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A mathematical  model of film boiling with forced  convection of the liquid is discussed.  A 
solution is obtained on a computer  and is r ep re sen ted  in the fo rm of nomographs and approxi-  
mation relat ions.  The computed r e su l t s  a re  compared  with exper imenta l  data. 

There  a re  three  possible r eg imes  associated with forced-convect ive  film boiling: 1) annular-  (or core- )  
flow; 2) slug-flow; 3) mis t -  (dispersed- ,  spray-)  flow [1, 2]. The present  study is concerned with the annular-  
flow reg ime  of film boiling in a pipe, where the liquid core  is separa ted  f rom the wall by an annular vapor 
film. 

We consider a one-dimensional  s teady-s ta te  model of film boiling with liquid flow in a c i rcu la r  pipe 
having an a r b i t r a r y  lengthwise distr ibution of the wall t empera tu re  (Fig. 1). The liquid moves in the fo rm of a 
turbulent jet ,  which is separa ted  f rom the pipe wall by a turbulent vapor film. The phase interface is assumed 
to be smooth and ax isymmetr ica l .  The interracial  t empera tu re  is equal to the saturat ion t empera tu re  Ts;  i .e. ,  
the ra te  of the phase- t rans i t ion  p roce s se s  is assumed to be infinitely grea t ,  and the probabil i ty of metas tabte  
thermodynamic states  to be negligibly small .  

The heat flux is d i rec ted  f rom the wall to the phase in ter face  through the vapor film due to turbulent heat 
t r ans fe r  and resu l t s  in heating of the liquid (if TL < T s) along with evaporation.  

We d i s r e g a r d  p r e s s u r e  variat ion along the pipe, longitudinal heat conduction, dissipation, and radia t ive  
energy t rans fe r .  

In addition to these cus tomary  constra ints ,  we adopt the following assumptions:  

1. Interphase slip does not occur  (U V =UL=U);  this assumption is valid for  large flow veloci t ies  and 
small  p r e s su r e  differentials  along the pipe, such that U v /U  L ~ 1. 
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Fig. I. Schematic d iagram 
of film boiling in a pipe. 
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Fig.  2. N o m o g r a p h  for c a l c u l a t i o n  of  the d i m e n -  
s i o n l e s s  f i l m  t h i c k n e s s ,  m = 0 . 7 5 ,  n =1.  1) OV/P L = 
0.2; 2) 0.1; 3) O. 
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Fig .  3. C o m p a r i s o n  of e x p e r i m e n t a l  and c o m -  
pu ted  h e a t - f l u x  v a l u e s .  

2. The  t x t l k - m e a n  t e m p e r a t u r e  of  the  v a p o r  i s  equal  to the  s a t u r a t i o n  t e m p e r a t u r e  Ts ;  i . e . ,  it i s  a s -  
s u m e d  tha t  the  m a i n  t h e r m a l  r e s i s t a n c e  of the  v a p o r  f i l m  is e o n e e n t r a t e d  in a n a r r o w  d o m a i n  e l o s e  to the  p ipe  
wa l l .  

3. The  hea t  t r a n s f e r  f r o m  the  wa l l  into the  v a p o r  f i l m  o b e y s  the  law 

Nu v -- A Re~, (1) 

w h e r e ,  by  a n a l o g y  wi th  an a n n u l a r  duct ,  t w i c e  the  t h i c k n e s s  of the  v a p o r  f i l m  is  a dop t e d  as  the  s p a e e  s c a l e .  

4. The  hea t  f lux qL  in the  l iqu id  does  not  depend  on the  v a p o r  con ten t  and  is  d e t e r m i n e d  s o l e l y  by  the 
p r o c e s s  of  t u r b u l e n t  hea t  conduc t ion  in the  l iqu id  j e t .  The  h e a t  t r a n s f e r  into the  l iqu id  o b e y s  the  law 

Nu L = B Re~ (2) 

in which  the  d i a m e t e r  of  the l iqu id  c o r e ,  D L = D  - 2 5 ,  is  adop ted  as  the  s p a c e  s c a l e .  

Wi th  the  f o r e g o i n g  a s s u m p t i o n s  in mind ,  we w r i t e  the  con t inu i ty  and e n e r g y  equa t ions  in the  f o r m  

PvUa (D - -  5) 5 ~' pL ~' 4-a (D - -  25) ~ = 9L U o ~-aD2 ," (3) 

- -- - -  a ( D - - 2 6 ) + r  -~-z [PvU~ (D__ 6) 5]" (4) 
k Vv / D - - 2 6  v L , " 

D e t e r m i n i n g  the  t w o - p h a s e  f low v e l o o i t y  U f r o m  (3) and i n s e r t i n g  it into (4), we ob ta in  a d i f f e r e n t i a l  e q u a -  
t ion  d e s c r i b i n g  the  v a r i a t i o n  of the  f i lm  t h i c k n e s s  a long  the p ipe  

1 D / _i 
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[Pv__r, ( 1 - r - , ~ v ) ( 1 - - .  -D-28)~1" 

(2) 

subject to the initial condition 

z-= 0; 5==0. (6) 

We introduce the dimensionless governing pa ramete r s  

. , PvU~rD z 

z 

I (Tw --  Ts ) dz; 
0 

(7) 

s - .  _ L_(Ys - r_L ) _ .  
~,V (Tw-- Ts) 

Now Eq. (5) is t r ans formed  as follows: 

B (UoD/v L )~ (s) 
A (UoD/vn)" 

db 
- -  % (b) - -  Eq~z (b) ,  (9 )  

dtt 
where b =2~/D is the dimensionless thickness of the vapor film and 

[(1--b)Z-- 9--v-(2--b)b] 2-~ 
(9l (b) .... PL ", (10) 

2bl-m (1 --b)  

9V (9__b)b 12-n 
I - b)2 &-L " 

% (b) :-: 2 ( 1 - -  b) I-~ (11) 
I 

If E does not depend on H, the differential equation (9) is reduced to the integral 

b 

3 H .... db (12) 
% (b) - -  E~. (b) 

0 

In the general  case,  E depends on H, because the pa ramete r  H is a monotonically increasing function of 
the z coordinate and the dimensionless group E includes the quantities B and (T w - Ts) , which in general  also 
depend on z. However, computer  calculations related to the numer ica l  integration of Eq. (9) show that the 
dimensionless f i lm thickness in a given c ross  section is determined only by the values of the pa ramete r s  H and 
E in that c ross  section. This resu l t  can be explained physical ly as follows, If the fraction of heat that goes into 
the liquid (E) is sufficiently large,  then the pr ior  h is tory  of the flow (H) has little influence on the hea t - t r ans fe r  
p rocess ,  because in each c ross  section the vapor fi lm acquires a thickness such that the heat flux required  by 
the liquid is in fact t ransmit ted.  With an increase  in the fraction of heat used for evaporation, the influence of 
the  flow his tory  (H) on the hea t - t r ans fe r  process  and fi lm thickness becomes significant, but in re turn  the de- 
pendence of these factors  on the fraction of heat t ransmit ted  into the liquid (E) abates. 

Expression (12) enables us to determine the dimensionless vapor - f i lm thickness b as a function of the 
dimensionless pa ramete r s  H, E, p V/P L and to compute the heat flux according to the equation 

~v(Tw-- Ts) A ( GoD ~m (P~ (b), (13) 
qw = D k vv ] 

in which 
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%(b)=bm-~ [(1--b)2-}- P--Yv (2--b)bj-':. 
Ph 

(14) 

We integra ted  express ion  (12) numer i ca l l y  on an 35-220 digital computer  for the case  m = n  =0.8. The 
computat ional  r e su l t s  a r e  displayed in the f o r m  of a nomograph ,  which pe rmi t s  the values  of b and (p 3 (b) to be 
determined.  We also approx imate  express ion  (12) in the r anges  H=10 -3 to 5, E =0 to 4, pV/PL=O to 0.2, b_< 
0.5 by the equation 

b = {[1,53H -a/6 ,~- 0.94 (1 - -  9v/9 L)] exp (0.2E)liE -- O, 12 (I - -  pV/PL ) exp (--  0.26 E)]I 5}- 1. (15) 

To compute the p a r a m e t e r s  H, E and the heat  flux qw it is n e c e s s a r y  to ass ign  a specif ic  f o r m  to Eqs. (1) 
and (2). 

We a s s u m e  that the heat  flux c a r r i e d  f r o m  the wall by the vapor  can be calcula ted accord ing  to the equa-  
tion for  heat  t r a n s f e r  to a gas in an annular duet [3] 

N v= ,4R4 8 : 0 0198 - ~  { -0.0  t(e v. l~rv , (16) 

and the heat flux into the liquid according  to the well-known express ion  for  heat  t r a n s f e r  into a liquid in a 
c i r cu la r  pipe 

Nu L = B Re[ 8 = 0.023 Re[ 's Pr~ "4 f (z/D). (17) 

We compare  the heat f luxes calculated in this way with our e a r l i e r  expe r imen ta l  data [4]. The c o m p a r i -  
son of the exper imenta l  and computed r e su l t s  shows that the computat ion affords valid o r d e r - o f - m a g n i t u d e  
e s t ima te s  of  the heat  f luxes,  albei t  with r a t h e r  l a rge  s ca t t e r  (:~ 50%). It is impor tant  to bea r  in mind, however ,  
that  the computat ions a r e  based  sole ly  on the s tandard  empi r i ca l  fo rmulas  for s ing le -phase  media.  

The computat ional  e r r o r  can be substant ia l ly  reduced  by using the empi r i ca l  f i lm-boilhng h e a t - t r a n s f e r  
re la t ions  p roposed  in [4] in the ro le  of r e la t ions  (1) and (2) 

Nuv = A R@ 75 = 0.0078 R@ "75 Pr v [1 +3.10 - 8 ,  1,3 exp (-- 1.10 -6 ~)]; (18) 

Nu L = B Re L = 0.0012 Re L Pr[ "4 f~ (z/D). (19) 

The r e su l t s  of n u m e r i c a l  integrat ion of (12) for the case  m=0 .75 ,  n =1 a r e  given in nomograph f o r m  in 
Fig. 2 and a r e  approx imated  by  the express ion  

b = {( 1.46//.0. 8 _. 1 - -  Pv/9L ) exp (0.13 E)[E - -  0.2 ( 1 - -  9V/PL ) exp (-- 0.35 E)] ~}- 1. (2 0) 

The heat f luxes computed on the bas i s  of r e l a t ions  (18)-(20) a re  compared  in Fig. 3 with exper imenta l  
data obtained in the nonsteady cooling of p rehea ted  copper  and s tee l  pipes (inside d iamete r  4 to 20 ram, length 
up to 100 d iamete rs )  by a descending l iquid-ni t rogen flow. The sca t t e r  of the exper imenta l  points does not ex-  
ceed �9 30%; i .e. ,  it s c a r c e l y  differs  f r o m  the e r r o r  of the approximat ion  re la t ions  (18) and (19). This fact  
r e c o m m e n d s  the nomograph  of Fig. 2 for the calculat ion of heat  t r an s f e r  a s soc ia t ed  with f i lm boiling in pipes 
kn the following ranges  of r e g i m e  p a r a m e t e r s :  R e L = 8 . 1 0 4  to 1.5- 106; z = 7  to 100; P r L = l . 9  to 3.3; P / P c r  = 
0.06 to 0.63; kL=0 .02  to 0.95; k v = 0 . 9 ;  0 = c v ( T  w - T s ) / r - < 9 .  

NOTATION 

A, constant  in Eq. (1); B, constant  in Eq. (2); b=26/D, dimens ionless  th ickness  of vapor  film; c, specif ic  
heat  at P=cons t ;  D, d i ame te r  of h e a t - t r a n s f e r  su r face ;  E, d imens ion less  p a r a m e t e r  in Eq. (8); f(z/D) = (1 +4 
NUL0/ReLoPr L �9 z /D) - l ;  f l ( z /D)=1  +1.22 exp (-0.038 z /D) ;  H, d imens ionless  p a r a m e t e r  in Eq. (7); m,  power ex-  
ponent in Eq. (1); n, power exponent in Eq. (2); Nu, Nussel t  number ;  NUL =qL(D-25)~ .  L ( T s - T L ) ;  Nu V =qw26/ 
i V  (TwTs); Pr ,  Prandtl  number ;  q, specif ic  heat  flux; r ,  specif ic  heat  of vapor iza t ion;  Re, Reynolds number;  
ire L =UL(D-26)/UL; Re V =u V "26/uV; T, t e m p e r a t u r e ;  U, veloci ty;  z, axial  coordinate;  6, th ickness  of vapor  
f i lm; ~., t h e r m a l  conductivity; u, k inemat ic  v iscos i ty ;  p ,  density;  e ,  sur face  tension. Indices:  L, liquid; V, 
vapor;  s, sa turat ion;  w, wall; 0, entry.  
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Heat t r an s f e r  in the pool boiling of hel ium is inves t igated exper imenta l ly .  The dependence of 
the h e a t - t r a n s f e r  coefficient  on the heat  flux and p r e s s u r e  is de te rmined  for  the fully developed 
nucleate  boiling r eg ime .  

The p rob l ems  of heat  t r ans f e r  in liquid hel ium hold a specia l  place in the t he rma l  s tabi l i ty  ana lys i s  of 
compos i te  conductors  used in the coils  of superconduct ing magnets .  Accordingly,  we have conducted a s y s t e m a t -  
ic invest igat ion of the inlfuence of var ious  fac tors  on the heat  t r an s f e r  and c r i t i ca l  heat fluxes assoc ia ted  with 
hel ium pool boiling. The main f ac to r s  invest igated in our work  include the hea t - f lux  density,  the p r io r  "h is tory"  
of the boiling p r o c e s s ,  the sa tura t ion  p r e s s u r e ,  the finish of the heating sur face ,  the ma te r i a l  of the h e a t - t r a n s -  
fer  su r face ,  and the or ienta t ion of the su r face  in the field of gravi ty .  The exper iments  were  conducted with 
plane working tes t  sec t ions  of va r ious  m a t e r i a l s  shaped into a disk with a d iamete r  of 25 m m  or  a square  plate 
with a c ro s s  sect ion of 30 • 30 ram. The p r e s s u r e  was held constant  in each exper iment ,  while the heat  input 
to the heating su r face  was gradual ly  inc reased  or  dec rea sed  to produce the appropr ia t e  var ia t ion  of the t e m -  
pe ra tu re  differential .  An analys is  of the exper imenta l  data shows that  the dependence of the t e m p e r a t u r e  dif- 
ferent ia l  on the heat flux can be mul t i -va lued  in the nucleate boiling of hel ium,  indicating the exis tence  of 
different boiling r e g i m e s .  For  each sur face  it is poss ib le  to d i sce rn  the mos t  fully developed boiling r eg ime ,  
wherein  the h e a t - t r a n s f e r  r a t e  at tains its m ax imum value for  the given conditions. In that r eg ime ,  the r e l a t ion-  
ship between the heat  flux q and the t e m p e r a t u r e  different ial  AT is desc r ibed  by the power law 

q = CAT".  (1) 

As in the case  of other  l iquids,  the propor t ional i ty  fac tor  C depends on the sa tura t ion  p r e s s u r e ,  and the value 
of the exponent n can be taken as roughly constant for different  p r e s s u r e s .  Also,  C and n v a r y  apprec iab ly  with 
the su r face  conditions. 

In the p resen t  a r t i c l e  we give the r e s u l t s  of a study of fully developed nucleate  boiling of hel ium in the 
p r e s s u r e  in terval  (0.33 to 2.13) �9 105 N / m  s on only two su r f aces ,  one of copper  and one of aluminum. The s u r -  
face of  the copper  sect ion (square plate) was polished to c lass  13 pur i ty  [according to All-Union State Standard 
(GOST) 2309-68], and the f inish of the a luminum sur face  (disk) co r responded  to c lass  10. For  the copper  hea t -  
t r a n s f e r  su r face ,  we obtained data both for  hor izontal  (heating sur face  facing upward) and for ve r t i ca l  o r i en ta -  
tion, while for  the a luminum sur face  we used only the hor izonta l  or ientat ion.  In exper imen t s  on a rougher  
a luminum surface ,  the value of the exponent n in Eq. (1) is 1.5 for  all  invest igated p r e s s u r e s ,  which is in good 
agreement  with the data of other  authors  for copper  [1, 2] and pla t inum [3] heating su r faces .  The dependence 
of the heat flux on the t e m p e r a t u r e  different ial  on the polished copper  su r face  in our exper imen t s  is descr ibed  
by the power law (1) with exponent n =3.33. The re la t ionship  between the h e a t - t r a n s f e r  coefficient  a = q / A T  and  

the heat  flux in this case  is consis tent  with the well-known dependence for  o rd ina ry  liquids: ~ ~ q0.7 
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