
COMBUST IPS' IB A GAS STREAM 

S tu d ie s  i n  "flame sp re a d in g n and "flame s t a b i l i t y *

by

U. B .  L* Maecallum, B.Sc*



ProQuest Number: 13848981

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 13848981

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



COFFEFTS.
Page ITo.

P re fa ce  

Chapter 1 

Chapter 2

Chapt er 3

Chapter 4

Chapt er 5 

Chapter 6

Appendix I 

Appendix I I

Appendix I I I  The C a l ib r a t io n  and Use of  Soap
Bubble Meters,  Wet Gas Meters,  
and Dry Gas M eters .  128

Appendix IV Laminar Plow in  a Channel of
R ectangular  c r o s s - s e c t i o n .  134

B ib l io g ra p h y  13$

L i s t  of  T ab les  144

L i s t  of  F igures  145

L i s t  of  Symbols 148

Theory o f  Flame Spreading 4

P re l im inary  Study of  Flame
Spreading in  a Ramjet * 28

Measurements of Combustion 
E f f ic i e n c j r  in  a Ramjet us ing  
Flame Spreaders 48

Development of  Apparatus fo r  
Small S c a le  Flame Spreading  
Experiments 63

Flame B lo w -o f f  from Rectangular
Burners 90

Conclus ions and S u g g es t io n s  fo r
fu r th e r  r e se a rc h  106

One d im ensional  f low  in  a ramjet
combustion chamber 112

Flow through a C a p i l la r y  Meter 120

P ub lish ed  P apers .



PREFACE

In many s t e a d y  f low  combustion systems in  which  

homogeneous m ixtures  o f  f u e l  and a i r  are burned the  flame  

i s  anchored on some form of s t a b i l i s e r .  Downstream from 

the  s t a b i l i s e r  the  flame spreads a cro ss  the  current  of  

f u e l - a i r  m ix tu re .  The f la m e-sp rea d in g  p r ocess  governs the  

o v e r a l l  r a t e  of  combustion, and i s  a matter of importance  

in  c e r t a i n  p r a c t i c a l  p r o p u ls io n  d e v ic e s  such as the  ram jet .

The nature of  the  p r o cess  and the f a c t o r s  which a f f e c t  i t  are  

t h e r e f o r e  worthy of  s e r i o u s  i n v e s t i g a t i o n ,  and form the  

su b je c t  of t h i s  t h e s i s .  Already th ere  i s  a growing  

l i t e r a t u r e  on flame sp rea d in g .  This i s  reviewed i n  Chapter 1.

The author began h i s  s tudy o f  the su b je c t  in  May 1952 

when i n v i t e d  by P r o fe s so r  Small to  j o i n  the combustion  

r ese a r c h  team of the  U n i v e r s i t y  of Glasgow. The su b je c t  

had been proposed by Mr. P .  Lloyd of  the  N a t io n a l  Gas Turbine  

E sta b l i s h m e n t ,  P y es to c k ,  and on h i s  s u g g e s t io n  the  author  

spent the  summers of 1952 and 1953 on experim enta l  work a t  

P y es to c k .  An e x p lo ra to r y  s e r i e s  of experiments on flame  

spreading i n  a ramjet was f i r s t  c a rr ied  o u t ,  and i s  

d e sc r ib ed  in  Chapter 2 .  In th e se  pre l im in ary  experiments  

an i n v e s t i g a t i o n  was made of  the o p e r a t io n  of  f lame spreaders.  

These are p h y s i c a l  arrangements such as b a f f l e s ,  i n c l i n e d  

f i n g e r s ,  e t c . ,  which are i n s e r t e d  in  the  f u e l - a i r  stream and



2 .

are intended to h a s ten  the flame spreading p r o c e s s .  The 

i n f l u e n c e  of the geometry of  the d e v ic e  on the  o v e r a l l  

combustion e f f i c i e n c y  was s t u d ie d  s y s t e m a t i c a l l y  in  a second 

s e r i e s  of experiments rep orted  in  Chapter 3*

These f u l l  s c a l e  experiments su g g es ted  that  be fo re  the  

f lame spreading p rocess  i s  f u l l y  understood a more d e t a i l e d  

knowledge i s  req u ired  of (a) the  f low of  p i l o t  g a ses  in  the  

wake of the  f i n g e r  and (b) the  i g n i t i o n  of  a secondary flame  

by a p i l o t  so u r c e .  The second of  t h e s e  was chosen fo r  

fu r t h e r  s tu d y .  In Chapters 4 and 5 the  r e s u l t s  are presented  

of work which has been completed as a p rep a r a t io n  fo r  small  

s c a l e  experiments in  t h i s  f i e l d .

One o f  the techn iques  developed  for  th e  sm all  s c a l e  

experiments in v o lv e s  the  use of  an I o n i s a t i o n  Probe.  In 

d e s ig n in g  a burner fo r  i t s  c a l i b r a t i o n  the  author found th a t  

the  l i t e r a t u r e  on flame b lo w - o f f  was m is lead in g  in  i t s  

r e f e r e n c e s  t o  rec ta n g u la r  bu rn ers ,  and a s u b s t a n t i a l  part  o f  

t h i s  t h e s i s  (Chapter 5) i s  developed from t h i s .  The work 

has led  to  new knowledge which has been pu b l ish ed  ( see  b e lo w ) .

The main c o n c lu s io n s  of  the  work d e sc r ib ed  in  t h i s  

t h e s i s  and s u g g e s t io n s  f o r  fu r th e r  r e s e a r c h  are g iven  in  

Chapter 6 .

P u b l i c a t i o n s .

A review of "Flame Spreading C h a r a c t e r i s t i c s  in  

Combustion" has been prepared f o r  p u b l i c a t i o n  in  Combustion 

Researches  and Reviews,  1956, A .G.A.R.D.,  Butterworths



S c i e n t i f i c  P u b l i c a t i o n s ,  London. This review i s  based on 

the l i t e r a t u r e  survey g iv en  in  Chapter 1,  but i t  a l s o  

in c lu d e s  mention of some of the r e s u l t s  of the  flame spreading

experiments d esc r ib ed  in  Chapters 2 and 3*

A paper e n t i t l e d  “Flame b lo w - o f f  from Rectangular  

B urnersw has been a c ce p ted  f o r  p u b l i c a t i o n  by the E d itor  of  

F u e l .  This paper, which i s  based on Chapter 5> c o r r e c t s  

and extends the  h i t h e r t o  accepted  a u t h o r i t y  (Grumer, Harris  

and S c h u l t z ,  1953) on t h i s  a u b j e c t .

A c o n t r ib u t io n  on ‘‘E l e c t r o n i c  Probe Measurements in  

Flam es” has been made t o  the  d i s c u s s i o n  at  th e  J o in t

Conference on Combustion h e ld  i n  London in  October 1955 under

the  a u s p ic e s  of the  I n s t i t u t i o n  of  Mechanical E n g in eers ,

P r e p r in t s  o f  th e se  th r ee  p u b l i c a t i o n s  are  included as 

an appendix to  the  t h e s i s .
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CHAPTER 1 .

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

The s u b j e c t  of t h i s  t h e s i s  i s  the  manner in  •which a 

f lame "spreads” from a p i l o t ,  or s o u r c e ,  in t o  a moving 

homogeneous stream of  f u e l  and a i r .  The l i t e r a t u r e  r e l e v a n t  

to  th e  f lame spreading pro cess  i s  reviewed b r i e f l y  in  t h i s  

Chapter.  S in ce  flame spreading can take  p la c e  only  i f  a 

f lame i s  s u c c e s s f u l l y  s t a b i l i s e d ,  a d i s c u s s i o n  of  the  

mechanism of f lame s t a b i l i s a t i o n  i s  a l s o  g iv e n  f o r  the  var ious  

flame spreading systems which are c o n s id e r e d .  In the  review  

g iv e n  be low, the combustion systems in  which flame spreading  

ta k es  p la c e  are d iv id e d  in to  two groups .  The f i r s t  group 

(paragraph 1 .3 )  c o n s i s t s  o f  those  systems in  which the  f low  

i s  lam inar.  An example of t h i s  type  i s  th e  inner cone of a 

laminar bunsen f lam e.  In th e  second group (paragraph 1 .4 )  

are inc luded  the  h igh  v e l o c i t y  systems in  which the f low  i s  

t u r b u l e n t .  This s e c t i o n  in c lu d e s  tu rb u len t  bunsen-type  

f la m e s ,  and the  t y p i c a l  ramjet combustion sys tem .

However, b e fo r e  th e se  two groups of combustion systems  

are d i s c u s s e d ,  the fundamental concept of  laminar flame  

propagat ion ,  a n d ‘th e  a s s o c i a t e d  property  of  laminar burning  

v e l o c i t y ,  are  c o n s id e r e d .  These concepts  are d i s c u s s e d  at  

t h i s  s ta g e  because  i t  i s  upon them th a t  some of the  "flame 

sp r e a d in g ” t h e o r i e s  are based .

4 .
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1•2  Laminar Flame Propagat ion .

When a s u i t a b l e  source  o f  i g n i t i o n  i s  provided in  an 

e x p l o s i v e  gas mixture a r e a c t i o n  wave,  o r i g i n a t i n g  a t  the  

i g n i t i o n  so u rc e ,  p a s se s  through th e  g a s .  I f  t h i s  r e a c t i o n  

wave propagates  by th e  p r o c e s s e s  o f  d i f f u s i o n  and h ea t  

t r a n s f e r  i t  i s  known as a combustion or d e f l a g r a t i o n  wave.  

However, in  some c a ses  a v ery  f a s t  moving wave may dev e lo p ,  

maintained by th e  energy of  the  chemical  r e a c t i o n  of  the  

h i g h l y  compressed medium in  the wave. This  second type  of  

wave i s  r e f e r r e d  to  as a d e t o n a t io n  wave. Only the  f i r s t  

of  th e se  two ty p e s  of waves, the  combustion wave, i s  

a p p l i c a b l e  to  the  study  of  f lame spreading  in  s t e a d y  f low  

sy s tem s ,  and i t  a lone  i s  cons idered  be low .

I f ,  during the  propagat ion  of  such a combustion vrave, 

th e  motion of the  gas i s  lam inar ,  t h i s  i s  s a i d  t o  be an 

example of  laminar flame pro pag a t io n .  The v e l o c i t y  of  the  

way« f r o n t  r e l a t i v e  to  the unburned gas i s  r e f e r r e d  t o  as the  

laminar burning v e l o c i t y .

S tr u c tu r e  of  a laminar f l a m e .

I f  a c o -o r d in a t e  system i s  chosen so t h a t  the  r e a c t i o n  

wave i s  s t a t i o n a r y ,  and the  gas f l o w s  through th e  wave in  a 

d i r e c t i o n  normal t o  the  wave f r o n t ,  then  p r o f i l e s  may be 

drawn r e p r e s e n t in g  the  probable s t r u c t u r e  of  th e  wave 

( see  F i g .  l ) .  The p r o f i l e s  are based p a r t l y  on c a l c u l a t i o n s  

made by l e w i s  and von Elbe ( l9 5 l>  P»3^7) on the  decom posit ion  

of ozone,  and p a r t l y  on measurements o f  temperatures  in  flame



f r o n t s  (Gaydon and Woifhard, 194-8; Lixon-Lewis and W ilson ,

In the "preheat" zone th e  gas temperature r i s e s  from 

the  temperature of the approaching unhurned g a s ,  Tu , to  the  

temperature l e v e l  Tq. The heat  req u ired  f o r  t h i s  temperature  

r i s e  i s  su p p l ie d  hy conduct ion  from the hot ga ses  in  the  

r e a c t i o n  zone .  The exothermic r e a c t i o n  becomes apprec iab le  

when the g ases  reach the  temperature T]_, which i s  the  so 

c a l l e d  " i g n i t i o n  tem perature”1. R e a c t io n  then co n t in u es  u n t i l  

the  f i n a l  temperature T  ̂ i s  a t t a i n e d .

Laminar burn i n g v e l o c jit y .

Using the  model shown in P i g .  1 ,  and making some g ross  

assumptions an e x p r e s s io n  may be obta ined  f o r  th e  laminar 

burning v e l o c i t y .  F i r s t l y  the  hea t  f low  in to  the  f r e s h  gas  

by conduct ion  a t  the  plane B i s  equated to  the  heat  

n e c e ss a r y  to  r a i s e  the  temperature of  the  approaching gas  

from Tu to  Tj -

where K i s  the  thermal c o n d u c t i v i t y  of the  f r e s h  g a s ,  assumed 

to  be independent of tem perature,  Cp i s  the s p e c i f i c  heat  a t  

con sta n t  pressure  of the  f r e s h  g a s ,  a l s o  assumed to  be 

independent of  tem perature ,  St, i s  th e  laminar burning  

v e l o c i t y  and (° i s  the  d e n s i t y  o f  th e  co ld  g a s .

An approximate r e l a t i o n s h i p  fo r  the  temperature g r a d ien t  

may-be es t im ated  from the  shape of the  temperature p r o f i l e  -

1951) .

Eqn. 1 ,1



where L i s  the w idth  of  the  r e a c t i o n  zone .

The mean r a t e  of heat  r e l e a s e  in  the  r e a c t i o n  zone 

per u n i t  volume, Q,, may he s u b s t i t u t e d  fo r  the  width  of the  

r e a c t i o n  zone ,  L, us ing  the  r e l a t i o n  -

Combining the above th r e e  equat ions  l e a d s  to  the  

f o l l o w i n g  r e l a t i o n s h i p  fo r  the  laminar burning v e l o c i t y  -

The above equat ion  1 .4  has only  a l im i t e d  range of  a p p l i c a t i o n .  

I f  i t  i s  assumed that  the  r e a c t i o n  w i t h i n  the  r e a c t i o n  zone 

i s  b im o le c u la r ,  or un i- teo lecu lar  then  the  equation may be 

used to  p r e d ic t  the  i n f l u e n c e  of pressu re  on the  burning  

v e l o c i t y ,  e . g .  f o r  a b im o lecu lar  r e a c t i o n  th e  average  

r e a c t i o n  r a t e  i s  p r o p o r t io n a l  t o  the  square of  the  p r e s su r e ,  

th e  d e n s i t y  i s  p r o p o r t io n a l  t o  the  p ressu re  and so according  

t o  equat ion  1 . 4  the  burning v e l o c i t y  i s  independent of the  

p r e s s u r e .  By a s i m i la r  treatment i t  i s  p r e d ic te d  t h a t  the  

burning v e l o c i t y  v a r i e s  i n v e r s e l y  as the  square r o o t  of the  

pressure  when th e  r e a c t i o n  i s  u n i - m o le c u la r . However, as  

s t a t e d  by Friedman (1953)? equat ion  cannot be used to  

c a l c u l a t e  the  a b s o lu t e  burning v e l o c i t y  of a g iv e n  mixture  

because  no adequate means are known of o b ta in in g  e i t h e r  the

average heat  r e l e a s e  in  the r e a c t i o n  zone,  or the  va lue  of the

Q 1  = ° p  B j , P  (T t ,  -  T u ) Eqn. 1 .3
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i g n i t i o n  tem perature .

The thermal th e o ry  o f  f lame propagat ion ,  which i s  

o u t l in e d  in  i t s  most s im ple  form above, does not g iv e  an 

obvious e x p la n a t io n  fo r  some experim enta l  r e s u l t s  on the  

i n f l u e n c e  of hydrogen on the burning v e l o c i t y  o f  carbon  

monoxide (Jahn, c i t e d  by Tanford and P ea se ,  1947a) .  These 

r e s u l t s  have been e x p la in ed  by th e  d i f f u s i o n  t h e o r i e s  of  

Tanford (1947,  1949) and Tanford and Pease ( 1947b) who 

cons idered  the  in f lu e n c e  of  chain  c a r r i e r s  on burning  

v e l o c i t y .  Here aga in  however,  th e  theory  p r e d ic te d  only  

comparative ,  and not  a b s o lu te  v a lu e s  of burning v e l o c i t y .

I t  i s  seen  th a t  the t h e o r i e s  in d ic a t e d  above cannot  

y e t  be used to  p r e d ic t  a b s o lu te  v a lu e s  of  the  laminar burning  

v e l o c i t y .  However, a c o n s id e r a b le  body of  experim enta l  data  

has been obtained on the  burning v e l o c i t i e s  of  most of  the  

commoh fue l^& ir  and f u e l - o x y g e n  m ix tu res .  S e v e ra l  methods 

have been used in  o bta in in g  t h e s e  burning v e l o c i t y  

measurements, in c lu d in g  the  bunsen cone method, the  soap  

bubble method, the  constan t  volume bomb and the  f l a t  flame  

burner.  A r e c e n t  review of  t h e s e  methods has been g iv e n  by 

L in n et t  (1 9 5 4 ) .

^ #3 Flame spreading  in  laminar f l o w .

An i l l u s t r a t i o n  of  flame spreading in  laminar f low  i s  

g iv e n  by the  inner cone of  the s imple laminar bunsen f lam e.

As in d ic a t e d  in  the  In tro d u c t io n  above, the  anchoring of  a
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bunsen f lame w i l l  f i r s t  be c o n s id e r e d ,  f o l lo w e d  by a 

d i s c u s s i o n  o f  the flame sp read in g .

1 . 31 . Flame s t a b i l i s a t i o n  on bunsen b u rn er s .

Consider a f lame lo c a t e d  in  a f lo w  system  t h r o u g h  

which a homogeneous mixture o f  f u e l  and a i r  i s  p a s s in g .

Assume th a t  the f lame f r o n t  i s  i n i t i a l l y  a t  r i g h t  a n g le s  to  

th e  d i r e c t i o n  of  f l o w .  I f  now at  some p o in t  th e  burning  

v e l o c i t y  exceeds th e  l o c a l  f low v e l o c i t y ,  then  a t  t h a t  po int  

th e  f lame w i l l  move upstream. Likewise  i f  the burning  

v e l o c i t y  a t  some p o in t  i s  l e s s  than the  loca.1 f low v e l o c i t y ,  

then  the  f lame th e re  w i l l  be d r iv e n  back.  In g e n e r a l  the  

flame w i l l  tend to  assome a shape such th a t  the l o c a l  

burning v e l o c i t y  i s  always equal  t o  the  component of  the  

l o c a l  f low v e l o c i t y  normal to  t h e  flame f r o n t .  The flame  

w i l l  be maintained in  a s t a b le  p o s i t i o n  on ly  i f  the burning  

v e l o c i t y  at  one p o in t  i s  e x a c t l y  equal  to  the  l o c a l  f low  

v e l o c i t y ,  a t  a l l  other  p o in t s  the^f low  v e l o c i t y  be ing  gr ea ter  

than the burning v e l o c i t y .

S t a b i l i s a t i o n  of  fue l~weak f l a m e s .

The p r i n c i p l e  d i s c u s s e d  above w i l l  now be a p p l ie d  to  

the  case  of  a flame anchored in  the  j e t  i s s u i n g  from a 

c y l i n d r i c a l  tu b e ,  e . g .  a bunsen burner .  The f u e l  c o n c e n tr a t io n  

in  the  mixture i s  l e s s  than the  s t o i c h i o m e t r i c  c o n c e n tr a t io n .

The f low  v e l o c i t y  d i s t r i b u t i o n s  at  the burner rim (a ) , and a t  

four  h e i g h t s  aoove the  rim (B, C, I) and E) are g iv e n  in  F i g .  2.
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At the  burner e x i t  A th e  v e l o c i t y  p r o f i l e  w i . l l  he p a rabo l ic  

i f  the  approach l e n g th  in  th e  burner i s  s u f f i c i e n t l y  g r e a t .

At in c r e a s i n g  d i s t a n c e s  from the  rim the v e l o c i t y  d i s t r i b u t i o n  

g r a d u a l ly  f l a t t e n s  and broadens ,  due to  momentum t r a n s f e r  

w it h  the  surrounding a i r .  An i n d i c a t i o n  of the  d i s t r i b u t i o n  

of  the  laminar burning v e l o c i t y  a t  each of the  h e i g h t s  i s  

superimposed on th e  f low v e l o c i t y  p r o f i l e s  in  P i g .  2 .  Close  

t o  the  burner rim the  .burning v e l o c i t y  drops to  zero due to  

th e  l o s s  o f  cha in  c a r r i e r s  and heat  t o  the  burner w a l l .  As 

the  h e ig h t  above the  rim i s  in c r e a s e d ,  t h i s  quenching e f f e c t  

i s  d im in ish ed .  However, as the h e ig h t  i n c r e a s e s ,  d i f f u s i o n  

of ambient a i r  in to  the f u e l - a i r  mixture ta k e s  p lace  and 

weakens the  mixture s t r e n g t h  c l o s e  to  the boundary, tending  

to  decrease  the  burning v e l o c i t y .

At h e ig h t  A the  f low v e lo c i t j r  everywhere exceeds  the  

burning v e l o c i t y  and t h e r e f o r e  no f lame can be s t a b l e  in  

t h i s  p o s i t i o n .  At h e ig h t  B an e q u a l i t y  e x i s t s  a t  p o in t  P 

between th e  burning and th e  f low  v e l o c i t i e s  and so a f lame  

may be anchored a t  t h i s  h e i g h t .  Oh a fu r t h e r  in c re a se  of  

h e ig h t  a r e g io n  i s  reached (c) in  which a t  one or more 

p o in t s  the burning v e l o c i t y  exceeds  the  f low  v e l o c i t y .  A 

f lame l i g h t e d  in  t h i s  p o s i t i o n  w i l l  move upstream u n t i l  the  

s t a b l e  p o s i t i o n  at  h e ig h t  B i s  reached .  However, on fu r th e r  

i n c r e a s in g  the h e ig h t  a p o s i t i o n  i s  e v e n t u a l ly  reached at  

which d i f f u s i o n  has so reduced the  burning v e l o c i t y  in  the  

boundary r e g io n  th a t  a flame w i l l  be blown downstream (h e ig h t  E ) .
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Between t h i s  r e g io n  and the  r e g i o n  where a flame moves 

upstream (h e ig h t  c) t h e r e  i s  a p o s i t i o n  of u n s ta b le  

e q u i l ib r iu m  (h e ig h t  D ) .

I f  a f lame i s  anchored a t  pos i t icnB ,  as in d ic a t e d  aboye ,  

and i f  the  f low  v e l o c i t y  i s  in c r e a s e d ,  th e  f u e l  c o n c e n tr a t io n  

remaining the  same, then  the  h e i g h t  t o  the  new p o s i t i o n  of  

s t a b l e  e q u i l ib r iu m ,  B, i s  i n c r e a s e d .  The p o s i t i o n  of  u n s t a b l e  

e q u i l ib r iu m ,  D, i s  lowered ,  and on a s u f f i c i e n t  i n c r e a s e  in  t h e  

f low  r a t e  a c o n d i t i o n  i s  reached i n  which th e  h e i g h t s  to  

plan es  B and D c o i n c i d e .  When t h i s  occurs th e  flame i s  on th e  

poin t  of  " b lo w -o f f* .

S t a b i l i s a t i o n  of  f u e l - r i c h  f l a m e s •

When the  surrounding atmosphere i s  a i r  (or oxygen) an 

a d d i t i o n a l  p rocess  e n te r s  in to  th e  mechanism of  anchoring of 

f u e l - r i c h  f la m e s ,  as compared w i t h  the  mechanism, d e sc r ib e d  

above, of anchoring fu e l -w e a k  f l a m e s .  This p r o c e s s ,  which i s  

th e  in c r e a se  o f  the  burning v e l o c i t y  due to  th e  d i f f u s i o n  of  

a i r ,  i s  i l l u s t r a t e d  in  B i g .  3* t h i s  ca se  h e ig h t  G i s  th e

p o s i t i o n  of s t a b l e  e q u i l ib r iu m .

I t  should be noted th a t  in  c e r t a i n  f u e l - r i c h  mixtures  

i t  i s  p o s s i b l e  f o r  a flame to  be anchored in  a " l i f t e d 1' 

p o s i t i o n ,  which may be s e v e r a l  d iam eters  above th e  burner e x i t .

The above o u t l i n e s  of the  mechanism of  flame s t a b i l i s a t i o n  

are based on th e  p u b l i c a t i o n s  of Lewis and von Elbe (1951?

Chapter V I I ) ,  Wohl, Kapp and Gazley (1949) and o t h e r s .
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Go r r e l a t i o n  of  b lo w - o f f  l i m i t s .

From the  d i s c u s s i o n  g iv en  above i t  i s  apparent tha t  

f lame anchoring in  a bunsen burner depends on a balance  at  

one p o in t  between the  f low v e l o c i t y ,  and the  burning v e l o c i t y ,  

and t h a t  t h i s  ba lance  p o in t  l i e s  c l o s e  to  the  boundary of the  

stream . S ince  th e  f lo w  v e l o c i t y  a t  a p o in t  c l o s e  to  the  

boundary i s  roughly  p r o p o r t io n a l  t o  th e  boundary v e l o c i t y  

g r a d i e n t ,  Lewis and von Elbe (1943) proposed that  the  

s t a b i l i t y  l i m i t s  of  burners of  v a r io u s  dimensions may be 

c o r r e l a t e d  by the  w a l l  y e l o c i t y  g r a d i e n t .  This  c o r r e l a t i o n  

has been a p p l ie d  very  s u c c e s s f u l l y  by Lewis and von Elbe  

them se lves  and o t h e r s .

This c o r r e l a t i o n  fo r  f lam es anchored on tubes in  which 

t h e  f low  i s  laminar has a l s o  been found to  apply to  s t a b i l i t y  

l i m i t s  o f  burners in  which the  f low  i s  tu r b u len t  ( B o l l in g e r  

and W il l ia m s ,  1947; Wohl, Kapp and G azley ,  1949)-  In t h i s  

case  th e  boundary v e l o c i t y  g ra d ien t  i s  c a l c u l a t e d  from the  

B la s iu s  E quat ion .

The c o r r e l a t i o n  of  b lo w - o f f  l i m i t s  by the  boundary 

v e l o c i t y  g ra d ien t  has a l s o  been a p p l ie d  to  burners of  

r ec ta n g u la r  c r o s s - s e c t i o n .  This  work i s  d e scr ib ed  in  Chapter 

5 of t h i s  t h e s i s .

1•32 Flame sp re a d in g .

The shape of  the  flame f r o n t  in  a bunsen flame

has been p r e d ic te d  roughly  by Lewis and von E 113e (1943)-
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They c a l c u l a t e d  the shape from a knowledge o f  the  v e l o c i t y  

d i s t r i b u t i o n  and by assuming th a t  th e  laminar burning v e l o c i t y  

i s  constan t  a long  the  e n t i r e  l e n g th  of the  flame f r o n t .  The 

major d i s c r e p a n c ie s  between the  t h e o r e t i c a l  and the observed  

f lame shapes occur a t  the  t i p  of th e  f la m e ,  and at  the flame  

b a s e .  A t th e  flame t i p  the  burning v e l o c i t y  i s ,  in  g e n e r a l ,  

a l t e r e d ,  due to  th e  in f l u e n c e s  of  heat  conduct ion  and d i f f u s i o n  

in  th e  v i c i n i t y  of  the  sh arp ly  curved combustion wave. At 

the  flame base  the  burning v e l o c i t y  i s  decreased  due to  

quenching by the  burner,  as mentioned in  the  preceding  

paragraph on flame s t a b i l i s a t i o n  on bunsen bu rn ers ,  

n e v e r t h e l e s s ,  over most o f  the  flame f r o n t  th e  burning v e l o c i t y  

i s ,  in  f a c t ,  c o n s t a n t ,  and i n  th a t  r e g io n  th e  experim enta l  and 

t h e o r e t i c a l  flame p r o f i l e s  are in  good agreement.

Thus, fo r  the simple case  o f  a, laminar bunsen burner,  

i t  may be p r e d ic te d  w ith  1 r eason ab le  accuracy  whether a flame  

w i l l ,  or w i l l  n o t ,  be anchored under g iv e n  f low  c o n d i t i o n s .

I f  the  flame i s  anchored, the shape i t  assumes may a l s o  be 

p r e d i c t e d ,  a l low ance  being made f o r  f low  r e d i s t r i b u t i o n  and 

quenching e f f e c t s  where n e c e s s a r y .  The laminar burning  

v e l o c i t y  i s  an important parameter in  t h e se  c a l c u l a t i o n s .

1•4  Flame spreading in  tu rb u len t  f l o w .

Here again  the  procedure i s  adopted of  c o n s id er in g  

flame s t a b i l i s a t i o n  and flame spreading  s e p a r a t e l y .  I t  must 

be noted however,  t h a t ,  in  h ig h  v e l o c i t y  sy s tem s ,  th ere  are  

strong  i n t e r a c t i o n s  between th e  flame spreading zone and the
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r e g i o n  of  f lame s t a b i l i s a t i o n  (Longwell ,  1955)* Examples 

of  t h i s  e f f e c t  are d i s c u s s e d  below in  th e  s e c t i o n s  on flame  

s t a b i l i s a t i o n .

One method of  f lame s t a b i l i s a t i o n ,  as i l l u s t r a t e d  by 

th e  anchoring of  a bunsen f la m e ,  has a lre a d y  been d i s c u s s e d .  

However the f low v e l o c i t i e s  a t  which f lam es can be anchored i n  

t h i s  way are l i m i t e d ,  p a r t i c u l a r l y  in  fu e l -w e a k  m ixtures .  In  

the  h igh  v e l o c i t y  sy s tem s ,  which are  cons idered  in  t h i s  s e c t i o n ,  

the  flame i s  normally  s t a b i l i s e d  by a b l u f f  body, or a can,  

or an independent f lame p i l o t .

1 . 4 1  F lam e s t a b i l i s a t i o n  b y  b l u f f  b o d i e s .

Surveys of the l i t e r a t u r e  on t h i s  s u b j e c t  have 

r e c e n t l y  been g iv e n  by lo n g w e l l  (1953) Zukoski and Marble

(1 9 5 5 ) .

While the  mechanism by which the  f r e s h  g a s e s  are i g n i t e d  

in  the anchoring zone i s  s t i l l  not c om p le te ly  d e f in e d  

(Will iams and Shipman, 1953),  s e v e r a l  workers have su gges ted  

models which o f f e r  some ex p la n a t io n  of the experim enta l  r e s u l t s .  

S cu r lock  (1948) su g g es ted  th a t  the  r e c i r c u l a t i o n  zone behind  

the  s t a b i l i s e r  a c t s  as  a source of heat  which i g n i t e s  the  

p a ss in g  f r e s h  g a s .  B lo w -o f f  occurs when i n s u f f i c i e n t  heat  can 

be t r a n s f e r r e d  from the  hot r e c i r c u l a t i o n  zone i n t o  the  c o ld  

unburned gas to  m ainta in  i g n i t i o n .  A s i m i la r  model, in  which 

the  mass f low  in to  th e  wake i s  c r i t i c a l ,  has been proposed by 

de Zubay (1 9 5 0 ) .  Longwell ,  F ro s t  and Weiss (1953) have  

a p p l ie d  the  concept of  homogeneous combustion to  the
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r e c i r c u l a t i o n  zone .  Spald ing  (1953) -aas a n a lysed  th r ee  

d i f f e r e n t  models of  anchoring -  s t a b i l i s a t i o n  by a j e t  of  

hot  g a s e s ,  by r e c i r c u l a t i o n  and by s tanding  v o r t i c e s ,  in  

each c a se  the  same e x p r e s s io n  be ing  obta ined  fo r  the c o n d i t i o n  

of the  b l o w - o f f .  A wake mixing model has been con s id ered  

by Lees (1954)•

A l l  th e  t h e o r i e s  mentioned above p r e d i c t  th a t  the  group  

Ubo/D11 w i l l  c o r r e l a t e ,  as a f u n c t i o n  of  the f u e l - a i r  r a t i o ,  

the  b lo w - o f f  r e s u l t s  f o r  d i f f e r e n t  s i z e s  of  s t a b i l i s e r s  a t  any 

one p r e s s u r e .  USq i s  th e  flow v e l o c i t y  a t  b l o w - o f f ,  I) i s  

the  s t a b i l i s e r  c h a r a c t e r i s t i c  d im ension ,  and n i s  an ind ex .  

Longwell ,  F ros t  and W eiss ,  Spald ing  and Lees p r e d i c t  th a t  t h e  

index  n should be u n i t y .

I t  has been found that  the  values of the exponent n 

which g iv e  the b e s t  agreement w i t h  the  v a r io u s  s e t s  of  

experim enta l  data vary from 0 .4 5  to  1 . 0 .  An e x p la n a t io n  of  

t h i s  apparent i n c o n s i s t e n c y  has been g iven  by Zukoski and 

Marble (1955)* They have shown th a t  a t r a n s i t i o n  ta k es  

p la ce  in  th e  wake boundary at  a v a lu e  of  the Reynolds Humber, 

based on the  s t a b i l i s e r  w idth ,  of about 10^. At th a t  f low  

r a t e ,  the wake boundary immediately  downstream of the  

s t a b i l i s e r ,  which at  lower f lo w s  had been laminar,  becomes 

t u r b u l e n t .  Considering only  the  b lo w - o f f  r e s u l t s  taken at  

Reynolds Humbers of g r e a t e r  than 10^ Zukoski and Marble have 

found a l l  the  r e s u l t s ,  except  those  of Longwell ,  Chenevey, 

Clark and F ro s t  ( l949)>  to  be c o r r e l a t e d  by an exponent value
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of  0 . 5 .  L on gw el l ’s r e s u l t s ,  which r eq u ire  an exponent of  

1 . 0 ,  were taken a t  Reynolds hunibers of  the order of 10 , and 

i t  may be t h a t ,  as Longwell (1955) &n(i  Zukoski and Marble 

s u g g e s t ,  in  t h i s  h igher  range of  Reynolds Number a t h i r d  

regime of  wake s t r u c t u r e  e x i s t s .

Sp a ld ing  (1953) su gges ted  from t h e o r e t i c a l  c o n s id e r a t io n s  

t h a t  the  b l o w - o f f  v e l o c i t y  i s  p r o p o r t io n a l  t o  the square of  

the  laminar burning v e l o c i t y .  C a lc u la t io n s  (Sp a ld ing ,  1954) 

based on the pu b l ish ed  b lo w - o f f  r e s u l t s  are seen  to  be in  

agreement,  in  the  h igher  range o f  Reynolds Number, w i t h  t h i s  

r e l a t i o n s h i p .

De Zubay (1950) bas found t h a t  the b l o w - o f f  v e l o c i t y  

i s  almost  d i r e c t l y  p r o p o r t io n a l  to  the  a b s o lu t e  p r e s s u r e .

This r e s u l t  i s  in  agreement w i th  the  t h e o r i e s  of  Spalding

(1953) and the second order r e a c t i o n  r a te  theory  of  Longwell ,  

Nrost and Tf e i s s  (1953)*

Nrom the  summary g iv e n  above i t  i s  seen  t h a t ,  w i th  the  

aid o f  c o r r e l a t i o n s  of  the  type g iven  by Spalding (1 9 5 4 ) ,  the  

b lo w - o f f  v e l o c i t y ,  f o r  g iv e n  c o n d i t io n s  of  mixture s t r e n g t h ,  

pressu re  and s t a b i l i s e r  dimension,  may be p r e d ic te d  w i t h  a 

f a i r  degree  of  accu racy .

In the b lo w - o f f  experiments which have been r e f e r r e d  

to  above,  care was taken  t o  avoid  f low  and p r essu re  f l u c t u a t i o n s .  

Scu r lock  (1948) has demonstrated t h a t  induced tu r b u le n c e ,  due 

t o ,  s a y ,  a g r id  in  the f low approaching the  s t a b i l i s e r ,  has a 

d e l e t e r i o u s  e f f e c t  on th e  s t a b i l i t y  l i m i t s .  A r e d u c t io n  in  the
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s t a b i l i t y  l i m i t s  may a l s o  be caused i f ,  in  an e f f o r t  to  

ach ieve  complete combustion, the  f lame ho lder  i s  p laced  a 

c o n s id e r a b le  d i s t a n c e  b e fo re  the chamber o u t l e t  ( l o n g w e l l ,  

1955; Barrere  and M estre ,  1954-) . Under these  cond i t  ions  

p u l s a t i o n s  in  the  flame f r o n t  have c o n s i s t e n t l y  been observed  

by Dunlap (195©)> even a t  f low v e l o c i t i e s  o f  5© f t / s e c ^ ,  and 

l e s s .  These r e d u c t io n s  i n  s t a b i l i t y  l i m i t s  demonstrate  the  

i n t e r a c t i o n  in  h ig h  v e l o c i t y  system s between the  flame 

spreading zone and the  s t a b i l i s i n g  zone .

1 . 4 2  B lame s t a b i l i s a t i o n  b y  c a n s .

The f low  through a, t y p i c a l  can s t a b i l i s e r  i s  

i l l u s t r a t e d  in  B i g .  4 .

The s t a b i l i t y  l i m i t s  of cans have not been s t u d i e d  as 

thorough ly  as th o se  of th e  s imple b l u f f  b o d i e s .  Longwell  

( 1955) i n d i c a t e s  th a t  th e  blow-out l i m i t s  a t  one f u e l / a i r  

r a t i o  may be c o r r e l a t e d  by the term A/VP^ where A i s  th e  mass 

f low  r a t e  in t o  th e  r e c i r c u l a t i o n  zone ,  V i s  th e  volume of  the  

r e c i r c u l a t i o n  zone and P i s  th e  p r e s s u r e .  Other r e c e n t l y  

publ ished  experiments (P rober t ,  1955) on th e  s t a b i l i t y  of  a 

can having a s i n g l e  row of gas i n l e t  h o le s  su g g e s t  the  

c o r r e l a t i n g  group - where q i s  the mass f low r a t e

through the  can i n l e t  h o l e s ,  and D i s  the  can diameter  ( a l l  

the  cans were g e o m e t r i c a l l y  s i m i l a r ) .  In comparing th e se  

two c o r r e l a t i n g  groups i t  must be remembered th a t  one group 

i s  based on the mass f lo w  in to  the  r e c i r c u l a t i o n  zone,  w h i le  

in  the  other  the measured q u a n t i ty  i s  th e  t o t a l  mass f low  r a te
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t h r o u g h  t h e  i n l e t  h o l e s .

A c a n ,  h a v i n g  t h r e e  r o w s  o f  i n l e t  h o l e s ,  w as  u s e d  a s  

t h e  s t a b i l i s e r  i n  t h e  p i l o t  o f  t h e  c o m b u s t i o n  s y s t e m  w h i c h  

i s  d e s c r i b e d  i n  C h a p t e r  2 ( s e e  F i g s .  6 a ,  8 ) .  T h i s  s y s t e m  

w as  u s e d  t o  s t u d y  t h e  i n f l u e n c e  o f  ’’f l a m e  s p r e a d e r s ” on  t h e  

o v e r a l l  c o m b u s t i o n  e f f i c i e n c y .  The  f l a m e  s p r e a d e r s  w e r e  

a t t a c h e d  t o  t h e  d o w n s t r e a m  end  o f  t h e  p i l o t ,  and c o n s i s t e d  

o f  a  number o f  f l a t  f i n g & r s  w h i c h  c r o s s e d  t h e  a n n u l a r  s p a c e  

t h r o u g h  w h i c h  t h e  m a in  f u e l - a i r  m i x t u r e  p a s s e d .  I t  was  

f o u n d  t h a t  t h e  u s e  o f  s u i t a b l e  f i n g e r  a r r a n g e m e n t s  r e s u l t e d  

i n  c o n s i d e r a b l e  i m p r o v e m e n t  i n  t h e  c o m b u s t i o n  e f f i c i e n c y  

p e r f o r m a n c e  ( s e e  C h a p t e r  3 ) • H o w e v e r ,  i t  was  a l s o  f o u n d  

t h a t ,  i f  t h e  n um ber ,  w i d t h  a n d  i n c l i n a t i o n  o f  t h e  f i n g e r s  

w h i c h  f o r m e d  t h e  f l a m e  s p r e a d e r  w e r e  i n c r e a s e d  b e y o n d  c e r t a i n  

l i m i t s ,  a s i t u a t i o n  r e s u l t e d  i n  w h i c h  c o m b u s t i o n  was  

e x t i n g u i s h e d  b e f o r e  t h e  s y s t e m  c o u l d  b e  b r o u g h t  t o  c h o k e d  

t a i l p i p e  c o n d i t i o n s  ( t h e  f i n g e r  i n c l i n a t i o n  i s  t h e  a n g l e  

b e t w e e n  t h e  f i n g e r  and t h e  a x i s  o f  t h e  d u c t ) .  T h i s  w o u l d  

a p p e a r  t o  b e  a n o t h e r  e x a m p l e  o f  t h e  i n t e r a c t i o n  o f  f l o w  

f l u c t u a t i o n s  and  c o m b u s t i o n  s t a b i l i t y .

I n  e a c h  o f  t h e  t h e o r e t i c a l  a n a l y s e s  o f  f l a m e  

s t a b i l i s a t i o n  w h i c h  h a v e  b e e n  m e n t i o n e d  i n  p a r a g r a p h s  1 . 4 1  

and 1 . 4 2 ,  i t  was  a s s u m e d  t h a t  t h e r e  w as  no l o s s  o f  h e a t  f r o m  

t h e  c o m b u s t i o n  z o n e .  T h a t  h e a t  l o s s  f r o m  t h e  z o n e  o f  a n c h o r i n g  

b y  r a d i a t i o n  f o r  e x a m p l e ,  c a n  b e  i m p o r t a n t ,  p a r t i c u l a r l y  a t  low  

p r e s s u r e s ,  h a s  b e e n  shown b y  S p a l d i n g  and T a l l  ( 1 9 5 4 ) •
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1 - 4 3 *  F lam e s t a b i l i s a t i o n  b y  i n d e p e n d e n t  p i l o t s .

Independent hydrogen-oxygen p i l o t s  have been 

used by Wdlkersam and Fenn (1953) in  s t u d i e s  o f  the  i n f lu e n c e  

of mixing r a t e  on the  combustion e f f i c i e n c y  in  r a m j e t s .

Here aga in  i t  i s  r ep o rted  (Fenn, 1955) th a t  when th e  mixing  

r a t e  became e x c e s s i v e ,  combustion was e x t i n g u i s h e d .

1 . 4 4  The c o n c e n t  o f  t u r b u l e n t  b u r n i n g  v e l o c i t y .

I t  has been demonstrated in  paragraph 1 .3  

above th a t  the concept o f  a laminar burning v e l o c i t y  proved 

v a lu a b le  in  the  study of f lame spreading  in  a laminar bunsen  

f l a m e .

S i m i l a r l y  i t  was thought th a t  a " t u r b u le n t” burning  

v e l o c i t y  would a id  th e  a n a l y s i s  o f  a f lame burning in  a 

tu r b u len t  stream. The f i r s t  attempt to  p r e d ic t  t h i s  t u r b u l e n t  

burning v e l o c i t y  in  terms of the tu rb u len ce  c h a r a c t e r i s t i c s  

was made by Famkohler (1 9 4 0 ) .  He cons id ered  two extreme  

c a s e s ,  f i r s t l y ,  the  c ase  where the  s c a l e  of tu rb u len ce  i s  

la rg e  compared w ith  the  f lame t h i c k n e s s ,  which appears to  

correspond most c l o s e l y  to  the s i t u a t i o n  met i n  p r a c t i c e ,  and 

se c o n d ly ,  the  case  where the  s c a l e  i s  sm al l  compared w i th  

the  flame t h i c k n e s s .  For the  la rg e  s c a l e  turbu len ce  i t  was 

cons idered  th a t  the  tu rb u len ce  merely  caused a w r in k l in g  of 

t h e . f la m e  f r o n t ,  and, by assuming th a t  the  i n d iv i d u a l  s e c t i o n s  

of  the flame fron t  co nt inu e  to  propagate  a t  the  laminar f lam e 

speed ,  Damkohler p r e d ic t e d  that  the  tu rb u len t  burning v e l o c i t y  

i s  roughly  p r o p o r t io n a l  to  th e  i n t e n s i t y  of  the  turbu len ce  in



2 0 .

the  approach f l o w .  For t h e  case  o f  the  sm a l l  s c a l e  

turbu len ce  i t  was assumed tha t  the f lame f r o n t  i s  not  

d i s t o r t e d  and th a t  the in c r e a s e  in  the  burning v e l o c i t y  i s  

due to  an a c c e l e r a t i o n  o f  th e  t r a n sp o r t  p r o c e s s e s  w i t h i n  t h e  

f la m e .  In t h i s  way Damkohler obta ined  -

. . . . .  .Eqn. 1 .

where S«j« and Sj, are the  tu r b u le n t  and laminar burning  

v e l o c i t i e s  r e s p e c t i v e l y ,

£  i s  the  eddy d i f f u s i v i t y  in  the  approach s tresm

and y i s  the kinem atic  v i s c o s i t y .

The concept th a t  a f lame i n  la r g e  s c a l e  turbu len ce  

c o n s i s t s  of  r a p i d l y  f l u c t u a t i n g  laminar f lam es  has a l s o  been 

used by K a r l o v i t z ,  D enn is ton  and W ells  ( l 9 5 l ) >  and K a r lo v i t z

( 1954) ,  who p r e d ic te d  th e  tu r b u len t  "burning v e l o c i t y  from 

the  manner in  which burning volumes o f  gas are  moved backwards

and forwards by th e  tu r b u le n c e .  Their  treatm ent l ed  to  t h e

equations  -

ST - ■+■ u*........................................Eqn .  1 . 6

f o r  weak t u r b u le n c e ,  u*-<< S^, where u* i s  the i n t e n s i t y  of  

turbu lence  and

ST = S1  + (2 Sj, u* )  Eqn. 1 . 7

fo r  s trong  t u r b u le n c e ,  u 1̂ ^  .

When th e  i n t e n s i t i e s  of turbu len ce  in  the  gas stream

approaching an open bunsen type  f lame were s u b s t i t u t e d  in  

e quat ion  1 . 7 ,  th e  tu rb u len t  burning v e l o c i t i e s  p r e d ic te d  by
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th e  equat ion  were found to  he c o n s id e r a b ly  l e s s  than the  

experim enta l  v a l u e s .  Reasonable  agreement was obtained only  

when a turb u len ce  i n t e n s i t y ,  thought to  r e p r e s e n t  the  

i n t e n s i t y  of " f la m e-g e n e ra te d ” tu r b u le n c e ,  was used in  the  

e quat ion  in  p la c e  o f  th e  tu r b u len ce  in  the  approach stream.

This  e s t im a t io n  and use of  the  i n t e n s i t y  of "f lame-  

generated" turbu len ce  by K a r lo v i t z  r e p r e s e n t s  a c o n s id e r a b le  

advance in  the  ’’wrinkled  flame f r o n t ” t h e o r i e s  o f  tu r b u le n t  

f l a m e s .  However i t  has been su g g es ted  by Longwell ,  "Frost 

and Weiss (1953) t h a t ,  w i t h i n  a g iv e n  volume, an i n s u f f i c i e n t  

number of. laminar flame sh e e t s  can be obta ined  to  y i e l d  the  

probable  l o c a l  heat  r e l e a s e  r a t e s  observed in  the  !■§■ inch  

diameter ramjet of  Mullen,  Fenn and Garmon (1951)#- Although  

lorigwell  made an assumption as to  th e  space occupied by the  

burned ga ses  which may have led  him to  underest im ate  the  

number of f lame f r o n t s  p o s s i b l e ,  i t  does appear th a t  t h e r e  i s  

a d e f i n i t e  l i m i t a t i o n  to  the  "wrinkled laminar flame f r o n t ” 

t h e o r i e s ,  beyo&d which th e y  are no longer  v a l i d .

An a l t e r n a t i v e  concept of  th e  s t r u c t u r e  of a tu r b u le n t  

flame has r e c e n t l y  been proposed by Summerfie ld, R e i t e r ,  I lebely  

and Mascolo (1955)* They su gg es t  that  a tu r b u le n t  f lame i s  

a zone of  d i s t r i b u t e d  r e a c t i o n  in  which there are  smooth 

s p a t i a l  v a r i a t i o n s  of  the t im e-average  v a lu e s  of  temperature  

and com p osit ion ,  somewhat s im i la r  to  a broadened laminar f lam e,  

the  s tr u c tu r e  o f  which was in d ic a t e d  in  F i g .  1 .  The t r a n sp o r t  

p r o c e s s e s  w i th in  t h i s  " d i s t r ib u t e d  r e a c t i o n  zone1* flame are
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c o n t r o l l e d  "by the  stream t u r b u le n c e .  I t  i s  c laimed that  

t h i s  d i s t r i b u t e d  r e a c t i o n  model has been confirmed by a 

s e r i e s  of experiments which c o n s i s t e d  of f i l t e r e d  flame  

photographs,  s p e c t r o s c o p ic  s t u d i e s ,  temperature t r a v e r s e s  

and i o n i s a t i o n  probe measurements. w h i l e  th e  r e s u l t s  of  

the  f i r s t  th ree  tech n iq u es  seem to  favour t h i s  s t r u c t u r e  as 

opposed to  the  wrinkled laminar flame models of K a r lo v i tz  

and h i s  c o l l e a g u e s  ( l 9 5 l ) * i t  i s  thought by the  w r i t e r  th a t  

the  reported  io n isa , t io n  probe measurements can be exp la ined  

by e i t h e r  model ( c . f .  paragraph 4 . 4 3 ) .  On the  b a s i s  of  

the  d i s t r i b u t e d  r e a c t i o n  zone model , and by comparison w ith  

the  laminar flame s t r u c t u r e ,  Summerfield and h i s  a s s o c i a t e s  

obtained the  f o l l o w in g  s i m i l a r i t y  equat ion  -

S T a T -  S1  d l  0
’ g    — y   .......................... Eqn. 1 .8

where and are the tu r b u len t  and laminar burning v e l o c i t i e s

r e s p e c t i v e l y ,

drp i s  the  t h i c k n e s s  of  the  flame zone in  a tu rb u len t  flame

d^ i s  the  t h i c k n e s s  of the  flame zone in  a laminar flame

£ i s  the  eddy d i f f u s i v i t y  in  the approach stream

and y* i s  the  k inematic  v i s c o s i t y .

A number of  measurements of the  tu r b u len t  burning  

v e l o c i t y ,  and of th e  tu r b u len t  f lame zone th i c k n e s s  were made 

w ith  d i f f e r e n t  turbu lence  producing g r id s  in  the approach f lo w ,  

and at  var iou s  f low v e l o c i t i e s .  In s p i t e  of the crudeness of

some of  the methods used,  the  group on the  l e f t  hand s id e  of 
equation  1 .8  gave a reason ab le  c o r r e l a t i o n  of the r e s u l t s .



This d i s t r i b u t e d  r e a c t i o n  zone model proposed by 

Summerfield and h i s  c o l l e a g u e s  may prove very  u s e f u l ,  

p a r t i c u l a r l y  in  the  h ig h  v e l o c i t y ,  h igh  turbu lence  range of  

c o n d i t i o n s .  A d i f f i c u l t y  in  the a p p l i c a t i o n  of the  theory  

as i t  s tands i s  th a t  the l e f t  hand s i d e  of the  equation  conta in  

two terms th a t  are c h a r a c t e r i s t i c s  of  the  tu r b u len t  f lame -  

th e  burning v e l o c i t y  and the  flame t h i c k n e s s .  Gas sampling 

t r a v e r s e s ,  of  the  type shown by Wohl, Shore,  von Rosenberg 

and Weil  (1953) and Longwell  ( l9 5 5 )»  nay prove h e l p f u l  in  

p ro v id in g  in form ation  on the  t h i c k n e s s  of the  tu rb u len t  f lam e,  

I t  may be noted th a t  Damkohler (1 9 4 0 ) ,  in  h i s  a n a l y s i s  

of  th e  in f lu e n c e  of sm al l  s c a l e  turb u len ce  on a flame f r o n t ,  

conceived  a flame s t r u c t u r e  which i s  q u i t e  s i m i la r  to the  

model used by Summerfield.

1 .4 5  The use of the  tu r b u len t  burning v e l o c i t y  in

c a l c u l a t i n g  f lame spreading in  enc losed  burners.

In burners of constant  c r o s s - s e c t i o n a l  width  

the  propagat ion  of a f lame a cro ss  the  f u e l - a i r  stream causes  

c o n s id e r a b le  r e d i s t r i b u t i o n  of the  f low v e l o c i t i e s .  By 

assuming a continuous flame f r o n t  and a constan t  va lue  of the  

tu r b u len t  burning v e l o c i t y ,  Scur lock  (19 4 8 ) ,  T s ien  ( l 9 5 l ) >  and 

others  have provided r e l a t i o n s h i p s  from which th e  flame shape 

and f low pa,ths may be c a l c u l a t e d .  C on verse ly ,  the  

r e l a t i o n s h i p s  may be used to  determine v a lu e s  of tu rb u len t  

burning v e l o c i t y  from observed flame shapes (Scur lock ,  1948) .

I t  i s  d o u b tfu l  whether th e  assumptions as to  a continuou
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f lame f r o n t  and a constan t  "burning v e l o c i t y  are  v a l i d  in  tbe  

e n c lo sed  combustion systems in  which the approach v e l o c i t y  i s  

g r e a t e r ,  s a y ,  than 100 f t / s e c .  Flame spreading in  th e se  high, 

v e l o c i t y  sy s tem s ,  which are t y p i f i e d  by a ramjet combustion  

chamber, i s  d i s c u s s e d  be low.

1*4-6 Flame spreading in  a r a m j e t .

Flame spreading i n  a 1-J inch ramjet has been  

s tu d ie d  by W ilkerson and Fenn (1953)» the  e f f e c t i v e n e s s  of 

the  spreading being  r e p re sen ted  by th e  combustion e f f i c i e n c y  at  

th e  chamber o u t l e t .  A l l  the  e f f i c i e n c y  measurements were 

taken  w ith  choked f low  a t  the burner e x i t .  An independent  

hydrogen-oxygen p i l o t  was used and i t  was found th a t  the  

e f f i c i e n c y  w i th  any one geometric  system in c re a se d  c o n s id er a b ly  

when the p i l o t  heat  input was increased  from 0 . 5  "to 4.5/^ of  the  

p o s s i b l e  heat  r e l e a s e  w i t h in  the chamber. This  r e s u l t  cannot  

be exp la ined  by the  wrinkled flame f r o n t  t h e o r i e s  of tu rb u len t  

burning v e l o c i t y .  The d i s t r i b u t e d  r e a c t i o n  zone theory  

(eq uat io n  1 .8 )  cannot y e t  be applied, to  t h e s e  c o n d i t io n s  owing 

to  the la c k  of data  on the  t h ic k n e s s  of  the  tu r b u len t  f lam e.  

However, a, s a t i s f a c t o r y  e x p la n a t io n  of  t h e s e  r e s u l t s  has b e e n  

g iv e n  by W ilkerson and Fenn t h e m se lv e s ,  who cons id ered  the 

combustion chamber t o  be a r e g io n  of  homogeneous combustion.

The temperature T at  a c h a r a c t e r i s t i c  p o in t  in. the  chamber was 

assumed to  be g iv en  by th e  e x p r e s s io n  -

T » Tu ■+- C h K ............................... Hqn. 1 . 9
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where Tu i s  the  temperature of the unhurried ga s ,

C i s  a constan t

h i s  the  p i l o t  hea t  input (as a percentage  of  the  t o t a l  

heat  r e l e a s e )

and E i s  & f a c t o r  measuring the  r a t e  of mixing of  th e  p i l o t  

heat  w i th  the  main stream.

The f a c t o r  K was determined by observ ing  the  temperature  

d i s t r i b u t i o n  w i th  only  th e  hot p i l o t  g a se s  and c o ld  a i r  e n ter in g  

the  chamber, the  main f u e l  supply be ing  stop ped .  S in ce  a l l  

measurements were taken us ing  a s t o i c h i o m e t r i c  f u e l - a i r  

mixture the  combustion e f f i c i e n c y ,  ^ , was then  assumed to  be 

a f u n c t io n  only  of the  temperature a t  the  c h a r a c t e r i s t i c  p o i n t ,  

g iv en  by -
“ S t

*f0  * B e   E q n .  1 . 1 0

where B i s  a c o n s ta n t ,

33 i s  the  a c t i v a t i o n  energy  

and R i s  the  u n i v e r s a l  gas c o n s t a n t .

When a s u i t a b l e  va lue  o f  the  constan t  G, in  equat ion  1.9  

was chosen,  a good c o r r e l a t i o n  of the  r e s u l t s  was o b ta in ed .

With the  same apparatus W ilkerson and Fenn s tu d ied  the  

i n f lu e n c e  of mixing r a te  on the  combustion e f f i c i e n c y .

D i f f e r e n t  mixing regimes were obtained" by p la c in g  o r i f i c e s  of  

diameters ranging from 1-J- inch to  1-f- inch w i t h i n  the 1-g- inch  

diameter duct carry ing  the  main stream. The o r i f i c e s  were 

placed  a t  a d i s ta n c e  of  j u s t  over 1 inch upstream from the  

p i l o t  e x i t .  The mixing f a c t o r ,  K, was measured for  each of  t h e
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F i q .  5  I m F l u E n j c E  OF MixiMC A n d  OF P i l o t  W fA T  

On C o m b u s t i o n  E f f i c i e n c y  

( f *or»\ WilkCr&on a« o l  F t n n ^  195 5  )

• I



g eom etr ies  used ,  ^ e n  the p i l o t  hea t  was maintained at  a 

constan t  f r a c t i o n  of the  t o t a l  heat  in p u t ,  i t  was found that  

an in c r e a se  in  the  mixing f a c t o r ,  3£, which was ach ieved  by 

using  a sm aller  diameter  of o r i f i c e ,  was accompanied by an 

in c r e a se  in  the combustion e f f i c i e n c y .  Equations 1 . 9  and 1 .10  

which, had c o r r e l a t e d  the i n f l u e n c e  of  p i l o t  heat  on the  

combustion e f f i c i e n c y ,  w.erafc a l s o  found to  c o r r e l a t e  the  in f lu e n c e  

of mixing r a t e  on the combustion e f f i c i e n c y .  These c o r r e l a t i o n  

are gjiven in  F i g .  5* While W ilkerson  and. Fenn a p p r e c ia te  th a t  

t h e i r  treatment i s  o v e r s i m p l i f i e d ,  i t  n e v e r t h e l e s s  provides  

a s a t i s f a c t o r y  ex p la n a t io n  of  t h e i r  r e s u l t s .

The use of  d e v i c e s ,  such as th e  o r i f i c e S  employed by 

Wilkerson and Fenn, which in c r e a s e  th e  r a t e  of mixing by  

impacting g e n e ra l  tu rbu len ce  to  th e  main stream, r e p r e s e n t s  

one method of  a c h ie v in g  improved f lame sp re a d in g .  In  the  

apparatus d e sc r ib ed  in  Chapters 2 and 3 o f  t h i s  t h e s i s ,  the  

flame spreading was improved by the use of  a system o f  f i n g e r s  

placed a c ro ss  th e  main stream, th e  r o o t s  of  the  f i n g e r s  being  

l e v e l  w i th  the p i l o t  e x i t .  I t  has been shown by gas sampling  

th a t  mass t r a n s f e r  of p i l o t  g a se s  ta k e s  p la ce  a long  th e  wake0 

of the  f i n g e r s ,  and i t  appears th a t  when the  main f u e l  supply  

i s  introduced t h e s e  f i n g e r s  a c t ,  a t  l e a s t  p a r t i a l l y ,  as  

f l a m e h o ld e r s .

1*5  D i s c u s s i o n .

In low speed systems i t  appears th a t  the  flame spreading? 

i s  c o n t r o l l e d  by the  burning v e l o c i t y  (laminar or t u r b u l e n t ) .
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In th e  condit  ions met in  a ramjet combustion chamber in  which 

the  f low  i s  choked at  th e  burner e x i t ,  the  combustion a^pe^.rs 

to  be more homogeneous, and the mixing p r o c esse s  become 

important.  I t  has been observed t h a t  in c r e a s in g  the mixing, 

r a t e  improves the  flame sp rea d in g .  However, i f  the mixing  

r a te  i s  in c rea sed  beyond a c e r t a i n  l i m i t ,  a decrease  in the  

s t a b i l i t y ,  l e a d in g  t o  e x t i n c t i o n ,  can occur .

The t h e o r e t i c a l  a n a l y s i s  of the  in f lu e n c e  of mixing on 

the  combustion r a t e  which has been made by B e r l ,  Rice  and Rosen 

(1955) i s  r e l e v a n t  to  t h i s  problem. They have shown th a t  

much h igher  heat  r e l e a s e  r a t e s  can be obta in ed  w ith  optimum, 

m ixing,  than are obtained w ith  only  s l i g h t  m ix in g .  They have 

a l s o  shown tha€ ,  when extrem ely  ra p id  mixing tak e s  p l a c e ,  the  

t ime req u ired  to  burn'a  g iv e n  volume of  mixture becomes 

e x c e s s i v e .

I
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CHAPTER 2 .

2 .1  I n t r o d u c t i o n .

The experiments d e sc r ib ed  in  t h i s  Chapter were the  

f i r s t  to  be c a r r ie d  out in  the  r e s e a r c h  p r o j e c t .  They were 

intended t o  c l a r i f y  the  e x i s t i n g  co n cep ts  of  flame spreading  

and to  g iv e  guidance t o  the  d e s ig n  of fu tu r e  experiments.

S in c e  i t  i s  hoped to  apply th e  methods of flame  

spreading  to  ramjet and gas tu r b in e  combustion chambers i t  was 

thought th a t  t h e s e  p re l im in a ry  experiments would be most usefu  

i f  c a r r ie d  out on an apparatus o p e r a t in g  under c o n d i t io n s  

s im i la r  to those  encountered i n ,  sa y ,  a ramjet combustion  

chamber. Such an apparatus r e q u ir e s  c o n s id e r a b le  s u p p l i e s  

of f u e l  and compressed a i r ,  and s in c e  the  f a c i l i t i e s  

a v a i l a b l e  at  Glasgow U n iv e r s i t y  were l i m i t e d ,  i t  was decided  

to  carry  out t h e s e  i n i t i a l  experiments a t  th e  N a t io n a l  Gas 

Turbine E stab l i sh m e n t ,  P y e s to c k .

Two experim enta l  r i g s  were prepared, one an "Open Jet  

Apparatus” , and the  other a "T ailp ipe  Apparatus11. The 

T a i lp ip e  Apparatus was e q u iv a len t  to  the  combustion system of 

t y p i c a l  5 inch diameter ra m jet ,  w h i le  t h e  Open Je t  Apparatus 

was e s s e n t i a l l y  a s im i la r  chamber but w i th  the  t a i l p i p e  

removed to a l lo w  o b s e r v a t io n  o f  the  flame p a t t e r n s .

The a i r  supply  f o r  the  r i g s  was provided by two R o l l s -  

Royce ITene Jet  Engines f i t t e d  with a i r  b l e e d s .  Because of th 

d i f f i c u l t y  of  m ainta in ing  an adequate supply of  a gaseous f u e l

and because ramjet e n g in e s ,  in  p r a c t i c e ,  normally operate  on
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l i q u i d  f u e l s ,  a l i q u i d  f u e l ,  ,irRamjet K eros ine" ,  was used in  

the experim ents .

2*2 Onen Je t  Apparatus .

This  apparatus c o n s i s t e d  of a 3 inch diameter p i l o t ,  

l 6  inches  l o n g ,  p laced  w i t h i n  a 5 inch  diameter  du ct ,  th e  

whole "being c a r r ie d  in  an outer duct of diameter  7*2 in c h .

A sk etch  of the  apparatus i s  g iv e n  in  F i g .  6a .  The system  

w i t h i n  the 5 inch duct was e q u iv a le n t  to  a sm al l  ramjet "burner. 

About 12% of  the  a i r  e n te r in g  th e  5 inch  diameter duct passed  

through the p i l o t .  This  a i r  w i l l  "be r e f e r r e d  t o  as  " P i lo t  

A ir" .  The remainder o f  the  a i r  w i t h i n  the 5 inch diameter  

duct f lowed through th e  annular space "between t h i s  duct and 

the p i l o t .  This a i r  w i l l  "be r e f e r r e d  t o  as  "Secondary Air'h  

A stream of j a c k e t in g  a i r  f low ed  through the  annulus between  

the 7*2 inch diameter duct and 5 inch diameter  d u c t .  The 

o b je c t  o f  t h i s  j a c k e t in g  a i r  stream was to  prevent the  

g ro r t ic i ty  due to  the  motion of the  gas stream r e l a t i v e  to  the  

ambient a i r  a f f e c t i n g  the  flame u n t i l  w e l l  downstream of  the  

end of the p i l o t .

Fuel  was su p p l ie d  in d ep en dent ly  to  the p i l o t  and 

secondary streams us ing  upstream i n j e c t i o n  and n a tu r a l  a i r  

b l a s t  a t o m is a t io n .  At v a lu e s  of Mach Humber upstream of

th e  p i l o t  o f  up to about 0 . 3  (Measuring S e c t i o n  2 ) ,  and under 

s u i t a b l e  p i l o t  f u e l  f lo w s  a flame was s t a b i l i s e d  behind the  

colander b a f f l e  (or c a n ) ,  A few s t a b i l i t y  l i m i t s  of  the  p i l o t  

were observed and th e se  are p l o t t e d  in  F i g .  6b. As ex pected .
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th e  f low of secondary f u e l  had l i t t l e  e f f e c t  on the  p i l o t  

s t a b i l i t y  l i m i t s  in  t h i s  app aratu s .

When secondary f u e l  was su p p l ie d  the  flame i s s u i n g  

from the  p i l o t  spread a c r o s s  th e  secondary stream as shown 

in  Photographs Hos.  11, l 6  and 21 o f  F i g .  7* The ob je c t  of 

the  flame spreaders  examined was to  in c re a se  the  r a t e  at  which 

the  flame propagated in to  the  secondary stream , r e s u l t i n g  in  

high er  combustion e f f i c i e n c i e s  f o r  a g iv e n  l e n g th  of  

combustion chamber, or sh orter  combustion chambers fo r  the same 

combustion e f f i c i e n c y .  Flame spreaders  c o n s i s t i n g  of  

v a r io u s  numbers of  f i n g e r s  could be a t tach ed  to  the  downstream 

end of the  p i l o t ,  the f i n g e r s  t r a v e r s in g  th e  annular space  

through which the  secondary stream passed ( s e e  Photographs  

Ho. 1 and 2 e t c .  o f  F i g .  7*)

The a i r  f low w i t h i n  the  5 inch duct  was measured by a 

p i t o t -  s t a t i c  tube mounted a t  Measuring S e c t i o n  2 .  This  

p i t o t  s t a t i c  tube was c a l i b r a t e d  us ing  a t r a v e r s i n g  p i t o t  -  

s t a t i c  tube p laced  a t  Measuring S e c t i o n  1,  the  5 inch - 7 * 2  inch  

annulus being blanked o f f .  A t r a v e r s i n g  t o t a l  head tube  

a t  Measuring S e c t io n  3 w ith  a s s o c i a t e d  s t a t i c  pressu re  w a l l  

taps  was used to  measure the f low of p i l o t  a i r .

Both p i l o t  and secondary f u e l  f lo w s  were measured by  

r o ta m e ter s .  The nominal c a l i b r a t i o n  of each rotameter  was 

checked over a range of  f u e l  f low s  by weighing  the  q u a n t i ty  of

k e r o s in e  passed i n  a g iv e n  t im e .
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At t h e  a i r  i n l e i  temperatures used ('about I3 0 ° c ^  

the f u e l  en ter in g  the combustion zone had not evaporated .

Ho measurements were.made of  the  f u e l  d i s t r i b u t i o n  nor of the  

d r o p le t  s i z e .

2 .2 1  V is u a l  o b s e r v a t io n s  and f lame -photographs.

The s t r u c tu r e  of  th e  f lame as i t  propagated in to  

the  secondary stream was observed v i s u a l l y  w i t h  each of  the  

f o l lo w in g  spreader systems

Three f i n g e r s ,  1 i n .  wide a t  i n c l i n a t i o n s  o f  3^0 > l 8 ° .

Hour f i n g e r s ,  i  i n .  wide * » w 6 0 ° ,  45 ° 9 31°

18° ,  1 0 ° .

l i g h t  f i n g e r s ,  -§• i n .  wide * r* 31°» l8°?  1 0° .

l i g h t  f i n g e r s ,  i n .  wide ** " ft 31°> 18° .

The ** i n c l i n a t i o n 1* i s  taken to  be the  angle  

between t h e  f i n g e r  and th e  a x i s  o f  the  burner.

Observations were made over a range of average  

Mach Humbers upstream of the  p i l o t  (Measuring S e c t i o n  2) 

between 0 .1 2  and 0 . 2 8 .  The p i l o t  f u e l / p i l o t  a i r  r a t i o  was 

m aintained approxim ate ly  constant  a t  0.062  by weight  

( s t o i c h i o m e t r i c  O.067)* except at  the  low est  v a lu e s  of the  

approach loach Humber. fh e n  the  approach Mach Humber was 

0 .1 2  a c o n s id er a b le  number of  y e l lo w  s tr e a k s  appeared in  the  

p i l o t  f lam e,  p o s s i b l y  caused by poor a t o m is a t io n  of the f u e l  

r e s u l t i n g  from the  lower a i r  v e l o c i t i e s .  To minimise t h i s

s t r e a k in g  the p i l o t  f u e l / a i r  r a t i o  was reduced at  t h i s  v e l o c i t y
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to  0.05  by w e i g h t .

The r a t i o  of secondary f u e l  f low  to  secondary a i r  f low  

was v a r ie d  from zero t o  0,07  "by w e i g h t .

To provide  a record of some o f  th e  f lame o b s e r v a t io n s ,  

d i r e c t  photographs were taken  of  f lam es obta in ed  (a) w i t h  no 

spreader a t ta c h e d  to  the  p i l o t  (Photographs Hos.  1 ,  6 ,  11, 16 , 

21) and (b) w i th  each o f  the f o l l o w in g  spreader systems  

a t ta c h e d  t o  th e  p i l o t : -

Pour f i n g e r s ,  -J- i n .  wide at  i n c l i n a t i o n  of  10 ° .
(Photographs Hos. 2 ,  7* 12,  17* 2 2 ) .

Pour f i n g e r s ,  i n .  wide a t  i n c l i n a t i o n  of  31° •
(Photographs Hos. 3* 8 , 13* l 8 > 23 ) .

B ig h t  f i n g e r s ,  i  i n .  wide a t  i n c l i n a t i o n  of  31°'
* (Photographs Hos. 4 ,  9* 14* 19* 24)

and Pour f i n g e r s ,  i  i n .  wide a t  i n c l i n a t i o n  of 6o°.
(Photographs Hos.  5* 10 ,  15* 20 ,  25)*

Photographs were, taken  a t  Mach Humbers upstream of the  

p i l o t  of  0 .1 2  and 0 . 2 8 .  At the approach Mach Humber o f  0 .1 2  

f lam es  were photographed at  secondary f u e l / a i r  r a t i o s  o f  0 and 

0 .0 2 8  by w e ig h t ,  and a t  the  approach Mach Humber of  0 .2 8  a t  

secondary  f u e l / a i r  r a t i o s  of 0 ,  0 .0 2 8  and 0 .0 5 7  hy w e ig h t .  The 

photographs,  numbered 1 to  25* are  g iv e n  in  P i g .  7* S p e c i a l  

b lu e  s e n s i t i v e  p l a t e ,  type  XH, was used fo r  a l l  the  flame  

photographs.  Photographs Hos. 1 to  4 and 6 to  25 i n c l u s i v e  

were taken w i th  an exposure time of i  second at  f 2 2 .

Photograph Ho, 5? which i s  s l i g h t l y  overexposed,  was taken w ith  

an exposure time of  \  second a t  f l 6 .



3 4 .

S in ce  s u c c e s s i v e  photographs of  one flame may appear 

t o  he s l i g h t l y  d i f f e r e n t  due t o  v a r i a t i o n s  in  the  p r o c e s s e s  

in v o lv e d  i n  d e v e lo p in g ,  p r i n t i n g ,  e t c . ,  c a u t io n  i s  required  

i n  comparing the  flame photographs shown in  P i g .  7«

However th e  f o l lo w in g  o b s e r v a t io n s  may be made from t h e s e  

photographs and from t h e  v i s u a l  s t u d i e s  d e sc r ib e d  above .

(a) ^ i t h  a l l  th e  spreaders  t e s t e d ,  when secondary  

f u e l  was su p p l ie d  flame g a se s  were p r e sen t  i n  the  wakes at  

th e  t i p s  of  the  f i n g e r s .  In other  words, fl&me had "spread1* 

to  th e  t i p s  of  the  f i n g e r s  ( see  Photographs 7* 8,  9* 10 e t c . )  

V is u a l  o b s e r v a t io n s  are in  agreement w i th  t h i s  c o n c lu s i o n .

However w i th  many spreader arrangements,  p a r t i c u l a r l y  

w it h  th o se  having f i n g e r  i n c l i n a t i o n s  o f  30 degrees  or more, 

and w i t h  th o s e  us ing  the  th in ner  f i n g e r s ,  th e re  was l i t t l e  

i n d i c a t i o n  t h a t  the  f lam es  in  the  wakes o f  th e  f i n g e r s  were 

i n i t i a t i n g  g e n e r a l  combustion of th e  secondary f u e l - a i r  

mixture as i t  passed the f i n g e r s .  Por example w i th  \  inch  

wide f i n g e r s  a t  an i n c l i n a t i o n  of 6o°, a t  an approach Mach 

Humber of  0 . 2 8  and a secondary f u e l / a i r  r a t i o  of  0 .057* w h i le  

th ere  i s  s e en  to  be some flame in  the  wake of  the  f i n g e r  a t

the  top  of  the  spreader (Photograph Ho. 25)* th e r e  i s  l i t t l e  

s i g n  o f  g e n e r a l  combustion of  the secondary mixture u n t i l  

w e l l  downstream of  the  f i n g e r .  Under the  same f low c o n d i t io n s  

but w i th  the f i n g e r s  i n c l i n e d  at  10° (Photograph Ho. 22) i t
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appears th a t  t h e  f lam e  g a se s  p r e s e n t  in  t h e  wakes of the  

f i n g e r s  are e f f e c t i v e  in  s t a r t in g ,  p r o g r e s s iv e  combustion of  

th e  secondarjr f u e l - a i r  m ix ture .

These o b s e r v a t io n s  do not n e c e s s a r i l y  mean th a t  no 

b e n e f i t  was gained from th e  spreader w i th  the f i n g e r  

i n c l i n a t i o n  o f  6o°, s in c e  the turb u len ce  due to  the  f i n g e r s  

may have had a b e n e f i c i a l  e f f e c t  on the  r a t e  of  combustion o f  

the  secondary mixture when t h i s  combustion began about 

10 inches  downstream of the  -spreader.  On th e  other  hand t h i s  

tu rb u len ce  might tend to  cause  quenching.  A quenching e f f e c t ,  

which i s  d e sc r ib e d  in  paragraph 3*44 of  Chapter 3? was 

encountered in  the T a i lp i p e  Apparatus when spreaders  having  

f i n g e r s  o f  s t e e p  i n c l i n a t i o n  were used .

This  q u e s t io n  o f  whether f lame spreading by p h y s i c a l  

o b j e c t s  such as f i n g e r s  which ac t  e f f e c t i v e l y  as f lame h o ld e r s  

i s  b e t t e r  than flame spreading r e s u l t i n g  from g e n e r a l  turbulence  

i s  d i s c u s s e d  in  Chapter 6 .  Experiments are su g g es ted  which  

should answer t h i s  q u e s t io n .

(b) Photographs Hos.  1 to  4 (a t  Mach Humber 0 .1 2 )  

and 11 to  15 (a t  Mach Humber 0 .2 8 )  show the  e f f e c t  of the  

spreader system s on the p i l o t  flame when no secondary f u e l  i s  

su p p l ie d .  The sh o r te n in g  o f  the  p i l o t  f lame w i t h  in c r e a s in g  

f i n g e r  i n c l i n a t i o n  may be due to  some of the  burning p i l o t  

gases  be ing  d i s p e r se d  by be ing  drawn in to  the wakes of  the  

f i n g e r s .  The sh o r te n in g  may a l s o  be due t o  in c re a se d  mixing
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of  t h e  se c o n d a ry  a i r  w i t h  t h e  p i l o t  f lam e  as  i t  emerges from 

t h e  downstream end o f  the  p i l o t . "

whether the  sh o r te n in g  of the p i l o t  f lame hy a t ta c h in g  

sp readers  i s  accompanied hy incom plete  combustion of the  

p i l o t  f u e l  might he determined hy sampling and a n a ly s in g  the  

g a se s  downstream from th e  p i l o t .

In a d d i t io n  to  the  o b s e r v a t io n s  of the f lam es  

d e sc r ib e d  above,  some t e s t s  were made without  l i g h t i n g  th e  

p i l o t  f u e l - a i r  m ix tu re .  The u n l i t  f u e l  mixed w i th  the  p i l o t  

a i r  and formed a spray which was e a s i l y  r e c o g n i s a b l e ,  and,  

in  the  absence  of secondary f u e l ,  t h i s  a c te d  as  a t r a c e r  f o r  

th e  p i l o t  gas . With each o f  the  spreaders  t e s t e d  some of  

t h i s  p i l o t  f u e l  spray was se en  to  t r a v e l  a long  the  wakes of  

the  f i n g e r s  to  the end f u r t h e s t  from the  p i l o t ,  t&us 

s u g g e s t in g  a f low  or mass t r a n s f e r  of  p i l o t  gas along the  wake 

of th e  spreader f i n g e r s .  This  i n d i c a t i o n  was confirmed by  

sampling t e s t s  which are d i s c u s s e d  in  paragraph 2 ,2 2  be low .

In a l l  the  experiments d e sc r ib e d  above the  flame  

spreader was a t ta ch ed  t o  th e  p i l o t  so th a t  the r o o t s  of the  

flame spreader f i n g e r s  were l e v e l  w i t h  the  downstream end of  

the  p i l o t .  In a d d i t i o n  one t e s t  was made in  which the  

spreader having th ree  1 i n c h  wide f i n g e r s  a t  l 8 °  i n c l i n a t i o n  

was a t ta c h e d  to  the  p i l o t  so th a t  t h e  r o o t s  of  the f i n g e r  were 

7 / l 6  inch»upstream of  th e  downstream end of the  p i l o t .  With 

t h i s  arrangement, o b s e r v a t io n s  of  u n l i t  p i l o t  f u e l  aga in  

i n d ic a t e d  th a t  p i l o t  g a se s  flov^ed out a long  the  wakes of  the
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f i n g e r s  . Al s o  when t h e  p i l o t  f l a m s  was l i t  , and se co n d a ry  

f u e l  s u p p l i e d ,  f lam e gases  were seen a long  the  wakes of the 

f i n g e r s .  These o b ser v a t io n s  i n d i c a t e  th a t  the  performance 

of  the  spreader had not been a p p r e c ia b ly  a l t e r e d  hy moving 

the  spreader t h i s  sm al l  d i s t a n c e  o f  «?/l6 inch  upstream, and 

t h a t  the  l e n g th  of  the  r e c i r c u l a t i o n  zone behind the 1 inch  

wide f i n g e r s  i a  g r e a t e r  than 7 / l 6  in c h .  Longwell  (1955) 

has s in c e  s tu d ied  th e  r e c i r c u l a t i o n  zone behind flame ho ld in g  

g u t t e r s  of  w idths  1 inch  and 2 \  inch  and has found the  zone 

to  be four  to  f i v e  b a f f l e  dim ensions in  l e n g t h ,

^ •22 Gas Sampling.

Samples were taken  from p o in t s  in  the wake of  

a f i n g e r  of  each of the  two f o l lo w in g  spreader arrangements  

(a) spreader having four f i n g e r s ,  -g- inch  wide ,  a t  an 

i n c l i n a t i o n  of  18° 

and (b) spreader having e ig h t  f i n g e r s ,  £  inch  w id e ,  a t  an 

i n c l i n a t i o n  of  31° .

I t  had a l s o  been intended to  take  samples us ing  the  

spreader having four  f i n g e r s  ■§■ inch  wide a t  31° i n c l i n a t i o n ,  

as t h i s  would have provided in form ation  on th e  in f l u e n c e  of  

f i n g e r  . . i n c l i n a t i  on and f i n g e r  w idth  on the  com p osit ion  of  the  gase  

p resen t  in  the  wake. U n fo r tu n a te ly  the experiments had to  

be c u r t a i l e d  to  a l low  some t e s t s  to  be c a r r ie d  out on €he 

T a i lp ip e  Apparatus b e fo r e  the  a u t h o r ’ s r e tu r n  to  Glasgow
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U n i v e r s i t y  fo r  the  w inter  s e s s i o n .

Sampling and A n a l y s i s .

The sampling prohe c o n s i s t e d  of  a 1 mm, o u t s id e  

diameter  hypodermic tube surrounded by a sm al l  •water j a c k e t .  

The samples were drawn i n t o  1 l i t r e  Haldane b o t t l e s  and were  

l a t e r  a na lysed  by a g r a v im e tr ic  method (Lloyd,  194-8). In 

the  g r a v im e tr ic  t r a i n  used ,  the  sample was f i r s t  passed  

through a condenser m aintained a t  a temperature of roughly  

-80°C. by s o l i d  carbon d io x id e  and a c e t o n e .  Any 

c o n d en s ib le  f u e l  presen t  in  th e  sample was removed at  t h i s  

s t a g e .  A f te r  l e a v in g  the  condenser ,  the  sample passed  

through two U - tu b e s ,  the  f i r s t  c o n ta in in g  M'AnhydroneM' 

(magnesium p e r c h lo r a t e )  t o  absorb water vapour,  and the  

second c o n ta in in g  "carbosorb” ( c a u s t i c  soda on a s b e s t o s )  to  

c o l l e c t  carbon d i o x i d e .  The in c r e a se  in  w eight  of  the  

” car bo sorb'1 U-tube over the  per iod  in  which th e  sample was 

passed through th e  t r a i n  gave the c o n c e n tr a t io n  of carbon 

d i o x i d e .  A f ter  l e a v i n g  th e se  U-tubes  the  sample entered  a 

tube furnace  which was packed w i th  cupr ic  oxide on s i l i c a  

ch ips  and maintained a t  a temperature of 330°C. O xidat ion  of  

any hydrogen and carbon monoxide presen t  in  th e  sample took  

p la c e  in  th e  f u r n a c e ,  the  q u a n t i t i e s  o f  t h e s e  g a s e s  be ing  

o bta ined  from the  in c r e a se  in  the  w e ig h t s  o f  two fu r t h e r  

U-tubes c o n ta in in g  r e s p e c t i v e l y  anhydrone and carbosorb which 

were p laced  a t  the furnace e x i t .



T A B L E _ 1 .
RESULTS 0?  SAMPLING TESTS’

Condit ions under which samples were taken*

Sample
No. M f / ap f / a s

Spreader!
System

Finger
l e n g t h

i n .

D is ta n c e
X

i n .
1 0.29 0.062 0 (a) 3 i 2-f
2 0 .2 9 0.062 0 (a) 3 i ll"
3 0.28 0.062 0.028 (a.) 3 i 2f
4 0.28 O.O63 0.028 (a) 3 i
5 0.28 0.062 0 Ob) l | - l i
6 0.28 0.062 0.028 (*) l i 1+

Where M i s  the  Mach Humber upstream of the  p i l o t
f / a p  i s  the  f u e l / a i r  r a t i o  by weight  o f  the  p i l o t  

stream,
. f / a s i s  the f u e l / a i r  r a t i o  by weight  of  the  secondary  

stream,
x  i s  the  d i s ta n c e  from the  f i n g e r  r o o t ,  along the  

f i n g e r ,  to  the  p o in t  of  sam pling.
Spreader system (a) r e f e r s  to  spreader haying four

f i n g e r s ,  -g-1* wide ,  a t  an i n c l i n a t i o n  of  18 d e g r e e s ,
Spreader system (b) r e f e r s  t o  spreader having e ig h t

f i n g e r s  w ide ,  a t  an i n c l i n a t i o n  of 31 d e g r e e s .

ANALYSES Off SAMPLES.

'Sample
No.

% by w eight
C02 CO h2

1 7 . 8 0.0 0.01
2 4 . 7 0 . 9 0.03
3 1 3 .7 3.0 0.06
4 5.2 2 .0 0.03
5 1 .1 0 . 5 0.03
6 1.5 0 .6 0.03



The c o n d i t i o n s  under which the  samples were taken ,  and 

th e  a n a ly s e s  hy w e ight  are g iv en  in  Table 1 .

From the  a n a ly s e s  of th e  samples taken  when no 

secondary f u e l  was su p p l ie d  (Samples Nos.  1 ,  2 and 5) i t  i s

e v id e n t  th a t  a p p r e c ia b le  q u a n t i t i e s  of p i l o t  g a se s  are p resen t  

in  th e  wakes of  the f i n g e r s ,  With the  i  inch wide f i n g e r  

a t  18° i n c l i n a t i o n  th e  c o n c e n tr a t io n  of carbon d io x id e  c l o s e  

to  th e  end f u r t h e s t  from th e  p i l o t  i s  roughly  one t h i r d  of the  

c o n c e n tr a t io n  of  carbon d io x id e  p resen t  in  uniform, com p lete ly  

burned, p i l o t  g a a e s .

Comparison of  Samples Nos. 1 and 2 i n d i c a t e s  th a t  the  

c o n c e n tr a t io n  of  carbon d io x id e  i s  much h igher  at the  end of

the  f i n g e r  f u r t h e s t  from the  p i l o t  than i t  i s  a t  the  

in te rm e d ia te  p o in t  a t  which Sample Ho. 2 was taken .  Combustion 

of the  carbon monoxide p resen t  a t  the  in term ed ia te  p o in t  can  

only  account fo r  a part o f  t h i s  in c r e a s e  in  carbon d io x id e  

c o n c e n tr a t io n  a long  the  f i n g e r .  This  s u g g e s t s  e i t h e r  th a t  

th e  f low  p a t t e r n  behind the  f i n g e r  i s  very  complex, some 

p i l o t  g a ses  r ea ch in g  th e  t i p  of  the  f i n g e r  w ithout  p a s s in g  

through the  zone from which Sample No. 2 was drawn, or th a t  

the  method o f  sampling was i n a c c u r a t e .  For example the  

sampling tube (3/1& inch o . d . )  may have p resen ted  too  la r g e  

a blockage in  th e  wake o f  the f i n g e r  and so have caused a 

change in  the  f low  d i s t r i b u t i o n .
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In s p i t e  of th e  u n c e r t a i n t i e s ,  r e s u l t i n g  f rom th e  

method of sam pl ing  t h e  r e s u l t s  g iv e n  below provide  some 

q u a n t i t a t i v e  in fo rm a tio n  on the  f low  o f  p i l o t  g a se s  behind  

the f lame spreading  f i n g e r s ,

2 ,3  T a i ln i o e  Apiaratus  .

The experiments w i t h  t h i s  apparatus were intended to  

provide  data  on t h e  i n f l u e n c e  of  f lame spreaders  on the  

o v e r a l l  combustion e f f i c i e n c y  o f  the ra m je t .

The apparatus c o n s i s t e d  o f  a 3 inch  diameter p i l o t

c a r r ie d  w i t h i n  a 5 inch diameter d u c t ,  th e  duct be ing

continued  as a p a r a l l e l - s i d e d  t a i l p i p e  beyond the  downstream

end o f  the  p i l o t  ( se e  F i g .  8 ) .  This:-arrangement i s

e q u iv a le n t  to  the  Open Je t  Apparatus used in  the prev iou s

experiments but w ith  the  outer  duct ( 7*2 inch  diameter)

removed and w i th  a t a i l p i p e  a t ta ch ed  to  th e  5 inch diameter

dUct, The p i l o t  and the  f u e l  i n j e c t i o n  systems from the
in

Open Je t  Apparatus were used a g a in / B w  the  T a i lp ip e  Apparatus.

T ravers ing  t o t a l  head tubes  a t  Measuring S e c t io n s  2 

and 3 (F ig .  8 ) ,  w i t h  a s s o c i a t e d  s t a t i c  p ressu re  w a l l  ta p p in g s ,  

metered tfhfc f lo w s  of t o t a l  a i r  and p i l o t  a i r  r e s p e c t i v e l y .

The p i l o t  and secondary f u e l  f lo w s  were ag a in  measured by  

r o ta m e t e r s .

2 •31  Method of  C a lc u la t io n  of  Combustion E f f i c i e n c y .

The d e r iv a t i o n s  of  the  r e l a t i o n s h i p s  introduced  in  t h i s  

paragraph are g iv e n  in  Appendix I .

The method of c a l c u l a t i o n  of the  combustion e f f i c i e n c y  i s
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"based on a c o m p a r i s o n  w i t h  t h e  f o l l o w i n g  i d e a l i s e d  c o m b u s t i o n  

system , a sk e tc h  of  which i s  g i v e n . i n  F i g .  9• Between 

S t a t i o n s  1 and 2 the  a i r  s u f f e r s  a pressu re  drop due to  the  

b a f f l e  system . Immediately a f t e r  S t a t i o n  2 f u e l  i s  in j e c t e d  

at  r i g h t  a n g le s  to  the  d i r e c t i o n  of  f low  ( i . e .  the  momentum 

of  t$ie f u e l  may be n e g l e c t e d ) .  Combustion then  takes  p la ce  

and i s  completed by the  time the g a s e s  reach  the t a i l p i p e  

e x i t  ( S t a t i o n  3 )? which s t a g e  th e  f low  i s  cons idered  to  be 

choked. I t  i s  assumed th a t  downstream from S t a t i o n  2 there  

i s  no p ressu re  drop due to  f r i c t i o n  between th e  gases  and the  

duct w a l l s .  One d im ension a l  f low  i s  assumed.

Fpom th e  Mach Fumber upstream of the  b a f f l e  system, Mj, 

and from an assumed va lue  of the  B a f f l e  Loss C o e f f i c i e n t ,  the  

Mach Humber a t  S t a t i o n  2 ,  M2 » i s  c a l c u l a t e d  us ing  the  

e x p r e s s io n  4.

Y 2
2 1 M2 [_ 1  + i  ( i  -  1 ) M22

where y  i s  th e  r a t i o  o f  the  s p e c i f i c  heat  a t  constan t  

pressure  to  the  s p e c i f i c  heat  at  c o n stan t  volume, and where X 

i s  the B a f f l e  Loss C o e f f i c i e n t ,  which i s  d e f in e d  as th e  drop 

in  s t a t i c  pressu re  p a s t  the  b a f f l e  system  per u n i t  i n l e t  

v e l o c i t y  head.

The Air S p e c i f i c  Impulse Sa , d e f in ed  as  th e  g r o s s  

th r u s t  per u n i t  a i r  mass f low r a t e ,  i s  then obta in ed  from the  

Mach Humber at  S t a t i o n  2 by the  equat ion
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•where R i s  th e  Gas Constant f o r  a i r ,  T-^ i s  the  t o t a l  head 

temperature a t  S t a t i o n  1 ,  and g i s  the  a c c e l e r a t i o n  due to  

g r a v i t y .

The t h e o r e t i c a l  f u e l / a i r  r a t i o  which,  w i th  complete  

combustion, would have g i v e n  t h i s  va lue  of  Air S p e c i f i c  

Impulse i s  then  o bta in ed  from the  r e l a t i o n s h i p s  shown in  

P i g .  10 .  The r a t i o  of t h i s  t h e o r e t i c a l  f u e l / a i r  r a t i o  to  the  

a c t u a l  f u e l / a i r  r a t i o  i s  taken to  he the  combustion e f f i c i e n c y .

The r e l a t i o n s h i p  shown in  P i g .  10 between Air S p e c i f i c  

Impulse $nd T h e o r e t i c a l  P u e l /A ir  R a t io  was obta ined  by Beeton  

(194-9) and has been pu b l i sh ed  by Morley (1953* p*198) .  A 

f u e l  of  lower C a l o r i f i c  Value 10 ,300 C .H .U . / l b .  and com posit ion  

by w e i g h t ,  carbon 85%, hydrogen 15%, was taken as the b a s i s  

of B e e t o n f s c a l c u l a t i o n s .  These p r o p e r t i e s  are r e p r e s e n t a t i v e  

of  the f u e l  (Ramjet Ebrosine)  used in  the experiments  

d esc r ib ed  both  in  t h i s  Chapter and in  th e  f o l lo w in g  Chapter.

The manner in  which the  r e l a t i o n s h i p  in d ic a t e d  in  P i g .  10 is  

obta ined  i s  o u t l in e d  in  Appendix I .

2 .3 2  Experimental  method and d i s c u s s i o n  of  r e s u l t s .

Combustion E f f i c i e n c y .

A l l  measurements were made us ing  a t a i l p i p e  of

le n g th  6 f e e t .

I n i t i a l  experiments were c a r r ie d  out without
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a ny  s p r e a d e r  a t t a c h e d  t o  t h e  p i l o t ,  S i n c e  t h e  method  of  

c a l c u l a t i o n  of combustion e f f i c i e n c y  employed in  t h i s  s e r i e s  

of experiments r e q u ir e s  a v a lu e  of  the  B a f f l e  Loss  

C o e f f i c i e n t  and s in c e  t h i s  C o e f f i c i e n t  cannot be measured 

s a t i s f a c t o r i l y  from p r essu re  measurements a lone  w h i le  

combustion i s  ta k in g  p l a c e ,  a number of  pressu re  readings  

were f i r s t  taken f o r  f low  w ithou t  combustion.  From the  v a lues  

of “c o l d ” B a f f l e  Loss C o e f f i c i e n t  obta ined  in  t h i s  way the  

“h o t ” B a f f l e  Loss Coeff ic ient-;  was e s t im ated  t o  be about 3*0 

fo r  the  system  w ith o u t  any spreader a t ta ch ed  to  the  p i l o t .

A f te r  the  read in g s  g i v i n g  the  “c o l d ” B a f f l e  Loss  

C o e f f i c i e n t  had been n o te d ,  th e  burner was l i t  and pressure  

and v e l o c i t y  head o b s e r v a t io n s  were taken over a ra n g e  o f  

o v e r a l l  f u e l / a i r  r a t i o s  f o r  c o n d i t io n s  g i v in g  chocked f low at  

the  t a i l p i p e  e x i t .  Before  each s e t  o f  read in gs  the  p i l o t  

f u e l  f low  was a d ju s te d  to g iv e  a s t o i c h i o m e t r i c  p i l o t  f u e l - a i r  

m ix t u r e .

The v a lu e s  of  combustion e f f i c i e n c y  obta ined  from th e se  

rea d in g s  f o r  the  system i n  which no spreader was used are  

p l o t t e d  in  B i g .  11 .

A - s im i la r  s e r i e s  of  read in gs  was taken  when the  

sp rea d er ,  having four inch wide f i n g e r s  a t  10° i n c l i n a t i o n ,  

was attached, to the downstream end of  th e  p i l o t .  In t h i s  case  

a “hot" B a f f l e  Loss C o e f f i c i e n t  of 3*5 was used in  c a l c u l a t i n g

the  combustion e f f i c i e n c y ,  the  v a lu e s  of which are a l s o  p l o t t e d  

in  P i g .  11 .
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Tr> o omt<a v i ng t h e  combum hi on e f t  i ?  j enov va I;'"'?- ob tr- ined  

dm t h e s e  e x p e r im e n t s  ™ith d i f f e r e n t -  spreader arrangements i t  

must he remembered, th a t  an error  in  the  assumed va lue  of the  

B a f f l e  Loss C o e f f i c i e n t  causes  an error in  the  v a lu e s  obtained  

f o r  th e  combustion e f f i c i e n c y .  I t  i s  thought th a t  the  error  

in  the  B a f f l e  Loss C o e f f i c i e n t  v a lu e s  used in  the  above 

C a l c u l a t io n s  i s  l e s s  than 0 . 5> th e  r e s u l t i n g  error in  the  

v a lu e s  o f  combustion e f f i c i e n c y  be ing  l e s s  than fo r  a 

t y p i c a l  r e a d in g .

From F i g .  11 i t  i s  seen  th a t  the  combustion e f f i c i e n c y  

v a lu e s  obta ined  both w i th  and w ith o u t  th e  spreader are very  

high when compared w i t h  v a lu e s  normally met in  a ramjet  

(Morley, ,1953? p . 1 9 ^ ) . A lso  i t  i s  s e en  th a t  no s i g n i f i c a n t  

advantage i s  gained by u s in g  the  sp rea d er ,  p o s s i b l y  because  

the  combustion e f f i c i e n c y  i s  a lre a d y  h ig h  w ithout  any 

spreader .

These experiments r e v e a le d  the  shortcomings of t h i s  

method of  s tu d y in g  the in f l u e n c e  of spreader geometry on 

combustion e f f i c i e n c y .  These shortcomings are

(a) th a t  th e  combustion e f f i c i e n c y  v a lu e s  depend on 

a va lue  of  the  B a f f l e  Loss C o e f f i c i e n t  which can on ly  be 

e s t im a te d ,  and

(b) th a t  w i th  a t a i l p i p e  of 6 f e e t  l e n g t h  the combustion  

e f f i c i e n c y  w ithout  a spreader i s  too  h ig h ,  in  the range of  

f u e l / a i r  r a t i o s  t e s t e d ,  f o r  any a p p r e c ia b le  advantage r e s u l t i n g  

from the use of f lame spreaders to  be shown.
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"Ti t h  s h o r t e r  l i i i r p  t h e  eo r ab na i i o n  e f f i c i e n c y  

w ithou t  a spreader w i l l  he low er ,  and under t h e s e  c o n d i t io n s  

a n o t i c e a b l e  g a in  may he a ch iev e d  by us ing  a flame sp reader .  

S t a b i l i t y  of the Combustion System.

The performance o f  the  system, us ing  the  spreader  

having e ig h t  \  inch wide f i n g e r s  a t  l 8° i n c l i n a t i o n  was a l so  

s t u d i e d .  With t h i s  arrangement, when secondary f u e l  was 

in troduced  the  p i l o t  flame was e x t in g u i s h e d  almost  

im m ed ia te ly .  The r i c h e s t  o v e r a l l  f u e l / a i r  r a t i o  a/t which the  

burner remained a l i g h t  was r o u g h s  0 .0 2 5  by w e ig h t .  This  

e x t i n c t i o n  was probably  due to  quenching by s e v er e  mixing  

and p e r t u r b a t i o n s .  Quenching o f  the  p i l o t  flame as a, r e s u l t  

of  s e v e r e  inixing has a l s o  been encountered ,  in  a s im i la r  

a p p a ra tu s ,  by Penn (1955)* • Olsen and Gayhart (1955) in

s t u d i e s  o f  flame k e r n e l s  propagat ing in  a f low in g  gas stream  

have a l s o  found t h a t  the  flame can be quenched by e x c e s s i v e  

t u r b u l e n c e •

While th e  p r e c i s e  mechanism of  th e  quenching d esc r ib ed  

above may s t i l l  be in  doubt,  Berl , -  Rice  and Rosen (1955)  

have shown t h e o r e t i c a l l y ,  fo r  one o f  the  models th a t  th ey  have 

e nv isaged  to  r e p r e s e n t  combustion in  tu r b u len t  s tream s,  th a t  

e x t i n c t i o n  can take  p lace  in  th e  event  of  e x c e s s i v e l y  rap id  

m ixin g .  In th e  model c o n s id er ed ,  laminar f lame propagation  

from, a source  takes  p la ce  u n t i l  a g iv en  f r a c t i o n  of  the  t o t a l  

volume has been burned. The mixture i s  then  made homogeneous
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r e a c t i o n  r a t e  t h e o r y .  I t  i s  shown that  the  time required  fo r

complete combustion becomes e x c e s s i v e ,  in  other  words the  

f l  .ame i s  v i r t u a l l y  quenched, i f  the  mixing t o  a homogeneous 

s t a t e  ta.kes p la ce  b e fo re  roughly  one quarter  o f  the  i n i t i a l  

mixture has ■ been burned by th e  laminar flame propagat ion .

I t  has a l s o  been shown by Spalding (1953) and by Lewis 

and von Elbe ( l 9 5 l ) >  P*3^0. t h a t  a pocket of f lame gas w i l l  

be e x t in g u i sh e d  i f  i t  i s  l e s s  than a c r i t i c a l  s i z e .

I t  i s  r e l e v a n t  t o  note  th a t  the e x t i n c t i o n  observed

in  th e  T a i lp i p e  Apparatus,  which i s  d e sc r ib ed  above, was not 

encountered in  the  Open Je t  Apparatus.  For simple f lame  

h o l d e r s , * t h e  attachment of  a long t a i l p i p e  has a l s o  been found 

to  cause a d e crea se  in  the  s t a b i l i t y  l i m i t s  (Barrere and 

M estre ,  1954)•

2 . 4  C o n c lu s io n s .

The main d ed u ct io n s  of  the p r e l im in a ry  experiments on 

f lame spreading d e sc r ib e d  in  t h i s  Chapter are:**

(a.) Mass t r a n s f e r ,  or f l o w ,  of p i l o t  g a se s  ta k es  p lace  

along the  wakes of  the flame spreading  f i n g e r s .

(b) Flame g a s e s  p r e sen t  in  the  wake of  a f i n g e r  do not  

always s t a r t  p r o g r e s s iv e  combustion of th e  neighbouring

f  tie 1 -a i r  mixt ur e .

(c)  ^ i t h  a t a i l p i p e  of  l e n g th  6 f e e t  th e  combustion

e f f i c i e n c y  f o r  the  system w ithout  any flame spreader i s  too

h igh  f o r  a s i g n i f i c a n t  g a in  to  be observed when us ing  a flame  
s p r e a d e r .
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e x t in g u i s h e d  hy t h e  use of a spreader which causes  too

sev ere  m ix in g .

The r e s u l t s ,  d e sc r ib e d  in  paragraph 2,3  above,  which  

were obta ined  w i th  the  T a i lp i p e  Apparatus,  were used as a 

guide  to  the  d e s ig n  of  a s y s t e m a t ic  s e r i e s  o f  experiments  

to  determine th e  i n f l u e n c e  o f  spreader geometry oh combustion.  

These exper im en ts ,  which were c a r r ie d  out on a second v i s i t  

to  the  n a t i o n a l  Gas Turbine E s ta b l i s h m e n t ,  P y e s to c k ,  are  

d e sc r ib e d  in  Chapter 3*

Deduct ions  (a) and (b) above i n d ic a t e  th a t  two of  the  

most important p r o c e s s e s  in  the  spreading o f  a f lame by the  

use o f  f i n g e r s  are the f lo w  a long  the wake of the  f i n g e r  and 

th e  i n i t i a t i o n  of  combustion by flame s o u r c e s .
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3*1 I n t r o duct i on.

The experiments d esc r ib ed  in  Chapter 2 ,  u s ing  the  

T a i lp ip e  Apparatus,  provided l i t t l e  data, on the  i n f lu e n c e  of  

f lame spreader geometry on combustion e f f i c i e n c y .  However, 

t h e s e  experiments r e v e a le d  the  shortcomings of the  method 

which had been employed, and the  exp er ien ce  gained was used 

in  p lanning  a second s e r i e s  o f  experiments d e sc r ib ed  below,  

which was c a r r ie d  out on a second v i s i t  to  th e  N a t io n a l  Gas 

Turbine E s ta b l i s h m e n t ,  P y es to c k ,  during the Summer of  1953*

3•2 Apparatus .

Combustion s y s t em.

The combustion system  was i d e n t i c a l  to  the  one used in  

the  T a i lp i p e  Apparatus,  as d e sc r ib e d  in  th e  preceding  Chapter,  

except  th a t  two sh o r te r  t a i l p i p e s ,  of l e n g th s  4 f t .  6 i n . ,  and 

3 f t .  were used in  some of the  t e s t s ,  in  p la c e  o f  the  6 f o o t  

long t a i l p i p e .  A sk e tc h  of the  system has been g i v e n  in  

F i g .  8 . The f low  of  a i r  through the  p i l o t  was measured at  

Measuring S e c t i o n  3 a t r a v e r s i n g  t o t a l  head tube w i th  

a s s o c i a t e d  s t a t i c  p ressu re  w a l l  t a p p in g s .  A p i t o t - s t a t i c

tube mounted c e n t r a l l y  in  th e  duct a t  Measuring S e c t io n  2 

metered th e  f low  o f  " t o t a l ” a i r  ( p i l o t  a i r  p lus  secondary a i r ) . 

This p i t o t - s t a t i c  tube was c a l i b r a t e d  by a B r i t i s h  Standard  

O r i f i c e  p l a t e .  For the c a l i b r a t i o n ,  s e v e r a l  l e n g th s  of 12 inch 

diameter d u c t ,  in  which the  o r i f i c e  p l a t e  was mounted, ^ere
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wide a t  R0° i n c l i n a t i o nJ ---------------- 1

/' m odif ied  p i l o t .
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Ramiet k e r o s in e  was a g a in  used as the f u e l .  At the  

a i r  i n l e t  temperatures used in  t h e s e  experiments of  130°C- 

very  l i t t l e  o f  the  f u e l  had vapourised  when the mixture  

entered  the  combustion zone .

Thrust Meter.

In th e  combustion e f f i c i e n c y  experiments described, in  

the  preced ing  Chapter the  e f f i c i e n c y  could on ly  be c a lc u l a t e d  

by assuming a "hot” B a f f l e  Loss C o e f f i c i e n t .  This  weakness  

in  th e  experim enta l  method was e l im in a t e d  i n  the  t e s t s  

d e sc r ib ed  in  t h i s  Chapter by the  use of  a Meter which measured 

th e  th r u s t  r e s u l t i n g  from the  momentum of the  hot gases  

l e a v i n g - t h e  t a i l p i p e  e x i t .

Geometric v a r i a b l e s .

Bor each o f  the  th ree  t a i l p i p e  l e n g t h s ,  the  var ious  

f lame spreader systems w i th  which combustion e f f i c i e n c y  

measurements were taken  are g iv e n  in  Table 2 .

An- attempt was a l s o  made t o  o b ta in  combustion e f f i c i e n c y  

measurements us ing  a spreader having  three  1 inch wide f i n g e r s  

at  10° i n c l i n a t i o n .  However, quenching, s i m i la r  to  th a t  

d e sc r ib ed  in  Chapter 2 ,  was encountered and prevented the  

burner be ing  brought to  choked t a i l p i p e  e x i t  c o n d i t i o n s .

P i l ot f u e l / a ir  r a t i o .

Bach s e t  o f  read in gs  on which the  combustion e f f i c i e n c y  

c a l c u l a t i o n s  are based was taken f o r  c o n d i t io n s  g iv in g  choked
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taken the  p i l o t  f u e l  f lo w  was adjusted" t o  g iv e  a 

s t o i c h i o m e t r i c  p i l o t  f u e l / a i r  r a t i o  (0.067  hy w e igh t )*  That 

a s l i g h t  error in  s e t t i n g  the  p i l o t  f u e l  f low causes  

n e g l i g i b l e  d i f f e r e n c e  to  th e  r e s u l t i n g  va lue  of combustion  

e f f i c i e n c y  i s  demonstrated by th e  r e s u l t s  of  one t e s t  in  which 

the  th r u s t  measurements were taken fo r  p i l o t  f u e l / a i r  r a t i o s  

of both 0*067 and 0 .060  by w e ig h t .  The r e s u l t s  of  the  two 

s e t s  o f  exper im ents ,  which are p l o t t e d  in  P i g .  12, are in  very  

good agreement.

b i l k e r s o n  and Penn (1953) found th a t  la r g e  v a r i a t i o n s  

in  p i l o t  h ea t  input caused a p p re c ia b le  changes in  the o v e r a l l  

combustion e f f i c i e n c y ,  as  d i s c u s s e d  i n  Chapter 1,  paragraph 

1 . 3 4 .  However the  range of  v a r i a t i o n  of  p i l o t  heat  input  

which was p o s s i b l e  in  the  experiments d e sc r ib e d  here  was so 

sm all  by comparison th a t  no s i g n i f i c a n t  changes in  e f f i c i e n c y  

were observed .

O v er a l l  f u e l / a i r  r a t i o .

Measurements were ta,k.en fo r  o v e r a l l  f u e l / a i r  r a t i o  by 

weight  ranging  from about 0.025  up t o  the  r i c h  e x t i n c t i o n  

l i m i t ,  jvhich u s u a l l y  occurred at  a f u e l / a i r  r a t i o  ( o v e r a l l )  

of about 0 . 0 5 *

Ca.lcu.la t i o n  of  Combust i on E f f i c i e n c y .

The Thrust Meter measures the  n e t t  t h r u s t .  Prom t h i s  

value  the  gross  t h r u s t  i s  obta ined  by adding to  i t  the

product o f  the  atmospheric  pressure  and the  e x i t  area, of  the
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d i v i d i n g  t h e  g r o s s  t h r u s t  h y  t h e  a i r  mass  f l o w  r a t e .  H a v i n g  

o b t a i n e d  t h e  A ir  S p e c i f i c  I m p u l s e  i n  t h i s  w a y ,  t h e  c o m b u s t i o n  

e f f i c i e n c y  i s  c a l c u l a t e d  a s  i n d i c a t e d  i n  p a r a g r a p h  2 . 3 1  o f  

C h a p t e r  2 .  The c o m b u s t i o n  e f f i c i e n c y  i s  a g a i n  t a k e n  t o  b e  

t h e  r a t i o  o f  t h e  t h e o r e t i c a l  f u e l / a i r  r a t i o  w h i c h ,  w i t h  c o m p l e t e  

c o m b u s t i o n ,  w o u l d  h a v e  g i v e n  t h e  m e a s u r e d  v a l u e  o f  A i r  

S p e c i f i c  I m p u l s e ,  t o  t h e  a c t u a l  f u e l / a i r  r a t i o .

The v a l u e  o f  t h e  B a f f l e  L o s s  C o e f f i c i e n t  f o r  b u r n i n g  

c o n d i t i o n s  may b e  o b t a i n e d  b y  u s i n g  E q u a t i o n s  2 . 2  and 2 . 1  

g i v e n  i n  C h a p t e r  2 ,  From E q u a t i o n  2 . 2  t h e  Mach Humber a f t e r  

t h e  b a f f l e  s y s t e m ,  M2 , i s  d e t e r m i n e d ,  and s u b s t i t u t i o n  i n  

E q u a t i o n  2 . 1  t h e n  g i v e s  t h e  B a f f l e  L o s s  C o e f f i c i e n t .

3 • 4  I n f l u e n c e  o f  S p r e a d e r  G e o m e tr y  on C o m b u s t io n  E f f i c i e n c y .

The r e s u l t s  o f  a t y p i c a l  s e t  o f  c o m b u s t i o n  e f f i c i e n c y  

m e a s u r e m e n t s  a r e  g i v e n  i n  F i g .  1 2 ,  I t  i s  s e e n  t h a t  t h e  

e f f i c i e n c y  v a r i e s  m a r k e d l y  w i t h  t h e  o v e r a l l  f u e l / a i r  r a t i o .

To a i d  t h e  c o m p a r i s o n  o f  t h e  e f f i c i e n c i e s  o b t a i n e d  w i t h  t h e  

v a r i o u s  c o m b u s t i o n  s y s t e m s ,  v a l u e s  o f  c o m b u s t i o n  e f f i c i e n c y  

c o r r e s p o n d i n g  t o  o v e r a l l  f u e l / a i r  r a t i o s  b y  w e i g h t  o f  0 . 0 3 5 j 

0 . 0 4 0  and 0 . 0 4 5  w e r e  i n t e r p o l a t e d ,  w h e r e  p o s s i b l e ,  f o r  e a c h  

o f  t h e  s p r e a d e r  and t a i l p i p e  a r r a n g e m e n t s .

3 «41 Agr e e m e n t  w i t h  r e s u l t s  o f  f i r s t  s e r i e s  o f  
e x p e r i m e n t s .

Some  o f  t h e  e x p e r i m e n t a l  c o n d i t i o n s  o f  t h e  f i r s t  

s e r i e s  o f  e x p e r i m e n t s  w e r e  r e p e a t e d  i n  t h i s  s e c o n d  s e r i e s  o f
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o b t a i n e d  i n  t h e  f i r s t  s e r i e s  o f  e x p e r i m e n t s  w e r e  s l i g h t l y  

h i g h e r  t h a n  t h e  c o r r e s p o n d i n g ;  f i g u r e s  d e t e r m i n e d  f r o m  t h e  

t h r u s t  m e a s u r e m e n t s  i n  t h e  e x p e r i m e n t s  now "being d e s c r i b e d .

T h i s  d i f f e r e n c e  i s  p r i n c i p a l l y  due t o  t h e  v a l u e s  o f  t h e  "hot"  

B a f f l e  L o s s  C o e f f i c i e n t  t h a t  w e r e  a s s u m e d  i n  t h e  f i r s t  s e r i e s  

o f  e x p e r i m e n t s  h a v i n g  b e e n  s l i g h t l y  i n  e r r o r ,  The  

m e a s u r e m e n t s  t a k e n  i n  t h e  s e c o n d  s e r i e s  o f  e x p e r i m e n t s  

e n a b l e d  t h e  c o m b u s t i o n  e f f i c i e n c y  t o  b e  d e t e r m i n e d  

i n d e p e n d e n t l y  o f  t h e  B a f f l e  L o s s  C o e f f i c i e n t ,  and a l s o  e n a b l e d  

t h e  " h o t ” B a f f l e  L o s s  C o e f f i c i e n t  t o  b e  o b t a i n e d  d i r e c t l y .

Thus t h e  " h o t"  B a f f l e  L o s s  C o e f f i c i e n t  f o r  t h e  s y s t e m  w i t h o u t  

a n y  s p r e a d e r  and u s i n g  t h e  6 f o o t  l o n g  t a i l p i p e  was  f o u n d ,  i n  

t h e  s e c o n d  s e r i e s  o f  e x p e r i m e n t s ,  t o  be  3 * 4 > com p ared  w i t h  t h e  

v a l u e  o f  3«0  w h i c h  had  b e e n  a s s u m e d  i n  o b t a i n i n g  t h e  e f f i c i e n c y  

r e s u l t s  o f  t h e  f i r s t  s e r i e s  o f  e x p e r i m e n t s .  A s i m i l a r  s m a l l  

e r r o r  w a s  f o u n d  i n  t h e  v a l u e  o f  t h e  " h o t ” B a f f l e  L o s s  

C o e f f i c i e n t  a s s u m e d  i n  t h e  f i r s t  s e r i e s  o f  e x p e r i m e n t s  f o r  

t h e  s y s t e m  u s i n g  t h e  s p r e a d e r  h a v i n g  f o u r  i  i n c h  f i n g e r s  a t  

1 0 °  i n c l i n a t i o n .

3 . 4 2  T a i l p i p e  L e n g t h .

The r e s u l t s  s h o w i n g  t h e  i n f l u e n c e  o f  t a i l p i p e  

l e n g t h  on  c o m b u s t i o n  e f f i c i e n c y  f o r  t h r e e  d i f f e r e n t  s p r e a d e r  

a r r a n g e m e n t s  a r e  p r e s e n t e d  i n  P i g s .  1 3 a  and b ,  u s i n g  t h e  

i n t e r p o l a t e d  e f f i c i e n c y  v a l u e s  c o r r e s p o n d i n g  t o  o v e r a l l  f u e l / a i r
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t h a t ,  w h i le  a r e d u c t io n  in  t a i l p i p e  le n g th  causes  a decrease  

in  the  combustion e f f i c i e n c y ,  t h i s  drop in  performance can 

be remedied ,  w i t h i n  l i m i t s ,  by the  attachment of s u i t a b l e  

f lame sp re a d e rs .  The combustion system us ing  the 3 f o o t  

long  t a i l p i p e  and the  spreader having  f©ur -§• inch wide f i n g e r s  

at  10° i n c l i n a t i o n  g i v e s  e f f i c i e n c i e s  s i m i la r  t o  those  

o bta ined  us ing  a t a i l p i p e  of len g th -a b o u t  5 f e e t  but w ithout  

any f lame sp reader .  The g a in s  ach ieved  by flame spreaders  

when long t a i l p i p e s  are used are much l e s s  than th o se  

obta ined  w i th  a sh o rt  t a i l p i p e ,  p a r t i c u l a r l y  fo r  o v e r a l l  

f u e l / a i r  r a t i o s  r i c h e r  than 0 ,0 4  by w e ig h t .  In f a c t  w i th  the  

6 f o o t " lo n g  t a i l p i p e ,  a t t a c h i n g  f lame spreaders  produces  

v i r t u a l l y  no change i n  th e  e f f i c i e n c y  of combustion fo r  o v e r a l l  

f u e l / a i r  r a t i o s  by weight  i n  th e  range 0 .0 4  t o  0.05« This  

o b s e r v a t io n  i s  i n  agreement w i th  the r e s u l t s ,  descr ib ed  in  

Chapter 2 ,  of  the  f i r s t  s e r i e s  of combustion e f f i c i e n c y  

e x p e r im e n ts .

3 .4 3  IT umber of  f i n g e r s  and'width of  f i n g e r s .

The i n f l u e n c e s  of  the  number and width  of the  

f inger-s on the combustion e f f i c i e n c y  are shown in  F i g .  14a,  ]3 

and c .  The t a i l p i p e  o f  l e n g t h  3 f e e t  was used in  o b ta in in g  

t h e s e  data  s in c e  i t  i s  w i th  the sh o rter  t a i l p i p e s  th a t  the  

l a r g e s t  ga in s  r e s u l t  from the  use of sp re a d e rs .  A l l  the

r e s u l t s  shown i n  F ig ,  14 are fo r  f i n g e r s  having an i n c l i n a t i o n  

of 10° to  the  d i r e c t i o n  of f l o w .



i ; rumb -T of  !Fj nr:ers .

I t  i s  seen t h a t ,  w i t h i n  the  l i m i t s  s tu d ied  in  th ese  

ex per im en ts ,  i n c r e a s in g  the  number of f i n g e r s  improves the  

performance as measured by th e  combustion e f f i c i e n c y ,  With 

the  ■£■ inch wide f i n g e r s  the  i n c r e a s e  in  e f f i c i e n c y  i s  roughly  

p r o p o r t io n a l  to  the  number o f  f i n g e r s .  This l in e a r  

r e l a t i o n s h i p  does not apply  however t o  the  f i n g e r s  o f  -J- inch 

w id th ,  fo r  w i th  them, the  advantage ga ined  in  in c r e a s in g  the  

number o f  f i n g e r s  from four  to  e ig h t  i s  much l e s s  than th a t  

gained by in tr o d u c in g  the  f i r s t  four  f i n g e r s .  This  r e s u l t  

su g g e s t s  t h a t ,  w i th  th e  -J- inch wide f i n g e r s ,  an optimum 

d i s t r i b u t i o n  of the  p i l o t  gases  which f e e d  the  spreader  

f inger's  i s  be ing  approached.

Width of f i n g e r s .

For the range o f  c o n d i t io n s  s tu d ie d  the  combustion  

e f f i c i e n c y  performance i s  seen  to  improve w ith  an in c r e a se  

in  the width  of the  f in g e r s . .  The i  inch wide f i n g e r s ,  which 

were th e  t h i n n e s t  f i n g e r s  t e s t e d ,  have l i t t l e  e f f e c t  when the  

o v e r a l l  f u e l / a i r  r a t i o  i s  l e s s  than 0 .0 4  by w e i g h t .

Equal b lo c k a g e .

-  The performance of  the  2- inch wide f i n g e r s  in  th e  weaker 

m ixtures  i s  so much su per ior  t o  th a t  o f  the  -£ inch wide  

f i n g e r s  t h a t ,  fo r  systems of equal  b lo ck a ge ,  the  spreader us ing  

the  wider f i n g e r s  g i v e s  the  b e t t e r  combustion e f f i c i e n c y  

performance over most of the  s tu d ie d  range of f u e l / a i r  r a t i o s .
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 ̂ s i T r i l ^ r  r e s u l t  , o n l y  rio r e  , i~ f o imd r,:o comro-ar ing

th e  equal "blockage spreaders  us ing -J-inch and -Jf inch wide 

f  i n g e r s .

At f u e l / a i r  r a t i o s  r i c h e r  than th ose  s tu d ied  here a 

spreader us ing  t h i n  f i n g e r s  may prove to  he superior  to  a 

spreader o f  equal  b lockage  employing th i c k e r  f i n g e r s .  To 

extend the  experiments t o  t h i s  range a t a i l p i p e  of l en g th  

l e s s  than 3 f e e t  would be n e c essa ry  s i n c e ,  w i th  the  3 f o o t  

long t a i l p i p e ,  th e  combustion e f f i c i e n c y  us in g  the  spreader  

having four  •£■ inch wide f i n g e r s  a t  10° i n c l i n a t i o n  i s  roughly  

90^ ( f u e l / a i r  r a t i o  0 . 0 5  by w e i g h t ) .  A lso  a burner having a 

higher- r i c h  e x t i n c t i o n  l i m i t  than the  one used in  the above 

experiments would, be r e q u ir e d .  The r e d u c t io n  in  t a i l p i p e  

l e n g th  may r e s u l t  in  a sm all  improvement in  th e  s t a b i l i t y  

l i m i t s  (Barrere and J les tre ,  1954) > but i t  i s  not thought that  

t h i s  would be adequate .

The above r e s u l t s  i n d i c a t e  th a t  in c r e a s in g  e i t h e r  the  

number of f i n g e r s  or th e  width of th e  f i n g e r s  r e s u l t s  in  an 

i n c r e a s e  i n  the  combustion e f f i c i e n c y .  ^ h i l e  there  i s  a 

maximum geometric  l i m i t  to th e  number and w idth  of  f i n g e r s  

th a t  can be used in  any one system i t  i s  probable  that  be fo re  

t h i s  l i m i t  i s  reached the combustion system w i l l  be 

e x t in g u is h e d  by quenching df the p i l o t  g a s e s ,  as d i s c u s s e d  in  

paragraph 2 .32  of Chapter 2 .  This  l i m i t  due to  quenching of  

the  p i l o t  i s  a l s o  in f lu e n c e d  by the i n c l i n a t i o n  of the  f i n g e r s ,  

p o s s i b l y  to  a g r e a te r  e x te n t  than i t  i s  in f lu e n c e d  by the width



C
o

m
60

S7
*0

N
 

Ic
PP

lC
lC

N
ty

 
C

o
M

^O
ST

ioi
m 

E
P

P
lC

ii
N

C
Y

If? In P l u EMCfi Qp Fl i^CER iNCL'MATlONV 0 ^  C o M ^ u i T t o w  E f f j c i S h Cn?

 o-ol«r % j
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and. number o 1' f  inc  6H?£ ( c » f  , 'Q:~-Tr: f'T"c>Y< „ 44- Id s low) .

3 • 44 I n c l i n a t i o n  of f i ngers^

The r e s u l t s  of experiments to  determine the  

in f l u e n c e  of  f i n g e r  i n c l i n a t i o n  on combustion e f f i c i e n c y  are  

shown in  P i g .  15• Finger  w idths  of  -§• inch and inch were 

u sed .  With the  -g- inch, wide f i n g e r s  a t  30° i n c l i n a t i o n  

l i t t l e  d i f f i c u l t y  was exper ien ced  in  b r in g in g  the  burner to  

choked t a i l p i p e  e x i t  c o n d i t i o n s ,  and in  o b ta in in g  the  combustion  

e f f i c i e n c y  measurements. However, when the  spreader having  

four  f i n g e r s  •§■ inch wide a t  30° i n c l i n a t i o n  was used,  

quenching o f  the  p i l o t  was encountered.  To improve the  

s t a b i l i t y  of the  system the  d i s t a n c e  from the p i l o t  co lander  

b a f f l e  t o  the downstream end of the p i l o t  was increased  from

3 .5  inches  to  6 .5  i n c h e s .  With t h i s  modif ied  system the  

r e s u l t s  shown i n  F i g .  15 for  the  -J- inch wide f i n g e r s  at  30°  

i n c l i n a t i o n  were o b ta in ed .  I t  i s  thought that  t h i s  

a l t e r a t i o n  in  the  p i l o t  d e s ig n  made only  a sm al l  d i f f e r e n c e ,  

i f  any, to  the combustion e f f i c i e n c j r  measurements. However 

no combustion e f f i c i e n c y  r ea d in g s  were taken us ing  other  

spreaders  w i th  t h i s  m odif ied  p i l o t  system.

With the  inch wide f i n g e r s  the e f f e c t  of the  

i n c l i n a t i o n  of the  f i n g e r s  on the  combustion e f f i c i e n c y  

performance i s  not c l e a r l y  r e v e a le d .  A l l  that  can be s a id  i s  

t h a t ,  w i t h i n  the  range of  mixture s t r e n g th s  in  which a 

comparison may be made, the  spreader i n  which the  f i n g e r s  are 

at  an i n c l i n a t i o n  of  10° produces l i t t l e  improvement in  the



sp re a d e r .  On in c r e a s in g  the  i n c l i n a t i o n  of the  f i n g e r s  to  

30° the  performance i s  only  s l i g h t l y ,  i f  a t  a l l ,  improved.

A s i m i la r  in c r e a se  from 10° t o  30° in  i*1e i n c l i n a t i o n  

of  the  i  inch  wide f i n g e r s  lea d s  to a sm all  improvement in  

the  combustion e f f i c i e n c y  v a l u e s .  The g a in  i s  of the same 

magnitude as the ga in  ach iev ed  "by i n c r e a s in g  the  number of 

f i n g e r s  from four  to  e ig h t  and keeping the  f i n g e r  i n c l i n a t i o n  

10°,
3 .4 5  P o s i t i o n  of spreader,.

In th e  experiments d e sc r ib e d  in  Chapter 2 us ing the  

Open Jet  Apparatus a t e s t  i s  rep orted  in  which a spreader was 

p la ced  with  th e  .roots of  i t s  f i n g e r s  7/16  inch upstream from 

p i l o t  o u t l e t .  That t e s t  in d ic a t e d  th a t  the  mass t r a n s f e r  of 

p i l o t  gases  s t i l l  took p la c e  i n t o ,  and a lo n g ,  the  wakes of  

the  f i n g e r s .  A s im i la r  experiment was c a r r ie d  out in  the  

s e r i e s  of  combustion e f f i c i e n c y  measurements d e sc r ib ed  in  

t h i s  Chapter.  The spreader t e s t e d  in  t h i s  way had four  

i  inch wide f i n g e r s  at  an i n c l i n a t i o n  of 1 0 ° .  The combustion  

e f f i c i e n c y  measurements obta ined  w i th  t h i s  arrangement: are

shown-in P i g .  l 6 ,  a lo n g s id e  the e f f i c i e n c y  va lu e s  obta ined  

w ith  the  spreader in  i t s  normal p o s i t i o n .  I t  i s  seen  th a t  

the  e f f i c i e n c y  r e s u l t s  of the  two s e t s  o f  rea d in g s  are in  

f a i r l y  good agreement,  conf irm ing th a t  the o p e r a t io n  of  t h i s  

spreader ,  as a means of  improving the combustion e f f i c i e n c y ,  i s  

not a p p r e c ia b ly  a l t e r e d  by in trod u c in g  the  p i l o t  gase s  a t  a
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s h o r t  d i s t a n c e  d o w n s t r e am  from. t h e  r o o t  of  tr ie f i n g e r ,  

in s te a d  of  a t  the  root  of the  f i n g e r .  L on gw el l ’s measurements 

( 1955) o f  the  l e n g th  of the  r e c i r c u l a t i o n  zone behind a 

g u t t e r  provide  an e x p la n a t io n  of the  above r e s u l t .

3 .4 6  Spr eader s h a p e .

One t e s t  was made us ing  a spreader c o n s i s t i n g  

of  four 60° inc luded  a n g le  Vee g u t t e r s ,  in s te a d  of  f l a t  

f i n g e r s .  The v e e s ,  open at the downstream end, were i  inch  

wide and were i n c l i n e d  a t  30° "to ‘t^Le a x i s  of  the burner.

The r e s u l t s  are p resen ted  in  F i g .  17. I t  i s  seen th a t  the  

e f f i c i e n c y  v a l u e s ,  over most o f  the f u e l / a i r  r a t i o  range ,  are  

not as h ig h  as th ose  ob ta in ed  w ith  the spreader having four  

f l a t  f i n g e r s ,  inch w id e ,  a t  an i n c l i n a t i o n  of 10° to  the  

a x i s  of the  burner.

3 •5  B a f f l e  Loss C o e f f i c i e n t s .

B a f f l e  Loss C o e f f i c i e n t s  under burning c o n d i t io n s  were 

obta ined  from the th r u s t  rea d in g s  and th e  p r essu re  and 

v e l o c i t y  head r e a d in g s .  The v a lu e s  of the  "hot** B a f f l e  

Loss C o e f f i c i e n t  la y  between 3*0 and 4 . 0 ,  depending on the  

spreader system and the l en g th  of t a i l p i p e  used.  This  

i n f l u e n c e  of t a i l p i p e  l e n g t h  i n d i c a t e s  th a t  not a l l  the  

p re ssu re  drop due to f r i c t i o n  and eddying ta k es  p la c e  at  the  

b a f f l e  system , as i s  assumed in  the i d e a l  combustion system  

cons id ered  in  Appendix I .  This  o b ser v a t io n  does not in f lu e n c e  

the  v a lu e s  of  combustion e f f i c i e n c y  quoted in  t h i s  Chapter 

s in c e  th e se  v a lu e s  were obta ined  d i r e c t l y  from the th r u s t



The v a lu e s  of "hot” B a f f l e  Loss C o e f f i c i e n t  were 

found to  he almost independent of the  approach Mach Number 

as i t  v a r ie d  from 0 . l 8 to 0 . 3 .

3 .6  S t a b i l i t y  T e s t s .

Supplementary to  th e  combustion e f f i c i e n c y  measurements 

d e s c r ib e d  above,  the  o v e r a l l  s t a b i l i t y  l i m i t s  under choked 

t a i l p i p e  e x i t  c o n d i t i o n s  were obta ined  (a) w i th  no spreader  

and (b) w i t h  the  spreader having four  ■§■ inch wide f i n g e r s  

at  an i n c l i n a t i o n  o f  10°•  A t a i l p i p e  of l e n g th  3 f e e t  was 

used f o r  t h e s e  t e s t s .  The r e s u l t s  are p l o t t e d  in  B ig .  18 . 

The attachment of  t h i s  spreader r e s u l t s  in  on ly  a s l i g h t  

dec re a se  in  s t a b i l i t y .  However the  exper ience  gained w hile  

ta k in g  the combustion e f f i c i e n c y  rea d in g s  w i th  the  other  

spreader arrangements su g g e s t s  th a t  an in c r e a se  in  the  width ,  

number or i n c l i n a t i o n  of  the  f i n g e r s  w i l l  e v e n t u a l ly  br ing  

about an a p p r e c ia b le  r e d u c t io n  in  the  s t a b i l i t y  l i m i t s .

3 •7  C o n c lu s io n s .

The experiments d e sc r ib ed  in  t h i s  Chapter show t h a t ,  

fo r  combustion systems us ing  a s im ple  p i l o t  c o n c en tr ic  w ith  

the  main d u c t ,  i f  th e  combustion e f f i c i e n c y  i s  low (say  l e s s  

than 70%),  the  e f f i c i e n c y  may be improved by a t t a c h in g  flame  

spreaders  to  the downstream end of the  p i l o t .  In cr ea s in g

the w id th ,  number or i n c l i n a t i o n  of the f i n g e r s  which c o n s t i t u t



COMBUSTION EFFICIENCIES XET A 1 .8 7 5  inch

DIAMETER RAMJET.

From Mullen, Fenn and Garmon (1951)  

S t o ic h io m e t r ic  mixture  

Vapourised n -  heptane -  a i r

T a i lp ip e
l e n g t h

i n .

Combustion E f f i c i e n c y

w i th  cone 
p i l o t

w i t h  cone p i l o t  
p lu s  four  
r a d i a l  g u t t e r s

14 30# 73£

18 70% about 95^
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However i f  t h e s e  in c r e a s e s  are c a r r ie d  "beyond a c e r t a i n  

l i m i t ,  quenching of  the  p i l o t  ta k es  p l a c e .  This  l im i t  due 

to  quenching of  the p i l o t  may he a l t e r e d  hy changing the  

p i l o t  d e s i g n .  With th e  system s t u d i e d  (3 inch diameter  

p i l o t ,  5 inch  diameter duct)  a good compromise "between 

combustion e f f i c i e n c y  and s t a b i l i t y  was provided by the  

spreader having four  i  inch  wide f i n g e r s  a t  an i n c l i n a t i o n  of 

10° to  the d i r e c t i o n  of  f l o w ,  Such spreaders  l o s e  much of  

t h e i r  e f f e c t  when th e  o v e r a l l  f u e l / a i r  r a t i o  becomes l e s s  than,  

sa y ,  0,03  by w e ig h t .

In t h i s  group of experiments the  o v e r a l l  f u e l / a i r  r a t i o  

by weight  was l im i t e d  t o  l e s s  than 0 . 05» owing to  the low 

r i c h  e x t i n c t i o n  l i m i t  of the burner system used .  While i t  

i s  expected th a t  spreaders  c o n s i s t i n g  of f l a t  f i n g e r s  w i l l  

prove e q u a l ly  e f f e c t i v e  in  r i c h  m ix tu r es ,  a few confirm atory  

experiments conducted in  r i c h  mixtures  would be v a l u a b le .  

Agreement w i t h  l i t e r a t u r e .

M ullen ,  Eenn and Garmon (1951) have measured the  

combustion e f f i c i e n c y  in  a 1.875  inch i n s id e  diameter ram jet .  

An independent oxygen-hydrogen p i l o t  was used ,  the  p i l o t  g a se s  

e n te r in g  the  combustion chamber from the open base ( 0 .7 5  inch  

diam eter)  of  a 30° inc lu ded  angle  cone .  The main stream was 

ca rb u ret ted  with  vapourised  n-heptane .  E f f i c i e n c y  r e s u l t s
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(a) th e  s imple  p i l o t  and (h) a p i l o t  embodying four r a d i a l  

g u t t e r s ,  i  inch  w ide ,  which t r a v e r s e  the  annular space  

between the  cone base and the  duct w a l l s .  The r e s u l t s ,  

which are s i m i la r  t o  the  r e s u l t s  d e sc r ib ed  in  t h i s  

Chapter,  confirm th a t  s t r i k i n g  g a in s  in  combustion e f f i c i e n c y  

can be a c h iev ed  by the  use o f  t h e s e  g u t t e r s ,  e s p e c i a l l y  

when the e f f i c i e n c y  of  the s imple  system i s  low, owing to  

a sh ort  t a i l p i p e  b e in g  us$d*
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4 . 1  I n t r o d u c t i o n .

One of  the c o n c lu s io n s  o f  the  experiments descr ib ed  

in  Chapter 2 i s  th a t  -while f lame g a se s  are g e n e r a l ly  present  

in  the  wakes of the f i n g e r s ,  they  do not always i n i t i a t e  

g e n e r a l  combustion of  th e  secondary f u e l - a i r  m ixture,  as i t  

p a sse s  th e  f i n g e r .  In the  apparatus used in  th e se  pre l im inary  

f lame spreading experiments th e re  was no d i r e c t  c o n t r o l  o f  the  

f low  o f  p i l o t i n g  g a se s  a long the  wakes of  the  f i n g e r s .  I t  

was dec ided  th a t  t h i s  problem of  the i n i t i a t i o n  o f  combustion 

by a source  should be s tu d ie d  in  small  s c a l e  experiments at  

Glasgow U n i v e r s i t y .  Tlie apparatus to  be ?ased should enable  

the  ^pilot ing  energy to  be su p p l ie d  d i r e c t l y  to  the p o s i t i o n  

a t  which the  combustion of  the main f u e l - a i r  stream i s  to  be 

i n i t i a t e d .  The development of the  apparatus fo r  use in  

t h e s e  experiments i s  d e sc r ib ed  in  t h i s  Chapter.

U n fo r tu n a te ly  the experiments us ing t h i s  apparatus  

have not y e t  been c a r r ie d  out as the author has been c a l l e d  

up f o r  N a t io n a l  S e r v i c e .  A plan of the  sugges ted  sm all  

s c a l e  experiments i s  g iv e n  in  Chapter 6 .

4 . 2  _ Air and F uel  S u p p l i e s •

As mentioned in  Chapter 1 ,  f low  and pressure  

f l u c t u a t i o n s  tend to  take p lace  when conf ined  f lam es burn in  

high  v e l o c i t y  streams (Longwell ,  1955;&nd o t h e r s ) .  These 

f l u c t u a t i o n s  can cause i n c o n s i s t e n c i e s  in  the combustion



c h a r a c t e r i s t i . c s  o f  the  s y s t e m . F o r  example  B a r r ere and 

Mestre (1954) observed th a t  an in c r e a se  in  t a i l p i p e  l e n g th  

caused a r e d u c t io n  in  t h e  s t a b i l i t y  l i m i t s  of g u t te r  type  

flame h o l d e r s .

To l i m i t  the  in f l u e n c e  of t h e s e  f l u c t u a t i o n s  on the  

r e s u l t s  of the sm al l  s c a l e  experim ents ,  the  planning of  which 

i s  d e sc r ib ed  h e r e ,  i t  was dec ided  th a t  the f low v e l o c i t y  at  

i n l e t  to  the combustion chamber should  not exceed 60 f t / s e c .

4 .2 1  Air Su pp ly .

Three K ei th  Blackman Blowers were connected in  

s e r i e s  to  provide  the  a i r  su p p ly .  These blowers g iv e  an a i r  

f low  v e l o c i t y  of up to  80 f t / s e c .  through a t e s t  s e c t i o n  of  

c r o s s - s e c t i o n a l  dimensions 2 x 1  in c h ,  the  d e l i v e r y  pressure  

from the b lowers a t  t h i s  f low  v e l o c i t y  be ing  80 cm. w ater .

At t h i s  f l o w ,  and w i th  a r a t i o  of  unburned gas d e n s i t y  to  

burned gas d e n s i t y  of  e i g h t ,  i t  i s  e s t im ated  th a t  the pressure  

drop due to  heat  r e l e a s e  w i t h i n  the  chamber i s  52 cm. w a te r .

The ba lance  in  p r essu re  of  28 cm. water i s  a v a i l a b l e  fo r  

m eter in g ,  f r i c t i o n ,  e t c ,

4 .2 2  ffuel  Su p p ly .

The f u e l  chosen f o r  t h e s e  small  s c a l e  experiments  

was "Stenched Butane” , butane be ihg  the  h e a v i e s t  of the  

p a r a f f i n  hydrocarbons which are gaseous at  room temperatures  

and p r e s s u r e s .  The butane was su pp l ied  in  c y l in d e r s  by 

Im per ia l  Chemical I n d u s t r i e s ,  B i l l in g h a m .  An a n a l y s i s ,  suppl ied



TABLE 4 .

ANALYSIS Off A TYPICAL SAMPLE OF “STENCKKP

BUTANE*.

C o n s t i tu e n t % by volume

Pentanes
I i i

o • H

Normai-TDut ane 1 6 .1

Iso-Butane 33.5

Propylene 2 .5

Ethan© 0 . 2

Butadiene 1 5 .2

Butenes 32.4

1 0 0 . 0 '



"by the  rn a ru.fr-c t i i r e r s  , o f  one d e l i v e r y  o f  b u t a n e  :l s g i v e n  i n

Table 4 .  I t  i s  understood that  the com posit ion  may vary

c o n s id e r a b ly  from one d e l i v e r y  of buta,ne to  another .

4*23 Plow measure m e n t .

The a i r  su p p l ie d  by the  three  H ei th  Blackman

blowers  i s  measured by a B r it i sh .  Standard O r i f i c e  P l a t e ,

f i t t e d  w i t h  D and D/2 t a p s .

In c e r t a i n  experim ents ,  which are d e sc r ib ed  below,
i . e .

sm al l  a i r  f lo w s  were used ( l e s s  than 1200 m l / s e c . , / 2 . 5 c u . f t . /  

m i n . ) .  These a i r  f lo w s  were provided by sm a l l  pumps, and 

th e  f low r a t e s  were measured by c a p i l l a r y  m e te r s .  C a p i l la r y  

meters were a l s o  used to  measure butane f l o w s .

A c a p i l l a r y  meter (Benton, 1919? Srgun, 1953) 

c o n s i s t s  of  one or more len g th s  of sm all  bore c a p i l l a r y  tube 

through which the gas f l o w s ,  the  pressu re  drop a c r o s s  the  

c a p i l l a r y  tube being in d ic a t e d  by a manometer. The volume 

f low  r a t e  through a c a p i l l a r y  tube i s  r e l a t e d  approximately  

to  the d i f f e r e n t i a l  head by the  e x p r ess io n s  -

For- laminar f low  through the  c a p i l l a r y  tube -

h = 1.88  ^  + 41 4 . x
gd4 gd

and f o r  tu r b u len t  f low  through the c a p i l l a r y  tube -

h  = 1.14  0 - +  [ 0 . 0 0 5 S  -  0 . 50^  ° ' 3j L . E q n . 4.2

where h i s  the pressure  drop a c ro ss  the  meter,  / °  i s  the d e n s i t y  

of the  f l u i d ,  V i s  the volume flow r a t e ,  g i s  the a c c e l e r a t i o n
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d u e  to  g r a v i t y ,  d  i s  t h e  bore o f  t h e  c a p i l l a r y  t u b e , X  i s  

the  a b s o lu t e  v i s c o s i t y ,  *6 i s  the  l e n g t h  of  the  c a p i l l a r y  

tube and Mpe i s  the  Reynolds Humber of  the  flow through the  

c a p i l l a r y  tu b e .

Owing t o  the  i r r e g u l a r i t y  of the  shapes of  the e n t r i e s  

to  the  c a p i l l a r y  t u b e s ,  and owing to  the  d i f f i c u l t y  of 

o b ta in in g  an a c c u r a te  measurement of the  tube bo re ,  the flow  

r a t e s  c a l c u l a t e d  from th e  aboye e x p r e s s io n s  are l i a b l e  to  be 

in  error  by about 10^. Thus t h e s e  e x p r e s s io n s  are only  

u s e f u l  a t  p re sen t  as a means of s e l e c t i n g  the meters  

n e c e s s a r y  to  cover a g iv e n  range of f low r a t e s .  Ror t h i s  

purpose ,  graphs have been prepared from the  ex p ress io n s  

i n d i c a t i n g  th e  i n f l u e n c e  of  tube bore on the volume flow" 

r a t e  of  both a i r  and b u ta n e .  A p o r t io n  of  the graph fo r  

butane a t  20°C, 7& cm. Hg. i s  g iv e n  in  R ig .  19•

Once a m eter .h as  been s e l e c t e d  and prepared, and before  

i t  i s  used ,  i t  i s  c a l i b r a t e d  a g a in s t  a standard -  e i t h e r  a 

Soap Bubble Tie t e r ,  a ^ e t  Gas Meter, or a Dry Gas Meter. Some 

n o tes  on th e  c a l i b r a t i o n  of C a p i l la ry  meters by these  

standard meters are g iv e n  in  Appendix I I I .  The ranges of the  

observed c a l i b r a t i o n s  of s e v e r a l  meters are shown in  R ig .  19* 

where th ey  may be compared w i t h  the p r e d ic te d  r a n g e s .

Rlow t r a n s i t i o n  i n  c a p i l l a r y  m e t e r s .

Part of the p r essu re  drop across  a c a p i l l a r y  meter i s  

due to  w a l l  f r i c t i o n .  Ror f lo w s  where the  Reynolds Humber 

(based on the  tube bore) i s  l e s s  than 2000 or g r ea ter  than



f low r a t e  are  w e l l  e s t a b l i s h e d .  -In the in term edia te  range 

of  Reynolds Humber the  f r i c t i o n  pressu re  drop may not he 

c o n s i s t e n t  a t  one f low  r a t e ,  depending on whether the  flow  

had p r e v io u s l y  heen in c re a se d  from the  laminar r e g io n ,  or 

d ecreased  from th e  f u l l y  tu rb u len t  r e g i o n .  To avoid t h i s  

u n c e r t a i n t y ,  c a p i l l a r y  meters were never used w i t h i n  t h i s  

t r a n s i t i o n a l  range of  Reynolds Humber, R e fer r in g  to  

F i g .  1 9 j the  butane f lo w  r a t e  between 1 .8  m l / s e c .  (0 .040  cm, 

b o r e ,  10 cm. tube le n g th )  and 5*2 m l / s e c .  (0.065  cm. bore ,

2 .5  cm. tube l en g th )  was covered by us ing  a c a p i l l a r y  meter 

having  four c a p i l l a r y  tubes  in  p a r a l l e l ,  each tube being  

0 .0 4 0  cm. bore and 10 cm. lo n g .  This  meter covered the  

range from 1 . 4  to  7 «2 m l / s e c .  w ithout  the  Reynolds Humber 

exceed in g  1800 .

In f lu e n c e  o f  temperature and -pressure on c a p i l l a r y  meter 
c a l i b r a t i o n s .

I t  i s  seen  from E q u a t io n s4 . 1  and 4 .2  th a t  the  volume 

f low r a t e  a t  any one meter d i f f e r e n t i a l  i s  a f u n c t i o n  of  the  

d e n s i t y  and the  a b s o lu t e  v i s c o s i t y  of the  f l u i d .  The d e n s i t y  

i s  a f u n c t i o n  of both th e  f l u i d  temperature and p r e s s u r e ,  and 

the’ a b s o lu t e  v i s c o s i t y  i s  a f u n c t io n  of th e  temperature,  so th  

a c a l i b r a t i o n  of  volume f low  r a t e  a g a in s t  meter d i f f e r e n t i a l  

which i s  taken  at  one f l u i d  p ressu re  and temperature i s ,  in  

g e n e r a l ,  v a l i d  on ly  at  t h e s e  c o n d i t i o n s .  From day to  day i t  

i s  found th a t  the temperature s,nd pressu re  vary at the
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to  e s t im a te  the amount by which the  c a l i b r a t i o n  w i l l  change 

due to  th e se  temperature and pressu re  v a r i a t i o n s .

For example, f o r  a long c a p i l l a r y  tube in  which the  

f low  i s  laminar the  major p o r t io n  of  the meter d i f f e r e n t i a l  

i s  due to  v i s c o u s  drag,  so t h a t  the  volume f low r a t e  i s  

rough ly  i n v e r s e l y  p r o p o r t io n a l  to  the  a b s o lu te  v i s c o s i t y  

(Equation 4 . l )  . Thus the  volume f low  r a t e  a t  any one head 

i s ,  to  a f a i r  approxim ation ,  independent of  the  pressu re  and 

i n v e r s e l y  p r o p o r t io n a l  to  th e  a b s o lu t e  tem perature.  A 

t y p i c a l  range of  temperatures  encountered in  one s e r i e s  of  

experiments was from 14°C. to  22°C. Thus a volume f low  

ratfe c a l i b r a t i o n  f o r  t h i s  meter taken a t  the  lower temperature  

would be in  error by about 3/̂  i f  used when the f l u i d  

temperature i s  22 °G,

For a short  c a p i l l a r y  meter in  which, the  f low  i s  

tu r b u le n t  (Equation 4 . 2 )  the  p ressu re  drop due to  a c c e l e r a t i n g  

the  f l u i d  in to  the meter c o n s t i t u t e s  the major p o r t io n  of the  

meter d i f f e r e n t i a l .  This  lea d s  to the  approximation th a t  the  

f low  r a t e  a t  any one d i f f e r e n t i a l  i s  i n v e r s e l y  p r o p o r t io n a l  

to .- the square r o o t  of the f l u i d  d e n s i t y ,  i . e .  i s  d i r e c t l y  

p r o p o r t io n a l  to th e  square root  o f  t h e  temperature and i s  

i n v e r s e l y  p r o p o r t io n a l  t o  th e  square r o o t  of  the p r e ssu r e .

The barometric  pressu re  may v a r y  from about 74 to  78 cm. mercury 

over a . s e r i e s  of experiments so th a t  here aga in  an error of  up



range o f  temperatures and p r e s s u r e s ,  o f  a c a l i b r a t i o n  taken  

at  one s e t  of  c o n d i t i o n s .

For many purposes t h e s e  e r r o r s ,  r e s u l t i n g  from the use 

of a s i n g l e  c a l i b r a t i o n  fo r  a l l  temperatures and p r e s su r e s ,  

may be t o l e r a t e d .  However, f o r  more a ccu rate  work the  

o r i g i n a l  c a l i b r a t i o n  may be c o r r e c te d  by us ing  the  

approximate r e l a t i o n s h i p s  in d ic a t e d  above.  A l t e r n a t i v e l y  

the  c a p i l l a r y  meter may be r e c a l i b r a t e d  a g a in s t  the standard  

meter fo r  each s e t  o f  f l u i d  c o n d i t i o n s .  The f i r s t  method 

i s  c o n s id e r a b ly  q u ick er ,  e s p e c i a l l y  when on ly  a few f low  

r ea d in g s  have been taken but i t  i s  a d v i s a b le  to  check the  

c a l i b r a t i o n  p e r i o d i c a l l y  a g a in s t  a standard to  ensure that  

th e  c a p i l l a r y  tube has not become f o u le d  by d i r t .

4• 3 Burner d e s i g n .

The experim ents ,  ih e  d e s ig n  of  which i s  d e sc r ib ed  in  

t h i s  Chapter, are intended to  i n v e s t i g a t e  the  in f lu e n c e  of  

h e a t ,  or energy., supply to  a source on the  i n i t i a t i o n  of  

g e n e r a l  combustion from th a t  so u r c e .  I t  i s  advantageous to  

have a source  on which the f lame i s  not s e l f - a n c h o r e d ,  i . e .  

the_ f low  v e l o c i t y  should exceed the  b lo w - o f f  v e l o c i t y  fo r  

zero source  energy in p u t .  I t  had been decided th a t  the f low  

v e l o c i t y  should not exceed 60 f t / s e c . ,  i n  order to  minimise  

f low  and p r essu re  f l u c t u a t i o n s ,  as d i s c u s s e d  in  paragraph

4 . 2  above.  Thus a source i s  req u ired  of dimensions such
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t h a t  the  peak  of t h e  b lo w - o f f  v e l o c i t y  v e r s u s  f u e l  

c o n c e n tr a t io n  curve i s  l e s s  than 60 f t / s e c .  E st im ates  

hased. on Scur lock  (194-8) in d ic a te d  th a t  the dimension of the  

source  should he l e s s  than  0 .0 4  in c h .  S in ce  t h i s  r e s u l t  i s  

hased on c o n s id e r a b le  e x t r a p o l a t i o n ,  a s e r i e s  of b lo w -o f f  

experiments was c a r r ie d  o u t ,  us ihg  as s t a b i l i s e r s  w ires  of 

diameter 0 . 03& and 0.0275  inch p laced  normally across  a 

l x l  inch t e s t  s e c t i o n . ,  The t e s t  s e c t i o n  was unenclosed  

beyond the  s t a b i l i s e r .  The r e s u l t s  of th e se  experiments are  

g iv e n  in  F i g .  20 .  Flames were a l s o  l i t  on a wire  of 

diameter  0 .0 2 0  inch  a t  f low v e l o c i t i e s  ranging from 11 to  

40 f t / s e c . ,  and over a range of butane c o n c e n tr a t io n s ,  but on 

no ‘o c c a s io n  did the flame remain a l i g h t  for  more than about 

15 s e c .  a f t e r  the  p i l o t i n g  flame was removed.

' I t  i s  noted th a t  the peaks of the s t a b i l i t y  curves  

shown in  F i g .  20 l i e  c o n s id e r a b ly  on the r i c h  s id e  of  the  

s t o i c h i o m e t r i c  f u e l  c o n c e n tr a t io n .  This  phenomenon has been  

d i s c u s s e d  by W ill iam s and Shipman (1953) an<̂  Zukoski and 

Marble (1955) who a t t r i b u t e  i t  to the  importance of d i f f u s i o n  

in  the  mechanism of anchoring of f lames behind small  b a f f l e s  

(Reynolds Humber l e s s  than 1 0^) .  Oxygen has a h igher  

d i f f u s i v i t y  than the  f u e l ,  butane ,  and so d i f f u s e s  more 

r a p i d l y  from the f r e s h  mixture in t o  the anchoring zone .  As 

a r e s u l t  the  f u e l  c o n c e n tr a t io n  w i t h in  the  anchoring zone is

l e s s  than the  c o n c e n tr a t io n  in  the  approach stream.
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Prom the  "blow-off experiments d escr ib ed  above i t  i s  

seen  that  th e  dimension of the  source should not exceed 0.03  

in c h .  O r i g i n a l l y  i t  had been intended to supply the  

source  w i t h  flame g a s e s .  However, in  view of the mechanical  

d i f f i c u l t i e s  in v o lv ed  in  supply ing  the energy in  t h i s  form 

to  the  so u r c e ,  i t  was dec ided  th a t  the source should be an 

e l e c t r i c a l l y  h ea ted  w i r e .

S e v e r a l  p r e l im in ary  experiments were c a r r ie d  out using  

unheated w ir e s  p laced  o b l i q u e l y  a c ro ss  the main stream. These  

exper im en ts ,  which a ided  the d es ig n  of  the  burner,  are  

d e sc r ib e d  b e low .  The w ir es  are r e fe r r e d  to below as  

" s t a b i l i s e r s " .

‘4 .31 P re l im in a ry  experiments us ing  an oblique s t a b i l i s e r .

A wire  s t a b i l i s e r ,  o f  diameter 0.036  inch ,  was 

p la c ed  a c r o s s  th e  l x l  inch t e s t  s e c t i o n  a t  an i n c l i n a t i o n  

of  30° t o  the  d i r e c t i o n  of f low (P ig .  2 1 a ) .  At a f low  

v e l o c i t y  o f  10 f t / s e c .  i t  was found that  a flame was s t a b l e  over 

o n ly  a narrow range o f  f u e l / a i r  r a t i o s .  Beyond t h i s  range a 

f la m e ,  which was i n i t i a l l y  present  from end to  end of  the  w ir e ,  

was seen  to  recede g ra d u a l ly  from the p o in t  A, u n t i l  

e x t- in c t io n  occtirred, When a s h i e l d  was in trodu ced ,  as shown 

in  P i g .  21b i t  was observed th a t  a flame was never s t a b l e ,  and 

e x t i n c t i o n  took p la c e  much more r a p i d l y .

This  experiment shows the in f lu e n c e  o f  the f low  v e l o c i t y  

a t  the p o in t  A on the s t a b i l i t y  o f  a flame which i s  s e l f  

anchored in  the  wake of an ob l ique  s t a b i l i s e r .  The experiment
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73.
a l s o  i n d i c a t e s  th a t  the performance of such an i n c l in e d  

s t a b i l i s e r  w i l l  he very much a l t e r e d  by the presence  of  a 

s te a d y  p i l o t  flame a t  the  upstream end of  the s t a b i l i s e r ,  as 

f lame f a i l u r e  in  the above t e s t s  was due to  f a i l u r e  of the  

flame t o  anchor a t  the  p o in t  A.

As a p i l o t  flame system , p laced  a t  the r o o ts  of  the  

f i n g e r s ,  i s  used in  the p r a c t i c a l  a p p l i c a t i o n  of flame  

spreading  f i n g e r s ,  some experiments were ca rr ie d  out on 

s t a b i l i s e r s  provided w i th  flame p i l o t s .

4 .32 P r e l im in ary  experiments us ing a normal s t a b i l i s e r  
w ith  a p i l o t  f l a m e .

A wire  o f  diameter 0 .0 2 7 5  inch was used as the  

s t a b i l i s e r  in  t h i s  experiment.  The p i l o t  f lame which was 

employed was the  f lame anchored on a double loop bent in  the  

s t a b i l i s e r  w ir e ,  th e  t e s t  p o r t io n  of  the s t a b i l i s e r  wire  

l e a v in g  from the downstream fa ce  of  the lo o p .  The s t a b i l i t y  

l i m i t s  were observed fo r  t h i s  system . At the r i c h  e x t i n c t i o n  

l i m i t  the flame l i f t e d  s im u lta n eo u s ly  from the t e s t  s t a b i l i s e r  

and from the p i l o t  lo o p ,  a t  f low  c o n d i t io n s  roughly  

corresponding  to the  r i c h  b lo w -o f f  l i m i t s  o f  the s imple  

0 .0 2 7 5  inch  diameter w ir e .  However a t  the  weak l i m i t ,  the  

f lame l i f t e d  f i r s t  from the s t a b i l i s e r  t e s t  w ir e ,  fo l lo w ed  by 

b l o w - o f f  from the  p i l o t  lo o p .  Por p r a c t i c a l  purposes t h i s  

l i f t i n g  of  the  f lame,  which had been anchored on the s t a b i l i s e r  

t e s t  w i r e ,  took  p la c e  a b r u p t ly ,  and a t  f low v e l o c i t i e s  and 

f u e l  c o n c e n tr a t io n s  s l i g h t l y  beyond the weak s t a b i l i t y  l i m i t s
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of  the w i r e  w i t h o u t  a p i l o t .  The r e s u l t s  of  t h i s  experiment  

are p l o t t e d  in  P i g .  22.

4 .3 3  P re l im in ary  experiments us ing  an oblique s t a b i l i s e r  
w ith  a p i l o t  f lam e .

A w ire  o f  diameter 0 .0 2 7 5  inch was aga in  used as 

the  t e s t  s t a b i l i s e r ,  the wire  be ing  i n c l i n e d  at  45° to  the  

d i r e c t i o n  of f l o w .  The flame anchored on a loop in  the wire  

was a g a in  used as the p i l o t  f lam e.  In t h i s  c a s e ,  provided  

t h a t  a flame remained anchored on the p i l o t ,  there  was always 

v i s i b l e  ev id en ce  of  a f lame hehind the s t a b i l i s e r .  The 

s t a b i l i t y  l i m i t s  of  the p i l o t  are  p l o t t e d  in  P i g .  22.  On 

the  weak s i d e ,  t h e s e  l i m i t s  l i e  c o n s id er a b ly  beyond the  

s t a b i l i t y  l i m i t s  of  the normal s t a b i l i s e r ,  even when i t  was 

provided w i th  a p i l o t .

. These experiments were hampered by the  sm all  s t a b i l i t y  

range of  the  p i l o t ,  and . they  show the  importance

of  an independent flame p i l o t  system.

An i n t e r e s t i n g ,  and p o s s i b l y  important,  phenomenon was 

observed when th e  " I o n i s a t io n  Probe*1 was used to  study the  

f lame propagating  from the i n c l i n e d  t e s t  w ir e .  The 

I o n i s a t i o n  Probe i s  d i s c u s s e d  l a t e r  in  paragraph 4 . 4 1 ,  but in  

the t e s t s  here i t  was used only to  i n d ic a t e  the presence  of  

a f lame between the  probe wire and the s t a b i l i s e r  t e s t  w ir e ,  

or p i l o t  loop .  The output from the probe was connected to

an O s c i l l o s c o p e  to a l low  o b ser v a t io n  of the manner in  which 

the probe s i g n a l  v a r ie d  w ith  t im e .  A f low v e l o c i t y  of
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40 f t / s e c .  was used f o r  t h e s e  t e s t s .  As t h e  weak l i m i t  was 

approached, w i th  the  probe w ire  p laced  in  the flame  

propagating  from the t e s t  s t a b i l i s e r ,  the  o s c i l l o s c o p e  

in d ic a t e d  th a t  fo r  an a p p r e c ia b le  f r a c t i o n  of the t o t a l  time

th e re  was no f lame p r e sen t  between the  probe wire and the

s t a b i l i s e r  w i r e .  Under the same c o n d i t io n s  the probe wire  

was p laced  in  th e  f lame emanating from the p i l o t  loop i t s e l f ,  

and no p e r io d s  of  f lame absence  were observed .  Hence the  

in s ta n ta n e o u s  gaps in  th e  f lame behind the t e s t  s t a b i l i s e r  

appear to be due to  a f a i l u r e  in  the process  of flame  

spreading a long  the wake o f  the w ir e .

ITo corresponding f a i l u r e  i n  the flame spreading  

mechanism was observed a t  the  r i c h  e x t i n c t i o n  l i m i t .

4 . 3 4  In f lu e n c e  o f  p re l im in a ry  experiments on the burner

The experiments d esc r ib ed  above have shown that  

a source  dimension of  0.03  in c h ,  or l e s s ,  must be used in  

order th a t  a flame w i l l  not be s e l f -a n c h o r e d  a t  f low v e l o c i t i e s  

of  60 f t / s e c .  This r e s u l t  has led  to  the proposed use of  

e l e c t r i c a l  energy in s te a d  of f lame gases  as a means of  

supp ly ing  energy to  the so u rc e .

I t  has a l s o  been shown in  the  pre l im inary  experiments  

t h a t  the performance o f  a s t a b i l i s e r  which i s  p laced  o b l iq u e ly  

a c r o ss  the main stream w i l l  be c on s id er a b ly  in f lu e n c ed  by the

presence  of a s te a d y  p i l o t  f lame a t  the upstream end of the  

w i r e .
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A 'burner h a s  b e e n  d e s i g n e d  and c o n s tr u c te d ,  us ing  the  

e x p e r ien ce  ga ined  in  t h e s e  pre l im in ary  experiments .  I t  has 

a t e s t  s e c t i o n  of c r o s s - s e c t i o n a l  dimensions 2 x 1  inch .  The 

s t a b i l i s e r  w i r e ,  which may be e l e c t r i c a l l y  h ea ted ,  i s  p laced  

e i t h e r  normally  a c r o s s  the  stream, or a t  an i n c l i n a t i o n  of 30° 

to  the  stream, the  ’wire t r a v e r s i n g  the 2 inch dimension of the  

c r o s s - s e c t i o n .  A sm all  p i l o t  f la m e ,  in  which an independent  

supply of  premixed a i r  and butane i s  burned, surrounds the 

upstream end o f  the  s t a b i l i s e r  w ir e .

The p r e l im in a ry  experiments have a l s o  in f lu en ced  the  

d e s ig n  of the I o n i s a t i o n  Probe,  one of the instruments to  be 

used w i th  the  burner d esc r ib ed  above.  C i r c u i t s  have been  

added to  the a m p l i f i e r  which w i l l  g iv e  a q u a n t i t a t i v e  measure 

of  th e  f r a c t i o n  of  the  t o t a l  time th a t  the Probe s i g n a l  i s  

l e s s  than a predetermined v a lu e .  This instrument should be 

a b le  to  supply  u s e f u l  in form ation  on the  apparent f a i l u r e  in  

the flame spreading  mechanism which was observed in  the  

p r e l im in a ry  experiments us ing  an in c l i n e d  s t a b i l i s e r  provided  

w ith  a p i l o t  f lam e.  The d e t a i l s  of  t h i s  c i r c u i t ,  and of  the  

I o n i s a t i o n  Probe, are g iv en  below in  paragraphs 4 . 4 1 ,  4 .4 2  

and 4 . 4 3 .

4 . 4  Experim enta l  t e c h n i q u e s .

Two experim enta l  techn iqu es  have been developed to  

study the propagat ion  of a flame from the  so u rc e .  These are

the  I o n i s a t i o n  Probe,  and gas sampling and a n a l y s i s  us ing  an 

In fra  Red Gas A n a lyser .
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4 . 4 1  I o n i s a t i o n  P r o l e .

The I o n i s a t i o n  P ro le  i s  intended to l e  a means 

of  l o c a t i n g  a f lame f r o n t .

The o p e r a t io n  of  the P ro le  depends on the presence  

w i t h i n  th e  flame f r o n t  of  i o n s ,  or charged p a r t i c l e s  (Thomson 

and Thomson, 1928, p . 3 9 9 ) .  K a r l o v i t z ,  D enn is ton ,  Knapschaefer  

and W ells  (1953) show th a t  the ion  c o n c e n tr a t io n  r i s e s  

r a p i d l y  from zero as the  unlurned gases  enter  the flame zone.

As the g a s e s  l e a v e  the flame zone the  ion  co n c en tr a t io n  drops 

a g a in  to a f a i r l y  co n s ta n t  v a lu e .  I f  two pro le  w ires  at  

d i f f e r e n t  p o t e n t i a l s  are introduced in to  the  flame zone, the 

ions  a c t  as  c a r r i e r s ,  and a small  current  f l o w s .  The v o l ta g e  

d i s t r i b u t i o n  between the two e l e c t r o d e s  in  such a system has 

been s t u d ie d  by Wilson ( l 9 3 l ) >  who found th a t  the  major 

p o r t io n  of th e  v o l t a g e  drop between the  e l e c t r o d e s  takes  p lace  

c l o s e  to th e  n e g a t iv e  e l e c t r o d e .  This  r e s u l t  su g g e s t s  t h a t ,  

when th e  e l e c t r o d e s  are  only  p a r t i a l l y  immersed i n  the  f lam e,  

the  amount of  current  f lo w in g  depends p r i n c i p a l l y  on the  

f lame c o n d i t io n s  around the  n e g a t iv e  e l e c t r o d e .

To t e s t  t h i s  c o n c lu s io n ,  some pre l im inary  experiments  

were c a r r ie d  out u s in g  the  apparatus and simple e i r c u i t  

o u t l in e d  in  P i g .  23* In t h e s e  experiments a pro le  which could  

be moved through the  flame f r o n t  was used as one of the  

e l e c t r o d e s ,  the burner,  a t  earth  p o t e n t i a l ,  a c t i n g  as the  

second e l e c t r o d e .  The r e s u l t s  are shown in  P i g .  24 of two



t r a v e r s e s  made u s i n g  o p p o s i t e  p o l a r i t i e s  of t he  moving p r o l e .

In a second experim ent ,  a w ire  s im i la r  to the  

t r a v e r s i n g  p r o le  wire  was immersed in  the flame in  a f i x e d  

p o s i t i o n .  When t h i s  wire  was used in  p lace  of the burner as 

the  second e l e c t r o d e  the r e s u l t s  obta ined w ith  a negat ive  

p o t e n t i a l  on the t r a v e r s i n g  p r o le  were unchanged from those  

shown in  P i g .  24 .  With a p o s i t i v e  p o t e n t i a l  on the  

t r a v e r s i n g  e l e c t r o d e  the maximum s i g n a l  on ly  reached the  

maximum v a lu e  th a t  had been obta ined  when the  t r a v e r s in g  

p r o le  had a n e g a t iv e  p o t e n t i a l  (Conductance MG", shown in  

P i g .  2 4 . )

I t  was observed in  th ese  experiments t h a t ,  fo r  

p r a c t i c a l  p u rp oses ,  the s i g n a l  was independent of the d i s ta n c e  

between the t r a v e r s i n g  probe wire  and the  second e l e c t r o d e .

These r e s u l t s  confirm that  the current f lo w in g  between 

the  probes depends p r i n c i p a l l y  on the flame c o n d i t io n s  c lo s e  

to  the  n e g a t iv e  probe.  Thus i f  the t r a v e r s in g  probe i s  g iv en  

a n e g a t iv e  p o t e n t i a l ,  the s i g n a l  in d ic a te d  w i l l  be a fu n c t io n  

of  the  flame p o s i t i o n  r e l a t i v e  to  the  p o s i t i o n  of  the t i p  of  

the  t r a v e r s i n g  probe w ir e ,  provided that  the second e le c t r o d e ,  

which can be th e  burner i t s e l f ,  makes a reasonable  connect ion  

w ith  the  f la m e .

An I o n i s a t i o n  Probe, in  which the t r a v e r s in g  probe has  

a n e g a t iv e  p o t e n t i a l ,  has been developed by K a r l o v i t z ,

D en n is to n ,  Knapschaefer and hre l l s  (1953)* Care i s  t a k e n  to co o l
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the  i n s u l a t i o n  a round  t h e  t r a v e r s i n g  p r obe ,  other¥;ise the  

i n s u l a t i o n  may become heated  and provide  a path between the  

probe and e a r th ,  l e a d in g  to  erroneous r e s u l t s .  Drawings of  

t h i s  probe,  and the a s s o c i a t e d  e l e c t r o n i c  c i r c u i t s  were 

g e n e r o u s ly  g iv e n  to  the author by Dr. D a r l o v i t z ,  and from these  

drawings a s i m i l a r  probe v»?as assem bled.  A sk etch  of the  

probe i s  g iv e n  i n  D ig .  25 . The c i r c u i t s  are shown in  Dig.  26.  

The assembly of the  e l e c t r o n i c  c i r c u i t s  was carr ied  out at  the  

n a t i o n a l  Gas Turbine E s ta b l i sh m e n t ,  P y es to c k ,  and the  author  

w ish es  to  thank those  members of  the s t a f f  who were 

r e s p o n s i b l e  fo r  t h i s  work.

The average  s i g n a l  m eter ,  shown in  D ig .  26 measures 

the  time average  conductance of  the  path between the negat ive  

probe and the  earth  r e t u r n .  The s i g n a l  h e ig h t  d i s c r im in a t o r ,  

and th e  f r a c t i o n a l  t ime in d ic a t o r  are inc luded fo r  the 

a n a l y s i s  of  the  f l u c t u a t i n g  s i g n a l s  which are encountered in  

measurements of  tu r b u len t  f la m es .  These c i r c u i t s  are  

d i s c u s s e d  l a t e r  i n  paragraph 4 . 4 3 .

At s t a t e d  above, the I o n i s a t i o n  Probe i s  intended to  

be a means o f  r a p i d l y  l o c a t i n g  a flame f r o n t .  In the  

p r e l im in a ry  t e s t s  i t  was observed th a t  the  s i g n a l  obtained  

when th e  probe was f u l l y  immersed in  the flame var ied  

c o n s id e r a b ly  w i t h  the f u e l  c o n c e n tr a t io n .  Thus i t  was 

apparent t h a t ,  b e fo r e  the probe could be used as a means of

d e f i n i n g  the  p o s i t i o n  of  a flame f r o n t ,  i t  had to be 

c a l i b r a t e d ,  over a range of  f u e l  c o n c e n t r a t i o n s , in  f lam es
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■whose p o s i t i o n  c o u l d  'be d e f i n e d  "by some o t h e r  m e a n s ,

4 . 4 2  C a l i h r a t i o n  o f  t h e  I o n i s a t i o n  P r o h e  i n  lairi inar f l a m e s .

S in ce  the p o s i t i o n  of a laminar flame may he defined  

hy s c h l i e r e n  or v i s u a l  o b s e r v a t io n  more e a s i l y  than the p o s i t i o n  

of  a tu rb u len t  f la m e ,  i t  was dec ided  that  the c a l i b r a t io n  

should be c a rr ied  out us ing  a f l a t  laminar f lam e.  When the  

I o n i s a t i o n  Probe i s  used as an experim ental  technique  in  the  

f lame spreading experiments the probe w i l l  approach the  

f lame f r o n t  from the unburned gas s i d e ,  and so i t  appeared 

a d v i s a b le  f o r  the  probe to be c a l i b r a t e d  in  a burner in  

which the probe t r a v e r s e s  towards the  f lame from the co ld  gas 

s i d e .  Bearing  i n  mind th e se  two requirem ents ,  two d e s ig n s  

o f  c a l i b r a t i n g  burners were c o n s id er ed .  Sketches' of these

twodes igns  are  g iv en  i n  P i g .  27a and b .  A two-dim ensional

burner of the type shown in  P i g .  27b was chosen,  because  

w ith  t h i s  burner any quenching e f f e c t s  of the  w a l l s  on the  

f lame w i l l  be reduced .

I n  the  type  of burner chosen the f low v e l o c i t y  must 

exceed th e  v e l o c i t y  a t  which a flame l i f t s  from the  mouth 

of the r e c ta n g u la r  channel .  When the  l i t e r a t u r e  was 

examined f o r  in form atio n  on flame s t a b i l i s a t i o n  on 

r e c ta n g u la r  burners i t  was found th a t  the c o r r e l a t i n g  formula  

obta ined  by Grumer, H arris  and Schultz  (1953) p r e d ic ted  

anomalous r e s u l t s  f o r  th e  dimensions l i k e l y  to  be met in  the  

I o n i s a t i o n  Probe C a l ib r a t io n  Burner. To i n v e s t i g a t e  t h i s
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a p p a r e n t  i n c o n s i s t e n c y  i n  t h e  l i t e r a t u r e ,  a s e r i e s  of  

experiments was c a r r ie d  out on flame "blow-off from rec tangular  

"burners. These experiments are d e sc r ib ed  in  Chapter 5 of  

t h i s T h e s i s ,

D es ign  o f  C a l i b r a t io n  Burner,

Using the  r e s u l t s  of t h e  b lo w - o f f  experiments which are  

d e sc r ib e d  in  Chapter 5> c r o s s - s e c t i o n a l  dimensions of  |  x  1 

inch  were chosen f o r  the inner  rec ta n g u la r  channel  of the  

c a l i b r a t i o n  burner .

When the  f lame i s  surrounded by an i n e r t  g a s ,  such as  

carbon d i o x i d e ,  the c r i t i c a l  boundary g ra d ien t  fo r  blow-fcff  

p a s se s  through a maximum when the butane c o n c en tra t io n  by 

volume i s  about ?>•&% (Lewis and von E lb e ,  195l> p . 2875 

Wohl, 1953) so th a t  the  maximum c r i t i c a l  g r a d ien t  should not 

exceed $000 sec.""’*' ( f r o m E i g .  34) • This grad ien t  corresponds

to  an average  f lo w  v e l o c i t y  in  the x  1 inch channel of

roughly  8 f t / s e c .  The Reynolds Uumber at  t h i s  f low r a te  i s  

920 .  These f i g u r e s  apply to the case  where the  surrounding  

i n e r t  atmosphere i s  s t a t i o n a r y .  In the  c a l i b r a t i o n  burner 

the  surrounding atmosphere f lo w s  at  a v e l o c i t y  u s u a l ly  equal  

tjb the  average  v e l o c i t y  of the b u ta n e -a ir  m ixture ,  so  tha t  

one would expect  the  maximum b lo w - o f f  v e l o c i t y  to  be l e s s  than 

8 f t / s e c . ,  thus g iv in g  more than a twofo ld  range of f low  

v e l o c i t i e s  w i t h i n  the laminar range .

the experiments d escr ib ed  below i t  was found that the



FIG. 28 .  APPARATUS USED IN THE CALIBRATION OF THE

IONISATION PROBE.

rimtiSED M’ 
s u p p l yLAOTUN

GIRNEk’ Sc h u e s o i
KNIfE-EDCE

IflNLSATION
PROBE

[AVEKACC M lN A L  I METtlC

[butane mltirsJ

C a r b o n  (w i  
CY LIN D ER



F I G ,  2 9 .  TYPICAL SCHLIEREN IMAGE CP A LAMINAR FLAMS, 

SHOWING TIP OP IONISATION PROBE.

P lo w  v e l o c i t y  15 f t / s e c .
B u t a n e  c o n c e n t r a t i o n  3 * 5% toy v o l u m e .

S7ABIUSE&

P I G .  3 0 .  COMPARISON OP DIRECT AND SCHLIEREN IMAGES OP
A LAMINAR FLAME.

I n t e r r u p t e d  s c h l i e r e n  im age  s u p e r i m p o s e d  on d i r e c t  
v i s u a l  i m a g e .

P low  V e l o c i t y  1 5  f t / s e c -  B u t a n e  c o n c e n t r a t i o n  3 * 5%
"by v o l u m e .
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TABLE 5 .

CALIBRATION OB IONISATION PROBE IN LAMINAR ELAMES 

RANGES 03? CONDITIONS.

Elow
V e l o c i t y  

f t / s e c  •

Butane Cone. 

. %

Prohe H eight  

i n c h e s .

7 2 . 5 - 6 0.13

1?

2 . 6  — 6 0.13

3 . 5 0.07  -  0.32
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maximum 'blow-off  v e l o c i t y  i n  an equal v e l o c i t y  carbon 

d i o x i d e  a t m o s p h e r e  was  l e s s  t h a n  7 f t / s e c .

C a l i b r a t i o n  e x p e r i m e n t s .

The I o n i s a t i o n  P r o b e  was  c a l i b r a t e d  b y  t r a v e r s i n g  t h e  

p r o b e  t h r o u g h  t h e  f l a m e  and n o t i n g  t h e  a v e r a g e  s i g n a l  m e t e r  

r e a d i n g  f o r  v a r i o u s  p o s i t i o n s  o f  t h e  p r o b e  t i p  r e l a t i v e  t o  

t h e  r e g i o n  o f  maximum s c h l i e r e n  d e f l e c t i o n  i n  t h e  f l a m e .

A p h o t o g r a p h  o f  t h e  I o n i s a t i o n  P r o b e ,  t h e  c a l i b r a t i o n  b u r n e r ,  

an d  t h e  l a n t e r n  a n d  k n i f e  e d g e  o f  t h e  s c h l i e r e n  s y s t e m ,  a s  

t h e y  w e r e  u s e d  i n  t h e  c a l i b r a t i o n  e x p e r i m e n t s  i s  g i v e n  i n  

P i g .  2 8 .  f fo t  i n c l u d e d  i n  t h e  p h o t o g r a p h  a r e  t h e  tw o 12 i n c h  

d i a m e t e r  m i r r o r s  and t h e  s c r e e n  o n - t o  w h i c h  t h e  s c h l i e r e n  

im a g e  o f  t h e  f l a m e  w a s  p r o j e c t e d .  The p a r a l l e l  l i g h t  t e s t  

s e c t i o n ,  i n  w h i c h  t h e  l a m i n a r  b u r n e r  was p l a c e d ,  was  fo r m e d  

b e t w e e n  t h e s e  two m i r r o r s .

A t y p i c a l  f lame s c h l i e r e n  image, as i t  was p ro jec ted  

Qn to  the s c r e e n ,  i s  shown in  P i g .  29 . When the probe wire  

was moved through th e  flame f r o n t  the  shadow of the  probe 

wire  c r o ssed  the s c h l i e r e n  image of  the f lam e.  This can be 

se en  ta k in g  p la c e  in  the  photograph. The p o s i t i o n  of the  

probe when the  t i p  appeared at the cen tr e  o f  the image was 

taken  as the  r e fe r e n c e  p o s i t i o n  fo r  the  t r a v e r s e .

The ranges  of  f low v e l o c i t i e s ,  f u e l  c o n c en tra t ion s  

and probe h e i g h t s  w i t h i n  which t r a v e r s e s  were made are g iv en  

in  Table 5 ( the  probe h e ig h t  i s  taken as the  d i s ta n c e  between 

the c e n tr e  l i n e  of the s t a b i l i s e r  wire  and the c e n tr e  l i n e  of
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the  probe w i r e ) .  The t r a v e r s e s  gave r e s u l t s  s im i la r  to  those  

shown i n  P i g .  24 .

The prohe s i g n a l ,  which was measured "by the  average  

s i g n a l  m eter ,  was a l s o  f e d  in to  a cathode ray o s c i l l o s c o p e .

The o s c i l l o s c o p e  t r a c e s  showed th a t  the  s i g n a l  was q u i te  

s t e a d y ,  a r e s u l t  one would e x p e c t .

I t  was found that  th e  r e s u l t s  of the t r a v e r s e s  were 

v i r t u a l l y  independent "both of the  h e a t in g  current f lowing  

w i t h i n  th e  s t a b i l i s e r  w ir e ,  and of the v e l o c i t y  of the  

j a c k e t i n g  carbon d io x id e  stream.

As a f i r s t  attempt a t  c o r r e l a t in g  the r e s u l t s  of  the  

t r a v e r s e s ,  a c h a r a c t e r i s t i c  s i g n a l  va lue  was s e l e c t e d ,  and 

th e  d i s t a n c e  from the s c h l i e r e n  image to the  p o in t  on the  

t r a v e r s e  where t h i s  s i g n a l  was g iv e n ,  was p l o t t e d  fo r  each 

of  the t r a v e r s e s .  I t  was found th a t  when a low va lue  of 

c h a r a c t e r i s t i c  s i g n a l ,  5 d i v i s i o n s  (corresponding to a 

flame c onductanee of 6 x  10~-^ ohm"*-*-) was chosen,  a good 

c o r r e l a t i o n  was o b ta in ed ,  the " c h a r a c t e r i s t i c  point" fo r  each 

o f  the  t r a v e r s e s  except  two being w i t h i n  0 .02  inch of the  

s c h l i e r e n  f lame f r o n t .  This c o r r e l a t i o n  i s  shown in  P ig .  31* 

T-he two t r a v e r s e s  which g iv e  l e a s t  s a t i s f a c t o r y  agreement w ith  

the  c o r r e l a t i o n  ware made in  flam.es burning in  mixtures in  

which the  f u e l  c o n c e n tr a t io n  was a t  i t s  maximum and minimum 

v a l u e s .  I t  i s  seen  th a t  the in f lu e n c e  on the r e s u l t s  of

v e l o c i t y ,  and of  probe h e i g h t ,  i s  sm a l l .  In view of the  

l i m i t a t i o n s  of the  apparatus t h i s  c o r r e l a t i o n  seems to be as
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s a t i s f a c t o r y  a s  can be o b ta in ed .

These experiments show t h a t ,  by choosing a s i g n a l  

meter read ing  of 5 d i v i s i o n s  (corresponding to  a flame  

conductance of  6 x  10"10 ohm"1 ) ,  th e  I o n i s a t i o n  Probe can 

l o c a t e  a laminar flame f r o n t  to  w i th in  0 .02  inch of the  

p o s i t i o n  of  the s c h l i e r e n  image. The method i s  a p p l ic a b le  to  

butane c o n c e n tr a t io n s  ranging from 2 . 8  to  5*5^ "by volume.

The diameter of the  probe wire used in  these  experiments  

was 0 .0 2 8  in c h .  A wire  of  t h i s  diameter does have a s l i g h t  

e f f e c t  on the  shape of  the  laminar f lam e,  a lthough the  

in f l u e n c e  on the r e s u l t s  d escr ib ed  above i s  not thought to be 

a p p r e c ia b le .  S in ce  th e se  experiments were carr ied  out ,  t e s t s  

have been rep o r ted  (Summerfield,  R e i t e r ,  Kebely and Mascolo,  

1955) in  which a probe of diameter 0.0055 inch was used.

While the  r e s u l t s  obta ined  by Summerfield and h i s  a s s o c i a t e s  

were s i m i la r  in  nature t o  those  d escr ib ed  above, i t  might be 

u s e f u l  t o  rep ea t  some o f  the above t r a v e r s e s  using a sm aller  

diameter  probe w i r e .

P o s i t i o n  of the s c h l i e r e n  image r e l a t i v e  to  the  d i r e c t  
v i s u a l  image.

S in ce  the  d e f i n i t i o n  of the  “p o s i t i o n  of flame front** 

in  terms of  the s c h l i e r e n  image i s  to  some e x te n t  a r b i t r a r y  

• it  i s  i n t e r e s t i n g  to  compare the p o s i t i o n s  of  the  s c h l i e r e n  

and d i r e c t  v i s u a l  images. The r e s u l t s  of a t y p i c a l  t e s t  are  

shown i n  P i g .  30.  In t h i s  photograph an in terru p ted  

s c h l i e r e n  image i s  superimposed on a d i r e c t  v i s u a l  image of
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th e  same f l a m e .  I t  i s  s e e n  t h a t  t h e  s c h l i e r e n  im a g e  l i e s

to  th e  r i g h t  ( the  unturned gas s i d e )  of the  v i s u a l  image of

the  f lame f r o n t  by about 0 .0 2  inch ( a f t e r  c o r r e c t in g  for

m a g n i f i c a t i o n  f a c t o r  of 2 . 1 ) .  This  o bservat ion  i s
g iven

q u a n t i t a t i v e l y  i n  f a i r  agreement w ith  the  r e s u l t s / b y  Broeze 

(1949) and o t h e r s .

4 .4 3  I o n i s a t i o n  Probe measurements in  turbulent  f l a m e s .

When the I o n i s a t i o n  Probe i s  used in  turbulent  

f lam es  the  o s c i l l o s c o p e  shows th a t  the s i g n a l  i s  not steady  

but f l u c t u a t e s  c o n s id e r a b ly .  T yp ica l  t r a c e s  o f  these  

f l u c t u a t i n g  s i g n a l s  have been publ ished  by Summerfield,

R e i t e r ,  Kebely and Mascolo (1955)•  Summerfield and h i s

c o l l e a g u e s  argue t h a t ,  s i n c e  th e se  t r a c e s  show a large  number 

of in te rm e d ia te  v a lu e s  of  s i g n a l s ,  ra th er  than only h igh  and 

low v a l u e s ,  the  probe o bser v a t io n s  support t h e i r  conception  

o f  a tu r b u len t  f lame as a zone of d i s t r i b u t e d  r e a c t i o n ,  as  

opposed t o  E a r l o v i t z ’ s model (1954) of wrinkled laminar flame  

f r o n t s .  While the  wrinkled laminar flame f r o n t  model i s  

probably  of  on ly  l im i t e d  a p p l i c a t i o n ,  the author f e e l s  that  

t h i s  model i s  not  n e c e s s a r i l y  disproved in  Summerfield*s  

exper im en ts .  The t r a v e r s e s  through laminar f lames which are  

d e sc r ib e d  in  paragraph 4 .4 2  show th a t  the  probe has to  move 

a d i s t a n c e  o f  rough ly  0.05  inch be fore  the maximum s i g n a l  i s  

reached .  Also  i t  i s  p o s s i b l e ,  according to  H a r l o v i t z ^  model 

f o r  the  laminar flame f r o n t  at  the  t r a v e r s in g  p o in t  to  be
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in s t a n t a n e o u s ly  i n c l i n e d  towards the probe w ir e ,  rather than 

normal to  i t .  Thus, i f  a tu rb u len t  f lame c o n s i s t s  of  

f l u c t u a t i n g  laminar flame s h e e t s ,  i t  i s  q u i te  p o s s i b l e  for  

the  I o n i s a t i o n  Probe to  i n d ic a t e  in term edia te  v a lu e s  of s i g n a l .

To a id  the  a n a l y s i s  of f l u c t u a t i n g  s i g n a l s ,  two 

a d d i t i o n a l  ins trum ents  have been incorporated  in  the c i r c u i t s  

of  the I o n i s a t i o n  Probe which were d e sc r ib ed  in  paragraphs 

4 .4 1  and 4 .4 2  above .  These are the S ig n a l  Height

D is c r im in a to r  and the P r a c t io n a l  Time In d ic a to r .  These two 

ins trum ents  are used in  conjunction, the P r a c t io n a l  Time 

I n d ic a to r  measuring the f r a c t i o n  of the  t o t a l  time that  the  

s i g n a l  i s  l e s s  than the value  s e t  on the S ign a l  Height  

D is c r im in a t o r .  These instruments should prove p a r t i c u l a r l y  

v a lu a b le  in  i n v e s t i g a t i n g  the type of flame spreading f a i l u r e  

encountered i n  f lam es  propagating in  weak mixtures from 

behind i n c l i n e d  s t a b i l i s e r s  ( c . f .  paragraph 4 .33 )*

4 .4 4  Gas A n a l y s i s .

The second experim enta l  technique which has been 

developed f o r  use i n  the  flame spreading experiments i s  

gas a n a l y s i s .

A nalyses  g i v in g  l o c a l ,  or o v e r a l l  combustion e f f i c i e n c i e s  

would be very  u s e f u l ,  b u t ,  us ing methods such as the  

Gravimetric  Train (Lloyd, 1 948) ,  or the  Haldane Apparatus,  

t h e  time req u ired  to  ana lyse  each sample would be c o n s id e r a b le .

To provide a rap id  means of  an a ly s in g  samples an In fra  Red 

Gas Analyser  was purchased.
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I n  t h i s  i n s t r u m e n t  t h e r e  a r e  two o p t i c a l  p a t h s ,  e a c h  

h a v i n g  a n  i n f r a  r e d  l i g h t  s o u r c e  a t  one  e n d ,  and a  d e t e c t i o n  

c e l l  c o n t a i n i n g  t h e  §&a t o  h e  a n a l y s e d  a t  t h e  o t h e r .  The 

tw o  d e t e c t i o n  c e l l s  a r e  s e p a r a t e d  b y  a  d i a p h r a g m .  The  

t e s t  c e l l ,  t h r o u g h  w h i c h  t h e  s a m p l e  t o  be  a n a l y s e d  i s  p a s s e d ,  

i s  p l a c e d  i n  one o f  t h e  o p t i c a l  p a t h s .  I f  t h e  c o n s t i t u e n t ,  

w h o s e  c o n c e n t r a t i o n  i s  t o  b e  m e a s u r e d ,  i s  p r e s e n t  i n  t h e  

s a m p l e  a s  i t  p a s s e s  t h r o u g h  t h e  t e s t  c e l l ,  t h i s  g a s  a b s o r b s  

some o f  t h e  r a d i a t i o n  w h i c h  h a s  a  w a v e l e n g t h  w i t h i n  t h e  

c h a r a c t e r i s t i c  a b s o r p t i o n  ban d  o f  t h e  g a s .  Thus l e s s  

r a d i a t i o n  r e m a i n s  t o  be  a b s o r b e d  b y  t h e  d e t e c t i o n  c e l l  a t  

t h e  end  o f  t h e  o p t i c a l  p a t h  c o n t a i n i n g  t h e  t e s t  c e l l .  T h i s  

c a u s e s  a  r e d u c t i o n  i n  t h e  h e a t i n g  e f f e c t  w i t h i n  t h i s  c e l l ,  

a n d ,  t o  m a i n t a i n  t h e  p r e s s u r e  b a l a n c e  b e t w e e n  t h e  two  

d e t e c t i o n  c e l l s ,  t h e  d i a p h r a g m  m o v e s .  T h i s  movement a l t e r s  

t h e  c a p a c i t y  o f  a  c o n d e n s e r ,  a l l o w i n g  t h e  movement t o  b e  

m a g n i f i e d . e l e c t r o n i c a l l y  t o  g i v e  a d e f l e c t i o n  on  a s c a l e .

The i n s t r u m e n t  c a n  m e a s u r e  t h e  C o n c e n t r a t i o n  o f  e i t h e r  

c a r b o n  d i o x i d e ,  c a r b o n  m o n o x i d e ,  or  m e t h a n e .  Two d e t e c t i n g  

c o n d e n s e r s  a r e  u s e d  -  one  c o n t a i n i n g  e a r b o n  d i o x i d e  f o r  t h e  

c a r b o n  d i o x i d e  a n a l y s i s ,  and  t h e  o t h e r  c o n t a i n i n g  a  m ix e d  

f i l l i n g  o f  c a r b o n  m o n o x id e  and m e t h a n e .  To a n a l y s e  f o r  

m e t h a n e  t h e  s e c o n d  c o n d e n s e r  i s  u s e d ,  and c a r b o n  m o n o x id e  

i s  p a s s e d  t h r o u g h  s. f i l t e r  c e l l  p l a c e d  i n  t h e  same o p t i c a l

p a t h  a s  t h e  t e s t  c e l l .  T h e n  a n a l y s i n g  f o r  c a r b o n  m o n o x id e  

t h e  same c o n d e n s e r  i s  u s e d ,  b u t  m e t h a n e  i s  p a s s e d  t h r o u g h
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th e  f i l t e r  c e l l .  Por  each of the  t h r e e  gases  which can 

he a n a ly s e d ,  th r e e  c o n c e n tr a t io n  ranges are a v a i l a b l e ,  f u l l  

s c a l e  d e f l e c t i o n  be in g  g iv e n  by e i t h e r  3%> or 14y£ or 100% 

by volume of the t e s t  g a s .

With t h i s  in s trum ent ,  a n a ly ses  f o r  one p a r t i c u la r  

c o n s t i t u e n t ,  f o r  example carbon d i o x i d e ,  should be obtained  

f a i r l y  r a p i d l y ,  the  only  d e la y  being the  time required to  

f l u s h  th e  t e s t  c e l l .  However, i f  i t  i s  wished to change 

from measuring one c o n s t i t u e n t  to measuring another ,  some 

t ime must be a l low ed to  e la p se  be fore  read ings  are  

recommenced.

4 . 5  Summary.

S u i t a b l e  a i r  and f u e l  s u p p l i e s  have been provided f o r  

use i n  sm a l l  s c a l e  f lame spreading experiments.

Methods of  measuring a i r  and f u e l  f low r a te s  have been  

i n v e s t i g a t e d .  For measuring the  main a i r  f low r a t e ,  a 

B r i t i s h  Standard O r i f i c e  i s  used .  C a p i l lary  meters are 

used fo r  measuring f u e l  f low  r a te s  and fo r  measuring the r a te  

of  f low  of  a u x i l i a r y  a i r .

A burner has been constructed  i n  which the source i s  

e l e c t r i c a l l y  h e a t e d .  T h is  burner inco rp o ra tes  an independent  

f lame p i l o t .

An I o n i s a t i o n  Probe has been c a l ib r a t e d  i n  laminar 

f lam es  f o r  use i n  l o c a t i n g  flame f r o n t s .  Instruments have



"been added to  t h e  c i r c u i t s  to  a id  t h e  a n a l y s i s  of 

measurements taken  in  t u r b u le n t - and i n  "intermittent** 

f l a m e s .

A qu ick  method o f  a n a ly s in g  fo r  carbon d io x id e ,  

or carbon monoxide, or methane, has been provided.
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5•1  I n t r o d u c t io n .

In the  d e s ig n  of  the burner which was used in  the  

c a l i b r a t i o n  o f  the  I o n i s a t i o n  Probe,  descr ibed  in  the  

p reced in g  Chapter, in form ation  was required  on the b low -o f f  

of  laminar pre-mixed f lam es from rec ta n g u la r  burners.

Formulae p u b l ish ed  i n  the  l i t e r a t u r e  p r e d ic te d  anomolous 

r e s u l t s  when th ey  were; a p p l ie d  to the range o f  dimensions l i k e l y  

to  be met in  the  c a l i b r a t i n g  burner. To correc t  t h i s  

d is c r e p a n c y  in  the  l i t e r a t u r e ,  and to  provide the necessary  

d e s ig n  in fo r m a t io n ,  a s e r i e s  of f lame b lo w -d f f  experiments  

was c a r r ie d  o u t .

These p re l im in a ry  c a l c u l a t i o n s  based on the published  

form ulae ,  and the  experiments which were c a rr ied  out to  

c l a r i f y  the  l i t e r a t u r e  are descr ib ed  in  t h i s  Chapter.

5*11 P r e d i c t i o n  of  b l o w - o f f .

I t  has been shown f o r  c i r c u la r  burners of  

d i f f e r e n t  d iam eters  th a t  the  s t a b i l i t y  l i m i t s  can be 

c o r r e l a t e d  by the  boundary v e l o c i t y  grad ien t  c a lc u la t e d  for  

f low  w itho u t  combustion (Lewis and von E lb e ,  19^3> an& o th e rs ;  

c- . f .  paragraph 1 .3 1  o f  Chapter 1 of t h i s  t h e s i s ) .  Grumer, 

H arris  and S c h u l tz  (1953) have i n v e s t i g a t e d  b lo w -o f f  and 

f l a s h - b a c k  i n  n o n - c ir c u la r  p o r t s ,  and they conclude that  n e i th er  

the boundary v e l o c i t y  grad ien t  a t  the cen tr e  of one s i d e ,  nor 

th a t  a t  a corn er ,  as c a l c u l a t e d  for  f low in  the absence of a



TABIE 6
l

BLOW-OFF •VELOCITIES PREDICTED BY METHOD Off 

GRTJMBR AED OQ-WORKERS ( 1953)

Rectangular .B urner  of c r o s s - s e c t i o n a l  w idth  0 ,1 2 5  i n .  

2% Butane m ix ture .  C r i t i c a l  11 g* from c i r c u l a r  Burner 

d ata  400 s e c . " 1 (w0h l ,  1953)

B u r n e r  c r o s s -  
s e c t i o n a l  
l e n g t h ,  i n .

O.063 0.125 0 .25 0 .5 0

-----r  —

1.0

..1------

2.0

A v e r a g e  
v | l o c i t y  a t  
B l o w - o f f .

f t / s e c  •

0.17 0 .4 2 o.5fi 0.50 0 .3 1 0.16
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f l a m e ,  c a n  "be u s e d  to c o r r e l a t e  t h e  s t a b i l i t y  l i m i t s  o f  non- 

c i r c u l a r  b u rn er s .  I t  i s  thought by Grumer and h i s  a s s o c i a t e s  

th a t  t h i s  i s  due to  f lame th r u s t  causing  a r e d i s t r i b u t i o n  of  

the  v e l o c i t y  regime compared w i th  t h a t  observed in  flow when 

no flame i s  p r e s e n t .  However, they  c laim t h a t ,  in  the  

laminar r a n g e ,  th e  s t a b i l i t y  l i m i t s  of no n -c ir cu la r  channels  

are c o r r e l a t e d  w i t h  c i r c u l a r  channel  s t a b i l i t y  l i m i t s  by using  

the  app ro p r ia te  r e l a t i o n s h i p  fo r  the  f r i c t i o n  c o e f f i c i e n t , X , 

i n  the  equat ion  -
X  Yg :  ------------JSe  Eqn# 5#1
2 Tt d3

For square channels  ^
' a  -- y y x l  .................5.2

% e
- i  .

and f o r  r e c ta n g u la r  channels

}  =  Eqn. 5-3
% e

where g i s  the  boundary v e l o c i t y  grad ien t  fo r  comparison w i th  

c i r c u l a r  burner s t a b i l i t y  da ta ,  Y i s  the volume f low r a t e ,  

i s  th e  Reynolds Humber = f  u d / ^  > an& d i s  the

e q u iv a le n t  h y d ra u l ic  diameter - 4 x  area /p e r im ete r .

5 .12  An anomaly.

E q u a t io n s5*1 and 5*2 above were used to p r e d ic t  the  

v e l o c i t i e s  a t  which f lam es w i l l  Hb l o w - o f f ,f from rec tangular  

burners of c r o s s - s e c t i o n a l  width 0.125  inch and c r o s s - s e c t i o n a l  

l e n g t h s  vary ing  from 0.063  to  2 in c h .  The r e s u l t s  of  th e se

c a l c u l a t i o n s  f o r  a 2% butane in  a i r  mixture are g iv en  in  Table 6 .



T he  c a l c u l a t i o n s  show t h a t  t h e  m e t h o d  p r o p o s e d  h y  G r u m e r ,

K arris  and S c h u l tz  p r e d i c t s  t h a t ,  fo r  t h i s  c r o s s - s e c t i o n a l  

w id th ,  as the  c r o s s - s e c t i o n a l  l e n g th  in c r e a se s  beyond about 

0 . 5  inch  and tends to i n f i n i t y ,  the  average v e l o c i t y  at  

b l o w - o f f  d e c r e a se s  and tends to  z e r o ,  a r e s u l t s  which one 

would not e x p e c t .  Por a burner of f i n i t e  c r o s s - s e c t i o n a l  

w idth  and i n f i n i t e  cro ss  s e c t i o n a l  l e n g t h ,  i . e .  n e g le c t in g  

end e f f e c t s ,  one would expect  the average v e l o c i t y  a t  blow-

o f f  i n  laminar f low  to  be g iv en  by -
1

u s  3 13 g ................... s Q.n -

where b i s  the  h a l f  c r o s s - s e c t i o n a l  w idth ,  and u i s  the  

average  v e l o c i t y .  Por a burner of  c r o s s - s e c t i o n a l  width  

0.125  in ch  t h i s  e x p r e s s io n  g i v e s  an average v e l o c i t y  at  blow-  

o f f  o f  0 . 7  f t / s e c .

Thus th e  l i t e r a t u r e  appears to  be m is lead ing  on t h i s  

s u b j e c t .  In view o f  t h i s  d iscrepancy  a s e r i e s  of  

experiments has been c a rr ied  out on the b lo w -o f f  of butane-  

a i r  f lam es from r ec ta n g u la r  p o r t s .

In the experiments on which the r e l a t i o n s h i p s  of  

Grumer, H arr is  and S c h u l tz  are based (equations  5*1 to- 5*3 

a b o v e ) ,  the  minimum va lue  of  the r a t i o  of channel c r o s s -  

s e c t i o n a l  widtjx t o  c r o s s - s e c t i o n a l  l en g th  was 0 . 2 8 .  I t  should  

be noted  th a t  the  anomolous behaviour in d ic a ted  above occurs  

at  v a lu e s  of  t h i s  r a t i o  which are l e s s  than O.25 .



5 .2 1  A p p a r a tu s .

B lo w -o f f  l i m i t s  were obtained fo r  burners of 

th e  f o l l o w i n g  c r o s s - s e c t i o n a l  d i m e n s i o n s 0.07  x  0.13  inch ,  

O.13 x  0 .1 3  in ch ,  0 . 2 5  x  0 .1 3  in ch ,  0 .5 1  x  O.13 inch ,

1 .0  x  0 .1 2  inch  and 2 .0  x  0 .1 3  in c h .  The burners were not 

w a t e r - j a c k e t e d , but i t  i s  thought that  the  b lo w -o f f  l i m i t s  

would not have been a p p re c ia b ly  a l t e r e d  by w a te r - ja c k e t in g ,  

as i t  was observed from s e v e r a l  t e s t s  tha t  a b low -dff  l im i t  

taken  immediate ly  a f t e r  a flame was l i g h t e d  on a cold burner 

was in  agreement,  w i t h i n  experim ental  e rr o r ,  w ith  the l i m i t  

taken a f t e r  the  flame had been a l i g h t  on the burner fo r  some 

t i m e .

In each burner the approach le n g th  was greater  than  

th e  T r a n s i t i o n  Length f o r  a c y l i n d r i c a l  channel of s im i la r  

e q u iv a le n t  h y d ra u l ic  d iam eter ,  and in  which the  f low Reynolds  

Humber i s  2000.  The T r a n s i t i o n  Length, X, i s  g iv en  by 

(P ra n d t l ,  T i e t j e n s ,  1934, p . 22) -

X  ̂ 0 .0 6 5  d HRe  Eqn 5 .5

The T r a n s i t i o n  Length i s  the  l en g th  of channel  

req u ire d  to  change an i n i t i a l l y  f l a t  v e l o c i t y  p r o f i l e  in to  

one in  which the  v e l o c i t y  a t  the cen tre  of the  channel  i s  

w i t h i n  1% of the c e n t r a l  v e l o c i t y  in  P o i s e u i l l e  f lo w .  

Equation 5*5 has been e x p e r im en ta l ly  confirmed only  fo r  f low  

in  c y l i n d r i c a l  c h a n n e ls .



P IG . 32.  BLAME BLOW-OPP PHOTOGRAPHS

2 .0 0  x 0 .12  5 i n .  R e c t a n g u l a r  B u r n e r .

a .  Plow V e l o c i t y  9 ,6  f t / s e c ,  b .  Plow V e l o c i t y  9*6 f t / s e c
Butane  Cone, 3 * 9 ^  Butane  c o n c .  3

d .  Plow V e l o c i t y  0*9 f t / s e c ,  e ,  Plow V e l o c i t y  0 . 9  f t / s e c .  
Butane  conc .  2 .3 3 ^  Butane  c o n c .  2„23/£

P i n a l  B lo w -o f f  a t  Butane  c o n c .  2 , \ 6%

c .  Plow V e l o c i t y  9*6 f t / s e c .  
Butane  conc .  3® 64^
P i n a l  B lo w -o f f  a t  Butane  conc



The b u t a n e  and a i r  f lo w s  were measured by c a p i l l a r y  

m eters ,  w i th in  an es t im ated  accuracy of

5 .22  Flame l i f t i n g .

The f lam es did not always l i f t  s im ultaneously

from a l l  p a r t s  o f  th e  burner p o r t ,  as can be seen from F i g .  32

which shows f lam es anchored above the 2 .0  x  0.13  inch burner.

(The photographs were taken  in  a d i r e c t i o n  normal to  the long

s i d e  o f  the burner p o r t ) .  At the f low v e l o c i t y  of 9*6 f t / s e c

the  flame l i f t s  f i r s t  from t h e . c e n t r e  of the  long s id e s  of

the burner port  ( F ig .  3^a, b and c ) ,  and at the  f low v e l o c i t y

of 0 . 9  f t / s e c .  i n c i p i e n t  flame l i f t  occurs at  the  corners of

the  port  ( F ig .  3^d and e ) .  The e x i s t e n c e  of th e se  two forms

Qf b lo w - o f f  may be due to the in f lu e n c e  of flame thrust  on

the  f low  d i s t r i b u t i o n .  In P o i s e u i l l e  f low in  the

r e c ta n g u la r  channel  of  the burner the w a l l  v e l o c i t y  g r a d ie n ts

are lo w e s t  a t  the corners  (Smith, Edwards and B r in k ley ,  1952) .

However, when a f lame i s  anchored above the burner,  the

flame p r e ssu re  w i l l  cause a spreading of the f low l i n e s  which

w i l l  i n c r e a s e  th e  v e l o c i t y  g r a d ie n t s  a t  th e  corn er s .  I t  i s

e s t im a ted  (Pro h l ,  Kapp and Gazley, 1949) tha t  t h i s  spreading

of  the  f low  l i n e s  i s  p r o p o r t io n a l  to the term ( S u / u ) ^  where

Su i s  the  laminar burning v e l o c i t y .  At th e  c o n d i t io n s
F ig .

corresponding t o  the f lames shown i n / 32a ,  b and c t h i s  term 

has the  v a lu e  0 . 0 2 , and at  the  c o n d i t io n s  corresponding to  

the f lam es  shown in  F i g .  32d and e the term has the v a lu e  O.73
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The g r e a te r  tendency fo r  f low  r e d i s t r i b u t i o n  a t  the lower 

v e l o c i t y  may be th e  cause o f  the  i n c i p i e n t  f lame l i f t  from 

the  corners  of the burner port  shown in  F i g .  32d and e .

The type of b lo w - o f f  shown in  F i g .  32a, b and c was 

o n ly  observed w i t h  the th r ee  l a r g e s t  burners ( v i z . ,  those  

having  dimensions 0.51  x  0.13  in c h ,  1 .0  x  0 .1 2  inch and

2 . 0  x  0 .1 3  i n c h ) ,  and th a t  shown in  F i g .  32d and e was only  

observed w i t h  the  2 .0  x  0 .1 3  inch burner.  On a l l  other  

o c c a s io n s  the  f lame l i f t e d  from a l l  pa r ts  of the burner port  

at  the  same f low c o n d i t i o n .

5*23 F la s h - b a c k .

S e v e r a l  f l a s h - b a c k  l i m i t s  were taken with the  

l a r g e r  b u rn er s .  As t h e s e  burners were not w a te r - ja c k e ted  

however, the  r e s u l t s  may be of  dou btfu l  v a lu e ,  s in c e  l o c a l l y  

hot w a l l s  probably have a g r ea ter  in f lu e n c e  on f l a s h - b a c k  than  

on b l o w - o f f .

5*24 P ressu re  g r a d i e n t .

In a d d i t i o n  t o  the b lo w -o f f  and f la s h - b a c k  

o b s e r v a t i o n s ,  the  pressu re  grad ien t  a long each of the  burner 

channels  was measured over a range of  f l o w s .

5*3 C o r r e la t io n  of  b lo w - o f f  r e s u l t s .

5*31 Local  boundary v e l o c i t y  g r a d i e n t s .

As s t a t e d  in  the  In tro d u c t io n  (paragraph 5 * l l )>  

the  w a l l  v e l o c i t y  g r a d ie n t  has been used s u c c e s s f u l l y  to  

c o r r e l a t e  b lo w - o f f  l i m i t s  f o r  c i r c u la r  burners .  The



9 7 .

a p p l i c a b i l i t y  of t h i s  c o r r e l a t i o n  to  r ec ta n g u la r  burners  

has been examined with r e f e r e n c e  to  the  l i f t i n g  o f  a f lame  

from the c e n tr e  of th e  long s i d e  of  the burner p o r t ,  us ing  

th e  r e s u l t s  o f  the  experiments d esc r ib ed  in  paragraph 5 *2 

above .  In c a l c u l a t i n g  the  w a l l  v e l o c i t y  g r a d ien ts  

correspond ing  to  th e  f lo w s  a t  which the flame l i f t e d  (and in  

p r e d i c t i n g  from the  c r i t i c a l  g r a d ie n t s  the v e l o c i t i e s  at  

which the f lam es  w i l l  l i f t )  i t  was assumed that  P o i s e u i l l e  

f low  occurs  a t  the burner p o r t ,  and th a t  the  v e l o c i t y  p r o f i l e  

i s  u n a l t e r e d  by the p resen ce  of a f la m e .  With th e se  

assumptions the  v e l o c i t y  u a t  a p o in t  having c o -o r d in a te s  

( x ,  y)  r e l a t i v e  to  an o r i g i n  on the  a x i s ,  i s  g iv e n  by the  

f o l l o w i n g  e x p r e s s io n  which i s  der ived  in  Appendix IV -

u * -  — - -  y 2 ) -
2 t  dz j_ n

s 9 ( - 1 ) " * 1 Cosh b n  ^ 1 ) a a  C03 (,2n ^ 2Zl j l

n = o (2n + l ) 3 c o s l i  ( 2n

. . . .Eqn.5 .6

where dp/dz i s  the  p ressu re  g r a d ien t  i n  the  d i r e c t i o n  of  f lo w ,

^  i s  the a b s o lu t e  v i s c o s i t y ,  a i s  the h a l f  c r o s s - s e c t i o n a l  

--length and b i s  the  h a l f  c r o s s - s e c t i o n a l  w idth .

The average  v e l o c i t y  u i s  obta ined  by i n t e g r a t i n g  the  

above e x p r e s s io n  over the  c r o s s - s e c t i o n a l  area  -
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VALUES OF PimCTIOUS P AUD Q.

"b/a 0 0 . 1 0 .2 c .3 0 .4 0.-5
t

P 3 .00 3 .20 3 . 4-3 3 .6 7 3 .8 8 4 .0 7

0 .0 1 04 0 .0 1 1 8 0 .0 1 3 1 0 .0 1 4 3 0 .0 1 5 3 0 .0 1 6 1

-

"b/a 0 . 6 0 .7 0 .8 0 .9 1 .0

P 4 .2 3 4 .3 8 4 .5 2 4 .6 6 4 .8 0

Q, - 0 .0 1 6 7 0 .0 1 7 1 0 .0 1 7 4 0 .0 1 7 5 0 .0 1 7 6



The w a l l  v e l o c i t y  g r a d ie n t  a t  the  c e n tr e  of  the long s i d e ,  

gc , i s  g iv e n  by -

g° = " (by)  Eqn* ̂ x  = o,  y  = h

S u b s t i t u t i n g  e q u at io n  5 , 6  in  equat ions  5*7 and 5-8 and 

combining g i v e s  -

s c r ?  5.9
where a>o , K

,  /" , 8 S '  , “2 (2n 4. l ) y  a~7
p s 3 /  X -  “ 5  (2n +  X) Seoii pb /

 L------- 2!— --------------------------------------------------d. . .  .S q b .5 .1 0
1 - i2| £  ^  (2n + X) Tank / / ,.a—

The s e r i e s  used in  equation  5-10 have been summed by

Smith, Edwards and B r in k ley  (1952) fo r  v a r io u s  va lues  of  the

r a t i o  b / a .  From t h e i r  r e s u l t s  the f u n c t i o n  P has been

c a l c u l a t e d  and i s  g iv e n  in  Table 7*

T est  o f  h y p o t h e s i s .

The c r i t i c a l  v e l o c i t y  g r a d ie n t s  obta ined  from b l o w - o f f

t e s t s  on c i r c u l a r  burners fo r  butane c o n c e n tr a t io n s  of  3» 4 ,

5, 7 and 9% were taken  from P ig .  16 o f  Wohl (1953) > and

s u b s t i t u t e d  i n  equat ion  5*9« t h i s  way, va lu es  o f  the

group u/b were obta ined f o r  v ar iou s  v a lu e s  o f  the  r a t i o  b / a .
l e n g t h

The group u/b was then p l o t t e d  a g a in s t  the  burner p o r t / f o r  a 

burner port  width o f  0.125  in ch ,  g i v in g  the l i n e s  in d ic a t e d
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99.
as " T h e o r e t i c a l ” , in  F i g .  33* The experim enta l  p o in t s  

a t  th e  correspond ing  "butane c o n c e n t r a t i o n s  shown in  t h i s  

F i g .  were obta in ed  by i n t e r p o l a t i n g  the  experim ental  

o b s e r v a t i o n s ,  l i f t  from the  cen tr e  of  the  long s id e  be ing  

taken  as the f lame s t a b i l i t y  c r i t e r i o n ,  s in c e  t h i s  i s  the  

p o in t  a t  which the  w a l l  v e l o c i t y  grad ien t  i s  c a l c u l a t e d .

A l i n e  corresponding  to  a Reynolds Humber of 2000 i s  drawn in  

the  F ig u r e .  I t  i s  seen  th a t  th ere  i s  good agreement between 

th e  b lo w - o f f  v e l o c i t i e s  p r e d ic te d  by t h i s  h y p o th e s i s  and the  

experim enta l  r e s u l t s  where the  Reynolds Humber i s  l e s s  than  

2000 but a t  h ig h er  Reynolds Humbers agreement ceases  to  e x i s t .  

This l i m i t a t i o n  on the  a p p l i c a t i o n  of  equation  5«9 i s  t o  be 

e x p e c ted ,  because  the  r e l a t i o n s h i p s  from which i t  i s  d er iv ed  

are a p p l i c a b l e  only  to  laminar f lo w .  In channels  of  

r e c ta n g u la r  c r o s s - s e c t i o n ,  as in  c i r c u la r  ch an n e ls ,  laminar 

f lo w  breaks down a t  a Reynolds Humber of  about 2000 

(McAdams, 1942,  p . 1 2 4 ) .

In view of the  s u c c e s s ,  shown in  F i g .  33 °£ 

a p p l i c a t i o n  of the w a l l  v e l o c i t y  g r a d ien t  c o r r e l a t i o n  to  

b l o w - o f f  from r e c ta n g u la r  burners the  boundary v e l o c i t y  

g r a d ie n t  has been c a l c u l a t e d  us ing  equation 5 «9 > f ° r a H  

o b s e r v a t io n s  of  flame l i f t i n g  from the cen tr e  of  the  long  

s i d e  fo r  which the Reynolds Humber was l e s s  than 2000.  The 

r e s u l t i n g  v a lu e s  of the  g r a d ie n t ,  g c , are p l o t t e d  in  F ig .  34.



1 0 0 .
The s o l i d  curve drawn in  P i g .  34 r e p r e s e n t s  the  c o r r e l a t i o n  

obta ined  by Wohl (1953) f o r  b lo w - o f f  from c ir c u la r  burners .  

There i s  a g a in  seen  to  be good agreement between the  b lo w - o f f  

l i m i t s  o f  the  v a r io u s  r e c ta n g u la r  burners and the b lo w -o f f  

c o r r e l a t i o n  f o r  c i r c u l a r  burners ,  i n d i c a t i n g  th a t  the w a l l  

v e l o c i t y  g r a d ie n t  c o r r e l a t i o n  o f  flame l i f t i n g  may be 

extended to  r ec ta n g u la r  burners ,  a t  l e a s t  w i t h i n  the  range  

t e s t e d .

The f l a s h - b a c k  l i m i t s  which were obta ined  are a l s o  

p l o t t e d  in  P i g .  34> where they  are compared with  the f l a d a -  

back l i m i t s  obta ined  in  a 0 . 4  inch  bore tube by Wohl, Kapp 

and Gazley (1949) . That the  r ec ta n g u la r  burners were not  

w a t e r - j a c k e t e d  may be the  reason  fo r  the  w a l l  v e l o c i t y  

g r a d ie n t s  a t  f l a s h - b a c k  g e n e r a l l y  be ing  h igh er  in  the  

r e c ta n g u la r  burners  than in  the  c i r c u la r  burner .

5•32 B lo w -o f f  from an i n f i n i t e  s l i t  in  tu rb u len t  f l o w .

In c i r c u l a r  burners in  which t h e  f low  i s  tu rb u len t  

the  w a l l  v e l o c i t y  g r a d ie n t s  a t  b lo w - o f f  have been c a l c u l a t e d  

by s e v e r a l  groups o f  workers us ing  v a lu e s  of th e  f r i c t i o n  

c o e f f i c i e n t  r e l e v a n t  to  tu rb u len t  f low  (iTbhl, Kapp and G azley ,  

1949 ;; B a l l i n g e r  and W il l ia m s ,  1 94 7 ) .  Their  r e s u l t s  are  

in  agreement w i t h  the  c o r r e l a t i o n  obta ined  from the  s t a b i l i t y  

l i m i t s  taken in  laminar f l o w .  T r ea t in g  the  2 .0  x  0 .1 3  inch  

burner as a r e c ta n g u la r  burner of  i n f i n i t e  c r o s s - s e c t i o n a l

l e n g t h  and O.13 inch  c r o s s - s e c t i o n a l  w idth  enabled the average
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FIG. 36 . BLOW-OFF FROM RECTAFGULAR BUFFERS
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■blow-off v e l o c i t i e s  i n  b o t h  t h e  lam in a r  and t u r b u l e n t  r a n g e s

to  be p r e d ic t e d  from the  c r i t i c a l  v e l o c i t y  g ra d ien ts  publ ished

by Wohl (1953)* T h is  t h e o r e t i c a l  b lo w -o f f  l i m i t  i s  p l o t t e d

in  F i g .  35 where i t  i s  compared w i t h -the  experimental  r e s u l t s .

The few experim enta l  l i m i t s  taken i n  the turbulent  r e g io n
w i th

are i n  f a i r  agreem ent / the  t h e o r e t i c a l  curve .  The agreement 

between th e  observed v e l o c i t i e s ,  w i t h in  the laminar range,  

fo r  f lame l i f t i n g  from the cen tre  of the long s id e  and the  

t h e o r e t i c a l  v e l o c i t i e s  i s  e x c e l l e n t ,  as i s  to  be expected  

from th e  c o r r e l a t i o n  a lready  shown i n  F i g .

5 .3 3  Average v e l o c i t y  g r a d i e n t .

The b lo w - o f f  l i m i t s  of the rec ta n g u la r  burners  

have a l s o  been c o r r e l a t e d  in  F i g .  36 "by 'the average w a l l  

v e l o c i t y  g r a d i e n t .  The average w a l l  v e l o c i t y  grad ien t  ga v > 

was obta ined  from the pressure  grad ien t  measurements using th e  

equat ion  -

1 dp ar ea  -tp _„ g -1 -1s' “ . . . . . . . . .  o n . p . xj-&av ^ dz perimeter ^

where dp/dz i s  the  p ressu re  g ra d ien t  i n  th e  d i r e c t i o n  of  

f l o w .

In th e  c o r r e l a t i o n  shown in  F i g .  36 the  b lo w - o f f  l i m i t  

i s  taken to  be the c o n d i t io n  at  which the  f lame f i n a l l y  l i f t s  

from the burner p o r t .  The b lo w - o f f  l i m i t  fo r  c i r c u la r  

burners which was obtained by Wohl (1953) aga in  drawn, as  

a s o l i d  l i n e ,  f o r  comparison.  The c o r r e l a t i o n  i s  l e s s  

s a t i s f a c t o r y  than the  one obtained by us ing Equation 5*9 to
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c a l c u l a t e  t h e  t l i e o r e t i c a l  "boundary v e l o c i t y  g r a d i e n t .

However, t h i s  method of ob ta in ing  the  average w a l l  v e l o c i t y  

g r a d ie n t  from the pressu re  drop a long  the  channel i s  

a p p l i c a b l e  to  t u r b u le n t ,  as w e l l  as to  laminar,  f l o w s .

5 .4  C o r r e la t io n  of F r i c t i o n  C o e f f i c i e n t s .

The F r i c t i o n  C o e f f i c i e n t ,  A , as used h e r e ,  i s  g iven  

by th e  e x p r e s s io n  -
p —2

gg - - > fST"   .Eqn. 5.12

where P i s  the  d e n s i t y  of the f l u i d .

In s te a d y  laminar f low in  a channel of rec tan g u la r  

c r o s s - s e c t i o n  the average v e l o c i t y ,  u, i sg iv e n b y  equation  5*7 

S u b s t i t u t i n g  equat ion  5-7 in  equation  5*12 leads  to

ft A  = U -   Eqn. 5-13

where
% e

ft / 7T n*0

Using the  a r i th m e t ic  aummations p u b l ish ed  by Smith,  

Edwards and B r in k ley  (1952) ,  v a lu es  of  the f u n c t io n  Q, have 

been c a lc u l a t e d  fo r  various va lues  of the r a t i o  b / a .  The 

r e s u l t s  are g iv en  in  Table 7*

Values of  th e  f r i c t i o n  c o e f f i c i e n t s  fo r  the  

r e c ta n g u la r  channels  were c a l c u l a t e d  from the p ressu re  g r ad ien t  

r e a d in g s ,  u s ing  Equation 5 * 1 2 .  These v a l u e s ,  m u l t i p l i e d

by the appropria te  v a lues  of th e  fu n c t io n  Q,, are p l o t t e d  in



l i n e a r  r e l a t i o n s h i p  "between t h e  F r i c t i o n  C o e f f i c i e n t  and t h e  

R e y n o l d s  Humber "breaks down, i n  t h e  f o u r  l a r g e r  c h a n n e l s ,  a t  

a R e y n o l d s  Humber o f  r o u g h l y  2 0 0 0 .  H o w e v e r ,  i n  t h e  two  

s m a l l e r  c h a n n e l s  t h e  t r a n s i t i o n  from, l a m i n a r  f l o w  a p p e a r s  t o  

b e g i n  a t  a  R e y n o l d s  Humber n e a r e r  t o  1 0 0 0 .  F o r  t h e  l a m i n a r  

r a n g e  p o i n t s  t h e r e  i s  c o n s i d e r a b l e  s c a t t e r  a b o u t  t h e  

t h e o r e t i c a l  l i n e ,  a l t h o u g h  f o r  t h e  i n d i v i d u a l  b u r n e r s  t h e  

d i f f e r e n c e s  betv^een  t h e  e x p e r i m e n t a l  p o i n t s  and t h e  t h e o r e t i c a l  

v a l u e s  a r e  c o n s i s t e n t .  I t  i s  p r o b a b l e  t h a t  t h e s e  c o n s i s t e n t  

d i s c r e p a n c i e s  a r e  a t  l e a s t  p a r t l y  d u e  t o  i n a c c u r a c i e s  i n  

e s t i m a t i n g  t h e  mean d i m e n s i o n s  o f  t h e  c h a n n e l  c r o s s - s e c t i o n s .

E o r  e x a m p l e ,  a n  e r r o r  o f  0 . 0 0 4  i n c h  i n  t h e  m e a s u r e m e n t  o f  t h e  

c r o s s - s e c t i o n a l  d i m e n s i o n s  o f  t h e  0 . 1 3  x  0 . 1 3  i n c h  b u r n e r  

( i . e .  3 / 0  c a n  c a u s e  a c o n s i s t e n t  e r r o r  o f  l 6 %  i n  t h e  v a l u e  

o f  t h e  t e r m  q A  c a l c u l a t e d  from th e  e x p e r i m e n t a l  r e a d i n g s .

L i n e s  drawn t h r o u g h  t h e  l a m i n a r  r a n g e  e x p e r i m e n t a l  

p o i n t s  f o r  t h e  v a r i o u s  b u r n e r s  h a v e  g r a d i e n t s  o f  4 5 ° ,  

c o n f i r m i n g  t h a t  t h e  f r i c t i e n  c o e f f i c i e n t  f o r  e a c h  c h a n n e l  i s  

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  R e y n o l d s  Humber ,  a s  i n d i c a t e d  

i n  E q u a t i o n  5 .1 3 .  T h i s  i s  i n  d i s a g r e e m e n t  w i t h  t h e  

c o n c l u s i o n s  o f  Grumer,  H a r r i s  and S c h u l t z  (1953) c a l c u l a t e d  

t h e  f r i c t i o n  c o e f f i c i e n t  f r o m  f l a m e  s t a b i l i t y  r e s u l t s ,  u s i n g  

e q u a t i o n  5 . 1 , and f o u n d  i t  t o  b e  i n v e r s e l y  p r o p o r t i o n a l  t o  a  

powdr o f  t h e  R e y n o l d s  Humber,  a s  shown i n  E q u a t i o n s  5*2 and 5«3«



The experiments d escr ib ed  above i n d ic a t e  th a t ,  fo r  

the  burners t e s t e d  -

1 .  'When the  Reynolds Humber i s  l e s s  than 2000, the  

l i m i t s  fo r  f lame l i f t i n g  from the cen tre  of the long  

s i d e  of  the burner port  can be c o r r e l a t e d  by the w a l l  

v e l o c i t y  g ra d ien t  c a l c u l a t e d  a t  th a t  p o i n t ,  i t  be ing  

assumed in  c a l c u l a t i n g  the v e l o c i t y  g r a d ien t  tha t  the  

f lame causes  no r e d i s t r i b u t i o n  of the f low  from the  

P o i s e u i l l e  v e l o c i t y  p r o f i l e .

2 .  The f i n a l  flame l i f t  l i m i t s  can be roughly  c o r r e la t e d  

by th e  average w a l l  v e l o c i t y  grad ien t  obta ined  from the  

measured p r essu re  g r a d ie n t .  This  c o r r e l a t i o n  can be 

a p p l ie d  to  systems in  which the f low Reynolds Humber 

exceeds 2000 .

3 .  The f r i c t i o n  c o e f f i c i e n t  f o r  the  f low  in  the burner  

channels  i s  i n v e r s e l y  p r o p o r t io n a l  to  the  Reynolds  

Humber, provided th a t  the f low i s  lam in ar , The 

c o n s ta n t s  of p r o p o r t i o n a l i t y  are in  f a i r  agreement w i th  

th o s e  p r e d ic te d  by the  laminar f low e q u a t io n s .

That the b lo w - o f f  l i m i t s  may be d i r e c t l y  c o r r e la t e d  

by the t h e o r e t i c a l  w a l l  v e l o c i t y  grad ien t  i s  in  disagreement  

w it h  the c o n c lu s io n s  of  Grumer, Harris  and Schu ltz  ( 1953)•

This disagreement may be due to the use by Grumer and h i s  

c o l l e a g u e s  o f  burners o f  la r g e r  dimensions than those  used in
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t h e  e xp e r i me n t s  d e s c r i b e d  h e r e . In  t he  l a r g e r  b u r n e r s  

the  f low  v e l o c i t i e s  a t  which the  Reynolds ITumber i s  equal  

to  2000 are  lower ,  and a t  the  lower v e l o c i t i e s  the  in f lu e n c e  

of  f lame t h r u s t  on the f low d i s t r i b u t i o n  i s  probably more 

important (Wohl, ITapp and Gazley, 194-9)* One would expect  

Conclusion  1 above to  be v a l i d  only  when the  f low  

r e d i s t r i b u t i o n  due to  flame th ru s t  i s  not s i g n i f i c a n t .  I t  

should a l s o  be noted that  the c o n c lu s io n s  o f  Grumer and h i s  

a s s o c i a t e s  were based l a r g e l y  oh f l a s h - b a c k  l i m i t s ,  whereas  

the  c o n c lu s io n s  above are drawn only from flame b lo w -o f f  

o b s e r v a t i o n s .

The a p p l i c a t i o n  of  the r e s u l t s  of th e se  flame blow-  

jpff experiments to th e  d es ig n  of  the laminar burner used in  

the  c a l i b r a t i o n  of the I o n i s a t i o n  Probe has been d i s c u s se d  

in  paragraph 4.4-2 of Chapter 4 .
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6 .1  R e s u l t s  o f  the r e s e a r c h e s .

The la r g e  s c a l e  experim ents ,  d e sc r ib ed  in  Chapters 

2 and 3 ? showed th a t  f in g e r  type flame spreaders can produce 

c o n s id e r a b le  improvement in  the combustion e f f i c i e n c y  

performance o f  a h igh  v e l o c i t y  combustion system.. Q u a n t i ta t iv e  

d a t a ,  which should be u s e f u l  to  engine d e s i g n e r s ,  have been 

obta in ed  on the in f lu e n c e  of some geometric  v a r i a b l e s ,  v i z . ,  

number, w idth  and i n c l i n a t i o n  of f i n g e r s  and t a i l p i p e  l e n g th ,  

on the  combustion e f f i c i e n c y  of a t y p i c a l  Ramjet system.

The experiments in d ic a t e d  that  two important p ro cesses  

in v o lv ed  i n  the  opera t ion  of  a f in g e r  type flame spreader  

are  (a) the f low  of p i l o t  gases  along the wake o f  the  f in g e r ,  

and (b) the  i n i t i a t i o n  of p r o g r e s s iv e  combustion in  a gas  

stream by a so u r c e .

A sm al l  s c a l e  apparatus (Chapter 4) has been construc ted  

to  s tudy process  (b) -  the i g n i t i o n  p r o c e s s .  P re l im inary  

experiments were undertaken to permit a r a t i o n a l  d e s ig n  of  

t h i s  app aratu s .  These experiments a l s o  r ev e a le d  an 

i n t e r e s t i n g  form of " in t e r m i t t e n t 1* flame (paragraph 4 . 3 3 ) .

“An o u t l i n e  of suggested  experiments us ing the sm al l  s c a l e  

apparatus i s  g iy e n  in  paragraph 6.2  be low.

Two techn iques  have been developed f o r  flame l a e a t i o n  

and e f f i c i e n c y  measurements in  the  small  s c a l e  experim ents .  

These are the  I o n i s a t i o n  Probe and Gas A n a l y s i s .  The
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I o n i s a t i o n  P ro b e  h a s  been  shown t o  p r o v i d e  an accurate  means 

of  l o c a t i n g  a laminar flame f r o n t .  A d d i t io n a l  c i r c u i t s  have 

been coupled to  the probe output which should be h e l p f u l  in  

the  s tu dy  of th e  i n t e r m i t t e n t  flame mentioned aboye,  and in  

l o c a t i n g  tu rb u len t  f la m es .

A s u b s id ia r y  resea rch  in to  the c o n d i t io n s  governing  

f lame anchoring on rec tan gu lar  burners (chapter 5 ) has 

deve loped  i n t o  a very f r u i t f u l  p r o je c t  in  i t s  own r i g h t .  

Flame b l o w - o f f  l i m i t s  fo r  rec tan gu lar  burners have been 

s u c c e s s f u l l y  c o r r e la t e d  w ith  those  fo r  c i r c u la r  burners .

The l ea d in g  r e s u l t s  of t h i s  t h e s i s  have been publ ished;  

c o p ie s  o f  the  r e le v a n t  papers are hound in  t h i s  volume.

6 .2 Suggested  experiments us ing the small  s c a l e  a p p ara tu s .

I t  w i l l  be r e c a l l e d  tha t  the small  s c a l e  apparatus  

has a t e s t  s e c t i o n  having a rec tan gu lar  c r o s s - s e c t i o n  of  

dimensions 2 x 1  in c h .  A w i pe  s t a b i l i s e r  i s  p laced  a c ro ss  

th e  t e s t  s e c t i o n  a t  an i n c l i n a t i o n  of  e i t h e r  90° or 3^° to  

the  d i r e c t i o n  of  f low o f  the main stream. This s t a b i l i s e r  

w ire  may be e l e c t r i c a l l y  h e a te d .  A p i l o t  f la m e ,  su pp l ied  

w ith  f u e l  and a i r  f low s  separate  from th e  main stream,  

-'surrounds the  upstream end of the s t a b i l i s e r  w i^e .

Two s e r i e s  of experiments are su gges ted  us ing  t h i s  

apparatus ,  the  f i r s t  being " s t a b i l i t y  t e s t s "  and the  second  

"propagation t e s t s " .



In t h e s e  t e s t s  the s t a b i l i t y  l i m i t s  of  f lames  

anchored behind the  s t a b i l i s e r  wire  are to  be observed.  The 

v a r i a b l e s  to  be s tu d ied  are f low v e l o c i t y ,  p i l o t  heat inp u t ,  

e l e c t r i c a l  input to  the s t a b i l i s e r  w ir e ,  s t a b i l i s e r  wire  

diameter and s t a b i l i s e r  i n c l i n a t i o n .

Should " in term it ten t"  f lames ( c . f  • paragraph 4 .3 3 )  

be observed ,  the  F r a c t io n a l  Time In d ica tor  a t tached  to  the  

I o n i s a t i o n  Probe might prove u s e f u l  in  i n d ic a t in g  a s t a b i l i t y  

l i m i t .  The s t a b i l i t y  l i m i t  might be cons idered  to be the  

c o n d i t i o n  when the  Time In d ica tor  shows the flame to  be absent  

from the  s t a b i l i s e r  fo r  5of° of the t o t a l  t im e .

The s t a b i l i t y  R e su l t s  might be c o r r e la t e d  by groups  

s i m i la r  to  those  used by Spalding ( l 9 5 4 ) and Spalding and 

T a l l  ( 1 9 5 4 ) .

Propagat ion  T e s t s .

- The propagat ion  of  t h e  flame behind the  s t a b i l i s e r  may 

be measured by making I o n i s a t i o n  Probe t r a v e r s e s  and gas  

sampling t r a v e r s e s  through the flame a t  one or more p lan es  

downstream from the  s t a b i l i s e r .  The v a r ia b le s  to  be s tu d ied  

.are the  f u e l  co n c en tr a t io n ,  f low v e l o c i t y ,  p i l o t  heat  in p u t ,  

e l e c t r i c a l  hea t  input to  the s t a b i l i s e r  w ir e ,  s t a b i l i s e r  wire  

diameter and s t a b i l i s e r  i n c l i n a t i o n .

These experiments should provide inform ation  on the

performance of  a l i n e  source as a means of s t a r t i n g  g e n e r a l
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p r o g r e s s i v e  c o m b u s t io n .  I t  s h o u ld  be n o t e d  that  t h e

c o n d i t io n s  a f f e c t i n g  combustion in  t h i s  low v e l o c i t y  system

(60 f t / s e c . )  may be d i f f e r e n t  from those  e x i s t i n g  in  a

combustion chamber in  which the f low i s  choked at  the

chamber o u t l e t .  In th e  h igh  v e l o c i t y  chamber the  mixing

p r o c e s s e s  become i n c r e a s i n g l y  important,  and the concept of  
co n t in u o u s

a / t u r b u le n t  flame f r o n t  may no longer be v a l i d .

6 .3  Other s t u d i e s  suggested  by t h i s  work.

6.31 Flame sp re a d in g .

S in ce  mixing has a c o n s id era b le  in f lu e n c e  on the  

combustion r a t e  (B e r l ,  Rice  and Rosen, 1955)> fu tu re  work 

might f r u i t f u l l y  be d ir e c t e d  towards a c h ie v in g  the  c o n t r o l l e d
>

mixing n e c e s s a r y  to g iv e  the optimum heat  r e l e a s e  r a t e s .

I t  has been shown that  f i n g e r  type flame spreaders  

may improve the  combustion e f f i c i e n c y  of a system . I t  

would be u s e f u l  to know i f  th e se  f i n g e r  type spreaders  

a c h iev e  t h e i r  e f f e c t  s imply be c r e a t in g  g e n e ra l  tu rbu len ce ,  

as was the  c a se  w i th  the  o r i f i c e s  used by Wilkerson and Fenn 

(1 9 5 3 ) .  An answer to  t h i s  qu es t ion  might be g iv en  by a 

comparison of  the  combustion e f f i c i e n c y  measurements taken w i t h  

"a f i n g e r  type flame spreader ,  and w i th  an o r i f i c e  g iv in g  

s im i la r  v a lu e s  of  the  p i l o t  heat  mixing f a c t o r  K ( c . f .  

paragraph 1 . 4 6 ) .

S in ce  extreme r a t e s  of  mixing can cause i n s t a b i l i t y  

of  the  p i l o t ,  i t  i s  e s s e n t i a l  that  a p i l o t i n g  system be



ta k in g  p la c e  w i t h in  the  chamber. The e f f e c t  of heat  l o s s e s  

from the  s t a b i l i s i n g  zone (Spalding and T a l l ,  1954) ,  and the  

ways in  which they  may he avoided ,  are important.

6 • 32 .Flame b lo w -o f f  from r e c t a ngular  bu rn ers .

The range of a p p l i c a t i o n  of the w a l l  v e l o c i t y  

g r a d ie n t  c o r r e l a t i o n  of flame l i f t i n g  from rec ta n g u lar  

burners might be extended by measuring the  b lo w -o f f  l i m i t s  

of  b u t a n e - a ir  f lames above burners of c r o s s - s e c t i o n a l  

widths  of  more than 1 / 4  inch .  In th e se  la rg e r  burners the  

f lo w  w i l l  g e n e r a l l y  be t u r b u le n t .  I t  may not be p o s s i b l e  t o  

c a l c u l a t e  the  w a l l  v e l o c i t y  grad ien t  a t  the cen tre  o f  the  

"long s i d e  from the  dimensions and the average f low v e l o c i t y  

a t  the  b lo w -d f f  l i m i t .  However, an average w a l l  v e l o c i t y  

g r a d ien t  may be determined from the f r i c t i o n  c o e f f i c i e n t  and, 

i f  the  h y p o th e s i s  remains v a l i d ,  a rough c o r r e l a t i o n  should  

be obta in ed .  The h yp o th e s i s  may be t e s t e d  more a c c u r a t e ly  

by observ ing  the l i m i t s  fo r  burners whose c r o s s - s e c t i o n a l  

l e n g t h  i s  a t  l e a s t  t e n  t imes as grea t  as the c r o s s - s e c t i o n a l  

w id th .  For t h e se  burners the  w a l l  v e l o c i t y  g rad ien t  at  

- the cen tre  o f  the long s id e  may be c a lc u la t e d  q u i te  a c c u r a t e ly  

by c o n s id e r in g  the burner to be an i n f i n i t e  s l i t .

At the  high b lo w -o f f  v e l o c i t i e s  which w i l l  be observed  

in  t h e s e  larg e r  burners ,  the in f lu e n c e  of flame th r u s t  on the  

f low  ■ d i s t r i b u t i o n  should be n e g l i g i b l e .
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APPEHDIX I .

QBE DIMENSIONAL FLOW Iff A RAMJET COPiBUSTION CHAMBER.

In Chapters 2 and 3 experiments are descr ib ed  in  -which 

p r e ssu re  rea d in g s  or thrust  measurements were used to  

c a l c u l a t e  the  e f f i c i e n c y  of combustion in  a ram jet .  The 

r e l a t i o n s h i p s  which were used in  th e se  c a l c u l a t i o n s  were 

obta ined  by Beeton (194-9)* An o u t l in e  o f  the  d e r iv a t io n  of  

t h e s e  r e l a t i o n s h i p s  i s  g iv en  below.

Plow i s  considered  through an i d e a l i s e d  combustion  

system , a sk e tc h  of which has been g iv en  in  P i g .  9« I t  i s  

assumed th a t  the working f l u i d  passes  through the f o l lo w in g  

s t a g e s .  Between S t a t i o n s  1 and 2 the a i r  s u f f e r s  a pressure  

drop due t o  the b a f f l e  system. Immediately a f t e r  S e c t io n  2 

f u e l  i s  i n j e c t e d  in  a d i r e c t i o n  perpendicular  to  the a i r  stream  

( i . e .  th e  momentum of  the f u e l  i s  not c o n s id e r e d ) .  Combustion 

th e n  ta k es  p la c e  and i s  completed by the  time the gases  reach  

the  e x i t  ( S t a t i o n  3)> a-t which point  the f low  i s  cons idered  to  

be choking .  The c r o s s - s e c t i o n a l  areas  at  S t a t i o n s  1,  2 and 3 

are e q u a l ,  .the chamber w a l l s  being p a r a l l e l .  It' i s  assumed 

t h a t  downstream from s t a t i o n  2 there  i s  no pressu re  drop due 

to  f r i c t i o n  w i th  the  duct w a l l s .

Air S p e c i f i c  Impulse.

The Air S p e c i f i c  Impulse, Sa ,‘ i s  d e f in e d  by the  gro ss  

t h r u s t  per un it  mass f low r a te  of a i r  through the combustion  

chamber.
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where P3 i s  the s t a t i c  pressure ( a b s o l u t e ) ,  U3 i s  the gas  

v e l o c i t y ,  m3 i s  the  mass f low r a te  of  g a s ,  a l l  at  S t a t i o n  3 ? 

and m2 i s  the  mass f low  r a te  at  S t a t i o n  2 .  (m2 i s  the mass

f low  r a t e  of  a i r ,  m3 inc lu d es  the f u e l  f low r a t e ) ,  g i s  the  

a c c e l e r a t i o n  due t o  g r a v i t y ,  and A i s  the c r o s s - s e c t i o n a l  

a r e a .

Applying the  equation  of  Conservation of Momentum 

between S t a t i o n s  2 and 3 g iv e s  «

v e l o c i t y  r e s p e c t i v e l y  a t  S t a t i o n  2 ,

Applying th e  C ont inu ity  Equation to  S t a t i o n  2 g i v e s

mo s 2̂- & Up  Eqn, 1 ,3
 ̂ RT2

where R i s  the  Gas Constant for  a i r  and T2 i s  the  s t a t i c  

temperature a t  S t a t i o n  2 .

Combining Equations 1 , 1 ,  1 .2  and I . 3 g i v e s  -

P2 A U2
m2 *  6

Eqn. 1 ,2

where P2 and u2 are the  s t a t i c  pressure  ( a b s o l u t e ) ,  and gas

sa = ( U2 2  _
n o  '  'u2 gRT2
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•where Mg i s  t h e  Mach h u n g e r  a t  S t a t i o n  2 and y  i s  the r a t i o  

of  the s p e c i f i c  heat  o f  a i r  a t  constant  pressure  to the  

s p e c i f i c  heat  a t  con sta n t  volume.

Also

T2 t  -  i  ,  If “ 1 , r 2 T-i f  _  ^_—  _ i  4. a _JlX  .Eqn. 1 .5
2 t 2

where and Tgt are t o t a l  temperatures at  S t a t i o n s l  and 

2 r e s p e c t i v e l y .

S u b s t i t u t i n g  Equation 1 .5  in  Equation 1 .4  g iv e s  -

q  _ 1+ V « 22 f -  4 y1* - \*Sa ■ — —----------  / .. T( 6.........    Eqn. 1.6
M2 Y -  !

v x +  2 " M2

T h is  e x p r e s s io n  r e l a t e s  the Air S p e c i f i c  Impulse to  the Mach.
*

Humber immediately downstream from the b a f f l e  system.

B a f f l e  Loss C o e f f i c i e n t .

The B a f f l e  Loss C o e f f i c i e n t  A i s  d e f in ed  as the  

p ressu re  l o s s  past  the b a f f l e  system per u n i t  i n l e t  v e l o c i t y  

head -  o
P i  ui

h - h  = i  2g    Eqn. I . ?

where Pq, / \  anc* are T̂a.e s t a t i c  pressure  ( a b s o l u t e ) ,  a i r  

d e n s i t y  and a i r  v e l o c i t y  r e s p e c t i v e l y  a t  S t a t i o n  1.

S in ce  the  flow areas  at  S t a t io n s  1 and 2 are equal  -

^ 1 U1 - ?2. Ug .................Eqn. 1.8

E x p ress in g  Equation 1.8  in  terms of the  Mach numbers and S t a t i c  

p r e ssu re s  g i v e s  -
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m2 U  + i  (1  -  l )  m»2 /  i » i o

where Mx i s  the  Mach Uumber a t  S t a t i o n  1.

When Equation 1 . 9 i s  s u b s t i t u t e d  in  Equation 1.7  we o bta in  

2 „ _ Mt / i  + i  i ) m, 2 \  i

1 + i  ( I  -  1)

This g i v e s  th e  r e l a t i o n s h i p  between the B a f f l e  Loss 

C o e f f i c i e n t  and t h e  Mach Uumbers a t  S t a t io n s  1 and 2 .

Airr S p e c i f i c  Impulse and T h e o r e t i c a l  E u e l /A ir  B a t i o .

As d e f in e d  in  Equation 1 .1
Q — Po A -l U3 wa 3 + m3 -

m2

The mass f low  r a t e  at  S t a t i o n  3* ^  i s r e l a t e d  to  the  mass 

f low  r a t e  a t  S t a t i o n  2,  m2 > by the e x p r ess io n

= m2   Eqn. 1 . 11

where ^  i s  the  f u e l / a i r  r a t i o  by w e ig h t .

Thus „ ( 1 + ^ )  Po A ( 1 ^  ) u ,Sa =  --------1— 3—  +  ----------------i -  . . .  .Eqn . 1 .12
m3 g

Pq
m3 A uo m . . . . . E q n . X. 13

Applying the  C ont inu ity  Equation to S t a t i o n  3 g i v e s  -

P3
l3 r 3t 3

where R3 i s  th e  Gas Constant fo r  the combustion products at  

S t a t i o n  3 and T3 i s  the s t a t i c  temperature a t  S t a t i o n  3 . 

S u b s t i t u t i n g  Equation I . 13 in  Equation 1 .12  lea d s  to  -



.Eqn. 1 .1 4

The gas v e l o c i t y ,  u^, i s  g iven  by

u^2 a 2 g J A h Eqn. 1 .15

where J i s  the  mechanical  eq u iv a len t  o f  h e a t ,  and i s  the

drop i n  en tha lp y  from s ta g n a t io n  c o n d i t i o n s .

• To c a l c u l a t e  the Air S p e c i f i c  Impulse from Equations  

1 .1 4  and I.15> the  enthalpy drop and the gas constant  and 

temperature at  S t a t i o n  3 must he known. Beeton (194-9) has 

ev a lu a ted  th e se  q u a n t i t i e s  fo r  a hydrocarbon f u e l ,  and using  

th e  eq u a t ion s  above has c a lc u l a t e d  the Air S p e c i f i c  Impulse 

.over a range of  f u e l / a i r  r a t i o s .  The f u e l  on which the  

c a l c u l a t i o n s  were based had a Lower C a l o r i f i c  Value of  

10 ,300  C .H .U . / lb .  and a composit ion by weight  of carbon 85^ 

and hydrogen 15$> which i s  a f a i r  r e p r e s e n t a t io n  of the  f u e l  

used in  th e  experiments reported  in  Chapters 2 and 3*

The r e s u l t s  of Beeton*s c a l c u l a t i o n s  of  Air S p e c i f i c  

Impulse from the f u e l / a i r  r a t i o  assuming complete combustion  

have been publ ished  by F o r ley  ( 1953> p . 198) .

As a demonstration of  the method used by Beeton the  

c a l c u l a t i o n  o f  the Air S p e c i f i c  Impulse i s  o u t l in e d  below 

f o r  a f u e l / a i r  r a t i o  of  O.0667 by w e ig h t ,  and an a i r  i n l e t  

temperature of  600°K.

A s e r i e s  o f  temperature and pressu re  l e v e l s  i s  chosen  

t o  cover the  range between th e  t o t a l  head c o n d i t io n s  of the  

combustion products  and the c o n d i t io n s  of  choked f low a t  th e
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t a i l p i p e  e x i t  ( S t a t i o n  3) ,  At each s e t  of t e m p e ra tu re  and

p ressu re  c o n d i t io n s  the  equi l ibr ium  c on cen tra t io n  of the

products  of  combustion i s  c a l c u l a t e d ,  the  d i s s o c i a t i o n s  of

carbon d io x id e  to  carbon monoxide and oxygen, and of water

vapour to  hydrogen and oxygen being con s id er ed .  The

e q u i l ib r iu m  c o n s t a n t s ,  and of th e se  d i s s o c i a t i o n s  are

d e f i n i e d  r e s p e c t i v e l y  by -  x
2

~ ■ ■■   Eqn. I . l 6
P

P co  ( p q 2 )

cc>2
1.
2

k 2  =  Eqn. 1 .17
and _ / „ \ 2

PH2

ph2o

where Vco* P02* an(  ̂ Ph 0 are ^iie par^^a l  p r e s s u r e s ,  in
*

atm ospheres ,  of  the  components i n d ic a t e d .

To g iv e  a t y p i c a l  r e s u l t ,  i t  i s  found t h a t ,  a t  a

temperature of 2400°K and a pressure  of 1 atmosphere,  
l b .

0 .0 1 1 3 /m o ls .  o f  carbon d iox ide  and 0 .0024  l b .  m o l s . of water  

vapour d i s s o c i a t e  per l b .  of  f u e l .

Erom the equ i l ib r iu m  com posit ion  which i s  then  

o b ta in e d ,  th e  enthalpy and entropy per l b .  of products ,  and 

th e  mean gas constan t  of the products ,  are  c a l c u l a t e d .  Eor 

the  example quoted above, th ese  q u a n t i t i e s  have the  v a lu e s  

7 9 1 .7  C .H .U . / lb .  m ix ture ,  2.316  entropy u n i t s / l b .  mixture and 

98.06  f t .  x  l b . / l b . x  °C. r e s p e c t i v e l y .

Erom t h e s e ,  and s im i la r  r e s u l t s  a t  the other  

temperature and pressure  l e v e l s ,  an enthalpy -  entropy graph
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carry in g  l i n e s  of constant  pressure  and constant  temperature  

i s  prepared fo r  the  products .  A corresponding graph of C-as 

Constant a g a i n s t  entropy i s  a l s o  drawn.

The t o t a l  head enthalpy of  the  products of combustion 

i s  then  c a l c u l a t e d  from the i n l e t  a i r  temperature and the f u e l  

c a l o r i f i c  va lue  and enthalpy at  i n j e c t i o n .  For an a i r  i n l e t  

temperature of 600°K and a f u e l / a i r  r a t i o  of 0.0667  by 

w e ig h t ,  the  t o t a l  head enthalpy of the products i s  c a lc u l a t e d  

to  be 787*6 C .H .U . / lb .  A t o t a l  head pressure  i s  then s e l e c t e d ,  

say  3 a tmospheres,  g i v in g  a po in t  on the entropy charts  

r e p r e s e n t in g  the t o t a l  head c o n d i t i o n s .  An i s e n t r o p i c  i s  

then  drawn through t h i s  p o in t .  The c a l c u l a t i o n  now becomes 

"one of  t r i a l  and e rr o r .  A number of  heat  drops,  ^ l i ,  are 

chosen and the temperature and pressure  and gas constan t  a t  

S t a t i o n  3 corresponding to each of  the heat  drops are read  

from the  Entropy Charts .  The gas v e l o c i t y  u i s  c a lc u l a t e d  

from the  heat  drop (Equation 1 . 1 5 ) .  These va lu es  of  

v e l o c i t y ,  tem perature,  pressure  and gas constan t  a t  S t a t i o n  3 

are then s u b s t i t u t e d  in  Equation 1 .14  g i v in g  a va lue  of  the  

a i r  s p e c i f i c  impulse ,  Sa , fo r  each of  the  heat  drops i n i t i a l l y  

- c h o se n .  The minimum va lue  which i s  obtained f o r  the  a ir  

s p e c i f i c  impulse i s  the required one, and corresponds to  choked 

c o n d i t i o n s  a t  S t a t i o n  3 . For the example chosen,  the



1 1 9 .

minimum v a lu e  of  the  a i r  s p e c i f i c  impulse i s  found to he

175.1 s e c .

The v a lu e  of the a i r  s p e c i f i c  impulse c a lc u la t e d  in  

t h i s  way i s ,  fo r  p r a c t i c a l  purposes ,  independent of the  

v a lu e  o f  s t a g n a t io n  pressure  i n i t i a l l y  s e l e c t e d .



FLOW THROUGH A CAPILLARY METER

C a p i l la r y  meters have been used to measure the flow  

r a t e s  of butane and a i r  in  the sm al l  s c a l e  experiments  

d e sc r ib e d  in  Chapters 4 and 5» E xp ress ion s  are der ived  

below which p r e d ic t  the volume f low  r a te  through the  meter in  

terms of  th e  meter d i f f e r e n t i a l ,  the c a p i l l a r y  tube l en g th  

and bore ,  and the  p r o p e r t i e s  of the f l u i d .  On c a l i b r a t in g  

t h e s e  c a p i l l a r y  meters a g a in s t  a standard such as a soap 

bubble meter i t  has been found th a t  the r e l a t i o n s  obtained  

below may be i n  error by 10^. Thus the exp ress io n s  do not 

*yet provide  a s u b s t i t u t e  for  the time consuming c a l i b r a t i o n  

o f  every  c a p i l l a r y  meter a g a in s t  a standard.  However, the  

e x p r e s s io n s  are  u s e f u l  as a guide to  the dimensions of the 

meters n e c e s s a r y  to  cover a g i v e n  flow range!  The 

r e l a t i o n s h i p s  a l s o  enable ohe to  p r e d ic t  the  in f lu e n c e s  of  

p ressu re  and temperature changes on the c a l i b r a t i o n  of  a 

c a p i l l a r y  m eter .

P ressu re  changes along the c a p i l l a r y  meter.

As an approximation,  the pressure  change a c r o s s  a 

c a p i l l a r y  tube may be d iv id ed  in to  the f o l lo w in g  components -  

( i )  Pressure  drop, h^ from the i n l e t  v e s s e l  c o n d i t io n s  

to  the  vena'  c o n tra c ta ,

( i i )  P ressure  r i s e ,  h2 in  the expansion from the vena
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c o n t r a e t a  to  t h e  f u l l  bo re  of th e  c a p i l l a r y  tube ,

( i i i )  P re ssu re  drop, h^, due to  change in  the  v e l o c i t y  

d i s t r i b u t i o n ,

( i v )  P ressu re  drop, h4 , due to  f r i c t i o n  along the w a l l  of  

the  c a p i l l a r y  tub e ,

(v) P re ssu re  r i s e ,  h^, in  the  expansion from the c a p i l l a r y  

tube o u t l e t  to  the  o u t l e t  v e s s e l .

The p o s i t i o n s  of  th e se  pressu re  changes in  a t y p i c a l  

c a p i l l a r y  meter arjeshown in  F ig .  38 .

The c a p i l l a r y  meter d i f f e r e n t i a l  h i s  equal  to  the  

a l g e b r a i c  sum o f  th e  above components -

I t  i s  assumed in  the treatment g iv en  below th a t  the  

f l u i d  i s  in c o m p r e s s ib le .

1• P ressu re  drop from the  i n l e t  v e s s e l  to the vena c o n t r a c t a • 

Applying B e r n o u l l i ’ s theorem between s t a t i o n s  1 and 2

g i v e s  -

where P^ and P2 are the a b so lu te  p ressu res  a t  s t a t i o n s  1 and 2,

h = h^ -  h2 +. h^ ■+■ h^ -  h j Eqn. I I . 1

,Eqn. I I  .2

u-j_ and u2 are  the v e l o c i t i e s  a t  s t a t i o n s  1 and 2 , i s  the  

f l u i d  d e n s i t y  and g i s  the a c c e l e r a t i o n  due to  g r a v i t y .

Thus 0 . 2 2 ,  ____
hX • Px. -  P2 a (»22 “ “I 2 )
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ITow by c o n t i n u i t y ,

U l / ° - ^ D 2 = i 2oC = Z P ' f  d2 . . .E q n .  I I . 4

where D i s  the  diameter of  the i n l e t  v e s s e l  (a l s o  the diameter  

of  the o u t l e t  v e s s e l ) ,  c< i s  the c o n tr a c t io n  c o e f f i c i e n t  to  

th e  vena c o n t r a c t a ,  and u i s  the average v e l o c i t y  through the  

c a p i l l a r y  tu b e .

Combining Equations I I . 3 and I I . 4 g i v e s  -

hI  = ^57 /  ~T7 ~ ( l )  1   Eqn. I I . 52 g  I  " ( 5 /

For a sharp edged en try ,  cL may be taken as 0 .6 4

(P ra n d t l ,  T i e t j e n s ,  1934» P 5 2 ) .  A l s o ,  f o r  a l l  the meters

used (d/D)^ i s  l e s s  than 0 .002  and may be om itted .

Thus iO“  2
h-i r 1 .22  — - t —  .  Eqn. I I . 6o

2 .  P ressu re  r i s e  in  expansion from the vena con tra c ta  to  the  
f u l l  bore of  the c a p i l l a r y  tube.

Between s t a t i o n s  2 and 3 the pressu re  r i s e  i s  g iv en  by -

P  t 2 o 2 'jr' , ?\
h2 = P3 -  P2 = r r -  ( u2 f  d - U j -  d2 )

—  d g
2P

JL. f

S u b s t i t u t i n g  = 0 .6 4  g i v e s

= ^ 4 "  ( 3 . - 1 )  E q n -  n - 7

2

ho = 0 .5 6  - ^ 4 -   Eqn - TI- 8 ̂ e

3• P ressu re  drop due to  change in  v e l o c i t y  d i s t r i b u t i o n .

The v e l o c i t y  p r o f i l e s  developed in  the  tube and the laws  

govern ing  the f r i c t i o n  pressure  drop are w e l l  e s t a b l i s h e d  fo r



l e s s  than 2000,  or i s  grea ter  than 3000. In the  interm ediate  

range of Reynolds Numbers the f r i c t i o n  pressure  drop at  any 

one f low  r a t e  i s  ra ther  u n ce r ta in .  To avoid t h i s  p o s s i b l e  

cause of i r r e g u l a r i t i e s  in  the c a l i b r a t i o n s ,  c a p i l l a r y  m eters ,  

were never used w i t h in  the  range of Reynolds Numbers of 1800 

to  3000 .

The pressu re  drops due to the change in  v e l o c i t y  

d i s t r i b u t i o n ,  and due to  w a l l  f r i c t i o n  are  c a lc u l a t e d  

s e p a r a t e l y  f o r  laminar f low m eters ,  and for  turbu len t  f low  

m e t e r s .

' (a) Laminar f low  m e t e r s .

The T r a n s i t io n  Length i s  the le n g th  of  tube required  

to  transform  an i n i t i a l l y  f l a t  v e l o c i t y  p r o f i l e  in to  one in  

which the  v e l o c i t y  a t  the centre  of  the  channel  i s  w i t h in  1% 

of  the  c e n t r a l  v e l o c i t y  f o r  parabol ic  v e l o c i t y  d i s t r i b u t i o n .  

The T r a n s i t i o n  Length X i s  g iven  by (P randt l ,  T i e t j e n s ,  1934>

p . 22 ) -

X * 0 .0 6 5  d % e  Eqn. I I . 9

where Nr e i s  th e  Reynolds Number.

For each of the  meters used the T r a n s i t io n  Length was 

l e s s  than the  l e n g th  of the c a p i l l a r y  tub e ,  and so i t  may be 

assumed th a t  f o r  each meter the  f low  had become p a rabo l ic  a t  

S t a t i o n  4 (F ig .  3 $ ) .

At S t a t i o n  3,  where the v e l o c i t y  p r o f i l e  i s  f l a t ,  the
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f l o w  o f  k i n e t i c  e n e r g y  i s  r i v e n  b y

I  „ 3rr d2 P u
4 2g

At S t a t i o n  4 ,  where the v e l o c i t y  p r o f i l e  i s  almost p a r a b o l i c ,  

the  f lo w  of  k i n e t i c  energy i s  g iv en  by

/■*/2 i
Jo 2 7r - y ^ - d j r  = T f

where y i s  the  ra d iu s  o f  an e lem enta l  r i n g .

Thus

IT 2 -T d (P.. -  P ) u * in crea se  in  f low k i n e t i c  energy
o 3

-  m  d ?  s
4  2 g

hence P 77 ^
* h  ̂ r P  ̂ “ P̂  . - 0.5 g . . .  .Eqn. 11.10

(b) Turbulent Flow M eters .

The pressu re  drop due to the  change from a f l a t  v e l o c i t y  

p r o f i l e  to  a f u l l y  developed turbulent  p r o f i l e  i s  g iv en  by 

(P ra n d t l ,  T i e t j e n s ,  1934» p«5l)
_  2

h = 0 .0 4 5  P  u  Eqn- n . n
3 g

4• P ressu re  drop due to  f r i c t i o n .

As an approximation i t  i s  assumed th a t  the  a c t u a l  

f r i c t i o n  pressu re  drop i s  th e  same as th e  f r i c t i o n  pressu re  

drop w ith  f u l l y  developed f low at the i n l e t  to  the  tub e .

(a ) Laminar f low m e te r s .

The pressu re  drop due to v i s c o u s  drag i s  g iv en  by
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(P ra n d t l ,  T i e t j e n s ,  1934? P 2 0 ) -

h _ 2̂ V  u
4 “ *"5................................ Eqn. 11.12

gd

where V  i s  the  kinematic  v i s c o s i t y  o f  the f l u i d  and -C i s  

the  l e n g t h  o f  th e  c a p i l l a r y  tube.

(b) Turbulent  f low  m eters .

The pressu re  drop due to f r i c t i o n  in  turbulent  

f lo w  i s  g iv e n  by (Lees ,  1914) -

h4 s L.u V .  /  0.0036+  0.31 f | p - ]  /  . . . . E q n .  11.13
g d  I  J  I g R e

5• P ressu r e  r i s e  in  th e  expansion from the c a p i l l a r y  tube 
o u t l e t  to  the  o u t l e t  v e s s e l .

The g a in  in  pressure  in  the expansion i s  g iv en  by -

P \ t  d2 /  d2 \
h 5 “ ~ T ~  ~^2 I 1 -  . . . . . E q n .  11.14

d 2  /  d ^The h i g h e s t  va lue  of  the m u lt ip ly in g  f a c t o r  —  / 1 -  “ o /
D2 V D /

encountered in  the  c a p i l l a r y  meters i a  0.03  and consequently  

t h i s  term may be om itted .

6 • Meter d i f f e r e n t i a l

The meter d i f f e r e n t i a l  h i s  g iven  by

h — hq “* h-2 ** h^ • * • ■ .Eqn. I I .1

f o r  laminar f l o j  meters Equation I I .  1 becomes

h  = 1 . 2 2  4 i L  -  0 . 5 6  4 - 5 -  + 0 . 5 0  + 3 2
e  K g  g d *
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/ > u ~
+■ 3 2&

and fo r  tu rb u len t  flow  meters -

g d *
u . • » • »Sqn. I I . 1 5

* .  ! . 22 ^  -  o .5 6  0 .0 4 56 g g gd

0.0036  -i- 0.31
,0 .35

Re

i . e  h 1 0 . 7 0 "%- t  f 0 .0036  +-0 . 31^ / ^ —  ̂ ° ’35
• .  . .E q n . I I . l 6

7• A p p l ic a t io n  o f  meter equations for  a ir  and butane.

A f l u i d  temperature of 20°C. and p ressu re  of 76 cm. Hg. 

i s  r e p r e s e n t a t iv e  of the average c o n d it io n s  met in  a c a p i l l a r y  

m eter . At th a t  temperature and p r e ssu re ,  a i r  and "butane 

have th e  p r o p e r t ie s  g iv en  "below -

B en s  i t v  
gm /cnw

K in e m a t ic  V i s c o s i t y  
c m ? /s e c  •

A ir 1 . 2 0 4  x  1 0 “ 3 0 . 1 5 1

B u ta n e 2 . 4 9  x  10 " 3 0 o 0 3 4
1

S u b s t i t u t in g  th e se  p r o p e r t ie s  in  Equations 11*15 and I I . 16 ,

.and e x p r e ss in g  the  average v e l o c i t y ,  u, in  terms of the  volume 

f lo w  r a t e ,  V, g iv e s  -  

Laminar r a n g e .
V  ̂ -A V’lr

For a i r  h s 2*3 x  10 ^4  -r 7*55 x  10 * . .  .Eqn. I I .  17
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For Butane h = 4 .8  x 10“° 3L +. 3 ,5  x 10“  ̂ ^  ...Eqn. I I . 18

T u r b u le n t  R ange

E or A i r  h  = 1 . 4 0  x  1 0 “  ̂ 4 r  + —~p x  1 0 “ ^ *
d4 d?

r  m \ 0 .3 5 7
[  0 . 0 0 7 2  + 0 . 2 9 ( 1 )  _ y  . . . B q n . I I . 1 9

2
For Butane h r 2 .9  x  10“  ̂ 2L. +. -^V2 x  i o “  ̂x

d4 "d>

^ 0 . 0 1 5  + 0 . 3 5  * ^ j / . . . B q n .  1 1 . 2 0

8 .  Comparison w i th  Benton*s em pir ica l  c o r r e l a t i o n .

Benton (1919) found h i s  r e s u l t s  fo r  a ir  in  laminar 

f lo w  to  he c o r r e la te d  by -

h  = 2 . 4 4  x  1 0 ' 6 l |  +■ 7.57 x  1 0 " 6 4 4  ............E q n . 1 1 . 2 1

This e x p r e s s io n  i s  in  very good agreement w ith  the  

t h e o r e t i c a l  r e la t io n s h ip  derived  above fo r  a ir  in  laminar  

f lo w  (Equation 11*17 ).



THE CALIBRATION AKD USB Off SOA? BUBBLE METERS,

WET GAS METERS Aim HR? GAS METERS.

I t  has "been found th a t  the c a l i b r a t i o n  of a c a p i l l a r y  

meter g iv e n  hy the t h e o r e t i c a l  e x p r e s s i o n s  der ived  in  

Appendix I I  may he in  error hy ah out 10%. To g iv e  a more 

a c cu ra te  c a l i b r a t i o n  the  c a p i l l a r y  meter i s  c a l ib r a t e d  

a g a in s t  a standard meter.  The standard meters used in  t h i s  

work are Soap Bubble Meters,  Wet Gas Meters and a Dry Gas 

Meter. B efore  th e se  standards were used they  were them se lves  

c a l i b r a t e d  •

C a l ib r a t io n  and use of standard m eters .

1• Soap Bubble M eters.

In a Soap Bubble Meter the volume f low r a te  i s  measured 

by the time taken fo r  a soap f i l m ,  placed across  the  gas  

f l o w ,  to  t r a v e l  from one scr ib ed  mark to  a n o th er ,  the volume 

conta ined  between the  two scr ib ed  marks being knownI This 

volume was determined by f i l l i n g  the  Soap Bubble Meter w ith  

water  up to  the lower scr ib ed  mark, and adding water from a 

b u r e t t e  u n t i l  the  water l e v e l  reached the upper mark, the  

volume between the scr ib ed  marks being g iv en  by the b u re t te  

r e a d in g s .  The v a lu e  of the volume between the  scr ib ed  marks 

quoted by th e  manufa,cturers was found to  be accu rate  fo r  most 

of  the  meters when checked in  t h i s  way. The maximum error found



1 2 9 .

was of 0 .4 $  i n  th e  volume of one of t h e  sm aller  Soap Bubble 

M e te r s .

When a Soap Bubble Meter i s  being used to measure a 

gas f low  r a t e  and so c a l i b r a t e  a c a p i l l a r y  meter,  the gas  

e n t e r in g  the  Soap Bubble Meter g e n e r a l ly  has a r e l a t i v e  

hum idity  of l e s s  than 1 0 0 It  has been found, by dew po in t  

o b s e r v a t i o n s ,  t h a t  as the  gas p a sses  through the  Soap Bubble 

Meter th e  r e l a t i v e  humidity r i s e s  r a p id ly  to  a va lue  above 

9C$. This  causes  a decrease in  the  p a r t i a l  pressure  of the  

dry a i r ,  and conseq u en t ly  the volume f low r a t e  at  the Soap 

Bubble Meter i s  g r e a te r  than that  a t  the c a p i l l a r y  meter.

Thus the  i n d ic a t e d  volume f low r a te  g iven by the Soap Bubble 

Meter rea d in g s  has to  be correc ted  to  g iv e  the  tru e  volume 

f lo w  r a t e  a t  the  c a p i l l a r y  meter.  Graphs g iv in g  t h i s  

c o r r e c t i o n  have been prepared fo r  var ious  va lues  of  c a p i l l a r y  

meter hum idity ,  and cover ing  a range of c a p i l l a r y  meter 

temperatures  and o f  Soap Bubble Meter tem peratures .  An 

average r e l a t i v e  humidity w i th in  the  Soap Bubble Meter of  

90$ was assumed in  c a l c u l a t in g  the c o r r e c t io n .

I t  i s  impor ta n t  th a t  the  temperature o f  the  gas w i t h i n  

the  Soap Bubble Meter should be c lo s e  to  the  temperature of the  

gas a t  the  c a p i l l a r y  meter.  While c o r r e c t io n s  can be made fo r  

temperature d i f f e r e n c e s  when known, the  d i f f i c u l t y  e x i s t s  of  

e s t im a t in g  the  average temperature w i th in  th e  Soap Bubble Meter.

For t h i s  rea so n  a Soap Bubble Meter should not be used when
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under  t h e  d i r e c t  r a y s  of t h e  sun .

The volumes of th e  Soap Bubble Meters used in  t h i s  

work ranged from 5 "to 2000 ml.  These meters were employed to  

measure f low  r a t e s  ranging from 0 .0 4  to  100 m l / s e c .

2 .  Wet Gas Meters .

The Wet Gas Meters were used to  measure f low  r a t e s  

h ig h er  than those  th a t  could be measured by Soap Bubble Meters.

I t  has been found t h a t ,  when gas f low s  through a Wet 

Gas Meter,  the Wet Gas Meter r e g i s t e r s  the f low  of the  gas when 

i t  i s  a t  t h e  temperature o f  the  water w i th in  the  Wet Gas Meter 

and sa tu r a te d  w i t h  water vapour. This was shown in  the  

f o l l o w i n g  way. A s teady  f low o f  a i r  was passed through two 

Wet Gas Meters connected in  s e r i e s .  Care was taken to  ensure  

t h a t  the  water i n  both meters was a t  the  same temperature.  

Assuming that  the  in d ic a te d  volume per r e v o l u t i o n  of the  f i r s t  

Wet Gas Meter was c o r r e c t ,  the volume of  gas pass ing  per 

r e v o l u t i o n  of  the  second meter was determined. The water in  

the  second Wet Gas Meter was then drained o f f ,  and the Meter 

r e f i l l e d  w i th  water a t  a temperature about 10b9„ higher  than  

th a t  o f  the  water in  the f i r s t  Wet Gas Meter. The a i r  f low  

c o n n ec t ion s  were remade, and the r e v o l u t i o n  speeds of the two 

Wet Gas Meters were aga in  observed. The r e s u l t s  of  t h i s  

second t e s t  could only be bought in to  agreement w ith  the r e s u l t s  

of  th e  uniform temperature t e s t  by assuming t h a t ,  in  each c a s e ,  

the  Wet Gas Meter measured the f low r a te  of a i r  at the
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t e m p e r a t u r e  of t h e  w a te r  in  t h e  Wet Gas Meter and saturated  

w ith  water vapour.

This  h y p o th e s i s  that  a Wet Gas Meter measures the gas  

f low  r a t e  when the  gas i s  a t  the temperature of the water 

in  the  Meter,  and i s  sa tu ra ted  w ith  water vapour, was supported  

hy r ead in gs  of  thermometers placed at  s e v e r a l  p o s i t i o n s  in  the  

second Wet Gas Meter. These read ings  confirmed that  the  a i r  

reached th e  temperature of  th e  water in  the  Meter. A l s o ,  

o b s e r v a t io n s  of  th e  dew po in t  o f  a i r  l e a v in g  a t y p i c a l  Wet Gas 

Meter showed th a t  the a i r  was, w i th in  experimental  err o r ,  

s a tu r a te d  w i th  water vapour.

The Wet Gas Meters were c a l i b r a t e d  in  th e  f o l lo w in g

manner. A Wet Gas Meter having a nominal volume per

r e v o l u t i o n  o f  2 . 5  l i t r e s  was s e l e c t e d .  This Meter was

c a l i b r a t e d  by two methods. F i r s t l y  i t  was c a l i b r a t e d  a g a in s t

a standard Soap Bubble Meter by connecting  the  Soap Bubble

Meter to  the  o u t l e t  from the Wet Gas Meter and pass ing  a

s te a d y  f lo w  of  a i r  through both Meters. Mo humidity

c o r r e c t i o n s  were n e c essa ry  in  t h i s  experiment s in c e  the a i r

which entered  the Soap Bubble Meter had a lready  been

s a tu r a te d  w i t h  water vapour in  the  Wet Gas Meter. The volume

of gas passed per r e v o l u t i o n  of the Wet Gas Meter was c a l c u l a t e d

from t h i s  c a l i b r a t i o n  to be 2 .484  l i t r e s .  In the second
c a l i b r a t i o n  t e s t ,  a known volume o f  a i r ,  sa tu r a te d  w ith  water  
vapour, was d i s p la c e d  by water from a v e s s e l ,  and passed

through the  wet Gas Meter. From the  movement of the p o i n t e r s ,  

the  volume p a s s in g  per r e v o l u t i o n  was c a l c u l a t e d  to  be 2.476
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l i t r e s . Tiie r e s u l t s  of t h e s e  two methods of c a l i b r a t i o n  are  

seen  to  agree t o  w i t h in  0*3%• The Meter thus c a l ib r a t e d  was

then  used to  c a l i b r a t e  a Wet Gas Meter having a nominal  

c a p a c i t y  of 10 l i t r e s  per r e v o l u t i o n .  This 10 l i t r e  Meter 

was th e n  used to  c a l i b r a t e  a 25 l i t r e  Wet Gas Meter.

When a Wet Gas Meter i s  be ing  used to  c a l i b r a t e  a 

c a p i l l a r y  meter the  gas en ter ing  the Wet Gas Meter from the  

c a p i l l a r y  meter normally  i s  not sa tu ra ted  w i th  water vapour.

A c o r r e c t i o n  has t o  be app l ied  to the volume f low  r a te  

i n d ic a t e d  by the  Wet Gas Meter to g iv e  the tru e  volume f low  

r a t e  a t  the  c a p i l l a r y  meter.  Another c o r r r e c t io n  i s  a l s o  

n e c e s s a r y  i f  a d i f f e r e n c e  e x i s t s  between the  temperatures of  

the  c a p i l l a r y  meter and of the Wet Gas Meter. Graphs have 

been prepared from which th e se  c o r r e c t io n s  can be read f o r  a 

ran&e of temperature c o n d i t i o n s ,  and of  r e l a t i v e  h u m id i t ie s  

at  the c a p i l l a r y  m eter .

The error which can e x i s t  in  the s e t t i n g  of  the  water  

l e v e l  w i t h i n  the  Wet Gas Meter imposes a l i m i t a t i o n  on the  

accuracy  th a t  can be achieved  w ith  Wet Gas Meters.  For 

example,  in  the case  of the 2 . 5  l i t r e  Wet Gas Meter,  an error  

of 0 .0 2  inch may be present  in  the s e t t i n g  of the  water l e v e l ,  

and t h i s  causes  an error  of 0A%  in  the  volume of gas passed  

per r e v o l u t i o n  of the meter.

Wet Gas Meters were used fo r  c a l i b r a t i n g  c a p i l l a r y

meters in  the  f low range 40 to 800 m l / s e c .



A Dry Gas Meter was used f o r  measuring f low s  in  the  

range 600 t o  1200 m l / s e c .

The Dry Gas Meter was c a l i b r a t e d  by connecting  the  

Meter to  the o u t l e t  of the 25 l i t r e  Wet Gas Meter and p a ss in g  

a s te a d y  f lo w  of a i r  through both m ete rs .  Mo evaporat ion  

tak e s  p la c e  w i t h i n  the  Dry Gas Meter, and as the  temperature  

in  the Dry Gas Meter exceeded the  temperature o f  the water in  

th e  Wet Gas Meter,  o n ly  temperature c o r r e c t io n s  were n e c e s s a r y  

i n  determ ining  the  volume per r e v o l u t i o n  of th e  Dry Gas Meter.

When th e  Dry Gas Meter i s  b e in g  used to  c a l i b r a t e  a 

c a p i l l a r y  meter the only  c o r r e c t io n  req u ired  i s  fo r  d i f f e r e n c e s  

between th e  temperatures of the  c a p i l l a r y  meter and of  the  

Dry Gas Meter.



Fi q .39 D i m e n s i o n s  o r  C h a n n e l  H a v in g  R e c t a n g u l a r  

Cl?OSS~ SECTION



LAMINAR PLOW IN'A CHANNEL ON RECTANGULAR CROSS-SECTION.

The v e l o c i t y  d i s t r i b u t i o n  in  f u l l y  developed laminar  

f lo w  i n  a channel  of r ec ta n g u la r  c r o s s - s e c t i o n  has been so lv e d  

by Cornish ( 1928) .  The d e r iv a t i o n  o f  th e  equat ion  g i v i n g  the  

l o c a l  v e l o c i t y  i s  g iv e n  below. This e x p r e s s io n  was used in

paragraphs 5*3 and 5*4 of Chapter 5*

Consider f lo w  in  a channel  o f  r e c ta n g u la r  c r o s s - s e c t i o n ,  

as shown in  E i g .  39* Let a be th e  h a l f  c r o s s - s e c t i o n a l  

l e n g t h  ( i n  the  x  d i r e c t i o n ) ,  b the  h a l f  c r o s s  s e c t i o n a l  w id th  

( i n  th e  y d i r e c t i o n ) ,  and it the  v e l o c i t y  ( i n  th e  z d i r e c t i o n )  

a t  the  p o in t  (x ,  y ) •

The g e n e r a l  equat ion s  of  motion i n  v i s c o u s  f low  reduce ■

t o :

■4-J- = 0  Eqn. IV .1
X

and P »•>/ gd
2> z

. *  0  Eqn. IV .2
T y

. . . . E q n .  I V . 3

where i s  the  p r essu re  g r a d ie n t  and ^

a b s o lu t e  v i s c o s i t y .

Let T '  s -  and u +■ 7'"' (b2 -  y2 )

Equation XV.3 then  becomes -
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At the  boundary u ~ 0 i . e .  y i  + T 1 (b^ - y~) = 0

Along AB and DC 9^ = 0  Eqn. I V .5

and along  AD and BC 7C ■+■ 7  ̂ (b^ -  y2) a?0 . . .  .Eqn. IV .6

Prom E quation  IV.5> the terms which form the f u c t i o n

VC must v a n ish  when y = I - b , This c o n d i t i o n  i s  s a t i s f i e d

i f  X  c o n s i s t s  of terms such as £  (jj Cos ^  y ,

where £  i s  a f u n c t i o n  of  7~* o n ly ,  and ^  i s  a f u n c t i o n  of

x  o n ly .  ;n i s  an i n t e g e r .

Eor s i m p l i c i t y  a t  t h i s  s t a g e ,  m i s  s u b s t i t u t e d  f o r

TT(2n *  l ) / 2 b .

Thus X  = JS. £  ( jj  Cos m y .

S u b s t i t u t i n g  i n  Equation  IV.4 g i v e s  -  
. 2 • -  m2 y> = 0   Eqn. IV .7

d  x

This  eq u a t io n  i s  s a t i s f i e d  by the  s o l u t i o n  -  

V  ■ An Cosh mx -h Bn Sinh mx 

where An and Bn are c o n s t a n t s .

By symmetry about the  y a x i s ,  BQ z 0 , so th e  s o l u t i o n  becomes -

p  = An Cosh m x ...........................Eqn. IV .8

Hence 7C c o n s i s t s  of terms such as G An Cosh m x  Cos m y

where m = 2—  £  1- I T2b

To s i m p l i f y  the  a p p l i c a t i o n  of t h i s  type of  term to  the  

second boundary c o n d i t io n  (Equation IV .6) a new v a r i a b l e ,  ©, 

i s  in troduced  to  r e p la c e  y ,  where

2b 0 w  «y = — ~ ~  .................Eqn. IV .9



S u b s t i t u t i n g  Equation  IV .9 in  the  second boundary c o n d i t i o n

( E quation  IV .6) g i v e s  -
^ /  _ 7" 4 b2 2 7T2 )
y -  -  -----~ 2 —  ( e “ . . . . E q n .  IV .11

Equation  IV. 11 must agree  w i t h  Equation  IV. 10 when x  = t a ,

i . e .  w i th

•v  ̂ "Sr ^ (2n ■+ l ) 7 f  a
^  ^  6  An Cosh  2b -------  Cos (2n +- l )  © . .Eqn.

n =* IV .12

Equation  IV .11 may be expanded i n  t h e  Four ier  S e r i e s  -

X- -  i S l l 1°1[ c o s  e -  ^  cos 3 e +• —  cos 5 er..7  . . . E q n . 1v .1 3  
t   ̂ /  3 j3  _/

Comparison o f  the  c o e f f i c i e n t s  in  Equations I V .12 and I V .13 

g i v e s  A0 , A^ e t c .  whence -

X  = -  3? r *> - /   cos  . 2 2  -  - i -  cos  +■ .
T  I  Cosh 213 3  ̂ Cosh -^ tT  2b

. . . .Eqn. IV.14

B r in g in g  the  o r i g i n a l  terms of v e l o c i t y ,  pressu re  g ra d ien t  

and v i s c o s i t y  in to  Equation IV .14 g i v e s  -

u S ^ /tb2 - 5~ (-1)n
(2n *■ l ) -5 Cosh



This equat ion  g i v e s  the  v e l o c i t y  a t  the  p o in t  

(x ,  y) in  terms of the  p r e ssu re  g r a d i e n t ,  the  v i s c o s i t y ,  

and the  geometry of  the channel  c r o s s - s e c t i o n ,  and i s  used 

i n  t h i s  form in  Chapter 5*
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