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Experimental  resul ts  are  presented for the local heat t ransfer  in a heated turbulent flow of d i sso-  
ciating acetic acid vapor.  The experimental  data are general ized by two methods.  

Although to date heat  t ransfer  in the p resence  of chemical react ions has been reliably investigated only for 
dissociat ing nitrogen tetroxide, N20 ~ [1-10], this problem is d i rec t ly  relevant to the design of reaction equip- 
ment of various kinds used in the chemical industry;  in designing such equipment, present  prac t ice  is to d i s -  
r egard  the effect of the reaction,  which can be very significant [11]. Evidently, therefore,  there is a need for 
investigations of the convective heat t r ans fe r  in various chemical ly reacting sys tems.  

The present  work is devoted to an experimental  investigation of the local convective heat t r ans fe r  in a 
turbulent flow of dissociat ing acetic acid vapor.  At a tmospheric  p res su re ,  saturated acetic acid vapor con- 
s is ts  predominantly of d imers  [12]. Heating leads to breaking of two hydrogen bonds and conversion of the 
d imers  to monomers .  Comparison of the chemica l - re laxa t ion  time and the residence time of the vapor in the 
experimental  apparatus showed that the formation and decomposi t ion of d imers  may be regarded as a r e v e r s -  
ible equil ibrium chemica l  react ion:  

(CH3COOH), ~" 2CH3COOH - -  58.6 J/mole. (1) 

The experimental  apparatus and procedure ,  together  with some of the resul ts ,  were descr ibed in [13,14]. 
In the exper iments ,  the basic pa ramete r s  were varied in the following ranges:  Re w = (8-47). 103; qw = (8-64). 
103 W/m2; tfl = 130-330~ and t w = 155-410~ All the experiments  were car r ied  out at a tmospheric  p ressure .  
Altogether ,  the results  of 62 experiments  were analyzed and, for eight sections of the experimental  apparatus,  
496 experimental  points were obtained. The calculations were ear r ied  out on an Odra-1204 electronic calcula-  
tor .  To eliminate end effects ,  the data were analyzed for  the centra l  position of the experimental  channel,  from 
x/d = 30 (section 1) to x/d = 100 (section 8). 

In one of the exper iments ,  the m e a n - m a s s  tempera ture  of the dissociat ing vapor  was measured  in three 
intermediate  sections of the experimental  channel,  switching off sections of the e lec t r ica l  hea ter  as descr ibed 
in [2]. Each of these measuremen t s  was made three t imes;  the d iscrepancy  between the calculated and mea-  
sured flow tempera tures  in these sections did not exceed 3-5% of the tempera ture  drop between the outlet and 
the inlet of the experimental  channel. 

The experimental  mate r ia l  obtained showed that the change in tw, tfl, and c~ over  the length of the r eac -  
tion channel resembles  the change in these values found ea r l i e r  [1-7] for  a turbulent flow of steadily d issoc ia t -  
ing ni trogen tetroxide.  Only in [10] does the curve if1 = f(x/d) have a somewhat  different form.  F r o m  an analy-  
sis  of the exper imental  data it appears  that the heat t r ans fe r  is significantly affected by the hydrodynamics of 
the dissociat ing flow. Thus, the hea t - t r ans fe r  coefficients found in our experiments  varied from 163 W/m2"~ 
for  Rew = 9.9- 103 to 1123 W/m 2 .~ for  Rew = 46.6.103. 

To elucidate the effect of qw and tfl,i n on cr e the curves  in Fig. 1 were plotted. In Fig. l a ,  curves of ae  = 
f(x/d) a re  shown for  four exper iments  with approximately equal tfl,i n and Re w, but different qw. F rom these 
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Fig. 1. Change in hea t - t r ans fe r  coefficient  over  
the length of the experimental  channel: a) tfl,i n = 
149.9 (1), 149.2 (2), 150 (3), and 150~ (4); Rew= 
(29.7-28.5). 103 (1), (29.6-27.2)" 103 (2), (29.2- 
26. 5) '103 (3), and (27.8-24.3).103 (4); qw =(9 .8 -  
10) .103 (1), (20.6-21.2).103 (2), (26.6-27.5).103 
(3), and (32.0-33.7)"103 W / m  z (4); b) tft,i n = 130.2 
(1), 150.0 (2), and 170.1~ (3); Re w = (21.6-19.3)" 
103 (1), (20.2-17.8).  103 (2), and (18.2-16.0)" 103 
(3); qw = (22.0-22.9)-103 (1), (23.4-24.6)" 103 (2), 
and (23.8-25.2) '103 W / m  2 (3). 

curves  it is evident that the hea t - t r ans f e r  coefficient % depends significantly on the specific heat flux qw: With 
increase  in qw, C~e falls .  This is a resul t  of the change in thermophysical  proper t ies  at high qw (and, of course ,  
also tfl) far  from the maximum.  

In Fig. lb, curves  of c~ e = f(x/d) are plotted for three experiments  with s imi la r  Re w and qw but different  
tfl,i n. It is evident from Fig.  l b  that increase in tfl,i n leads to dec rease  in ~e, which is explained in this case 
by the change in thermophysical  proper t ies  of the dissociat ing acetic acid vapor.  The rise in tfl of the d i sso-  
ciating vapor  over  the length of the exper imenta l  channel leads to some decrease  in Re w associated with the in- 
c rease  in dynamic viscosi ty.  The fall in Re w, in turn, causes a decrease  in ce e over  the length of the reaction 
channel.  

To es t imate  the effect of the dissociat ion of the acetic acid vapor on the heat t ransfer ,  experimental  
values ~e were compared with the calculated "frozen" value of. It was found that the experimental  hea t - t r an s -  
fe r  coefficient  may exceed the corresponding h e a t - t r a n s f e r  coefficient for  the nonreact ing gas by a factor  of 
2-8. The var iat ion of C~e/~ f in [2, 8, 9] was also approximate ly  in this range. Hence it is c l ea r  that the effect  
of the react ion must  be taken into account in calculating the surface heat t r ans fe r  in various kinds of react ion 
equipment used in the chemical  industry.  The "frozen" values of the hea t - t r ans fe r  coefficient cef were  ca l -  
culated according to the well-known formula of [15]. 

The Lewis --Semenov number Le for dissociat ing acetic acid vapor, calculated according to [16], was found to 
differ insignificantly f rom unity in the tempera ture  range covered by our  experiments  (Le = 0.8-1.25). Note that the 
tempera ture  dependence and the range of variat ion of Le for  the sys tem (CH3COOH) ~ -~- 2CH3COOH converges 
with that for  the other equilibrium system NzOa ~-- 2NO 2 [17]. 

The experimental  data obtained for the heat t r ans fe r  in dissociat ing acetic acid vapor  were generalized 
in the coordinates 

Nu w,ef Cpw, ef 
lg n.1/a--" - lgRew 

riw, ef Cp, ef 

in agreement  with the procedure  proposed in [3] for  the thoroughly investigated equilibrium dissociat ing system 
NzO4-~ 2NO a. F o r  brevi ty ,  calculations were ca r r i ed  out only for  four sections of the experimental  apparatus 
(x/d = 30, 50, 70, and 100), but the whoIe of the centraI  portion of the experimental  channel was covered.  F rom 
Fig. 2 i t  is evident that fo r  mos t  of our  exper imental  points (about 95%) the sca t t e r  around themeanwas  ~15%, the 
m a x i m u m  sca t t e r  being :~18J/o. On this basis ,  the foIlowing relation was obtained: 
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F ig .  2. Gene ra l i za t i on  of e x p e r i m e n t a l  da ta  by the m e t h -  
od of [3] f o r  the s y s t e m s  (CH3COOH)2 ~ 2CHaCOOH (1), 
[2] (2), N204 ~- 2NO 2 and N204 ~ 2NO 2 [3] (3). B = (NUw,ef/ 
P rl/3..,)(c pw,ef/Cp,ef).  
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Fig .  3.  Genera l i za t ion  of the expe r imen t a l  da ta  using 
the p r o c e d u r e  of [2] fo r  the s y s t e m s  (CH3COOH)2 ~ 
2CH3COOH (1)and N 2 0 ~  2NO 2 [2] (2). A = Stef[kl(~ w) 
k2(Pr w e f ) Q ~ ( p r 2 / 3 _ . - 1 ) ]  .103. 
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o73 113 cp, ef . (2) 
Nu%ef= 0.053 Re,~ Prw, e~ ~pw~ef" 

It is of s o m e  i n t e r e s t  to c o m p a r e  o u r  data  on the heat  t r a n s f e r  in equ i l ib r ium d i s s o c i a t i n g  ace t ic  acid 
v a p o r  With e x p e r i m e n t a l  data  on the o t h e r  equ i l i b r ium d i s soc i a t i ng  s y s t e m  N204 -~ 2NO 2, which has been much  
s tudied,  e s p e c i a l l y  fo r  the case  of tu rbulen t  f low [1-10]. E a r l i e r  e x p e r i m e n t a l  m a t e r i a l  of the Inst i tute  of Nu- 
e I e a r  E n e r g y  of the A c a d e m y  of Sc iences  of the B e l o r u s s i a n  SSR was  t r ea ted  at the Ins t i tu te  of High T e m p e r a -  
tu res  of the A c a d e m y  of Sc i ences  of the USSR by the method  of Pe tukhov e t  al .  [41. S a t i s f a c t o r y  a g r e e m e n t  was 
found be tween the r e su l t s  obtained at  the two ins t i tu tes .  T h e r e f o r e ,  f o r  o u r  pu rposes  it is suf f ic ien t  to c a r r y  
out  the g e n e r a l i z a t i o n  of the e x p e r i m e n t a l  da ta  on the s y s t e m  (CH3COOH) 2 ~- 2CHaCOOH with any one g roup  of 
e x p e r i m e n t a l  da ta  on the s y s t e m  N20 ~ ~ 2NO 2. To this end, the e x p e r i m e n t a l  data of [2] and the r e s u l t s  o f  
[3] a re  plotted in Fig .  2, f r o m  which  i t  is ev ident  that  both our  data  and those  of the Ins t i tu te  of High T e m p e r a -  
tu res  [2] a re  well  d e s c r i b e d  by Eq.  (2). 

I t  is a l so  ev iden t  f r o m  Fig .  2 that  Eq.  (2) s a t i s f a c t o r i l y  d e s c r i b e s  the data  of [3] f o r  Re w a round  2 "104, 
while f o r  Re w between 3 �9 104 and 4 .6 .104  it l ies  a p p r o x i m a t e l y  1~c below. Thus ,  a s ingle  r e l a t ion  - Eq.  (2) - 
d e s c r i b e s  the e x p e r i m e n t a l  da ta  on hea t  t r a n s f e r  in two d i f f e r en t  equ i l ib r ium r e a c t i o n s .  

In addi t ion,  one f u r t h e r  g e n e r a l i z a t i o n  of  the e x p e r i m e n t a l  da ta  was  c a r r i e d  out,  this t ime using the m e t h -  
od deve loped  at  the Inst i tute  of High T e m p e r a t u r e s  by Petuldaov e t  al .  [2]. F r o m  the g e n e r a l i z a t i o n  obtained 
(Fig. 3), it a p p e a r s  that  the r e su l t s  of o u r  m e a s u r e m e n t s  a r e  g rouped  with a s c a t t e r  of • about  the m e a n  line 
f o r  the m a j o r i t y  (about 95%) of the e x p e r i m e n t a l  points ,  the m a x i m u m  s c a t t e r  being +18%. Like  the  p r e v i o u s  
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calculat ions,  these were res t r ic ted  to the central  sect ion of the experimental  channel (x/d = 30, 50, 70, and 
100). The general ized dependence takes the form 

Slef = 1.25 ~]8 , (3) 
kl (gw}+ k~ (Prw, ef 1 /~g-(  pr2/a -7- 1) 

W, et  

where 

~w= (1.82 lg Re w -  1.64) -2, 

kl(~w)= 1 + 3.4~w 

1.8 
kt (Prw, e~ = 1 i.7 + ~,_l/-------g--" 

l"[w~ef 

In [2], in con t ras t  to our result ,  the constant  coefficient in the right-hand side of Eq. (3) was 1.1. In 
general iz ing the experimental  data,  effective values of the thermal  conductivity and specific heat of the d is -  
sociating acetic acid vapor wereused ;  Cp, efWas calculated by the method outlined in [11, while Xef was chosen 
according to the experimental  data of [18]. The numbers  Nuw,ef, Re w, and Prw,ef  were calculated according 
to the physical  proper t ies  re fe r red  to the wall t empera ture .  In addition to our data, Fig. 3 also shows exper i -  
mental  data on the heat  t r ans fe r  for the equilibrium dissociat ion of nitrogen tetroxide [21. 

Thus, gene ralizing the experimental  data on heat t ransfer  for two diffe rent equilibrium dissociat ing sys -  
tems shows that both may be descr ibed by Eqs.  (2) and (3). These equations may also be used to calculate the 
heat t r ans fe r  for other,  as yet  unstudied, equilibrium dissociat ion reactions with Le ~ 1 and other  pa ramete r s  
in the appropriate  ranges.  

X 

d 
q 
t 

k 
Cp 
Cp 

Nu 
St 
Re 
P r  
Le 
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m the 
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is the 
is the 
is the 

N O T A T I O N  

tube length, m; 
internal d iamete r  of tube, m; 
specific heat flux, W/m2; 
tempera ture ,  ~ 
local heat - t ransfe  r coefficient,  W/m 2. ~ 
thermal  conductivity, W/m �9 ~ 
true specific heat at constant p res su re ,  J/kg'~ 
mean specific heat at constant  p ressure ,  J/kg �9 ~ 
fr ic t ional-d rag coefficient; 
Nusselt  number;  
Stanton number;  
Reynolds number; 
Prandtl  number;  
Lewis number.  

I n d i c e s  

e is 
ef is 
f is 
w is 
fl is 
in is 

the experimental; 
the effective; 
the frozen; 
the wall; 
the flow; 
the channel inlet. 
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D I S T R I B U T I O N  O F  D I S S O L V E D  GAS I N  W A T E R  A N D  

B U B B L E S  I N  I C E  U P O N  M O V E M E N T  OF A 

C R Y S T A L L I Z A T I O N  F R O N T  

M. K.  Z h e k a m u k h o v  UDC 532.694:536.421.4 

The dis t r ibut ion of d isso lved  gas  in w a t e r  upon inc rease  in a c rys t a l l i za t ion  f ront  is cons ide red.  
Optimal  conditions a re  de r ived  for  w a t e r  c rys ta l l i za t ion ,  under which the gas -bubble  d is t r ibut ion  
in the ice fo rmed will be the m o s t  homogeneous .  

As is well  known [1], the solubil i ty of a i r  in wa t e r  is at l eas t  an olxter h igher  than its solubil i ty in ice.  
Thus,  upon c rys ta l l i za t ion  of w a t e r  at the phase boundary the d isso lved  a i r  is l ibera ted  and diffuses into the 
w a t e r  volume and pa r t i a l ly  into the ice.  Thus,  in both the wa te r  and the ice the a i r  soIution becomes  s u p e r -  
sa tu ra ted .  Usually,  the wate r contains a number  of par t i c les  of a d iffe rent  subs tance ,  which m a y  become cen-  
t e r s  of gas -bubble  fo rmat ion  at r e la t ive ly  low supe r sa tu ra t tons .  Gas bubbles a re  fo rmed ahead of the c r y s -  
ta l l iza t ion front  on these cen t e r s .  With inc rease  in supe r sa tu ra t ion ,  the number  of act ive bubb le - fo rmat ion  
cen te r s  i n c r e a s e s .  The re fo re ,  the s t ruc tu re  of the ice fo rmed  by c rys t a l l i za t ion  of w a t e r  will be de te rmined  
by the degree  of supe r sa tu r a t i on  of the solut ion ahead of the c rys t a l l i za t ion  front ,  which, in turn,  is dependent 
on the g a s - l i b e r a t i o n  rate  at the c rys t a l l i za t ion  front .  With inc rease  in c r y s t a l l i z a t i o n - f r o n t  d i sp l acemen t  
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