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I. INTRODUCTION 

The possibility of direct power conversion using 

rnagnetohydrodynamic generation has of late been studied seriously 

by several American associations. Different geometric config

uratjcms of i'-1.H.n; generators aTc possible, hut the two which 

are most likely to he used are the linear channel type and the 

vortex flow type. The latter has certain advantages for snal 1 

power outputs, and is being considered for space applications. 

In order to have coupling l1et11'een the fluid flm.; field 

and an applied magnetic field, it is necessary for the fJuid to have a 

reasonably high electrical conductivity. lligh conductivjties 

can be obtained if the 1-:orking fluid is heated to a very high 

temperature, hut such temperatures arc c1estrucd vc to the raateria ls 

available at the present time. Accordingly, it has been 

suggested to seed combustion gases 1dth certain acl<li tives, which 

by virtue of their lm·; ionization energies, reduce t11c reciuireJ 

temperature of ionization and enhance the overall conductivity 

of the cor.1hustion gases. 

It is the purpose of this study to construct and conduct 

preliminary tests on a propanc--nir combustion system, 11·hich 1muld 

provide combustion gases <md lie used in conjunction 1dth a jct 

driven conpressiblc \'Ortcx generator designed and tested by 

Trick (1). 
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2. LITERATURE !~EVIE\\' 

Although this report is prirnari ly concerned with the 

design ancl construction of a propane-air conbustion system, it is 

felt some mention must he rnacle of the ultimate object of the 

project, of which this report is a part. 

1be conversion of heat to electric power hy the use of 

magnetohydrodynamics is an idea that has 'been in existence for 

many years. It makes use of Faraday's law of electro-magnetic 

induction, whereby if a conductor and a magnetic field arc 

allowed to move relative to each other, a potential difference is 

induced. This conductor need not be of any special forir., but 

the idea of using a fluid constitutes the phenomenon of magneto

hydrodynamics. This phenomenon involves the use of no moving 

parts, but until recently, when the necessary understanding and 

knowledge of the performance of gases at high temperature appeared, 

no forms of the idea ever made much advance. 

1be principal problem is the coupling between the fluid 

flow field and the applied magnetic field, as it is necessary 

for the fluid to have a reasonably high electrical conductivity. 

The problem of gas conductivity and temperature requirements are 

fully considered by Rosa (2). Ile points out that reasonable 

conductivities arc obtained at temperatures ahove 2000°R and 

this is borne out by the experi ri.ental data in Reference (3). The 

temperatures obtained in the latter, using a propanc-;:iir system 
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are of the same orcler as have been obtained in this report. 

Sporn and Kantrowitz (4) consider the question of rnagneto

hydrodynamics as a future power process, and althour;h they do not 

commit themselves to a definite date, they do state that power 

could be produced at a competitive cost, and at higher thermal 

efficiencies than in a steam boiler for example (in the order of 

(J(J9.:,), but the future as <l whole is largely uncertain. 

Lewellen and Graboh1sky (5) point out the need for a 

lightweight electrical power supply c<:lpable of producing poh·er 

for a long time in the field of space exploration. The require

ments for a long period of operation dictates a closed cycle 

system, and hence heat rejection by radiation, which is more 

effective at high temperatures. The use of an ~.!.JI. D. converter, 

allows the temperature of the whole system to be raisccl, and thus 

greatly improving performance. They compare vortex and linear 

generators, and point out that the vortex configuration allows 

a long interaction time, while the pl1ysical dimensions are kept 

smal 1. 

Although nuclear energy would probably be the power 

source for a practical f.l. !I. D. converter, a study was done by 

:..lul laney and Dihel ius ((l) on a linear power generator using 

conbustion gases as the energy source. They used a flar.1c gas 

temperature of 2300°K, and potassium carbonate ( 1 to 69" by \•:eight 
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of cornbustiblc mixture) as the additive. The po\·:er output 

was found to be 5596 of the theoretical value, and the discrepancy 

was believed due to the velocity and temperature gradients in the 

power extraction channel. The results obtained, however, do 

point to the possibility of reasonably efficient power generation 

in a vortex system. 

The number of papers dealing specifically with the problem 

of combustion chamber design are vei-y few. Lefebvre and llerliert 

(7) consider the derivation of the flame tube temperature, and 

the effect of chamber variables on this temperature, some of 

which arc presented later in this report. The method they fol 101·: 

is essentially that described in the section dealing tvith cooUng 

air requirements. Clarke (8) deals with the problems associateJ 

with the aero gas turbine and first considers flame stabilization 

and heat release rate and the effect of air-fuel ratio, al ti tuclc 

and flow pattern on these pararieters. He compares the tul1ular, 

tuba-annular and annular chambers in great detail, and then considers 

the many combustion problems associated with varying inlet 

conditions. 

Both these preceding papers were incorporated in the 

unpublished material that was obtained from Orendn Limited, 

Malton, Ontario; Reference (9). The design of the combustion 

char.iber was effected by reference to this material, and follo1vs 

a standard procedure. 



3.1 

r
,) 

3. 	 Design of The Combustion Chamher 

Basic Considerations 

A wide range of requirements, ~1ich arc by no means 

compatible, must be satisfied in the design of a combustion 

chamber. The design must be effected by giving due consideration 

to the importance of high efficiency and stability of combustion, 

low losses, good outlet temperature profile, minimum initial cost, 

maximum endurance, and economical operation and maintenance, 

relative to the system of which the combustion chamber is to be a 

part. 

In an academic fashion one may consider the conbustion as 

taking place in a constant area duct as shown in Figure lA. This 

simple system has several disadvantages in actual practice. For 

example the inlet mass flow, as taken from an axial compressor 

provides very high gas velocities, of the order of 500 ft/sec. 

Flame propagation velocities are typically an order of magnitude 

less than this and so some form of diffuser must be added to obtain 

lower velocities in the combustion chamber as shown in Figure lB. 

In practice it has also been found necessary to provide some type 

of stagnation zone in the combustion region to stabilize the 

combustion process and this is normally obtained by the insertion 

of a bluff body as shown in Figure lC. The stagnation region behind 

the body provides a quiscent region wherein the flame kernel can 

develop and propagate into the unburnt mixture. 
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Chamber 
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A final modification must be mn<lc as a result of the limits on 

the air-fuel ratio which arc required for a combustion process. 

The stoichiometric air-fuel ratios for hydrocarbon fuels nre 

approximately 15, while the limits of flammability lie \Jctwcen 8 

and 30. In most applications this requires that only a part of 

the initial mass flow he used directly in the co~>ustion process, 

the remainder of the air bypassing the comhustion process to 

provide cooling of the combustion chamber as required and more 

important to dilute the hot gas stream from the comhustor so that 

the maximum temperatures entering the turbine or exhaust system arc 

within the metallurgical limits of the systen. The basic combustor 

system is then as shown in figure lD. 

TI1e flame tube is conventionally divided into three zones, 

as in the sketch showri here:

___,/ 
1 2 3 



The first zone, number 1, is the primary zone, where 

the air and fuel arc added in an approximately stoichiometric 

mixture, and where most of the combustion takes place. The second 

zone, number 2, is the intermediate zone, where a sr.iall nmount of 

air may be added to reduce the temperature of the combustion products, 

and to recover some of the heat lost due to dissociation. The rest 

of the air is added in the dilution zone, number 3, in order to 

reduce the gas temperature to an acceptable level. 

The distribution of air is dictated by the requirements 

of the combustion system, and in this design no allowance was 

made for air to enter the intermediate zone, and the flow was 

divided equally between the dilution zone, and the primary 

zone. The configuration of the chamber is shown in r:igure 2. 

In order to initiate a combustion chamber design, 

the requirements of the turbine, or downstream section must be 

known, as must the condition of the fuel and air at inlet. 

Attention should be paid to weight and space limitations, and 

the properties of the fuel should also be known. The pressure 

loss through the system should be kept to a minimum, while the 

combustion efficiency should be as high as possible. 
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The design variables which must be considered, and which 

are discussed later in Section 3.3 arc:

i) combustion char.1ber type 

ii) dimensions of component parts 

iii) primary air-fuel ratio 

iv) air flo1v distribution and penetration 

v) fuel injection 

vi) ignition equipment 

vii) fuel atomization, evaporation in the case of liquid 

fuels, carbon formation and ash deposition. 

The combustion efficiency n, an important parameter, is 

defined, for a given geometry and air-fuel ratio, as a function 

f residence time ) d · 1 l · 1o (-.--.-- . - . . an must 1;e cons1uerec in t 1em1x1ng time + reaction time 

calculation of the flame temperature. The residence time is taken 

as the time the air-fuel mixture resides in the flame tube. The 

mixing time is the time that it takes for the air and fuel to 

reach a condition conducive to ignition, while the reaction ti1:ie 

is that time the chemical combustion reaction needs to go to 

completion. At low pressures the reaction time is longer than 

the mixing time, and combustion performance depends on chemical 

considerations. As the pressure is increased, the reaction 

time is reduced and turbulent mixing and fuel evaporation become 

ir.iportant. Dissociation effects in the primary zone, where the 

temperature is high enough, lead to combustion inefficiency. 
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Recombination can, however, be effected at lower gas temperatures 

by admitting a small amount of air into the intermediate zone. 

If this is not done, the dissociation products become chilled on 

contact with the cold dilution air, which again reduces the 

efficiency of combustion. 

3.2 Dimensional Analysis: 

In the design of many systems involving fluid flow, it is 

often useful to perform experiments on scale models in order to 

predict the perfon1ance of the original. It is, however, 

normally impossible to scale down all the component processes in 

a combustion chamber, since the similarity requirements are 

mutually incompatible, but it can be done under the following 

conditions:

i) Geometric similarity 

ii) Constant Reynolds number 

iii) Constant ratio of residence to combustion time 

The principal restrictions are:

i) Low Mach number 

ii) Negligible heat losses 

iii) Negligible effect of combustion rate on processes 

of fuel injection, atomization and evaporation. 

The air and fuel flow patterns can he studied by use 

of a water analog, so as to be able to predict efficient mixing 

and penetration of the dilution air. 
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3. 3 Design ~lethod: 

The design is effected by isolating the component 

processes, which are tabulated in Figure 3, and which are each 

descrilied for the design of the combustion chamber used in this 

report. 

A. Flame Tube Area: 

If we choose an arhi trary velocity in the flame tube of 

10 ft/sec., a figure reconmende<l by past experience, and with 

the density of the air given by 

85 x 144 
= ----·53.3 x 530 

= 0.434 lbrn/ cu. ft. 

we have, using one dimensional theory 

= 3.S sq. in. 

As a s1drler is being used at the entrance to the fl arne 

tube, a cJjscharge coefficient, defined as the ratio of the actual 

vcloci ty to the theoretical velocity, is allowed for and is 

given an arbitrary value of 0.75. IIence the required area for 

the flame tube is 

Aft = 4.67 sq. in. 
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/\ Determine Flame Tul>e /\rea 

B. Select Chamber Type 

C. Reference ruantities 

D. Cooling /\ir Requirements 

E. /\ir Flo1\· He uirements 
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G. Flame Tube Zone Lenrrth 

!!. Flow Conditions 

.J. Swirler 

K. Flame Tube Holes 

L. Fuel Nozzle 

~. I nition S stern 

N. Experimental Testin 

FIGURE 3 

Combustion Chamber Design Steps 
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Hence, 	 the flame tube dimneteT is 2.44 inches and as the annular 

duct, between the outer casinr, and the flame tube, carries the 

same mass flow, it needs the same area. To satisfy these 

requirements and for ease of construction, the flame tube diameter 

was made 3 inches an<l the outer casing (liameter 4 inches. 

B. 	 Chamber Type: 

The three normal types of single chamber, as shmm in 

Figure 	4, arc 

i) tubular 

ii) tubo annular 

iii) annufar 

The tubular construction was chosen as it is easy to make, 

has a high resistance to buckling, and the fuel and air flov: 

patterns are easily matched, Khilc the primary zone air flow 

characteristics are good. The r.iain disadvantages are 

inefficient space utilization, high weig~t and with the reverse 

flow configuration, relatively high pressure losses. The layout 

of the reverse flow chamber used is shown in Figure 16. 

C. 	 Reference Quantities: 

The reference quantities that need to be known arc 

i) the mean velocity 

R m T2 
::lJref 	 Aref P2 

53.3 x 	0.3 x 530 
:: 

12. S 7 	 x 8S 

= 7.94 ft/sec. 
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TUBULAR CHAMBER 

TUBO ANNULAR CHAMBER 

ANNULAR CHAMBER 

FIGURE 4 


[nd View of the Three Types of Combustion Charnlier 




ii) the dynamic pressure, referred to inlet conditions 
") 

p2lJ~ 2 


qref = -~ 


I 2 
= 0.'125 lhf/ft 

where u is calculated using the cross-sectional area of2 

the outer casinr,. 

iii) the pressure loss coefficient 

t.P 2 -3 
= p

2 

= 576 


t.P2-3 

where is taken as a 2% loss, and is a representative

p2 

figure based on modern practice. 

D. Cooling Air Requirements 

D. l In order to determine whether any cooling is nee<leJ, an 

estimation must be made of the temperature of the components. Tlic 

most important is the temperature of the flame tube wall, for its 

life, and therefore that of the system, is determined by the 

mechanical and thermal stresses it has to undergo. Any buckling 

that occurs will upset the cooling mechanism, and aggravate 

overheating and distortion. Iligh temperature enhances oxidation, 

which reduces mechanical strength. The thermal and mechanical 

stresses are most serious in transition and may fluctuate between 

wide lirni ts. The flame tube wall temperature under operating 

conditions must be calculated, and if too high, reduced to an 

accep~able level. 
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In order to calculate the wall temperature, consi<lcr 

the heat balance between radiation and convection to the flame 

tube wall from the hot gases, and from the wall to the outer 

casing. The following relation holds 

where R denotes the net rate of radiative heat transfer, an<l 

C the net rate convective heat transfer. Suffix 1 denotes from 

the hot gases to unit area of the flame tube wall, and suffix 2 

denotes from unit area of the flame tube wall to the outer casing. 

Any other components of heat transfer to and from the fla~.~c 

tube wall are negligibly snall, and can be justifiably ignored in 

most practical cases. 

D.2 Radiation I~at Transfer 

The radiation I\ from a black body, at a temperature T, 

is given.as 

4
Rt = oT 

where a is the Stefan Boltzmann constant and is equal to 1.72 

-9 I f o 4x 10 Btu hr. sq. t R . 

From an actual object, the radiation at a wave length 1 

R = e (R )
1 1 black body 

where e1 is the emissivity at wave length 1 and the total 

radiation is then 

http:given.as


Pora grey body, ct is defined as hcinr, equal to c>., 

and to be a constant. Ilence if the flame is considered to be a 

grey body, the radiation emitted from it is then 

4 
Rft = oeftT ft 

and the radiation emitted from the wall, also considered to he a 

grey body, is 

4
R = oe T

w. w ft 

The net radiation interchange from the flame to the 

wall is 

T4 4R = ( - e T )1 ° eft ft w w 

Ilowever, a fraction a is absorbed and 1 - a reflected,w w 

but that portion reflected passes through the flame and is 

again incident on the.wall, so an effective absorbtivity is 

defined as 

a 
1 = 1/2 (1 + a )w w 

giving 

Rl = 1/2 o(l + aw)(eftT4ft - ewT4w) 

After considering a wide range of values Lefebvre and Herbert (7) 

state that to a sufficiently close approximation 

T 1.5 

= c..h.)
T 

w 
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llence 


R l/2 a(l + a ) e~t Tf 1.5 (T 2.5 - T 2.5)

'J : . W I . .t ft W 

Follo\ving a similar argument, where account is taken of the multiple 

reflections and absorbtions between the outer casing and the flame 

tube 

It was assume cl that the \rnll temperature is const2.nt a] ong 

the length of the flame tube and the outer casing. F is the 
WC 

shape factor, and represents the fraction of the total radiant 

energy leaving the flame tube that is intercepted hy the casing. 

The heat transferred by radiation is usually e'lual to less than 

one quarter of tl1e convective heat, and the following approx

imations from Reference 9 can be made 

i) the casing terrpcrature T is eciual to the inlet 
c 

air temperature T
2 

ii) the shape factor F for two concentric cylinders,
WC 

and neglecting end effects, is close to unity, and the term 

containing it can he omitted 

iii) the annulus air is almost transparent to radiation, 

and hence l - a = 1 an 

11wrefore 

] (T 4 
w 

http:const2.nt
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0.3 	 Convective lleat Transfer 

Convective heat transfer is defined as 

c = hllt 

and hence 

C h CT - T )= ft-w ft w 

The heat transfer coefficient hf comes from the-t-w 

folloi-dng relationship 
k2 k3 

Nu= k.Re Pr 
1 

where k. = 0.02 - 0.03 
1 

k = 0.8
2 


k = 0.2 - 0.4

3 

Humbles (IO) givcs 

0 8 4 0 7Nu= 0.023 Rc · Pr0 
• (1 +(_!,--) - • )

Dft 

where Nu is the average Nusselt Numher for the heat transfer 

at a tube wall, from the entrance to a position corresponding 

to length L, and takes account of developing boundary layer. 

In the intensely turbulent conditions in the flame tube, the 

concept of a developing boundary layer is not relevant, and it 

is best to use 

Pr 0.4Nu = 0.023 Re0.8 

This gives 
K 

::: 0.023 _f_~ Re0.8 p 0. 4 (T c1 	 r ft Tw)
nft 
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For the convective heat transfer from the 1·1~11 to the 

casing, the same considerations apply but none of the available 

data suits the problem exactly. 

McAdams (11) recommends 

Montgomery and Weiss (12) give 

D 
Nu= 0.02:) Re0.8Pr0.4(D~ut )0.45 


inner 


while Judd and Wade (B) recommend 


D 
I,eo. sPro. 33 (~1tNu = 0. 02 , D.inner 

The Nusselt and Reynolds numbers are based on the 

hydraulic diameter of the annulus, and all the gas properties 

are evaluated at the bulk air temperature. Reference 9 

recommends the last equation, and therefore 
D

K (-2'.~f) 0. 5 (T - T ) C2 = 0.02 Dan Re0.8Pr0.33 2Dft IV 
an 

D. 4 Flame Emissivity 

In order to calculate the radiation leaving an object 

it is necessary to know the emissivity of that object. In the 

C3Se of a flame, anf accurate deternination is impossible, and 

the concept of a mean bear.i path lenr;th has been introduced. This 

is defined as the radius of an equivalent gas heraisphere, 

radiating to a small surface of unit area at the centre of its 

http:Re0.8Pr0.33
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base. For a cylindrical enclosure of diameter equal to its 

base~ Krcith (14) gives 

lb = 0.6 x diameter 

an<l for an infinitely long cylinder 

lb = diameter 

In this case, lb lies between the two, and llottel (15) 

gives 

The e1~1issivi ty of the flame is quoted, in Reference 9 as 

1 0 54 	 b · 1 5
eft = 1 - exp(-3.9 x JO Lp

2 
Cz-:.....-) Tft- ") 

st 

where L is the luminosity correction and 

_ (C/H-4.4)L = exp ., 
2 ..) 

where C/H. is the ratio of the \\'eight of carrion to !1ydrogen in 

the fuel, and for propane is equal to 4.5. 

D.5 	 Calculation 

We have 

K
2 5	 8 01/2 o(l+a )ef T l.S(T · - T 2 · 5 ) + 0,n23 _ft Re 0 · rr · 4 (T -T) 

w t 	 fc ft w nf ft w 
.t 

is equal to 
e w c c 4 

o (-	 nft )(T
\I' 

e + e 	 (J-c ) D c w· c 
ref 
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which can be written as 

AT 4 
+ BT 2 •5 

+ (C C )T = AT~4 
+ BTfzt.S C T C Tw w an + ft w .!.. + ft ft + 'an 2 

The properties of the gas for the convective heat transfer arc 

evaluated at the flame.temperature for the internal convection, 

and at the air inlet temperature for the internal convection. 

The flame temperature is obtained by considering data from 

Figures 5, 6, 7. Figure 5 shows the adiabatic temperature rise 

due to combustion for a fuel type JP4, with a lower calorific 

value of 18,540 BTU/lbm, against the fuel air ratio in the combustion 

zone. These results arc valid for one atmosphere pressure, and as 

the intended air inlet pressure is five atmospheres, a correction 

must be made. Figure 6 gives a co-rcction factor to he applied to the 

data on Figure 5, to give the temperature rise at ten atmospheres. 

The algebraic mean of the two values is used for a pressure of 5 

atmospheres. Consider a stoichiometric mixture 

1 1 = -15. 72 = 0.067 
zst 

where Zst is the stoichiometric fuel air ratio. Now 

6T = 3240°R at 1 atrn 

= 3300 x 1.02 

= 3300°R at 10 atm 

Therefore at 5 atm 

6T = 3270°R 

Assuming a combustion efficiency n of 0.8, a figure which is given in 

Lefebvre and Ilerbert (7) for conventional combustion chambers, ancl 

applying the correction factor o, for a fuel of different lower 

calorific value, which for propane is 1.05, the flame temperature is 

Tft 	= T2 + no6T
0

R 

= 530 + 1.05 x 0.8 x'3270°R 

= 3280°R 
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To evaluate the constants /\ an<l J3, we neecl to know the 

emissivities involved. From Reference 9, e is nivcn as 0.7
\\' {-, 

for a nimonic, and Krci th (ltl) givcs e as 0. 8 for a stainless 
c 

steel. Now 

= 1 - exp (-3.9 x lo'\p
2 

Cz,e,b ) 0 · 5 T
ft 

-1. 5) 
st 

= 1. 01145 

p = 5 atm
2 

l = 3 . 6 (TI X 3 X 3 X 9 ) 
b 4n x 3 x 9 x 12 

= o. 225 ft. 

zst = 15.72 

(-lb )0.S -· 0.1%zst 

-- o .-~s x 10-s.·'.) 

111Crefore 

eft = 0.212 

The emissivity can also be calculated by considering the 

emissivity of the main components of combustion which radiate 

energy, i.e. carbon dioxide and water vapour. The value 

obtained by using tables available in Kreith (14) and follo1;·ing 

his procedure, is 

= 0.195 



k 
= 0.023 D~t 
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This value agrees Teasonably well, and the first value 

\vhich is based on experimental evidence wi 11 be used. 

Therefore, 

e e-CJ w 	 cA = 1. 72 x 10 . ( ) 

Dft 


e + e (1-e ) -
c w c Dre f 

9 4= 1.06 x 10- Btu/hr. Sfl. ft. 0 R


a 

10-9 	 1 + \\' 1.5.13 = 1. 72 x ( )

2 	 eft T
ft 

f oR2.5= 5.75 	x 10- 5 
Btu/hr. sq. t. , 

Now 

It 

The gas properties arc evaluated at the flame temperature 

from data obtained from Kreith (14) and Ililsenrath and Toulovki:::m 

(16). An average value was found in each case by taking the 

constituent values in their proportion. The validity of this method is 

shoim in Appendix 3. The values for the viscosity 

of the constituent gases arc 

10-5
4.00 x lbm/ft.sec.µco = 

2 
10-5= 4.35 lbm/ft. sec.µN x 


2 


µII 
0 

= 	3 • 8 ... x Jm -t. sec. ~ 10-S 11 /f 
2 

These values are then taken in the ratio of the amounts 

of each 	gas in the combustion products. I!ence 
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19 x 4.35 + 4 x 4.00 + 3 x _3_._s_2_ x 10 -5 
26 

-5= 4.2 x 10 lbm/ft. sec. 

Following a similar argument 

kft = 0.068 Btu/hr.ft. 0 R 

Now 

Dft = 0.25 ft 

and 
Dft x mft 

Reft = 
11 ft x O.G Aft 

104= 3.03 x 

The factor 0.6 is included to allow for recirculation and 

is an arbitrary value based on experimental combustion chamber 

performance. Reference (9) recommends that Pr= 0.7 he used 

for both the flame tube and the annulus. Hence 

C 0 0?3 2-:.9 68 3 85 103 0 87 ft= • w• X 0.25 X • • • X . X ,( 

= 20.9 Btu/hr. sq. ft. 0 R 

Now 

c an = 0.02 
k an 
Dan 

0 8 
R • 

e 

0 3Pr . 3. ( 
D f O.S
_Ie ) 
oft 

From the same consi<ler:itions as above 

\.), 0 I·~\ 

k = 0.151 Btu/hr. ft. 0 R an 

llan = 1.22 x 10 
-
· 
r; 

lhm/ft. sec. 

http:Btu/hr.ft
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4 x A an
D = an Wetted Perlinctcr 

= 1.0 in. 

= 0.0834 ft. 

4Re = 2.68 x 10an 

Then 

can = 0.02 x ~:~~~} x 3.47 x 10
3 

x 0.889 x (l.33)o.s 

= 13.1 Btu/hr. sq. ft. 0 !~ 

Therefore 

4 -9 4
AT = 1.06 x 10 x (530)2 

= 84 Btu/hr. sq. ft. 

5BT 2.5 = 5.75 x 10-S x (3280) 2 · 
ft 

= 35000 Btu/hr. sq. ft. 

= 20.9 x 3280CftTft 

= 68900 Btu/hr. sci. ft. 


c T = 13. 1 x 530 

an an 

= 6930 Btu/hr. sq. ft. 

l\'e now require to fin<l Tw' such that 

2.5AT 4 
+ BT + (Cft + can) T ::: 110914 Btu/hr. sq. ft. 

w w w 
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The value that satisfies this equation is 

T = 2625°R 
w 

The primary zone flame tube wall temperature is acccptalile and 

within the limits of the properties of Ilastelloy X*, the flame 

tube material. As this is so, it is not necessary to change 

the air flow configuration. 

D. 6 Effect of Chamber Variables on \fall Temperature 

D.6.1 Pressure 

If there is an increase in inlet pressure, at constant 

inlet temperature and mass flmv rate, the emissivity of the flame 

is increased, and hence the radiation from the flai;1e to the \\'al 1 

increases. There is also a slight rise in flame teE1perature 

due to the suppression of dissociation. 

0.6.2 Inlet Temperature 

An increase in inlet air temperature, at constant 

pressure and mass flow rate, causes the flame temperature to 

rise, and hence the radiation and the convective heat transfer 

from the flame to the wall also increases. At the same ti1~e the 

temperature difference between the wall and the cooling air is 

reduced, lessening the cooling effect. The flame tube temperature 

increases approximately the same amount as the inlet temperature. 

* Sec Appcn<lix 1 for the physical properties of I!astelloy X. 
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D.6.3 Mass Flow Rate 

The convective heat transfer is proportional to the 

mass flow rate raised to the four-fifth p01»er, and as the heat 

transferred from the flame tube to the casing is greater than 

that from the f]ame to the flame tube, there is a cecrease in the 

flame tube temperature, ivith an increase in mass flow rate. The 

emissivity of the flame is also increased, but the overall effect 

is slllall. Figures 8,9,10, taken from Lefebvre and llerbert (7) 

shmv the effect of these parameters on flame tube wal 1 temperature, 

both for the experimental and theoretical case. 

D.6.~ Flame Tube Size 

An increase in flame tube diameter means that the 

mean beam length increases, ~.hereby raising the emissivity of 

the flame. This will cause an increase in the flame tube wall 

temperature. 

D.6.5 Air Fuel Ratio 

Luminous flames, caused by rich mixtures, mean an 

increase in the wall temperature, clue to the increase in flame 

emissivity. 

It should be noted here that the tubular configuration 

has the lowest flame tube wall temperature. 
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E. 	 Air Flow Requirements 

11w air flow through the combustion chamber should be 

such 	that 

i) a suitable flow pattern is established for flame 

stability 

ii) air and fuel flow patterns are matched 

iii) the combustion products are effectively diluted 

iv) the cooling of the flame tuhe is effective 

Furthermore, the requirements for good aerodynamic 

performance are a high pressure Joss for adequate mixing and a lo\\' 

overall pressure loss for low fuel consumption. These two are 

incompatible and any design is therefore a compromise. In this 

design, it was decided to have only dilution air, with the air 

mass flow divided equally between it and the comhustion air, and 

as the flame tube temperature is satisfactory, there was no need 

to alter this air flow pattern. The omission of secondary 

holes in the intermediate zone, means that the recirculation in the 

primary zone is not reinforced, but it was felt that the swirler 

would be effective enough in this respect. 

In order to simplify the design a diffuser was not used 

and the pressure losses incurred in the chamber will come from the 

plenum chamber, where the flmv turns through a right angle, and 

from the primary zone end of the annulus where the n.ir enters 

the swirler. 1be configuration of this design makes it relatively 

impossible to calculate figures for the losses involved, but the 
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skin friction losses in the mmulus will be negligible compared with the 

loss due to the bends and the swirler. The losses due to the 

swirler are discussed in Section J. 

F. Diffuser Design 

Since no diffuser was incorporated in the design, 

this section is invalid. 

G. Combustion and Dilution Lengths 

For charibers with a single atomizer and s1virler, 

experience sho\':s that 

= 1.5 

and L was chosen as 4.25 inches so as to lie between the 
c 

theoretical value based on the flai:JC tube diameter calculated 

in Section A, and that required by the actual size of the £Jame 

tube. 

The dilution length is cleterrninetl by the degree of 

temperature uniformity required at the combustion chamber exit, 

and is normally chosen such that the pressure loss, 1vhich 1·:ouJ d 

come from good mixing is not too Jarge. It was decided to make 

the dilution length about equal to the combustion length, and 

S.25 inches was decided upon to aJlow sufficient room for the 

dilution air holes. 
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J. Swirler Design 

/\s the flow con<li tions arc knmvn the swirler can he 

<le signed. Re fcrence 9 gives the followfog formula for the area 

of the swirler. 

A p _ p 0.5m 

~= c (~)(SW ft) cos p,


m d 	 SWAref qref 

The turning angle Sw is equal to the hlade stagger angle, 

which is normally between 45° and 60°, and is taken as 60°. Cd 

is quoted O. 85 for flat blade swirlers. The pressure drop 

through the swirler P - Pft is assumed, for simplicity, to be 
SW 

one half the total pressure drop through the system 

p - p
i.e. SW ft = 288 

qref 

this gives 

/\ 
0.5 	= 0.85 x (Asw ) x (288) 0 •5 x 0.5 

ref 

/\
SW

p:- = 0.0405 

ref 


ASW = 0.509 sq. in. 

The nozzle was made from 5/16 inch tubing, with an area 

of 0.0767 sq. inches. Thus the outside diameter of the swirler is 

given by 
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d =jjif- (0.509 + 0.0767)
SW 

= 7/8 inches 

The outer diameter is quoted as being about equal to one 

quarter of the flame tulie diameter, that is 0. 75 inches, ancl the 

value used agrees fairly well with this. 

As a check on the pressure loss through the sw]rlor, 

Knight and Kalker 117) give 

t\P A m 2 
SW [(~)2 2 ( SW)---- = 1. 3 sec f3 - l]A SW mqref SIV 


::: 
 252 
This result would indicate that the assunption that 

half the pressure loss occurecl in the swirler is substantially 

correct. The swirler and the nozzle are shmm in Figures 18 

and 32. 

K. Dilution Air 

It was decided to use flush round holes for the dilution 

air, and a discharge coefficient is needed in order to determine 

the size of these holes. For the tubular configuration, Cd 

is defined by Dittrich and Graves (18) as 

p - p 0.5 
an ft

----·---) 
qan 

and a value of 0. 58 was obtained fron Figure 11, i·:hich shm·:s 
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discharge coefficient as a function of pressure drop coefficient 

The next most i~portant factor to be considered is the 

penetration distance of the air jct, an<l Ilawthornc, Rogers 

and Zaczek (19) give 
y uft(-_!na~)0.89dt u-

ll Dft an 
-- = ·------p -Dft T an 

po.s cc10.s ft)O.S((-ft ) qanT2 

Now 

u Amft Tft_f_!_ = an.
lJ m Af-; T an an an 

= 4.79 

We desire penetration to the centre line of the flame tube, so 

y 
max 


Dft = 0.5 


Bence 

0.89 x o.s x 4.79 = 
(~~~0)0.5( 0 . 58 )0.5 (288 )0.S 

= 0.0645 


dh = 0.1935 inches 
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The area of one hole is therefore 0.03142 sci. inches. 

To get the numl1er of holes, we have 

nh = 9 holes/row 

The mass flow is 0.15 lhrn/sec and the velocity of the jct 

2g pan- pft 

Pz 

= 135 ft./sec. 

111c required hole area 1is 

m 
~1 = 

= 0.635 sq. in. 

The number of holes required is then 

0.635 = 20 holes0.314' 

For the sake of symmetry three rows of eight holes each were 

used, with a hole diameter of 7/32 in. 

L. Gas Nozzle Design 

The main problem in injecting the gas is to obtain good 

mixing of the air and gas.for combustion. No quantative data 

as to the size of the nozzle was available, and the size was 



113 

arhitarily chosen giving heed to past design expenence. The 

axial tube, wjth the radial holes was chosen, as it is easy to 

construct, and as there appears to be no particular advantage 

in any of the other possihle types. 

M. Ignition 

'l11C ignition method chosen was a high tension air-gap 

spark plug, which has the advantage of cheapness and long life, 

but needs a heavy power supply, and has poor performance at low 

pressures. Ignition by this method is improved with an increase 

in temperature, pressure, and spark energy, but any increase 

in gas velocity will impair the perfomance. In order to ignite 

a flammable mixture enough energy to propagate a steady combustior. 

wave must be supplied, and during the ignition process two 

separate phases arc gone through. 

The first phase is the formation of a flame around 

the spark plug, of sufficient intensity so as not to he extinguished. 

The energy and duration of the spark, and the air-fuel ratio in 

the vicinity of the spark-plug determine the success of this initj~ll 

phase. 

The flame then travels to all parts of the primary zone, 

provided the air velocity, location of the spark plug, and fuel 

distribution are favourable. 



The spark energy required for ignition depends on 

the strength of the mixture, and is at a minimum when stoichiometric 

conditions exist around the spark plug. If the temperature of 

the fuel is high, then less spark energy is needed, as less of 

that energy is absorbed by the fuel. If the air velocity 

in the flame tube is high then the flame cannot be sustained, 

and the flame is carried downstream, and extinction takes place. 

The recirculation zone, giving a low velocity region, provides 

an area where the flame can he stabilized. 

Flame stability is also affected by the rate of heat 

release. If the heat release rate curve and the load line 

are plotted against the mean exit temperature, as in Figure 12, 

then it can be seen that as the mass flow rate is increased, 

the intersection of the load line, and the heat release curve 

moves towards higher values, until the load line becomes 

tangential. Any further increase in mass flow rate will 

extinguish the flame. For a comprehensive review of flame 

stabilization see Childs (20). 

For any given approach condition, there exists a definjtc 

velocity, known as the blow off velocity, Ilad<lock (21), above 

which the flame cannot be stabilized. The blow off velocity 
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is a function of 

i) the air-fuel ratio 


ii) the flame holder size and shape 


iii) the temperature and pressure 


iv) the nature of the fuel 


The maximum blow off velocity occurs near the stoichiometric 

condition, and 'hence this is the most desirable as it is the most 

stable condition. 

The design of the combustion chamber is now complete 

and it is now necessary to initiate experimental testing. 
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4. THEORETICAL CONSIDERATIONS 

The stoichiometric combustion of a hydrocarbon 

fuel is defined as having all the hydrogen atoms converted to 

water, and all the carbon atoms to carbon dioxide, by combininr, 

with the oxygen in the air, while the nitrogen <loes not enter 

into the reaction at al 1. Air contains approximately 79~. 

by volume of nitrogen an<l 2196 by volume of oxygen, while the 

average ratio of the number of r1oles of nitrogen and oxygen in 

air is 3. 76: 1. llence we can \ffi te the stoichiometric reaction 

for propane as:

This gives a stoichjometric air-fuel ratio 

5 x 4.76 x 28.97 
44 

= 15. 72 

The left hand side of the crpiation represents the 

theoretical mixture of reactants an<l the right hand side represents 

the theoretical composition of combustion products. In many 

reactions, however, excess air is present, and denoting y as the 

fraction of excess air, the combustion equation becomes 

+ Sy0 + 18.8 (I+y)N2 2 

giving a theoretical air-fuel ratio of 

Z = IS. 72(1+y) 
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This analysis gives a reasonalile appi·oxination for l can 

cor.ihustible mixtures (excess air) at moderate temperatures and 

pressures \dth a low heat release rate. As the proportion of 

air in the reactant nixture is decreased to a nem~ly theoretical 

value, and in many cases to the range of rich mixtures, and/or 

at high temperatures, and very 1011· pressures, the analys:i s 

becomes inadequate if reason8ble ciccuracy is to be maintained. 

The reason is that the effect of dissociation of 

the gases becomes more significant under these conditions. for 

example, at 3600°R and atmospheric pressure, 1. S~;, by weight of 

carbon dioxide is split into carbon monoxide and oxygen, Khile 

at 5400°R, 42.5% is dissociated; this infornation is provided by 

Schmidt (22). 1be dissociation can be explained as due to the 

increase in the ampli tudc of oscillation of the atoms in the 

molecule, and as the translation speed of the molecules is 

increased at high ter:1perature, ator.1s are more easily rcr:iovecl when 

in collision. 

In order to calculate the percentage of dissociation, 

we must consider the chemical equilibrium of the dissociation 

reaction, which can be understood as the state fron \\'hich the 

reaction lilay proceed \d th the same speed in either direction. 

Consider the reaction 
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At equililirium, the following relation holds 

K 
c 

where K is the eo,ui 1ibrium constant, and 1·:hcre 
c 


] denotes the concentration of the component. 


llencc at a given temperature, the equilibrium is 

dependent on the proportion of the components of the gas l'iixture. 

Since in most cases, ti1e total pressure is given, K can be expressed
c 

as a ratio of the partial pressures. Putting the relation 
p 

[W] = Rf where W is any component and l\ its partial pressure
11 

s3 s4 
Pc PD 1 r, ~ + r, ti - l; 1 - l; 2 

K = - (RT) ,., 
c l; ')p l'.:1 PBA 

l; +z; -l; -z; 
= K cL) 3 ,, 1 2 

p RT 

In this study, only the dissociation of carbon 

dioxide, will be considered as Schmidt (22) points out that any 

other dissociation reaction is negligible in comparison at the 

temperatures we arc considering. 

2C0 == 2CO + o
2 2 

p2 p) 

co l 7


K = 
c 
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2 
rco ro 

2 ( p)= --2-- kr 
rco 

2 

where P is the total pressure, in this case assumed 

to be atmospheric, an<l r is the proportion of the gas as a fraction 

of the total. If the degree of dissociation is denoted as 

w, then 

C()2 -- co2 (1 -(u ) + tiico + 7(Jj 0 2 

and 


w 

=rCO w

1 + -
2 
w 
2 

r = ----
02 (J)

1 + 2 

1 - w 
= 1 + w/2 

Therefore 2 
w 01/2

CJ+-w;2) C1 + w/2 ) p
K = 

c RT
21 - w

(----)
1 + w/2 

3 pw 
= 

? RT
2 (1 - w)- (1 + w/2) 

From \dlich w can be calculated, knowing Kc' for a 

particular temperature. If we allow y excess air in the combustion 

equation, the relationship becomes 
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2 Sv 
w (ui/2 + ~-t-) 

K = 
I 

p 

c Sy) Jff( 1 - ui) ,.., (1 + w/ 2 + 
3 

The combustion reaction is then written 

+ 411 0 + 18. 8 (1 + y)N (1)
2 2 

In order to determine the ter~erature and the degree 

of dissociation of the combustion products for a particular amount 

of excess air, it is necessary to provide another relationship 

between these parameters, and the heat balance for the reaction 

docs just this. 

Writing the heat balance for the reaction 

= h537)CQ (1 - w) + 3(h +ht - h537)C0(1D) 

2 


(2) 
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where 

h is the heat of formation 

ht is the enthalpy at temperature t 

h is the enthalpy at the datum level of 77°F537 

From Van l\ylen (23) 

= h~T = 0.0 = 4030.2 Btu/lb moleho h537C0
2 .~2 2 

11 = - 44,676 Btu/lb mole h = 3729. 5 Btu/lb molec H 537C03 8 2 

= - 169,293 Btu/lb mole 11 4268.2 Btu/lb molehco = 53711202 

-47,5'18 Btu/lb mole = 3725.1 Btu/lb molehco = h53702 

- 104,071 Btu/lb mole = 3729. 5 Btu/lb molehi! 0 = h537N,., 
L2 

This gives 

979,'148.6 + 79,'123.ly  3htCO - 4htll 0 
2 2 

h 0t ') 
. - ,320, 549. Sw + 3w Cl\co - h + _2___::_) (2a)

tCO
2 

A value of excess air, y, is chosen, and the variation of 

adiabatic combustion temperature with degree of dissociation is 

found for equation (1) and (2) respectively. The results are 

plotted on the same graph, as in Figure 13, and the·point of 

intersection of the two curves gives the condition of the 

combustion reaction for that value of excess air. 

http:79,'123.ly
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The drop in flame temperature due to dissociation is shmm 

in Figures (14) and (15). It will be seen in Figure (14), where 

the flame temperature is plotted against the fraction of the 

theoretical fuel required for stoichiometric combustion, f, 
. 1 	 . 

( = - ----), that as i1ointed out earlier, the sir1ple analysis
1 + y . 

gives a reasonable approximation for lean mixtures, but is 

re1ati vely inoccurate at higl1er temperatures. Figure (IS) shows 

a decrease in flame temperature of 200°R for no excess air, 

and this value compares \·;ell \vith those quoted hy Schmidt (22) 

in the follo11'ing tahle 

Fuel Cor1bustion Temperature Drop in 
Temperature 

Without With 
Dissociation 

Petrol 	f - 1. 2 4664°R 443S 0 R 229°R 

f = 0.8 4757°R 4604 °R 153°R 

where 	 f is the fraction of theoretical fuel. 

The calculation of the adiabatic combustion temperature 

for a more sophisticated fuel is more complicated than the nethod 

described here, chiefly because it is necessary to satisfy several 

equilihrit® conditions simultaneously. Besides the dissociation 

of carlJon dioxide, water vapour splits into hydrogen and hydroxyl ions 
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hydrogen and oxygen dissociate, and many other minor reactions 

take place. A numerical ~elution would be arrived at by 

considering the mass conservation of the components, the chemical 

reaction equation and the cquilibriun of the reaction. As 

pointed out earlier, no other reaction has been considered other 

than the dissociation of carbon dioxide. 
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5. DESCIUPTIO>J OF APPARATUS 

5.1 Combustion Section 

The combustion section of the apparatus consists of 

a flame tube which is enclosed in an outer casing, see Figure 16. 

The air is led into the combustion chamber through the plenum 

chamber from the downstream end, and is distributed evenly round 

the circumference of the flame tul)e by the twelve holes, each 

5/8 inch in diameter, drilled 3/4 inches from the do1mstream end. 

This counterflow of air serves to cool the flame tube, and provides 

the secondary flow of dilution air, as well as the air used for 

combustion. 1be outer casing is made from 4 incl1 nominal bore 

pipe, and is 10-3/8 inches long. The plenum chamber is a 2 inch 

wide, 6 inch nominal bore pipe, bounded by and welded to two 

stainless steel plates, both of which are welded to the outer 

casing. The one plate at the downstream end, has an inner 

diameter diameter of 3-1/4 inches, and serves to locate the flame 

tube. Two windmvs were placed in the outer en sing, in order 

to be able to inspect the flame tuLe during a test run. The glass, 

Vycor #7913, was supplied by Canadian Pittsb\,lrgh Industries Limited. 

The flame tube, Figure 17, is made from llastelloy 

Alloy X, whose properties are listed in Appendix I, and is 3 inches 

in diameter and 10 inches in total length. It is supported by 

the air swirler at one end, and by two short legs at the do1mstrean 
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end. A lip on the flame tube fits snugly up to the plate at .the 

do1mstream end and by virtue of the thermal expansion and interno] 

pressure is held securely in position, tl1us preventing any air 

leakage. The ignition spark plug is welded into the body of 

the fl arne tube, and the secondary dilution air floll's through three 

roivs of eight holes, each 7/32 inches in diameter. 

The proprme gas is le<l through the casing encl plate 

to the primary zone of the flame tube by a S/16 inch tube. The 

air swirler is held in posjtion round the tube , by the gas nozzJc, 

which screws into the tulJe and has six 1/64 inch holes through 

which the propane enters the mixing area. 1be swirler gives a 

rotation to the incoming air, thereby improving mixing, ~and combustion. 

A ten inch long section of 4 inch nominal bore 

pipe is provided downstream of the combustion section. This 

contains the combustion gases, so that temperature and pressure 

measurements could be made. Four ceramic inserts i,·ere put in t 11c 

wal 1, through which the pressure probe and the thermocouple 11·ere 

inserted. This section leads the p:ases to a large exhaust section, 

which takes the gases to atmosphere, and provides for a glass wi ndm:, 

so that a view may be had to the primary zone of the flame tube. 

The air swirler and nozzle are shmvn in Figures 18 and 32 

S.2 Air and Propane Su11ply 

The supply lines for the apparatus arc shoim in Fizurc_: 

(19). In order to obtain gaseous propane, since the vapour pressure 

at normal temperatures and pressures is of the order of 125 p.s.i.a., 
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it is necessary to pump the liquid propane to a vapouriser, where 

the propane is heated, and delivered to the cornbustor at the required 

pressure. Any excess liqui<l propane is fed back to the tank 

through a bypass valve. A solenoid valve, controlled from the 

central control panel, allm~s flow to the system, and after 

shutdmvn, another valve clears the pipeline of the pro1rnne left lli 

it. The flow of propane is metered by a previously calibrated 

rotameter. The air is taken fror:i a compressor at approxi1;1atcly 

80 p.s.i., and after being filtered, and pass~<l thro1~h a dryer* 

to remove any moisture, is led to the plernm chamber. The floh' 

is metered using a rotameter, \vhich had been previously caliliratcd. 

5.3. Control 

The control of the propane flow is accomplished 

electrically, while the air flow is adjusted manually. After the 

required air flow is obtained, the propane pump is activated. 

At the same time a solenoid valve, normally closed is opened to 

allow fl ow to the combustion chamlwr. The solenoid valve that is 

normally open to allow the propane to clear from the supply line, 

is also closed. Ignition of the combustible I:1ixture is obtained 

by use of a momentary contact switch, which energizes ;:i transfon1er, 

whose secondary side delivers six thousand volts to the ignition 

spark plug. At the same time a fan is started in order to cle3r 

the working area of any combustion products. 

* Lectrodrycr Type BAC-90 
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After the required tests have been made, the 

power from the mains is switched off, and the pump ceases to 

deliver propane. The solenoid valve, all01ving floh' to the systcr1, 

closes and the other solenoid valve opens to clear the line of prcp0ne 

gas. The electrical wiring diagram is shown in Figure (20). 
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6. DISCUSSION OF EXPERIMENTAL PROCEDURE Ai'\D RESULTS 

6.1 Temperature Measurement 

In order to compare the performance of the combustion 

chamber with the theoretical results obtained in Sectjon 4, it 

is necessary to measure the flame temperature in the primary zone. 

The difficulty is to be sure exactly what a representative value 

of the flame temperature is. The flmnc varies in intensity 

clue to the variation in concentration of fuel in the primary zone, 

brought about by the uneven injection of fuel from the gas jets, 

and the flame temperature will vary accordingly. A platinum-JO~.; 

rhodium/platinur.. thermocouple junction was inserted into the flame 

tube and placed one inch in front of the gas nozzle, around '"hi ch 

it could be rotated taking random readings of temperature. It was 

thought that this procedure would give the most representative 

value of flame temperature. The thermoelectric potential, with 

reference to a distilled water ice bath, was measured with a 

potentiometer*, and the millivolt-temperature conversion was done 

using the National Bureau of Stan<l~rds values. 

Six chromel-alumel thermocouple junctions were attached 

to the body of the flame tube in order to determine the mean 

temperature of the metal. Three therl'locouples were placed 

symmetrically round the circumference between gas nozzle and the 

* Rubicon Portable Precision Potentiometer Type No. 2745 
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first row of dilution holes' and the other three' in si1:iilvr 

circumferential positions half\vay between the first and second 

set of dilution air holes. These thermo coup] e positions are shmm 

in Figure 26. The thermoelectric potential was again measured 

using the precision potentiometer. 

The temperature of the combustion gases in the exit plane 

of the flame tube, was measured using a platinum-IO?& rhodium/ 

platinum thermocouple junction. A traverse was made across the 

diameter of the flame tube in order to ascertain whether the 

mixing in th6 primary and dilution zones was at all effective. 

6.2 Pressure Measurement 

The stagnation pressure of the exhaust gas stream was 

measured at a position just dmmstream of the exit plane of the 

flame tube, using a probe made from 1/16 11 ID Inconcl alloy tubing. 

In order to calculate the air fuel ratio, the pressure of 

the air and the propane as they pass through the rotameters must 

be known. Pressure tappings were made downstream of the 

rotameters, and the pressure was measured using two precision 

dial manometer capsule type gauges*. 

The barometric pressure was measured idth a temperature 

corrected mercurial barometer**. 

* Wal lace and Tiernan Precision Dial Manometers, Type FA-ltlS 

** lfallace and Tiernan Precision 0lercurial Manometer Type FA-135 
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6.3 Measurement of Air-Fuel Ratio 

The instantaneous flow rate of air and propane is 

measured by two rotameters*. These were calibrate<l at a 

certain temperature and pressure, and a correction must be made 

for the actual temperature and pressure of the fluid, whose 

flow rate is to be measured. The rotameters are calibrated in 

terms of the equivalent air flow, V , at 14.7 p.s.i.a. and 70°F,eq 

for a specified temperature, pressure, and fluid specific gravity 

(Condition 1). If the rotameter is used at a temperature, pressure 

and specific gravity (Condition 2), other than the original 

specifications, a correction factor must be applied. 

Sg. T. P2
J. J.The correction factor = 

Sg2 T2 P1 

where T is the absolute temperature p = p.s.i.a 

Sg =the specific gravity, which for air is 1.0 

This then gives the equivalent air flow for the operating 

conditions 2. To convert this to metered gas flow, we use the 

following relationship, givcn in Brooks Technical Bullet in T-022, 

Guide to Rotamcter Application. 

v eq = 

M (53.3x 530) 
14.7 x 144 Sg 2xr2xl4.7 

1.0 x530x p
2 

* 	1) Air-Brooks Al(-m;r Rotameter Model lllS with ~lagnctic 
Follower Indicating Extension. 

* 2) 	 Propane-Brooks Ful I View Glass Tube Rotameter ;,fo<lel 1110 
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where Sg is the specific gravity of the fluid, and M is the mass 

flow rate in lbs/min of the fluid considered. 

llcnce 


v Sg2 

~M = 

g2 2 14.713.34 
530 P2 

Sgl T p. 2 1v = v cq S<-;:- Tc "'2 2 P1 


where V is the calibrated flow reading.

c 

For the propane rotameter 

T = 530°F
1 


p = 140 p.s. i. g.

1 


Sgl = Sg2 = 1.56 


Therefore 

v --1)_.E__ 
M = ~c~_l_4rO==+====p~-=(-l=--.=5=6=-)~ 


p 1. 56 _q 14.7
13.34 1. 0 '530 P2p 

Similarly for the air flow, sg = Sg = 1.0 and p = 100 p.s.i.g.
1 2 1 

Therefore 

P2a 
vcaJ 100 +p .. (1.0) 

------ _Q__ -----M = 
a T1.0 2a 14.713.3tl 1:() . 530 • 

P2a 

lfoere p is atr:iosphcric pressure
0 
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'I11e overall air fuel ratio is then 

i\1 
a 1 

v 
ca P2a (140 + 

p
o)(l.56)= . v- . -N 1.56 cp P2p p 100 + pRp 

0 

In order to determine what proportion of the air is used 

in combustion, and what part for dilution, three tappings were 

made in the outer casing, and through which a pitot static probe 

could be inserted into the annulus, between the dilution holes 

and the air swirler, in order to detennine the dynamic head, 

and hence the mass flow of air to the comhustion zone. The 

results obtained point to the fact that the air flow is not 

evenly distributed in the annulus, and because of this no estimate 

could be made by this method of the air entering the combustion 

zone. The position of the pressure tappings is shown in the 

sketch below, and the results obtained are further discussed in 

Section 7. 

-+-X 
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1~o static pressure taps each 0.03 in. <lia. were made 

in 	the flame tube, 1d1Cre the air flo.,.:s through the air S\\'irler. 

The total pressure of the flow was measured in the annulus of 

the combustion chamber, and using the assumption that the total 

pressure remains constant, the dynamic head can then be measured. 

The difference in value of the static pressures \\'as of the order 

of 0.3 in of water, an<l the mean value was used. Knowing the 

temperature of the air, and the area of the swirler, the air 

mass flow to the primary zone could then he calculated, and 

hence the fraction of the total air f]o\\.' used for combustion 

is then known. TI1e air velocity for the maximum flow was of 

the 	order of 250 ft/sec. 

The 	 following readings were taken 

M lbs/sec /.1 lbs/sec M/Ma 	 a 

0.113 	 0.074'1 0.66 

0.098 	 0.065 0.66 

0.084 	 0.054 0.65 

0.064 	 O.Otl2 0.66 

0.073 	 0.049 0.67 

0.092 	 0.060 0.65 

where M is the total air flow. 
a 


M is the air flow to the primary zone. 


M . 	 fand hence -- is the fraction of the total air 101,· that
M 

a 
is used for combustion. An average value of 0.66 was used, 
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and the air fuel ratio in the primary zone is then 

v (140 + p )(1.56)
0.66 ca 0z = I. 56 cp 

100 + p
0 

v- :~~; 
This value is used in the presentation of the results. 

When rich mixtures were used it was noticed that the 

combustion of unburnt fuel took place in the dilution air jets. 

A value of fuel flow was set, and the air flow was increased, 

until the burning in the jets just cease<l. The overall 

air-fuel ratio at this point was 22.4. Assuming that the air 

fuel ratio in the primary zone was that required for stoichiometric 

combustion, i.e. 15.72, the fraction of the total air flow reachin~ 

the combustion zone, 'is then )S.Z?_ = 0. 7, which corresponds to
22.4 


that value arrived at by measurement and calculation. 


6.4 Miscellaneous Observations 

It was noted in Section 3.1 that the limits of flammability 

for any fuel lie bet\\ecn the approximate values of air-fuel ratio 

of 8 and 30, whereas the stiochiometric value is in the order of 

15. Although ignition of the combustion mixture did not take 

place until an air-fuel ratio of about 22 had been reached, due 

to local conditions in the combustion zone, once ignition had 

taken place, it was possible to reduce the flow of fuel to an 

air fuel ratio of 30.5, when extinction of the flame took place. 

No such extinction could be obtained when rich mixtures were used. 
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The dilution air holes \~ere designed to give penetration 

to the centre line of the flame tube, but in practice the 

penetration of the dilution air jct, which could be seen when 

the combustion of unburnt fuel took place in the jets, was 

approximately SO?" of the intended value. This was probably due 

to the uneven distribution of air in the annulus, coupled Hith 

the fact that the pressure in the annulus was much lower than 

expected. 

It was found that the £1011 of propane gas was limited 

to a definite maximum value of 0.007 lbm/sec. This was due 

to the choking of the gas nozzle, at this flow rate. 

6.5 Experimental Results 

Three sets of data for the flame temperature were taken 

using an unshielded thermocouple and arc presented in graphical 

form in Figures 21, 22, 23, and in tabular form in Appendix 2. 

In order to determine \\·hat effect radiation had on this temperattire 

reading, a further set of data were taken using a shielded 

thermocouple junction, and Figure 24, shows the comparison 

between the results using the shield, and those obtained without 

a shield. The sketch below shows the type of shield used. 
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A comparison bet\\'een the cal culate<l values of flame temperature, 

and the experimental data arc given in Figure 25. The flame 

temperature is given in each case as a function of the fraction 

of the theoretical amount of fuel required for stoichiometric 

combustion. 

Only one set of data was taken for the flame tube wall 

temperature, as it was considered necessary only to ascertain 

whether the metal temperature remained within the prescribed 

limits, as required by the physical properties of the alloy. 

The wall temperatures arc presented in Figure 26, and are 

tabulated in Appendix 2. 

The variation of the flame tube exit plane temperature 

is given for a variety of air fuel ratios in Figures 27, 28, 

29. The three sets of data correspond to three positions of the 

gas nozzle. Data was not taken for the rich mixture range, 

as it is not intended that the combustion chamber should operate 

under these conditions. The static pressure of the exhaust 

gases was considered to be a constant value, as any variation was 

so small as to be undcctable. The dynamic pressure of the gas 

flow was equal to 0.5 in of water, which for the average 

temperature measured represents a velocity range of 80 to 120 

ft/sec in the flame tube. 

The maximum rate of air mass flow as measured by the 

rotametcr was 0.113 Ihm/sec. As a check on this value a pitot 
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static probe was inserted into the air line, imme<liately do1mstream · 

of the rotamctcr and a measure made of the dynamic head, the average 

value of which \\'as founcl to be 3.2 in of water. The mass flOI~ 

rate through pipe of diameter 1.5 in. is then calculated to be 

0.112 lbm/sec., which agrees well enough with that value provided 

by the rotameter. 
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7. DISCUSSION OF EXPERJt.!ENTAL RESULTS 

For mixtures which arc more lean than an air-fuel 

ratio of 27. 2, which expressed as a fraction of the theoretical 

air-fuel ratio required for stoichiometric coniliustion. !1as a 

value of 0. 6, the flame te1:iperaturcs obtained agree very well 

with those predicted by the theoretical calculation. This 

agrees with the assertion made in Section 4, when discussing 

the validity of the theoretical analysis. At air-fuel ratios 

less than this value, the flame temperature obtained falls 

below that predicted, and the maximum value obtained experimentally, 

which for the three test runs was 2933°F, 2947°F, and 2968°F 

respectively, was approximately 1000° lower than that predicted by 

calculation. This represents a combustion effeciency of 75~.; 

at the maximum flame temperature reached, and as such agrees with 

the value quoted in Section 3.3. The air-fuel ratio at which the 

maximum temperature was obtained varied from 16.85 to 16.S. The 

effect of radiation from the flame to the themocouple, and from the 

latter to the wall is not very significant, as the compnrison 

between the flame temperatures recorded by a shielded junction, and 

an unshielded junction, shmvs. A slightly higher maximum 

temperature was recorded, at a leaner mixture than before, but the 

magnitude of this temperature docs not differ appreciably in the 

two cases. Tests 1,2, and 3 were done when the nozzle was in 
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positi6n l, as per Figure 27, and the data for the radiation 

effect was taken with the nozzle in position 3, as per Figure 29. 

It would seem therefore, that the nozzle position makes little or 

no difference to the average flame temperature. 

Temperature profiles were taken in the exit plane of the 

flame tube, by traversing a thermocouple junction horizontaJly 

across the diameter of the tube. The data presented in Figure 

27, was taken 1'!ith nozzle in position 1, and it was first thought 

that the large temperature variation could be rectified by a 

slight change in the nozzle position. The nozzle was rotated 

through 20°, to position 2, and the results obtained are given in 

Figure 28. It then became obvious that the form of the temperature 

profile could not be changed by a minor adjustment in nozzle 

position. Accordingly, the nozzle was rotated through 180° to 

position 3 and if the ter.1perature variation was due solely to the 

nozzle, the profile should be reversed. The results obtained, 

which are given in figure 29, show that this is not the case. The 

profile is more uniform, but still exhibits the same tendencies as 

before, in that the temperature is higher at one side than at the 

other, although the difference in temperature from one side to 

the other is reduced from the order of 800° to 300°. 

It then became obvious that the air distribution in the 

dilution zone must be such as to cause unequal cooling and dilution. 

Three tappings were made in the outer casing, as shO\m in the sketch 
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in Section 6, and a pitot static tube inserted in order to 

measure the dynarni c head. At position X, no dynamic head could 

be measured, indicated that a region of still air existed. Positions 

Y and Z, showed a dynamic head of 0.6, and 0.8 in of water 

respectively, and that the direction of the air flow was towards 

the nozzle end, and at an angle 30° below the horizontal. The 

air flow takes place in the lower part of the annulus between the 

flame tube and the outer casing, and only a small portion of the 

flow takes place in the top portion of the chamber. The reason 

for this is that the air, enters the plenum chamber in a do1mward 

direction with a velocity in the region of 120 ft/sec., and is thus 

not able to turn the 90° corner into the upper part of the annulus. 

Most of the air flows to the, lower part of the plenum chamber, and 

enters the annulus from below, or entering the annulus from above, 

flows round the flame tube to the lower part. The two air streams 

meet, and then flow in the lower annulus, and only a small portion 

flows into the upper part, which remains an essentially stagnated 

region. 

This air distribution causes both uneven cooling of the 

flame tube, and uneven dilution jet penetration. This is shmm 

in the variation of flar.ic tube wall temperature. Position 3, as 

designated in Figure 26, corresponds to pressure tapping Y, and 

position 1, to pressure tapping Z. Position 3 has the hottest 

temperature, as this is a result of the lack of cooling provided 
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by the air in the annulus, and the temperature distribution in 


the £Jame tube, which will be of the same order as in the exit 


plane. 


The high side of the flame tube temperature profile 

corresponds to position 3. It may also be possible that the flo~ 

in the plenum chamber has a preferred direction, thus accounting 

for the lower temperature of position 1, which corresponds to the 

colder side of the exit temperature profile. 

The non-uniformity of the flame tube exit plane temperature 

profile and the variation in flame tube wall temperature are due 

to a combination of air flow distribution in the annulus, and the 

unequal injection of fuel into the primary zone. 
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8. 	 DISCUSSION OF TIJE ERROI~S IN THE EXPERHlENTAL \'/ORK 

8.1 	 Errors Associated with the Flame Tube Temperature 
Measurement 

The error involved here is largely clue to the uncertainty 

of an uncalibrated thermocouple. The hot junction was buried in 

the flame tube wall, by insertion into a 0. 02 11 hole drilled in the 

metal, and lvas scaled in by a synthetic porcelain mixture, and 

consequently it is assumed that the temperature of the metal is 

that of the junction. The temperature of the cold junction was 

considered to be in error of ~ 0.2°F. The millivolt potential 

could be measured to + - 0.002 millivolts, which corresponds to 

0 .1°F. In the range of temperature 530°F to 2300°F, the 

manufacturers limits of error are + - 0. 75%, which for the maximum 

temperature measured corresponds to + - 13.5 °F. 

Two chromel-alumel thermocouple junctions 
with manufacturers tolerance of~ 0.75% 
per junction + 27°F 

Cold junction temperature 	 + - 0.2°F 

Potentiometer error 	 + 
- 0.1°F 

Total 	Error 

8.2 	 Error Associated with the Flame Temperature, and Exit 
Plane Temperature ~lcasurement 

The error involved in the measurement of the hot 

junction is composed of the same constituents as above. The 

absolute error for the maximum temperature measured is + - 22°F, 
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and the total error i11 the measurement is then : 44.3°F. The 

question as to whether this measured temperature can be taken 

as the actual flame temperature is somei-:hat difficult to answer. 

As mentioned before the flame temperature will vary according to 

the local air-fuel ratio, and so the hot temperature junction was 

moved in a radius of approximately 0.75 in, round the gas nozzle, 

and several readings were taken at random. The average of these 

was taken as the flame temperature, and as such no error can be 

assigned to this measurement. 

The error involved in the measurement of the exit plane 

temperature is again computed from the same considerations as 

• + 0above J error is - 23.8 F.and tie total 

8.3 Error Associated with the Air-Fuel Ratio Calculation 

The accuracy of both the rotamcters used is given by 

the manufacturcrs as + - 2.0~o on the full scale reading. The 

' + 0reading error is - 0.5~ on the full scale reading, so that the 

total percentage error in the flow rate is : 2.5%. The error 

in reading the dial manometers is : 1.0% on the maximum pressure 

. + 0recorded, and the error present in the manometer itself is - 2.0~ 

on the maximum pressure, and hence the total possible error is 

+ 0-3. 0-ii. The error in the measurement of the atmospheric pressure 

is negligible, as the manufacturers states that the mercurial 

barometer is accurate to 1 part in 3000. The error in the 

+ 0temperature m~asurcmcnt was - 0.7~ on the readings taken. 
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Error in measuring flow rate ratio 
+ 

S.0% 


Error in pressure ratio 


Error in temperature ratio 
+ 

0.7% 


Total error possible 	 +-11. -7-60 

8.4 Error Involved in the Total Pressure Measurement 

It is stated in Aerodynamic Measurements (24) that 

the assrnnption of isentropic compression at the tip of a probe 

+ 0 fleads to an error of less than - 0.2'6 o the dynamic head, for 

velocities up to Nach 1. The error due to misalignment of the 

probe with respect to the flow direction would be of the order 

~ 0. 5% of the dynamic head, £:.or a misalignment of 10° or less. 

Assumption of isentropic compression 	 + 0.2% 

Alignment error 
+ 

-+---
Total error 	 + 0.7% 

This probe error of + - 0. 7q.; of the dynamic head represents 

+ 
- 0.0035 in water. The reading error on the manometer scale 

+ was - 0.05 in water. 

Reading error 	 + 
- 0.05 in water 

+Probe error 	 - 0.0035 in water 

+Total error 	 - 0.0535 in water 



84 


9. CONCLUSIONS 

The preliminary results obtained indicate that the 

combustion chamber, although relatively unsophisticated compared 

to one used in an aircraft engine, has a performance that, in 

terms of combustion efficiency related to adiabatic temperature 

rise, is at least as good as the performance of a commercial model. 

However, in order to obtain a uniform temperature in the 

exhaust gases both the nozzle configuration and the annulus air 

distribution must be radically altered. The fuel must be injected 

evenly into the combustion zone, it is probable that an annular 

type of nozzle would be better, rather than using one lvith several 

distinct injection points, where slight differences in hole size 

would mean large variations in fuel distribution. In order to 

obtain a uniform distribution of air in the annulus, the effect 

of the flow vcloci ty of the air through the pipe must be removed. 

This would mean a larger plenum chamber, with the addition of 

baffles, so that the chamber could act as a stagnation region, or 

the provision of a large axial extension of the outer casing, 

in order to provide uniform distribution of the air flow. 

TI1e temperature of the exhaust gases is in the region of 

1900°R, and is therefore lm,·er than that required for sufficient 

ionjzation, as pointed out in References 2 and 3, for the efficient 

operation of a magnetohydrodynamic power generator. The temperature 

could be raised by reducing the amotmt of dilution air, to somewhat 
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less than its present value. This would have the added advantage 

of providing more air to cool the metal surrounding the primary 

combustion zone. The exhaust gases are at atmospheric pressure, 

and if the combustion gases arc to be injected into a vortex chamber, 

through the type of nozzle used by Trick (1) in his investigation, 

higher pressures are required. 

One problem is the high level of noise encountered during 

the tests. At lean mixtures the discomfort is not unbearable, 

but as the air fuel ratio is reduced, the noise level, possibly 

aggravated by the exhaust ducting acting as a sounding box, 

becomes intolerable, but no solution is apparent at the present 

time. 

The operation of the gas supply system, was found to be 

quite satisfactory, although variation in temperature of the 

gas in the storage tank, would cause the propane delivery pressure 

to vary by 5 inches of mercury, for a temperature change of 25 

30°F. During a test run of about one half hour duration, the gas 

delivery pressure would drop by 1 - 2 inches of mercury. 
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Fig. 31. The Flame Tube 
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Fig. 32. The Gas Nozzle and Air Swirler 
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Fig. 33. View of Test Facility 
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II. APPENDIX 

II. l Properties of Ilastelloy Alloy X 

A. 	 Jlastelloy Alloy X is the trade mark of the hnt temperature 

alloy made by Union Carbide Canada Limited. 

B. 	 Typical Uses: 

!las exceptional strength and oxidation resistance up to 

2200°F; is useful for many industrial furnace applications because 

of its resistance to oxidjzing, neutral and carburizing atmospheres; 

has had wide use for aircraft parts. The upper limit of usefulness 

is just above 2200°F. 

C. 	 Density at 72°F. 8.23 g. per cu. cm. (0.297 lb. per cu. in.) 

D. 	 (i) Liquidus Tenperature. 


Approximately 2350°F 


(ii) 	 Thermal Expansion, micro-in/in/°C. 


79 to 212°F .......... 13.8 


79 to 1800°F ......... 16.6 


(iii) 	Specific !Ieat 0 .105 cal/gm/°C 

(iv) 	 Thermal Conductivity at 60°F, 0.097 watt-cm/sq. cr:/°C. 

E. 	 Colour, Silvery 

F. 	 General Resistance to Corrosion 

This alloy is used mostly for its resistance to heat 

and oxidation, and only rarely to resist attack from aqueous 

solutions at ordinary temperatures. 



103 

G. 	 Annealing temperature. 2150°F 

II. lleat treatment. Solution treated at 2150°F, followed 

by either a rapid air cool or wnter quench. This ensures 

maximum ductility, corrosion resistance and machinability. 

I. 	 Composition of Sample Used. 

Nickel 48.893gu, Chromium 21.029&, Tungsten 0.50?,;, 

Iron 17.67%, Carbon 0.07%, Silicon 0.76%, Cobalt 1.44%, 

Manganese O.SS~o, l·iolybclenum ~1.08~:J, Phosphorus 0.015~6, Sulpher O.on:.;~;. 

J. 	 Mechanical Properties at Roor.i Temperature 

The Ultimate Tensile Strength is 111,900 p.s.i.; the 

0. 2?& Yield Strength is 49550 p. s. i. and the percent Elongation on 

2 inches is 45%. 

This information 1rns taken from i·let<lls Jlandbook, Vol. 

1, 8th Ed., American Society for r-!etals, 19(11. 
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11. 2 

TABULATED RESULTS 

1. FLAME TH·!PERATLJ!zE IVITH UNSIIIELDED THERMOCOUPLE 

T = FLM-!E TEMPERATURE ° F 

f = FRACTION OF TllEORETICAL FUEL 

TEST NO. 1 2 3 

f T f T f T 

0.52 2354 0.51 2303 0.52 2341 
0.54 2402 0.53 2387 0.53 2368 
0.55 2478 0.55 2472 0.56 2441 
0.57 2560 0.57 2558 0.57 2536 
0.58 2583 0.57 2576 0.58 2563 
0.59 2592 0.59 2598 0.59 2581 
0.6 2608 0.6 2612 0.6 2604 
0.62 2615 0.62 26.7 0.63 2624 
0.64 2620 0.64 2623 0.65 2647 
0.67 2641 0.68 2653 0.67 2655 
0.7 2675 0.71 2681 0.69 2672 
0.74 2810 0.73 2753 0.71 2687 
o. 77 2842 0.76 2812 0.75 2724 
0.81 2860 0.79 2841 0.8 2794 
0.84 2889 0.82 2871 0.83 2876 
0.88 2906 0.85 2892 0.87 2912 
0.91 2924 0.87 2917 0.91 2937 
0.93 2933 0.92 2931 0.93 2945 
0.96 2904 0.94 2947 0.95 2968 
0.99 2865 0.98 2902 0.98 2912 
1. 01 2812 1.01 2845 1.02 2884 
1. 04 2751 1.03 2790 1.04 2815 
1.12 2689 1.09 2712 1.11 2733 
1.18 2632 1.17 2671 1.18 2692 
I. 22 2584 ]. 21 2602 1. 21 2605 
1.27 2472 1.26 2498 1.27 2527 
L34 2339 1. 32 2373 1. 34 2412 
1.48 2229 1.45 2285 1.47 2297 
1.65 2074 1.62 2142 1.64 2123 
1. 88 1991 1. 85 2037 1.87 2018 
1. 92 1963 1. 91 1971 1. 93 1971 
2.06 1892 2.08 1917 2.05 1942 
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2. FLAME TUBE WALL THIPERATURE \\'ITH Tl!E 
GAS NOZZLE IN POSITION 1 

f TlF T2F T3F TlB T2B T3B 

0.52 1174 
0.54 1207 
0.55 1272 
0.58 1363 
0.62 1393 
0.7 1421 
0. 74 485 
0.84 15 71 
0.93 1657 
1. 04 1415 
1. 27 1262 

1263 
1298 
1373 
1467 
1501 
1537 
1562 
1677 
1762 
1512 
1371 

1347 
1375 
144 7 
1568 
1597 
1633 
1684 
1763 
1852 
1626 
1451 

301 
315 
347 
404 
448 
489 
539 
633 
727 
542 
353 

362 
398 
453 
556 
572 
613 
662 
751 
847 
633 
448 

422 
445 
562 
640 
668 
692 
743 
845 
936 
714 
553 

3. EXIT PLPu\'E TEMPERATURE 

3.1 NOZZLE POSITION 1 

X = DISTANCE FROM ONE WALL OF FLAME TUBE 

x inches 1/4 1/2 1 1-1/2 2 2-1/2 2-3/4 
OFf TH!PERATURE 

0.55 259 369 493 629 732 920 994 
0.58 277 501 679 840 872 1076 1127 
0.6 305 592 742 852 884 1094 12 M 
0;62 378 661 784 866 896 1105 1232 
0.64 431 693 829 888 927 1136 1237 
0.67 464 722 841 892 9111 1155 1262 
0.7 492 747 876 903 972 1188 1293 
0.74 536 788 892 927 1003 1204 1342 
0.78 577 822 905 951 1042 1258 1401 
0.81 613 827 922 985 1077 1284 1423 
0.84 642 861 942 1003 1104 1301 1450 
0.86 687 887 982 1061 1162 1335 llJ 71 
0.91 732 938 1041 1135 1241 1372 1503 
0.93 781 972 1104 1232 1329 1406 1522 
0.96 763 947 1052 1204 1301 1381 1501 
0.99 662 898 1036 1132 1242 1359 1479 
l. 01 604 867 976 1087 1194 1305 1452 
l. 04 573 834 923 1023 1153 1277 1401 
l. 12 542 801 876 922 1092 1264 1382 
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3.3 

3.2. NOZZLE POSITION 2 


x inches 

f 

0.69 

0.73 

0.78 

0.86 

0.93 

1.09 

1/4 

314 

336 

418 

432 

604 

784 

1/2 1 1-1/2 2 

TEMPERATURE °F 

495 672 794 948 

503 687 801 988 

513 703 821 1031 

537 761 908 1078 

838 966 1033 1180 

925 1051 1148 1304 

2-1/2 

1111 

1155 

1249 

1287 

1389 

1520 

-
2-3/4 

1153 

1199 

1304 

1352 

1464 

1585 

NOZZLE. POSITION 3 

x inches 1/4 1/2 1 1-1/2 2 2-1/2 2-3/4 

f TEMPERATURE °F 

.78 782 877 954 1021 1056 1131 1157 

.82 858 932 1019 1076 1111 1181 1191 

1.09 1249 1360 1444 1470 1510 1520 1551 
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4. 	 Hk\lE Tfl.lPERATURE 

T = FLAME THIPERATURE USING SHIELDED TtlERMOCOUPLE1 

2 
:::T FLAME TEMPERATURE USING UNSHIELDED TIIERNOCOUP LE 

f Tl OF f T
2 

OF 

0.75 2780 o. 72 2511 

0.8 2865 0.73 2698 

0.83 2864 0. 77 2836 

0.85 2883 0.81 2944 

0.92 2891 0.82 2921 

0.93 2880 0.86 2883 

0.9G 2893 0.94 2808 

0.97 2913 0.97 2766 

1. 0 2823 1.1 2727 

1. 01 2756 1. 10 2458 

1.1 2694 
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11.3 Viscosity of Combustion Gas Mixture 

In Section 3.D.5, the viscosity of the combustion gases 

was calculated by taking the proportional sum of the viscosities of 

the constituents. This is a close approximation to the value for tfic 

viscosity of a gas mixture of three components, by 13uddenhcrg and 

Wilke (25), in the following equation 

3 
(1)l: 

i=l 

where µn is the viscosity of the gas mixture 

x. is the mole fraction of a constituent gas
1 

p. is the density of a constituent gas at the temperature
l 

and total pressure of the ~ixture 

D. is the diffusion coefficient of a constituent gas into 
1 

the mixture, and for three gases o is given by
1 

... xl
I\ = 

1 

x2 x3 
+

0 01312 

where 0 and 0 are the diffusion coefficients of gas 1 into12 13 

gases 2 and 3 respectively, at the temperature of the gas mixture. 

A similar expression exists for o and o . Arnold (26) gives the2 3

diffusion coefficient from gas 1 to gas 2 as 

2ft /sec (2)
0.0322 =---3600 
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where T is the temperature in °K 

V is the molecular volume of the gas at its boiling point in 

cc/gm mole 

M is the molecular weight of the gas 

We are considering carbon dioxide, nitrogen and water vapour, 

and using equation (2), we have 

2 
= 0. 00434 ft /secDea 

2 


= 0.005 ft 2/sec
DN 
2 


= 0.00595 ft
2
/sec
DH 0 

2 

Hence 

( Dp) = 1. 98 

µ co 


2 

(Dp) = 1.33 
µ N 


2 


(Qe_) 1.17= 
µ H 0 

2 

1. 385µiThe term x. (1 - ) is calculated and for 
1 P. D. 

1 1 

co is equal to+0.0346
2 

is equal to-0.0292N2 

1120 is equal to-0.0276 
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In all cases this tenn is very small compared with unity, 

and can therefore be ignored in equation (1). The viscosity of the 

gas mixture is then as described in Section 3.D.5. 
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