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A method is  p r e sen t ed  for  calcula t ing the local  and ave rage  heat  t r a n s f e r  coeff ic ients  in 
f i lm condensation of moving vapo r  of a nonmetal l ic  fluid on a hor izontal  cyl inder .  

An ana lys i s  of the p r o c e s s  of f i lm condensat ion of moving vapo r  on the outer  su r face  of a c ross f low 
hor izonta l  cyl inder  was the subject  of s tudy by a number  of authors  [2-9]. The solution of the p rob lem for 
the case  of  s t a t ionary  vapo r  is given in N u s s e l t ' s  c l a s s i ca l  pape r  [1]. In [7, 8] the ana lys i s  of  the p r o c e s s  
for  the case  of moving vapqr  is c a r r i e d  out with cons idera t ion  of the effect  of a d i rec ted  m a s s  flow through 
the in te r face  on the hydrodynamics  of t hevapor - - l i qu ldboundary  l aye r .  However ,  the solution obtained in 
[7, 8] for  the case  of in te res t  to us (for the case  of the s imul taneous  act ion of f r ic t ion and gravi ta t ion  on 
the film) boa r s  an approx imate  c h a r a c t e r  and is  in need of a m o r e  r igorous  substant ia t ion.  

The analyt ical  solution of the p rob lem was  given in [9] cons t ruc ted  on the phys ica l  model  of the p r o -  
ce s s  p roposed  in [7, 8]. However ,  this  solution was obtained by using ce r t a in  s impl i fy ing  a s sumpt ions  
whose l eg i t imacy  is  not fully substant ia ted.  In pa r t i cu l a r ,  as  the authors  t h e m s e l v e s  note [9], the app rox i -  
mat ion  they use  does not give sufficiently accura te  r e su l t s  of the calculat ion for  the af te rbody of the cy l -  
inder .  In addition, what is  m o r e  impor tan t  f rom the standpoint of use  in p rac t i ce ,  the r e su l t s  of ca l cu la t -  
ing the a v e r a g e  heat  t r a n s f e r  coeff ic ients  a r e  not given in [9] and the re  is no compar i son  with the equation 
of  ave r age  heat  t r a n s f e r  obtained in [7, 8]. AU the foregoing a lso  de te rmined  the need to obtain a new 
solution of  the p rob lem in quest ion with the use  of a m o r e  r igorous  m a t h e m a t i c a l  approach .  

In analyzing the p r o c e s s  (Fig. 1) the c r o s s  sec t ion  of the cyl inder  is r ega rded  as  a r egu l a r  polygon 
with a suff icient ly l a rge  number  of s ides  inscr ibed  in a c i rc le .  The p r o c e s s  of condensat ion on the c y l -  
inder  in such a case  r educes  to condensat ion on a l a rge  number  of sequent ia l ly  a r r a n g e d  s ides  having d i f -  
f e r en t  s lope angles  to the hor izonta l  plane.  The veloci ty  of  the vapor  on the ou te r  boundary of the vapor  
boundary l aye r  and law of f r ic t ion  on the f i lm sur face  a r e  taken accord ing  to [7, 8]: 

U,o = 2U| sin tO, (1) 

= q U,p. (2) 
rp" 

The r e s i s t a n c e  of the l a m i n a r  f i lm of condensate  is taken as  the ma in  the rma l  r e s i s t a n c e .  We neglec t  the 
hea t  of supercool ing  of the condensate  in c o m p a r i s o n  with the la tent  hea t  of condensat ion and the veloci ty  
a t  the in te r face  in c o m p a r i s o n  with the vapor  veloci ty  at  the outer  boundary of the vapo r  boundary l aye r .  
In de te rmln ing  the geome t ry  of the in te r face  we neglec t  the th ickness  of the f i lm in c o m p a r i s o n  with the 
d i a m e t e r  of the cyl inder .  We cons t ruc t  the solution for  de te rmin ing  the local  and ave rage  (over the cy l -  
i nde r ' s  sur face)  heat  t r a n s f e r  coeff icient  in the case  of flow without s epa ra t ion  at  a constant  su r face  t e m -  
p e r a t u r e  of the cyl inder .  To de t e rmine  the ave r age  coeff icient  we find the ave r age  heat  t r a n s f e r  coef f i -  
cient  on the f i r s t  ( s ta r t ing  f rom the f rontal  point) side and the local  heat  t r a n s f e r  coeff ic ients  on the middle  
gene ra to r s  of the other  s ides  of the cy l inder ,  which in connection with the sufficiently l a rge  value of the 
number  n a r e  equated to the a v e r a g e  heat  t r a n s f e r  coeff ic ients  of the s ides .  The ave rage  heat  t r a n s f e r  
coeff icient  being sought is defined as  the a r i t hme t i c  m e a n  value of the indicated quanti t ies  (in view of s y m -  
m e t r y  it is sufficient  to cons ider  only on half  of the cyl inder) .  To calcula te  the r equ i r ed  quanti t ies  we 
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Fig. 1. Scheme of analyzing 
the p r o c e s s .  
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Compar ison  of the r e su l t s  of the given 
analysis  with Eq. (13): 1) calculated values;  2) 
Eq. (13). 

genera l ize  the solution of the problem of moving vapor  on a ver t i ca l  plate obtained in [8] for  the case  of any 
slope in a gravitat ional  field. For  the local  coeff icient  on the side of the cyl inder  with slope ~n with con-  
s idera t ion  of the adopted law of dis t r ibut ion of the vapor  veloci ty  on the outer  boundary of vapor  boundary 
layer we obtain 

where  the d imensionless  complex 

4gx,, (3) ~}pU= sin %, ~,/ 1 -F 1 ~ NU~sin%, 4,ux 

~AT 
N - (4)  

r~t. 

The average heat transfer coefficient on the first side of the cylinder 

/ 

' ) --  ] 1 + NU~ sin% - _1 l f4~3pU~ sin % . " : ' /  4gl 

% = 3 V ~ttl " (5 )  - . / /  4gl 
I'" 1 -',- ] 1 +  N~/~ sin % 

To find the requ i red  quantit ies for  the other  s ides of the cyl inder  by Eq. (3), for  each side we mus t  
de te rmine  the p resen t ly  unknown lengths Xn. For  the middle genera to r s  of the sides of the cyl inder  these 
lengths a re  equal to 

l 
X , . - - Z .  -i 2 (6) 

It is obvious physical ly  that for  a c o r r e c t  de terminat ion  of  local  heat  t r a n s f e r  by Eq. (3) the length 
Z n should be de te rmined  f rom the condition of equality of the quantit ies of condensate that condensed on 
length Zn on one hand and on all p receding  sides of the cyl inder  on the o ther .  This  condition is wri t ten  so: 

~z,, (Ts - -  Tw) Z,~ = (a z ~ a~ ~- . . . -~ a, ,_l)(T s - -  Tw) 1. (7) 

The sea rch  for X n according to condition (6) is done success ive ly  for each subsequent side and leads 
to the following calculat ion modeh  

zz = o, (8) 

, 1 2 C . - I  ~- 16C;_]  Z ,  : :  1 5C~_1 ~ 8 o 

, A ~ B , ,  A~B,, A- ,B.  , 2A,,B,, 4A,,BT, 6 3 4 4 A ~ 2 ~  

; -  - -  B ] A-.,B~ 2 A ~ B ~  - -  8 ', 6 z 4 4  } ', s + - - ,  ( 9 )  ' . . . .  , 4A,,BT, A,,B,, A,,B,, AT, B,~ B,, 

where  

A, = 1 1 / 4 ~ p U ~ s i n  m'' " ( 1 0 )  
' 3 1 /  F ' 
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F ig .  3. Dis t r ibut ion of local  Nusse l t  numbe r  ove r  the c i r c u m -  
fe rence  of the cyl inder .  R e  = 104; K = 6. 

Fig.  4. Compar i son  of the exper imenta l  data of [5, 10] with Eq. 
(13): 1) P = 4.7 N / cm 2 ;  AT = 7.4oc [5]; 2) P = 4.7 N /cm2 ;  AT 
= 2.5"C [5]; 3) P = 0.31 N /cm2 ;  AT = 1.2~ [5]; 4) U~ = 0.56 m 
/ s e c  [10]; 5) U~ = 0.37 m / s e c  [10]; 6) U~ = 0.22 m / s e c  [10]; 7) 
U~ = 0.11 m / s e c  [10]; 8) Eq. (13). A = Re [1 + ~F1 + 1.69K] .10 -5. 

4g . (11) 
B,~ = NU~ sin % ' 

C,, = (g~ + ~ - ! - . . .  -~- a,,) I. (12) 

I t  is  e a sy  to note that  the calcula t ions  of the local  and ave rage  heat  t r a n s f e r  coeff ic ients  by the so lu -  
t ion obtained a r e  c u m b e r s o m e  and in the case  of noncomputer  calcula t ion r equ i r e  a quite long t ime.  In this 
connection we made  the appropr i a t e  calcula t ions  on the M-220 compute r  of the Ins t i tu te  of Applied Mathe -  
ma t i c s  and Mechanics ,  Tbi l i s i  State Univers i ty .  We ca lcula ted  the va lues  of the local  and ave rage  (for the 
cylinder)  Nusse l t  number s  Nu = ~ D / ~  in a l a rge  number  of va r i an t s  as  a function of the d imens ion les s  
p a r a m e t e r s  Re = U ~ D / v  and K = g D r # / ~ A T U ~ .  We covered  p rac t i ca l ly  the en t i re  range  of va r ia t ion  of 
these  p a r a m e t e r s  of i n t e re s t  f rom the viewpoint  of engineer ing  (1 --< Re _< 106; 10 -5 _< K -< 10s). The a c -  
ceptable  value of the num ber  n was  de te rmined  before  making  the final calcula t ions .  As the convergence  
of  the r e su l t s  for  va lues  of this number  equal to 9, 18, 36, and 72 showed ,with an i nc rea se  of this number ,  
beginning with 18, the r e s u l t s  of the calculat ions p rac t i ca l ly  do not change.  In this connection,  taking into 
the account  the opportuni t ies  of fered  by the compute r ,  we made the final ca lcula t ions  for  n = 72. 

The  r e su l t s  of the calcula t ions  by the given solution were  c o m p a r e d  with the ca lcula t ions  by the a p -  
p rox ima te  Eq. (28) in [8], having in d imens ion less  notation the following fo rm:  

Nu == 0.64if Re 1 f 1 -I- W 1 § 1.69K . (13) 

As we see  f rom Fig .  2, the r e s u l t s  of  the given calculat ion w i t h r e s p e e t  to a v e r a g e  heat  t r a n s f e r  c o -  
eff icients  coincide p rac t i ca l ly  comple te ly  with (13) obtained for  the case  of vapor  flow pas t  a cyl inder  wi th-  
out separa t ion .  The indicated re su l t  can be r e g a r d e d  as  conf i rmat ion  of the l eg i t imacy  of the a s sumpt ions  
under ly ing Eq. (13). I t  is obvious that  it is vas t ly  m o r e  convenient  to make  p rac t i ca l  ca lcula t ions  of  the 
a v e r a g e  heat  t r a n s f e r  by this  re la t ionship ,  which is a good approx imat ion  of the r e s u l t s  of the given a n a -  
l y s i s .  

F igure  3 shows the d is t r ibut ion  of the local  Nusse l t  number  over  the c i r c u m f e r e n c e  of the cyl inder  
obtained for  the ea se  c h a r a c t e r i z e d  by an approx ima te ly  equal effect  of the in te r fae ia l  f r ic t ion  and g r a v i t a -  
t ional  f ield on the p r o c e s s .  I t  is in te res t ing  to note that  in calcula t ing the local  heat  t r a n s f e r  by the ab o v e -  
indicated s tep a t  the f rontal  zone,  a local  min imum is obse rved  on the heat  t r a n s f e r  curve .  However ,  in 
calcula t ing with a s m a l l e r  s tep this m i n i m um is e l iminated.  This  is explained by the fact  that  in the 
neighborhood of the frontal  point the mul t ip le  s tep ,  equal to 5", is  neve r the l e s s  g rea t  and leads  to suff i -  
cient ly m a r k e d  changes of the longitudinal fo rces  of  f r ic t ion  and grav i ty ,  which in tu rn  leads  to a r t i f ic ia l  
d is rupt ion of the monotonici ty  of the dependence of the hea t  t r a n s f e r  coeff icient  on angle go. The indicated 
miniTTlUlll haS p rac t i ca l ly  no ef fec t  on the va lues  of the local  hea t  t r a n s f e r  coeff icient ,  beginning with angle 
go of about 15 ~ , and a v e r a g e  heat  t r a n s f e r  coeff icient  for  the en t i re  cyl inder .  
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In Fig. 4 Eq. (13) is compared with the l i terature  data on condensation of moving vapor on a hor i -  
zontal cylinder [5, 10] under conditions of such oncoming flow velocities that separation of the vapor bound- 
amy layer  from the surface of the cylinder is improbable. The average film temperature  was used as the 
design temperature  for the parameters  of the condensate in the comparison. The physical propert ies  of 
Freon-21 were taken from handbooks [11, 12]. 

As we see from Fig. 4, Eq. (13) satisfactorily generalizes the experimental data obtained on conden- 
sation of vapors of two different liquids.* 
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N O T A T I O N  

is the angle reckoned from the frontal point of the cylinder; 
are the vapor velocities at infinity from the cylinder and on the outer boundary of the vapor 
boundary layer ;  
are the temperatures  of vapor saturation and surface of the cylinder; 
is the pressure ;  
is the interfacial shear s t ress ;  
is the Nusselt number; 
is the modified Reynolds number; 
are  the dimensionless complexes; 
is the heat flux; 
is the heat t ransfer  coefficient; 
is the thermal conductivity of liquid; 
is the density of liquid; 
is the density of vapor; 
are  the dynamic and kinematic viscosity; 
is the latent heat of condensation; 
is the accelerat ion of gravity; 
are  the diameter  and radius of cylinder; 
is the length of side of inscribed polygon; 
is the length of conditional equivalent plate. 

S u b s c r i p t s  

1, 2 , . . .  , n 
zn 

denotes the side of the inscribed polygon; 
denotes for a plate with length Z n and slope q~n. 
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* In [10] the curves according to Eq. (13) are  plotted with a certain e r ro r ,  which led to an increase of the 
divergence between theory and experiment by as much as 20%. 
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