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HEAT TRANSFER FROM A TUBE BUNDLE 

LONGITUDINALLY FLOWING WATER AND 

ETHYLENE GLYCOL 

IN 

A.  Y a .  I n a y a t o v  UDC 536.242 

Heat t r ans fe r  in tube bundles may be calculated from var ious  formulas  [1-6, 8-11], but there are  
no standard recommendat ions derived from analysis  of all the published evidence. A survey has been made 
[1] of 14 papers  for  21 tube assembl ies  car ry ing  a i r  and superheated steam with Pr  = 0.7-1; here a survey 
is made of 10 fur ther  papers f rom the USA, USSR, France ,  and Czechoslovakia for 14 geomet r ies  with water  
flowing at P r  values of 1.1-6.5, and also for a mixture of 60% ethylene glycol and 40% water at a P r  of 11- 
18. The relative Nusselt  number is here obtained as a function of the geometr ica l  c r i te r ion  in eurvi l inear  
form, as in [1]. The resul ts  f rom 24 sets of measurements  by Soviet and other  workers  for 35 tube a s s e m -  
blies have given new and reliable recommendat ions  for the heat calculation: 

Nu b = Nur~:t~s, 

which applies for  Re = 6 "103-10~; P r  = 0.7-18; sls2/d 2 = 1.2-6; Nu b is the Nusselt  number for the bundle, 
while Nu T is the Nusselt  number for c i r cu la r  tubes from [12], or  from the standard method of [7, 8], or  
f rom the standard method of [3]; t t  is a cor rec t ion  factor  to the temperature  factor  in accordance with [6- 
8, 12], and ~b s is a cor rec t ion  factor  to the geomet r ica l  factor  derived as in [1]. 

The method gives the best cor rec t ion  for  the hea t - t r ans fe r  coefficient as  a function of bundle geo- 
me t ry  and also of the tempera ture  factor ,  and the spread of most  of the observed points around the line is 
only ~4-6%. 

These results show that it is unjustified to use formulas for tubes without correction factors at high 
s/d in order to calculate the mean heat transfer. 

In practice, it appears best to perform such a generalization by assigning the physical properties of 
the liquid to the mean temperature and taking the hydraulic diameter of the bundle as the definitive dimen- 
sion. 
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T H E R M A L - R E S I S T A N C E  D E T E R M I N A T I O N  

W I T H  HE A T - S E N S I T I V E  P A I N T S  

S.  I .  V y g o v s k i i ,  V. A.  E g o r o v ,  
E .  P .  M i r o n o v ,  a n d  I .  P .  N e k r a s o v  

UDC 536.622i621.382.2 

The external  thermal  res i s tance  of a component Rt0 is of interest  in heat -exchanger  design, since 
this can be reduced in o r d e r  to minimize the tempera ture  difference.  

The usual methods  of measur ing  Rt0 by means  of contact  t r ansducers  require special measur ing  in- 
s t ruments  and are unsuitable for miniature e lectronic  devices.  

A method is given for measur ing  Rt0 by means  of fusible tempera ture- indica t ing  coatings. 

Resul ts  a re  given from an exper iment  that conf i rms Rt0 can be determined in this way with an 
accuracy  sufficient for  mos t  pract ical  purposes .  

Dep. 1066-75, Feb rua ry  10, 1975. 
Original article submitted December 12, 1974. 

S U R F A C E  T E M P E R A T U R E  O F  S T E E L  

A I R - B L A S T  E R O S I O N  

G. V.  S a m s o n o v ,  A. A.  M a r k o v ,  
a n d  A.  A.  D a n ' k i n  

D U R I N G  

UDC 669.14.018 

A fast  gas  s t r eam containing an abras ive  erodes  the surface of s ta inless  steel,  which produces  a t e m -  
pera ture  distr ibution in the contact zone, which must  influence the p rocesses  in the wear zone, which are 
also influenced by the proper t ies  of the colliding mate r i a l s  and the failure mechanism.  

t I 6O0 

300 

0 8 16 T 

Fig. 1. Surface t empera tu re  of 1Kh13L and 
1Kh18N9TL steels during abras ive  blasting 
of Pn = 6 kgf/cm 2, ~ = 60 ~ and K b (kg. cm -2 
�9 h -1} of: 1, 2) 61; 3, 4) 5.1; 5) 144; 1, 3) open- 
c i rcui t  thermocouple at surface;  2, 4) the rmo-  
couple at depth of 1.0 ram; 5) thermocouple 
at depth of 2.0 ram. 
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A study has been made of the effects on temperature distribution at the surface and in lower layers 

for IKhI3L and IKhI8N9TL steels in jets of air containing abrasives at various angles of attack and abra- 
sive concentrations; the temperatures were measured with thermocouples inserted to depths of 1-2 mm 
from the surface, and also with open-loop thermocouples, whose hot junctions were formed during wear 
at the surface; the temperature at the surface is determined by the angle of attack, the abrasive concentra- 

tion, and the properties of the metal. Values up to 800~ can occur (Fig. I). 

These values for the temperature are to be considered as averages and below the actual values in 
microscopic volumes at the instant of collision with abrasive particles, since the heat released in wear is 
transmitted to the surrounding medium and absorbed by the eroded material. As the surface is vigorously 
cooled by the air, and the largest plastic deformation (and, consequently, the maximum heat release) occurs 
at a certain depth, particularly with work-hardening steels, one naturally finds the maximum mean tem- 
perature near the surface when the steady state is reached. 

The temperatures found for IKhI3L steel under identical wear conditions are higher than those for 
IVJ~ISNgTL steel, which is due to the difference in properties. 

N O T A T I O N  

c~ i s  the angle  of a t t a c k  at  s u r f a c e  (deg); 
Pn  i s  the a i r  p r e s s u r e  (kgf/cm 2) b e f o r e  nozz l e ;  
K b i s  the  a b r a s i v e  c o n c e n t r a t i o n  in b l a s t  (kg.  c m  -2 �9 h - i ) ;  
t i s  the  t e m p e r a t u r e  (~ ; 

i s  the  t i m e  (see) .  

Dep. 946-75, February I0, 1975. 
Original article submitted October i0, 1973. 

NONSTEADY FLOWS OF cONDENSING VAPOR IN 

LAVAL NOZZLES WITH COUNTERPRESSURE 

G .  A .  S a l t a n o v ,  A .  V .  K u r s h a k o v ,  
a n d  A .  N .  K u k u s h k i n  

UDC 621.165.51 (043) 

The n o n s t e a d y  flow of c o n d e n s i n g  w a t e r  v a p o r  in L a v a l  n o z z l e s  with an a b r u p t  c o u a t e r p r e s s u r e  within 
the channe l  (group IH of the m o d e s  of nozz l e  o p e r a t i o n  of [1]) i s  a n a l y z e d  in the a r t i c l e .  

The s t u d i e s  we re  p e r f o r m e d  on a v a p o r - d y n a m i c  t e s t  s tand whose  work ing  s e c t i o n  was  p l a c e d  in the 
f i e ld  of an IAB-51 shadow i n s t r u m e n t  [2]. An AEG movie  c a m e r a  was  used  f o r  h i g h - s p e e d  m o t i o n - p i c t u r e  
p h o t o g r a p h y  of the n o n s t e a d y  f low.  The a m p l i t u d e  and f r e q u e n c y  of  the s t a t i c  p r e s s u r e  p u l s a t i o n s  a long  the 
channe l  w e r e  m e a s u r e d  with  an LKh-610  p i e z o c e r a m i c  p ickup  [3]. 

A s u p e r c r i t i c a l  supp ly  of hea t  in the c o n d e n s a t i o n  zone l e a d s  to the p e r i o d i c  f o r m a t i o n  of t r a n s i e n t  
shock  waves  in the r e g i o n  o f - ~ a l l  s u p e r s o n i c  Mach n u m b e r s  and,  a s  a c o n s e q u e n c e ,  to p u l s a t i o n s  of the 
s t r e a m  p a r a m e t e r s .  Th i s  is  the r e a s o n  f o r  the m o v e m e n t  into the n o z z l e ,  with the  s a m e  f r e q u e n c y ,  of a 
c o m p r e s s i o n  shock  which  f o r m s  upon the i n c r e a s e  in c o u n t e r p r e s s u r e .  

On the b a s i s  of an a n a l y s i s  of T o p l e r  mo t ion  p i c t u r e s  a d i f f e r e n c e  was  found in the  wave s t r u c t u r e  of 
the s t r e a m  in the  fo l lowing  c a s e s :  

1) e n > ~ a > e ~  / P~ bar, 

2) ern > ea > sa J To ~ Ts (Po). 

W h e r e a s  in the f i r s t  c a s e  the c o m p r e s s i o n  s h o c k  u n d e r g o e s  b a c k - a n d - f o r t h  m o t i o n  with s l i g h t  v a r i a t i o n  in 
i n t e n s i t y ,  in the second  c a s e  i t  p e r i o d i c a l l y  a p p e a r s  in a c e r t a i n  s e c t i o n  of the channe l ,  d e g e n e r a t i n g  dur ing  
i t s  m o v e m e n t  u p s t r e a m .  Th i s  o c c u r s  a s  a r e s u l t  of  the  fac t  tha t  with a l a r g e r  c o m l t e r p r e s s u r e  ek  the  
c o m p r e s s i o n  shock  m o v e s  c l o s e r  to the zone of spon t aneous  c o n d e n s a t i o n  and upon i t s  i n t e r a c t i o n  with the 
t r a n s i e n t  shock  w a v e s  the  expand ing  p a r t  of the nozz le  i m m e d i a t e l y  beyond the zone of spon t aneous  c o n d e n -  
s a t i o n  c e a s e s  to o p e r a t e  in the d i f fu s iona l  m o d e .  
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Fig. 1. Variation in relative amplitude of static p res -  
sure pulsations along the nozzle during nonsteady flow 
with condensation. Nozzle 3: 1) e a = 0.25 < ek; 2) e n 
> ea = 0.596 > ek; 3) e m > e a = 0.669 > ~n; P0 = 0.9 bar;  
T O = T0s; f = 830 Hz; y, = 30 mm. 

A compar i son  of the resul ts  of the measu remen t  of the amplitude of the static p re s su re  pulsations 
(Fig. 1) for  the cases  of ~a < ek (curve 1) and e m > e a > ek (curves 2 and 3) shows that the presence  of a 
compress ion  shock leads to a considerable increase  in the intensity of the pulsations within the nozzle.  

ea = Pa/Po 
P0, To 
ek 

E n  

8- m 

f 
Ap = Ap/p o 
X = X/y* 

Y* 

N O T A T I O N  

is the dimensionless  p ressu re  beyond nozzle cut; 
are  the stagnation p res su re  and stagnation tempera ture  at nozzle entrance,  respectively;  
is the dimensionless  p ressure  beyond nozzle cut at which a straight  or  curved shock is 
located in the exit c ro s s  section of the nozzle; 
is the limiting dimensionless  p ressu re  beyond nozzle cut which separa tes  the two possible 
types of nonsteady flows of condensing vapor with coun te rp ressure  shocks within the 
channel; 
is the dimensionless  limiting p ressu re  beyond nozzle cut at which the counterpressure  
shock disappears ;  
is the frequency; 
is the relative amplitude of static p ressu re  pulsations; 
is the relat ive longitudinal coordinate;  
is the height of cr i t ica l  c ro s s  section of nozzle. 
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EFFECT OF ELECTROSTATIC FIELD 

EVAPORATION FROM THE SURFACE 

A CHARGED DROPLET 

A. S. Kokin and B. G. Popov 

ON 

OF 

LIQUID 

UDC 66.0471:53 7.212 

A n a l y t i c  i n v e s t i g a t i o n s  w e r e  c a r r i e d  out  to d e t e r m i n e  the e f fec t  of an e l e c t r o s t a t i c  f i e ld  on the e v a p -  
o r a t i o n  r a t e  of  a l iqu id  f r o m  the s u r f a c e  of  a s i ng l e  c h a r g e d  d r o p l e t .  The m o t i o n  of  a c h a r g e d  d r o p l e t  i s  c o n s i d -  
e r e d  in the b a c k w a r d  flow of  a h e a t  c a r r i e r  with e l e c t r o s t a t i c  f i e ld  f o r c e s  t aken  into  a c c o u n t .  We ob ta ined  the e q u a -  
t ion of mo t ion  of  the  c h a r g e d  d r o p l e t  f o r  Re < 200 

dv d 18/a(v d + vr) 0.82KE 2 

d--7- =g--  9 e ~  ~ (1) ~dPl 

a s  we l l  a s  of the v e l o c i t y  in the f ina l  f o r m ,  

whe re  

' i8~tT_T --18pC) 
gp162d - -  18try c • 0,82KE26 d - -  exp t Pl 6~ 

a 18~t 

1 

18~ 
In (gPZ 5~ --  18,arc:t: 0,8 KE'26d ). 

(2) 

Using  the e l e c t r o s t a t i c  f i e ld  f o r c e s  an e x p r e s s i o n  was g iven  fo r  the  v e l o c i t y :  

N (E ) ~ 0,0745.,AP (VorV) o." ; (3) 

e x p r e s s i o n s  a r e  a l s o  g iven  for  the  we igh t  W(E ) and fo r  the s h a r e  ~O(E ) of the  e v a p o r a t i n g  l iqu id  f rom the 
s u r f a c e  of  a c h a r g e d  d r o p l e t :  

W(E ) = j N(E ) d~; (P(E) -- (4) 
6 G 

whe re  

rot -- v d + Vc 

Ana lyz ing  Eqs .  (1)-(4) it  can  be s een  tha t  the use  of the  m e t h o d s  of  e l e c t r o n - i o n  t e c h n i q u e s  based  on 
the use  of e l e c t r o s t a t i c  f ie ld  f o r c e s  in the h e a t -  and m a s s - e x c h a n g e  t r e a t m e n t  of d i s p e r s i o n  m e d i a  shows 
p r o m i s e  both f r o m  the  po in t  of v iew of m a k i n g  the p r o c e s s e s  m o r e  i n t e n s i v e  and a l s o  a s  f a r  a s  the r e d u c -  
t ion of the o v e r a l l  d i m e n s i o n s  of the a p p a r a t u s  i s  c o n c e r n e d .  

v c i s  the  h e a t - c a r r i e r  v e l o c i t y ;  
E i s  the  f i e ld  i n t ens i t y ;  
g i s  the  f r e e - f a l l  a c c e l e r a t i o n ;  
5 d i s  the d r o p l e t  d i a m e t e r ;  
p i s  the  d y n a m i c  v i s c o s i t y  of h e a t  c a r r i e r ;  
Pz i s  the d r o p l e t  dens i t y ;  
G i s  the  o r i g i n a l  d r o p l e t  weight ;  
u i s  the  s p e c i f i c  we igh t  of h e a t  c a r r i e r ;  

i s  the e v a p o r a t i o n  t i m e .  

Dep.  944-75 ,  F e b r u a r y  20, 1975. 
O r i g i n a l  a r t i c l e  s u b m i t t e d  M a r c h  9, 1972. 

NOTATION 
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D I S T R I B U T I O N  O F  A N  I M P U R I T Y  IN 

W I T H  A L L O W A N C E  F O R  S O R P T I O N  

V .  I .  M a r o n  

A S T R E A M  

UDC 533.73 

The equa t ions  fo r  the t r a n s p o r t  of a s u b s t a n c e  in a s t r e a m  and a s o r b e n t  have the fol lowing d i m e n s i o n -  
l e s s  f o rm:  

Oc 3c 1 ON O~ 
- -  , - - _ _  , . O~- "i- a--~.~ -}- mo Or 0~' c = c (T, ~), N = N (v, ~), (1) 

ON 
O,c = ~ ' ( c - a N ) '  "c>O, ~ > 0 .  

We can d i f f e r en t i a t e  the second equa t ion  of th is  s y s t e m  with r e s p e c t  to r and in t roduce  the new un-  
known func t ion  v = aN/3T - the r a t e  of change  of the d i s t r i b u t i o n  of the subs t ance  in the s o r b e n t .  We have 

Oc Oc I O"-c 

(2) 
Ov _ ~ ( O'~c Oc ) I+~rn  0 
O~ O~ ~ O~ - - a v  , a -  mo 

F o r  t h i s  s y s t e m  we c o n s i d e r  the p r o b l e m  of the d e s t r u c t i o n  of the in i t i a l  e q u i l i b r i u m  s ta te ,  with a c o n c e n -  
t r a t i o n  c o of the s u b s t a n c e  in the s t r e a m  and a c o n c e n t r a t i o n  3,c o of the subs t a nc e  in the s o r b e n t ,  owing to 
the pumping  through the c r o s s  s ec t i on  ~ = 0 of l iquid  with a c o n c e n t r a t i o n  c ,  ~ c o of the i m p u r i t y .  The c o r -  
r e s p o n d i n g  l i m i t i n g  cond i t i ons  have the f o r m  

x.(.O, 0 < ~ < ~ ,  v=O, c = c o ,  (3) 

�9 >0,  ~ - 0 ,  c = c . .  c(~, ~ ) - c o .  

The so lu t ion  of the p rob l em (2) and (3) is  sought in the fo rm of s e r i e s  with r e s p e c t  to the p a r a m e t e r  

/~ = l / k ,  which i s  a s s u m e d  to be s m a l l :  
c (T, ~) :: 00 (T, D + p01 (T, D + "'" + pq'1%_ 1, 

v ('c, ~) - Vo (r, D + Pvl('~, 0 + . . . .  ~_pq- 1 vq_ 1. (4) 

The f i r s t  two t e r m s  of the expans ion  for  eft,  ~) have the fo rm 

1 [-eric 1 ' ~ --~ 

(c,-- c,)~ 1 ( 1 ~ b ' (~--bv)~ (5) 
0dT. U = c, -- �9 - -  4.~b~/~,~o ~ ~ ~ ~ + T )  ~xp, 4~ 

1 1 + ~mo 
b = l  - - - -  a = - -  

m o a  m 0 

An e s t i m a t e  of the a c c u r a c y  of the a p p r o x i m a t e  so lu t ion  found fol lows f r o m  the g e n e r a l  theory  of ex-  
p a n s i o n  in  a s e r i e s  with r e s p e c t  to a s m a l l  p a r a m e t e r  with a lead ing  d e r i v a t i v e .  The e r r o r  of the app rox i -  
m a t i o n  found for  c ( r ,  ~) with TE [0, T.) and 0 </~ </~0 is  a quan t i ty  on the o r d e r  of p2. 

Dep. 948-75,  March  3, 1975. 
O r i g i n a l  a r t i c l e  submi t t ed  June  10, 1974. 

S I M U L A T I O N  O F  S O L I D I F I C A T I O N  I N  C O N T I N U O U S  C A S T I N G  

L .  I .  U r b a n o v i c h ,  V.  A .  E m e l ' y a n o v ,  UDC669.18-412:621.746.6  

A .  P .  G i r y a ,  a n d  E .  P .  K a r a m y s h e v a  

A m a t h e m a t i c a l  mode l  i s  p r e s e n t e d  for  the so l id i f i ca t ion  and cool ing  of a con t inuous  s tee l  c a s t i n g  of 
r e c t a n g u l a r  c r o s s  s ec t ion  c r y s t a l l i z i n g  in the l i q u i d u s ' s o l i d u s  r ange ;  the model  has  been  run  on a c o m p u t e r  
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to p r ed i c t  the t e m p e r a t u r e  d i s t r ibu t ion ,  the hea t - f lux  dens i ty  at  the su r f ace ,  the th ickness  of the c r u s t  at 
the exi t  f rom the c r y s t a l l i z e r ,  and the depth of comple te  sol id i f ica t ion  at  cas t ing  r a t e s  not yet  a t ta ined.  

The following i s  the d i f fe ren t i a l  equation for  t he rma l  conduction for  the two-d imens iona l  case  subj oct 

to the above assumpt ions :  

a~ a t x~ a~ "~-~- a~ ( ~ a'k 

cs for 

cs§ c l 
2 

c l for 

who re 
t < t s o  f X, s for t < t  s 

/ L 
4-tl.f.~_iso ior tso<t<t[i Xe= ;Ls~@tZ(1- -~)  for ts<t <tli 

t "> tl i  ~l for t >tlf 

O < x < l w  O < n < I n  

The r e l e a s e  of the la tent  heat  of c r y s t a l l i z a t i o n  is incorpora ted  by inc reas ing  the speci f ic  heat  in the two- 
phase region by L / ( t l i - t s o ) ,  while the effect ive t he rma l  conduct ivi ty  is dependent  on the p ropor t ion  r of 
sol id  phase in an e l e m e n t a r y  volume in the two-phase  region.  

There  a r e  four regions  along the axis  of the cas t ing  where the boundary condit ions have to be s p e c i -  

fied s epa ra t e ly ;  

a) the zone of r e l a t i ve ly  c lose  contact  in the c r y s t a l l i z e r  (between the inner  wal l s  of the l a t t e r  and 
the sur face  of the cast ing);  

b) the zone with a gas space in the lower  pa r t  of the c r y s t a l l i z e r ;  where shr inkage  of the me ta l  causes  
the cas t ing  to leave the wall;  

c) the zone of pumped wate r  cooling of the broad faces ;  

d) the a i r - c o o l e d  sur face  zone ( radia t ion and convect ion cooling a lso) ,  namely,  the s u r f a c e s  of the 
na r row  faces  and of the wide p a r t s  not flushed by the water .  

The boundary condit ions a r e  s y m m e t r i c a l  with r e s p e c t  to the g e o m e t r i c a l  axes  of s y m m e t r y  in the 
r ec t angu la r  c r o s s  sect ion,  i .e . ,  the solut ion i s  r ea l i zed  for  one q u a r t e r  of the c r o s s  sect ion.  

The model  d i f fe r s  from s tandard  ones in the l i t e r a t u r e  in that one can de t e rmine  the length of the 
zones of r e l a t ive ly  c lose  contact  on the wide and na r row faces  in the c r y s t a l l i z e r  on the bas i s  of m e a s u r e -  
ments  on heat  t r a n s f e r  to the cooling wa te r  for  a p a r t i c u l a r  machine .  

F i n i t e - d i f f e r e n c e  numer ica l  methods  have been employed with an M-222 compute r .  

It i s  shown that  the model  is  adequate  to d e s c r i b e  the actual  so l id i f ica t ion  and c o o l i n g o f a  0.24 • 1.71 
m 2 cas t ing,  s ince the ca lcula ted  va lues  for  the comple te  so l id i f ica t ion  depths and sur face  t e m p e r a t u r e s  
ag ree  with the actual  va lues .  Resul ts  a r e  given on the effects  of cas t ing  ra te  on the comple t e - so l i d i f i ca t i on  
depth. 

Dep. 942-75, F e b r u a r y  24, 1975. 
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The t e m p e r a t u r e  of a cooled (heated) liquid v a r i e s  on account of th ree  s imul taneous  p r o c e s s e s :  a) 
convect ive heat  t r a n s f e r  between the l iquid and the wal ls  of the vesse l ;  b) heating of the wal l s  by t h e r m a l  
conduction (~'T is the t he rma l  conduct ivi ty of the wall);  and c) t e m p e r a t u r e  equal izat ion throughout the 
volume V of the l iquid by convection and t h e r m a l  conduction.  
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A m o d e l  fo r  coo l ing  i s  c o n s i d e r e d  in which  p r o c e s s  c) o c c u r s  t h roughou t  the v o l u m e  v e r y  much m o r e  
r a p i d l y  than  the t e m p e r a t u r e  change  in the l iqu id  a s  a whole  on accoun t  of h e a t  l o s t  t h rough  the wal l .  Then 
one c a n  t ake  the  t e m p e r a t u r e  t(~) of the l iqu id  a s  the  s a m e  t h roughou t  the  v o l u m e ,  a p a r t  f r o m  a th in  l a y e r  
n e a r  the  w a l l ,  the  t e m p e r a t u r e  thus  v a r y i n g  only  with  t i m e .  A l s o ,  the s i t u a t i o n  c a n  be t aken  a s  o n e - d i m e n -  
s i o n a l .  

P r o c e s s  b) i s  d e s c r i b e d  by  a known so lu t ion ,  which can  be found, fo r  i n s t a n c e ,  in L y k o v ' s  " T h e o r y  of 
T h e r m a l  Conduc t ion"  (Chap. 7, Sec .  7), Th i s  so lu t i on  is  used  to w r i t e  the  equa t ion  for  hea t  t r a n s f e r  a s  

- - m  " dt = t (~) - -  .I t (~ - -  z) ~ (z) dz, (1) 

o 

w h e r e  cp(z) i s  a known func t ion  p r o p o r t i o n a l  to  k ~  and m is  the c oo l i ng  r a t e  in the  r e g u l a r  mode  (for X T 
oo). 

E q u a t i o n  (1) h a s  been  so lved  by  L a p l a c e  t r a n s f o r m a t i o n ;  the g e n e r a l  so lu t ion  i s  e x p r e s s e d  in t e r m s  
of the g e n e r a l i z e d  v a r i a b l e s  a s  f o l l o w s :  

0 = t (x)/t (0); Bi*= nBi; Fo* = • 

wi th  t ( r )  r e c k o n e d  f r o m  the wa l l  t e m p e r a t u r e  at  t i m e  T = 0, whi le  ~ is  the  r a t i o  of  the  bulk  spec i f i c  h e a t s  of 
the l iqu id  and s o l i d ,  the  c h a r a c t e r i s t i c  l ength  in the p r o b l e m  being  de f ined  a s  l = V/4F,  w h e r e  F is  the to ta l  

s u r f a c e  of  the  c a v i t y .  

The s o l u t i o n  t a k e s  the  f o r m  
2 

0 = ~ Aie ~i Fo* erfc (~ti[tF~ "~) for Bi* ~ 1, (2a) 
i=Ij2 

0=( l - -Fo*/2)exp(~--)er fc(~-~-) l /2-~(Fo*[n)  1/2 for Bi '=  l, (2b) 

w h e r e  A~,2(Bi*) and #l,2(Bi*) a r e  func t ions  of Bi* of the f o r m :  

2Ax,2(x ) = 1 _* (1 --  1/x) -1/2, 21xl,~ (x) =x[1  ~: (1 --  I/x)l/e]. 

Solu t ions  (2a) and (2b) have been  e x a m i n e d  f o r  v a r i o u s  v a l u e s  of  Bi*; in the c a s e  Fo* >> 1, s i m p l e  
a s y m p t o t i c  f o r m u l a s  m a y  be d e r i v e d  f r o m  (2). 

An e x a m p l e  i s  g i v e n  of the  c a l c u l a t i o n  of the  t e m p e r a t u r e  d i s t r i b u t i o n  in an u n d e r g r o u n d  e t h y l e n e  

s t o r e  on the b a s i s  of (2a). 
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An i n h o m o g e n e o u s  h a l f - s p a c e  c o n s i s t s  of a t h r e e - d i m e n s i o n a l  l a y e r  and a s e m i i n f i n i t e  r e g i o n ,  the  
two d i f f e r i n g  in t h e r m a l  c h a r a c t e r i s t i c s .  I n i t i a l l y ,  the s y s t e m  is  u n i f o r m l y  h e a t e d  to a t e m p e r a t u r e  To, 
and the b o d i e s  a r e  in con tac t .  T h e r m a l  r a d i a t i o n  in a c c o r d a n c e  with S t e f a n ' s  law o c c u r s  f r o m  the s u r f a c e  
x = 0 into a m e d i u m  a t  z e r o  t e m p e r a t u r e ;  i t  i s  a s s u m e d  tha t  the  t e m p e r a t u r e s  of the b o d i e s  a r e  dependen t  
on the t i m e  t and c o o r d i n a t e  • and then  the  p r o b l e m  is  to i n t e g r a t e  a s y s t e m  of d i f f e r e n t i a l  equa t ions  s u b j e c t  to 
the n o n l i n e a r  b o u n d a r y  cond i t i on  

on, x=0 = v (t) = ca [ul(0, 0] 4 
ax (1) 

and the  c o n j u g a t i o n  c o n d i t i o n s  at  the b o u n d a r y  x = 1; a so lu t i on  c onve n i e n t  fo r  s m a l l  t t a k e s  the  fo rm 
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t (2nl--x)~ 

/21(X,t ) a l i l * v ( ~ r  ~ ( h n e 4 a ~  {t-'c) 
=T~  I : F Z 7  ~=1 

~_ t~n-- 1 e 

[2(n--i) /+r]  ~ 
4a 2 (t--T) 

)d~:. 
(2) 

If t is large it is convenient to use the solution 

kla2 1 
[%a 1 

~t~ - - + 1  
k~ a 

where h - 

t a~ n22~z(f-'G} 

0 n=l  
(3) 

Tikhonov's method may be used to reduce the problem to one of successive approximation for a non- 

linear Volterra integral equation. 

Numerical values are presented together with the trend in the successive approximations. 
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