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An approximate method is presented for the determination of the tem- 
perature difference across the liquid-vapor phase interface in a vapor 
bubble, during boiling in a large volume. 

Par t i cu la r  at tention is being devoted in reeen t  t imes  
to the p rob lems  of the mechan i sm of boiling, in con-  
nection with the development of new technology and in 
view of the fact that many aspects  of this development  
have not yet  been subjected to quant i ta t ive evaluation.  

- -  c - -  rR" 

\ 

Fig. 1. Standard physical  model.  

Among the factors  which have not been studied in 
grea t  detai l  we find the magnitude of the discont inui ty  
in the t empera tu re  0 at the boundary of separa t ion  
between a superheated liquid and the vapor space of a 
bubble in boi l ing within a large volume. We will r e -  
s t r i c t  the stated problem to an examinat ion of the dif-  
fe rence  between the t e m p e r a t u r e s  ~ observed between 
the surface of the wall and the vapor  space of the bub-  
bles  which have not yet  separa ted  f rom the heated s u r -  
face. 

Exper imenta l  data show that the vapor bubbles ap-  
pear  f i r s t  at the microscopic  roughness  e lements  of 
the heat ing surface.  The most  probable  s i tes  for the 
format ion  of the vapor phase are  the microscopic  de -  
p r e s s ions  [1]. 

The widely held opinion that microscopic  p ro tube r -  
ances se rved  as such foci was not conf i rmed [2]. The 
liquid in the wall l ayer  mus t  be superheated re la t ive  
to the sa tura t ion  t empe ra tu r e  for the vapor over the 
flat  surface,  i . e . ,  Tf > T% 

It is our opinion that we can assume that the gen-  
e ra t ion  of vapor bubbles in an active hemispher ica l  
depress ion  occurs  in the following manner .  

When a vapor bubble separates  f rom the surface  it 
in tensif ies  the tu rbul iza t ion  of the liquid within the 
depress ion  and promotes  the influx of colder l iquid 

volumes from the main  core.  The liquid t empera tu re  
within the depress ion  drops to T0f, which is the t e m -  
pe ra tu re  at the beginning of the period r e f e r r e d  to by 
Hsu [3] as the "waiting period" T 0, which is the t ime 
needed to heat the l iquid within the depress ion  to 7 "  
When the heating is stopped, the heat flow is d i rec ted  
toward the center  of the sphere .  Because of the s m a l l -  
ness  of the volume of the sys tem,  the t r ans f e r  of 
energy is accomplished by heat conduction which in-  
volves some iner t ia .  The depress ion  can be t rea ted  
as a port ion of a sphere  with uni formly  d is t r ibuted  
heat sources  and a sink of the total  heat flow at the 
cen te r  of the sphere when the liquid is heated at an 
instant  that is close to the s teady-s ta te  value (i. e . ,  
the equi l ib r ium value;  this  state is not attained, since 
the process  proceeds without equi l ib r ium within a 
f ract ion of a second). The calcula t ions  of [10] demon-  
s t ra te  that the t empera tu re  at the center  may r i se .  
Consequently, the pa r t i cu la r  shape of the depress ion  
(of the hemisphere) ,  the nons tead iness  of the heating, 
and the presence  of iner t ia  set  up conditions favorable 
to the concentra t ion  of molecules  with elevated energy 
at the center  of the depress ion ,  i . e . ,  favorable  to the 
elevat ion of t empera tu re  within this region.  The p r e s -  
sure  in the sys t em is constant ;  there is therefore  no 

i ~  re. = I 

Fig. 2. Scheme of t e mpe r a t u r e  field along 
beam AE; 5 is the th ickness  of boundary 
the rmal  layer  around gas bubble, accord -  

ing to [12]. 

�9 fur ther  superheat ing of the liquid, and we have a new 
phase- -a  vapor phase. This phenomenon can be ex-  
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plained in the following manne r .  Because of the above-  
noted factors ,  a nonuniform tempera tu re  field appears  
at the cen te r  of the sphere.  This state of the sys t em 
is unstable .  The evening out of the t empera tu re  field 
occurs  in the subsequent  period (~'rel)" The min i mum 
possible  re laxa t ion  t ime can be defined as the t ime for 
the propagat ion of e las t ic  waves within the liquid: 

Rcr 
Tre I -- (1) ~J 

For  water  w ~  1500 m/sec ,  while for  p" = 98.1 bar ,  
Rcr  = 0 .12.10 -~ m. 

Under these  condit ions Trel = 0 .8 .10  -l~ sec. 
According to [4], the the rmodynamic  proper t i es  of 

the substance  may be affected by these  f luctuations,  
whose per iod of existence is g rea t e r  by an order  than 
the quanti ty h/kT,  i . e . ,  

h 
%el ~ -  (2) 

kT 

For the condit ions under  cons idera t ion  

h 6.62 �9 10 -3~ 
- -  = 0.82 �9 10-1Ssec . 

kT 1.38 - 10 -23 �9 582.5 

Hence we can see that the t ime  dur ing which t e m -  
p e r a t u r e  f luctuat ions are p resen t  at the center  of the 
sphere is suff icient ly long to a l te r  the thermodynamic  
proper t i es  of the subs tances  within this  region (i. e . ,  
to achieve convers ion  of liquid into vapor). It can be 
demons t ra ted  that the above-descr ibed  scheme for  
the appearance of vapor  nucle i  in r e a l  l iquids proceeds 
in the p resence  of addit ional condit ions:  a solid pa r -  
t icle must  be p resen t  at the center  of the sphere  at 
the instant  at which fluctuations in densi ty appear (in 
indus t r ia l  l iquids,  l a rge  amounts  of such pa r t i c l e s  a re  
present) ,  or  a gas bubble has to be p resen t .  

However, r ega rd l e s s  of the conditions for the gen-  
e ra t ion  of the vapor,  as demons t ra ted  by exper iment ,  
in no rma l  boi l ing we find the format ion  of vapor bub-  
bles at the heat ing surface .  Beginning our ana lys i s  
f rom this c o n f i r m e d  fact, le t  us de te rmine  the mag-  
nitude of the t empe ra tu r e  difference ac ross  the i n t e r -  
face between the super -hea ted  liquid and the vapor 
space of the bubble in the case of boi l ing within a large 
volume on a hor izontal  heating surface.  The generated 
vapor bubble exhibits a finite rad ius  Rer.  During the 
ini t ia l  period of growth in ~-~, the bubble is c lose  to 
spher ica l  in shape (Fig. 1). P r io r  to separa t ion  f rom 
the surface ,  the bubble a s sumes  a mushroom shape. 
It has been es tabl i shed in [5] that the rate  of growth for the 
vapor  bubble reaches  a max imum in the ini t ia l  per iod ~-1. 
For  the boi l ing p rocess  at a tmospher ic  pres  sure  [ 6] 

"~1 ~ 0 . 2 5  Tse  p.  (3) 

During this per iod the bubble grows f rom dcr  to d~, 

d~ = 0.7-- 0.75dsep. (3a) 

Let us de te rmine  d p rec i se ly  dur ing  the period 71 in 
which the bubble is attached to the heat ing sur face  at 
one point.  

The difference in ~ of in te res t  to us is a component 
par t  of the curve for the t empera tu re  field of the en-  
t i re  system.  To derive a more  general  curve for the 
t empera tu re s ,  the d is t r ibut ion  of this  quantity along 
the ray AE (according to Fig. 1) is es tabl ished in Fig. 
2, and we find that the aforement ioned ray  passes  
through the cen te r  of gravi ty  for  the vapor bubble with- 
out coinciding with the ver t ica l .  

1! We will assume the t empera tu re  T R within the va-  
por bubble to be approximately identical  throughout 
the ent i re  volume;  TwR' denotes the t empera tu re  of the 

N 
l iquid sur rounding  the bubbles.  The p r e s s u r e  PR of the 
sa tura ted  vapor in the bubble is uniquely associated 

t? with the t empera tu re  T R of the sa turated vapor. A 
ne c e s sa r y  condition for the genera t ion  and growth of 
the vapor bubble is  the superheat ing  of the liquid r e l -  
ative to the t empera tu re  T '  of the sa turated vapor  
above the flat surface [7] to a t empera tu re  Tf = T~vR. 

We know that the equi l ib r ium coexis tence of the va-  
por and liquid phases  is movable,  i . e . ,  the number  of 
molecules  leaving the liquid is equal to the number  of 
molecules  absorbed by the l iquid surface.  The process  
of vapor production in boi l ing is without equilibrim=~. 
The apparent  generat ion of vapor is caused in this case 
by the fact that the number  of molecules  r e ma in ing  
within the vapor space is l a rger  than the number  of 
molecules  absorbed by the liquid. According to kinet ic  
theory,  a t e mpe r a t u r e  jump occurs  at the boundary of 
separa t ion  between the phases in this  case (Fig. 2). 
The magnitude of this jump can be de te rmined  by means  
of the condensat ion coefficient.  The la t te r  se rves  to 
evaluate the number  of molecules  captured by the l iq-  
uid. It can range in value f rom zero to unity. 

We will t rea t  the vapor as an ideal gas, and wewil l  
a ssume the p rocesses  of molecule  r e l ease  f rom the 
l iquid and of molecule  absorpt ion to be independent of 
each other. On the bas i s  of concepts f rom kinetic the-  
ory [8], for vapor condensat ion we then have 

2k f p" ) i = . ( 4 )  

We will assume in approximate t e r ms  that (4) is 
also valid for evaporat ion f rom a cu rv i l i nea r  surface.  
The process  of vapor format ion in boi l ing is always 
accompanied by the t r ans i t ion  of some of the molecules  
to the liquid. 

According to [9], the intensi ty  of vapor format ion  
can therefore  be calculated f rom the condensat ion fo r -  
mula  

2-k V2~"T~ ~ ~ / = ] "  (5) 

Neglecting the work of the forces  of surface tens ion  
and adhesion, we can a s sume  that all of the heat t r a n s -  
mit ted by the heating surface r e p r e s e n t s  the heat of 
phase convers ion  

q ~ F], 

whence 

q 
] = - - .  (6) 

T 
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We can express  the densi ty  of the heat flow in t e r ms  
of the ra te  of growth for the vapor bubble [5]: 

dR (7) 
q = r p "  d~"  

On the bas i s  of (6) and (7), for the in tensi ty  of vapor 
format ion we can wri te  

dR 
] = p "  - -  (8) 

d-~ 

Let us subst i tute  this  express ion  into (5): 

(9) 

The unknown in Eq. (9) is the magnitude of the va-  
rt por t empera tu re  T R within the bubble. The p r e s su re  

IT PR of the sa tura ted  vapor within the bubble is uniquely 
tl 

associated with the t empera tu re  T R and can be d e t e r -  
mined from tables  l i s t ing  values for the sa tura ted  va -  
por. 

Having specified the value of the t empera tu re  Tf = 
= T~v R for the superheat ing  of the liquid, and having 
used the tables  to de te rmine  the sa tura t ion  p re s su re  
cor responding  to T~v R, we can calculate the vapor 
t empera tu re  f rom (9) in  a bubble of radius  1~. How- 
ever ,  s ince Eq. (9) also includes the p r e s s u r e  p~ of 
the sa tura ted  vapor, which is associa ted  with the un-  
known T~, the calculat ion of the la t te r  is accomplished 
by the method of success ive  approximations,  i . e . ,  
ini t ial ly we assume a tenta t ive  magnitude for the vapor 

?! 
t empera tu re  T R within the bubble, then we take the 

11 
,ro  u o  o ro ,oo ,ng 

tables ,  and finally,  the sought t e m p e r a t u r e T ~  is ca l -  
culated f rom Eq. (9). The calculat ion is concluded as 
soon as the ini t ia l ly adopted t empera tu re  value coin-  

y! 
cides with the found value. The value of T R is de t e r -  
mined mos t  eas i ly  for the ini t ia l  per iod T I of vapor -  
bubble growth. The t i m e - v a r i a t i o n  of the bubble d i -  
ameter  in the in i t ia l  per iod follows a law that is c lose 
to the l i nea r  [5, 6]. It may therefore  be assumed  in 
approximate t e r m s  that for the period ~l the constancy 
of the f i r s t  der iva t ive  is cha rac te r i s t i c :  

dR 
- -  =const. 
d r  

According to [10], the t ime for the bubble growth is 

[ ( ) ]  = dsep I - -  de r 2 (10) 
Tsep 8 ~  t~ T s u p e r  d - ~ e p  " 

The quantity dse p is de te rmined  f rom a fami l i a r  
formula ;  if we know ~'sep, with (3) and (3a), we can 
find the values  of ~'1 and Rt. Consequently, the rate  of 
bubble growth in the f i r s t  period is defined as 

dR R1 (11) 
dT ~, 

The quantity ATsupe r in fo rmula  (10) is understood 
to r e fe r  to the ra t io  between the superheat ing  of the 
liquid su r round ing  the vapor bubble and the t e m p e r a -  

ture  T" of the sa tura ted  vapor above the flat  surface at 
a specified p r e s s u r e  in the vesse l  (we neglect  the hy-  
dros ta t ic  p res su re ) ,  i . e . ,  ATsupe r = Tf  - T" or, 
what amounts to the same,  

h Tsuper = T~n - -  T". (12) 

For  the ini t ia l  per iod ~'l Eq. (9) thus enables  us, in 
approximate t e r m s ,  to calculate the magnitude of the 
t empera tu re  jump 

,~ = T~n - -  T n ,  (13) 

which occurs  at the l iquid-vapor  interface in the bub-  
ble in the thin wall layer  at the heating surface .  The 
solution of Eq. (9), with the aid of seven-p lace  loga-  
r i thmic  tables p repared  by the author for water,  dem-  
onst ra te  that the quantity ~ at the in terface  is smal l  
for  the above-descr ibed  condit ions.  Thus, for p" = 
= 0.981 �9 105 N/m 2 and ATsupe r = 5 ~ K, ~ assumes  a 
value equal to 0.015 ~ K, while for p" = 98.1 �9 105 N/m 2 
a ndA Tsupe  r =25  ~ 6 = 0.01 ~ 

For  the second case ,  here  we assume in approxi-  
mate t e r m s  that (3) is valid. To de te rmine  the con-  
densat ion coefficient we turned  to re fe rence  [11]. 

In the f i r s t  example k = 0.54 when T~  = 378.135~ 
In the second example k = 0.712 when T~t = 607.67 ~ K. 

The t e m p e r a t u r e  of the vapor within the bubbles 
cannot be m e a s u r e d  exper imenta l ly  at the p r e sen t  
t ime.  However, there  exists  an indi rec t  method of de-  
t e r mi n i ng  the accuracy of the r e su l t s  obtained. When 
the vapor bubble is floating, it i nc reases  in volume, 
abso rb ing  heat f rom the superheated liquid. Relative 
to the t empera tu re  of the sa turated vapor over the 
flat  surface,  the superheat ing  of the liquid is d e t e r -  
mined f rom the f ami l i a r  fo rmula  

/~Tsuper = T'wR--T"-- 2aT" (14) 
rp"R 

With an inc rease  in the radius ,  the medium need 
not be as in tens ively  superheated for vapor bubbles to 
exist  within it. A vapor bubble leaving the liquid ex- 
pands in the l imi t  to R = ~,  so that ATsupe  r ~ 0, and 
for the l imi t  case the liquid t e mpe r a t u r e  becomes  
equal to the vapor t e mpe r a t u r e  T". Consequently,  the 
absolute equi l ib r ium magnitude of the vapor t e m p e r a -  
tu re  within the bubble in the upper l ayers  of the liquid 
is sma l l e r  than in the lower layers .  Simplifying the 
actual  p rocesses  somewhat, we see that when thebub-  
ble begins to float (thus inc reas ing  in volume) a vapor 
mix ture  begins  to form within the bubble. 

The components include liquid vapors  of var ious  
t empera tu re s .  If we know the volume of the vapor 
within the bubble at the instant  of i ts  separa t ion  f rom 
the heat ing surface and on leaving the surface of the 
liquid, we can calculate  the t empera tu re  of the mix-  
ture .  We can use Eq. (9) to de te rmine  the vapor  t e m -  
p e r a t u r e  within a bubble whose d iamete r  ha s r eaehed  
the size r equ i red  for separat ion.  For this we have to 
use the average integral  value of T~v R of the su r round-  
ing liquid. In f i r s t  approximation,  a s suming  the t e m -  
pera tu re  of the las t  vapor port ions formed p r io r  to 
depar t ing  the liquid surface to be equal to T", we can 
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tentat ively  der ive  the average actual  vapor t e m p e r a -  
ture  which should be found in a vapor bubble of radius  
R near  the evaporat ion surface  (in a liquid). Accord-  
ing to our  calcula t ions ,  for the condit ions of the Yakob 
exper iment  [13], this t empera tu re  is equal to  373.75~ 
(100.6 ~ C). Consequently, the su r round ing  liquid should 
exhibit  the t empera tu re  

ble  surface);  T R is the mean  t empera tu re  of the satu-  
ra ted  vapor in the bubble; q is the density of heat flux; 
r is the heat of vapor genera t ion;  dcr ,  dr, and dse p 
are  the vapor bubble d i ame te r s :  m i n i m u m - - c o r r e -  
sponding to ini t ia l  per iod separa t ion;  p" is the densi ty 
of the sa turated vapor; ~ is the the rmal  conductivity 
of the liquid. 
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NOTATION 

Tf  is the ins tantaneous  t empera tu re  of the boi l ing 
fluid; ~-ret i s  the re laxa t ion  t ime;  Rer  and R are  
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vapor;  w is the velocity of e las t i c -wave  propagation;  
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face t empera tu re  (of the condensate  f i lm);  Rl is the 
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a liquid t empe ra tu r e  T~vR on surface  of the vapor bub-  
ble with radius  R; p~  is the p r e s s u r e  of the sa tura ted  
vapor  in the vapor bubble with radius  R at vapor t e m -  
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pe ra tu r e  TR; T{vR is the wall t empe ra tu r e  of the va -  
por bubble with radius  R (liquid t empe ra tu r e  on bub-  
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