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A b s t r a c t 

The e f f e c t on c o n v e c t i v e heat t r a n s f e r of resonant, l o n g i t u d i n a l 
o s c i l l a t i o n s superimposed on a t u r b u l e n t mean flow i n a pipe has been 
i n v e s t i g a t e d r e l a t i v e to the e q u i v a l e n t steady flow. 

T h e o r e t i c a l l y i t i s shown th a t the e f f e c t of a c o u s t i c streaming 
v e l o c i t i e s i s n e g l i g i b l e f o r the range of p u l s a t i o n parameters, but t h a t 
the o s c i l l a t i n g v e l o c i t y can generate changes i n the time-mean flow 
d i f f u s i v i t y - the change i n mean d i f f u s i v i t y can only be p r e d i c t e d i f 
q u a s i - s t e a d y p u l s a t i o n s a r e assumed. Heat t r a n s f e r c o e f f i c i e n t s f o r the 
mean flow are evaluated from the Energy equation, f o r f u l l y e s t a b l i s h e d 
c o n d i t i o n s , assuming q u a s i - s t e a d y o s c i l l a t i o n s . I t i s proposed t h a t a f r e 
quency f a c t o r can be d e r i v e d to r e l a t e experimental heat t r a n s f e r to the 
q u a s i - s t e a d y p r e d i c t i o n s , and t h a t the f a c t o r would be a f u n c t i o n of 
S t r o u h a l number only. 

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 were measured f o r a constant 
heat f l u x supply to an o s c i l l a t i n g a i r flow i n a pipe. The p u l s a t i o n s 
were generated by a s i r e n . I t was shown t h a t the c e n t r e - l i n e v e l o c i t y 
amplitudes could be p r e d i c t e d from i n v i s c i d flow theory u s i n g a mean 
v e l o c i t y of sound. The range of the major parameters was: 

Dimensionless p u l s a t i o n v e l o c i t y 0 .3 < B < 5 

S t r o u h a l number 0.5 < S < 10 

Reynolds number H . 3 0 0 < Re^ < 31,250 

For f u l l y developed flow, the experimental r e s u l t s were r e l a t e d 
to the corresponding q u a s i - s t e a d y p r e d i c t i o n s by a f u n c t i o n of S t r o u h a l 
number. I t was shown t h a t the changes i n heat t r a n s f e r were due to changes 
i n the mean d i f f u s i v i t y generated by the a c o u s t i c v e l o c i t y . 

For a defined range of p u l s a t i o n parameters, i t i s p o s s i b l e to 
p r e d i c t 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 under f u l l y e s t a b l i s h e d c o n d i t i o n s 
f o r a p u l s a t i n g flow from the e m p i r i c a l frequency c o r r e c t i o n f a c t o r a p p l i e d 
to the t h e o r e t i c a l q u a s i - s t e a d y p r e d i c t i o n s . 



Acknowledgements 

I would l i k e to acknowledge the encouragement given by my 
s u p e r v i s o r , Dr. P.H. C l a r k e , throughout t h i s p r o j e c t . 

Thanks are due a l s o to Mr. 'Sam' Beale f o r many long d i s c u s s i o n s . 

I wish to thank the t e c h n i c a l s t a f f of the Department of 
E n g i n e e r i n g Science, e s p e c i a l l y Mr. L. F l e e t , Mr. A. Harker and 
Mr. W. Johnson, f o r t h e i r a s s i s t a n c e w i t h the experimental work. 

I would l i k e to thank Mrs. E.A. Wood f o r t y p i n g the t h e s i s . 

I am indebted to S h e l l I n t e r n a t i o n a l Petroleum Co. L t d . f o r 
p r o v i d i n g the f i n a n c i a l support f o r the r e s e a r c h . 



Table of Contents 

T i t l e Page 

A b s t r a c t 

Acknowledgement s 

Table of Contents 

L i s t of F i g u r e s 

Nomenclature 

Chapter Page 
Number Number 

1 I n t r o d u c t i o n 1 

2 L i t e r a t u r e Survey 4 

- the e f f e c t of o s c i l l a t i o n s on co n v e c t i v e 
heat t r a n s f e r 

2.1 Free convection 4 

2.2 Forced convection 5 

2.3 Summary 11 

3 P r e d i c t i o n of V e l o c i t y Amplitude 13 

3.1 A d i a b a t i c 13 

3.2 Energy t r a n s f e r 20 

3.3 Summary 25 



Chapter 
Number 

Page 
Number 

4 Theory 27 

4.1 Turbulent flow between p a r a l l e l i n f i n i t e p l a t e s 27 
w i t h a resonant a c o u s t i c f i e l d 

4 .1 .1 B a s i c system 27 
4 . 1 . 2 B a s i c equations 29 
4 . 1 . 3 A c o u s t i c t i m e - v a r y i n g v e l o c i t y 30 
4 . 1 . 4 Time-mean d i f f e r e n t i a l equations 36 
4 . 1 . 5 Time-mean d i f f u s i v i t y 40 
4 . 1 . 6 Time-mean v e l o c i t y 44 
4 . 1 . 7 Summary 50 

4.2 Convective heat t r a n s f e r to a p u l s a t i n g t u r b u l e n t 51 
flow i n a pipe 

4 .2 .1 Steady flow 51 
4 . 2 . 2 Quasi-steady flow 54 
4 . 2 . 3 Frequency f a c t o r 57 
4 .2 .4 Summary 60 

5 P u l s a t i o n Generator 61 

5.1 Design 61 

5.1.1 A i r supply 61 
5.1 .2 S i r e n 63 
5 .1 .3 Amplitude c o n t r o l 63 
5 .1 .4 T e s t s e c t i o n 66 
5 .1 .5 S i l e n c i n g chamber 66 

5.2 C h a r a c t e r i s t i c s 66 

5.3 Summary 73 

6 Experimental Heat T r a n s f e r 74 

6.1 Design 74 

6.1.1 Heat exchanger 74 
6 .1 .2 Wall temperature measurement 75 
6 .1 .3 A i r temperature measurement 77 
6 .1 .4 Measurement of p u l s a t i o n v a r i a b l e s 77 

6.2 Experimental programme 78 

6.3 T e s t procedure 78 

6.4 Data r e d u c t i o n 01 

6.5 E r r o r a n a l y s i s 84 

6.6 R e s u l t s 88 



Chapter 
Number 

Page 
Number 

7 Frequency F a c t o r E v a l u a t i o n 96 

0 D i s c u s s i o n 103 

9 Summary 111 

References 112 

Appendices 121 

I B a s i c Quasi-steady theory 121 

I I Wave propagation i n a s t r a t i f i e d medium 124 

I I I Experimental heat t r a n s f e r 127 

- Flow-independant N u s s e l t number a g a i n s t 
p o s i t i o n i n the heat exchanger 

IV C o r r e l a t i o n of Improvement r a t i o f o r f u l l y 143 
developed flow a g a i n s t the corresponding l o c a l 
Dimensionless p u l s a t i o n v e l o c i t y 

B i b l i o g r a p h y 153 

Reference Books 160 



L i s t of F i g u r e s 

F i g u r e Page 
Number Number 

1 Experimental data - Jackson 7 
( N u s s e l t number a g a i n s t p o s i t i o n i n heat exchanger) 

2 Standing v o r t e x formation - Stream f u n c t i o n 8 

3 E f f e c t of v o r t e x flow on heat t r a n s f e r 8 

4 Experimental data - Bogdanoff 10 
( N u s s e l t number a g a i n s t p o s i t i o n i n heat exchanger) 

5 Modulus p r e s s u r e / v e l o c i t y amplitude a g a i n s t 18 
p o s i t i o n i n pipe 

6 Modulus p r e s s u r e / v e l o c i t y amplitude a g a i n s t 26 
p o s i t i o n i n pipe f o r 1000°C temperature r i s e 

7 Improvement r a t i o a g a i n s t p u l s a t i o n v e l o c i t y f o r 58 
q u a s i - s t e a d y flow 

8 B a s i c experimental system 62 

9 S i r e n r o t o r 64 

10 Diagrammatic r e p r e s e n t a t i o n of s i r e n 65 

11 P u l s a t i o n generator system 67 

12 Comparison between experiment and theory f o r 69 
pr e s s u r e amplitude modulus 

13 V e l o c i t y amplitude a g a i n s t supply a i r f l o w r a t e 71 
f o r d i f f e r e n t j e t s i z e s 

14 P u l s a t i o n v e l o c i t y B^ a g a i n s t pipe a i r f l o w r a t e 71 
w i t h b l e e d system 

15 P r e s s u r e amplitude a t t e n u a t i o n r e l a t i v e to s i d e 72 
branch l e n g t h 

16 Thermocouple system 76 

17 Heat t r a n s f e r r i g 79 

18 a / j Experimental heat t r a n s f e r - l o c a l flow-independent 90 to 95 
Nu s s e l t number a g a i n s t p o s i t i o n i n heat exchanger 



F i g u r e Page 
Number Number 

19 a/e L o c a l improvement r a t i o f o r f u l l y developed flow 97 to 99 
a g a i n s t the corresponding l o c a l Dimensionless 
p u l s a t i o n v e l o c i t y f o r a giv e n frequency 

20 D e r i v a t i o n of Frequency c o r r e c t i o n f a c t o r 101 

21 Comparison between experiment and Frequency f a c t o r 105 
p r e d i c t i o n a t low Reynolds number 

22 Comparison between Frequency f a c t o r p r e d i c t i o n and 107 
experimental work of Jackson and Bogdanoff 

1A B a s i c Quasi-steady theory 123 

2A Experimental heat t r a n s f e r - flow independent 127 to 142 
N u s s e l t number a g a i n s t p o s i t i o n i n heat exchanger 

3A C o r r e l a t i o n of Improvement r a t i o f o r f u l l y 143 to 152 
developed flow a g a i n s t the corresponding l o c a l 
Dimensionless p u l s a t i o n v e l o c i t y 
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1. Introduction 

Combustion-driven acoustic o s c i l l a t i o n s occur i n many different 
systems and under many types of conditions. They are only part of general 
combustion i n s t a b i l i t y . Resonant acoustic o s c i l l a t i o n s of the chamber 
volume are generated - the frequencies are cl o s e l y related to the 
combustion chamber dimensions and the v e l o c i t y of sound i n the combustion 
gases. For a c y l i n d r i c a l volume, three basic types are possible 

A. Longitudinal 

The gases move back and forth along the a x i s of the 
chamber (often referred to as 'organ-pipe' o s c i l l a t i o n ) . 

E. Radial 

The gases o s c i l l a t e between the axis of the chamber 
and the w a l l . 

C. Tangential 

The gases o s c i l l a t e around the perimeter. 

- i n addition combined modes are possible. 

Great i n t e r e s t has been and s t i l l i s being shown i n acoustic 
i n s t a b i l i t y . The reason i s twofold - one, that the o s c i l l a t i o n s can be 
harmful by increasing the rate of erosion, or by generating large 
amplitude mechanical vibrations. Secondly, i t has been found that the 
i n s t a b i l i t i e s can increase both the combustion i n t e n s i t y and the o v e r a l l 
energy transfer c o e f f i c i e n t between the combustion gases and the wall of 
the exhaust pipe. 

The f i r s t reference to t h i s type of i n s t a b i l i t y was made by 
Byron Higgins, i n 1777I who reported the production of a musical tone 
when a hydrogen flame was placed i n an open-ended pipe. No major work 
in the f i e l d , though, was c a r r i e d out u n t i l the beginning of the 20th 
century and t h i s early work i s recorded i n a number of German, Swiss 
and French patents dating from 1900 to 1910. Only from 1930 were there 
any thoughts towards p r a c t i c a l applications of the phenomenon and i n 
t h i s sense the term "pulsating combustion" came into use. These resulted 
from independant work by Schmidt i n Germany, and Reynst i n Germany and 
France. From these basic ideas, designs have been produced for the use 
of pulsating combustion i n aeronautical engines (Schmidt pulse j e t engine 
i n V.1 rocket), car and space heaters, b o i l e r s , i n s e c t i c i d e spraying, 
domestic heating and grain drying. In most cases, the i n s t a b i l i t y was of 
the longitudinal mode - the majority of the work has been experimental 
with few theoretical analyses of the phenomenon. The f i e l d has been 
reviewed recently by Putnam (1) and Beale ( 2 ) . The most unusual applica
tion i s that a musical instrument, the pyrophone, has been made based upon 
combustion-driven acoustic o s c i l l a t i o n s . I t consists of small gas j e t s 
i n tubes of varying length and when a key i s pressed the j e t i s ignited 
producing a c l e a r note. The instrument i s on display at the Science 
Museum, London. Further information on combustion-driven acoustic 
o s c i l l a t i o n s can be found i n references 3» 4 and 5. 

( 2 8 NOV 1974 J 
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Great claims have been made f o r increases i n time-mean convective 
heat t r a n s f e r c o e f f i c i e n t i n the exhaust pipe of pulse combustors, due to 
the unsteady motion. Reynst ( 3 ) , f o r example, t a l k s of "vast increases i n 
heat t r a n s f e r due t o a t h i n n i n g of the thermal re s i s t a n c e l a y e r due t o the 
p u l s a t i n g f l o w " - many s i m i l a r statements can be found i n the l i t e r a t u r e , 
but there i s a la c k of extensive q u a n t i t a t i v e work. Zartman and C h u r c h i l l ( 6 ) , 
i n 1961, experimentally i n v e s t i g a t e d heat t r a n s f e r i n a c y l i n d r i c a l burner 
w i t h resonant l o n g i t u d i n a l (350 Hz) and t a n g e n t i a l (4OOO Hz) o s c i l l a t i o n s 
( t h i s was a c o n t i n u a t i o n of the work of Sundstrom and C h u r c h i l l ( 7 ) ) - using 
a ram j e t type burner, a maximum increase of 100% i n 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 was measured, and was independant of mode of o s c i l l a t i o n . The 
mean f l o w was t u r b u l e n t w i t h Reynolds numbers of the range 35,000 - 48,000. 
The r e s u l t s were c o r r e l a t e d by a l i n e a r f u n c t i o n of sound pressure l e v e l , 
but no c a l c u l a t i o n s of v e l o c i t y amplitude i n the chamber were po s s i b l e . I n 
1963, Francis (8) made a general i n v e s t i g a t i o n i n t o the p r a c t i c a b i l i t y of 
g a s - f i r e d p u l s a t i n g combustors. Using both a Schmidt and Helmholtz com-
bustor, resonating i n the l o n g i t u d i n a l mode, l o c a l and o v e r a l l heat t r a n s f e r 
were measured using a water c a l o r i m e t e r . C o r r e l a t i o n w i t h l o c a l f l u c t u a t i n g 
v e l o c i t i e s was not possible but r e s u l t s i n d i c a t e d maximum heat t r a n s f e r a t 
v e l o c i t y antinodes and minimum a t v e l o c i t y nodes - increases of the order 
of 100$ were found. The major work i n the f i e l d was by Hanby i n 1968 ( 9 ) . 
Using a Schmidt combustor, Hanby i n v e s t i g a t e d 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 i n the fundamental mode (frequency of 100 Hz) on convective 
heat t r a n s f e r i n the exhaust pipe. By using quarter-wavelength damping 
tubes, t h e pressure amplitudes were independantly c o n t r o l l e d and, w i t h 
maximum a t t e n u a t i o n , steady f l o w r e s u l t s were obtained. From measurements 
of pressure amplitude along the pipe, the v e l o c i t y amplitudes were c a l c u l a t e d 
by simple one-dimensional sound theory using a mean v e l o c i t y of sound. I t 
was found t h a t maximum increases of 120% were obtained f o r l o c a l heat 
t r a n s f e r , w i t h the major parameter being the r a t i o of l o c a l v e l o c i t y 
amplitude t o mean bu l k v e l o c i t y ( d e f i n e d as Dimensionless p u l s a t i o n v e l o c i t y , 
B) - the great e r the value o f B, the g r e a t e r the heat t r a n s f e r c o e f f i c i e n t . 
For B = 1, a small decrease of 10% was measured. The r e s u l t s were 
c o r r e l a t e d by a quasi - steady method - see Appendix I . This method gave 
good agreement w i t h the experimental r e s u l t s , despite the r e l a t i v e l y h i g h 
frequency of 100 Hz. 

From the l i m i t e d i n f o r m a t i o n , i t i s d i f f i c u l t t o draw any 
d e f i n i t e conclusion, but i t appears t h a t l a r g e increases ( o f the order 
100%) and decreases can be obtained i n l o c a l heat t r a n s f e r . I f p u l s a t i n g 
combustors are t o be developed f o r p r a c t i c a l a p p l i c a t i o n s , the heat t r a n s f e r 
c o e f f i c i e n t s must be p r e d i c t a b l e i n terms of the p u l s a t i o n v a r i a b l e s - t h i s 
i s not possible from e x i s t i n g i n f o r m a t i o n . But experimental work w i t h 
p u l s a t i n g combustors i s d i f f i c u l t due to the l i m i t e d c o n t r o l of the main 
v a r i a b l e s , and i n many cases the combustors can not be operated under steady 
c o n d i t i o n s t o give a d i r e c t comparison of heat t r a n s f e r . 

The aim of the p r o j e c t was t o consider the e f f e c t of the unsteady 
motion on convective heat t r a n s f e r r e l a t i v e t o the exhaust pipe of a 
p u l s a t i n g combustor. I t was hoped t o e x p l a i n the rep o r t e d changes i n l o c a l 
heat t r a n s f e r , and t o develop a method o f p r e d i c t i n g heat t r a n s f e r 
c o e f f i c i e n t s from the p u l s a t i o n parameters. Due t o the problems of con
t r o l l e d experimental work w i t h p u l s a t i n g combustors, i t was decided t o 
i n v e s t i g a t e the heat t r a n s f e r from the p u l s a t i n g f l o w by modelling the 
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combustor exhaust pipe i . e . consider energy t r a n s f e r t o a resonant 
o s c i l l a t i n g t u r b u l e n t a i r stream of the l o n g i t u d i n a l mode i n a pipe. 
'Organ-pipe' o s c i l l a t i o n was defined f o r i n v e s t i g a t i o n since i t i s the 
most common mode of opera t i o n f o r p u l s a t i n g combustors. By the 
appropriate choice of p u l s a t i o n generator, wide range and c o n t r o l of 
frequency and amplitude can be obtained. For s i m p l i f i c a t i o n of the 
experimental system, energy t r a n s f e r from the pipe w a l l t o the a i r was 
to be measured. The p r o j e c t was i n t e r e s t e d i n energy t r a n s f e r t o the 
mean f l o w r a t e only i . e . the heat t r a n s f e r c o e f f i c i e n t s f o r the mean 
f l o w r a t e i n comparison t o the equivalent steady f l o w r a t e . 



CHAPTER 2 
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2. Liter a t u r e Survey 

- the ef f e c t of o s c i l l a t i o n s on convective 
heat transfer. 

The modelling of the exhaust pipe of pulsating combustors i n 
terms of the effect of flow o s c i l l a t i o n s on time-mean convective heat 
transfer i s not a new idea. With the claims of large increases i n heat 
transfer, a great amount of work has been done over a wide range of con
ditions - the effect of flow o s c i l l a t i o n s and surface vibration, of many 
modes, frequencies and amplitudes, on free and forced convection (laminar 
and turbulent flow) have been investigated. The reported survey covered 
the general f i e l d , but concentrated on resonant longitudinal o s c i l l a t i o n , 
with turbulent mean flow, i n ducts. 

2.1 Free convection 

There has been extensive work on the ef f e c t of sound f i e l d s on 
free convection, and s i m i l a r l y with vibrating bodies i n a stationary f l u i d . 
Although, i n general, not d i r e c t l y related to conditions i n pulsating 
combustors, these projects give an insight into the mechanisms a f f e c t i n g 
heat transfer i n unsteady conditions. 

In 1938 M a r t i n e l l i and Boetler (10) v e r t i c a l l y vibrated a 
horizontal cylinder i n water with sinusoidal o s c i l l a t i o n s i n the range 
0-40 Hz, and measured overall heat transfer. At maximum amplitude, an 
increase of 400$ was measured. Kubanskii (11), i n 1953 , investigated the 
influence of a longitudinal sound f i e l d upon free convection from a heated 
horizontal cylinder i n a i r - increase of 75$ was measured. Shadowgraph 
techniques indicated c i r c u l a t i o n c e l l s near the hot surface with outward 
flow at the nodes and inward flow at the antinodes. Lemlich (12), i n 
1955t considered the effect of transverse vibration of e l e c t r i c a l l y heated 
wires i n a i r . For frequencies of 39 - 122 Hz, an increase of 300$ was 
measured at maximum amplitude. These early experimental investigations 
demonstrated that acoustic o s c i l l a t i o n and body vibration could produce 
large increases i n heat transfer, and stimulated further work. 

In 1960 Holman (13) proposed a mechanism to explain the increases 
- t h i s involved an interaction between the acoustic streaming v e l o c i t i e s 
and the free convection v e l o c i t i e s , with the de f i n i t i o n of a c r i t i c a l sound 
pressure l e v e l above which the inner streaming boundary layer i s destroyed 
creating turbulent mixing. Large increases were predicted as a r e s u l t of 
the turbulence generation. Acoustic streaming i s the flow f i e l d of time 
independant v e l o c i t i e s created by a sound f i e l d around an object (or 
vibrating body i n stationary f l u i d ) . Reynolds 1 s t r e s s e s due to the time 
mean values of the o s c i l l a t i n g components give r i s e to the steady stream
ing v e l o c i t i e s . The analysis i s well established for an adiabatic 
cylinder i n a sound f i e l d ( 1 4 ) . Fand (15)» i n 1962, attempted to correlate 
both sound f i e l d and body vibration experimental r e s u l t s but, with the 
wide range of conditions and the complexity of the problem, l i t t l e progress 
was made. In 1967 Richardson (16) published an excellent review of the 
progress i n t h i s f i e l d and gave f u l l discussion of the eff e c t s of acoustic 
streaming (paper also contained discussion of effects with forced convec
tion) . 
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Work has continued t o extend the studies over a wide range of 
frequency and amplitude. 

See B i b l i o g r a p h y References 1 t o 15 

2.2 Forced convection 

The m a j o r i t y of work has in v o l v e d l o n g i t u d i n a l o s c i l l a t i o n s of 
a f l o w i n a duct. The f i e l d can be considered i n two sections - s t u d i e s 
of convection t o non-steady water f l o w , r e l a t i v e t o low frequency r e c i p 
r o c a t i n g pumps, and, secondly, heat t r a n s f e r t o o s c i l l a t i n g compressible 
f l u i d s ( w i t h reference t o p u l s a t i n g combustors). 

The f i r s t s e c t i o n w i l l be considered b r i e f l y - i n a l l cases the 
o v e r a l l heat t r a n s f e r was measured f o r a p u l s a t i n g water f l o w i n a steam 
j a c k e t . The f i r s t published work was by M a r t i n e l l i ( 1 7 ) i n 1943- For a 
t u r b u l e n t mean f l o w , the change i n heat t r a n s f e r was measured f o r 
o s c i l l a t i n g f l o w of frequency 0 - 4 Hz. A small decrease of 10$ was found. 
This paper f i r s t i ntroudced the idea o f the basic quasi-steady a n a l y s i s 
(see Appendix i ) . I n 1952, West and Taylor (18) considered a p u l s a t i n g 
f l o w of 1.67 Hz, produced by a r e c i p r o c a t i n g pump, f o r a t u r b u l e n t mean 
fl o w w i t h Reynolds numbers of 30,000 t o 85,000. A maximum increase of 
70$ was measured, but the v e l o c i t y amplitudes could not be p r e d i c t e d . I n 
t h i s p r o j e c t no measurement of steady f l o w c o n d i t i o n s was made and con
sequently the improvement r a t i o s must be regarded w i t h some doubt. 
D a r l i n g (19)» i n 1955, considered changes i n o v e r a l l heat t r a n s f e r f o r a 
mean t u r b u l e n t f l o w r a t e f o r frequencies between 0 . 2 5 - 15.0 Hz, produced 
by a motor d r i v e n i n t e r r u p t e r v a l v e . An increase was measured f o r the 
valve p o s i t i o n e d j u s t upstream from the heat exchanger - t h i s was due t o 
induced c a v i t a t i o n (no change i f valve was moved from entrance). S i m i l a r 
e f f e c t s vrere found by Lemlich (20) and Morgan ( 2 1 ) . I n 1965, Baird (22) 
measured the change i n heat t r a n s f e r due t o flow p u l s a t i o n s f o r a 
t u r b u l e n t mean f l o w (Reynolds number 5,000 t o 16,000). Pulsations, over 
the frequency range 0.8 - 1 .7 Hz, were produced by an a i r pulser - the 
design was such t h a t the displacement amplitude was measured d i r e c t l y . 
A maximum improvement o f 40$ was found and the r e s u l t s vrere c o r r e l a t e d by 
simple quasi-steady theory. Further work can be found i n the Bi b l i o g r a p h y 
- references 16, 17 , 18. 

The major i n t e r e s t was i n heat t r a n s f e r t o o s c i l l a t i n g compress
i b l e f l u i d s . Havemann (23, 2 4 ) , i n 1956, considered o v e r a l l heat t r a n s f e r 
to a t u r b u l e n t mean f l o w of a i r , through a h o r i z o n t a l pipe, from a steam 
j a c k e t . The flow was pulsated using a poppet valve f o r frequencies 5 t o 
40 Hz, and using d i f f e r e n t d r i v i n g cams the waveform could be v a r i e d , but 
no amplitude measurements i n the t e s t s e c t i o n were p o s s i b l e . The changes 
i n heat t r a n s f e r c o e f f i c i e n t were complex and no c o r r e l a t i o n was achieved. 
S i m i l a r work was c a r r i e d out by Mueller ( 2 5 ) , Romie (26) and C h a l i t b t a n ( 2 7 ) . 

I n 1961 Lemlich and Hwu (28) considered o v e r a l l heat t r a n s f e r 
from a steam j a c k e t t o an a i r f l o w w i t h superimposed resonant o s c i l l a t i o n s 
produced by a horn (frequencies of 198, 256 and 322 Hz corresponding to 
3 r d , 4 t h , 5 th harmonics). Both laminar and t u r b u l e n t f l o w c o n d i t i o n s were 
considered. For laminar flow, a maximum increase of 57$ was measured, and 
f o r t u r b u l e n t f l o w a maximum increase of 27$. But no measurements of 
pressure amplitude vrere made, and consequently no c o r r e l a t i o n was pos s i b l e 
i n terms of unsteady f l o w parameters. 
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Both t h e o r e t i c a l and experimental aspects of the e f f e c t of 
resonant p u l s a t i n g flow on laminar and t u r b u l e n t mean flows were 
i n v e s t i g a t e d by Jackson from 1955 to 1967 - references 29 to 3 6 . The 
experimental work was summarised i n reference 3 4 . A resonant sound f i e l d 
was produced i n a pipe 0 . 0 9 7 m I.D. and 3«05 m l e n g t h by an e l e c t r o 
magnetic horn. The a i r blower gave a range of Reynolds number of 2 , 0 0 0 
t o 2 0 0 , 0 0 0 . Pressure amplitude was measured close t o the d r i v e r by a 
microphone, and v e l o c i t y amplitudes were c a l c u l a t e d using one dimensional 
sound theory w i t h a mean value of v e l o c i t y of sound. Heat t r a n s f e r was 
measured from a steam j a c k e t t o t i e a i r f l o w - 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 were found by using 21 separate condensate chambers along 
the pipe. Results were given i n the paper ( 3 4 ) f o r a frequency of 221 Hz 
( 3 r d harmonic). No hydrodynamic or thermal entrance lengths were used i n 
the r i g , and consequently f o r higher Reynolds numbers the f l o w c o n d i t i o n s 
were not developed. The r i g was modified ( 3 6 ) t o include an entrance 
l e n g t h and r e s u l t s taken using 90 Hz frequency. 

See Figure 1 page 7 

The graphs show two c o n f l i c t i n g cases. For lower t u r b u l e n t Reynolds 
numbers, maximum increases occur a t v e l o c i t y antinodes and maximum 
decreases a t v e l o c i t y nodes - the great e r the amplitude, the gr e a t e r the 
increases and decreases. But f o r t h e higher f l o w r a t e s , maximum decrease 
was a t v e l o c i t y antinodes and no change a t the nodes. For laminar f l o w , 
the r e s u l t s were d i f f i c u l t to i n t e r p r e t due to f r e e convection e f f e c t s . 

T h e o r e t i c a l l y Jackson and Purdy ( 3 2 , 33 ) i n v e s t i g a t e d the i n t e r 
a c t i o n between a resonant o s c i l l a t i n g f i e l d and a laminar mean f l o w . I t 
was shown t h a t the acoustic streaming v e l o c i t i e s could produce standing 
v o r t i c e s i n the pipe. 

See Figure 2 page 8 

Purdy ( 3 5 ) extended t h i s work and solved the energy equation f o r resonant 
laminar f l o w i n a channel. I t was shown t h a t the 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 was s i g n i f i c a n t l y a l t e r e d by the v o r t e x formation but w i t h no 
change i n o v e r a l l heat t r a n s f e r . 

See Figure 3 page 8 

The t h e o r e t i c a l p r e d i c t i o n s f o r laminar f l o w were of a s i m i l a r form as 
the experimental r e s u l t s f o r l o c a l heat t r a n s f e r found f o r the lower 
t u r b u l e n t f l o w r a t e s (Figure 1a page 7 ) . Jackson proposed t h a t a s i m i l a r 
v o r t e x f o r m a t i o n e x i s t e d f o r the t u r b u l e n t f l o w , w i t h Dimensionless 
p u l s a t i o n v e l o c i t y a c o n t r o l l i n g f a c t o r ( v o r t e x f o r m a t i o n i f B > 1 ) . 
But t h i s could not e x p l a i n the r e s u l t s f o r higher f l o w r a t e s , and no other 
mechanism was suggested. 

From 1959 t o 1967» Harrje i n v e s t i g a t e d heat t r a n s f e r t o p u l s a t i n g 
t u r b u l e n t pipe f l o w (37 t o 4 3 )• The aim o f the p r o j e c t was to determine 
the cause of the increases i n heat t r a n s f e r i n the exhaust pipe of pulse 
combustors. The major p a r t of the work i s found i n the r e p o r t by Bogdanoff 
( 4 2 ) . Assuming heat t r a n s f e r t o be dependant on l o c a l p u l s a t i o n v a r i a b l e s , 
Bogdanoff showed by dimensional a n a l y s i s t h a t the major p u l s a t i o n parameters 
were Dimensionless p u l s a t i o n v e l o c i t y and Strouhal number. 
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Nusselt number, Nu<i f (Re^, B, S) 

for Red, Reynolds number 
B, Dimensionless pulsation v e l o c i t y 
S, Strouhal number 

Heat transfer was measured between a steam jacket and a turbulent a i r 
stream i n a pipe, 0.038 m I.D., and 1.15 m length. The condensate was 
collected i n 20 separate chambers to give l o c a l heat transfer. A resonant 
o s c i l l a t i n g f i e l d was produced by a s i r e n of frequency range 5 to 5,000 Hz, 
with the amplitude controlled by varying the a i r gap between the s i r e n 
wheel and the outlet nozzle. Pressure amplitude was measured close to the 
s i r e n wheel (pressure antinode) using a strain-gauge type transducer. 
Velocity amplitudes were calculated from one-dimensional sound theory 
using a mean value for the v e l o c i t y of sound. Results were recorded for 
only one frequency (270 Hz - 6th harmonic) and one mean flowrate (Reynolds 
number 100,000). 

See Figure 4 page 10 

The graphs indicate that l o c a l heat transfer was dependant on l o c a l pulsa
tion c h a r a c t e r i s t i c s ( c f . Hanby (9) ) . 

Bogdanoff also investigated the v e l o c i t y p r o f i l e s i n the pipe 
using a hot-wire anemometer, measuring both instantaneous and mean 
v e l o c i t i e s . The r e s u l t s showed no evidence of the acoustic streaming 
mechanism proposed by Jackson, but the mean vel o c i t y measurements indicated 
an increase i n the turbulent d i f f u s i v i t y close to the w a l l . The heat 
trans f e r r e s u l t s also gave no indication of acoustic streaming e f f e c t s . 
Bogdanoff proposed that the changes i n heat transfer at a point were due to 
changes i n the d i f f u s i v i t y generated by the o s c i l l a t i n g v e l o c i t y at the 
point. Bogdanoff also attempted to correlate the various experimental 
projects but with l i t t l e success - the importance of the l o c a l Eimension-
l e s s pulsation v e l o c i t y was suggested, e s p e c i a l l y the condition of 'reverse 
flow' (B > 1 ) . 

An extensive experimental investigation was conducted by 
G a l i t s e y s k i y from 1967 to 1970 ( 4 4 to 47). Local heat transfer c o e f f i c i e n t s 
were measured for an a i r flow with a constant heat flux input ( d i r e c t 
e l e c t r i c a l heating of the pipe). The pipe was 0.0084 m I.D. and 1.885 m 
length. Reynolds numbers were from 10,000 to 100,000. Resonant o s c i l l a 
tions were produced by a rotating valve with frequency range 50 to 500 Hz. 
The pressure amplitude was controlled, for a given flowrate, by varying 
the o r i f i c e diameter at outlet, and was measured at the i n l e t and outlet of 
the t e s t section. Frequencies used were the fundamental to 4th harmonic 
(90, 180, 270, 360 and 450 Hz). The r e s u l t s showed maximum heat transfer 
c o e f f i c i e n t at v e l o c i t y antinodes and minimum at v e l o c i t y nodes, with a 
maximum increase of 120$. But i t was obvious from the r e s u l t s that the 
standing wave decayed along the pipe due to f r i c t i o n a l d i s s i p a t i o n . Despite 
the extensive work, the r e s u l t s are so recorded as to make interpretation 
i n terms of pulsation variablesvery d i f f i c u l t . 



600 i 

Re 103 400 
270 Hz 
2.21 B 400 A 

V.A V.N V.N 

200 

0 1.0 0 

600 

101000 Re 
270 Hz 
2. 39 B 400 

V.N V.A V.N 

200 

4 

1 .0 x/L 

F i g . 4 N u s s e J t number a g a i n s t p o s i t i o n i n heat, e x c h a n g e ! 
B o c i d a n o f f E x p e r i m e n t a l D a t a 

E q u i v a l e n t s t e a d y f l o w 



11 

Y/ork has not been l i m i t e d t o duct f l o w - f l o w over f l a t p l a t e s 
and around c y l i n d e r s has also been considered. I n 1961 Bayley ( 4 8 ) 
measured heat t r a n s f e r c o e f f i c i e n t from a f l a t p l a t e t o a p u l s a t i n g f l o w . 
The p u l s a t i o n s were produced by a r o t a t i n g valve w i t h frequency range 10 
to 100 Hz. Increases of 70$ were found a t maximum amplitude and the 
e f f e c t of frequency was n e g l i g i b l e . I t was proposed t h a t the increases 
were caused by a change i n the p o i n t of separation of the boundary l a y e r . 
F e i l e r ( 4 9 , 50) considered l a r g e amplitude o s c i l l a t i o n s , generated by a 
s i r e n , on a f l a t p l a t e and increases o f 65$ were measured. The mechanism 
of change was given as t r a n s i t i o n t o t u r b u l e n t c o n d i t i o n s at a lower 
Reynolds number. S i m i l a r f i n d i n g s were reported by M i l l e r ( 5 1 ) . 
I n v e s t i g a t i o n s f o r f o r c e d convection around c y l i n d e r s are l i m i t e d . No 
c o r r e l a t i o n has been achieved between the various p r o j e c t s - see references 
19 t o 23 i n Bib l i o g r a p h y . Richardson (52) proposed t h a t an i n t e r a c t i o n 
can occur between the o s c i l l a t i o n frequency and the i n s t a b i l i t y frequency 
of the wake t o give l a r g e increases. 

Further references f o r the e f f e c t of f l o w o s c i l l a t i o n s (and 
surface v i b r a t i o n ) on f o r c e d convective heat t r a n s f e r are given i n the 
Bib l i o g r a p h y - references 24 t o 4 7 . 

2 . 3 Summary 

The work considered demonstrates the complexity of the problem 
- no s i n g l e mechanism has been shown t o be the c o n t r o l l i n g f a c t o r , but 
various possible causes have been proposed. The problem i s f u r t h e r com
p l i c a t e d by the vast range of c o n d i t i o n s of the p r o j e c t s i . e . extremes 
of frequency, amplitude, waveform and mode of v i b r a t i o n . But the 
i n v e s t i g a t i o n s have confirmed t h a t o s c i l l a t i o n can a f f e c t heat t r a n s f e r . 

The time-independant v e l o c i t y f i e l d of acoustic streaming i s 
the major f a c t o r i n the e f f e c t of o s c i l l a t i o n s on f r e e convection. 
S i m i l a r l y i t has been shown t h e o r e t i c a l l y t h a t acoustic streaming can 
generate increases and decreases i n l o c a l heat t r a n s f e r f o r a resonant 
laminar gas f l o w i n a pipe. But the e f f e c t of flow p u l s a t i o n s on 
T r a n s i t i o n a l Reynolds number f o r laminar t o t u r b u l e n t f l o w has not been 
i n v e s t i g a t e d . 

For the m a j o r i t y of p u l s a t i n g combustors, the most important 
case i s t h a t of 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 of a t u r b u l e n t 
mean f l o w i n a pipe. 

The experimental i n v e s t i g a t i o n s f o r low frequency p u l s a t i o n s 
of a water f l o w were described by quasi-steady considerations (except f o r 
the e f f e c t s of induced c a v i t a t i o n ) . 

For resonant p u l s a t i o n s , the v/ork of Jackson, H a r r j e and 
G a l i t s e y s k i y showed the c r i t i c a l dependance of l o c a l heat t r a n s f e r on 
the resonant f i e l d d i s t r i b u t i o n - consequently i n v e s t i g a t i o n s which 
d i d not consider l o c a l heat t r a n s f e r and l o c a l v e l o c i t y amplitude are 
of l i t t l e use i n p r e d i c t i n g the heat t r a n s f e r c h a r a c t e r i s t i c s of a pulse 
combustor. The three i n v e s t i g a t i o n s , although c o n f l i c t i n g i n p a r t s , 
gave some general i n d i c a t i o n s . Local heat t r a n s f e r can be both increased 
or decreased by resonant l o n g i t u d i n a l o s c i l l a t i o n s . The most important 
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parameter i s the Dimensionless p u l s a t i o n v e l o c i t y (B) e s p e c i a l l y the 
case of 'reverse flow' (B > 1 ) , but no conclusion on the e f f e c t of 
frequency can be drawn. I t i s not possible t o define a general 
mechanism of a c t i o n f o r the f l o w p u l s a t i o n s , but two pos s i b l e modes 
have been proposed t o e x p l a i n the changes i n heat t r a n s f e r - vortex 
f o r m a t i o n (Jackson) and changes i n mean d i f f u s i v i t y ( H a r r j e ) . Despite 
the extensive i n v e s t i g a t i o n s , p r e d i c t i o n of l o c a l heat t r a n s f e r i s not 
possible from the p u l s a t i o n parameters. 

Prom the l i t e r a t u r e review, the basic c r i t e r i a f o r the p r o j e c t 
were formed r e l a t i v e t o the o r i g i n a l aims. An experimental i n v e s t i g a t i o n 
over a wide range of p u l s a t i o n parameters was r e q u i r e d t o cha r a c t e r i s e 
the e f f e c t of f l o w o s c i l l a t i o n s . Local heat t r a n s f e r was t o be measured 
f o r resonant l o n g i t u d i n a l o s c i l l a t i o n s of a t u r b u l e n t a i r f l o w i n a pipe. 
The experimental r i g had t o be capable of measurements f o r the equivalent 
steady f l o w r a t e . The p u l s a t i o n generator had t o generate high pressure 
amplitudes ( t o give 'reverse f l o w 1 , B>1) over a wide frequency range ( t o 
i n v e s t i g a t e a number of harmonics). A s i n u s o i d a l waveform was d e s i r a b l e 
to s i m p l i f y any t h e o r e t i c a l p r e d i c t i o n s ( a p p l i c a b l e t o any other time 
v a r i a t i o n by Fo u r i e r a n a l y s i s ) . I t was important t h a t the v e l o c i t y 
amplitude d i s t r i b u t i o n along the heat exchanger could be found t o compare 
to l o c a l heat t r a n s f e r measurements. To i n v e s t i g a t e possible mechanisms 
of a c t i o n of the f l o w p u l s a t i o n s on heat t r a n s f e r , i t was hoped t o 
t h e o r e t i c a l l y determine the acoustic streaming v e l o c i t y f i e l d f o r a 
t u r b u l e n t f l o w ( r e l a t i v e t o vo r t e x f o r m a t i o n ) , and consider the e f f e c t 
of the o s c i l l a t i n g v e l o c i t y on the mean f l o w d i f f u s i v i t y . From the 
proposed experimental and t h e o r e t i c a l i n v e s t i g a t i o n s , i t was hoped t o 
ex p l a i n the changes i n heat t r a n s f e r and derive a method of p r e d i c t i n g 
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 from the p u l s a t i o n parameters. 



CHAPTER 3 

Prediction of Velocity Amplitude 

3.1 Adiabatic 
3.2 Energy transfer 
3.3 Summary 
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3. Prediction of v e l o c i t y amplitudes 

I t has been shown that the ve l o c i t y amplitude of the longitudinal 
o s c i l l a t i o n s was an important parameter for the investigation. Experiment
a l l y i t i s d i f f i c u l t to measure the ve l o c i t y fluctuations, but r e l a t i v e l y 
easy to measure pressure amplitude. I t was intended to measure pressure 
amplitude and from the measurements derive v e l o c i t y amplitude. 

I t can be assumed that except for close to the pipe wall the 
unsteady motion can be considered i n v i s c i d (59» 60). The flow i s analysed 
for an i n v i s c i d f l u i d to evaluate a relatiortfiip between pressure amplitude 
and v e l o c i t y amplitude - the experimental heat transfer r e s u l t s were 
related to t h i s measure of ve l o c i t y amplitude. 

Wave propagation i n an adiabatic flow and i n a flow with energy 
transfer, for an i n v i s c i d f l u i d , are considered i n the following sections. 

3.1 Adiabatic 

Consider longitudinal o s c i l l a t i o n s of a gas flow i n a constant 
diameter pipe. I t i s assumed that the f l u i d i s i n v i s c i d and can be con
sidered a perfect gas. The analysis for one-dimensional adiabatic 
unsteady motion i s well established (53)• 

Consider motion as a steady flow, having mean properties 
u,£ , and p, on which i s superimposed incremental time-varying properties 
u,,^, pi . 

i . e . Velocity, u = u + ui 
Density, £ = j5 + g 
Pressure, p = p + p-j 

The incremental properties are such that t h e i r squares and 
products can be considered negligible. 

- Small Pertubation Theory 

The Small Pertubation Theory l i m i t s the solutions to waves of small 
amplitude. I t can be shown that i f 

( I + ( K-Oi) < < I 

for *6 , r a t i o of s p e c i f i c heats 
c , v e l o c i t y of sound 

then the theory i s applicable (54). 



Applying the incremental approximations to the appropriate 
control volume, the following set of equations can be derived from the 
basic laws of Continuity, Momentum and Energy. 

n 

for t, time 
x, co-ordinate distance along the pipe 

From the three equations, the following d i f f e r e n t i a l equation can be 
formed (53). 

( c * - u.*) - 2. TL _ W ^uA - V\±, = o 

I f u = 0, 

- t h i s i s the one-dimensional Wave equation which describes the propaga
tion of plane sound waves. 
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Consider the flow to occur i n the following acoustic system 

Closed/open pipe 

Closed 

x = 0 
Open 

Direction of flow 

where L A = acoustic length 

Assume a sinusoidal pressure o s c i l l a t i o n of angular frequency «jj i s 
generated at x = 0. At resonance a standing wave i s produced i n the pipe 
due to wave r e f l e c t i o n from the open end 

i.e. u^ = 0 at x = 0 
Pj = 0 at t = I j [ 

assuming perfect r e f l e c t i o n 

For a f u l l discussion of resonance see references 55» 56. 

General solution of equation 1 i s 

where A, B are constants 

This equation can be physically interpreted as two waves, of 
angular frequency w, superimposed - one with a propagation v e l o c i t y of 
( c + u ) i n the direction of the flow and the other with a v e l o c i t y of 
( c - u ) opposing the flow. 
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Boundary condition 

By substitution 

= 0 at x = 0 

where = -2k 

From Momentum equation 

I f . = - <> f h±\ + u - L i t i ] 

Substitution and integration gives 

where = 2 go A 

Boundary condition 

= 0 at x = 

Substitution gives the resonant frequencies, f 

where n = 1 , 2 , 3 
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Assume the effect of the mean v e l o c i t y can be neglected 

i . e . assuming u « c 

Substitute i n equations 2, 3> 4 

LLR sin ( ^ ^ ) c ° s ^ fc) 

A 
where i s v e l o c i t y amplitude at a v e l o c i t y antinode 

P, = Po COS » ' « ( < - b ) 

A 
where P A i s pressure amplitude at a pressure antinode 

for 

for n = 1, 2, 3 

From the equations i t can be shown that 

* P 

i . e . from a measurement of pressure amplitude at an antinode 
ve l o c i t y amplitude d i s t r i b u t i o n can be evaluated 

Modulus of pressure and v e l o c i t y amplitudes for the fundamental 
and 1st harmonic of the system are shown i n Figure 5 page 18. 

But i n the derivation of the equations i t i s assumed that per
fe c t r e f l e c t i o n occurs from the open end - i n practice t h i s i s not correct, 
and some sound radiation occurs at the pipe e x i t . (56) 

A 
Assume v e l o c i t y amplitude of incident wave = 

A and v e l o c i t y amplitude of r e f l e c t e d wave = U D I t 



3 8 
C l o s e d Open 

F u n d a m e n t a l 1.0 1.0 

A A 

/ 

0 
x=0 x = A 

Open C l o s e d 

1 s t h a r m o n i c 
1 . 0 

\ A \ A 

/ 

V 0 OB 
A 

^ i g - 5 M o d u l u s P r e s s u r e / V e l o c i t y A m p l i t u d e 
a g a i n s t P o s i t i o n i n P i p e 

P r e s s u r e 

V e l o c i t y 
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I t can be shown (55) that 

1 " ( ( 0 * • 

.here C ~ c o t / u . ^ 

f ^ X - S P ten (^4^ 
where t a n ( a x + 0 ^ 

I f the wavelength of the o s c i l l a t i o n s i s large compared to the 
pipe diameter, the t r a v e l l i n g wave component i s small, and the phase angle 
can be considered negligible. 

The equations can be written as 

A 
where U = ve l o c i t y amplitude at veloci t y node 

F = pressure amplitude at pressure node 
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f o r the resonant frequencies defined by 

F = ( Zn - 0 

for n = 1, 2, 3 

and 

P, N 

For an i n v i s c i d perfect gas, under adiabatic conditions, unsteady 
periodic motion has been analysed for longitudinal o s c i l l a t i o n s i n a closed/ 
open acoustical pipe - the main assumptions are that of small amplitude, 
and that the e f f e c t of the mean ve l o c i t y i s negligible. The resonant 
frequencies and the pressure amplitude and v e l o c i t y amplitude distributions 
have been derived for both perfect and imperfect r e f l e c t i o n from the open 
end. For the experimental investigation a simple relationship has been 
found to calculate the v e l o c i t y amplitude d i s t r i b u t i o n from measurements of 
pressure amplitude at a node and antinode. 

3.2 Energy transfer 

In the exhaust pipe of a pulsating combustor (or i n the proposed 
r i g for the project) conditions are not adiabatic but energy transfer 
occurs between the pipe walls and the mean flow. To predict the v e l o c i t y 
amplitudes under these conditions, the ef f e c t of the energy transfer must 
be analysed. In previous investigations the heat tran s f e r e f f e c t s on wave 
propagation were not considered. 

I t i s assumed that the f l u i d i s i n v i s c i d and a perfect gas. 
Consider the following control volume for the longitudinal o s c i l l a t i o n s 

% x 

UL | 1 

e ! i e 

p i i p 
- t - j 

*x 

where q^ = energy transfer- per unit time per unit mass 
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Apply fundamental equations to Control volume 

Continuity 

i t i x "ix 

Navier - Stokes 

i t i x e ^* 

Energy 

I t can be shown (53) that 

For the adiabatic analysis i t i s found that the effect of mean 
ve l o c i t y could be neglected i f u < < c . S i m i l a r l y assume u < < "c 
and consequently that the effect of convective terms i s negligible. 

i . e . assume u = 0 and q = 0 
Til 

The problem reduces to that of wave propagation i n a s t r a t i f i e d medium 
due to the temperature gradient (continuously varying physical properties 
along the pipe). 

Assume that Small Fertubation Theory i s applicable 

u = u + U,j 

p = p + P1 

e = e + e« 

But, due to the temperature gradient along the pipe, 

u = f ( x ) 
£ = g ( x ) 
c" = h ( x ) 



Substitute into basic equations and approximate to give 

Continuity 

> t ^x "h x. 

Navier - Stokes 

Energy equation 

By substitution from equations 

and 

Similar analysis has been applied by Kapur (57). 
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Consider the gas flow i n a pipe which i s closed/open a c o u s t i c a l l y , 
and with an a x i a l temperature gradient such that the change i n the v e l o c i t y 
of sound i s l i n e a r . 

Closed ,Open 
XmO 

Direction of gas flow 

where N = v e l o c i t y of sound at x = o 

M = rate of change of v e l o c i t y of sound along the pipe 

Boundary conditions at resonance 

u, = 0 at x = 0 1 
Pi = 0 at x = L, 

for perfect r e f l e c t i o n . 

Prom equation 5 

IT* 

The d i f f e r e n t i a l equation can be solved a n a l y t i c a l l y - see Appendix I I . 



24 

Governing equations for resonance i n the defined system. 

Resonant frequencies are given by 

X 

where b =. ± J C ^ ^ X - t\x) 
X 

u,( = — uj _N_ Po e ^ * " ^ S i n ( b z ) c o s O^") 

Si 

8 

for X - J _ l°3 a ( A * + I ) 
N 

where FO i s pressure amplitude at x = 0 

From the equations i t can be seen that a standing wave i s pro
duced at resonance. The e f f e c t of a l i n e a r v a r i a t i o n i n speed of sound 
along the pipe was investigated numerically for a given system. A com
parison was made between the given theory and from using an average value 
for v e l o c i t y of sound with the adiabatic theory ( t h i s has been the method 
used, i n the past, i n pulse combustor analysis c f . Hanby (9) ) . 

Consider a closed/open pipe of acoustic length 2.0 m - define 
a l i n e a r r i s e i n v e l o c i t y of sound over a temperature change of 1000 *Cf 

and assume a pressure amplitude of 6900.0 N/m2 at x = 0. Resonant f r e 
quencies, found by solving equation 6 by Newton - Raphson i t e r a t i o n 
technique (58), are 

Fundamental 1st 2nd 
Harmonic Harmonic 

Predicted 71.9 191.2 3H.9 Hz 
Adiabatic Theory 70.6 211.7 352.9 Hz 
$ difference 1.8 10.7 12.1 # 
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Substitution i n equations 7 and 8 gives the pressure and velocity-
amplitude d i s t r i b u t i o n s . Results are given for the 1st harmonic. 

See Figure 6 page 26 

The following conclusions can be drawn on the ef f e c t of the 
temperature r i s e on the resonance c h a r a c t e r i s t i c s of the given system. 

A. Resonant frequency i s increased r e l a t i v e to ambient 
conditions. 

B. Wavelength increases along the pipe. 

C. Nodes and antinodes are displaced towards x = 0 r e l a t i v e 
to ambient conditions. 

D. Pressure amplitude at pressure antinodes decreases from 
x = 0 to x = L^. 

E. Velocity amplitude at ve l o c i t y antinodes increases from 
x = 0 to x = L^. 

The adiabatic theory using an average veloc i t y of sound gives 
a good estimate of resonant frequency, but large errors i n the prediction 
of standing wave distributions (see Figure 6 ) . 

One cannot assume a l i n e a r decrease i n v e l o c i t y of sound for 
pulse combustors, but the analysis should give an indication of the effect 
of the temperature gradient on the acoustic c h a r a c t e r i s t i c s of the exhaust 
pipe. The r e s u l t s show that the use of the adiabatic theory with mean 
velocit y of sound gives large errors i n the prediction of v e l o c i t y 
amplitudes - t h i s gives r i s e to doubts on the correlation of heat transfer 
obtained by Hanby ( 9 ) . 

The given system was also analysed numerically for a temperature 
r i s e of 40°C. The r e s u l t s show that for a small temperature change i n the 
test section the resonance c h a r a c t e r i s t i c s can be predicted accurately by 
adiabatic theory using a mean ve l o c i t y of sound. 

3.4 Summary 

The resonant unsteady motion of an i n v i s c i d , perfect gas has 
been analysed f or small amplitude periodic o s c i l l a t i o n s i n a s t r a t i f i e d 
medium. Assuming convective terms to be negligible, the analysis applies 
to wave propagation i n a pipe with energy transfer to a mean flow. An 
analytiodsolution has been found for a l i n e a r change i n v e l o c i t y of sound. 
The r e s u l t s indicate that, for a small change i n temperature, adiabatic 
theory, using an average v e l o c i t y of sound, can be used to predict 
v e l o c i t y amplitude. But, for pulsating combustors, adiabatic approximation 
could give large errors i n predicted v e l o c i t y amplitude due to the large 
temperature gradients. 
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4. Theory 

4.1 Turbulent flow between p a r a l l e l i n f i n i t e plates 
with a resonant acoustic f i e l d 

Two possible mechanisms have been proposed to explain the 
measured heat transfer c o e f f i c i e n t s i n o s c i l l a t i n g turbulent flow -
f i r s t , acoustic streaming and, second, changes i n the mean flow d i f f u s i v i t y . 
A survey of the l i t e r a t u r e gave l i t t l e information on pulsating turbulent 
flow (general information on unsteady flow i s reported i n the Bibliography 
- references 48 to 59). I t was proposed to investigate the turbulent flow 
of a perfect gas between p a r a l l e l i n f i n i t e walls with a resonant acoustic 
f i e l d - th i s system i s used instead of pipe flow to simplify the equations. 

I t i s assumed that the viscous e f f e c t s on the acoustic v e l o c i t y 
occur i n a 'thin' region close to the walls, and apart from t h i s area the 
o s c i l l a t i n g conditions are given by i n v i s c i d flow theory. This has been 
shown experimentally and th e o r e t i c a l l y for laminar flow (59»60). To find 
the o s c i l l a t i n g v e l o c i t y p r o f i l e and the time-independant acoustic stream
ing v e l o c i t i e s , the method of analysis originated by Lin (61), and 
developed by Purdy (59)> i s used. By a rigorous order of magnitude analysis, 
independant time-dependant and time-independant d i f f e r e n t i a l equations are 
derived. I t i s assumed that the flow i s f u l l y developed for the a n a l y s i s . 
To estimate the acoustic veloc i t y p r o f i l e an equivalent v i s c o s i t y i s defined 
to approximate the turbulent conditions to a laminar flow ( i n order to solve 
the basic equations). Prom the derived acoustic veloc i t y p r o f i l e , the 
possible e f f e c t of the pulsations on the mean flow d i f f u s i v i t y i s considered. 
To evaluate the mean vel o c i t y p r o f i l e , i t i s assumed that no periodic 
turbulence fluctuations are generated by the acoustic o s c i l l a t i o n s i . e . the 
time variations of the acoustic flow and of the turbulence variations are 
independant. The j u s t i f i c a t i o n of t h i s assumption for the project i s d i s 
cussed i n Section 4.2.3. I t was hoped to show from the mean veloci t y pro
f i l e whether or not vortex formation (as derived for resonant laminar flow 
by Purdy (59)) i s a major factor affecting heat transfer for turbulent flow. 

4.1.1 Basic system 

Consider the flow of a perfect gas between two i n f i n i t e p a r a l l e l 
plates separated by distance 2a. 

- uCv") 

t _ W 
> Direction of flow 

Velocity f i e l d 

where u-|, vi are the acoustic v e l o c i t i e s 
©i© a r e r a ndom fluctuations of turbulent flow 
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By d e f i n i t i o n of the time mean values 
u, v, =. O 
® = © - O 

The following boundary conditions are applicable 

u. = v = o ~ t a = ° o = z CO 
3 = = CL 

- V ( = 0 o.t 4=0, 
From mean flow continuity, 

I t i s assumed that i n v i s c i d flow theory i s applicable away from 
the channel walls - resonance f i e l d i s defined for a veloci t y antinode at 
x = 0. 

Away from wall 

'•Cos*) ' 
a., _ = - U w cos e. 

S i m i l a r l y for the acoustic o s c i l l a t i o n s 

P, ̂  = " - * p £ .m (~ | ) C" 
c 

for U m « c assuming perfect r e f l e c t i o n 
(see section 3^1) 
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Pressure f i e l d 

Pô ,fc} " P c*,^ + Pi 
- i t i s assumed that the acoustic pressure i s independant of the y 

co-ordinate, and that the turbulence pressure fluctuations are negligible 
since © and © are small. 

S i m i l a r l y for the density f i e l d 

assuming mean density i s independant of s p a t i a l variations 

By d e f i n i t i o n 

F, = e, = o 

4.1.2 Basic equations 

The system i s analysed using the two-dimensional equations of 
f l u i d motion expressed i n cartesian co-ordinates. 

Continuity 

Navier-Stokes 

- no body forces 

4- V ^ ± j ~ 

'3 
* 4 W 

2. ̂ ui — +\ 
2>* 5 U x S> 

for derivation see reference 62 
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4 . 1 . 3 Acoustic time-varying v e l o c i t y 

To solve the basic equations, i t i s assumed that the resistance 
to wave propagation, r e l a t i v e to the boundary walls, of the turbulent flow 
can be defined by an equivalent v i s c o s i t y i . e . the model i s analysed as 
for laminar flow. 

Define 'turbulent' dynamic v i s c o s i t y , jut 

By def i n i t i o n of the v i s c o s i t y 

® = (v) = O 

- UU UL 

Define the following non-dimensionals 

UL = 

- V 

x ' = 
• 

P' • 
e' = 
t ' -

/ u -

e /e 
ft 

_ I 
+ 

I 
v + 

i 

v. 

- p * p, 
= ' * e.' 

The following order of magnitudes can be derived for the non-dimensional 
variables, with the main constraint that 2S> U m i . e . the o s c i l l a t i n g 
v e l o c i t y i s an order of magnitiide greater than the mean ve l o c i t y . 

Let £ be of small order 

x 1 = 1 3 
1 

a s % U., = I 

i 
v = s x — 

i 

ft = % R — 



31 

The method of determining the non-dimensionals and t h e i r orders of magni
tude was described by Hirbar and Purdy ( 6 3 ) . 

Express the Continuity and Navier-Stokes equations i n terms of 
the non-dimensionals. 

Continuity 

• 

o 

By order of magnitude analysis retaining terms ^ 1 

Navier-Stokes 

Similar procedure gives 

6 I i t 

assuming A^t / £ ^"A *X = *b ̂  

The equations can be solved by the method of successive approximations ( 5 8 ) . 

Let u- ( = u - l o + u - M 

where u. u -C < u-, 0 

v „ < < V 1 0 



Substitute into 1 and 2 to give 

u. 

I I I I 

UL 

Define 
A 

COS 

from i n v i s c i d flow theory 



3 3 

Substitute into 5 to find F 

since p = - ^ p sin ̂ -4-^ 

General solution 

where A, B are constants 

with ^ T = /uuT / £ 

From the boundary conditions and equation 3 the ve l o c i t y components are 

u l i o = - LLft cos (^^j ̂ s ( ^ t ) _ e~^co 5 ( w t - p̂ ) 

— 1 I H-

Prom equations 4 and 6 , the second approximations C u » > v » ^ ) c a n b e c a l -
culated - i t can be shown that they are negligible r e l a t i v e to the f i r s t 
approximations . 
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The equation 3hows that the acoustic velocity, u i , approaches 
i n v i s c i d conditions as e T ^ H — > O . I t i s assumed that flow can be con
sidered i n v i s c i d at position M from the walls when = 0.01 . 

P 
Let vj^ be defined as lim i t i n g viscous layer 

I t should be noted that the velocity, v-j, must tend to zero as 
y — ^ to s a t i s f y the boundary condition. The error i n the derived 
expression i s due to neglecting the contribution of the y - momentum 
equation. 

The o s c i l l a t i n g v e l o c i t i e s have been derived assuming laminar 
flow with an equivalent v i s c o s i t y . The d e f i n i t i o n of t h i s approximate 
v i s c o s i t y w i l l now be considered. 

For turbulent flow, Boussinesq proposed in 1877 the concept of 
a mixing c o e f f i c i e n t such that 

Shear s t r e s s = £ £ v> + ( 6 4 ) 

where i s the momentum eddy d i f f u s i v i t y (mixing c o e f f i c i e n t ) 

The d i f f u s i v i t y i s a function of the flow and position. Turbulent flow i s 
of such complexity that the mixing c o e f f i c i e n t cannot be described exactly, 
but, i n 1 9 2 5 , Prandtl proposed the Mixing Length hypothesis ( 6 5 ) . 

where "t. = 0.4 y 

From t h i s semi-empirical approach, a universal v e l o c i t y p r o f i l e can be 
derived which i s i n good agreement with experimental r e s u l t s ( 6 6 ) . Using 
the veloc i t y p r o f i l e and experimental measurements of f r i c t i o n factor, 
the following expression can be derived for the turbulent core 

7 

( 6 6 ) 
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As defined above the t o t a l d i f f u s i v i t y goes to zero at the centreline 
(y = a ) . This i s not physically r e a l i s t i c , and i t has been shown (66) 
that a better representation i s to use equation 7 for $ ^ CL/2., and 
assume a constant d i f f u s i v i t y , equal to that at y = 2 , for the central 
region. I t must be stressed that the Mixing Length hypothesis i s only 
a simple approach to describe turbulent flow, and i s only one of many 
analyses. 

The 'equivalent 1 v i s c o s i t y , ° T , i s defined, for a point i n the 
flow, as the average d i f f u s i v i t y between that point and the channel wall 
calculated from the eddy d i f f u s i v i t y of an equivalent turbulent flow with 
the same mean flowrate - t h i s can be considered as an approximation of 
the resistance to acoustic wave propagation. 

For point distance y from the wall 

2. 3 ' °~ 

\ £ 0 - / 2 . for 

for ex.[a. < ^ 

A simple i t e r a t i o n process i s used to evaluate the l i m i t i n g 
viscous layer, £ 

P 4 = «!-*.«/P 

for p = / ( « / ^ r ) 
The s t a r t i n g value i s given by using v»T = v> (laminar flow conditions), 
and the i t e r a t i o n i s convergent within a maximum of 30 steps. 

For the turbulent flow, the o s c i l l a t i n g v e l o c i t y p r o f i l e i s not 
only a function of frequency and f l u i d property (as for laminar flow), 
but also a function of mean Reynolds number - see the above equations. 

The equivalent channel flow to the experimental pipe flow system 
of the project was analysed to determine the decay constant, |S , r e l a t i v e 
to laminar theory predictions ( i . e . L = </( M/2tt)). A turbulent a i r flow 
at 30°C i n a channel of 0.04 m width was considered for a frequency range 
of 25 to 225Hz. 
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Re a = 13,500 

Frequency 
- Hz 

2 5 . 0 

1 2 5 . 0 

2 2 5 . 0 

Re a = 29,600 

Frequency 
- Hz 

2 5 . 0 

1 2 5 . 0 

2 2 5 . 0 

4 0 5 . 6 8 

1416 .55 

2427.28 

2 6 9 . 8 4 

790.09 
1 2 9 9 . 6 6 

2185.0 
4890.0 
6560.0 

2185.0 
4890.0 
6560.0 

The decay constant i s decreased for the turbulent conditions 
r e l a t i v e to the laminar flow predictions. But the pr o f i l e i s dependant 
on the mean Reynolds number - as R e a — 2 0 0 0 , |3 ^PL* 

The experimental work of Bogdanoff ( 4 2 ) provided a limited 
check. Using a hot-wire anemometer, the acoustic vel o c i t y p r o f i l e was 
found for a frequency of 270 Hz with Reynolds number 100,000 in a pipe 
of diameter 0.04 m. The c r i t e r i o n for comparison was the decay distance, 

From experimental graph, y^ = 0.00280 m 
Predicted decay distance, y^ = 0.00243 m 

fo Difference = -13$ 

For t h i s very limited comparison, good agreement was obtained between 
theory and experiment. Wo other experimental work could be found i n the 
l i t e r a t u r e for comparison. 

I t must be stressed that the derived acoustic vel o c i t y p r o f i l e s 
can only be regarded as approximate with the lack of experimental comparison. 

4.1.4 Time mean d i f f e r e n t i a l equations 

The equivalent v i s c o s i t y approximation i s not used to evaluate 
the time mean vel o c i t y p r o f i l e . 

Let 

i . e . = u- •*-

V = v +- © 

i . e . V = V + V, 

Substitute into the Continuity and Navier-Stokes equations 
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Continuity 

Time average equation 

Prom mean value theorems (62) 

since p ^ (. © ) - O 

To evaluate the above expression, the relationship between the o s c i l l a t i n g 
components and random turbulence fluctuations must be known. I t i s 
assumed that the time-variations are independant. 

For independant variables, X $ / 

xTy = x.Y 
( 6 7 ) 



3 8 

S i m i l a r l y 

Navier-Stokes 

X-direction 

Consider system as boundary layer flow 

Substitute and time average 

Similar analysis as for Continuity 
ft/ 

+ e 
Co 

1 3 
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Consider terms 

- these are not zero since © and (v) are dependant (68) 

Write as 

From the Continuity equation i t can be shown that 

'. <o/©M + © M \ = pf^C®") +i_C@©T 

Terms on R.H.S. are Reynolds Stresses d i f f e r e n t i a l s 

^ © = d i r e c t s t r e s s x plane 

Shear s t r e s s x-y plate 

(62) 

Since boundary layer flow 



40 

Equation becomes 

UL + UL 

* X ^ \ >̂M ) 

9 

The equations 8 and 9 are expressed as non-dimensionals, and order of magni
tude analysis used to r e t a i n major terms - as for the analysis of o s c i l l a t i n g 
v e l o c i t y components. 

The following equations are derived 

Continuity 

^ UL 4 . ^ V — — _ j _ 

Navier-Stokes 

10 

JL I u, hi:} - A j L (© ©) — 1$. 

11 

- to solve the d i f f e r e n t i a l equations the Reynolds Stress must be 
known. 

4 . 1.5 Time mean d i f f u s i v i t y 

The e f f e c t of the o s c i l l a t i n g v e l o c i t y on the momentum d i f f u s i v i t y 
of the flow, at a point, i s considered. 
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For pulsating flow, the generated turbulence stres s e s are very-
complex and cannot be predicted i n general - hot wire anenometry would 
have to be used to investigate the turbulence properties. I t i s assumed 
that there i s no resonance interaction between the o s c i l l a t i n g frequency 
and the turbulence fluctuations, but the magnitude of the Reynolds s t r e s s 
may depend on the acoustic v e l o c i t y gradient. There are two extremes 
which can be considered t h e o r e t i c a l l y . I f the acoustic frequency i s very 
high ( CJJ —* <*>), the rate of change of f low conditions i s such that the 
d i f f u s i v i t y can be considered to depend only on the mean flow. I f the 
frequency i s very small (u> — * o ) , a quasi-steady analysis i s applicable 
i . e . the rate of change i s such that the d i f f u s i v i t y , at an instance of 
the cycle, i s dependant on the instantaneous v e l o c i t y gradient. For the 
frequency range of the project, the conditions were between the two 
extremes as would be expected for most p r a c t i c a l s i t u a t i o n s . The position 
of a system r e l a t i v e to the extremes i s discussed i n Section 4.2 . 3 . 

I t was decided to investigate quasi-steady conditions, and 
evaluate a time-independant d i f f u s i v i t y . I t i s assumed i n the analysis 
that the turbulent properties of a point along the channel are only 
dependant on the mean f lowrate and the acoustic v e l o c i t y ( u-| ) at that 
point. The velocity, vi , i s defined to have negligible effect on the 
mean d i f f u s i v i t y - the o s c i l l a t i o n s are considered to occur i n the laminar 
sub-layer regime ( V, > O as j y «j ) . From the analysis of o s c i l l a t 
ing v e l o c i t y p r o f i l e , assuming phase angle e f f e c t s to be negligible, 

a., = ft cos C - t ) C l -

for a point of v e l o c i t y amplitude U. 

To allow for the d i f f u s i v i t y of the mean flowrate l e t 

- t h i s i s an approximation to simplify c a l c u l a t i o n of t o t a l 
d i f f u s i v i t y . 

Define flow conditions by a laminar sub-layer and turbulent core (no 
buffer l a y e r ) . 

For the turbulent core, 

D i f f u s i v i t y at any, £ w => {, 
instance of time • 3 

by Prandtl Mixing Length hypothesis 

U m + ft cos(-t) 
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For the laminar sub-layer, = O 

For steady flow, 

Sub-layer, S S u = I 2.0 o ^ y / R e J 

thickness 

(66) 

for 4000 ^ Re a ^ 100,000 

^ S L = a i f Re a ^ 2000 

- for 2000 < Re a < 4000 calculate the sub-layer thickness 
by l i n e a r interpolation from the above l i m i t s 

Define 

Sub-layer thickness, ^ S u ( j s S = ^ °" / ^C<]L£fc') 
at any instance of time ' 

where fce,^ = ^ | ̂  + k 

for the defined l i m i t s 

To evaluate time-mean d i f f u s i v i t y define an equivalent v i s c o s i t y , 
for any instance of time 

where fi^ i s a factor to allow for y v a r i a t i o n of d i f f u s i v i t y 
i n the turbulent core. 

I t i s assumed that the factor Ŵ) i s approximately constant for 
a l l conditions. -J 

Evaluate mean value over period 

EV. - J L / V S 
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where I U.L = |H M + L I 0 0 3 C- O | 

|U| = HX„ + U . C 0 5 C - ^ | 

The equivalent time-mean d i f f u s i v i t y must be equal to the above 
expression. I t i s assumed that the mean d i f f u s i v i t y can be expressed as 
an equivalent laminer sub-layer, thickness S £ , with turbulent core given 
by -3 K 

t h i s assumption s i m p l i f i e s the mathematical evaluation. 

Evaluate $ E 

= o. S>5U + Bc^U-l - Rap ^ W ^ I ^ O J J 

But o ^ < R^.ILLI 

^ ILD 

This analysis has approximated for quasi-steady conditions the 
time-mean d i f f u s i v i t y i n terms of_a laminar sub-layer thickness, $ E 

and turbulent core d i f f u s i v i t y , S n 
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I t can be shown that 

where XX = c o s " 1 O/O Fc>r & > 1 

s O for & 4 I 

' uU 

where I CI = J U + * *C**V 
TT 

I t can be seen from the equations that the core d i f f u s i v i t y i s 
a function of Bimensionless pulsation v e l o c i t y ( B ) , frequency ( ft = t» 
(Frequency) ) and mean flowrate - the sub-layer thickness i s independent 
of frequency. For B < 1, for a given flowrate and frequency, the core 
d i f f u s i v i t y i s unchanged but the sub-layer thickness i s increased, with a 
maximum at B = 1, r e l a t i v e to steady flow. For B > 1 the d i f f u s i v i t y of 
the core i s increased. 

Although only quasi-steady analysis has been considered, one can 
assume that changes i n d i f f u s i v i t y can occur for higher frequencies - at 
the other extreme, as UJ—> ° ° t the d i f f u s i v i t y i s as for the equivalent 
steady flow. Bogdanoff ( 4 2 ) showed experimentally, from measurements of 
mean ve l o c i t y p r o f i l e , changes i n mean d i f f u s i v i t y for a frequency of 2 7 0 
Hz. 

4 . 1 . 6 Time-mean v e l o c i t y 

Equation 11 can be written as 

1/C 
u 

t 

assuming that the turbulence_stress can be expressed i n 
terms of a mean d i f f u s i v i t y £ K . 
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R.H.S. of the equation can be evaluated from the derived equations. 

Substitution and integration gives 

Equation can be written as 

1. / *£H")li.] 

CPs) X + in 

C O X where 

Integrate 

Boundary condition 

3 
X U -au) 

+ Or 

in where 
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To evaluate mean veloci t y p r o f i l e 

Integrate 

3 
+ G- \ — - ! — ( H - * • CPs) ~ 2 — C p ^ > k d . 

r> / 

To evaluate X 

X 
o» 

o o 
To solve the equations and evaluate the v e l o c i t y p r o f i l e , the mean 
d i f f u s i v i t y must be known. An estimate of the p r o f i l e can be made by 
considering the two possible extremes of the system i . e . assuming quasi-
steady conditions (as derived i n Section 4.1.5), and unchanged 
d i f f u s i v i t y , r e l a t i v e to the equivalent steady flow, as defined for high 
frequency o s c i l l a t i o n ( u> *r » o ) . The r e s u l t s of these two conditions 
would give an indication to the magnitude of the acoustic streaming 
v e l o c i t i e s . I t i s not possible to define the ov e r a l l acoustic streaming 
effects for turbulent flow due to the complexity of the equations and the lack 
of an a n a l y t i c a l solution - the integrals can only be solved numerically 
(use Trapezoidal rule ( 5 8 ) ) . From the solution of the int e g r a l equations 
the mean v e l o c i t y v can be found by substitution i n equation 10._ By com
parison of r e l a t i v e amplitudes, i t was shown that the component v could 
be neglected. 

Relative to the work of the project, the equivalent channel flow 
to the experimental pipe flow system was analysed to f i n d the mean ve l o c i t y 
p r o f i l e i . e . a i r flow, at 30°C, i n a channel of width 0.04 m with Reynolds 
number range 10,000 to 35,000, maximum Dimensionless pulsation v e l o c i t y 6.0 
and frequency range 25 Hz to 225 Hz. The system was analysed for both the 
extremes i . e . quasi-steady and steady flow d i f f u s i v i t y . I n both cases, the 
acoustic streaming v e l o c i t i e s were small (15$ maximum i n the turbulent core), 
and the standing vortex formation was not predicted. I t was considered 
that, for the experimental investigation, acoustic streaming would not be a 
major factor defining convective heat tr a n s f e r . 

The in t e g r a l s can be approximated to give an a n a l y t i c a l solution 
- t h i s i s to give an insight into general e f f e c t s of acoustic streaming 
for turbulent flow. For the f i e l d of i n t e r e s t , the range of pulsation 
variables can be limited from the l i t e r a t u r e survey - resonant frequencies 
from 0 to 500 Hz, and maximum Dimensionless pulsation v e l o c i t y 6. I t i s 
assumed that the d i f f u s i v i t y i s dependant on mean flowrate only. 
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I t has been shown that 
3 

= I . + I« 

Assume for the integral Ig that the d i f f u s i v i t y can be approxi
mated to the equivalent v i s c o s i t y o T, as defined i n the evaluation of the 
acoustic v e l o c i t y p r o f i l e (since — ^ O as «j *<^)p^ 

° T But (3** a OJ / 2. 

Substituting f o r G"c*>) gives 

By s i m i l a r assumption 

O O 
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For the equivalent steady flow 

i . e . assuming the acoustic streaming components to be negligible 
4 . /- JJ 

o ' l o o 

Assume that the v e l o c i t y p r o f i l e of the equivalent steady flow can be des
cribed by the l/7th power law. 

where U c i s the centre - l i n e v e l o c i t y 

By substitution 

For the range of variables, the expression can be approximated to 

since (' - A V < 1 

XL = I R + I 6 
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Compare to laminar flow 

Z 
A Z 

For laminar flow, the l i m i t i n g viscous layer i s close to the channel wall 

i . e . * O except for close to the wall 

Maximum s i z e of vortex at x. = 3 'X ^ 8 

i . e . S»r» f ^ U J J S . \= — I 

Vortex formation i f 
7- "\ — 

for <; ^ a~-

The exact equations for predicting vortex s i z e i n laminar channel flow are 
given by Purdy (59). 
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For turbulent flow, by d e f i n i t i o n of the v e l o c i t y p r o f i l e by the 
l/7th power law, the v e l o c i t y gradients are greater i n comparison to the 
laminar p r o f i l e close to the w a l l . Consequently, for the same r e l a t i v e 
conditions, the s i z e of vortex would be decreased i . e . reverse flow occurs 
closer to the channel w a l l . But, for turbulent flow, the l i m i t i n g viscous 
layer i s increased compared to laminar conditions - the ef f e c t on vortex 
formation cannot be neglected. 

Consequently, for x vortex formation i s defined by 

+ e-*3 J 

- i t can be seen that for ^ <• > ̂  > U-oQ}/ 
«s 3 — > O . 

The increased v e l o c i t y gradients and the increased l i m i t i n g viscous l a y e r 
indicate that vortex formation would be limited to high amplitude o s c i l l a 
tions - for the defined range of pulsation parameters, i t would appear that 
acoustic streaming was not a major factor i n defining heat transfer. 

But, to f i n d the mean ve l o c i t y p r o f i l e , the derived integrals 
must be numerically integrated f o r each set of conditions. 

4.1.7 Summary 

The analysis derives the acoustic v e l o c i t y p r o f i l e by approximat
ing the flow to laminar conditions using an equivalent v i s c o s i t y - for very 
limited experimental comparison, good agreement was obtained. 

I t i s assumed that the time variations of the pulsations and the 
turbulece are independent, but the time-mean d i f f u s i v i t y can be increased 
or decreased due to the o s c i l l a t i n g v e l o c i t y - i t i s only possible to pre
d i c t t h e o r e t i c a l l y for quasi-steady conditions. For very high frequencies 

— > » o ) the transport properties would be unchanged. 

Assuming quasi-steady or steady-state d i f f u s i v i t y , the mean 
vel o c i t y p r o f i l e can be found by numerical integration. Relative to the 
experimental investigation, an analysis of the equivalent channel flow 
showed negligible acoustic streaming v e l o c i t i e s - no vortex formation. 
An approximate a n a l y t i c a l solution indicated that the e f f e c t of acoustic 
streaming on heat transfer, for the defined range of variables, would be 
minimal for turbulent flowrates. 
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4•2 Convective heat transfer to a pulsating turbulent 
flow i n a pipe 

I t was decided to investigate the effect of the changes in mean 
d i f f u s i v i t y , generated by the acoustic velocity, on heat transfer 
coefficient - acoustic streaming effects are assumed negligible. But, 
theoretically, i t i s only possible to derive the d i f f u s i v i t y for quasi-
steady conditions. For high frequency (co—^«»o) steady-state d i f f u s i v i t y 
i s defined and thus, r e l a t i v e to the equivalent steady flow, heat transfer 
c h a r a c t e r i s t i c s are unchanged. 

For p r a c t i c a l systems, the conditions are between the two 
extremes. I f a l l o s c i l l a t i o n s are considered quasi-steady i n order to 
give a prediction of heat transfer, a frequency correction factor could 
be derived from a comparison of experimental measurements and the predicted 
c o e f f i c i e n t s . The factor would define the actual flow d i f f u s i v i t y , i n 
terms of heat transfer, r e l a t i v e to the quasi-steady d i f f u s i v i t y . By 
definition of the changes i n mixing c o e f f i c i e n t , quasi-steady pulsations 
would represent the maximum possible v a r i a t i o n i n heat transfer i . e . the 
measured heat transfer changes would be l e s s than the theoretical 
predictions. 

The aim of the project was to investigate time independant 
energy transfer i . e . consider convective heat transfer to the mean flow. 
The pulsations are defined to affect the mixing c o e f f i c i e n t only i . e . 
analyse as a steady flow with d i f f u s i v i t y dependant on the pulsation 
parameters. 

4.2.1 Steady flow 

Consider a steady flow of a i r , at bulk v e l o c i t y Um> i n a pipe 
of diameter d (radius R) with a constant heat fl u x input along the pipe 
(4) 

Co-ordinate system 

CLBIR 
r 

Energy equation 

The following assumptions are made 

(a) Low v e l o c i t i e s 
(b) Negligible pressure gradient 
(c) Symmetrical heat transfer 
(d) Negligible a x i a l conduction 
(e) Perfect gas 
( f ) Constant properties 
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For f u l l y developed conditions, 

where = 

(66) 

- the effect of the random turbulence fluctuations i s considered by defin
ing a thermal d i f f u s i v i t y , £ H , si m i l a r to the momentum d i f f u s i v i t y , <£tt . 

By energy balance for the mean flowrate 

a 
where bulk a i r , T m s —3:— f r T 
temperature R.1 U m J • «T1 

O 

For f u l l y developed flow with constant heat flux along the pipe, 

v r = si* 

(66) 

To simplify the integration methods assume u = U m 

Energy equation becomes 

Integrate 

T - T = 
rs 

C p ft J 
T~ <Ar 
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from boundary conditions 

VT _ O a t r = O 

T - Tc_ at r=0 
At r = R, T = T. 

T — T - *V 1 r dr 

Velocity p r o f i l e can be approximated to 

By s i m i l a r i t y assuming Prandtl number i s close to unity 

T - TIM = ( ( R - r - y f O p 

Prom defi n i t i o n of bulk a i r temperature 

T« - TLj ^ O • 8 2> 3 
T c - T ^ 

By substitution 
ft 

Karman-Boelter-Martinelli analogy (66) 

Assume £ M « - the momentum d i f f u s i v i t y can be calculated from 
shear s t r e s s and ve l o c i t y measurements. This has been shown to be a reason
able assumption i f Prandtl number i s close to 1. 

The momentum d i f f u s i v i t y i s defined by a laminar sub-layer and 
turbulent core. 

Laminar sub-layer 

For r ^ R " ^ R £ R 0 ( L ) 

for if O O O ^ R & J L ^ I O O O O O 
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Turbulent core 

for 

(66) 

By definition 

Heat transfer, h = 
coeffi c i e n t Tw ~ Tm 

TT 5 T
 n t i q. d Nusselt numoer, Nud = — = -jr^- - T̂JT * k 

By substitution for tlie flow d i f f u s i v i t y , the Nusselt number can be 
evaluated by numerical intergration - use Trapezoidal rule (58). 

Prom the theoretical derivation, i t i s shown that, for f u l l y 
developed conditions, l o c a l Nusselt number i s a constant for a given 
Reynolds number i . e . independant of position along the pipe. 

4.2.2 Quasi-steady flow 

Consider a resonant o s c i l l a t i n g a i r flow, bulk mean veloci t y U m, 
in a pipe of diameter d (radius R) with constant heat flux input along the 
pipe ( q ) . 

The o s c i l l a t i n g flow i s analysed for the mean flowrate i . e . the 
flow i s defined as steady with the thermal d i f f u s i v i t y dependant on the 
pulsation parameters. I t i s assumed that the hydrodynamic and thermal 
boundary layers are f u l l y established. 

I t i s assumed that 

- i f the rate of change of ve l o c i t y amplitude along the pipe i s small, the 
l o c a l mean d i f f u s i v i t y can be considered to be the governing factor. 

For a point along the pipe, 

-p -r- _ *V J r dr 

where oc = K j £ C- p 

- see previous section for assumptions and derivation 
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I t i s assumed that the mean v e l o c i t y p r o f i l e can be approximated by 

By s i m i l a r i t y 

Prom definition of bulk a i r temperature 

By substitution g 

T - T = o - ^ 3 2 > _ i _ r i-Jr 

Time mean Nusselt number 
*T q d 
H u d = (%j - T m) ' k 

To evaluate the mean Nusselt number the time mean d i f f u s i v i t y 
at the point must be known. I t i s defined that the pulsations can be 
considered quasi-steady. Consequently the d i f f u s i v i t y can be predicted 
t h e o r e t i c a l l y - assuming the Karman-Boelter-Martinelli analogy, the 
mixing co e f f i c i e n t can be defined by a laminar sub-layer and core 
d i f f u s i v i t y (see Section 4.1.5). For the derivation of mean d i f f u s i v i t y 
f or a quasi-steady pulsating flow, i t i s assumed that the transport 
properties are dependant on the acoustic velo c i t y and the mean flow 
- acoustic streaming e f f e c t s are considered negligible r e l a t i v e to con-
vective heat transfer. 
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Laminar sub-layer, r ^ P« ~" S E 

s . = where Ill 
• £ M = , o 

Turbulent core, O $ ^ ^ R _ £ 

where 

XX = c o s - ' ^ l j e ^ For 6 > I 

The equations can only be solved numerically - use Trapezoidal rule (58). 

The analysis i s rigorously applicable to a non-resonant pulsating 
flow i.e.^U»f^x = 0. By defining the rate of change of v e l o c i t y amplitude 
to be small, resonant o s c i l l a t i n g flow can be analysed. Consequently, by 
defi n i t i o n of t h i s assumption, for a resonant flow Nusselt number at a 
point, for f u l l y developed conditions, i s dependant only on the mean 
d i f f u s i v i t y at that point i . e . for a given frequency and mean flowrate, the 
heat transfer c o e f f i c i e n t i s a function of Dimensionless pulsation v e l o c i t y 
only. 

The experimental investigation of the project was analysed to 
give l o c a l heat transfer assuming quasi-steady pulsations. The following 
system was analysed - a i r flow i n a pipe of 0.04 m I.D. with mean Reynolds 
number 10,000 to 30,000 for frequency range 25 to 225 Hz with a maximum 
Dimensionless pulsation veloc i t y 4 for f l u i d properties defined at a 
temperature of 30°C. For a given flowrate and frequency, Nusselt number 
was compared to the equivalent steady flow heat transfer over a range of 
pulsation v e l o c i t y (from B = 0 to B = 4 ) . The r e s u l t s were compared to 
the quasi-steady theory used by Hanby - see Appendix I . The theory i s a 
si m p l i f i c a t i o n of the derived method - the instantaneous d i f f u s i v i t y i s 
described by the steady flow function, using the instantaneous v e l o c i t y , 
for a l l frequencies (change i n heat transfer i s independant of frequency 
of o s c i l l a t i o n and mean flowrate). 
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Define Improvement r a t i o , R^ 

R A = Nua/Nu^ 

where Nu d g i s the Nusselt number of the equivalent steady slow 

See Figure 7 Page 58 

The analysis shows that large increases i n heat transfer occur at high 
ve l o c i t y amplitudes ( i n the reverse flow regime), but at lower amplitudes 
Nusselt number i s decreased with a minimum at B = 1. The minimum i s 
dependant on mean flowrate - the lower the flowrate, the greater the 
decrease. The ef f e c t of frequency i s more pronounced at lower flowrates 
- the higher the frequency, the smaller the change i n heat transfer 
( f o r B > 1 ) . The functions are s i m i l a r i n var i a t i o n to that given by the 
simple quasi-steady method (as used by Hanby). 

I t i s possible by the analysis to estimate l o c a l heat transfer 
for an o s c i l l a t i n g flow i n a given system, under f u l l y developed conditions, 
from mean flowrate, frequency and ve l o c i t y amplitude assuming quasi-steady 
pulsations. 

4.2.3 Frequency factor 

The degree to which an o s c i l l a t i n g flow can be considered quasi-
steady i s dependant on the rate of change on the acoustic v e l o c i t y r e l a t i v e 
to the turbulence fluctuations of the equivalent steady flow. 

The turbulence fluctuations can be described by an eddy frequency 

Prandtl eddy, f e = ® 
frequency *~ 

for v e l o c i t y fluctuations, © 
Prandtl mixing length, "t 

(69) 

The parameter i s the reciprocal of the time for which any p a r t i c u l a r eddy 
ex i s t s as an en t i t y . 

For the flow i n a pipe 

t = f ( y ) 

where y = R - r 
© 0.05 fim 

except for very close to the pipe wall 

f e o C m 

(69) 
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F i g . 7 Improvement R a t i o a g a i n s t 
P u l s a t i o n V e l o c i t y f o r quas i - s te^^dy f l o w 
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For the range of Reynolds number 4,000 < Re^ < 100,000 the v e l o c i t y pro
f i l e s are s i m i l a r (u/u m = f ( y ) ), and the majority of thermal resistance 
i s close to the wall 

e.g. for y = 0.1 R, u/Uc a 75$ 

Consequently, r e l a t i v e to convective heat transfer, this area close to the 
wall i s of primary i n t e r e s t . From the definition of eddy frequency, i t 
can be seen that the turbulence frequency i s high i n t h i s regime. For the 
range of acoustic frequency of i n t e r e s t (o to 300 Hz), i t would appear that 
resonance interaction between the o s c i l l a t i o n s and the turbulence f l u c t u a 
tions i s not a major factor for the defined region (see derivation of 
acoustic streaming v e l o c i t i e s - Section 4.1.4). 

I t i s defined that the turbulence fluctuations can be represented 
by the eddy frequency at y = 0.1 R (u/U c2: 75$) • Consequently for the 
definition of heat transfer 

Ie°<- d 

for the given Reynolds number range 

Consider the acoustic velo c i t y p r o f i l e at a point along the pipe 

UL, 

- see Section 4.1.5 

For the important regime close to the wall the frequency of o s c i l l a t i o n 
can be considered the dominant factor in comparison to l o c a l v e l o c i t y 
amplitude r e l a t i v e to the rate of change of the o s c i l l a t i n g v e l o c i t y 
gradient. 

The degree to which an o s c i l l a t i n g flow can be considered quasi-
steady i s dependant on the rate of change of the acoustic v e l o c i t y gradient 
r e l a t i v e to rate of change of the turbulence eddies. Consequently, 
r e l a t i v e to convective heat transfer, the r e l a t i o n to quasi-steady can be 
defined by the r a t i o of the angular frequency of pulsation to the eddy 
frequency of the equivalent mean flow 

CO 
i . e . S = = 2* 

d U m 

- as S — ^ 0, the flow tends towards quasi-steady o s c i l l a t i o n s . 
The non-dimensional parameter i s defined as the Strouhal number. 

I t was hoped to derive a frequency correction factor from a com
parison of experimental r e s u l t s to the theoretical quasi-steady predictions. 
From the discussion of t h i s section, i t was proposed that the frequency factor 
would be a function of Strouhal number. But with the non-linear interaction 
of laminar sub-layer and core d i f f u s i v i t y , the correction factor was 
envisaged to be a complex function of Strouhal number. 
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4.2.4 Summary 

The theoretical investigation proposes that the acoustic velo c i t y 
can produce changes i n the time-mean d i f f u s i v i t y assuming quasi-steady 
pulsations. Assuming quasi-steady o s c i l l a t i o n s , large increases i n heat 
transfer, for fully-developed conditions, are predicted for high v e l o c i t y 
amplitudes (B > 1), but Nusselt number i s also dependant on the frequency 
and the mean flowrate. For a point, under given frequency and mean flow-
rate conditions, the heat transfer c o e f f i c i e n t i s dependant only on the 
Bimensionless pulsation v e l o c i t y at that point. 

The assumption of quasi-steady pulsations predicts the maximum 
possible changes i n heat transfer - at the other extreme, for high f r e 
quency o s c i l l a t i o n s ( u l — n o change i n heat transfer i s predicted. 
I t was proposed that from a comparison of experimental r e s u l t s and pre
dicted time-mean Nusselt numbers, assuming quasi-steady conditions, a 
frequency factor could be derived - i t was considered that the factor 
would be a function of Strouhal number. 
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5. Pulsation generator 

The f i r s t step i n the experimental investigation was to develop 
the pulsation generator. I t was defined that the device was to produce 
sinusoidal, resonant longitudinal o s c i l l a t i o n s , over a frequency range of 
5- 500 Hz, superimposed on a turbulent flow i n a pipe. Large amplitude 
pulsations were required to produce momentary reversal of the a i r flow 
(B > 1 ) . I t was hoped to produce approximately sinusoidal waveform since, 
by Fourier Analysis, a l l other functions could be predicted from the 
resu l t s . 

I t was decided to use a siren f o r the project since i t i s a 
simple device capable of producing high i n t e n s i t i e s . The siren i s based 
on a wheel which peri o d i c a l l y interrupts an a i r j e t - i t i s a f l u i d 
regulator i . e . f l u i d flow i s regulated by a time-varying o r i f i c e . As 
the o r i f i c e r apidly opens, high pressure f l u i d i s forced i n t o contact 
with f l u i d downstream of the modulator. The r e s u l t i n g s t r a i n on the low 
pressure f l u i d produces an acoustic wave. As the o r i f i c e closes a rare
f a c t i o n i s created, and consequently a periodic pressure wave i s generated. 
L i t t l e work has been published on the design of sirens, despite the wide 
usage - see references 7 0 - 7 5 . I t was obvious that the design of the 
siren to the project specifications would be mostly an experimental 
approach and not t h e o r e t i c a l . 

The basic format f o r the system was chosen - a known flowrate 
of a i r was to be supplied from a compressor to the siren. By enclosing 
the siren wheel i n a sealed plenum chamber, the d r i v i n g a i r supply was 
to be used as the mean flowrate f o r the heat transfer measurements. The 
flowrate was to be measured between the compressor and siren, and con
sequently no pulsations must be transmitted back along the i n l e t l i n e to 
the flowmeter. A silencing chamber was to be used to decrease the 
laboratory noise l e v e l . 

See Figure 8 Page 62 

5.1 Design 

5 .1.1 A i r supply 

A two-stage, reciprocating compressor, with a receiver pressure 
of 10.5 bars gauge, supplied a i r to the siren (model 15T type 30 manu
factured by Ingersoll Rand Ltd.). A water-cooled, counter-flow heat 
exchanger was designed f o r the outl e t l i n e of the compressor to maintain 
constant temperature supply to the flowmeters - maximum v a r i a t i o n + 4°C 
over a 4 hr. t e s t . The supply flowrate was measured by two Gapmeters i n 
p a r a l l e l (Types IGU/29F and IGU/15F manufactured by G.A. Platon L t d . ) . 
The combined range was 0.1 x 10-2 to 6.0 x 10-2 Kg/s at 7 bar gauge and 
15°C. The Gapmeters were calibrated by the manufacturers to an accuracy 
of + 1"4$ of f u l l scale deflection. The c a l i b r a t i o n pressure was maintained 
by a pressure regulator, and any temperature v a r i a t i o n was corrected from a 
measurement of a i r temperature i n the plenum chamber. The flow was con
t r o l l e d by two p a r a l l e l gate valves downsteam of the flowmeters. A maximum 
flowrate of 2.2 x 10-2 Kg/s was available to the siren. Transducer 
measurements f o r pressure o s c i l l a t i o n s close to the flowmeters showed no 
va r i a t i o n i n pressure over the frequency range - steady flow supply could 
be assumed. 
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5.1.2 Siren 

The siren r o t o r was a 0.178 m diameter disc of mild steel, with 
20 o r i f i c e s of 9.54 nun diameter symmetrically placed around the circum
ference - see Figure 9 Page 64. The drive shaft (31.8 mm diameter) was 
be l t driven from a variable speed D.C. motor. The motor was a \ h.p. 110 
V D.C. shunt interpole machine, with maximum speed of 2,100 r.p.m. - a 
r e c t i f i e d mains driver c i r c u i t was designed. The speed could be controlled 
by a 10 amp. variac on the A.C. supply l i n e . Shaft speed (from which 
acoustic frequency was calculated) was measured from a disc on the shaft 
by an electro-magnetic transducer - frequency range was 20 to 450 Hz. 

The seal between the rot o r and test section was produced by a 
P.T.F.E. faced flange - the stator. The stator o r i f i c e was of the same 
diameter as a rotor o r i f i c e . 

The necessary pressure r i s e on closing of the stator o r i f i c e was 
generated by using a high speed flow of the supply a i r directed onto the 
roto r (by using small diameter nozzles). Various j e t diameters were used 
- i n the range 3.17 mm to 9.54 mm. The gap between the nozzle outlet and 
roto r face was approximately 12.7 mm. 

The rotor and stator were enclosed i n a plenum chamber to provide 
a seal - the chamber also acted as an expansion volume to prevent pressure 
o s c i l l a t i o n s i n the a i r i n l e t system. The plenum chamber volume was 
approximately 0.018 m5. Transducer measurements i n the chamber showed that 
the o s c i l l a t i o n amplitudes, f o r a l l frequencies, were negligible -
conditions i n the plenum volume could be considered steady. A spring-loaded 
l i p seal was used between the drive shaft and the chamber, but under test 
i t was found to leak. Since i t had been shown that flow i n the chamber 
could be considered steady, the leakage flowrate was calibrated against 
mean pressure of the plenum chamber, which was measured by a water manometer 
- maximum loss of 10$. 

In order to increase pressure amplitudes f o r low flowrates, a 
by-pass l i n e was f i t t e d to the plenum chamber. The amplitude generated 
by the device was dependant on the mass flowrate i n the supply nozzle and 
not on the flowrate i n the test section. The by-pass l i n e allowed a known 
flowrate to be bled from the chamber and discharged to Hie atmosphere. 
Consequently, a higher Eimensionless pulsation v e l o c i t y (B) was produced 
f o r the decreased flow i n the test section. The bleed a i r flow was con
t r o l l e d by a gate valve and measured by a low pressure rotameter (Type 35G, 
produced by Rotameter Co. Ltd., range 0.1 x 1 0 - 2 to 1.0 x 1 0 - 2 Kg/s at 
atmospheric pressure and 20°C - the rotameter was calibrated against the 
supply flowrate Gapmeters). This method could only be used because the 
conditions i n the chamber could be regarded as steady. 

See Figure 1 I Page Si 

5 .1.3 Amplitude control 

A requirement f o r the heat transfer investigation was that the 
o s c i l l a t i o n amplitude could be independantly controlled r e l a t i v e to the 
mean flowrate f o r a given harmonic - quarter-wavelength damping pipes were 
used i . e . variable length side-branches perpendicular to the test section. 
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Side branches have been used as acoustical dampers f o r combustors 
and f o r the exhaust pipes of I.C. engines - see References 5, 76-78. Hanby 
(9) used similar devices i n an investigation of heat transfer from pulsating 
flow. Basically the length of the side pipe i s adjusted, by a movable 
piston, to give a distance equivalent to the quarter wave-length of the 
frequency ( i ^ . = c/4f). Wave r e f l e c t i o n generates a standing wave with a 
node at the junction of the pipes - consequently a large attenuation i n the 
pressure amplitude i n the downslream test section i s produced. Maximum 
decreases of 95$ have been measured using t h i s method (78) . By using 
positions offset from the quarter-wavelength, the amplitude could be varied 
between the maximum and minimum. The side branches must be placed close to 
a pressure antinode f o r greatest e f f i c i e n c y . 

For the project two side branches of 25.4 mm I.D., were placed 
between the siren ou t l e t and the test section. The maximum available 
length f o r each pipe was 1.0 m - the side branch length was controlled by 
a wood piston. 

5.1.4 Test section 

To investigate the system performance a test section was designed 
to enable the measurement of the resonance characteristics i . e . harmonic 
frequencies and pressure amplitude d i s t r i b u t i o n - t h i s was replaced by the 
heat transfer section a f t e r the development of the generator. 

A pipe of i n t e r n a l diameter 40.0 mm and acoustic length of 2.0 m 
was modified to enable pressure amplitude to be measured at 15 points along 
the pipe. The maximum possible mean flowrate i n the pipe was 2.0 x 10""2 
Kg/s - equivalent to Reynolds number (Re^) 35,800 at 15°C. 

In the project, pressure amplitudes were measured using quartz 
cr y s t a l piezoelectric transducers ( K i s t l e r type 601 A). The measuring range 
was 0 to 250 bars with a scale l i n e a r i t y of 0.25$. The output from the 
transducer was displayed on an oscilloscope using a charge amplifier - the 
amplitude was measured from the screen. The frequency of the o s c i l l a t i o n 
could also be found from the trace and compared to the shaft speed 
measurement. 

5.1.5 Silencing chamber 

A chamber was constructed to give a volume of approximately 3 n& 
- i t exhausted d i r e c t l y to the atmosphere. The sides were l i n e d with 
fibre-glass insulation and acoustic t i l e s . Over the range of operation an 
average decrease of 50$ i n room sound le v e l was measured. 

See Figure 11 Page 67 

5.2 Characteristics 

The resonance characteristics of the test section were i n v e s t i 
gated to measure the siren output. 

The pipe was tuned to resonance by varying the frequency of 
o s c i l l a t i o n to give maximum pressure amplitude at x = 0, and a standing 
wave d i s t r i b u t i o n i . e . a system of nodes and antinodes along the pipe, 
with a phase change of 180° at nodes. I t was found that resonance also 
corresponded to maximum sound l e v e l i n the room. 
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Prom i n v i s c i d flow theory (see Chapter 3)1 the resonant f r e 
quencies f o r a closed/open pipe are given by 

f = (2n - 1) 4L A 

f o r n = 1,2,3 

- f o r a i r temperature 288°K, c = 340.0 m/s 

Since = 2.0 m, the following comparisons could be made between experi
mental and theoretical values. 

Experimental Theoretical 

Fundamental 40.2 42.5 Hz 
1st harmonic 122.3 127.5 Hz 
2nd harmonic 206.0 212.0 Hz 
3rd harmonic 280.8 298.0 Hz 

The standing wave distributions were as expected i . e . the position 
of the nodes and antinodes, and phase changes of approximately 180° across 
the nodes. Node amplitude was not zero due to imperfect wave r e f l e c t i o n . 
Experimental and theoretical pressure amplitude modulus are shown i n com
parison f o r the fundamental and 1st harmonic. 

See Figure 12 Page 69 

The theoretical variations were derived from i n v i s c i d flow theory using 
the measured values of pressure amplitude at a node and antinode. For 
higher harmonics ( f > 280 Hz) there was a reduction i n maximum pressure 
amplitude due to a decrease i n wave r e f l e c t i o n from the open end. 

The waveform of the o s c i l l a t i o n was analysed using a wave analyser 
i . e . Fourier analysis in t o harmonic components by e l e c t r i c a l filters (A.F. 
Analyser type 1461A manufactured by Dawe Ltd.). For a l l conditions, the 
main harmonic was 3 x the frequency with maximum d i s t o r t i o n , given by a 
comparison of harmonic amplitude to main frequency amplitude, of 15$. 

The experimental results j u s t i f i e d the use of the small pertubation, 
i n v i s c i d flow theory to predict resonant frequencies and pressure amplitude 
d i s t r i b u t i o n . The theory was used to predict v e l o c i t y amplitudes from 
pressure amplitude measurements. 

A 
Velocity amplitude d i s t r i b u t i o n 

where 
A 

UL N N 

- see Chapter 3 
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No measurements of v e l o c i t y amplitude were made but Bogdanoff (42) showed, 
under similar conditions, that predicted values from the given method 
agreed w i t h i n 5$ of the measured centre-line v e l o c i t y amplitude. 

The v e l o c i t y amplitudes at an antinode are shown against a i r 
supply flowrate, f o r two j e t sizes, f o r the 2nd harmonic ( f = 200 Hz). 

See Figure 13 Page 71 

For a given frequency, the amplitude was a function of flowrate and j e t 
size only. I t had been shown that an important parameter f o r the i n v e s t i 
gation was the Dimensionless pulsation v e l o c i t y (B). The maximum values 
of t h i s v e l o c i t y are shown as a function of mass flowrate i n the test 
section. 

See Figure 14 Page 71 

The complex v a r i a t i o n was due to the use of the by-pass l i n e from the plenum 
chamber. The results showed that 'reverse f l o w 1 could be obtained under a l l 
conditions with a maximum of 500$ (B = 6) at the lower flowrates. 

The amplitude control system had a maximum attenuation of 84$ at 
the lower harmonics (defined by the reduction i n amplitude at a pressure 
antihode). The ef f e c t of length of side branch on pressure amplitude i s 
shown for the 1st and 2nd harmonics ( f = 125 Hz and f = 200 Hz). 

See Figure 15 Page 72 

The table below shows a comparison between the length f o r maximum attenuation 
from the experiment and theory 

Frequency Experimental length Theoretical length 
-cm -cm 

125 Hz 69.5 67.9 
200 Hz 43.0 42.4 
280 Hz 31.0 30.4 

where Theoretical length, L j l = _c_ 
* 4 f 

High attenuation f o r the fundamental frequency was not possible due to the 
l i m i t e d length of the side branches - t h i s was l a t e r modified by using a 
f l e x i b l e hose to extend the tuning pipe. For higher harmonics ( f > 280 Hz) 
the e f f i c i e n c y of attenuation was decreased due to the position of the side 
pipes r e l a t i v e to pressure nodes. Two side branches had been included i n 
the o r i g i n a l design so as to enable both amplitude control and harmonic 
control i . e . to give a pure sinusoidal o s c i l l a t i o n . I t was found that 
waveform control was unnecessary - see e a r l i e r discussion of harmonic content. 
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5.3 Summary 

The siren had a frequency range of 20 to 450 Hz, and was capable 
of producing large amplitude o s c i l l a t i o n s . The pipe acted closed/open 
acoustically, and the resonant frequencies and standing wave d i s t r i b u t i o n 
could be accurately predicted from i n v i s c i d flow theory. Under resonant 
conditions, a maximum Dimensionless pulsation v e l o c i t y of 6 was possible 
and, f o r a l l flowrates, the maximum amplitude at v e l o c i t y antinodes was 
such to give momentary flow reversal. The waveform could be assumed to be 
sinusoidal - maximum d i s t o r t i o n of 15$. Independant amplitude control was 
possible with the variable length side branch - maximum attenuation of 84$. 
But f o r higher harmonics ( f > 280 Hz) the amplitudes were decreased, and 
amplitude control was poor with the maximum attenuation l e v e l decreased. 
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6. Experimental Heat Transfer 

The requirements f o r the experimental investigation have been 
stated - a comparison of time-independant local heat transfer of a resonant, 
o s c i l l a t i n g turbulent a i r flow, of known frequency and amplitude, to the 
heat transfer coefficients of a steady flow of the same mean flowrate. 
The pulsation generator has been designed and evaluated, and the acoustic 
test section had to be replaced by the experimental heat exchanger. 

I t was decided that the energy source would supply a constant 
heat f l u x along the pipe. Assuming no energy loss, from measurements of 
the bulk a i r temperature at the i n l e t to the heat exchanger and the heat 
f l u x , the bulk a i r temperature at any point along the pipe could be 
calculated by a simple energy balance - a constant heat f l u x input would 
give a linear r i s e i n a i r temperature along the pipe. Heat transfer co
e f f i c i e n t s (and Nusselt Numbers) could be calculated from measurements of 
loca l wall temperature. Heat transfer coefficients f o r a constant heat 
f l u x system can be predicted t h e o r e t i c a l l y f o r f u l l y developed conditions 
f o r a steady flow (see Section 4.2.1). 

For the investigation of energy transfer to the o s c i l l a t i n g flow, 
time-mean coefficients only were calculated - no provision was made f o r the 
measurement of instantaneous temperatures. With the same mean flowrate and 
energy f l u x , the increase i n time-mean bulk a i r temperature would be the 
same as f o r the equivalent steady flow (assuming the same energy lo s s ) . 
Any change in the mean heat transfer c o e f f i c i e n t at a point, due to the 
os c i l l a t i o n s , would be shown by a change i n the average wall temperature at 
that point. 

Acoustic wave propagation i n a mean flow of an i n v i s c i d f l u i d 
with energy transfer has been investigated. For a defined l i n e a r change 
i n v e l o c i t y of sound along a pipe, the resonant characteristics can be 
predicted t h e o r e t i c a l l y . The ve l o c i t y of sound v a r i a t i o n f o r a li n e a r 
r i s e i n temperature (as given by constant heat f l u x input) can be approxi
mated to li n e a r function of v e l o c i t y of sound i f the change i n temperature 
i s small. I t was decided to define a maximum temperature r i s e of 40°C 
along the test section. But i t has been shown for a small change i n 
temperature that adiabatic theory with a mean ve l o c i t y of sound can be 
used to predict velocity amplitudes - see Section 3-2. 

6.1 Design 

6.1.1 Heat exchanger 

The test section was a thin-walled copper pipe of 40.0 mm I.D., 
0.794 mm wall thickness and length 1.71 m. The constant heat f l u x source 
was produced along the pipe by e l e c t r i c surface heating using a f l a t 
element heating tape (type G100-180 produced by H o t f o i l Ltd.). The tape 
was closely wrapped around the pipe, on top of the wall thermocouples with 
no longitudinal spacing i n order to prevent 'ripple' input. (Surface 
temperature measured by thermocouples - see Section 6.1.2). Aluminium f o i l 
was used as a thermal mass between the thermocouples and the heating tape -
preliminary work showed that the heating tape produced 'hot spots' which 
gave a large deviation i n wall temperature d i s t r i b u t i o n . The heating 
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elements were insulated from the pipe surface and the thermocouples by a 
woven glass-cloth covering. The tape had a maximum loading of 2.8 KW from 
a 240V A.C. supply, and a safe surface operating temperature up to 450°C -
i t had a length of 9.0 m width 25.0 mm and thickness 1.5 mm. The supply 
was controlled by a 15 amp variac, and the energy input was measured by an 
ammeter (range 0-10 amp) and voltmeter (range 0-150V). The system was 
insulated by moulded pipe sections of a calcium s i l i c a t e insulant, 
Newtherm 800 (produced by Newalls Insulation Co. Ltd.). The thermal con
d u c t i v i t y , at a mean temperature of 50°C, was 0.0515 W/m°C, and the 
maximum allowable hot face temperature was 800°C. The thickness of insula
t i o n was 75.0 mm. 

To produce f u l l y developed hydrodynamic flow at the i n l e t of the 
heat exchanger, an i n l e t section (length 0.5 m, 40.0 mm I.D.) was placed 
between the pulsation generator and the heat exchanger. Preliminary work 
showed that, f o r pulsating flow, vast increases i n heat transfer were found 
at the e x i t of the heat exchanger - t h i s was due to cold a i r drawn i n t o the 
pipe. But the effect was not a representation of the conditions i n the 
exhaust pipe of a pulsating combustor, and an outlet section (length 1.0 m, 
40.0 mm I.D.) was placed at the e x i t of the heat exchanger. Both i n l e t and 
outlet pipes were used to mount pressure transducers (see Section 6.1.4). 

6.1.2 Wall temperature measurement 

Wall surface temperatures were measured by Copper/Constantan 
thermocouples. I t was assumed that the temperature drop across the t h i n 
wall of the copper pipe was negligible, and the thermocouples were mounted 
on the outer wall of the pipe. 

The junctions were formed by t w i s t i n g the two constituent wires 
together, and s i l v e r soldering f o r good e l e c t r i c a l contact. The junctions 
were e l e c t r i c a l l y insulated by applying a t h i n covering of a r a l d i t e . 

The thermocouple wire was calibrated against N.P.L. calibrated 
thermometers (+ 0.1°C) using a constant temperature o i l bath. The bath was 
thermostatically controlled with a maximum operating, temperature of 200°C. 
The results agreed with the standard c a l i b r a t i o n curves (79) to within 0.5$. 

The positions of the nodes and antinodes i n the heat exchanger 
for the f i r s t f i v e resonant frequencies (fundamental to 4th harmonic 
inclusive) were calculated, and thermocouples were placed at these points. 
Allowance was made f o r the thermal entrance length by a high density of 
thermocouples close to the heat exchanger i n l e t - a t o t a l of 29 wall 
thermocouples were used. The thermocouples were sellotaped into position 
on the pipe wall - the heating tape and aluminium f o i l held the thermo
couples i n position. The measuring system f o r the thermocouples i s shown. 

See Figure 16 Page 76 

The reference zone was an insulated box containing the junctions of the 
thermocouple wires and the copper connecting wires - the temperature of the 
zone was measured with a calibrated thermometer (+ 0.5°C). The generated 
voltages were measured by a d i g i t a l voltmeter using a data logging system 
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(Data Transfer Unit type 320 and voltmeter type LM 1604, manufactured by 
Solatron Ltd.) - the output was printed on a paper tape (Addmaster type 35 
manufactured by Addmaster Co. Ltd.). But, due to limited input channels 
to the transfer unit, a selector switch had to be incorporated i n the 
design. The arrangement enabled a l l wall temperatures to be measured 
r e l a t i v e to a reference temperature, and the equivalent voltages recorded 
on a paper tape print out. 

6.1.3 Air temperature measurement 

Air i n l e t temperature was measured by three copper/constantan 
thermocouples i n the plenum chamber of the s i r e n . The thermocouple wire 
and the measuring system were as for the wall thermocouples. 

I t was required to measure the bulk a i r temperature at the outlet 
of the heat exchanger in order to check the method of ca l c u l a t i n g tempera
ture d i s t r i b u t i o n along the pipe (by mean flow energy balance with 
correction for insulation l o s s e s ) . By the d e f i n i t i o n of bulk temperature, 
i t i s a d i f f i c u l t quantity to measure i n f l u i d flow (see Section 4.2.1 for 
d e f i n i t i o n ) . But, under steady conditions, for f u l l y developed turbulent 
flow, a direct relationship e x i s t s between bulk temperature, wall tempera
ture and centre-line temperature. 

(66) 

A stand was designed to mount a copper-constantan thermocouple at the 
centre l i n e of the outlet of the heat exchanger. The measuring system was 
as for the a i r i n l e t thermocouples. Stagnation ef f e c t s due to the a i r 
velocity were negligible. The above equation cannot be assumed for 
o s c i l l a t i n g flow - r e s u l t s of temperature measurements i n pulsating flow 
are given i n Section 6.6 

6.1 .4 Measurement of pulsation variables 

The acoustic length of the pipe system was 3 . 5 m - assuming 
closed/open acoustic properties, for ambient conditions of 15°C, the 
fundamental frequency was 24 .3 Hz. The resonance c h a r a c t e r i s t i c s were 
investigated under ambient conditions - the r e s u l t s were as expected 
r e l a t i v e to the previous work i n the testing of the pulsation generator 
(see Section 5.2). 

I t was decided that the maximum temperature r i s e of the a i r would 
be limited to 40°C to enable the use of adiabatic wave propagation theory. 
Preliminary work with the heat exchanger showed that the assumption was 
correct by measuring pressure amplitude distributions with a transducer 
probe. For the experimental investigation, the energy input of the heating 
tape was adjusted to give the same temperature r i s e for a l l mean flowrates 
i n order to give the same resonant frequencies. 
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Transducer tappings were- made, in the i n l e t and outlet sections of 
the t e s t pipe, corresponding to the predicted positions of nodes and a n t i -
nodes for the f i r s t f i v e harmonics (fundamental to 4th harmonic). Prom 
measurement of pressure amplitude at a node and antinode, the velocity-
amplitude d i s t r i b u t i o n could be calculated. The frequency of o s c i l l a t i o n 
was measured from the s i r e n drive shaft by an electro-magnetic transducer. 

See Figure 17 Page 79 

6.2 Experimental Programme 

Due to the available compressor and chamber leakage, the maximum 
possible flowrate i n the test section was 2 .0 x 10-2 Kg/s - this gave an 
upper l i m i t of Reynolds number 35 ,750 for ambient conditions of 15°C. The 
minimum flowrate, for the f u l l frequency range, was defined as 0 . 6 x 10 -2 
Kg/s due to non-equilibrium a i r temperature i n the plenum chamber produced 
by f r i c t i o n heating i n the drive shaft s e a l - th i s gave a lower l i m i t 
Reynolds number of 10 ,700 at 15°C. The following mean flowrates were used 
in the project 

Mass flowrate Reynolds No. 
- Kg/s - R e d 

0.0080 H.300 
0 .0115 20,550 
0.0145 25,900 
0.0175 31,250 

for f l u i d properties defined at 1 5°C. 

Prom the evaluation of the pulse generator, the upper frequency 
l i m i t was defined at 250 Hz due to decreased amplitudes and i n e f f i c i e n t 
wave attenuation by the side branch control. Por a temperature r i s e of 40°C 
i n the heat exchanger, the resonant frequencies were found to be 2 5 . 0 Hz, 
7 5 . 0 Hz, 125.0 Hz, 175 .0 Hz and 225 .0 Hz within the defined frequency 
range. I t was not possible to control the o s c i l l a t i o n amplitude for the 
fundamental frequency ( 2 5 . 0 Hz) due to the limited length of the side branch. 

Por a given mean flowrate, heat transfer measurements were made 
for each of the defined harmonics for different pressure amplitudes. For 
comparison, heat transfer c o e f f i c i e n t s were measured for the equivalent 
steady flow. The pulsation amplitude was controlled by the quarter-
wavelength side branch - r e s u l t s for the condition of maximum attenuation 
were important i n that a di r e c t comparison could be made to the equivalent 
steady flow. Por a given flowrate and frequency, measurements were made 
over the complete range of possible amplitudes i . e . from zero to maximum 
attenuation. 

6 . 3 Test Procedure 

Equilibrium conditions were defined as constant wall temperature 
i . e . maximum variation of + 1°C. I t was found that the approximate time 
to reach equilibrium from cold s t a r t was 1 hour, and half an hour for every 
subsequent change in conditions. 
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For each test the following measurements were taken for the 
equilibrium state 

Mean a i r flowrate 
- Gapmeter 
- Bleed rotameter 
- Plenum chamber pressure 

Energy input to heating tape 
- Voltmeter 
- Ammeter 

Air i n l e t temperature 
- Thermocouples in plenum chamber ( 3 ) 

Air outlet temperature 
- Centre-line thermocouple at heat 

exchanger outlet 

Wall temperatures 
- Thermocouples ( 29 ) 

Reference zone temperature 
- Thermometer 

Room temperature 
- Thermometer 

For unsteady flow, the following additional parameters were 
noted 

Frequency 
- Siren shaft transducer 

Pressure amplitudes at node and antinode 
- Pressure transducer 

From the experimental measurements, l o c a l Nusselt number was calculated f 
positions along the heat exchanger 

- See Section 6 .4 



6.4 Data Reduction 

- to calculate l o c a l Nusselt number. 

For the heating tape, 

Let voltmeter reading = V v o l t s 
ammeter reading = I amps 

Energy output from, Qg = V . I watts 
heating tape per sec 

Surface area of heat = "ir d L m̂  
exchanger 

where d = 0.04 m 
L = 1 .71 m 

Energy output/unit area, tig = — — •^Y\l/m 
par B e e IT c( L 

Consider i n l e t to heat exchanger (x = o) 

Bulk a i r temperature = Tm( 0) °K 

(measured i n plenum chamber of siren) 

Measured wall temperature = ^w( 0^ °K 

Consider point x incremental distance £x from i n l e t , 

Measured wall temperature = T w^ x^ °K 

By l i n e a r interpolation, 

Average wall temperature = -5- ( T w / \ + T w/ \) 
over distance, ' 

= T w ( % 0 ° K 

- assuming the distance to be small 
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Energy loss over length Sx. = ~ ro w ( ^ x ) R.T. 
l 0Se(-£) 

r1 KV 

where Kj = thermal conductivity of insulation 
= 0.0515 x 10-3 Ktf/m °K 

t?2 - r i = thickness of insulation 
= 75.0 mm 

r 2 = 99.0 mm 
r-| = 24.0 mm 

Tr, m = ambient temperature of laboratory °K 

(62) 

- the outer surface temperature of the insulation could be approxi
mated to room temperature. 

Energy input, = — . . 10 J 

over distanced*. 
p«»r S&c 

- 2-W K l SH (m m \ 
— r ?

 ( T w ( % x ) - ^ . T ^ iogefiZ) 
r i nr. 

Apply steady flow energy equation to mean flow of a i r 

•'• ^Sx = A C P ( T * ( x ) " T m ( o ) ) K W 

vjhere m = mean mass flowrate Kg/s 
Cp = s p e c i f i c heat at constant pressure 

=1.00 Kj/Kg °K 
over temperature range. 

_ T . ok •• T m ( x ) - T m ( 0 ) m 

By s i m i l a r method, the bulk a i r temperature was calculated along the pipe 
by successive calculations - the accuracy of the predictions i s dependant 
on the step length $x . 
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For point x 

Energy loss/unit area, q T , v = " 2_£l ( T w ( x ) " TR.T.) ™ / m 2 

IT („) 
,cr- s e c L W *loge(El) 

r 1 

Energy input to/unit area/sec = q^ - q KV//j 
a i r flow / ( x ) 

m2 

By de f i n i t i o n 
q E ~ ^Lfx^ 2 Heat transfer coefficient, hC-N = m \ W i n ° K 

d 
Nusselt number, N ud( x) = *Kx) • k 

where k = thermal conductivity of a i r 

- a l l f l u i d properties used i n the experimental calculations were 
defined at l o c a l bulk a i r temperature. The property tables are given i n 
reference 80. 

Similarly the l o c a l Nusselt number was calculated for positions along the 
pipe from measurements of l o c a l wall temperature. 

For pulsating flow, the veloci t y amplitude dis t r i b u t i o n was 
calculated from measurements of pressure amplitude at a node and antinode 
from i n v i s c i d flow theory - see Section 3 .1• The frequency of o s c i l l a t i o n 
was calculated from a measurement of the s i r e n drive shaft speed. From 
these calculations, the Dimensionless pulsation v e l o c i t y (B) and the 
Strouhal number (s) were found for points along the heat exchanger. 

B = U/U. m 
S = yd/u, m 

I t can be shown by dimensional analysis that for f u l l y developed 
turbulent flow i n a pipe 

Nud = f (Re d, Pr, T r a/T w) 

(62) 

Previous experimental investigations have been correlated i n terms of the 
non-dimensional parameters - the following expression can be used to pre
dict heat transfer c o e f f i c i e n t for a constant heat flux source for 
3,000 < R e d < 1 0 0 , 0 0 0 . 

N U d = 0 .023 (Re d)°' 8(Pr) 0- 4(T r a/T w) 0- 5 

(66) 
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I t was decided to express the experimental heat transfer c h a r a c t e r i s t i c s 
i n terms of the non-dimensional W where 

W = Wu,/( (Re d)°- 8(Pr)°- 4(T m/T w) 0- 5) 

- define W as the flow independant Nusselt number 

Por the experimental r e s u l t s for steady flow, the function should be a 
constant for f u l l y - e s t a b l i s h e d conditions, and approximately equal to 
0 .023 - the given equation i s a derived function to approximate previous 
experimental r e s u l t s over the defined range of Reynolds number, and a 
better estimate can be found from the solution of the energy equation for 
a given flowrate (see Section 4 . 2.1). 

Por a pulsating flow, i t has been shown for l o c a l heat transfer, 
with f u l l y developed, boundary layer, that 

N u J » g (H^ d ,Pr,T^/T^,B,S) 

assuming dependance on l o c a l pulsation parameters only 

(42) 

I t was assumed that the following expression could be defined 

^ d = (^ d)° , 8(^)°-^T^/T;) 0- 5g'(R^ d >B,S) 

i . e . the ef f e c t of f l u i d properties and transverse temperature gradient 
were assumed s i m i l a r as for steady flow. The effect on pulsation parameters 
was considered negligible 

;. W = g'(i; d,B , s ) 

A comparison between the flow-independant Nusselt numbers was 
made between the pulsating flow and the equivalent steady flow. 

See Section 6.6 

6.5 Error analysis 

The maximum possible experimental errors i n the parameters of 
the investigation are considered. 

I t i s assumed that 

a) No personal error 
b) No environmental error 
c) No computational error 

The error i s considered r e l a t i v e to the instrumentation i . e . consider the 
maximum errors i n the derived parameters from the possible errors of the 
measuring instruments. The estimations of the errors are shown in 
algebraic form to demonstrate the method of prediction. 

- for Laws of Propagation of Errors see reference 81 



Consider the major variables of the project i . e . Nusselt numbe 
Reynolds number, Dimensionless pulsation v e l o c i t y and Strouhal number. 

Nusselt number 

hd q d 
* * - T - 7 % ^ ? • I 

But 

= T„, x + * . ? ^ . x 
'P 

i m ( x ) = Tm(o) + m ' C} 

- see Section 6.4 for method of data reduction 

The following assumptions are made 

a) Negligible error i n scale measurements 
e.g. pipe diameter, length 

b) Relative to the errors i n bulk temperature, 
the physical properties of the a i r can be 
considered to have negligible error 

/. Error i n bulk a i r E T , v = E T + (\ - 5 l l \ l • Z l l • x 
temperature w m(°) ' ' "* r 

\ q m / m ^p 

\ Error i n temperature Bfn - 'P , A = E t . . 
difference ( I w ( x ) " m(x)> W x ) 

E; E* \ TT d 
t . X 

Fractional error i n heat ^h( \ _ Eq ^ ^ w ( x ) ~ ^ m ( o ) ^ 

(x) " T * ( x ) > 
transfer c o e f f i c i e n t . • : -r~ TZ 

Hx) q (Tw( x) - T, 

1 ( E q _ Em\ q TT d 
( T»(x) " T * ( x ) H * A / i C P 

U) = u) 
Hu, d(x) h ( x ) 
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Reynolds number 

= 4 . J2. 
TT d U 

%>,,, » E 

Re^/_\ m 

Flow independant Nusselt number 

W = Nud/( CRe d)°- 8(Pr) 0- 4(T m/T w)°- 5) 

The experimental r e s u l t s were expressed i n terms of the non-
dimensional W - see Section 6.4. 

••• E-w = %«) - °-3ER°*U) - °'5f N«) -

Dimensionless pulsation v e l o c i t y 

B ( x ) = V ) / " m ( x ) 
A 

The v e l o c i t y amplitude, U, along the pipe i s calculated from 
pressure amplitude measurements 

A 
u ( x ) P A 

U m = 4 . m 
•tr d^ £ 

m 

Fractional error of, Eg/ \ _ Ep^ E^ 
the dimensionless pulsation — ~ — _ — — 
vel o c i t y (x) Â m 

Strouhal number 

3 = ^ ( x ) 
w = 2 t r f 

Fractional error ^S(x) _ ̂ £ _ Bm 
of Strouhal number o, . f T~ 

b ( x ) f m 
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The relevant instrument accuracies can be defined. 

Mass flowrate 

Gapmeter accuracy + 1.25$ F.S.D. 

- i t i s assumed that the chamber los3 and the bleed 
system have negligible errors r e l a t i v e to the supply 
flowmeters 

Energy flu x 

Heating tape 

Voltmeter resolution + 0.7$ F.S.D. 

Ammeter resolution + 1.0$ F.S.D. 

- the possible error of the heat flux calculations i s 
assumed negligible r e l a t i v e to the heating tape errors. 

Temperature 

Calibration error +0.1°C 
of thermocouple wire 

Resolution of d i g i t a l + 0.25°C 
voltmeter 

Pulsation parameters 

Pressure amplitude measurement 

Oscilloscope resolution + 3$ 

- i t i s assumed that possible errors of the transducers 
and charge amplifiers are negligible r e l a t i v e to the 
oscilloscope resolution. 

Frequency measurement 

Counter resolution + 2$ 

For the flow-independant Nusselt number, the maximum possible 
error i s a complex combination of the measurement errors. The error can 
only be defined for individual positions along the heat exchanger, and 
due to the interaction of the measuring errors, a wide range of possible 
errors i s predicted. From a consideration of the range of parameters, i t 
i s proposed that, for approximation, an average error of 20$ for flow-
independant Nusselt number can be defined. The errors for the other 
parameters can be predicted d i r e c t l y from the relevant instrument errors. 

The analysis can only be considered to give an indication of the 
possible maximum errors. Since the convective heat transfer for a f u l l y -
developed turbulent flow can be predicted t h e o r e t i c a l l y for a constant 
heat flux input (see Section 4.2.1), an estimate of the performance of the 
experimental system can be found from a comparison of the theory to steady 
flow r e s u l t s . 
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6.6 Results 

I t was found that an energy lo s s occurred at the e x i t of the 
heat exchanger to the outlet section. This loss could not be allowed for 
i n the calculations, and consequently r e s u l t s i n the l a s t 10 cm of the 
heat exchanger were not considered. Due to t h i s l o s s , the measurements 
of outlet a i r temperature for steady flow had limited meaning. But the 
maximum difference between measured and predicted bulk a i r temperature 
was 14.8$. The difference was accepted considering the unknown energy 
l o s s . 

The experimental r e s u l t s are recorded graphically i n terms of 
flow-independant Nusselt number (w) against position i n heat exchanger 
(x) - the r e s u l t s for mean flowrate 0.0115 Kg/s are reported i n t h i s 
section. 

See Figure 18 Page 90 to 95 

The majority of the r e s u l t s for the other flowrates are given i n Appendix 
I I I . 

The thermal entrance length for a l l the flowrates under steady 
conditions was approximated to 50 cm - see graphs. The flow-independant 
Nusselt number can be predicted from the energy equation for fully-developed 
conditions (see Section 4 . 2 . 2 ) - approximately equal to 0 . 023 as discussed 
i n Section 6 . 4 . The following table gives a comparison between experimental 
and theoretical determinations. The experimental r e s u l t was found from the 
appropriate graph. 

Re, W 
exp. 

W 
theory 

°P difference 

14,300 
20,550 
25,900 
31,250 

0.0250 
0.0230 
0.0230 
0.0220 

0.0240 
0.0232 
0.0227 
0 .0224 

+ 4.16 
- 0.86 
+ 1 .32 

- 1.79 

for Re d defined at a i r temperature of 15°C. 

The agreement between theory and experiment j u s t i f i e d the experimental 
system and the methods of analysis (compare to maximum error l i m i t s - see 
Section 6 . 5 ) . The r e p e a t a b i l i t y for the experimental r e s u l t s was within 
3/& - a l l t e s t s were repeated to check the l i m i t s of v a r i a t i o n . 

The r e s u l t s for pulsating flow are shown in comparison to the 
fully-developed flow-independant Nusselt number of the equivalent steady 
flow, and also r e l a t i v e to the positions of the v e l o c i t y nodes and a n t i -
nodes. I t was obvious that large increases in heat transfer occurred 
r e l a t i v e to the equivalent steady flow e.g. l o c a l increase of 100$ for the 
fundamental frequency (25 Hz) - see Figure 18b Page 91 . But decreases in 
Nusselt number were also measured e.g. l o c a l decrease of 17 -5$ for the 
1st harmonic (75 Hz) - see Figure 18c Page 9 2 . 
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The general indications were that the ef f e c t of o s c i l l a t i o n s on 
l o c a l heat transfer were complex, and dependant on both frequency and 
lo c a l v e l o c i t y amplitude. Measurements for conditions of maximum attenu
ation showed that any change i n heat transfer was due to the acoustic 
o s c i l l a t i o n s - the r e s u l t s agreed with the equivalent steady flow to 
within + Jfo. 

No indication was given by the experimental r e s u l t s that acoustic 
streaming flow patterns were influencing the heat transfer - c h a r a c t e r i s t i c 
streaming e f f e c t s are given i n Section 2.2. Theoretical predictions of 
mean veloci t y p r o f i l e s indicated that acoustic streaming would have a 
negligible effect for the range of parameters i n the experimental programme 
- see Section 4.1.6. 

Centre-line temperature was measured at the outlet of the heat 
exchanger under pulsating conditions. I t was found that the thermocouple 
reading was dependant on the v e l o c i t y amplitude at that point. Further 
t e s t s , under ambient conditions, showed that errors of the order of -20$ 
were given from thermocouples i n the o s c i l l a t i n g a i r stream - the larger 
the v e l o c i t y amplitude at the point, the greater the error. These limited 
r e s u l t s showed that simple temperature measurements i n an o s c i l l a t i n g flow 
must be regarded with some doubt. 

The experimental r e s u l t s were analysed i n terms of l o c a l heat 
transfer r e l a t i v e to l o c a l Dimensionless pulsation v e l o c i t y . 

- see Chapter 7 
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F i g u r e 18 a / j Experimental heat t r a n s f e r 

L o c a l flow-independant Nusselt 
number against p o s i t i o n i n heat 
exchanger 

Mean a i r f l o w r a t e ™- = 0.0115 Kg/s 

Reynolds number, ReVj = 20550 
at bulk a i r 
temperature 15 C 

R e s u l t s are shown for f i v e frequencies 

f = 25, 75, 125, 175, 225 Hz 

for d i f f e r e n t pressure amplitudes r e l a t i v e 
to the equivalent steady flow (compared to 
the f u l l y - d e v e l o p e d flow-independant Nusselt 
number) 

Re s u l t s f o r the other mean flo w r a t e s are 
given i n Appendix I I I . 
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Frequency factor evaluation 
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7. Frequency f a c t o r e v a l u a t i o n 

I t has been proposed f o r p u l s a t i n g f l o w t h a t , f o r a given 
Reynolds number and Strouhal number f o r a system, the change i n l o c a l 
heat t r a n s f e r r e l a t i v e t o the equivalent steady flow i s dependent only 
on .the l o c a l Dimensionless p u l s a t i o n v e l o c i t y f o r f u l l y developed con
d i t i o n s - see Section 4.2. Since the change i n a i r temperature along 
the pipe was small, Strouhal number and Reynolds number can be assumed 
to be constant f o r a given experimental c o n d i t i o n of frequency and f l o w -
r a t e . For f u l l y developed c o n d i t i o n s , the improvement r a t i o R̂  was 
c a l c u l a t e d . 

R = i 

where \Je i s the f l o w independent Nusselt number f o r 
the e quivalent steady f l o w 

The thermal entrance l e n g t h f o r p u l s a t i n g c o n d i t i o n s was assumed to be 
the same as f o r the equivalent steady f l o w . For f u l l y developed con
d i t i o n s , l o c a l improvement r a t i o was p l o t t e d against the corresponding 
p u l s a t i o n v e l o c i t y f o r a given frequency and mean f l o w r a t e . The quasi-
steady p r e d i c t i o n s are shown f o r comparison i . e . assuming, f o r the 
defined frequency and f l o w r a t e , t h a t the p u l s a t i o n s can be considered 
quasi-steady - see Section 4.2.2. The a n a l y s i s f o r mean f l o w r a t e 0.0115 
Kg/s i s recorded i n t h i s chapter. 

See Figure 19 Page 97 t o 99 

Analysis f o r the other f l o w r a t e s i s shown i n Appendix IV. 

For the experimental range, the r a t i o was dependent only on 
l o c a l p u l s a t i o n v e l o c i t y f o r a given f l o w r a t e and frequency ( w i t h i n 
experimental e r r o r ) . The experimental f u n c t i o n s were of a s i m i l a r form 
as the v a r i a t i o n given by quasi-steady theory - c h a r a c t e r i s t i c decrease 
at B = 1, and f o r higher values of p u l s a t i o n v e l o c i t y an approximately 
l i n e a r increase. I n a l l cases any increase i n heat t r a n s f e r r e l a t i v e 
to the equivalent f l o w was less than the corresponding p r e d i c t e d quasi-
steady change - as ft) * 0, RA * R A Q S » A N D A S R A — * 1.0* For 
a given frequency, an increase i n mean f l o w r a t e showed R A — ^ ^AQS 
r e l a t i v e to the lower f l o w r a t e i . e . i f f l o w r a t e A was less than Flowrate 
B» (^AQS ~ ^ A ) A > (**AQS ~ % ) B *"or *he s a m e p u l s a t i o n v e l o c i t y . 

R e l a t i v e t o the proposed mechanism, i t has been suggested t h a t 
the degree t o which c o n d i t i o n s approach quasi-steady can be described by 
a f u n c t i o n of Strouhal number, and i t was hoped t h a t a frequency f a c t o r , 
i n terms of Strouhal number only, could be defined to r e l a t e measured 
l o c a l heat t r a n s f e r t o p r e d i c t e d quasi-steady c o e f f i c i e n t s - see Section 
4.2.3. But, due t o the n o n - l i n e a r i t y of the i n t e r a c t i o n of laminar sub
l a y e r and core d i f f u s i v i t y a simple d i r e c t r e l a t i o n s h i p , r e l a t i v e t o 
Strouhal number, cannot be defined from a comparison of heat t r a n s f e r . 
The e f f e c t of the n o n - l i n e a r i t y can be seen from the experimental r e s u l t s 
- a t high frequency, f o r large p u l s a t i o n v e l o c i t y , RA ^ 1.0 but f o r 
B z 1 the e f f e c t of frequency was l e s s , r e l a t i v e t o the quasi-steady 
v a r i a t i o n , due t o the dominance of the laminar sub-layer thickness. 

^. GOibW li'nifcattorsfr c?n oelocit^ <=t fnplit Kjithi'n 

c o n J lb Ten 
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I 7 i g . 1 9 a/e L o c a l Improvement. R a t i o f o r f u l l y 
d e v e l o p e d f l o w a g a i n s t t h e c o r r e s p o n d i n g 
l o c a l . U i m e n s i o n l e s s P u l s a t i o n v e l o c i t y 
f o r a g i v e n f r e q u e n c y 

Mean a i r f l o w r a t e = 0.0115 Kg/s 
R e y n o l d s number Re^ = 20550 q 

a t B u l k a i r t e m p e r a t u r e 15 C 

E x p e r i m e n t a l d a t a shown i n c o m p a r i s o n t o 
t h e e q u i v a l e n t q u a s i - s t e a d y p r e d i c t i o n s . 

x ,A , B E x p e r i m e n t a l d a t a C e ~ t ^ 5y*"' a o^ «" p«*«" «^ 

O Q u a s i - s t e a d y t h e o r y oonalbi"©«) 

C o r r e l a t i o n s f o r t h e o t h e r mean f l o w r a t e s a r e 
g i v e n i n A p p e n d i x IV 
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F i g . 1 9 b f 75 Hz 
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But t o be able t o p r e d i c t heat t r a n s f e r i n a p u l s a t i n g f l o w , a 
frequency c o r r e c t i o n f a c t o r must be defined to r e l a t e experimental r e s u l t s 
t o the corresponding quasi-steady p r e d i c t i o n s . The f o l l o w i n g approximation 
was made - i t v/as defined, from the experimental data, t h a t the improvement 
r a t i o s a t high frequency were given by 

RAHF = RAQS f o r B < 1 

R A H P = 1.0 + 0.2 (B - 6 . 0 ) (1.0-HAQS = ) 

f o r 1 < B < 6 

R A H F = 1 , 0 F O R B > 6 

Prom the above d e f i n i t i o n s , the f o l l o w i n g r e l a t i o n s h i p can now be considered 

(*A - % H F
) = (RAQS ~ R A H F ) ( 1 - 0 " A ( ^ ) B ) 

where A and B are constants 

- the f l o w was considered to be quasi-steady a t zero frequency. 

By d e f i n i n g the high frequency f u n c t i o n , a simple r e l a t i o n s h i p can be 
i n v e s t i g a t e d t o r e l a t e p r a c t i c a l and t h e o r e t i c a l data. For hi g h Reynolds 
number (HeJ > 25000) the e r r o r due t o the approximation w i l l be n e g l i g i b l e 
since R A Q C » 1 a t B = 1 - at low Reynolds number, the f u n c t i o n can be 
considered the lower l i m i t f o r high frequency p u l s a t i o n w i t h an upper l i m i t 
of %HF = 1 

Define the f u n c t i o n F c 

F c = 1.0 - (R A - R A H F ) / ( R A q s - R A R p ) 

The frequency f a c t o r equation can be r e w r i t t e n as 

um 
For a given f l o w r a t e and frequency, the f u n c t i o n F c was evaluated f o r various 
p u l s a t i o n v e l o c i t i e s f o r B > 1 - the derived parameters were averaged t o 
give a mean value t o represent t h a t Strouhal number. 

Pl o t l o g i o ( F c ) against logiQ ( s ) to c a l c u l a t e the constants A and B. 

See Figure 20 Page 101 

The graph shows t h a t a r e l a t i o n s h i p between measured heat t r a n s f e r data 
and the quasi-steady t h e o r e t i c a l p r e d i c t i o n s can be defined by a f u n c t i o n 
of Strouhal number. Regression a n a l y s i s , using the method of l e a s t 
squares ( 8 2 ) , gives 

RA - RA HF = 1.0 - 0.43 ( ^ ) 0 ' 5 0 6 

R A Q S " R A H P
 U m 
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The maximum value of Strouhal number i s l i m i t e d by the basic f u n c t i o n 

/ M c k 0.306 i . e . l i m i t 0.43 ( — ) = 1 .0 

.-. S = ^ = 1 6 

I t was assumed t h a t the above equation was v a l i d f o r 0 < 3 < 16, and f o r 
S ^ 16 t h a t R A H F < R A < 1 .0. 

The derived frequency f a c t o r equation was used t o p r e d i c t a c t u a l 
heat t r a n s f e r from the quasi-steady a n a l y s i s f o r comparison w i t h the 
experimental r e s u l t s - t o check the method of averaging the improvement 
f u n c t i o n f o r a given f l o w r a t e and frequency i n the d e r i v a t i o n of the 
Strouhal number r e l a t i o n s h i p . The comparison showed an average mean 
modulus d e v i a t i o n f o r a l l f l o w r a t e s 7^ w i t h maximum d e v i a t i o n 25?S (compare 
to the estimated possible e r r o r - see Section 6.5). The agreement was 
acceptable and i t was considered t h a t the a c t u a l heat t r a n s f e r was r e l a t e d 
t o the corresponding quasi-steady p r e d i c t i o n by a f u n c t i o n of Strouhal 
number. 

I t was shown from the a n a l y s i s t h a t a frequency c o r r e c t i o n 
f a c t o r , a f u n c t i o n of Strouhal number only, could be defined r e l a t i n g 
the experimental heat t r a n s f e r t o the t h e o r e t i c a l quasi-steady p r e d i c t i o n s 
( u s i n g a high frequency approximation). 

- the conclusions from the a n a l y s i s of the experimental 
data are discussed i n Chapter 8. 



CHAPTER 8 

Discussion 
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0. Discussion 

Prom the ana l y s i s of the experimental data f o r heat t r a n s f e r t o 
a p u l s a t i n g f l o w , i t was shown t h a t f o r f u l l y e s t a b l i s h e d f l o w 

(a) Local heat t r a n s f e r was dependent only on the corresponding 
l o c a l Dimensionless p u l s a t i o n v e l o c i t y , B, f o r a given flow-
r a t e and frequency. 

(b) The f u n c t i o n a l r e l a t i o n s h i p between Improvement r a t i o , RA» 
and Dimensionless p u l s a t i o n v e l o c i t y , B, was of a s i m i l a r 
form as f o r the quasi-steady t h e o r e t i c a l p r e d i c t i o n s . 

( c ) For a l l experimental c o n d i t i o n s , the changes i n heat 
t r a n s f e r were less than the equivalent quasi-steady 
p r e d i c t i o n s 

- as W ^ 0, R; 

(d) The experimental Improvement r a t i o , R̂ , was r e l a t e d t o the 
quasi-steady Improvement r a t i o , ^AQS» ^ v a f a c t i o n of 
Strouhal number, S (Frequency c o r r e c t i o n f a c t o r ) . 

R e l a t i v e t o the t h e o r e t i c a l a n a l y s i s of convective heat t r a n s f e r t o a 
p u l s a t i n g f l o w , the above d e r i v a t i o n s from the experimental data showed 
t h a t the changes i n heat t r a n s f e r c h a r a c t e r i s t i c s were due to changes i n 
mean f l o w d i f f u s i v i t y generated by the o s c i l l a t i n g v e l o c i t y (compare the 
experimental f i n d i n g s t o the t h e o r e t i c a l p r e d i c t i o n s of the d i f f u s i v i t y 
hypothesis - see Section 4.2). The e f f e c t on heat t r a n s f e r due to the 
d i f f u s i v i t y mechanism, f o r f u l l y e s t a b l i s h e d f l o w , can be char a c t e r i s e d 
by the f o l l o w i n g . 

(a) Local heat t r a n s f e r i s dependent only on the corresponding 
l o c a l Dimensionless p u l s a t i o n v e l o c i t y , B, f o r a given 
Reynolds number, Red* Strouhal number, S. 

(b) The optimum changes i n heat t r a n s f e r c o e f f i c i e n t s are given 
by quasi-steady p u l s a t i o n s . 

( c ) Experimental heat t r a n s f e r can be r e l a t e d to t h e quasi-
steady p r e d i c t i o n s by a f u n c t i o n of Strouhal number, S. 

The major parameters d e f i n i n g the e f f e c t on heat t r a n s f e r , r e l a t i v e t o 
the equivalent steady f l o w , are mean Reynolds number Re&t Dimensionless 
p u l s a t i o n v e l o c i t y B and Strouhal number S (compare t o the non-dimensional 
a n a l y s i s of Bogdanoff (42) - see Section 2.2). 

The frequency c o r r e c t i o n f a c t o r (a r e l a t i o n between experimental 
heat t r a n s f e r data and quasi-steady theory) was derived from a comparison 
of l o c a l heat t r a n s f e r by approximating high frequency c o n d i t i o n . I t was 
necessary t o make the approximation i n order to derive a simple f u n c t i o n 
due t o the non-linear i n t e r a c t i o n of the laminar sub-layer and core 
d i f f u s i v i t y i n the mechanism of convective heat t r a n s f e r f o r a p u l s a t i n g 
f l o w . But the induced e r r o r i s small ( e s p e c i a l l y f o r high Reynolds number 
f l o w ) since RAQS % 1 f o r B = 1 - see Chapter 7. Since the e r r o r from the 
approximation i s small, the Strouhal number f u n c t i o n , r e l a t i n g experimental 
and t h e o r e t i c a l heat t r a n s f e r , can be considered to show t h a t the changes 
i n heat t r a n s f e r were due t o changes i n mean fl o w d i f f u s i v i t y . 
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I t i s possible t o derive the mean heat t r a n s f e r c o e f f i c i e n t s 
f o r a f u l l y developed p u l s a t i n g f l o w from the Energy equation on the 
assumption of quasi-steady o s c i l l a t i o n s - see Section 4.2.2. An e m p i r i c a l 
frequency f a c t o r was derived from a comparison of the p r a c t i c a l heat 
t r a n s f e r r e s u l t s t o the corresponding quasi-steady p r e d i c t i o n s . Consequently 
i t i s possible t o p r e d i c t l o c a l heat t r a n s f e r f o r a defined system from 
the t h e o r e t i c a l quasi-steady p r e d i c t i o n and the e m p i r i c a l c o r r e c t i o n f a c t o r . 
But the frequency c o r r e c t i o n f a c t o r was defined from a l i m i t e d range of 
experimental v a r i a b l e s . The range of the major parameters f o r the p r o j e c t 
i s shown 

Dimensionless p u l s a t i o n , B : 0.3 - 5.0 
v e l o c i t y 

Strouhal number, S : 0.5-10.0 
Reynolds number, Rea : H f300 - 31 ,250 

defined a t b u l k a i r 
temperature of 15°C 

I t was attempted to assess the a p p l i c a b i l i t y of the method by considering 
experimental conditions outside the given range. 

For the experimental r i g , a lower Reynolds number l i m i t was 
defined due t o f r i c t i o n h e a t i n g from the s h a f t seal i n the s i r e n plenum 
chamber. But, f o r the fundamental and 1st harmonic resonant frequencies, 
l o c a l heat t r a n s f e r could be measured f o r mean a i r f l o w r a t e 0.0035 Kg/s 
(R 6 ( i = 6,250 f o r b u l k a i r temperature 15°C). For f u l l y - d e v e l o p e d condi
t i o n s , l o c a l improvement r a t i o was p l o t t e d against l o c a l Dimensionless 
p u l s a t i o n v e l o c i t y f o r each frequency. For comparison, the improvement 
r a t i o was p r e d i c t e d from the corresponding quasi-steady a n a l y s i s using 
the a p p r o p r i a t e frequency c o r r e c t i o n f a c t o r . 

See Figure 21 Page 105 

For both resonant frequencies, good agreement was found between p r e d i c t e d 
and experimental heat t r a n s f e r - maximum d e v i a t i o n 12.5$. 

The derived method of p r e d i c t i o n was considered r e l a t i v e t o 
the experimental work of Jackson (29-36) and Bogdanoff ( 4 2 ) . For the 
given c o n d i t i o n s , l o c a l heat t r a n s f e r was p r e d i c t e d , f o r f u l l y e s t a b l i s h e d 
fl o w , assuming quasi-steady p u l s a t i o n s and corrected by the appropriate 
frequency f a c t o r . The estimated improvement r a t i o s were compared t o the 
reported experimental r e s u l t s by c o n s i d e r i n g l o c a l Improvement r a t i o 
r e l a t i v e t o l o c a l Dimensionless p u l s a t i o n v e l o c i t y . I t was d i f f i c u l t t o 
analyse the i n f o r m a t i o n due t o a l a c k o f data i n the published r e p o r t s , 
and the comparisons can only be regarded as approximate. 

Jackson i n v e s t i g a t e d e x p e r i m e n t a l l y l o c a l heat t r a n s f e r t o a 
resonant l o n g i t u d i n a l o s c i l l a t i n g a i r f l o w i n a pipe over a wide range of 
Reynolds number - two c o n f l i c t i n g cases were reported (see Section 2.2). 
For higher Reynolds numbers, no change i n heat t r a n s f e r a t v e l o c i t y nodes 
was found but a decrease was measured at v e l o c i t y antinodes e.g. f o r R e, 
= 64»600, S = 4.66 and B = 1.27 a t the v e l o c i t y antinodes - see Figure l b 
Page 7. For the comparison of p r e d i c t e d and experimental heat t r a n s f e r 

See Figure 22a Page 107 
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Due to the low veloc i t y amplitude, the comparison was of limited value but 
good agreement was shown. For lower Reynolds numbers, large increases and 
decreases for l o c a l heat transfer were measured by Jackson e.g. for 
Red. = 11,600, S = 65.4 and B = 4 .25 at v e l o c i t y antinodes - see Figure 1a 
Page 7 • But, since the Strouhal number was high (S » 16), the derived 
d i f f u s i v i t y theory predicted negligible effect on l o c a l heat transfer at 
high pulsation v e l o c i t y . Jackson proposed that acoustic streaming was the 
governing factor at the lower Reynolds numbers, but an analysis of the mean 
velo c i t y p r o f i l e showed negligible streaming effects ( for method of 
analysis see Section 4 . 1.6). 

Bogdanoff investigated l o c a l heat transfer for a resonant, 
turbulent mean a i r flow i n a pipe with R e j = 100,000, S = 5.62 and maximum 
Dimensionless pulsation v e l o c i t y B = 3.4 (see Figure 4 Page 10) . I t was 
proposed by Bogdanoff that the changes i n heat transfer were due to changes 
in mean d i f f u s i v i t y (see Section 2 . 2 ) . For comparison of predicted and 
experimental heat transfer 

See Figure 22b Page 107 

For the given Reynolds number and Strouhal number, good agreement was shown 
between the predicted improvement r a t i o s and the experimental measurements 
- maximum deviation 13.3$. 

I t had been hoped to consider the experimental work on heat 
transfer i n a pulsating combustor by Hanby ( 9 ) , but i t was not possible 
to correlate the basic published information for comparison with the 
d i f f u s i v i t y theory. 

The use of the frequency correction factor with the quasi-steady 
theoretical predictions has been j u s t i f i e d to a limited extent for a wider 
range of parameters. I t was shown that Strouhal number i s a c r i t i c a l 
parameter - at high Strouhal numbers the p o s s i b i l i t y of another mechanism 
of action was indicated. The d i f f u s i v i t y theory vras j u s t i f i e d for an 
extended mean Reynolds number range, but no further l i m i t s could be claimed 
for Dimensionless pulsation v e l o c i t y and Strouhal number. The following 
limitations on the parameters can be defined. 

Dimensionless pulsation, B : 0.3 - 5.0 
v e l o c i t y 

Strouhal number, S : 0.5 - 10.0 

Reynolds number, R 6 d : 6,250 - 100,000 

defined at bulk a i r 
temperature of 15°C 

The experimental work of Jackson indicated that, at high 
Strouhal numbers, heat transfer i n a pulsating flow was not determined by 
the proposed d i f f u s i v i t y mechanism. For the d e f i n i t i o n of «time-mean 
d i f f u s i v i t y i n the theoretical analysis, i t i s assumed that the acoustic 
o s c i l l a t i o n s and the turbulent fluctuations are independent r e l a t i v e to 
time variation i . e . no resonance interaction. For the range of parameters 
i n the project, t h i s assumption was j u s t i f i e d from a comparison of 
acoustic frequency to eddy frequency - see Section 4 . 2 . 3 . Consider the 
relationship between the r a t i o acoustic frequency/eddy frequency to 
Strouhal number. 
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Relative to convective heat transfer, the c r i t i c a l flow regime 
was defined at 0 < y < 0.1 R ( u./ U.c* 75$ at y = 0.1R). Consider the 
point y = 0.05R to approximately characterise the eddy frequency range of 
thi s regime. 

Eddy frequency, f e = 0.125 ^£ 

- see Section 4.2.3 

But y = 0.025 d 

eAVE " -J 

f 
Ratio of frequencies = 

f eAVE 

= o. 2|4 
um 

But Strouhal number, S = ̂  = 2 tr 

f 
F EAVE 

= 0.032S 

Assume the c r i t i c a l frequency defining s i g n i f i c a n t resonant interaction 
between the acoustic o s c i l l a t i o n s and the turbulence fluctuations for the 
defined flow regime i s given by 

1 " eAVE 
i . e . C r i t i c a l Strouhal number, S c = 31 -A-

Jackson experimentally measured large increases i n heat transfer for the 
range of Strouhal number S = 30 to 70. Despite the approximate analysis 
to define the c r i t i c a l Strouhal number, the regime of operation of the 
experimental work indicates that a resonance interaction between the 
acoustic o s c i l l a t i o n s and the turbulence fluctuations may affec t l o c a l 
heat transfer. 

The entrance length regime of the heat exchanger was not 
analysed i n terms of l o c a l pulsation variables. I t can be seen from the 
experimental r e s u l t s that a similar pattern as for f u l l y established flow 
was found but as x ^ 0, RA ^ 1.0 (see Section 6.6). I t was assumed 
that the thermal entrance length for a pulsating flow was the same as for 
the equivalent steady flow i n the derivation of the frequency correction 
factor - the entrance length was approximately equal to 15 x pipe in t e r n a l 
diameter (d) for the Reynolds number range of the project. 
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Relative to the theoretical analysis of a resonant pulsating 
turbulent gas stream, the following major assumptions were made 

(a) the use of small perturbation, i n v i s c i d flow theory 
to predict centre-line velocity amplitudes. 

(b) the use of an equivalent v i s c o s i t y to determine the 
acoustic velocity p r o f i l e . 

( c ) the assumption of no resonance interaction between the 
acoustic pulsations and the random turbulence fluc t u a 
tions. 

I t was shown from the assumptions that, for the range of pulsation variables 
of i n t e r e s t , acoustic streaming v e l o c i t i e s were negligible for a f u l l y -
established boundary layer. I t must be noted that no di r e c t measurement of 
velocit y amplitudes, o s c i l l a t i n g v e l o c i t y p r o f i l e or mean v e l o c i t y p r o f i l e 
were made to confirm the findings. I t i s only possible to define the mean 
d i f f u s i v i t y from the derived acoustic v e l o c i t y p r o f i l e i f quasi-steady 
o s c i l l a t i o n s are assumed. But the reported analysis can only be regarded 
as approximate due to the limitations i n predicting the laminar sub-layer 
thickness. Assuming the quasi-steady mean d i f f u s i v i t y , the Energy equation 
for the mean flow can be solved for a pulsating flow. 

For the experimental heat transfer investigation, i t was 
assumed that the centre-line v e l o c i t y amplitude d i s t r i b u t i o n could be 
predicted from pressure amplitude measurements by small perturbation, 
i n v i s c i d flow theory - f i n i t e amplitude effects were considered negligble. 
The effect of energy transfer was shown to be negligible - see Section 3-2. 

Relative to the preceding discussion of the project, the follow
ing suggestions are made for future work i n the investigation of convective 
heat transfer to a turbulent mean flow superimposed with longitudinal 
o s c i l l a t i o n s . 

(a) Extension of the range of major parameters (Reynolds 
number, Dimensionless pulsation velocity, Strouhal 
number) to check the use of the frequency correction 
factor with quasi-steady predictions. 

(b) Experimental investigation of l o c a l heat transfer at 
high Strouhal numbers (S > 30) to consider the possi
b i l i t y of a resonance mechanism ( i n comparison to the work 
of Jackson). 

(c) Investigate the hydrodynamic and thermal entrance lengths 
for pulsating flows r e l a t i v e to the equivalent steady 
flows. 

(d) Correlate the improvement r a t i o s to l o c a l pulsation 
parameters for the thermal entrance length r e l a t i v e to 
a theoretical quasi-steady a n a l y s i s . 
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(e) Experimentally investigate a resonant, pulsating turbulent 
flow i n terms of the major flow parameters: 

Velocity amplitudes at the pipe centre l i n e 
Acoustic v e l o c i t y p r o f i l e 
Acoustic streaming effects 
Mean turbulence l e v e l s 

The basic ideas for the project were formed from the reported 
increases i n heat transfer i n the exhaust pipe of a pulsating combustor. 
The project has shown that the effect of the longitudinal o s c i l l a t i o n s , 
compared to the equivalent steady flow, i s complex and l o c a l heat transfer 
can be both increased or decreased. Relative to the findings of the 
project, assuming the action of the d i f f u s i v i t y mechanism, the following 
conditions can be defined to give optimum overall heat transfer increase 
in the exhaust pipe for a given mean flowrate - high amplitude, low 
frequency o s c i l l a t i o n s i n the fundamental mode 

i . e . Maximum Dimensionless pulsation veloc i t y (B ^> 1) 

I t was not possible to correlate the available data from pulse combustors 
in terms of pulsation parameters. A major problem has been the prediction 
of v e l o c i t y amplitudes i n the exhaust pipe from measured pressure ampli
tudes. From the theory developed in the project (see Section 3.2), i t 
should be possible to derive the veloc i t y amplitude dis t r i b u t i o n from 
pressure measurements given the bulk gas temperature function - the analysis 
has not been v e r i f i e d by experiment for large temperature gradients. 
Experimental data for l o c a l heat transfer i n pulsating combustors i s very 
limited, and no comparison could be made to predictions from the mean 
d i f f u s i v i t y theory. Despite the possible improvements i n heat transfer, 
the p r a c t i c a l application of pulsating combustors i s limited by the major 
problem of high environmental noise - extensive work would be required to 
design appropriate p r a c t i c a l s i l e n c e r systems. I t must be stressed that 
only the longitudinal mode of o s c i l l a t i o n s has been considered i n the 
project (tangential and r a d i a l modes were not investigated), and the d i s 
cussion on future prospects of p r a c t i c a l development of pulse combustors 
i s limited to t h i s mode of operation. But, with the other possible 
advantages, pulsating combustors may be developed for p r a c t i c a l applications. 

Minimum Strouhal number S 0 
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9. Summary 

The effect on convective heat transfer of resonant, longitudinal 
o s c i l l a t i o n s superimposed on a turbulent mean flow i n a pipe has been 
investigated r e l a t i v e to the equivalent steady flow. 

For the defined range of pulsation parameters, i t i s shown 
th e o r e t i c a l l y that the ef f e c t of acoustic streaming v e l o c i t i e s i s 
negligible, but that the o s c i l l a t i n g v e l o c i t y can generate changes i n the 
time-mean d i f f u s i v i t y . The mean flow d i f f u s i v i t y can be predicted i f quasi-
steady pulsations are assumed. Local heat transfer c o e f f i c i e n t s for the 
mean flow can be evaluated from a solution of the Energy equation, for 
f u l l y established conditions, assuming quasi-steady o s c i l l a t i o n s . I t i s 
shown from a comparison of acoustic frequency to eddy frequency that the 
p r a c t i c a l heat transfer i s related to the quasi-steady predictions by a 
function of Strouhal number. 

Local heat transfer was measured experimentally for a constant 
heat flux supply to an o s c i l l a t i n g a i r flow i n a pipe. The range of major 
parameters was 

Dimensionless pulsation velocity, B : 0.3 - 5-0 

Strouhal number , S : 0.5 - 10.0 

Reynolds number , R ^ : H,300 - 31.250 

defined at bulk a i r 
temperature of 15°C 

From a comparison of the experimental heat transfer c o e f f i c i e n t s to the 
corresponding quasi-steady predictions for f u l l y established flow, a 
frequency correction factor was derived - the factor was a function of 
Strouhal number only. I t was shown that the changes i n heat transfer 
were due to changes i n the mean d i f f u s i v i t y generated by the acoustic 
v e l o c i t y . 

For a defined range of variables, a method has been derived to 
predict l o c a l heat transfer, under f u l l y developed conditions, for a 
pulsating flow i . e . from the theoretical quasi-steady predictions using 
the empirically defined frequency correction factor. 
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Appendix I 

Basic Quasi-steady Theory 

For f u l l y developed turbulent flow i n a pipe, i t has been shown 
experimentally that 

O 8 

Nusselt number, Nu^ ~ 0.02 (Red) 

for R e d, Reynolds number 

(66) 
For a pulsating flow l e t the instantaneous bulk vel o c i t y , Um/.\, 

be given at a point by ' 
_ A 

tfm(t) = um + u s i n ( t e t ) 

for U m f mean flow bulk v e l o c i t y 

U» v e l o c i t y amplitude at that point 
tt, angular frequency of o s c i l l a t i o n s 

•"• um( t) = U m (1 + B s i n (wt)) 

where Dimensionless pulsation velocity, B = u/u m 

Define Instantaneous Reynolds number, R e ( j ^ = =• Um(.j.) 

I t i s assumed that, at any instance of the cycle, the steady flow 
relationship i s v a l i d 

o ft 
i . e . Instantaneous Nusselt, N u, a 0.02 (R e,. .) * 

number ( t ) a ( t ) 

with R e d ( t ) = | U m (1 + B s i n (wt)) 

I f B > 1, flow r e v e r s a l occurs, and i t i s assumed that the Nusselt 
number i s dependant on the modulus of the v e l o c i t y . 

N U d ( t ) = 0.02 (| U m | 1 + B s i n (»t)|)0-8 i . e . 

Time mean Nusselt number i s defined by 
2TT 

N u d = 2TT N,,. dwt 
U d ( t ) 

0 



122 

Nu<1 

Let the Improvement r a t i o , R A = —£L 
N u d e 

where N u, i s the Nusselt number for the equivalent steady 
flowrate e 

i . e . N U d^ a 0.02 ( | u m ) 0 ' 8 

2TT 

2TT 

(|1 + B s i n (»t)|)0'8 dwt 

The i n t e g r a l can be solved . numerically - the change i n heat 
transfer with respect to the Dimensionless pulsation v e l o c i t y i s shown 
graphically. 

Figure 1A Page 123 

I t i s shown that there i s an i n i t i a l decrease i n Improvement r a t i o 
u n t i l flow r e v e r s a l occurs (B = 1 ) . As Dimensionless pulsation v e l o c i t y 
increases beyond t h i s point, an almost l i n e a r increase i s predicted. The 
changes i n heat transfer are independant of the frequency of o s c i l l a t i o n . 



F i g . 1A B a s i c Q u a s i - s t e a d y t h e o r y 

123 

Improvement R a t i o a g a i n s t 
Dimens i o n 1 e s s P u 1 s a t i o n 
v e l o c i t y 

t 
3 . 0 — J 

2.0 

K A QS 

1.0 

11 1 1 1 1 1 r 
0 2.0 4.0 6.0 

B 
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Appendix I I 

Wave propagation i n a s t r a t i f i e d medium 

To solve equation 

I tx "ox*" 

Define z = z (x) such that uj = f ( t , z) 

T . dz 1 Let — dx Mx + M 

d 2z -M „ / dzA 
•* = (Mx + N) = ~ M Idx") 

Substitute into 1 

7-

This equation has constant c o e f f i c i e n t s and can be solved by the 
method of separation of variables 

assuming sine wave generation at x = 0 

where A, B are constants 

X 

i i 
( A 



125 

2 2 Assume 4w > M 

u = e — (D cos(bz) + C s i n ( b z ) ) c o s («t) 

where C, D axe constants 

Boundary condition 

ui = 0 at x = 0 

u-j = U c e ^ - sin(bz) cos(wt) 

where U c i s a v e l o c i t y amplitude constant 

But Op( - — C. ~Z V , 

By substitution and integration 

^ Kx/2. 

+ I . 
where I c i s an integration constant 

Boundary condition 

P1 = 0 at x = L A 

M 

I c = 0 and (•£ sin(BzL) + b cos (bzjj)) = 0 

Resonant frequencies are defined by 
sinCbz^) + b cos (bzi,) = 0 

1 M where Z L = - l o g c ( - . L A + 1) 

Let pressure amplitude at x = 0 be PO 
N 
3 7 
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Governing equations for resonance 

Resonant frequencies are given by 

M 

sinCbz^) + b cosCbz^) = 0 

Tel o c i t y amplitude d i s t r i b u t i o n 

b Up 

Pressure amplitude d i s t r i b u t i o n 

1 b f f \ x + N ) 
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Appendix I I I 

Experimental heat transfer - flow independant Nusselt 
number against position i n heat exchanger 

(Figure 2A) 

The following graphs show the majority of experimental heat 
transfer r e s u l t s for the following range of parameters. 

Meari a i r flowrate Reynolds number 
m. -Kg/s R e d 

0.0080 H300 

0.0H5 25900 

0.0175 31250 
at Bulk a i r 
temperature 15°C 

Results are shown for f i v e frequencies 

f = 25, 75, 125, 175, 225 Hz 

for different pressure amplitudes r e l a t i v e to the equivalent steady 
flow (compared to the fully-developed flow independant Nusselt number), 
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Re 14300 125 Hz d 10300 N/m A 6.0 1476 N/m N 

V.A V.N W 
x 10 

t I 
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2.0 

t 
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Appendix IV 

C o r r e l a t i o n of Improvement r a t i o f o r f u l l y developed 
f l o w against the corresponding l o c a l 

Dimensionless P u l s a t i o n v e l o c i t y 
(Figure 3A) 

The f o l l o w i n g graphs show the r e l a t i o n s h i p of l o c a l Improvement 
r a t i o f o r f u l l y e s t a b l i s h e d f l o w against the corresponding l o c a l 
Dimensionless P u l s a t i o n v e l o c i t y - the experimental r e s u l t s are analysed 
f o r each frequency of each f l o w r a t e . 

Mean_air f l o w r a t e Reynolds number 
5d nv -Kg/s Re-

Cl. 0080 H300 

0 . 0 H 5 25900 

0.0175 31250 

a t Bulk a i r 
temperature 1 5°C 

The experimental data i s shown i n comparison t o the equivalent quasi-steady 
p r e d i c t i o n s . 

,x A Experimental 

© Quasi-steady 
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Mean a i r f l o w r a t e = 0.008 Kg/s 

R e y n o l d s number, Re, = 14300 
o 
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Mean a i r f l o w r a t e rn- = 0.0145 Kg/s 

R e y n o l d s Number, Re = 25900 Q 
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Mean a i r f l o w r a t e rn. ' = 0.0175 Kg/'s 

R e y n o l d s number, Re, = 31250 Q 
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