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This paper gives the results of experimental determinations of the critical heat fluxes in the boiling of 
Liquid nitrogen in forced-flow conditions in the mass velocity range 2. 103-40 �9 103 kg/m 2" sec, pressure 
range 29 �9 104-245 �9 104 N/m 2, and at underheatings corresponding to the onset of normal boiling crises.  

NOTATION 

q0--eritical heat flux; r--heat of vaporization; i'--enthalpy of flow corresponding to saturation point; i--enthalpy 
of flow corresponding to liquid temperature; ff--surface tension; 7'--density of liquid; T"--density of saturated vapor; 
Cf--friction factor; Wg--mass velocity; Fr , - -Froude number; g--acceleration due to gravity. 

There are theoretical formulas for two limiting cases of boiling of a liquid heated to saturation point ([I], 
Chap. 8) : 

qo K ~0.14 for W ~ O  

qo 
rWg ] / - ~  =KI~0"3{CI for Wg--> >~ (2) 

In [2--4] exper imenta l  de te rmina t ions  of the c r i t i ca l  heat  f luxes in boi l ing of ethyl alcohol underheated to 
sa tura t ion  point and moving at high veloci ty were r ep resen ted  by a l inear  in terpola t ion formula  of the form 

in the range of reduced underhea t ing  
G 

_ ~ ' - ~ ( ' r " ? :  (4 )  0 < ~ < 2 ,  # - -  r \T"] 

The hydraul ic  drag coefficient  in fo rmula  (3) was calculated as for the case  of i so thermic  s ing le -phase  flow in 
smooth tubes [4]. 

The a im of this work was to invest igate  exper imenta l ly  the c r i t i ca l  heat  fluxes in re la t ion  to p r e s s u r e ,  
underhea t ing  of l iquid to sa tura t ion  point,  mass  veloci ty ,  and d iamete r  of tube. 

Technical ly  pure n i t rogen  (99.9%)was used in the exper iments .  

We cons t ruc ted  an exper imenta l  appara tus  special ly  designed for work with liquid n i t rogen underheated to 
sa tura t ion  point.  A d i ag ram of the apparatus  is shown in Fig.  1. 

The c i rcu la t ion  sys tem was made of th in-wal led  tubes of 1Cr18Ni10 s t a in less  s teel  with v a c u u m - l a y e r  insula t ion.  
The liquid was dr iven  by a NZhK-1M l iqu id-n i t rogen  pump with a working p r e s s u r e  of 220 arm abs.  

Liquid n i t rogen f rom tank 1 under  a p r e s s u r e  of 1.5 atm abs was de l ivered  to the c i rcu la t ing  pump 2, f rom 
which it was pumped at high p r e s s u r e  through a regula t ing  valve into the liquid cooler  3. It then passed through a 
t achomet r ic  f lowmeter  4 and entered the auxi l iary  hea te r  5, where it was heated to the requ i red  t empe ra tu r e .  The 
liquid then passed through the exper imenta l  sect ion 7 and re turned  to the tank. 

The exper iments  were  ca r r i ed  out on exper imenta l  tubes with in te rna l  d i a me t e r s  4.4, 2.68, and 1.13 mm and 
60-100 m m  long. The set t l ing length was equal to the length of the heated region .  
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The power supplied to the exper imenta l  sect ion was measu red  with a c l a s s  0.2 wa t tme te r .  The wa t tme te r  was 
connected to a c u r r e n t  and vol tage m e a s u r i n g  t r a n s f o r m e r  of the same  accuracy  c l a s s .  The t e m p e r a t u r e  of the liquid 
a f te r  the expe r imen ta l  sect ion was m e a s u r e d  with a copper -cons tan tan  the rmoeoup le  mounted in a m i x e r .  The emf  of 
the the rmocoup le  was de t e rmined  by an E P P - 0 9  automatic  potent iometer  which had been ca l ib ra ted  against  a s tandard 
R-306 po ten t iome te r .  
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Fig .  1 

The c r i t i c a l  heat  f luxes w e r e  at tained by a gradual  i n c r e a s e  in the heat  load on the expe r imen ta l  sect ion.  The 
c r i s i s  was de t e rmined  f r o m  the sharp drop of cu r ren t ,  m e a s u r e d  by a c lass  0.2 I~LA a m m e t e r ,  in the e l ec t r i c  c i r cu i t  
of the expe r imen ta l  sect ion.  
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Fig.  2 

The expe r imen t s  w e r e  c a r r i e d  out in sepa ra te  s e r i e s  at p r e s s u r e s  p = 29 �9 104-245 �9 104 N / m  2, mass  ve loc i t i e s  
Wg = 2 �9 103-41 �9 103 k g / m  2 � 9  and with v a r i a b l e  underheat ings  cor responding  to reduced underheat ings  of the liquid 
in the range  (3) ; the tube d i a m e t e r  was 1 -  4 ram. 

Accord ing  to [4], these  underheat ings  cor respond  to the onset  of normal  boil ing c r i s e s .  

To d e t e r m i n e  the ef fec t  of ve loc i ty  on the boil ing c r i s i s  in the inves t iga ted  ve loc i ty  range we t rea ted  the 
expe r imen ta l  data in the f o r m  of the re la t ionship  

q , : q , ( F r , ) ,  q * = r T ~ - ~ - )  ' F r , ~  lf~Tlg26(~;..~.)l ~, 

F i g u r e  2 shows the reduced heat  flux as a function of the Froude  number ;  c u r v e s  1, 2, 3, and 4 co r re spond  to 
reduced  underheat ings  of 1.4, 1.0, 0.6, and 0.25. 

An ana lys i s  of the obtained re la t ionsh ip  indicates  the ex i s tence  of two reg ions  which differ  in the effect  of 
underhea t ing  on the value of q0. 

The cu rve  in the reg ion  of Froude  numbers  F r , 1 0  -2 > 200 asymptot ica l ly  approaches  the hor izonta l  s t ra ight  line 
co r re spond ing  to va lues  of q0 ca lcu la ted  f r o m  fo rmula  (2). In this range of ve loc i t i e s  (Wg > 8 �9 103 k g / m  2. sec) the re  is 
a constant  and s t rong  dependence of q0 on the underheat ing  of the l iquid.  The l ines  of constant  underheat ings  a re  
equidis tant  f r o m  one another .  

The reg ion  of low flow v e l o c i t i e s  (67 < F r .  10 -2 < 200) is c h a r a c t e r i z e d  by a va r i ab le  dependence of q0 on the 
underheat ing.  This becomes  much weaker  with reduct ion  of ve loc i ty ,  and at ve loc i t i e s  Wg < 2 �9 10 ~ k g / m  2 �9 see 
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( F r , 1 0  -2 < 67) the l ines  of cons tant  underhea t ings ,  as the graph shows, merge  into one s t ra ight  l ine ,  which indicates  

that the underheat ing  has no effect on q0 in this region.  
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Fig.  3 

The exper imenta l  data for the boil ing c r i s i s  in the case of a flow of liquid ni t rogen at high veloci t ies  were  
compared  with the values  calculated f rom fo rmula  (3). F igure  3 shows the data for the liquid n i t rogen  boil ing c r i s i s  
in the form of a re la t ionship  between the reduced heat  flux 

K . -  qo/o.1   V F  (v' - v ' ) ; / '  + o.3 cj  

and the underheat ing 

Experiments were carried out with a tube of diameter 2.68 mm and Wg = 8 �9 103 kg/m 2 �9 sec. Points 1 correspond 

to p = (118-147) �9 104 N/m 2, points 2 to p = 29 �9 104, and points 3 to p = (216-145)104 N/m 2. Experiments with a tube of 

diameter 1.13 mm were carried out at velocities of 8,103-22 �9 103 kg/m 2 �9 sec; and velocities of 8 �9 103-41 �9 103 

kg/m 2-see. Points 4are for p =(118-145)104N/m 2, points 5 forp =216-104N/m 2, and finally, points 6for p= 
= 49 �9 104 N/m 2. 

An analys is  of the obtained re la t ionship  indicates  a sa t is factory  a g r e e m e n t  between exper iment  and ca lcula t ions  
f rom formula  (3) in the range 0.25 < ~ < 2. The grea t  sca t t e r  of the exper imenta l  points for 0 < ~ < 0.25 should be 
noted. 
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Fig. 4 

Adamovskii  and Shtokolov [4] c lar i f ied  the role  of the drag coefficient in the formula  for the ca lcula t ion  of q0- 
This coefficient was calculated f rom the fo rmula  for the case  of an i so the rmal  flow of l iquid in smooth tubes.  They 
cons idered  this fo rmula  valid in the range 0.2 < d < 2. Exper iments  indicate that in the range 0 < J < 0.25 the drag  
coefficient  va r i e s  inver se ly  with the underheat ing.  F igure  4 gives the r e su l t s  of a compar i son  of the va lues  of q0 
obtained for tubes of d i f ferent  d i ame te r s  with other condit ions equal.  The three  n u m b e r s  at each of the points 1 . . . .  
. . . .  9 denote, r espec t ive ly ,  the re la t ive  underhea t ing  A i / r ,  the p r e s s u r e  p in 10 -a N / m 2, the velocity Wg in 10 -3 
kg/m2~sec) :  1 (0 .15,240,4.0) ,  2 (0 .85 ,50 ,4 .0 ) ,  3 (0.12,240,4.0) ,  4 (0.023,50,8.0) ,  5 (0.083,50,8.0) ,  6 (0.125,157,9.5},  
7 (0.12;50,8.0) ,  8 (0.22,127,8.0) ,  9 (0.175,127,8.0) .  

As the graph shows, the va lues  of q0 inc rease  with reduct ion in the d i ame te r ,  pa r t i cu la r ly  between 2.68 and 
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1.13 mm.  

However,  as Fig.  3 shows, the values  of q0 obtained for tubes of different  d i a me t e r s  a re  sa t i s fac tor i ly  
genera l ized  by Eq. (3). This  can p re sumab ly  be a t t r ibuted to the fact that the effect of d iamete r  is taken into account 
in the calculat ion of the drag coefficient.  

Thus,  the obtained exper imenta l  data for the c r i t i ca l  heat fluxes in the boil ing of liquid n i t rogen conf i rm that 
fo rmula  (3) can be used to calcula te  q0 in the veloci ty range  41 �9 103-8 �9 103 kg /m 2 �9 sec with reduced underheat ings  
0 .25-2 .  In calculat ion of the value of q0 a t  veloci ty Wg < 8 �9 103 kg /m 2 �9 sec the va r i ab le  dependence of q0 on the 
underhea t ing  can be taken into account by the introduct ion of an empi r ica l  coefficient  for the ~ t e r m  in formula  (3) 
(according to the exper imenta l  data,  this coefficient is 0.5 in the velocity range 2 �9 103 < Wg < 8 �9 103~ kg /m 2 �9 see). 
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