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CHARACTERISTICS OF THERMAL RADIATION IN 

ISOTHERMAL AXISYMMETRIC CAVITIES 

V. P .  S i m o n o v  UDC 536. 241 

Radiative heat transfer is investigated in an isothermal axisymmetric cavity with a spherical end and a 
lateral surface which is the frustum of a cone. Figure 1 shows a schematic diagram of the cavity. In deriving 
the system of integral equations describing the radiative energy transfer in the cavity it was assumed that the 
radiation and reflection processes are diffuse and that the emissivity e and the temperature T of the cavity 
walls are constant. 

The solutions of the system of equations are universal and are obtained by a numerical method described 

in [1]. In the investigation it was assumed that oq = a 2 = a, and cavities were considered with o~ = -20 ~ , 0 ~ 20~ 
L/R  = 0.5,  1.0,  2.0; e = 0.3,  0.5, 0.7, 0.9. 

In add i t ion  to the loca l  v a l u e s  of the a p p a r e n t  e m i s s i v i t y  ea = B/ST 4 fo r  c a v i t i e s  hav ing  e := 0.3, the e f f e c -  
t ive  e m i s s i v i t y  ~eff = Q/TrR*26T4, which  d e t e r m i n e s  the e f fec t  of the c a v i t y ,  is  g iven  as  a funct ion of the apex 
angle  of the c a v i t y  a fo r  v a r i o u s  e and L /R  and as  a funct ion  of the length  of the c on i c a l  p o r t i o n  of the c a v i t y  L /  
R f o r  v a r i o u s  e and a .  It was  shown tha t  even  r e l a t i v e l y  s h o r t  c a v i t i e s  (L/R = 2.0) have p r a c t i c a l l y  a m a x i m u m  
e f f e c t  f r o m  the po in t  of v iew of the e n e r g y  l o s s  of the hea ted  s u r f a c e .  F o r  e = 0.3 the va lue  of eef  f does  not  d i f -  
f e r  by m o r e  than 10% f r o m  the c o r r e s p o n d i n g  va lue  for  a c a v i t y  having  the shape  of a poin ted  cone ( ] j R  ~ ~o). 
F o r  l a r g e r  v a l u e s  of a th is  d e v i a t i o n  b e c o m e s  l e s s  than 1-2%. The r e s u l t s  of the i n v e s t i g a t i o n  d e s c r i b e d  in the 
a r t i c l e  p e r m i t  r a p i d  e s t i m a t e s  of the e f f ec t  of a c a v i t y .  This  is i m p o r t a n t  in c a l c u l a t i n g  the e n e r g y  toss  of a 
rough  h e a t e d  s u r f a c e .  

- - F  

Fig. I .  Schematic diagram of 

c a v i t y .  
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is  the e m i s s i v i t y  of c a v i t y  w a l l s ;  
is  the t e m p e r a t u r e  of c a v i t y  wa l l s ;  
is  the flux of e f f ec t i ve  r a d i a t i o n ;  
is  the l o c a l  a p p a r e n t  e m i s s i v i t y ;  
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eeff is the effective emiss iv i ty ;  
a is the S te fan-Bot tzmann constant;  
Q is the total heat  flux radiated by open end of cavity; 

is the apex angle of cavity; 
L is the length of conical  portion; 
R is the radius of base of f rustum of cone; 
R* is the radius of open end of cavity.  

L I T E R A T U R E  C I T E D  

1. V . P .  Simonev, Inzh . -Fiz .  Zh., 27, No. 2 (1974). 

Dep. 1916-76, April 13, 1976, 
Original  ar t ic le  submitted April  20, 1974. 

M A S S  T R A N S F E R  IN A T H R E E - P H A S E  S Y S T E M  

G. A .  A k s e l ' r u d  a n d  A .  I .  D u b y n i n  UDC 66.015.23 

Heterogeneous react ions in the diffusion region [1] which are  accompanied by the re lease  of products,  one of 
which dissolves  in a liquid and the other  of which is ~eleased as a gas ,  a re  d iscussed .  

If the liquid is quiescent,  the quantity qg/pgW c plays the decisive part; here qg/pg is the rate of gas for -  
mation, while Wc is the speed of natural  convection. If qg/pgW c is sufficiently small ,  the effects of bubble pro-  
duction are negligible, and the m a s s - r e l e a s e  coefficient  k r can be derived from standard relations for natural 
convection (in the dissolution of a solid in a liquid without the formation of gas).  As qg/pgw c increases ,  it plays 
an increas ing par t  in determining the m a s s - t r a n s f e r  rate; conditions are set  up in which the gas comes to domi-  
nate the p rocess .  

The following equation has been derived from a survey  of the experimental  data [1] on m a s s - t r a n s f e r  
kinetics for  some metals  and carbonates  react ing with acids in quiescent  liquids: 

kr _ [ qg_]o.o . (1) 
~*r tPgWc J 

If the motion of the liquid with respec t  to the dissolving solids is of forced type, the m a s s - t r a n s f e r  rate is 
governed by the perturbations in the diffusion layer  consequent on the gas re lease ,  as well as by the per tu rba-  
tions due to the force-convect ion .  If the reagent concentra t ion is small ,  the m a s s - r e l e a s e  coefficient approaches 
the values calculated f rom the standard formula  for  convective mass  t ransfer :  

Nu = 0.8 1 "/Pr ]/'Re. (2) 

In the case of bubble re lease ,  the laws of mass  t rans fe r  may be descr ibed by an equation of the type 

k R - k ~  =~(Re), 

which for  these conditions reduces to the form 

kR--kR =0.013 Re ~ 

(3) 

(4) 

N O T A T I O N  

is the mass  flow density; 
is the density; 
is the m a s s - r e l e a s e  coefficient.  
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Indices 

g 

R 
r 

is the gas; 
is the reagent (acid); 
is the reaction products (soluble solids); 
is the parameter determined for natural convection; 
is the parameter determined for a quiescent liquid. 

i. 

LITERATURE CITED 
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Dep. 1913-76, March  22, 1976. 
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C A L C U L A T I N G  H E A T  E X C H A N G E R S  O F  T H E  C R O S S - F L O W  

T Y P E  W I T H  A F L U I D  I Z E D  B E D  O F  M A T E R I A L  

Y u .  P .  N e k h l e b a e v ,  I .  A.  D o r o g o i ,  
D.  T .  B o n d a r e n k o ,  a n d  V.  V.  K o n e v  

UDC 536.244 

The organiza t ion  of heat  and mass  t r a n s f e r  in a h e a t - e x c h a n g e r  with a c r o s s - c u r r e n t  (HCC) of the f lu id iz -  
ing medium and m a t e r i a l  (FMM) is more  ef f ic ient  than in one of the mixing type. A computing r e l a t i on  was 
de r i ved  in [1] for  d e t e r m i n i n g  the c u r r e n t  t e m p e r a t u r e  of the FMM along the HCC for a constant  t e m p e r a t u r e  
of the f luidizing medium under  the la t t ice  of the HCC in the absence of heat  absorp t ion  in the bed of m a t e r i a l .  

When heat  absorp t ion  takes  place  in the bed as a r e su l t  of the occu r rence  of endothermic  reac t ions  (the 
absorp t ion  being identical  al l  along the appa ra tus ) ,  the following equations a re  obtained for  de te rmin ing  the 
ave rage  t e m p e r a t u r e  of the f luidizing medium and m a t e r i a l  a t  the exi t  f rom the HCC: 

}-2=,1 q ( ' c r - ~ )  1 -exp (-uT) 
cw W ~ ,%l--  t i  ~ W ' 

cT W s ( a l - -  t l  ~- exp (-- W). 

In this pape r  the combined opera t ion  of two HCC is cons ide red  in the c a s e  of comple te  mixing of the f luidizing 
medium under the la t t ice  of the f i r s t  HCC and also  in the absence  of mixing.  Equations are  de r ived  for  d e t e r -  
mining  the c u r r e n t  t e m p e r a t u r e  of the FMM along the f i r s t  HCC. 

The ave rage  t e m p e r a t u r e  of the FMM is ca lcu la ted  a f t e r  t r a v e r s i n g  two p rehea t ing  zones of a f luidiz ing-  
bed l ime kiln. The r e su l t s  a re  explained on the bas i s  of a r ed i s t r i bu t ion  of the t e m p e r a t u r e  of the med ia  taking 
pa r t  in the heat  t r a n s f e r .  Recommendat ions  a r e  made as to a method of al lowing for  the ac tual  d i s t r i bu t ion  of 
the f luidizing medium under  the la t t ice  of the HCC for  va r ious  de g r e e s  of heat  absorp t ion  in the bed of m a t e r i a l .  

c T 
q 
tl 
t~ 
W 

N O T A T I O N  

is the specific heat of fluidizing medium; 
is the specific flow of heat to the endothermic reaction taking place in the bed of material; 
is the temperature of the fluidizing medium at the HCC entrance (inlet); 
is the average temperature of the fluidizing medium at the HCC exit (outlet); 
is the ratio of the water equivalents of the fluidizing medium and the material; 
are the temperatures of the material at the HCC inlet and outlet, respectively. 

I. 
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Original  ar t ic le  submitted December  8, 1975. 

K I N E T I C S  OF D I E L E C T R I C  D R Y I N G  OF 

A N D  P A P E R  

V. M. M i n a k o v s k i i  

C A R D B O A R D  

UDC 676.2.052.7 

Results are  given on the drying of spec imens  of cardboard  (grade 350) and wrapping paper [GOST (All- 
Union State Standard) 7438-55] of s ize 215 x 130 mm heated by cur ren ts  at  frequencies of 64.7-66.3 MHz in a 
tubular capac i tor  connected to a h igh-f requency osc i l la tor  based on a GU-48 triode. 

The curves  c lear ly  revea l  the initial heating period (up to 18% of the total drying period),  the period of 
constant  drying ra te ,  and the period of falling drying rate. Rapid and c lea r ly  visible steam release from the 
spec imen s t a r t s  at the middle of the heating period and continues not only in period I of the drying,  but also, in 
part ,  in period It. The s t ruc ture  of the cardboard  or  paper favors the production of s team within the volume. 
When the field is switched off, the s team release ceases  a lmost  instantly, which indicates that the excess  p res -  
sure  relaxes completely  before the specimen has cooled appreciably.  

The drying rate N during period I for specimens of cardboard increased l inearly with the initial water 
content  W 0 from Wcr,l up to W 0 ~ 190%; the rate of increase  in N was independent of the field strength E in the 
mater ia l .  Also, N was independent of W 0 for  W 0 >- 190u/0. Under comparable conditions, N for paper was l a rge r  
by factors  of 5, 5.65, and 6 than N for cardboard ,  respect ively ,  with plate voltages U = 2.04, 2.33, and2.62 kV, 
while the drying rate in period I, as r e fe r red  to the total geometr ica l  surface area of the specimen,  was higher 
for  the cardboard  and varied from 3.11 kg/m 2 "h (paper; W 0 = 159%; U : 2.04 kV) to 13.42 kg/m 2 .h (cardboard; 

W 0 = 246%; U = 2.62 kV). 

The drying curves  for  period II are divided into two parts by the point Wcr,2 ; for cardboard  with W 0 > 
Wet , i ,  the values were Wcr,1 ~ 60% and Wer,2 ~ 30-32%, these being independent of W 0 and of the mode of d r y -  
ing. If W 0 was close to Wcr,1 or  less than it, V~br,2 decreased  as W 0 dccreased  (to Wcr,2 ~ 18% for  W 0 = 6 ~ ) ,  
while remaining independent of the mode of drying.  In the case of paper,  Wcr,l ~ 96% for  W 0 = 159%, being in- 
dependent of the mode of drying,  while Wcr,2"increased l inearly from 46.5 to 58% as N increased from 5.3 to 
12% sec -1. 

The drying coefficients K 1 and K 2 increase  l inear ly  with N; the relative drying coefficients ~1 and ~2 arc  
independent of the mode of drying for  W 0 > Wcr,1 but increase as W 0 falls.  In the case of cardboard ,  ~2 for 
W 0 < 69% is dependent on the mode of drying,  and it dec reases  as N increases .  Drying curves  calculated from 
K 1 and K 2 agree  well with the recorded  curves .  

specimens  uniform in water  content showed no buckling throughout the drying, which is a difference from 
infrared and nozzle forms of drying.  

The relat ionship of NT to N and the general ized drying curves  as W in relation to NT confirm Krasnikov 's  
hypothesis on the die lect r ic  drying of cardboard  in periods I and both parts of II, as well as for  paper  in period 
I and the f i rs t  part  of period II. 

The N = N(U 2) curves  indicate that the effects of E on the wa te r - loss  coefficients for  cardboard  and paper  

inc rease  as W 0 falls.  

If a spec imen uneven in water  content is dr ied,  the unevenness in the wate r  distr ibution becomes less du r -  
ing period II, especia l ly  during the second par t  of this period. Formulas  are given for  es t imat ing the equal iza-  
tion of the water  content. 

Information on the s t ruc ture  and e lec t r0physica l  parameters  of cardboard and paper can be used with 
concepts  on the w a t e r - t r a n s p o r t  mechanism to explain all the observed trends in the dielectr ic  drying of c a r d -  
board and paper.  

Dep. 1846-76, Februa ry  2, 1976. 
Original ar t ic le  submitted December  20, 1974. 
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CURRENT-CARRYING CAPACITY OF A 

CRYOGENIC LEAD 

Yu. L. Buyanov and A. B. Fradkov UDC 536.483 

Measurements  have been made on various types of copper  lead used for  supplying cur ren t  to supercon-  
ducting magnets.  

If the lead has to c a r r y  a cu r ren t  that var ies  with the working conditions (the maximum cur ren t  is sup- 
plied for  a time small  compared with the total working time) or if a superconducting magnet is operated in the 
f rozen-f ie ld  m o d e , i r i s  advantageous to reduce the c u r r e n t - c a r r y i n g  c ross  section,  since this reduces the heat 
leak to the liquid-helium cryos ta t  when the cu r ren t  is smal l  o r  zero.  

Reducing the c ross  section increases  the Joule heating and thus the temperature  rise in the overload 
state;  lead design thus requires a knowledge of the tempera ture  distr ibution,  in par t icular ,  the maximum tem- 
perature  Thot = ~(I) , which determines  the permiss ib le  current .  

The method of [1] for  calculating the temperature  distr ibution for  I > I300 on the basis of ideal heat t r ans -  
fer  between the lead and the surrounding gas appeared inapplicable for this type of lead on account of the dif- 
ferent  trends in the tempera tures  of lead and gas when the cu r ren t  is high. 

The main in teres t  at taches to the temperature  in the part  of the lead that approaches the melting point 
Tmp most  rapidly. Exper iments  indicate that the temperature  r i ses  ve ry  rapidly with the cur ren t  (an increase 
in cur ren t  of only 20-25% over  I300 may cause the lead to fail). It has also been found that heat flows from the 
hottest  par t  to the outer  section of the equipment, as well as into the eryos ta t ,  if that part  has a temperature  
above room tempera ture ,  and then the hottest  part  is not at the input flange of the c ryos ta t  but at a distance of 
about 0.2 of the total lead length, which agrees  with data for tungsten and molybdenum leads [2]. 

It has atso been found that for copper  leads, which have Tmp = 1356~ the observed Thot = ~(I) are  fitted 
c losely  by 

Thot = 300 exp [1.51 (I  - -  I~oo) / ( l rnp -  I~oo)]. (1) 

The following empir ica l  relat ion applies for the actual cooling conditions, which define the limiting c u r -  
rent at which the lead melts:  

1m~ 1oo S~ (2) 

A theoret ical  relationship has also been derived for  the permiss ible  cur rent  in the general  ease.  

The total amounts of heat introduced by the leads working under overload conditions have been calculated 
for  the magnet  supply time and for the working time and compared with the heat influx due to leakage along the 
leads,  the la t ter  as optimized for  the maximum working current ;  it is found that the use of overloaded leads is 
advantageous for ~-wor/rsup ~ 8. 

Thor 
I 

I300 
Imp 
S 

Twor 
•sup 

NOTATION 

is the temperature of the hottest part of the lead; 
is the current; 

is the current at which the hottest part of the lead reaches room temperature; 
is the current producing a temperature equal to the melting point; 
is the current-carrying cross section; 
is the magnet working time; 
is the magnet supply time. 

2. 
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T H E R M O D Y N A M I C  P R O P E R T I E S  OF G e S e  

S O L I D  A N D  L I Q U I D  S T A T E S  

S.  M.  R a s u l o v  a n d  R.  A.  M e d z h i d o v  

I N  

UDC 549.31 

In view of the possible pract ica l  applications of germanium monoselenide (GeSe) and the occurrence  of a 
type II phase transit ion in it, it was of in teres t  to investigate its thermodynamic proper t ies .  The thermody-  
namic proper t ies  of GeSe in the tempera ture  range 55-300~ have been investigated by V. M. Zhdanov. The 
l i te ra ture  contains no data for  t empera tu res  above 300~ 

In the present  work the thermodynamic  proper t ies  of GeSe in the range 0-820~ were investigated. The 
enthalpy of a specimen was exper imenta l ly  measured  by the method of mixtures .  

The enthalpy data were used to cons t ruc t  interpolation equations, whose coefficients were determined by 
the l ea s t - squa re s  method. The relat ionships between the thermodynamic functions and the enthalpy expressions 
were used to find equations for  the specific heat,  entropy,  and thermodynamic potential. 

The obtained data showed that the main theoret ical  relat ionship above the Debye temperature  (Dulong and 
Peti t  taw) becomes invalid. According to this law the specific heat at constant  volume, per  g r a m - a t o m ,  is a 
constant :  3R --- 6 cal/g- a tom.deg .  Deviation of the specific heat of GeSe from the Dulong and Peti t  Law occurs  
above 20~ and increases  with increase  in t empera tu re .  The following possible reasons for this deviation are 
suggested.  

1. The value of the specific heat  at constant  p ressu re  (Cp), and not of the specific heat at constant  volume 

(Cv) , were found exper imental ly .  

2. The anharmonlc i ty  of the vibrations makes a contribution to the specific heat.  

3. The e lec t ron  concentra t ion is a sensitive function of t empera ture ,  and the energy required for the ap- 
pearance of conduction e lec t rons  makes a substantial  contribution to the specific heat. Free  e lec t rons ,  whose 
energy  changes with t empera ture ,  have an insignificant effect on the specific heat. 

At the tempera ture  of the type II phase transi t ion (tpt = 620~ and at the melting point (t m = 670~ there 
is an anomalous change in the thermodynamic  proper t ies .  

The latent heat and entropy of melt ing were found and were 2723 �9 16 ca l /g-a tom and 2.890 • 0.017 calf  
g -a tom �9 deg, res pec tively. 

After  melt ing the enthalpy increases  l inear ly  with increase  in tempera ture ,  while the specific heat r e -  

mains constant .  

Dep. 1911-76, March 30, 1976. 
Original ar t ic le  submitted August 13, 1975. 

S T E A D Y - S T A T E  T H E R M A L  C O N D U C T I V I T Y  OF A 

P L A T E  W I T H  A V A R I A B L E  

H E A T - T R A N S F E R  C O E F F I C I E N T  

S.  I .  P r o k o p e t s  a n d  S. B .  T i s h e c h k i n  UDC 536.24.02 

The study of heat-conduction problems involving a variable hea t - t r ans fe r  coefficient is now receiving 
g rea t  attention. In most  of the known studies the hea t - t r ans f e r  coefficient  varied with time or ambient tem- 
pera ture .  There are  fa r  fewer studies in which the hea t - t r ans f e r  coefficient  depends on the coordinate.  Yet 
the last  case is of theore t ica l  and pract ical  interest .  
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The s o l u t i o n  of the fo l l owing  b o u n d a r y - v a l u e  p r o b l e m  is c o n s i d e r e d :  

Ozt 02t + - -  0 ( - - o c < x < + ~ ,  O ~ y ~ h ) ,  
Ox ~ Oy "z 

t=To--Const  at y=O,  

Ot 
) ~ - - + a ( x ) t = O  at y = h ,  

Ox 

Ot 
---~ 0 as X .--~ • oO. 
Ox 

(1) 

(2) 

(3) 

(4} 

A s s u m i n g  tha t  we c a n  put  

(x) = % + s~l (x), (5) 

where 
A, Ixl ~ a ,  

az (x) = { 0, Ixi > a, (6) 

and  e is  a s m a l l  n u m e r i c a l  p a r a m e t e r  (e << 1), we s e e k  the s o l u t i o n  of p r o b l e m  (1)-(4) in p o w e r s  of e by the 
pe r t u r b a t i o n  m e t h o d  : 

t (~, n) = to (n) + ~h (~, ~) 2- ~% (~, n) + - . (7) 

F o r  a(x)  = % the s o l u t i o n  has  the f o r m  

t0 (~l) - To --  Bi0 To)) (1 ~- Bi0) -z = [ 01). (8) 

A p p l y i n g  the c o m p l e x  F o u r i e r  t r a n s f o r m  in  ~ to the  p r o b l e m  of the f i r s t  a p p r o x i m a t i o n  and  u s i n g  the t h e o r y  of 
r e s i d u e s ,  we o b t a i n  

Z sin (v,~l)-sh (bvn) exp (vn~) 
t z (~, ~1) = 2AD (9) Vn [(1 + Bio) cos v n -  vn sinvn] (~ <- -b) ,  

rz=l  

Z sin (vMq).ch (vn~) exp (--vnb) AD 
h(~, q )=  2AD ~[~si~x ,~-- ( - l~Bio)cosv--~l  l+Bio,  1 (j~ <b) ,  (10) 

rz~ l  

sin (vjl).ch (vnb) exp (-- vn~) 
tl (~, rl) = 2AD (.~ > T  b). (11) 

vn [vn sin vn - -  (I+B%) cos vn] 
t z = |  

H e r e  ~ = x/h ,  r/= y /h ,  b = a / h ,  D = f(1), and v n a r e  the roo t s  o f  Lhe t r a n s c e n d e n t a l  e q u a t i o n  t a n v  -- - v B i i  q .  

The f o r m u l a t e d  p r o b l e m  (1) ,(6)  was  a l s o  s o l v e d  by  e l e c t r i c  s i m u l a t i o n  on an  R - n e t w o r k  a n a l o g  c o m p u t e r .  
A c o m p a r i s o n  of the r e s u l t s  o b t a i n e d  a n a l y t i c a l l y  and  by  e l e c t r i c  s i m u l a t i o n  fo r  a wide  r a n g e  of g e o m e t r i c  and 
t h e r m o p h y s i c a l  p a r a m e t e r s  i n d i c a t e d  a s a t i s f a c t o r y  a g r e e m e n t  by the f i r s t  a p p r o x i m a t i o n  (e = 0.093)  when  5-6  
t e r m s  of s e r i e s  (9)-(11) w e r e  r e t a i n e d .  The d i f f e r e n c e  did  no t  e x c e e d  10~ 

Dep.  1 9 1 5 - 7 6 ,  A p r i l  22,  1976.  
O r i g i n a l  a r t i c l e  s u b m i t t e d  S e p t e m b e r  24, 1975.  
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NUMERICAL SOLUTION OF SYSTEMS OF VOLTERRA INTEGRAL 

EQUATIONS OF THE SECOND KIND ARISING IN PROBLEMS 

OF HEAT CONDUCTION THROUGH MULTILAYER MEDIA 

A.  M.  A i z e n  a n d  I .  S .  R e d c h i t s  UDC 536.21:518.0 

The p rob lem of unsteady heat  conduction through mul t i l aye r  media  can be solved by reducing the original  
p rob lem to s y s t e m s  of l inear  Vo l t e r r a  equations of the second kind of a spec ia l  fo rm.  

An a lgor i thm is presented  fo r  the n u m e r i c a l  solution of such s y s t e m s .  In this case  the kerne ls  of the 
Vo l t e r r a  in tegra l  equations have s ingu la r i t i e s ,  becoming  infinite at the r igh t -hand  ends of the in tegra t ion 
in t e rva l s .  T h e r e f o r e ,  o rd ina ry  n u m e r i c a l  methods  of solution do not suffice.  

The s y s t e m s  of Vo l t e r r a  in tegra l  equations of the second kind of the convolution type under considera t ion  
a r e  solved by the method of finite sums  based on the use of the modif ied Newton -Co te s  quadra ture  formula ,  
taking account  of weight.  

The in tegra ls  a re  spl i t  into e l e m e n t a r y  in te rva ls  and then the modified quadra tu re  formula  is used. Since 
the e l e m e n t a r y  in te rva ls  a re  sma l l ,  t he i r  end points a re  taken as nodes.  In this way the numer ica l  solution of 
the s y s t e m  of integral  equations is reduced to the solution of a s y s t e m  of l inear  a lgebra ic  equations which can 
be accompl i shed  comple te ly  on compu te r s  of c ommon  types .  

The p rocedure  d i scussed  is applied a lso  to the solution of a single v o i t e r r a  equation of the second kind 
obtained in the prob lem of unsteady l i nea r  heat  conduction through a t w o - l a y e r  wall.  A concre te  example  is 
so lved.  

Dep. 1924-76, April  13, 1976. 
Original  a r t i c l e  submit ted March  25, 1975. 

S O L U T I O N  O F  J O I N I N G  P R O B L E M  F O R  M U L T I L A Y E R  

M E D I A  BY U S I N G  L A P L A C E  T R A N S F O R M S  

K.  V.  L a k u s t a  a n d  M.  P .  L e n y u k  UDC 517.946 

We cons ide r  a finite rod with a t he rma l ly  insulated l a te ra l  sur face  consis t ing of n different  homogeneous 
m a t e r i a l s  with a continuous dis t r ibut ion of heat  sources  of dens i ty  fi(x, t), an initial t e m p e r a t u r e  ~i(x), an ini- 
t ial  t ime rate  of change of t e m p e r a t u r e  ~i(x), and t e m p e r a t u r e s  on its ends zl(t) and Zn(t) ~i = 1, n). Each m a -  
t e r i a l  is c h a r a c t e r i z e d  by its t he rm a l  conductivi ty ~'i, speci f ic  heat ci ,  densi ty  Yi, and period of re laxat ion of 
t he rma l  s t r e s s e s  T i. 

If we denote the t e m p e r a t u r e  of each l a y e r  by Ui{x, t), weobta in  the following ma themat i ca l  p rob l em:  in the 

domain  

n 
D= U Di, Di :{ ( / ,  x), O</<T,  hi_x<x<h~, i : 1 ,  n}~ 

i=1 

find the bounded suff icient ly smooth  solution of the s y s t e m  of equations 

O~Ui q-c~ OUi 2 02Ui 

sa t i s fy ing the initial conditions 

the boundary conditions 

uiIt=o = ~  (x); - ~ -  t=0 =r  (x) (i = 1, n), 

U~Ix-_~o = ztU); Unlx=hn = z.  (0 
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and the joining conditions 
Ui[x=% - -  Ui+~lx=h~ = ai  (t), 

OUi OUi+l 
ki - -  --ki+~ Ox-~x=~,i =~i  (t), (i= 1, n--I) .  

OX x = h  i 

We have i n t r o d u c e d  the fo l lowing  no ta t ion :  
xi 

] -  s 
- -  W-~-.2, and w, = - - 7 / ~ ,  

is  the r a t e  of p r o p a g a t i o n  of hea t .  

A p r o c e d u r e  f o r  s o l v i n g  the p r o b l e m  by t ak ing  L a p l a c e  t r a n s f o r m s  with r e s p e c t  to t is  p r e s e n t e d  and a p -  
p l ied  to the s tudy  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 two but ted  f in i te  r o d s .  The so lu t i on  fo r  an n - l a y e r  rod 
which  is in f in i te  in one o r  both d i r e c t i o n s  is ob ta ined  f r o m  the s o l u t i o n  of the j o in ing  p r o b l e m  for  an n - l a y e r  
f in i te  rod  by  s e t t i n g  the c o n t r o l l i n g  c o e f f i c i e n t s  in the s o l u t i o n  equa l  to z e r o  and r e p l a c i n g  the b o u n d a r y  c o n d i -  
t ions  by 

lim Ul (t, x) =0; lira Un (t, x) =0 .  

In the l i m i t  as  b i ~ 0 the o r d i n a r y  p a r a b o l i c  t e m p e r a t u r e  d i s t r i b u t i o n  is ob t a ined  and as  ci  ~ 0, a p u r e l y  wave  
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  n - l a y e r  o n e - d i m e n s i o n a l  body.  

1. 

L I T E R A T U R E  C I T E D  

A. V. Ivanov,  I n z h . - F i z .  Zh. ,  13, No. 2 (1958). 

Dep. 785-76, March 9, 1976. 
Original article submitted January 20, 1975. 

STRAIGHT-LINE METHOD IN THE DERIVATION OF 

APPROXIMATE ANALYTIC SOLUTIONS T O 

PROBLEMS IN THERMAL CONDUCTION 

K. G. Omel'chenko and V. A. Shiparev UDC 536.2. 023 

The s t r a i g h t - l i n e  me thod  has  been  used to d e r i v e  a p p r o x i m a t e  a n a l y t i c a l  so lu t ions  fo r  hea t  conduc t ion  by 
r e d u c i n g  a s y s t e m  of o r d i n a r y  d i f f e r e n t i a l  equa t i ons  to s i m p l e  r e c u r r e n c e  r e l a t i o n s ;  the conduc t ion  equa t ion  

02u c)u 

&2 Ot (1) 
O<x<6, O < t ~ t ~  

is l~placed by the system 

- -  - -un-~-un~l=O,  l . ~ n ~ r n ,  
Oz ~ 

tk x 
u n = u ( x ,  nh), h = - - ,  z = - - .  

(2) 

The solution to (2) takes the form 

un = - -  ; u n -1  (Y) sh (z - - y )  dg@C1 exp z@C 2 exp (--z), 
0 

w h e r e  u 0 (n = O) is  d e t e r m i n e d  by  the in i t i a l  cond i t i on  f o r  (1), n a m e l y ,  u 0 = c o a s t .  

A d i s t i n c t i v e  f e a t u r e  of (3) is tha t  

n - - 1  

Un-l= Z ah 'n - lZk  exp z-}-bh,n_ ~ z ~ exp (--z), 
0 

(3) 
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un= ~ ah,n z k exp z + bh,nzk exp (-- z). 
o 

H e r e  the c o e f f i c i e n t s  ak,  n and bk,  n a r e  r e l a t e d  by the r e c u r r e n c e  r e l a t i o n s  

bl~n= ~ bk-i,n_i ~l - -  bh+l,n, l-.%k<n. 

(4) 

(5) 

The b o u n d a r y  c o n d i t i o n s  f o r  (1) a r e  used  to d e t e r m i n e  a0, n and b0, n; b o u n d a r y  cond i t ions  of the fo l lowing  g e n e r a l  
f o r m  a r e  c o n s i d e r e d :  

Ou 
at x=O, z=O, Ao (t) u+Bo (t) -~z +Co (t) =0, 

du (6) 
x=8, z=81. AI (t) u+B1 (t) ~ +Cl(t) =0 

f o r  the  c a s e  of d i s c o n t i n u i t y  in ~ and a m o v i n g  b o u n d a r y .  

In  a l l  t h e s e  c a s e s ,  the s o l u t i o n s  a r e  de f i ne d  by (4) with (5) and the c o r r e s p o n d i n g  b o u n d a r y  cond i t i ons  
f o r  a0,n, b0,n; th i s  m e t h o d  can  be used a l s o  wi th  m o r e  c o m p l i c a t e d  h e a t - c o n d u c t i o n  p r o b l e m s .  

u is  the  t e m p e r a t u r e ;  
a is  the t h e r m a l  d i f fu s iv i t y ;  
t is  the t i m e ;  
x is  the l i n e a r  c o o r d i n a t e ;  
5 is  the  l a y e r  t h i c k n e s s ;  
t k is  the  to ta l  t i m e ;  
h is  the  t i m e  s t ep ;  
n is the n u m b e r  of t i m e  s t e p .  

NOTATION 

Dep.  1923-76 ,  M a r c h  30,  1976. 
O r i g i n a l  a r t i c l e  s u b m i t t e d  D e c e m b e r  1, 1975. 

SOME A S P E C T S  O F  L I Q U I D -  V A P O R  M A S S  T R A N S F E R  

l~. V .  v e i t s m a n  UDC 532.6+536.71+539.6 

A pure  l iqu id  in c o n t a c t  wi th  i ts  own v a p o r  can  be d e s c r i b e d  by the fo l lowing  equa t ion  f o r  the o n e - d i m e n -  
s i o n a l  c a s e  [1] in t e r m s  of the m a s s  f lux J of m a t e r i a l  in the i n t e r f a c e  r eg ion :  

+ 
J~a '[F(x ,  t ) O [ F ( x ,  t) \ ( Olx~Op ]r,,,,,%2"gradp(x' t)]. (1) 

. . . . .  F(x, t) must be If (1) is to be used in practice, relationships of the form p p(x, t) and r ~(x, t); Cx 
known. 

These functions appear in a system of equations that describe the microscopic forces in the interface. 

ap.._~ a ( o~ p + D . ap ) [ 

I d ~  ~2 = 4~kp (x, t). (b) c)x~ ~2 

(2) 

I n s t ead  of (2b) one c a n  use  an  e q u a t i o n  of the fo l lowing  f o r m :  

Ox-- ~ + ~ = 4akp (x, t). exp ~: 

1242 



It is v e r y  d i f f i c u l t  to so lve  (2), but the d i f f i c u l t i e s  can  be o v e r c o m e  for  the s t e a d y  s t a t e  by us ing  the c o n -  
d i t i on  6~ = 0, i . e . ,  the f i r s t  v a r i a t i o n  of the s u r f a c e  t e n s ion  is put as  z e r o .  Then the func t ion  ~ = p(x) t a k e s  the 
f o r m  g iven  in [21, whi l e  r  t) = -4rrkk2p(x); if the d e v i a t i o n  f r o m  the s t a t i o n a r y  s t a t e  is s m a l l ,  then r = (x, t) = 
- 47rkXZp(x, t).  

+ 
The e x p r e s s i o n  f o r  ~ f o r  the m a t e r i a l  in the i n t e r f a c e  r e g i o n  t akes  the f o r m  ~ = P0 + R T l n f ( p )  . p :  

c f (p) = - -  exp (gO); a = 4ahke. 'Rr; p~ exp (apl) = Pl exp (ape). (3) 
P 

The funct ion  f(o) is  c a l l e d  the i n t e r p h a s e  a c t i v i t y  c o e f f i c i e n t .  It c h a r a c t e r i z e s  the e f f ec t s  of m a c r o -  
s c o p i c  f o r c e s  in the i n t e r f a c e  r e g i o n  on p .  

T h e o r e t i c a l  s t u d i e s  on m a s s  t r a n s p o r t  in th is  r e g i o n  have p r o v i d e d  the fo l lowing  r e s u l t s :  1) the  equa t ion  
of s t a t e  f o r  the m a t e r i a l  in the i n t e r f a c e  r e g i o n  (for  the fo l Iowing  s y s t e m s :  pu re  i i q u i d - v a p o r ,  pu re  so l id  
- v a p o r ,  e q u i l i b r i u m  and n o n e q u i l i b r i u m  s t a t i o n a r y  s t a t e s ) ;  2) an e x p r e s s i o n  for  the e n e r g y  of the i n t e r m o l e c -  
u l a r  ( i n t e r a t o m i e )  i n t e r a c t i o n s  in the l iquid  r and gas  r 

h L  = 8~tZo/RT (92 - -  Pl) in (P~/Pl). (4) 

R T  In (Pe/Pl) 
~1(2 )  = - -  P 2 - - P l  "Pl(2)' (5) 

E x p r e s s i o n s  (4) and (5) a r e  r e a d i l y  v e r i f i e d ;  the v a l u e s  of AL f o r  T a p p r e c i a b l y  l e s s  than the c r i t i c a l  
t e m p e r a t u r e  T c r  l ie  in the r a n g e  f r o m  10 -~ to 10 .7 c m  fo r  m a n y  d i f f e r e n t  s u b s t a n c e s  (from l iquid h e l i u m  to 
l iqu id  p l a t i num) ,  whi le  AL tends  to i n c r e a s e  wi th  the c o m p l e x i t y  of the m o l e c u l a r  s t r u c t u r e .  A l s o ,  ~,L - -  0 fo r  

T ~ T c r .  

The va lue  of r i s  in the r e g i o n  of s e v e r a l  k c a l / m o l e  fo r  v a r i o u s  l iqu ids  (T << Te r ) ;  a t  T = T c r ,  (5) b e -  
c o m e s  r = - R T  (a f t e r  r e s o l v i n g  the i n d e t e r m i n a c y ) .  

The l a t t e r  f o r m u l a  r e a d i l y  g i v e s  a quan t i t y  a, which  a t  T c r  is ana logous  to the q u a n t i t y  a p p e a r i n g  in the 
van  d e r  W a a l s  equa t ion .  The  van d e r  Waa l s  c o n s t a n t  is a = 9 / S R T c r v c r ,  whi le  the new quan t i ty  at  T c r  t akes  the 
va lue  a c r  = R T e r v e r .  

P 

Pl,  /92 

711 and 712 
s = V - - V x ;  

V IS 

V X IS 

r ts 
D ts 
k is  
k is 
C is 

VC r ~S 

NOTATION 

is  the p h e n o m e n o l o g i c a l  c o e f f i c i e n t ;  
is  the d e n s i t y ;  
a r e  the d e n s i t i e s  of l iquid  and g a s ;  
is the s p e c i f i c  c h e m i c a l  po t en t i a l ;  

a r e  the  c o m p o n e n t s  of the s t r e s s  t e n s o r  fo r  the i n t e r f a c e  r e g i o n  (no rma l  and t angen t i a l ) ;  

the s p e e d  of  m a t e r i a l  a t  po in t  x; 
the c h a r a c t e r i s t i c  s p e e d ;  

the p o t e n t i a l  ( JAg)  due to the i a t e r m o l e c u l a r  f o r c e s  in the i n t e r f a c e  r eg ion ;  
the m a s s - t r a n s p o r t  coe f f i c i en t ;  
the s c r e e n i n g  c o e f f i c i e n t  (m); 
the c o n s t a n t  (m3/kg �9 sec t ) ;  
the c o n s t a n t  of i n t e g r a t i o n ;  
the s p e c i f i c  v o l u m e  of s u b s t a n c e  at  T c r .  

1 .  

2. 
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E F F E C T  O F  T E M P E R A T U R E  D E P E N D E N C E  O F  

R E S I S T I V I T Y  O F  A C Y L I N D R I C A L  

C O N D U C T O R  H E A T E D  B Y  A C U R R E N T  O N  

T H E  T E M P E R A T U R E ,  C U R R E N T ,  A N D  

E L E C T R I C  F I E L D  D I S T R I B U T I O N S  

R .  S .  K u z n e t s k i i  UDC 538.56 

The s t e a d y - s t a t e  d i s t r i bu t ions  of t e m p e r a t u r e  and e l e c t r i c  field in a c y l i n d r i c a l  c o n d u c t o r  r -< 1 of radius  
r 0 heated  by  a c u r r e n t  of f r e q u e n c y  w, with the e l e c t r i c  v e c t o r  at  the s u r f a c e  e 0 c o l l i n e a r  with the g e n e r a t o r s  of 
the c y l i n d e r ,  having a t h e r m a l  conduc t iv i ty  ~,, an absolute  magne t i c  p e r m e a b i l i t y  ~, a t e m p e r a t u r e  coef f ic ien t  
of r e s i s t i v i t y  a ,  and with s u r f a c e  hea t  t r a n s f e r ,  a r e  d e s c r i b e d  by the s y s t e m  of non l inea r  d i f fe ren t ia l  equat ions  

p (t" + r - l t  ') = - s  2, p (e" + r - l e  ' ) = i n - e ;  t (1) = t ' ( 0 ) = e ' ( 0 ) = 0 ,  e ( 1 ) ~ l ,  (1) 

w h e r e  j = e/p and the t e m p e r a t u r e  dependence  of p is spec i f ied  as  p(t) '= kt + 1. H e r e  r is the running r a d iu s -  
v e c t o r ;  t is the t e m p e r a t u r e  of the c o n d u c t o r  m e a s u r e d  f r o m  the t e m p e r a t u r e  of its s u r f a c e ;  p = p(t) is its r e -  
s i s t i v i ty ;  P0 is its d i m e n s i o n a l  r e s i s t i v i t y  at  t = 0; e -  e exp(i 9) and j = t (expig) a re  the complex  ampl i tudes  of 
the e l e c t r i c  field and the c u r r e n t  de ns i t y  (t = e/p), r e l a t i ve ,  r e s 0 e c t i v e l y ,  to the quant i t ies  r0, (e0r0) 2/[~.P0(2 - 5 n ) ] ,  
P0, e0, and ec/P0; n -  r0v '~ ' /p  0 is the f r e q u e n c y  c r i t e r i on ;  a n d k -  [ (e0r0)~/kp0][a/(2-  5n)] is  the non l inear i ty  c r i t e r ion ;  
fin -- l i f n  = 0 ,  and Cn - -0  if n ~ 0. 

We a re  i n t e r e s t ed  in the fo l lowing func t iona ls ,  which depend on the c r i t e r i a  n and k, fo r  functions t(r) and 
'1 

e( r )  defined by Eqs .  (1), the m a x i m u m  t(0) and the a v e r a g e  t e m p e r a t u r e  of  the c o n d u c t o r  (t} = .I td(r2), which 
0 

c h a r a c t e r i z e  the nonun i fo rmi ty  of the heat ing;  the total  r e la t ive  change in r e s i s t i v i t y  5 p - 0  [ t ( 0 ) ] - i  = kt(0), which 
is absen t  when k = 0; e(0) and t(0), c h a r a c t e r i z i n g  the field and c u r r e n t  skin e f fec t s ,  which a re  ident ical  f o r k  = 
0; and the phase d i f f e rence  9(0) between the e l e c t r i c  field and c u r r e n t  dens i ty  on the axis  and on the boundary .  

The dependence  of the quant i t ies  under  s tudy  on the con t ro l l ing  c r i t e r i a  k and n, shown g raph i ca l l y  in 
F ig .  1 f o r  a c y l i n d r i c a l  conduc to r ,  is qua l i t a t ive ly  the s a m e  as f o r  a f lat  conduc to r .  The behav io r  of a cy l in -  
d r i c a l  c o n d u c t o r  d i f fe r s  quant i ta t ive ly  f r o m  that  of a f ia t  c o n d u c t o r  with the same  k and n in having app rec i ab ly  
s m a l l e r  va lues  of t(0), (t), and 59, l a r g e r  va lues  of e(0), t(0), and 9(0), a c o n s i d e r a b l y  g r e a t e r  d i f f e rence  be-  
tween (t} and t(0), and a w e a k e r  dependence  of all these  quant i t ies  on n. 

(o)#> 

f5 

~p 

~2 

o,m n=o ~ 7o-r 

o 7o -z 
I l l  r I0 10 J K 

Fig .  1. Max~imurn (on the axis  r = 0) t(0) and a v e r a g e  t e m -  
p e r a t u r e  (t} of  a c y l i n d r i c a l  c o n d u c t o r  and the total  r e la t ive  
change  of its r e s i s t i v i t y  5p as  funct ions  of the nonl inear i ty  
c r i t e r i o n  k fo r  va r ious  va lues  of the f r e q u e n c y  c r i t e r i o n  n. 
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A t h e o r e t i c a l  a n a l y s i s  of the s o l u t i o n s  of E q s .  (1) fo r  k >> m a x  (1; n 4) l e a d s  to the fo l l owing  a s y m p t o t i c  

r e l a t i o n s :  

0.58150 0.3360 < t >  
t (0) ~- i / [  , < t >  ~ .---lf-----~" t (0) ~ 0.5778, 6p ~- 0.58150/~k -, 

n ~ 1.6978 n ~ (2) 
e(0) --~ 1--0.080929 ~-~- -  1, ,(0) - 1/~k- . q~(0) -~ --0.58801 } / - ~ - .  

T h e s e  r e l a t i o n s  have  the  s a m e  g e n e r a l  s t r u c t u r e  as  those  fo r  a f la t  c o n d u c t o r ,  but  wi th  s o m e w h a t  d i f f e r e n t  c o n -  
s t a n t s .  F o r  l a r g e r  v a l u e s  of k the q u a n t i t i e s  t ,  p ,  t , q ,  and  p r a c t i c a l l y  a l s o  e ~  1 b e c o m e  i n d e p e n d e n t  of the f r e -  
q u e n c y  c r i t e r i o n  n. In th i s  c a s e  t , t ,  and r a r e  v e r y  s m a l l  (the f ie ld  and  c u r r e n t  a r e  n e a r l y  r e a l ) ,  bu t  p i s ~ a r g e ;  
t h e s e  s t a t e m e n t s  ap p l y  to t and  p o u t s i d e  a s u r f a c e  l a y e r  of the c y l i n d e r  of t h i c k n e s s  of the o r d e r  ( k l n k )  -1/2. 

Dep.  1 9 2 5 - 7 6 ,  A p r i l  15,  1976.  
O r i g i n a l  a r t i c l e  s u b m i t t e d  F e b r u a r y  10, 1976.  

T E M P E R A T U R E ,  H E A T  F L U X ,  A N D  E L E C T R O M A G N E T I C  

F I E L D  D I S T R I B U T I O N S  I N  A C Y L I N D R I C A L  C O N D U C T O R  

W I T H  A T E M P E R A T U R E - D E P E N D E N T  C O N D U C T I V I T Y  A T  

L O W  F R E Q U E N C I E S  

R. S. Kuznetskii UDC 538.56 

In a cylindrical conductor r -< 1 of radius r 0 with surface cooling, the steady-state temperature and elec- 
tromagnetic field distributions are described by the system of nonlinear differential equations 

Dt=--~ Du=--n"(w' Dv=n"du ( D -  1 d ~ r  ) r ar r , (1) 

w h e r e  h = - i n - 2 e  ', w i th  the f o l l o w i n g  b o u n d a r y  c o n d i t i o n s :  u(1) = 1, v(1) = t(1) = u ' (0)  -- v'(O) = t ' (0)  = 0. H e r e  r 
is the r u n n i n g  r a d i u s - v e c t o r ,  t is  the t e m p e r a t u r e  of the c o n d u c t o r  m e a s u r e d  f r o m  the t e m p e r a t u r e  of i ts  s u r -  
f a c e ,  cr = ~(t) is  i t s  c o n d u c t i v i t y ,  ~0 is the d i m e n s i o n a l  c o n d u c t i v i t y  a t  t = 0, q = - t '  is the h e a t  f lux d e n s i t y ,  e -= 
u + iv is the c o m p l e x  a m p l i t u d e  of the e l e c t r i c  f i e ld ,  e 0 is the d i m e n s i o n a l  a m p l i t u d e  a t  the s u r f a c e ,  and h = n -2 

(v '  - i u ' )  i s  the  c o m p l e x  a m p l i t u d e  of the m a g n e t i c  f i e ld ;  t h e s e  q u a n t i t i e s  a r e  m a d e  d i m e n s i o n l e s s  by  d i v i d i n g ,  

r e s p e c t i v e l y ,  b y r 0 ,  (ao/X)[(eoro)2/(2 - 5n)], a0e~r0/(2 - 5n), e0, and  g0e0r0; n = r 0 ~  is the f r e q u e n c y  c r i t e r i o n ,  
w is the a n g u l a r  f r e q u e n c y  of the c u r r e n t ,  h and  p a r e  the t h e r m a l  c o n d u c t i v i t y  and a b s o l u t e  m a g n e t i c  p e r m e a -  
b i l i t y  of the c o n d u c t o r ;  5n ~ - 1 if n = 0 and 6n--- O if n ~ 0. F r o m  f u n c t i o n a l s  of p r o b l e m  (1) a r e  found the e f f e c -  
t ive  r e s  i s t a n c e  R = (nZ/2g0s)(vV le' [2) I r = 1 and  the  s e l f - i n d u c t a n c e  L = (/~/2v)(u~/le '  12) Ir = 1 p e r  u n i t  l e n g t h  of t he  c o n -  
d u c t o r  (s = zrr~). We e x a m i n e  the b e h a v i o r  of the  f u n c t i o n s  t ( r ) ,  q ( r ) ,  e ( r ) ,  h ( r ) ,  and f u n c t i o n a l s  in  the l i m i t  n << 1 
(and n = 0), wh ich  t u r n s  ou t  to be n o n t r i v i a l  fo r  ~ '  ~ 0. 

F o r  n = 0 we have  e = 1, and  we u s e  a s u p e r s c r i p t  0 to d e n o t e  the v a l u e s  of t ( r )  and q( r )  g i v e n  by Eq .  (1), 
D t + r  = 0  f o r t ( l )  = t ' ( 0 )  = 0. F o r  n o n z e r o  n << l we f ind f o r t ,  q,  l e l , ~ - - -  a r g e ,  [hi, a n d ~ b - ~ a r g h :  

1 

( t ) t ~ t ~  n4~, q ~ q ~  u ~ l - - n 4 ~ } ,  v ~ - - n  ~ t~ 4 Y .dr  ; 

7 

e ~ l _ n 4 y + i n 2 [ O ,  l e l ~ l @ n  4 y__ (to)2 ~ 1 ,  q~- -n '~ to<O,  /q~l-k<< I; 

. ( y ) o . q  qO, Y-:' 
h~-qO-]-n4J-}- in"-y ', I h i ~ - q O ~  n4 J d - ~ - q O  J ~ ~ . . . .  n ~ . q o < O ,  [tPI<<I, 

(2) 

(3 )  

(4) 

r 

w h e r e  q~ = ( - t 0 ) , ( r ) ,  ~ 0 - ~ ( t 0 ) ,  J ( r ) - f  [(a~ - ~ ~  t ( r ) a r e  s o l u t i o n s  of t he  e q u a t i o n s  
0 

Dy -- t~ o - -  , g ( l ) = g '  (0) = 0 H D ~  + (~o)'  .~ = ~o [ 2 g - -  ( t o p ] ,  ~ ( I )  = ~' (0)  = O. (5) 
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F i g .  1. D i m e n s i o n l e s s  e f f e c t i v e  r e s i s t a n c e  R / R  ~ and 
s e l f - i n d u c t a n c e  L / L  ~ of a c y l i n d r i c a l  c o n d u c t o r  as  func -  
t ions  of  the n o n l i n e a r i t y  c r i t e r i o n  k at  low f r e q u e n c i e s  
( s m a l l  v a l u e s  of the f r e q u e n c y  c r i t e r i o n  n). Both d i -  
m e n s i o n l e s s  q u a n t i t i e s  a r e  uni ty  fo r  k = n = 0 .  The 
open  c u r v e s  g ive  the ana logous  r e l a t i o n s  fo r  a f l a t  c o n -  
duc t o r .  

We have  f o r  R and L ,  r e s p e c t i v e l y ,  

n 4 } 1 
2aos.R~ 1 1 [[y'(l)]~+q o(1) J(1)] -.qO(1 ) qO (l) [qO (l)]~ ~ , (6) 

- -  { . "  } 2~ L~--- y'O) 1 [[u' (1)p-~ ~q~ JO)l ~ u'(1) [q~ lq ~ (1)]: [q~ (7) 

In a l l  the e x p r e s s i o n s  o b t a i n e d ,  and in F i g .  1, we take  a(t)  = (kt + 1) - t ,  w h e r e  k =- (e0r0)2(a0/o0 i n / ( 2  - 5n)] i s  
the  n o n l i n e a r i t y  c r i t e r i o n  of the p r o b l e m  and a is the t e m p e r a t u r e  c o e f f i c i e n t  of r e s i s t i v i t y .  In p a r t i c u l a r ,  f o r  
k >> 1 we ob ta in  the a s y m p t o t i c  rela~.ions 

~176 W zn~ ~ h(t); (8) e ~ l ,  t(0) V~ ' q(1)~ k 

R ~ R ~  V k , L ~ L  ~ 2 ln---ff ' (9) 

w h e r e  R ~ --- (o0s) -1 and L = (8~ ' ) -1~  c o r r e s p o n d  to k = n = 0. F o r  the s a m e  k, the va lue  of L /L  ~ is  two t h i r d s  as  
l a r g e  as  f o r  a f l a t  c o n d u c t o r .  A s y m p t o t i c  e x p r e s s i o n s  fo r  q u a n t i t i e s  of the type (8), (9) hold i ndependen t ly  of 
the  va lue  of n as  a c o n s e q u e n c e  of t h e i r  w e l l - k n o w n  s e l f - s i m i l a r i t y  wi th  r e s p e c t  to the c r i t e r i o n  n f o r  k >> 
m a x  (1; n4). 

Dep.  1926-76 ,  M a r c h  30, 1976, 
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  10, 1976. 
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MEASUREMENT AND SIMULATION OF THE 

MELTING OF SCRAP STEEL IN 

MOLTEN IRON 

M. Ya. Medzhibozhskii, S. M. Grigorenko, 
L. I. Khiish, A. A. Lykin, 
and L. V. Rebrov 

UDC 669.18:621.745.55 

The e x p e r i m e n t s  were  p e r f o r m e d  with a l a b o r a t o r y  induct ion  f r e q u e n c y  of c a p a c i t y  20 kg with  n a t u r a l  o r  
f o r c e d  c o n v e c t i o n .  C y l i n d r i c a l  s t e e l  s p e c i m e n s  of d i a m e t e r  10 m m  and iength  100 m m  w e r e  i m m e r s e d  fo r  a 
s e t  p e r i o d  in the m o l t e n  s t e e l ,  which  had a c o n s t a n t  c o m p o s i t i o n ,  c o n s t a n t  t e m p e r a t u r e ,  and s t e a d y  a i r  f low 
r a t e .  The c a r b o n  con ten t s  we re  2-3.75% in the v a r i o u s  runs ,  whi le  the t e m p e r a t u r e s  w e r e  - 1 4 0 0 - 1 6 0 0 ~  and 
the gas  r e l e a s e  r a t e s  w e r e  - 0 - 1  m3/m 2. s e e .  

It is found tha t  the d i s s o l u t i o n  of s t e e l  g r o u p  s c r a p  o c c u r s  in two p e r i o d s  and fou r  s t a g e s :  p e r i o d  I is  the 
t h e r m a l  one and inc ludes  the s t a g e s  of m e l t  f r e e z i n g  on the s u r f a c e  of the g r o u p ,  m e l t i n g  of the  f r o z e n  l a y e r ,  
and hea t i ng  of the s p e c i m e n ;  p e r i o d  II is tha t  of r a p i d  d i s s o l u t i o n  of the s c r a p .  Dur ing  the f i r s t  s t a g e ,  the r a t e  
of p e n e t r a t i o n  of hea t  into the s p e c i m e n  e x c e e d s  the r a t e  of s u p p l y  of h e a t  f r o m  the m e l t ,  which  r e s u l t s  in l a y e r  
being f r o z e n  on the s u r f a c e .  Dur ing  the s econd  s t a g e ,  the e x t e r n a l  hea t  f lux e x c e e d s  the i n t e r n a l  f lux,  so the 
f r o z e n  l a y e r  m e l t s  aga in .  In the th i rd  s t a g e ,  the c o n c e n t r a t i o n  in the s u r f a c e  l a y e r  f a l l s  sudden ly  [/0 C s u r ] ,  
wh ich  c a u s e s  c a r b o n  to d i f fuse  f r o m  the m e l t  into the s p e c i m e n ,  the s u r f a c e  l a y e r  b e c o m i n g  e a r b u r i z e d .  The 
s c r a p  m e i t s  r a p i d l y  in the four th  s t a g e .  

I t  has  been  found tha t  i t  is s u f f i c i e n t  to c a r b u r i z e  a v e r y  thin s u r f a c e  l a y e r  in o r d e r  to c a u s e  r a p i d  m e l t -  
ing; the n o n s t a t i o n a r y  d i f fu s ion  p r o b l e m  has been  so lved  to show that  the c a r b u r i z a t i o n  r a t e  and the m e l t i n g  
r a t e  for  the s u r f a c e  l a y e r s  a r e  not l i m i t e d  by the m e l t i n g  r a t e  a s  a who le ,  s i n c e  the l a t t e r  is r e s t r i c t e d  by the 
h e a t  and m a s s  t r a n s f e r  in the l iquid  p h a s e  in s t a g e  4. 

T h e s e  r e s u l t s  have been  used  in a m a t h e m a t i c a l  m o d e l  for  the c o e f f i c i e n t s  of a l l  s t a g e s ;  c a l c u l a t i o n s  on 
the f i r s t  two s t a g e s  involve  s o l v i n g  f i n i t e - d i f f e r e n c e  equa t ions  f o r  the n o n s t a t i o n a r y  t h e r m a l  conduc t ion  s u b j e c t  
to b o u n d a r y  cond i t i ons  of the f i r s t  kind in the p r e s e n c e  of s p e c i m e n s  v a r y i n g  in r a d i u s .  C a l c u l a t i o n s  f o r  the 
t h i rd  s t a g e  involve  n o n s t a t i o n a r y  t h e r m a l  conduc t ion  with  b o u n d a r y  cond i t i ons  of the th i rd  k ind .  The f inal  s u r -  
f ace  t e m p e r a t u r e  of the s p e c i m e n  ( tsur)  has been  d e t e r m i n e d  by so lv ing  the equa t ions  f o r  hea t  and m a s s  t r a n s -  
p o r t  (the l a t t e r  f o r  ca rbon)  on the b a s i s  of the r e l a t i o n  be tween  the l iqu idus  t e m p e r a t u r e  and the c a r b o n  c o n c e n -  
t r a t i o n :  

V •  a (tz - -  tsur ) Re {[%Cl Z - [%Clsur} ~ z 

Pscr [olat +Cscv (t z -tsur)] {[%C] z-- [%C]scr } #set 

tsu r = 1236 --  54 [%Clsu r - 9.13 [% C]s2ur, 

(1) 

(2) 

w h e r e  c~ is the h e a t - t r a n s f e r  c o e f f i c i e n t ,  ~ is  the c o e f f i c i e n t  fo r  c a r b o n  t r a n s f e r  f r o m  the m e l t  to the s u r f a c e  
of the s c r a p ,  t l and tsu r a r e  the t e m p e r a t u r e  of the l iquid  and s u r f a c e  of the s p e c i m e n ,  [%C] is  the c a r -  
bon c o n c e n t r a t i o n .  

The d u r a t i o n  of the four th  s t a g e  is  de f ined  by T = r/V~<, w h e r e  V~ is the l i n e a r  d i s s o l u t i o n  r a t e  g iven  by 
(1). C a l c u l a t i o n s  on the d i s s o l u t i o n  t ime  fo r  s t e e l  c y l i n d e r s  of d i a m e t e r  200 m m  give  v a l u e s  c l o s e  to those  a c -  
t u a l l y  found fo r  M a r t e n s  and c o n v e r t e r  m o d e s  of s t e e l  p r o d u c t i o n .  

Dep.  1845-76,  D e c e m b e r  18, 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  J u l y  23, 1975. 
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I N V A R I A N C E  OF  T H E  S H A P E  OF  T E M P E R A T U R E  C U R V E S  

Y u .  P .  K o t e l ' n i k o v  UDC 636.12 

On the basis of an analysis  of an approximate t empera tu re  solution it is shown that in the regular  stage 
under  identical  conditions of heat  exchange at a surface  the t empera tu re  curves  for  wails of different  curva ture  
coincide r a the r  c lose ly  at ce r ta in  t imes.  This p roper ty  is called the invariance of the shape of t empera tu re  
cu rves .  The t imes at which this coincidence of the curves  occurs  are  called the equivalent t imes.  

Analytical functions are  obtained which de te rmine  the equivalent t imes for  walls of di f ferent  curva tu re ,  
both surfaces  of which part ic ipate  in heat  exchange with mixed boundary conditions of the second and third 
kinds.  

It is shown that the proper ty  of invariance is conf i rmed by d i r ec t  calculat ions using a s t r i c t  analytical  
solut ion.  

Dep. 1920-76, May 7, 1976. 
Original a r t ic le  submitted March 25, 1975. 

E F F E C T  OF  U N S T E A D Y  H E A T  C O N D U C T I O N  ON T H E  

R E S U L T S  OF T H E  M E A S U R E M E N T  OF T E M P E R A T U R E  

A N D L O C A L  H E A T  F L U X E S  W I T H  A 

D Y N A M I C  T H E R M O  C O U P L E  

S.  P .  P o l y a k o v  a n d  P .  F .  B u l a n y i  UDC 537.562.083 

One of the l a rges t  e r r o r s  in a m e a s u r e m e n t  with thermocouples  is due to the drainage of heat f rom the 
injection into the thermocouple  leads [1]. The principle of the m easu rem en t  of heat fluxes is based on the r e -  
cording of the rate o f  heating of the thermocouple  and the subsequent dif ferent ia t ion of the heating curve .  To 
calculate  the depart ing heat flux one solves the equation of unsteady heat conduction by the method of the La-  
place t r ans fo rm [2] with null initial conditions and boundary conditions of the second kind: 

T (x, 0)=0; T (O, t) = Tj [l - -exp (--kt)]; T (ao. t) =O. 

The solution obtained has the following form : 

T(x ,  ,, = Tjqb" { - ~ } - -  ~ -  exp(--kt) [exp ( - - i x  V~ka)~"  [ 2~a/  --iV-~} @exp(ix ~ - )  ~b'{ 2 ~  + i] / '~}] '  

where  

r? ~ exp (-- y~) dy. 
X 

;I / 
o/ o,z o,~ 

F ig.  1. Heat f lux into thermocouple leads (curve 1) 
and re la t i ve  e r r o r  in measurement  of heat f luxes 
(curve 2). q, cal /cm'sec; e, %; t, sec. 
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The hea t  f lux into the t h e r m o e o u p l e  l e a d s  is c a l c u l a t e d  by the F o u r i e r  law th rough  d i f f e r e n t i 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  ob ta ined .  F r o m  the equa t ion  f o r  the v a r i a t i o n  in hea t  c on t e n t  of the j u n c t i o n  and the 
equa t ion  f o r  the d e p a r t i n g  flux one ob ta ins  the t e m p e r a t u r e  r e d u c t i o n  and the loca l  h e a t  f luxes  a t  any t i m e .  

The r e s u l t s  ob ta ined  a r e  t e s t ed  e x p e r i m e n t a l l y  us ing  t h e r m o c o u p l e s  of d i f f e r e n t  c o n s t r u c t i o n s .  U n s t e a d y  

he a t i ng  is a c c o m p l i s h e d  in a h i g h - t e m p e r a t u r e  gas  s t r e a m  d i s c h a r g i n g  f r o m  a p l a s m o t r o n .  The a p p r o p r i a t e  
c a l c u l a t i o n  (Fig .  1) is  m a d e  f o r  the d a t a  t aken  f r o m  the e x p e r i m e n t ,  wi th  the va lue s  k = 3.26 s e e  -1, T = 2270~ 
a = 0.055 c a l / c m 2 " s e e  . d e g ,  and d = 0.5 m m .  The e x p e r i m e n t a l  r e s u l t s  ob ta ined  a g r e e  with the p r o p o s e d  t h e o -  

r e t i c a l  equa t ions  f o r  c a l c u l a t i n g  the m e a s u r e m e n t  e r r o r s .  

a 

k 
CL 

Tj 
t 

NOTATION 

is the thermal diffusivity of thermocouple material; 
is the reciprocal of then~ocouple time constant; 
is the heat-transfer coefficient; 
is the temperature of plasma jet; 

is the time. 

i. 

2. 
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THEORETICAL STUDY OF THE QUESTION OF USING 

THE ELECTRORHEOLOGICAL EFFECT IN 

REGENERATIVE HEAT-EXCHANGE APPARATUS 

V. K .  G l e  b UDC 536.27 

The c a s e  of h e a t  exchange  th rough  a p lane  p a r t i t i o n  (Fig .  l a  and b) is d i s c u s s e d .  

An e l e e t r o r h e o l o g i e a l  s u s p e n s i o n  (a v i s c o p l a s t i c  h e a t - t r a n s f e r  agen t ,  s u b s c r i p t  1 and s ing l e  s u p e r s c r i p t  
p r i m e )  m o v e s  on one s i de  of the b a r r i e r  and a Newtonian  l iquid  m o v e s  on the o t h e r .  We a s s u m e  tha t  the o u t e r  
s u r f a c e s  of the h e a t  e x c h a n g e r  a r e  a d i a b a t i c  and we n e g l e c t  h e a t  t r a n s f e r  in the p a r t i t i o n  in the a x i a l  d i r e c t i o n .  
We wi l l  take as  g i v e n  and c o n s t a n t  the d e n s i t i e s  Pl and 02, hea t  c a p a c i t i e s  c 1 and e2, and h e a t - e x c h a n g e  c o e f f i -  
c i e n t s  a l  and a 2 on e a c h  s ide  of the p a r t i t i o n  which  has  a known t h e r m a l  c o n d u c t i v i t y  X c.  U n d e r  t h e s e  a s s u m p -  
t ions  the m a t h e m a t i c a l  f o r m u l a t i o n  of the p r o b l e m  c o m e s  down to the s y s t e m  of equa t i ons  

~1 dClt' 

_ _  dc2t" 
{ H~P2a~ (0"-- t") = w2 ~ (zone II), 

d~ 0 
t dz-- 7- = 0 (par tit.ion), 

APo[t~ 
w l ~ w a ( E ,  ~ p ,  AP, m, n), w 2 - -  " 

I2 ~t 
The bounda ry  cond i t i ons  can  be r e p r e s e n t e d  in the f o r m  

do ~_ = ~,  ( t " -  o"), 

dO ~= = al(O'--t ' ) .  

'2 

= const. 

(1) 

(2) 

(3) 
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1 

Fig. 1. Diagram of a heat exchanger  
containing a plane partit ion with para l -  
tel flow of hea t - t r ans fe r  agents (a: d i rec t  
flow: b: eounterflow). 

Keeping in mind the quadratic dependence of the initial shear  s t r e ss  (T 0 = aE  2) [1] and the influence of the 
e lec t rorheologica l  effect  on the velocity profile [2], as a resul t  of the solution of the initial sys tem of equations 
we obtain a cha rac te r i s t i c  curve express ing  the effect  of an e lec t r ic  field on the efficiency of regenerat ive heat 
exchange, 

F o r  d i rec t  flow 

for counterflow 

t ' - - t  i 3 a L  
= 1 .  K , v  

t" - -  t"~ 3 a L  

F -  t" i l + K,.E' 

The pa ramete r s  K 1 and K 2 allo~ for  the geometr ica l  dimensions of the channel and the rheological p rope r -  
ties of the h e a t - t r a n s f e r  agents .  We note that with an increase  in the e lectr ic  field s trength the equalization of 
t empera tu res  of the hea t - t r ans f e r  agents occurs  in a sma l l e r  dis tance,  which improves the heat-exchange char -  
ac te r i s t i cs  of the apparatus  and reduces the energy  expenditure.  

P 
tl, tI 
6 
L 
E 
1TI~ n 

f~ 

&P1, AP2 

N O T A T I O N  

are the tempe ra tures  of part i t ion walls;  
is the variable t empera tu re  of parti t ion; 
are  the initial t empera tures ;  
is the part i t ion thickness;  
is the length of heat exchanger;  
is the e lectr ic  s t rength;  
are  the rheological pa rame te r s ;  
is the proport ional i ty  factor ;  
a re  the p ressure  drops .  

1, 

2. 
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