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An experimental study has been made of heat transfer between the 
combustion products and the wails of a horizontal semi-closed tube 
during normal and vibratory propagation of a flame. The vibrations 
arose under conditions of self-excitation of oscillations in the com- 
bustion process. The temperature field in the combustion products 
was determined by an interferometric method. 

The ques t ion of heat t r a n s f e r  f rom a pulsa t ing  
s t r eam has prac t ica l  s ignif icance f rom the viewpoint 
of poss ib le  in tens i f ica t ion  of the heat t r a n s f e r  p rocess .  
There  have been very  few published inves t iga t ions  
of heat t r ans f e r  dur ing  v ibra t ion  of the heat t r a n s f e r  
agent, i n t h e  case of forced motion in channels ,  
especia l ly  when even the t ime-ave raged  p roces s  is 
unsteady.  Such papers  as exist  are  con t rad ic to ry  in 
their  r e su l t s .  In some of them no influence of v i b r a -  
tion on heat t r ans f e r  was observed [1], in others  an 
i nc r ea se  of heat  t r a n s f e r  was observed [2-4] ,  and in 
a third group--a  dec rease  [5]. 

The tests  were ca r r i ed  out with a hor izonta l  tube 
of rectangaalar sec t ion,  28.5 x 12.5 m m ,  of length 
60 em. The tube was filled with a previous ly  p repared  
mix ture  of CO and a i r  of specif ic  concent ra t ion .  Then 
one end of the tube was opened ,and the hot mix ture  
was ignited at the open end by an e tec t r i e  spark.  The 
f lame front propagated towards the closed end of the 
tube, while the combust ion  products  moved in the 
opposite d i rec t ion .  The opposite end of the tube was 
connected to a gasme te r  by me.'ms of a rubber  hose. 
By pinching the hose with a c lamp at var ious  d i s tances  
from the tube, we could obtain both a no rma l  and a 
v ibra to tT  r eg ime  of f lame front  propagat ion,  with 
var ious  ampli tudes  of osc i l la t ion  of the front .  The tube 
in which combust ion occurred  was posit ioned perpen-  
d icu la r  to the optic axis of a s ch l i e r en  sys tem.  The 
working sect ion of the tube, of length about 10 era, was 
located approximate ly  in the middle of the tube, and 
had p lane -pa ra l l e l  glass side walls.  To photograph the 
phenomena we used a high-speed SKS-1M c a m e r a  ca-  
pable of 5000 f rames  per  second. 

The specif ic  heat flux was found by the enthalpy 
method, i.e., 

I Q 1 V~Ai. q -- -- (1) 
S �9 S 

Assuming  that combust ion  is complete  [6], we may 
calcula te  the enthalpy from taMes,  knowing the pe r -  
centage content  of combust ion  lwoduets (it is known 
from the equation of the chemical  react ion) and the 
t empe ra tu r e  of the products  at the inlet  and exit see -  
t ions of the part  of the tube being examined.  The 
volume flow rate  of the combust ion  products  was d e -  
t e rmined  as follows. We shall  wr i te  the genera l  for-  

mula  for a l i n e a r  veloci ty 

~" = M/p F. (2) 

Since the combust ion  products  gradual ly  cool,  the i r  
densi ty  va r i e s .  F o r  a second with densi ty  Pi we have 

W~ = M / 9 i  F .  (3) 

We may de t e rmine  M as the product  of the volume of 
f resh  gas burned in unit  t ime,  Fu,  and its densi ty  P0. 
Then 

M = Y u  Po. (4) 

The veloci ty of the combust ion  products  re la t ive  to 
the walls  of the tube is 

w i = W i - -  u = u (90/p/-- 1). (5) 

Then the volume flow ra te  of combust ion  products  is 

V = F u ( p o / p i  - -  1) = Fu (qm~lT - -  1). (6) 

On the high-speed f i lm it is easy to m e a s u r e  the 
f requency and ampli tude of d i sp lacemen t  of the f lame 
front ,  the ins tantaneous  and average veloci ty of prop-  
agation of the f lame front  re la t ive  to the tube wal l s ,  
and the t empera tu re  in the combust ion  products .  It 
is especia l ly  convenient  in an unsteady r eg ime  to use 
optical methods,  because  of the i r  lack of ine r t i a ,  to 
de t e rmine  the t empera tu re  field in the combust ion  
products .  In this work we used a d i f f ract ion i n t e r -  
f e r ome t e r  [7], the in t e r f e rence  p ic ture  and i ts  i n t e r -  
pre ta t ion  being the same  as for the Mach-Zehnder  
i n t e r f e r o m e t e r .  Because  of the na tu re  of the non-  
uni formi ty ,  the process  in the tube was cons idered  to 
be two-d imens iona l ,  i . eo ,  the medium was cons idered  
to be optical ly constant  along the beam.  This  is valid 
nea r  the f lame front ,  where  the boundary  l aye r  is 
compara t ive ly  thin. The concen t ra t ion  and the p r e s -  
su re  in the combus t ion  products  do not vary.  Under 
these condit ions the re la t ion  

T = T o ( n o - -  l)/(n - -  1), (7) 

obtained from s imul taneous  solut ion of the Loren tz -  
Lorenz  and Mende leev-Clapeyron  equat ions,  is val id.  
As T we tool< the exper imen ta l  value of the combus -  
tion t e mpe r a t u r e  from [s]. We found n from the 
d i sp lacement  of the f r inges:  

n = no q-  N ~t/21. (8) 

The absolnte e r r o r  of t empera tu re  m e a s u r e m e n t  by 
this method is 

AT-= T Z p &  N / 2  ( n  o - -  I)7"ol. (9) 
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Table 1 

Specific Heat Flux q under Various Conditions 

% CO , /d t,/w T 1, ~ T 2, ~ w, m/see [q - 10-4, W/m 2 

45 
45 
45 
45 
45 
37 
37 
37 
37 
32 
32 
32 
32 
32 
25 
25 
25 
2/) 
20 

0 
0.09 
0.09 
0.09 
0.14 
0 
0.07 
0.08 
0.11 
0 
0 
0.09 
0.09 
0.34 
0 
0.08 
0. IO 
0 
o 

0 
0.11 
0.17 
0-I5 
0.21 
0 
0.08 
0.10 
0.13 
0 
O 
0.13 
0.12 
0.27 
0 
0.14 
0.12 
0 
0 

1940 
1760 
1780 
I880 
2000 
2090 
1990 
2270 
2110 
2250 
2130 
2100 
2230 
1890 
2080 
1935 
1975 
1975 
1960 

1680 
1480 
1500 
1530 
1660 
1860 
1670 
1930 
1650 
1995 
1815 
1610 
1885 
1530 
1700 
1560 
i590 
I370 
1545 

3.96 
2.56 
1 �9 66 
2-I2 
2.24 
4.20 
3.07 
2.18 
2.44 
3.94 
2.97 
2.02 
2.52 
3.48 
2.67 
1 . 6 5  
2.34 
1 . 5 0  
1 , 5 9  

5.15 
4.26 
2,56 
3,96 
3,82 
4,60 
5.09 
3.39 
5.62 
3.24 
4.40 
5.10 
4.15 
7.01 
4.99 
3.26 
4.68 
4.75 
3.35 

Since the d i sp l acemen t  of the f r i nges  may be d e t e r -  
mined with an a c c u r a c y  up to AN = 1/20 of a f r inge ,  

for  example ,  fo r  T = 1500 ~ K AT = 15 ~ K. 
High-speed  f i lms  w e r e  taken of the p r o c e s s e s  

o c c u r r i n g  in the propagat ion  of the f l ame  f ront ,  for  
d i f fe ren t  A, v, mix tu re  compos i t ion ,  e t c . ,  {see Table  
1). The heat  f luxes  w e r e  ca lcu la ted  for  the s a m e  
instant  of t ime,  r = 5.68 �9 10 -2 sec .  We took the be -  
ginning of the tube wall  t e m p e r a t u r e  tube as T = 0, 
i. e . ,  the instant  when the point on the f ron t  n e a r e s t  

to the tube wal l  passed  through the mean sec t ion  of 
the pa r t  of the tube being examined.  The ler/gth of 

the work ing  sec t ion  was  24 mm.  
It can be seen  f r o m  Table  1 that, fo r  n o r m a l  p rop-  

pagat ion of the f l ame ,  the spec i f i c  hea t  flux q is 

g r e a t e r  in some  c a s e s  than q fo r  v i b r a t o r y  p ropaga-  
tion of the f l ame ,  while  the c o n t r a r y  is t rue  in o ther  
ca se s .  Evident ly ,  of all  the above f a c t o r s ,  that which 
has the g r e a t e s t  inf luence on q is the ve loc i ty  of the 
combus t ion  products .  The l a t t e r  is r e la ted  to the 

apparen t  ve loc i ty  of propagat ion  of the f l ame  f ront ,  
which depends on the su r f ace  a r e a  of the f ront .  This  
in turn depends on the type of osc i l l a t ions .  T h e r e  a r e  

two types of osc i l l a t ion  of the f l ame  in a s e m i - o p e n  
tube: the s o - c a l l e d  osc i l l a t ions  of type I and o s c i l l a -  

t ions of type II [9]. Dur ing  type I osc i l l a t ions  the a r e a  

of the f ront  is reduced ,  becoming  a lmos t  p lanar ,  the 
ve loc i ty  of d i sp l acemen t  of the f ront  d e c r e a s e s  in c o m -  

pa r i son  with the per iod  of uni form propagat ion ,  and 

the motion of the combus t ion  products  is l a m i n a r .  
Dur ing  osc i l l a t ions  of type II, on the o ther  hand, the 
a r e a  of the f ron t  i n c r e a s e s  in c o m p a r i s o n  with n o r m a l  
f l ame  propagat ion ,  the ve loc i ty  of d i sp l acemen t  of the 
f ront  d e c r e a s e s  sharp ly ,  and the mot ion of the c o m -  

bust ion products  b e c o m e s  turbulent .  
It may be said that Table  1 shows osc i l l a t ions  of 

type I, apar t  f r o m  f i lm No. 14, fo r  which w is  l a r g e r  
than w without osc i l l a t ions .  The f i lm speed in the 8KS- 

1M c a m e r a  was insuff ic ient  fo r  inves t iga t ion  of the 

s t r o n g e r  type II o sc i l l a t i ons ,  w h e r e  the ampli tude of 

osc i l l a t ion  as wel l  as the mean  ve loc i ty  of d i sp l acem en t  

of the f ront  i n c r e a s e  s t rongly .  In this c a s e  a c o m p a r i -  

s ion of the heat  t r a n s f e r  with and without osc i l l a t ions  

was made by an i n v e r s e  shadow method.  In this work  
we obse rved  an i n c r e a s e  of hea t  t r a n s f e r  with o sc i l l a -  

t ions of type II in c o m p a r i s o n  with the f l ame  p ropaga -  
tion without o sc i l l a t i ons .  It may seen  f r o m  Table  2 
that  the r a t i o s  ~q of the heat  f luxes  a r e  l a r g e r  in a l l  

c a se s  than the ve loc i ty  r a t i o s  ??w" This  noteworthy 
fact  indica tes  that t he re  is a pos i t ive  inf luence of v i -  
b r a t ion  of the hea t  t r a n s f e r  agent on the heat  t r a n s f e r  
be tween  the combus t ion  products  and the tube wa l l s .  

F o r  c o m p a r i s o n  with the above-ment ioned  e x p e r i -  

menta l  data,  we de t e rm ined  the hea t  f luxes  with and 

without o sc i l l a t i ons ,  with the aid of a pla t inum thin-  
f i lm r e s i s t a n c e  t h e r m o m e t e r  mounted on g las s ,  as 

de sc r ibed  in [10]. The s ignal  f r o m  the pickup was  
d isplayed on a S-1-19A osc i l l og raph  and photographed.  

F r o m  the known t e m p e r a t u r e  of the subs t r a t e  we ca l -  
culated the heat  f lux accord ing  to the f o r m u l a  [11] 

i dO0) d: (10) 
q ]/ ~ -  d ~  (t--'Q'/=" 

o 

In ca lcu la t ing  q, the in tegra t ion  was  r ep laced  by a 
summat ion .  The o sc i l l og raph  r e c o r d s  show that,  for 

the 45% m ix tu r e  of CO with a i r ,  qmax  with o s c i l l a -  
t ions is l a r g e r  than qmax  without osc i l l a t ions  by a 

f ac to r  of 1.9, the mean  heat  f luxes  ove r  the whole 

t ime  of the p r o c e s s  a r e  the same ,  and ~q with T = 
= 5~ 10-2see  q = 14.  104 W / m  2 is  equal  to 1.02. 

The mean ve loc i t i e s  of d i sp l acem en t  of the f l ame  
front ,  taken ove r  the whole length of the tube, w e r e  

roughly the same .  
It is i n t e r e s t i ng  to note that, although the o r d e r  of 

magni tude of the quanti ty ~q is the s a m e  as in the 
e x p e r i m e n t s  with the i n t e r f e r o m e t e r ,  the n u m e r i c a l  
va lues  of the heat  f luxes  h e r e  a r e  fa r  g r e a t e r .  F o r  
example ,  fo r  r = 5 .68-  10 -2 sec  q = 14 ,  104 W / m  2. 

T h e r m a l  rad ia t ion  con t r ibu tes  a def in i te  por t ion  h e r e .  

But,  in the main ,  i t  is e x p r e s s e d  in the dependence  of 

q on the m a t e r i a l  of the wal l .  
In o r d e r  to e s t i m a t e  the ro le  of t h e r m a l  rad ia t ion ,  

we ca lcu la ted  the ra t io  of the heat  t r a n s f e r  by r a d i a -  

tion to that by d i r e c t  contact .  F o r  our  condit ions the 
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Tab le  2 

C o m p a r i s o n  of the Ra t ios  of the Heat  F luxes  and of the Ve loc i t i e s  
With  Osc i l l a t i ons  to the C o r r e s p o n d i n g  Values  Without  Osc i l l a t i ons  

Film no. 5q 7,u , Film no. ~,~ T,w 

2/i 
3/1 
4/1 
5/1 
7/6 
8/6 
9/6 

12/10 

0,83 
0.50 
0,77 
0.75 
1-I0 
0.74 
1.22 
1.57 

0.65 
0.42 
0.53 
0.56 
0.73 
0.52 
0.58 
0.51 

13/10 
14/10 
12./11 
13/ll  
14/11 
16/15 
17/15 

1.28 
2.16 
1.t6 
0.94 
1-59 
0.65 
0,94 

0.64 
0.88 
0.68 
0.63 
1.17 
0.62 
0.88 

hea t  f lux by  r a d i a t i o n  was  10-20% of the  hea t  flux by 
d i r e c t  contac t .  

NOTATION 

q is the spec i f i c  hea t  flux; S is  the l a t e r a l  s u r f a c e  
a r e a  of s ec t ion  of tube under  examinat ion ;  t, T a r e  
the t e m p e r a t u r e  in ~ and ~ r e s p e c t i v e l y ;  Q/T is 
the hea t  flux; T is  the t ime; V s is the vo lume flow r a t e  
of combus t ion  p roduc t s  ad jus ted  to s t a n d a r d  condi t ions;  
Ai is  the change in volume enthalpy;  W is the l i n e a r  
v e l o c i t y  of combus t ion  produc ts  r e l a t i v e  to f l ame  front;  
M is  the m a s s  gas  flow pe r  second;  p is  the gas  den- 
s i ty ;  F is  the a r e a  of tube c r o s s  sec t ion ;  u is  the 
ve loc i ty  of d i s p l a c e m e n t  of f l ame  f ront  r e l a t i v e  to 
tube w a l l s  (dur ing v i b r a t o r y  p ropaga t ion  of the f l ame  
u is  the mean ve loc i ty  o v e r  one per iod) ;  77 is  the r a t i o  
of some  quant i t i es  ( see  c o r r e s p o n d i n g  subsc r i p t s ) ;  n 
is  the r e f r a c t i v e  index of gas;  N is  the number  of 
f r inges  by which i n t e r f e r e n c e  p i c tu r e  is  d i s p l a c e d ; / z  
is  the wavelength  of l ight;  l is  the length of a non-  
un i fo rmi ty  (in our  c a s e  tube width);  A is  the ampl i tude  
of d i s p l a c e m e n t  of f l ame  front;  d is  the tube d i a m e t e r ;  
v is  the ampl i tude  of o s c i l l a t o r y  ve loc i ty  of f l ame  
front;  w = V / F  is  the mean  ve loc i t y  of combus t ion  
p roduc t s  ave raged  ove r  flow ra te ;  ~ is  the t he rma l  
conduct iv i ty  of g las s  s u b s t r a t e  of s enso r ;  a is  the t h e r -  
mal  d i f fus iv i ty ;  f ( 7 )  is the function d e s c r i b i n g  v a r i a -  
tion of s u b s t r a t e  t e m p e r a t u r e  with t i m e  S u b s c r i p t s :  
0 and i with p a r e  the f r e sh  mix tu r e  and combus t ion  
p roduc t s ;  m and T with ~? a r e  the r a t io  of number  of 
mo les  and of t e m p e r a t u r e s  in combus t ion  p roduc t s  to 
c o r r e s p o n d i n g  quant i t i es  in f r e s h  mix tu re ;  1 and 2 with 

T a r e  the in le t  and out le t  of t e s t  s ec t ion  of tube; q and 
w with 77 a r e  the r a t i o s  of hea t  f luxes  and ve loc i t i e s  in 
the p r e s e n c e  of v ib r a t i ons  to the c o r r e s p o n d i n g  quan-  
t i t i e s  without  v i b r a t i o n s .  
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