
SOME CONCLUSIONS AND FORI~CASTS CONCFRNING 

THE DI~VFLOPMFNT OF THF SCIFNCI~ OF 

HI~AT AND MASS TRANSFFR* 

On D e c e m b e r  30, 1972 the e n t i r e  Sovie t  peop le  wi l l  o b s e r v e  the  50th a n n i v e r s a r y  of the Union of Soviet  
S o c i a l i s t  R e p u b l i c s .  T h i s  s e m i c e n t e n n i a l  i s  a g r e a t  ho l iday  for  a l l  our  many  n a t i o n a l i t i e s .  

The  m e r e  fac t  tha t  the A l l - U n i o n  " I n z h e n e r n o - F i z i c h e s k i i  Z h u r n a l "  pub l i shed  in ] 3e lo ru s s i a n  r e p o r t s  
on s o m e  r e s u l t s  of s c i e n t i f i c  p r o g r e s s  a l l  o v e r  the Sovie t  Union r e f l e c t s  one of  the many  i n s t a n c e s  of e g a l i -  
t a r i a n  d e v e l o p m e n t ,  i n d e s t r u c t i b l e  f r i e n d s h i p ,  and f r a t e r n a l  c o o p e r a t i o n  of a l l  n a t i ons  and n a t i o n a l i t i e s  in 
ou r  c o u n t r y .  In ] 3 e l o r u s s i a  - -  once a b a c k w a r d  b o r d e r l a n d  of T s a r i s t  R u s s i a  wi thout  e i t h e r  a r e s e a r c h  o r -  
g a n i z a t i o n  o r  any i n s t i t u t i o n  of  h i g h e r  l e a r n i n g  p r i o r  to the e s t a b l i s h m e n t  of Sovie t  r u l e  - -  we have now 
many  i n s t i t u t i o n s  of h i g h e r  l e a r n i n g  a long  with b r a n c h e s  of the ]3SSR A c a d e m y  of S c i e n c e s  wi th  a s t a f f  of o v e r  
7000, i nc lud ing  o v e r  800 D o c t o r s  and C a n d i d a t e s  of Sc i ence .  In v a r i o u s  s c i e n t i f i c  f i e lds  the I n s t i t u t e s  of  the 
]3SSR A c a d e m y  of S c i e n c e s  a r e  r e c o g n i z e d  as  l e a d i n g  p o s t s  of Sovie t  s c i e n c e .  

A t y p i c a l  e x a m p l e  i s  the In s t i t u t e  of Hea t  and M a s s  T r a n s f e r  at  the ]3SSR A c a d e m y  of S c i e n c e s ,  which  
has  been  e s t a b l i s h e d  wi th  the a s s i s t a n c e  and f r a t e r n a l  c o o p e r a t i o n  of s c i e n t i s t s  f r o m  the R u s s i a n  and o t h e r  
r e p u b l i c s ,  w h e r e  i t s  h ighly  q u a l i f i e d  l o c a l  s t a f f  i s  t r a i n e d  into a s c i e n t i f i c  poo l  and w h e r e  s c i e n t i s t s  of 
m a n y  n a t i o n a l i t i e s  a r e  w o r k i n g  hand in hand - -  j u s t  a s  e v e r y w h e r e  e l s e  in the Sovie t  Union. The i n s t i t u t e  
i s  a l e a d e r  in i t s  f i e ld  and i s  i n t e r n a t i o n a l l y  r e c o g n i z e d  as  such.  Many f o r e i g n  s c i e n t i s t s  come  to the 
"Minsk"  c o n f e r e n c e s  on heat  and m a s s  t r a n s f e r .  

The  B e l o r u s s i a n  i n d u s t r y  has  g rown ,  wi th  the s e l f l e s s  f r a t e r n a l  he lp  of  o t h e r  r e p u b l i c s  and the g r e a t  
R u s s i a n  peop l e  f o r e m o s t ,  and now p r o v i d e s  a p o w e r f u l  b a s e  for  s c i e n t i f i c  d e v e l o p m e n t  in th is  r e p u b l i c .  

W o r k i n g  s h o u l d e r  to s h o u l d e r ,  we have bu i l t  a c o m m u n i s t  s o c i e t y  of p e o p l e s  of o v e r  100 na t ions  and 
n a t i o n a l i t i e s  in the Sovie t  Union.  And to w h i c h e v e r  a Sovie t  man  b e l o n g s ,  he t a k e s  f o r e m o s t  p r i d e  in be ing  
a c i t i z e n  of the g r e a t  Union of  Sovie t  S o c i a l i s t  R e p u b l i c s .  

The r o l e  of  s c i e n c e  in the USSR has  expanded  d u r i n g  the p a s t  few y e a r s  a s  n e v e r  b e f o r e .  L e n i n ' s  
p r o p o s i t i o n  tha t  i t  i s  i m p o s s i b l e  to bui ld  c o m m u n i s m  wi thout  new s c i e n t i f i c  d i s c o v e r i e s  has  been  f u r t h e r  
e l a b o r a t e d  in the h i s t o r i c  r e s o l u t i o n s  of the 24th C o m m u n i s t  P a r t y  C o n g r e s s  e m p h a s i z i n g  the d e c i s i v e  i m -  
p o r t a n c e  of a c c e l e r a t i n g  the s c i e n t i f i c  p r o g r e s s  and the n e c e s s i t y  of e x p a n d i n g  the b a s i c  s c i e n t i f i c  r e s e a r c h  
whi le  ful ly  u t i l i z i n g t h e  s c i e n t i f i c  a s  we l l  a s  t e c h n i c a l  a c h i e v e m e n t s  and by a l l  m e a n s  r e d u c i n g  the t i m e -  
t ab le  for  the d e v e l o p m e n t  and i m p l e m e n t a t i o n  of new t e c h n o l o g i e s .  

As  i s  w e l l  known, an i m p o r t a n t  r o l e  in new t e c h n o l o g i e s  i s  p l ayed  by the s c i e n c e  of hea t  and m a s s  
t r a n s f e r  - -  an unusua l ly  " i n t e r d i s c i p l i n a r y "  s c i e n c e .  

The s c i e n c e  of hea t  and m a s s  t r a n s f e r  i s  d e v e l o p i n g r a t h e r  s u c c e s s f u l l y  at  p r e s e n t  and f inds  m o r e  
a p p l i c a t i o n s  in v a r i o u s  b r a n c h e s  of  e n g i n e e r i n g .  He re  in the Sovie t  Union a r t i c l e s  on hea t  and m a s s  t r a n s f e r  
a r e  p u b l i s h e d  in " I z v e s t i y a  A k a d e m i i  Nauk SSSR S e r i y a  t~nerge t ika  i T r a n s p o r t , "  in " I n z h e n e r n o - F i z i c h e s k i i  
Z h u r n a l ,  " in the j o u r n a l s  " T e p l o f i z i k a  V y s o k i k h  T e m p e r a t u r , "  " T e o r e t i c h e s k i e  Osnovy K h i m i c h e s k o i  T e k -  
hno log i i , "  a s  w e l l  a s  in s e v e r a l  o t h e r s .  M o r e o v e r ,  in 1959 the P e r g a m o n  P r e s s  ( L o n d o n / F n g l a n d )  began  
to pub l i sh  the "~n te rna t iona l  J o u r n a l  of  Hea t  and M a s s  T r a n s f e r "  wi th  s u p p l e m e n t s .  

*Th i s  s u r v e y  c o v e r s  the l a s t  four  y e a r s .  A s u r v e y  of the p r e c e d i n g  f o u r - y e a r  p e r i o d  was  pub l i shed  in the 
" [ n z h e n e r n o - F i z i c h e s k i i  Z h u r n a l "  in 1967 (1.._3_3, No. 5). Th i s  a r t i c l e  is  b a s e d  on the r e p o r t  by A. V. Lykov 
to the F o u r t h  A l l - U n i o n  C o n f e r e n c e  on Hea t  and M a s s  T r a n s f e r  (Minsk  in May 1972). 

T r a n s l a t e d  f r o m  I n z h e n e r n o - F i z i e h e s k i i  Z h u r n a l ,  Vol .  23, No. 6, pp. 977-987,  D e c e m b e r ,  1972. 
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We will d i scuss  some p rob lems  and the var ious  t rends  in the development  of this science in the Soviet 
Union. 

I. T r a n s f e r  T h e o r y  

When analyzing the development  of t r an s f e r  theory,  it is worthwhile to consider  two t rends  separa te ly :  
the phenomenological  theory of t r ans fe r ,  and the mic roscop ica l  or  physical  kinetics of t r ans fe r .  

a. Phenomenologieal  Theory .  The t r a n s f e r  of a m a s s  and of a heat pulse based on the interdependence 
of both r e p r e s e n t s  the propagat ion of the respec t ive  quanti ty,  in the fo rm of integrodifferent ia2 equations.  
A fur ther  development  in the phenomenological  theory of t r an s f e r  is accounting for the finite veloci ty of heat 
and m a s s  flow, and a more  genera l  formulat ion of the p rob lem for a var iable  continuum with the cons ide ra -  
tion of Riemann manifolds.  

An impor tan t  role  in the development  of t r an s f e r  theory is played by the rmodynamics  of i r r e v e r s i b l e  
p r o c e s s e s ,  where for the f i r s t  t ime all t r ans f e r  p r o c e s s e s  a re  seen continuously interl inked.  In r ecen t  
y e a r s  this theory has been developed fur ther  st i l l  and the range of i ts  applicat ions continues to widen. 

In connection with the development  of rheophys ics  in such a r e a s  as rheodynamies ,  for  instance,  and 
espec ia l ly  in connection with the study of nonlinear t r a n s f e r  p r o c e s s e s  in complex s y s t e m s ,  it became 
n e c e s s a r y  to reexamine  cer ta in  basic  pr inc ip les  of i r r e v e r s i b l e - p r o c e s s  the rmodynamics  as well  as the 
Newton--Navier - -Stokes ,  the Four ie r - -Ki rchhof f ,  and the F ick  laws of t r ans fe r .  It has been shown in many 
thorough s tudies ,  for ins tance,  that the c lass ica l  t r an s f e r  equations apply to a definite model  of a complex 
continuum. Not all  d i f ferent  m a t e r i a l s  and fluid media fit into this continuum model .  

As a consequence,  there has emerged  a theory more  genera l  than the phenomenologieal  one of i r r e -  
v e r s i b l e - p r o c e s s  the rmodynamics  and the c l a s s i ca l  hydrodynamic one of cont inuous-media  the rmomeehan ics .  
It is based on the laws of conservat ion  (mass ,  momentum,  moment  of momentum,  and energy) .  All diffe-  
ren t  m a t e r i a l s  and fluid media a re  cha rac te r i zed  by de te rmin ing  equations.  

The general  theory of thermodynamic  de te rmin ing  equations is based on the pr inc ip les  of d e t e r m i n i s m ,  
local act ivi ty,  i nc rease  of entropy (the C laus ius - -Durem inequality),  and s imultanei ty  (a quantity appear ing  
as an independent var iab le  in one de te rmin ing  equation will appear  in all  equations,  as long as i ts  appearance  
does not violate  the universa l  laws of physics  or  the conditions of invariabi l i ty) .  

The four fundamental  the rmodynamic  fields (~9 ~, q, u, s) which depend on the h is tory  of deformat ion  
and t e m p e r a t u r e  a re  desc r ibed  by the following funetionals: 

: 7  / 

q = [~1 [G (t --T), T (t - -  -c), 0 (t - -  -c), V T (t - -  "~), V 7~ (t - -  T)I , (1) 
/A. "c=O 

S 

with .:;~ denoting the s t r e s s  t ensor ,  q denoting the the rma l  flux, u denoting the in ternal  energy ,  s denoting 
the specif ic  entropy,  G denoting the deformat ion  gradient ,  T denoting the t e m p e r a t u r e ,  and t, r denoting 
t ime; a dot above a symbol  denotes a der iva t ive  with r e spec t  to t ime.  

The de te rmin ing  equations must  sa t is fy  the pr inciple  of mutual ly independent p rope r t i e s ,  the pr inciple  
of s imul tanei ty ,  and also the C laus ius - -Durem inequality: 

9 s>d iv  q +(~, 
T 

with p denoting the density and Q denoting the absorbed  radiant  flux (a dot above the symbol  means  that this 
is the der ivat ive  of flux with r e s p e c t  to t ime).  

These  de te rmin ing  equations and the principle of s imultanei ty  do not contradic t  the laws of c lass ica l  
mechanics  and of i r r e v e r s i b l e - p r o c e s s  thermodynamics ;  f rom the de te rmin ing  equations (1) follows, as 
specia l  ca ses ,  the equations of mechanics  and the equations of the rmodynamics .  

Fo r  s imple  m a t e r i a l s  (fluids with l inear  v i scos i ty  and l inear  t he rma l  conductivity,  i . e . ,  s y m m e t r i c a l  
sys tems)  and for fluids for  Which the i so t ropy group of all four de te rmin ing  equations is a unimodular  group 
we have c l a s s i ca l  and comple te ly  separab le  de te rmin ing  equations: 

j~D=pl ( t rQ) l  + 2~(~; q = - -kvT,  
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~t = F (s, v); T = OF (s, v ) ,  (2) 
0s 

with k, gt, and ~ denoting respect ively  the thermal  conductivity and the viseosi ty coefficient,@ denoting the 
ra te -o f -de format ion  tensor ,  and v denoting the specific volume (v = 1/p). In deriving t~qs. (2) we have used 
a se r ies  expansion, assuming sufficiently smooth functionals �9 and applying the principle of a fading memory.  
Consequently, the c lass ica l  separation of t ransfer  effects follows for sufficiently symmet r i ca l  mater ia l  
sufficiently close to an equil ibrium state. 

Nonlinear thermomechanics  of continuous media r ep resen t s  a further development in the phenomeno- 
logical theory of t ransfer  and, as special  cases ,  it yields a symmet r i ca l  hydrodynamics ,  rheodynamics ,  and 
hyperbolic equations of heat and mass  t ransfer .  

As the c r i te r ion  for the applicability of hyperbolic equations to descr ibe heat and mass  t ransfer  serves  
the Veron number 

Ve = -~-  cp (3) 

in the notation of nonlinear mechanics .  

For  p rocesses  with a finite rate of heat t ransfer  Wq or with a finite velocity of the p h a s e - t r a n s f o r m a -  
tion or chemica l -convers ion  front wf the Veron number is 

a a 

Ve = wqR wsR (4) 

Some scient is ts  regard  the new nonlinear thermomechanics  of continuous media as a mere  abs t rac t  
science,  but its fast development and successful  application to the solution of pract ical  problems completely 
defies this opinion. For  instance,  the principle of simultaneity has been confirmed in many experimental  
studies. Studies made at the Institute of Physics  at the Latvian SSR Academy of Sciences have shown that 
the presence of magnetic fields adds new t ransfer  coefficients which are tensor  quantities and it produces 
t r ansverse  effects otherwise excluded according to the Curie principle of i r r e v e r s i b l e - p r o c e s s  the rmo-  
dynamics.  It has been proven both theoret ical ly and experimental ly (Institute of Heat and Mass Transfer)  
that the heat t ransfer  coefficient for a boundary layer  in a s t ream of a plain Newtonian fluid around a solid 
body does, under cer tain conditions, become a tensor  quantity which is a function of the velocity gradient 
in the fluid. The successful  development of continuous-media thermomechanics  not only defies the opinion 
of some scient is ts  that all possibi l i t ies  of the phenomenological theory of t ransfer  have been exhausted, but 
also proves again how difficult it is to predict  scientific developments.  

b. Kinetics of T rans fe r  P r o c e s s e s .  The basic problem in developing a microscopica l  theory of t rans-  
fer is to derive kinetic equations for cases  other than the s implest  ones (equations of the Boltzmann kind) 
and to completely formulate kinetic equations for condensating media. Significant p rogress  has been made 
here during the last few years .  A linear s tat is t ical  and the fundamentals of a nonlinear stat is t ical  theory 
of t r ans fe r  have been developed, along with a method of solving problems in t ransfer  phenomena (Institute 
of Fnginee~ing Physics  at the Ural Academy of Sciences), also a set of application problems has been 
solved ( research done at the Central  ]]oiler and Turbine Institute, concerning the condensation kinetics in 
supersonic s t r eams  through nozzles of var ious designs). 

The methods of problem solving in physical  kinetics have not yet  been sufficiently refined, however. 
Solving the t~oltzmann equation for the multidimensional case is ra ther  difficult. The sys tem of equations 
for the functions involved here is usually solved by breaking off the inifinite chain of equations at an appro-  
priate point. 

P r o g r e s s  in the solution of these problems is evidently tied in with an extensive use of the Monte 
Carlo method, its modifications,  or s imi lar  methods. 

Substantial p rogres s  has been made during the past few yea r s  in the development of s tat is t ical  i r r e v e r -  
s ib le -p rocess  thermodynamics  for sys tems  with any degree of interaction. Thus, the basis is ready for 
construct ing a general  theory of i r revers ib i l i ty  by the methods of stat is t ical  assembl ies .  These techni-  
ques,  based on using Feinman d iagrams and the nonequi l ibr ium-sta t is t ics  operator  of corre la t ional  time 
functions, make it possible to analyze the nonequilibrium kinetics in sys tems with s t rong interaction. 

Any problem in s tat is t ical  equilibirum and nonequilibirum mechanics can be formulated in te rms  of 
an evolutionary kind of equation (e. g. , the Liouville equation): 
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0 r  
- -  = L r  (5)  

Ot 

where L is a l inear operator  consist ing of two parts :  

L = L o + Lint, 

i . e . ,  the evolution operator  of free subsystems (particles or quasipart icles)  L 0 and the operator  of in terac-  
tion between them Lint. This method can be applied to sys tems with s t rong interaction as, for instance, 
to solving problems of homogeneous turbulence. 

It is to be noted that so far no single exact solution has been found to nonlinear kinetic equations. It 
is necessary  to stimulate analytical and numerical  studies of boundary-value problems in the kinetic theory 
of gases ,  which would be of considerable benefit to space engineering. 

c. Analytical Research .  Several interest ing studies were published recent ly  concerning the solution 
of boundary-value problems in heat conduction. Most attention has been paid to nonlinear problems,  gene- 
ral ized methods of integral  t ransformat ions ,  and to the solution of two- or three-dimensional  t ransient  
problems ( research done at the Polytechnic Institutes of Kalinin, Kuibyshev, Dushanbe, at the Leningrad 
Institute of Prec is ion  Mechanics and Optics, at the Belorussian University,  et at. ). Fur ther  developments 
have also been reported in the area of r eve r se  heat-conduction problems (Riga Polytechnic Institute, t~stonian 
Scient i f ic-Research Institute, etoal. ). New answers  have been obtained to problems with moving boundaries 
(Moscow Pedagogical Institute, Latvian University,  et al. ). La rge - sca le  r e s e a r c h  is continuing for the 
analytical solution of specific problems in heat t ransfer  during laminar flow through pipes (monograph by 
P. V. Tsoi). Along with analytical methods are also successful ly pursued approximate numerical  solutions 
and methods of solving nonlinear heat and mass  t ransfer  problems by mathematical  simulation on analog 
and digital computers  (Institute of Applied Mathematics at the USSR Academy of Sciences). Solutions to 
nonlinear heat conduction problems have been analyzed both qualitatively and quantitatively (Institute of 
Engineering Thermophysics) .  The scope of analytical theory includes studies of asymptotic behavior and 
of stability, a study of h igher -o rder  per turbat ions,  other qualitative studies,  and, finally, d iscre te  (im- 
portant in computer  techniques) as well as probabilist ic simulation of equations. 

I I .  H e a t  T r a n s f e r  d u r i n g  t h e  F l o w  o f  L i q u i d s  a n d  G a s e s  

a. Present  State of the Art.  So far solutions have been found to many heat t ransfer  and hydrodynamic 
problems pertaining to laminar liquid and gas s t reams  through channels of various shapes,  at var ious 
boundary conditions, a lso  with internal heat sources  and dissociat ions.  Significant resul ts  have been ob- 
tained in experimental  studies concerning the hydrodynamics and the heat t ransfer  where the proper t ies  
of fluids are  variable.  Specifically: 

1. Extensive experimental  studies have been made concerning the heat t ransfer  and the hydraulic 
drag in gas s t reams  through stabilized pipe segments at gas tempera tures  within the 500-4700~ range and 
pipe wall t empera tures  within the 300-2000~ range (FTP]~ Institute). 

2. A method has been developed for calculating the heat t ransfer  and the friction at solid bodies in 
s t reams  of dissociated and ionized air  under p re s su res  from 1 to 10 atm and at t empera tures  f rom 500 to 
3000~ (Moscow Power Institute). 

3. For  the f i rs t  time, the heat t ransfer  in a nonequilibrium turbulent s t ream of N204 through pipes 
has been studied and a design method has been proposed which takes into account the kinetics of dissociation 
react ions (Institute of High Tempera tu res  at the USSR Academy of Sciences, Institute of Nuclear Energy 
at the ]3SSR Academy of Sciences). 

4. Fxper imental  studies have been made concerning the heat t ransfer  in carbon dioxide s t reams  
through pipes under supercr i t ica l  p re s su re ,  with a Reynolds number Re ~ (1-2) �9 106, and with thermal  fluxes 
up to 11 �9 10 ~ W / m  z, also with variable heat loads along the pipe. A s t rong effect  of natural  convection of 
the heat t ransfer  has been discovered at high values of the Reynolds number,  up to Re = 250,000 (Moscow 
Power Institute, Institute of High Tempera tu res  at the USSR Academy of Sciences). 

5. The effect of a density jump on the heat t ransfer  has been studied along with the effect iveness of 
a gaseous suspension in a supersonic s t ream,  also the effect of injectio n on the coefficient of recovery  at 
a permeable surface within the gaseous suspension (Institute of Mechanics at the Moscow State University,  
Institute of High Tempera tures  at the USSR Academy of Sciences). 
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6. A complex of studies has been made concerning the heat transfer in channels of composite shapes 
with smooth or variously rough walls. An improvement of the heat transfer has been achieved by means 
of vortices generated by rotation and by detachment of the boundary layer (Central I~oiler and Turbine 
Institute). 

Much attention has been paid to the study of the turbulent boundary layer ,  because it plays a dominant 
role in many engineering areas .  For  instance,  at the Siberian Branch of the USSR Academy of Sciences 
there has been developed a theory of the turbulent boundary layer  where the viscosi ty dec reases  down to 
zero  and a theory of quasi l inear  stability in an average- turbulent  s t ream.  Several fundamental laws govern- 
ing the interaction between a turbulent s t ream and a solid body have been established without introduction 
of any empir ica l  coefficients.  

Correla t ional  models have been designed at the Institute of Heat and Mass Trans fe r  for a part ial  s ta t -  
ist ical  descr ipt ion of momentum t ransfer  p rocesses  and scalar  sublimation, which do not contain any semi-- 
empir ica l  closing equations. An extensive ser ies  of experimental  studies has dealt with composite c o r r e l a -  
tion functions of velocity and temperature  fluctuations under conditions Of homogeneous anisotropy and 
heterogeneous turbulence (Institute of Heat and Mass Transfer) .  

A study cycle has been completed concerning the numerical  solution of the equations of the turbulent 
boundary layer  with a longitudinal p ressure  gradient (Leningrad University). 

Although a large amount of experimental  data is available and the hydrodynamics as well as the heat 
t ransfer  in a turbulent s t r eam have been studied extensively,  the turbulence problem is by far  not completely 
solved yet.  For  instance,  no methods have been developed for calculating the turbulent boundary layer  with 
mass  t ransfer  at the surface and a longitudinal p ressu re  gradient in the mains t ream.  

Intensive p rogress  is made in the physics of separat ion flow. It has been shown, for instance,  that 
the Faulkner--Skan equation for a decelerat ing flow admits a solution with backcurre~ats. 

Resea rch  dealing with heat t ransfer  in free subsonic and supersonic jets as well as in jets interact ing 
with solid b a r r i e r s ,  with liquids, or with d isperse  media has been underway for a few yea r s  now at the 
I~ningrad Institute of Mechanics. Several important  resul ts  have been obtained, including a thorough under-  
standing of the mechanism by which gas jets interact  with liquid and disperse  media. 

The main concern of r e s e a r c h  for the immediate future in the field of heat and mass  t ransfer  during 
the flow of liquids and gases are:  1) heat and mass  t ransfer  in s t reams  of gas mixture,  considering the ef-  
fects of chemical  react ions  as well as of gravitational,  e lec t r ica l ,  and magnetic fields; 2) t ransient  heat 
and mass  t rans fe r  p r o c e s s e s ,  especial ly in pulse modes and in a s t rong radiation field. 

b. Natural Convection. A considerable interest  has developed in studies concerning the t ransfer  
p rocesses  under natural convection. In the Soviet Union r e s e a r c h  on this subject is well underway at the 
P e r m  University.  Its recent ly  published t ransact ions  contain a few interest ing repor ts .  Several studies 
were made recent ly  concerning the natural  convection in channels and or i f ices  heated from above. It has 
been shown in studies at the Institute of Heat and Mass Trans fe r  that small  tempera ture ,  velocity, p res su re ,  
and density perturbat ions occur  in a nonisothermal  fluid with a constant temperature  gradient. Most in- 
teres t ing are weakly attenuated thermal  and t ransverse  waves. Fur ther  developments in this direction 
have made it possible to d iscover  photoabsorptive convection (convection occur r ing  while the fluid absorbs 
pass ing light). 

In the near  future we will, obviously, continue to study convection in fer romagnet ic  and e lect r ical ly  
conducting liquids. 

c. Coupled Problems.  An important  step in the development of heat and mass  t ransfer  science is 
the new way of treating the convective t ransfer  as a coupled problem (the temperature  field of the boundary 
layer  in a fluid is coupled to the temperature  field of the solid wall). In this case ,  at the f lu id--sol id in ter -  
face one formulates  boundary conditions not of the third kind (Newton's law of convective heat t ransfer)  but 
of the fourth kind (equal t empera tures  and equal thermal  fluxes). 

Such an approach was f i rs t  proposed in 1961 in the Soviet Union and has now been accepted not only 
in this country but abroad as well. The validity of such a formulation has been confirmed both analytically 
and experimental ly  during the past  few yea r s ,  while the limitations of the conventional (old) approach 
have also been indicated. 

It is possible to prove,  by the methods of generalized var iables  (theory of s imilar i ty) ,  that the 
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criterion of coupling in problems of convective heat transfer is a quantity, the so-called Brun number, 
proportional to the ratio of two thermal resistances: that of the thermal boundary layer in the fluid and that 
of the solid wall. At values of the Brun number Br >0.02, within a 1% accuracy, a problem should be solved 
as a coupled problem. This Brun number is 

Br = __)~I . __b Prm Re.,n (6) 
)v s x 

w h e r e  kf and X s denote  the t h e r m a l  conduc t iv i t y  of the f luid and of the so l id  r e s p e c t i v e l y ,  b de no t e s  the 
p l a t e  t h i c k n e s s ,  x deno te s  the d i s t a n c e  a long  the p la te  in the d i r e c t i o n  of the s t r e a m ,  P r  i s  the P r a n d t l  
n u m b e r ,  Re x i s  the l o c a l  R e y n o l d s  n u m b e r ,  and m ,  n a r e  c o n s t a n t s .  

F o r  l a m i n a r  flow we have m = 1 /3  and n = 1 /2 ,  for  t u rbu l en t  flow a r o u n d  a p la t e  n = 1 /5 .  

I t  fo l lows  f r o m  e x p r e s s i o n  (6) that  l a m i n a r  flow is  m o r e  a f fec ted  by a s o l i d  wa l l  than t u r b u l e n t  flow. 

Under  cond i t ions  of n a t u r a l  convec t i on  the Brun  n u m b e r  b e c o m e s  

Br ~] b m = �9 - -  Pr Gr~, (7) 
s x 

w h e r e  Gr  x i s  the l o c a l  G r a s h o f  n u m b e r  wi th in  the r a n g e  10 2 < G r P r  < 2 - 1 0  7, and the c o n s t a n t  m = n = 1 /4 .  

E x p r e s s i o n s  (6) and (7) a r e  va l id  when n e i t h e r  the f luid nor  the p l a t e  con ta in  hea t  s o u r c e s .  When 
t h e r e  i s  a hea t  s o u r c e  in the p l a t e ,  which  i s  c h a r a c t e r i z e d  by the P o m e r a n t s e v  n u m b e r  P c ,  then the coup l ing  
c r i t e r i o n  b e c o m e s  Br*  = B r / P o .  

O v e r  100 a r t i c l e s  w e r e  pub l i shed  d u r i n g  the l a s t  d e c a d e  on the s u b j e c t  of coupled  hea t  t r a n s f e r  p r o -  

b l e m s .  

d. P h a s e  T r a n s f o r m a t i o n s .  Hea t  and m a s s  t r a n s f e r  d u r i n g  bo i l i ng  i s  an a r e a  of s tudy of g r e a t  i n t e r e s t  

as  f a r  a s  p o w e r  a p p l i c a t i o n s  a r e  c o n c e r n e d .  

It is  to be po in ted  out  that  r e s e a r c h  in th is  a r e a  i s  u n d e r w a y  at  the Ins t i t u t e  of High T e m p e r a t u r e  
(USSR A c a d e m y  of S c i e n c e s ) ,  at  the Ins t i t u t e  of  T h e r m o p h y s i c s  (S ibe r i an  B r a n c h  of  the USSR A c a d e m y  
of  S c i e n c e s ) ,  and at  o t h e r  i n s t i t u t e s .  It was  at  t he se  i n s t i t u t e s  w h e r e  new m o d e s  of k ine t i c  phenomena  in 
l iqu id  m e t a l s  and n o n m e t a l s  d u r i n g  bo i l i ng  w e r e  f i r s t  d i s c o v e r e d  and a n a l y z e d .  A new method  has  been 
p r o p o s e d  for  i m p r o v i n g  the hea t  t r a n s f e r  d u r i n g  bo i l ing  a t  fin s u r f a c e s ,  n a m e l y  by d e p o s i t i n g  on these  s u r -  
f a c e s  a thin coa t  of a m a t e r i a l  wi th  low t h e r m a l  c o n d u c t i v i t y ,  and add ing  s m a l l  q u a n t i t i e s  of an i n e r t  gas .  
Th i s  has  been  p r o p o s e d  as  a m e a n s  of e n s u r i n g  s t ab l e  bo i l i ng  of a l iquid  m e t a l .  

L a r g e - s c a l e  r e s e a r c h  p e r t a i n i n g  to hea t  and m a s s  t r a n s f e r  d u r i n g  s u b l i m a t i o n  and d e s u b l i m a t i o n  i s  
a l so  in p r o g r e s s  (Moscow P o w e r  In s t i t u t e ,  Moscow Ins t i t u t e  of C h e m i c a l  A p p a r a t u s  Des ign ,  Ins t i t u t e  of 

Hea t  and M a s s  T r a n s f e r ,  e t  a l .  ). 

I m p o r t a n t  hea t  t r a n s f e r  and h y d r a u l i c  s t u d i e s  have been  made  at  the I. I. Po lzunov  B o i l e r  and T u r b i n e  
In s t i t u t e  c o n c e r n i n g  t w o - p h a s e  s t r e a m s  th rough  p i p e s  and c h a n n e l s .  

I I I .  T r a n s f e r  P r o p e r t i e s  o f  M a t e r i a l s  

As  the m o s t  u r g e n t  a r e a s  in r e s e a r c h  c o n c e r n i n g  the t r a n s f e r  p r o p e r t i e s  of l iqu ids  and g a s e s  m u s t  
now be r e g a r d e d  e x p e r i m e n t a l  and t h e o r e t i c a l  s t u d i e s  of photonic  heat  conduc t ion ,  of k ine t i c  c o e f f i c i e n t s  
c h a r a c t e r i z i n g  g a s e s ,  gas  m i x t u r e s ,  and m e t a l  v a p o r s  a t  high t e m p e r a t u r e s  (above 1000~ as  we l l  a s  
the t r a n s f e r  p r o p e r t i e s  of l iqu ids  a t  low t e m p e r a t u r e s .  

The d e v e l o p m e n t  of syn the t i c  m a t e r i a l s  wi th  p r e s c r i b e d  p r o p e r t i e s  r e p r e s e n t s  one of the m o s t  s i g n i -  
f i can t  a s p e c t s  of t e c h n i c a l  p r o g r e s s .  The  scope  of th is  a c h i e v e m e n t  can  be u n d e r s t o o d  by m e r e l y  c o n s i -  
d e r i n g  that  t h e r e  a r e  about  2.5 m i l l i o n  d i f f e r e n t  m a t e r i a l s  in e x i s t e n c e  and a p p r o x i m a t e l y  100,000 new 
f o r m u l a t i o n s  a r e  be ing  added e v e r y  y e a r .  

The d e v e l o p m e n t  of new t e c h n o l o g i e s  r e q u i r e s  new s t r u c t u r a l  and hea t  r e s i s t a n t  m a t e r i a l s  which  
would r e m a i n  s t ab le  at  h e l i u m  and hyd rogen  t e m p e r a t u r e s ,  unde r  low v a c u u m  for  long p e r i o d s  of t i m e ,  

and when e x p o s e d  to v a r i o u s  f o r m s  of r a d i a t i o n .  

An add i t i ona l  p r o b l e m  in s tudy ing  the t r a n s f e r  p r o p e r t i e s  of m a t e r i a l s  is  c r e a t e d  by the fac t  that  the 
p r a c t i c a l  a p p l i c a t i o n s  c o v e r  a r a t h e r  wide t e m p e r a t u r e  r a n g e :  f r o m  l iqu id  h e l i u m  up to 3000-4000~ 
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The basic trends in sol id-s tate  r e s e a r c h  over  the next decade will be: 1) a composite study ofphysical  
proper t ies  over wide ranges  of tempera ture ,  p re s su re ,  e lec t r ic  and magnetic field intensity, 2) a composite 
study of thermophysical  proper t ies  of any s t ructura l  mater ia ls  based on r e f r ac to ry  metals  and alloys or  on 
r e f r ac to ry  compounds, 3) t ransfer  proper t ies  of thin films and coatings. 

Various analytical methods of est imating the proper t ies  of mater ia ls  are already beginning to be used 
at present .  A large amount of data has been accumulated within the last five years .  

A sc ientometr ica l  analysis  of the development dynamics along this trend indicates an increase  in r e -  
search  along separate microscopic  and macroscopic  domains with the use of model representa t ions  of the 
s t ructure  of mat ter .  

The object of future analytical studies concerning the thermophysical  proper t ies  of mater ia ls  must be 
not only to predict  the proper t ies  of exist ing mater ia ls  but also to elaborate formulas for producing mater ia ls  
with p rescr ibed  proper t ies .  

An urgent  task is to develop methods for a composite determination of t ransfer  proper t ies  of mater ia ls :  
thermophysical ,  rheological ,  e lec t rophysica l ,  acoustic,  hydro-  and hydrometr ica l  proper t ies .  For  non- 
metall ic mater ia ls  there are already known such methods for the composite determination of their thermo-  
and e lec t rophysica l  proper t ies .  Within the next few yea r s  such a composite determination of physical  p ro -  
per t ies  will receive more  and more  attention. 

I V .  F l u i d i z a t i o n  S y s t e m  

Disperse  sys tems with solid par t ic les  in motion and, par t icular ly ,  fluidization sys tems  are intensively 
studied in the Soviet Union and abroad. Such sys tems are  much more complex than "class ical"  d isperse  
sys tems  with stat ionary par t ic les  but, accordingly,  they have more  and better  controllable t ransfer  p ro -  
per t ies .  

F r o m  the rheological  standpoint, fluidization sytems may exhibit proper t ies  of pseudoplastic and dila- 
rant fluids, of a Bingham plast ic,  or of a Newtonian fluid. 

The successful  application of fluidization technology and, on the other hand, a few fai lures have r e -  
cently stimulated a ser ious interest  in the study of fundamental problems in fluidization hydrodynamics,  
in a search  for and evaluation of methods of controll ing the process  as well as ofpredic t ingthe  "scale-up 
effect" (Moscow Institute of Chemical  Apparatus Design, Institute of Heat and Mass Trans fe r  at the BSSR 
Academy of Sciences, Institute of Catalysis at the Siberian Branch of the USSR Academy of Sciences). 
Several studies on this subject and dealing, more specifically,  with "packed" beds have been completed 
and published. 

For  the purpose of attaining cer tain definite and prescr ibed  proper t ies  other modifications of the 
fluidization p rocess  are being sucessful ly developed: vibrofluidization, spouting fluidization, pulsed fluidi- 
zation, and the e lec t ro thermal  bed (Institute of Heat and Mass Trans fe r  at the BSSR Academy of Sciences, 
Leningrad Polytechnic Institute, Moscow Institute of Chemical  Apparatus Design, Institute of Physical  
Chemis t ry  at the USSR Academy of Sciences, Gas Institute at the UkrSSR Academy of Sciences, et al. ). 

It is to be noted that a number of monographs on the subject of t ransfer  p rocesses  and fluidization 
sys tems  was published in this country during the last five yea r s ,  including the books by Azarov and Todes,  
]~askakov, Zabrodskii ,  Makhorin and Tishchenko, Mukhlenov and associa tes ,  Romankov and Rashkovskaya,  
Romankov and Lepilin, Syromyatnikov and associa tes ,  and Chlenov and Mikhailov. These authors are 
scientis ts  f rom var ious  republics and cit ies of the Soviet Union. 

During the same period we also published a few hundred original ar t ic les  on f luidizat ionprobiems.  

V. Using of C a p i l l a r y - P o r o u s  M a t e r i a l s  in Modern F n g i n e e r i n g  

Studies concerning the heat and mass transfer in capillary-porous materials have become very ur- 
gent, owingto the use of porous heat exchangers (evaporators, condensers, sublimators), heat pipes, capil- 
lary pumps, sorption pumps, cryogenic condenser pumps, and cryogenic superconductors in various 
branches of engineering. 

Most widely used are heat pipes. High-temperature heat pipes with sodium, lithium, lead, or indium 
as the heat carrier operate at temperatures from 600 to 2000~ The transmitted power here reaches 
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2-10 kW/cm 2 levels. Low-tempera ture  heat pipes operating at t empera tures  from --200 to + 230~ and 
using water ,  ammonia,  alcohol, or  liquid nitrogen as the heat c a r r i e r  can t ransmit  thermal  fluxes ranging 
from 0.07 to 0.7 kW/cm 2 and can dissipate power ranging from 0.1 to 15 kW/cm 2. 

Recen t ly ,  in order  to improve the performance charac te r i s t i c s  of the capil lary pump, heat pipes have 
been designed with channels through which the fluid can flow from condenser  to evaporator  along a path 
paral lel  to the main wick. 

It is noteworthy that the diode charac te r i s t i c s  of conical porous wicks and heat pipes with controllable 
thermal  flux paths make it feasible to build switching devices and commutat ing sys tems.  Heat pipes can 
serve as thermal  flux t r ans fo rmers ,  diodes, t r iodes,  and even thermal  flux conver ters .  The problem of 
neutral izing thermal  s t r e s se s  in diverse apparatus is being successful ly solved with the aid of heat pipes. 

Heat pipes are i r replaceable  as thermal  conduits for removing heat from atomic r eac to r s ,  f rom anodes 
of thermionic-emiss ion  conver te r s ,  from nozzles of plasma motors  and f lu id-reactor  motors ,  also as 
means of thermostat iz ing the telescopes and other communication devices installed in satel l i tes ,  etc. It is 
not by accident,  therefore ,  that many ar t ic les  have been published dealing with the physical mechanism by which 
liquids evaporate from model capi l lar ies  under normal  p re s su res  and under weightless conditions. In te res t -  
ing studies on this subject are  underway at the Institute of Physical  Chemis t ry  (USSR Academy of Sciences). 
Most of the exper iments ,  however, are performed with single capi l lar ies  under isothermal  conditions. 
Evaporation of a liquid from a capil lary occurs  always with temperature  drops,  both ac ross  the capil lary 
wall and across  the bulk liquid. Although these temperature  drops are very small ,  they unfortunately have 
an appreciable effect on the capil lary p ressu re  within the range of high air  saturation. For  this reason,  
any conclusions from such experiments  must be drawn with a great  deal of caution. 

Scientif ic-engineering p rograms  have been followed in recent  yea r s  pertaining to e lectr ic  power 
t ransmiss ion  over cryogenic lines. Pre l iminary  calculations show that cryogenic t ransmiss ion  lines be- 
come preferable to conventional cables for power blocks l a rger  than 1000 MW and preferable to conventional 
overheat  lines for power blocks l a rger  than 5000 MW. 

The cooling of superconductors  and cryogenic conductors can be improved appreciably by the use of 
capil lary porous mater ia ls  for such conductors.  With a cur ren t  conductor constructed in the form of an 
elast ic porous matr ix ,  it can be cooled by fil ter and capil lary flow of the cryogenic liquid through the pores 
with attendant phase t r ans fo rmat ions .  

VI.  A e r o t h e r m o p t i c s  

Aerothern~optics is an excellent example i l lustrat ing the significant role which heat and mass  t ransfer  
theory plays in scientific and technical p rogress .  The development of aerothermopt ics  is a consequence 
of our life standard,  namely of the need to increase the quantity of information transmit ted over communi-  
cation channels (telegraph-telephone, television, and radio channels). The perfection of laser  techniques 
has made it possible to use optics as communications.  The basic advantages of optical over radio-frequency 
and superhigh-frequency sys tems are the much higher volume (by approximately six o rders  of magnitude) 
of t ransmit ted information and the use of noiseproof wideband t ransmiss ion  components.  The high d i rec t i -  
vity of such a t ransmiss ion  sys tem allows an appreciable reduction in the t ransmi t te r  power: The simplest  
vers ion is an open sys tem,  i . e . ,  communication over the air.  A few experimental  open lines are operating 
in the USSR and abroad. Atmospheric  conditions are very  variable (rain, fog, snow, dust, etc. ), however, 
and the energy losses  are high. Atmospheric  turbulence, sunlight, starl ight,  moonlight, and t e r r e s t r i a l  
light sources  produce noise. All this causes  an open sys tem to become unstable and, in some cases ,  un- 
feasible. For  this reason,  more  attention is now paid to the development of closed communication lines. 
Such sys tems must  contain focusing devices which naturally compensate for the divergence of light beams 
as well as for random and intentional bending of the optics. Optics can operate with discrete  dielectr ic  
m i r r o r s ,  glass lenses,  and glass fibers.  One of the interest ing and promis ing trends is the development 
of thermoaerodynamic optics,  where convective gaseous lenses are used as correc t ive  elements.  

The principle of the simplest  thermoaerodynamic  optics is that, as a laser  beam travels  inside a 
plain tube in a nonuniform temperature  field, the light beam deflects in a predetermined direction. Lenses 
are made of hot gas with specific temperature  drops. 

The science of aero thermopt ies ,  which has thus evolved at the interface of c lass ica l  optics with heat 
and mass  t ransfer  theory, aims at attaining required proper t ies  of a medium by means of thermal ,  ae ro -  
dynamic,  and concentration effects;  optical methods of determining the t ransfer  proper t ies  of substances 
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are also of concern here. One important  area of aero thermopt ics ,  where it actually started as a new science,  
is the development of optical wideband communication lines (optics). This branch of modern technolo~y 
continues developing at a fast rate .  

It may be concluded from this brief  analysis  that the new branch of science dealing with heat and mass  
t ransfer  is pass ing through a period of rapid growth, merging into a var ie ty  of general  modern trends in 
science and engineering. Technical  p rogres s  in heat and mass  t ransfer  depends largely on pr ior  develop- 
ments in power as well as by the development and synthesis of new mater ia l s  and p rocesses .  Among these 
governing aspects  of technical p rog res s ,  the science of heat and mass  t ransfer  forms one of the bases on 
which new technologies are built. 
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