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F I L M  C O N D E N S A T I O N  OF A M O V I N G  V A P O R  

ON A H O R I Z O N T A L  C Y L I N D E R  

I .  I .  G o g o n i n ,  A.  R .  D o r o k h o v ,  
a n d  V.  I .  S o s u n o v  

UDC 536.24 : 536.423 

The computation of heat t r ans fe r  during film condensation of a moving vapor on a horizontal  cyl inder  is 
possible at this t ime for a whole se r ies  of simplifying hypotheses.  The problem of an experimental  conf i rma-  
tion of the dependences proposed [1-3] in o rde r  to refine fur ther  the mechanism of moving vapor  condensation 
is urgent.  There  is a l imited quantity of data in the l i te ra ture  which could be used for this purpose [4-8]. Thei r  
significant d i screpancy  under  comparable  conditions as well as the lack of sys temat ic  measuremen t s  on such 
important  dependences for  analysis as the dependence of the coefficient of heat t r ansmi s s ion  on the t e m p e r a -  
tare  head, the condensation p r e s su re ,  and the geometr ic  pa r ame te r s  should be noted. 

This paper  is a continuation of investigations on the condensation of the moving vapor  F r e o n - 2 !  (F-21, 
CHFCI2) on horizontal  cyl inders .  The tes ts  were  conducted on a tes t  stand by the methodology of [8]. 

The tes ts  were  conducted on horizontal ly a r ranged  nickel tubes of D = 16 m m  outer  d iamete r  :and L=  580 
m m  length, placed in a condenser  with 400-ram inner diameter .  The wall t empera tu re  t w of the experimental  
sections was measured  by six thermocouples  calked around the p e r i m e t e r  of the tube at the middle of the sec -  
tion, and whose readings were  averaged.  The saturated vapor  t empera tu re  t" was measured  by a thermocouple 
and was determined by means of the O - T  data for  F r e o n - 2 1 b y m e a s u r i n g  the sa turated vapor  p r e s s u r e  with a 
s tandard manome te r  of the c lass  0.35. 

The heat flux q on the outer  surface  of the experimental  sect ion was determined by the change inenthalpy 
of the cooling water  which came in from a constant - level  tank. The change in t empera tu re  head At =t" - - tw was 
achieved by adding hot water  to the cooling water .  

The ranges  ofvar ia t ion  of the main  condensation pa rame te r s  were  q = (3-150) - 103 W/m 2, At = 1-30~ t" = 
60-90~ The accuracy  of determining the heat t r ansmis s ion  coefficient ~ =q/At at At->2~ is es t imated at 1070. 

In the tes ts  on moving vapor condensation the experimental  sections were  located in a channel whose 
geomet ry  could be changed. The schemes  for  locating the experimental  sections which were  real ized in the 
exper iment  are  shown in Fig. l a - c .  In the ease  i l lustrated in Fig. la ,  the experimental  sect ion 2 is 170 mm 
f rom the vapor input to the channel. The spacing between the channel walls 1 was b = 26, 46, and 6~ m m  in the 
different tes t  se r i es .  The vapor was smoothly introduced into the channel and three  damper  grids 4 were also 
set up. The spacing between the channel walls was 66 m m  for  the disposition of the experimental  sections 
according to the scheme shown in Fig. lb, and the tests  were conducted ser ia l ly  in the 1, 4 and 9 tubes of a 
t en-se t  unstaggered bundle. In the case  shown in Fig. lc ,  the spacing between the walls was 26 mm and the 
inser ts  3 simulating a checkerboard  bundle with s l /D = 1.87, s2 /D = 0.81 were additionally mounted in the chan- 
nel. The tes ts  were  conducted in each tube of the bundle without feeding cooling water  to those located above. 

The experiment showed that despite the great  d ivers i ty  in conditions under which the test  was conducted, the 
magnitude of the heat t r ansmiss ion  coefficient had the same value upon re fe r r ing  the vapor  velocity to the chan- 
nel through-sect ion.  Pa r t  of the tes t  resul ts  is presented in Fig. 2 for  the vapor motion velocities w=0.57 m /  
see {points 1-3) and w = 1.1 m / s e e  {points 4 and 5) at t" = 60~ Points 1 and 4 cor respond to the section a r -  
rangement  shown in Fig. la ,  2 to Fig. lb, and 3, 5 to Fig. lc .  Tests  conducted on different tubes of the bundle 
along its height at the same vapor velocity and saturat ion t empera tu re  showed that the coefficient of heat t r ans -  
miss ion  has the identical value (within the l imits of experimental  e r ro r ) .  

Novosibirsk.  Trans la ted  f rom Zhurnal Prildadnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 1, pp. 125-130, 
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There fo re ,  the magnitude of the m e a n  heat  t r a n s m i s s i o n  coeff icient  for  condensat ion of the moving vapor  
in the veloci ty  range invest igated is de te rmined  just  by the m e a n  veloci ty of the vapor  flux and is i~adependent 
of its ae rodynamics  (At=idem).  

Special a t tent ion was turned in the t e s t s  p r e sen t ed  on moving vapor  condensat ion to a poss ib ly  m o r e  ac -  
cura te  de te rmina t ion  of the nature  of the dependence of the heat  t r a n s m i s s i o n  coeff icient  a on the t e m p e r a t u r e  
head a t .  To this end, the accu racy  of de te rmin ing  a in a m o d e r a t e  range  of t e m p e r a t u r e s  heads {&t~ 5~ was 
r a i sed  as c o m p a r e d  to r e su l t s  publ ished e a r l i e r  [8]. 

Data on the dependence of the heat  t r a n s m i s s i o n  coeff icient  on the t e m p e r a t u r e  head a re  p re sen ted  in 
Fig. 3a fo r  t"  = 60~ and w =4.3 m / s e c  during vapo r  condensat ion on a tube of d i a m e t e r  16 m m  (line 1 is a c o m -  
putat ion using (3), 2 is a l ine taking the ave rage  of the t e s t  data, and 3 is a computat ion according  to [11]), and 
in Fig. 3b on a tube of 2.5 m m  d i a m e t e r  fo r  w = 3.81 m / s e c  (line 1 is a computat ion using (5), 2 is a computat ion 
using (6), 3 is a computat ion according to [11], and 4 is the line taking the ave rage  of the t e s t  data).  An ana l -  
ogous f o r m  of the a - a t  dependence is obtained for  a tube with D = 2.5 m m  and w = 5.0 m / s e c  at t"  = 40~ It is 
seen  f r o m  Figs .  3a and b that  at l a rge  t e m p e r a t u r e  heads a is p rac t i ca l ly  independent of a t .  

A change in the law of in te rac t ion  on the phase in ter fac  e, vapor -condensa t e  f i lm,  de te rmined  by the f r ic t ion 
coeff icient  cf  should be cons idered  the r e a s o n  causing a change in the nature  of the c~-&t dependence under  
conditions of l a m i n a r  runoff  of the condensate  f i lm.  In pa r t i cu l a r ,  the g rea t  influence of the c ross f low of m a t e -  
r ia l  on the quantity cf  should be noted. 

Thus,  if cf  is de te rmined  comple te ly  by the  m o m e n t u m  t r a n s p o r t e d  by the vapor  c ross f low [fl], then 

Nu/VR-ge = const. (1) 

It follows f r o m  (1) that  the coeff icient  of heat  t r a n s m i s s i o n  is independent of the t e m p e r a t u r e  head as well  as 
of the phys ica l  p r o p e r t i e s  of the vapor .  

If the vapor  veloci ty  is suff icient ly high so that  the influence of the vapor  c ros s f low on the quantity cf 
can  be neglected,  then the co r respond ing  heat  t r a n s f e r  law has the f o r m  

�9 N u / V ~ e  .v (Pr K/B) */a, (2) 

where  Nu=aD/)~, Re =wD/v,  Pr=v/a ,  K= r / c a t  a re  the Nusselt ,  Reynolds,  Prandt l ,  and Kutate ladze c r i t e r i a ;  
R = (pl.~/p"l.l")l/2; p, p", /~, /J" a r e  t hedens i t y  and dynamic v i scos i ty  of the fluid and vapor;  )t, v, a ,  c a re  the heat 
conduction, k inemat ic  v i scos i ty ,  t h e r m a l  diffusivity and specif ic  heat  of the fluid. F r o m  (2) the re  follows a ~ 
a t  -1/~. The p r e s s u r e  dependence of the heat  t r a n s m i s s i o n  coeff icient  is taken into account by the complex  R. 
Fo rmula s  (1) and (2) have been  obtained in [9] by solving the mot ion and ene rgy  equations fo r  a condensate  
f ihn on a hor izonta l  plane,  and the equation of vapor  phase  mot ion  in the absence  of g rav i ty .  In a comple te  
formula t ion ,  the p r o b l e m  of condensat ion of a moving vapor  was f i r s t  examined in [10]. The numm:ical  solu-  
t ion of the p r o b l e m  of moving vapor  condensat ion on a cy l inder  and its analyt ical  approximat ion  were  p e r f o r m e d  
in [3]. The approx imate  exp re s s ion  p roposed  by the authors  has the f o r m  

Nu/|fRee ---- x(t -k 0.276 Pr K/X 4 Fr)I/4, (3) 

whe re 

Or  in another  fo rm 

= 0.9(i + Pr K/R) z/3. 

~z/ao = (t + 3.62Z ~ Fr/Pr K) 1/4, {4) 

where  a 0 is the heat  t r a n s m i s s i o n  coeff icient  during condensat ion of a fixed vapo r  [11], and F r=w2/gD is the 
Froude  c r i t e r ion .  According to (4), the re la t ive  change in heat  t r a n s m i s s i o n  depends on a complex  c r i t e r i o n  
)~dFr/PrK. The dependence (3) sa t i s f i e s  the l imi t  re la t ionships  obtained in [9]. Thus,  for  l a rge  a t  (small K) 

---const  and (3) goes  ove r  into 

Nu/V~-d = 0.9. (5) 

For  smal l  At t he r e  follows f r o m  (3) 

Let  us a lso  note that  

N u / | f ~ - =  0.9(i ~- PrK/R)I/3. (6) 

/so ~/ (Fr /PrK)  (7) 
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can be obtained f rom (4) for  large t empera tu re  heads. The relationship (7) was used in extending the tes t  data 
in [8]. However, such a representa t ion is ambiguous and possible only in a l imited range of t empera tu re  head 
var iat ion when X ---coast.  

Exper imental  resul ts  on the condensation of a moving vapor  at the maximum velocities are  presented in 
Figs.  3a and b. The computational dependences (3), (5), and (6) and the computation by the Nusselt formula  for  
a fixed vapor  are  super imposed here .  

Experimental  resul ts  on the condensation of f reon-21 at t" = 40, 60 and 90~ and vapor velocities 0.2-5 
m / s e c  on cyl inders  of 16 mm d iamete r  (points 1) and 2.5 m m  diameter  (points 2) [8], as well as resul ts  on the 
condensation of wa te r  vapor {points 3) [6] are  p rocessed  in Fig. 4 in the coordinates  (4) {the solid line). The vapor  
velocity is r e f e r r ed  to the channel through section. 

As is seen f rom Figs.  3a and b and 4, the re  is sa t i s fac tory  agreement  between the computed and exper i -  
mental  dependences.  

Results  of experiment  with the vapor  velocit ies w = 0.57, 1.1, 2.3, 4.3 m / s e c  (points 2-5, D = 16 ram, t"  = 
60~ have been p rocessed  in the coordinates  

Nu* ----/(Ref ), (8) 

where 

Nu* = (~l~,)(v~lg)~/3; Ref = (~D/2).ql~tr. 

Data on the condensation of a fixed vapor  are  represented  in Fig. 5 in a broad range of Reynolds numbers  of 
the condensate film [12] (points 1). In the case  of fixed vapor  condensation at high t empera tu re  heads a change 
in the nature of the c~-At dependence also occurs .  In this case ,  wave format ion in the condensate film is the 
reason  causing this change. Tes ts  on the condensation of a moving vapor  on a 2 .5 - ram-d iamete r  cyl inder  (see 
Fig. 3b) indicate that the inflection on the c~-Zkt dependence during moving vapor condensation is due to achange 
in the phase interact ion law but not the flow mode of the condensate fi lm. In this case  the film Reynolds num- 
ber  did not exceed Ref = 15. 

Therefore ,  both the condensate film flow mode and the change in the fr ic t ion law on the vapor-condensate  
film phase interface exer t  influence on the nature of the experimental ly determined ~ - A t  dependences. 
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L O W - T E M P E R A T U R E  P O L Y M E R I Z A T I O N  C O N D I T I O N S  

I N  A F L O W - T H R O U G H  R E A C T O R  

S.  A.  B o s t a n d z h i y a n ,  V .  I .  B o y a r c h e n k o ,  
P .  V.  Z h i r k o v ,  a n d  Z h .  A.  Z i n e n k o  

UDC 532.542. : 660.095.26 

In the l i t e r a t u r e  of the l as t  few y e a r s  invest igat ions  a re  f requent ly  encountered devoted to the p r o c e s s  of 
po lymer i za t i on  in a f low-through reac tor~  However ,  the amount of work  in which account is t aken  of the depen-  
dence of the viscosity- of the reac t ion  m i x t u r e  on the degree  of po lymer i za t ion  of the substance  is e x t r e m e l y  
smal l ,  although this  dependence has a cons iderab le  ef fec t  on the p ro f i l e s  of the t e m p e r a t u r e  and the degree  of 
po lymer iza t ion ,  the p r e s s u r e  drop, and o ther  c h a r a c t e r i s t i c s  of the p r o c e s s .  We note [1], which cons idered  
adiabat ic  conditions of the cour se  of the po lymer i za t ion  and a weak dependence of the v iscos i ty  or~ the degree  
of po lymer i za t ion  was taken,  [2], in which, with a number  of s impIifying assumpt ions ,  an analytic~l  inves t iga-  
t ion was made  of i so the rma l  po lymer iza t ion ,  and [3], in which an exper imenta I  invest igat ion was ~aade of the 
cour se  of the p r o c e s s .  The p r e s e n t  authors  have e a r l i e r  invest igated the p r o c e s s  of polymerizat i ion in a flow- 
through continuous r eac t o r ,  with a v i scos i ty  depending exponential ly on the degree  of po lymer iza t ion  ~ andthe 
t e m p e r a t u r e  T, and postula ted averaging  of these  values o v e r  the c r o s s  sec t ion  of the r e a c t o r  [4, 5]~ Such an 
approach is just if ied as a f i r s t  approx imat ion  with ca lcula t ion of the p r e s s u r e  drop and the dis t r ibut ion of the 
m e a n  t e m p e r a t u r e s  along the length of the r e a c t o r .  However ,  within the f r a m e w o r k  of this  approach  it is i m -  
poss ib le  to es tab l i sh  the t rue  d is t r ibut ion of the t e m p e r a t u r e ,  the degree  of po lymer iza t ion ,  and the veloci t ies  
of the flow of the liquid ove r  the c r o s s  sec t ion  of the r e a c t o r .  All these  c h a r a c t e r i s t i c s  of the p r o c e s s  a r e  
cons iderab ly  affected by the dependence of the v i scos i ty  on the degree  of po lymer iza t ion ,  pa r t i cu l a r ly  when the 
po lymer i za t ion  takes  place  in the m a s s .  With the a im of a study of the effect  of the dis tr ibut ion c f all these  
quanti t ies  on the cour se  of the p r o c e s s ,  the p r e s e n t  a r t i c l e  cons ide rs  the p rob l em of po lymer i za t ion  in a tubular  
r e a c t o r  in a two-dimens iona l  uns t eady- s t a t e  s t a tement ,  taking account of the dependence of the v iscos i ty  on the 
t e m p e r a t u r e  and the degree  of po lymer i za t ion .  
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