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A method for simulating weak gravitat ional  fields is presented;  it is based on compensation 
of the gravitational force  by a force acting on a magnetic liquid in an inhomogeneous m a g -  
netic field. Results are repor ted  for an investigation of boiling heat exchange and the f i rs t  
cr i t ical  heat flux under the conditions of weak gravitational fields. 

The f i rs t  investigations of boiling heat exchange under the conditions of weak gravitational fields were 
published at the end of the fifties [1]. Most of the work done since then has been ca r r i ed  out in f ree-fal l ing 
containers or on board  a i rc raf t  flying along a parabolic path [1-5]. 

In all cases ,  the test duration during "weight lessness"  amounted to severa l  seconds;  the accuracy  
with which the state was real ized did not exceed :~(0.01-0~ n. Lyon et at. [6] studied the relationship be -  
tween the f i rs t  cr i t ical  heat flux and the gravitat ional  accelerat ion for oxygen for long- te rm simulation of 
weak gravitational fields in the inhomogeneous magnetic field of a solenoid. 

In our study, the source  of the inhomogeneous magnetic field was a de magnet with vert ical  gap, p ro -  
vided with magnetic poles of special  configuration. As we shall show, our method of investigating boiling 
under conditions simulating weak gravitational fields offers cer ta in  advantages over the approach used in 
[61. 

1. In simulation of weak gravitational fields and weight lessness ,  the magnet ic-f ie ld  configuration 
should be such that an identical force ,  compensating the force of gravi ty ,  acts on each e lementary  volume 
of the investigated fluid. Weight lessness  is s imulated by complete compensation,  and weak gravitational 
fields by partial  compensation. 

Using the equation for  the force acting on unit volume of a magnetic mater ia l  in a magnetic field [71 
and assuming that the density of the volume current  is zero,  while there is no p res su re  gradient,  we obtain 

/ = - -  - -  grad H ~. (1) 
2 

Introducing the load factor  ~ = g/gn,  represent ing the relative simulated accelerat ion,  we obtain 

t l ~  t - -  % gradH 2. (2) 
2g~ 

We can simulate small  load factors  (7 < 1) by creat ing a magnetic  field with a constant value of 
g r adH z. Solenoids [61 or  magnets [8-10] can be used. We employed a magnet with vert ical  gap, as being 
the most  convenient for accommodation of the equipment and per formance  of the experiments  (part icularly 
those involving visual observations) .  The pole pieces were designed so as to maintain a constant value of 
g radH 2 = 2HdH/dx in the plane of s y m m e t r y  and an inverse proport ionali ty between the magnetic field 
strength gap size,  H ~ 1/2z 0 [1O]. The pole profi les,  asymptotical ly approaching the x and z axes,  had the 
pole-piece d iameter  as limits (Fig. 1). 
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Fig. 1. 1)rofile of pole pieces.  

2. Figure  2 shows the experimental  setup. A type 81)-54 dc mag-  
net with pole-piece d iameter  of 200 mm was used. The maximum field 
s trength for simulation pui:poses was about 104 Oe for the minimum gap 
of 30 mm (Fig. 1). 

The magnet was supplied by a 10 kW dc genera tor ,  controlled by 
means of the field-winding circui t .  A type BT-4  regulator  held field 
deviations within • The magnet ic  field is measured  by nuc lea r -  
resonance nutation of tap water  with the aid of a nutation sensor  with an 
effective dimension of 0.35 mm along the field gradient.  

At each point in space where the condition g radH 2 = const was 
satisfied,  the magnet ic- f ie ld  measurement  e r r o r  was 0.03%. In the 
course  of the experiment ,  the magnetic  field was monitored by a type 
IMI-3 induction gauge, whose sensor  was installed within the region of 
maximum magnetic  field strength.  

The investigated fluid (liquid oxygen) was contained within a glass 
Dewar vessel ,  located between the magnet poles. The heater ,  which also 

served  as a res i s tance  the rmomete r ,  was a 0.1 mm platinum wire,  about 12 mm long. The the rmometer  
was calculated by the method of [11]. The heater  was supplied f rom a controllable regulated dc source.  

The boiling curves showing the tempera ture  difference (At as a function of the heat-flux density q) 
were obtained by measur ing  the res i s tance  of the heater  with an R-329 s ing le -doub le  bridge,  and the c u r -  
rent through the heater  by a class 0.2 type Ml108 ammeter .  The cr i t ical  heat flows were investigated in 
separa te  experiments;  the onset of the c r i s i s  was detected from the jump exhibited by the need of an M-82 
mii l ivol tmeter .  The e r r o r  in measuremen t  of the tempera ture  was • deg, and in measurement  of the 
heat flux density, • 

3. The lower limit to the load factors  attainable was determined by severa l  e r r o r s  introduced by the 
charac te r i s t i c s  of the simulation method. Let us f i rs t  look at the e r r o r  in real izat ion of small  load factors  
for a liquid of homogeneous tempera ture .  

The condition requir ing constancy of g radH 2 is only satisfied for the plane of s y m m e t r y  of the magnet 
gap. As the distance from the plane of s y m m e t r y  inc reases ,  the force components f begin to act [10]. It 
can be shown that for  the volume of liquid bounded by the xl, x2, +z, and - z  coordinates ,  this will lead to an 
average e r r o r  of 

V ~ z2 (3) 
hr h = --t-- 6 x 2 ' 

where x = (x 1 + x2)/2. 

The p rec i se  manufacturing of the pole pieces introduces an e r r o r  

A~12 = i: 2 ( Ax2 + 5z--~ ~,/2 
�9 4x~ z~ / ' 

(4) 

Fig. 2. Block diagram of exper i ,  
mental  setup: 1) regulated con-  
trollable heater  power supply; 
2) magnetic  field strength mete r ;  
3) regulated controllable magnet 
power supply; 4) pole pieces;  5) 
platinum wire heater ;  6 )Dewar  
vesse l ;  7) dc magnet.  
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We obtain a f o r m u l a  of s i m i l a r  a p p e a r -  whe re  Ax, Az a re  the c o r r e s p o n d i n g  e r r o r s  for  the x and z axes .  

a n t e  for  the e r r o r  A~) 3 caused  by i n a c c u r a t e  pos i t i on ing  of the pole p i e c e s .  

The e r r o r  r e s u l t i n g  f rom the change in the f ie ld  when the i n v e s t i g a t e d  l iquid  is i n t roduced  is 

h~ h = 2N• (5) 

whe re  N is the d e m a g n e t i z a t i o n  f ac to r .  

The e r r o r  i n t roduced  by i n a c c u r a t e  r egu l a t i on  and m e a s u r e m e n t  of the m a g n e t i c  f ie ld  can be e s t i -  
m a t e d  as 

Arl 5 = : .  2 A H / H .  (6) 

The r e s u l t a n t  e r r o r  ob ta ined  by m e a n - s q u a r e  combina t ion  of all  the above e r r o r s  is 

# 5 / 

Am - ~  X A~l~ = ~: 0.004. (7) 
i = !  

H e r e x  ~ 7 cm,  z ~ 0.5 em,  z 0 ~ 2 cm,  Ax = AZ = :k0.002 em,  AH ~ : k l 0 0 e .  

The e r r o r s  i n t roduced  by i n a c c u r a t e  d e t e r m i n a t i o n  of the spec i f i c  m a g n e t i c  s u s c e p t i b i l i t y  is 

Arlz = h%/~ (8) 

whi le  for  the t e m p e r a t u r e  it is 

AT 
Ar~ r = + - ~ + 0.007 AT; (9) 

- T + ~ )  - 

these  do not affect  s a t i s f a c t i o n  of the condi t ion  g r a d H  2 = eons t ,  and can be c o m p e n s a t e d  by e s t a b l i s h i n g  the 
we igh t l e s s  s t a te  in t e r m s  of n e u t r a l  e q u i l i b r i u m  of a vapor  bubble  (see w In d e r i v i n g  (9), we took account  
of the r e l a t i o n s h i p  be tween  the spec i f i c  m a g n e t i c  s u s c e p t i b i l i t y  X and the t e m p e r a t u r e  [12], 

C 
Z ~  T - - 6  ' (10) 

whe re  C is a cons t an t ,  and ~3 is the C u r i e - W e i s s  point  (~ ~ 45~ for  oxygen).  

4. In the s tudy of hea t  exchange ,  addi t iona l  e r r o r s  a re  i n t roduced  by the t e m p e r a t u r e  g r ad i en t  in the 
f luid n e a r  the h e a t e r  and by the a p p e a r a n c e  of vapor  bubb le s .  By analogy with the t h e r m a l - c o n v e c t i o n  s o l u -  
t ion,  c o n s i d e r a t i o n  of the m i x e d  t h e r m o m a g n e t i c  and t h e r m a l  convec t ions  leads  to the r e l a t i o n s h i p  

whe re  

Nu = C Pr ~ (A + Gr) ~ 

Gr n g ~ ( v -  r ) z 3  ( l - - n ) g g 3 ( r -  T) = ; A =  
v ~ v 2 (T + 6) 

1 - -  ~l ]o.2s 
N u = N u ~  ~ +  ( T + 6 ) [ 3  ' 

F r o m  (11) we have 

(11) 

(12) 

where  Nu n is the Nusse l t  n u m b e r  for  N = 1. 

Re la t ionsh ip  (12) ind ica tes  that the r e s u l t a n t  h e a t - e x c h a n g e  coef f ic ien t  for  mixed  t h e r m a l  and t h e r m o -  
m a g n e t i c  convec t ion  i n c r e a s e s  as • d e c r e a s e s .  F o r  oxygen,  (T + ~ ) p  ~ 0.58, whi le  when ~ = 0, Nu ~ 1.15 
Nu n . 

Thus it is i m p o s s i b l e  to i nves t i ga t e  the way in which convec t ive  heat  exchange depends upon g r a v i t a -  
t ional  a c c e l e r a t i o n  in s i m u l a t i o n  of s m a l l  load fac to r s  in an inhomogeneous  magne t i c  f ie ld .  

5. Let us eva lua te  the in f luence  of t h e r m o m a g n e t i c  convec t ion  on developed nuc lea t e  bo i l ing .  When 
the f luid  n e a r  the h e a t e r  b e c o m e s  s u p e r h e a t e d ,  the r e l a t i o n s h i p  be tween  the m a g n e t i c  s u s c e p t i b i l i t y  and the 
t e m p e r a t u r e  p roduces  an u n c o m p e n s a t e d  force  fm that acts  on unit  vo lume of f luid.  We can a s s u m e  that 
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fm will intensify boiling, as it acts on the fluid volume V m included between a vapor bubble and the heater 
surface. Boiling can be investigated in the case in which 

fmV~-~ < fJb, (13) 

where fg ~ gn~P is the buoyancy per unit volume of vapor bubble; V b = @rR~/3 is the bubble volume. 

Using (I), (2), and (10), we obtain 

fro-- (1 --  ~l) g~pAt (14) 
T+~ 

From (13) and (14) we obtain an estimate for the limiting simulated load factor, 

At VI:a 
~]lim ~> T --}- @) Vb (15) 

Let us estimate the value of ~lim for our study and for [6]. For us, Vim ~ R2b/2, b ~ 10 -2 cm is the 
width of the heater, Vim/V b ~-. 5.10 -4, ~71 lira > 5.10 -4. For [6], V2m = R~, V2m/V b ~ 0.25, ~2 lira > 2 �9 10 -2. 
In both cases, a value At = 10 ~ was taken. 

These estimates show that thin heaters offer definite advantages. For a heater with developed sur-  
face (of the order of the separation diameter of a bubble, or more) the limiting load factors for which boil- 
ing can be studied will in all cases exceed several hundredths of gn" 

6. Under simulation conditions, various load factors will act on vapor bubbles and on the liquids 
during boiling. Determining the apparent load factor ~?" for bubbles in terms of the bubble buoyancy under 
simulation conditions, we obtain 

~1" ----- 1 [grad H=i, (16) 2g~ ( p -  p") 

D e t e r m i n i n g  g r a d H  2 in t e r m s  of (2) fo r  s u f f i c i e n t l y  s m a l l  ~? we have  

P" ' X" --i). (17) IV 
Subs t i t u t ing  the n u m e r i c a l  va lue s  fo r  oxygen at 90~ into th is  g i v e s  

~|" = ~] -{- 1.9.10 -~. (18) 

In s i m u l a t i o n  of w e i g h t l e s s n e s s  fo r  oxygen ,  a b u o y a n c y  c o r r e s p o n d i n g  to a g r a v i t a t i o n a l  f o r c e  g = gnU" = 1.9 
�9 10 -3 w i l l  ac t  on the b u b b l e s .  

The n e g l i g i b l e  d i f f e r e n c e  be tween  ~ and ~?" p e r m i t s  r e l i a b l e  d e t e r m i n a t i o n  of the ins t an t  at which 
w e i g h t l e s s n e s s  s e t s  in on the b a s i s  of the n e u t r a l  e q u i l i b r i u m  of the b u b b l e s .  The s m a l l  i n c r e a s e  in g r a v i -  
t a t i o n a l  convec t i on  is of no g r e a t  i m p o r t a n c e  in view of the s t r o n g  t h e r m o m a g n e t i c  convec t ion  at low load  
f a c t o r s .  

The p o s s i b i l i t y  of e x a c t l y  r e c o r d i n g  the i n s t a n t  at which  the w e i g h t l e s s  s t a t e  o c c u r s  is one of the m a j o r  
a d v a n t a g e s  of ou r  m e t h o d ,  p e r m i t t i n g  v i s u a l  o b s e r v a t i o n  of the p r o c e s s  unde r  s tudy .  

S u m m i n g  a l l  the e r r o r  s o u r c e s  c o n s i d e r e d ,  we conc lude  that  it  is p o s s i b l e  to s i m u l a t e  w e a k  g r a v i t a -  
t ional  f i e l d s  in a s tudy  of bo i l i ng ,  wi th  an a c c u r a c y  of the o r d e r  of A~? = =~0.005. 

7. Hea t  exchange  in bubb le  bo i l i ng  was  s t u d i e d  fo r  s e v e r a l  s i m u l a t e d  v a l u e s  of g r a v i t a t i o n a l  a c c e l e r a -  

t ion.  

F i g u r e  3 shows  the a v e r a g e  r e l a t i o n s h i p s  be tw e e n  the h e a t - e x c h a n g e  coe f f i c i en t  o~ and the h e a t - f l u x  
d e n s i t y  q f o r  s e v e r a l  va lue s  of V. F o r  conv e c t i ve  hea t  exchange  at  low load  f a c t o r s  (V = 0 .05-0 .3 ) ,  the h e a t -  
exchange  coe f f i c i en t  is  g r e a t e r  than u n d e r  n o r m a l  cond i t ions  (V = 1), owing to the s t r o n g  in f luence  of t h e r m o -  
m a g n e t i c  convec t i on  ( see  w F o r  d e v e l o p e d  n u c l e a t e  bo i l i ng ,  the c u r v e s  fo r  l oad  f a c t o r s  g r e a t e r  than 
= 0.04 n e a r l y  c o i n c i d e .  (As we have  i n d i c a t e d ,  the in f luence  of t h e r m o m a g n e t i c  convec t ion  is ne g l i g ib l e  in 
th is  c a s e . )  F o r  l oad  f a c t o r s  l e s s  than V = 0.04, t h e r e  is  a l m o s t  no r e g i o n  of d e v e l o p e d  n u c l e a t e  bo i l i ng ;  the 
r e g i o n  is r e s t r i c t e d  to low va lues  of c r i t i c a l  hea t  f lux.  
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TABLE 1. P a r a m e t e r s  for  Nuc lea te  Boi l ing  of Liquid  Oxygen unde r  

Weak G r a v i t a t i o n a l  F i e l d  Condi t ions  

Expt. ~i 
N O .  "q c~'10"4 k N ~z,10 -4 /e 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 

0,04 
0,04 
0,05 
0,05 
0,05 
0,05 
0,1 
0,1 
0,1 
0,1 

4,4 
3,4 
3,85 
3,4 
3,7 
4,8 
3,4 
4,3 
4,5 
4,7 

0,9 
0,88 
0,85 
0,92 
0,83 
0,86 
0,88 
0,83 
0,78 
O, 88 

11 
t2 
13 
i4 
15 
16 
17 
18 
19 
20 

0,3 
0,3 
0,5 
0,5 
0,55 
1 
1 
1 
1 
I 

4,4 
4.9 
3,8 
4,5 
4,2 
4,3 
3,7 
3,8 
3,1 
3,8 

0,88 
0,7 
0,82 
0,7 
0,79 
0,77 
0,8 
0,8 
0,78 
0,88 

Note: Average value,4. 0 * 0. 5, 0.82 ~ 0. 06. 

0[ e l  

6'-fO zL- . . . .  
iO ~' 2 3 4, 5 6  8 fO ~ 2 3 4 5 6 8 [ 0 " ( ]  

Fig .  3. Curves  for  b o i l i n g  of l iquid  oxygen at 
va r i ous  load f ac to r s  (c~, W / m  2. deg; q, W/m2).  

Values  of ~: 1) 1; 2) 0.3; 3) 0.1; 4) 0.05. 

Ana lyz ing  the bo i l ing  cu rve ,  we see  that the h e a t -  
exchange coef f ic ien t s  a r e  the s a m e  for  developed n u -  

c lea te  bo i l ing  over  a r ange  of 0.04 < 7 <  1. 

F o r  deve loped  nuc l ea t e  bo i l ing ,  the r e l a t i o n s h i p  

be tween  the h e a t - e x c h a n g e  coef f ic ien t s  and the h e a t -  
f lux dens i ty ,  wi th in  the l i m i t s  of e x p e r i m e n t a l  a c c u -  
r a c y ,  can be r e p r e s e n t e d  for  the i nd i ca t ed  l o a d - f a c t o r  
r ange  as 

a = Cq  k, k = 0.82. (19) 

The m e a n  dev ia t ion  k for  va r ious  load f ac to r s  is about 
• and does not  depend on the va lue  of load fac to r .  

Tab le  1 gives  m o r e  de ta i l ed  data  for  q and a 
with q = 40,000 W / m  2. 

A g r e e m e n t  has been  ob ta ined  be tween  the h e a t - e x c h a n g e  coef f ic ien t  for  g = gn and for  " w e i g h t l e s s -  
n e s s , "  r e a l i z e d  to wi th in  •  n [2, 5]. 

In v i sua l  o b s e r v a t i o n  of the bo i l ing  p r o c e s s ,  it was found that the r a t e  of bubble  a scen t  d e c r e a s e d  and 
the s e p a r a t i o n  d i a m e t e r  i n c r e a s e d  as the s i m u l a t e d  load f ac to r s  d e c r e a s e d .  When ~? = 0, vapor  bubbles  did 
not  s e p a r a t e  f rom the h e a t e r ,  but c o m b i n e d  to fo rm a void, which g r a d u a l l y  enve loped  the e n t i r e  h e a t e r .  

8. F i g u r e  4 shows the c r i t i c a l  heat  flux q .  of a funct ion  of g in r e l a t i v e  un i t s .  When ~? = 1, i .e . ,  in 
the absence  of the f ie ld ,  the ave r age  c r i t i c a l  heat  flux is ~ .  = (119,000 • 3600) W / m  2. 

Tab le  2 shows q.  data  at w e i g h t l e s s n e s s  for  two d i f fe ren t  h e a t e r s .  The a ve r a ge  value  was ba sed  on 
the m e a n - s q u a r e  e r r o r  of s e v e r a l  m e a s u r e m e n t s .  

P r o c e s s i n g  of the data  for the c r i t i c a l  heat  flux (147 s e p a r a t e  m e a s u r e m e n t s )  y i e lded  the r e l a t i o n s h i p  

, -o26  OOl /2o/ 

The data  ob ta ined  c o n f i r m  that the K u t a t e l a d z e - Z u b e r  h y d r o d y n a m i c  theory  of c r i s e s  can be used  for  s m a l l  
g r a v i t a t i o n a l  a c c e l e r a t i o n  (0.01 < • < 1) [13, 14]. 

F i g u r e  4 also gives  pub l i shed  data  ob ta ined  unde r  f r e e - f a l l  cond i t ions  [2, 3] and in s i m u l a t i o n  of 
" w e i g h t l e s s n e s s "  in the m a g n e t i c  f ie ld  of a so l eno id  [6]. The r e s u l t s  of the ve ry  ca re fu l  work  of Mer te  and 
C la rk  [2] co inc ide  with ours  to a load f ac to r  of ~ = 0.03, which c o r r e s p o n d s  to the a c c u r a c y  of s i m u l a t i o n  
a t t a ined  in [2]. 

The va lues  ob ta ined  by U s i s k i n  and Siegel  a re  too high; these  au thors  t h e m s e l v e s  expla in  this tn 
t e r m s  of the c h a r a c t e r i s t i c s  of t he i r  method  and by the sho r t  t ime  ove r  which the e x p e r i m e n t s  we re  c o n -  
ducted (about 1 sec) .  The a n o m a l o u s l y  weak dependence  of q.  on V found in [6] for  ~? < 0.3 can m o s t  l ike ly  
be exp la ined  by the ve ry  s t r o n g  inf luence  of t he r rno rnagne t i c  convec t ion .  
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TABLE 2. 
Simulating Weightlessness 

Heater Experiment q." 10"4, 
number number W/m 2" deg 

Average value 

Critical Heat Fluxes for  Liquid Oxygen under Conditions 

Heater 
number 

Experiment q* ' 10"4' W/m2 
number I' deg 

t 2,62 
2 2,80 
3 2,83 
4 2,47 
5 3,11 
6 3,04 

1 2,73 
2 2,82 
3 2,88 
4 3,13 
5 2,90 
6 3,04 

2,86L0,19 Average value 2,86• 

j I ~ y ~ j ' x . , ,  I ~ _ ,  

0,4 
I 

I i 
~2o qz q, ~6 ~8 ~/go 

Fig. 4. Relative cri t ical  heat flux 
as function of load factor  (% = q,n 
�9 (g/gn)~ 1) experimental  data of 
authors;  2) dataof  Lyon [6]; 3) data 
of Usiskin and Siegel [3]; 4) data of 
Merte and Clark [2]. 

Some idea as to the accuracy  with which the weightless 
state was real ized for each of the given studies can be obtained 
by calculating the value of ~ that corresponds to the ratio 
q , / q , n  obtained for ~ = 0. Calculations based on (7) yield the 
following: for [2], V = 0.02; for  [3], ~? = 0.03; for [6], 77 = 0.1; 
for our study, ~7 = 0.003. The last value is comparable with the 
load fac tor  by which "weight lessness"  differs f rom the liquid and 
the vapor.  

Our simulation method is also suitable for investigating the 
growth and motion dynamics of vapor and gas bubbles in weak 
gravitational fields. There may be another interest ing application 
of the method after it has been refined somewhat:  the study of the 
physical  proper t ies  of oxygen near  the cri t ical  (thermodynamic) 
point under conditions of weight lessness .  

The results  obtained will not be dis tor ted by the g rav i ta -  
tional effect that ordinari ly occurs  near the cri t ical  point owing 
to a sharp  increase  in compressibi l i ty .  

g is 

gn is 
p is 
p" is 
x is 
p is 
X =x/p is 
X" is 

is 
" is 

H is 

H0 
X , Z  

2z 0 
T 
T is 

i s  

f~ is 
Vm is 
V b is 
R 0 is 
f is 
f = guT?p; 
fm is 
q is 
q, is 

N O T A T I O N  

the s imulated gravitat ional  accelerat ion;  
the normal  gravitational accelerat ion,  gn = 9.81 m/sec2;  
the density of the liquid; 
the density of the vapor;  
the magnetic  susceptibil i ty;  
the magnetic  permeabi l i ty;  
the specific magnetic  susceptibil i ty of the liquid; 
the specific magnetic  susceptibil i ty of the vapor;  
the load fac tor ,  ~? = g/gn; 
the load factor  for vapor;  
the magnetic  field strength;  

is the magnetic field strength corresponding to ~? = 0; 
are Car tes ian  coordinates;  
is the magnet  gap; 
is the 

the 
the 
the 
the 
the 
the 
the 

tempera ture ;  
mean-volume tempera ture  of the liquid; 
C u r i e - W e i s s  point for oxygen; 
coefficient of volume expansion; 
volume of liquid included between heater  and bubble; 
volume of the vapor bubble; 
radius of the vapor bubble at separat ion from the heater ;  
force acting on unit volume of the fluid 

the force produced by the difference X; 
the heat flux density; 
the value of the f i rs t  cr i t ical  heat flux. 
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