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The profound  g e n e r a l i t y  of t r a n s f e r  p r o c e s s e s  i s  
ev iden t  in  the p h y s i c a l  ana log i e s  which have been  
s u c c e s s f u l l y  inc luded  in a n u m b e r  of t h e o r i e s  of hea t  
t r a n s f e r  [1-11] .  The b a s i c  content  of t h e s e  a n a l o g i e s ,  
which have been  su f f i c i en t ly  d e s c r i b e d  in  s p e c i f i c  
i n v e s t i g a t i o n s  ( r a r e f i e d  m e d i a  [4 -10] ,  t u rbu l en t  t r a n s -  
f e r  [11]) c o n s i s t s  in a g e n e r a l i z a t i o n  of the t r a n s f e r  
p r o c e s s  model .  The d i f f e r e n c e s  in p r i n c i p l e  in the 
na tu re  of the hea t  t r a n s f e r  agent  (photons o r  p a r t i c l e s )  
t u r n s  out not to be v e r y  i m p o r t a n t .  The b a s i s  of the 
m o d e l l i n g  i s  the k ine t ic  Bo l t zmann  equat ion ,  which,  
in th is  s i m p l i f i e d  i n t e r p r e t a t i o n  [4], i s  ana logous  to 
the equa t ion  of r a d i a t i v e  e n e r g y  t r a n s f e r .  

When app l i ed  to the p a r t i c u l a r  c a s e  of a s t e a d y  
f ie ld  in a n o n s c a t t e r i n g  homogeneous  m e d i u m ,  the 
k ine t ic  B o l t z m a a n  equat ion  m a y  be w r i t t e n  as  fo l lows :  

d r (M,  S ) / d s =  

= k (M, S) {-- ] (M, S) + % (M, S)}. (1) 

He re  f ( M ,  S) has  the mean ing  of a s p e c i f i c  in ten-  
s i t y  of " r a d i a t i o n "  of photons (or  neut rons)  o r  of p a r -  
t i c l e s  ( m o l e c u l e s ,  and t h e i r  combina t i ons ) ,  depending  
on the na tu re  of the t r a n s f e r  p r o c e s s e s ,  at the poin t  
M and in the d i r e c t i o n  S; when the e n e r g y  of the e l e -  
m e n t a r y  c a r r i e r s  and the v e l o c i t y  of t h e i r  p r o p a g a t i o n  
i s  t aken  into account ,  a d i r e c t  r e l a t i o n  i s  e s t a b l i s h e d  
b e t w e e n f ( M ,  S 0) and the d i s t r i b t u i o n  funct ion  [12]; 
e0(M, S) i s  an e q u i l i b r i u m  funct ion  r e p r e s e n t i n g  e m i s -  
s ion  and p roduc t ion  of photons  o r  p a r t i c l e s  in an e l e -  
men t  of vo lume at  the poin t  M in d i r e c t i o n  S, and 
a s s o c i a t e d  with the e l e m e n t a r y  i n t e r a c t i o n  p r o c e s s e s ;  
k(M, S) is  the  a t t enua t ion  (ext inct ion)  coef f i c ien t ,  
a s s o c i a t e d  with the i n t e r a c t i o n ,  and inc lud ing  the 
s c a t t e r i n g  and a b s o r p t i o n  coe f f i c i en t s ,  in g e n e r a l .  

The t r a n s f e r  equa t ion  (1), t ak ing  account  of the 
bounda ry  cond i t ions ,  m a y  be  t r a n s f o r m e d ,  by  a f o r m a l  
i n t eg ra t i on ,  into an equa t ion  which is  a so lu t ion  with 
r e s p e c t  t o f ( M ,  S): 

/ (M, S) = / (Mo, So) e -h (M, S) + 

S 

+ ~ eo (N, S) e(-h( x, s)+h(/, S)) d h 
Sa 

S 

So 

dh = k (N, S) d S. (2) 

H e r e f ( M  0, So) is  the bounda ry  va lue  of the  s p e -  
c i f ic  in t ens i ty ,  and h(M, S) i s  the  op t i ca l  d e n s i t y  of 
the m e d i u m ,  o r  the number  of m e a n  f r e e  pa ths  of the 
c a r r i e r  f i t t i ng  into the r a y  S O - -  S. 

The transfer processes are eharacterised by flux 
densities which are given various physical interpre- 
tations, depertding on the nature of the investigation. 

o r 

Fig .  1 

The de ns i t y  of the r e s u l t a n t  e n e r g y  t r a n s f e r  a c r o s s  
an i m a g i n a r y  p lane  in s p a c e  is  g iven  by the r e l a t i o n .  

E ( M ,  S) .... zt I ] (N '  S) Q (M, 5', N) d F N  . 

4:: 

(3) 

Here Q(M, S, N)dF N is the spatial orientation func- 
tion for the elementary transfer agents at fixed M and 
current N points of contact with respect to the chosen 
direction S. 

Examination of one-dimensional transfer processes 
reduces to investigation of the energy equation expres- 
sing the resultant volume transfer. From analogy with 
the expression for the resultant heat transfer in a 
plane layer of a gray, nonscattering medium (the 
wails emit diffusely) [13], the above equation may be 
written in the form 

i I dE (h) ~ ( h )  ~ d h  - -  

== 4So (h) - -  2ol (h) / (hi) - -  2~ (h) / (h2) - -  

h0 

- 2 f ~~ (~) G (t~, ;)  d ~ ,  
0 

(4) 

Here G(h, ~) is a functional describing the volume 
transfer, including the effects of reflection at the 
boundaries; (ri(h)f(hi) is the emission of the boundary 
surfaces, attenuated by the intervening medium (i = 
--1, 2), and by reflections at the boundaries on the 
way to h. 

For a given value of ~7(h), Eq. (4) allows us to 
determine the equilibrium distribution function eg(~) 
over the layer, and therefore, the corresponding 
distributions of temperature, velocity, and so on. 
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T h e  b o u n d a r y  i n f l u e n c e  f u n c t i o n s  cri(h) and  the  

f u n c t i o n a l  G(h, ~) a r e  d e t e r m i n e d  f r o m  the  r e l a t i o n s  
[13] 

6t (h )  = A z  K2 (h) ~- 2 (1 - -  A~) Ks (ho) K~ (ho - -  h) 
I " / t  ( f  - -  A1) (1 - -  A~) K8 2 (h0) ' 

K: (ho --  h) -}- 2 (1 -- A~) Ks (h0) K~ (h) 

(h, ; )  = K~ I h-- ; I + 2zt (h) ~ K~ (;) q- G 

u 

H e r e  A i a r e  t he  g e n e r a l i z e d  a c c o m m o d a t i o n  c o -  
e f f i c i e n t s  f o r  the  b o u n d a r y  s u r f a c e s  [12] ( e i t h e r  the  

e m i t t a n c e  o r  the  a b s o r p t a n c e  d u r i n g  e m i s s i o n ) .  
If  a s o l e n o i d a l  f i e l d  7/=- 0 f o r  the  c a r r i e r s  is  b e i n g  

a n a l y z e d ,  the  p r o b l e m  of d e t e r m i n i n g  the  d i s t r i b u t i o n  

of f u n c t i o n s  e0(h) t r a n s f o r m s  to s o l u t i o n  of the  i n t e g r a l  
e q u a t i o n  

ha 
& 

(;) d; (6) 
0 

w r i t t e n  w i t h  r e s p e c t  to the  f u n c t i o n  

T (h) so (h) - -  / (h~) Eo (h) - -  Eo,l 
- -  I (h~) - -  i (hi)  Eo,2 - -  Eo,1 ' 

w h i c h  is  a d i m e n s i o n l e s s  a n a l o g  of the  e q u i l i b r i u m  
f u n c t i o n  %(h) ( e q u i l i b r i u m  e m i s s i o n ,  t e m p e r a t u r e ,  

v e l o c i t y ) .  
It is therefore possible to describe transfer processes in a plane 

layer due to boundary perturbations (the walls have different tem- 
peratures or different velocities of motion). The generalized ac- 
commodation coefficient is the parameter which characterizes the 
perturbations. With reference to the case oi(h) ~ 1, Eq. (6) was 
used earlier in analyzing internal friction in rarefied gases [1], and 
then, later, in investigation of Couette flow in a rarefied medium 
Do]. 
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Fig. 2 

If the boundary conditions are symmetrical (f(h I) = 
=f(hz), A I = Az), then (4) transforms into the integral 

equation 

i 

0 

G (h, :)  = Kt ( h - -  ~ I + ~z (h) K2 (~) -~ 

+ ~ (h) K~ (ho - -  ~) 

Attention should be drawn to the absence in (7) of free terms 
describing the influence of the boundaries in explicit form. This is 
associated with the fact that the only source of perturbations in this 
case is uniformly distributed in this casethroughout the entire medium. 

Equation (7) allows us to analyze the temperature distribution in 
a nonconducting, emitting medium, containing uniformly distrib- 
uted heat sources. It evidently does not allow us to establish the 
distribution of velocity of flow of a rarefied medium moving in a 

plane channel with slip. 

The dynamic pressure head in the channel* plays the role of 
sources of perturbations, It is evident that the distribution functions 
r or (%(h)) undergo a break in continuity in the regions close 
to the walls, regions whose dimensions are determined by the mole- 
cular or optical thicknesses. 

The  i n c l u s i o n  of a p p r e c i a b l e  a s y m m e t r y  into  the  

e m i s s i o n  c h a r a c t e r i s t i c s  of t he  b o u n d a r i e s  (A 2 = 1, 
A l e  1) l e a d s  to t r a n s f o r m a t i o n  of t he  i n f l u e n c e  f u n c -  
t i on  G(h ,~ )  in  (7) to  t he  f o r m  

V (h, ~) = K l  l h - -  ~ [ -~ 2RrK ~ (h) g~  (:). (8) 

T h i s  i m p l i e s  a c o r r e s p o n d i n g  a s y m m e t r y  in  the 
d i s t r i b u t i o n  of qg(h). A s p e c i a l  c a s e  of a s y m m e t r y  
i n s i d e  one  of the  b o u n d a r y  s u r f a c e s  i s  an a b s o l u t e  

s i n k  ( f ( h  2) ~ 0, A~. -= 1. 0). 

*It is clear that (7) also describes the distribution 
of velocity in the turbulent core of a plane free jet, 
inside which the pressure, which is the source of 
perturbations, remains constant. 
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T h e n  (4) t a k e s  t h e  f o r m  

he 

o 

e o (h) ~l(h)=tq-AtK~(h)%, T(h) =V~la, 

/(h~) __ Z,,~ 

Equation (9) describes processes of heat transfer by radiation in a 
plane layer with heat generation, one of whose surfaces is absolutely 
black is a t  a temperature of absolute zero. The same equation 
evidently describes the distribution of temperature and velocity in a 
layer of a rarefied stream flowing over a flat plate with slip. 

I t  m a y  b e  s e e n  t h a t  t h e  p r o c e s s e s  e x a m i n e d  a b o v e  

a r e  d e s c r i b e d  b y  a F r e d h o l m  i n t e g r a l  e q u a t i o n  of  t h e  

s e c o n d  k i n d ,  w h i c h ,  i n  g e n e r a l ,  m a y  b e  w r i t t e n  a s :  

h~ 

0 

T h e  k e r n e l  G(h, i~)  of  t h e  i n t e g r a l  e q u a t i o n  h a s  a 

p e c u l i a r i t y  a s  g ~ h i n  t h a t  t h e  v a l u e  o f  t h e  e x p o n e n t i a l  

i n t e g r a l  K1 I h - -  g I c o n t a i n e d  in  i t  h a s  a b r e a k  i n  c o n -  

t i n u i t y  o f  l o g a r i t h m i c  c h a r a c t e r .  In  g e n e r a l ,  a l l  t h e  

F r e d h o l m  t h e o r e m s  [15] a r e  v a l i d  f o r  a k e r n e l  o f  t h i s  
t y p e .  

H o w e v e r ,  t h e  s p e c i f i c  f o r m  (10) a s s o c i a t e d  w i t h  

n u m e r i c a l  s o l u t i o n  g i v e s  a l a r g e  e r r o r .  I t  i s  e x p e -  

d i e n t  to  e l i m i n a t e  t h e  s i n g u l a r  p o i n t  o f  t h e  f u n c t i o n a l  

r e g i o n  G(h ~ g) b y  w r i t i n g  (10) in  t h e  f o r m  

ho 

~p (h) = ~ (h) .~ (h) + ~ (h) f a (h, ~) l~ G) - -  ~P (h)I d;  
o 

~(h)=(2( l - -+i~  d~))-r. (117 
o 

In  t h e  r e g i o n  o f  s m a l l  v a l u e s  o f  t h e  i n f l u e n c e  f u n c -  

t i o n  G ( h , g ) ,  w h i c h  c o r r e s p o n d s  t o  s m a l l  o p t i c a l  

d e p t h  o r  l a r g e  m e a n  f r e e  p a t h ,  t h e  r o l e  o f  t h e  i n t e g r a l  

i n  t h e  f u n c t i o n a l  e q u a t i o n  (117, w h i c h  e x p r e s s e s  t h e  

v o l u m e  i n t e r a c t i o n ,  i s  n e g l i g i b l e ,  a n d  t h e  s o l u t i o n  O 1 )  

m a y  b e  r e p r e s e n t e d  b y  t h e  s i m p l i f i e d  r e l a t i o n  

(h7 ~ ~ (h) a (h) .  (12) 

The solution of (11) relating to the specific cases of investigation 
of radiative heat transfer may be performed according to the usual 
iteration scheme when there is a discrete representation of the interval 
(0, h0) in the Gauss technique (10 points), bringing in Newton's meth-  
od. The number of iterations, as a rule, does not exceed two, (All 
the computations described here were performed on the 20 VTs SO AN 
S88R electronic computer. ) 

I. A plane layer of gray nonscattering medium (without heat 
generation) with asymmetric boundary conditions. The results of 
solution of the integral equation (6) are shown in Fig. 1, and are in 
good agreement with the results of [16]; they show the effect of the 
optical properties of the boundary surfaces Ai, and also of the optical 
thickness h0 of the medium on the distribution of the dimensionless 
equilibrium emission v~G) in the layer. The case analyzed here has 
appreciably different values A 1 = 0.7 and A 2 = 0.2 with reference to 
the several characteristic values of the optical thickness h0 of the 

medium. The solution of (6) may be approximated well by the linear 
equation 

~p (h) = ~p (0) + (q~ (h0) - -  ~p (0)) h / h 0 , (18) 

where qo(0) and ~0(h0) (the values of q(h) in the region near the walls) 
are determined comparatively simply [13] from simultaneous examina- 
tion of (6) and (12). In the special case when the boundary surfaces are 
absolutely black 

~p(0) = (1/s_K3(h0))  (1-{- h o(i  - - / (2  (h0)) --2K,(ho)) -1, 

~p (h0) = t --~p (0). (14) 

The results of the solution with (la) included are in satisfactory 
agreement with those of the strict formulation of the problem (Fig. 1) 
examined earlier with reference to the case A 1 = 0.7 and A s = 0.2 
(Fig. 3 of [13]). 

This agreement is evidence that the linear approximation to the 
rigorous solution is applicable even in the general case when the 
boundary conditions are asymmetric as regards to optical properties 
of the surfaces. The results obtained have an immediate relevance 
m investigations of the distribution of velocities and temperatures in 
a plane layer of rarefied gas formed by two infinite planes, of which 
one (the second) is in motion (Couette flow) [1, 10]. 

In addition, being very graphic in a physical sense, ithe results 
give appropriate information in constructing approximate solutions. 

In wealdy absorbing media (h0 < 0.8) we may use relation (12), 
which takes the form, with reference to the case under analysis, 

(h) = ~ (h) {K.~ (h) + K.. (I~ - -  h) - -  

- -  (l - -  2Ka (h0)) (z j (h)~q-a , . (h)  .12 ]J " (15) 

For the case with absolutely black boundary surfaces 

T(h) = K2(h0--  h) (K=(h) q- Ks (h0 - -  h)) -1 .  (16) 

Calculations of the distribution ~o (h) by formula (15) withreference 
to the case A 1 = 0.7, A 2 = 0.2, h0 = 0~ 2 gave very good results. 

2. Plane layer of medium with unlformly distributed heat sources 
(symmetric boundary condltlons),* Solution of (7), as represented in 
(10), was carried out for a large range of values of h0 and R = 1 - A. 
The corresponding numerical results are shown in Fig. 2, which shows 
the distribution of values of equilibrium radiation 

Eo (~) -- Eo. t 

cp G) = Eo a -  Eo.1 

as a function of thickness of the layer of gray medium of different 
optical thickness, when the boundary surfaces reflect radiation dif- 
fusely with different intensities (a) R = 0, (b) R = 0.6. Point 1 was 
obtained from (17), and point 2 from (23). It may be seen that with 
an increase of h0 the degree of nonequilibrinm in the vatues of ~(h) 
first increases, and then decreases again. The increase of the reflec- 
tance R in the above sense aiways has a stabilizing influence. Similar 
results were obtained in [17] by the Monte Carlo method. 

T h e  s o l u t i o n  of  t h e  i n t e g r a l  e q u a t i o n  (7) m a y  b e  

a p p r o x i m a t e d  w e l l  b y  a p a r a b o l a  o f  t h e  f o r m  

= + ( l / 'h~ (~177 h ( l -  ,I}) �9 h0 (17) 

* T h e  h e a t  s o u r c e s  ( o r  s i n k s )  i n d i c a t e  t h a t  t h e r e  
i s  s o m e  h e a t  g e n e r a t i o n  p e r  u n i t  " o p t i c a l  v o l u r n e  ~ 

~7(h) = d E ( h ) / d h .  
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H e r e  q~(0) and  ~0(h0/2) a r e  d i m e n s i o n l e s s  v a l u e s  

of  e q u i l i b r i u m  r a d i a t i o n  i n  t h e  n e a r - w a i l  a n d  n e a r -  

a x i s  r e g i o n s ,  r e s p e c t i v e l y ,  of t he  p l a n e  l a y e r .  

~.2 

O8 

&-t o, r 

F ig .  3 

T h e  v a l u e s  of (p(0) and  r  a r e  d e t e r m i n e d  

f r o m  s i m u l t a n e o u s  e x a m i n a t i o n  of  (7) and  (17).  In 

g e n e r a l ,  t h e  r e s p e c t i v e  c o m p u t a t i o n  e q u a t i o n s  a r e  
a w k w a r d ,  a n d  w e  t h e r e f o r e  r e s t r i c t  a t t e n t i o n  to t h e  

s p e c i a l  c a s e  of a b s o l u t e l y  b l a c k  b o u n d a r y  s u r f a c e s .  

To d e t e r m i n e  q~(0) we  s h a l l  s t a r t  f r o m  s o l u t i o n  of 

t h e  i n t e g r a l  e q u a t i o n  (7), w h i c h  a l l o w s  u s  to  o b t a i n  

t h e  r i g o r o u s  r e l a t i o n  

t 
qg(0) = - ~ 2 - - } - + i * F l ( h )  d h ,  

o 

ho 

o 

U s i n g  t h e  a p p r o x i m a t i o n  

ho 
I - -  Ks (ho) 

I I ' ~ ( h ) d h , ~  ho ~ / ~ - - ~ ( h o )  
o 

(19) 

o b t a i n e d  e a r l i e r  i n  [13],  w e  h a v e  

t ( t - -  K~ (h,)) \ (9.0) 

U s i n g  t he  a p p r o x i m a t i o n  (17) in  t h e  i n t e g r a l  e q u a -  

t i o n  (7) ( f o r  R ~  0),  w e  h a v e  

, ho ( / ,  - -  q~ (0) K s  (V,  ho)) • ,~ ('/., ho) = ,p ( 0 ) =  ( ' ,q -~ " 

• (2/, _ hoKs  ( ' / , h o ) - - 2 K ,  (V~ho)) -~ (21)  

The resulis of the calculations carried out using (17), (21), and 
(22) are in good agreement with the corresponding values presented 
in Fig. 2a in the rigorous examination. 

With increase of the reflectance of the boundaries (Fig. 2b), the 
error in the calculation increases, but, however, does not exceed 
7% for R= 0.6 and h0 = 2.0. 

The approximate solution (12), which exists for optically weak 
media (1% < 0. 5), may be written in the form 

(h) := {K2 (h) q- K2 (he --  h) - -  

- -  0- -2  Ks (he)) (oh (h) -~ ~ ( h ) ) }  - 1  . (22)  

The results of calculations according to (22) are shown in Fig. 2. It 
may be seen that the error in calculation for h0 -< 0.5 does not exceed 
t0~o, even in the general case of a gray surfaces. 

3. a plane layer of a medium with uniformly distributed heat 
murees (asymmetric ease), a) one of the boundary surfaces is abso- 
lutely black (A z =- 1.0). 

The results of solution of the integral equation (7), taking into 
account (8), as shown in Fig. 3, are evidence of the important in- 
fluence of asymmetry of optical properties on the distribution of di- 
mensionless equilibrium radiation; with increase in the optical density 
h0 this influence is especially noticeable for the reason that the dis- 
tribution 

Eo( ; ) - -Eoa  
T (;) -- Ih n (23) 

over the thickness of the layer turns out here to be connected with the 
specific nature of the boundary conditions to an incomparably great 
extent. 

With decrease of R 1 = 1 - A1, the distribution of,~(g) becomes 
more symmetrical, and in the limit, when R 1 w_ 0, symmetry of the 
distribution of q(r is restored (the special ease of solution of (q), 
shown in Fig. 2a). 

In optically thin layers (h 0 < 0.5), the solufi on of (7) is approxi- 
mated satisfactorily by (12), which may be written in the form 

cp (h) = {K~ (h) -}- 

q-Ks (he --  h) --IR1K2 (h) (1--2 Kz (he))}- 1 (24) 

The results of calculations according to (24) are shown in Fig. 3 
f o r h 0 = 0 . 5  and R 1=0 .6 .  

b) One of the boundary surfaces is assumed to be at the temperature 
absolute zero (E0.s -- 0, A 2 w_ 1). The results of numerical solution of 
the integral equation (9) for the case ~ = L 0 for a wide range of R 1 
and h0 are shown in Fig. 4 in the form 

g o ( ; ) - -  & t  
~ ( ; ) - - ~ =  F ( ~ ) =  ~/~ 

In Fig. 4 curves 1, 2, 3, 4, and 5 correspond to the values Rx = 
= 0, 0.2. 0.4, 0.6, 0.8. 

f ~  

o 

\ 

g 

Fig. 4 
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From comparison of the results of calculations shown in Fig. 4a 
with the analogous results in Fig. 3, it is very evident that there is 
a decrease in the general level of ~o(~), due to the peculiar "lumi- 
nescence" on the part of the wall at absolute zero. 

For a specific ratio of the chosen parameters as regards optical 
density of the layer h0, and also for dimemionless equilibrium radia- 
tion of the actual walI et = E0.1/2~, the dirnensionlessequilibrium 
radiation ~o(g) increase with increase of the reflectance of the wall 
R l (Fig. 4a for h0 = O. 5). This is due to the dominant role of the 
emittance of the wail in the distribution of ~o(~). It is clear that with 
increase in the optical density h0, the role becomes weaker, and to an 
increasing extent the internal processes begin to show up, in a medium 
containing a uniform distribution of heat sources (Fig. 4b). 

In opt ica l ly  thin med i a  (h 0 < O. 5), we may use  the 
approximate  e x p r e s s i o n  (12), which in  this  case  may  
be wr i t t en  as 

(h) ~ (t + (l  - RI) K~ (h) %) (K~ (h)• 

• (1 - -  R1 ( t - - 2  K~ (ho))) + K ,  (ho - -  h)) -1 �9 (25) 

Calcu la t ions  accord ing  to (25) r e l a t ive  to the case  
h 0 = 0 . 5 ,  R 1=0 .6 ,  a n d ~ l  = 1 . 0  a re  shown in Fig.  4a. 
The m a x i m u m  e r r o r  of ca l cu la t ions  of this  kind also 
does not exceed 10%. F o r  this  r e a s o n  the a p p r o x i m a -  
t ion (12) and i ts  spec ia l  f o r m s  r e p r e s e n t e d  by (15), 
(23), (24), and (25) should be used  in the r ange  of 
opt ical  th ickness  confined to h 0 < 0.5.  

A m o r e  effect ive fo rmu la ,  in the sense  of wide 
range  of opt ica l  dens i ty ,  i s  r e p r e s e n t e d  by the ap-  
p rox ima te  so lu t ions  (13) and (17), based  as they a re  
on addi t ional  knowledge of the expected na tu re  of the 
d i s t r i bu t i on  q?(~). The gene ra l i zed  phys ica l  analogies  
examined  approx imate ly  in  this  pape r  may be v e r y  
usefu l  in  this  sense .  

The topics  touched upon a re  example s  of the s i m -  
p les t  c a se s  in tile approximate  deve lopmen t  of the 
gene ra l  theory  of t r a n s f e r .  
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