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Laws a re  established according  to which the cr i t ical  boiling mode changes with the or ien ta-  
tion of the hot sur face .  The existence of an ext remum tempera tu re  is shown. Formulas  are  
proposed which account for the surface  orientation during boiling in a free volume. 

The effect which the orientation of the hot sur face  w ith respec t  to the gravitat ional  field has on the 
cr i t ical  nucleate boiling of liquids is recent ly  becoming important  f rom both the scientif ic and pract ical  
point of view. 

A survey  of available tes t  data shows that studies on this subject  have until now been concerned 
mainly with the position of the hot sur face  in a large  boiling volume, and only ve ry  few experiments  have 
dealt  with the effect of channel orientation. These data give r e s e a r c h e r s  only a qualitative notion as to 
how the orientation of the hot sur face  affects the cr i t ical  thermal  flUXqcri. No formulas  for calculating 
the effect of sur face  orientation have been proposed yet. 

Styrikovich and Polyakov [1], who studied how the orientation of the hot surface  affects qcri in the 
ease of water ,  benzene,  and various alcohols boiling in a la rge  volume at a 5 mm thick Nichrome plate 
under a tmospher ic  p r e s s u r e ,  also noted that changing the inclination angle r  of the hot surface f rom 0 
to 90 ~ causes a reduction o fqc r  1 by 8% and that at ~ = 180 ~ the cri t ical  heat load is 40% lower than with 
the hot sur face  turned upward. 

Costel lo and Adams [2] studied the effect of surface orientation on water boiling under conditions of 
s imulated gravitat ion during the rotat ion of a vessel  containing both the water  and the hot surface .  In their  
exper iments  with an 8 mm thick graphi te  plate, under s imulat ing forces  equal to natural  t e r r e s t r i a l  g rav i -  
tation, a change of the orientation angle produced a change in qcri by 25%, while under a force of ~100 g 
(corresponding to a r i se  in water  p r e s s u r e  to ~34 bars)  the cr i t ical  heat load var ied as a function of the 
inclination angle through a factor  of 5 (from 3.15 �9 106 to 0.63 �9 106 W/m2).  Such a reduction of the heat 
load, as a resul t  of varying the inclination angle, during boiling in a l a rge  volume under a tmospher ic  p r e s -  
sure  was noted by many authors [3-7]. 

It must be pointed out that no thorough special ized r e s e a r c h  has been done concerning the effect of 
sur face  orientation on the heat t r ans f e r  during the boiling of liquids with a high boiling point. Measure -  
ments of qcri  during the boiling of cryogenic  liquids at oriented sur faces  under f ree-fa l l  conditions (g ~ 0) 
have adequately well revealed the qualitative pattern of the p roces s ,  but still cannot be considered r e -  
liable as far  as the absolute values of qc r i a r e  concerned - because those measurements  were made during 
a t ransient  boiling mode last ing only 1.3-1.8 sec  [7-10]. For  this reason,  it becomes important  to pe r fo rm  
such measurements  in orbital  l abora tor ies  beyond the influence of Earth,  s gravitat ion.  

Lyon [11] has careful ly  studied the effect of surface orientation on qcri  with helium boiling in a la rge  
volume subject  to t e r r e s t r i a l  gravitat ion.  His hot surface was a platinum disk 10 mm in d iameter .  He has 

*The orientation angle is defined here  as the angle between the normal  to the surface  and the direction in 
which vapor bubbles depar t  f rom the surface  under the influence of gravitation.  
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Fig. 1. Critical thermal flux qcrl(W/cm 2) 
as a function of the inclination angle ~0 ~ of 
the hot surface, during boiling of helium 
in a large volume [11]: 1) T = 2.26~ 2) 
2.96; 3) 3.75; 4) 4.21; 5) 4.98; 6) 5.13; 7) 
Textr = 4.1OK = 0.ST/Tcr.  

established (Fig. 1) that, under atmospheric pressure and depending on the position of the hot plate rela-  
tive to the direction of Earth 's  gravitation vector and, therefore, also depending on the mode of vapor 
evacuation, the critical value of the thermal flux can vary through a factor of 4 from 0.8 W / c m  2 at a hori- 
zontal plate with the hot surface facing up to 0.2 W / c m  2 at a horizontal plate with the hot surface facing 
down. At a vertical surface the value of qcrlWas 25% lower than at a horizontal plate with the hot surface 
facing up. 

As the temperature (pressure) of the boiling liquid varies, the effect of surface orientation varies 
but in a bivalent manner. Lyon's test data have been plotted in Fig. 2 in qeri= f(T, ~0) coordinates. As the 
boiling of the liquid rises (at a constant inclination angle ~0 of the hot surface), according to the graph, the 
value of qcrl f irst  increases and then sharply decreases. The same trend is noted also in the case of other 
liquids {Fig. 2b), such as water according to the tests reported by Kazakova [3]. This leads to the inter- 
esting conclusion that for every boiling liquid there is an extremum temperature at which the surface 
orientation has its maximum effect on qcrl. For helium, at all possible inclination angles of the hot sur-  
face relative to the direction of gravitation, this extremum temperature Textr corresponds to the boiling 
point: Textr = T b = 4.1~ or Tex t r /Tcr  = 0.79 -~ 0.80. 

As the boiling point of a liquid departs from this extremum temperature toward the critical tem- 
perature Tcr or the },-temperature of helium, the effect of the inclination angle of the hot surface di- 
minishes fast down to complete degeneracy. 

Several researchers [2, 7-10, et al.] have experimentally studied the effect of attenuated and ampli- 
fied gravitation on the critical thermal flux during nucleate boiling of liquids. Unfortunately, these ex- 
periments were performed at only one saturation temperature and were not set up for tracking the effect 
of variations in the boiling temperature. 

Starting with an analysis of nucleation processes, of bubble buildup and dynamics during boiling 
under zero gravitation (or amplified gravitation), one can derive a relation for qcrlaS a function of the 
boiling point for any given liquid. The validity of this hypothesis is confirmed by Lyon's test  results with 
helium (Fig. 1, curve 1) [11]. With the hot surface inclined at an angle ~ = 180 ~ under conditions of nearly 
zero gravitation, as is well known, the critical thermal flux depends largely on the boiling point of the 
liquid: at the extremum temperature of helium qcrl = 0.22 W/cm 2, and qcrl ~ 0 at a temperature near Ter 
or T~.. 

The results which all those researchers  [2, 3, l l ,  12] had obtained for water and helium were sub- 
sequently compared by this author under corresponding thermodynamic conditions, at T / T c r  tempera- 
ture as proposed by Borishanskii and Novikov [13], proving convincingly that the inclination angle of the 
hot surface can have an appreciable effect on the absolute magnitude of the f irst  critical thermal flux (an 
effect of changing that magnitude by up to 500% or more), while the relative values of qcrl for both these 
liquids are almost the same. Such a sharp decrease (to one fifth) of qcrl for water, as a result of changing 
the surface orientation and the boiling point, is not in agreement with most known test data and can be ex- 
plained, apparently, by the fact that the effect of surface orientation during boiling was studied only under 
atmospheric pressure. 
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Fig .  2. E f f ec t  of  the  i n c l i n a t i o n  ang le  ~o of  the  hot  s u r f a c e  
on the  c r i t i c a l  n u c l e a t e  bo i l ing  o f  h e l i u m  and w a t e r  in a 
l a r g e  v o l u m e ,  in q c r l ,  T / T c r  c o o r d i n a t e s :  a) b o i l i n g  of  
h e l i u m  [11] a t  ~ = 0 ~ and q c r l  = • (T)t '8 (1); r = 90 ~ and q c r l  
= • 1.7 (2); ~ = 140 ~ and Ctcrl = x(T) i '8 (3); ~o = 180 ~ and 
qc r t  = • L9 (4), d e s c e n d i n g  c u r v e s  q c r l  = • 9"4 (5); b) 
b o i l i n g  of  w a t e r  [2] a t  ~0 = 90 ~ and qc r l  = • T)2 (1); ~v = 90 ~ 

and qcr~ = X (T)&~ (2). 

The  c u r v e s  in F ig .  1 o f q c r l  a s  a funct ion of  the  i nc l ina t ion  ang le  of the  hot  s u r f a c e  and a s  a funct ion 
of  the  bo i l i ng  po in t  T of  t h e  l i qu id  can be d e s c r i b e d  by  the fo l lowing  p a r a b o l i c  equa t ion :  

0,5 
2 

qg=--C0qcr 1 + %  or q c r l =  ( % - ~  ' (1) 
\ Co , 

w h e r e  c o e f f i c i e n t  c o is  a func t ion  of  t he  t e m p e r a t u r e  and ~v 0 = 190 ~ 

A c c o r d i n g  to F ig .  2, f o r  a b o i l i n g  po in t  T < T e x t r  

co ~ T-2; (2) 

wh i l e  fo r  b o i l i n g  m o d e s  w h e r e  T > T e x t r  

c o ~ T l'J. (3) 

I n s e r t i n g  e x p r e s s i o n s  (2) and (3) int~ (1), we ob ta in  fo r  bo i l ing  m o d e s  a t  T < T e x t r  

qcr~ = c (% - -  ~)0,5 T/Tcr;  (4) 

and  fo r  bo i l i ng  m o d e s  a t  T > T e x t r  

qcrl = Q (% - -  ~~ ~ (T/Tcr)  -5" (5) 

L y o n ' s  t e s t  d a t a  [11] fo r  h e l i u m  (F ig .  1), wh ich  have  been  p l o t t e d  in F ig .  3 in c o o r d i n a t e s  of  e x -  
p r e s s i o n s  (4) and (5), f i t  the  fo l lowing  e q u a t i o n s :  

fo r  bo i l i ng  m o d e s  a t  T < T e x t r  

qcrl = 0,085 (190 - -  q~)O,5 T / T c  r W/cruZ; (6) 

and  fo r  bo i l i ng  m o d e s  a t  T > T e x t r  

qcr~ = 0.02 (190 - -  ~o) ~ (T/Tcr)  -5 W/cm z. (7) 

T h e  i n t r o d u c t i o n  of  p a r a m e t e r s  T and T / T c r  into t h e s e  f o r m u l a s ,  i n s t e a d  of  P / P c r ,  is  d i c t a t e d  by  
the  low b o i l i n g  p r e s s u r e  (40-1700 m m  Hg) of  l i q u i d  h e l i u m  He~. 
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Fig. 3. Cri t ical  thermal  flux qcrl  as a function of the inclination angle of the hot sur face  
and as a function of the relat ive boiling tempera ture  [11], for helium: (190-~) ~ (T /Tc r )  -s 
along the x-axis;  (190- r176  along the X-axis :  T = 2.26~ and T / T c r  = 0.436 (1); 
2.98~ and 0.571 (2); 3.75~ and 0.723 (3); 4.21~ and 0.812 (4); 4.98~ and 0.96 (5); 5.13~ 
and 0.99 (6); qert  = 0.02 (190-~)~ ( T / T c r ) - s  (7); qcrl  = 0.085 (190-~)~  W / c m  2 (8). 

Fig. 4. Cri t ical  thermal  flux qcm during nucleate boiling of liquids in a la rge  volume, as 
a function of the inclination angle, of the gravi ty  forces ,  and of the physical  proper t ies  of 
the liquids: (190-r176176 2 along the x ,ax is :  helium [1t]: 1) T 
= 2.26~ ~ = 0.90, 180~ 2) T = 2.96~ ~p = 0.90, 180~ 3) T = 3.75~ ~ = 0.90, 180~ 4) T 
=4.21~ go =0.40,  70, 90, 11,0, 140, 160, 180, 220, 270, 320, 360~ 5 )T  =4.98~ go 
= 0 ,  40, 90, 180~ 6) T =5.13~ go=0, 90, 180~ [12]; 11) T =4.21~ go=0,  90, 180~ 
[19]: 12) T = 4.21~ go = 0 ~ copper,  tin, b ra s s ,  s tainless steel;  water  [2]: 7) ~ = 0 ~ ~ = 1- 
100; 8) go = 135 ~ , ~ = 1-100; 9) r = 180 ~ , ~? = 1-100; [3]: 10) (p = 90 ~ , 77 = 1, P / P c r  = 0.004- 
1; hydroge~ [18]: 13) T = 20.4~ q~ = 0~ nitrogen [18]: 14, 15, 16) T = 77.3~ go = 0~ noon 
[18]: 17) T = 27~ go = 0~ oxygen [18]: 18, 19, 20) T = 19~ go = 0~ Freon-12 [11]: 21) T 
= 243.3~ go = 0~ Freon-14  [11]: 22) T = 94~ ~0 = 0~ D qcrl = 0.0125 (190-@~ cr(p 
_c,.)p.21o-25. 

Kruzhilin [17] and Kutateladze [14] have studied the boiling of liquids and proposed a ra ther  accura te  
physical  model of cr i t ical  nucleate boiling at ahor izonta l  surface.  Kutateladze, while deriving a sys tem 
a sys tem of fundamental equations with boundary conditions describing the process  of fully developed 
nucleate boiling, obtained the following relat ion: 

qcrt = kzr V o  V g ~ (p ' -o" ) ,  

where K t is the stabil i ty factor .  

It has been established experimental ly that the stabili ty factor  for various liquids with high boiling 
points is constant,  equal to 0.15-0.19 according to [14], equal to 0.17 according to [3], and equal to 0.16- 
0.19 according to Chiekelly and Bonille. Borishanskii  [15] has added some significant ref inement  to this 
physical model of cr i t ical  nucleate boiling by der iv ing the fundamental equations of the process  and has 
shown that the stabil i ty factor  is a function of the viscosi ty of the liquid: 

k 1 = 0.13 ~ 0.4 N -~ . (8) 

An evaluation of tes t  data on cr i t ical  nucleate boiling of cryogenic liquids under a tmospher ic  p r e s -  
sure  at horizontal  plates has yielded the values of the stabil i ty factor  k 1 given in Table 1. 

Tests  show that the values obtained for k 1 at horizontal  and, par t icu lar ly ,  at vert ical  or inclined 
surfaces  [2, 11, 12] may differ appreciably from the theoret ical  value k 1 = 7r/24 = 0.13 [16]. This indicates 
that the physical model of cri t ical  nucleate boiling conceived and developed by Kruzhilin [17], Kutateladze 
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[14], Borishanski i  [15], Zuber [16], et al. for a horizontal  surface  does not, apparently,  account for the 
effect of cer tain important  aspects  of sur face  orientation and should be still fur ther  refined. 

One may hypothesize that the physical  effect which the orientation of the hot surface  has on cri t ical  
nucleate boiling in a free volume (Fig. 1) is, in addition to other fac tors ,  also due to a distort ion of the 
bubble shape at the hot surface,  due to a change in the wetting angle, and due to a change in the amount of 
energy  used up on merging deformed bubbles into a vapor film. At the instant preceding the cr i t ical  boi l-  
ing mode, a vapor  bubble at an inclined sur face  is not  exactly spher ical  in shape, as has been assumed 
ear l i e r ,  but is, instead, dis tor ted by various acting forces .  

On the basis  of the physical model of the process  developed by this author, we will analyze the given 
sys tem of fundamental equations descr ib ing the heat t ransfer  during nucleate boiling [14] (equation of heat 
conduction in the liquid, equations of thermal  and mechanical interaction at the interphase boundary, equa- 
tions of motion and continuity in the liquid and in the vapor phase,  and the initial as well as the boundary 
conditions). By using cer tain well-known procedures  for solving sys tems of equations [20, 14] and by 
grouping the governing r e f e r r ed  pa rame te r s  into dimensionless complexes,  we obtain the following formula 
for calculating the cr i t ical  thermal  fluxes during nucleate boiling of liquids at var iously  oriented surfaces  
in a large  volume: 

q cr, = z (190 -- r r [ngr (p' -- p") p"~] 0.25 W/cm z, 

where z = 0.0125 and ~0 is the relat ive inclination angle of the hot surface.  

Formula  (9) approximates the test  data obtained for helium and water [2, 3, l l ,  12] (Fig. 4) at 
various inclination angles of the hot sur face ,  also data obtained for nitrogen,  oxygen, hydrogen, neon, 
Freon-14 at ~o = 0 ~ [18, 19]. Lyon ' s  data a re  approximated within 5-10%, except for the tests  per formed 
at t empera tures  close to Tcr  or  T x. 

Formulas  (6), (7), and (9) are  applicable to any inclination angle of the boiling surface  (from 0 to 
360~ Angle ~o = 0 re fers  to a horizontal  surface  f rom which bubbles depart .  Fo r  angles l a rge r  than 180 ~ 
~o must be replaced by the difference 360-~o. Formula  (9) is valid for overloads f rom 0.1 g to 2500 g. It 
is quite evident that the product  z(190-~o) ~ in (9) is equivalent to some stabil i ty factor  k t [14]. This p rod-  
uct does not remain constant as the inclination angle of the hot sur face  var ies :  for a horizontal  surface  
facing up z(190-~0) ~ = 0.17, for a ver t ical  sur face  z(190-,o) ~ = 0.125, and for a horizontal  surface  facing 
down z(190-~o) ~ = 0.04. 

TABLE i .  Values of Stability Factors 

Indicator Cited reference 

Criterial N number in (8) 
kl according to formula (8) 
kl according to tests 
The same 

n 

Biveloga [18] 
Lyon [11] 

platinum, diameter 10 mm 
Lyon [18] 

platinum, diameter 63 mm 
lergel [12] 

copper, diameter 15 mm 
Cummings [19] 

copper, diameter 15 mm 
tin 
brass 

stainless steel 
Jefferson [19] 

tubing, diameter 2.5 mm 
copper 
stainless steel 

Rubo [18] 
Brentair [18] 
Blangero [18], tubing, 

diameter 19 mm 
Hodja [18] 

02 

.7.107 
0.1303 

0.16 

O. 141 

n.148 

47 



In view of the insignificant amount of available data on the effect of surface orientation on qerl during 
boiling, especially for liquids with high boiling points, I t  is very worthwhile to further continue research  
in thls area. It is important, moreover,  that the experiments at various boiling temperatures (pressures),  
surface orientations, and gravitation levels be performed on standard plate specimens. As such a standard 
for boiling a liquid in a large volume we recommend a flat disk 10-15 mm in diameter,  which will avoid 
distorting the test results by the effect of one of the surface dimensions; this happens often in tests where 
hot wires and hot long tapes are used. 

qcrl 

T 

Tcr  
T~, 

Par  
Z 

r 
p, 

l J t t  

O" 

77 =a/g  
g 

N O T A T I O N  

is the critical thermal flux during nucleate boiling; 
is the inclination angle of the hot surface, i.e., angle between the normal to the surface and the 
direction of bubble departure from the surface (~0re 1 --- ~0/~t, where ~t = 1~ 
is the boiling point of the liquid; 
Is the thermodynamic critical temperature of the substance; 
ts the temperature corresponding to the k-point of helium; 
ts the critical pressure;  
ts the stability factor of nucleate boiling; 
~s the heat of evaporation; 
ts the density of liquid; 
ts the density of vapor; 
ts the surface tension; 
Is the overload factor; 
is the acceleration of Earth's gravity. 
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