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We have der ived the functions to calculate  the d i f ference  between the wall  t e m p e r a t u r e  and 
the t e m p e r a t u r e  of liquid saturat ion,  cor responding  to the onset of nucleate boiling, and we 
have de te rmined  the a r e a s  of appl icabi l i ty  for  these  functions.  

A c h a r a c t e r i s t i c  fea ture  of g a s - s e p a r a t i o n  heat  exchangers  opera t ing in a liquid vapor iza t ion  r e g i m e  
is the smal l  d i f ference  in t e m p e r a t u r e s  between the heat ing sur face  and the vapor ized  liquid. Consequently,  
a pa r t i cu la r ly  urgent  p rob lem is the de te rmina t ion  of the min imum t e m p e r a t u r e  d i f ference  at which nucleate 
boiling sets  in, in pa r t i cu la r ,  under conditions of forced  convection in tubes.  

According to the kinetic theory  of l iquids [1], the cr i t ica l  d imension for  the fo rmat ion  of a new phase 
is governed by the p a r a m e t e r s  of s tate  for  the liquid on the sa tura t ion  line, in addition to its p rope r t i e s  and 
the degree  of superheat ing.  

The condition of mechanica l  equi l ibr ium for  the nucleus of the new phase (spherical  in shape) is given 
by the expres s ion  

2~ Pa - - P ,  = - - .  (1) 
R 

Using the re la t ionship  between t e m p e r a t u r e  and p r e s s u r e  at the sa tura t ion  line (the C l a p e y r o n - C l a u s i -  
us equation) 

dP__~ 8 = r (2) 
dT~ Ts (d' - -  v') ' 

in the case  of low liquid superheat ing,  the finite p r e s s u r e  d i f ference  can be rep laced  in (1) by  the finite 
t e m p e r a t u r e  d i f ference .  

In accordance  with (2) we find 

r(Ta - -  T,) _ 2~I 
, (3) 

T~ (v" - -  v') R 

f r o m  which the cr i t ica l  radius  of fo rmat ion  for  the new phase,  in the case  of low values  for  (T a - Ts),  can 
be e x p r e s s e d  as 

2 o T  8 (v" - -  v ' )  (4) 
R c r =  r (Ta__ T,  ) 

We a s s u m e  that the c r i t i ca l  fo rmat ion  of the new phase in the region in which there  is a t e m p e r a t u r e  
gradient  i n n  d i rec t ion  normal  to the heating sur face  is capable  of continuing its growth if the t e m p e r a t u r e  
of the superhea ted  liquid is given by T a when Ya = 2Bcr- Otherwise,  the bubble will not grow. In the f o r m a -  
tion of bubbles on a solid sur face ,  instead of Ya = 2Rcr  r e f e r e n c e  [2] r e c o m m e n d s  the introduction of 

Ya = Rcr (1 + cos O) = CRew. (5) 
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Fig. 1. Boundary  for  the t e m p e r a t u r e  (deg) of 
wall  superheat ing,  leading to the onset of nu- 
c leate  boiling, as a function of flow veloci ty  
(w, m / s e c ;  P, MN/m2): 1) f rom the theore t ica l  
fo rmula  (24); 2) f r o m  the re la t ionship  for  the 
onset of boiling in a subcooled liquid [6]; 3) 
exper imenta l  data f rom [7]. 

To some extent,  this makes  provisio~l :~or the change 
in the height of fo rmat ion  as compared  to a compiete  
sphere ,  because  of the p rox imi ty  of the heating surface .  
Having introduced (5) into (4), we find f r o m  the la t te r  that 

T a = T ,  + 2aT~C (v" - -  v')  (6) 
rVa 

and the der iva t ive  T a with r e s p e c t  to Ya, thus de te rmin ing  
the nature of the var ia t ion  in the vapor  t e m p e r a t u r e  with-  
in the bubble as a function of the apex coordinate ,  i .e. ,  of 
the bubble d imension 

dTa 2 o C T  s (v" - -  v') 

dya rY 2 (7) 

Now, requi r ing  equali ty between dT/dy  and the dT a 
/dy a f r o m  the bubble c r i s e s  condition (7), in accordance  
with the law governing change in the t e m p e r a t u r e  profi le  
in the boundary  l aye r  we find a poss ib i l i ty  of assoc ia t ing  
the bubble c r i s e s  condition with the heat  flow through the 
wall to the moving liquid. All subsequent considera t ions  
will be based on the d imens ion less  un iversa l  Ka rman  co-  
ordinates .  

Let us introduce the notation 

TO 

] /  Pc g+ 

Pc 

g, 

t + 

bt 

Pc 

%0 (To - -  Ts) Pc ~ - -  
qo 

T o 

Pc 

(s) 

With consideration of (8) we find that (7) assumes the form 

(9) 

The quantity r 0 in (9) can be r ep re sen t ed  in t e r m s  of the p r e s s u r e  gradient  (dP/dx) for  a liquid flow 
by a comple te  c r o s s  sect ion or  in t e r m s  of the th ickness  of the liquid f i lm f r ee ly  running off a ve r t i ca l  s u r -  
face.  

In the f i r s t  case ,  

R d P  1, (10) 
T ~  dx / 

where  R is the tube radius .  

In the second case ,  

"c o = (Ix2pg~)l/z 5+ 2/3 " 

The magnitude of the pressure gradient dP/dx in (I0) is determined on the saturation line for a one- 
phase liquid as a function of the flow regime. In the region of turbulent regimes the pressure gradient 
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can be calculated f rom the formula  

dP _ ~ u~p 
dx D 2 

(11) 

Substituting (11) into the express ion  for  the dynamic veloci ty  u* = 4-%7~0, we obtain 

F o r  turbulent  motion in a c i r cu l a r  tube, according to the recommendat ions  of [3], the r e s i s t ance  fac tor  
can be calculated f rom the formula  for  smooth tubes:  

0.55 ]2 
Re lg -g- 

(13) 

and with considerat ion of the above Eq. (12) assumes  the fo rm 

0.195 - U * - -  - -  U. 
Re 

lg 
8 

The quantity 5 + in (10a) is the dimensionless  thickness of the run-of f  film, calculated by the Por ta lsk i  
method [4]. 

The next step in the solution of the problem cal ls  for  knowledge of the veloci ty  profi le  in the liquid 
boundary layer .  F o r  this we will use the universal  K a r m a n - N i k u r a d s e  veloci ty profi le  in a t h r e e - l a y e r  
model of the flow, assuming the tangential  s t r e s s e s  in the boundary l aye r  to be constant. The laminar  and 
buffer  t rans i t ion  regions may be of pract ical  in teres t  in view of the smal lness  of the cr i t ica l  bubble dimen-  
sions, which in the coordinates  adopted here  will be de te rmined  by the range of var ia t ion in y+ in the l imits  
0 < y+ - 30. 

In the laminar  region 0 < y+ < 5 

t + 

dt + 

(To- -Ts )%oPoPr /X-~o  y+, 

qo 

1/ xo 
(To - -  T,) cpoPo Pr Po 

dy + qo 

(14) 

(is) 

In the buffer  region 

(To - -  T,)(5 Pr - -  5 In 1 - -  Pr + T y ) cpopo 
j+ = , (16) 

qo 

dt + 
dy + 

(To--T,) CpoPo P r / i  Xo 
Po 

D r  +'~ " 
q ~  ) 

(17) 

Equating the values of dt+/dy + f rom (9) and (15) or (17), respec t ive ly ,  we will find for  the laminar  r e -  
gion that 

" " t o _  
Ts ) rlx~ 
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Fig.  2. Compar i son  of the boundary 
of the onset of boiling (T0)ob as a 
function of (24) with the data f r o m  
[5] for  a p r e s s u r e  of P = 14.0 MN 
/ m  2 (w, m / s e e ) .  

+ 
This resu l t  is valid if the value of y~ ~ 5. When Ya > 5, 

i .e. ,  for  the buffer  region,  the equation is brought  to the f o r m  

% ( = - - 1 )  2oC V " -  v" 

5 ( r ~  --l)r lXo 
T~ 

2{~C I/-~-o ( @ - - - ' )  ( ' - -Pr '  
-.~0. 

The solution sa t i s fy ing the physical  sense  of the p rob lem (y+ > 0) has  the f o r m  

50(Pr - -  1)rFo t T~ / " 
, + , . . . .  y/ 

5r g C ( v: 1/Pr 1 / / - ~  ] 
T, t / V P0 

(19) 

(20) 

Let us de te rmine  which externa l  conditions lead to the cr i t ica l  s ta te  for  vapor  bubbles  with a d imen-  
+ 

sion of Ya f r o m  (18) or  {20), depending on the absolute value.  

+ f r o m  (18) into (6) we find the t e m p e r a t u r e  inside the bubble: Substituting the value of Ya 

1 

,:=%o~ol/~o" (~o-~,, , -  ~ ~  ~ o  / / 
qo (-~-T "-- l). r"~ _] j. (2l, 

We will use  (14) when y+ + + = Ya accord ing  to (19) to e l iminate  t a f r o m  (22). This  yields  1t] I' Oo = 1 .  (22) 
r / T o  _ _ _ _  ) 2 

T s 1 

With s imple  t r an s fo rm a t i ons ,  f r o m  this we de te rmine  the value of the t e m p e r a t u r e  head, c o r r e s p o n d -  
ing to the onset of nucleate boiling in the forced flow of a liquid: 

( T  O - -  V,) = (2a) 
r~o 

We can p re sen t  (23) in d imens ion less  fo rm,  i . e . ,  

T 7 -  ) Re* Pr, (24) 

where  

Re* = r9~ Po 

The complex (~/rp o in the dynamic Reynolds number  is e x p r e s s e d  in units of m e t e r s  and is taken as a 
c h a r a c t e r i s t i c  d imens ion. 

Returning to (18) for  the d imens ion less  coordinate  of the apex of the cr i t ica l  bubble, we e l iminate  the 
quantity (T o - Ts) f r o m  that equation on the bas i s  of (22). This  yields the condition 
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1 (25) 
y+ = 2p-----~<5, 

which demons t r a t e s  that the c r i t i ca l  bubble is en t i re ly  within the l imits  of the l amina r  boundary layer .  
Analyzing the var ious  heat c a r r i e r s  f rom this standpoint, we can see that most  of them sa t i s fy  this condi-  
t ion.  An exception are  the liquid meta l s  for  which the P r  numbers  on sa tura t ion  are  of the o rder  of 10 -2. 
For  l iqu id-meta l  heat  c a r r i e r s  it is t h e r e f o r e  of in te res t  to examine the case  in which the apex of the vapor  
fo rmat ion  is in the buffer  region.  

+ + 
Substituting the value of Ya f r o m  (20) into (16) and (6), and e l iminat ing the value of t a ,  a f te r  some 

s imple  t r a n s f o r m a t i o n s  we obtain 

Pr ~ Re* 1 + 1 q- 
( 7 ~  

"Ts / 

1 - - P r  -k 
25 

=exp  5 P r - - l +  1+]// 1 §  

1 1)) 
Pr 

t,,'{ "-L' _ 1) c e* 
10 

To 

(26) 

The solution of the t ranscendenta l  equation (26) for  (T0/T s - 1) de t e rmines  the min imum t e m p e r a t u r e  
head at which nucleate  bo•ing begins  under conditions of forced liquid flow (Pr < 0.1). 

The resu l t ing  re la t ionship  (24) for  the min imum t e m p e r a t u r e  d i f ference  corresponding to the onset of 
nucleate boiling in a liquid flow was compared  with exper imenta l  data [5, 7] and the empi r i ca l  re la t ionships  
of [6]. The r e su l t s  a re  shown in Figs .  1 and 2. 

It follows f rom Fig. 2 that in a region of high p r e s s u r e s  the curve calculated f rom (24) co r re sponds  to 
the onset  of deviation on the par t  of the wail  t e m p e r a t u r e  f rom the convect ion h e a t - t r a n s f e r  re la t ionships  
for  var ious  deg rees  of liquid subcooling to saturat ion.  

With an e r r o r  of less  than 20%, the exper imenta l  data of [7] were  grouped near  the theore t ica l  curve  
cor responding  to p r e s s u r e  of 1.5 �9 105 N / m  2 and this curve  is shown in Fig. 1. The same  f igure a lso  shows 
the curves  calculated f rom the e m p i r i c a l  re la t ionships  of [6] for  a subcooling of 20 ~ In the region of high 
p r e s s u r e s  and low veloci t ies  for  the liquid we find sa t i s f ac to ry  a g r e e m e n t  for  the re la t ionships  under con- 
s iderat ion.  It is cha r ac t e r i s t i c  that  the d ivergence  of the r e su l t  is not sys t ema t i c  in nature and may be 
par t ia l ly  explained by the fact  that in the p roces s ing  of the exper imen ta l  data the authors  Of [6] employed 
the total  t e m p e r a t u r e  head between the wall  and the core  of the flow, thus dis tor t ing the effect  of p r e s s u r e  
and velocity.  

N O T A T I O N  

P 
{7 

R 
t , T  
V 

r 

Y 
D 
0 

U 

P 
T 

Cp 
q 
# 

is the p r e s s u r e  in the sys tem;  
is the sur face  tension coefficient;  
is the radius;  
a re  t empe ra t u r e s ;  
is the specif ic  volume of the medium; 
is the heat  of vapor  formation;  
is the coordinate  in the d i rec t ion  no rma l  to the surface;  
is the d iamete r ;  
is the boundary wetting angle; 
is the instantaneous value of the liquid velocity; 
is the liquid density; 
is the tangential  s t r e s s ;  
is the heat  capacity;  
is the heat  flux density; 
is the dynamic viscosi ty;  
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X 

g 
5 
A 

is the coordinate along the liquid flow; 
is the accelera t ion of f ree  fall; 
is the thickness of the liquid film running off freely; 
is an increment  in magnitude; 
is the fr ict ional  res i s tance  factor .  

S y m b o l s  

" denotes quantities pertaining to the vapor phase; 
' denotes quantities pertaining to the liquid phase; 
a shows the value of the quantity at the apex of a bubble of cr i t ical  radius; 
s shows the value on saturation; 
cr  denotes quantities charac te r iz ing  the cr i t ical  state; 
0 denotes values at the wall temperature;  
+ denotes quantities expressed in dimensionless  Karman coordinates;  
* denotes dynamic velocity and quantities expressed in t e rms  of that velocity; 
ob denotes quantities charac te r iz ing  the onset of boiling. 
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