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The compos i t e  heat  t r a n s f e r  and the effect  of radia t ion on convect ive heat  t r a n s f e r  in the 
cooling of a l a m i n a r  flow of g r a y  med ium in a shor t  cyl indr ica l  channel were  inves t iga ted .  
The ene rgy  equation was solved n u m e r i c a l l y  in a wide range  of c h a r a c t e r i s t i c  p a r a m e t e r s  
with rad ia l  and longitudinal radiant  f luxes taken into account .  

Severa l  s tudies  of combined heat  t r a n s f e r  in channels  have been made in recen t  y e a r s  [1-7], but the 
p r o b l e m  of the in te rac t ion  of heat  conduction, convection,  and radia t ion  in combined heat  t r a n s f e r  has  not 
ye t  been adequately  inves t iga ted .  The ex i s t ing theore t i ca l  invest igat ions  usual ly  contain r a t h e r  d ra s t i c  
s impl i fy ing  a s sumpt ions ,  which a r e  introduced in the calculat ion of the d ivergence  of the radiant  f lux. In 
p a r t i c u l a r ,  in ca lcula t ions  of the  rad ia t ive  t r a n s f e r  in combined heat  t r a n s f e r  the axial  t e m p e r a t u r e  d i s -  
t r ibu t ion  in the channel and the p r e s e n c e  of axial  radiant  f luxes a r e  usual ly  ignored [1-6]. An exception is  
[7], where  the case  of heat ing of carbon dioxide in the ent rance  region of a round tube was inves t iga ted .  
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F ig ,  1. Radial  t e m p e r a t u r e  dis t r ibut ion n e a r  wall for  different  values  of 
7r3 and x = 1.5,  L C = 18, ~q = 0.034, Pe  = 1000: 1) 7r3 = 0; 2) 0.25; 3 )4 . 0 .  

F ig .  2. Dependence of Q~ on 7rl, v3, and Jw for  Pe  = 1000, L C = 12: a) 
~w = 0.2; b) 0.5; c) 0.8; 1) 7rl = 0.01; 2) 0.02; 3) 0.04; 4) 0 .06.  
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Fig .  3. Dependence of Nu C against  ~l, ~3, and ~w for  
Pe  = 1000, x = 6, L C = 12." a) ~w = 0.2; b) 0.6; 1) ~ -- 
= 0; 2) 0.2; 3) 0.4; 4) 0.6; 5) 1.0; 6) 1.4; 7) 1.8;  8)2.0.  

In the p resen t  work we inves t igate  the in te rac t ion  of radia t ion and convection in the case  of combined 
heat  t r a n s f e r  in a shor t  round cyl indrical  channel through which flows a gray ,  radia t ing and absorbing,  non-  
sca t t e r ing  med ium.  The side walls  of the channel a r e  black and have a constant t e m p e r a t u r e  throughout .  
The ent rance  and exit ends of the channel a r e  closed by porous  b lack  disks  with constant ,  a r b i t r a r i l y  a s -  
s igned,  t e m p e r a t u r e s .  The gas  t e m p e r a t u r e  at the ent rance  to  the channel is  constant ove r  the c r o s s  
sect ion and can differ  f r o m  that  of the en t rance  disk.  The flow of the med ium throughout the length of the 
channel is  s teady and l a m i n a r .  The case  of cooling of the flow is  cons idered .  

The energy  equations for  an e l e m e n t a r y  volume with the longitudinal heat  conduction of the medium 
ignored and the boundary conditions in d imens ion less  f o r m  a r e  

~' ax Peri' ar \ a t /  
(1) 

x-~O; O < r - ~  1; 9 =  1; (2) 

x > O ;  r 1; ~.:= ~w; (3) 

( 0 0 )  ~ 0 .  (4) x > 0 ;  r = O ;  ~ ,.=o 

The d imens ion less  Imlk densi ty  of the incident radia t ion at a given point in the medium is  given by 
the  express ion  

i ] ~ (s) exp (--  r%s) @dOd~. (5) ~tnc = 2 B w exp (--  a3S~ ) -~- ~t sin 

--~/2 0 0 

Taking (5) into account  we solved equation (1) numer ica l ly  with boundary  conditions (2)-(4), us ing  
a f in i te -d i f fe rence  method based on a impl ic i t  s ix-point  s y m m e t r i c  scheme,  and the pivot method in con-  
junction with the method of succes s ive  approx imat ions  [12]. As the ze ro  approximat ion  we used the t e m -  
p e r a t u r e  field obtained on solut iomof the p rob lem of convective heat  t r a n s f e r  in the en t rance  region of 
the  tube.  To solve equation (1) we used a r egu la r  orthogonal  g r id .  To se lec t  the  number  of in te rva l s  
between the nodes  on the rad ius  we compared  the r e su l t s  when the rad ius  was divided into 8, 16, and 32 
i n t e rva l s .  The main  calculat ions were  made  with the rad ius  divided into 16 p a r t s .  To save  machine  t ime  
we calculated express ions  (5) and (8) at the nodes of an i r r e g u l a r  g r id .  The number  of in te rva l s  on the 
rad ius  in th is  case  was f ive ,  and the num ber  of in t e rva l s  on the length was s ix .  The values  at the r e m a i n -  
ing nodes ,  which a r e  requ i red  for  the solution of equation (1), were  found by the method of quadrat ic  i n -  
t e rpo la t ion .  When the r e s u l t s  of an i t e ra t ion  were  used d i rec t ly  to calcula te  the next i t e ra t ion  the conve r -  
gence was poor ,  and in some  c a s e s  the r e s u l t s  even d iverged .  To  obtain m o r e  rapid  convergence  in the 
calculat ion of the t e m p e r a t u r e  f ie lds  we used  the lower  re laxa t ion  method [11]. We took the p a r a m e t e r  as 
0 .5 .  This  shor tened the calculat ion when the changes in the r e l a t ive  t e m p e r a t u r e  s ~ in the i t e ra t ions  
w e r e  l e s s  than one pe r  cent .  This  usual ly  requi red  4-6  i t e r a t ions .  To  reduce  the number  of i t e ra t ions  in 
s e v e r a l  c a s e s  we obtained init ial  conditions by solving p r o b l e m s  in which the values  of the c h a r a c t e r i s t i c  
p a r a m e t e r s  were  c lose  to the cons idered  va lue .  As a r e su l t  of the solution of equation (1) we obtained 
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the  t e m p e r a t u r e  distr ibution in the volume of the channel in the case  of combined heat t r an s f e r ,  which 
depends on the main p a r a m e t e r s  of the problem:  

{~=#(r~ x; as; a,; Pe; ~}; LC). (6) 

The re su l t s  d iscussed in the p resen t  work were  obtained for  channels with a length of 12 and 18 d ia -  
m e t e r s .  

The invest igat ion of the distr ibution of axial radiant  f luxes over  the length of the channel showed that 
t he i r  value changed significantly only in regions of length 1.5 D -3 .0  D at the ends of the channel.  Over the 
whole remain ing  length the i r  value was prac t ica l ly  constant and, hence,  had no effect  on heat t r a n s f e r  by 
rad ia t ion  between the gas vo lumes .  

F r o m  the obtained t e m p e r a t u r e  distr ibution (1) we found the longitudinal distr ibution of the local 
values  of the mean-f low t empera tu re ,  the convective heat flux to the wall QC, and the heat flux conveyed to 
the wall by radiat ion QR: 

g/2 ff/2 S N 

a--A--a 0 4 (s) exp (-- aas ) ds QR = al 2 w exp (-- aaSN ) -}: 
--&,'2 0 0 

• cos 0 sin OdOd, - -  a B  w (x)} 

(7) 

(8) 

5 2  
The total  heat f luxes to the side wall of the whole channel due to radiat ion Q~,  convection Q~, and 

the  total  resu l tan t  flux Q ~ w e r e  found by integrat ion of the corresponding local values over  the length of 
the channel .  

The e r r o r  of the resu l t s  Nu C = Pe  QC/5--Jw in the numer ica l  solution of the problem of convective 
heat t r a n s f e r  in the ent rance  region of the tube ( laminar flow) in accordance  with the a lgor i thm used was 
l e s s  than 1% when x > 0 .5 .  A compar i son  was made with the exact solution [9]. The accuracy  of the a lgo-  
r i t hm used to  calculate  the resul tant  radiant  fluxes in the volume and on the walls was checked by comparing 
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Fig .  4.  Dependence of QEon 7~3, 7rl, 
and ~v for  Pe  = 1000, L C = 12: a) 
2~w = 0.2; b) ~w = 0,8; 1) vl = 0.01; 

) 0.02; 3) 0.03; 4) 0.04; 5) 0.05; 
6) 0 .06.  

the emiss ivi ty  of an infinite cyl inder  with cold black walls,  
fil led with a gray  medium, for  values of rr3 up to 7.0,  with the 
exact values given in [10]. The e r r o r  was less  than 1.5%. 

To obtain the re la t ionships  shown in Figs .  2-4 we used 
the method of orthogonal composit ional exper imenta l  design [8]. 
The var iab le  f a c t o r s  were  ~I, r3, and Jw" The e r r o r  of the 
empi r ica l  re la t ions  obtained by t rea tment  of the resu l t s  of our  
calculated var ian ts  by the method of [8] was as follows: for  the 
mean-f low t e m p e r a t u r e  ~ less  than 4.5%; for  Q~ and Nu C less  
than 7%; and for  Q~ less  than 10%. 

The conducted calculat ions showed that the dependences of 
the local and resul tant  radiat ive heat t r a n s f e r  on the wall t e m -  
pe ra tu re  have a maximum.  The position of the maximum de-  
pends on the specif ic  conditions, i . e . ,  on ~l, ~r3, Pc,  and L C- 
F o r  instance,  when ~a = 0.5,  7rl = 0 . 0 3 4 , P c  = 2000, and L C =18 
the maximum radiat ive heat t r a n s f e r  was obtained when ~w =0 .4 .  
With change in the Bouguer number  f rom 0 to 4 .0  the total  
radiant  flux Q~ also passed through a ymximum in the region of 
7r3 = 1.0 -2 .0 .  The p rec i se  posit ion of the maximum depends on 
the values of the other  p a r a m e t e r s  (~l, Pc ,  ~w' LC)" 

The dependences of the local convective heat f luxes QC in 
each c ros s  section of the channel on ~3 have a minimum.  The 
c lo se r  the section to the ent rance ,  the lower  the value of ~a at 
which the minimum occurs .  We repor ted  s imi la r  re la t ionships  
in a slbtlike channel [1]. They can be at tr ibuted to the different  
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na ture  of the radiant  in terac t ion  between the hot co re  of the cooled flow and the co lder  l a y e r s  at the  wall 
in a weakly absorb ing  and s t rongly absorb ing  med ium.  F igure  1 shows the t r a n s v e r s e  dis tr ibut ion of t e m -  
p e r a t u r e  of the med ium n e a r  the side wall f o r  ~3 = 0, 0 .25,  and 4 . 0 .  F igure  1 shows that  in a weakly a b -  
sorbing medium an i nc r ea s e  in the Bouguer  number  leads  to a m o r e  rapid cooling of the wall l a y e r s  of the 
s t r e a m  than in a d ia thermal  med ium,  whereas  in a s t rongly absorb ing  medium the cooling of the wall l a y e r s  
is  r e t a r d e d .  The intensive rad ia t ive  in terac t ion  of the different  volumes  of med ium leads  to a level ing out 
of the t r a n s v e r s e  t e m p e r a t u r e  field and to an i nc r ea se  in the t r a n s v e r s e  t e m p e r a t u r e  g rad ien t  at  the wall 
with i n c r e a s e  in the Bouguer  num ber .  

The total  convect ive heat  flux to the channel wall a l so  p a s s e s  through a min imum with i nc r ea se  in 
the  Bonguer  n u m b e r .  F igu re  2 shows Q~ as  functions of ~3 and ~1 at different  wall  t e m p e r a t u r e s .  As Fig .  
2 shows, the re la t ive  effect  of ~3 and vl on QC is  m o r e  pronounced at high wall  t e m p e r a t u r e ,  when the con-  
t r ibut ion  of convect ive heat  t r a n s f e r  i s  reduced.  The conducted calculat ions showed that  the effect  of the 
Bouguer  n u m b e r  on QC and Q~ is  m o r e  pronounced,  the g r e a t e r  the value of the Pec le t  n u m b e r .  An in -  
c r e a s e  in Pe  f r o m  500 to 2000 leads  to a reduct ion of the contr ibution of convect ive heat t r a n s f e r  by 50-60%, 
while the contr ibution of r ad ia t ive  heat  t r a n s f e r  i n c r e a s e s  by 30-50%. The effect  of vl and v3 on the con-  
vec t ive  heat  t r a n s f e r  coefficient  (NUc) at different  wall t e m p e r a t u r e s  is  i l lus t ra ted  in Fig .  3, which shows 
that  in combined heat  t r a n s f e r  the convect ive heat  t r a n s f e r  coefficient  i s  not a function of the Pec le t  n u mb er  
alone,  but depends significantly on all  conditions (el, v3, ~w, LC).  Our calculat ions showed that  in condi-  
t ions  where  Pe  = 1000, Sw = 0 . 2 - 0 . 8 ,  L C = 12, and rl  = 0.01 the local  va lues  of Nu C change by 6-20% 
when v3 i n c r e a s e s  f r o m  0 to 2 .0 .  In the w conditions with vl = 0.06 the local  va lues  of Nu C change by 
15-40%. I t  should be noted that  the  effect  of =3 on Nu C is  g r e a t e r  at l a r g e r  Pe  va lues .  

At low wall t e m p e r a t u r e s  with i n c r e a s e  in the Bouguer number  f rom 0 to 2 .0  in channel sect ions c lose  
to the ent rance  Nu C p a s s e s  through a min imum,  which l i es  in the region of smal l  va lues  of v~ (~0.2) .  With 
i n c r e a s e  in wall t e m p e r a t u r e  th is  f ea tu re  is  observed  a lso  in channel sect ions  f a r  f r o m  the en t rance .  F o r  
ins tance ,  F ig .  3 shows that  With Sw = 0.6 in c r o s s  sect ion x = 6 the convect ive heat  t r a n s f e r  coeff icient  in 
an absorb ing  med ium fo r  ~3 = 0 .2 ,  0 .4,  and 0.6 has  lower  values  than in a d ia thermal  med ium in the s ame  
condit ions.  The effect of the main  p a r a m e t e r s  of the p rob lem on the total  r ad ia t ive -convec t ive  heat  t r a n s -  
f e r  i s  of i n t e r e s t .  F igure  4 shows the dependence of the total  heat  flux t r ansmi t t ed  to  the side wall of the 
channel by convection and radia t ion on ~3, el, and Sw (for Pe  = 1000; L C = 12). Th is  f igure  shows that  when 
the  Bonguer  number  changes f r o m  0.2 to  2 .0  the total  heat  t r a n s f e r  p a s s e s  through a m a x i m u m  whose posi  ~ 
tion on the  v3 axis  depends on the o ther  p a r a m e t e r s  of the p r o b l e m .  Our calcula t ions  showed that  the total  
heat  t r a n s f e r  (convection + radiat ion) coefficient,  l ike the total  resu l tan t  heat  flux on the side wall,  depends 
significantly on all  the main p a r a m e t e r s  of the cons idered  p r o b l e m .  

= w / ~  

= T / T o  

x = xc /D and r = r c / R  
Pe  = ~D%p/X 

Cp, p and X 

~'3 = k D  
K 

o i t ~ ~inc = :'a0To 4 " BdoJ. 
4~ 

B w 
QR and QC 

NOTATION 

i s  the veloci ty  at given point of channel r e l a t ive  to mean- f low veloci ty  
ove r  c r o s s  sect ion of channel; 
is  the d imens ion less  t e m p e r a t u r e  r e la t ive  to  s t r e a m  t e m p e r a t u r e  T O at 
en t rance  to  channel; 
i s  the d imens ion less  wall  t e m p e r a t u r e ;  
is  the d imens ion less  mean- f low t e m p e r a t u r e  of s t r e a m  at given c r o s s  
sect ion x; 
a r e  the d imens ion less  lengitudtnal and r a d i a l  coord ina tes ,  r e spec t ive ly ;  
i s the Pec le t  number ;  
i s  the r e c i p r o c a l  of Bol tzmann number ;  
a r e t h e  specif ic  heat,  densi ty ,  and t h e r m a l  conductivity of medium,  r e s p e c -  
t ive ly ,  independent of t e m p e r a t u r e ;  
i s  the Bouguer  number ;  
i s  the absorpt ion  coefficient  of gas; 

i s  the d imens ion less  i~cident lmlk radia t ion  densi ty at given point; 

i s  the b r igh tness  of effect ive e m m i s i o n  of wall r e l a t ive  to  ~0T~; 
a r e t h e  d imens ion less  local  resu l tan t  heat  f luxes due to  radia t ion and c o n -  
vection. '  r e spec t ive ly ,  in re la t ion  to  (~cppT0); 
a r e t h e  d imens ion le s s to t a l  convect ive,  resu l tan t  rad ia t ive ,  and total  heat  
flux onto side wall of channel; 
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12. 

is the distance from considered point to wall of channel in direction of 
beam S in relation to D; 
is the elementary solid angle; 
is the channel diameter; 
is the length of channel in relation to D; 
is the local Nusselt number calculated from QC" 
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