) + Tg (29) 

mC02 3 1 1 ( 1 ^ 2 ° = 0 

mQj^ and mQ = 0 for all r except at r = r E , m ^ and mQ 
• 4 2 

(m^g ) and (mQ ) , m^ = 1 . 0 for all r except at r = ^ , 
4 E 2 j) 2 

^ 2 = ( V E 

(b) A t w = 0 (i.e. I boundary) 

4 - = 0 
dr 

(c) A t w = 1 (i.e. E boundary) 

0 = <D =(D 
E E ,x=o 
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3.6. THE COMPUTER PROGRAM 

The finite difference equations summarised in paragraph 3.5.5. 

are solved by a computer p r o g r a m code named METHANE. This program 

was developed from the GENMIX program, whichwas written by Spalding and 
39 

Partankar . In this study GENMIX is thoroughly modified and 

reorganised to the extent that only part of the original program is 

retained. This is necessary not only because GENMIX can then be 

adapted to the present flow geometry but also because the length of 

the original program may be greatly reduced to cut the computing time. 

For example, in finding the M.I.T. the program is required to loop 

several times and each loop requires about twenty seconds of computing 

time on a CDC 6400 machine. 

Program METHANE consists of four sub-routines, namely START, 

MARCH, COMP and PHYS. The flow chart for this program is given in 

Figure 37 and the listing is given in Appendix C. A sample of the 

computer output showing the prediction of M.I.T. is also included in 

Appendix D. The overall structure of the program and some of the main 

features are briefly described in the following pages, but a detailed 

description of the program may be found in Appendix B. 

3.6.1. Function of Sub-Routine START 

Sub-routine START has two main functions: (i) it computes the 

grid point distributions and generates the initial flow conditions, 

(ii) it searches for the M.I.T. and terminates the program by deciding 

whether the predicted M.I.T. has reached the required accuracy. 

The iteration procedure for finding the M.I.T. is illustrated 

in Figure 38. It starts by guessing an M.I.T., To. The domain of 

calculation is then swept in a streamwise direction to about twenty-

five diameters downstream. Sub-routine MARCH is called in to carry 

out the marching integration and to test for ignition. Depending on 

whether ignition has been found, or not, the guessed M.I.T. is either 

subtracted or added to a preset trial temperature A T . This 

new guessed M.I.T. (i.e. •"•o t AT) is again tested for ignition by 

the same procedure starting from x = o. The process is repeated 
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several times, each time with a halved A T (i.e. (AT)new = \ ( A T ) „ ) 
old 

until the final A T is less than a pre-set error temperature, 

T error 

It is possible to predict the M.I.T. such that T <1°C, but since r error 
the measured M.I.T. cannot be produced to the same degree of accuracy, 

the value of T is set at 1°C. 
error 

3.6.2. Function of Sub-Routine MARCH 

Sub-routine MARCH has two main functions, (i) it organises the 

marching integration and calculates the secondary dependent variables, 

(ii) it detects the occurrence of ignition. 

Before the finite difference equation (equation 2d, see paragraph 

3.5.5.) can be solved by the tri-diagonal matrix method at-a given 

constant x grid line, the size of the forward step (i.e. £x), the 

location of the boundaries (which are determined by the entrainment 

rates) and the flow conditions at these boundaries must first be deter-

mined. Sub-routine COMP is then called in to compute the six 

primary dependent variables, (see paragraph 3.3.4.) before the 

secondary dependent variables, such as T, P , n ^ * » ̂ o O a n c l 

2 2 2 

can be calculated from the algebraic relationships given in 

paragraph 3.3.4. 

The only variable which is not solved either by a differential 

or an algebraic equation is the pressure, p. Since the flow field 

is assumed to be a boundary layer it follows that = 0 and 
i A 
^ = rg. This pressure gradient may be found in the u equation, 

(equation 6, see paragraph 3.3.4.). For a free jet, ^ = 0. But 

for a confined flow the pressure gradient is affected by the presence 

of the glass cylinder and may be approximated using mass continuity 

and momentum conservation considerations^ (see Appendix E) . 

The occurrence of ignition is detected by comparing the axial 

temperature, T, with an "ignition temperature, TCRIC". TCRIC is 

defined as a temperature which is just higher than the temperature 

of the hot nitrogen jet at x - o, r = o. This detection method is 

based on the fact that if ignition does occur then the axial temper-

ature of the primary flow will increase to above the initial 
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temperature at the nozzle exit (see Figure la). 

3.6.3. Functions of Sub-Routines COMP and PHYS 

Sub-routine COMP has two main functions: (i) it calculates the 

radial distance, r, from equations 27 and 28 (see paragraph 3.5.5.) 

which are combined to form:-

(ii) it solves the finite difference equations (equation 2d, see para-

graph 3.5.5.) . 

Sub —routine COMP handles all the numerical aspects of the 

calculations, such as Ai, Bi, Ci, Di, G, V , m, etc. (see paragraph 

3.5.5.), but not the computations of the effective exchange 

coefficients the source terms ( S q) which are governed 
by physical laws and are handled in sub-routine PHYS. 

3.7. THE PREDICTION. I: NON-REACTING FLOWS 

The computer program described above is checked for its validity 

and accuracy by comparing the calculated velocity and temperature 

profiles with the measurements in non-reacting flows. Since the 

Prandtl number and the Schmidt number are assumed to be the same 

(i.e. a^ = O g = 0.7) there is no need to predict the concentration 

profiles. 

3.7.1. Prediction of Isothermal Free Jet Flow 

The calculation starts with the simplest case study of a free-

air round jet flow at ambient temperature. This exercise eliminates 

(41) 

the effect of heat and mass transfer and thus allows the predicted 

hydrodynamic properties of the flow to be examined alone, without 

the effect of an axial pressure gradient (i.e. = Q ) . 

The prediction is tested against the measurements of the present 

study (see paragraph 2.9.1., Figure 26 and 28, Table 9) under the 
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following initial conditions 

dp = 15.0 mm 

mp =2.25 x 10" 3 kg/s 

Ts = T pc2= 20°C 

The computed axial profile of the u component velocity is in good 

agreement with the measurement (Figure 26) , but this cannot be viewed 

as an accuracy test of the calculation method since some of the 

constants and the initial profiles described in paragraph 3.3 and 3.4 

have been so chosen to fit the experimental measurements. 

The computed radial profile of the u component velocity is also 

in good agreement with the measured value although discrepancy begins 

to enlarge away from the axis of symmetry (i.e. r = o, Figure 28). 

Various computational changes have been made in an attempt to narrow 

the discrepancy. These include c h a n g e s in the forward step size, 

number of grid points and grid distributions, initial values of k,6 

and the initial profile of velocity as well as the turbulent 

constants (Cd, C^, etc.). None of these changes could, if not 

enlarge, narrow the discrepancy. 

We have discussed the assumptions introduced in the continuity 
> ip dip 

equation (i.e. Yr ^ ' S e e P a r a 6 r a P h 3.4.1.) and the entrainment 

formulation, (i.e. d^, ̂  ~"2(r^eff^E * see paragraph 3.4.3.). Both 

dx~~ (Sr)E 

these assumptions may induce approximations in the calculation of 

the stream function with respect to the true radial distance and 

hence the velocity with respect to the radial distance. In other 

words, #the approximations made during the transformation from the 

x-r cylindrical coordinates to the x-ip Van Mises coordinates have 

affected the calculation of u velocity in the radial direction. The 

discrepancy is between 5 and 15% approximately, but the advantage 

gained in eliminating the v component velocity from the calculation 

has overriding importance in the simplification of the numerical 

s cheme. 

diameter of jet: 

mass flow rate: 

ambient temperature: 

,-M 
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3.7.2. Prediction of Isothermal Confined Flow 

The next test includes the effect of axial pressure gradient in 

an isothermal confined flow under the following conditions:-

diameter of the jet: dp = 15.0 mm 

diameter of the duct: ds = 290 mm 
• — 3 mass flow rate of primary flow: mp = 2.0 x 10 kg/s 

mass flow rate of secondary flow: m s = 50 x 10 kg/s 

ambient temperature: Tp = Ts=2= 20°C 

The results are shown in Figures 27 and 29. It can be seen 

that the axial velocity profile agrees closely with the measurement 

up to about fifteen diameters downstream (Figure 27) . Beyond this 

region significant discrepancy begins to emerge and at 23 diameters 

downstream the difference is about 13%. If the turbulent.-constants 

C ^ a n d C^ were adjusted the discrepancy could be reduced to less than 

10% but alteration of these values, which were deduced from measure-

ments quoted in references 72 and 74, was without experimental 

support. Prediction of the radial profile of the u component 

velocity (Figure 29) encounters similar difficulties as in the case 

of the free jet flow. 

3.7.3. Prediction of Non-Isothermal Confined Flow 

A further test for the calculation method includes the effect 

of buoyancy force created by a temp'erature gradient. Prediction is 
27 

made to compare with the measurements of Goh and Ma for a confined 

flow under the following conditions:-

diameter of jet: dp - 19.5 mm 
-3 

mass flow rates: mp - 3 x 10 kg/s 
• —3 
ms = 50 x 10 kg/s 

initial temperatures: primary flow secondary flow 

(T£) (TS) 
I: 300°C 30°C 

II: 1100°C 36°C 

The prediction is shown in Figure 30. Close agreement is 
X 

obtained in two regions: (i) o ^ O ; (ii) ^ ̂ dp Between 
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3and 7 diameters the discrepancy is about 5 to 15%. If the Prandtl 

number were reduced from 0.7 to 0.6, the discrepancy could be 

reduced in this region, but at the same time the difference between 

the predicted and measured values -would be enlarged in the downstream 
X V 7 area, i.e. -r-> 7. 
dp 

3.8. THE PREDICTION.ii: REACTING FLOWS - CALCULATION OF M.I.T, , 

3.8.1. Deduction of the Overall Kinetic Constants (K & E) 

For reacting flows the overall kinetic constants, namely K, E 

and a, of equation 19a (see paragraph 3.3.4.) must be determined first in 

order to evaluate the source term of this mass fraction equation. 

This is obtained by comparing the measured M.I.T. with the corresponding 

calculated M.I.T. The comparison is carried out under the reference 

flow conditions (see Table 3). At these conditions, n = 1, (i.e. 
2 a 

a stoichiometric fuel to air ratio). Consequently, ( ^ ) (see 
1 + "I 

equation 19a, paragraph 3.3.4.) is also equal to unity and thus the need 

to presume a value for fa f may be temporarily absent from the 

calculations. 

Furthermore, whether the flow is turbulent or laminar, the 

activation energy 'E' has the same physical meaning. The activation 

energy of methane obtained by other methods of measurements (see 

Table 13) is used as a guide during a trial and error process which 

produces a set of K and E values for which the calculated M.I.T. 

is closest to the measured M.I.T. 

The measured mean M.I.T. under the reference flow conditions 

(Table 3) is 1283°C for the 19.35 mm diameter nozzle and 1376°C for 

the 15.0 mm diameter nozzle. The best-fit overall kinetic 

constants were found to be:-

K = 7.88 x 10 6 S 3 - K 3 / 2 /kg-m 

E = 2.15 x 10 8 J/Kg-mole 

-which produce M.I.T. rs of 1283°C and 1369°C for the large and small 

nozzles under the same reference flow conditions. 
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3.8.2. Differences Between Ignition and No Ignition 

Using these deduced values of K and E the differences of flow 

properties between the cases of ignition and no ignition may be 

examined. The reference flow condition (Table 3) with the 15.0 mm 

diameter nozzle is used as a case study. Under these flow conditions 

ignition was detected (by calculation) if the initial hot nitrogen 

jet temperature was 1642 K and no ignition could be detected if the 

jet temperature was 1641°K. The calculated velocity, temperature 

and concentration profiles under these two initial jet temperatures 

are shown in Figures 39 to 46. 

Temperature profiles (Figures 39 and 40) The difference in the 

temperature profiles between the cases of ignition and no ignition 

are noticeable. These characteristic differences have already been 

repeatedly stressed. For the case of no ignition, ,both the 

axial and radial profiles decrease monotonically and gradually. But 

for the case with ignition the axial profile (Figure 39) shows a 

minimum at about seven diameters downstream and the radial profile 

(Figure 40) exhibits a maximum at a radial distance of approximately 

10 mm from the centre line (at 10| diameters downstream) . These 

minimum and maximum values shown on the curves would denote the pos-

itions of a flame front of the newly formed flame if the flame could 

be stabilised after the ignition. 

Experimental observations (see Chapter 2) have indicated that 

the flame would propagate into the secondary flow after it bad been 

formed in the primary flow. The propagating flame would invalidate 

further calculations from the moment when the flame began to 

propagate. Flame propagation is, however, beyond the scope of this 

s tudy. 

Concentration profiles (Figures 41 to 44) In the axial 

direction methane concentration is zero up to about three diameters 

downstream (Figures 41 and 42) . This indicates the existence of a 

potential core in the concentration profile. Beyond this point the 
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methane concentration rises steadily until about seven diameters 

downstream. Whether ignition has occurred or not, slow 

methane oxidation has taken place as indicated by the release of 

H2O and CO2 species. 

From seven diameters onwards methane concentration started to 

fall if ignition had occurred, and the fuel was completely burnt at 

about nine diameters downstream. In the case of no ignition the 

methane concentration continues to increase as the diffusion rate 

exceeds the consumption rate of the fuel. 

In the. radial direction slow oxidation of methane can again be 

observed near the centre line (Figure 43) but if ignition has occ-

urred (Figure 44) the methane is completely consumed in the region 

near the centre line (i.e. 12 mm). Beyond this "completely 

burnt region" slow oxidation may also be observed as far out as 

35 mm from the centre line. 

Velocity profiles (Figures 45 and 46) There is little 

difference in the velocity profiles between the cases of ignition 

and no ignition. Up to about seven diameters downstream the axial 

velocity profiles are exactly the same (Figure 45). With ignition 

the axial decay rate is slightly reduced beyond this distance. 

The reduced decay rate may be explained by the thermal expansion 

of the gas which produces a higher buoyancy force (i.e.(pg -p )g of 

equation 6, see paragraph 3.3.4.). This buoyancy effect may also 

be seen in the radial profile (Figure 46). 

3.8.3. Prediction of M.I.T. Inside The Experimental Range 

During the ignition measurements the M.I.T. was found to be 

affected by various flow conditions (see paragraph 2.8.). The 

M.I.T. calculation method developed above may now be used to see 

whether similar effects can be predicted. The effect of primary flow, 

mass flow and the secondary flow temperature and oxygen index were 

tested within the ranges shown below:-
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1.4 x 10" 3 4 mp 4 3.6 x 10~ 3 kg/s 

18°C i T s 4190°C 

0.1854 I < 0.235 

These calculations are based on the ignition of a stoichiometric 

mixture ( H= 1) with a reaction rate which is calculated from the 

deduced overall kinetic constants, namely, 

K = 7.88 x 10 6 ; E = 2.15 x 10 8 ( in S.I. units) 

.The results are shown by the solid lines in Figures 22 to 24. 

For a non stoichiometric ratio the power factor 'a* in the reaction 

rate, m
C H ^ > 

i.e. m c a ^ « - K p m ^ m ^ C — ) T exp( /KE> 

is determined by changing the value of 'a' so that the calculated 

M.I.T. is as close as possible to the measured M.I.T. (with dp = 

15,0 mm). It was found that no single value of the power factor 

'a' could be fitted to both the rich and lean mixtures (see Figure 

25). The closest fit values were found to be:-

a = 4.1 for n < 1 and 

a = 3.3 for n >1 

These values were incorporated into the reaction rate formula 

to calculate the M.I.T. for the 19.35 mm diameter jet nozzle. The 

predicted result is again shown by solid lines in Figure 25. 

3.8.4. Prediction of M.I.T. Outside Experimental Range 

The M.I.T. measurements were tested within the range given by:-

3.2 x 10 3 4 R e < 8.3 x 10 3 

where R e is the Reynolds' number. If the measurements were extended 

to a higher Reynolds number flow, either a higher mass flow 
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or a larger nozzle would be required. In either case, 

it would require a heater of high power loading. Such a heater 

would be difficult to construct. Instead, the present computer 

program may be used to predict the M.I.T. for flow* conditions 

outside the measured range. The present study has extended the 

M.I.T. prediction to the range limited only by the following three 

factors:-

(i) Re < 8 x 10 4 

(ii) dp < 80 mm 

(iii) M < 0.3 

where M is the Mach number of the flow. The last limit is necessary 

to avoid the effect of compressibility which may change the governing 

equations. The predicted M.I.T. is drawn in Figure 47 with constant 

dp, Re and M lines. Two features can be observed and are. summarised 

below:-

(a) Any three constant lines of dp, Re and M form a triangular area. 

The significance of this triangle may be found in two of the 

three apices. Below the lower apex (i.e. intersection between 

Re and M lines) ignition is not possible, but above the top 

apex (i.e. intersection between dp and Re lines) ignition always 

occurs. Thus, knowing the values of these three variables 

(i.e. dp, Re and M) this chart may be used to find the minimum 

and maximum ignition temperatures for the prevention or the 

assurance of ignition. 

(b) Both the Re and dp lines are almost straight in the chart. 

This suggests that the M.I.T. is an exponential function of 

the mass flow rate (mp) if either dp or Re is kept constant. 

3.9. CLOSURE 

In this chapter the assumptions, formulation and the computer 

program used to predict the M.I.T. are described in some detail 

before the predicted M.I.T. are presented. This theoretical study 

took just over one year to complete as compared with three and a half 

years spent in the experimental investigation. The difference is 
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chiefly due to the fact that the numerical solution and the mathem-

atical modelling of turbulence were well established prior to the 

present study and also due to the fact that considerable time 

was spent in the development of the heaters, almost from scratch 

without prior knowledge or expertise. It has nevertheless stressed 

the point that the analytical approach may be transmitted readily 

through literature and may be carried out at a lower cost while 

experimental work needs first-hand experience and often is expensive 

to carry out. The need to provide experimental measurements for 

the validation of the prediction method must, however, be noted. 

It must also be pointed out that the present prediction method 

is based on assumptions which are simplified descriptions of a 

complex phenomenon, such as the chemical reaction mechanism. The 

deduced overall kinetic constants are obtained by comparison with 

measured data and their validations needed to be carefully assessed. 

This task will now be carried out in the next chapter. 
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CHAPTER 4 

DISCUSSION 

4.1. OUTLINE OF THE CHAPTER 

The objective of the present study is to deduce the overall kinetic 

constants for methane gas using a turbulent hot gas ignition system (see 

Chapter 1, paragraph 1.3.). The results of the experimental and theor-

etical work, which led to the deduction of these kinetic constants, must 

be examined in order to assess the validity of the deduced constants. 

Since the deduction of the kinetic constants is based on the measurements 

it is logical to discuss the accuracy and the implications of the measured 

M.I.T. first. Any errors accumulated in the measurements are likely to 

be carried over and added to the calculation procedures, because the 

kinetic constants are adjusted until the predicted M.I.T. is matched 

with the measured values (under the reference flow conditions.* see Table 

3 and paragraph 3.8.1.). 

It is not easy to assess the accuracy of the prediction method, but 

a general discussion on the employed method and a comparison of the 

predicted M.I.T. with the present measurements and with those obtained 

by other workers will help to determine the validity of the deduced 

kinetic constants. This Chapter will end by proposing future work to 

advance the present prediction method. 

4.2. THE EXPERIMENTAL RESULTS. Is ESTIMATED ACCURACY 

The ignition temperature is treated in the present study as the 

dependent variable while the other flow parameters, such as mass flow 

rates of the primary and secondary flows, are regarded as independent 

variables. For clarity, the accuracy of these two types of measurement 

will be assessed separately. 

4.2.1. M.I.T. Measurements 

It may be recalled that the M.I.T. was measured by a platinum-

platinum/13% rhodium thermocouple, (see paragraph 2.6.1.). The 

common errors in measuring a gas flow temperature by such thermocouples 

are the radiation and conduction losses of the hot junction, and further 
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error may be induced by the calibration of the thermocouple. Error 

due to ambient temperature changes is negligible since the thermocouple 

is compensated by an ice-point cold junction. 

Radiation loss is by far the largest source of error. The 

magnitude of the error depends on the temperature and the velocity of 

the hot nitrogen jet. An estimated radiation loss is calculated, 
114 

based on the procedure recommended by Fristrom and Westenberg . 

Details of the calculation are shown in Appendix F and the results 

plotted in Figure 48. 

There is, however, no significant error induced by conduction loss 

of the hot junction. This is because the hot junction is immersed in 

the potential core of the nitrogen jet where the axial temperature 

varies very little for at least two diameters downstream (see Figure 

30). Sufficient time was always allowed for the thermocouple to 

stabilise before the temperature reading was taken. 

The thermocouple wire was supplied by Johnson Mathey (U*K.). A 

calibration table was provided by the manufacturer. It was claimed 

that the accuracy of the calibration was ± 4°C at temperatures above 

1200°C. No further check was carried out on this claim. 

Under the reference flow conditions (see Table 3) the measured 

M.I.T. was repeatable to within ± 5°C (see Chapter 2, paragraph 2.7.3.). 

It appears that the radiation loss of the thermocouple at a given 

temperature of the hot gases induces an error of similar magnitude for 

each of the individual tests. 

4.2.2. Other Measurements 

Mass flow rate as measured by the orifice meter is accurate to 

i 1% according to B.S. 1042, part 4. In addition to this there is 

the instrumentation error in reading the pressure difference in a 

U-tube manometer. On average the pressure difference across the 

orifice plate is equivalent to about 400 mm parafin (S.G. = 0.78). 

The height of the manometer fluid was readable to 1 mm. Thus, on 

average, a further error of ± 1% may be induced by the two pressure 

readings on the orifice meter, resulting in a net error of ± 2% for 

the mass flow rate measurement. 
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The nozzle diameter (i.e. the diameter of the primary flow, dp, 

see Figure 1) was measured by a venier gauge. The small nozzle 

(dp = 15.0 mm) was machined from an alumina block to a tolerance of 

± 0.05 mm.. The large nozzle has a maximum diameter of 19.65 mm and 

a minimum diameter of 19.05 mm. Thus, the.roundness deviation of 

this nozzle is about 2.6%. 

4.2.3. Estimated Errors 

To sum up, the measurements presented in this study may incur 

errors of the following magnitude:-

(a) Ignition temperature measurements: 

Typical radiation loss: -20°C 

(see Figure 48) 

Calibration error = t 4°C 

Repeatibility of the measured M.I.T. - t 5°C 

(b) Other measurements: 

Mass flow rates: * 2% 

Nozzle diameter roundness: 2.6% 

Secondary flow temperature: t 1°C. 

4.3. THE EXPERIMENTAL RESULTS. II: INTERPRETATIONS 

Ignition of methane-air mixture by a hot gas jet is a result of 

balance between heat generation by the chemical reaction and heat loss 

due to the temperature difference between the hot nitrogen gas and the 

surrounding cold mixture. It is therefore no surprise to find that the 

M.I.T. is affected by flow conditions in the primary and secondary flows, 

since heat generation and dissipation are both affected by these flow 

conditions. Some parameters have a stronger influence on the M.I.T. 

than others. Consideration of the mixing processes may help in under-

standing this behaviour. 

4.3.1. Effect of the Mass Flow Rate and Nozzle Diameter of the Primary Flow 

It may be seen from Figure 23 that to reduce the nozzle diameter 

and increase the mass flow rate of the primary flow will increase the 

M.I.T. Other conditions being the same, the small nozzle (15.0 mm 
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diameter) requires the nitrogen gas to be hotter by approximately 100°C 

to ignite the combustible mixture than the large nozzle (19.35 mm 

diameter). This effect may be interpreted in terms of the jet vel-

ocity and a residence time. 

Consider a hot nitrogen jet having a constant enthalpy. The 

product of the jet velocity and the cross-sectional area of the nozzle 
* 

is approximately constant . Thus, the velocity of a small nozzle is 

higher than that of a large nozzle. A high speed jet will entrain 

more cold methane-air mixture from the secondary flow than a low 

velocity jet because the entrainment rate is approximately proportional 

to the turbulent viscosity (see equation 32, paragraph 3.4.3.) and 

turbulent viscosity is proportional to the square of turbulent kinetic 

energy (paragraph 3.3.1.) which is in turn roughly related linearly to 

the mean velocity. As a result, the hot gases discharged from a small, 

nozzle are highly diluted by the entrained cold mixture and the result-

ant temperature of the mixture is lower than for hot gases discharged 

from a large nozzle. If the temperature of the mixture is to be 

restored to the level required for ignition of the same combustible 

mixture, the enthalpy of the hot nitrogen jet must be increased 

correspondingly. An increase of enthalpy for the same mass flow rate 

will increase the temperature of the nitrogen jet and this explains the 

fact that the M.I.T. is higher for a small nozzle than a larger nozzle. 

By the same reasoning, a high mass flow jet will require a higher 

temperature to ignite a methane-air mixture than a low mass flow jet 

of the same nozzle size. 

It may also be possible to interpret these effects in terms of a 

residence time of the combustible mixture in the hot gas zone. The 

residence time is short in a high velocity flow and in order to maintain 

the reaction rate required for ignition, the enthalpy of the hot 

nitrogen gas must be increased to extend the high temperature zone into 

a region further downstream. 

These interpretations are two aspects of the same mechanism, which 

leads to the occurrence of ignition. The first interpretation is 

* p • A . U . C p . T = constant 

= -jL • A-U-Cp-T 

= constant -A'U 
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based on the heat loss of the hot gas while the second is based on 

the heat generation of the chemical reaction. It has been repeatedly 

stressed that the hot gas ignition is a result of balance between heat 

generation and dissipation rates. 

The result shown in Figure 23 gives an impression of a linear 

correlation between the M.I.T. and the mass flow rate. This is in 

fact a distortion due to the small range of flow rate tested. On an 

enlarged scale, based on calculations, M.I.T. is shown to be an 

exponential function of the mass flow rate for a given size of jet 

nozzle (see Figure 47). 

4.3.2. Effect of the Secondary Flow Temperature 

An increase in the temperature of the secondary flow will produce 

two effects; it will increase the thermal energy of the entrained 

methane-air mixture and it will also reduce the temperature difference 

between the hot and cold gases. The first will reduce the energy 

needed by the methane-air mixture to produce an accelerating reaction 

and the second will reduce the heat lost by the hot nitrogen gas. In 

both cases the net result is a reduction of enthalpy of the hot nitrogen 

gas required to ignite the combustible mixture. These effects are 

reflected by the decreasing M.I.T. as the secondary flow temperature 

increases (see Figure 22) . 

The increase of thermal energy of the methane-air mixture and the 

reduction of heat loss of the primary flow are both linearly dependent 

on the size of the increased secondary flow temperature, Ts. It may 

therefore be expected that the M.I.T. will be linearly reduced by Ts 

and this has been confirmed by the measurements (Figure 22). The 

reductions in M.I.T. are approximately 0.54°C and 0.48°C per degree 

Celsius increase in Ts for the small (dp = 15.0 mm) and large (dp = 

19.35 mm) nozzles respectively. 

4.3.3. Effect of the Oxygen Index 

Varying the oxygen concentration of the secondary flow affects 

the M.I.T. in the manner shown in Figure 24. It may be noted that 

the methane/oxygen ratio is always stoichiometric and the mass flow 

rate of secondary flow has been maintained at the same rate throughout 
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these tests (i.e. 50 g/s). The effect of oxygen index on the M.I.T. 

may be interpreted in terms of heat generation rate as follows:-

The concentration of methane and oxygen gases is reduced as the 

secondary flow is diluted by the nitrogen gas. The entrainment rate 

is, however, almost unaffected'by these concentration changes since 

the same velocities of primary and secondary flow are maintained. 

Therefore, for each volume of the cold mixture entrained into the hot 

nitrogen gas, there will be less methane-oxygen gases available to 

provide the chemical reaction and hence less heat will be generated. 

To restore the heat balance it is necessary to increase the enthalpy 

of the hot nitrogen jet. 

Based on this argument, the effect of increasing the nitrogen 

additive but without a reduction in the mass flow rate of methane-

oxygen mixture will produce a similar result. This is because the 

methane-oxygen concentrations are effectively reduced as the total mass 

flow rate of the secondary flow, mg, is increased by the dilution of 

the nitrogen gas. Assuming the entrainment rate is not affected by 

the small increase of mg (because of the large velocity difference, 

i.e. 1 m/s to 40 m/s), the actual masses of methane-oxygen gases 

entrained into the hot nitrogen gas is again reduced by the increase 

of nig. 

Correlation between M.I.T. and the oxygen index is not linear (see 

Figure 24), although the curvature of the curve is very small. 
. 13 

M u l l m found that the square of the ignition delay time is inversely 

proportional to the oxygen index. It may also be possible to fit the 

present data by the inverse square formulation as shown in Figure 49. 

4.3.4. Effect of the Equivalence Ratio 

The measured M.I.T. with equivalence ratio, H , as a variable is 

shown in Figure 25. M.I.T. is at the lowest point for an equivalence 

of about 0.95 and it varies very little (about 5°C) in the range between 

H - 0.85 and H 5:5 1.15. The curvature of the curves is steeper in the 

lean mixture region than in the rich mixture region, but again the 

total variation of M.I.T. is less than 30°C which indicates that the 

effect of equivalence ratio on the M.I.T. is small compared to the 

influence produced by other parameters. This behaviour is similar to 
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the observations obtained in the ignition of methane-air mixtures by 22 
laminar hot jets 

It may be recalled (see paragraph 2.8.3.) that the ignition of 

a lean mixture is preceeded by a bluish haze which lasts for a few 

seconds before the secondary flow is ignited. A possible interpret-

ation of this phenomenon may be found in terms of the burning velocity. 

It is well known that burning velocity varies with flame temperature 

and in general it is smaller at lower flame temperature (see, for 

example, reference 115). When the equivalence ratio is reduced to a 

level at which the burning velocity of the flame is equal to the 

entrainment velocity of the unburnt mixture, the flame may be tempor-

arily stabilised in the boundary between the primary and secondary 

flows. This temporarily stabilised flame can, however, exist only 

for a short time before the instability of the flow affects the 

balance between the two velocities. 

It may also be recalled that the ignition of a rich mixture is 

preceeded by a flame formed above the enclosing glass cylinder (see 

paragraph 2.8.4.). This phenomenon may again be explained in terms 

of fuel/air ratio changes as follows:-

As the temperature of hot nitrogen gas approaches, but is still 

below the M.I.T. no ignition will be observed when methane is 

injected into the secondary flow. But as the fuel is cut off the 

mixture will gradually be diluted such that the equivalence ratio of 

the mixture is lowered. Since a mixture of lower equivalence ratio 

requires a lower temperature to ignite, a flame may be formed in 

the primary flow as the fuel is diluted to the corresponding ignition 

temperature. This flame will then move into the secondary flow but 

propagation of the flame is restricted. It cannot move towards the 

upstream region since the fuel has already been cut, nor can it move 

towards the downstream region because the flame velocity (in the order 

of 0.3 m/s) is smaller than the flow velocity (about 1 m/s). As a 

result the flame is blown off and is accompanied by a loud bang. 

4.4. THE EXPERIMENTAL RESULTS. Ill: COMPARISON WITH OTHER WORK 

The present M.I.T. measurements of methane-air mixture by a turbulent 

hot nitrogen jet are tabulated alongside the M.I.T. measurements of the 
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17 21 22 26 

same mixture but by laminar jets ' ' ' (see Table 13). Direct 

comparison between these measurements is not valid because the ignition 

temperature is affected by the heat transfer between the hot gases and 

the combustible mixture. The mechanism of heat transfer in a turbulent 

flow is very different to that of a laminar flow. Furthermore, the 

M.I.T. is affected by the conditions of the secondary and primary flows. 

A comparison would be valid only if the flow conditions were identical. 

It is, however, possible to make indirect comparisons. Firstly, 

the present M.I.T. measurements are adjusted for the effects of secondary 

flow temperatue by using the result obtained and shown in Figure 22. 

Secondly, the effects of flow rate and diameter of jet nozzle are grouped 
m p 

together by the term-j^'T, where T is the temperature of the hot gas 
P 

jet. The magnitude of this term is proportional to the mean velocity 

of the hot gas jet and if the M.I.T. is plotted against this term, as 

shown in Figure 50, the following features become apparent:-

(i) Whether the hot gas jet is laminar or turbulent, the M.I.T. is a 

logarithmic function of the jet velocity, U 

i.e. M.I.T. ®< i n u 

furthermore, the rate of M.I.T. increment with respect to InU is 

approximately the same for all three cases considered. Since the 

residence time of methane-air mixture is proportional to the jet 

velocity, it becomes clear that the residence time is a prime factor 

in the determination of the hot gas ignition. This behaviour 

has already been discussed in paragraph 4.3.1. 

(ii) A turbulent jet is more effective in the promotion of mixing 

between the energy carrying hot gas and the combustible cold 

mixture, than is a laminar jet. Therefore, it requires a lower 

ignition temperature than a laminar jet (deduced from observation 

of curves I and III, Figure 50). In other words, the turbulent 

mixing has increased the effective residence time of the combustible 

mixture for a given jet velocity. 

(iii) It appears that curves II and III (Figure 50) may form one single 

line. Although such deduction is speculative it has nevertheless 

indicated that the effect of substituting a nitrogen jet with an 

air jet is equivalent to the effect produced when the flow is 

changed from laminar to turbulent. 
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The above indirect comparison has indicated that the measurements 

obtained by the present study agree with the general trend observed by 

other workers. It now remains to see how accurately the M.I.T. can be 

predicted. 

4.5. THE THEORETICAL PREDICTION. I: ACCURACY OF THE PREDICTION METHOD 

Prediction of the M.I.T. depends on the ability to calculate the 

axial temperature profile accurately since the M.I.T. is deduced from 

the change of the axial temperature profile from one form to another (see 

Figure 1A) . It may be recalled that the temperature of the primary flov 

is deduced from equation 3, i.e.: 

h " V T + m C H 4 '
H + ( * " 2 + k ) ( 3 > 

4 
the last term on the RHS is of the order of 10 while the term on the LHS 

c 

arid the second term on the RHS are both of the order of 10 . The 

temperature, T, may therefore be written approximately as:-

(h - m ^ -H) (3a) 

P 4 

Furthermore, for a non-reacting flow, nw, = 0. Thus, 
Lit. 

4 

. - A * 

It has been demonstrated that the computed axial temperature profile 

for a non-reacting flow is in good agreement with experimental measure-

ments (see Figure 30 and paragraph 3.7.3.). This evidence has formed a 

secure base on which the hydrodynamic model is built. It then remains 

to be seen what the effect is on the temperature calculation when 

combustion is introduced. 

Initially, at the nozzle exit (i.e. t=o, x=o) there is no methane 

gas in the primary flow. Methane gas enters the primary flow by the 

mechanism of entrainment and once in the primary flow it is moved to a 

higher temperature region by the mechanism of diffusion. Finally, it 

is wholly or partly consumed by the chemical reactions. The rates of 

these three mechanisms, namely entrainment, diffusion and chemical 

reaction, thus determine the methane concentration distribution in the 



- 95 -

flow field and hence the axial temperature as expressed by equation 3a. 

4.5.1. Entrainment and Diffusion Rate Calculations 

The entrainment rate is calculated by an approximate formula 

(equation 32, see paragraph 3.4.3.). If the calculated entrainment 

rate were higher than the actual rate, the boundary of the primary flow 

would expand further out into the secondary flow and vice versa if the 

rate were under calculated. From the results of isothermal non-

reacting flow studies in free and confined jets (see paragraph 3.7.), 

the average jet expansion angles are as follows:-

Measured Angle Calculated Angle • 

Free jet 10.6° 12.2° 

Confined jet 9.9° 11.1° 

Both results indicate that the calculated entrainment rate is 

higher than the actual rate, however the difference is moderately small 

(about 12%). An over-calculated entrainment rate does not immediately 

imply that the calculated methane concentration is higher than the 

actual concentration. The value would be incorrectly predicted if 

the rate of diffusion were also affected by the calculation. 

The diffusion rate depends largely on the turbulent viscosity,M t . 
- 2 The magnitude of U t is of the order of 10 as compared to the laminar 

-5 
viscosity which is of the order of 10 . The value of U t as defined 

by the two turbulent quantities k and £(see equation 10, paragraph 
72 

3.3.1.) is calculated from the deduced constants measured by Rodi 

and Bradshaw^ (i.e. Cjj, Cd, etc., see paragraph 3.3.1.). Using 

these constants the predicted radial velocity profiles are in good 

agreement with the measured profiles (see Figure 28 and Figure 29). 

The predicted profile for a confined jet (Figure 29) is slightly 

better than for a free jet (Figure 28), particularly in the region 

near the jet nozzle (i.e. within 15 diameters downstream). 

A well predicted radial profile near the nozzle is important to 

the calculation of M.I.T. This is because the predicted ignition is 

detected mostly in the region between 5 to 10 diameters downstream. 

A calculation error beyond the 10 diameters region will not affect the 

predicted M.I.T., but the development of velocity and temperature 
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profiles near the jet nozzle will bear direct consequence to the cal-

culation of the M.I.T. The calculated radial velocity profile (Figure 

29) and the axial temperature profile (Figure 30) are both very close 

to the measured profiles. Discrepancies between them are less than 

10% in the region where the ignitions were detected. 

4.5.2. Reaction Rate Calculations 

The third factor which affects the methane concentration is the 
• us 

reaction rate, m ^ . In the present study, the time mean value of 

the reaction rate is written as:-

- K-m C H^.m 0 2.p
2.T 3 / 2 -expf^RT) • 

It has been pointed out (see Chapter 1, paragraph 1.5.3. and 1.5.4.) 

that this treatment is a global representation of complicated mixing 

and reaction mechanisms. In this global model the overall activation 

energy, E, represents the net effect of the combined activities of all 

intermediate reactions under a given mixing process, i.e. 

n 

Constant x exp (-E^rx) = K̂  exp ( _ E^/rt) J -L J 

where Kj and Ej are constants for each intermediate reaction. Such a 

conception is valid mathematically in so far as the same reaction 

mechanism can be precisely repeated for all temperatures so that:-

n £ 
Constant x exp (-E) = Kj exp (~Ej) 

It is reasonable to expect that this is the case for a mixture of 

gases of the same chemical composition. Deviation will be likely to 

occur when the compositions are altered, since exactly the same reactions 

are unlikely to be repeated when the initial compositions of the gases 

are altered. It may be possible to argue that the prime species will 

react at the same, rate as before and only the minor reactions will be 

affected. There is, however, no evidence to support such a hypothesis. 

For a stoichiometric mixture the mixing process, that is, the 

probability of two reactants existing at the same location, is repres-

ented by the global reaction rate constant, K. This value for turbulent 

flow will clearly be significantly different from the value for a 
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laminar flow and above all, it is likely to be different at different 
80 81 

turbulent levels. It has been suggested * that the reaction rate 

be linked to the mean velocity gradient of the flow so that it is 

correlated to the intensity of the turbulence. Such a theory has 
- • -i -j • • j rrri _ . e.g. 99,124,130,132, 

met with only limited success. The current view, ° > > > > 
etc. 

' is that the probability distribution of the reactants brought 

together by the mixing must be taken into consideration (see paragraph 

1.5.4.). Such an approach is, however, beyond the scope of the 

present study. 

4.6. THE THEORETICAL PREDICTION. II: COMPARISON WITH MEASUREMENTS 

4.6.1. Comparison with the Present Studies 

The predicted and measured M.I.T. are given in Figures 22 to 25. 

Overall, the predicted M.I.T. (denoted by the solid lines) are in good 

agreement with the measured values, although the predictions of M.I.T. 

as a function of oxygen index and temperature of the secondary flow 

are much better than the predictions of the M.I.T. as a function of 

primary flow rate and secondary flow equivalence ratio. This 

difference may be interpreted in the following manner. 

Changing the secondary flow temperature will affect mainly the 

heat loss of the hot nitrogen gas and the thermal energy of the com-

bustible gas. It does not affect the concentration distribution of 

methane gas nor significantly affect the turbulence level of the flows. 

Similarly changing the oxygen index affects only the relative concen-

tration of methane gas. Everywhere the initial ratio of mCH4/ID02 

maintained. It does not affect the entrainment rate of cold combust-

ible mixture nor the diffusion rate and chemical composition of methane 

oxygen mixture. It has been argued (see paragraph 4.5.) that the 

mechanisms which are likely to affect the reaction rate and hence the 

axial temperature of the hot gases are entrainment, diffusion and the 

chemical reaction. These mechanisms have not been significantly 

affected by the changing temperature and oxygen index of the secondary 

flow. 

On the other hand a change in the primary flow and the mass flow 

rate will alter the entrainment rate and the turbulent intensity of the 

hot gases. The predicted M.I.T. (Figure 23) is seen to become pro-
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gressively lower than the measured values as the mass flow rate is 

increased from the reference point at mp = 2.05 x 10 kg/s. At 

mp = 3.4 x 10 3 kg/s, the discrepancy is about 35°C (equivalent to 

35%; increase in M.I.T. from mp 3 2.0 x lo" 3 to 3.4 x 10~ 3 kg/s is 

about 100°C). 

When the equivalence ratio changes, the relative composition of 

methane to oxygen is altered. The lower curve of Figure 25 is obtained 

by adjusting the "constant" 'a* in the mCH4 equation (equation 17b) 

with different 'a' values for the rich and lean mixtures. Using the 

same fa f values, the predicted M.I.T. shows large discrepancies with 

the measured M.I.T. (upper curve of Figure 25). The justification 

to provide different 'a' valuve for lean and rich mextures is physically 

weak although some workers (e.g. Ref. 26) also suggest that the 'a1 

value (which is called the total order) should be different for the 

lean and rich mixtures. If a single value of Ta f is used the predicted 

curves have poor correlation with the measured values. 

4.6.2. Comparison with Other Work 

The time mean reaction rate, mCH4, is written in the present study 

as :-

# / / / 9 3/ 
^ 4 - -K mcB4-«to2-P -T ^ - e x p ( . ( - 2 - ) a ( 5) 

Using the present prediction method, the deduced kinetic constants 

are: -

K = 7.88 x 10 6 S 3 - °K 3 / 2 /kg/m 

E = 2.15 x 10 8 J/kg - mole 

a = 4.1 H < 1 

a = 3.3 H < 1 

These constants are obtained by matching the predicted M.I.T. with 

measured values under the reference flow conditions (see paragraph 

3.8.1.), but the measured M.I.T. have not been corrected for the 

radiation loss of the thermocouple. If radiation loss is accounted 

for, the kinetic constants will become:- ( 

6 3 o
 3 /

2 
K = 7.97 x 10° - K /kg/m 

E = 2.15 x 10 8 J/Kg - mole 
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The reaction rate has been expressed in general form as followsr-

m C H 4 - A ' ( p / T > C + D ' m 0 2
D * ^ H / e x P (- E/RT) < 5 a> 

where C+D is called the total order 

C = the fuel power 

D = the oxygen power 

and A is a frequency factor. 

The activation energy, E, obtained by the present study is tabul-
g 

ated alongside the values obtained by different experimental methods ' 
26,119,120,121,123 ( T a b l e T h e p r e s e n t v a l u e i s a b o u t 1 0 % l o w e r 

than those obtained from flow reactor and fully stirred reactor systems 

but is very close to the value measured by the shock tube system. 

Equations 5 and 5a are written in slightly different form. 

Direct comparison of the reaction rate constant, K , with its correspond-

ing value in equation 5a is not valid. The constants are adjusted and 

tabulated for indirect comparison as shown in Table 17. 

4.7. CONCLUDING REMARKS 

A special feature of hot gas ignition experiments is the good repeat-
e.g. 26 

ability of ignition temperature measurement, * 6' . This feature was 

observed in the present experiments which showed that the ignition temper-

ature could be reporduced to within t 5°C (see paragraph 2.7.3.). 

Although there is no existing data available for direct comparison, an 

indirect comparison with M.I.T. measurements obtained in laminar flows 

has demonstrated that the present measurements are in line with the work 

done elsewhere (see Figure 50). Thus, the deduction of the kinetic 

constants is based on a set of reliable experimental data. 

There is less confidence in the accuracy of the prediction method. 

In a non-reacting flow the present method has accurately predicted the 

axial velocity and temperature profiles (see Figures 26, 27 and 30) but 

discrepancies of up to 15% exist in the calculation of jet expansion 

angle and the radial-wise velocity profiles (Figures 28, 29). The 

predicted M.I.T. as a function of secondary flow temperature and oxygen 

index follow the measurement very closely, indicating that the prediction 

method is valid for these two variables which do not affect the calcul-



- 100 -

ation of methane concentration (Figures 22 and 24). Alternating this 

pattern, either by way of changing the primary flow rate which alters 

the turbulence intensity, or by way of changing the fuel/air ratio 

which alters the reaction rate, the prediction method is shown to be 

deficient in accounting for the complex mechanisms of intermediate 

chemical reaction and the effect of turbulent mixing on the reaction 

rates. This has pointed to the inadequacy of the overall kinetic 

reaction rate conception and clearly there is scope for improvement in 

these areas. 

It must, however, not be interpreted that the present prediction 

procedure cannot be used in practical applications. Engineers have, 

for a long time, used simplified descriptions for complicated phenomenon. 

The present prediction method has demonstrated its good accuracy in the 

prediction of certain variables, but to a lesser extent for other 

variables. In applying the present method, its limitations must be 

noted. 
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CHAPTER 5 

DESIGN OF A HIGH TEMPERATURE HEATER WITH FLOW 

1. INTRODUCTION 

1.1. The Conventional Heater Construction and Its Shortcomings 

Since Wolfard^ revived hot gas ignition work in 1958, progress 

on ignition of methane-air mixture experiments has been hindered by 

the lack of a suitable high temperature heater. A typical construction 
£ u ^ J . 1. ̂  . . . . e.g. 17,19,22,26, 

of heater used in many hot gas ignition experiments, 

27, etc. ^ illustrated in Figure 51. The heater consists essentially 

of a platinumr-rhodium alloy wire wound on the outside of a recrystallised 

alumina tube. Heat generated by the heating element is conducted 

through the ceramic walls into the gas flowing inside the tube. This 

type of heater is easy to construct but it bears several shortcomings:-

(i) although the recrystallised alumina tube can withstand temperatures 
o 89 

up to 1950 C before it loses its mechanical strength in a 

prolonged experiment the maximum working temperature of platinum-

rhodium alloy is only 1750°C approximately. Thus the limit of 

this heater is dictated by the maximum working temperature of the 

platinum-rhodium alloy. 

90 

(ii) the thermal conductivity of alumina is poor , (pure alumina: 19.5 

W/m-°C at 20°C; copper: 377 W/m-°C at 100°C). This high thermal 

resistance produces a larger temperature drop across the ceramic 

wall. The magnitude of the temperature drop depends on the 

effectiveness of heat transfer at the inside surfaces of the 

alumina tube. To give some idea of the temperature drop, a heater 

could fail when the gas flow temperature was still under 1200°C 

while the heating element had been heated to over 1500°C*. 

(iii) the heat transfer rate from a smooth inner surface of a circular 

tube is low +. 

Mean temperature of the heating element, measured by temperature-resistance 
correlation method. 

For a laminar flow Nu = 4.4 and for a turbulent flow Nu = 0.023 Re°'^Pr°*^. 
Nu = 12.1 if Re = 3000, Pr = 0.7. 
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(iv) in practice it is difficult to ensure a uniform electrical power 

loading over the entire length of the heating element. As a 

result hot spots may develop at the locations at which there are 

defects and non-uniform cross-sections, etc. Hot spots often 

destroy a heater long before limitations imposed by other factors 

are reached. For this reason the average temperature of the 

heating element is usually kept well below the maximum working 

temperature of the element. 

(v) ideally the primary and the secondary flows should be parallel 

(see Figure 52). The heater, which is located"between the two 

flows, distorts the parallelity and in order that this distortion 

be as small as possible, the space available to house the heater 

is greatly restricted. Furthermore, all the terminal connections 

must leave the bottom end of the heater since the top end is 

occupied by the gas flows. These space limitations restrict 

the freedom of the heater design and will be further discussed 

later in this Chapter. 

17 

The heater illustrated in Figure 51 was first applied by Wolfhard 

to hot gas ignition experiments and was widely used by combustion 

technologists. For convenience this type of heater will subsequently 

be referred to as the "conventional heater". The maximum gas temperature 

produced by the conventional heater varies according to the mass flow rate 

of the gas (see Chapter 2). It is not possible to apply this heater 

in its original form for the present study. The maximum gas temperature 

and mass flow rate required are beyond the limits of the conventional 

heater. 

5.1.2. The Purpose of This Chapter 

A considerable amount of effort and resources have been devoted to 

the development of a high temperature heater during the course of the 

present study. The experiences were painful and the costs were high, 

but the accumulated knowledge of heater design is valuable. The 

purpose of this Chapter is to record the causes of failure of the heaters 

in the hope that the same faults would not be repeated elsewhere. It 

is also believed that a brief review of various heater designs will help 

towards an understanding of the problems encountered in high temperature 

heater construction. In the following section the various options of 
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heater design which may overcome the shortcomings of the conventional 

heater will be discussed first. This will then be followed by a 

presentation of the causes of failure of the prototype heaters. 

5.2. DESIGN OF HIGH TEMPERATURE HEATER WITH FLOW 

A heater may be constructed using different methods, materials and 

forms. The use of alternative heating elements will be examined first. 

5.2.1. Alternative Heating Elements 

One of the principal shortcomings of the conventional heater is 

the low working, temperature of platinum-rhodium alloy. It is obvious 

that the first option for a new heater design is to replace the platinuin-

rhodium alloy by a heating element which has higher working temperatures. 

Heating elements may be classified into four groups:-

(a) Low temperature metals: these are mainly nickel, chromium, aluminium 

and ferric alloys branded usually under trade names, such as 

Nichrome, Kanthal. The maximum operating temperature (of the 

heating element and not the gas flow) of these alloys is less than 

1300°C although Kanthal-super is said to be capable of reaching 1400°C. 

(b) Non-Metals: silicon carbide and molybdenum disilicide are the two 

most useful compounds amongst the non-metal heating elements which 
* * jU 

can be operated in oxidising atmospheres . Again, they are branded 

under trade names, such as Crystolon, Crusilite, and may be used 

up to 1600°C. 

(c) Noble metals: osmium has the highest melting point (3050°C) in this 

group but the formation, in air of poisonous tetroxide prohibits . 

its application as a heating element. The next best metals are 

iradium (melting point 2447°C), rhodium (1963°C) and platinum (1772°C). 

Alloys of these three metals form useful heating elements which may 

be exposed to air, but they are expensive.. 

(d) Refractory metals: all metals in this group have high melting points 

but are readily oxidised, even at low temperature. These metals 

* Other non-metals such as graphite are attacked by air although they 
have high melting points. 
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include tunsgten (melting point 3410°C), tantalum (2996°C), 

molybdenum (2610°C) and niobium (2415°C). 

From the above classifications it may be seen that only iradium-

rhodium alloys and the refractory metals can be used as substitutes for 

the platinum-rhodium alloy. Iradium-rhodium alloy was reported to 

be extremely fragile on exposure to air at 1700°C and it lost mass at 

high temperature. This alloy was used in the second heater built in 

the present study. The heater was damaged prematurely at a gas temperat-

ure of about 1150°C. Of the 104 grams of metal used,only 98 grams was 

recovered. Several traces of hot spots were found at the junctions of 

coil sections (the heating element was divided into three sections and 

supplied by a three-phase main). The metal was fused with the alumina 

cement at these locations. Development and causes of the hot spots 

will be discussed later in this Chapter. 

Iradium-rhodium alloy was about three times as expensive as the 

platinum-rhodium alloy. The resources of this study were inadequate 

to pursue further development based on this alloy. This left 

refractory metals as the only other possible substitute. The refractory 

metals cannot be used unless they are protected from oxidation. One 

of the metals, namely molybdenum, was used successfully in conjunction 
e 2 56 86 87 

with the recrystallised alumina tube, by the metallurgists *8* * * * 

as the heating element for the furnaces used in their research work. 

The furnace consists of a molybdenum tape (or wire) wound on to an 

alumina tube (see Figure 53) . A metal case filled with forming gas 

(or hydrogen) encloses the molybdenum metal and thus protects it from 

oxidation. Both ends of the alumina tube are normally closed and there 

is no gas flowing through the inside of the alumina tube. The hottest 

zone of this furnace is at the centre of the tube where a specimen is 

normally placed. Temperature of the alumina tube gradually decreases 

towards the ends due to conduction and convection losses. The space 

between the alumina tube and the metal case is sealed by rubber f0 f rings 

which are compressed by a pair of flanges. Copper coils carrying cooling 

water surround the vicinity of the f0' rings to prevent it from over-

heating. 

The furnace described above is capable of heating the air inside 

the alumina tube up to 1700 C and even up to 1800 C for a short duration. 
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This construction method thus provides a well tried technique for the 

design of a high temperature heater for the present study. But a heater 

with gas flowing inside the ceramic tube presents several serious 

problems unseen in the metallurgist's furnace in which the air is 

static inside the alumina tube. Amongst them is the problem of sealing 

between the metal case and the alumina tube. 

In the case of the heater with flow (see Figure 51), the top end 

of the alumina tube, where the hot gas emerges, is extremely hot. The 

lower end of the tube could also be hot if pre-heating were used. In 

theseucircumstances it is not possible to seal the gaps by rubber '0* 

rings because a drastic reduction of the surface temperature by cooling 

water will certainly crack the ceramic tube due to excessive thermal 

stress. Apart from this obvious sealing problem, there are others which 

will be discussed later. 

The combination of molybdenum with alumina has, however-, a big 

advantage. The thermal expansion of these two materials is very 

similar (see Figure 62). At high temperature, thermal stress between 

the heating element and the ceramic is considerably less with this 

combination. 

5.2.2. Alternative Heating Methods 

Another option of the heater design is to seek a totally different 

heating method in place of the electrical resistance heating method. 
. . . 89 

Several means of obtaining high temperature have been examined. 

These include combustion heating, induction heating, direct heating and 

others. 

Figure 54 illustrates a possible counter flow gas-to-gas heat 

exchanger using exhaust gases or miniature flames as the heat sources. 

This system could produce a very high temperature gas flow if, for 

instance, a pre-mixed oxygen-acetylene flame were impinging directly 

on the ceramic tube. But this system has several difficulties- which 

cannot readily be solved:-

(i) it is difficult to control the heating rate so that the temperature 

of the primary flow can be changed with the precision required 

for the present ignition experiment (e.g. 1 to 2°C) 
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(ii) space limitation and difficulty of sealing the concentric tubes 

will cause flueing problems. If the exhaust gases were leaked 

into the main gas stream, contamination of the hot nitrogen would 

affect the experimental results 

• (iii) it is doubtful whether a ceramic tube can withstand the thermal 

shock produced by the sudden heating and cooling of the gases. 

Alternatively, heating may be provided by the induction method. 

The cooling water jacket could be replaced by a water-cooled induction 

copper coil and the alumina tube could also be replaced by a graphite 

susceptor, as illustrated in Figure 55. High frequency alternating 

current in the induction coil will induce a current in the graphite 

susceptor,which will in turn heat the gas flowing inside it. The main 

deficiency of this heating method is the need to protect the graphite 

susceptor from oxidation. Taking into account the cost of a high 

frequency generator, there is no advantage of this system over the 

resistance heating method employing the molybdenum metal. 

There are electrically conductive high temperature materials which 

will not oxidise in air. For instance, metallic oxides such as 

zirconia and thoria with a small amount of additives, such as ythria 

and lanthania, can substantially increase their electrical conductiveness. 

when heated to an elevated temperature (>1000°C). These oxides are 

chemically far more stable than molybdenum and graphite, and oxidation 

protection is not required. It is even possible to use these oxides 

in the form of a tube which becomes a heating element itself (Figure 56). 

Such a direct heating system is easy to construct and operate but 

the deficiencies are (i) it is necessary to pre-heat the oxide tube, 

(ii) these special oxides are excessively expensive. Coupling with 

the cost of the platinum-rhodium coil this heating system is beyond a 

moderately budgeted project. 

Alternatively, the alumina tube of a conventional heater could 

be replaced by a metallic tube made from iradium-rhodium alloy. 

Gas flowing inside the tube could again be directly heated. The main 

opposition to this scheme would be the cost of the iradium-rhodium 

alloy and furthermore, the alloy has no mechanical strength to retain 

its shape at elevated temeratures. One possible solution is to support 



- 107 -

the metallic tube by a ceramic tube as shown in Figure 57. 

Other systems such as electric arc heating, electric bombardment 

heating and dielectric heating, etc., are unsuitable for hot gas ignition 

experiments. 

5.2.3. Alternative Ceramic Tube 

It may be recalled that the thermal conductivity of alumina is poor 

in comparison with metals. Consequently, it causes a large temperature 

drop across the walls of the ceramic tube. Most ceramic materials are 

poor thermal conductors. In fact, the thermal conductivity of alumina 

is better than most ceramics ( see Table 15). It is difficult to reduce 

the temperature drop so long as a ceramic tube is used. If, however, 

the working temperature of the ceramic tube can be increased (by 

using material other than alumina) to the level which -is compatible 

with the working temperature of the heating element (say, molybdenum) 

then the temperature drop may be compensated by the increase in working 

temperatures of the metal and ceramic. 

The search for an alternative ceramic has been extended to the 

non-oxides such as boron-nitride, but in general non-oxides are chemically 

less stable than the oxides. Within the oxide group there are several 

would-be substitutes: thoria can be used up to 2700°C but it is radio-

active; beryllia can withstand temperatures up to 2100°C but the 

beryllia powder is poisonous to handle (beryllia cement would be needed 

to anchor the heating element). The most promising oxide is zirconia 

(melting point is about 2700°C) but this ceramic is not commercially 

available in the form of a long tube (about 1.2 metres). Zirconia is 

also slightly more porous than alumina - an important point to bear in 

mind when it is used with a refractory metal (see paragraph 5.3 for 

details). The compound of alumina and magnesia (Al2p3*-MgO) is. slightly 

better than the pure alumina (operation temperature is about 100° 

higher) but its thermal conductivity is three times less (6.3 and 19.5 

W/m-°C respectively at 20°C). Porosity of pure magnesia is comparably 

high (about 30%, DIN 1065) although the melting point of magnesia is 

greater than 2500°C. 
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5.2.4. Alternative Winding Methods 

Assuming the electric resistance heating method must be used, what 

other construction methods are better than the conventional heater 

construction in order that the gas flow temperature may be maximised? 

Two aspects of construction may be considered. These are, the method 

by which the heating element is wound on to the ceramic tube since it 

affects the power loading of the heating element, and the shape of 

surfaces of the ceramic tube since it affects the heat transfer rate 

at the surfaces. 

The resistance of most metallic heating elements varies with the 

temperature of the element. For instance, the resistance of molybdenum 

metal at 1900°C is about ten times as large as the resistance at 20°C. 

Since the electrical power loading of a heating element depends on the 

resistance of the element, the power loading will also depend on the 

temperature, of the element. In a conventional heater (Figure 51) the 

temperature of heating element is much cooler near the gas entry than 

in the vicinity of the gas exit. Thus, the power loading is higher 

at the hot end than the cool end and this inbalance of power loading 

along the direction of the tube is likely to damage the heater. 

A heating element may be wound on to the ceramic tube by methods 

demonstrated in Figure 58. Arrangement 'a1 is the one length winding 

adopted in the conventional heater. The heater is normally wound in 

a lathe and thus the pitch of the coil is uniform along the tube. It 

may be possible to reduce the number of coils per unit length towards 

the hot end (top end as seen from Figure 58). This is, however, 

difficult to arrange and it is also difficult to calculate the coil 

reduction accurately. 

Arrangement fb T assumes a uniform winding but the entire length is 

divided into three equal sections which are connected to a three-phase 

supply. Since the voltage applied to each section is the same, any 

increase of resistance will decrease the current supply. This in turn 

reduces the power loading in a hot zone and lessens the possibility of 

damage due to overheating. On the other hand, arrangement Tb ! requires 

four terminal wires instead of the two in arrangement fa'. In a tight 

space, separation of these terminal wires and prevention of short 

circuits could be a problem as the number of terminal wires is 



- 109 -

increased. The number of terminal wires could be six if the adjacent 

sections could not be joined to the same terminal. 

Arrangement fc f avoids any terminal wires running alongside the 

heating element but the power loading imbalance of this arrangement is 

as bad as arrangement 'a'. 

All the above three arrangements require long lengths of wire or 

tape, typically 20 to 30 metres. A long wire is likely to have non-uni-

form cross-sectional areas and other non-uniformities, such as bursts, 

kinks, etc. These non-uniformities often produce local hot spots. 

Arrangement ' d 1 is superior to the others because the ratio of length 

to cross-sectional width is considerably less. 

5.2.5. Alternative Heat Transfer Surface 

The contact surface area of a circular tube between the' gas and 

the ceramic is 2 n r L, where r and L are radius and length of the tule. 

This area may be increased several fold by a finned tube such as the 

one shown in Figure 59 'b'. Such a tube is not commercially available 

and must be prepared specially. 

An alternative method of increasing the heat transfer rate is 

illustrated in Figure 58 1 c f . Arrangement of the ceramic segments has 

already been described in paragraph 2.4.1. It has been demonstrated 

that this arrangement can increase the gas flow temperature by about 

115°C. 

5.2.6. Concluding Remarks 

The above discussions list various options to overcome the short-

comings of the conventional heater. There are few promising but untried 

heating methods and materials. Amongst them the direct heating method 

employing an iradium-rhodium tube is perhaps the most feasible method, 

(see paragraph 5.2.2.). The choice of electric resistance heating 

methods employing molybdenum-alumina combinations for the present study 

was determined largely by cost considerations and the commercial 

availability of certain materials. In other words, the present choice 

is not necessarily the best, but is governed by non-technical problems. 

Alternative methods of heater construction should therefore not be ruled 
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out if the non-technical considerations are not constraining factors. 

5.3. CAUSES OF THE FAILURE OF THE PROTOTYPE HEATERS 

During the course of the present study over twenty prototype heaters 

were built, some with minor changes to their predecessors and others with 

major modifications. They failed for various reasons and in some cases 

for reasons which, are still not clear to the author. It was very 

difficult to detect the causes of failure because the heater was totally 

enclosed inside the cooling water jacket and could not be seen nor access 

gained to it when in operation. When it failed the heater was often 

reduced to lumps of molten metal mixed with ceramic cement and insulating 

powder. 

Tracing the causes was limited to a few clues such as the long shining 

yellow needles of molybdenum oxide crystal which suggested that the metal 

was seriously attacked by air entering the protection chamber;' the black-

ened and molten ceramic cement which suggested that an electrical short 

circuit had induced an electric spark. To make the matter worse a 

.symptom, such as oxidation of the metal, could result from more than a 

single cause. It could be attacked by air before the heater failed or 

after a hot spot had developed and burnt through the alumina tube through 

which air entered subsequently. 

The following section is a record of the principal causes of failure 

in the heaters. It must, however, be pointed out that even a minor defect 

in the construction stage could lead to a total failure of the heater. 

For instance, molybdenum metal is extremely fragile. A hair crack during 

the cutting process could develop into a hot spot which might eventually 

destroy the heater. Thus, it is recommended that every care be taken 

during the construction of such a heater. 

5.3.1. Failure Due to Voltage Breakdown 

It may be recalled (see paragraph 5.1.1.) that the space available 

to house the heater in a conventional structure is small. If the 

heating element is wound to the alumina tube in one of the four arrange-

ments shown in Figure 58, the distance between the terminal wires and 

the heating element is small (or between the two halves of the heating 

elements as in the case of arrangements ' c' and 'd'). The terminal 
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wires could be at a high voltage with respect to the heating element 

and the metal case. It could be as high as 415 volts if it were 

supplied by a three-phase main. 

To prevent a voltage breakdown between two current - carrying 

conductors, the terminal wires were separated by alumina cement, powder 

and sleeving tubes. The breakdown voltage, or dielectric strength as 

it is also called, is usually quoted in volts/mm and is found to be a 
54 

function of the temperature. Miyazawa and Okada found that the 

dielectric strength of alumina cement was approximately 1500 volts/mm 

at all temperatures up to 1000°C. Beyond this temperature the 

dielectric strength decreased exponentially with the temperature, and -

at 1700°C it was reduced to about 25 volts/mm. 

At this value the alumina cement presents no danger of a voltage 

breakdown in the metallurgist's furnace even at very high temperature. 

The voltage drop between two successive coils of the metallurgist's-

furnace is small. For instance, if 240 volts is applied to 240 coils, 

the voltage drop between adjacent coils is only one volt. It may also 

be noted that the two terminal wires (see Figure 53) between which there 

is a high voltage drop, are far apart from each other. 

In the case of the present heater the terminal wires were at the 

best 10 mm from the heating element and the metal case (see Figure 60) 

but more likely they were at a shorter distance apart because it was 

very difficult to keep the terminal wires exactly mid-way between 

the coils and the case. If the cement were heated to 1700°C or above, 

the breakdown voltage would be 250 volts for a 10 mm distance according 

to Miyazawa and Okada1 s findings. This voltage had certainly been 

exceeded in the early prototypes in which the wires were wound in the 

arrangements shown in Figure 58'b*. 

When the breakdown voltage was exceeded local hot spots developed 

but the power supply had not been cut off immediately. Instead, the 

temperature of the hot spots grew until the alumina tube was burnt 

through and air was let in to oxidise the molybdenum metal giving the 

impression that the heater had failed due to oxidation. The real 

cause of failure was not discovered until systematic inspection of the 

failed heaters revealed the fact that the hot spots were always 

associated with the maximum voltage drop between the conductors. 
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The solution to this problem was, therefore, to reduce the voltage 

supply to a level well below the breakdown voltage. But difficulties 

arose because the value of dielectric strength of alumina cement at 

the temperature of fusion was quoted quite differently by various workers, 

due possibly to different compositions of the cements tested. Table 

14 gives the dielectric strength of alumina cement measured at different 

laboratories. 

In the later prototypes the heating element was wound on to the 

alumina tube in the arrangement shown in Figure 58 'd'. The "tube form" 

heating element allowed the resistance to be reduced to 0.007 ohms at 

20°C so that the voltage applied to the heater at no time exceeded 15 

volts. With a 4 mm gap between the two halves of the circular tube 

the maximum voltage drop is 3.75 volts/mm which is well below the 

dielectric strength quoted in the literature. 

3.2. Failure Due To Porosity Changes of Alumina Tube 

At low temperatures the recrystallised alumina tube was quoted by the 

manufacturers to be impermeable. But this non-porosity property 
112 

changes at. high temperature according to Williams . He found that 

a tracer could diffuse through the ceramic wall at temperatures above 

1300°C and the diffusion rate increased with the temperature of the 

ceramic wall. It may also be expected that the diffusion rate will 

increase if the pressure difference across the wall were increased. 

In the case of the metallurgist's furnace the protecting chamber 

is pressurised to ensure that it is filled with a protecting gas (e.g. 

hydrogen, see Figure 53). The air inside the alumina tube is static. 

Thus, the pressure inside the chamber is positive with respect to the 

inside of the alumina tube. As the porosity of the alumina tube 

changes at high temperature the protecting gas, rather than air, will 

be forced through the ceramic wall under pressure. 

In the case of the heater with flow (see Figure 51) the total 

pressure head of the gas flow is greater than the pressure inside the 

protecting chamber. Air will readily diffuse into the protecting 

chamber and as the rate of diffusion increases, serious oxidation 

Morgan Refractories, U.K., and Degussit of Germany. 
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of the metal can take place depending on the type of protecting gas. 

It was noted that most early prototypes failed at about the same 

time of day. The heater was usually started in the morning at a rate 

of about 100°C per hour. By the evening the gas flow temperature 

would reach the 1000°C mark and was usually left unchanged overnight. 

During this period most heaters failed when the temperature of the 

alumina tube was, as could be reasonably expected, a few hundred 

degrees higher than the gas flow temperature*. At this temperature 

the alumina tube will permit gaseous diffusion. The work of William 

was not known in the early stages of the present study. Air was 

used as the primary flow during the heating up period for economic 

reasons.- In these heaters traces of molybdenum oxides, which could 

be easily distinguished by their yellow needle shaped crystals, were 

found. 

Formation of molybdenum oxide did not immediately cause the heater 

to fail. Instead the oxide altered the electrical resistance of the 

insulating materials, (i.e. alumina cement and powder). Electrical 

leakage then allowed hot spots to form in the weakest locations until 

a short circuit was made or, as in some cases, the hot spot grew to the 

extent that the alumina tube was burnt through and allowed large amounts 

of air to-enter the chamber and cause extensive oxidation. 

The solution to this problem is to substitute the air by nitrogen 

in the primary flow after the gas flow temperature has reached about 

1000°C. 

.3.3. Failure Due To Bad Electrical Contact 

Molybdenum metal is readily oxidised in air even at low temperatures. 

The terminal wires of the heating elements cannot therefore be taken 

out of the protecting chamber and exposed to air without protection. 

(An early prototype with the terminal wire led out to a supposed "safe 

low temperature" region failed due to oxidation problems). For 

this reason the terminal wires of the early prototypes (arranged in the 

Although the temperature of alumina tube could not be measured, the heating 
element was in the region of 1300-1400°C. This was measured by temperature-
resistance correlation methods. 
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form shown in Figure 58, arrangement Tb') were joined to Pt-Rh wires 

which were then taken out of the chamber. 

Molybdenum and Pt-Rh alloy have very different thermal expansivities 

and melting points. Several methods of joining these two dissimilar 

metals have been tried, but failed. These include the following methods:-

(a) Twisting the two wires together: compared with P.t-Rh alloy, moly-

bdenum is a very brittle metal. It is not possible to twist the 

two wires together without breaking the molybdenum metal. Thus 

the multi-stranded Pt-Rh alloy was wrapped around the moly-

bdenum wire in a manner similar to the screen wire wrapping round, 

an electrical cable. This method failed due to differential 

thermal expansion rates of the two metals. Contact between the two 

wires became loose at high temperature since Pt-Rh alloy expanded 

more than the molybdenum metal and the noble metal was on the 

outside of the joint. The loosen contact surface created a high 

resistance and caused hot spots to form in these joints. 

(b) Argon arc welding: after failing to twist the two wires together, 

the metals were welded unsuccessfully under the argon arc. The 

failure was due to two reasons. Firstly, the Pt-Rh alloy melted 

long before the molybdenum metal. Similar difficulties were 

experienced when rhodium was welded to iradium in the making of 

a thermocouple. Correct current rating must be adjusted to obtain 

a successful joint. Even then the molybdenum metal became 

extremely brittle after it had been heat-treated to its melting 

point. The welded molybdenum wire was so brittle that it could 

not withstand a gentle bending. 

(c) Cold welding: it was suggested that the ductibility of the moly-

bdenum might be retained if the two wires were cold welded. 
2 

Cold welding requires a compression of approximately 100 tons/in . 

This was tried but the molybdenum split when the compression force 
2 

was only 4 tons/in . 

(d) Clamping the two metals together: a terminal block was machined 

from a molybdenum rod. The two wires were connected together 

by molybdenum screws in a manner similar to an ordinary electrical 

terminal block connection. This method failed due possibly to 
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the formation of a thin film of impurity on the contact surfaces. 

The substance of the impurity is not known. It may have been moly-

bdenum oxide, but its appearance was not the same as the yellow 

needle crystals found elsewhere. The molybdenum terminal blocks 

were inside high temperature zones and in these cases the chamber 

was filled with argon gas rather than forming gas. 

The solution to this problem has already been described in 

paragraph 2.4.1. (see also Figure 7). The lower end of the protection 

chamber was enlarged (see Figure 7, M) so that the molybdenum terminals 

could be taken to a cooler region which was further cooled by a water 

cooling coil (Figure 7, S). 

5.3.4. Failure Due To The Type of Protecting Gas 

In principle, so long as the air inside the protecting chamber 

was -displaced and replaced by an inert gas, molybdenum metal* should not 

oxidise. Thus, either helium, argon or even nitrogen gases could be 

used as the protecting gas. Nitrogen will, however, react with 

molybdenum to form molybdenum nitrides. Argon was preferred to helium 

on the grounds of cost. In. practice, although argon has been used 
56 

in a molybdenum furnace , forming gas or hydrogen gas are more 
e 2 86 87 

commonly used *s* ' . But hydrogen is an explosive gas and if 

it were allowed to leak freely into the laboratory it could be a 

potential hazard. 

In the case of the metallurgist's furnace (see Figure 53) the 

protecting gas is collected and ducted away. Thus, even if pure 

hydrogen is used, there is no danger of the hydrogen gas being accumulated 

in the laboratory. In the case of the heater with a flow, the 

protecting chamber could not be sealed properly (see paragraph 2.4.1.), 

and the protecting gas was allowed to discharge into the surrounding 

space. On the grounds of safety, the use of forming gas was not 

permitted in the early prototype heaters. 

56 

Kitchener and Bockris found "blackened" cements in the furnace 

if argon was used during the entire experiment. These blackened 

cements were also found in the early prototypes. X-rays of these 

blackened cements revealed that they were carbon based compounds used 

as a binding ingredient in the cement. 
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Park also found a similar compound segregated at high temperature 

but subsequently recombined with the cement. The cements were made by 

the same manufacturer*. 

The resistivity of the blackened area was found to be 100-300 ohms 

over a length of 0.2 to 0.5 metres as compared to 10 ohms in an 

unblackened area over a similar length. Traces of molten cement caused 

by sparks were found in the blackened area. It was not known how the 

presence of the hydrogen gas could prevent the formation of the 

blackened cement, but no such blackened area was found when forming gas 

was used. 

Forming gas was used after the college authority had been convinced 

that it was necessary to use it. The flow rate of the forming gas was 

typically 0.2 to 1.0 ml/min. Ventilation of the laboratory was operated 

at full load as soon as the forming gas was used. No incident 

happened-in connection with the use of the forming gas in the laboratory. 

5.3.5. Failure Of The Pre-Heater 

The pre-heater used in the early development was very different 

from that described in paragraph 2.4.2. (see also Figure 10). It 

consisted of three to five heaters connected in series (Figure 61) .' 

Each heater was 1.2 m long with a three-section heating coil. The 

heating coils were connected in parallel to reduce uneven heat loading, 

Kanthal A-l and Pt-Rh alloy were used at the low and high temperature 

ends, although at one stage molybdenum was also used at the high 

temperature end. 

The biggest problem of these heaters was the probability of failure. 

When one heater failed, it lost not only a large proportion of heating 

power but also created a heat sink due to the length of each heater. 

Assuming the failure probability of each heater was equal, the system 

failure was three to five times greater when the heaters were connected 

in series. 

Dr. Park, research assistant, chemical engineering department, Imperial 
College. 

"'"Morgan Refractories, U.K. 
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At first only three heaters were used but it was necessary to 

apply a large power loading to each heater. Subsequently two further 

heaters were added. This reduced the heat loading of each heater but 

also increased the probability of system failure. As a result, tests 

in the main heater design were frequently disrupted in order to repair 

a failed pre-heater. 

At first glance the later design of the pre-heater as shown in 

Figure 10, seems bulky and clumsy. Only detailed consideration can 

reveal its advantages:-

(i) The multi-heating matrices render part of the system redundant. 

This enables the experiment to continue even if one or a few of 

the heating matrices fail. By the end of the present study, four 

of the thirty-four heating matrices had failed, but no repair was 

necessary. The remaining thirty heating matrices were capable 

of pre-heating the primary flow. 

(ii) Should a number of heating matrices fail, only those heating matrices 

needed to be replaced. This could be done readily. (Some spare 

heating matrices were kept). 

(iii) By exposing the heating elements directly to the gas flow, the 

heat transfer rate was greatly increased. This helped to reduce 

the power loading and hence reduce the failure rate. 

(iv) The "sandwich" design with soft Kaowool packings between the 

alumina blocks allowed the individual heating matrice to expand 

freely since the complete heater was fitted with rollers resting 

on rails. 

5.3.6. Concluding Remarks 

The causes of failure recorded in this Chapter are deduced from the 

observations gathered during the course of the present study. It is not 

possible to say, for instance, that a heater failure was caused by voltage 

break-down or a change of porosity or both, or even a combination of 

other factors known and unknown to the author. The heater design has 

never been a prime target of the present study but only a means to 

achieve the ignition temperature experiments. Thus, no attempts have 
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been made to conduct controlled experiments in order to testify the 

exact causes of failure of the heaters. It can, however, be positively 

concluded that if care is taken to eliminate all the known causes of 

failure, it will work. 

The heater described in paragraph 2.4.1. has raised the primary 

flow temperature (about 3.2 x 10 3 kg/s) to a maximum of 1580°C for a 

short duration. If a higher temperature or a bigger mass flow rate 

is required in the future, the author believes a combination of 

molybdenum with zirconia may push the maximum temperature to about 

1800°C. Beyond this level either a new material or a different heating 

method must be considered. 
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CHAPTER 6 

CONCLUSIONS 

Main Findings 

(i) The present study has confirmed the view that hot gas ignition 

is an accurate system for the deduction of kinetic constants, due 

mainly to its good repeatibility of the ignition temperature. It 

has been shown that a cold mixture of methane-air. could be ignited 

by a co-axial (Figure 1) hot nitrogen turbulent round jet if the 

hot gas had reached a minimum temperature which is referred to as the 

minimum ignition temperature (M.I.T.). This ignition temperature 

• was found to be repeatable to within ± 5°C. 

(ii) The M.I.T. was found to be between 1242°C and 1452°C within 

the tested range'of :-

15.0 4 dp 19.35 mm 

1.41xl0~ 3 « mp < 3.59xlO~ 3 Kg/s 

18 < T s < 187°C 

0.56 < n < 1.36 

0.188 I < 0.233 

(see Tables 4 to 8). 

(iii) The magnitude of M.I.T. is influenced by all five quantities 

listed above, namely the diameter of the jet nozzle, dp, the mass 

flow rate of the primary flow, nip, the temperature of the secondary 

flow, T s , the equivalence ratio n and the oxygen index in the 

secondary flow, £ (Figures 22 to 25). Indirect comparison with 

data obtained elsewhere shows that the present measurements are in 

line with measurements obtained in laminar flows (Figure 50). 

(iv) It is possible to predict the M.I.T. based on the characteristic 

changes of the axial temperature profiles between the cases of 

ignition and no ignition (Figure 1A). The axial temperature 

distribution can be calculated with good accuracy by a numerical 

scheme which adapts the implicit finite difference method and 
39 

incorporates the Spalding-Partankar technique (Figure 30). 
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(v) Overall, the predicted M.I.T. matches fairly well with the 

present measurements (Figures 22 to 25). The predicted M.I.T. 

with T g and £ as variables agree extremely well with the measured 

values (Figures 22 and 24), but evidence has emerged to suggest that 

the prediction method is inadequate in accounting for the complex 

chemical reactions and the effect of turbulent mixing on the reaction 

rates. 

(vi) This is due possibly to the adaption of the overall kinetic 

reaction rate which is expressed as:-

v 2 _ 3/9 f E/ . , 2 .a 
- K.p .T •ni C H 4.mo 2.ex P(- / R T ) . ( — ) 

where K , E and a are the overall kinetic constants which are found 
:k 

to be 

K = 7.88 x 10 6 S 3-°K 3 / 2/Kg/m 

E « 2.15 x 1 0 8 J/Kg-mole 

a. - 4.1 for n < 1 

a = 3.3 for H > 1 

by matching the measured and calculated M.I.T. under the reference 

folow conditions (Table 3). 

Other Findings 

(vii) A heater employing a combination of molybdenum heating element 

and alumina tube is capable of heating a nitrogen gas to a maximum 

temperature of 1580°C at a flow rate of 3.2 x 10 3 Kg/s (Figure 7) , 

(viii) Construction of this heater requires careful design to prevent 

failure due to oxidation of the metal, voltage breakdown of the 

ceramic insulating cement and the development of hot spots caused 

by bad surface contacts. 

Recommendations 

(i) The present prediction method can be used for calculations of 

engineering problems provided that the limitation imposed by the 

* Measurement uncorrected for radiation loss, see Chapter 4, paragraph 
4.6.2. 
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inadequacy to account for the effects of intermediate chemical 

reactions and large variations in turbulence intensity are noted. 

(ii) Further work is required to improve the present method, in the 

areas of chemical kinetics and its interaction with turbulent mixing. 
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NOMENCLATURE 

A = area 

A = frequency factor (equation 5 a) 

Al = alumina 

a = constant in equation 5 

a,b,c,d = coefficients in equation 2b 

aj,bj,Cj = coefficients in equation 16 

= coefficients in equation 2c 

C^ , Cd = constants in equation 10 

Cp = specific heat (equation 15) 

d = diameter 

E = activation energy (equation 5) 

FRA = forward step factor (equation 36) 

g = gravity acceleration 

G = diffusion rate (equation 33) 

h = heat transfer coefficient (Appendix F ) 

h = enthalpy 

h = total enthalpy (equation 3) 

H - heat of reaction (equation 3) 

i = grid point 

I ' = an 'integral (Appendix E) 

I t f = an integral (Appendix B) 

Ir = iradium 

j - species j 

k = turbulent kinetic energy (equation 11) 

k = thermal conductivity (Appendix F) 

K = rate constant of reaction rate (equation 5) 

1 = length scale (equation 13) 

m - mass fraction 

m = proportion of entrainment rate (equation 33) 

m = entrainment rate 

m ^ = chemical reaction rate 

M = Mach number 

M.I.T. = minimum ignition temperature 

Mo = molybdenum 

n, N - number of grid points 

Nu = Nussult's number 

p = pressure 
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P = probability density function 

Pt = platinum 

P, Q = coefficients in equation 2d 

Q = resultant velocity 

r = radius; radial distance 

R - gas constant 

( Q universal gas constant 

Rh 3 rhodium 

s - stoichiometric ratio (equations 20,21,25) 

5 53 source term (equation 2) 

St = Stanton's number 

t - time 

T - temperature 

u - streamwise component velocity 

v a radialwise component velocity 

u', v ' = fluctuating velocities in x and y directions 

W = molecular weight 

X == streamwise distance 

y = radialwise distance 

oC - mass fraction (equation 20) 

3 ® mass fraction (equation 21) 

11 = exchange coefficient (equation 2) 

i x a forward step size (equation 36) 

8- ~ dissipation rate of k (equation 12) 

£. - emissivity (Appendix F) 

H - equivalence 

6 = yaw angle 

A. a a scaling factor in mixing length hypothesis 

JJ ® viscosity 

£ a oxygen index 

p a density 

Q a Prandtl's number 

a a Stefan-Boltzman's constant 

T a shear stress (Appendix A) 

(D a dependent variable (equation 2) 

iji a stream function (equation 27) 

0) a dimensionless quantity (equation 28) 
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Subscripts 

a = ambient 

c = convective 

£fc. = centre line 

D = downstream 

E = outer boundary 

eff = effective 

f = fuel 

g = gaseous 

i = grid number 

I = inner boundary 

j = species j 

1 = laminar 

n = grid size 

o = at x = o 

P = primary flow 

R = radiative 

ref = reference .... 

S - secondary flow 

S - surface 

t = turbulent 

W = wall 

Chemical Species 

= formyl 

= formaldehyde 

= methyl 

= methylperoxy 

= methane 

= carbon monoxide 

= carbon dioxide 

= hydrogen 

= hydrogen gas 

= water 

= hydroperoxy 

= hydrogen peroxide 

= nitrogen gas 

CHO 

CH2O 

CH3 

CH3O2 

CH4 

CO 

C02 

H 

H 2 

H 2O 

HO2 

H2°2 

No 
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OH = hydroxyl 

0 = oxygen 

0 2 = oxygen gas 

M = third body 
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APPENDIX A 

DERIVATION OF C U and Cd 

From the mixing length hypothesis (see reference 64): 

u £ = P (4f> i
2
 (i) 

Also, from dimensional argument, the turbulent viscosity may be written 

in terms of turbulent kinetic energy with a scaling factor, which is 

defined as:-

(77) • 1 =
 C

u •
 k J
 <2) 

and hence 

U t - p. C . k* . 1 — (3) 

From equations 1 and 3:-

K = <£•!> (4) 
$ 

u 

Also, from the definition of shear stress, 

T - H t (77) (5) 

equations 1 and 5 yield:-

JU 2 
t - P (yp-1) (6) 

therefore, from equations 4 and 6:-

2 X 
cu - T V ( 7 ) 

Furthermore, in the region where the generation and dissipation of both the 

turbulent kinetic energy and its dissipation rate are roughly equal, the source 

term of k and £ is approximately zero:-
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^U 2 
i.e. H t O - P£ = 0 (8) 

and from the definition of e 

k3/2 
i.e. e » C d . y (9) 

It can be seen, from equations 8 and 9 that:-

Cd = _T_ 
C M

 = Pk 

and from equations 7 and 10: 

Thus, C • Cd = 

(10) 

Cd = C u
3 (11) 

(12) 

Therefore, from the measurements of x and k , the values of Cd and C may be 

deduced from equations 11 and 12. 
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APPENDIX B 

PROGRAM METHANE 

Program METHANE has four sub-routines. The flow chart of this program 

given in Figure 37. 

1. Sub-Routine START 

There are two functions of this sub-routine: (i) to sort out the 

control indices, data input and initial conditions, etc. so as to prepare 

the start of the computation, (ii) to terminate the program by deciding 

whether the predicted M.I.T. has reached the required accuracy. This 

sub-routine has nine chapters:-

Chapter 0. Data block. The physical constants, such as laminar viscos-

ities, Prantl's numbers, etc. are inputted in the form of the data block. 

Chapter 1. Index Selection. Control indices are selected according to 

whether the flow jets are free or confined (JFREE); reacting or non-reacting 

(INERT), etc. 

Chapter 2. Data Input. The inlet flow properties such as temperature, 

flow rate, equivalence, etc. are prescribed. 

Chapter 3. Searching for M.I.T. The M.I.T. iteration searching 

procedure starts from statement 30, which is also the starting point to 

the outer loop. The "span" of the temperature search (DTEMP) and the 

tolerated accuracy of prediction (TERROR) are preset. The initial 

guessed temperature' (TPRIFL) is adjusted by t DTEMP which in turn is 

reduced by half at each of the iteration loops. Some initial flow 

properaties are reset to prevent carrying over after the previous 

iteration. 

Chapter 4. Geometry. The radius of the jet nozzle (R(I)) is compensated 

for thermal expansion. R(I) is evenly distributed with respect to I, 

the grid point, in the two. regions separated by NRDIV (= 20). 

Chapter 5. Initial Profiles. The initial profiles (i.e. x = o) of all 

the flow properties are prescribed in this Chapter except the laminar 
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viscosity (EMU) and the two turbulent quantities, k and £, which are 

computed in Chapters 1 and 3 respectively of the sub-routine PHYS. 

Chapter 6. Grid Distribution. wi (0M(I)) is calculated from the known 

p(RH0(I)), U(U(I)), r(R(I)) and ^ E - ^ (PEI) which have been previously 

evaluated in Chapters 4 and 5. Three other to values are also computed 

for later uses from the following definitions. 

to (OMINT (I)) = \ (W. + to. ) 
mean 1 l l+r 

W „ (BOM(X)) = i (W - to ) 
mean l+l i-I £ to (OMDIF (I)) = toi - 0)i-;L 

Chapter 7. Marching Integration. Having set the initial preparation of 

boundary conditions, grid distributions, etc. the sub-routine MARCH is 

called to perform the marching integration from x =* o (ISTEP =. 0) to 

a defined distance x - XULAST (e.g. XULAST = 25 x dp) . Whether the mixing 

process produces ignition or no ignition is indicated by the return of the 

index ICON (ICON = 2 for ignition and = 1 for no ignition). 

Chapter 8. Termination « The searching of M.I.T. is terminated in this 

Chapter. If the predicted M.I.T. is within the prescribed accuracy 

(i.e. DTEMP ^ TERROR) the program will stop, otherwise it will return 

to statement 30 and the procedure is repeated until DTEMP ^.TERROR or 

the searching loop has run over more than ILAST times (ILAST: the maximum 

RUN permitted). 

B.2. Sub-Routine MARCH 

The functions of sub-routine MARCH are twofold: (i) to detect the 

occurances of ignition, (ii) to detect the occurrence of ignition. This 

sub-routine has ten chapters. 

Chapter 1. Forward Step and Entrainment. Each forward step starts at 

Chapter 1 and finishes at Chapter 10. The size of the forward step (DX) 

is basically computed from equation 36, but its size is also restricted 

by a length scale obtained from Reynold's number (DXRE) and/or entraininent 

rate calculation (DXPSI). Entrainment rate calculation is fundamentally 

based on equation 33, but because the formulation is an approximation the 

rate of entrainment is adjusted by multiplying equation 33 by a factor 

t. 47 given by : -
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C
1 x iff x f C 2 

3 max 

where (FACE), C 2 (FACEXP) 

47 and Cg (ULIM) are constants obtained empirically 

Chapter 2. Boundary Conditions. The bulk of the secondary flow has, in 

practical terms, remained unchanged. Thus, the outer boundary condition 

is assigned with the initial upstream value, i.e. at x = o. 

Chapter 3. Adjustment of Turbulent Constants. The- product of C ^ and C^ 

(CMUCD) is a function of x given by:-

< 5 C C = 0 .137 
dp > u D 

5 ( F 4 2 0 C C = 0 .00163 + 0 .167 
dp \i D dp 

dp 
S 20 C C 0 .045 
^ M D 

Chapters 4 and 8. Pressure Gradient. The initial guessed pressure gradient 

(DP) is evaluated in Chapter 4 based on the erroneous area (DA) and this 

is readjusted in Chapter 8 with the downstream values (see Appendix E). 

Chapter 5. Solution Procedure. The sub-routine C0MP is called to solve the 

finite difference equation. The six dependent variables, u , k , £ , 

and ^ ( " c o + s 2 m C H ^ ) a r e computed in the "SOLVE" section of the COMP 

sub-routine. 

Chapter 6. The Secondary Variables. The flow properties such as temperature, 

density, etc. are. dependent variables, but which can be evaluated from 

algebraic relationships. These are calculated after the prime dependent 

variables are known. 

Chapter 7. Test for Ignition. At each forward step the radial temperature 

distribution (F(I,JTE)) is tested against an "ignition temperature" (TCRIC) 

which is a temperature a few degrees higher than the jet temperature at 

x = o. If F (I,JTE) is greater than TCRIC, ignition is assumed and the 
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ignition index ICON is put at 2. 

Chapter 9. Output Prints. Computed values of all variables are printed out 

at regular intervals, the length of which is decided by the index NSTA. 

An example of the M.I.T. prediction listing is given in Appendix D. 

Chapter 10. Decise. The marching integration is terminated if XU is greater 

than XULAST. It can also be terminated if ignition has been detected 

before XU reaches XULAST by the donditional transfer in Chapter 7 to 

statement 102, in Chapter 9B. 

B.3. Sub-routine COMP 

The functions of this sub-routine are twofold: (i) to compute the 

radial distance, R(I); (ii) to deal with the solution procedure of the 

finite difference equations. This sub-routine has eight chapters. 

2 

Chapter 1. Calculation of r /2. The square of radial distance is calculated 

from the integral I :-

^ ili E - I 

2 P u 

X E = I E 
X — N 11 LL

 ' 

(Pn-1 (5r 1 + 3 r ) + (r ,+3r ) 
o_ IL* n-1 n n-1 n 
P n «n 

This modification is based on the assumption that u is parabolic in 

r within the half-interval near the boundary. 

Chapter 2. Calculation of r. 

it • r 

Chapter 3. /R, G and m. For convenience, the terms G and m are multiplied 

by the factor of J 

./ • . // # if 
HCON(I) : (relate to m) = ( m^. + (nig - m^.) u —jjj-

DIFU(I): (relate to 6) » ( r y * 

life- ill! 

r 
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DXDPEI: (relate to V r ) = 

Chapter 4. A,B,C,D for U-velocity, Again, for convenience, the coefficients 

in the U equation are multiplied by ~ ^x) : 

, x i x l r M e f f r " - O 1 
a ( i ) • w ¥ i ^ i ^ r ' i + (mE - v j 

C(I) = 0 . (W. i - ( ! ) . , ) + -77—T - S. 
i,u i+i -L-y ^ - ^x 1 

D(I) = A i + B i + ( U . + 1 - 0)..,) - • S 

47 

Ai and Bi are further evaluated in conjunction with the hybrid formulae 

Ai = max f o , (T - j m') - ] 

Bi = max [ o , (T + J m) J 

The source terms are evaluated in sub-routine PHYS with the following 

notations:-

SI(I) = x , • s. = • ( 0). , - (j. J . s * 
_ ^ 1 -PU ^ i-r o 

where is the source term in equation 2. 

Chapter 5. The urvelocity. C(I) and D(I) array are used temporarily to 

store Qi and Pi and from which the velocity ui is computed in reverse 

order of i:-

^ D = P i ' u i + 1 , D
 + ^ 

Chapter 6. A,B,C,D for 0 (F(I,J)). The five other dependent variables 

(hence NF = 5) are computed in the DO loop (DO 480) . The coefficients are 

evaluated by the same procedures as before except for 0 6 = 1 for which 

the diffusion term is exactly the same as the velocity equation. The 

source terms are treated in three different manners. For these variables 

which have no source term (i.e. Si = o) , KSOURC = 3. For these 

variables whose source terms are not treated as functions of 0 (i.e. Si = o), 

KSOURC =» 2 and the rest are given the value of KSOURC = 1. 
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Chapter 7. The Dependent Variables, The five dependent variables F(I,J) 

are evaluated by the same manner as the u-velocity:-

i.e. (D . _ ^ P. • 0. . + Q . 
i,D l l+l,D x i 

in the reverse order of i. 

Chapter 8. Updating the Step. Finally, the downstream functions are updated 

to become the upstream value in preparation for the next marching step. 

B.4. Sub-Routine PHYS 

The functions of this sub-routine are twofold: (i) . to calculate the 

exchange coefficients, (ii) to calculate the source terms. This sub-

routine has nine chapters:-

Chapter 1. Laminar Viscosity. The laminar viscosity is calculated according 
39 to Sutherland's law : 

EMU (I) = (U ) ( ) 
l,j Ref T R e f 1+0.505 T ^ 

T 

Chapter 2. Turbulent Length Scale. The initial (at x = o) turbulent length 

scale, F(I,JEL), is derived from the Prandtl's mixing length hypothesis^: 

F(I,JEL) = A • (rx - v l z) 

where A is a constant (A = 0.09, ALMG) and rj- and r^j are e d g e s ^ at 

which the velocity gradient changes from above to below a prescribed 

minimum gradient. (DUDYMN, = FR* (Umax - Umin)/r p, where FR = 0 . 0 3 3 , r p 

is the radius of the jet nozzle). 

Chapter 3. Initial k and £ values. Initial k and £ (at x - o) are calculated 

from:-

k . 2 . • a- h ) 2 • 

and S = | j C u • C D 

C D 

57 k 
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Chapter 4. Turbulent Viscosity. 

k2 
EMUT = C • Cd • p 

M £ 

Chapter 5. Momentum Source Term. For momentum equation, KSOURC = 2 , (i.e 

S^ = o). Thus: 

s i < « • k ( w i + i - V i > 5 ( p
E -

Chapter 6. Exchange Coefficients. The exchange coefficient P eff 

,= U effv is distinguished between P e f f ^ - 1 (NEW PR =' 1) or otherwise 
^ 0 eff' 

(NEWPR = 2).- F o r NEWPR = 1 the = U e f f . The two diffusion 

terms are:-

C |J 
DIFU(I) = ( U ^ U T ' (NEWPR = 1) 

S x DIF(I) = j j j — ' r. Ueff (NEWPR = 2) 
E
 ~

 1
 J*. o e f f 

Chapter 7. Source Term for h. KSOTJRC = 2, thus S£ = o, thus 

= ̂  • •5 { - e f f H ^ + ^ ~ ^ 

Chapter 8. Source Term for m ^ . The source term of is based on up-

stream values. This could induce a large erros in areas where there was 

a step change, such as in the region near the flame front. To prevent 
• Ll 

this from happening, a term 1 S devised and defined as ':-

m C H 4 = i i - j j m ^ - S x m C H J - ( m ^ - S x m ^ ) ] 

so that: 

lean mixture: - S ^ ^ ) > o m ^ = o 

rich mixture: - S f n . ^ ) < 0 m ^ = m ^ 
S 1 

Thus, the source term is linearised as:-

- S i rnc< Si" (1-2S4 ) ^ 
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where Si = ~ • S A. = s / 
pu (P 1 

and Srf = - K m ^ - % 2 • p 2-T ^ • exp (-E/ R T) . 

Chapter 9. Source Term for k and S . The generation and dissipation terms 

in the source term of k and S are each calculated as follows:-

OENKCI) = ^ • M t • 

DISSK(I) = • P • S 

These terms are then linearised as:-

For k 

s i p = irir + o.92 p e ) 

and Si'= ^ [-0.5 \ (-^Y 2 - 1.91 P S ) 

For S 

Si = k f k Q . 6 M t • 0.91 P « 1 

and Si' - (. 2 . 8 4 p ,). 1 
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APPENDIX C 

Listing of Program METHANE 



SUBROUTINE START 

PROGRAM MtTHANE 
PROGRAM METHANE 

THIS PROGRAM IS DEVELOPED FRDl-i THE GENMxX T-VcRSiON ( 1977 ) 
COPV RIGHT -- 30PY RIGHT -- COPY RIGHT 

D.B.SPALDING C 
C — 
CHAPTER OUOOGOUUuuLUl. COMMON AND DATA 

— 30 MM ON 
BLOCKS 
bLOGK-

OjOuOoOubLUii jOuGOiiOwLuOL 

COMMON/COMA/ 
. ADPtl (5 0) , ti IG , B 0 M (50) , CS ALFA , DIF ( 5G ) , 01 FU( 5 0) ,DP,OX,OXLAST , 
2 EMU (50) , F (50, IE) , HOMDFE, HGMDF I ,I01?1F , IF I N, I ST EP , a TcS T , KEX , K1 ,M , J, 
3 KRAD ,KSOUR3,MOMSJU,N,NEWPR,NF,NMi,NM2,NM3,OM(5u),0MDiF(5u),OMI, 

ONE » PEI i PS1E , PSI11 R ( 5 0 ) • RE3RU ( 50 ) , R EC YOF (5. ) ,RHO (5b) ,RhE.<Ml, 
5 51(50)»SIP(50),TINY,J(50),XQ,XU,Y(50),YE,YI fOMINT(5 0) 
COMMON/COME)/ 

1 AGRAV,ALMG,ANST A,ARRC3N,CEBUA,CEbU3,C02DFU,CD,CHU,CMUCD,C1MOuk, 
2 C1MOD5»C2MOO^«C2M3D5,3 MI X(50),D1SSK(5G)•DJDV(51) , OPOX,Df EMP, 
3 DXMAX.FR.FRA,FACE.FA 3EXP,FJ2 0.FJKDfFLGPRIfFLuSEC fFuOTOT, F J I N 3 , 

G ASCON,GES K (5 b ) ,HFU, H 203 02, IP ASS,ICOMET, INERT ,i CON, xRUN, J 
5 JAL,JBE,J302,JEL,JF,JH,JH2D,JK,J2,JN2,JO X,JTE,KUui",NSTA,J XI NO, 
6 OXDFU,PREEXP,PRESS,PRIFLO.PEILIM,RECPRL(5),RE3PRT(3), REV NJS, 
7 RPRIFL, RE^WF J ,RE3WGX, RE3 WC J, RECWHG, RECW N 2, \OUT , SI G<, SIG2 , DXkAT , 
a TCR1C,TPRIFL,TSECFL,TERRJR,TTENP,TVEL,TAUDK,TT, Tr.EFV,UGiF,UFAC, 
9 ULIM,VISCD2,\/ISFJ,VISH20,\/ISN2»VxSuX»\/."-;iX(>C) ,XULAST, X3JT 

MOLECULAR WEIGHT 
DATA WFU,W3X.WC32, WH2D,WM2/lo. 0»32.u,h<+. u b/ • 

STOICHIOHETRI3 RATIO 
DATA OXDFU.C020FU,H20:02/^.c, 2.75, G.ei61ol6/ 

VISG03ITY 
DATA VISFU, VISOX,\/ ISC32 , VISH23 , V1SN2/2. 33E-5 , <+.13E-5, 3 . m E - 5 , 

i 2•8 uE-5 , 3 • i*9E-5/ 
PRANTAL AND SCHMIDT NUMBERS -

DATA PRLAM,PhTURB,3IG<,SIG2/G•7, G.7, l.G, 1.31^/ 

START 
START 
S TAR I 
START 
START 
3 TART 
START 
oTART 
STAR T 
START 
START 
^T ART 
START 
3 T ART 
START 
STAR1 
START 
START 
STMRT 
START 
START 
START 
START 
START 
START 
START 
S TARI 
START 
START 
START 
S T A R1 
START 
START 
STAKT 
START 
START 
START 

p 
b 
7 
o j 

lw 
11 
12 
16 
1 + 
13 
1 3 
17 
16 
19 
c. 
21 
22 
23 
24 
25 
26 
2 7 
2a 
23 
3 0 
31 
32 
35 
3A 
3 p 
36 
3 ' ( 
36 
39 

-o 
00 



VARIABLES START 
DATA JH, JK, J2, JF, JAL, J OX, JC02, JH20 ,JN2 ,JBE, JE-,JTt/i,2,3, <+, 6 ,7, START 

1 8,9,10,11,12/ START 

C GEOMETRY START 
DATA KRAD,CSALFA,H30S/2, l.u t 0.5/ START 
DATA KIN,KEX,XOUT/3, 2, U.C/ START 
OATA XU,DX,DXLAST/Q.G, l.EZu. 1.E2G/ START 
DATA 1DIMF/5C/ START 

3 LNTRAIMENT O TAR T 
DATA FAGE,ULIM,PEILIM, rACEXP/l« u, L.o2, u.iiii. O.b/ START 

C TURBULENCE CuNTAMTS START 
DATA ALMG,FR,UFAC,TAUD</0.G9,ti.U33,u.0l,G.2o2:>/ 5TART 
DATA CMJiCu.CMUuDt 3lrtD35 fC2M0D5fCihJD't tG2K0D«*/ START 

1 0.6, 0.23, U.133, l.ou, 1.92, C.69, G.92/ START 
C FORWARD STEP ADJJSTMENT STAR1 

DATA 1STEP,IFIN/Ut 1/ STuRT 
; G E N E R A L S T A R T 

DATA AGRAV,GASCON,HFJ,TREFV/9.8u7, 831^.3, 3.uG3t7, 773.U/ START 
DATA bIG,TI NY/ 1.E2G,1.E-1G/ START 

C . START 
CHAPTER lllllillllllllillll INITIAL SELECTION 11111111111111111111111 START 
C START 
3 1A 1A 1A SELECT TYPE OF FLOW 1A 1A lA START 
C S E T L N E R T = i F O R I M E R T F l U I D , i NE R T = 2 FOR SHEMj-CALLY R E A C T I V E START 

I N ER7 = 2 S T A R T 
3 StT JFn.EL= 1 FOR FREE JET, JFREL=2 ORTHERWISE START 

JFREE=2 START 
C START 
G IB IB IB SELECT VARIABLES 16 16 It START 
C U(I) . .. VELOCITY START 
C F(I,JH)... STAGNATION ENTHALPY START 
3 F(I,JK) ... KINETIC ENtRGY OF TU^bJLaNCE START 
C F (I, J<_) . .. EPSlLON=DISSIPATiUN RATE/DENSITY START 
C F(I,JEL)... TJ^BJLENCE LENGTH SCALE START 
3 F(I,JF) .. . MASS FRACTION OF FUEL START 
C F(I,JUX)... MASS FRACTION OF OXYGEN START 
3 F (I, JCOc) . . . MASS FRACTION OF CAR30 >i JIoXIOE START 



F C I , J H 2 0 ) . . . 
F < I , J N 2 ) . . . 
F ( I , J A L ) . . . 
F ( I , J B E ) . . . 
F ( I t J T£ ) . . . 
R H O ( I ) . . . 
CM IX ( I ) . . . 
NF = 5 

MASS -RACTION OF WATER \/uPuU* 
MASS FRACTION OF NITROGEN 

ALFA = MCG2 + C02 DFg*MFU 
3 ET A= M02-U XDFU* MF U 

TEMPERATURE 
DENSITY 
S P E C I F I C HEAT 

C iC 1G 13 S E L E 3 I IND ICES 
C GRID 

N=30 
NRDI\/ = I F I X ( 2 . D * F L U A T ( ^ ) / 3 . 0 ) 
NRDI VP=NRDI\/ + 1 
NM1=N-1 
MM 2 = N-2 
N M 3 = N - 3 
FRA = 0 .05 
XULA3T=G.35 

3 OUTPUT 
NSTA=5G 
ANSTA=NSTA 

1C 1U 

^ T m R I 
START 
START 
START 
S T A R J 
S T AR i 
START 
START 
START 
START 
START 
START 
STAR l 
ST^RT 
START 
START 
START 
START 
START 
START 
START 
START 

7 7 

76 
79 
6 j 
61 62 
33 
61 
35 
85 
3 7 

86 
6 J 
^ C 
91 
92 
93 
9* 
9? 
9b 
9T 

Ln 
O 

IT ES T = 1 3 PROFILE TYPE START 
TVEL =6.0 START 
TT Eh P=7.0 , ^ I a kT 3 . START 

CHAPTER 222222222222222 22222222 DATA INPUT 2 2 2222 22 222 2 22 2 2 2 22 2 2 22 2 START 3 START 
C 2A 2A 2A PHYSICAL C O N S T A N T S . . . . . 2A 2A 2A START 
3 S . 1. UNITS START 
3 MOLECULAR WEIGHT START 

RECWFU=1./WFU - START 
REC WOX=l«/WOX STaRT 
RECWN2=1./WN2 START 
RECWLO=l./W302 START 
RECtfHU=l./WH2U STA.RT 

99 
X U w 

iu 1 
102 
i u J 
lC t 
i. u v 
j.0b 
107 
lb 3 
L u9 

1 1 1 
1 1 2 
1 1 3 



PRANTAL ANu SCHMIDT NUMBERS 
DO 20 J = 1» NF 
R E C P R L t J ) = 1 . / P R L A M 

20 R t C P R T ( J ) = i . / P K T U R 3 
R E C P R K J K ) = 1 . / S I G K 
R E C P R T ( J 2 ) = 1 . / S 1 G 2 
2 b 2b FLOd PROPERT IES 

TEMPERATURE AND PRESSURE 
P R E S S = i . 0 l 3 E + 5 
TSECFL=^23.0 
TPR IFL=l7 '+5. 0 

FLOWRATE 
P R I F u U = 0 . u i l 5 
SECFLO=O.C5 
F . O P R i = P R I F L O . 
FLO SEC = SECFLO 
P \ I F L0=PR I F ; _0/ ( 2 » * 3 « l 4 2 ) 
SECFLO=SECFLO/<2.*3 . i * *2 ) 

FUEL / A I R KATTO 
OX IND = 0•2328 5 
FU IND=1 . I 
I F ( I N E R T • N E . 1 ) GU TO 21 
OXIND=0.233 
F J IND=0•0 

2 i CONTINUE 
R A D I I 

RPR l FL=u .uQ9b75 
ROUT = 0.1*+5 

COMBUSTION MODEL DONSTA^TS 
CEBUA = lt * U 
CEBUB = i .«f7 
PREEXP=7.63E6 
ARRCON=2.15E8 
TT=4.1 
I F C F U I N D . G T . l . C ) TT=3.3 

START 
STaRT 
START 
ST An T 
STAR"! 
S TART 
STAR I 
START 
START 
START 
START 
START 
START 
START 
START 
START 
START 
START 
START 
START 
START 
START 
START 
START 
jTART 
START 
STAR] 
START 
START 
STAR T 
START 
START 
ST ART 
START 
START 
o TAR T 
START 

lie. 
117 
llt> 
119 
12 J 
121 
1 2Z 
123 
12-r 
125 
L2d 
127 
126 
12 9 
1 3 b 
131 
132 
lio 
I3t 
135 
l 3 o 
137 
13d 
i. 3 9 
l^L 
1W1 

It <2 

liU 

lwd 
15 j 
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F ( I t J u £ ) = F(1,J BE) 
509 F < I , J C X ) = F ( i , J O X ) 
506 CD NT 1NUE 

CARBON DIOXIDE AvJD W A T£ R V^PuUR AND NITROGEN 
DO 511 1 = 1,N 
F ( I , J C 0 2 ) = F ( I , J H 2 0 ) = 0 . 

511 F Q , J N 2 ) = 1 . - F ( I , J F ) - F ( I , J O X ) - F ( I , J S 0 2 ) - F ( I , J H 2 G ) 
ALFA AND 6ET4 

I F ( I N E R T . N E . 2 ) GO TO 513 
DO 5 i 2 1=1,N 512 F ( I , J b E ) =F ( l I , JOX)-OXDr J*F< I , J F ) 

513 CJNTINUt 

START IZ-j 
START iiZt 
START £-2 7 
START 22D 
START 229 
START d 3 u 
START 231 
START 232 
ST ART 2 3 3 
ST AKT 2 3^ 
START 2 3 ;> 
START 2 3 o 

DO 51A 1 = 1,N 
5l<+ F ( I , J A L ) = F ( I , J C 0 2 ) * C 0 2 D F U * F ( I , J F ) 

TEMPERATURE 
F { i , J T E ) = T P R I F L 
F*(N, JTE )=T3ECFL 
DF = F ( 1 , J T E ) - F ( N , J T E) 
DO 515 I=1,N 

515 F ( I , J T E ) = F ( N , J T t ) + D F * ( l . - R ( I ) / R < N ) ) * * ( l . / T T E M P ) 
DENSI TY 

PDGSCU=PRESS/GASCON 
DO 516 1=1,N 
RHOCuN=PDGSCN/F( I , JTE) 
V M I X ( I ) = F ( I , J F ) * R E 3 W F J f F ( 1 , J O X ) « k E C W O X + F ( l , J C 0 2 ) ^ R E C W C O 

1 + F ( I , JH20)*RECWH0 + F U , JN2)*RECWN2 
516 RHO<I)=RHGCON/VMIX(i) 

VELOCITY 
U(N)=2.*SECFLO/(RHO (N) * ROUT-R t N) )*(ROUT +r. (N) ) ) 
A INT1 = AINT 2 = 0 . 
DO 517 1=1,NN1 
RHOR=RHO( I ) *R ( I ) 
RHORM=RHOR* ( 1 • - I . 5 M R ( l ) ( 1 + 1) )/R (N ) ) 1./TV EL ) 
DELR=k (1+1 )-R ( l ) 
Ai NTl = A iNT l+kHOR*OELR 

517 AINT2 = AINT2«-RHQFM*DEL* 
U (1 ) = ( P R l F t L + U ( N ) (A I N T 2 - A j. M T i ) ) / A1NT2 

STMS T 2 3 ( 
START 2 $ b 
START 
START ^ -START 2 ̂  A. 
START 2^2 
START 2i+3 
START £ '-t 4 
START 
STmRT 2<*6 
START 2 7 
START C d 
START L*+9 
START 2 5 u 
START 251 
START 252 
START 253 
START 2 5^ 
START 255 
START 2 5 d 
START 2 5/' 
START 2 5 ^ 
START 259 
START- n 5 
START 3 ̂  ' i_ -j 

Ln 
-fc-



DF = J ( l ) - U ( N ) 
DO 518 I = 2'.NH1 

518 U C I ) = U ( N ) + D F * ( i . - R ( I ) / R C N ) ) * M l . / T V E L ) 
V I S C O S I T I E S , K , J 2 

I PASS=G 
CA L_ PHY SU 
I P A S S = 1 

tiNTHALPY 
DO 5 2 i 1 = 1 ,N 

•CH20 =7.256 
C3D2 = 6.2l*+ 
COX = 6.i*+8 
CFU =3 .381 
CN2 = 6.52*+ 

+ 2 . 2 9 8 E - 3 * F ( I , J T E ) 
+ 1C.395 E - 3 * F ( I , J T E ) 
+ 3 .102E-3+F ( I , J T E ) 
+ 1 7 . 9 G 5 E - 3 * F C I , J T E ) 
' 1 . 25 C E- 3*F ( I , J T E ) 

+ 0 ,26 3 E - B * F ( L , J T E ) + F ( I , J T E ) 
- 3 . 5 h 5 E - o * F ( i , J T i ) + F ( I , J T E ) 
- t . 9 2 3 £ - O * F C I , J T E ) * F ( I , J T E ) 

. 1 8 8 E - 6 * F C X • J T E ) * F ( I , J 1 E ) 
- 0 • O U I E - b * F C I , J T E ) * F C I , J T E ) 

5 2 i 
F2G 

53 G 

CN2 =b.b2if + 1 , ci> V o + r 11, J i t ) - O i U u l c - D ^ r i i j J k K r l i j J I t 
C H I X < I ) = F ( I , J F ) + C F J * R E C W F U + F C I , J O X ) * C G X * R E C W O X + F C 1 , J C 0 2 ) * C C l 2 

1 RECWCOfF C I , J H 2 0 ) *CH2D*RECWri0 + F C I , JN2)*CN2*RLCWN2 
CMIX C I )=CHIX ( l ) * * t l 8 5 . 5 
DO 5 2 u 1 = 1 ,N 
F ( I , J H ) = 0 . 5 * U ( I ) * U ( i ) + 3 ! i I X ( I ) * F ( l , J T E ) + H F U * F ( 1 , J F ) t F C I , J K ) 

STREAM FUNCTIONS 
PS 11=C . 
PS I E = 0 • G 
00 53«J 1 = 2,M 
P S I E = P S I E + C . 5 * ( R H O ( I ) * U ( I ) * R ( I ) + R H O ( 1 - 1 ) * U ( I - l ) * R ( I - l ) ) M Y ( i ) - Y ( i 

i - 1 ) ) 
PLI=PSIE 
FL0T0T=PS1E+SECFL0 

CHAPTER 6 666666 6666 666,5 6666 666666 
0 M C1) = U • 
OM<N)=1.G 

GRID 6b6b6bb66b666f : b66o6obooc66b666 

START 
START 
START 
S T A R 1 
j^P.T 
3 i A R T 
START 
START 
START 
^THRT 
START 
START 
START 
START 
START 
START 
START 
STmRT 
START 
START 
ST ART 
START 
START 
START 
ST AR T 
START 
START 
START 
START 
START 
START 

2 5 3 
•lot 

265 
2 6 o 
db7 
2 5 3 
1 5 9 
270 
2 7 1 
272 
273 
2 7*+ 
27b 

27 u 

17 7 

276 

2 7 9 
2 8? 
^ 5-1 
2 8 2 
2bS 

Zb± 
cdi 

1 8D 
28 7 

2 06 
2S-J 
d 9. 
2 9 1 
292 

Ln 
en 

D J 519 1=2,NM1 
519 O M ' m =ON (1-1 ) + 0 . 5 M R H D 11) *UC I ) * R ( I ) + RHOCI-1) * U 4 I -

1 (Y ( l ) - Y ( I - i ) ) / P E I 
"OMI = Uh (2) # 
OME=l . -GN (NMl ) 
B0M(2 ) = . 5 M 0 M ( 2 ) + J M ( 3 ) ) 

i ) * R < I - l ) ) 
START 
START 
STAR < 
S T M R T 
START 
START 

2 9 I 
29 
2 9:> 
2 9 O 
29 7 

>93 



OrtINT (11=0• 
OMINT (2)=BOM(2) 
DO 2u2 1=3,NM2 
OM IN T ( I ) = • 5 * (U M ( I ) f O M I I + 1 ) ) 
BUH (1 )=UMINT ( I ) -OMINT (1-1 ) 

202 OMDI F ( I ) =0 (1 ( I ) -OM ( I -1) 
H0MDF1=.5*0N0IF (3 ) 
BOM(NM1)=1.-OMINT(NM2) 
OM^T (NM1) =1. 
OMDI F (NM1) =Oh( Ni l l ) -OM( NM2) 
HO MDF E=•5* OMDIF(NM1) 

C H A P T E R 77777777777777777777 
C A L L HARCH 

1 A R C H I N G 7777777777777777777777777777 777 

HAPTER 8688886868888868668 TERMINATION 6 86 8 a 8686 68 fad 066 8 88 8o 88a a 688 o 
GD TO ( 203, 20**) , I S D N 

20* W^ITE (6» 2uG) T P R I F L 
200 FORMAT ( 3 H I , A X , 1 0 ( 1H* ) , 2 6 H I G N I T I O N H A S B T E N D E T E C T E D , 1 0 ( 1 H - ) , 

1 2 1 H I G N I T 1 U N T E M P E R A T J R E = , 1 P E 9 . 3 , 3 6 X . 1 H I ) 
WRITE(6 ,201) XUjISTE 3,IRUN,TDELTA,TEkRO? 

2 0 1 FORMAT (3H I , k X , 1 1 HDET ECT ED A T , 5 ( 1 H - ) , 3HX U= , I P E 9 . 3 , + X , 6 H I S T L P = , J.+ , 
1 T F X , S H I < U N = , L 2 , ^ X , 1 2 H W I T H T D E L TA= , F 5 • 1 , AX , 1 1 HA NO T ERROR= , F + . 1 , 
2 1 9 X . 1 H I ) 

DD 210 1 = 1 , 3 
210 W R I T E ( 6 , 2 L 5 ) 
2 0 5 F O R M A T ( 3 H I , 1 1 6 X , 1 H I ) 

W R I T E ( 6 , 2 0 6 ) 
206 FORMAT(2X ,118(1HT) ) 

I F ( I K U N . G T . I L A S T . O ^ . T D E L T A . L E . T E R R O R ) GO TO 120 
I R U N = I R U N + I 
GO TO 30 

2 0 3 C O N T I N U E 
W R I T E ( 6 , 2 U 7 ) T P R I F L 

207 F O R M A T ( 3 H I , + X , i u ( 1 H - ) , 29HMO I G N ^ T i O N H A S D E E N DT EOTL.D» 1 b ( 1 H - ) , 
1 1 6 H J E T T £ M P E R A T U R E = , 1 3 E 9 . 3 , 3 8 X , 1 H I ) 

W R I T E ( 6 , 2 U 8 ) I S T E P , X U , I R U N , T O E L T A , T E R R O R 

S T A R ; 29 9 
OTART S u u 
START . S C I 
S T A ^ T 3 C 2 
S T A R T 5 J 3 
S I ART 304 
START 3 U o 
S T A R T 3UD 
S T A R T 3 J 7 
S T A R T 3 G 3 
S T A R T 3 0 9 
S T A R T O I L 
S T A K T 3 1 1 
S T A R T 312 
S T A R T 313 
S T A R T 31A 
S T A R T 315 
S T A R T 3 1 B 
S T A R T 317 
S T A R T 31A 
S T A R T 3 1 9 
S T A R T 3 2^ 
S T H R T 3 2 1 
S T A R T 322 
S T A R T 3 2 3 
S TM R T 3 2 T 
S T A R T 3 2 5 
S T A R T 3 2B 
S T A R T 327 
START 3 2 A 
START 329 
S T A R T 33 0 
S T A R T 3 3 1 
S T A R "I 332 
S T A R T O3 3 
S T A R T 3 3 A 
S T A R T 3 35 

Ui 



208 F0RMAK3H I ,<+X, i3HTHIS I S AFT Ek ,5 (1H-) , 6 H I S TE P= , i h- , 2 X , b H A i 
1 l P E 9 . 3 , 2 X , H H AFTER I R!JN= , 12, 2 X , 12 H WI TH T DEi_ T^ = , I P c.9 . o, 2 X , 
2 I IHMND T E R R 0 k = , I P E 9 . 3 , 7 X , 1 H I ) 
DD 2u9 1=1,3 

20 9 WRITE ( 6 , 2 u 5 ) 
WRITE ( 6 , 2 0 6 ) 
I F ( I R U N . G E . I LAST . O R . T D E L T A . L E . T ERROR) GC TO 120 
IRUN=IRUN+1 
GO TO 30 

12 0 CONTINUE 
STOP 
END 

XU= , START 
S "I A R i 
oTKRT 
START 
S TA R T 
START 
S TmRT 
oTART 
START 
START 
STAR 1 
STkRT 

3 3 O 
3 37 
3 3^ 
3 3 9 
3't V. 
3<rl 
3<*2 
3 3 
w ^ T 

3^6 

i-1 

/ 



SUBROUTINE MARCH 

C O M M O N / C O M A / 
A OPEl (bi) 
EMU ( 
K R A D 
UML 
SI ( 

C U r t H O N / C O H B / 

COMMON BLUCK 
bOM C 5U) , OS A L F A , D l F ( 5 u ) ,D iFU(?0> 

AGRAV, ALMG, ANSTA, ARR3 ON,3EBUA,CEBUB,C02DPU,CD,3MU,:MUC3, ClhOQ'r , 
DiMOD5,G2MOD**,C2SD05,CrlX<50),0ISSK(5G>,DUDY<5L) ,DPDX,OTEMP, 
D X M A X , F R , F R A , F A C E , F A : E X P , F J 2 D , F J K D , F L O P K i , F L D S C C , F _ 0 I U l , F u J N D , 
GASCON,GEMK(5G) , H FU, H 2 UC02 ,1P ASS , ICO MOT , I NLRT , lCGN,IrvUN. J F r . EE , 
J A L , J o E , J 3 D 2 , J E L , J F , J H , J H 2 u , J K , J 2 , J N 2 , J O X , J T E , < U G 1 F , N S T A , D X l N D , 
O X D F U , P R E E X P , P R E S S , P R I F L U , P E I L I M , R E C P R L ( 5) , RECPKT ( 5 ) , REY NuS, F !-»-•-> R-1 r,r"-I.irn r. r - uz-.V f- N 1.1 r» R, L ,n I.iun L: CI IJM O . L. m IT . ('/ ^ .CP 1V3i> 1 . kPRlFL,RE3WFU,fcE3WOX,RECWCG,kELWHO,RELWN2,KOUl 
T C R I C , T P R I F L , T S E 3 F L , f E R R D R ,TTEHP ,TVEL ,TAUDK,TT ,T^EFV , 
U L I M i VI SCO 2 i V I S F U , VI3H20, VI S N 2 , V I SOX,VnlX<50 ) ,XULAST, 

,Sa.Q<oxG2,3XRAl , 
UQ1F,UFAC, 
X3JT 

BOO 

;HAPTER l l l l l l l l i l l l ST-EP CONTROL AND E^TkAi MENT 1111 111 1111111111U i 
GO TO 700 
DXY=FkA¥RPRIFL 
I F ( I S T E P . L T .2 0 ) DXY=FRA*RPR I FL * ( ( i .+FLOAT I I S T E P ) ) / 2 L . v ) 
DXRE=DXY*PEI/ ( . 5 * ( R ( 1 ) + R ( N ) ) * E M U (1 ) + T I NY ) 

ENTRAINMENT RATES 
KUDIF=IS7EP 
UMA X = U (1 ) 
UMIN=U<1> 
DO 615 1=2,N 
UMAX = AMAXl(Uf;AX,U ( I ) ) 
UMIN = A M I N l ( U H I N , U ( I ) ) 
UOIF = UMAX-UMIN 
RATE=ABS (< J (NM1>- J (N ) ) / (U31F*UL IM+T INY ) ) 
R M E = - (R ( N M 2) + R (N M 1) ) * ( Er.J ( N(12 ) +EMU (NM1)) *RECYDF I Nr.2) *F.ATi / 

1 (1 • *RAT l.) 
FACE=FAGE*RATE**FA3EX3 
FACE = AMAX1( .C l ,AMiN i<="*CE , iO . )> 
RmE = KI;E*FA 2 E 

615 

\ ARCH 3 
MARCH 
MMRCH 5 
MA'-CH 
MARXH 7 
MARCH ^ 
"L ARB H 9 
M A C C H 1 -
MAK.CH 1 1 
MARCH 12 

AKCH 13 
.•1 ARC H I T 
MARCH 
MARCH LB 
MARCH 17 
MARC H I S 
M A R C H 19 
MMKCH 2O 
MARCH 2 1 
^ A ' C H 22 
•MARCH 23 
MAACH 2 + 
M A I\ C H 25 
M ARCH 25 
M AKCH 2 7 

ARCH 25 
MARCH 2 3 
,1 ARCH 3 ;• 
,-i AFCH 5 1 
MAIVCH Sc. 
MARCH 33 
MARCH 3 + 
I A ? C H ;> 
K ARCH 3D 
M MR C H 3 7 
MARCH 3 O 
MARCH 39 

Ln 
oo 



DXPS I = P E I * P E l L I I l / U l i I - * M E + T i . N Y ) ^ Q E 
- S I T \M-UE 0" OX «•! 

DX=AMIN1(0XY, DXKEi DXPS I ) ^.ArUH 

PES^T DX oO THAT X J WILL NOT cXCEiD XULASi 
OX-AMlNl (DX,XULAST-XJ ) 

j"rAP ZlRO DR NEGATIVE DX 
I F (DX .GT.L . ) ' GO T3 60 6 
IF I N = 2 
GO TU l lOu 

' DETERMINE XD 
608 XD = XU + DX 

DXLA ST = DX 
GO TO 7L 

OUNDakY CONDITIONS 22 22 222 22222 2^22 222 2 CHAPTER 22 2 2222 2 22 2222 2 2222 2 
7u0 ASSIGN 751 TO ISTART : SECONDARY STREAM VALUES ( R thA IN UNCHANGED) 

XD= X U 
UD=U(N) 
TD=" (N , J T c ) 
FUD=F (N , J F ) 
O X D = F I N, J O X) 
CJ2D = F(N» JC02) 
H2uD=F(N,JH20) 
N2D=F(N,JN2) 
A w D = F (N» J A _ ) 
BED=F(N, JQE) 

' RHOD=RHO(N) 
CM IX D=CMIX(N) 
ENTHD=F(N,JH) 
F J K D =F (N, J K) 
F J 2 D = F ( N, J 2 ) 
C D N T I ll U E 

bOJNDA^Y SONOITiONS FOF FORWARD 
— — - — — - — - - - i 
RMI = L . 
P S I I = G . 

70 ST E 3 
OUNDARY 

MA-CH 
A'1 CH 

,"1AR CH 
Ĵ A R C H 

MARCH 
MARCH 
MARCH 
M A * C H 
M A R C H 
MARCH 
MARCH 
MARCH 
M A R C H 
MARCH 
M A R C H 
MARCH 
M A R C H 
MARCH 
MARCH 
MAKCH 
MARCH 
M A R C H 

A ? C H 
MArCH 
AKCH 

.•» A R C H 
>i A-.CH 
MARCH 
MARCH 

KI< C H 
M A R C H 
M A R C H 
M ANCH 

A R C H 

+ o 
AH 
Lb 
A o 
4 ( 
o 

A -i 
5 j 
51 
'j 2. 
53 
5 4 
p 5 
5 5 
57 
5 3 
5 9 
6 -
D j. 
52 ? 3 

6 T 

b > 
bo 
57 
68 
59 
7 u 
71 
72 
73 
7 A 
~T — I P 
7 6 

Ln vO 



U ( i ) = U ( 2 ) 
DO 737 J = l t NT 

737 F ( l , J ) = F ( 2 , J ) 
I F ( I S T E P . E Q . 0 ) GO TO 7 1 BOUNDARY 
U(MI=UD 
F t N , J H ) = E N T H O 
F ( N» J T E ) =TD 
F ( N » J F )=FUD 
F ( N , J O X ) = O X D 
F { N > J C 0 2 ) = : J 2 D 
F (N , JH2U )=H20D 
F ( N » J N 2 ) = N2D 
F ( N » J A L ) = A L D 
F (N» J B E ) =BED 
RHO(N)=\HUQ 
C MIX ( N) = C MIX D 
RECRU (N )=1 • / ( R H O ( N ) * J ( N ) + T I N Y ) 
F ( N , J K )=F (N i11 , J K ) 
F ( N » J 2 ) = F ( N M i , J 2 ) 

71 CONTINUE 

M Ah. CH 
MARCH 
MA'CH 
i Ai\Ch 
MARCH 
1-1AF CH 
;, ARCH 
M ARC h 
-ARCH 
MarCH 
M AkCH 
M AS.CH 
MARCH 
MARCH 
M aR CH 
MAr CH 
M A r. C H 
M A i\ C H 
M A R C H 
MARCH 
M A r C H 

7 7 
7 i 
79 
8c 
6l 
82 
33 
8 -T 
b-> 
ol 
57 
o o 
89 
9 . 
9 1 
92 
93 
9T 

95 
9 7 
98 

CTv 
O 

CHAPTER 3333 TURBULENT CONSTANTS ADJUSTMENT 3333o333o33 3 3 3^3 3 3 o3 3 3 33 
I F ( I S T E P . E Q . G ) SO TO 752 
XDDIA = XU/ (2•u * R P R I F L ) 
CMU3D = -C .uU613*XDDIA+j . 157 
I F ( X D D I A . L T . 5 . G ) 3MU3D=G.137 
I F ( X D U I A , G T . 2 0 . 0 ) CNJ3D=C.0A5 

762 CONTINUE 
GO TO I S T A R T , (751.8CU) 

7 5 l ASS IGN 8Gu Tu I S T A U 
GO TO 9bG 

CHAPTER AAAAA P R E S S J R E 
80 u 1 F ( J F R E E . E Q . l ) GO TO d u l 

AFLOWU=AFLOWD 
A D U C T O = O . 5 ^ R O U T ^ R O J T 

GRADIENT (A) W^hMtH^^T A H A - H ^ A 

MARC H 
MARCH 
H AH CH 
M A R C H 
MARCH 
MARCH 
MARCH 
MARCH 
MARCH 
MA.- CH 
/.ARCH 
F*I AR. C H 
. R A R C H 
MARCH 
MARCH 

9 9 
i 
ill 

•> o -
1 u 3 
i. 'w -» 

1G 
1 w O 
ii.7 
1 u 5 
1C.9 
11, 
1 1 1 
1 1 2 
113 

i 



DA = AuUC TD-AFLOWU M ARCh 11-r 
OP =DA/OAOP MAkCH 11^ 
DP = A HI N1 ( A 3 3 ( D P) , C .5*DPMAX,-u .1*DX) < ARCH 116 
I F f D P . L T . u . u ) DP=ANAX1(DP.-0.1*DX) MARCH 117 

AFLOWU AND UAUP ARE CALCULATED IN CHAPTER 8 MARCH H A 
801 CONTINUE MARCH 119 CONTINUE 

MARCH 
M Ah CH 

I 
CHAPT ER 5555555555555555555555 SOLUTION PROCEDURE 55^55555555555^5^5? 

MARCH 
M Ah CH 121 CHAPT 

CALL SOLVE MAS CH 122 
;•! A -X H 123 ;•! A -X H 123 

CHAPT ER 6666666666 CALCULATE THE DEPENDiNG VARIABLES 6o66666b666ocbcL M A R C H 12-, 
900 CONTINUE M A R C H 1 2 j 

I F ( I S T E P . E Q . 0 ) GO TO 910 M A '< C H 1 2o 
C PRESSURE M A R C H 127 

PRESS=PRES5+DP MARCH 128 
PDGSCN=PRESS/GASCON M A R C H 12-j 
DP O X = D P / DX M A R C H 1 3 J 

•ut hASS FRACTION MAkCH I 3 i 
DF1 = F ( 1 , J 3 E ) - F ( N , J 3 E ) : A R C H 132 
DF2 = F ( i , J A L ) - F ( N , J A L ) + T 1 N Y MmkCH 133 
DF12=DFl/DF2 M A R C H 1 3 -r 
DO 921 1=1,N MARCH 13 j 

F ( I , J b E ) =F (N, J b D + D F 1 2 M F ( I , J A L ) -F (N , J A L ) ) ,M AR C H L 3 3 
F ( I , J O X ) = F ( l , J b E ) + O X D r U * F ( I , J F ) MARCH 137 
F ( I , J C 0 2 ) = F ( 1 , J A L ) - C 0 2 3 F J * F ( i , J F ) M ARCH 1 3D 
F ( I , J H 2 0 ) = H 2 0 C G 2 * F ( I , J 3 0 2 ) MARCH 1 39 

921 F ( I , J N 2 ) = 1 . 0 - F ( I , J F ) - F ( I , J O X ) - F ( I , J 3 O 2 ) - F ( I , J H 2 u ) i- ARCH l . r* TEMPERATURE MARCH 1^1 
DO 922 1=1,N M AKCH 14-2 
CH20 =7.256 + 2 . 2 9 3 E - 3 * F ( I , J T E ) + C . 2 8 3 L - 6 * F ( 1 , J T E ) * F ( I , J T E ) M A R C H 1 + o 
CC02 =6. 21*+ +1L .393>E-3*F ( 1 , J T c ) - 3 . 5^5 E-L-. * F ( I , J TE) • F (1 , JT E ) J-.AF.CH l̂ r-r 
COX = 6.1*+8 + 3 . 1 0 2 E - 3 * F ( l , J T E ) -0 . 92 3E-6* r ( I , J T E ) * F ( I , J T E ) MARCH 
CRU =3.381 +17 .9G5E-3*F (1 , JJz.) . 15 8 E-5*F ( i , JTc.) * F ( I , J T E ) R A R C H 1 i+o 
G.N2 =6.52^ t 1 .250E-3*F ( I , J T E ) -0 . 00 l t - 6 * F ( I , J T _ ) • F ( I • J T E ) .MARCH ? x -+ I 
•CMIX I I ) = F ( I , J F ) * C " J - R c : W F U + F ( I , J O X ) + C O X * R E3WOX+F( i , JCG2)*3GC2 

1 RECWCO+F( i , JH2U)*CH2D*RE3WHO+FCi» JN2)*CN2*RECWN2 
K ARCH I. •+ 3 •CMIX I I ) = F ( I , J F ) * C " J - R c : W F U + F ( I , J O X ) + C O X * R E3WOX+F( i , JCG2)*3GC2 

1 RECWCO+F( i , JH2U)*CH2D*RE3WHO+FCi» JN2)*CN2*RECWN2 M M I \ C H 1 4 9 
CMIX ( x ) = C i 11X ( I ) • 1 3 5 • 5 M ARCH 15 . 



922 

925 

F ( I * J T E ) = F ( I j J H ) - i . . 5 * J ( I ) * ' J ( I ) - H F U + F ( i , J F ) - F ( L , J K) 
F ( I , J 1 E ) = F ( I , J T E ) / C M I X ( 1 ) 
F (N» J T E ) = T 0 
DO 9<:5 J = l , 1 2 
I F ( J . E Q . J b E ) GO TO 
DO 925 1=1,.M 
I F ( F ( i , J ) . L T . T i N Y ) 
CONTINUE 

DENSITY 
DO 923 1=1,N 
RHO:ON = PDGS3N/ F (/I 

92 5 

F(I,J)=U.C 

J T E ) 
KnU*/UN = rUbo^N/ r l/i » J I : ) 
V M I X ( I ) = F ( i , J F ) • R E S W F J + F ( I , J O X ) • R E C W O X + F ( I , J C D 2 ) + R E C W C U + 

1 F ( I f J H 2 D ) * R E C W H O + F ( I , J ^ 2 ) * R E C W N 2 
923 RHO<1 )=RHOCON/VMIX( I ) 
910 CONT'iNUE 

R A D I I AND 
CALL DISTAM 

< c 

CHAPTER 
I? 

551 
GO TO 551 

552 
55 3 

7777777*777777 TEST FOR 
( I N E R T . N E . 2 ) GO TO 553 

DO 552 1=1,N 
I F ( F ( I , J T E ) .GT.TCf- I C ) 
GO TO I bZ 
IC ON = 2 
IF IN( = 2 
GU TO it) 2 
CONTINUE 
CONTINUE 

I G N I T I O N 7777777777 77 7177 7~( t 777777777 

3 H A ̂  T E R 888868888668683 PRESSURE 'GRADIENT (b ) 
I F < J F R E E . t Q . i ) GO TO 1^23 

c C A L C U L A T E A F L O W D AND DADP 
ADU:TO=G.5*ROUT*ROJr 
A F L 0 W D = 0. 5*R (N ) *R ( M) + < r LOTOT-P t _ i ) *RECRU (N ) 
DAi=ADUCTD/AFLOWD-1.i 
DA DP = li • li 
SUM= 0 • 0 

6868o6o86868ba66663o86a 

H A R C H 
MARCH 15 2 
MARCH B : 
M A R C H ^ ? ? 
MM-XH i 
MARCH 1 5 5 
.1AR CH 1 5 / 
MA~CH 15A 
M Ar CH 
MA.VCH lbu 
MARCH LOL 

ARC H 1 0 2 
M A ̂  C H 1 b 3 
•i AI\CH 1 6A 
MARCH 1 6 5 
MARCH L B S 
MA^.CH . 6 7 
MARCH 1 6 6 
MARCH 16 9 
MARCH 17 j 
M A R C H 1 7 1 
•M ARC H X 7 2 
MARCH 17 3 
MARCH I 7 T 
M Ah CH L 7; 
M A K C H t Zi 
M A R C H I 77 
MA : ;CH 173 
>1 ARCh 17 9 
MArXH 13L 
T ARC H 1 6 1 

Ma-' CH 1 6 2 
MARCH 16 3 
MARCH I 3 F 
M A r, C H 6 > 
MArCH 1 8 o 
MARCH LA 7 

ON 
fo 



[}PMAX = B IG ' lAr.CH 
DO 1 u 2 5 1 = 2, NM 1 MAr.CH 
DPMAX=ANIN1(DPNAX, RHO( I ) * J ( I ) * + 2) MAkCH 

10 25 SUM=SUM*BOM ( I ) *RE3 RU ( I ) *R23 ( 1 ) * k £ 3 R U ( I ) *RHO( I ) . MAr.CH 
DADP=OAGP+PEI*SUM .\ARCH 

0 ADJUS1MENT MArXH 
I F ( A l ' S ( D A 1 ) .LT . l . E - 3 ) 30 TO 1023 .'1ARCH 
DP=DA1*AFLOWD/OAD? MARCH 
DP=AHxNl (ABS ( DP) , I . 5*DPhAX, -U . l^DX ) KAr.GH 
I F ( D P . L T . j . G ) GP=AMAX1(DP,-0.1*DX) , MAn.CH 
DPOX=OPDX+DP/DX MARCH 
DO 873 1=2,NM1 MARCH 

873 U ( I ) = U ( I ) - D P * R E C R U ( I ) .MARCH 
CALL DISTAN MARCH 

1G23 CONTINUE MmRCH 
Q ; MARCH 
CHAPTER 99999999999999999999999 OUTPUT 9999999999 9999 999 9 99999 999 9999 MAi-.CH 
3 MARCH 
C 9A 9A 9 A HEADIN3S 9A 9A 9A Ma-CH 

I F ( I S T E P . N E . I ) GO TO 106 MAkCH 
DIA M E T = 2 • * RP R I FL MAFCH 
AMACH = U ( i ) * SORT(293 . u / F ( 1 , J T E ) ) /33C.C MARCH 
W R I T E (6 , 1C 2 * ) MARCH 

102* FOR MAT ( 1 H 1 , / / / / / , 2 X , H 8 (1HT) ) MARCH 
DO 1 i 28 1 = 1 ,5 MARCH 

1028 WR ITE (6 ,1027 ) MARCH 
1027 FORMAT(3H I , l l 6 X , l H i ) MAkCH 

W \ I T E ( 6 , 1 0 1 0 ) MARCH 
1010 F 0 R11A T ( 3 H I , * X, * 9 (1H *) , 6H JUTPUT , *9 (1H* ) , SX, 1H1) MARCH 

WRITl. (6 ,1012) R P k I F L ,R3'JT MARCH 
1(312 FORMAT ( 3H I , *X , 5 H RAD 11, 5 (1H- ) , 3L X , 7HRPRI FL= , r 8 . 6 , 7X, 5 Hy j U T =, F 5 .3 , MA.-.GH 

1 * U X,1H1) ' MARCH 
WR ITE (6 ,1013 ) F L O P R i , r u O S E C MARCH 

1013 FDRMAT(3H. 1,*X,1CHFLDW R A T E S , 5 ( 1 H - ) , 2 5 X , 7 H P R I F L O = , l P c 9 . 3 , 5X, MARCH 
1 7HSt_CFL0 = , l P E 9 . 3 , 3 * X , l H I ) \rtr.CH 

W R I T E ( 6 , 1 0 1 * ) T P R I F L , T 3 E 3 F L MARCH 
101* FORMAT (3H I , I X, 1 2 HTE -1 PERAT J R E S , 5 (1H-) , 2 3 X, 7 HT PR I FL= , x P c.9 . 3 , 5X t -iAh.Oh 
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RETURN 
END 
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SUBROUTINE CQMP 

COMMON BLuCK 

11 

COMMON/COMA/ 
A UP E I (5 0) ,D lG ,bOM(5u) » C SALFA , 01 F ( 5u ) , D I F U ( 5 0 ) , u P , D X , U X l A S T , 
E M J ( 5 G ) , F ( 6 G G ) , MUMDFE ,HOMDF I , ID IMF ,1F1N ,1STcP , i T i ST »KEX , K I ^ , J , 
KRAO.KSOURC » rIOMSO J ,N,NEWPR ,NF , NH1 ,NM2 ,NM 3 ,GM.( 5„ ) ,0 iO lF (5- j ) ,0 
O M E . P l I i P 3 I L . P S I I » R ( 5 G ) , R E u R U ( 5 0 ) , R E C Y G F ( 5 U ) , R H 0 ( 5 u ) » KM E » \ Mi» 
S I < & f l ) . S I ? C 5 G J . T I M Y , J ( 5 i l ) t X D t X U , Y ( 5 C ) . Y E t Y I , 0 M l N T ( 5 u ) 

DIMENSION A ( 5 0 ) » C ( 5 G ) , : < 5 u ) t C O N ( 5 0)» D(5u) ,HCO^(5G) 
E3UI VALENCE ( A ( l ) , D I F ( L ) ) , ( C ( i ) , S I ( i ) ) , ( D ( l ) , 3 I P ( l ) ) 
DISTAN DISTAN > DISTAN DISTAN 
ENTRY DISTAN 

DISTAN DISTAN DISTAN 
CALAULATiUN uF Y(l )**2/2 11111111111111111 1111 
- RECIPROCAL OF RHO(l)*U(i) 

3•6H AT I = » I 1 1 H AND I S T E P = , 1 5 , 

CHAPTER l l l l l l l 1 1 1 1 1 1 1 
^ DO 221 I ? l t N 

R E C R U ( I ) = 1 , / ( R H 0 ( I ) + U ( I ) f T I N Y ) 
I F U . E Q . l . O R . I . E Q . N ) GO TO 221 
ADPE1 ( I ) = B 0 M ( I ) * R E C k U ( I ) 
I F ( R c C R U C I ) . G T . G . ) GO TO 221 
I F I N = 2 
WRITE (6*223) R L C R U ( I ) • I , I S T E P 

223 FORMAT (1*H * * * k ECRU ( I )= ,1PE1G 
1 16H * * * COMP .DISTAN) 

221 CONTINUE 
3 j-H£ BOUNDARY MOOi Fx Cft T i ON 

.RAT=RECkU (2 ) *RHQ( l ) *U (1 ) 
B P I = ( k ( l ) M . e 3333 * RAT«-. 16667) + . 5 * K ( 2 ) * ( R A T + l . ) ) / ( k ( l ) + R ( 2 ) ) 
RmT = FvECKU (NM1) *RHG (N) *J(N) 
bPE = (R (N )• ( .833333*RAT+.15657) + . 5 ( N M 1 ) * ( R A T + 1. ) ) / ( R ( N ) f R ( N M 1 ) ) 
ST0RE=0M(2 )/BP I 
ADPE I ( 2 )= (HOMDF I+STORE ) *RECR J (2 ) 
Y (2 )=PE I *REGRU<2) *STO*E 
HPEI=• 5 * P E I 

C TEMPORARY USE OF Y ( i ) ArvRA Y 
DO 231 1=3,NM1 

231 Y ( I ) = Y ( I - l ) • H P £ I * O M D I F ( I ) * R E C R U ( i ) *R£CRU (1-1) ) 

CG;\P 
C OMP 
COi-iP 
COMP 
Cu.'iP 
CGMP 
Cbf.P 
CO.MP 
COnP 
COMP 
Cur.P 
COliP 
CChP 
CO.MP 
COMP 
COMP 
COMP 
COttP 
COMP 
CGMP 
COrtP 
uOnP 
COMP 
C Oil P 
COMP 
COMP 
COhP 
: Grip 
CuMP 
COMP 
CO:;P 
CO MP 
COc:P 
COMP 
CU;MP 
COMP 
CUrtP 

X c. 
li 
12 
13 
1 + 
1-J 

16 
1 7 
16 
19 
2 j 
21 
22 
23 
2 4-
2 5 
2 o 
27 
26 
29 
3 C 
31 

3 3 
3-
3 3 
3 3 
3/ 
3 3 

3 1 

a\ 



STGRL=ONL/L>PE 
A O P E i ( N M i ) = ( H O M D F . + S r j R t ) * R E C R U ( N M l ) 
Y (N )=Y CiiMl ) + P E I + R E C R U ( N h l ) * S T O R E 

CGMP 
L U M P 
oOMP 

3 CGhP 
CHAPTER 2222222222222222222222 CALCULATION OF Y ( I ) 222222 2^22^222 2 22 2 CUMP 

00 2*2 I = 2 f N oUMP 
2*2 R ( I ) = Y < I ) = S a R T ( A B S ( 2 . 0 * Y M I ) ) COMP 

Y I = Y (2 ) Cui.P 
Y E = Y ( N ) - Y ( N M l ) , GUMP 
00 272 I = i , NMl CG:;P 

273 RECY D F ( I ) = 1 • / ( Y ( I + 1 ) - Y ( I ) ) COMP 
I F ( I T E S T . E Q . l ) R ET JRN COf.P 
W R I T E ( 6 , 2 7 * ) ( k H O ( I ) , I = 1 , N ) COMP 
WRITE ( 6 ,275 ) ( R E C R J ( 1 ) • 1 = 1 t N ) COhP 
W R i r £ ( 6 , 2 7 6 ) ( A D P E I ( I ) i 1 = 1 t N ) COMP 
WRIT E (6» 277) ( Y ( I ) , I = 1 , N ) CUMP 
W R I T E ( 6 , 2 7 S ) ( R ( I ) , I = 1 , N ) CUMP 
WRITE ( 6 , 2 / 9 ) ( k E C Y D F ( t ) , l = l , N ) COMP 

2 7 k FORMAT(16HGCUHP D I S T A M TESTS/3H R H O ( I ) = / ( 3 X , 1 ? 6 E l l . 3 ) ) COMP 
275 FORMAT(10H R E C k U ( 1 ) = / ( 3 X , 1 P 6 E 1 1 . 3 ) ) CGMP 
2 7 6 F O R M A K I O H A D P E I ( i ) =/ ( 3X , 1 P 5 E 1 1 . 3 ) ) C O M P 
?.7 ( F O R M A T (6H Y ( I ) =/ ( 5X , P o L i i . 3) ) C O M P 
278 FORMAT(6H R ( I ) = / ( 3 X , 1 3 6 E 1 1 . 3 ) ) CUMP 
279 FURMAT (11H REC YDF ( I ) = / ( 3X, i P 6 E l l . o ) ) -GO!- P 

RETURN COMP 3 CGMP 
C SULVe SOLVE SOLVE SD .VE COMP 

1 C.NTRY SOLVE CGMP 
C SOLVE SOLVE SOLVE S J L V E uGr;P 
3 7 COnP 
CHAPTER 3333333333333323333333 N , G , i / R 33 3333 33333o 33 33 33 3c j 33 o3 3 3o3 3 CUfF 

I F ( I S T E P . E Q . O ) GO TO lOOuC COMP 
- DO 1G0C2 1=1,N COfP 

1C0G2 C O N ( I ) = G# G ' CumP 
1UOOG CONTINUE CO.-.P 

DXDP l1=DX/PE I . COMP 
C0N^T1=.5^UXDPEI COMP 

t ~> 

*7 
* 6 
+ 9 
5 G 
o 1 
3 2 
5 3 
54 
5J 
5 O 
z> ( 
5 6 
5 9 
6 . 
D 1 
62 
0 ~ 
6 -r 

66 
5 7 6 8 
6 9 
7 J 
/ 1 
7 2 
7 I 
7 -r 

75 

1 3 
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3 * 1 
3 * 2 
*G5 
*Q6 
* G 7 
ftOd 
*D * 

WRITE (6 ,3^1 ) 
W R I T E ( 6 , 3 * 2 ) 
WRITE (6 ,*G 5) 
W R I T E ( 6 , * G b ) 
W R I T E ( 6 . * u 7 ) 
WRITE (6 , *u t i ) 

,1=2,Nil) 
, I = 2 , N M l ) 

( D IFLMI ) 
(GUN ( I ) 
( A ( I ) , 1 = 2 , N M l ) 
( 3 ( 1 ) , 1 = 2 , N M l ) 
( C ( I ) , 1 = 2 , N M l ) 
( D ( I ) , 1 = 2 , N M l ) 

FORMAT(23HGCGMP SOwMi TESTS 
FORMAT(8H 
FORMAT (6H 
FORMAT(6H 
FORMAT (6H 
FORMAT(6H 
CONTINUE 
1 F ( K E X . E Q . 

F O R U / 9 H 
) J N ( I ) = / ( 3 X , 1 P 6 E 1 1 . 3) 

A ( I ) = / ( 3 X , 1 3 d E 1 1 . 3 ) ) 
b ( I ) = / ( 3 X , l P 6 E 1 1 . 3 ) ) ' 
C ( I ) = / ( 3 X , 1 3 S E 1 1 . 3 ) ) 
D ( I ) = / ( 3 X , 1 D 5 E 1 1 . 3 ) ) 

U ( N ) = U ( N ) - D P * R E C R U ( N ) 

DiF U(I)=/ (3 X,lPo^ll.3) ) 

CHAPTER 55555555555555555555555 THE U-VELOCITY 55555555655^5555555555 
C ( 2 ) = ( B ( 2 ) * U ( 1 ) + C ( 2 ) ) / D ( 2 ) 
0 ( 2 ) = A ( 2 ) / 0 ( 2 ) 
00 * 2 1 1=3,NMl 
T= 1 . / ( D ( I ) - 3 ( I ) * D f I - l ) ) 
0 ( 1 ) = A ( I ) * T 

*21 C ( I ) = ( B ( 1 ) * C ( I - 1 ) 1 1 ) )*T 
DO *22 IDASH=1,NM2 
1 = N-1DASH 

*22 U ( I ) = D ( I ) * U ( 1 + 1 ) + C ( I ) 
U(1)=U(2) 
I F ( I T EST•NE.1) WRI T E ( 6 , **3) ( U ( I ) , I = 1,N) * * 3 F0RMAT(6H U i I ) = / ( 3 X , 1 P 5 E l 1 . 3 ) ) 

H A P T E R bbbbb66E>6b6o666 5 A , D , 3 , D F O R F ( I , J ) 
I F ( N F . L T . l ) GO TO *81 
00 1*60 J = 1, NF 
I O J = l u I M F * ( J - l ) 
I 1 J = 1 + I D J 
I 2 J = 2 + I D J 

CAlLL SUBROUTINE PHYS AT ENTRY PHYSF 
CALL PHY SF 

Dbbb66c 6cbob6bu6b6 bb bbobc-

CUMP 
UOMP 1 1 5 
CO MP I L : 
COMP 1 1 7 
CG.-.P 1 1 0 
COMP 1 1 9 
C O R P 1 2 ' 
COMP x2l 
wUMP 1 C2 
CGMP 1 2 3 
C G II P 1 2 ^ 
COMP X 2 •> 
CG(1P 1 2 ^ 
COMP 1 2 7 
CUMP 1 2 5 
COMP 1 2 9 
CGMP 1 3 j 
C G H P 1 3 1 
: O M P 1 3 2 
C UM P 1 3 3 
COMP 1 3-* 

j. s t 
COMP 13C 
C B I I P 1 ^ 7 
CGMP 13B 
C G I I P 1 3 9 
COMP 1 * J 
C ui ;P 1 * 1 
CGMP l T2 
CGt.P . + 3 
C OMP 1 
CO MP Ik? 
CGMP X 4- b 
C b?' P i + 7 
COMP 1 * 8 
CUMP I T J 
CGMP j.5 u 

xj 
O 



T I F = L- . 
TEF = U . 
I F ( I TEST• E Q . 1 ) GO TO i*50 
W R I T E ( 6 , * 5 i ) J , (01 F ( I ) , 1 = 2, NMl) 

1 F0RHAT(2*H COUP SOLVE TESTS FOR J = , L 3 / 6 H 
'•5 0 I F ( N E W P R . E Q . l ) GU TO 337 

I F ( c N T . L E . T I N Y ) 50 TO 335 
DO * 8 t I = 2 » NM2 

• A ( I ) = A M A X 1 ( 0 . , D I F ( i . ) - H : O M ( I ) . - C O N ( I ) ) 
*8* B(I+1)=A(I)+CUN(I) 

GO TO 337 
335 DO 333 1=2,NM2 

A ( I ) = D I F ( I ) 
336 B ( I + 1 ) = A ( i ) 
337 CONTINUE 

B ( 2 ) = A M A X 1 ( ( T I F + R M I ) * O X D P E I , 0 . ) 
A ( N M I ) = A M A X 1 ( ( T E F - X M E ) * D X D P C I , G . ) 
GO TU ( 5 0 1 , 5 U 2 , 5 0 3 ) , KSOURC . _ 

501 DO *65 1 = 2 ,NM l 
I J = I + I O J 
D( I ) = A ( I ) + B ( I ) + 3 0 M ( X ) - S I P ( I ) 

*8 5 C ( I ) = F ( l J ) * o O M ( l ) + 3 i ( I ) 
G O T U 5 C * 

KSuURC=2, 
5u 2 DO 5 u5 1 = 2 ,NMl 

I J = I + I D J 
D ( I ) = A ( I ) + ; j ( I ) ( 1 ) 

50 5 C ( I ) = F ( I J ) * D O M ( I ) + S I ( I ) 
GO TO 5. * 

KSOURC = 3, 
503 DO 5 0t 1=2,NMl 

IJ=I+1DJ 
0 ( 1 ) = A ( I ) + B ( 1 ) + B U M ( I ) 

506 C ( I ) = F ( I J ) * B 0 M (1 ) 
50* CONTINUE 

DI F (t ) = / ( 3X , IP ; . E11 .3 ) ) 

GENERAL 

NO S I P 

NO S I P Or. S I 

oCKP 151 
C CMP 152 
Cui-.P 15 3 
CGMP 
C GMR L 5 J 
COMP 156 
CGMP 1 5 7 
CUMP 15 3 
C CI*;P L5J 
COMP ^6o 
Cut.F 161 
COMP 162 
CuhP ^ d 3 
COMP 16 ? ' 
C G P i D!/ i—i 
CGMP Ibo ^ 
CGMP l o / M 
COMP 15 3 ' 
CGMP 16 9 
COMP 17 C 
CUMP 171 
COMP 17 2 
Cui\P 17 3 
COMP 1 7 t 
CG.1P 
COMP 176 
COMP 17/ 
C u M P 17 b 
CGMP 173 
C U : • P i. 6 L 
CuMP 191 
COM.P 18 2 
CGMP 163 
CG.'.P 16-
COMP 1 6 
GuMP 163 
CUMP 18 7 



I F ( I T Z S T • c _ Q ) GO .TO *6<t 
W R I T E ( 6 , * u 5 ) ( A ( l ) , 1 = 2 , N M l ) 
W R I T E ( 6 , * C 6 ) 
W R I T E < 6 , * 0 7 ) 
W R I T E ( 6 , £ T G 8 ) 

( E> ( I > , 1 = 2, NMl) 
( C ( I ) , 1 = 2 , N M l ) 
( 0 ( 1 ) , 1 = 2 , N M l ) 

CHAPTER 7717(777777777777 THE JTHEk 
C ( 2 ) = ( & ( 2 ) * F ( I l J ) + : ( 2 ) ) / D ( 2 ) 
D ( 2 ) = A ( 2 ) / 0 ( 2 ) 
DO * 65 1 = 3 , N h l 
T = 1 • / ( D ( I ) - 3 ( I ) * D ( I - 1 ) ) 
D ( I ) = A ( I ) * T 
C ( I ) = ( B ( I ) * C ( 1 - 1 ) + C ( I ) ) * T 
DO *66 1DASH=1,NM2 
1=N-IDASH 
I J = I + I D J 
F(IJ)=D(I)* F(IJ + l) +C(I) 
F ( I 1 J ) = F ( I 2 J ) 
I F ( I T E S T . t Q . l ) GO TO 
W R I T E ( 6 , * 7 b ) J , ( F ( I + I D J ) , I = 1 ,N ) 
FORMAT(6H F ( i , , I 2 , l H ) / ( 3 X , 1 P 6 E 1 1 . 3 ) ) 
CONTINUE 

DEPENDING \/ A: L L i 77777777/7777 

'•6: 

<v76 
*80 

CHAPTER d6t>6866666b868b886 UPDATE THE STEP 8b8886 86b66bb8b6bb 8888b6b8 
*81 XU = X D 

P S I i = P S I I - R M l * D X 
PS I E=PS IE-RME*DX 
P E I = P S I E - P 3 I 1 
I S T E P = I S T u P + l 
RETURN 
END 

Cui-.P 1 b 6 
w UliP 18 ^ 
COMP 193 
CGMP i 9 i 
Cu.'P 192 
COMP 193 
COMP 19^ 
CGMP 13 i> 
COM P i. 9-. 
COMP 197 
CO.-.P 1 9 5 
COMP 199 
Cu.\P ll U w 
COMP 201 
GGI-.P 2 L 2 
C CMP 213 
C GMP 2 U -r 
COMP 203 
CGMP 2 u o 
CGMP ^ L 7 
CGiiP 
uOMP 209 
C G.lP L L 
COMP 211 
CUi-,P Lid 
GO'.-.P 
COMP ait 
C OrtP 215 
CGMP 2 1 o 
C Gi'iP 21/ 
COMP a c 

ro 



SUBROUTINE PHYS 

COMMON BLOCK 
COMMON/COMA/ 

ADPE I (50) t b IG » bUM ( 50 ) , CSALFA , DI.F ( 50 ) , DIFU ( 5 0) ,0P , DX, DXLAST , 
E M U ( 5 0 ) , F ( 5 l , 1 2 ) , H O M D - E , H O M D F I , l D I M F , I F i N , i S T E P t i T - S T , K E X , K I M , J , 
KRA D, KSOURC, MOM SOU, N, SEWPR, NF , NMl, Nr»2 ,uh3 , JM ( 5u ) , 0-lDiF(5C ) ,OMI , 
O M E , P E l , P S I E , P S I i , R ( 5 G ) , R ECRU (5u) , *EC YOF (50 ) , RHU(5u) , kME ,\ r : I , 
S I ( 5 0 ) , S I - > ( 5 0 ) , T l ^ Y , J ( 5 0 ) , X D , X U , Y ( 5 G ) , Y E , Y I | j M i N T ( 5 0 ) 

COMMON/COMB/ 
AGRAV , AL MG , ANST A , ARRC ON, CE3UA,GEoUB,C02DFU,CD,oMU,CM UCD , C1 MOD* , 
C1M0D5,C2M0D* ,C2M0D5,CMIX (5G ) ,D i SSK (50 ) ,DUDY(50 ) ,DPDX ,D i EMP, 
D X M A X , F R , F R A , F A C E f F A C E X P , F J 2 D , F J K O , F L U P R I , F L U S £ C , F ^ O T O T , F J i N D , 

5 0 ) , H F U , M 2 O C 0 2 , I P A S S , I C O M b T , I N - R T , i C u N , l R U N , ' J F r E i , i R* i r i l l « i i n i 1/ i l» l O i r» V 1 T I/ I I . . ' r K I C I ' / '. V T « i r. GASCON,GEMKC50). - - , -
JAL , J B E , J C 0 2 , J E L , J F , J H , J H 2 U , J K , J 2 , J N 2 , J O X , J T E , K U U i r , N S i A , J X I N D , 
0 X D F U , P R E E X P , P R E S S , P R I F L O , P E I L I M , R E C P R L < 5 ) , R E b P R T ( 5 ) , R E Y N3S, 
R P R I F L , R E C W F U , R E C W U X , R E C W C O , R E C W H u , R E C W N 2 , R O U T , S I G K , ^ 1 G 2 , D X R A T , 
TCRIC t T P R I F L , TSECFL ,TEkROR,TTEMP,TV EL ,TAUDK, TT, Tr%EFV , UDI F , UF AC , 
J L I M , V I S G D 2 , V I S F J , V I S H 2 0 , V I S N 2 , V I S O X , V h l X ( 5 0) , X U u A i T , X J U T 

DIMENSION YEDGE(6) 
DATA KUDIF/-1/ 

C PHYSU 
ENTRY PHYSU 

C PHYSU 
PHYSU 
PHYSU 

PHYSU 
PHYSU 

CHAPTER l l l l l i i l l l l l l l l l l l i l 
DO 110 I=1 ,H 
TR2 = F ( I , J T E ) / T R E F V . 
T R i = l «50 5*3QRT(T R 2 ) / ( 1 • 
VFU= V l SFU* TR1 
V0X=VISUX*TR1 
VC02=VISC02*TR1 
VH20=VISH20*TR1 
VN2= V ISN2 K TR1 

110 EMU (1) =VFU*F ( 1 , J F ) + V N 2 * k F ( I , J N 
1 + V H 2 0 * F ( I , J H20) 

3 REYNOLDS NUMBER 
IF<4.PASS«NE« l ) GO TU 111 

111 L A M I N A k V I S I C G S I T Y x l l l l l l l i l l l i i l l l ^ 

0 + 0 . 5 0 5 * T R 2 ) 

)+V OX* F ( I , JOX ) +VC02*F ( i , J202) 

PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
P H Y S 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
P HY 
FHYS 
PHYS 
RHYS 
PHYS 
PHYS 
PHYS 
RHYS 
PHY S 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 
PHYS 

'•i 
b 
3 
7 

o 
9 

1 J 
ll 
12 
1 3 
1-f 
1 5 
15 
17 
16 
19 
2u 
21 
22 
2 3 
2* 
23 
2 o 
2/ 
26 
2 3 
3 _ 
J i. 
3 2 
3 I 
3 + 
3;i 
3 5 
3 7 

36 
39 

u> 



Av/£MU= 0. 
03 113 I = 1» N 

113 AVE.1U=AVEMU + EMU (I) 

AVEMU = A\/EriU/FLUAT CM) 
REYNDS=A. *PR I FLO/ (RPRE FL* A VEMU) 

i l l CONTINUE 
• mm 

CHAPTER 22222222222222 TJR3ULENT LENGTH SCALE 
: VELOCITY GRADIENTS 

DO 11% 1 = 2 , N I U 
11V DJDY ( I ) = A B S ( U ( 1 + 1 ) - U ( I - i ) ) / ( Y ( 1 + 1 ) - Y ( 1 - 1 ) 

I F ( I P A S 5 . U E . t ) GO TO 18A 
I F ( K U D I F . E C l . I S T E P ) G J TO 102 
UMAX=U(1) 
UMIN=U(1) ' 
DO 1 j 1 1=2,N 
UMAX=AHAX1CUMAX,U( I J ) 

101 U M l N = A M I N l ( U M l N f U ( I ) ) 
UDIF=UMAX-JMIM 

102 HUD IF= .5*UO IF 
DUDYhN=FR* U D I F / k P R I F L 
K=i 
EX = DUDY(2)-DUDYMN 
I F ( E X . L T . G . ) GO T3 1L 3 
YEDGE(K )=0• 
K=2 

103 DO luA I = 3 , N l i l 
EXL=EX 
EX=DUDY(1)-DUDYhN 
I F ( E X * E X L . G E . l . ) 30 TO IDA 
Y E D b t ( K ) = . 5 + ( Y ( l ) + Y ( I - l > ) 
I F ( K • £ Q . 6 ) GU TO 107 
K=K+1 

10A CONTINUE 
I F ( E X . L T . 0 . ) GO T3 1C 5 
YLDGE (K )=Y (N ) 
I F ( K . £ Q . 6 ) Gu Tu 107 

P H Y S 
P H Y S U L 
P H Y S T 2 

P H Y S A 3 
P H Y S A -
P H Y S V P 

_ _ _ _ PHYS o 
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 P H Y S A 7 

P H Y S A * 
R H Y S A ^ 

) P H Y S 
F H Y S 5 L 
P H Y S 5 2 
P H Y S 5 3 
P H Y S 5 + 
P H Y S 5 P 
P H Y S 5 J 
P H Y S 5 7 
P H Y S 5 8 
P H Y S 5 Y 
P H Y S 6 G 
P H Y S 5 1 
P H Y S 5 2 
P H Y S 5 3 
P H Y S 6 A 
P H Y S 65 
P H Y S 5 D 
P H Y S bi 
P H Y S 6.S 
R H Y S B L 
^ H Y S 7 J 
P H Y S 7 1 
P H Y S 7 2 
D H Y S 7 3 
P H Y S 7 A 
R H Y S 7 J 
P H Y S 7 5 

i 



1 0 8 

106 
10 7 

119 
121 

123 
125 

2-27 

120 

122 

12* 

126 

128 

129 

K= K + l °HYS 
CONTINUE PHYS 
DO 10 6 KAY=K,6 PHYS 
YEOGE (KAY ) = Y ( N ) PHYS 
CONTINUE • PHYS 
EL12 = (YEDGE(2) -YEDGE(1 ) )*ALMG ?HYS 
EL3 ^ = (YEDGE(* )-YED G E ( 3 ) ) * ALMG PHYS 
EL 56= (YEDGE (6 )-YEDGE (5 ) ) »ALMG PHYS 
EL23 = . 5 M E l 1 2 + EL3L) PHYS 
EL*5 = . 5 M E L 3 * + EL56) PHYS 
ASS IGN 119 TO K PHYS 
DO 130 1=2,NMl PHYS 
YVALUE=Y( I ) PHYS 
GO TU K, ( 1 1 9 , 1 2 1 , 1 2 3 , 1 2 5 , 1 2 7 , 1 2 9 ) PHYS 
I F ( Y V A L U E . L T « Y E D G E ( 1 ) ) GO TO 121 PHYS 
ASS IGN 121 TO K PHYS 
I F ( Y V A L U E . l T , Y E D G E ( 2 ) ) GO TO 122 PHYS 
ASS IGN 123 TO K PHYS 
I F ( Y V A L U E . L T . Y E D G E ( 3 ) ) GO TO 12* PHYS 
A S S I G N 125 TO K PHYS 
I F ( Y V A L U E . L T . Y E D G E ( * ) ) GO TO 126 PHYS 
ASS IGN 127 TO K . PHYS 

I F ( Y V A L U E . L T . Y E D G E ( 5 ) ) GO TO 128 PHYS 
ASS IGN 129 TO K PHYS 
GO TO 129 PHYS 
F ( I « J E L ) = 0. PHYS 
GO ru 130 PHYS 
F ( I , J b L ) = E L i 2 PHYS 
GU TO 130 PHYS 
F ( I , J c L ) = E L 2 3 PHYS 
GO TO 130 PHYS 
F ( I , J i_L) =Ew3* PHYS 
GO TU 130 PHYS 
F ( I , J E L ) = E L * 5 PHYS 
GO TO 13G PHYS 
F ( I , J i i L ) =EL56 > PHYS 

J p P E R L I M I T S TO MIXING LENGTH PHYS 
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RETURN PHYS 
204 DO 211 1 = 2 , NM1 PHYS 
21 G S I ( I ) = A DP E l ( I ) * (ASR\/DX* (RHO(N) -RHO ( I ) > - OP) PHYS 

GO TO 9oiuO PHYS 
3 PHYS 
C PHYSF PHYSF HHYSF PHYS 

ENTRY PHYSF . PHYS 
C PHYSF PHYSF PHYSF PHYS 
q _—_ _ phyS 
CHAPTER 6666 66 66666 6b 65 6663 EXCHANGE C u c F F I C I E N T • 6ebo666o6co66tbo£ 66c. PHYS 

R E C P k = R c C P R T ( J ) PHYS 
N E W P R = 1 PHYS 
I F ( A u S ( R E C P R - R P R L S T ) . L T . 1 . E - 1 G ) GO TO 31A PHYS 
NE WPR = 2 ?HYS 
DO 313 1=2,NN2 PHYS 

313 D 1 F ( 1 ) = D I F J ( I ) * R E : P R PHYS 
RPRLST = F.ECPR PHYS 

3 p H Y S 
CHAPTER 777777777777777 77777 K I N E T I C HEATING S0UR3E 77777777777777777 PHYS 

31A I F ( J . N E . J H ) GO TO 30CQ PHYS 
DUSQP=0. PHYS 
DKSQP=G.C PHYS 
U S Q P = U ( 2 ) P H Y S 
T K E P = F ( 2 » J < ) PHYS 
DO 322 1=2,NN2 « PHYS 
USQ=U(1+1)**2 PHYS 
T K E - F ( I + 1 , J K ) ' PHYS 
D U S Q = ( D I F U ( I ) - D I F ( I ) ) M U S Q - U S Q P ) PHYS 
D K S Q = ( R E G P R T ( J K ) - R E C P R T ( J H ) ) * D I F U ( I ) * ( T K E - T K E 3 ) PHYS 
S I ( I ) = G • 5 * ( D U SQ-DJ SQP ) f (OKSQ-DKSQP ) PHYS 
DJSQP=DUSQ PHYS 
DKSUP=DKSQ PhYS 
TKEP=TKE PHYS 

32 2 USQ?=USQ PHYS 
S i ( N M D = - U . 5 * D U S Q P - D K S a P PHYS 
KS0URC=2 PHYS 
GO TU 9ubG PHYS 
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APPENDIX D 

Example of Computer Output 



I 

TTTTT TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTrTTTTTTTTTTTTTTTTT TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 

fsAHj.1 
F L O W R A T E S 
T £ M P c R A T U R £ S 
E Q U I V A L E N T R A T I O = l . G u Q 
R E Y N O L D S NU

!
i'3ER = 2 .G63E-+QA 

G R I D SI Z c 
C O M B U S T I u N O U N S T A N T S 
G R I D D I S T k I B U T I O N U M ( I ) , S 

0 2 . A 6 7 E - Q 3 9 . 8 5 A E - 0 3 2 . 2 1 3 E -
2 . ^ + 1 8 £ - o l 2 . 9 1 6 E - 0 1 3 . A 5 9 E - G 1 A.On-bE-
8.5A8£-<)1 6 . 7 2 1 E - 01 8 . 8 9 4 - E - C 1 9 . 0 6 8 ^ -

+ + -•• + + + + + + + I N I T I A L C O N D I T I O N S + + + + + +++++• 

O U T P U T 
R P R I F L = . 0 0 9 6 7 5 
P R X F L O= 1 . 1 5 0 E - G 2 
T P R I F L = 1 » 7 A 5 E + 0 3 

R O U T = . 1 A 5 
S E C F L O = 5 . G G O E - 3 2 
r S E C F L = W 3 0 E + 0 2 

O X Y G E N I N D l X = . 2 3 3 
M A C H N U M 6 E R = 2 . 7 8 6 E - 0 1 

N = 3 0 F R A = . 0 5 0 0 
A R R C 0 N = 2 . 1 5 OE + 38 P P E E X P = 7 . 6 9 3 c + 0 6 

X U L A S T = .35 G 
T T =* 

Y 
0 

. 0 0 5 
« J 'J 9 

•J T E M P D E N S I T Y 
2 . 2 +3 £ + 0 2 1.7-A5E+03 1 . 9 5 5 - - G 1 
2 . 2 A 3 E + 0 2 1 . 7 3 6 E + 0 3 1 . 9 6 5 E - 0 1 
2 . 2 2 ^ + 0 2 l * 7 2 u L + u3 l « 9 7 b f > u l 

0 1 ^ 2 . 2 0 5 ^ 0 2 1 , 7 1 6 E -r 0 3 1 . 9 5 8 l > G i 
. 0 1 9 2 . I 8 A £ + 0 2 1 . 7 u 6 E +0 3 2 . 0 U 0 £ - G l 
. 0 2 3 2 . 1 6 2 E + 0 2 1 . 6 9 5 E + 0 3 2 . 0 1 3 E - 0 1 
. 0 2 8 2 . 1 3 9 u + 02 1 « 6 8 3 £ + G 3 2 „ U 2 7 L - O 1 
. 0 3 2 2 . 1 1 5 E + 0 2 1 . 6 7 1 E + G 3 2 . G A 1 E - U 1 
. 0 3 7 2 . 0 9 Q L + 0 2 1 . 6 5 8 u + G 3 2. G 5 8 E - G 1 
. 0 * 2 2 . G 6 2 E + 0 2 1 . 6 A H E + C 3 2 . U 7 5 L - 0 1 
• 0 A b 2 . G 5 3 E + G 2 1 . 6 2 9 E + 0 3 2 . 0 9 A E - 0 1 

1 
1 2 
3 
A 
5 
6 
7 
t 
9 

10 
11 
12 « 0 5 1 2* u 0 i £ + G 2 
1 3 . G 5 6 1 . 9 6 7 E + 0 2 

.C 60 1 . 9 3 0 E + G 2 

1 . 613^-rG 3 2 . 1 1 5 E - u 1 
1 . 5 9 5 E + 03 2 . 1 38 Z- G 1 
1 . 5 7 b £ + 33 2 . l b A.E-G1 

15 .0 6 5 1 • 8'ioE + O 2 1 . 555E-+Q3 2 . 1 9 A E - G 1 

22 
23 
2k 
25 
26 
27 28 
29 
30 

9 07 0 l . M l F + 0 2 1„ 53 J L > 0 3 2 . 2 2 9 ^ - 0 1 
• 0 7 A 1 . 7 8 7 l + 0 2 1 . 5 0 3 E + G 3 2 . 2 7 0 E - G 1 
. 0 7 9 1.7 2Ai_ + 0 2 1 . A 6 9 L + Q 3 2 . 3 2 2 E - J 1 
. 0 8 3 1 . 6 A 6 E + Q 2 1 . A 2 9 E + 0 3 2 . 3 3 6 E - G 1 
. G 88 1 . 5'*AE + G 2 1 . 37-r£ + U 3 2.-+8 2 E - C 1 

1 • 36 Jr£ + 0 3 2 * 5 0 8 E - 01 

16 
17 
18 
19 
2G 
21 c 0 8 9 1 . 5 1 7 E + U 

. C 90 1 . A 8 8 L + 0 2 1* 3 A 5 E + 0 3 2 . 5 3 7 E - 0 1 
. u^l 1 . 3 2 7 E + 0 3 2 . 5 7 1 E - J 1 
. 0 9 2 1 . A 1 9 £+ 0 2 1 . 3 0 7 E + 0 3 2 ..609E-G1 
« C 93 i . 3 7 6 L + 0 2 1 , 2 8 + G 3 2 . 6 5 5 E - J 1 
.G 9A 1 . 3 2 6 E + G 2 1 . 2 5 8 c + u 3 2 . 7 1 2 E - 3 1 
. 0 9 5 1 . 2 6 5 E + G 2 1.22A£-t-u3 2 . 7 8 7 E - J 1 
. 0 9 6 1 . 1 8 3 E + G 2 1 . 1 7 9 Z + 0 3 2 . 8 9 « + £ - G l 
• u 97 I . l 5 5 £ + C 2 1 . 1 0 8 E + 0 3 3 . j 8 Q E - u l 
. C9t) 5 5 7 E - G 1 A . 2 3 u t > 0 2 7 . ^ 5 6 E - L 1 

u2 3 . 9 2 6 E - Q 2 6 . 1 2 2 E - G 2 8 . « 7 9 5 E - G 2 1 . 1 9 A E - G 1 1 . 5 5 6 E - G 1 1 . 9 6 A E - G 1 
01 A . 6 7 A E - 0 1 5 . 3 A 3 E - G 1 6 . 0 5 1 E - G 1 6 . 7 9 5 E - G 1 7 . 5 7 2 E - G 1 8 . 3 7 5 E - G 1 
01 9 . 2 A 1 F - J 1 9 . 4 1 A E - C 1 9 . 5 8 5 F - 0 1 9 . 7 5 A E - G 1 9 . 9 1 6 E - 0 1 1 . G 0 G F + 0 G 

clNTHALPY 
2 . 2 6 0 £ + 0b 
2.28GE+G6 
2.2b aE+ 0b 
2. 2 A 8 E + 0 6 
2 . 2 3 1 E + 0 6 
2 . 2 1 2 E + G 6 
2 « 1 9 3 E + 0 6 
2 . 1 7 3 E + C 6 ' 
2 . 1 5 2 E + G 6 
2 . 1 2 9 E + 06 
2 . 1 G 5 E + 0 6 
2 . 3 7 9 E + G 6 
2« 0 5 1 E + G 6 
2.320E+06 
1 . 9 o 5 £ + 0 b 
1 . 9 A 7 E + C 6 
1 . 9 0 3 E + 0 6 
1 . 8 5 2 E + 0 6 
1 . 7 o 9 E + 0 6 
1 . 7 G 7E + G6 
1 . 6 8 7 E + 0 6 
1 . 6 6 A E + 06 
1 . 6 3 9 E +06 
1.611E + 0 6 
1* 57 9»_ + 06 
1 . A E + 06 
1 . 5 G 3 E + 0 6 
1 . 4 b 3 E + 0 6 
1 . 3 8 1 E + 0 6 
3 . 2 9 3 E + C 6 

J F J O X J C 0 2 ' J N 2 /K J 2 
0 0 0 1 . 0 0 0 E + O G 6 . ^ 6 3 E f C l A . 7 7 9 E t-O^ 
0 0 • a 1 . 0 0 G E + G 0 6 . A 6 3 E + C 1 Hm 7751 + 0 A 
0 G 0 1 . G O C c + O u 7 . 0 3 7 E + 0 1 5.A30c. + GA 
0 0 0 i . a a o F + Q o 7 . 6 9 8 E + 0 1 6 . 2 1 2 E + 04* 
0 0 0 i . u c o E + a o 6 . A 6 A E + 0 1 7 . 1 6 2 E + 0'* 
0 G 0 1 . Q 00 E +0 £ 9 . 3 5 9 E + G 1 8 . 3 2 8 E + 0A 
0 0 0 1 . 0 0 0 E + 0 0 1 . G A 2 E + 0 2 9 . 7 7 9 E + 0 A 
0 0 0 1 . O O O F + O O U168^+02 1 . 1 6 1 E + 05 
G 0 0 1 . 0 0 0 E + 0 0 1 . 3 2 1 E + G 2 1 . 396E4-05 
0 0 0 l . O O O E + Q O 1 . 5 0 8 E + 0 2 1 . 7 0 A E + 0 5 
0 G 3 1 . O G G E + O G 1.7A2c.fG 2 2.115c.+ 0 5 
0 0 0 1 . 0 0 C E + 0 G 2 . G A 1 E + 0 ? 2 . 6 8 1 E + 0 5 
0 0 0 1 . C 0 0 E + Q0 2 .A3GE4-G 2 3 . A8 5 c i- 0 5 
0 0 0 l . G G G E f C O 2 . 9 5 5 E + 0 2 A . 6 7 2 E + 05 
0 G 0 l . G G O E + O G 3 . 6 8 8 E + G 2 6 . 5 1 A ^ + u 5 
0 0 0 1 . G Q 0 E + G G A . 7 6 5 E + G 2 9 . 5 6 7 E + 0 5 
0 0 G 1 . C Q O E + O Q 6 . U 5 7 E + G 2 1 . 50 9-. + 0 6 
0 0 J 1 . 0 Q 0 E + 0 0 9 • 3 8 5E + 0 2 2 . 6A-»£ + 06 
0 0 0 1 . 0 0 Q E + C 0 1 . 5 3 G E + G 3 5 . ^ G ^ E + 0 6 
0 0 0 1 . O O G E + G G 2 . 1 A 1 E + G 3 9 . l l t ^ + 0 6 
0 0 3 1 . G O O F + O O 3 . 3 1 A E + 0 3 1 . 755=. + 0 7 
0 0 0 1 . 0 Q 0 E + 0 U G A G E + G 3 2 . 3 6 2 E + 0 7 
0 0 0 1 . G O O E + O O 5 . 0 6 G E + U 3 3 . 3 1 0 E + 0 7 
G 0 0 1 . 0 G 0 E + G 0 6 . 5 6 7 E + G 3 H . 8 9 5 c + G 7 
0 0 0 l . C O O E + O O C . 9 5 6 E + 0 3 7 . 7 9 6 E + 0 7 
0 G 0 1 . GO OE-rO 0 1 . 3 1 5 c + G A 1.. 38 7 ^ ^ 0 8 
0 0 0 1.G00E4-00 2 . 1 8 1 c + G A 2 . 9 6 3 E + 0 8 
0 0 0 l . G 0 u E * - G u A . 6 6 1 E + G A 9 . 2 5 A E + 0 8 
0 0 0 1 , G O G E + u O b# 6 1 5 E + 04 7 . 3 3 7 ^ + 0 9 

5 . 5 G 1 E - 0 2 2 . 2 0 0 E - 0 1 0 7 . 2 A 9 E - G 1 6 . 6 1 5 C + 0 A 7 . 3 3 7 c + 0 9 

oo 

T T T T T T T T T T T T T T T T T T T T T T T T T T T 7T " I T T T T T F T T T TT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TT T T 



rTTTTTTTTTTTTTTTTTTTTT TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT TTTTTTTT7ITTTTTT1 T rTTTTTTT 1" TTTT 

"£P O U T P U T * I R U N = 1 I S T E P = 3 5 2 X U = 1 . 6 5 5 E - G 1 X /0 = t . 5i>2c + uQ 

1 Y IJ TcMP D E N S I T Y tiNTHALPY JF JOX JC 02 J N 2 /K J2 
1 j 1 • 0 97L+ 0 2 1 . 8 4 6c + 0 3 1 . 8 3 4 L - 01 2. 7 0 9 C + 0 6 1 . 4 9 9 E - 0 3 5 . 9 9 3 E - 0 3 7 . 9 1 5 E - 02 8 • 48 6 E -01 4 .486E + 0 2 8 . 1 3 4 E + 0 5 
2 .018 1 .D97E + 0 2 1 . 8 4 o £ + 0 3 1 . 8 3 4 E - ul -> . 7 0 9 E + 0 6 1 . 4 9 9 E - 0 3 5 .998E- 0 3 7 . 9 1 5 E - 02 8 . 4 8 6 E - 01 .466E<-0 2 6 . 13 4E «• 0 5 
3 . 0 3 5 1 • U 4 l t + 0 2 1 . 60 0E + 03 1 . 8 6 1 E - u l 2 . 7 2 9 E + 0 6 3 . 4 3 2 E - 03 1 • 37 3 E-0 2 7 . 6 3 9 E - 02 8 . 4 4 0 E - 0 1 4 . 7 3 5 E + G 2 8* 9 8 < ^ + Q5 
4 . 053 9 . 6'32t-+u 1 1* 585i_ + 03 2 . 1 3 5L-> 01 2. 7 5 6 E + 0 6 1 • 1 2 2 E - 0 2 4 • 4 88E- 0 2 5 . 8 3 3 E - 02 8 • 37 8E-01 4 . 3 8 8 E + C 2 9 . * 7 2 c + 0 5 
5 . 0 6 9 a • 9 5 7 c + 0 1 1. 2 7 8 E + 0 3 2 . o 4 3E- 0 1 2 . 7 8 4 E + 0 6 2 . 1 6 9 E - 0 2 a • 6 7 7 E - 0 2 3. 30 0E- 02 8 • 3 1 5 E - 0 1 4 . 9 1 4 E + 0 2 9 . 50 7 2 + 0 5 
6 , 084 8 • 2 3 2 E + U 1 1. 1 Q 9 E + G 3 3 . 0 4 9 E - 0 1 2 . 8 1 1 E + G 6 2 . 7 4 6 E - 0 2 l • 0 98 E-0 1 2 . 0 6 1 E - 02 8 • 252 E-01 4 . 8 3 2 E + G 2 9 . 1 7 7 E + 0 5 
7 .0 99 7 . V J 3 E + 0 1 1. u 0 3E + 0 3 3.3 70E- 01 2 . 8 4 1 E + 0 6 3 . 1 2 4 E - 0 2 l • 249 E-0 1 1 . 3 8 3 E - 02 6 • 18 7 E -01 4 . 6 4 6 E + 0 2 8 . 5 1 7 E + C 5 
8 . 114 6 . 7 4 3 E + 0 1 9 . 2 6 3 E + 6 2 3 . b * 8 £ - 0 1 2 . 8 7 2 E + 0 6 3 . 4 1 1 E - 0 2 l . 3 6 5 E - 0 1 9« 6 9 1 E - 03 6 • 1 1 8 E - 01 h* 359E + 02 7. 5 8 2 2 + 0 5 
9 .130 5 . 9 9 1 E + 0 1 8 . 6 5 J E + 0 2 3 . 9 04 £- 0 1 2 . 90 4E + G6 3 . 6 5 2 E - 0 2 l • 4 6 1 E - 0 1 6 . 9 7 2 E - 03 8 . 047 E- 01 3. 986E•»• G 2 6 . 4 6 2 r > 0 5 

10 • 14b 5 . 2 4 8 E + G 1 8 . 13 6E + 02 4* 151i£- 01 2. 9 3 7 C + 0 6 3.8 67E- 0 2 i . 5 4 7 E - 0 1 5 . 0 9 1 E - 03 7 .974 E- 01 3 . 5 4 7 E + 0 2 5 . 2 6 5 E + 0 5 
11 • 1 6 4 4 • 5 2 3 E + 0 1 7 . 6 7 9 c + 0 2 4 . 3 9 6 E - u l 2 . 9 7 2 E + 0 6 4 . 0 6 5 E - 0 2 l • 6 2 6 E -0 1 1 . 7 4 0 E - 03 7 .90 0E- 01 3.0 67E4-G 2 G 8c E + 0 5 
12 . 184 3 .6 2 5 E + C 1 7 . 2 6 3 E + 0 2 h .b^7 £- 01 3 . Q G 7 E + 0 6 T . 2 5 1 E - 0 2 l • 7 0 0 E -0 1 2 . 7 4 2 E - 03 7 . 825 E-0 1 2 • 570E + G2 3 . 0 0 9c + 0 t> 
13 fc 2 0 5 3 • 1 6 C E + 0 1 6 . f: 7 7 c + 0 2 9 0 6 c - 01 5. 0 4 3 E + 0 6 4 « 4 2 9 £ - 02 l . 7 7 2 E - 0 1 1 . 9 8 9 E - 03 7 . 7 4 9 E - 0 1 2 . 0 7 8 E + 0 2 2 . w 8 2E + 0 5 
14 • 229 2 . 5 3 7 E + G 1 6 . 515E + C2 5 . 1 7 6 E - 01 3 . G 7 9 E + 0 6 t , 6 Q 0£- 02 l . 8 4 0 E - 0 1 -1. 41 5c.-G 3 7 • 6 7 4 c - 01 1 . 6 1 5 c + 0 2 1. 33 o z + 0 5 
15 . 2 5 7 1 • 9 6 9 E + 01 6 . 1 7 8 E + 0 2 5 . 4 5 7 E - 31 3. 1 1 5 E + 0 6 4 . 7 6 3 E - 0 2 l .90 5 E- 0 1 9 . 7 7 6 E - 04 7 • 6 0 1 E -0 1 1 . 2 0 2 E ^ 0 2 7 . 827 E + 04 
16 . 29 0 1 . 4 7 4 E + 0 1 5 . 1 7 l £ + fl 2 5 . 74-0 £- 0 1 3 . 1 4 9 E + G 6 4 . 9 1 4 E - 02 l • 965 E-0 1 6 . 5 2 1 E - OH 7 . 5 3 1 E -CI 8 .653E<-01 4 . 1 5 I c + u 4 
17 . 3 2 9 X . 0 7 7 E + 0 1 5 . 6 1 0 E + 0 2 o.GO 5 r > ul 3 c 17 9L + 06 5« 0 44E- 0 2 2 • 0 1 8 E - 0 1 4. 24 7E- u * 7 • 4 7 0 E - 0 1 6 . 2 6 5 E + 0 1 2. 0 6 5 E + 0 4 
16 • 3 7 7 7 . 9 2 9 E + 0 G 5 . -+09E + 02 6 . 2 2 7 b - 01 3. 20 3E + C6 5 . 1 4 6 E - 0 2 2 .0 58E-.01 2 . 80 3E- 04 7 • 4 2 2 E - 01 4 . 8 6 2 E + 0 1 1. G 7 5 E + 0 4 1 
19 . 433 6 • 0 1 9 c + 0 0 5. 265E + 0 2 6 . 3 9 6 L - 01 3. 22 IE + 0 6 5 . 2 2 D E - 0 2 2 • 0 88 E-0 1 1 . 9 4 4 E - 04- 7 • 386 E-01 4 .198 E^-0 1 6 . 7 3 1 E + 0 3 
20 • A97 4 • 7 1 T £ + 0 u 5 . l 6 0 £ + 0 2 6 . 5 2 6 L - 31 3 . 2 3 5 E + 0 6 5 . 2 7 5 E - 0 2 2 • 110 E-0 1 1 . 4 2 6 E - 04 7 • 36 0 E-01 ^ . 0 1 2 E + 0 1 5 . h6 3c + 0 3 CO 
2 1 .512 4 • 4 l12£+ 0 0 5 . 1 4 1 E + 0 2 6 . 5 4 9 E - 01 3. 2 3 7 E + 0 6 5 . 2 8 4 E - 02 2 • 1 1 4 E - 0 1 1 . 3 4 4 E - 04 7 • 3 5 5 E - ul 4 . 0 2 1 c + 0 1 5 . 4 1 3 ^ + 0 3 ho 

22 . 5 2 7 2 8VE+0 c 5* l 2 o L > 0 2 6 . 5 7 1 c - 01 3m 2 4 G E + 0 6 5.2 9*tE- 02 2 • 1 1 7 E - 0 1 1 . 2 6 9 E - 04 7 . 3 5 1 E - 01 4 . 0 4 7 E + 0 1 5. 4 2 7 E + 0 3 1 
23 . 5 4 2 4 • 0 8 3 E + 0 0 5. 1 0 7 L + 0 2 6 . 5 9 3 E - 01 3. 24 2c + 0 6 5 . 103c- 0 2 2 . 1 2 1 E - 0 1 1. 20 1E- 04 7 • 3 4 7 E - 01 4 . 09OE +0 1 5 . 5 0 3 E + 0 3 
2k . 5 5 7 3 • 90 3 E + 0 0 5 . 0 9 1 E + 0 2 6 . 6 1 4 E - 01 3 . 2 H 4 E + Q 6 5 . 3 1 1 E - 0 2 2 • 1 2 4 E - 0 1 1 . 1 3 8 E - 0^ 7 • 3 4 2 E - 01 4 . 1 5 1 E + 0 1 5 . 64 0 E + 0 3 
25 . 5 7 2 3 . 7 2 B E + 0 G 5 . 0 7 5 E + 0 2 o.6 33c- 01 3. 2 4 6 E + 0 6 5 . 3 1 9 E - 0 2 2 • 128 E-01 1 . 0 8 0 E - 04 7 • 3 3 8 E - 01 4.229E1-01 5 . 8 4 3 E + 0 3 
26 . 5 8 8 3 . 5 6 4 E + G 0 •-61L + J2 b.65 2 r > 01 3* 2 4 8 E + 0 6 5 . 3 2 7 E - 0 2 2 . 1 3 1 E - 0 1 U 0 27E- 04 7 • 3 3 5 E - 01 4 . 326E + 01 6 . 1 1 3 E + 0 3 
27 .6Q*T 3 • 4 1 9 E + 0 C 5. C 4 7 E + 0 2 u. 6 7 1 E - Jl 3. 2 5 0 E + 0 6 5 . 3 3 4 E - 0 2 2 0 1 9 . 7 8 2 E - 05 7 .33 IE- 01 4 . 4 4 7 E + 0 1 6. 4 5 6 c + 0 3 
28 . 6 1 9 3 . 2 6 4 c + 0 G 5 . 0 3 4 L + 0 2 6. 6 8 8 E - 01 3. 2 5 2 E + 0 6 5 . 3 4 1 E - 0 2 2 •136E- 0 1 9 . 3 4 0 E - 05 7 . 3 2 8 E - 01 4 . 5 8 7 E + 0 1 6 . 8 7 6 E + 0 3 
29 . 6 3 5 3 .1 3lC+0u 5 . 0 21E + 0 2 6 . 7 0 4 E - 01 3. 2 5 3 E + 0 6 5 . 3 4 8 E - 0 2 2 • 1 3 9 E - 01 8 . 9 4 3 E - 05 7 .324€- 01 4-.746E4-0 1 7 . 3 7 ^ E + 0 3 
3C • 6 4 o 9 . 5 5 6 E - 0 1 4 . 2 3 0 E + 0 2 7 . 9 5 6 £ -Ul 3. 2 9 3 E + 0 6 5 . 5 Q 1 E - 0 2 ? •20 0E- 0 1 0 7 . 2 4 9 c - 01 4 . 7 7 0 £ + G 1 7 . 446£ + 0 3 

R M I L RM £ T - 5 . 7 7 8 E - 0 2 P S I I = 0 P S I E = 1. 2 7 0 E - 0 2 PE I = 17 0c-.02 
CM 'JCO= .115 
V I S C O S I T Y 
3 v 6 2 8 E - b 5 p*24l^« 
1 • 16 3 c - c- 2 1.172E-
2t 246,_-u2 2 7 8 E 

CMU= .60 0 C D = .230 C U H 0 D 5 = 1 . 6 0 0 C 2 M O D 5 , ! . 9 2 0 

03 5 . -+26c- 0 3 6 . 2 6 6 E - 0 3 7.7fi0c.-03 8 . 9 4 5 E - 0 3 9 . 8 3 4 E - 0 3 1 . 0 5 2 c - C 2 1 . 1 0 4 E - 0 2 1 . 1 4 1 E - C 2 
u2 1 . 1 7 0 C - 0 2 1 • 1 6 I E - 0 2 1 . 1 5 8 c - 3 2 1. 1 9 0 E - 0 2 1 . 3 1 3 E - 0 2 1 . 5 7 4 E - G 2 1 . 9 2 4 c - G 2 2 . 2 0 8 t - 0 2 
02 2 .3 02 E-3 2 2 . 3 1 9 E - 0 2 2 . 3 3 2 E - J 2 2 . 3 4 0 E - 0 2 2 . 3 4 6 E - 0 2 2 . 3 5 0 E - G 2 2 . 3 5 3 E - 0 2 9 . 0 4 5 E - 0 6 

•IGNITION HAS C EEN Dt_T £ C T E D -— 
D E T E C T E D AT X U - 1 . 6 55-> 01 I S T L P = 352 

- I G N I T I O N T E M P E R A T U R E = 1 . 7 4 5 E + 0 3 
IRUN-= 1 W I T H T D ^ L T A = 6 . 4 G 0 E + 0 1 A N O T E R R O R = 1 . 0 0 0 E + 00 

f T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T r r T T T T T T T T r T T T T T T T T T T T T T T T T T T T T T T T 



TTTTTTTTTTTTTTTTTTTrTTTTTTTT.TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTrTf TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT TTTTTTTTTTTTTTTTTTTT 

* * * S T L P O U T P U T * * * * * * * * * * I R U N = 2 I S T E P = 600 X U = 2 . 854 • E - 0 1 X / n = l . 4 7 5 c + 01 

I Y (1 T £ 1 IP D E N S I T Y EIITHA'LFY JF JOX J C G 2 J N 2 /K J 2 
1 0 b . 2 5 8 c + G 1 7 . 7 8 7 E + 0 ? 33 7t-~ 01 2« 9 2 7 E + G 6 3 . 9 4 7 E - 0 2 1 . 5 7 9 E - 0 1 2 . 7 5 0 E - 03 7 • 9 7 6 E - 0 1 1 • 6 6 6 E + G 2 9. o79E +04 
o C. .019 b . 2 5 o E + 0 1 7 . 787E + 02 3 3 7 E - 1 1 2 . 9 2 7 E + 0 6 3 . 9 4 7 E - 0 2 1 . 5 7 9 E - 0 1 2 .75 u£- 03 7 • 9 7 6 E - 01 1 . 6 8 6 E + G 2 9 . 8 7 9 E + 0 4 
3 . 0 3 7 6 . 1 1 6 E + 0 1 7 . 736E + 02 4. 3 65c- 01 2 . 9 3 2 E + 0 6 3 .9.7 2 E-0 2 1 •589£- 0 1 2 .68 6E- 03 7 • 9 6 5 E-01 1 • 7 2 2 E + G 2 1 . 0 2 9 f + 0 5 
4 .056 5.9 Q1E + 01 7 . 6 5 9 £ + 0 2 . 40 9 E - L l 2 . 9 4 1 E + 0 6 4 . 0 1 1 E - 0 2 1 • 60 4£-0 1 2 • 59 0 £-G 3 7 . 9 4 7 £-0 1 1 • 7 6 1 E + 0 2 1 . 0 7oE +0 5 
5 . 0 75 5 . 6 2 1 E + 0 1 7 . 55bE + 0 2 4 . *T69 -- CI 0 w . 9 5 2 E + G 6 v . 0 6 2 E - 0 2 1 • 625 E-0 1 2 • 4 6 5 E -03 7 . 9 2 4 c - 01 1 • 7 9 3 E + 0 2 1 . 1 1 + 0 5 
6 « 0 9 5 5 . 2 8 6 L + 0 1 7# -+3li. +02 3E- 01 2c 966L+- 06 4 . 1 2 3 E - 0 2 1 • 6 4 9 E - 0 1 2 . 3 1 6 E - 03 7 • 896 E-01 1 . 304E + 0 2 1 . 1 2 6 E + 0 5 
7 . 115 9 0 7 E + G 1 7 . 2 8 7 C + 0 2 4* b 32c- CI 2. 98 2c + 0 6 4 . 1 9 5 E - 0 2 1 • 6 7 8 E - 0 1 2 . 14 7£- 03 7 • 8 6 4 E - 01 1 • 7 83 E + 0 2 1 . 104 E + 0 5 
8 .137 4 . H 9 6 E + 0 1 7 . 1 2 7 E + 0 2 4 . 7 3 5 E - 0 1 2 . 9 9 9 E + 0 6 4 . 2 7 4 E - 0 2 1 .710E- 0 1 1 • 9 6 5 E - 03 7 • 8 2 7 E -0 1 1 . 7 2 5 E + G 2 1 . j ^ 3 C + 0 5 
9 .159 H . 0 6 3 E + 0 1 6 . 95-+E + G 2 ^ . 8 5 2 E - 01 3 . 0 1 9 E + 0 6 4 . 3 6 1 E - 0 2 1 •744£- 0 1 1 • 77 3E-03 7 • 7 87 E-01 1 • 6 2 8 E + G 2 9 . t52 E + 04 

10 . 1 8 3 3 . 6 1 7 c + 0 i 6 . 7 7 H + 0 2 4. 9 8 3 £ - 01 3« 0 t 0 c + 0 6 4 5 3 E - 0 2 1 • 7 8 1 1 - 01 1 . 57 6c.- 03 7 • 74-5E-01 1 • 4 9 6 E + 0 2 c . 18 6t +0-* 
1 1 . 209 3 » 1 6 6 E + 0 1 6 . 5 7 7 E + 0 2 5 . 12 8 £- 01 3. 06 2E + 06 4 . 5 5 0 E - 0 2 1 . 820 E- 01 1 . 37 8E- 03 7 . 7 0 0 E - 01 1 . 3 3 4 E + G 2 6. 74 4 E t 0 4 
12 . 236 2 . 7 1 5 L + C 1 6.37 5C + 02 5 . 2 8 9 E - 01 3 . 0 8 5 E + 0 6 4 . 6 5 1 E - 0 2 1 .860 E- 0 1 1 .18 0E- 03 7 • 65 3E-01 1 . 150E + U 2 5 . 252 E + 0 4 
13 . 267 2 • 2 7 3 E + 0 1 6 . 16 8E + 0 2 5 . 4 0 6 E - 01 3 . 10 9E + 0 6 4 . 7 5 5 E - 0 2 1 • 90 2£-0 1 9 . 8 6 8 £ - 04 7 . 6 0 5 E - 01 9 • 53 6E + C 1 3 . 82 7E + 0 -r 
It . 3 0 1 1 • 8 ^ 5 E + G 1 5 . 9 5 5 E + 0 2 5 . 6 5 9 E - 01 3. 13 hE + 06 4 . 3 6 3 c - 0 2 1 • 9 4 5 E - 0 1 7 . 9 9 5 c - 04 7 • 5 5 4 E - 0 1 7 . 5 4 A c + 0 1 2 . 565 -•0 4 
15 C 34u l # ^ 4 G u + G 1 5»7*rwt->0 2 5 . 6 7 0 E - 0 1 3. 1 6 C E + 0 6 4 . 9 7 2 E - 0 2 1 . 9 8 9 E - 0 1 6 • 2 1 7 E - 04 7 • 5 0 3 E - 01 5 . 6 4 5 E + 0 1 1. 5 5 1 E + 0 4 
16 . 3 8 7 1 . 0 7 3 L + G 1 5 . 5 2 8 E + 0 2 6 . 0 9 3c- 01 1 1 8 6 E + 0 6 5 . 0 8 0 E - 02 2 • 0 32E- 0 1 4 . 5 8 8 E - 04 7 . 4 5 2 E - 01 3 • 9 8 4 E + 0 1 8 . 2 1 7 E + 0 3 
17 . 4h5 7.678 E + 0 0 5 . 3 3 4 E + 0 2 6 . 3 1 4 E - 01 3. 2 1 0 E + 0 6 5 . 1 7 9 E - 0 2 2 .0 7 2E- 0 1 3 .20 6E- 04 7 • 40 5 E-01 2 • 7 2 7 E + 0 1 3 . 8 4 3 E + 0 3 
It . 516 5 .470 z. + 0 C 5 . 1 7 7 E + 0 2 6 . 5 0 ^ £ - dl 3 . 2 3 0 E + 0 6 5 . 2 6 0 E - 0 2 2 . 1 0 4 E - 0 1 2 • 1 9 4 E - 04 7 . 3 6 6 E - 01 1 « 9 6 7 E + 0 1 1 . 7 7 3 F + 0 3 1 
19 C 6 U 1 *•?• 4 0 6 3L + 0 0 5o 6bt. + 02 6. 6 4 6 L - 01 3, 2 ^ 4 E + 0 6 5 . 3 1 7 E - a 2 2 • 1 2 7 E - 0 1 1 . 5 4 6 E - 04 7 . 3 3 9 c - 01 1 • 6 1 2 E + 0 1 9 . 8 1 7 c + 0 2 ^ 
20 . 6 9 8 3 . 1 7 6 E + 0 0 93 9 F + 0 2 6. 7 4 7 E - 01 3. 2 5 4 E + 0 6 5 . 3 5 7 E - 0 2 2 . 1 4 3 E - 0 1 1 . 145E- 04 7 . 3 1 9 E - 01 1 • 5 0 2c + 0 1 7 . 37 Rc + 0 2 00 
2 1 • 720 0 33E + 0 0 4 . 9 7 6 E + 0 2 6 . 7 65 c- 01 3. 2 5 5 E + 0 6 5 . 3 6 4 E - 0 2 2 • 1 4 6 E - 0 1 1 • 08 0 E-04 7 • 3 1 6 E -01 1 • 5 0 0 E + 0 1 7 . 2 2 S E + 02 
22 . 7 4 2 2 . 9 0 0 E + 0 C 4 • 96t+£ + G 2 6 . 7 8 2 E - 01 5. 2 5 7 E + 0 6 5 . 3 7 1 E - 0 2 2 • 148 E-0 1 1 • 0 2 2E-04 7 . 3 1 3 E -01 1 .505E + G 1 7 . 1 7 9 E + 0 2 1 
23 • 7 o 5 2 . 7 7 6 E + 0 G 4 . 9 5 2 E + 0 2 G . 7 9 7E- 31 3. 2 5 9 L + 0 6 5 . 3 7 7 E - 0 2 2 • 1 5 1 E - 0 1 9 .67 2E- 05 7 • 310 E-01 1 . 5 1 7 E + C 1 7 . 221--+02 
24 t 7 8 7 2 . & 6 Q E + G Q 4 . 9 4 1 E + 0 2 6 . 6 1 2 E - ul 3. 26 CE+-06 5 . "382 E- 0 2 2 • 1 5 3 E - 0 1 9 .17 0£- 05 7 • 30 7 E-01 1 . 5 3 6 E r G l 7 . 3 5 1 2 + 0 2 
25 . 810 2 . 5 5 2 L + 3 0 4 . 9 3 1 J > 0 2 6 . 8 2 7 c - 01 3. 26 IE + 0 6 5 . 3 8 8 E - 0 2 2 •155E- 0 1 8 . 70 6 E-05 7 • 3 04 E-0 1 1 . 5 6 2 E + C 1 7 . 5 6 9 E + 0 2 
26 .8 53 2 .^+5l£ + 0 0 4 . 9 2 1 E + 0 2 6 . 8 4 0 E - 01 2 6 3 E + 0 6 5 . 3 9 3 E - 0 2 2 • 1 5 7 E - 0 1 8 .27 5£- 05 7 .30 2E- 01 1 . 5 9 4 C + 0 1 7 . » 7 6 £ + 0 2 
27 . 3 5 7 2 .3 57£ + 0 £ 4 .912E + 02 6 . 8 5 3 E - 01 3. 26^rc + flb 5 . 3 9 8 E - 0 2 2 . 1 5 9 E -0 1 7 . 8 7 7 E - 05 7 . 3 0 0 c - 01 1 • 6 3 5 c + 0 1 8 . 2 7 5 c +0 2 
28 • 880 2 . 2 6 9 c + 0 0 V* 9 J 3 c + 0 2 b . 8 6 5 L - 01 3. 2 6 5 L + 0 6 5.^0 3E- 02 2 • 1 6 1 E - 0 1 7 • 510 £- 05 7 • 297 E-0 1 1 . 6 8 2 E + 0 1 8 . 7 7 1 E + 0 2 
2 9 . 902 2 . 1 8 9 E + 0 C 4 . 8 9 5 E + 0 2 6. 8 76C- 01 3, 2 6 6 E + 0 6 5^4 07E- 0 2 2 . 1 6 3 E - 0 1 7 • 1 7 7 E - 05 7 • 2 9 5 c -01 1 . 7 3 7 E + 0 1 9 . 360 E + 0 2 
30 .919 9 . 5 5 8 E - 0 1 4 • 23 d£ +G <L 7 . 9 5 6 E - 01 3. 290 E + G6 5 . 5 0 1 E - 0 2 2 • 2 0 0 E-0 1 0 7 • 249 E-01 1 . 7 4 2 c + 0 1 9 . 4 1 6 E + G 2 

K MI = L F M £ = - 4 . 3 5 8 E - 0 2 P 5 I I = C P S I c = l . 8 8 1 E - Q 2 P E I =1 * o 8 1 E - 0 2 
CMIJCD= .077 CMU= .6GC CO= . 230 C U M O D 5 = 1 . 6 0 G C 2 M O D 5 , 1 . 9 2 0 
V I S C O S I T Y - -
3 . 5 ^ 8 E - G 5 9 . 5 9 9 E - 0 3 9 . 6 7 1 E - 0 3 9 . 7 6 b £ - 0 3 9 . 9 3 5 E - C 3 1 . 0 1 0 E - 0 2 1 . 0 2 6 E - 0 2 1 . 0 3 9 E - G 2 1 . 0 4 7 E - 0 2 1 . 0 4 8 E - G 2 
l.C-rlE-02 .1. u 2 5 c - G 2 9 . 9 9 2 2 - 0 3 9.6495,-03 9 . 2 7 9 E ~ u 3 9 . 0 5 7 E - G 3 9 . 4 0 3 c - 0 3 1 . 0 9 2 E - G 2 1 . 3 5 3 E - 0 2 1 . 5 8 6 E - 0 2 
l t bl 91! - 0 2 1 . 6 h 5 E - Q 2 1 . 6 6 5 E - 0 2 1 . 6 8 G E - 0 2 1 . 6 9 0 E - Q 2 1 . 6 9 7 E - 0 2 1 . 7 G 1 E - 0 2 1 . 7 0 3 E - 0 2 1 . 7 0 4 E - 0 2 9. 0 4 5 E - G 6 

S P E C I F I C MrAT 
1 . 2 2 0 E + G 3 1 . 2 2 G E + 0 3 1 . 2 1 9 E + Q 3 1 . 2 1 7 E + 0 3 1 . 2 1 5 E + 0 3 1 . 2 1 3 E + 0 3 1 . 2 1 0 E + 0 3 1 . 2 0 6 E + 0 3 1 . 2 C 2 H + 0 3 1 . 1 9 6 E + G 3 
1 . 1 9 4 E + G 3 1 . 1 8 9 E + 0 3 L . L O 3 E + 0 3 1 . 1 7 8 I + U 3 1 . 1 7 2 E + 0 3 1 . 1 6 6 E + 0 3 1 . 1 6 0 E + 0 3 1 . 1 5 5 E + G 3 1 . 1 5 2 E + 0 3 1 . 1 5 G E + 0 3 
U l * 9 i > 0 3 ! • 1 4 9 . + 0 3 1 . 1 ^ 6 1 + 0 3 1 . 1 + 1 . 1 4 8 E + 0 3 1 . 1 h 7 E + 0 3 1 . 1 4 7 E + 0 3 1 . 1 4 7 E + 0 3 1 . 1 4 7 E + 0 3 1 . 1 2 1 E + G 3 

T T T T T T T T T T T T T T T T T T T T T T T T . T 7 T T T T T 7 T T T 7 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 
-- h O I G N I T I O N H A S l _LN OTLCT'^D » J E T T E M P E R A T U P E - 1 . 7 1 3 E + 03 
T H I S IS A F T O ? -1ST,_P= 7 3 4 AT X U = 3 . 500*.-0 1 A F T E R I K U N = 2 WITH T D F L T A = 3 . 2 3 G E + 0 1 A ND T E k k O K = 1 •uGliE+C 0 

T Trr T 1" T T~ t Trr T T r r T r r T t T T r-rTTTTTT-r r-r-T-r— -r-r-r-i- — T ^ f T f T T T f T T T T T T - r - r T T T - r T T T T T T T T T T T T T T T T T T T T I X T i" T T T T T T ~ T T T T T T T T T T T T 



rTTTTTTTTTTTTTTTTTTTTT TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT T T T T T T T T 7 I T T T T T T 1 T rTTTTTTT 1" TTTT 

.p oUTPUT********** IP U iS= 3 I S T E P = 6 0 0 X ti -= 2 • 854 E-G1 X / N = L . 4 7 5 E + 0 1 

I y II . TEMP DENSITY ENTHALPY JF 
1 u b • 336c + 0 1 GO Jc>0 2 4. 2 22c~ G 1 2 . 9 3 3 E + G 6 3.897£- C 2 
2 .019 6 •338E+01 8 .00uL+02 4. 222f> 01 2. 9 3 3 L + 0 6 3.8 97E- G 2 
3 .037 b .189E+G1 7 • 942£ + 0 2 4. 2 52E-01 2 • 9 3 8 E + Q 6 3.92^E- 02 
4 .0 56 5 .967E+C1 7 . 855£+ 3 2 4 . 2 99 E- G1 2 . 9 4 7 E + D 6 3.965E- 02 
5 • C 76 5 • 6"77£t G 1 7 . 7 4 J c + 0 2 4» 362l£- 01 2 « 9 5 6 E + G 6 *t« 020E- C 2 
6 . 096 5 • 332c + 0 1 7 • bu 2E + 02 A. 441E- 01 2. 97 2E+ 0 b 4.086E- 02 
7 . 117 4 • 943c+0 1 7 .443L+0 2 A. 535E- G1 2 . 9 8 8 E + 0 6 4 . 1 6 2 E - 0 2 
8 . 1 38 4 .5 22£+01 7 .267£+G2 4 . Gl 3. 0 05£+06 h- . 2A+bE-0 2 
Q . 161 T .C81E+C 1 7 .C78E+02 A . 7 6 7 E - ul 3 . 0 2 5 E + C 6 4.337E- 0 2 

10 . lo5 o.b2fcc+G 1 6 . 877t: + G2 9.u 5£- 01 3. G-+5E + G6 4.433E- 02 
11 . 210 3 . 1 7 G L + G 1 b .669c+0 ? 5. 0 57c- 01 3. 067F + 06 4.534£- 0 2 
12 .238 u . 7 i b £ + G 1 6 . H 5 3E + 0 ? 5. 225E- Ll 3 . 0 9 0 c + 0 6 4.639£- C 2 
13 .269 o <_ •27l£+01 b • 2 32E+G2 5 . 409 £- 01 3•114£ + 0 6 4.747E- 02 
14 . 3 OH 1 . 841c+ 0 1 b . G 0 7 £ + G 2 5. 61GE- Gl 3.139E+G6 02 
15 . 343 1 .437E+0 1 5 • 7 81E + C 2 5. 828E- Cl 3.16AE+06 4.968E- 02 
16 . 390 1 . 0

7 2 c + G l 5 . 5 6 1 E + 0 2 6 . 0 5 8 £- 01 3 . 1 8 9 E + G 6 5.077E- 0 2 
17 7 . 6 + u 5 .359E+G2 b . 2 o H£- 01 3 . 2 1 3 E + 0 6 5.178E- 0 2 
18 .519 5 .494L+G G 5 . 19 8£ + 0 2 b . 477E- Gl 3.23 2Ef0b 5® 258E- 02 
19 . 6 GH u • G 92L + G 0 5 .U 8H L + C 2 6. 622E- ul 1. 246E + 06 5.316E- 02 
2 C . 7 0 1 3 • 212E+ 3 C 5 . J 0 6E + G2 6. 725c- 01 3. 255E + 06 5.356c- 02 
21 .723 3 .G58E + 0C 4 •992E+ 0 ?. 6 . 743E- Ul 3.257E+06 5 .3 6 3 £ -02 
22 .745 <_ .923E+00 -T .96 GE + 02 6 . 7 6 3 £ -01 3 . 2 5 9 E + 0 6 5.369E- 0 2 
23 .767 2 .7 98c+UC -T. 968L.+0 2 c. 776r> Gl 3* 260E + U6 5« 375E- C 2 
24 . 79u 2 •6A2E+G-C 4 . 956E + G2 6. 7 92 £- 31 3.26 2c + G6 5. 381£- 0 2 
25 . 8 1 3 2. 5 7 2 c + u G 4 • 94 6£ + 0.2 6 . 8 36£- 01 3. 263E + 0 6 5.367E- 0 2 
26 . 8 36 c. .A70c+G u H • 9 3 6 E + G 2 6 . 6 2 0 £- 31 3 . 2 b 4 £ + 0 6 5.392£- 02 
27 . 859 2 • 3 75E + 3 u .926E+G2 b. 833E- 01 3. 265c + 06 5.397 E- 02 
2t . 8o2 

. 904 
o c. • 2 fibc+G 0 4 .917E + G 2 b. e 46E- 01 3.2b7E+06 5.4G2E- 0 2 

29 
. 8o2 
. 904 2. 2 05c+G G • 9G9L+G2 6. 8 5 7£- 01 3 . 2 6 8 E + 0 6 5.406E- 0 2 

3G .921 9 • 558 E-G 1 4 • 23 3E + G 2 -v 
' . 9 56£- 31 3 . 2 9 1 £ + 0 6 5.501E- 0 2 

JOX JC02 JN2 /K J2 
05 1.559E- 01 4 . 05 3E- 03 7 •978E- 01 1 • 72 3E + G2 1.G24E 05 

1.559E- 01 4. 0 5 3E- 03 7 • 978 E- Gl 1 • 7 2 3 £ +0 2 1 .024E 05 
1.570E- 01 3.951E- 03 7 • 9 66 E -01 1 .76GE+G2 1.06o E 05 
1.586E- 01 3.798E- 03 7 . 948E- Gl 1 • 8G1E + 02 1.116E 05 
1 • 6 0 P E-01 3.60QE- 0 3 7 • 9 2 5 E - Gl 1 .633E+G2 1.15 4E 05 
1.634E- ui 3. 366E- 03 7 •896E- 01 1 • 8422+ G 2 1 . 1 6 5 , 05 
1.665E- 0 1 3 . 1 0 3 E - G 3 7 • 8 63E-ui 1 •817E+02 1.1385 05 
1.698E- 0 1 2 . 8 2 2 E - G 3 7 .826E- 01 1 • 754c + G 2 1.u71E 05 
1.735E- 01 2 . 5 3 0 £-03 7 • 7 86E-01 1 .65lc+ G 2 9. 656c 04 
1.773E- 01 2.232E- 03 7 ,743c- 01 1 • 513E + U 2 8. 319c 04 
1.814c.- 01 1.93 6E- 03 7 .698 E- 01 1 .345E + G2 6 .819 E OH 
1 .856E-01 1.645E- 03 7 .651E- 0 1 1 • 156E+G 2 5.26 4E OH 
1.899E- 01 1.363E- 03 7 .60 2E-Gl 9 • 562E + C1 3.832c 04 
1.943E- 0 1 1. 094E- u3 7 • 55 2E-01 7 • 5 5 0 E + G 1 2.562E 04 
1.987E- 01 8.419E- 04 7 .501E- 01 5 . 64 5

t-" + G 1 1.543- 04 
2.031E- 31 6.148E- 04 7 .A50E- Gl 3 • 98 9E + G 1 8.176E 03 
2.071E- 01 4 . 2 5 9 E - 04 7 • 4 0 3 E-01 2 • 745E + G 1 3.846£ 03 
2.103E- 0 1 2« 89 0 E- 0 4 7 . 3 6 6 E - 01 1 • 993c + u 1 1.795E 03 i 
2.126E- 01 2.0 2 4E- 04 7 • 33 8E-01 1 .64 lc! + 0 1 l.G05c 03 
2. 142E- 0 1 1.491E- Off 7 • 319 E-01 1 •532E+G1 7.60 4c 0 2' 00 
2.1^5£- 01 1.^0 7£- 0<* 7 • 316E-Gl 1 .5 31E + G 1 7.457£ 02 
2.14 8E- 01 1.329E- 04 7 .313 E- 01 1 • 5 3 6 £ + 0 1 7 . 4 1 1 c C 2 l 
2« 15.0 E- 01 1.258E- 04 7 • 310 E-01 1 • 5 4 9 E + G 1 7.457E 32 
2.153F- 01 1. 192E- 04 7 .307E- 01 1 • 568E + 01 7.595c 02 
2.155E- 01 1.131E- 7 • 305 E-01 1 • 594E + 01 7 .822E 02 
2.157E- 01 1.0 7 4E- 04 7 • 30 2E-01 1 .6 28E + G1 8•141E 02 
2.159E- 01 1.022E- 0* 7 • 3 0 0 E-01 1 . 6 6 5 E + G 1 8. 5 5 7 £ 02 
2.161E- 0 1 9.74AE- 05 7 .297c- Gi 1 • 7 1 8 E + G 1 9. G71 ̂  02 
2.162E- 0 1 9 . 3 1 0 E - 05 7 • 295 E-01 i . 7 7 4 E + G 1 9.68 3E 02 
2.200E- 01 0 7 • 249 E-01 1 • 7 7 9 E + 0 1 9 . 7 4 1 E 02 

RMI = 0 
C M U C D = • G 7 7 

Vi SCO SITY 
3 . 5 6 2 E - J 5 n.itlGE-03 
1.C"32_-J2 1 . 0 1 7 c - G 2 
1 . 6 2 9 E - J 2 1 . 6 5 5 L - G 2 

S P l C I F I C HEAT 
1 . 2 2 6 £ + j 3 1.226 E+ 3 3 
1 . 1 9 7 E + 3 3 i. 191E + 3 3 
I . i 5 3 c + u 3 i.i49i.+ 03 

RH £=-H. 3 98L-3 2 
CMU- .63 0 

P S I I = 
C D = .230 

P S l L = l . 8 8 9 F - 0 2 
CUMOD5 = 1.600 

P EI=1.8 6 9E-0 2 
C 2 M 0 0 5 , 1 . 9 2 0 

9 . 4 ^ 3 £ - G 3 9 . 6 1 5 E - 3 3 9 . 7 7 3 E - G 3 
9 2 1 £ 3 6 35--0 3 9« 2 6 2 t > G 3 

1 . 6 7 5 E - G 2 1 . 690;-- u 2 1. 7 00E-02 

1 . 2 2 5 E + G 3 1 • 22 3E-+ 0 3 1 . 2 2 1 E + 0 3 
i • 1861: + 03 1 # 18Uu.+ 0 .5 1 . 1 7 3 u > 3 3 
1 . 1 4 9 L + G 3 1 . 1 4 9 E + 0 3 1 . 1 4 8 E + G 3 

9 . 9 4 9 E - 0 3 1 . G 1 2 E - 0 ? 1 . 0 2 6 E - C 2 1 . 0 3 5 E - G 2 1 . Q 3 8 - - 0 2 
9 . 0 7 7 E - G 3 9 . 4 7 3 E - 0 3 1 . 1 0 3 E - 0 2 1 . 3 6 5 E - G 2 1 . 5 9 6 E - 0 2 
1. 70 6c.- 0 2 1 . 7 1 0 F - 0 2 1 . 7 1 2 E - 0 2 i . 7 1 3 c - 0 2 9 . 0 4 5 E - 0 6 

1 . 2 1 8 E + Q 3 1 . 2 1 5 E + Q 3 1 . 2 1 1 E + 0 3 1 . 2 0 7 E + 0 3 1 . 2 G 2 E + 0 3 
1.167L + 0 3 1.161E + 03 1 . 1 5 6 E + G 3 1 . 1 5 3 E + G 3 1 . 1 5 G ~ + G 3 
1 . 1 4 8 E + 0 3 1 . 1 4 3 E + 0 3 . 1 . 1 4 7 E + G 3 1 . 1 4 7 E + G 3 1 . 1 2 1 E + 0 3 

T T T T T T T T T T T T T T T T T T T T T T T 7 T T 7 T T T T T T T T T T T T T T T T T T T T R T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T F T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 
NO I G N I T I O N HAS L EL N O T E C T c D , JET T E M P E R A T U R E = 1 . 7 2 9 E + 0 3 

T H I C I S AKT: ;:k'—— ISTEP- 73U AT XU-3 . 50 OE-G 1 A F T £ R I R U N = 3 W I T H T D l L T A = 1 .600 Et 01 AMD T£RROft= 1 • 0 0 J i t u J 

- T V T T T ' T T T T T T T 



TTTTTTT T TTTTTTTTTTT TTTTTT TFTTTTTTTTT TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT TTT TTT TTTTTTT TT TTTTTTT TTTTTT TTTTTTTTTTTTTTTTI 

J£P Qy j p y + + IRUN= 4 I S T E P = 600 X U = 2 . 8 5 4 E - 0 1 X / 0 = 1 . 4 7 5 E + 0 1 

I Y U 7 i _ : - i p D £ M 3 1 T Y E N T H A L P Y J F J O X J C 0 2 J N 2 / K J 2 

1 0 6 3 9 5 c + C1 8 . 23lc + 0 2 4 . 103E- 01 2.935L + 06 3 . 8 33£- 0 2 1 . 5 3 3 c - 01 5 • 6 7 4 E - 03 7 • 980 £ -01 1 • 745c + 02 1 • G46E + 0 5 
2 . 019 o 3 9 5 E + 01 8 . 23 1E + 02 4. 1 0 3 E - 01 2 . 9 3 5E + 0 6 3 .8 33E- 0 2 1.533E- 01 5 • 6 7 4 £ - 03 7 • 980 E -01 1 • 745 £ + 02 1 . 046E + 05 
3 • 0 36 6 241E+G1 8 . 1 6 5 E + 0 2 4 . 136E- G 1 2 . 9 4 1 E + 0 6 3 • 8 b 3 £ - C 2 1.545E- 0 1 5 • 5 1 6 E - 0 3 7 • 96 8£ - 0 1 1 • 7 8 4 E + 0 2 1 . 0 9 2 - + 0 5 
4 . 0 57 b O l D c + O 1 8 . 0 6 2 4 . 1 ci 7'£-01 2 « 9 4 9 E + 0 b 3 . 9 0 9 E - 0 2 1 . 5 6 4 E - 0 1 5 • 2 6 1 £ - 0 3 7 • 95 0 E - 0 1 1 . 3 2 5 E + 0 2 1 • 1 4 2 E + 0 5 

5 .077 5 7 1 1 E + G 1 7 . 9 3 5 E + 0 2 4. 2 5 5 £ - 01 2 . 9 6 1 E + 0 6 3 . 9 6 8 E - 0 2 1 . 5 8 7 E - 0 1 4 . 9 7 8 £ - 0 3 7 . 9 2 5 c - 0 1 1 . 8 5 7 E + 0 2 1 . 1 7 9 E + 0 5 

6 . 097 5 3 5 7 E + 0 1 7 • 77 9£ + 0 2 4 . 3 4 0 E -L 1 2 . 9 7 5 E + C 6 4 • 0 4 0 E - 0 2 1 . 6 1 6 E - 01 4 • 6 2 3 E - 0 3 7 • 8 9 6 E - Q I 1 • 8 6 3 E + C 2 1 .187 E + 0 5 

7 • 116 4 9 5 9 E + G 1 7 .60 i£ + G2 4 . 4 4 1 £ — 01 2 . 9 9 1 E + 0 6 4 . 1 2 2 £ - 0 2 1 . 6 4 9 E - 0 1 4 • 2 3 G £ - 0 3 7 • 8 6 2 E -ul 1 • 8 3 4 E + 0 2 1 .156E+05 
8 .139 5 . 3 1 £ + 0 1 7 .40 6E+ 0 2 H . 5 5 7 £ - 01 3 . J 0 9 E + 0 6 4 • 2 1 2 c - 0 2 1 . 6 8 5 E - 0 1 3 • 8 1 4 £ - 0 3 7 • 8 2 5 E - 0 1 1 • 7 6 6 E + 0 2 1 . 08 3E + 0 5 
9 . 162 4 0 6 4 E + 0 1 7 . 197E + 02 4 . 638E- 01 3 . 0 2 8 E + 0 6 H . 3 0 9E- 0 2 1 . 7 2 4 E - 0 1 3 . 3 8 8 E - 0 3 7 . 7 8 4 c - 0 1 1 .659E+ 0 2 9 .719c + 0 4 

10 . 1 8 7 3 6 26E + G 1 6 • 979L.+ 02 4 . 8 33c> 01 3 . 0 4 9 E + 0 6 4 . 4 1 1 E - 0 2 1 . 7 6 4 E - 0 1 2 • 9 6 1 E - 0 3 7 • 7 4 1 E - 0 1 1 • 5 1 6 E + G 2 8 .?36E+04 
11 . 212 3 1 6 6 E + G 1 6 • 753E + 02 4. 994E- C I 3 . 0 7 1 E + 0 6 4 •516E- 0 2 1 . 8 0 7 E - 0 1 2 • 5 4 2 £ - 0 3 7 • 6 9 6 E - 0 1 1 • 3 4 5 E + 0 2 6 • o G 5 £ + 0 4 

1 2 .241 o 
L. 7 11E + L 1' 6 . 5 2 2 E + 0 2 5 . 17u£- ul 3 . 0 9 3 E + 0 6 6 2 5 c - 0 2 1 . 8 5 0 E - 0 1 2 • 1 3 7 E - 0 3 7 • 6 4 8 F - 0 1 1 .154E + 0 2 5 . 2 5 6c t - 0 4 

13 
•
 Z 7 } c. 265c+0 1 6 . 2 6 6 L + 0 2 5. 361c- 0 1 3 . 1 1 7 E + 0 6 4 • 7 3 7 E - 0 2 1 . 8 9 5 E - 0 1 1 . 7 5 1 c - 0 3 7 • 6 0 0 E - 0 1 9 .531E + G 1 3 • 80 3E + 04 

14 .306 1 8 3 7 E + G1 6 .051E+02 5 . 5 7 0 E -0 1 3 . 1 4 1 E + 0 6 4 . 8 5 0 E - 0 2 1 . 9 4 0 E - 0 1 1 . 3 8 9 E - 0 3 7 . 550c - 0 1 7 • 5 2 3 E + 0 I 2 . 5 3 9 E + 04 
15 .346 A X. 3 4 E + 0 1 5 • 814E + 0 2 5 . 795E- 0 1 3 . 1 6 6 E + 0 6 4 • 9 6 3 E - 0 2 1 . 9 8 5 E - 0 1 1 « 0 5 7 E - 0 3 7 • 4 9 9 E - 0 1 5 • 6 3 G E + u 1 1 . 5 3 0 E + 0 4 

16 . 393 1 071E + G 1 5 • 58 6E + 0 2 b . 0 31 £- 01 3.191E + 06 5 . 0 7 4 E - 0 2 2 . 0 3 0 E - 0 1 7 . 6 2 8 £ - 0 * 7 • 44 9 E - 0 1 3 . 9 9 G E + G 1 8 . 1 3 7 £ + 0 3 

1 7 . t 5 1 
—r I 6 98L> U 0 5 3 7 8 i _ t Q 2 6 . 261E- •Jl 3. 2 1 4 E + 0 6 5 . 1 7 5 E - 0 2 2 • 07 0L- 0 1 5 • 2 2 2 L - O H 7 ..4 0 3 E - 0 1 2 • 7 5 9 E + L 1 3 .6 57 E + 0 3 
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14 . 3 0 7 1 . 8 3 5 E + 0 1 6 . 07 lr +02 c: ^ . 551E- Gl 3, 142E+-0 6 4 . 8 4 6 E - 02 1 . 938 E- 01 1 • 543E- 03 . 5 4 9 E - Gl 7 . 504c +0 1 2 . 526E 04 
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APPENDIX E 

PRESSURE GRADIENT CALCULATIONS 

For a steady free jet, the pressure gradient, , is zero. For a 

confined co-axial flow the pressure gradient is calculated from the 
47 following considerations :-

From the continuity equation, the cross—section area of the flow, 
Aflow> includes both the primary and secondary flows, is given by: 

T U 1 Aflow " J — d" i|f (1) 

where W is the wall of the secondary flow, i.e. the wall of the glass 

cylinder. 

If the flow properties p,u,ijj, etc. were correctly calculated, the 

flow area A f i o w would remain a constant and would be equal to the area of 

the duct, A^uct* However, a calculated error area, dA, may be found 

because of a change in the•streamwise pressure. From equation 1 this 

erroneous area dA is related to the change of pressure, dp, by:-

£ . d f u a . dllJ = - f u
( L - )

2 du d u | 
dp dp J T pu ^ J pu dp 

As an approximation, - (by neglecting the literal convection 

and diffusion terms in the momentum equation) and ^ ^ Jr2 (i.e. isentropic 

flow), where M is the Mach number of the flow. Furthermore, m 2 « 1, 

thus:-

f 0) 
d A ^ \ 
d P J i 

>1 S du = I 7 (3) 0 iP 

The erroneous area, dA, is at any step, equal to the difference between 

the calculated and the actual flow areas:-

i.e. dA = A d u c t - A f l o w (4) 

Therefore, from equations 3 and 4:-
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dP " < Aduct " Aflo„> < « 

The procedures of evaluating the pressure gradient is as follows:-

(i) Based on the upstream values of p, u, etc. the flow area is 

calculated. This value is then used to calculate the erroneous 

area dA and the pressure change, dp. 

(ii) The deduced dp is used in the source term of the momentum equation 

to calculate the downstream P , u, etc. 

(iii) From the downstream values, the pressure change dp is recalculated. 

Using this corrected fdp' value, the flow properaties p, u are 

adjusted. 
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APPENDIX F 

RADIATION LOSS CALCULATION 

Consider the diagram on the right. 

A spherical hot junction is immersed 

in a hot stream of nitrogen gas. 

Assuming the temperature of the 

nitrogen gas is uniform, the 

conduction loss from the spherical 

junction to the wires is negligible. 

Thus, the heat balance at equilibrium 

state is:-

radiation loss = Q ^ = Convective gain = Q( 

VjK.ES 

WVtbT 

A M O T 

(1) 

radiation loss is given by: 

4 4 
Q r « 8 • a .<Ts - T a )• A (2) 

where S = the emissivity of the hot junction 

T s
 53 the temperature of the hot junction 

A = the surface area of the hot junction 

a = Stefan-BoltzmanTs constant 

and T a = the;.ambient air temperature. 

and the conveetive heat gain is given by:-

Q c = h • A - (T g - Tfi) (3) 

where Tg is the temperature of the nitrogen gas 

The coefficient of heat transfer, h, over a sphere is given by various 

authors. The expression adopted here is as follows"^*':-

h = 0.37 (R p)
0' 6 t (4) 

where Rg 

k 

and d 

= the Reynolds number 

- the thermal conductivity 

= the diameter of the sphere. 
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From equations 1 to A, 

0.6 

6 • O 

4 4 0 37 (V^) k 
T s - T a = ^ A

 k <T a - T b) (5) 

In the range between 1000°C to 1500°C the thermal conductivity of 

nitrogen may be expressed as: — 

-12 3 -10 2 
k = -4.606 x 10 T g - 2.397 x 10 T g 

+ 4.53 x 10"5 T g + 2.971 x 10~2 

the units of k and T a are and °C respectively. 

An uncertain value in equation 5 is the emissivity of the platinum-

rhodium alloy. £ varies with the nature of the junction surface and the 

temperature of the sphere. The value used by the present calculation is 

extracted from the table compiled by Dr. Margaret Fishenden^^*, and is 

put at £ = 0.16 within the temperature range covered by the present study. 

T a may be conveniently given the value of 20°C (297°K), thus equation 

5 is rewritten as:-

= 2.719 x l O 1 0 ^ ) 0 * ^ T„ + 7.37 x 10 9 

T s = ^ " 8 (6) 
T s

3 - 2.719 x 10 i U (Re)0-6 k 

From this equation, T s may be readily deduced by iteration process. 

The radiation loss, i.e. (Tg - Ts) , is given as a function of Re and Tg 

in Figure 37. 
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TABLE 1 DETAIL OF THE THERMOCOUPLES 

TYPE COPPER-
CONSTANTAN 

CHROMEL-
ALUMEL 

Pt to 
'Pt - 13% Rh 

REFERENCE 
B.S. 1828 

(1961) 
B.S. 1827 

(1952) 

Manufacturer's 
Calibrated 

Table 

MAXIMUM 
MEASURABLE 
TEMPERATURE 

400°C 1300°C 1600°C 

Location 
of the 

Thermocouples 

(a) upstream of 
the orifice 
plate (4)* 

(b) cooling 
water inlet 
and outlet 
(2)* 

(c) working-
section 
(secondary 
flow) 

(d) outlet of 
Secomake 
heater 

(e) settling 
chamber 

(a) pre-heating 
heater (4) 

(b) connector 
heater (3)* 

(a) working 
section -
primary 
flow 

Cold Junction Yes No Yes 

Measurement, of 
DvC. voltage 

"Advance D.V.M. 
(± 0.01 mv) 

"Solartron" 
D.V.M. 
(1 0.1 mv) 

"Solartron" 
D.V.M. 
(± 0. 001 mv) 

Diameter of 
wire 

0.5 mm 0.5 mm 0.5 mm 

* Number of thermocouples used 
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TABLE 2 DETAILS OF THE ORIFICE METERS 

LOCATION 
AND 

FUNCTION 

PIPE 
DIAMETER 

(mm) 

THROAT 
DIAMETER 
(mm) 

PIPE 
LENGTH 
(mm) 

MANOMETER 
FLUID FOR 
PRESSURE 
DIFFERENCE 

MEASUREMENT 

MANOMETER 
FLUID FOR 
UPSTREAM 
PRESSURE 

MEASUREMENT 

UPSTREAM 
TEMPERATURE 

SENSOR 

Primary 
flow, 
air and 
nitrogen 

25.4 8.76 1780 
paraffin 
(s.g. 1.58) 

mercury 
copper-

cons tantan 

Secondary 
flow, 
air 

76.2 38.1 5820 
paraffin 
(s.g. 0.784) 

paraffin 
(s.g. 1.58) 

copper-
cons tan tan 

Secondary 
flow, 
nitrogen 

25.4 12.7 1780 
paraffin 
(s.g. 1.58) 

mercury 
copper-

cons tantan 

Secondary 
flow, 
me thane 

25.4 10.2 1780 
paraffin 
(s.g. 0.784) 

paraffin 
(s.g. 1.58) 

copper-
cons tantan 

* 
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TABLE 3 THE REFERENCE FLOW CONDITIONS 

Measurements of M.I.T. were checked for each set of experiment under 

the following reference- conditions:-

(i) Jet diameter of the primary flow 
dp = 19.35 mm or dp = 15.0 mm 

(ii) Mass flow rate of the primary flow 
mp = 2.05 x 10~3 Kg/s 

(iii) Temperature of the secondary flow 
Ts = 150°C 

(iv) Mass flow rate of the secondary flow 
ms = 50 x 10~3 Kg/s 

(v) Equivalence ratio of the secondary flow 

(vi) Oxygen index of the secondary flow 
^ = 0.233. 

The measured M.I.T. over five different sets of experiment under 

these flow conditions were found to be:-

for dp = 19.35 mm 

= 1 .0 

M.I.T. = 1279°C; 1280°C; 1288°C; 1283°C; 1284°C 

average = 1283°C. 

for dp = 15.0 mm 

M.I.T. = 1378°C; 1372°C; 1379°C; 1378°C; 1374°C 

average = 1376°C. 
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TABLE 4 EFFECT OF PRIMARY MASS FLOW RATE 

d- = p 19.35 mm d p = 15.0 mm 

. ® S = 
-3 

50 x 10 kg/s m s = 50 x 1 0 ~ 3 

kg/s 

T s = 150 C T s = 150°C 

n = 1.0 n = 1.0 

= 0.233 ^ = 0.233 

® p x 1 0 3 kg/s M . I . T . (°C) , 3 
m;p x 10 kg/s M.I.T.-(°c) 

1.41 1242 1.59 1341 

1.64 1260 1.76 1358 

1.89 1267 1.93 1366 

2.05 1279 2.05 1378 

'2.25 1291 2.16 1389 

2.42 1302 ' 2.42 1397 

2.66 1317 2.64 1412 

2.95 1332 2.81 1430 

3.20 1341 3.04 1437 

3.40 1355 3.22 1448 

3.59 1364 3.39 1462 
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TABLE 5 EFFECT OF EQUIVALENT RATIO 

d = 
P 

19.35 mm d = 
P 

15.0 mm 

m p = 2.05 
-3 

x 10 kg/s 
s 

m = 
P 

2.05 x 10" 3 kg/s 

V " 
50 x 

-3 
10 kg/s 

• 
ms = 

-3 
50 x 10 kg/s . 

v = 150°C Ts • 150°C 

* = y 0.233 * • 0.233 
n M . I . T . (°C> n M . I . T . (°C) 

0.56 1299 0.67 1397 

0.64 1291 0.73 1388 

0.69 1286 0.79 1378 

0.76 1282 0.86 1373 

0.84 1280 0.95 13.72 

0.92 1279 1.0 1372 

1.0 1280 1.12 1374 

1.13 1283 1.28 1379 

1.24 1286 

1.36 

• 

1289 
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T A B L E 6 E F F E C T O F O X Y G E N I N D E X 

d = 19.35 mm 
_ 3 

m £ = 2.05 x 10 kg/s 
• — 3 
m = 50 x 10 kg/s 
S 

d = 15.0 mm 
, P -3 
m = 2.05 x 10 kg/s 
. p -3 
m = 50 x 10 kg/s 
S * 

T = 150°C 
S 

n = l.o 

T = 150 C 
S 

n = 1.0 

I M.I.T. (°C) I M.I.T. (°C) 

0.188 1344 0.194 1436 

0.192 1338 0.197 1431' 

0.196 1331 0.201 1420 

0.2 1326 0.206 1410 

0.207 1316 0.213 1401 

0.212 1311 0.217 1393 

0.218 1304 0.221 1392 

0.222 1298 0.227 " 1384 

0.226 1294 0.233 1379 . 

0.23 1290 

0.233 1288 
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TABLE 7 EFFECT OF SECONDARY FLOW TEMPERATURE 

d • = 19.35 mm 
P -3 

to = 2.05 x 10 kg/s 
• -3 
i&s = 50 x 10 kg/s 

= 15.0 mm 

m p = 2.05 x 10~ 

nig. = 50 x 10~ 3 

3kg/s 

kg/s 

n = 1.0 n = 1.0 

^ = 0.233 ^ - 0.233 

T (°C) 
S 

M.I.T. (°C) T s <°C> M.I.T. (°C) 

18. 1339 22. 1452 

37. 1337 39. 1438 

58. 1321 59. 1432 

76.. 1315 79. 1425 

106. 1311 98. 1410 

122. 1302 120. 1394 

144. 1286 • 138. 1381 

150. 1283 150f 1378 

165. 1277 159. '1371 

186. 1270 180. 1363 

187. 1265 1871 1352 

167. 1278 169. 1362 . 

150. 1284 150. 1374 

139. 1294 133. 1386 

118. 1304 111. 1395 

107. 1311 87. 1409 

. 93. 1317 62. 1421 

74. 1330 45. 1432 

52. 1340 

33. 1351 
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TABLE 8. REACTIONS OF METHANE OXIDATION 

REACTIONS REFERENCES 

1. CH 4 + 0 2 —> CH 3 + H0 2 94, 137 

2. CH^ + 0 2 CH 20 + H 20 139 

3. CH 4 + H —> CH 3 + ft2 3, 140 

4. CH 4 + 0 CH 3 + OH 3 

5. CH 4 + 0 —> CH 2 + H 20 141 

6. CH 4 + OH CH 3 + H 20 3, 138 

7. CH 4 + H 0 2 ^ C H 3 + H 2 0 2 94 

8. CH 4 + M CH 3 + H + M 141, 15Q-

9. CH 3 + 0 2 —» CH 20 + OH 3, 94, 142 

10. CH3 + 0 2 —> CH 30 2 91 

11. CH 30 2 > CH 20 + OH 91 

12. CH 3 + H 2 —^ CH 4 + H 144 

13. CH 3 + CH 20->CH0 + CH 4 143 

14. CH 3 + OH —* CH 20 + H 2 151 

15. CH 3 + 0 —f CO + 126 

16. CH 20 + 0 2—> CHO + H0 2 3, 94 

17. . CH 20 + 0 —^ CHO + OH 146 

18. CH 20 +0H —^ CHO + H 20 94 

19. CH 20 + H —^ CHO + H 2 145 

20. CH 20 + H 0 2 - ^ C H 0 + H 2 0 2 94 

21. CH 20 + M —> CHO + H + M 152 

22. CHO + OH CO + H 2 0 3 

23. CHO + 0 — > CO + OH 129 

24. CHO + H —^ CO + H 2 129 

Contd. 



25, 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 
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TABLE 8. Continued 

REACTIONS 

CHO + M » CO + H + M 

CO + 02 > co2 + 0 

CO + OH » C0 2 + H 

H + 0 2 » OH + 0 

0 + H 2 > OH + H 

0 + H 20 — > OH + OH 

OH + H 2 ^ H 20 + H 

H + H 20 ^ H 2 + OH 

OH + OH > H 2 0 + 0 

H + 0 + M—> 0 H + M 

H + 0 2 + M - » H 0 2 + M 

OH + OH + M - * H 2 0 2 + M 

H + H + M — ^ H 2 + M 

0 + 0 + M — > 0 2 + M 

H + OH + M—^H 90 + M 

REFERENCES 

130 

3 

96 

3, 130 

3, 130 

3 

3, 96 

3, 96 

3, 96 

148 

3, 149 

147 

3, 148 

3, 148 

3, 148 
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TABLE 9 VELOCITY MEASUREMENT - FREE JET 

dp = 15.0 mm ™s = 0 

= 2.25 x 10~ 3 Kg/s T_ = T = 20°C 
P s 

AXIAL PROFILE 

X 

d P 
U (m/s) 

1 13.8 

2 13.8 

3 13.8 

4 13.7 

5 13.4 

6 12.8 

7 12.1 

8 11.2 

9 10.4 

10 9.6 

11 9.0 

12 8.4 

13 7.8 

14 7.4 

15 7.0 

16 6.6 

17 6.2 

18 5.8 

19 5.6 

20 5.3 

RADIAL PROFILE = 4 
dp 

r (mm) U (m/s) 

1 

3 

5 

7 

9 

11 

13 

15 

17 

19 

21 

23 

13.69 

13.02 

12.41 

9.31 

7.63 

5.77 

4.18 

2.82 

2.70 

0.95 

0.56 

0.43 



- 203 -

TABLE 10 CONTINUED 

• 
dp = 15.00 mm m s = 0 
• 
m 
P 

= 2.25 x 10~ 3 Kg/s TP = T s = 20°C 

RADIAL PROFILE ~ = 8 
dp 

r (mm) U (m/s) 

1 

3 

5 

7 

9 

11 

13 

15 

17 

19 

21 

23 

25 

27 

11.04 

10.04 

8.71 

7.73 

6.5 

5.64 

4.55 

3.57 

2.87 

1.73 

1.66 

1.22 

0.92 

0.58 

RADIAL PROFILE ~ = 12 
dp 

r (mm) U (m/s) 

1 8.29 

3 7.93 

5 7.37 

7 6.73 

9 *6 

11 5.32 

13 4-. 62 

15 3.92 

17 3.63 

19 2.81 

21 2.12 

23 1.85 

25 1.45 

27 1.08 
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TABLE 10 CONTINUED 

* 
dp - 15.0 mm m s = 0 

= 2.25 x 10" 3 Kg/s T 
P 

= T s = 20°C 

RADIAL PROFILE ~ = 16 
dp 

r (mm) U (m/s) 

0 

3 

6 

9 

12. 

15 

18 

21 

24 

27 

30 

33 

36 

39 

6.53 

6.28 

6.02 

5.44 

4.82 

4.08 

3.53 

2.6 

2.38 

1.61 

1.31 

1.23 

0.67 

0.35 

RADIAL PROFILE = 20 
dp 

r (mm) U (m/s) 

1 5.29 

5 5.02 

9 4.73 

13 4.11 

17 3.80 

21 3.21 

25 2.56 

29 1.88 

33 1.45 

37 1.08 

41 0.95 

45 0.72 

49 0.48 
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TABLE 10 VELOCITY MEASUREMENT - CONFINED JETS 

dp = 15.0 ram m s = 50 x 10"3Kg/s 

™p = 2.0 x 10~
3 Kg/s Tp = T s = 20°C 

AXIAL PROFILE RADIAL PROFILE = 4.2 
dp 

X 
dp 

U (m/s) * (mm) U (m/s) 

0.67 11.80 0 11.56 

_2.07 11.69 2 11.29 

,4.2 11.56 4 10.37 

10.73 7.81 6 8.88 

15.2 5.97 8 7.03 

19.0 4.98 10 5.74 

23.0 4.24 12 4.33 

14 3.03 

16 1.99 

18 1.25 

20 0.72 

22 0.54 



- 206 -

TABLE 10 CONTINUED 

* 

dp = 15.0 mm ms = 50 x 10 Kg/s 

™p 
= 2.0 x 10" 3 Kg/s TP = T s = 20°C 

RADIAL PROFILE = 10.73 
dp 

RADIAL PROFILE = 15.2 
dp 

r (mm) U (m/s) r (mm) U (m/s) 

0 7.81 0 5.97 

2 7.55 • 2 5.86 

4 7.12 4 5.67 

6 6.61 6 5.36 

8 5.75 8 5.09 

10 4.87 10 4.58 

12 4.26 12 4.18 

14 3.57 14 3.71 

16 3.05 16 3.18 

18 2.62 18 2.9 

20 2.04 20 2.53 

22 1.71 22 2,21 

24 1.32 24 2.27 

26 1.05 26 1.67 . 

28 0.89 28 1.78 

30 0.79 30 1.70 

40 0.66 32 0.89 

34 0.78 

36 0.66 

38 0.87 

40 0.66 
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TABLE 10 CONTINUED 

dp = 15.0 mm 
• 
m g = 50 x 10~

3 Kg/s 

mp = 2.0 x 10~ 3 Kg/s T P 
= T = 20°C 

RADIAL PROFILE = 19 
dp 

RADIAL PROFILE = 23 
dp 

r (mm) U (m/s) r (mm) U (m/s) 

0 4.98 0 4.24 

2 4.94 5 4.06 

4 4.82 10 3.63 

6 4.7 15 3.24 

8 4.46 20 2.72 

10 4.2 25 2.53 

12 3.95 30 2.09 

14 3.79 35 1.78 

16 3.4 40 1.06 

18 3.18 45 0.96 

20 2.77 50 0.79 

22 2.71 55 0.8 

24 2.4 . 

26 2.15 

30 " 1.78 

34 1.16 

38 0.89 

40 0.78 

45 0.65 

50 0.59 
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TABLE 11 LAMINAR VISCOSITIES 

U s 1 
( 1 » j ) R e f at 500°C (Kaye and Laby) x 10 N-s-m 

CH 4 02 C0 2 H 20 N 2 

2733 4713 3741 2780 1749 

Comparison of Kaye and Laby and Sutherland's Law 

100°C 

A B 

300°C 

A B 

. 500°C 

A B 

600°C 

A B 

CH4 

0 2 

co2 

H 2O 

N 2 

1 .35 1 .19 

2 . 44 2 . 11 

1 .86 1 .74 

1 .21 1 .43 

2 . 12 1 .78 

1 . 88 1 . 80 

3 .37 3 . 1 8 

2 . 7 0 2 . 6 3 

2 . 02 2 . 16 

2 . 86 2 . 69 

2 . 3 3 2 . 33 

4 . 1 3 4 . 13 

3 . 4 1 3 . 41 

2 . 8 0 2 . 80 

3 . 4 9 3 .49 

2 . 53 2 . 5 8 

4 .47 4 .56 

3 .73 3 . 77 

3 . 0 3 .09 

3 .78 3 .86 

A = Kaye and Laby 

B = Sutherland's Law 

Sutherland's Law 

700°C 1100°C 1500°C 1900°C 

CH4 2 . 81 3 . 6 4 4 .35 4 .98 

0 2 4 . 9 8 6 . 4 5 7 .71 8 .83 

co2 4 . 1 1 5 . 3 3 6 . 37 7 .29 

H 2O 3 . 37 4 . 3 7 5 . 23 5 .99 

N 2 4 . 21 5 . 4 5 6 . 52 7 .47 
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TABLE 12 SPECIFIC HEAT OF CHEMICAL SPECIES 

Effective specific heat is defined as:-

n 

CP = X Cp,j KJ/Kg-K 

where Cp,j = aj + bjT + cjT 2 (KJ/Kg-K°-mol) 

AJ 
(KJ/Kg-K-mol) 

bj x 10 3 

(KJ/Kg-K2-mol) 
cj x 106 

(KJ/Kg-K-mol) 

H 2 O 30.370 9.618 1.184 

co 2 26.009 43.512 -14.838 

°2 
25.732 12.983 - 3.863 

CH4 14.151 74.941 -17.529 

N 2 27.306 5.232 - 0.004 



TABLE 13 COMPARISON OF M.I.T. OF CH4 - O? MIXTURES 

By Laminar 
(L) or 

Turbulent 
(T) jets 

By Air 
(A) or 

Nitrogen 
(N) jets 

Ts 
(°C) 

dp 
(mm) 

®P 
(Kg/s) 
xlO 3 

M.I.T. 
(°C) 

M.I.T. 
Adjusted 
for Ts 
effect (°C) 

Reference 

T 
11 
11 
11 
11 
11 

N 
11 
11 
11 
11 
11 

150 
11 
11 
11 
11 
11 

19.35 
11 
11 

15.0 
11 
11 

1.41 
2.05 
3.20 
1.59 
2.05 
3.04 

1242 
1283 
1341 
1341 
1376 
1437 

1307 
1348 
1406 
1401 
1436 
1497 

1.78 
2.18 
2.66 
2.47 
2.74 
3.17 

Present 

Study 

L 
11 
11 
11 
11 
11 

N 
11 
11 
11 
11 
11 

Ambient 
11 
11 
11 
11 
ti 

4.0 
6.4 
7.0 

10.0 
15.0 
17.0 

.042 

.070 

.071 

.119 

.143 

.154 

1425 
1436 
1200 
1325 
1265 
1240 

1425 
1436 
1200 
1325 
1265 
1240 

1.49 
1.07 

.0.64 
-0.02 
-0.21 

22 
26 
17 
22 
26 
22 

L 
H 
it 

A 
11 
11 

Ambient 
u 
11 

4.0 
7.0 

10.0 

.042 

.070 

.119 

1180,1190 
1135 
1040 

1180,1190 
1135 
1040 

1.34 
.7 
.44 

17,21 
17 
22 
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TABLE 14 DI-ELECTRIC STRENGTH OF ALUMINA CEMENT 

(a) At Temperature up to 1000°C 

Di-electric Strength (Volts/mm) 

1.5 x 10 3 

4.8 x 10 4 

4.8 x 10 4 

2 x 10^ 
6-11 x 105 

References 

54 
102 
103 
104 
105 

(b) At Temperature Near the Fusion of Cement 

Di-electric Strength (Volts/mm) 

25 

50 (porous) 
230 (dense) 
40 - 100 
40 - 160 
50 (porous) 

160 - 1100 (sintered) 
200 
250 

References 

54 
106 

107 
108 
109 
110 
111 



- 212 -

TABLE 15 THERMAL CONDUCTIVITY OF CERAMIC OXIDES 

(Reference 89) 

OXIDES 
MELTING 
POINT 

THERMAL CONDUCTIVITY 
W/m-°C REMARKS 

(°C) 200°C 1400°C 

Alumina (A^Og) 2015 22.5 5.5 Low melting point 

Beryllia (BeO) 2550 174.6 16.4 High conductivity 
but toxic 

Calcia (CaO) 2600 11.1 Chemically 
uns table 

Magnesia (MgO) 2800 38.3 6.0 High porosity 

Thoria (TI1O2) 3300 8.5 2.5 Radioactive 

Uranium Oxide (U02) 2280 4.2 Uns tab le 

Zirconia (Zr02) 2677 2.0 2.44 .Not available in 
long tube form 

Zircon ( Z j ^ . S - ^ ) 2420 5.7 3.8 Not available in 
long tube form 
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TABLE 16 COMPARISON OF ACTIVATION ENERGY 

OF METHANE AIR MIXTURE 

METHOD 
FUEL/AIR 
RATIO 

(EQUIVALENCE) 

PRESSURE 
RATIO 
(x ATMOS. 
PRESSURE) 

TEMPERATURE 
RANGE 
(°K) 

' ACTIVATION 
ENERGY 

(J/Kg-mole) 
xlO-8 

REFERENCE 

Hot Gas 
(Turbulent) 

0.56-1.36 1.0 1515-1725 2.15 
. Present 
Study 

Hot Gas 
(Laminar) 

0.8 -1.0 1.0 1538-1709 2.102 26 

Shock Tube 0.2-5.0 1.5-4.0 1350-1900 2.152 119 

Shock Tube 1.0 11..22H5.-L3 1476-1900 2.09 6 

Flow Reactor 0.5-0.8 0.3-0.8 1450-1750 2.3810.2 120 

Flow Reactor 0.4-2.5 1.0 1180-1282 2.386 8 

Fully Stirred 
Reactor 

lean up to 2 1300-1400 2.38 . 123 

Free Flame 1.08-1.32 1.0 2180-2520 1.6 5 

Static Reactor 1.5-9.0 103 630 1.8 7 



METHOD UNADJUSTED EXPRESSION 
ADJUSTED FOR 

PRESSURE AND TEMPERATURE 
ADJUSTED FOR 
CONCENTRATION 

REFERENCE 

Hot Gas 
(Turbulent) 

7.88xl0 6m C H 4*m 0 2*p
2.T Vl 

exp (-2.15xl08/RT) 

1.18x1A2.mcn^.m02• 

exp (-2.15xl08/RT) 
1.43xl0 1 0.exp(-2.15xl0 8 / R T ) Present 

Study 

Hot Gas 
(Laminar) 

4.64xl0 1 1m 0 2
1: 1(p/RT) 

.exp (-2.1X10 8/RT) 

4.72xlO l 0.mo 2
1 , : L 

.exp (-2.Ixl08/RT) 
8.93xl09

fc exp(-2.Ixl0
8/RT) 26 

Flow 
Reactor 

Q 1 n14 0.5 0.5 
3.31x10 •inCH4,in02* "^20 

.(p/RT)2.exp(-2.38x108/RT) 

1 in 1 2 °-5 °-5 

1.69x10 .mcH 4.mo 2.n^ 0 

.exp (-2.38x10*810/RT) 

1.53xl01?exp(-2.38xloj&T) 120 

Flow 
Reactor 

/• l n10 -0.4 1.4 

6x10 . m C H 4 

.exp (2.39xl08/RT) 

2.30xl01?exp (-2.39xlO%C) 8 

TABLE 17 COMPARISON OF REACTION RATE OF METHANE AIR MIXTURE 
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P L A T E ( 1 ) M A I N B O D Y 
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LEAVE ON OVERHIGH 
Please do not touch 

this apparatus or controls 
In case of emergenc, 
or power failure 

turn off 

PLATE(3) ELECTRIC POWER SUPPLY I CONTROL 
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Fig 1 THE GEOMETRY OF THE FLOW 

Exit 
Fig 1A AXIAL TEMPERATURE DIFFERENCE 

BETWEEN IGNITION AND NO IGNITION 
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Q 0 
Traversing 
Table 

Glass cylinder 

Flow mixer 

K 
(Primary Flow) KEY 

/WA Heaters 

Valves 

Thermocouples 

Fig. 1B SCHEME FOR M.I.T MEASUREMENT 
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2 9 0 m m A CLASS TUBE 

a HOLES FOR P R Q 8 E S 

c COOLING W A T E R J A C K E T 

0 M O - A L HEATER 

E H O N E Y C O M B 
F G L A S S B E A D 

G F U E L I N J E C T O R 

H M I L D S T E E L 

1 G R I O S 

J OUCT W A L L S 

K H E A T E R S 
L OUCT 
M F R A M E 

N H E A T E R B L O C K S 

0 C O N N E C T O R 

P T H E R M O C O U P L E ' 

Q A L U M I N A POWDER 

R A L U M I N A T U B E 

. S P R E - H E A T ( N G H E A T E R 

T T H E R M O C O U P L E 

li M . S . B O X 
V A D J U S T A B L E L E G S 

W T E S T S E C T I O N i 
X S E T T L I N G C H A M B E R 

Y C O N N E C T O R H E A T E R 

Z M I X I N G C H A M B E R 

7 7 — U 

FIG( 3 ) LAYOUT OF THE M A I N B O D Y 

7 — 7 — 7 " 

NOT r o S C A L E 
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FIG ( 4 ) DETAIL ^ OF F I G ( 3 ) 

FIG ( 5 ) THE FLOW REDUCER 
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FIG ( 6 ) FUEL INJECTOR 
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KEY = 

FIG( 7 ) THE MOLYBDENUM - ALUMINA HEATER 
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SECTION A - A 

MOLYBDENUM 

ALUMINA TUBES 

SECTION B - B 

4 EQ. SPACED 
BRASS CONNECTOR 

A S B E S T O S 
SOCKET COPPER 

TERMINAL BAR 
MOLYBDENUM 
SCREWS 

F1G.C 8 ) SECTION A - A S B - B OF FIG.( 7 ) 
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roc, 
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• ALUMINA 
MOLYBDENUM 

SECTION A-A 

E 
E 
o 
CVJ 
ou 

E 
E 
(0 

O 

B B 

SECTION B - B 

F I G ( 9 ) DETAIL OF THE MOLYBDENUM HEATING ELEMENT 



/KAOWOOL 

M.S.PLATES 

ALUMINA BLOCK 
to 
N3 
CT\ 

10 PAIRS 
OF ROLLERS 

FIG ( 1 0 ) THE PRE-HEATING HEATER 
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HEATING ELEMENT 

F I G ( 1 1 ) THE HEATING MATRICES 
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P I G ( 1 2 ) THE ALUMINA SUPPORTING FRAME OF A HEATING MATRIX 

12-7mm 25-4 mm 
—4 

! Z 

_ Z 2 

A 

Reset to 6-35mm 
embofcy the . Grooves heating mcrtnx 

FIG( 1 3 ) THE ALUMINA BLOCK OF THE PRE-HEATING HEATER 
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V I E W OH Y 

BLOCK 

FIG (14) ASSEMBLE 

KAOWOOL 
HEATING 

M.S- MATRIX 
PLATE 

OF HEATING MATRIX 



KAOWOOL PACKING 

LEGS 
THE HEATER BOX 

FIG ( 1 5 ) THE CONNECTOR HEATER 
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Fig.(18) Symbols for Fig. (19) and Fig (26) to Fig (30) 
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6 = YAW ANGLE (DEGREE) 
20 40 60 80 100 120 

FIG ( 1 9 ) CALIBRATION CHARTS FOR THE 3-HOLE PROBE 
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(°C) 
EXPERI-

MENT (i) (2) (3) (4) (5) 

d = 19.35 
p ram 

1283 1279 1280 1288 1284 

oL = 15.0 
mm 

1378 1374 1378 1372 1379 

Fig.20 H.I.T. REPRODUCIBILITY TEST - SINGLE POINTS 

.UNDER REFERENCE.C0NDIT10NS. (TABLE 3)_. 

M. I . 'T . 

( ° C ) 

U 5 0 

1 4 0 0 

1350 

1300 

= 15.0 mm 

— O 

> o 
o S E T ( 1 ) 

A SET (2) 

> O 

> o 
O © o 

* o 

— • £ 
0 0 • 

0 
• 
0 a 

<b 

• SET (3) 

J2T SET (4) 

dp= 19 . 35 mm 
0 « 

0 4 0 8 0 T s 120 1 50 200 ( ° C ) 

Fig. 21 M . I . T . R E P R O D U C I B I T Y T E S T - S E T O F E X P E R I M E N T S 
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U 0 0 
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1300 

1250 
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Fig. 31 RECIRCULATION ZONE AT NOZZLE EXIT 
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Fig. 49 INVERSE SQUARE LAW FOR M.I.T. Vs % 
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Fig.50 COMPARISON OF MEASURED M.I.T. 
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