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This paper gives the results of an experimental investigation of the 
heat fluxes for a wide range of heater diameters and pressures in the 
pool boiling of saturated liquids. The experirnental data of many 
investigators are generalized in terms of the criteria k and A (the 
hydrodynamic stability criterion, introduced by Kutateladze, and the 
Weber number). 

The r e s u l t s  of our  expe r imen t s  on the effect of 
h e a t e r  d i a m e t e r  on the c r i t i ca l  heat  flux in the pool 
bo i l ing  of wa te r  and ethyl alcohol were  publ ished in 
[1]. The expe r imen t s  were  c a r r i e d  out at p r e s s u r e s  
of 1 and 11 k g / c m  2, and the hea te r  d i ame te r s  va r i ed  
f rom 0.1 to 6 ram. 

As a cont inuat ion  of this  work we now p re se n t  new 
r e su l t s  of expe r imen t s  in which the hea t e r  d i a m e t e r  
was var ied  f rom 8 to 200# and the p r e s s u r e s  up to 
0.8 P ,  for  c e r t a i n  l iquids .  The expe r imen t s  were  
conducted on the appara tus  desc r ibed  in [2] with the 
heat ing e i emen t s  hor izonta l .  The wi re s  were  used 
as r e s i s t a n c e  t h e r m o m e t e r s  and were  connected 
in one of the a r m s  of a f o u r - a r m  br idge  c i r cu i t  
conta in ing  s tandard  r e s i s t a n c e  coiIs ,  an MSR-60 
r e s i s t a n c e  box, and an M-195/1  nul l  ga lvanomete r .  
The m e a s u r i n g  Circuit  did not differ  fundamen ta l ly  
f rom that used in [3]. The working sec t ion  was sup-  
plied f rom a 24-V s torage  ba t t e ry  through rheos t a t s .  
The heat ing e l e m e n t s  of d i a m e t e r  8 and 25~ were  
made  of tungs ten  wi re ;  those of d i a m e t e r  50, 100, 
and 200~ were  made of p la t inum.  The t e m p e r a t u r e  
coeff icient  was d e t e r m i n e d  s epa ra t e ly  for  each 
working  sec t ion  by m e a s u r i n g  the r e s i s t a n c e  of the 
sec t ion  mounted  in the appara tus .  The m e a s u r e m e n t s  
were  made th ree  t imes :  with the appara tus  f i l led  with 
a solut ion of g lycero l  in  wa te r  (5% by weight,  boi l ing  
point  about 140 ~ C), and with the appara tus  f i l led  
with alcohol before  the s t a r t  and af ter  the end of the 
m e a s u r e m e n t s ,  by means  of a s ing le  P-316  br idge .  
The va lues  of the t e m p e r a t u r e  coeff ic ient  obtained 
by these  m e a s u r e m e n t s  were  p r a c t i c a l l y  the same 
as those spec i f ied  for  p la t inum.  

The use  of the sec t ion  as a r e s i s t a n c e  t h e r m o m e t e r  
enabled us to obtain r e l a t i onsh ip s  for  the t e m p e r a t u r e  
drop between the wire  and l iquid for  va r ious  heat  
f luxes  and to d e t e r m i n e  exact ly the momen t  of onset  of 
f i lm boil ing.  

F i g u r e  1 shows the r e s u l t s  of m e a s u r e m e n t s  of the 
t e m p e r a t u r e  of w i re s  of d i f fe rent  d i a m e t e r  when the 
heat  f luxes were  i n c r e a s e d  to the c r i t i c a l  va lues .  The 
f igu re  shows that the va lue  of At = t, - t" ( t e m p e r a t u r e  
d i f fe rence  between wire  and liquid) at the ins t an t  when 
convect ion  changed to boi l ing i n c r e a s e s  f a i r ly  rap id ly  
as the hea t e r  d i a m e t e r  is reduced.  

This  is shown in coord ina tes  At, D in Fig. 2. These  
data agree  qual i ta t ive ly  with s i m i l a r  m e a s u r e m e n t s  
conducted in [4] on water  when the hea te r  d i a m e t e r  
was va r i ed  f rom 0.1 to 0.6 mm.  
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'n o Fig .  1, P lo t  of A t = t  - t  , C, 
* 2 aga ins t  hea t  flax q, W / m  , for  

d i f ferent  he a t e r s  (ethyl alcohol, 
P = 1 b a r ) :  1) D = 0 . 0 0 8 m m ;  
2) 0.025; 3) 0.05; 4) 0.1; 5) 0.2; 
6, 7, 8) c r i t i ca l  heat  f laxes .  

The results of experiments on the boiling of ethyl 

alcohol at atmospheric pressure are shown in co- 

ordinates q,, D in Fig. 3. To complete the picture we 

reproduce the data from [I] and also give new data. 

Thus, the range of variation of the diameter of the 

heat ing  e l e m e n t s  was 8 p to 10 ram.  The c h a r a c t e r -  
i s t i c s  of the hea t ing  e l emen t s  a r e  indicated in Table  1. 

In the complex r e l a t i onsh ip  be tween the c r i t i c a l  
heat  flux and the d i a m e t e r  of the h e a t - e m i t t i n g  su r f ace  
the re  is a d i s t inc t  m i n i m u m  (D = 0 . 1 - 0 . 0 5  ram) on the 
cu rve  of q,(D),  as wel l  as our  p r e v i o u s l y  d i scove red  

m a x i m u m .  F u r t h e r  reduc t ion  in the h e a t e r  d i a m e t e r  
again  leads  to an i n c r e a s e  in the c r i t i c a l  heat  flux. 
The onse t  of f i lm bo i l ing  on a w i r e  of d i a m e t e r  8 p oc -  
cu r s  at a heat  load 1.6 t imes  g r e a t e r  than the c r i t i c a l  
in the reg ion  of s e l f - s i m i l a r i t y  of the hea t e r  d i ame te r .  
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Fig. 2. At, ~ as a function of the heater  diameter 
D, ~, on changeover from convection to boiling (ethyl 

alcohol, P = 1 bar).  
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Fig. 3. Plot of q, W/m 2, against heater  di- 
ameter  D, mm (ethyl alcohol, P = 1 bar):  
1) for cri t ical  heat flux; 2) for heat flux 
on changeover f rom convection to boiling. 
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Fig .  4. Coex i s t ence  of t h r e e  
h e a t - t r a n s [ e r  r e g i m e s  (ethyl 
a l coho l ,  P = 1 b a r ,  D = 

= 0~ mm) .  

Fig. 5. Near-critical boiling on 
a thin wire (ethyl alcohol, P = 

= 1 bar, D = 0.025 rnm). 
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Fig. 6. Plot of dimensionless complex k against parameter A. 
Our data: i) water; 2) alcohol; 3) benzene. Data of other in- 
vestigators: 4) methanol [5]; 5) water [7]; 6) water [4]; 
7) water [6]; 8) water [8-11]; 9) water [12]; I0) water [13]; 
Ii) water [14]; 12) carbon tetraehloride [5]; 13) ethanol, 

methanol, n-butanol, n-propanol [12, 15]. 
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F o r  this reg ion  Fig.  3 shows the va lues  of the heat 
f luxes at which convect ion gives way to boil ing.  

F i g u r e s  1 and 3 show that the ro le  of convect ive 
heat  t r a n s f e r  is ve ry  impor tan t  and i n c r e a s e s  with 
reduc t ion  in the hea te r  d iamete r .  Fo r  ins tance,  on a 
25g wire  the heat  flux on changeover  f rom convect ion 
to boi l ing is 0.7 of the c r i t i c a l ,  and on a 8 p wi re  it  
is about 0.9 q , .  

Thus,  we can infer  f rom the foregoing that the i n -  
c r e a s e  in q, in the region  of ve ry  smal l  hea te r  d i a m -  
e te r s  is due to the l a rge  con t r ibu t ion  of convect ive  
heat  t r ans fe r .  

When thin wi re s  a re  used as working sect ions  there  
a r e  ce r t a in  specia l  f ea tu res  in the boi l ing p r o c e s s  and 
the onset  of the boi l ing c r i s i s .  On a su r face  of d i a m -  
e te r  100 p with cont inuous supply of heat  convect ive 
heat  t r a n s f e r  is often followed immedia te ly  by f i lm 
boil ing.  The f i lm formed  usua l ly  b reaks  down spon-  
taneous ly  without change in the heat  load and nuc lea te  
boi l ing  begins .  With fu r the r  hea t ing  s table  f i lm boi l ing  
se ts  in. The l a s t  load is a s s u m e d  to be the c r i t i ca l  one. 
In expe r imen t s  with su r f aces  of d i a m e t e r  8 and 25 ]~ 
nuc lea te  boi l ing  o c c u r r e d  only when the heat  was ap-  
pl ied ve ry  gradual ly  in s teps with 10ng in t e rva l s  b e -  
tween the s teps  and a verY sma l l  d i f fe rence  between 
the s u c c e s s i v e  steps.  When the heat  load was in -  
c r e a s e d  s teadi ly  convect ive  heat  t r a n s f e r  a lways gave 
way to s table  f i lm boil ing.  Exactly the s ame  p ic tu re  
was obse rved  on changeover  f rom f i lm boi l ing  when 
the heat  flux was reduced.  With ve ry  gradual  r e d u c -  
t ion of the load nuc lea te  boi l ing  o c c u r r e d  in a n a r r o w  
range  of heat  flux. 

F i g u r e  4 shows f r a m e s  of a h igh-sPeed  f i lm  (1000 
f r a m e s / s e c )  of the coexis tence  of th ree  h e a t - t r a n s f e r  
r e g i m e s  on a hor izon ta l  wi re  of d i a m e t e r  25 #.  On the 
r ight  there  a re  two act ive  evapora t ing  cen te r s ,  as in 
o r d i n a r y  nuc lea te  boil ing;  f i lm boi l ing  is taking p lace  
in the cen t e r  of the f i lm and on the lef t  the wi re  is. 
bare ,  without any bubbles .  The cooling of this  p a r t  of 
the sur face  is due to f ree  convect ion  of the liquid. 

Visual  obse rva t ions  and an inspec t ion  of the f r a m e s  
showed that the pa r t  occupied by the vapor  f i lm c o m -  
p r i s e d  1/5 to 1/2 of the total  length of the hea te r .  

Character- 
istic 

diameter, * 

m i l l  . 

0.008 
o. 025 
o. 05 
0.1 
0.2 
0.3 
0.5 
0.8 

1 . 0 - 1 . 2  
1.5 
2.0 
2.7 

3.0--3.2 
4.0 
5.0 
6.0 

lO 

Pe r iod ica l ly  the pa r t  on which f i lm boi l ing  occu r r ed  
i n c r e a s e d  or dec reased  and moved in each d i rec t ion  
a l t e rna t e ly  along the hea ter .  Observa t ion  of a p a r t i c -  
u la r  point on the sur face  showed that the f i lm boil ing 
was rep laced  by convection, and the l a t t e r  was again 
rep laced  by f i lm boiling. 

It was repor ted  in [1] that the onset  of the c r i s i s  on 
a thin wire  is due to a local  de t e r io r a t i on  in heat t r a n s -  
f e r  at  the s i te  :of fo rmat ion  of a l a rge  gas bubble.  
F i g u r e  5 shows the n e a r - c r i t i c a l  r e g i m e  of boi l ing of 
ethyl alcohol on a wi re  with D = 25 g.  Only a few evap-  
o ra t ing  cen te r s  a re  act ive on the surface .  Two of 
them in te rac t  with one another  and the bubbles  at this 
s i te  fuse together.  The s izes  of the fused bubbles  a re  
much l a r g e r  than the bubbles  fo rmed  at the separa te  
evapora t ing  cen te r s .  With a sl ight i n c r e a s e  in the 
heat load the si te  of fus ion of bubbles  will be  the spot 
where  f i lm boi l ing begins ,  s ince  the l a rge  vapor  bub-  
b les  insula te  the hea te r  sur face  f rom the cooling 
l iquid and thus cause  a pronounced de t e r io r a t i on  in 
the heat transfer at)the particular site. 

After publication [i] of the results of the experi- 

ments on the effect of heater diameter on q, we con- 
tinued the work at higher pressures. We conducted 
experiments on the boiling of water at pressures of 

31 and 71 bar, and on the boiling of ethyl alcohol at 
31 and 51 bar. We also conducted experiments with 
benzene at pressures of 1 and ii bar. The q,(D) re- 

lationships obtained in these experiments were sim- 
ilar to those in Fig. 3. 

To generalize all our experimental results and the 
known published data of other investigators who have 
used wires of various diameters as heaters [4-15] we 
used the criteria 

k =  q* 
r (g,f')?/'~ [~ (;/~ --~")l 1/, ' 

D (  f - - 7 ' ~ '  ) '/2 �9 

The t r e a t me n t  in s e mi l oga r i t hmi c  coord ina tes  is shown 
in F i g .  6. As the va lue  of D We took the d i a m e t e r  for  
cy l indr i ca l  he a t e r s  and the width for  r i bbon - shaped  

Total 
length, 
' m m  

C h a r a c t e r i s t i c s  of Hea te r  E lemen t s  

i 
Thickness 
' o f  wall, 

I n n l  

Material 

15 
40 

60 
60 
6O 
60 

6o 
60 
60 

60 
80 

S h a p e  

Wire 

% 

0.5 
0.5 
0.6 
0.6 
0.2 
0.2 

Tungsten 

Platinum 
Platinttrn, niehrome 
Platinum, nichrome 

; Nichrome 
: N~chmme 

stainless steel 
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Nichrome 
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n 

Ribbon 
Ribbon 

Surface purity 
aec0rd ingto  

G O S T  

2 7 8 9 - 5 9  
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IV 
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Note. The 6- and 10-ram ribbons were mounted edgewise. 
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h e a t e r s .  All  our  data and a lmos t  all  the points  of o ther  
e x p e r i m e n t e r s  l ie  with a s c a t t e r  of • 20% on one l ine.  
The s c a t t e r  of the expe r imen t a l  data is a l i t t l e  g r e a t e r  
in the reg ion  of v e r y  s m a l l  h e a t e r  d i a m e t e r s ,  which 
is probably  due to the diff icul ty in de t e rmin ing  exact ly  
the onset  of the c r i s i s  on a thin wire .  The  data of [13] 
in the reg ion  0.2 < A < 1.0 with the h e a t e r  hor izon ta l  
a r e  lef t  out. In [13] t he r e  was no m a x i m u m  on the 
c u r v e  q, (D) in this  range  of d i a m e t e r s .  

A c c o r d i n g  to Fig.  6, fo r  hor izon ta l  h e a t e r s  s e l f -  
s i m i l a r i t y  of the complex  k r e l a t i v e  to the l i n e a r  d i -  
mens ion  of the heat ing  su r f ace  occu r s  when 

h > 2. (2) 

The m a x i m u m  value  of the complex  k o c c u r s  when 

0 . 2 < A <  1. (3) 

The  m i n i m u m  va lue  of k o c c u r s  when 

0.03 < A < 0.1. (4) 

Visual  obse rva t i ons  and h i g h - s p e e d  f i l m s  showed 
that the reduc t ion  in the c r i t i c a l  hea t  f lux with change 
in the p a r a m e t e r  A < 0.5 was due to a loca l  d e t e r i o r -  

at ion of heat  t r a n s f e r  at s i t e s  of f o r m a t i o n  of l a r g e  
vapo r  bubbles,  which insu la te  the h e a t - t r a n s f e r  s u r -  

f ace  f r o m  the cool ing liquid. 
When A < 0.03 the r o l e  of convec t ive  hea t  t r a n s f e r  

is so g r e a t  that  t h e r e  is p r a c t i c a l l y  no nuc lea te  boi l ing  
in this  c a s e  and convec t ive  hea t  t r a n s f e r  is fol lowed 

d i r e c t l y  by f i l m  boi l ing.  

NOTATION 

P. is the critical pressure (in thermodynamic 

sense); q. is the critical heat flux; t" is the liquid 

temperature; t, is the wire temperature; D is the di- 

ameter for cylindrical and width for ribbon-shaped 

heaters; r is the heat of vaporization; g is gravita- 

tional acceleration; Y" is the density of vapor; Y' is 

the density of liquid on saturation line; cr is the sur- 

face tension. 
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