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Heat  exchange with mixed convect ion near  a hor izonta l  cyl inder  plays an impor tan t  ro te  in a number  of 
technological  p r o c e s s e s .  In addition, a cyl inder  is a convenient  model  for a fundamental  invest igat ion of the 
p r o c e s s .  Severa l  r e p o r t s  on this p r o b l e m  have now been published. The boundary- l aye r  equations,  wr i t ten  in 
the Bouss inesq  approximat ions  have been solved numer i ca l ly  for the region of a cyl inder  where  the use of 
bounda ry - l aye r  theory  is poss ib le  [1-3]. The numer i ca l  invest igat ion was ca r r i ed  out m o s t  fully in [1], where ,  
a long with r e su l t s  on hea t  exchange and f r ic t ion,  data  were  obtained on the inf luence of gravi ta t ional  forces  on 
the separa t ion  of the boundary l aye r .  In al l  the r e p o r t s  the ve loc i ty  dis t r ibut ion a t  the outer l imi t  of the 
boundary l ayer  is taken ei ther  f r o m  exper imenta l  data for pure ly  forced motion or as for s t r e a m l i n e  flow of an 
ideal fluid, s ince there  a r e  no data for mixed convection.  The a v e r a g e  heat  t r an s f e r  a t  a constant  wall  t e m -  
p e r a t u r e  or a t  a constant  hea t  flux is mainly  cons idered  in the exper imenta l  r e p o r t s  [4-7]. Only in [7] is the 
local  heat  exchange of a hor izonta l  cyl inder  with a constant  heat  flux invest igated for t r a n s v e r s e  flow over  it. 
Data a r e  absen t  on the hydrodynamic  env i ronment  over  the en t i re  p e r i m e t e r  of a cyl inder  under conditions of 

mixed convection.  

In the p r e s e n t  r e p o r t  an exPer imenta l  invest igat ion is made of the flow of a ve r t i ca l  a i r  s t r e a m  over  a 
hor izontal  i s o t h e r m a l  cyl inder  when the d i rec t ions  of forced motion and the gravi ta t ional  forces  do and do not 
coincide.  The influence of na tura l  convect ion on the posi t ion of the separa t ion  point of the boundary layer  is 
invest igated.  The ve loc i ty  and t e m p e r a t u r e  d is t r ibut ions  a r e  measu red .  The local  and a v e r a g e  heat  fluxes a re  
de te rmined .  The m e a s u r e m e n t s  a r e  made  a t  Gr ~ 105, Re = 40-4000, and G r / R e  2 = 0.01-20. 

The invest igat ions were  conducted in the working chamber  of a ve r t i ca l  low-veloci ty  wind tunnel which 
could opera te  in closed and open s chem es .  The s t r e a m  veloc i ty  was var ied  in the r ange  of 0-1 m/sec  and the 
s t r e a m  t e m p e r a t u r e  was var ied  f r o m  20 to 50~ The deg ree  of s t r e a m  turbulence in the working chamber  did 
not exceed 0.3%. A cyl inder  made of copper  pipe 60 m m  in d i ame te r  and 200 m m  long was used as the working 
body. The degree  of blockage of the s t r e a m  by the cyl inder  was 0.12. As is known, such a level  of turbulence 
and s t r e a m  blockage does not a f fec t  the heat  exchange for l amina r  flow over  a cyl inder .  The cyl inder  was 
cooled or heated,  depending on the requ i red  d i rec t ion  of na tura l  convection.  

The sepa ra t ion  point of the boundary l ayer  was de te rmined  through v isua l iza t ion  of the flow by the method 
of a l a s e r  l ight ,kni fe ."  A thin s t r e a m e r  of tobacco smoke ,  which moved along a s t r e a m l i n e  in the boundary 
l aye r ,  was supplied in the plane of the Wknife" in the vicini t ies  of the upper  or lower c r i t i ca l  points of the 
cyl inder .  The sepa ra t ion  point was accu ra t e ly  de te rmined  v isua l ly  and f r o m  photographs f r o m  the sha rp  change 
in the d i rec t ion  of mot ion of the smoke  s t r e a m e r .  The a c c u r a c y  of de te rmina t ion  of the angular  coordinate  of 
the separa t ion  point was no w o r s e  than 2 ~ The veloci ty  was measu red  with a l a s e r  a n e m o m e t e r  of type 55L f rom 
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the DISA Company. The measuremen t  was made in the differential Doppler mode with d i rec t  reflection. The 
measuremen t  volume had a diameter  of 0.235 mm. As the l ight -sca t te r ing  part icles  we used wood smoke with 
par t ic le  sizes of 0.4-1/xm. The position of the measuremen t  volume was determined with an e r ro r  of ~ 0.05 m m  
using a special  coordinating device. The change in the position of the center  of the measuremen t  volume due to 
the tempera ture  gradient  in the boundary layer  when max At = 50~ was ~3% o f  the value of its diameter .  

The local coefficient  of heat t ransfer  was determined f rom the tempera ture  profile,  measured with a 
micro thermocouple  0.05 mm in diameter .  The coordinate of the tempera ture  sensor  was determined with an 
e r r o r  of ~ 0.05 mm in the radial  direct ion and of ~0.5  ~ along the per imete r .  The average  coefficient of heat 
t ransfer  was determined by integrat ion of the values of the local coefficient of heat  t ransfer  over the per imete r  
and by the heat-balance method. A detailed descr ipt ion of the experimental  installation and of the procedure  
for conducting the investigation is given in [8, 9]. 

The cha rac te r  of the a i r  movement  in the vicinity of the cylinder was established as a resu l t  of the visual  
observations and the measuremen t  of the veloci ty  distribution. It is known that in purely forced flow over a 
cylinder at subcr i t ica l  Reynolds numbers Re the separat ion of the boundary layer  occurs  at  ~ ~ 86 ~ with the 
format ion of a reg ion  of vortex motion in the r e a r  zone of the cylinder.  The heat flax is the least  in the sep-  
ara t ion region.  With natural  convection at  Grashof numbers Gr of 10~-109 the boundary layer is p reserved  over 
essent ia l ly  the entire pe r imete r  and the heat flux decreases  monotonically in the direct ion of motion. The 
var ia t ion  of the position of the separat ion point owing to the interaction of forced and natural convection is p re -  
sented in Fig. 1 (points I). A positive value of the pa ramete r  Gr/Re 2 corresponds  to concur rence  of the d i rec -  
tions of forced motion and of the gravitat ional  forces while a negative value corresponds  to their opposing 
action. With concur ren t  mixed convection an increase  in the parameter  Gr/Re 2 leads to a downstream shift of 
the separat ion point, while when Gr/Re2_> 2 separat ion hardly occurs ,  i .e. ,  the boundary layer is preserved over 
a lmos t  the entire per imete r  of the cyl inder .  The vicinity of the r e a r  point of the cylinder is an exception. 

For  nonconcurrent  convection an increase  in the absolute value of GrfRe 2 shifts the separa t ion point 
c loser  to the front point of the forced flow. As shown by the flow visualization,  when Gr/Re2> 0 . t ,  counter -  
motion develops on the lower par t  of the cyl inder ,  the region of extension of which increases  as the separat ion 
point shifts c loser  to the front point. The countermotion,  interact ing with the external s t r eam and the walI, 
forms a boundary layer  with a direct ional  veloci ty which var ies  over the thickness.  Since the external flow is 
formed here  in the vor tex  region of the cylinder after  separat ion of the boundary layer ,  the velocity and tem-  
pera ture  pulsate in the outer par t  of the layer .  The thickness of the layer  is considerably  grea te r  than for 
purely natural  convection. With an inc rease  in Gr /Re  2 the counterrnotion developing under the action of f ree  
convection becomes more  stable, and when Gr/Re2> 4 it extends over the entire per imete r  of the cylinder.  The 
r i s ing  plume of heated air mixes with the forced s t ream,  crea t ing additional t empera tu re  and dynamic dis-  
turbances ,  which lead to the appearance  of velocity and temperats  ~ e pulsations in the outer region of the 
boundary layer .  

The resul ts  of a numerica l  solution of the boundary- layer  equations [1] a re  also given in Fig. 1 (points 2). 
A veloci ty distr ibution of the external s t r e a m  like that for an ideal fluid was adopted for the solution of the p rob-  
lem. This was one of the reasons  for the d i sagreement  of the calculation and the experiment ,  although it is 
not too considerable  in the region of concur ren t  convection. 

Examples of the distribution of the tangential veloci ty  component in the boundary layer  a re  given in Fig. 2 .  
It must  be noted that these resu l t s  could be obtained only with a laser  Doppler veloci ty mete r ,  allowing the mea-  
su rement  of the local velocity down to 0.01 m/sec .  

Velocity profi les with Gr iRe  2 = 1.28 are  given in Fig. 2a, for different angles along the per imete r .  In 
this case  the influences of the forces  of free and forced convection have the same order  of magnitude. The 
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veloci ty  profiles have the maximum which is cha rac te r i s t i c  of natural convection. In this case  the maximum 
value of the velocity is reached at ~o ~ 120 ~ Separat ion of the boundary layer  is not observed up to ~o ~ 150 ~ 
which agrees  with the data presented in Fig. 1. 

Velocity profi les  for different values of the pa ramete r  Gr /Re  2 and ~o = 90 ~ a re  given in Fig. 2b. Both 
concur ren t  and nonconeurrent  mixed convection are  considered here .  For  concur ren t  convection the velocity 
profi le becomes fuller with an inc rease  in Gr/Re2, with the formation of the charac te r i s t i c  maximum. For  non- 
concur ren t  convection the veloci ty profi les  a re  deformed in the opposite direct ion with an increase  in Gr /Re  2, 
approaching a separat ion profi le  in shape. A region contaIning r e tu rn  flow appears  at Gr /Re  2 ~ 0.3. The thick- 
ness of the boundary layer  grows considerably.  

The resul ts  of a determinat ion of the local coefficient  of heat t ransfer  a re  shown in Fig. 3 (lines 1). The 
cha rac te r  of the var ia t ion of heat  t ransfer  over the pe r ime te r  fully correspond to the propert ies  of the flow in 
the boundary region.  For  concur ren t  convection (Fig. 3a) with G r / R e 2 -  < 0.02 the distr ibution of the coefficient 
of heat t ransfer  cor responds  to forced s t reaml ine  flow with a mInimum in the region of ~o ~ 90 ~ With an in- 
c r ea se  in Gr /Re  2 there  is a redis t r ibut ion  of the coefficient  of heat t r ans fe r  connected with the downstream 
shift of the separat ion point. When Gr/Re2-> 2 the var ia t ion in heat t r ans fe r  at  all points takes place monotoni- 
cal ly with an increase  in this pa rame te r ,  approaching the values charac te r i s t i c  of natural convection. 

In Fig. 3 we also p resen t  the resu l t s  of numerical  solutions of the boundary- layer  equations (lines 2-4), 
made in accordance  with [1-3]. The solutions of [2, 3] yield sa t i s fac tory  agreement  with exper iment  only in the 
vicinity of the front  point with concur ren t  convection. The resul ts  of [1] diverge considerably  f rom the experi-  
ment for  the mos t  part .  Clear ly ,  a solution of the problem in the boundary- layer  approximation cannot yield a 
c o r r e c t  r e su l t  for the conditions under considerat ion.  

The var ia t ion  of the local heat  t ransfer  has an ent i re ly  different fo rm for nonconcurrent  convection 
(Fig. 3b). Whereas for a smal l  value of Gr /Re  2 the distr ibution of heat t ransfer  over the per imete r  c o r r e -  
sponds to forced s t reaml ine  flow, i .e. ,  there is a hea t - t r ans fe r  minimum at  ~0 = 90 ~ and a maximum at r = 0, 
when the p a r a m e t e r  Gr /Re  2 reaches  20 the distr ibution of heat  t ransfer  over the per imete r  is monotonic and 
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c o r r e s p o n d s  to na tu ra l  convect ion,  and as a r e s u l t  of the v a r i a t i o n  in the d i r ec t ion  of motion in the boundary 
r e g i o n  the hea t  t r a n s f e r  becomes  g r e a t e s t  a t  (p = 180 ~ and l e a s t  a t  ~0 = 0. With c o n c u r r e n t  convect ion the influ- 
ence of forced flow on the hea t  exchange is l i t t le  not iced when Gr/He2> 10, while with nonconcur ren t  convect ion 
this influence is impor t an t  up to G r / R e  2 = 15. This is explained by the p r o p e r t i e s  of the in te rac t ion  of the 
boundary  flow and the ex te rna l  s t r e a m  which were  de sc r ibed  e a r l i e r .  It is i n t e r e s t i ng  to note that  under these  
condit ions the re  is a mode of G r / R e  2 = 12-15 in which the h e a t - t r a n s f e r  in tens i ty  over the p e r i m e t e r  r e m a i n s  
constant .  

In Fig .  4 points 1 and 2 a r e  data  on the a v e r a g e  hea t  t r a n s f e r  for  c o n c u r r e n t  and nonconcur ren t  convec-  
tion, r e s p e c t i v e l y ,  obtained by the h e a t - b a l a n c e  method;  3 and 4 a r e  data for c o n c u r r e n t  and nonconcur ren t  
convect ion,  r e s p e c t i v e l y ,  obtained by ave rag ing  the data  on loca l  hea t  t r a n s f e r .  The Nusset t  number  Nuf c o r -  
r e sponds  to hea t  t r a n s f e r  dur ing pure ly  forced  convect ion.  It was de te rmined  f rom the equation [10] Nuf = 
0.3737 + 0.37Re ~ + 0.057Re ~ which was tes ted  by an inves t iga t ion  of heat  t r a n s f e r  in the co r r e spond ing  mode 
on the au tho r ' s  expe r imen ta l  ins ta l l a t ion .  

On the bas i s  of the inves t iga t ion  which was conducted we can note the following. 

1. In t r a n s v e r s e  a i r  flow over a cy l inde r  the reg ion  of s t r i c t l y  mixed convect ion,  de t e rmined  by hea t -  
t r a n s f e r  m e a s u r e m e n t s ,  l ies  in the range  of va r i a t i on  of the p a r a m e t e r  G r / R e  2 of 0.01-< G r / R e 2 -  < 15.0. 

2. With c o n c u r r e n t  ac t ion  of f r ee  and forced  motion,  mixed convect ion leads  to in tens i f ica t ion  of hea t  
exchange.  In the reg ion  of v a r i a t i o n  of 0 . 0 1 -  < Gr/Re2-< 10 the hea t  exchange is h igher  than for  p u r e l y  forced  or 
pu re ly  f r ee  convect ion.  
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3. With f r ee  and forced motions of opposite direct ions the hea t - t r ans f e r  intensity dec reases  by 40% in 
compar i son  with concur ren t  flow. 

4. Cr i t e r i a l  functions were  obtained for  calculat ing the average  heat  exchange in the region of 0.01 - 
G r /R e  2< - 15: 

a) for  concu r r en t  mixed convect ion 

Nu { 6r ~o,5]0,5 (1) 

b) for  opposing mixed convection 

Nu =[0 .74q-0 .07( lg  G--L-r - - 0 . 3 ) ~ ] [ i q - ( R ~  --2)~] ~176 (2) 
Nu f Re ~ 

5. Separat ion of the boundary layer  is prac t ica l ly  absent  for  concur ren t  action of mixed convection with 
O r /R e  2 _> ~. 

6. For  opposing mixed convection the eoeff ic ient  of heat  t r ans fe r  re ta ins  a constant  value over the 
p e r i m e t e r  of the cyl inder  for 1~ _ Gr /Re  z___ 15. 

The d iameter  of the cyl inder  and the t empera tu re  of the oncoming s t r e a m  a r e  taken as the cha rac te r i s t i c  
pa r a me te r s  in Eqs.  (1) and (9). 
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