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Experimental  data for the heat t r ans fe r  f rom a single tube in a flow of fluid with l>r << 1 at 
angles of at tack in the range 15-80 ~ in a convergent channel a r e  given. 

Calculation of heat t r ans f e r  in the entrance and exit regions of she l l -and- tube  heat exchangers ,  coi l -  
type s team genera to rs ,  and other s imi la r  plants requ i res  aknowledge of the hea t - t rans fe r  coefficients in the 
case  of external flow over tubes at various angles of a t tack @. These  questions, however,  have st i l l  not been 
adequately investigated and the re  a r e  very  few publications on heat t r ans fe r  in an "oblique" flow of heat-  
t r a n s f e r  media with PC << 1 [1-4]. 

In this paper we give the resul ts  of investigations of heat t r ans fe r  f rom a single tube over which a heat-  
t r a n s f e r  medium with Pc ~ 0.007 flows at angles of at tack 15 ~ <- r -< 80 ~ 

As distinct f rom the t radi t ional  experimental  technique, where the tube is washed by a paral lel  flow of 
liquid, the experimental  setup ensured that the angle of at tack of the liquid on the tube varied over its length, 
i . e . ,  there  was a c loser  approximation to rea l  conditions of flow over a tube in the corresponding exchangers .  
This was achieved by having the working part  of the tes t  sect ion constructed in the form of a rec tangular  con-  
vergent channel (cone angle 25 ~ length 600 ram, entrance sect ion 300 x 80 ram, exit sec t ion 50 • 80 ram). 

I n t h e  channel th ree  tubes (22 x 3 mm in diameter) were  installed success ive ly  at angles of 20, 40, and 
70 ~ respect ively ,  to  the channel axis .  This allowed var ia t ion of the ~ngles of at tack in the ranges 60 ~ < r -< 80 ~ 
for tube No. 1, 30 ~ - r <- 50 ~ for tube No. 2, and 15 ~ - ~ -< 27 ~ for tube No. 3. Since the tubes were situated 
in a convergent flow, for a fixed flow ra te  the velocity of flow over the tube sur face  along the s t reaml ines  (@ = 
const) was different .  As a charac te r i s t i c  velocity for a p r e s c r i b e d  angle r we used the velocity of the liquid 
in the tube- f ree  c ross  sect ion of the channel passing through the tube axis .  

The ranges of the main experimental  parameters  were  as follows : t L = 200-250~ w =0.03-1.26 m/sec ,  
q = 200,000 W/m 2, Pe = 7-200, ~ = 15-80 ~ and Pc - 0~ 

The working tubes were heated by tubular e lect r ic  heaters  insulated f rom the walls by insulation with 
good heat conduction. The surface t empera tu re  was measured  with movable thermocouples  embedded in the 
tube wall along 12 equidistant gene ra t r i ces .  In this way we measured the t empera tu re  distr ibution over the 
whole tube su r face .  F rom the obtained measurements  o f t L ,  tw, q, and w we calculated the local and average 
(over the tube per imeter)  hea t - t rans fe r  coefficients in re la t ion to  the velocity and -ngle  of a t tack @ of the flow. 

The values of the physical  pa ramete r s  in Nu and Pe were taken at the mean flow tempera tu re ,  and the 
charac te r i s t i c  length was the tube d iamete r .  

The resul ts  of the experiments showed that for all  angles of at tack ~b the var ia t ion of the local heat 
t r ans f e r  over the tube per imete r  in the corresponding sect ion was s imi la r  to that of t r a n s v e r s e  parallel  flow 
over a single cylinder [1] --  maximum variat ion in the frontal  region and minimum var ia t ion in the r e a r  r e -  
gion. 
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Fig.  1. Rela t ion  Nu = f(Pe) for  di f ferent  angles  of a t t ack  ~bon a 
s ingle  cy l inder .  Exper imen ta l  p o i ~ s  of this invest igat ion:  tube 
No. 3, ~b: 1) 15; 2) 20; 3) 25; 4) 27~ tube No. 2, ~: 5) 30; 6) 
35; 7) 40; 8) 45; 9) 50~ tube No. 1, ~: 10) 60; 11) 70; 12) 75; 
13) 80 ~ T h e o r e t i c a l  re la t ionships  [4]: I) r = 15~ II) ~b = 80% 
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Fig.  2. Relat ion Nu = f(Pe) for  s t aggered  bundle 
of inclined tubes (sl/d = s2/d = 1.09; ~ = 45~ 1) 
data  of this work;  2) data  of [2]. 

F r o m  the  conducted exper iments  we can s ta te  that  to  an accu racy  of ~20-30% the angle of a t t ack  had no 
effect  on the  heat t r a n s f e r  of a s ingle  tube under the exper imenta l  conditions {Fig. 1). 

A compar i son  of the  r e su l t s  with the  analyt ica l  re la t ionships  [1,4] der ived f r o m  an examinat ion of a po-  
t en t ia l  flow in appl icat ion to  an "oblique" flow of liquid me ta l  over  s ingle  tubes showed (Fig. 1) that  the  expe r i -  
men ta l  h e a t - t r a n s f e r  values  lay well  below the  lines and that  the  index of the  power of Pe in the  re la t ion  Nu = 
f(Pe) is about 0.35 instead of the  expected 0.5 [1,4]. In view of this we conducted a control  exper iment ,  in 
wMch we measu red  heat t r a n s f e r  f r o m  one of the invest igated tubes {tube No. 2) in the previous ly  tes ted  [2] 
s t aggered  bundle of inclined tubes (sl/d = s2/d = 1.09; r = 45 ~ in a flow of the  s a m e  liquidwith Pr  ~ 0.007. 

F igu re  2 shows the  r e su l t s  of this exper iment  and compares  t hem with the  exper imenta l  data of [2]. 
F igure  2 shows s a t i s f a c t o r y  a g r e e m e n t  of a l l  the  exper imenta l  da ta .  

Thus ,  we can conclude f r o m  the obtained data that  the nature  of the  re la t ion  Nu = f(Pe) in the case  of flow 
of a liquid with P r  << 1 over  a s ingle  tube at dif ferent  angles in a convergent  channel differs  f r o m  that  in the 
case  of "oblique" flow over  tubes in a bundle.  

N O T A T I O N  

tL ,  flow t e m p e r a t u r e ;  w, flow veloci ty;  tw, t e m p e r a t u r e  of h e a t - t r a n s f e r  s u r f a c e ;  q, speci f ic  heat 
flux; r angle  of a t t ack  of flow on f ronta l  gene ra t r ix  of tube; Nu = ~ d / k ,  Nussel t  number ;  Pe = w d / a ,  Peclet  
number ;  ~ ,  h e a t - t r a n s f e r  coeff icient ;  d, outer d i a m e t e r  of tube; k,  t h e r m a l  conductivity;  u, kinematic  
v iscosi ty ;  ~ = v / a ,  Prandt l  number ;  a ,  t h e r m a l  diffusivi ty .  
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The  effect  of roughness  of the h e a t - t r a n s f e r  su r f ace  and the p r e sence  of a co r ro s ion  film on the 
rup tu re  of s t a t ionary  f i lms of boiling liquid was exper imenta l ly  invest igated.  

The  cur ren t  l i t e ra tu re  contains hardly any informat ion  on the effect  of the s t a t e  of the  h e a t - t r a n s f e r  
su r f ace  on the rup tu re  of thin boiling liquid f i lms .  The  known data [1] on the effect  of roughness  of the su r f ace  
and the p resence  of an oxide f i lm on it cannot be extended un rese rved ly  to boiling liquid f i lms .  

The genera l ly  accepted theor ies  of rup tu re  of thin nonisothermic  f i lms [2,3] ignore the s t a t e  of the  hea t -  
t r a n s f e r  s u r f a c e .  

In this paper  we give the r e su l t s  of an expe r imen ta l  invest igat ion of the m e c h a n i s m  of rup tu re  of thin 
s t a t ionary  liquid f i lms with highly developed boiling in r e l a t ion  to  the  roughness  of the s u r f a c e  and the p r e sen ce  
of a co r ro s ion  f i lm on it. 

The  exper iments  were  conducted on the exper imen ta l  appara tus  descr ibed  in [4] with dist i l led water  at 
heat-f lux densi t ies  of 100-800 kW/m 2 and p r e s s u r e s  of 0.1-0.4 MPa on su r faces  made of copper ,  1Khl8NgT 
s ta in less  s tee l ,  and lead. We compared  t h r ee  kinds of s u r f a c e s -  apo l i shed  sur face  ( t r ea tedwi thd iamond  
paste  of g ra in  s i ze  2 ~ until a m i r r o r  finish was obtained), a technica l ly  rough su r f ace  [class 5-6 according  
to  GCST (All-Union State Standard) 2.309-68], and a roughened su r f ace  {treated with c o a r s e  e m e r y  paper ,  
c lass  1-2 according  to GOST 2.309-68). 

Before  the exper iments  the su r f aces  were  thoroughly washed with ethanol.  The  polished su r f ace  was 
a lso  boiled for haft an hour in butanol,  then  dr ied ,  and washed in ethanol.  Exper ience  showed that  less thorough 
t r e a t m e n t  of the su r f ace  a f t e r  polishing failed to  r emove  the  t r a c e s  of fat f rom the diamond pas te ,  which g rea t ly  
d is tor ted  the resu l t s  of the  expe r imen t s .  

As Fig.  1 shows,  su r f ace  roughness  bad no effect on the c r i t i ca l  th ickness  for  rup tu re  of a boiling f i lm 
on a su r f ace  made of s ta in less  s tee l ,  while the liquid f i lm on copper  was m o r e  s tab le  on a polished su r f ace ,  
although the d i f fe rence  was not ve ry  g rea t  (about 20%). Exper iments  showed that  at a p r e s s u r e  of 0.2 MPa 
su r f ace  roughness  of any ma te r i a l  had hardly any effect .  

As we know [4-6], vapor  bubbles a r e  the r e a s o n  for  rup tu re  of boiling f i lm~. In the case  of highly de -  
veloped boiling the d i f ference  in the number  of ac t ive  v a p o r - f o r m i n g  cen te rs  on su r faces  p repared  in different  
ways is s l ight  and, hence,  the number  of potential  s i tes  of rup tu re  of the f i lm is a lmos t  independent of the 
roughness .  On the viscous copper  pol ishing has a m o r e  pronounced effect  on the su r f ace  r e l i e f  and, hence,  
on the number  of v a p o r - f o r m i u g  centers  than on a s ta in less  s t ee l  s u r f a c e .  Thus ,  t h e r e  is less probabi l i ty  of 
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