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The r e su l t s  of e x p e r i m e n t s  on the hea t  t r a n s f e r  between je t s  burning in an enclosed space  and a 
cyl indr ica l  c a l o r i m e t e r  a r e  given. A s e m i e m p i r i c a l  express ion  for  calculat ing the hea t  t r a n s f e r  
in cyclone and swir l  c h a m b e r s  is p roposed .  

The case  of hea t  t r a n s f e r  cons idered  h e r e ,  which can occur  in rap id -hea t ing  industr ia l  fu rnaces ,  has  
hard ly  been invest igated.  The e x p e r i m e n t s  a r e  p e r f o r m e d  in a lined chamber  (Fig. 1) with a square  170 • 170 
m m  c ros s  sec t ion  and cut -off  c o r n e r s ,  the length of which is equal to 460mm.  The outside s teel  j acke t  of the 
chamber  is cooled by wa te r .  The combust ion products  a re  drawn off through one of the end faces .  A w a t e r -  
cooled sec t ional ized  (along the per iphery)  c a l o r i m e t e r  with a length of 300 m m  and a d i a m e t e r  of 103 m m  is 
posi t ioned along the axis  of the chamber .  The c a l o r i m e t e r  is provided with p ro tec t ive  wa te r - coo l ed  ca lo r i -  
m e t e r s  on i ts  end f aces .  

A "hot" and a "cold" c a l o r i m e t e r ,  made  of 1Kh18N9T s tee l ,  a re  both used  as the  cen t ra l  m e a s u r i n g  
c a l o r i m e t e r  in expe r imen t s .  The wall  t e m p e r a t u r e  of the "hot" c a l o r i m e t e r  in expe r imen t s  is equal to 500- 
1000~ while the wal l  t e m p e r a t u r e  of the "cold"  c a l o r i m e t e r  is equal  to 100-500~ The wall  t e m p e r a t u r e  is 
m e a s u r e d  by means  of eight C h r o m e l - A l u m e l  t he rmocoup le s ,  which a r e  embedded to a depth of 3 m m  along 
the p e r i m e t e r .  The su r face  t e m p e r a t u r e  of the "hot" c a l o r i m e t e r  is regula ted  by supplying hydrogen and c a r -  
bon dioxide into the annular  s lot ,  packed with corundum sand,  between the outside and inside wa te r - coo l ed  
f r a m e s  of the c a l o r i m e t e r .  In o r d e r  to i m p a r t  s table  radia t ion  c h a r a c t e r i s t i c s  to the su r face  of the "hot" 
c a l o r i m e t e r ,  it was  f i r s t  oxidized,  while the su r face  of the "cold" c a l o r i m e t e r  was pol ished mechanica l ly  
f r o m  t ime  to t ime  to en s u re  a low degree  of b lackness .  The la t t e r  made it poss ib le  to reduce the e r r o r  con-  
nected  with the calculat ion of rad ian t  heat  t r a n s f e r .  
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Fig. 1. Expe r imen ta l  chamber  
( t r ansve r se  c r o s s  section): 1) 
w a t e r -  cooled jacket ;  2) lining; 
3) c a l o r i m e t e r ;  4) nozzles ;  5) 
header ;  6) insulation; 7) 
therrnocouples  (nine p ieces ) .  
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Dependences  of the t e m p e r a t u r e  T (~ and the spec i -  
t ic t h e r m a l  flux q (W/m 2) on the je t  veloci ty  U b (nm/sec) and 
the gas d i scha rge  nm3/h) pe r  m of furnace  length: 1, 2, and 3) 
mean  t e m p e r a t u r e s  of the gas ,  the lining, and the c a l o r i m e t e r  
s u r f a c e s ,  r e spec t ive ly ;  4) and 5) mean  total  and radiant  heat  
f luxes.  

Fig. 3. Dependences  of the coeff ic ients  of convect ive heat  
t r a n s f e r  a (W/m 2. deg) on the je t  ve loci ty  U b (nm/sec) and the 
gas d i scharge  B (nm~/h) pe r  m of furnace length: 1, 2, and 3) 
h e a t - t r a n s f e r  coeff icient ,  ave raged  along the p e r i m e t e r ,  
coeff icient  of hea t  t r a n s f e r  to the upper  sec t ion ,  and coeff icient  
of hea t  t r a n s f e r  to the l a t e r a l  sec t ion ,  r espec t ive ly .  

Four  h e a d e r s ,  us ing in terchangeable  nozzles  with d i a m e t e r s  of 3 and 4.5 m m ,  spaced a t  30 and 60 ram,  
a re  mounted in the side wails  of the chamber .  A prev ious ly  p r e p a r e d  g a s - a i r  mix tu re  (natural  gas and a i r )  
is supplied to the chamber  through the nozz les ,  whereby  two s y s t e m s  of opposed j e t s ,  above and below the 
c a l o r i m e t e r ,  a r e  produced.  

The t e m p e r a t u r e  of the chamber  inside sur face  is  m e a s u r e d  by means  of nine P P - 1  t he rmocoup le s ,  
while the gas t e m p e r a t u r e  in the chamber  is m e a s u r e d  by means  of nine PR-30/6 the rmocoup les  with bare  
junct ions ,  the d i a m e t e r  of which is equal  to 0.17 m m .  The gas t e m p e r a t u r e  is m e a s u r e d  at  th ree  sec t ions  
along the chamber  length,  above,  on the side of, and below the c a l o r i m e t e r .  The thermocouple  readings  a r e  
adjusted by introducing co r r ec t ions  obtained by compar i son  with readings  of a d raw-of f  thermocouple .  It  is 
known that  combust ion at  the sur face  of a pla t inum junction provides  an exaggera ted  gas t e m p e r a t u r e .  T h e r e -  
f o r e ,  the m e a s u r e m e n t s  a re  p e r f o r m e d  with a d raw-of f  thermocouple  whose junction is covered  with quar tz  
with a th ickness  of 5-10 ~ (the shock wave deposi t ion of quar tz  was  p e r f o r m e d  at the Gas Ins t i tu te ,  Academy 
of Sciences of the Ukrainian SSR). 

By p roces s ing  the expe r imen ta l  data ,  we de te rmined  the total  t h e r m a l  f luxes to the c a l o r i m e t e r  sec t ions  
(with r e s p e c t  to the hea t  absorbed  by the cooling water)  and calcula ted the rad iant  heat  fluxes (with r e s p e c t  to 
the exper imenta l ly  m e a s u r e d  t e m p e r a t u r e s  of the c a l o r i m e t e r ,  the l ining, and the gas and the deg rees  of b lack-  
ne s s ,  de te rmined  on the bas is  of the m a t e r i a l ,  i ts f inish,  and i ts  t e m p e r a t u r e  according  to data f r o m  [5-7]). 
The coeff icient  of hea t  t r a n s f e r  was calculated by means  of the e x p r e s s i o n  

= (qz - -  q r ) / (  T - -  rr)" (1) 
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Fig. 4. Compar i son  between exper imenta l  data and ca l -  
culations based on (6) concerning the heat  t r an s f e r  in 
swirl  and cyclone chambers ;  our  exper imen t s :  1) cham-  
ber  dimensions (cross  sect ion and length), 170 • 170 x 
460 mm;  ca lo r ime te r  d i ame te r ,  103 mm;  number  of 
c a l o r i m e t e r s ,  1; b u r n e r  (nozzle) d iamete r ,  3 ram; num-  
ber  of bu rne r s  (nozzles) ,  56; surface  t empera tu re  of 
c a l o r i m e t e r ,  500-1000~ 2) 170 x 170 x 460; 103; 1; 3; 
56; 200-500; 3) 170 x 170 x 460; 103; 1; 4.5; 28; 200-500; 
4) 170 x 170 x 460; 100 x 100; 1; 12.5, 24; 100-1000; r e -  
spect ively;  exper iments  in [2]: 5) 150 d i ame te r  x209; 47; 
2; 50; 1; 100, respec t ive ly ;  6) 150 x 209; 23; 5; 2; 42; 5; 1; 
respec t ive ly ;  7) 300 x 396; 90; 2; 100; 1; 100 r e -  
spect ively;  8) 300 x 396; 46.5; 2; 100; 1; 100, respect ively; i  
9) 450 x 594; 109; 2; 150; 1; 100, respec t ive ly ;  ex p e r i -  
ments  in [3]: 10) 265 x 504; 42; 2; 108; 1; 11) 265 x 504; 
42; 2; 108; 2; 12) 265 x 504; 42; 2; 87; 1. 

Exper iments  show that combustion of a g a s - a i r  mixture  in a sys tem of opposed je ts  ensures  intensive gas 
combustion and large values of the hea t - t r an s f e r  coefficient.  Ignition in such a sys tem is ensured  not so much 
by rec i rcu la t ion  (as in ord inary  burners)  as by powerful  forced  supply of h igh- tempera tu re  combustion products  
to the roots  of the opposed je ts .  Tempe ra tu r e  m easu rem en t s  along the axes of the je ts  have shown that the ini-  
t ial ly cold j e t  (300-400 ~ is heated to 800-1000~ af ter  moving through a distance equal to 7-10 ca l ibers  (25-30 
mm) ,  so that an intensive combustion p roces s  ensues ,  which ends at a dis tance equal  to 20-25 cal ibers  (60-70 
mm).  Te m pe r a tu r e  measu remen t s  along the c h a m b e r  above the upper and below the lower ca lo r ime te r  genera -  
t r i c e s  have not revea led  marked  t empera tu re  d i f ferences  ove r  dis tances  of the o rde r  of the nozzle spacing (30 
mm).  For  a 60-ram spacing,  the je t  combustion p ro ce s s  is prolonged,  and the heat  t r ans fe r  de te r io ra tes  
( therefore ,  only the resu l t s  for  the 30-ram spacing are  given below). I n  all cases ,  gas analysis  of the combus-  
tion products  leaving the chamber  has shown that the combustion is v i r tual ly  complete fo r  a i r  excess  fac tors  
of 1.02-1.4. 

The the rma l  s t r e s s  in the chamber  reaches  30" 106 W/m 2, while the maximum thermal  flux (directed 
toward the upper  section) is equal to 4.3.105 W/m 2 for  a wall t empera tu re  of the ca lo r ime te r  section equal to 
550~ Figure  2 shows the dependences of the mean t empera tu re  and of the total and the radiant  heat fluxes 
(averaged along the pe r imete r )  on the je t  veloci ty  and the gas d ischarge  per  lineal mete r .  The radiant  heat  
flux in the exper iments  amounted to 20-55% of the total  the rmal  flux for  the "hot', ca lo r ime te r  and 10-20~ for  
the "cold" ca lo r ime te r .  

F igure  3 shows the exper imenta l  data on the coefficients of convective heat  t r ans fe r  f rom the gases to the 
c a l o r i m e t e r ,  calculated on the basis of the mean gas t empera tu re  above a ca lo r ime te r  section. The coefficient  
of convective heat  t r an s f e r ,  averaged along the p e r i m e t e r ,  is by 15-20% lower than the hea t - t r ans fe r  coefficient  
reduced to the theore t ica l  t empera tu re  of combustion produc ts  obtained f ro m  the equation of heat  balance. 

The coefficient  of convective heat  t r an s f e r  inc reases  f rom 80-100 to 230-250 W/m 2 �9 deg as the velocity 
inc reases  f rom 50 to 150 nm/sec ,  r e spec t ive ly ,  which corresponds  to gas d ischarge  values of 16 and 48 nm3/h 
per  m of furnace length. 
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The m a x i m u m  h e a t - t r a n s f e r  coeff icient  along the p e r i m e t e r  of the c a l o r i m e t e r  occu r s  in the zone where  
the burning j e t s  m e e t  (i .e. ,  in the lower  and upper  c a l o r i m e t e r  sect ions) ;  it exceeds  by a fac tor  of 1.4-1.6 the 
value in the l a t e ra l  sec t ions .  The wall  t e m p e r a t u r e  of the c a l o r i m e t e r  in the 100-1000~ range does not affect  
m a t e r i a l l y  the coeff icient  of convect ive heat  t r a n s f e r ;  the effect  of this t e m p e r a t u r e  is desc r ibed  unambiguously 
by the ra t io  P r c / P r  w. 

As the amount  of excess  a i r  i n c r e a s e s ,  the coeff icient  of convect ive heat  t r a n s f e r  d imin ishes ,  which is  
connected with changes in the t he rmophys i ca l  c h a r a c t e r i s t i c s  of the combust ion products .  

The heat  t r a n s f e r  is not affected by changes in the nozzle  d iamete  r for  equal  d i scha rges  of the g a s - a i r  
mix tu re  and total  nozz le  a r e a s .  

We shall  now introduce a d imens ion less  e x p r e s s i o n  for  the p r o c e s s i n g  of expe r imen ta l  data.  The flow in 
the chamber  under  cons idera t ion  is ve ry  complex ,  and it obeys di f ferent  laws in d i f ferent  pa r t s  of the chamber .  
The convect ive hea t  t r a n s f e r  at  any sect ion depends on both the in te rac t ion  between the je t  and the c a l o r i m e t e r  
and the mean  veloci ty  of combust ion products  at  the given sec t ion ,  so that  the convect ive heat  t r a n s f e r  along 
the length and the p e r i m e t e r  of the cham be r  cannot be calculated.  Fo r  p r ac t i ca l  calculat ion of such fu rnaces  
and combust ion c h a m b e r s ,  i t  is e x t r e m e l y  impor tan t  to be able to e s t ima te  at  l e a s t  the mean  (with r e s p e c t  to all  
the h e a t - t r a n s f e r  su r f aces  of the chamber)  coeff ic ients  of heat  t r a n s f e r .  

The d imens ion less  re la t ionsh ips  obtained by di f ferent  authors  [2-4] for  the hea t  t r a n s f e r  in swir l  and 
cyclone chambe r s  show that ,  in spite of the complexi ty  of the p r o c e s s ,  convective heat  t r a n s f e r  in such c h a m -  
be r s  is on the whole de te rmined  by few p a r a m e t e r s ,  which include,  in the f i r s t  p lace ,  ra t ios  of the chamber  
d i a m e t e r  to the bu rne r  d i a m e t e r  and to the c a l o r i m e t e r  d i ame te r .  The d rawback  of these  pure ly  e m p i r i c a l  
re la t ionsh ips  is that  they a r e  in poor  a g r e e m e n t  with each  other .  We shall  a t t empt  to combine them into a 
single co r re la t ion  by cons ider ing  a s impl i f ied  phys ica l  p r o c e s s  in a channel. Actual ly ,  consider  the chamber  
as  a s t ra igh t  channel with the equivalent  d i a m e t e r  D, where  the gas flow has a ce r ta in  mean  veloci ty ,  d e t e r -  
mined by the exp re s s ion  

G 1 
v ~ c = - - ;  s r  r 

pS.c l/ (Ka/St)Z + (K,/SL)Z (2) 

where  K G is a p a r t  of the total  d i scharge  pass ing  through the middle  of the chamber  (K G = 1/2 for  a d i scharge  
uni formly  d is t r ibuted  along the length and supplied at the cen te r ,  while K G = 1 for  a d i scharge  supplied at  the 
end face) ,  and K s is a coeff icient  accounting for  the d i scharge  dis t r ibut ion over  the longitudinal sect ion (K s = 1 
for  flows in opposi t ion,  and Ks = 2 for  one - s ided  tangential  flow). 

If we now use the wel l -known exp re s s ion  for  heat  t r a n s f e r  in channels [1], 

Nu = 0.021 Pr T M  prc o.~s 
c \ Prw / , (3) 

it  can happen that  the expe r imen ta l  coeff icient  of convective heat  t r a n s f e r  exceeds  by one o rde r  of magnitude 
the value calculated by means  of this express ion .  

This  can be explained by the fact  that  the re  a re  ve loc i t ies  in the chamber  which great ly  exceed the mean  
ve loc i t i es  (the init ial  j e t  ve loc i t ies  U b in the burner ) ,  as  a r e su l t  of which the intensi ty of convective heat  
t r a n s f e r  i n c r e a s e s .  F r o m  the va r ious  tentat ive v a r i a n t s ,  the following definition of the theore t ica l  veloci ty 
p roved  to be the m o s t  acceptab le  one: 

U~ = Ktt~ne+ K2Ume(Ub-- Um~. (4) 

By subst i tut ing Uth f r o m  (4) for  Ume in (3) and us ing  the equation of continuity 0bUbS b = OcUmeSc, we ob-  
tain 

NUth== Nu [Ki + / (2  (ScTb ~SbT c - - 1 ) !  0"4 ' (5) 

Compar i son  with expe r imen ta l  data sugges ts  that  the ra t io  Sc/F should f igure  in K2, which would r e su l t  
in the following relationshil~ 

[ - (  )1 o., NUth= Nu 1 + 267 Sc Sc Tb 1 �9 (6) 
F % Vc 
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In Fig. 4, the results obtained by means of expression (6) are compared with our experimental data and 
the experimental data obtained by other authors [2-4] in the range 

ScTb 
4 ~  - ~ c  ~100. 

In this ar t ic le ,  the absolute values of the chamber dimensions and of the other parameters  vary in fairly wide 
ranges: chamber diameter ,  0.17-0.45 m; length, 0.2-0.6 m; burner (nozzle) diameter  3-150 ram; number of 
burners ,  1-56; outflow velocity, 20-150 m/sec; jet  temperature ,  20-1500~ 

The discrepancies between the experimental data and the results obtained by means of (6) amount to less 
than 20%, which can be considered as satisfactory if the considerable ranges of parameters  and their ratios 
are taken into account. 
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NOTATION 

temperature;  
thermal flux density; 
coefficient of convective heat t ransfer ;  
mass discharge; 
velocity; 
density; 
kinematic viscosity; 
equivalent chamber diameter;  
total surface area of heat- t ransfer  surfaces; 
cross-sect ional  area of the chamber; 
proportionality factor;  
Nusselt number; 
Prandtl  number; 

is the Reynolds number. 

I n d i c e s  

Z is the total; 
r is the radiant; 
w is the wall; 
t is the t ransverse ;  
L is the longitudinal (axial)); 
b is the burner  (nozzle); 
c is the chamber; 
th is the theoretical;  
e is the experimental.  
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