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ABSTRACT 

This work examines the e f f e c t of l o n g i t u d i n a l o s c i l l a t i o n s on 
the heat t r a n s f e r i n a n a t u r a l l y - a s p i r a t i n g , propane-fuelled combustor. 
Previous i n v e s t i g a t i o n s i n the f i e l d have been predominantly 
experimental i n nature, although t h e o r e t i c a l studies of the e f f e c t of 
o s c i l l a t i o n s on l o c a l heat t r a n s f e r c o e f f i c i e n t s have bean made. I n 
t h i s work, a l i n e a r i s e d wave equation, which governs the propagation 
of aoimd waves i n a gas confined by a s t r a i g h t tube and e x h i b i t i n g an 
a x i a l temperature v a r i a t i o n , i s used to correlate l o c a l heat t r a n s f e r 
c o e f f i c i e n t s by a quasi-steady-state method. An apparatus wasj 
constructed, and measurements of the gas, w a l l and water temperatures : 
and of the gas pressure amplitudes were taken i n a concentric tube heat 
exchanger, which formed part of the resonating section. 
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SYMBOLS AND CONSTANTS 
Section 1. 

^ I I ' ^ i 1^3-.5 constants 

t . time-averaged v e l o c i t y of sound m/s 

Cp specific heat at constant pressure kj/kg K 

Cy specific heat at constant volume kj/kg K 

6 amplitude of ki n e t i c energy i n o s c i l l a t i o n kJ 

E time-averaged k i n e t i c energy of flow k j 

frequency Hzr 

Graetz number 

.length m 

!> integer 

^ r o t a t i o n a l speed rev/minute 

NllAp time-averaged Nusselt number i n pulsating flow 

N vv Nusselt niMber i n steady flow ' 

p pressure amplitude . N/in 

p* time-averaged pressxire N/m''̂  

pressure amplitude of Koshkin (57) N/m*' 

P working pressure of Koshkin (37) N/m*" 

TV Prandtl number 

Reynolds number 

SPL soimd pressure l e v e l dB 

- "U, ve l o c i t y amplitude n/s 

Vt time^veraged v e l o c i t y n/s 

X.. a x i a l distance 

(\ wavelength 

r a t i o of cp/cv 

. ^ density kg/m 

P pulsation energy attenuation factor of 
'KT Galitseysky et a l , (38) 

m 

ia 



&J angular frequency ';. radian/s 

Siection 2 

ft constant 

Sp^ bulk modulus of a i r ' N/m *" 

v e l o c i t y of sound at x = 0 m/a 

€L specific internal energy kj/kg 

£"0̂  BGkert number 

h l o c a l heat transfer coefficient ¥/m*K 

Uy^ Bessel function of f i r s t kind - order n 

^ thermal conductivity w/m K 

Lm length m 

M| constant defined by equation 2.2,28 

mass flowrate kg/h 

N| constant defined by equation 2,2,29 

^ pressure n/i 

•j^^ pressiire amplitude a t x = 0 . M/i 

<^ heat transfer • kJ ' 

specific gas constant f o r a i r 0.2871 kj/kg 

S Strouhal number C»>eL 

•fc time 

fm 

m̂ 

s 

m 

T" temperature ® C 

"7^ temperature at x = 0 

XL v e l o c i t y 

X a x i a l distance 

X function of x 

Yy\ Bessel function of second kind - order n 

Tj coordinate 

Ik change of variable 

2 coordinate 

m 

m 



i l l 

e 

a x i a l displacement of pressure wave 

constant 

function of time 

wavelength 

function 

dynamic viscosity 

density 

m 

m 

kg/m s 

kg/m 

Section 3 . 

diameter of aerodynamic valve 

K damping r a t i o . . 

U'is connecting length f o r pressure transducer 

mass flovn:ate of chamber coolant 

mass flowrate of propane 

mass flowrate of water 

•fAix pressure amplitude at s i t e n 

regulated pressure of propane 

radius of connecting tube 

temperature of a i r a t s i t e n 

temperature of propane i n flowmeter 

surface temperature at s i t e n 

ou t l e t temperature of water from in j e c t o r 

temperature of water a t s i t e n 

SCpjy^ a x i a l position of augmenter 

CO^i natural frequKicy 

•in. 

m 

m 
kg/h 

kg/h 

kg/h 

N/m* 

Bar 

in 

m 

radian/s 

Section 4 

& v e l o c i t y of sound 

3^g^ equivalent diameter of annulus 

diameter of aerodynamic valve 

n/fi 

m 

m 



S 
S. 

An 

A 

diameter of inner tube of heat exchanger A 

frequency 

heat transfer c o e f f i c i e n t between a i r and tube 
surface 

heat transfer c o e f f i c i e n t between tube surface 
and water 

thermal conductivity of a i r 

thermal conductivity of water 

length 

length of heat exchanger A 

mass flowrate of a i r through resonating section 

mass flowrate of propane 

wave number 

integer 

pressure amplitude a t point x 

maximum pressure amplitude 

combustion ch^aber pressure amplitude 

time-averaged Reynolds number of a i r flow 

Reynolds ntmiber of water flow 

Strouhal number 

surface area of section of heat exchanger A 

temperature of a i r a t point x 

temperature of a i r at s i t e n 

mean a i r temperature i n section 

mean surface temperature i n section 

mean water temperature i n section 

time-averaged v e l o c i t y of a i r flow 

v e l o c i t y amplitude of a i r 

a x i a l distance 

density of a i r 

dynamic vi s c o s i t y of a i r 
thermal efficiency 

m 

Hz 

W/m* K 

¥/m'' K 

¥/m K 

¥/m K 

m 

m 

kg/h 

ig/h 

N/m^ 

N/m*-

m 

n/s 

m 

kg/m s' 



Section 6 • 

gr a v i t a t i o n a l acceleration n/s**" 

C v e l o c i t y of sound n/s 

C c capitance of connecting leads pP 

C i capitance of amplifier input pP 

capitance of microphone nF 

specific heat at constant pressure of a i r kj/kg K 

specific heat at constant pressure of water kj/kg K 

A . i n t e r n a l diameter of chamber lagging m 

external diameter of chamber lagging m 

die, diameter of inner tube of heat exchanger 

diameter of sheath m 
function of x . / • 

i frequency Hz 

9. constant i n Newton's Second Law kg h/n s** 
K mean heat transfer coefficient W/m** K . 

h specific enthalpy of pure substance kj/kg 
convection heat transfer coefficient W/m*" K 
radiation heat transfer coefficient W/m* K 
thermal conductivity of chamber lagging W/m K 
thermal conductivity of sheath W/m K 

L immersion of thermocouple m 

L length of tube m 
length of Heat exchanger A m 
length of chamber lagging m 
mass flowrate of f l u i d • kg/h 
mass flowrate of a i r through resonating section kg/h 
mass floTOate of a i r through Heat exchangers B & C kg/h 
mass floTOate of chamber coolant kg/h 
mass flowrate of propane kg/h 



w 

m 

m 

m 

m 

VI 

mass floTOate of water % / h 

/mj defined by equation 6 - C.7 

V l i ^ Nusselt number based on tube diameter 

pressure ir/m* 

ambient press\ire N/m ** 

reference pressure 1.01325 x 10^ n/m*" 

C) rate of heat transfer 
• • 

Ql^(l,l^ rate of heat transfer through chamber lagging W 

T" , r a d i a l ordinate 

radius of tube 

fkfl Reynolds number of flow i n tube 

Sg surface area of thermocouple bead 

^CHAftO^ charge s e n s i t i v i t y of microphone PC/n/ 

§ ^ voltage s e n s i t i v i t y of microphone mv/^ar 

v̂CP̂  connected s e n s i t i v i t y of microphone mV/|ABar 

mean a i r temperature over length Ajc, 

T p i ^ connected a i r temperature ^ *C 

Tp^^ temperature recorded by thermocouple ' 

/ a m b i i e n t . temperature . 

" ^ f f k i T e3±ia-^st gas temperature ®C. 

outer surface temperature of chamber lagging 

"TJj reference temperature 275.16 K 

"TJ^ chamber stirface temperature *C 

" t g ^ thickness of'sheath w a l l .m 

T^/y^ mean water temperature over length A 3 t 'C-

\L specific i n t e r n a l energy of substance kj/kg 

Wx, ^3,te of external work \7 

a t a x i a l distance along tube- m 

X-j^ cold end of Heat exchanger A m 

hot end of Heat exchanger A m 



( I 

VII 

change of variable 

* j t elevation of system above ar b i t r a r y datum m 
» • . • • . • 

<AH rate of change of enthalpy ¥ 

T ^ H rate of increase of enthalpy of propane f u e l i n 
"'to isothermal reaction ¥. 

A'T^V change i n water temperature over 

£,g normal t o t a l emissivity of bead 

normal t o t a l emissivity of sheath 

^ Stefan-Boltzmann constant 5.67 x 10" ¥/m K 

^ density kg/m* 

^ time-averaged density kg/m* 

CO angular frequency radian/s 

y^^^ theipmal efficiency 

AT 



1, Intygdytction 

This work studies the e f f e c t of combustion-driven o s c i l l a t i o n s 

on the process of heat t r a n s f e r i n a double^orifice pulsating combustor. 

Such a combustor consists of a combustion chamber, i n t o which f u e l and 

a i r are admitted, and a resonating exhaust tube i n which convective 

heat t r a n s f e r occurs. When i n operation, the predominant o s c i l l a t i o n s 

occur i n a standing, l o n g i t u d i n a l mode and are sustained by a 

correctly-phased v a r i a t i o n i n the rate of energy release i n the 

combustion chamber. The o s c i l l a t i o n s are regarded as stable when the 

pressure amplitude n e i t h e r increases nor decreases, which indicates 

t h a t the energy added to the wave motion i s exactly damped out by 

viscous d i s s i p a t i o n . The advantages of constant volume over constant 

pressure combustion are generally held t o be increased volumetric 
I • « • 

• • 1 " • • • • 
combustion r a t e , increased combustion e f f i c i e n c y and increased rate of 

convective heat t r a n s f e r , the chi e f disadvantage being noiSe. Although 

considerable i n t e r e s t has been shown i n the pulsating combustor,. there 

have been few commercial a p p l i c a t i o n s . 

One of the e a r l i e s t observations of combustion-driven o s c i l l a t i o n s 

was recorded by Higgins (1) i n 1777 when he found that a hydrogen 

d i f f u s i o n flame, enclosed by a large tube (open at both ends), o s c i l l a t e d 

audibly f o r c e r t a i n lengths of the f u e l supply l i n e . I n 1859 Reijke (2) 

reported an a c o u s t i c a l l y - d r i v e n o s c i l l a t i o n i n an a i r column when a 

hot metal gauze was positioned one quarter of the way up a v e r t i c a l 

open-ended tube. I n 1883 Mallard and Le Chatelier (3) noticed that a 

flame, propagating from the open to the closed end of a tube, began to 

o s c i l l a t e w i t h increasing violence u n t i l detonation occurred. 

I n 1904 Lemale and Armengaud (4) b u i l t one of the f i r s t constant 

pressure gas turbines but obtained no external shaft power as the 



output of the turb i n e was absorbed by the compressor. Holzwarth (5) 

recognised t h a t the negative compression work had to be reduced and 

suggested t h a t a constant volume combustion process should be employed. 

A number of patents were taken out - by Esnault-Pelterie i n 1905 ( 6 ) , 

Karawpdine, 1906 (7) Armengaud, 1907 (8) and Marconnet, 1910 ( 9 ) . 

Each of these designs consisted p r i n c i p a l l y of a r i g i d volume w i t h two 

openings, one f o r the i n j e c t i o n of the combustible mixture and the 

other f o r the expulsion of the combustion products. I n these 

valve-actuated chambers^ the constant-volume combustion produced a 

considerable pressure gain although t h i s pressure could only be expanded 

i n the turbine w i t h a poor e f f i c i e n c y , due to the v a r i a t i o n i n the 

exhaust gas v e l o c i t y . I n the course of these earl y experiments, i t 

was observed t h a t the transmission of energy from the i n t e r m i t t e n t flow 

of exhaust gases to the cooled walls of the o u t l e t tubes was very 

apparent, and t h i s l e d to the development of a steam b o i l e r , the Velox, 

by the Brown Boveri Company. 

I n 1930 Schmidt (10) patented a pulsating combustion tube which 

was designed to t h r u s t a column of a i r out of the open end by mean£̂  of 

the " r a p i d l y repeated combustion of f u e l and a i r i n small q u a n t i t i e s " 

a t the ao c o u s t i c a l l y closed end. I t was t h i s tube, 'Das Schmidt-Rohr', 

tha t was l a t e r developed by the Argus Engine Company to propel the 

•Vergeltimgswaffe - 1» f l y i n g bomb, shown i n Figure 1.1. Manganiello 

(10) has reported t h a t a r e p l i c a of the propulsion u n i t developed up 

t o 520 kW a t the operating frequency of 40 Hz. 

I n 1933 Reynst (11) patented a combustion chamber which consisted, 

of a r i g i d volume w i t h only one opening f o r the alternate passage of 

f3*esh mixture and exhaust products, Reynst took out a f u r t h e r patent 

(12) i n 1938, concerning an i n v e n t i o n , based on h i s e a r l i e r patent, to 
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produce and transfer heat e f f i c i e n t l y by means of a detoriative • 
combustion process (see Figure 1,2). 

Itl , )ya1:er/aiy, heatj.np; ,p^?.3atjtnf; oombys.toys 

I n 1943 Reynst (13) reported work on a single-orifice combustor; 
3 

volumetric combustion rate was 17.5 MW/m at an operating frequency of 
128 Hz, and the maximum rate of heat transfer was 0.28tV/hv^K for an 
outlet water temperature of 50°C. An analysis of the exhaust gases 
gave 13% COgf 1.55S Og and 0% CO, and the unit was said to be unpleasantly 
noisy. I n 1948 Huber (14) began to market the *Schwingfeuergerat*; 
t h i s unit incorporated a two-orifice combustor, fuelled by petrol at 
f i r s t , but by natural gas after 1950. The device was intended to 
preheat the cooling water of internal combustion eiigines prior to 
start i n g i n cold weather, and was rated at 5.8 kW. Huber later 
developed the »Schwing Calor' air-heater for the heating of temporary 
shelters and, more recently, a continuous-flow water heater. (Figure 1.3) 
i n conjunction with the Junkers Company. This xuiit comprised a pair 
of twc-orifice pulsating combustors coupled at their i n l e t ends. Each 
chamber (Figure 1.4) worked alternately; the fuel was drawn from a 
common chamber into a mixing tube, and the resultant mixture passed 
into the combustion chamber via a funnel and b\u>ned explosively. The 
combustion-driven oscillations occurred f i r s t i n one chamber and then 
the other, and most of the hot gases were expelled through the heat 
exchangers at the end of the combustion chambers into the pulsation 
tubes. A small proportion of the hot gases were forced back through 
the mixing tube, due to the r e l a t i v e l y low resistance to flow i n the 
i n l e t tubes; these were connected to r e s t r i c t this back-flow. The 
operating frequency of the heater was 130 Hz on town gas, and 122 Hz 
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with propane, due to the different temperature p r o f i l e , and i t was 
rated at 2 3 . 2 kW. 

Another commercial application of pulsating combustion has been 
to central heating. The »Pulsamatic' (see Figure 1 .5 ) was developed 
i n Canada and was rated at 30 kW, This boiler was investigated by 
Alebon et a l (15) with a view to improving the method of silencing. 
They found that the volumetric combustion rate, was 44 .5 MW/m̂  at an 
operating frequency of 70 Hz, the overall rate of heat transfer was 

2 

58.6 kW/m , and an exhaust gas analysis gave 8.56% COg, 3.06% Og and 
0,0% CO. The overall thermal efficiency of the unit varied between 
87% and 93% and the water outlet temperature varied between 32°C and 
95^0. The authors managed to reduce the noise output from the device 
from 107 dB to 68 dB. A notable feature was that physically i t was 
smaller than designs f o r steady combustion of a similar rating. 
However, i t was noted by Bottoms (16) that the CO content i n the exhaust 
gases increased when the unit was operated at less than i t s maximum 
ra t i n g . 

I n 1963 Prancis et a l (17) reported a preliminary study by the Gas 
Council on pulsating combustors to assess their use i n industry, 
p a r t i c u l a r l y f or heating water and a i r . Two types of. combustor were 
examined - •Schmidt' and 'Helmholtz* (see Figure 1 ,6 ) - were examined 
f o r quality of combustion, thermal efficiency and s t a b i l i t y of operation. 
The dimensions of these units were typically of 50-75 mm, internal 
diameter and between 2 ,1 m and 3 . 3 m long, and were f i r e d by natural 
gas; both aerodynamic and mechanical values were studied f o r t h e i r 
effect on performance. The authors concluded that the combustion i n 
the i r devices was e f f i c i e n t , provided that J 
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a) multiple gas j e t s were used to achieve a uniform'air/fuel • 
mixture; 

. ft! 

b) the f u e l flowrate was not excessive; 
c) the combustors were 'well-tuned*. 

The authors found that extending the exhaust tube of the combustor 
moved the pressure anti-node of the acoustic o s c i l l a t i o n away from the 
flame, thus adversely affecting the s t a b i l i t y of the o s c i l l a t i o n . 
This observation was explained by the c r i t e r i o n of Rayleigh (18), 
Their correlation between this expression and experiment was not 
conclusive, and i t was recommended that more attention should be paid 
to the effect of the i n l e t valve section on combustor frequency and to 
the effect of axial temperature gradients on exhaust pipe frequency. 

Further work by the Gas Council has been reported by Reay ( 2 0 ) . 

I t was found that the thermal efficiencies of the combustors ranged 
between 70% and 80?S, and the noise levels of 125 dB from the unsilenced 
state could be reduced to approximately 80 dB using Burgess 'straight-
through' absorption silencers. I t was also found that the thermal 
efficiencies under pulsating flow conditions were from 30% to 50% higher 
than those predicted theoretically for steady flow. The equation used 
by Reay f o r t h i s comparison assumed that the heat transfer i n the 
combustors was predominantly convective, and i t i s ppssible that 
neglecting radiation led to s l i g h t l y low values of the steady combustion 
efficiency. I t was observed that no f u l l y satisfactory design 
procedure f o r these imits had yet been evolved and that the effect of 
the many parameters on combustion s t a b i l i t y was not clear. 

I n 1967 Muller ( 1 9 ) reported the development of a resonant 
combustion heater f o r drying applications. Simple acoustic theory was 
used to design two combustors, one of the Helmholtz type and the other 
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of a mixture of Helmholtz and Schmidt types. Both units developed 
approximately 90 kW of IPG; the volumetric combustion racte of 'the 
f i r s t was 71 MW/m̂  at a frequency of 153 Hz (estimated), and that of 

•J 

the second was 150 Wfl/nr at a frequency of 210 Hz._ Muller made use 
of augmenters (see Figure 1,7) to increase the quantity of a i r pumped 
by his combustors, and noted that the length of the augmenter had an 
important influence on performance and had to be such that i t s natural 
frequency was some multiple of the combustor frequency. 

I n 1971 B r i f f a et a l , (21) reported work on both Schmidt and 
Helmholtz type combustors (Figure 1,8) which were fuelled by a mixture 
of methane and a i r injected into short i n l e t tubes. The aims of the 
study were to examine methods of noise suppression. I t was concluded 
that some reduction i n noise was obtained by coupling the exhausts of 
two id e n t i c a l pulsating combustors and that reductions of up to 30 dB 
were attained when the coupled units operated i n opposed phase and 
produced identical pressure waveforms. I t was also noted that the 
Schmidt combustors gave a smoother and more sinusoidal pressure wave 
than the Helmholtx combustors and were thus more suitable for the 
method of.anti-phase silencing. 

JL,2 yulsatjns combusfors i n steam ^^neratjn^ P?-ant 
, I n 1948 Reynst (22) advocated the use of pulsating combustion 

i n jvoiler furnaces f i r e d by pulverized solid fuels to increase the 
volumetric combustion rate. This idea was pursued by Spmmers 1954 
(23) who reported the conversion of a tube boiler to pulsating 
combustion,. Preliminary experiments were undertaken on a double-
o r i f i c e combustor f i t t e d with a mechanical valve. I t was found that, 
when the combustor was water-cooled, i t would operate only with an 
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approximately stoichiometric mixture, whereas, when the combustor was 
either imcooled or lagged and supplied with pre-heated a i r , the 
mixture r a t i o could be varied widely^ I t was noted that the 
oombustion-driVen oscillations ceased when the maximum temperature i n 
the combustion chamber f e l l below 1200*'c, Sommers estimated that the 
amplitude of the oscillations was approximately 0.65m by extrapolating 
the slope of the temperature distributions (Figure 1 .9) i n the 
combustor towards the open end. 

Sommers carried out a study of the effect of tube shape and type 
of i n l e t valve on the intensity of pulsation, and a wide range of 
configurations were tested. The results for the work on aerodynamic 
valves, are summarized i n Figtu'e 1,10, Configuration A was found to 
present the imost resistance to back-flow through the i n l e t valve and 
to inflow at the exhaust end; whereas configuration B proved to be 
the best shape f o r complete combustion, particularly i f the combustion 
chamber was maintained at a high temperature, 

Sommers f i n a l l y installed a double-orifice combustor, developed 
from the earlie r work, i n a tube boiler (see Figure 1,11), The 
maximum volumetric combustion rate attained was 21Mff/m̂  at a coal 
consumption rate of 1900kg/h and an operating frequency of 35Hz, The 
volumetric combustion rate was estimated to be several times that of a 
contemporary cyclone burner, Sommers concluded that attention to the 
design of both the aerodynamic valve and the pulsating tube would 
improve performance. 

I n 1965 Babkin (24) reported a project similar to that of Sommers, 
The investigation into pulsating combustion had been xmdertaken i n 
1958 with the purpose of intensifying, combustion and heat transfer i n 
the furna:ce8 of steam boilers, A preliminary study was made of the 



P i ^ E H E P f T E - O 
^ A I R 

V A L V E 

P O l A / E R . t Z n > C o A L . 

Pui-SPrrrAJG- T UB B 

SiLRrG- COLLECTOR 

P i g - U R g i . X i : S H A M R O C K THST Pi,P,|sj-r 

5 ^ 
F L . A P V A L V E 

R o T f t R V V A L V E 

AE'RotoyWAMiC 
V A i - V E 



IS 

two types of valve - mechanical ( f l a p and rotary) and aerodynamic 
(isee Figure 1 ,12) , Tests showed that intense pulsating combustion 
and self-aspiration were easily obtained i n chambers f i t t e d with flap 
valves but these suffered from fatigue f a i l u r e . Rotary valves were 
tested but they were fotmd to be impractical for chambers of more than 
15 MW, r a t i n g . Aerodynamic valves were than studied, and i t was. found 
that: 

a) the a b i l i t y of the pulsating combustion chamber to self-aspirate 
was sharply diminished when a i r preheat was introduced; 

b) the pressure amplitude of the oscillations increased when the 
i n l e t , pipe length was increased, but, beyond a c r i t i c a l length, the 
oscillations would break down; -

c) the oscillations ceased i f the aerodynamic valve was connected 
to any i n l e t duct, even of much greater cross-section. 

The design of the aerodynamic valve used i n the investigation i s 
shown i n Figui'e 1.13; i t consisted of a hemi-spherical st a b i l i z e r , 
telescopic connecting piece through which the fuel o i l was fed, and 
turoidal shield. I t was foiihd that combustion of heavy fuel o i l s was 
p a r t i c u l a r l y e f f i c i e n t i n chambers f i t t e d with such a valve which did 
not completely prevent back-flow and thus permitted a certain amplitude 
of flame movement i n the region of the f u e l injector. I n 1960 a 
double-tube counter-phase pulsating combustion unit was installed i n 
a steam boiler (see Figure 1.14 and A i n Table l.A). On the basis of 
measurements taken from th i s apparatus, a further unit was designed 
and i n s t a l l e d i n another boiler (see Figure 1,15 and B i n Table l.A). i n 
1963 . Both furnaces were f i r e d by fuel o i l . I t i s apparent from 
Table l.A that the volumetric combustion rate of B was less than half 
that of A. 
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Table l.A Furnaces of Babkln 

PULSATING COMBUSTION FURNACE A B 

Total rate of o i l consumption 1500 4200" kg/h 
Frequency of oscillations 68 31 Hz 
Pressure amplitude of 

oscillations 30 15 kN/m̂  
Volumetric combustion rate 18.6 7,2 MW/m̂  

I n 1968 Hanby and Brown (25) reported an investigation into a 
pulsating combustor f i r e d by pulverized coal, A full-scale perspex 
model of the combustor design was used to study the effect of various 
designs of fue l injectors on the mixing process. The flows of a i r 
through the i n l e t pipe and of fue l through the injectors were modelled 
by water and by chemical tracer respectively. The quality of the 
inj e c t i o n process was then assessed by sampling the mixture at a number 
of points i n the combustor model. The f i n a l design (Figure 1,16), 
which was similar to that of Sommers, was constructed i n steel, the 
combustion chamber and f i r s t part of the exhaust tube being lined with 
refractory material, . I t was found that the volumetric combustion rate 
was 8,3 MW/m̂  on a coal consumption of 23 kjg/h. at an operation 
frequency of 75 Hz., and the gas temperature distribution i n the 
combustor i s shown i n Figure 1.17. I t i s interesting to note that 
the sharp change i n gas temperature gradient observed by Sommers near 
the open end of his early combustor.(see Figure 1.9) i s not evident here. 

2 
The combustor of Sommers operated at pressure amplitudes up to 100 kN/m 

2 
while that of Hanby and Brown attained a maximum of 12.5 kN/m . 
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Therefore the reverse flow of cool a i r up the exhaust tube occurred 
to a f a r greater extent i n the combustor of Sommera than i n that of 

ft! 

Hanby and Brown, and t h i s perhaps explains the difference i n shape 
of the gas temperature distributions i n the two combustors. Hanby 
and Brown f i n a l l y measured a noise level of 80 dB. near thei r furnace 
and concluded that considerable work on this aspect of pulsating 
combustion was necessary before an industrial use of the process could 
be envisaged. 

M, peat, transfey %n unsteady flow 
The subject of heat transfer i n unsteady flow has received 

considerable attention since the work of Ma r t i n e l l i and Boelter (26) 
i n 1938. They found that the rate of heat transfer increased with 
increasing amplitude of vibration beyond a c r i t i c a l value of Reynolds 
number of approximately 1000, 

I n 1943 M a r t i n e l l i et a l , (27) measured heat transfer between . 
condensing steam and water flowing i n a v e r t i c a l concentric-tube heat 
exchanger. The data f o r the heat transfer coefficients i n steady flow 
were obtained using a centrifugal pump, and those for periodic flow, 
using a reciprocating pump. 

The o s c i l l a t i n g flow was not s t r i c t l y sinusoinal. Keeping the 
stroke of the reciprocating pump constant and varying the rotational 
speed, N, i n the range 13 N 265 r,p,m,, enabled the periodic heat 
transfer to be examined over the range of frequency, f , 0,22<f <44.2 Hz. 
and over 'the periodic Reynolds number'. Re, range of 2660<Re-^77300, 
The experiments showed that frequency per se had l i t t l e effect on 
Nuselt number and that the velocity emplitude was the main parameter. 
The results were correlated by the quasi-steady-state method (see 



Section 2,4.2), previously used by Schultz-Grunow (28) and Estel (29), 
I n 1959 Jackson et a l , ( 30 ) reported an experimental study of 

the effect of acoustic vibrations on the heat transfer of a i r flowing 
through a v e r t i c a l brass tube, 95 mm. internal diameter by 1 .5 m. long. 
The wall temperature of the tube was maintained at a constant 
temperature by the condensation of saturated steam at atmospheric 
pressure onto i t s outer surface, Heat transfer coefficients were 
deduced from the quantity of condensate collected by ten collecting 
cups, equally spaced down the tube. The working f l u i d , a i r , was 
passed through the test section from a plenum chamber by a centrifugal 
fan and was excited by a horn at the lower end of the tube, the sound 
pressure level being measured at the mouth of the tube i n the plenum 
chamber. Results were presented for Reynolds number of 2300 over a 
range of sound pressure l e v e l , 108<SPL^138 dB,, at a frequency of 
520 Hz., the t h i r d harmonic of the tube under the experimental 
conditions. I t was found that the sound pressure level had l i t t l e 
effect upon the heat transfer up to 118 dB., above which the effect 
was quite marked. This i s evident from Figure 1.18, where the 
d i s t r i b u t i o n of the r a t i o : 

f ^ | i 4 ^ - time-averaged Nusselt number i n pulsating flow 

steady state Nusselt number 

against axial displacement has been replotted f or two sound pressure 
levels, 118 dB. and 129 dB,, from the data of Jackson, The r a t i o 

rises to a maximum of 1,8 at x/1 = 0 , 3 , corresponding to the 
position of a velocity antinode, and thereafter diminishes approximately 
l i n e a r l y , the overall effect being one of an improvement i n the heat 
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transfer. The authors sought a relationship between the Nusselt 
number at any cross-section of the tube and the sound pressure level, 
as measured by the microphone, and gave: 

* a- sz f eJ<p(sp^./6?^g')I / 
1.3.1 

which was claimed to be valid w i t h i n + 25% f o r SPL^llS dB. Using 
further data f o r resonant frequencies of 125, 250 and 2000 Hz, obtained 
Tinder otherwise similar conditions, a fxirther empirical relationship, 
incorporating a frequency term, was given: 

. • •̂'7 f e x p C S P ^ / b ^ . g ) ] / g ^ 1.3.2 

1 ( S i r ' f ] 
which wias v a l i d within + 16% i f the data for. 125 Hz, were ignored. 
The authors concluded that i t was d i f f i c u l t to separate the effect of 
frequency upon heat transfer from that of sound pressure leve l , an 
observation also made by M a r t i n e l l i , 

I n 1961 Zartmann and Churchill (31) reported an investigation into 
the effect of combustion-driven oscillations on the local heat transfer 
coefficients i n a water-cooled cy l i n d r i c a l burner, 125 mm, internal 
diameter and 0,68 m, long. Preliminary studies (32) had shown that 
intense longitudinal and transverse oscillations could be attained i n 
such a tube over the range of flow. Re s 5000 to 20000. The frequency 
of the longitudinal oscillations i n the water-cooled burner was found 
to be 350 Hz, and that of the transverse oscillations to be 4000 Hz, 
The combustion was stabilized by a bluff-body flame-holder, upstream 
of which was sited a microphone to measure the sound pressure l e v e l . 
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This was found to be I30 dB, i n the absence of oscillaticins, and to 
vary from 148 to 155 dB with oscillations. Prom measure|pents of the 
local heat transfer coefficient with and without oscillations, the 
authors obtained a linear correlation between Nliiand ft of the. form: 

. • • • 

where A and B are constants. This result was consistent with that 
of Harrje (33) who also observed a linear increase i n forced convection 
heat transfer with pressure amplitude. 

I n 1965 Jackson and Purdy (34) reported a study of the performance 
of a simple convective heat exchanger under the influence of acoustic 
os c i l l a t i o n s . The apparatus was similarly constructed to that of (30), 
except that i t was sited horizontally. Air was passed through a 
copper tube, 98 mm, internal diameter by 3.0 m, long, the walls of 
which were maintained at a constant temperature. The sound f i e l d was 
Introduced by a horn placed at the exit of the tube, and the sound . 
pressure level could be measured at any cross-section by a microphone 
mounted on a rod inserted into the tube from the upstream end. Heat 
transfer coefficients were deduced from the quantity of condensate 
cooled over lengths of. 153 mm,, and the range of experimental conditions 
was 2000^Re \ 200,600 and 0^SPL^l63 dB, Results were presented 
fo r Re s 2100, 16,000 and 49,690 f o r the sound pressure level range of 
152 to 163 dB., and three of the testa have been replotted i n Figure 
1.19, which again shows the variation of the r a t i o with axial 
displacement, I t i s evident from the graph that, except for 
Re = 49,690, the maximum values of ^^^^ occur at the velocity antinodes, 

Nu 
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that the maxima of '̂ |2ip. f o r Re = 2100 decrease along the tube, and 
that the effect of the oscillations at Re = I6OOO and 49t690 i s 
considerably less than at Re = 2100, The authors correlated the 
ratio with axial position i n the tube using the relationships 
given i n Table l.B, 

ILajLle. 1..B.. Correlations of Jackson and Purdv 

Re 

2100 

16000 

49690 i - ft. 

I S ; . 

( I f f 
)] 

0 ' 4 

where Ag A^ are constants. 

I t i s interesting to note that, apart from the transcendental terms, 
the r a t i o ^ occurs i n each equation. This r a t i o signifies 

velocity amplitude of the os c i l l a t i o n 
mean flow velocity 

at any cross-section of the tube, and, for an acoustic o s c i l l a t i o n i n 
an isothermal gas, varies sinusiodally i n amplitude along the tube. 
Prom the information provided i n the paper, the values of 3 ^ at 
the velocity antinodes have been calculated and are given i n Table l . C , 
together with the corresponding mean values of Nllito, , 



A 
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.Tabl.e ?.,C Calculated frem Jackson and Purdv 

Re A 

2100 3.74 26.3 
16000 1.16 3.5 
49690 0.87 i . i 

Table l.C has been plotted i n Figure 1.20 and may be seen to be 
approximately linear, although i t i s unfortunate that there i s a lack 
of data i n the range 6<1^ < 22. The equation of the li n e i s : 

= 0.72 + 0.114 ^ 1.3.3 

• o X 
I t may be oftnoluded tentatively from these estimates that, at any 
cross-section of the tube, the heat transfer coefficient i s line a r l y 
dependent on the dimensionless velocity amplitude. I n t h i s paper-, 
Jackson and Purdy regarded the flow of a i r through the tube at Re « 2100 
as laminar, which i s a questionable assumption. The transition from 
the laminar to the turbulent regime has been studied by Mill e r and 
Pejer (35) who examined the flow of a i r over a f l a t plate imder the 
influence of oscillations produced by a set of rotating b u t t e r f l y valves. 
The frequency of the oscillations could be varied from 4 to 125 Hz., 

A 
and the range of dimensionless velocity amplitude was 0.585 <» 0.667. 
The value of the tra n s i t i o n a l Reynolds number was found to be 954,000 
under steady flow conditions but^ under the influence of the oscillations, 
i t varied from only 350,000 to 200,000 and was independent of frequency. 
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These results are not d i r e c t l y applicable to flow through;tubes, as-
the Reynolds numbers are based on length, but the work indicates that 
the onset of tra n s i t i o n i s advanced by macroscopic oscillations i n a 
flow and that the tra n s i t i o n a l Reynolds number decreased with increasing 
dimensionless velocity amplitude. I n 1964 Purdy et a l . (36) reported 
a theoretical examination of the effect of oscillations on laminar 
flow and supported their hypothesis of 'standing vortices' with a 
visualization study, using a smoke-filled transparent tube. I t i s 
notable that, i n these experiments, the flow did not exceed a Reynolds 
number of 478. Furthermore, Ma r t i n e l l i and Boelter (26) observed 
that the rate of heat transfer increased with increasing velocity 
amplitude only when a Reynolds number of 1000 was exceeded. This 
worker feels that, for moderate values of Reynolds number and of 
dimensionless velocity amplitude, an approximate estimate of the 
t r a n s i t i o n from the laminar to the turbulent regime i n os c i l l a t i n g 
flow through a tube may be gained by consideration of the instantaneous 
Reynolds number; i f , at any instant during the cycle of o s c i l l a t i o n , 
the instantaneous Reynolds nutuber approaches 2000, then the flow may 
be regarded as on the point of transition. 

I n 1966 Koshkin et a l . (37) reported â  study of time-averaged 
heat transfer rates i n an acoustically-closed tube for a wide range 
of experimental conditions. The apparatus consisted of a stainless 
steel tube, 5.4 mm. in t e r n a l diameter by 1,2 mm. long, which was heated 
by passing low voltage alternating current through i t s length. 
Ambient a i r was passed through the tube at pressures between 5 to 20 
bar f o r Reynolds numbers of 10,000 and 100,000 and was excited by a 
rota t i n g valve at thei resonant frequencies of the tube, 90, 180 , 270 



360 and 450 Hz. The pressure amplitude was expressed as a fraction 
zip 

of the working pressure, and the range studied was 0.01^ ̂  ^ 0, 25. 
The flow was claimed to be hydrodynamically developed at the entrance 
to the test section. The results of the work showed that the maxima 
of '^3^ occurred at the velocity antinodes, as is-evident i n 
Figure 1.21. For this range of Reynolds numbers, the evidence 
con f l i c t s with that of Jackson and Purdy (Figure 1.19), although the 
frequencies of the two sets of data, 270 and 222 Hz. respectively, are 
not dissimilar. I t i s possible that the ratio''^'^y, i n the work of 
Koshkin et a l was f a r greater than i n the case of Jackson (see Table 
l.C) but, due to the method of presentation of the experimental 

U 
conditions, the values of /» i n the Russian work remain obscure and 
further comparison i s of dubious value. Koshkin et a l . made an 
analysis of the effects of the oscillations on heat transfer i n their 
apparatus and proposed that the r a t i o was proportional to ̂  , 
given by: 

/ V • . 

E » amplitude of kinetic energy i n osci l l a t i o n 
^ mean kinetic energy of flow 

The analysis took into account energy dissipation down the tube and 
also considered the non-isothermal effects i n the flow. Due to the 
temperature gradient i n the tube, the velocity of sound was regarded 
as a function of axial distance, and thus mean velocity of sound was 
given by; 

1.3.4 



I t was concluded that f o r any value of the dis t r i b u t i o n o f ' l l ^ 
t ^ Nu 

along the tube followed that of closely, but, due to^the method 
used to normalize coefficients, again i t i s d i f f i c u l t to pursue the 
analyses further. 

I n 1967 Galitseysky et a l . (38) reported a study of the effect 
of longitudinal oscillations on heat transfer i n a tube when the 
drivi n g frequency was displaced from resonance. The apparatus and 
experimental conditions were very similar to those of Koshkin (37) 
except that the tube diameter was 9.7 mm, and the frequency range 45 
to 135 Hz. The experiments showed that the maximum value of 

N u 
occurred at 90 Hz., the fundamental of the tube, and that at the 
extreme anti-resonant frequencies of 45 and 135 Hz., the heat transfer 
data compared^'cloaely with the steady state values. The authors made 
an analyses i n t h i s paper of the non-isothermal and dissipation effects 
i n the tube. The velocity of sound, c, was, as before, regarded as a 
function of the axial co-ordinate, x, and, by introducing a change of 
variable, q^, the acoustic wave equation was re-expressed: 

where 

Then, by assuming a perfect gas, the distribution of ̂  i n the tube 
was obtained: 

1.3.6 

where represented a further change of variable to permit the 
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analysis of resonant frequencies. This expression, 1.3.6, was 
expanded to the case of non-isothermal flow of a viscous gas by 
assuming that the kinetic energy of the oscillations attenuated 
exponentially along the tube: 

1.3.7 

where 0 was the pulsation energy attenuation factor. 
I n 1968 Hanby (39) reported an experimental investigation of 

the effect of combustion-driven oscillations on convective heat 
transfer. The apparatus consisted of a stainless steel tube, 51 mm. 
intern a l diameter by 1.9 m. long, which was water cooled for most of 
i t s length. Propane and a i r were injected under pressure at one end 
of the tube, which, being thus constricted, behaved as an acoustically-
closed end. Two water-cooled cylinders with adjustable pistons were 
attached to.the main tube at the closed end, so that the amplitude of 
the oscillations could be controlled. The local heat transfer 
coefficients were measured d i r e c t l y at f i v e points along the tube by 
means of a.heat fl u x transducer. Results were obtained for Reynolds 
numbers of 6000 to 16,000, and, from the data provided,'^l}^^ has 
been plotted against i n Figure 1,22, I t i s evident that these 
results are i n accord with those of Jackson and Purdy i n Figure 1,19 
over th i s range of Reynolds numbers. The maximum of ' j j ^ ^ occurs i n 

Klvc 
thie region of the velocity antinode at the open end of the tube, and 
the minimum near the combustion zone, a velocity node. I n these 
experiments, the pressure amplitude was found to vary approximately 
sinusoidally along the tube, from a. maximum of 38 kN/m (186 dB,) to 
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zero at the open end. This level i s greatly i n excess of those 
foiind i n the apparatus of Jackson et a l . (30) or Jackson and Ptirdy 
(34). Hanby used acoustic relationships, based on the one-dimensional 
wave equation, to derive an expression f o r the dimensionless velocity 
amplitude: . 

An analysis of the effect of the oscillations on heat transfer was 
made, using the quasi-steady state approach (see Section 2.4.2); then, 
by assuming that the gas particle velocity i n an acoustic wave 
superimposed on a mean flow toould be represented by: 

U s i l O 5^ Cos u > t ) 
•VV 1.3.9 

i t was shown that: 

1.3.10 

The result of a numerical integration of 1,3.10 i s shown i n Figure 2,6, 
and Hanby found that his experimental data f i t t e d this curve to a 
standard deviation of ±5% ovisr the range of possible values, O.S'̂ '̂ S 4.8. 
This graph, 2,6, i s very similar to that of Figure 1.20, as both show 
an approximately linear increase i n with greater that 1.0, 
but the slopes are hot the same, being 0,377 and 0,114 respectively. 
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?.,4 Â ms of t h e ^ v e s t i f f l t i o n 

The review of previous work revealed that studies of the 
effect of longitudinal oscillations on local heat transfer 
coefficients using sirens and microphones were reasonably numerous. 
Also there existiad a number of investigations into pulsating combustors 
of various designs. The only studies of local heat transfer 

' coefficients i n pulsating combustors were those of Hanby and Reay, 
who used a closed-open organ pipe and flap-valves respectively. I t 
was decided to study a pulsating combustor with an aerodynamic valve, 
and to measure local heat transfer coefficients between the hot 
combusted gases and the heat exchanger wall. The results of this 
could be correlated i n a similar manner to that used by Hanby, whose 
work indicated a dependence of on the local dimensionless 
velocity amplitude, . As Hanby had ignored non-isothermal 
effects, i t was decided to make an analysis the propagation of sound 
waves through a gas exhibiting .a severe temperature gradient i n one 
direction. Due to the complexity of operation of combustors with 
aerodynamic valves, i t was hoped to make a contribution to the under-
istanding of the subject. Finally, i t was decided to attempt a 
simplified analysis of the flow capacity of the aerodynamic valve. 
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2.1, Acoustic Wave Equation - Isothermal Fluid 

The acoustic wave equation for plane waves of small waves of 
small amplitude propagating through an isothermal compressible f l u i d 

i t * ax* 
The solutions to this equation for the case of standing waves i n a 
str a i g h t , r i g i d duct of large , closed at x = 0 and open at x = L, 

are: 

g - a ' ^ C ' 2,1.3 
A 

2.1.4 

The boundary conditions and co-ordinates for this system are shown i n 
Figure 2,1. 

2,2 Acoustic Wave Equation - Exponential variation of Fluid Temperature 
Kow consider the propagation of plane waves of small amplitude 

through a compressible f l u i d which, as before, i s confined i n a 
str a i g h t , r i g i d duct of large but whose temperature varies 
exponentially along i t , as shown i n Figure 2,2, For a perfect gas, 
the velocity of sound iis a function of the absolute temperature only. 
Therefore, i f the variation i n the f l u i d temperature i s written: 

• « 7^ & 2.2.1 
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the variation i n the velocity of sound becomes: 

The wave equation 2,1,1 may be solved with c now being a function of x. 
Putting: 

and separating variables, 2,1,1 becomes: 

9 
whereto i s the separation constant. Thus 

.2,2,4 

0 4- M ^ d * O 2.2.5 

and X'' + ^ i ? * X » O 2.2,6 

The solution to equation 2.2,5 i s : 

where A and £ are constants. Substitution of 2.2.2 into equation 
2.2,6 yields: 

Where ^ ' 2,2.9 

Now putting ^ e 3 ^ ftf^*^ 2.2.10 
• • • . 



and substituting into equation 2,2,8 gives: 

— < j u .a 2.2.11 

provided that O . Equation 2,2.11 i s Bessel's Function of the 
Second Kind, and the general solution i s ; 

XC:?> = M, J J C i f ) 4. N, 2.2.12 

where M and N are constants. Thus the general solution to 2.1,1 for 
an exponential variation i n the velocity of sound i s , from 2,2.3: 

\ 6=>t) » J H , -r N, y . t * ) J ft ( W t r + t > 2.2,13 

Noting that the displacement and pressure i n an acoustic wave are 
related by: 

1> « - Bfl 3LJt 
r 2.2.14 

where B i s the adiabatic bulk modulus of e l a s t i c i t y of the f l u i d and 
i s independent of temperature, the variation i n pressure may be obtained: 

Application of the boundary conditions: 

from Figure 2,1 yields respectively: * 

M,a; C*,> ^ N , X C*.) = o 2 .2 .16 

ana M, a ; ) + N, X ("^0 • O 2.2.17 



2,2,23 

3«? 

where ' ^^oC 2.2.18 

ISr^ » ' ^ e * ' ^ . 2.2.19 

The equations 2.2.16 and 2,2,17 must be solved simultaneously for A : 

where ' ^ ^ 2.2.21 

t » 2,2.22 

The Mewton-Raphson method may be used to f i n d the zeroes of ̂  CS) 
and i s of the form: 

where ^ (Ay i s given by: 

+ I , T , ( c a ^ [ - i X C f c A ) ] - i > ; C ' ^ ^ ) [ - i J T ( W ] 2 .2 .24 

The particular solutions to the wave equation 2,1,1 for an exponential 
variati o n i n the velocity of sound are, therefore: 

CO Sn ' i' ^ 

uc>t,t). iiS. »^C«t +1.)[m,3;(») ^ - V , y.̂ o] 2 .2 .26 

— y '̂iSr ̂  
where jV-̂ ^ s ^ ^ ^ : 2.2.28 
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2.3 General Wave Eouation > Arbitrary Variation i n Fluid Temperature 
. Consider now a flow of hot gas through a smooth, horizontal tube, 

the hot end of which behaves as though acoustically closed, and the 
cold end of which as though acoustically open (see Figure 2,3), As 
convective heat transfer occurs between the hot gas and the externally-
cooled wall of the tube, the temperature of the gas f a l l s i n the 
direction of flow as shown i n Figure 2,2. Therefore, the time-averaged 
temperature,T , may be regarded as a function of x: 

2.3.1 

and, as the problem i s effectively one-dimensional, changes i n the y 
and z directions may be ignored. Consider the elemental control volume 
i n Figure 2.4; equating the rate of increase of mass within the control 
Volume with the rate of eff l u x minus the rate of i n f l u x yields; 

Ignoring quadratic terms, the conservation of mass equation becomes; 

2.3*2 

Equating the forces acting on the element with the rate of change of 
• % 

momentum yields: ^ 

and the equation of motion becomes, for an inviscid f l u i d : 
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Equating the rate of change of internal energy of the element with 
the heat and work transfers from the surroundings yields: 

and the conservation of energy equation, i n the absence of capillary, 
magnetic and ele c t r i c effects, becomes; 

Consider now the effect of small perturbations on the flow, such that: 

^ Y 2.3.5. 

r. -u + lA,^ 2.3.6 

e * r +- 2.3.7 

the equations 2,2,3, 2,3,3 and 2.3,4 may now be examined again. From 
the equation of state of a perfect gas, i t i s evident that: 

The analysis w i l l now be limited to pressure amplitudes, p , such 

f 2,3.9 

as recommended by Bogdanoff (40), The approximations may then be made: 

j f - r f 2.3.10 

Consider: 

it 
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2,3.12 

from equation 2,1.5, Thus, f o r flows of low Mach number, the term 
'y^^^la negligible compared with . Assuming that the time-averaged 

$7c at 
pressure drop along the tube i s negligible: 

• 

and using the definitions: 

at at atr at 
the equations 2,3,2 and 2,3.3 become, respectively: 

at ax. a>t. 

2,3,13 

2,3.14 

a t 
2.3.15 

and using equation 2.3.14, the energy equation 2.3,4 becomes: 

e I a t ^ ' ^ 2.3.16 

For the flow of a perfect gas with negligible kinetic energy, the 
specific internal energy, e, may be expressed: 

Therefore: 

it 
Using 2.3.10, 2.3.12 and 2.3.13 and noting that: 

equation 2.3,16 becomes; 

a t ^ a t / a?c 
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Thus equations 2.3.2, 2,3.3 and 2,3.4 have been reduced to 2.3.14, . 
2.3.15 and 2.3.18 respectively. Differentiation of equation 2.3.14 
with respect to le#yields: 

dpc3^t i t a^ t dx,"") 
and d i f f e r e n t i a t i o n of equation 2,3.15 with respect toOfcyields: 

using equation 2,3.18. Equating 2,3.19 and 2.3.20 yields: 

Now q, the heat f l u x , i s dependent on the difference between the bulk 
mean gas temperature and the tube wall temperature, and thus i s 
dependent on x. For high frequencies, this temperature difference 
may be regarded as independent of time, due to the thermal in e r t i a of 
the wall and the small oscillations i n the gas temperature. Therefore: 

i ( h - ) d O 2.3.22 

I f sinusoidal oscillations of ̂  , 1 ^ and £^ are now assumed, a 
solution of the type: 

I * ' *- 2.3.23 
may be used. Equation 2.3.21 then becomes: 

Equation 2.3.25 requires numerical solution, and the Runge-Kutta method 
was used, (see Appendix A). As i n the case of the exponential 
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temperature variation, i t i s necessary to obtain OJ by an it e r a t i v e 
procedure from the boundary condition; 

I n t h i s section, a general wave equation, similar to that of 
Kapur et a l . (41), has been derived for the propagation of small 
amplitude waves at high frequency through a non-isothermal, perfect 
gas, flowing at small Mach number through a horizontal, straight tube. 
I t may be noted that equation 2.3.21 reduces to the one-dimensional 
acoustic wave for a s t a t i c , isothermal gas. 

2.4 Forced convection heat transfer and longitudinal oscillations 
2,4,; Dimensional Analysis 

Some insight into the important parameters of heat transfer i n 
o s c i l l a t i n g flow may be gained by the application of dimensional 
analysis. Consider f i r s t the steady flow of a gas i n a straight, 
horizontal tube of circular cross-section, as shown i n Figure 2,5; 
assuming that the flow of hot gas upstream of the heat exchanging 
section i s hydro-dynamically developed and that the effects of natural 
convection are negligible, the local heat transfer coefficient becomes 
a function of nine parameters: 

By selecting ^» »'U. and T'as the repeating variables and using 
Buckingham's Pi Theorem, the following relationship i s established; 

Now, by superimposing small oscillations on the flow, and assuming 
that they may be characterized by the angular frequency, , and the 
local velocity amplitude,It , equation 2,4.1 becomes: 
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which leads to: 

Thus the superimposition of small oscillations on the flow gives rise 
to two additional TT factors, the ̂ fimensionless velocity amplitude 
and the Strouhal number, 5 , As the analysis of the slow i s confined 
to flows of small Mach number (see Section 2,3)» the effect of the 
Eokert number, , upon the heat transfer may be ignored. Therefore, 
i f the other parameters are kept constant, a relationship may be sought 
between Hxi^ , ̂  and S . 

2t4t2t Q\^asi^steady-3tate Analysj.s 
The principle of th i s method, which has been used by Schultz-Grunow 

(28), M a r t i n e l l i (27), Morell (42) and Hanby (39), i s that an empirical 
relationship f or forced convection i n steady flow may be applied during 
any instant of the cycle of osc i l l a t i o n superimposed on the flow. The 
chief objection to this approach i s that the velocity and temperature 
profiles w i l l change throughout the cycle, and this i n turn affects 
the accuracy of the relatfbnship. For turbulent flow, the equation 
of Sieder and Tate (43) v>as chosen: 

Nt̂  . 0.047 a?e)"\?r.)'"*̂ .̂ J°'"̂  2.4.5. 

This expression i s va l i d for *^ ̂  » CT""^ ^S^^C and for 
O'7<1V<y670 0 . A l l properties are evaluated at the. bulk mean 
gas temperature, except for , which i s evaluated at the tube 
surface temperature. Now from equations 2.3.6 and 2.3.23, the velocity 
at any instant may be expressed: 

w « -u. + v̂ cos C***̂ ^ 2.4.6 
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Equation 2,4.5 becomes, on substitution of equation 2.4 .6: 

2,4.7 

Dividing 2,4.7 by 2.4.5 and inteigrating over the period of one 
o s c i l l a t i o n yields: 

2,4.8 

This curve i s shown i n Figure 2,6. 
The effects predicted by these analyses were calculated for the 

arrangement as shown i n Figure 2.4. A comparison between equations 
2.1,4 and 2,2,27 i s shown i n Figure 2,7, where i t i s apparent that a 
temperature gradient causes a nodal s h i f t towards the cooler end of 
the tube. The maximum pressure amplitude increases by approximately 
30^, Figure 2,8 i l l u s t r a t e s the increase i n local heat transfer 
coefficient predicted by the quasi-steady approach. At velocity 
antinbdes the increases range from 20 to 200^, Figure 2,9 demonstratea 
the increases to be expected i n overall heat transfer rates. These 
are less dramatic,^ranging from 0 to 17.5%. At higher frequencies, 
increases are approximate]^ 2% more than at low. 

2,4,3 Dimensionless velocity amplitude 
Prom the acoustic wave equation, the dimensionless velocity 

amplitude f o r the isothermal state i s given by: 
A A 

and f o r the exponential temperature variation: 

2.4.9 

2.4.10 
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For the general case, T^TCafc) , i t is necessary to solve equation 
2.3.25 and derive U from equations 2.3.25 and 2,3.23: 

Integration gives: 

from which 

2.4.13 

2.5 Analysis of aerodynamic valve 

I t was decided to analyse the flow through the aerodynamic valve 
i n order to predict the net mass flowrate of a i r through i t f o r a given 
pressure variation i n the combustion chamber. During the induction 
part of the cycle, a i r , and possibly rejected gases of the prel|«.ous 
cycle, are drawn into the combustion chamber. After the expansion of 
the combustion process, hot products are rejected back through the-
valve. I t was decided to simplify the problem by assuming that the 
induced f l u i d was aii? at atmospheric temperature and that the e:diausted 
f l u i d was a i r at a high temperature. The analysis uses a quasi-steady 
state approach. Prom l e w i t t (44), the isentropic steady state 
r e l a t i o n f o r the f r i c t i o h l e s s flow of a gas through a nozzle i s : 

where ̂  i s evaluated a t " ^ , The velocity a t 2 i s given by: 
ft 

• u ^ ; « • • 2 , ^ 
r /-h • 

• 

• / -
2,5.2 
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The situation i s i l l u s t r a t e d i n Figure 2,10. The effective area of 
the valve i s less than i t s actual cross-sectional area, and i s given 
by Shapiro (45) to be: 

2.5.3 

7 i ^ | ^ ' ) M ^ ] i H . / 2*5.4 

C j , the coefficient of discharge i s given by: 

M, being the Mach number of the flow through the nozzle at 2. Using 
the binomial series to expand equation 2.5.4 and simplifying, the 
coefficient of discharge becomes, approximately: 

'Z. g ^ 2.5.5 

provided M < 1, 

The o s c i l l a t i o n of pressure within the combustion chamber i s 
assumed to be sinusoidal, and the steady state flow relation through 
the valve i s assumed to hold over the whole cycle. The induction and 
exhaust sequence i s shown i n Figure 2,11, 
Induction 

At any instant then: 

Equation 2.5,6 must be integrated over the time: 

when the pressure i n the combustion chamber i s less than atmospheric, 
Thus i 
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8 

and 
7 

2,5.9 

Exhaust 

By similar considerations, for when the pressure i n the 
combustion chamber exceeds atmospheric, the t o t a l mass of a i r 
exhausted i s given by: 

our \4X 
2.5.10 

and 

I ' - m 2.5.11 

t^^may be expressed i n terms of , by the isentropic relation: 

2,5.12 

The necessary integrations may be carried out using Simpsons Rule. 
The net flow of a i r into the combustion i s then given by: 

nrs r L yys^^ +- Z yrs 
flft tN» OUT 2.5.13 
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3, Experimental Work 

As stated i n Section 1.4, i t was decided that a puls^ating 
combustor, comprising an aerodynamic valve, combustion chamber and 
heat exchanger, should be constructed with an exhaust tube dimension 
of 26 mm, internal diameter. Due to the liack of experience i n the 
f i e l d , a preliminary investigation into the general behaviour of a 
pulsating combustor was carried out. This work i s reported i n 
Appendix B, and the conclusions were; 

a) a Helmholtz-type combustor was suitable for the purpose of 
the work; 

b) the aerodynamic valve should be 50 mm. long and 12 - 26 mm. 
internal diameter; 

c) the apparatus should include two heat exchangers, one through 
which the reverse flow back past the valve could be arranged to pass. 

The general arrangement of the apparatus i s shown i n Figure 3.1. 
I t was moimted on a r i g i d steel framework, which was t i l t e d a few 
degrees from the horizontal to allow condensate to drain. The 
apparatus was separated from the frame by wooden vee-blocks to reduce 
conduction losses and permit expansion. The exhaust gases vented at 
atmospheric pressure i n t o the laboratory beside an extractor fan that 
pumped thiem away. The i n l e t s to the combustor were placed near an 
open window to ensure a continuous supply of fresh a i r . The apparatus 
was constructed i n several sections which were flanged and bolted 
together, sealed by copper gaskets. 

3.1 The Resonating Section 

The resonating section of the apparatus i s shown i n Figure 3.2 
and comprised a combustion chamber with aerodynamic valve, s e t t l i n g 
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length, heat exchanger A , t a i l - p i p e aad augmenter. The t o t a l 
length of the section was 3«05 m. and therefore was 0.65 ^pi. longer 
than the development combustor. The purpose of this increase was to 
perniit the use of a longer heat exchanger (2,07 m. compared to 1,65 m.) 
and a s e t t l i n g length of approximately 10 tube diameters between the 
combustion chamber and the heat exchanger. I t was fo\ind necessary 
also to increase the length of the augmenter from 0.276 to 0.6l m, 

3.1.1 The Combustion Chamber 

The combustion chamber i s shown i n Figure 3»3. Internally i t 
was an exact reproduction of the chambers used i n earlier experiments. 
The chamber i t s e l f was constructed from a bar of stainless steel. I t 
had six.radial holes into which components could be screwed, of which, 
the f u e l injector and sparking plug are shown. Due to trouble 
experienced with proprietory sparking plugs, a special one was b u i l t . 
This consisted of a stainless steel body into which a long-reach KL6 
electrode and insulator f i t t e d , being retained by a threaded rin g . 
This design proved to be very convenient for cleaning the electrode of 
deposits and for realignment, often necessary after a prolonged period 
of combustor operation. The cooling annulus around the chamber nas 
intended to provide some control over the chamber wall temperature, 
so that the gas temperature gradient, and hence the operating mode, 
could be changed i f required. The metal temperature was measured by 
Chromel-Alumel thermocouple only one measurement being taken as I t was 
f e l t that t h i s temperature was not c r i t i c a l . Also shown i n Figure 3.3 
i s an aerodynamic valve screwed into the combustion chamber. The 
valves, which were 51 mm. long and from 9.5 to 25 mm. internal diameter, 
were constructed from stainless steel hexagon bar. Apart from removing 
sharp corners, no attempt was made to streamline the bores. An a i r 
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i n l e t manifold, which enclosed the valve, was bolted to the end of 
the combustion chamber and i s shown i n Figure 3.4. The piirpose of 
the manifold was to guide the a i r inducted by the corabustor into the 
valve and thus, by using a suitable flowmeter, to make a direct 
measurement of the flow. 

The combustion chamber and ancillaries were lagged by winding 
asbestos rope aro\md them, and enclosing that with preformed sections 
of calcium s i l i c a t e , 0.23 m, outside diameter, obtained from Newalls 
Insulation Company. 

?.1,2 Heat Exchanger A 

As heat exchanger A formed part of the resonating section of the 
.apparatus, i t was constructed so that measurements of local heat 
transfer coefficients and of local pressure amplitudes could be made. 
I t consisted prin c i p a l l y of two concentric copper tubes, of 26 and 38 mm. 
nominal diameter,-which were located at the ends by two brass adaptors. 
The arriangement i s shown i n Figure 3.5. The exchanger, which was 
2.14 m. long overall, had a heat exchange surface of 2.07 m. length, 
giving a surface area (based on the outside diameter, 28.3 mm., of the 

2 
inner tube) of 0^184 m . Along t h i s length, were sited six instrument 
mountings, into which a temperature probe (see Section 3.4.1) or a 
pressure transducer (see Section 3.5.2) could be screwed. Seven 
thermocouples were mounted i n the annular space to measure the water 
temperature (see Section 3.4.2), and fi v e other thermocouples were 

*3^old6red to the heat exchange surface to measure the wall temperature. X 
The seven water thermocouples were threaded through mounting pads and 
bent to face upstream to oppose the water flow. This meant that the 
wires led a x i a l l y away from the ;)unction and thus not along an isotherm, 
but i t was f e l t that, as the axial temperature gradient i n the water 
flow did not exceed 0.05 °C/mm., the error due to conduction along the 
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wires was small. The thermocouples were l a i d adjacently where 
possible and clamped with wire to the inner tube. The free ends 
were passed through holes i n the brass adaptor at the cold end and 
connected to copper wires i n an isothermal wooden box, clamped to the 
t a l l - p i p e . 

The water connections to heat exchanger A consisted of v e r t i c a l 
thermometer pockets at each end, to which 13 mm. diameter tubes were 
soldered for connection to the water system. The exchanger was lagged 
by preformed glass-fibre sections of 82 mm. outside diameter. During 
the construction of th i s piece of apparatus, a solid 25 mm. diameter 
mild steel bar was passed through the inner tube i n order to minimise 
d i s t o r t i o n during the welding operations. When complete, the annulus 

2 
.was tested up to 270 kN/m water pressure; minor leaks were found and 
these were repaired with ar a l d l t e , 

^T?-f,3 Thi,e, Taj.l-plpe and Au^menter 

The t a i l - p i p e was constructed from a piece of copper tube, 26 mm, 
nominal diameter and 0,62 m, long,. Onto the outer end were glued 
three steel rods of small diameter and 38 mm. long, over which the 
augmenter could slide a x i a l l y . The augmenter consisted of a piece of 
tube, 38 mm, nominal diameter and 0.61 m. long. The arrangement i s 
shown i n Figure 3.6. 

3,2 The fu e l System 

The f u e l used i n the investigation was commercial grade propane 
(B.8.4250:1968) obtained from the B r i t i s h Oxygen Company i n quantities 
of 47 kg. i n the l i q u i d state. The arrangement of the fuel system i s 
shown i n Figure 3.7. The flowrate was measured by a viscous flowmeter. 
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Type R837951/G, supplied by the Rotameter Manufacturing Company and 
calibrated over the range 0.13 to 1.3 kg/h. at standard atmospheric 
conditions to 2 per cent of indicated flow. The pressure i n the 
flowmeter was displayed by a Bourdon gauge, supplied by the Budenburg 
Gaû e Company and calibrated to + 0*25 per cent of indicated pressure. 
The pressure drop at maximum flow through the meter was quoted (46) to 
be 0,1 kN/m . I t was thus negligible compared with the working 
pressure. The temperature of the propane was measured to ̂  2 per 
cent by a Type T thermocouple inserted into the top of the meter and 
was controlled at 20 ̂  3 °C by manual adjustment of the isothermal 
bath temperature. A straight, s e t t l i n g length of 0,6 m, was placed 
between the heat exchanger c o i l and the meter to damp out disturbances 
i n the flow, and th i s was lagged to reduce heat losses. The rate of 
flow of the fue l was controlled by a precision pressure regulator and 
a needle valve, with a shut-off valve i n case of emergency. 

The fu e l was forced r a d i a l l y into the combustion chamber through 
a water-cooled.injector, (see Figure 3.3). Brass j e t s , which were 
obtained from Amal i n sizes ranging from 0,2 to 2.5 mm, internal diameter, 
screwed into the in j e c t o r . This was water-cooled to prevent premature 
decomposition of the fu e l due to the high chamber temperature. 

I t was found that a j e t of 0,86 mm. internal diameter performed 
best i n the f u e l injector. I f a larger j e t was f i t t e d , the pressure 
drop across i t was less, and the oscillations i n the chamber affected 
the propane flowmeter. I f a smaller one was f i t t e d , the combustor 
did not always oscillate smoothly, and the flame occasionally failed.. 
This was possibly due to the high injection velocity which could have 
prevented good mixing i n the chamber and retarded the rate of reaction. 
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I n addition a small j e t set a l i m i t on the maximum fuel fldwrate, as 
2 

the maximum propane regulator pressure was approximately 270 kN/m . 

3.3 The Water System 
The vater, which was passed i n a counterflow direction through 

heat exchangers A, B and C, was drawn from the Laboratory cooling 
system f o r heat engines, A diagram of the c i r c u i t i s shown i n Figure 
3.8, The rate of flow was measured by a viscous flowmeter, Rotameter 
Type Metric 24E, A scale, graduated i n litres/minute, was supplied 
with t h i s instrument but, as only the lower part of i t was used during 
the experiments, i t was necessary to improve the accuracy of Hk 3 per 
cent f u l l scale reading, A calibration of the flowmeter was therefore 
madei, using a vessel, a weighing machine and a.stopwatch to measure the 
mass of water flowing per second f o r a given scale reading. The 
result i s shown i n Figure 3t9» the accuracy being improved to + 0,5 
per cent of indicated flow. As the laboratory cooling water contained 
small quantities of g r i t and rust, i t was necessary to clean the tube 
and f l o a t occasionally. 

The flowrates of cooling water through the fuel injector and 
through the transducer adaptor were each measured with a graduated 
flask and a stopwatch, .the method being accurate to i 0,3 per cent 
of the reading, ^ 

3^4 jMeasurement of Temperature 
The measurement of gas and water temperatures within the apparatus 

was made with thermocouples and thermometers of the types shown i n 
Table 3*1, and the c i r c u i t used for a l l the thermocouples i s shown i n 
Figure 3.10, 
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.Table 3.1 Types of thermocouple and thermometer 

Thermocouple Type K 
ft! 

Thermocouple Type S ' P t - | 0 % R k / ? t 
Thermocouple Type T Co* /Co>, 

. Thermometer 

The unbroken thermocouple wires were led to an isothermal enclosure, 
comprising a wooden box, where connections were made, using e l e c t r i c a l 
•tagstrip',.to the copper connection wires. These wires were connected 
to a selecting switch, mounted on an isothermal enclosure, again using 
the 'tagstrip|. The selecting switches were supplied by the Croydon 
Precision Instrument Company and had silver-plated terminals. The 
output terminals were connected to a d i g i t a l voltmeter, Solartron 
Type 1M,1420.2. 

3.4|1 Gas Temperature 

The gas t e m p e r a t u r e s , " i T ^ — , were each measured by screwing 
into the instrument sites the probe shown i n Figure 3,11, When i n 
position, the thermocouple junction projected approximately 22 mm, into 
the tube^ The temperature of the junction was not that of the flowing 
gas as i t was influenced by the effects of radiation, conduction and 
convection. Corrections were complicated by the presence of the 
o s c i l l a t i o n s . . An analysis of the errors of this measurement has been 
made i n Appendix C. The highest gas temperature,"^! , was measxxred by 
a thermocouple mounted i n a s i l i c a tube, shown i n Figure 3.12. The 
tube, which had a nominal outside diameter of 4*8 mm., possessed twin 
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bores, through which the thermocouple wires were passed, and was 
obtained from Thermal Syndicate. 

The gas temperatures, T ^ ^ l • 7fl42, ̂ '̂ ^ "^^3 measured i n a 
manner exactly similar to that described earlier i n this section except 
that three thermocouples were used and fixed i n place permanently. 

3,4,2 water Temperature 
' The seven Type T thermocouples i n Heat Exchanger A, used to 

measure the water temperature, were constructed from a continuous c o i l 
of thermocouple cable. This consisted of a mild steel sheath, 1.6 mm. 
outside diameter, containing the copper and constantan conductors packed 
i n magnesia insulation. I t was obtained from Pyrotenax, The 
..construction of the junctions was a delicate operation, and the advice 
contained i n t h e i r manual (47), was followed. Due to the hygroscopic 
nature of the refractory insulant, the two ends of the thermocouple 
were dried and sealed with Araldite. The finished thermocouples (see 
Figure 3.13) were checked to ensure that the insulation resistance 
between conductors and sheath exceeded 100 and that the e l e c t r i c a l 
c i r c u i t was continuous. 

The remaining water temperatures,T^, .TJ^c^f"^^, 'X^xi »XraJ •"̂WTR » 
andT^j^ were a l l measured with mercury-in-glass thermometers. Type 
TJ-070, obtained from Gallenkamp. These were t o t a l immersion 
thermometers, graduated i n 0.2 Ĉ with a range -5 to 105 °C. They 
were immersed i n o i l i n thermometer pockets of the type i l l u s t r a t e d 
i n Figure 3.14 i n the case of T^, fT^v^cjjTJ^a.l »"'vviv°"'*Tvx3' °^ 
the type shown i n Figure 3.14 i n the case of T ^ ^ l ^ a n d l ^ j ^ . The 
corrections to the readings due to the incorrect immersion i s 
considered i n Appendix C. 
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3.5 Measurement of Pressure 
A very Important measurement i n the experiments was that of 

pressure. I t was found i n the preliminary experiments that: 

a) the pressure waveform of the oscillations was approximately 
sinusoidal; 

b) the mean s t a t i c pressure throughout the combustor was 
approximately atmospheric. 

Therefore i t was decided not to take any further measurements of the 
st a t i c mean pressure, and to assume that the pressure oscillated about 
the mean atmospheric value. 

There were ten sites on the resonating section where measurements 
of pressure amplitude could be taken. They are l i s t e d i n Table 3.2, 
I t was decided to use one transducer, and this was inserted into each 
of the sites i n turn. 

Table 3.2 Axial Position of Measuring Sites 

0,032 
0.190 
0,476 

0,654 
1,010 

PA S 1,365 
1,721 

PA7 2,076 

^« 2.451 
2.821 

3.047 

•.' 
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3.5.1 Time-dependent s t a t i c gas pressure ' 
The preliminary investigation showed that the instrument used 

f o r measuring the pressure variations i n the hot gases had to be 
sensitive to oscillations between 30 and 300 Hz, to pressure 
amplitudes i n the range 1 to 20 Hz and to be independent of temperature. 
I t was decided to use a transducer available i n the laboratory and 
manufactured by the K i s t l e r Instrument Ag, betails are given i n 
Table 3.3 and Figure 3.15.. . 

Table 3.3 Transducer data 

K i s t l e r Type 412 s t a t i c pressure transducer 
Serial No. S W l f f ^ S . . 

Max. measuring range 0-10 Atm. 
Calibrated p a r t i a l ranges 0 - +1 

- 1 - 0 
It 

n 
Resolution 1.5 X 10"^ N 

Sensitivity 2230 pc/Atm 
Resonant frequency • . 7-500 Hz . • 

with cover 350 Hz 
Max, error f o r each range ' 1 % 
Working temperature range -150 - 4'240 °C 

The mounting f o r the pressure transducer i s shown i n Figure 3.16, where 
i t i s i l l u s t r a t e d connected to a site on the heat exchanger. The two 
longer lengths of tube were found to be necessary due, f i r s t l y , to the 
high wall temperature of the combustion chamber and, secondly, to the 
augmenter s l i d i n g over the exhaust pipe, thus l i m i t i n g access to i t , as 
shown by Figure 3.6. 
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So 

Considering the system shown i n Figure 3.17, the attenuation of 
•p̂  , the pressure signal, i s given by Holman (48) to be; 

3.5.1 

where the natural frequency, , of the transmitting volume i s : 

CO, 3ir ^ 1 " ̂  3 y 3.5.2 
, ̂ Us/ J 

The damping r a t i o , k , which i s expressed as a laminar f r i c t i o n a l 
resistance, i s given by: 

^ r r r s < 3.5.3 

3.5.4 

and the phase angle for the pressure signal i s : 

I t was assumed that the f l u i d i n the connecting tube and dead volume 

was a i r at 20 °C and the following data was put into equations 3.5.2 

and 3.3.3; 

Evaluation of the equations gives: 

M | 3.5.5 

« O'OzizJTT . 3.5.6 
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The resonant frequencies and damping factors are therefore: 

f o r 

143 <?• <?8I5 

• 0* 
Hi 

m 
• m 147 
m 

^ 3 mm m >Vv»H. 

respectively. 
I t was decided to calibrate the transducer moimtings experimentally, 
using a loudspeaker, driven by an audio wave generator, and a micro­
phone of known response. The details of the experiment are given i n 
Appendix D. The results of the experiment and of equation 3,5.1 are 
shown i n Figure 3.18, where attenuation ̂ 1 i s plotted against 
frequency f o r the range 60 to 220 Hz, The main observations from the 
graph are summarised i n Table 3.4, where the three different transducer 
mo\uitings are i d e n t i f i e d by connecting tube length. -

Jable 3.4 Maxima from Figure 3.18 
Theoretical Experimental 

Length Attenuation Frequency Attenuation Frequency 
147 6.16 143 4.30 180 
342 4.0 90 1.16 80 
565 - 1.94 108 
mm. Hz Hz 

Numerically there i s l i t t l e agreement between the two sets of values. 
With respect to shape, the ^lurves are substantially similar, the ^ 
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resonances being displaced by from 10 Hz i n the case of s 342 mm, 

. up to approximately 90 Hz i n the case of ^3 = 565 mm, T̂he reason 

fo r t h i s i s not clear. The lower peak value of the experimental 
resonances i s i n a l l probability due to underestimation of the 
f r i c t i o n a l losses i n the connecting tube f l u i d . 

The response of the K i s t l e r transducer without cover and 
connecting tubes was compared/ using the same method and apparatus, 
with that of the microphone. The two agreed to within 0»5% over 
the whole range. The disparity between the experimental calibration 
and the theoretical one was probably caused by di s t o r t i o n i n the sound 
f i e l d so close to the loud speaker cone. This would have been 
accentuated by the difference i n cross-sectional area between the 
microphone diaphragm and the connecting tube end, which were I96O and 

2 
2,01 mm respectively. As i t was impossible to estimate accurately 
the errors i n the experiment i t was decided that the analysis of Holman 
should be used to determine the attenuation of the pressure waves 
within the transducer connections, 

Piigure 3,19 shows a diagram of the apparatus used to amplify the 
signal from the K i s t l e r transducer. The charge amplifier was Type 
TA-3/C, manufactured by Vibro-Meter Ag, The amplified signal from i t 
was f i l t e r e d by a Dawe Type 146I A Wave Analyser, and the f i l t e r e d 
signal was displayed on an Advance OS 1000 oscilloscope, The 
magnitude of the pressure PBT^itude was measured by means of the A; 
graticule on the screen, graduated i n millimetres. The signal 
connections were made with coaxial leads, and i t was v i t a l , when 
s e t t l i n g up the equipment, to maintain the insulation resistance to 
14MJL, This was achieved with a Freon aerosol sprayed onto the 



plugs and sockets before connection. !!?he oscilloscope had a f a c i l i t y 

f o r r a p i d c a l i b r a t i o n of the y a m p l i f i c a t i o n and t h i s was also done 
• • •• « 

before experiments. This was always adjusted, when taking readings, 

so that the waveform f i l l e d the g r a t i c u l e . This procedure minimised 

reading e r r o r s . The oscilloscope was equipped w i t h a single-shot 

f a c i l i t y and a mounting f o r a Polaroid camera. This permitted 

recordings of any pressure waveform to be obtained w i t h d i f f i c u l t y . 

I t was necessary only to set the b r i ^ t n e s s of the trace low, open 

the camera sh u t t e r , press the single-shot button and release the 

s h u t t e r . The f i l m used was Kodak 107 and was developed i n the 

recommended way. 

The transducer s e n s i t i v i t y was 2230 jT 5 pc/Atm ( K i s t l e r 

c a l i b r a t i o n ) and the charge a m p l i f i e r potentiometer was set such that 

the system s e n s i t i v i t y was 0.199 + 0,006 kN/m^ per mm, on the 

oscilloscope g r a t i c u l e . 
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3.6.1 The Independent Variables 

The independent variables f o r the experiments are l i s t e d i n 

Table 3.5. Of the f i v e , the preliminary i n v e s t i g a t i o n (Appendix B) 

showed th a t the e f f e c t s of ishanges i n B, C and E were small compared 

t o changes i n A and D. 

yab,l,^ 3,^ Jndep,^ndent; VariabJ.es 

A Fuel f l o w r a t e 0» /5 < 
B Water f l o w r a t e 1X0 < 
C Coolant flowrate i < 
D Aero* valve diameter 
E Augmenter p o s i t i o n t'O 8 < 

The f o l l o w i n g experiments were therefore carried out: 

1) the combustor was operated to establish an energy balance f o r 

values of D - 13,16,19 mm, a n d l n ^ i n the range 0,13 t o 0.6 kg/h. 

A p p l i c a t i o n of the F i r s t Law to a co n t r o l volume around the apparatus 

permitted a table of energy exchanges to be drawn up; 

2) the combustor was operated at gradually increasing f u e l 

f l o w r a t e s , and measurements of frequency and gas and chamber 

temperatures were taken. By t h i s means, the resonant frequencies 

of the combustor were found f o r varying gas temperature d i s t r i b u t i o n s ; 

3) the combustor was f i n a l l y operated to obtain data from which 

the l o c a l and o v e r a l l heat t r a n s f e r c o e f f i c i e n t s could be calculated. 

Pressure amplitudes were measured al s o , and the v e l o c i t y amplitude of 

the gas was deduced by assuming a sinusoidal v a r i a t i o n w i t h time. From 

these r e s u l t s c o r r e l a t i o n s of ^^B^ against x were p l o t t e d . 
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3.6,2 Experimental Technique 

The combustor was sta r t e d by supplying a combustible mixture of 

f u e l and a i r to the chamber and i g n i t i n g i t w i t h a high tension spark, 

A flow of propane i n the range 0.19 < "Vv̂ p < 0.49 kg/h was 

required f o r t h i s purpose, and a suitable flow of a i r , directed i n t o 

the aerodynamic valve, was found by experiment. Once the combustor 

had s t a r t e d , the forced a i r supply could be shut o f f , although the 

combustion would sometimes quench i f t h i s was done when the chamber 

walls were below approximately 260 °C. Great care was taken when 

using the trembler c o l l t o ensure that a l l the ele c t r o n i c apparatus 

was grounded. F a i l u r e to f o l l o w t h i s precaution could have l e d to 

an instrument malfunction due t o the inductance of the connecting 

s i g n a l leads. 

I t was found t h a t the combustor required nearly an hour t o reach 

thermal e q u i l i b r i u m . This c o n d i t i o n was taken to be when the chamber 

•temperature varied by less than 2 °C per minute. Clearly the process 

was accelerated by s e t t i n g a high f u e l f l o w r a t e . Before readings 

could be recorded, i t was necessary to check that the f u e l gauge 

pressure,7p , and temperature,"!^ , were set c o r r e c t l y , and tha t the 

water f l o w r a t e was steady. For a l l experiments the l o c a l atmospheric 

pressure and temperature were recorded before and a f t e r the readings 

were taken. ^ 

The operation of the apparatus f o r experiment 1 presented no 

p a r t i c u l a r d i f f i c u l t i e s . Readings were taken every 5 minutes f o r a 

period of 30 minutes. For experiment 2, the combuistor had to be 

operated a t f i r s t at a very low f u e l flowrate to obtain i t s lowest 

resonant frequency, and the pressure amplitude was found t o be very 



unsteady. The combustor also d i d not remain i n thermal equilibrium 

as i t s lowest frequency. For these reasons, i t was necessary to 

c o l l e c t the data b r i s k l y and thus the accuracy of the experiment 

s u f f e r e d . For higher f u e l flowrates and thus higher frequencies, 

the combustor d i d reach e q u i l i b r i u m , and the accuracy improved. 

During experiment 3, i t was found t h a t the combustion became 

s l i g h t l y unstable when the caps on the instrument s i t e s were removed. 

Thus several minutes were allowed to elapse while the apparatus, and 

the i n s e r t e d instrument, reached equilibrium once more. 



^.1. The Energy Balance 

The resvdts of Experiment 1 are presented i n Appendix E, The double-

o r i f i c e pulsating oombustcfr i s a flow process and, therefore, by drawing a 

Control Volume arovind the apparatus, as I n Figure if.."!., the F i r s t Law of 

Thermodynamics may be applied i n the form of the Steady Plow Energy Equation. 

The discrepancy between the two sides of the equation l a y w i t h i n the range 

-5.7 to +10,0 ,̂ This was regarded t o be acceptable. The calculations also 

yielded the v a r i a t i o n of the thermal efficiency w i t h the f u e l flowrate, and 

t h i s has been p l o t t e d i n Figure k.,2. The graph shows that the thermal 

eff i c i e n c y decreases w i t h increasing f u e l flowrate. This trend was found 

wi t h e a r l i e r oomb-ustars, as shown i n Figure 3.5, and was observed by Hanby 

(39) and Reay (20). The thermal efficiency varies from 0.74 to a maximum 

of 0,94, I t i s d i f f i c u l t t o choose an aerodynamic valve which performs best. 

s 13mm. gave the best efficiency over the range of f u e l flowrate but 

= I6mm. attained the maximum efficiency. 
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Sl,2, The Aerodynamic Valve 

The net flow of a i r , ^g.^ , through the aerodynamic valve v/as deduced 

from the r e s u l t s using equation E,1,17, Knov/ing the corresponding pressure 

amplitude i n the combustion chamber, i t was possible t o compare the experimental 

results w i t h the values obtained by the quasi-steady state approach of Section 

2,5, The comparison may be made i n Figure 4,3» 

I t i s evident that the experimental cvirves follow the theoretical ones 

approximately i n shape, but, except the theoretical ones f o r = I3ram., do 

not agree i n magnitvide. I t i s interesting t o note that the pressure amplitude 

reaches i t s maximum value f o r = 19mm. The cvirves v e r i f y the experimentally 

observed f a c t that the combustor ptmrps i t s own combustion a i r through i t s e l f . 

The difference betweein the curves i s due t o the assumptions made i n the quasi-

steady state approach. These were that the flow was a) isentroplc and b) 

fi ' i c t i o n l e s s , and that o) the k i n e t i c energy of the f l u i d entering the valve 

during the cycle was negligible compared to that leaving i t , and that d) the 

equation held at a l l - instants of time. Of these assumptions, b) and d) are 

the most suspect. I n addition, the f l u i d during the exhaust part of the 

cycle was hot combustion gas. I t was assumed that the i n l e t a i r was at 

520 °0 by taking a mean of the p r o f i l e shown i n Figure 4.4. A Type K 

thermocouple was mounted on a probe, and the probe onto a rack mechanism, and 

fed i n t o the valve and chamber. I t shows that the mean temperature of the 

gases i n the aerodynamic valve t o rose from 215 °C at entry t o 85O °C f o r 

s 0.409 kg/h. Figure 4.5« shows a temperature traverse of the combustion 

chamber i t s e l f f o r the same f u e l flowrate. The maximum temperature of the 

gases occurs at the axis of the chamber, and the minimum at the walls. There 

appears t o be an annulus of r e l a t i v e l y cooler gas extending from the valve 

l i p i n t o the chamber along the axis. Also from Figure 4.5. t h i s low temp­

erature gas extends across the cross-section i n Plane 7, This gas i s cooler 

due to the heat exchaiftge between i t and the valve walls. The core i s c l e a r l y 

highly turbvilent from i t s rapid r i s e i n temperature - 830 °C jast past Plane Y 
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t o 1300 °C at Plane Z, 27 mm. i n t o the chamber. I t i s important to remember 

these are time-mean temperatures, and that events are occurring i n r e a l i t y at 

the r a t e of one cycle i n 4 mS, The abrupt cooling of the gases i n Plane Y 

may be due t o a nozzle expansion e f f e c t . At high f u e l flowrates, the 

corabiastion process emerged from -tJie aerodynamic valve. I t was the energy 

dissipation represented by t h i s flame that l e d t o the addition of heat. 

exchangers B and 0, 

Using equations 2,5,9, and 2,5,11,, the ve l o c i t y of the gases passing 

throvigh the aerodynamic valve were calculated f o r regular intervals during the 

cycle. These have been p l o t t e d i n Figure 4,6,, and show that the e x i t 

v e l o c i t y of the gases i s higher than the induction velocity. Given the 

discrepancy i n Figure 4.3*, i t i s probable that these v e l o c i t i e s are generally 

too high. Tentative confirmation of t h i s view was provided i n a photographic 

stixly by Poole (49). Poole s t a l e d , a pulsating combustor whose combustion 

dhamber was f i t t e d w ith quartz windows. Using a schieren technique, the 

combustion was filmed w i t h a ro t a t i n g prism high-speed camera at a rate" cf 

8000 pictures per seccaid, A typ i c a l sequence of 5 frames i s shown i n Figure 

4.7« The pictures show a column of gas progressing along the axis of the 

combvistion chamber, whose dimensions were similar to those employed i n t h i s 

study, the main difference being that the cross-section of the Pode chamber 

was square. The scale of the pictures i s 1:1,695 and the time interval between 

them i s 50jU,y. The mean v e l o c i t y of the l i n e , marked A, over the f i v e 

pictures i s 56 Vs.. This compares favourably w i t h the values of Figure 4.6. 

The d i f f i c u l t y i n making a s t r i c t comparison i s to place the sequence of 

pictures c o r r e c t l y during the cycle. Examination of several whole cycles of 

pictures, and f u r t h e r work of PodLe synchronising the pressure amplitude onto 

the f i l m , s\jggests that the sequence cf .events i n Figure 4.7. occurs approx-

imately -|^^ before the maximum pressure i n the chamber. 
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The f i r s t r e s u l t of experiment 2 i s shovm i n Figure 4 .8 . , where the 

operating frequency of the combustor i s plotted against f u e l flowrate. The 

graph has been divided i n t o four parts by lines A, B, 0 and D. Up to A, 

the pressure o s c i l l a t i o n s i n the combustion chamber were too small and 

ir r e g u l a r t o be measured w i t h any certainty. I n the region AB the frequency 

varied from 59 to 70 Hz f o r D j = 13 and 16 mm,, and from 74 - 93 Hz f o r Dj. 

a 19 mm. Then by increasing the f u e l flovvrate to and beyond B, the frequency 

would begin t o jump and s e t t l e on a higher note. For D^ = 13 and 16 mm. t h i s 

was approximately 117 Hz, and, f o r Dj, = 19 mm., i t was appircximately 154 Hz, 

With increasing f u e l flowrate a similar t r a n s i t i o n occurred around 0 where the 

frequency jumped to 193 Hz f o r e l i ^ =,.13 and 16 mm. and t o 240 Hg f o r = 19 mm. 

At D, the frequency jumped again f o r Dj. = 16 mm. to 280 Hz. For c l a r i t y , 

the t r a n s i t i o n frequencies are shown i n Table 4.A, 

Table 4.A, Transition frequencies 

19 mm. 

Transition freq.uency, 
f 59 80 

117 154. 

193 240 
280 (16 mm, only) 

Hz Hz 

Figixre 4.8. also shows t h a t , f o r a given mode of operation, the,frequency 

increases w i t h f u e l f l a v r a t e . The slope of the lines i s approximately 100 Hss 

per kg/h f u e l flowrate. The only exception i s f o r = 19 mm, at 154 Hz 

where the slope i s approximately 2 Hz per kg/ii. The explanation f o r the ri s e 

i n frequency l i e s i n the increasing mean temperature of the gases w i t h i n the 

resonating section. 
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ft-.5«1. V^aveform 

Due to the assumption of a sinusoidal press\3re variation i n Section 2, 

i t was necessary to investigate the nature of the wavef csrra. I t was toxmSi 

that, at low fuel flowrates, the oscillations were irregular, Shis i s 

demonstrated hy Figures 4.9. and 4. "10 which show the pressure variation in 

the combiistion chamber for D j = 19 mm. and for two low ftiel flowrates. From 

Figure 4.8. i t w i l l be seen that, for l v \ p ^ 0.27 kg/h, the frequency i s in an 

xinstable region and can jump to approximately 154 Hz, yiiereas, for 0,18 

^ kg/h the frequency i s stable at approodLmately 80 Hz, Figure 4.10, shows that 

the fixndaraental frequency of 80 Hz i s extremely irregular,. I n Figure 4.9. 

the waveform i s more regular and i t s amplitude has increased from 2,5 to 5 

divisions. 

Figure 4.11. shows the pressure variation for the same aerodynamic values 

and for Tn̂ ^ = 0.42 kg/h. The smoother natt^re of the oscillations i s 

evident, and the amplitude has increased to 14 divisions. Figure 4.12, shows 

the pressure variation at 160 Hz which i s fundainentally sinvisoidal. I t was 

found that the smoothness and s tabi l i ty of the oscillations at a particular 

fuel flowrate always improved when the cdmbustor attained thermal equilibrium, 

4.3.2, Presstire Mplitude Variation 

The readings for the axial distribution of pressure amplitude.in the 

resonating section were obtained by screwing the pressure transducer into each 

of the measuring sites i n t \ jm. Durir)g the experiments, the canbustor was 

maintained i n operation i n cxrder not to disturb i t s thermal equilibrium. The 

results of three such tests for )v\p = 0.45 kg/h are shown i n Figvires 4.16,, 

4.17. and 4.18.. The distributions each show slight irregularities in the 

region Of the combustion chamber. This was f e l t to be acceptable due to the 

combustion process and the fixes, of the. inlet and exhaust gases. At the cold 

end of. the resonating section in Figures 4,16, and 4.18, the reading has not 

fa l l en to zero hs expected. This was f e l t to be due to the 'end effect' found 

in. organ pipes, ^ ^ F ^ 
( i 2 JUN 
-V SE 11'' 



lot 

FIG-URE 4.*^ ; P R E S S U R E VR R.I fVTl O N P^OR 

8 0 H7. 

F I G - U R E 4 . 1 0 • P R E S S U R E VftR.;P\TioM FOR 

1>x= »vx»v>. ftrJb 'yi^c,= Q. i 8 KC5-/H 



103 

i* . "/fc* ^ f ^ - ^ . - ,^ 

I G O Hz 

F I G - U R C 4 J i : P R E - S S U R E VftRlt^TlOW F ^ R 

T̂ Y ~ Mtvx. F W b Vrxp- 0 - 4 0 , KS^/h 

r 
1 

2.40 H-L 

F l ( ^ U R E 4-.12.: PRgSSUR-E Vf iRlA-noN PoR 



The distributions are generally smoother than those of Reay (20), as 

shewn i n Figure 4.13. Reay reported i n the work that the pressure measurements 

were complicated by the presence of harmonics. 

The phase of the readings was found by cbntparing on the oscilloscope two 

traces; one from the combustion chamber as a reference, and the one being 

measured. The nodes of the distribution are at 9C = 1.55 m, X = 1,0 and 

2,21 m., and X = 1,68 ra. for = I 3 , 16 arid I9 mm. respectively. An 

attempt was made to measxjre the exact position of these nodes by passing a 

long, tubular probe into the combustcr from the cold end. The tube was 

connected to the pressure transducer. Although the method was found to work 

i n principle, the probe interfered with the combustor operation and thus 

altered the frequency. 

I t may be concluded from the magnitude of the distributions at S£= 0 

and at = 3.05 m. that the resonating section behaved as an 'open-closed' 

organ pipe for =13 and 16 mm, and as an 'open-open' organ pipe for = 

19 mm, Table 4,A, may now be written; . . 

4,B, Transition frequencies shoy/ing wavenumber, n 

- 13, 16 mm. 

59 n a 1 (40) 

117 n = 2 (120) 

193 n = 3 (200) 

280 n = 4 (280) 
Hz Hz 

D_ = 19 mm. 

80 n s 1 C80) 
15Ĵ - n = 2 C160> 

240 n = 3 ( 240) 

Hz Hz 

I n Table 4.E, the transition frequencies are shoir/n-together with wavenumber, h. 

Pot D j = 13 and 16 mm., the behaviour of the combustor during warm-up follms 

the sequence given by the simple acoustic relation; 

^ = (2n -1)0 Hz • 4L 
and fior = I9 

mm, 
f = nc 

2L Hz 

4.3.1. 

4.3.2. 
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The exception occvirs f or D j = 13 and 16 mm. with the I n i t i a l frequency of 

60 Hz, I t i s f e l t that, in this particular case, the resonating section 
ft' 

behaves as an 'open-open' organ pipe. The objection to this i s that the 

i n i t i a l frequency i s 21 Hz below tliat for Dj = 19 mm. I t i s possible that 

the mean temperature pf the gasea was Imer for Dj, = 15" and 10 mm, but no 

measxjrements are available to support this view, 

A Dawe Wave Analyser was used to examine the warm-vtp waveforms, i l l u s ­

trated by "Figures 4.9, and 4.10. I t wa^ fotmd that the waveform contained 

a frequency double that of the main caae, but of lesser magnitvide, i n a l l 

cases. This observation could explain the f i r s t Jumps of frequency at l ine 

B i n Figure 4,8, With increasing f u e l flowrate, the magnitude of the 80 Hz 

frequency, for example, decreased while that of the I60 Hz frequency increased. 

At a c r i t i c a l fuel flowrate, approximately 0,27 kg/h, both frequencies became 

unstable. With a further increase i n fuel flowrate, the oscillations settled 

at 160 Hz. 

4,3,3, Axial temperature distribution 

Figure 4,14. shows the axial, gas temperature distribution i n Heat 

Exchanger A for D j = 16 mm, and for four fuel flowrates. The temperature 

f a l l s between 950 and I45O K over the length of the heat exchanger. I t was 

found thait the exit temperature of the gases was generally below the 

condensing temperatxire, 100 °0. 

Figure 4.15* shows the f i t t i n g of curves to the experimental gas temp-

eratvEce distributions. The isothermal l ine , T = 7I5 K, i s clearly very 

pocjT. The exponential curves were f i t t ed to the temperatijres T^^ and T ^ l 

I t was found that the resultant curve was very f l a t and tended to a straight 

l i n e . I n Figure ^,IS , the exponential curve f i t s the experimental points 

to within 2 ^ , For the case of -Obie general solution. Equation 2.3.24., i t was 

decided that a sinusoidal curve was the best f i t , as shown in Figure 4.15. 

The sine cvarve f i t s the points to within 8 ,̂ sind i t was found to f i t a l l the : 

temperature distributions to within 12^. As for the exponential curve, the 
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f i t t ed points were l ^ j and "T^g . 

4 . 3 . 4 , Frequency & Press\ire Amplitude Predictions 

Table 4 . 0 , shows the comparison between the experimental values and the 

ajialytical predictions, based on the temperature measurements, 

TABIE 4 , 0 , 

Experimental Isothermal Exponential General 

116 126 (+ ^0) 111 (-4.5?^o) 115 ( - 0 . ^ ) 

195 223 (+ A2,6fo) 188 (- 3.8?S) 193 (" 1.0^) 

132 .5 121 (- 9 ,^0) 111 ( -19 ,5^0) , 132 ( - 0 .5^) 

201 217 U 7.2%) 188 (- l.Ofo) 198 ( - 1 . ^ 0 

7 5 . 5 87 ( + l3.2fo) - . . 77 (+ 2,0^0) 

145 178 ( - l9.5fo) 146 (+ 0,7fo) 

• Hz 

The agreement between the isothermal frequency and the eisperimental ones 

i s not better than 7.2?^, and i s on average The agreement between the 

exponential frequencies and the experimental ones l i e s in the range 3.8 to 

8 . ^ . The prediction by the general solution, using the sinxaspidal f i t , i s 

c lear ly the best, being on average 1.1^. 

The predictions of the general solution for the axial distributions of 

pressure amplitude have been plotted in Figxires 4 .16 . , 4 . 1 7 and 4.18, For 

D j = 13 mm. and 116 Hz, the general solution f i t s the experimental points to 

within For = 16 and 19 mm., the f i t improved to within 6%, The 
• 

curves demonstrate the increase in pressure amplitude at the cobler end of 

the resonating section, predicted i n Section 2 . 3 , In Figure.4.16. , this i s 

15^, in Figure 4 . 1 7 . , 8^, and i n Figure 4 .18 . , 1?? .̂ The results also 

demonstrate the nodal shi f t towards the coLd end. These are 0 , 5 1 , 0 ,19 and 

0 , 1 5 m, respectively for the three f igures. 
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4.4. Heat Transfer 

The results of Experiment 3 are tabulated i n Appendix E , Both the 

readings, from \diich. the heat transfer coefficients were calculated, and the 

derived parameters, are presented i n Table E , 4 . et, .seq. The overall heat 

transfer coefficient, , lay in the range 52,8 to 61,0 W/m̂  K. The 

value of Reynolds Nmber, , for the water flow i n Heat Exchanger A la;jr 

i n the range 655 to I256, The flow was therefore predominajtitly laminar. 

The value of Reynolds Number, l^S^jj , for the gas flovr throi;igh the Heat 

Exchanger was based on the mean gas velocity, IA.^ , Thus; 

• ^±2ogs .4.4.1. 

1̂ 6-̂  l ay i n the range 1846 to 6689, ah^ the gas flow was therefore pre­

dominantly turbulent. For a tube of 26 mm, diameter, a length of 0,5 m, 

would normally be required to allow a steady flow to become hydrodynamically 

developed. Thus i t was assumed that the pxjlsating gas flow became f u l l y 

developed i n the lagged settl ing length of 0,22 m, 

4.4.1. Experimental heat transfer coefficients 

The experimental heat transfer coefficients were Calc\alated by dividing 

the heat exchanger into the seven sections, lying between the gas temperature 

thermocouples, A typical section i s shown in Figure 4.19. Application of 

the F i r s t Law to the control volume leads to the heat transfer coefficients: 

where Og i s the siirface area based on the outside diameter of the inner tube, 

"Tfl i s the mean gas temperature, 

i s the mean surface temperature, 

i s the change of enthalpy of the gas (equal to that of the water, 

assvuning negligible losses throvigh the lagging). 

The vrater and surface temperatures corresponding to the points were found by 

l inear ly interpolating between the nearest adjacent readings. These oalc-
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ulations were performed with tlrie computer prograiame shoivn i n Appendix F , 

The properties of the gas and water were evaluated at the corresponding mean 

temperatures. The Nusselt numbers.were also calculated, using; 

" iiUtSL^i^ 4.4.4. 
"few 

I t w i l l be seen from Table 4 .F , that the heat transfer coefficients 

between the water and the tube surface, , l i e in the range I39I 

Steady state heat transfer 

• In order to be able to correlate the experimental results , an estimate 

of the equivalent steady flow heat transfer was required. . I t was not 

possible to run the apparatus under identical conditions without oscil lations. 

Therefore the eD.pirlcal equation of Seider and Tate was vised (see equation 

2 ,4 ,5») . procedure was to calculate the heat transfer in f u l l y developed 

steady turbulent flow, using the same values of >'^f^f^ » " ^ i » 

as i n the experiments. The calculations were performed by the programme 

CKEA i n Appendix F , This had to be started with an estimate of the outlet 

water temperature ,TJy I , I t was found, that a step length of converged 
SO 

sat i s factor i ly , and by successively changing the original estimate, the in let 

water temperature was obtained. The water side heat transfer coefficients 

lay within an average of 14?̂  of the experimental ones, and the Reynolds 

numbers corresponded to within With this agreement established, the 

steady state gas to surface Nusselt numbers could be used as a basis of 

ooBiparison for the sicperimentally measured ones, 

4.4,3. Heat Transfer Correlations 

The loca l heat transfer coefficients, , i n the heat exchanger were 

correlated with local velocity amplitude, U by plotting , the rat io 



of pijlsating to steady state Nusselt number, against , the ratio of the 

velocity amplitvide to the mean flow velocity. The latter was deduced from 

the continuity equation, thus; 

% = ^ ' ^ f t ^ ^.4.5. 

where ^̂ ^ ̂ i s the density of the gases at point X • The velocity amplitude 

at any point were derived ftom equation 2,4,13; 

i i . - 4 - ^ 
The correlations for =13, 16 and 19 mm, are shewn in Figures 4.20, 4.21, 

and 4.22 respectively. Also shown on fsaoh graph is the quasi-steady-state 

relation, equation 2,4.8. In Figure 4.20,, the eaperimental points follow 

equation 2,4.8. to within 21% up to 1,5, and then diverge along 

a steeper slope. For =16 mm, the agreement i s approximately 16%, and 

again, a steeper slope is suggested after ^ 1,0, For D_ = 19 mm, 

the a^eement i s approSdLraately 1j^, and the same trend is apparent. These 

results sribstantially agree with those of Hanby (59) and do not exhibit as 

much scatter. They tend to conflict with those of Hirst (57) in that his 

resvilts follow a slope below equation 2,4.8, as shown in Figure 4.23. Hirst 

examined the heat transfer from a heated tube to a flow of air passing through 

i t while excited by a siren. The axial temperature gradient in the tube was 

less than 15% of that in this study, and there was no combustion process. 

In Figtire 4.24., the Nusselt Number ratio;^: .^JP^ , has been plotted 
/vuv 

against distance in Heat Exchanger A , X , for Dj. =13, 16 and I 9 mm. On 

these graphs, the position of the velocity aiitinodes has been marked V.A, 

In Figure 4.24 (a) the variation of ^.^-^ with % is approximately sinu-
N/Vu 

soidal and reaches a local maximum of 2,23 at X = 1.18 m. The nearest 

velocity^ antinode is at 0.92 m. The next velocity antinbde i s at 3 C = 2,16 m. 

but here the value of ^^jji^ i s large due to the end effect. In Figvtre 

4,24 (b), the velocity antinodes do not coincide with local maxima. In 
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Figure 4*22i. ( c ) , the velocity antinode oocui'S at 96 = 1,70 m. and coincides 

•vTxth a local .plateau i n the c\irve where I.?"!. These results are 

not as clear as those of Jackson and Purdy (3^h), discussed in Section 1.3, 

In Section 2 , 4 , 1 . , dimensional analysis pointed to a relationship hetvreen 

» 3 ^ * O « In order to be able to derive an empirical 

relationship i t i s necessary to keep two f actcxrs constant while examining the 

other two. This was not possible with this apparatus due to i t s feature of 

pumping i t s own combustion ai r , vdiich meant that RS^ could not be fixed 

while altering 1^ , for example. In Figure 2).,25,, ^^^^^ has been plotted 

against Strouhal number, S, The points are scattered, and the straight line 

shown i s a least squares f i t . The Jine i s j 

- j g ; ^ = 1.0 + 0 , 2 0 4 . 4 . 6 , 

Hirst (57) produced a similar empirical relationship vihich related his 

experimental results to the quasi-steady state predictions. 



Conclusions 

A naturally-aspirating propane-fired pulsating corabustar was constructed 

vd.th aerodjmatnio valves of diameters 13, 16 and I 9 mm, Provision was made to 

measure the fluid flowrates, aid. flxoid temperatures and pressure ai^litude of 

the oscillations at regular intervals along the resonating section, A 

linearised wave eqiiation, governing the propagation of sound waves through a 

gas e2diibiting an axial temperature gradient, was obtained, together v^ith 

exact solutions of an e3cponential temperature gradient. 

The results of an energy balance of the apparatus lay within - 5,7?^ to 

+ 10,0^, I t was found that the overall thermal efficiency of the corabustor 

decreased with increasing fuel flop/rate. I t v/as found that the airflow 

througji the resonating section lay i n the range 6 to 17 kg/h« ^ quasi-steady~ 

state analysis of the aerodynamic valve overestimated this edrflarr by two to 

three magnitiides. This was f e l t to be caused by the assumptions of isentrqpic, 

friotionless flow i n the analysis. 

I t vras fovind that, at low fuel flowrates and low mean temperatures, the 

combustor ran at a fundamental frequency of approximately 60 Hz for D ̂  =13 

and ^$ mm, and approximately 80 Hz for D j = 19 mm. With increasing fuel 

flowrates, the combustor 'jumped' to harmonics based on-the mode of operation. 

This were 'closed-open' organ pipe and 'open-open' organ pipe for Dj. = I 3 , 

16 mm, and D J = 1 9 mm, respectively. The waveform of the oscillations was 

found to be sinusoidal only at high fuel flov^rates and h i ^ frequencies. 

The p r ^ i c t i o n of the operating frequency by the exponential analysis lay 

within 3 ,8 to 19.S^, of the experimental readings, and that by ihe general 

wave equation lay within 0 ,5 to 2,0?5, The predictions by the general wave 

equation for the axial distributions of pressure amplitude lay within 6 to 8^. 

The heat transfer resxilts soxight relationships between a) ̂ J i ^ T 

^ , and b) '^JJPr 

ajnd S, The results of a) suggested a steeper 

relationship than predicted by the quasi-steady-atate theory (based on an 

empirical steady state heat transfer equation). The results of b) produced 



a scatter of points which were correlated "by a least-sqioares line; 

'^iif- = 1.0 + 0.20 S 

The range of the major paj?ameters was; 

R e 
'0, 

•A 
s 

1800 - 6690 

0.04 - 3.54 

0.8 - 4.7 
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6.A Solution of ttie general wave equation 

Equation 2 .3.24 i s : 

where: g* » |-^5^^ 

I t may be written i n the form: 

.2 . 

This may be s p l i t up into two simultaneous f i r s t order differential 

equations. by writing: 

thus giving: 

The boundary conditions for the tube are: 

This i s an i n i t i a l value problem and was solved using the subroutine EEIKGS 

i n the Numao Library ( 50 ) . This uses a fourth-order Rxinga-Kutta method, 

and requires only the values of |>(o)and J>'ij>) to start i t . I n order to 

meet the boundary condition a Nevrfcon-Haphson iteration loop was 

written into the procedure. The output of the programme was the pressure 

amplitude at any required point i n the tube. 
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IMPLICIT Rf:AL*8(A-Z) 
DIMENSION Y(2),DC.RYr2),AUX( 16,2) tPS.MT(5) 
INTEGER NDI^^,J,N,^UM,JM 

. COMMON OMEGA. 
EXTERNAL FCT,QUTP 
N = 0 
READ(5, 10C0)0HEGAtPAC,GRAD 

1000 F O R M A T F 1 0 . 3 > ) 
: COMPUTE STARTING VALUE GF P(L) • 

Y(1)=PAC 
' Y(2)='GRAn ' . 

DeRY(l)= 0 . 5 
0L-RY(2 )=G.5 
PRMT(I)=0.0 
PRMT(2)=3.3 
PRMT(3)=0.3 
PRMT(4)=O.OC01 
NDIM=2 . • 
CALL DRKGS(FRMT,Y,CERY,NDIM,IHLF,FCTtOUTP,AUX) 
F A = Y ( 1 ) 
WÂ GMEGA 

; START ZERO SEEKING LCCP 
0MEGA=0MEGA+25.0 

10 CONTINUE ' • 
; RESET INPLT PARAMETERS FCR 0RK6S 

Y(1)=PAC 
Y{2)=GRAD 
DERYM)=0.5 
0EPY{2)=0»5 ' • 
\PRMT{1)*0.C 
PRMT{2)=3.3 
PRMT{3)=0.3 
PRMT(4)=O.Q001 
NDIM=2 
CALL DPKGS(PRMT,Y,DERY,NOiM, IHLF,.FCT,OUTP,AUX) 
FB=Y(1) 
WB=CMEGA 
K=(FB-FA) /( WB- WA ) 
OMEGA=li«B-( FB/K ) 
IF(GABS(0MSGA-We),LE.0.01.0R.N.GE.20)G0 TO ? 
N=N + 1 
WPITE(6,3311)N,OMEGA 

3311 FORMAT(4X,I2,3{F15.2)) 
FA = FB 
WA=WB 
GO TO 10 • ^ 

9 CONTINUE 

X=C.O 
DO 12 J = l, 12 
Y(1)=PAC 
Y(2)=GPA0 
DERYd ) = 0 . 5 
DERY{2)=0.5 
PRMT{1)=0.0 
PPKT(2)=X 
PRMT<3)=X/1C 



PRMT(4 >=a.0001 
N0IM=2 
CALL DPKGS(PRMT,Y,DERY»NDIM,IHLF,FCT,CUTPtAUX) 
WRITE{6,9091 )J,X,Y(i),CERY(1) 

9091 FOBMAT(6X,I2,3(4X,Fl0.3n 
X=X+0.3 

12 CGNTINUS 
WRITe(i,9092)OHeGA 

9092 FORMAT(4X,'OMHCA = 
STOP 
END 
SUBROUTINE FCTtX,Y,DERY) 
IMPLICIT REAL*8{A-Z) 
DIMENSION Y(2),DcRY(2) 
CCMMCN CMEGA 

•»F10.2) 

DATA AtB ,RR,GA^•MA/-373.Atl400.0,287.1 ,1.4/ 
TX = 150P,G-1200.0*DSIN{< X-0.3)*2.1*159/6) 
DTX=-2G0.0*3,14159*DC0S((X-0.3) *3.14159/6) 
FX=CTX/TX 
' G X=(Q M F G A*^2)/CGAMMA * R R * T X ) 
D E R Y { 1 ) = Y { 2 ) 
D E R Y ( 2 ) = - F X « Y ( 2 » - G X « Y ( 1 ) 
RETURN 
E N D 

SUBROUTINE OUTP{X,Y,CERY,IHLF,NOIM,PRMT) 
IMPLICIT ReAL«8 (A-Z) 
'DIMENSION Y ( 2 ) , D E R V ( 2 ) , A U X ( 1 6 , 2 ) , P R ^ T ( 5 ) 
INTEGER NDIMiIHLF 
RETURN 
END -
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6,B. The Preliminary Investigation 
The f i r s t combustor to be constructed was based on a design of the Gas 

Council (17) and i s shovm i n Figvire B , 1 . I t was found that stable combustion 
oscillations could be sustained only by directing a blast of air continuously 
towards the aerodynamic valve. The mean static pressure i n the chamber was 

2 

0.3 kN/m g for an energy release of 18 kW oneyopane fu e l , and the exhaast 
temperature was approximately 1350°C, I t was observed that flames emerged 
from both ends of the chamber. 

A number of modifications were made to the design i n order to measure 
the overall rate of heat transfer, and the result of these is shown i n 
Figure B .2, The fuel in^jection was changed to a radial configuration, a 
system txsed by Francis et a l . (1?) and Muller (19)> and a heat exchanger was 
f i t t e d to the exhaust end of the chamber. The combustion chamber was f i t t e d 
with a cooling jacket. I t was found that the maximm volumetric combustion 
rate was 78 MW/m̂ , that the operating frequency was 175 Hz and that the 2 

overall rate of heat, transfer was W/m . These figtires were compared 
with those of Reynst ( I 3 ) , Muller {^$) and Alebon et a l . ( I 5 ) , which were 
17.5 MW/m̂ , 71 and I5O MW/m̂ , and 2*4.5 MW/m̂  and 59 W/m̂  respectively. A 
sample of exhaust gas from the centre of the heat exchanger was analysed with 
an Qrsat apparatus, v4iich yielded 6.5 per cent carbon dioxide, 3*6 per cent 
oxygen and 0,1 per cent carbon monoxide. I t was concluded from this analysis 
that the combustor was inducting excess air and that, therefore, the dimensions 
of the aerodynamic valve could be reduced without detriment to the combustion 
process. 

As the original ccanbustion dhamber had become distorted, a new one of 
51 mm. internal diameter was constructed, and a tail-pipe added to the heat 
exchanger to prevent end-effects due to reverse flow. The revised apparatus 
is shosm i n Figure B ,3. I t was found that, over the range of fuel flowrate, 
0,68 to 0,92 kg/h, the gas temperature at the exit of the heat exchanger f e l l 
from 260 to 175°C while that of a thermocouple placed just outside the aero-
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dynamic valve rose from 185 to 225°C, as may be seen from Figure B,4, I t 
was also found that, over the same range of fuel flowrate, the thermal 
iefficiency (Pigxire B .5 .) of the combustor f e l l from 38,5 to 32 per cent. 
I t was concluded from these observations that the reverse flow of hot gases 
through the aerodynamic valve ('blovvback') represented a significant energy 
loss which would be d i f f icvilt to measwe without placing heat exchangers 
suitably. I t was realised that, i f this was done, cool air would be 
entrained into such a heat exchanger, thus reducing the temperature difference 
between the hot gases and the cooled walls, A fvirther experiment was made 
to determine the effect of aerodynamic valve length upon the volumetric 
corabvistion rate. The results are shovm in Figure B,6, where maximum fuel 
flowrate i s plotted against valve length for an Internal diameter of 16 mm. 
I t was concluded from this gcapb. that, i n order to obtain a wide turn-down 
r a t i o , a short valve was desirable. 

I t was decided then to construct an apparatus i n which local heat 
transfer coefficients could be meaSTXced, (see Figure B . 7 , ) , Two identical 
combustors were aligned horizontally opposite each other. I t was intended 
that, by operating the combustor \inder counterphase conditions, the blow-
back from one valve woxild be inducted by the other, and thus virtxaally 
eliminate energy losses. The combustion chambers were mounted on a slide 
within a large wooden box so that the gap between the two valves coxjld be 
varied from 5 to 260 mm. The box was lined with t i n f o i l to redtwe radiation 
losses from the unlagged chambers. I t s puxTpose was to act as a smoothing 
reservoir so that a measurement of the airflow cotild be made. The.volume of 
the box was 0,2i.5 m', calcxilated from the formula i n B.S.726 ( 5 I ) , 

The design cf the combustors is shown i n more detail i n Figures B,8, & 9. 

The aerodynamic valves were 50 mm, long and 16 imn, internal diameter.. Each 
dombustor had nine sampling sites; those of Combustor A were used to measure 
gas and water temperatures, while those of Gombustor B were for pressure 
measxjrements and exhaust sampling. The gas temperatures were measured by 
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inserting a chromel-alumel thermocouple into the chosen pooke't, which was 
sealed when not i n use. The water temperature sites were all^provided with 
copper-constantan thermocouples which indicated directly on a chart reccxrder. 
The static pressure measurements were measured by an inclined water multi-
manometer. 

Dviring early experiments on this apparatus i t was observed that a. short 
length of 57 mm, diameter tube, vftien held over the end cf the tail-pipe, 
caused the combustion-driven oscillations to. jmp to a higher frequency. I n 
addition the pressvtre variation became very regular, and the maximum volumetric 
combustion rate was increased. This tube i s similar to the augmenters of 
Muller ( 1 9 ) , and, although he intended them to perform as ejectors and used 
slightly divergent tubes, this term is used henceforward. The diameter of 
the augmenter was found not to be c r i t i c a l , but i t s length was important, 
and one of 0,45 m, gave the best results. The reason for the improving 
effect of the augmenter was not clear. 

Results 

The results of tests on Com'&ustar 4 are presented here. Figure B.10. 
illu s t r a t e s a typical sequence of frequency jumps during the warm-up period 
of the combustor. The frequency was measured by a piezo-electric transducer^ 
and the chamber wall temperatttre by a chromel-alumel thermocouple. The 
frequency jumped from 93 to I60 to 245 Hz, I f the mean gas temperature i s 
taken to be 500°0, and the length of the resonator being 2 , 4 m,, the natural 
flrequencies are given by simple acoustic theoicy to be: 

open-open tube; 104, 208, 312 f - f i 

closed-open tube; 52 , 156, 260 H* 

The bands have been marked to show a region of instability i n which the 
operating frequency of the oombustor alternated randomly.. From -tiie comparison 
of the experimental and calculated operating frequencies shown, i t was evident 
that simple acoustic theory was inadeqviate. 
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Figure B,11, shows that, having reached the 245 Hz mode, the combustor 
frequency rose at the rate of 0,25 Hz/°0 but did not jump higher as the 
chamber reached i t s maximum temperature of approximately 920^0, The rise 
was attributed to the increasing velocity of soxind i n the gases, 

Pigtires B,12. and B,15. i l l u s t r a t e the gas and water temperature dist­
ributions found within the heat exchanger of Combvistar A, The gas temperature 
f e l l approximately 380°C i n the f i n a l 1.375 m, of the heat exchanger. No 
measurement at the entrance was taken, but from Figure B,11, i t was approx­
imately 900°C, Thus the gas temperattire f e l l 600°C i n the f i r s t 0,275 m, of 
the heat exchanger. The water temperature showed the greatest rise, of 
60°0, i n the f i r s t 0,54 m, of the heat exchanger, the rise up to that point, 
of 18*b, being approximately linear. The greatest energy transfer therefore 
occurred at the entrance to the heat exchanger. This was expected because the 
difference i n temperature between the gases and the water was greatest i n 
this region. During the_ tests the Reynolds number of the water flow i n the 
annulus was 65O, and that of the gas flow ranged from 2700 at the hot end to 
6750 at the cold end. I t was conclvided from this that the water flow was 
essentially laminar, and that the gas flow could be regarded as turbulent. 

The data permitted heat transfer coefficients to be calculated. By 
drawing a control volume around.each of the six sections of the heat exohajnger 
and applying the F i r s t Law, the mean heat transfer coefficient, based on the 
area separating the two f l u i d s , was: 

K r Vr^w 6^.1 

The heat transfer coefficients thus calculated are plotted against distance 
along the combustor i n Figure B.I4. The coefficients f a l l steeply from a 
value of 240 W/m &. at the hot end to a. minimum of 22 W/ia and then rise 
again to 137 W/m °K at the cold end, " Shown on the same graph i s the 
variation i n the pressure amplitude along the combustor. This was assumed 
to be sinusoidal, and the combustor was assumed to be operating as a closed-
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open tube. The only measurement of pressure amplitude was taken at the 
combustion chamber with a piezo-electric transducer, Assviming that 

' * o oscillations i n particle velocity within the tube were phased 90 ahead of 
the pressure oscillations, the velocity antinodes may he taken to l i e on the 
graph at the pressure nodes. At the f i r s t velocity antinode at x = 0,hS m, 
the heat transfer coefficient reaches a minimum. At x = 0,96 m, a velocity 
node, the heat transfer coefficient i s approximately constant. At x = 1,ii4 m, 
the heat transfer coefficient attains a local maximum. According to this 
evidence, therefore, i t appears that the local velocity variations i n the gas 
flow affect the heat transfer coefficient i n opposite ways. This anomaly 
was caused by: 

a) the pressure ampliti»ie variation shown took no aocovmt of the 
severe axial temperattire gradient existing i n the gas flowj 

b) the uncertainty i n the deduction of the heat transfer coefficient. 
The effect of a) , i s that, i n r e a l i t y , the waveform would be compressed 

towards the' cold exhaust end because, for a given frequency, the decrease of 
the sound velocity i n the cooling gases would be accompanied by a shorter 
wavelength. This means that the pressure nodes, as shown, are shifted towards 
the combvistion chamber. Regarding b), an analysis of equation 6-B,1 showed 
that the temperature rise i n the water, i A T ^ , was calculated by subtracting 
two values taken from the chart recc«rder. I t was estimated that the maximum 
possible error arising from this source was 2 ^ , with an ejcpected highest error 
of 15^. 

Figure B,15 shows a graph of overall heat transfer coefficient against 
combustion chamber pressure amplitude. The overall heat transfer coefficient 
was based on the logarithmic mean temperature difference. The linear 
character of the graph i s evident. 

As the apparatus had given a great deal of trouble i n operation, i t was 
decided to construct a single new combustor, incorporating a longer heat 
exchange section and improved measurement techniques, • ^ ^ -



Exhaust Gaa. Analysis 

A I^e Series 10i|. Gas Chromatograph was xased to analyse the products csf 
combustion passing through the heat exchangers of the combustor. The carrier 
gas -was argon, which was passed through a drying agent before entering the 
instrument, A coiled tube, 1 m, long and f i l l e d with Molecular sieve was 
used to elute hydrogen, oxygen, nitrogen and carbon monoKide from the sample, 
and a similar one f i l l e d with Silica Gel to elute carbon dioxide, A peri­
s t a l t i c pvin^ drew samples from the combustcr, i n which the mean pressure was 
approximately atmospheric, through a water trap. 

I t was found by eacperiment that the best settings far the chromatograph 
were: 

Detector oven teraperattire 50°0 

Analyser oven temperature 50°C 
Argon fIbwrate 22 ml/min 
Sample flowrate 33 ml/min 
Katherometer current • 60 mA 
Chart speed 12 in/h 

A typical chroroatogram i s shewn i n Figure B,16 and Figure B.17 shows 
the result of the tests. I t i s evident that the combustor operated on the 
lean side of stoichiometric. With increasing fuel flowrate the air/fuel 
ration approached stoichiometric. The graph suggests a connection between 
the maximum volumetric combustion intensity and the attainment of stoichio­
metric conditions. I f this were so, i t could be concluded -tliat pulsating 
combustors extinguish tinder f u e l r i c h conditions. I t was also observed that 
no carbon monoxide was present i n measxirable ctuantities, although iip to 0.5 . , 

per cent hydrogen was found occasionally. 

Summary 

Tlie preliminary work showed that the Helmholtz-type oombustor would be 
satisfaotcxry for the investigation. I t was f e l t that i t could be improved 
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by lengthening the heat exchanger to spread out the effects vmder observation, 
and by adding heat exchangers to the i n l e t side to recover the energy loss 
caused by blowback through the valve. I t was f e l t that the dimensions of the 
valve should l i e i n the range 12 - 26 mm, diameter and be 50 mm, long. I t 
was found that the waveform of the pressure oscillation was approximately 
sinusoidal, and that, compared to i t , the mean static pressure within the 
combustor was approximately atmospheric. I t was decided that the accuracy 
of the f u e l flowrate measurement should be improved. 



6 ,0 , / Gas Temperattare Corrections 

As stated i n Section 3 . 4 . 1 . , two types of thermocouple were used to 
measure the gas temperature. These were a bare Type S jxinction mounted on 
a s i l i c a rod and a Type K sheathed thermocouple. The temperature of the 
junction i n both cases required corrections for three reasons: 

a) convective and radiant heat exchange occurred between the gas, 
tube walls and the thermocouple, as well as conduction from the junction; 

b) the thermocouple was heated due to stagnation of the gas velocity; 
c) as the junctions were at fixed r a d i i i n the tube, the reading had to 

be corrected to the bulk f l u i d temperatxire, 

a) Thermocouple A 

This thermocouple junction, a bead of 0 ,8 mm, diameter, projected 9,0 mm, 
into the gas flew. I t was supported by i t s two constituent wires, which weî e 
threaded throijgh a s i l i c a rod of low thermal' conductivity. I t was decided 
that, even though thje thermocouple wires did not run parallel to the flow for 
a few millimetres, the predominant influences on the bead were radiation and 
convection. To simplify calculation, i t was assumed that the surroundings 
were large and that the effective radiation temperature of the surroundings 
was , The following energy balance may then be made, as i n Figure 0 , 1 ; 

6-0,1 

where "7^ J i s the temperature recorded by the thermocov5)le. The normal 
t o t a l emissivity of a platinum filament lies i n the range 0,036 to 0,192 over 
the temperature range 27 to 1230*^5, according to Simonson (53) , Thus 
was taken to be 0 ,19 . The correlation used for forced convection over spheres 
was taken from Hcilman (5Zf): 

N/û  t 0'37 C'^e^) 6-0.2 
Thus: - - ̂  — ^0'^ 

^ l o V j 
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The properties of air i n equation 6-0,3 were evaluated at T ^ j , and was 
deduced from "by the continuity eqtiation: 

3feoo 5^S^ 
The t o t a l correction i s , from equations 6-0,1: 

6-C.4 

where i s calculated from equations 6-0.3 and 6-0,4. 

Therroooouple B 

This thermocouple jimotion was embedded i n magnesium silicate powder 
and sheathed i n 25/20 Ohroraium/Niokel steel. I t projected 22,6 mm, into the 
flGW and was mounted i n a brass collar so that i t could be screwed into the 
measuring sites on the resonating section. (See Figure 0,2), Due to this 
requirement, the thermocouple was straight, and again not bent along an, 
isothermal to reduce conduction. I t was decided that the temperature of 
the jtinction Was affected by radiation, convection and conduction, and the 
aiialysis of Chapman (55) was used: 

6-0.6 

vtoereTj^^ was the reading of the thermocouple at the Site number'h , L, 
was the immersion of the thermocouple and was given by: 

6-0.7 

"tĝ  , the thickness of the sheath wall, was 0,15 nun. The radiation and 
convection coefficients were taken from Chapman and Holman respectively: 

V ' R/'* 6-0.9 



/57 

Again, the properties of air were evaluated at T̂ ^̂  , The normal total 
emissivity of the sheath was taken from Simonson to be 0,82, as the surface 
became blackened with use. The thermal conductivity of 18/8 Chromium Nickel 
steel i s 22,5 W/m°K at 600°C, and this value was used for 'fe^ , 

b) Assuming that the two installations completely stagnate the moving 
gas adiabatically, the thermocouples recorded the total temperature of the 
gas. Therefore: ' . 

'fi^ * 'Piy, * --^ 645.10 

Wow, the velocity of the gas at any instant,'Wt^ , i s given by equation 2,3,6: 

N ' 2,3.6. 

The stagnation temperattire of the gas at any instant thus depends on the 
velocity amplitude of the oscillations as well as the mean velocity, l i i ^ , 
of the gas. 

o) The bulk f l u i d temperature at a cross-section may be defined, for an . 
incompressible flvi i d of constant properties, as: 

is dependent on the velocity distribution across the tiibe. I n the 
absence of a direct measurement, infcich would have required a special hot-wire 
anemometer, i t was assumed that the time-averaged velocity distribution i n 
the tube was given by an equation of the type: 
(see Figure 0,3) 

6-0.12 



For Re = 4000, Bayley et al (56) give = 6 and the ra t i o : 

A 
6-C.13 

Now equation 6-0,11 may be written: 

Substitution of 6-0,4, 6-0,12 and 6-0.13 into 6-C.14 yields: 

6-0.14 

6-0.15 

I t was therefore necessary to measure the temperature profile, (y^ at 
a cross-section. This was done at Site 7 for two fuel flowrates, and the 
results are shown i n Figure 0.4. A Type K thermocouple, of O.5 mm. diameter, 
was mounted on a slide with a micrometer and traversed across the tube. 
Immediately after the traverse, the I^otenax Type K thermocouple was inserted, 
and a reading obteiined under the same c<mditions. I t was assumed that- the 
corrections to the readings from these thermocouples were identical, although 
this i s an approximation since the immersion of the traversing thensiocouple 
necessarily changed. 

The data from the traverses was used to integrate equation 6-0,15 by 
Simpson's Rule, and the results are shown in Table 0,1. 

Table 0.1. 

Comparison of experimental reading with corrected temperature 

3840 

4800 

Experimental 
Reading 

152 

144 

1 . 

141 

128 
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I t transpired that the product always exceeded 5, and thus equation 
^-0 ,6 became: 

x : = T + . . _ . 
6-0,17 

The ccirrection to the I^otenax installation therefore depended only on the 
relative magnitudes of the convection and radiation coefficients. The ratio 
( h f e ^ " ^ f - / ^ ) lay i n the range 1.01 to 1,2, corresponding to 
corrections of approximately 0,5°C and 130°C at the cold and hot ends respect­
ively. 

The gas temperature corrections were applied using the programmes over­
leaf. 



: TAl TEMP. CORRECTION PROG 
IMPLICIT RE/iL*8( Ar-Z) . -

3 CONTIMie 
READ(5,10C0)TA,TS,fAA 
IF(T/\)6,6,4 

A CONTINUE 
RED=MAA/(2''t97*MUA(TA) ) 
HC=462*KA(TA)* (RL'G*>-<0.6) 
TA-TA+l.v')8MTA**4-TS**4) / (1COOOOOOO*HC1 
WRITF(6, lOQDTA 

1001 FORMAT(5X,F10,2) 
lOOO FORMAT(5(FIG.3)) -

GG TO 3 
6 CONTINLE 
, STOP 
END • 

r ' TAN TF:MP. CORRECTICN PRCG" 
IMPLICIT REAL*8(A-Z) 

'3 CONTINUE • ,. 
READ{5, 1CG0)TA»TS,MAA 

1000 FORMAT(5(F1C.3)) 
IF(TA)6,6,/t . 

4 CONTINUE 
RED=0.n016*MAA/MUA(TA) 
HC=384*KA(TA)*(PED**0.47) 
HR=(TA'^*4-TS**4)*4.69/{ ( TA-TS) * ICOOOOOOO) 
R=(HC+HR)/HG • . 
TA=TS+(6*(TA-TS)) . 
WR1TP{6, lOODTA 

1001 F0RMAT(6X,F10.2) 
GO-TO 3 1 

6 CONTINUE 
STOP 

• END • • 



Type T thermocouple Calibrations 

This was achieved by lagging the resonating section thorougjily with 
Cosywrap and running a constant flow cf water through the heat exchangers 
without f i r i n g xip the combustor. The system was allowed to reach equilibrium 
and -ttien readings of a l l the surface and water thermocouples were taken, 
together with the mercury-in-glass thermometer readings and • 

The mean of these last two was taken, and a l l other readings compared. In 
the case of the surface thermocouples, the corrections lay i n the range -1 .7 

to +1.3 K, and i n the case of the water thermocouples, the corrections lay 
i n the range -0,3 to +1.3 K. These corrections were applied to the experimental 
readings by the programme CKBC. 



.6.D. Cal,ibra.tion of Press\jre transducer mountings •, 
The Kistler pressure transducer mountings were calibrated by comparing 

their response to a range of frequencies with that of a calibrated Bruel and 
Kjer microphone. The apparatus i s shown in Figure D,1 and was set up i n the 
middle of high, open laboratory to minimise reflections". The loud-spealcer was 
excited by an audio wave generator at the highest level that could be sustained 
over the range 60 to 220 Hz without overloading the cone. The transducer 
mountings • and calibrated microphone were held by a clamp so that the open end 
of the tubes and the diaphragm, respectively, were i n the same position 
relative to the loudspeaker. The procedure followed was to set the sound 
level, run through the frequency range at 10 Hz intervals talcing the trans­
ducer readings, and then, having exchanged the microphone for the transducer, 
repeat the experiment. The transducer signal was amplified using the same 
amplifier and oscilloscope as was used i n the main experiments, and was trans­
mitted by the same connecting cables. The resiilts of the calibration are 
shown i n Figure 3.19* 

The charge sensitivity of the Bruel and Kjer Type 4"117 Microphone was 
calcvilated as follows, from (57)' ) 

Charge sensitivity, S . « ? X C 

and the voltage sensitivity was given as: 

The sensitivity correction was: 

where 

Ci e O'OOOi j^F 
Thus 
and 
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The a m p l i f i e r was s e t to an a m p l i f i c a t i o n of 1,49 x 1000 and the t i m e - c o n s t a n t 

t o 0.1 t « S . Prom t h e V i b r o - M e t e r Ag Hand-book ( 8il^ftj(.''4^ ) , and the 

s e t t i n g o f the o s c i l l o s c o p e , the f i n a l a m p l i f i c a t i o n w a s , on the o s c i l l o s c o p e 

s c r e e n : i \ / s lO t 0'*^^ V / t h * 



6.E.1 . The E n e r g y B a l a n c e 

The r e a d i n g s f o r E x p e r i m e n t 1 were conver ted t o S . I . u n i t s and c o r r e c t e d 

t o a s t a n d a r d temperature and p r e s s u r e , 293,16 K and 101.325 r e s p e c t ­

i v e l y . The f o l l o w i n g c o r r e c t i o n f a c t o r s were u s e d : 

Tempera ture , / T" K ^/-^ B .1 .1 

P r e s s u r e , |> X E , t . 2 

Mass f l o w r a t e , > V ^ X 3 - ^ j ^ < » C ^ '"^ '^ 

•where L . r i w e r e the ambient c o n d i t i o n s . The mass f l o w r a t e , o f f u ^ , 

w a t e r and c o o l a n t a i r were ob ta ined w i t h the f o l l o w i n g f a c t o r s to g i v e k g / h : 

rr\p 1.905 X r e a d i n g E . I . I h 

y^s^ I05.6!f + (37.512 X r e a d i n g ) E . 1 , 5 

-Vv̂ . 0.1168 X r e a d i n g E , 1 . 6 

The thermocouple r e a d i n g s were c o n v e r t e d by s u b r o u t i n e s of the main computat ion 

w h i c h i n t e r p o l a t e d q u a d r a t i c a l l y the r e f e r e n c e t a b l e s . A l l these o p e r a t i o n s 

were performed b y a computer programme, CKBC, l i s t e d i n Appendix P . 

E . 1 . 1 A p p l i c a t i o n o f t h e F i r s t Law 

The S teady P l o w E n e r g y E q u a t i o n i s j ^ 

where t h e terms a c c o u n t i n g f o r the e f f e c t s of* c a p i l l a r i t y , e l e c t r i c i t y and 

magnetism have b e e n i g n o r e d . The s t r e a m s o f m a t e r i a l e n t e r i n g t h e c o n t r o l 

volume a r e c o l d w a t e r , c o l d a i r , propane and c o l d c o o l a n t w a t e r , and those 

l e a v i n g were h o t w a t e r , two s t r e a m s of combustion p r o d u c t s , and hot c o o l a n t 

w a t e r . There a r e no work i n t e r a c t i o n s a t t h e c o n t r o l boundary, i f the 

r a d i a t i o n of sound waves f rom t h e open .ends of the combustor i s r e g a r d e d a s 

n e g l i g i b l e . T h e r e a re h e a t i n t e r a c t i o n s i n the form of heat t r a n s f e r through 

t h e l a g g i n g . 



Assuming t h a t the h e a t t r a n s f e r s through the hea t exchanger l a g g i n g 

were n e g l i g i b l e , and t h a t the c o n d u c t i o n t h r o u ^ the combustion chamber 

l a g g i n g i s g i v e n b y ; 

I g n o r i n g changes i n k i n e t i c and p o t e n t i a l energy , eq.uation E,1,7 miay be 

w r i t t e n : 

The c o n n e c t i n g p i p e c a r r y i n g the w a t e r f l o w from Heat Exchangers B and 

C t o A l i e s o u t s i d e t h e c o n t r o l volume i n F i g u r e 4,1, s o : 

and by c o n t i n u i t y : 

The assumpt ion i s now made t h a t the combust ion p roducts f l o w i n g through tii© 

a p p a r a t u s a r e p redominan t l y a i r , and t h e p r o p e r t i e s used h e r e a f t e r f o r the 

combust ion p r o d u c t s a r e t h o s e o f pure a i r . Assuming t h a t a i r and w a t e r 

behave a s p u r e s u b s t a n c e , the changes i n en tha lpy through; the c o n t r o l volume a r e : 

' ^ f t f l a ^ " ^ A S - " ^ * , ) ; E . 1 , 1 2 

^ ^WVM ^ t v t w C '^v^rN/ - ^ 1 ? ) B.1.15 

' ^ S ' ^ * ^ t ' ^ ^ " ' j ^ * - " ' ' ^ ^ ' ) E . 1 , 1 6 

where the s p e c i f i o h e a t s o f the s u b s t a n c e s , a r e e v a l u a t e d a t t h e a r i t h m e t i c mean 

of the i n l e t and o u t l e t t e m p e r a t u r e s . 

The mass f l o s s r a t e s of t h e two s t reams of a i r f l o w i n g through t h e apparatxxs 



may be deduced b y a p p l y i n g eq \ i a t ion E , 1 , 7 to c o n t r o l volumes £a:'Ound H e a t . 

E x c h a n g e r A and around Heat Exchangers B and 0 , U s i n g the assumpticais 

a l r e a d y made, the mass f l o w r a t e s a r e g i v e n b y : 

^ f r i f t . C ' ^ a . ? - " ' f t i L i ) 

I n e q u a t i o n E , 1 . 1 7 , and s p e c i f i c h e a t , ( U , i s e v a l u a t e d a t a mean temp-

e r a t u r e , T J * , d e f i n e d b y : 

•vstiich may c o n v e n i e n t l y be i n t e g r a t e d by S impson 's R u l e ; 

% ' 4 ^ f t [ T ^ , ^ 4 T , 3 + i - T ; ^ 

and 

E , 1 . 1 8 

3 — 

• * - i 2 . T ^ , + 4 ' ^ A 7 T i g . 
E , 1 , 2 0 

^ e r e A « C>' 3 f 5 -h>. 

I n e q u a t i o n E , 1 , 1 8 , the s p e c i f i c h e a t s a r e e v a l u a t e d as f o r equa t ions E , 1 , 1 2 

t o E . I , 1 6 , 

These c a l c u l a t i o n s were performed a l s o by computer programme CKBC, 

E , 1 , 2 R e s u l t s of the E n e r g y B a l a n c e 

The r e s u l t s of the energy b a l a n c e a r e shown i n T a b l e s E , 1 , E , 2 and E , 3 

where t h e d i s c r e p a n c y between the two s i d e s of equat ion 2|.,1,9 i s e x p r e s s e d • 

a s a p e r c e n t a g e of the energy r e l e a s e d , J^^H J^, The d i s c r e p a n c y l i e s w i t h i n 

t h e l i m i t s - 5 , 7 t o +10,0^. T h i s was regarded as s a t i s f a c t o r y . I n the nex t 

co lumn, the o v e r a l l thermal e f f i c i e n c y of the combust or has been c a l c u l a t e d , 

u s i n g : \ . ^ , , 

^ - - C ^ ^ ^ . ^ 4 H ^ , ^ - H a K ^ ^4H^^^ ^ 
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6 , P . Computer Brogrammes 

The f o l l o w i n g programmes a r e l i s t e d i n t h i s Appendix: 

CKBA 

CKBB 

CKBC 

KJVHPOI 

VALVE 

- T h i s programme c a l c u l a t e d the s teady s t a t e h e a t t r a n s f e r 

c o e f f i c i e n t s and f l o w parameters a c c o r d i n g to S e c t i o n 

f o r g i v e n a i r and water mass f l o w - r a t e s and i n l e t 

and o u t l e t teraperat ixres, 

- T h i s prograimne c a l c u l a t e d the escperimental h e a t t r a n s f e r 

c o e f f i c i e n t s a c c o r d i n g t o S e c t i o n 2|.,J!{.»1» firom d a t a prov ided 

b y CKBC, 

- T h i s programme r e a d i n the exper imenta l d a t a , c o r r e c t e d i t 

a c c o r d i n g to S e c t i o n 4.1 and c a l c u l a t e d the energy b a l a n c e . 

A l l w a t e r and a i r p r o p e r t i e s were obtained by q u a d r a t i c 

i n t e r p o l a t i o n , 

- T h i s programme s o l v e d the B e s s e l boundary c o n d i t i o n s f o r an 

e x p o n e n t i a l gas temperature g r a d i e n t a c c o r d i n g to S e c t i o n 2,2 

f o r g i v e n 7^1 and . 

- T h i s programme c a l c u l a t e d the a i r mass f l o w through the a e r o ­

dynamic v a l v e a c c o r d i n g to S e c t i o n 2,5 f o r a g i v e n - p r e s s u r e 

ampl i tude and v a l v e d i a m e t e r . 

The programmes a r e w r i t t e n i n F o r t r a n I V and were r u n on 

N .U .M.A .C , 
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: CKBA - - ' T H E O R E T I C A L S T F A D Y S T A T E HEAT T R A N S F E R IN HEAT EXCHANGfrR ' 
R E A L * 8 X H , X C , D O t S 0 , S A N N » D E Q , D E P , S S t D L , T A l , T W l , T A 2 t T W 2 , T A X l f T W X l , 

> X , D H , U H A , T W L , R P A ,P KW, NUA , NUW • MU A , '̂UW , PR A , PRW, C P A , C P W , K A t K W t T A ,TW 
> M U A S , M U W S f U , H l , H 2 , T A X M , T 5 . X M , T W X K , X X 
>, f^AA,MW,DhR •. 

DATA X H , X C t D O , S O , S A N N , D E Q , O E P 
> / 0 . 3 3 , 2 . 4 0 , 0 . 0 2 6 5 9 4 , 0 . 0 0 0 5 5 5 4 6 , 0 . 0 0 0 6 1 3 2 2 , 0 . 0 2 7 6 1 6 , 0 , 0 1 1 4 7 8 / 

J=50. 
. 3 C O N T I N U E 

R E A D ( 5 , 1 0 7 0 ) H A A , M W , T A X I , T W X 1 , T W L 
1 0 7 0 F O P M A T ( 5 ( F 1 0 . 5 ) ) 

I F ( M A A . L E . O . O ) G n TO 33 
W R I T e { 6 , 2 0 7 3 ) 

2 0 7 3 F G R M A T ( 6 X , ' X X ' , 5X , ' T A X M « . , 6 X , • TSXM * , 6 X , ' TWXM • , 6 X , ' N U A • , 7 X , "NUW , 
> 7 X , ' R E A * , 7 X , ' R E W ' , 7 X , ' H 1 « , 8 X , ' H 2 « / / ) 

O L = ( X C - X H ) / J 
S S = 3 , 1 4 1 5 9 2 6 5 3 5 8 * D C * D L 
M A A = H A A / 3 6 0 0 . 0 
MW=MW/36U0.0 
TW1=TWX1 

200 C O N T I N U E 
D H = 0 . 0 
T A 1 = T A X 1 
D H A = 0 . 0 
.x=x-H 
DO 80 I J = 1 , J 
X=X+DL . 
TA=TA1 I 

i . • T W = T W l - 2 7 3 . 1 6 ' , I 
P R A = C P A ( T A ) = * M U A ( T A ) / K A { T A ) I 
PRW=CPW<TW)*MUW{TW)/KW{TW) I 
R £ A = 4 . 0 * M A A / ( 3 . 1 4 1 5 9 2 6 5 3 5 8 * D O * M U A < T A ) ) 

C E Q U , 8 . 1 5 P . 3 3 6 CHAPMAN : 
N U A = 0 . 0 2 3 * { R E A * * 0 . 8 ) * ( P R A * ' : < 0 . 3 ) - i 
H 1 = ( N U A * K A { T A ) ) / D 0 
R E W = H W * O t P / ( S A N N * « U W ( T W ) ) 

C E Q U , 8 . 1 1 P . 3 3 3 CHAPMAN ( L E S S V I S C O S I T Y TERM) 
N U W = 0 . 0 2 3 * ( R E W * * 0 . 8 ) ' 5 ' ( P R W * * 0 , 4 ) 
H 2 = < N U W * K W { T W ) ) / O E Q 
U = H 1 * H 2 / ( H 1 + H 2 ) 

C E N T H A L P Y CHANGES 
D H = U - V S S * ( T A 1 - T W 1 ) 

: C A L C . F I R S T E S T I M A T E OF O U T L E T T E M P S . FROM S E C T I O N 
TA2=TA1- (DH/ (MAA=- - .CPA(TA) ) ) 
TW2=TWl - {DH / (MWfCPVv{TW) ).) 
T A X M = 0 . 5 * ( T A U T A 2 ) " : 
T W X M - 0 . 5 * ( T W 1 + T W 2 ) 

i T S X M = { ( H 1 * T A X M ) + ( H 2 * T W X M ) ) / ( H 1 + H 2 ) 
C C A L C . A G A I N U S I N G DYNAMIC V I S C O S I T Y R A T I 0 S MEAN T E M P S . ' 

TA=TSXM 
T W = T S X M - 2 7 3 . 1 6 
MUAS=MUA(TA) 
M U W S = 0 . 0 0 0 1 7 9 8 ' 
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TA=TAXM 
TW=TWXM-273 .16 
P R A = C P A ( T A ) « M U A n A ) / K A f TA) 
PRW=CPW(TV<)*MUW(TW)/KW(TW ) " 
R E A = 4 . 0 « M A A / { 3 . 1 4 1 5 9 2 6 5 3 5 8 * D 0 * K U A ( T A ) ) , 

EQUt 8 . 1 6 . P . 3 3 6 CHAPMAN 

I F t T A X H . L E . 3 7 3 . 1 6 ) 6 0 TO 7 3 
N U A = 0 . 0 2 3 * ( R E A * ^ 0 . 8 ) * ( P R A * * 0 . 3 ) 
GO TO- 76 

7 3 CDNTINUS 
N U A = 5 . 0 3 * ( R E A * * 0 . 3 3 3 3 3 3 3 3 ) ^ ( P R A * * 0 . 3 3 3 3 3 3 3 3 ) 
GO TO 76 

7 6 C O N T I N U E " 

• H 1 = ( N U A * K A { 7 A ) ) / D O 
REW = M,W*DeP/(SANM*MUW(TW) ) 

E Q U , 8 . 1 1 P . 3 3 3 CHAPMAN 
N U W = 0 . 0 2 3 * ( R E W * * 0 . 8 ) * ( P R W * * 0 . 4 ) 

H 2 - ( N U W * K W ( T W ) ) / D E Q , • 
U = H 1 * R 2 / ( H 1 + H 2 J 

ENTHAUPY CHANGES 
DH=U'KSS*(TAXM-TWXM) 

C A L C . F I R S T E S T I M A T E OF O U T L E T T E M P S . FROM S E C T I O N 
T A 2 = T A i - { 0 H / ( . M A A ' ! ' C P A { T A ) ) ) 
TW2=TW1- (DH/ (HW*CPV<{TW) ) ) 
T A X M = 0 . 5 * ( T A 1 + T A 2 ) 
TWXM=0 .5 * {TW1+TW2) 
TSXM={ (Hl=i«TAXM) + (H2*TWXM) ) / { H l + H 2 ) • 
D H = U * S S * ( T A X M - T W X M ) 
D H R = 0 . 1 7 * S S * { ( ( T A X M / 1 0 0 ) * ^ 5 < 4 ) - ( { T S X M / 1 0 0 ) * « 4 ) ) 
DH=OH+CHR 
DHA=DHA+DH 
X X = X - 0 L / 2 
W R I T E ( 6 , 2 0 i n ) I J , X X , T A X M f TSXMfTWXMtNUArNUVvtREA^REWtHl tH2 

2 0 1 0 FORMAT ( I H , 1 3 , F7 . 3., 1 0 ( I P D I O . 3 ) ) 
T A 1 = T A 2 
TW1=TW2 

80 C O N T I N U E 
: T E S T FOR TW2 = TWL 

I F ( 0 A B S ( T W 2 - T W L ) . L E . 0 . 8 ) G 0 TO 100 ^ 
TW1 = T W X 1 - ( T V ( 1 - T W L ) 
GO TO 200 

1 0 0 C O N T I N U E . 
W R I T E < 6 , 2 0 2 0 ) M A A , M W , T A X 1 , T W X 1 , T W L , J 

2 0 2 0 F 0 R M A T ( 7 X , »MA = S 1 P D 1 2 . 5 7 7 X » « M W = ' , 1 P 0 1 2 . 5 / 5 X , « T A X 1 =* » 
+ - l P 0 1 2 . 5 / 5 X t ' T W X l = S 1 P 0 1 2 . 5 / 6 X , «TWL = ' , I P O l 2 . 5 / 8 X , • J = ' , I 3 ) 

. W R I T E ( 6 , 2 0 1 7 ) D H A 
2 0 1 7 F O R M A T d O X , ' D H A = « , 5 X , 1 P D 1 0 . 3 ) 

GO TO 3 
3 3 CONTINUE 

STOP 
END 



< : K B B _ /77 
E X P E R I M E N T A L R E S U L T S ' PROG 

I M P L I C I T R E A L * 8 ( A - Z ) • 
D IMENSION X A ( 2 0 ) , X S ( 2 0 ) , X W ( 2 0 ) , T G { 2 C ) , t S ( 2 0 ) , T F ( 2 0 ) , 

> U A ( 20 ) , C V E L {20 ) , H AS ( 20 ) , HS W ( 2 0 ) , NU A ( 20 ) , NU W ( 20 ) , R £ A ( 20 ) , R E W ( 2 0 ) 
I N T E G E R I , J , K 

: DATA X A / 0 . 3 3 , 0 , 4 7 7 , 0 . 6 5 4 , 1 . 0 1 1 , 1 . 3 6 6 , 1 . 7 2 2 , 2 . 0 7 7 , 2 . 4 / 
DATA X S / 0 . 3 3 , 0 . 8 4 , 1 . 3 7 5 , 1 . 9 3 , 2 . 4 / a, 
DATA X W / 0 . 3 3 * 0 . 4 5 0 , 0 . 6 2 8 , 0 . 8 0 5 , 1 . 1 6 2 , 1 . 5 1 8 , 1 . 8 7 4 , 2 . 2 3 , 2 . 4 / 
DATA C O , S O ,SAN , C E Q , D E P 

> / 0 . 0 2 6 5 9 4 , 0 . 0 0 0 5 5 5 4 6 , 0 . 0 0 0 6 1 3 2 2 , 0 . 0 2 7 6 1 6 , 0 . 0 1 1 4 7 8 / 
R E A 0 ( 5 , 1 0 0 0 ) ( T G { I ) , 1 = 1 , 8 ) 
R E A D ( 5 , 1 C 0 : . ) ( T S ( I ) , 1 = 1 , 5 ) • 
REAO< 5 , 1 0 0 0 ) < T F ( I ) , 1 = 1 , 9 ) 
P E A C ( 5 , 1000 )MAA,MW • 

I C C O F 0 R M A T { 1 C { F 1 0 . 4 ) ) 
6 R A D S = ( T S ( 1 ) - T S { 5 ) ) / ( X S ( 1 ) - X S ( 5 ) ) 
G R A D W = ( T F ( 1 ) - T F { 9 ) ) / { X W ( l ) - X W ( g ) ) 
c b N S T S = { X S ( 1 ) * T S ( 5 ) - X S ( 5 ) A T S { 1 ) ) / ( X S ( l ) - X S ( 5 ) ) 
CONSTW=lXW( l ) w T F ( 9 ) - X W ( 9 ) * T F ( 1 ) ) / ( XW( U - X W C g ) ) 
D A = 0 . 0 
DW=0.0 
X l = 0 . 3 3 

. TS1=C0NSTS+GRADS^^-X1 
TWl=CaNSTW+GPAOW*Xl 
DO 10 1 = 1 , 7 -
X 2 = X A ( T + 1 ) 
T S 2 = C C N S T S + G R A D S * X 2 
TW2=C0NST\« + GRADV«*X2 

.. S S = 3 . l ^ l 5 9 2 f i 5 3 5 8 ^ = D C : * ( X 2 - X l ) 
T A X M = 0 . 5 = « ' ( T G ( I )+TG( I + l ) ) 
T S X M = 0 . 5 * ( T S 1 + T S 2 ) 

. T W X M = 0 . 5 « ( T W 1 + T W 2 ) . 
TA=TAXM 
T W = T W X M - 2 7 3 . 1 6 
U A ( I ) = M A A / ( S 0 * 3 6 C 0 * R H 0 A ( T A ) ) 
C V E L ( I ) = C A ( T A ) 
D H A i M A A * C P A ( T A ) * ( T G ( I ) - T G { I + 1 ) ) / 3 6 0 0 
DHW=MW'!'CPW(TW) * ( T W l - T W 2 ) / 3 6 0 0 
H A S t I ) = D H A / ( S S * ( T A X M - T S X M ) ) 
H S W { I ) = D H W / ( S S * ( T S X M - T W X M ) ) 
N U A ( I ) = H A S ( i ) * D O / K A ( T A ) 
N U W ( I ) = H S W ( I ) * D E Q / K W ( T W ) 
R E A ( I ) = 4 « M A A / ( 3 . 1 4 1 5 9 2 6 5 3 5 8 * D O * 3 6 0 0 * M U A { T A ) ) 
R E W d ) = M W * D E P / ( SAN'^'3600*MUW(TW) ) 
DW=DW+0HW 
DA=DA+CHA 
T S 1 = T S 2 

. TW1=TW2 
X1 = X2 

10 C O N T I N U E 
00 20 1 = 1 , 7 
W R I T E ( 6 , 3 0 3 0 ) I , R E A { I ) , P E W ( I ) , N U A ( I ) , N U W { I ) , H A S < I ) , 

> H S W ( I ) . , U A { I ) , C V E L { I ) 
3 0 3 0 FORMAT { no, 1 0 ( F 1 0 . 2 ) ) 

20 C O N T I N U E 
W R I T E ( 6 , 3 0 4 0 ) D A , D W 

3 0 4 0 F 0 R M A T { F 1 0 . 2 / F 1 0 . 2 ) 
STOP 
END 



: « S K 6 C A PROGRAM TO P R O C E S S E X P E R I M E N T A L R E A D I N G S FRCM THE DOUBLE 
: O R I F I C E COMBUSTOR . ] 

REAL ' i ' a P A C , T A 0 , P O , T 0 , T F A C , P F A C , N : F A C f M F , N V s , M W T r < , M W I N , C M , R 0 T A M W . , 
>PAMP» F , P S C A L E , T S O , T S 1 , T S 2 , T S 3 , T • T S 5 t T Y P E K , T Y P E S , T Y P E T , E , 
>T W l , T W 2 , TW3, TWA, T W ' 3 , T V i 6 , T W 7 , T W 8 , T W 9 , T W 2 1 , T W 2 2 , T W 2 3 , T W T P , T W I N , 

. > T A 1 , T A 2 , T A 3 , T A 4 , T A 5 , T A 6 , T A 7 , T A 8 , T A 2 1 , T A 2 2 , T A 2 3 , L A U G , X A U G , D J , 
> T G C 1 , T G C 2 , M G C , T R E F , T L A G , R 0 T A M A , H C V P , K L A G , A A , A B , A C , T W , C P W C , C P W B , 
> C P W A , C P W T R , C P W I N , C P W 8 C , T A , C P A C , C P A 8 , C P A B C , C P A A , C P A A 0 , C P A C O , 
> C P G C , C P A , C P W , H A C , H A B , H A B C , M A A , Q L C L , D H W , D H A , D H W T P , C H W I N , C H G C , 
> D H T 0 , E Q 1 , T A M , T B M , T C K , U A , U B , U C , N U T H , N U V O L , T Y P E K , T Y P E S , T Y P E T , 
> T R E F K , T R E F S , T R e F T , T A N ' 8 , V 0 L C , O H W A , P E R C , 
> X A 1 , X A 2 , X A 3 , X A 4 , X A 5 , X A 5 , X A 7 , X A 8 , X S 1 , X S 2 , X S 3 , X S 4 » X S 5 , L 
> X W 1 , X W 2 , X W 3 , X W A , X W $ , X W 6 f X W 7 , X W 8 , X W 9 
> , D X , V A L { 1 G ) , T E M P 1 ( 1 0 ) • 

: PART 1 - READ IN DATA AND C O R R E C T TO S . I . U N I T S £ TO CHOSEN DATUM . 
R E A D ( 5 , 1 0 G 0 ) P A O , T A O 

lODO F 0 R M A T ( 2 { F 1 0 . 4 ) ) 
R E A D { 5 , 1 0 0 1 )MP,MW,MWTR,MWIN. 

; 1 0 0 1 F O R M A T S * ( F 1 0 . 4 ) ) 
' R E A D ( 5 , 1 0 0 2 ) P A M P , F . 

1 0 0 2 F 0 R M A T { 2 ( F 1 0 . 4 ) ) 
R E A 0 ( 5 , 1 0 0 3 ) T S 0 , T S 1 , T S 2 , T S 3 , T S 4 , T S 5 

1 0 0 3 F O R M A T ( 6 ( F 1 0 . 4 ) ) 
R E A D ( 5 , 1 0 0 4 ) T W l , T V s 2 , T W 3 , T W 4 , T W 5 , T W 6 , T W 7 , T W 8 , T W 9 , T W 2 1 , T W 2 2 , T W 2 3 , 

>TWTRtTWIN 
1 0 0 4 F 0 R M A T ( 8 ( F i 0 . 4 ) / 6 ( F 1 0 . 4 ) ) 

. • . R E A O ( 5 , 1 0 0 5 ) T A 1 , TA2 , T A 3 , T A4 , T A5 ,T A6 , T A7 , T A8 , T A 2 1 , T A 2 2 , T A23 
1 0 0 5 F 0 R M A T ( 8 ( F 1 0 . 4 ) / 3 ( F 1 0 . 4 ) ) 

• R E A O ( 5 , 1 0 0 6 ) L A U G , X A U G , D I , N J E T 
1 0 0 6 F 0 R M A T ( 3 ( F 1 C . 4 ) , I 3 ) 

R E A O ( 5 , 1 Q 0 7 ) T G C 1 , T G C 2 , M G C , T R E F , T L A 6 
1 0 0 7 F 0 R M A T ( 5 ( F 1 0 . 4 ) ) 

PA0 = P A 0 - * 1 3 3 . 3 3 3 3 3 3 
" TA0=iTA0 + 2 7 3 . 1 6 
C A L C U L A T E C O R R E C T I O N FACTORS 

P 0 = 1 0 1 3 2 5 . 0 • 
T 0 = 2 9 3 . 1 6 
T F A C = T O / T A O 
P F A C = P G / P A Q 
M F A C = P F A C / ( C S Q R T I T F A C ) ) 
M P = M P * 1 . 9 0 5 * M F A C 
MWTR=MWTR*3.6*MFAC 
>!WIN = M W I N « 3 . 6 * M F A C 
CM=MW • ' 
MW=ROTAMWlCM)*MFAC 
P A M P = P A M P * 1 7 2 3 . 6 9 * P F A C 

" T A M B = 0 . 5 * l T R E F + T A O - 2 7 3 . 1 6 ) 
E = T S G , • 
e = E + T R E F K ( T A M B ) 
T S < ) = T Y P £ K ( £ ) * T F A G • 
E = T S 1 
E = E + T R E F T { T A M B ) 
T S l = t Y P e T ( E ) ^ T F A C ' 
E . - T S 2 
E = E + T R E F T ( T A M B ) . \ 
T S 2 = T Y P E T ( e ) * T F A C 

•v'e=T.S3 • , • • 
E = E + T R E F T ( T A M R ) 



TS3=TYPET{E)*TFAC 
E=TSA 
E = E+TREFT(T/iMB) 
TS4=TYPET(Jn*TFAC 
E=TS5 
E=F+TREFT(TiftMB) 
TS5=TYPi£T(E)*TFAC 
E = TW2 
E=E+TREFT(TAMB) 
TW2=TYPET(E )*TFAC 
E = TW3 
g=E+TREFT<TAMB) 
TW3=TYPET(E)*TFAC 
E=TW4 
E=?E + TREFT(TAM6) 
TW4=.TYPET{E)*TFAC 
E = TW5 
E=E+TREFT(TAMB) 
TW5 = TYPET(E)-nFAC 
E = T«6 
E = E+TREFT{TAMB ) 
TW6=TYPeT(e)*TFAC 
E=TW7 
E=E+TREFT(TAMB) 
TW7=TYPET(e)*TFAC 
e=TW8 
E=E+TREFT(TAMB) 
TW8=TYPET(E)*TFAC 
TW1-(TW1+273.16)*TFAC 
TW9=(TW9+273.16)*fFAC 
TW21 = {TVI21+273. Idj'fTFAC 
TW22={fW22+273.16)*TFAC 
TW23=(TW23+273.16)*TFAC 
TVITR=:(TWTR + 273,16)*TFAC 
TWIN=(TWIN+273.16)*TFAC 
E = TA1 
E=E+TREFS(TAM8) 
TA1=TYPES(E)*TFAC 
E = TA2 
E=E+TREFK(TAMB) . 
TA2=TYPSKIE)*TFAC 
E=TA3 
E=E+TREFK(TAMB) 
TA3=TYPEK(E)*TFAC. 
E=TA4 
e=E+TREFK(TAMB) 
TAA=TYPEK{E)*TFAC 
6=TA5 
E=E + TRGFK.(TAMB) • 
TA5=.TYPEK(E)*TFAC 
E=TA6 
e=E+TREFK(TAH8) 
TA6=TYPEKIE)«TFAC 
E = TA7 
E= E 4 T R E F K(TAMB) 
TA7=TYPEK{E)ATFAC 
E = TA8-
E=e+TREFK(TAMB) 
TA8=TYPEK( Ej'fTFAC 
£=TA21 

E=E+TReFK(TAMB) 
TA21=TYPEK(E)*T.FAC 
E^TA22 
E=E+TRSFK(TAMD) 
TA22=TYPEK(E)*T*fAC 
E=TA23 
E=e + TR?:FK(TAHB) 
TA23=TYP5K(E)*TFAC 
E=TGC1 
E^^E+TREFKITAMB) 
TGC1 = TYPEK(E )*TFAC 
E=TGC2 
E=E+TRcFK(TAM8) 
TGC2=TYPEK(E)*TFAC 
TREF=(TREF+273.16)*TFAC 
TLAG=(TLAG+273.16)*TFAC 
CM=MGC 
M6C=R0TAMA(CM)*TFAC 

SET CONSTANTS 
HCVP=:50060000.0 
KLAG=0.G845 
AA=0.183862 
•AB=O.10 8f^56 
AC=0.0 72755 

CALCULATE MEAN SPECIFIC HEATS FO 
TW=0.5*(TW23+TW22)-273.16 
CPWC s=CPW(TW) 
TW=0.5*{TW22+TW21)-273.16. 
CPWB =CPW(TW) 
TW=0.5*tTW9 +TW1 )-273.16 
CPWA =CPW(TW) 

• TW=0.5*(TW23+TWTR)-273.16 
CPWTR=CPWnW) 
TW=0.5*<TW23+TWIN)-273.16 
CPWIN=CPW{TW) 

• TW=0.5*(TW23+TW21)-273.16 
CPWBC=CPW(TW) 
TA=0.5*(TA23+TA22) 
e P A C = c p A r T A r 
TA=0.5*(TA22+TA21) 
CPAB =CPA<TA) 
TA=0.5*{TA23+TA21) 
CPABC=CPAITA) 
TA=TA1 
VAL{1)=CPA(TA) 
TA=TA3 . 
VAL(2)=CPA(TA) 
TA=TA4 
V A L ( 3 ) = CPA(TA) 
TA=TA5 
VAL(4)=CPA(TA) • 
TA=TA6 
VAL(5)=CPA(TA) 
TA=TA7 
VAL{6)=CPA(TA) 
TA=tA8 ; 
VAL(7)=CPA(TA) 
DX=2.132/6.0 
N0RD=7 
CALL DQSF(DX,VALfTEMPl,NORD) 



CPAA=TEMPl{NORD)/2.i32 
TA=0.5*(TAD +TA8 ) ' 
CPAAn=CPA( TA) • 
TA=0.5*(TA0 +TA23) 
CPACO=CPA(TA) 
TA=0.5*{TGC2+TGC1) * 
CPGC =CPA(TA) 

PART 2(A) - APPLY S.F.E.E. TO CONTROL VOLUME AROUND HEAT EXCHANGER 
MAC=-MW*(CPWC/CPAC)*(TW22-TW23)/ITA23-TA22) 

PART 2(B) - APPLY S.F.B.E. TO CONTROL VOLUME ABOUND HEAT EXCHANGfcP 
MAB=-MW*(CPWB/CPAB)*(TW21--TW22)/(TA22-TA21) 

PART 2(C) - APPLY S.F.E.E. TO CONTROL VOLUME AROUND HEAT EXCHANGERS 
MABC=-MW^(CPWBC/CPABC)*(TW21-TW23)/(TA23-TA21) 

PART 2 ( 0 ) - APPLY S.F.E.E. TO CONTROL VOLUME AROUND HEAT EXCHANGER 
MAA=-MW*(CPWA/CPAA)*(TW1-TW9)/{TA8-TAl) 

PART-2(E) - APPLY S.F.E.E. TO CONTROL VOLUME AROUND WHOLE DOUBLE OR 
COMBUSTOR 
CALCULATE QLCL & SEPARATE ENTHALPY CHANGES FIRST . 

QLCL=-2.0*3. 14159265358*0.43*KLAG=^( TS0-TLA6 )^^0, 99969873436 
DHW=MW*(CPW/Sv {TWl-TW9)+CPWBC*(TW21-TW23) ) 
DHW=DHW/36aC.O 
DHA=MAA*CPAAO*{TA8-TAO)+MABC*CPACO*(TA23-TA0) 
OHA=DHA/3500.0 
DHWTR'MWTR-J«CPWTR*(TWTR-TV«23) 
OHWTR=DHWTR/3600.0 
DHWIN = MWIN--'<CPWIN*(TWIN-TW23) 

. 0HW1N=DHWIN/36C0.0 
DHGC=MGC«CRGC*(TGC2-TGC1) 
DHGC=DHGC/3600.0 
DHTO=MP=?'HCVP-
DHtO=DHTO/3600.0 
EQl=DHW+DHA+DHWTR+DHWIN+DHGC+(-DHTO)-CLCL 

PART 3 - OVePAl.L HEAT TRANSFER COEFFICIENTS . 
CALCULATE LOG. MEAN TEMPERATURES DIFFERENCES FIRST . 

TAM=(TA1-TW1-TA8+TW9) /DL0G((TAl-TWl)/(TA8-TW9) ) 
TBM=(TA21-TW21-TA22+TW22)/DLOG((TA21-TW2I)/(TA22-TW22)) 
•TCM=(TA22-TW22-TA23+TW231/DL0G((TA22-TW22)/(TA23-TW23)) 
UA=MW«CPWA*(TW1-TW9)/(AA*TAM) 
UA=UA/3600.0 
U8=MW*ePWB=*(TW21-TW22)/(AB*TBM) 
UB=UB/3600.0 
UC=MW*CPWC4(TW2 2-TW23)/(AC*TCM) 
UC=UC/36C0.0 

PART 4 - THERMAL EfFICIENCY OF DOUBLE ORIFICE COMBUSTOR . 
NUTH=(DHW+DHWTR+OHWIN)/DHTO 

PART 5 - VOLUMETRIC COMBUSTION EFFICIENCY . 
VOLC=0.00018 
NUVOL=DHTO/VOLC 
DHWA=.MW*CPWA*('TV»l-TW9)/360d.O 
PERC=lOO.0*EQl/CHT0 

PRINT OUT CORRECTED EXPERIMENTAL DATA S CALCULATED PARAMETERS 
WRITE(6,8G00)MP,MW,KWTR,M.WINff'AC,MAB,MADCtHAA,MGC,PAMP, F 

8000 FORMAT( 
> H H MP =,1PD16.5, 8H KG/H/ 
>11H MV̂  =,1PD16.5, 8H KG/H/ 
>11H MWTR =,1PD16.5, 8H KG/H/ 
>11H MWIN =,1PD16.5, 8H KG/H/ 
>11H MAC =tlP 0 1 6 . 5 , 8H KG/H/ 
>11H MA8 =,1PD16.5, 8H KG/H/ 
>11H MABC.. =,1PD16.5, 8H. KG/H/ 



/S3 
>11H MAA =,1PD16.5,GH KG/H/ 
>11H MGC =,1PD16.5,8H KG/H/ . ' 

. >11H PAMP =,1P016.5»8H .N/M**2/ 
>11H F =,1PD16.5,8H HZ/ 
>//) 
WRITEC 6,8001) 

>TS0,TSl,TS2,TS3,TS4,TS5,TWi,tW2,TW3,TV<4,TW5,TW6,7Vv7,TU8,TW9 
80O1 FORMAT( 

>11H TSO =, 1PO 16. 5, PH K/ 
>11H TSl =,IPD16.5,8H K/ 
>11H TS-2 = , 1PD16.5,8H K/ 
>11H TS3 =»lPD16.5teH K/ 
>11H TS4 =»IP016.5,8H K/ 
>11H TS5 =»lP016.5t8H K/ 
>11H TWl =»1PD16.5,8H K/ 
>11H TW2 =,1PD16.5,8H K/ 
>11H TW3 =»lPD16.5t8H 
>11H TW4 =,1PD16.5»8H K/ 
>11H TW5 = , 1PD16..5,8H K/ 
>11H TK6 =tlPD16.5,8H K/ 
>11H TW7 =,1P016.5,6H K/ 
>11H TW8 =,1PD16.5,8H K/ 
>11H TW9 = t l P D l t . 5 , e H K/ 
>//) 
WRITEi6,a002) 

>TW21 ,TW22,TW23,TWTR,TWIN,TA1, TA2,Ti 
8002 FORMAT{ 

TA2,Ti 
>11H TV<21 =,1PD16.5,8H K/ 
>11H TW22 =,1P016.5,8H K/ 
> I I H TW23 =,1PD16.5,8H K/ 
>HH TKTR = ,lP016..5t 6H K/ 
>11H TWIN =,lPDL6.5,eH K/ 
>11H TAl =.,lPD16.5t8H K/ 
>11H •TA2 =tlPD16.5,£H K/ 
>11H TA3 =»1P016.5,8H K/ 
>11H TA4 =.,1PD16.5,8H K/ 
>11H TA5 =,1PD16.5,8H K/ 
.>11H TA6 .. =,IPD16.5,8H K/ 
>11H TA7 = »lPDi6..5»eH K/ 
>11H TA8 =,1P016.5,8H K/ 
>//) 
WRITE(6t8003) • 

TA2,TA3,TA4,TA5,TA6,TA7,TA8 

8003 FORMAT( 
>11H TA21 =,1PD16.5,8H . K/ 
>11H TA22 =tlP016.5,8H ' K/ 
>11H TA23 =,1PD16.5,8H K/ 
>1H- LAUG =tlPD16.5*8H M/ 
>11H XAUG = ».1PD16.5,8H M/ 
>11H TGCl =,lP016.5t8H K/ 
>11H TGC2 • =ilPD16.5,8H K/ 
>11H TREE =»1PD16.5,8H K/ 
>11H TLAG =flPDl6.5»8H K/ 
>11H DHW *tlPD16.5,8H W/ 
>11H DHA =,1PD16.5,8H W/ 
>11H OHWTR =,IPD16.5,8H W/ 
>//) 

W/ 
WRITE.{6,80.04 ) 

TGC2,TREE,TLAG,OHW,DHA,DHWTR 

FORMAT( ,DHWA,UA,UB,UC,NUTH,NUVOL,Oi 



/S4 
>11H DHWIN =,IP016.5,8H W/ 
>11H DHGC =,1PD16.5,8H W/ 
>11H DHTO = ,lP016.5,eH W/ 
>11H QLCL =,1PD16.5,8H W/ 
>11H EQl =,lP016.5,eH w/ 
>1.1H PERC =,1PD16.5,8H %/ 
>11H DHWA =,1PD16.5,8H w/ 
>11H UA =,1PD16.5,1QH W/M>̂ *2 
>11H UB =,1PD16.5,lOH W/M**2 
>11H UC =,1P016.5,10H W/.v**2 
>11H NUTH = ,1PD16.5,8H %f >11H NUVOL =,lPDi6.5,8H W/M«*3/ 
>11H DI =,1PD16.5,8H M/ 
>//) 
WRITE(6,8010)NJET 

8010 F0RMAT(19H AMAL JET NUHBER =,I6/) 
DATA XA1,XA2,XA3,XA4,XA5,XA6,XA7,XA8/ 

>0.33,0.477,0.654,1.011,1,366,1.722 ,2.077,2.4/ 
DATA XSl,XS2,XS3,XS4,XS5/0.33,0.84,1.375,1.93,2.4/ 
DATA .XH,XW2,XW3,Xh4,XW5,XW6,XW7,XW8,XW9/ 

>0. 33,0./i5, 0.62 8,0,805,1. 162,1. 518, 1. 874,2.23,2.4/ 
DATA Ml,XA9/8,3.Cf5/ 
WRITE(2,5050)Ml 
WRITE(2,5000)XA1,XA3,XA^,XA5,XA6,XA7,XA8,XA9 
WRITE(2,5000)TAl,TA3,TA4,TA5,TA6,TA7,TA8,TA8 

. WRITE(2,5000)XS1,XS5 i 
WRITE(2,5000)TS1,TS5 • ' 
WRITP(2,50O0)Xm ,XVN9 
WRITc(2,5OG-0)TWl,TW9 : 

15000 FOPMAT(9{.1PC10.3) ) • 
5050 FORMATdl ) ' , | 

WRIT6{ 2,9898 )MP, iMW,MAA,PAMP,F,LAUG,XAUG,DHWA,UA 
9898 F0RHAT(5(lPC16.5)/4(1PD16.5)) 

STOP 
END • 

. FUNCTICN TYPEK(E) 
SUBROUTINE TO PERFORM QUADRATIC INTERPOLATION ON THERMOCOUPLE REFER 

. TABLES . E - E.M.F. IN MILLIVOLTS TO DEGREES CELSIUS . ' 
TYPEK - NICKEL-CHRCMIUM / NICKEL-ALUMINIUM 

REFERENCE : B.S.4937:PART 4:1973 
REAL A 
REAL*8 TEMP(60),EMF(60),E,H01 , H02,H03,D1,D2,D3,D12,D23, D123 
>,TYPEK,TYPES ,TYPET, TREFK,TR£FS ,TREFT 
DATA EMF/ 

> 0.0, 1 .0, 2.0, 3.0, 4.0, 5.0, 
>. 6.0,- 7.0, 8.0, 9.0, 10.0, 11.0, 
> 12.0, 13*0, 14,0, 15.0, 16.0, 17.0, 
> 18.0, 19.0, 20.C , 21.0, 22.0, 23.0, 
> 24.0, 25.0, 26.0, 27.0, 28.0, 29.0, 
> 30.0, 31.0, 32.0, 33.0, 34.0, 35,0, 
> 36.0, 37.0, 38.0, 39.0, 40.0, 41 iO, 
> 42.0, 43.0, 44.0, 45,0, 46.0, 47.0, 
> 48.0, 49.0, 50.0 , 51.0, 52.0, 53.0, 
> 54.0/ 
DATA TEMP/ 

> 0.0, . 25.6, . 49.5, 73.6, 97.7, 122.0, 146.6, 
> 171.5, 196.6, 221.5, 246.3, 270.7, 295.0, 319.1, 
> 343.0, 366.9, 390.6, 414,3, 437.9, 461.5, 485.0, 
> 508.4, 531.9, 555.3, 578.8, 602.3, 625.9,. 649.5, 
> 673.2, 696.9, 7 2 0 i 8 , 744.8, 769.0, 793.3, 817.7, 



2, 967.5, 993.1, 
7, 1150.4, 1177.4, 
3, 1346.3/ 

> 842.3, 867.C, 891.9, 916.9, 942. 
> 1018.8, 1C44.7, 1070.8, 1097.1, 1123. 
> 1204,7, 1232.3, 1260.3, 1288.6, 1317. 
DATA H0l,H02,Ha3/1.0,1.0,0.5/ 
IF{E.LE,0.9)G0 TO 21 
IF{E.LT.53.2)G0 TO 22 
IF(E.GT.54.0)G0 TO 23 
N=53 
GO TO 24 

21 CONTINUE 
IF{E.LT.0.O)G0 TO 23 
N=l 
GO TO 24 

22 CONTINUE 
A=SNGL(E/H01) 
N=IFIX(A) 

24 CONTINUE 
D1=E-EMF(N) 
D2 = E-EN:F (N+1) 
D3=E-EMF{N+2) 
D12=(D1*TEMP(N + 1)-C2*TEMP{N ) )*H{).2 
D23=(D2*TEMP(N+2l-C3*TENP{N+l))*H02 
D123=HD1*023)-(03*012))*HQ3 
TYPEK=D12.3+273.16 
GO TO 25 

23 CONTINUE 
TYPEK=0.0 

25 CONTINUE 
RETURN 
END 
FUNCTION TYPES(S) 

SUBROUTINE TO PERFORM QUADRATIC INTERPOLATION 
TABLES . E - E.M.F. IN MILLIVOLTS TO DEGREES 

TYPES - PLATINUf^-lOtRHODIUM/PLATINUM 
REFERENCE : B.S.4937:PART 1:1973 

REAL A 
REAL«8 TEMP(6D),EMF(60)HO1,H02,HO3,D1,D2,D3,012,023,0123 

>,TYPEK,TYPES,TYPET,TREFK,TREFS,TPEFT 
DATA EMF/ 

ON THERMOCOUPLE REFER 
CELSIUS . 

> 0.0, 0.5, 1.0, 1.5 , 2.0, 2.5, 3.0, 3,5, 
> 4.0, 4,5, 5.0, 5,5 , 6.01 6.5, 7.0, 7.5, 
> 8.0, 8.5, 9,0, 9.5 , .10.0, 10.5, 11.0, 11.5, 
>12.0, 12.5, 13.0, 13.5, 14.0, 14.5 • 15.0, 15.5, 
> 16.C, 16,5, 17,0, 17.5 , 18.0, 18.5/ 
DATA TEMP/ . 

> 0.0, 79.8, 146.4, 207. 1, 264.3, 319.3, 372.7, 
> 425.0, 476.3, 526.8, 576.6, 625.7, 673.9, 721.3, 
> 7 6 8 . l t 814.2, 859.7, 904.6, 948.9, 992.6, 1035.8> 
> 1078,5, 1120.8, 1162.7, 12C4,4, 1245/9, 1287.2, 1328.5, 
> 1369.7, 1410.9, 1452.2, 1493.6, 1535.3, 1577,2, 1619.4, 
> 1661.9, 1705.1, 1749.7/ 
DATA HCl, H02,H03/O.5 ,2.0,1.0/ 
IF{E.LE.0..4)GO TO 21 
IF<E.LT.18.1)GG TO 22 
IF(E.GT.18.5)G0 TO 23 
N=36 
GO TO 24 

21 CONTINUE 
IF(E.LT.0.0 )G0 TO 23 
N=l . 



GO TO 2 4 • t 
2 2 CONTINUE i 

A=SNGL(E/HOl) I 
N = I F I X ( A ) ' 

24.CONTINUE . . ; 
D 1 = E - E M F ( N ) 
D 2 = £ T E M F ( N + 1 ) 
D 3 = E - t M F ( N + 2 ) 1 
0 1 2 = ( D 1 ^ T E M P ( N + 1 ) - D 2 * T E M P ( N ) ) * H 0 2 
D23 = (D2=!<TEMP(N+2)-D3*TEMP(N+l) )*H02 
D 1 2 3 = ( ( 0 1 V 0 2 3 ) - ( 0 3 * 0 1 2 ) )=f<H03 
T Y P £ S = D 1 2 3 + 2 7 3 . 1 6 
GO TO 2 5 

2 3 CONTINUE 
TYPES=0.0 

2 5 CONTINUE 
RETURN 

. END 
FUNCTICN T Y P E T ( E ) 

C SUBROUTINE TO PERFORM QUADRATIC INTERPOLATION ON THERMOCOUPLE REFER 
C TABLES . E - E.M.F. I N M I L L I V O L T S TO DEGREES CELSIUS . 
t TYPET - COPPER-CONSTANTAN . 

REFERENCE : B . S . 1 8 2 8 : 1 9 6 1 
REAL A-
REAL*8 T E M P ( 6 0 ) , E M F ( 6 0 ) , E , H O I , H 0 2 , H 0 3 , 0 1 , 0 2 , D 3 , D 1 2 , 0 2 3 , 0 1 2 3 

>,TYPEK,TYPES,TYPET,TREFK,TREFS,TREFT 
DATA EHF/ 

•> 0 . 0 , 0 , 5 , . 1 . 0 , 1.5, 2 . 0 , 2.5,. 3 . 0 , 3 . 5 , 
> 4 . 0 , 4 . 5 , 5 . 0 , 5 . 5 , 6.0, 6.5, 7 . 0 , 7 , 5 , 

.> 8 .0, 8 . 5 , 9 . 0 , 9 . 5 , 1 0 . 0 , 1 0 . 5 , 1 1 . 0 , 1 1 . 5 , 
> I 2 . 0 , 1 2 . 5 , 1 3 ; 0 , 1 3 . 5 , 1 4 . 0 , 1 4 . 5 , 1 5 . 0 , 1 5 . 5 , 
> 1 6 . 0 , 16.5,. 1 7 . 0 , 1 7 . 5 , 1 8 . 0 , 1 8 . 5 , 1 9 . 0 , 1 9 . 5 , 
> 2 0 . 0 , 2 0 . 5 0 / 
DATA TEMP/ 

> 0 . 0 , 1 2 . 9 , 2 5 . 4 , 3 7 . 6 , 4 9 . 5 , 6 1 . 2 , 7 2 . 6 , 8 3 . 8 , 
> 9 4 , 8 , 1 0 5 . 6 , 1 1 6 . 3 , 1 2 6 . 8 , 1 3 7 . 1 , 1 4 7 . 3 , 1 5 7 . 4 , 1 6 7 . 4 , 
> 1 7 7 . 2 , 1 8 7 . 0 , 1 9 6 . 6 , 2 0 6 . 1 , 2 1 5 . 6 , 2 2 4 . 9 , 2 3 4 . 2 , 2 4 3 . 4 , 
> 2 5 2 . 5 , 2 6 1 . 6 , 2 7 0 . 5 , 2 7 9 . 5 , 2 8 8 . 3 , 2 9 7 . 1 , 3 0 5 . 8 , 3 1 4 . 5 , 
> 3 2 3 . 1 , 3 3 1 . 7 , 3 4 0 . 2 , 3 4 8 . 6 , 3 5 7 . 1 , 3 6 5 . 4 , 3 7 3 . 8 , 3 8 2 . p * 
> 3 9 0 . 3 , 3 9 8 . 5 / 
DATA H O I , H 0 2 , H 0 3 / 0 . 5 , 2 . 1 . 0 / 
I F ( £ . L £ . 0 . 4 9 ) G 0 TO 2 1 
I F { E . L T . 2 0 . D G O TO 2 2 
I F ( E . G T . 2 0 . 5 ) G 0 TO 2 3 
N = 4 0 
GO TO 24 

2 1 CONTINUE 
I F ( £ . L T . O . O ) G O TO 2 3 . 
N = l . . • 
GO TO 2 4 

2 2 CONTINUE 
A = S N G L ( E / H 0 1 ) 
N = I F I X ( A ) 

2 4 CONTINUE . 
D 1 = E - E M F ( N ) 
.D2=E-EMF(N+1) 
D 3 = E - E M F ( N + 2 ) 
D 1 2 = ( 0 1 * T E M P ( N + 1 ) - D 2 * T E M P ( N ) ) * H 0 2 
0 2 3 = ( D 2 * T E M P ( N + 2 ) - D 3 * T E M P ( N + l ) ) * H 0 2 
D 1 2 3 = ( ( D 1 * D 2 3 ) - ( D 3 « D 1 2 ) ) * H 0 3 ' . 



/87 
TYPET=D123 + 273. 16 . " 
GO TO 25 . ' 

23 CONTINUE 
TYPET=0.0 : 

25 CONTINUE 
RETURN . • 
END 1 
FUNCTION TREFK(TAMB) ' 

SUBROUTINE TO PERFORM QUADRATIC INTERPGLATIGN ON THERMOCOUPLE TABLE 
FOR A GIVEN RANGE OF ATMOSPHERIC TEMPERATURE 0 < TAMB < 30.0 

C TYPEK - NICKEL-CHRCMIUM / NICKEL-ALUMINIUM 
t DEGREES CELSIUS TO MILLIVCLTS . 

REFERENCE : B.S.4937:PART 4:1973 
REAL A 
REAL«8 T£MP(60),EMF(60) ,E ,H01 ,HC2,H03,D1,02,03,D12 ,023 ,D123 

>,TYPtK,TYPES,TYPET,TR£FK,TRtFS,TREFT,TAMB 
DATA TEMP/ 0.0, 2f.O, 4.0, 6.0, 8.0, 10.0, 12.0, 14.0,: 

> . 16.0, 18.0, 20.0, 22.0, 24.0, 26.0, 28.0, 30.0/ 
DATA EMF/ 0.000, 0.079, 0.158, 0.238, 0.317, 0.397, 0.477 

> 6.557, 0.637, 0.718, 0.798, 0.879, 0.960, 1.041, 1.122 
> 1.203/ 
DATA HOI,H02,H03/2.0,0.5,0.25/ 
IF(TAMB.LE.1.8)Gb TO 21 
IF(TAMB.LT.28.4)G0 TO 22 
IF(TAMB.GT..30.0)G0 TO 23 
.N = 14 

. •• GO TO 24 . 
21 CONTINUE 

1F(TAMB.LT.0.0)G0 TO 23 
N=l -
GO TO 24 

22 CONTINUE 
A=SNGL(TAMB/HOI) 
N = I F i x ( A ) 

24 CONTINUE " 
D1=TAMB-TEMP(N) 
D2=TAHB-TEMP{N+1) 
D3=TAMB-T£HP(N+2) 
D12=(D1*EMF{N+1)-D2*EMF(N))*H02 
D23=(D2'}'EMF(N+2)-D3*EMF(N+l) )*H02 
D123=((01*O23)-(D3*D12))*H03 -
TREFK=0123 
GO TO 25 

.23 CONTINUE 
TREFK=a.O 

25 CONTINUE 
RETURN 
END , 
FUNCTICN .TREFS(TAMB) • ' 

SUBROUTINE TO PERFORM QUADRATIC INTERPOLATION ON THERMOCOUPLE TABLE, 
FOR A GIVEN RANGE OF ATMCSPHERIC TEMPERATURE 0 < TAMB < 30.0 

TYPES - PLATINUM-iG?RHCDIUM/PLATINUM 
CEGREES CELSIUS TO MILLIVOLTS . 
REFERENCE : B.S.4937 :PART 1:1973 

REAL A 
REAL*8 TEMP(6G),EMF(60),E,HOI,H02,H03,D1,D2, 03,D12, D23,D123 

>,TYPEK,TYPES,TYPET,TREFK,TR£FS,TREFT,TAMB 
DATA TEMP/ 0.0, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14,0, 

> 16.0, 18.0, 20.0, 22.0, 24.0, 26.0, 28.0, 30.0/ 
DATA EMF/ 0.000, 0.011, 0.022, 0.033, 0.044, 0.055, 0.067 



> 0.078, 0.090, 0,101, 0,113, 0.125, 0.137, 0.148, 0.161 
> 0.173/ 
DATA F01,H'}2,H03/2.0,0.5,Q.25/ 
lF(TAMB.Le.l.8)G0 TC 21 
IF(TAMB.LT,28.4)G0 TO 22 
IF(TAM8.GT.30.Q)G0 TO 23 . j 
N=14 
GO TO 24 -

21 CONTINUE 
IF(TAMB.LT.O.O)GO TO 23 
N=l 
GO TO 24 

22 CONTINUE 
A=SNGL(TAMB/HOl) ; 
N=IFIX(A) 

24 CONTINUE < ' 
01=TAM8-TEMP(N) 
D2=TAMB-TEMP(N+1) i 
D3=TAMB-TEMP(N+2) 
D12=(D1*EMFIN+1)-D2*EMF{N))«H02 
D23={02*EMF(N+2)-D3*eMF(N+l))*H02 
D123=( (C1-*D23)-(D3'PD12) )*H03 
TREFS=D123 
GO TO 25 

23 CONTINUE 
TREFS=0.0 

25 CONTINUE 
RETURN . . • . • 
END 
FUNCTION TREFT(TAMB) 

SUBROUTINE TO PERFORM QUADRATIC INTERPOLATION ON THERMOCOUPLE TABLE 
FOR A GIVEN RANGE. OF ATf^CSPHERIC TEMPERATURE 0 < TAM8 < 30,0 

TYPET - COPPER-CONSTANTAN . 
DEGREES CELSIUS TO MILLIVOLTS . 
REFERENCE : 8.5.1828:1961 

REAL A 
REAL*8 TEMP(60 ),EMF(60) ,E,HOI,H02,H03,01,02,03,D12,023,0123 
>,TYPEK,TYPES,TYPeT,TREFK, TREES,TREFT.T4MB 
DATA TEMP/ CO, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14,0, 

> 16.0, 18.0, 20,0, 22.0, 24.0, 26.0, 28*0, 30.0/ 
DATA EMF/ O.OOO, 0.077, 0.154, 0.232, 0.309, 0.388, 0.466 

> 0,545, 0,624, 0.703, 0,783, 0.863, 0.944, 1.025, 1.106 
> 1.188/ 
DATA HOI,H02,H03/2.0,0.5,0.25/ 
IFlTAMB.LE.l.a)G0 TO 21 
IF(TAMB.LT.28.4)GG TO 22 
IF(TAMB.GT.30.0)G0 TO 23 
.N=14 
GO TO 24 

21 CONTINUE 
IF(TAMB,LT.0.0)G0 TG 23 
N=l 
GO TO 24 

22 CONTINUE 
A=SNGL(TAMB/HOU 
N=IFIX(A) 

24 CONTINUE ~ . 
Dl=TAMB-TEMP(N) 
D2=TAM8-TEMP{N+1) 

. D3=TAMB-TEMP(N+2) 



D12=(Dl*EMF(N+l)-D2*tMF{N))*H02 
D23=(02*EMF(N+-2)-D3*EMF(N+l ) )'i'H02 
D123={ (D1*D23)-(D3*D12) )*H03 • 
TREFT=D123 

. GO TO 25 
23 CONTINUE * 

TREFT=0.0 
25 CONTINUE 

RETURN 
END -
FUNCTION ROTAMW(CM) 

REFERENCE ; CALIBRATION OF METRIC 24E ROTAMETER FOR WATER . 21 SEPTl 
RGAL*8 ROTAMW,CM ' 
R0TAMW=105.64+(37,512*CM) . 

UNITS — KG/H 
RETURN 
END 
FUNCTICN ROTAMA(CM) 
REALMS ROTAMA,CM 
R0TAMA=CM'i'0,1168 
RETURN 
END 
FUNCTICN CP/S(TA) 
SUBROUTINE TO PERFORM QUADRATIC INTERPOLATION ON DATA FOR . 

SPECIFIC HEAT AT CONSTANT PRESSURE OF 
. DRY AIR AT ONE ATMOSPHERE 
C REFERENCE : TABLES CF THERMODYNAMIC 6 TRANSPORT PPOPERTIES 0F . 
t AIR,AR,C02,C0,H2,N2,02 fi H20 , 
}: HILSENPATH,J. ET AL . PERGAMON 1960 
i REAL A . • 
i REAL*8 TABOO) ,TT(30),TA,HOI,H02,HQ3,D1,D2,D3,012,023,0123, 
! . + CPA 
i • DATA TT/200.0,300.0,400,0,500.0,600.0,700.0,800.0,900,0,1000,0, 

+1100.0,1200,0, 1300,0,1400,0,1500.0,1600.0,1700.0,1800.0,1900.0, 
+2000.0,2100.0,2200.0,2300.0,2400.0,2500.0,2600.0, 
+2 700.0,2800.0,2900.0,3000.0/ 
DATA TAB/ + 3.5062, 3.5059, 3.5333 , 3,5882, 3.6626, 3.7455 

+ • 3.823, 3.906, 3.979, 4,046, 4.109, 4.171, 
• 4.230, 4.289, 4.352, 4,418, 4.487, 4.566, 
+ 4.662, 4.781, 4.947, 5,179, 5.484, 5.882, 
+ . 6.40, 7,06, 7,87, 8, 86, 9.96 
+ / 
DATA H O I , H J 2 , H 0 3 / 1 C Q . 0 , 0 . 0 1 , 0 . 0 0 5 / 
I F ( T A . L E . 2 9 9 . 0 ) G a TO 2 1 
I F ( T A , L T . 2 9 4 0 , 0 ) G 0 TO 2 2 
I F ( T A , G T , 3 D 0 0 , 0 ) G 0 TO 2 3 
N = 1 6 
GO TO 2 4 

2 1 CONTINUE 
I F ( T A . L T . 2 0 0 . 0 ) G O TO 2 3 
N = l 
GO TO 2 4 

2 2 CONTIN-UE 
A = S N G L ( T A / H 0 1 ) 
N = I F I X ( A ) - 2 

2 4 CONTINUE 
D 1 = T A - T T ( N ) 
D 2 = T A - T T ( N + 1 ) 
D 3 = T A - T T ( N + 2 ) 



I«?0 
012=(Ol*TAB{N+l)-D2*TAB(N))*H'»2 i 
D23=(02*TAB{N+2)-D3*TAB(N+l))*H02. 
D123={(D1*023)-(D3AD12))*H03 
CPA=D123=5'287.041 " . 

UNITS OF CPA : J/KG K . 
GO TO 25 

23 CONTINUE 
WRITE(6,700)TA 

700 FORMATCCPA ARGUMENT CF »,F12.5,» IS OUTSIDE TEMPERATURE RANGE! 
+0F 200.0 ~ 3C00,O DEG. K«) 

25 RETURN , 
END 
FUNCTION CPW(TW) 
SUBROUTINE- TO PERFORM QUADRATIC INTERPOLATION ON DATAFOR s 
SPECIFIC HEAT AT CONSTANT PRESSURE FOR WATER 
FROM TABLE 5 ,PAGE 119 ,UK STEAM TABLES IN SI UNITS 1970 , 
REAL A i 
REAL*8 TAB(11),TT(11),TW,H01,H02,H03,01,02,D3,012,023 , 0123 , 

+ CPW 
DATA TT/IG.0,20.0,30.0,40,0,50.0,60.0,70.0,80.0,90.0,100.0, 

+110.0/ 
DATA TAB/4.194,4.182,4.179,4.179,4.181,4.185,4.191,4.198, 

+4,207,4,218,4.230/ 
DATA HOI,HO2,H03/10.0,0,1,0,05/ ' I 
IFiTW.LE.19,0)00 TC 21 ' 
IF(TW.LT.104.0)G0 TO 22 -
IF(TW,GT.110.0)G0 TO 23 
N̂ .9.- . 
GO TO 24 

21 CONTINUE 
IF(TW.LT.10.0)00 TC 23 
N=l 
GO TO -24 

22 CONTINUE 
A=SNGL{TW/H01) 
N=IFIX(A)-1 

24 CONTINUE 
01=TW-TT<N) 
D2=TW-TT(N+1) 
D3=TW-TT(N+2) 
D12={D1*TAB(N+1)-D2«TAE{N))*H02 
D23=(D2*TAB{N+2)-03*TAB(N+l))*H02 . 
D123=( (01->=D23)-(D3«012) )*H03 
CPW=D123*1000.0 
GO TO.25 

23 CONTINUE 
WRITE(6,700)TW 

700 FORMAT(' CPW ARGUMENT OF ',F12.5,» IS CUTSIDE TEMP RANGE OF 
+ 10.0 110.0 DEG, CM 

25 RETURN 
END 



jC PCFPPOl 
C PULSATING CCMBUSTOR FREQUENCY PREDICTION PRCGRAV — CNE 
;C THE PURPOSE OF THIS PROGRAM. IS TO SOLVE THE BESSEL BOUNDARY' 
t CONOITICNS FOR AN EXPONENTIAL GAS TEMPERATURE GRADIENT IN THE 
C HEAT EXCHANGER SECTIONS OF THE MARK 5 CCMBUSTOR . 
C 6 JUNE 1972 
C NUN'BER CODE : M = 1 OPEN-OPEN .̂ CCEL 
C M = 2 OPEN-CLOSED MODEL 

IMPLICIT REAL*8(A-H,Ci-Z ) 
DIMENSION B J { 6 ) , B Y ( 6 ) , i e P ( 1 2 ) 
REAL*B LANDA 

; 18 CONTINUE 
READ(5,7799)Tl,12 

!7799 FORMAT(2(FIO.3)) 
• IF(T1)53,53,12 

12 CONTINUE 
DATA Xl,X2/0.33,2.4/ 
ALPHA=(-DL0G(T1/T2))/(2*(Xl-X2)) 
T0=Tl/(DEXP(-2*ALPHA*X1 )) 
CO=DSGRT(401.94*T0) 
EL=3.3 
M=2 

WRITF.(6,2C00)M,ALPHA,C0,EL 
2000 F0RMAT(3X,'M =«,13,4X,'OPEN-CLOSED MODEL•//8X,'ALPHA = •,1PE12.6 

I//11X,'CO 
23X, 'METRE'/) 

C234567 ~ 
CALCULATE A & 8 

A=(OEXP( ALPHA,*EL ))/ALPHA 
B=1.0/ALPHA 

, 1PE12. 6,3X,'METRE/SECOND'//I IX,'EL ',1PE12.6, 

WRITE(6,9111)T1,T2 
9111 FORMATdlX.'Tl = ' , 1PD12.6 , 7X ,« K'/ I I X , ' T2 

D=0.001 
READ STARTING VALUE CF LANCA 
. 11 READ(5,1001)LAN0A 
1001 FORMAT (F 1.0. 5) 

•,1PD12.6,7X,»K'/) 

C 
C 

C 
C 
c 

IF{LANDA)18,18,10 
10 CONTINUE 

SET N EQUAL TO ZERO 
N=0 

4 CONTINUE 
ALANDA=A*LANDA 
BLANDA=B*LANDA 

CALCULATE BESSEL ARRAYS FOR GIVEN ORDER AND ARGLEMENT 
CALL DB£SJ(ALANCA,0,BJ(1),D,IEP(1)) 
CALL CB£SJ(BLANDA,0,BJ(2),0,IER(2)) 
CALL CBESJ( ALANCA,1,BJ(3),D, lERO) ) 
CALL DRESJ(BLAN0A,1 ,8J(4) ,D,IE'P(4) ) 
CALL DBcSJ(ALANOA,2,BJ(5),D,IER{5)) 
CALL DBESJ(ELANCA,2,BJ(6),0,IER(6)) 



C 2 3 4 5 6 7 
CALL DeeSY(/iLANCA,0,BYn),IER(7)) • 
CALL D8ESY<BLANDA,0,3Yr2) ,I£R(B)) 
CALL DnESY(ALANDA,1,BY(3),IER(9)) 
CALL DBESY(ELANCA,l,fiY(4), l E R ( l O ) ) *' 
CALL OBcSY ( A L A N r:A,2,BY{5),IER{ll)) 
CALL OeESY(ELANCA,2,BY{6),IEP(12)) 
FLANDA=BJ(2)*BY(3)-BJ(3)*BY{2) 
GLANDA = B*BJ(3)'^8Y(4)-B*RY(3)*BJ(4)+0.5*A*BJ.(2)« (BY(1 )-RY(5 ) ) 

> - 0 , 5 * A * B Y ( 2 ) * ( B J ( l ) - B J ( 5 ) ) 
. IF(DABS(GLANDA) .LT, 1,00-06)00 TC 90 
Y=LANDA-(FLANDA/GLANDA) 
IFCDABSaANDAr-Y) .LT. 1.00-06 .OR. N .GT. 50)G0 TO 9 
N=N+1 
LANDA=Y 

C 
C 

9 
2 0 0 4 

2 0 0 5 

9 0 
2 1 5 0 

5 3 

C 
c 

GO TO 4 
W R I T E ( 6 , 2 0 0 4 ) Y , N 
F 0 R M A T ( 4 X , ' F I N A L VALUE CF LANDA = •,2X,1PE12.6,4X,• AT N =•, 1 3 / / ) 
FREQ=CG«Y/6.2831853072 • 
WRITE(6,20a5)FReQ 
FORMAT {lOX,'CQMPUTED FREQUENCY = •, 2X, IPG 1 2 . 6 ,6X , • HERTZ'/). 
GO TO 11 
WRITE(6,2150) 
FORMAT{3X,' GLANCA DEFAULT • / / ) 
GO TO 1 1 . 
STOP • 
END 
PCFPPOl 

PULSATING COMBUSTQR FREQUENCY PREDICTION' PRCGRAN — CNE 
THE PURPOSE OF THI -S PROGRAM I S TO SOLVE THE BESSEL BOUNDARY 
CONDITIONS FOR AN EXPONENTIAL GAS TEMPERATURE GRACIENT I N THE 
HEAT EXCHANGER SECTIONS OF THE MARK 5 COMBUSTOB . . 

6 JUNE 1 9 7 2 . 
NUMBER CODE : M = 1 OPEN-OPEN MODEL 

M = 2 OPEN-CLOSED MODEL 
I M P L I C I T R E A L * 8 ( A - H , 0 - Z ) 
DIMENSION B J ( 6 ) , B Y ( 6 ) , I E R ( 1 2 ) 
R E A L*8 LANOA 

1 8 CONTINUE 
R E A D ( 5 , 7 7 9 9 ) T 1 , T 2 

7 7 9 9 F 0 R M A T ( 2 ( F 1 G . 3 ) ) ' 
i r t T l ) 5 3 , 5 3 , 1 2 
CONTINUE 
DATA XI,X2/0.33,2.4/ 
A L P H A = ( - D L 0 G ( T 1 / T 2 ) ) / { 2 * ( X 1 - X 2 ) ) 
T 0 = T 1 / ( C E X P ( - 2 * A L P H A * X 1 ) ) 
C O = D S 0 R T ( 4 O 1 . 9 4 « T O ) 
EL=3.3 
M=l . . . 
WRITE(6,200C)M,ALPHA,CO,EL 
F0RMAT(3X,'M = •,12,4X,'CPEN-OPEN MODEL•//8X,'ALPHA = •,1PE12.6 

1//11X,'C0 = •,1PE12.6,3X,«METRE/SECCND«//11X,'EL = •,1PE12.6, 
; 23X,'METRE'/) 
C 2 3 4 5 6 7 

12 

2 0 0 0 

CALCULATE A S 8 . 
A= { C EX F ( AL P H A* EL ) ) / AL P H A 
B=1.G/ALPHA 

- W R I T E ( 6 , 9 1 1 1 ) T 1 , T 2 



lis 
»,1P012.6,7X,'K'/llX,'T2 = 

•,IPG 12.6/) 

! 9111 FCRMAT(11X,«T1 = 
WRITE(6,2001)A,B 

;' 2001 F0PMAT(7X,'A = ' , l P e i 2 . 6/7X ,'B 
i D=C.G01 
t READ STARTING VALUE OF LANDA 
t 11 REAC(5,100-1 )LANCA 
1001 FORMAT(Fl0.5) 

WR1TE{6,2002)LANOA 
2002 F0RMAT(3X,'LANDA STARTING VALUE = •,1PE12.6/) 

, 1PD12.6,7X,'K'/) 

10 
SET 

6CC0 

IF(LANOA)18,18,10 
CONTINUE 
N EQUAL TG ZERO 
N=0 
WRITE(6,60Q0) 
FORMAT(3X,'N',6X,'ALANDA' ,6X, 

46X,'LANDA'//) 
4 CONTINUE 

ALANDA=A*LANDA 
BLANCA=3*LANDA 

CALCULATE EESSEL ARRAYS FOR GIVEN ORDER 
CALL DBESJ(ALANDA,G,BJ(1),D,IPR(1) ) 

DB£SJ(DLANCA,C,BJ(2),D,lERl 2) ) 
DEESJ{ ALANCA,! ,BJ{3) ,D,IER{3n 
DBESJ(BLANDA,1,8J(4),D,I£R(4) ) 
DBESJ(ALANCA,2,8J(5),D,IER(5) ) 
DBESJ(BLANDA,2,BJ(6),0,IER(6)) 

•BLANCA' ,6X,' FLANCA',6X,'6LANGA' 

jSNC APGUEMENT 

CALL 
CALL 
CALL 
CALL 

'• CALL 
C234567 . 

CALL 
CALL 
CALL 
CALL 
CALL 
CALL 

DBESYf^LANCA,0,BY(1),IER(7)) 
DBESY(BLAN0A,0,BY(2),IER(8)) 
DBESY(ALANCA, 1,BY(3),IER(9)) 
DflESY(eLANCA,l,BY(4),IER(10)) 
DBESY(ALANDA,2,By(5) ,IER(11)) 
DBESY( BLA'NDA,2,BY(6) ,IER( 12)) 

FLANDA=BJ(4)*8Y(3)-BJ(3)*BY (4 ) 
. GLANDA = 0.5*B*BY(3)*(BJ(2)-BJ(6) )+0.5*A*BJ(4)*(BY(l)-RY(5)) 
>-0.5*A*BY(4)*(8J(1 ) - e j (54)-0.5*B*BJ{3)*(BY{2)-BY(6) ) 
IF(OABS(GLANCA) .LT. 1.00-06)GO TO 90 
Y=LAN0A-(FLANOA/GLANDA) 
IF(DABS(LANDA-Y) .LT. l.OD-06 .OR. N .GT. 50)GO TO 9 
N=N+1 
LANCA=Y 
WRITF(6,7000)N,ALANCA,BLANDA,FLANDA,GLANDA,LANOA 

7000 F0RMAT(2X,I2,4X,5J1PE12.5)) 
GO TO 4 

9 WRiTE(6,20'>4)Y,N 
2004 F0RMAT(.4X,'FINAL VALUE OF LANDA =• ,2X , 1 PE12 .6,4X , • AT N = ' , I 3 / / ) 

FREG=C04Y/6.2831853072. 
WRITE(6,20G5)FREG 

2005 FORMAT(lOX,'COMPUTED FREQUENCY =',2X,1PE12.6,6X,• 
GO TO 11 

90 WRITE(6,215C) 
2160 F0RMAT(3X,' GLANDA DEFAULT • / / ) . 

GO TO 11 
53 STOP 

END 
; TEST PROGRAM 10 SEPT 1972' 
; EVALUATION OF P(X,T) FOR C(X) = GO*EXF(ALPHA*X) 

. IMPLICIT REAL*8(A-H,0-Z) 
REAL*£ LANDA . 
DIMENSION BJ(9),BY(9),IER(9) 

HERTZ'/) 



' DATA BA,EL ,0/135000.0,3.3,0.00001/ 
4 PEAC{5, 1050 )ALPHA,CG,PMAX 

lFtALFHA')24,24,73 
73 C0NTINL6 

1050 F0RMAT(5(F10.7 ) ) 
WRITE(6,50nO)CO,ALPHA,eL,PMAX,BA 

5000 F0RMAT(2X,' CO = ',IPD12.5,' f^ETRES/SEC«/2X,'ALPHA = ' 
' 1,1PD12.5/2X, • EL = •,1PD12.5,' METRES'/2X,' PMAX = • 
2,1PD12.5,' N/M-{«*2'/2X, ' BA = • ,IPDl2, 5 ,» >/M**2'//) 
READ(5,1000)LANDA 

1000 FORMAT(Fl5.6) 
WRITE(6,40G0 )LAN0A 

4000 FORMAT(2X,•LANDA = •,1PD12.5/) 
IF(LANDA)24,24,25 

25 CONTINUE 
ZL=(DEXPtALPHA*EL))*LANCA/ALPHA 
ZO=LANDA/ALPHA 
CALL D e E S J ( Z O , 0 , B J { l ) , D , i e R ( l ) ) 

..CALL DB£SY{Z0,0,BYa),IERJ2)) 
RMN=-8Y(1)/BJ(1 ) 
CALL OEESJ(ZO,1,BJ(2),D,IER(3)) 
CALL DB5SY(Z0,1,BY(2),IER«4)) 
C0N$T=(PMN*eJ<2))+BY(2) 
WRITE(6,2001) 

2001 F0RMAT(4X,'J',9X,'X',15X,'P',13X,'V'//) 
x=o.o • 
DO 90 J=l,12 
Z=(DEXP(ALPHA*X))*LANOA/ALPHA 

• CALL 0BESJ(Z,1,EJ{3),D, IEP15)) 
CALL D B t S Y ( Z , l , 8 Y { 3 ) , I E F ( 6 ) ) 
P=PMAX*0EXP(ALPHA*X)*MRMN*BJ{3) )+SY{ 3) )/CONST 
CALL DBESJ(Z,0,EJ{4),0,IEP(7)) 
CALL DBESY(Z,0,BY(4),ieR{8)) 
V=PMAX*CO*((RMN*ej(4))+BY(4))/(BA*CONST) 

I : WRITF(6,20G0)J,X,P,V 
l2O0O FORMAT t 15, 3{5X, 1PD10.3) ) 
i X=X+0.3 

90 CONTINUE 
WRITE(6,2002) 

200 2 F0RMAT(//4X,'-» j7X,'METRES' ,10X ,' N/f^*'[ 2 ', 9X, 'M/SEC'// ) 
GO TO 4 

24 STCP 
END 



C PROGRAMME TO CALCULATE" AIR f^A^S^LOW THROUGH AEROOYNAMll: ' 
b CALCULATION BASED ON QUASI-STEAOY-STATE THEORY . .THUS MASS FLOW 
C IS INDEPENDENT OF FREQUENCY . .5 MARCH 1973 

REAL*8 MAIN(200) ,M/5£X(200) ,RH01 ,RH02,PI,P2,GAM1,GAM2,GAMMA,TA, ; 
+M1,M2,A,AE,CD,C1,C2,PX0,PAT,D,KG,KP,T,DT,RR,U1(200),U2(200) 

C READ D INTERNAL DIAN.ETER OF VALVE 
C PXO . PRESSURE AMPLITUDE IN COMBUSTION CHAMBER 
C TA MEAN TEMPERATURE IN C0M8USTICK CHAMBER ! 

98 CONTINUE i 
' REAC(5,1000 )D,Pxa,TA : 

IF(D)94,g4,q5 i 
95 CONTINUE 

• 1000 F0RMAT{3(F1C.0)) 
C" SET CONSTANTS FOR INDUCTION PART OF CYCLE ; 2PI > T > PI 

PAT=1C1350.0 
RH01=i.l77 i 
N0RC=20 1 
7=3.14159265358 j 
DT=3.14159265353/NGRD ! 
P1=PAT i 
N0RD=NCRD+1 I 
GAH1=1.^ 1 
KG=(6AM1-1.0)/GAM1 ! 
RR=287.l 
C1=DSQRT(GAM1*RR*3C0.0) 
WRITE(6,3003) 

, 3003 FORMAT(10X,'T',13X,«U1(I)'//) 
DO 10 I=1,N0R0 
P2=PAT4PX0'i'DSIN(T) 
KP=P2/P1 
RHC2=RFG1*(KP**(1.0/GAM1)) 

C CALCULATE INSTANTANEOUS VELOCITY £ NACH NG, i 
Ul ( I ) = CABS( ( 2.0*P1/(KG«RH01) )*M.O-KP**KG) ) 
U1(I)=DS0RT(U1(I)) 
M1=U1(I)/CI V 

C CALCULATE COEFFICIENT OF DISCHARGE £ EFFECTIVE AREA 
CD=0.5 + (M1**2)*Q.125 + (M1**4 )«0.04166666667 
AE=3.14159265358*(D**2)*CD*0.25 

C CALCULATE INSTANTANEOUS AIR MASS FLOWRATE 
MAIN( I )=RH02*AE*U1(I ) 

C WRITE ANGLE £ VELOCITY 
WRITE(6,3CQ0)T,L1(I) 

3000 FCPMAT(2(4X,1PD13.5)) i 
. T=T+DT : 

10 CONTINUE 
C INTEGRATE BY SIMPSONS RULE 

CALL DCSF(DT,MAIN,^'AINr^CRD) 
• WRITE(6,30in)MAIN(N0RD) i 

3010 FCRNAT(4X,'INDUCTION AIR MASS ='»IPD13.5//) 
C RESET CONSTANTS FOR EXHAUST PART OF CYCLE ; 0 < T < PI 

N0PC=20 
• T = 0.-0 . • • • • ! . • . 
DT=3 .1A1592e535e/NCR0 
GAM2=1.3 
KG=(GAf'2-1.0)/GAM2 
C2=CSQRT(GAM2*P.R*TA) 
N0RD=NCRD+1 ' . • 
RH02=P1/{RR*TA) i 



1 % 

WRITE(6,3004) 
3004.FORMAT{10X,'T',13X,'U2(J)'//) . ̂  

00 11 J=1,N0RD 
P2=PAT+PX0*CSIN{T) . 
KP=P1/P2 
RH01'=RHQ2'!'(KP**( 1.0/GAM2) ) 

: CALCULATE INSTANTANEOUS VELOCITY £ MACh NO. 
. U2( j ) = c g 

U2(J) = OSQRT((2 .0*P2/(KG*RHO2))*{ l.O-KP**KG)) 
M2=U2(J)/C2 

; CALCULATE COEFFICIENT OF DISCHARGE £ EFFECTIVE AREA 
CD=C.5 + i M2 « *2)*0.125+(M2?«'-*4) •^0.04166 666667 
AE = 3. 141592653 5e»( 0**2)'!=CD*0. 25 

: CALCULATE INSTANTANEOUS AIR MASS FLOWRATE 
MAEX(J)=RH01*AE*U2(J) 

: WRITE ANGLE £ VELOCITY 
• WRITE( 6,30C6)T,.y2( J) 

3006 FCRMAT(2(4X,1PD13.5)) 
T=T+OT 

11 CONTINUE 
; INTEGRATE BY SIMPSONS RULE 
• '• CALL DCSF(OT,MAEX,MAEX,NOPD) 

• WRITE(6,3007)MAEX(N0RD) 
3007 F0RMAT(4X,'EXHAUST AIR NASS =',1FD13.5//) 

MAIN1N0RD)=MAIN(N0R0)^MAFX(N0RD) ' 
WRITfc(2,1235)MAIN(N0RD) 

1235 F0RMAT{4X,' MAA = •,1PD13.5) 
WRITE-( 2,2222 )D,PXO,TA 

2222 F0RMAT<4X,'D =•,Fl0.5/4X,'PXO =» , F10.2/4X,'TA =',F10,2//) 
GO TO 9 3 

94 CONTINUE 
STOP 

. E N D . 


