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Extens ive  r e s e a r c h  concerning the heat  and m a s s  t r an s f e r  nea r  axial ly s y m m e t r i c a l  su r f aces  which 
ro ta te  in a v iscous  Newtonian fluid has,  e spec ia l ly  during the r ecen t  yea r s ,  been co r r e l a t ed  with the so lu-  
tion of var ious  technical  and scient i f ic  p rob lems:  development  of cooling s y s t e m s  for  the r o t o r s  of turbo 
and e l ec t r i ca l  mach ines ,  use  of the rota t ing mot ion for  inc reas ing  the heat  t r an s f e r  r a t e  in chemica l  and 
other  engineer ing p r o c e s s e s ,  e spec ia l ly  in the par t i t ion  of gaseous  and liquid mix tu res ,  and it has also been 
co r re l a t ed  with the s tudy of c i rcu la t ion  in oceans  and in the a tmosphere ,  etc.  

These  p rob l ems  appear  r a t he r  complex,  owing to the complexi ty  of the hydrodynamic  phenomena 
underlying these  p r o c e s s e s ,  e spec ia l ly  owing to the th ree -d imens iona l i ty  of flows and to the d ive r s i ty  of 
geomet r i ca l ,  hydrodynamic ,  and t he rm a l  p a r a m e t e r s .  

During the las t  few y e a r s  there  have been published s e v e r a l  monographs  and su rveys  on the subjec t  
of heat  and m a s s  t r a n s f e r  nea r  rota t ing s u r f ace s  and in ro ta t ing  s y s t e m s  [1-4]. Because  of the f a s t  g row-  
ing amount of r e s e a r c h  work, however,  these few r e f e r e n c e s  do not comple te ly  cover  the s ta te  of the a r t  
and the a im of this here  s u r v e y  is  to fil l ,  to some  extent,  that gap. 

Since the bas ic  e lements  of axial ly  s y m m e t r i c a l  ro ta t ing  su r faces  include fiat  (dislas) and cyl indr ica l  
ones but also conical  and spher i ca l  ones,  hence the mos t  significant  r e s e a r c h  ef for t  has been d i rec ted ,  
above all, toward de te rmin ing  the hea t -  and m a s s - t r a n s f e r  c h a r a c t e r i s t i c s  of such su r f aces .  We will he re  
also cons ider  these  f i r s t .  

Disk in an Infinite Space (Laminar  flow). Among the f i r s t  p rob lems  solved theore t ica l ly  was the 
one concerning a flow of fluid near  an infinitely la rge  disk ro ta t ing  in a s t a t ionary  medium.  The solution 
obtained by K a r m a n  in 1921 [5] has become  the bas i s  of subsequent  s tudies concerning the hydrodynamics  
and then also the heat  and m a s s  t r a n s f e r  in the case  of a ro ta t ing  disk. The exact  solution to the s y s t e m  
of o rd ina ry  d i f fe rent ia l  equations,  which had been obtained by Karman,  was then checked by Cochran [6]. 
Tes t s  have conf i rmed the val idi ty  of this solution for  a l aminar  flow. 

A solution to the p rob lem of heat  t r a n s f e r  near  a rota t ing disk was f i r s t  given by Kibei '  [7]. The ca l -  
culations were  la te r  ref ined on a computer  [8, 9]. The f i r s t  expe r imen t  was pe r fo rmed  by Young [10], whose 
values  for  the h e a t - t r a n s f e r  coeff ic ient  were  higher  than the theore t ica l ly  predicted ones, probably  be -  
cause  of natural  convection espec ia l ly  effect ive at low Reynolds number s  Re = r2a)/~ and with the d isk  in a 
hor izonta l  position. More p rec i se  expe r imen t s  [11] yielded a c lose  a g r e e m e n t  with calculat ions:  for air  
(Pr = 0.7) near  an i s o t h e r m a l  disk  the r e s u l t s  fitted the f o r m u l a  

Nu = Numean= 0.36Re ~ (1) 

(Nu = q r / ( ~ A T ) ,  Numean = qmeanr / (ZAT)) .  Fu r the r  ref ined m e a s u r e m e n t s  [12] were  made taking into 
account convect ion and the flow pa t te rn  at the disk boundary.  

The heat  t r a n s f e r  at a rota t ing disk is affected by the d iss ipa t ion  of mechanica l  energy,  which is 
cha rac t e r i zed  by the following t e m p e r a t u r e  p a r a m e t e r :  

e = r2~o ~ : (cpAT) (2) 

(this quanti ty iS s o m e t i m e s  called the E c k e r t  number) .  A s t rong  effect  h e r e h a v e  the rad ia l  g rad ien t  of 
t e m p e r a t u r e  drop AT = T D - T m  between disk and ambient  med ium as well as the Prandt i  number .  The 
effect  of d was studied in [13, 14, ere.l ,  the effect  of the Prandt l  number  was studied in [8, 13-161, and the 
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effect of the radial  t empera tu re -d rop  gradient  was studied in [14, 16-18]. The resul ts  obtained so far  con-  
cerning the effects of these pa rame te r s  under actual conditions are yet to be verified experimentally.  Mass -  
t ransfer  measurements  w e r e  made with naphthalene sublimating on a rotating disk (Pr = 2.4) [19-20]. Also 
hea t - t r ans fe r  measurements  were made at large tempera ture  drops AT and with the v i scos i ty  of the fluid 
varying over a wide,range [21]. 

The laminar  mode of heat t r ans fe r  under t ransient  conditions was analyzed by the numerical  method 
for the case of an i so thermal  disk with AT varying in time (at co = const or co = w(t)) [22-28]. 

Tempera tu re  fields around a thermal ly  insulated disk have been calculated as a function of the 
Prandt l  number [29]. The values of zl(0) and ~-2(0) were obtained there neces sa ry  for determining AT due to 
viscous dissipation: 

~ [ ~(o) ] 
A T = T  d - - T ~ = T ~ , P r - -  +~2(0) . (3) 

cpT~ L Re J 
The effect of compress ib i l i ty  of a viscous fluid on the heat t r ans fe r  at a rotating disk was studied 

in [30, 31], and calculations for a raref ied  gas were made in [32, 33]. 

AmOng the f i r s t  ones to study the mass  t r ans fe r  near a rotat ing disk was Levich, who based the mea-  
surement  of diffusion currents  in solutions on the theory of an electrode with a rotat ing disk [34]. A survey 
of studies on this subject is given in [35], along with new experimental  data obtained by that author. New 
data are also presented in [36-38]. 

The effect  which a uniform blast  on a rotat ing disk perpendicular ly to its surface has on the heat 
t r ans fe r  has been determined f i r s t  numer ica l ly  [39] by the integral ra t ios  method. Exact  solutions for the 
heat t r ans fe r  under a blast  and with a square- law tempera ture  head var iat ion along the disk radius,  with 
heat dissipation and the Prandt l  number taken into account, are given in [40, 41]. The effect of a blast on 
the sublimation of naphthalene off a rotating surface  was studied experimental ly  in [42, 43]. 

The effects o f  blowing or suction at the surface of a rotating disk on laminar heat and mass  t ransfer  
have been calculated in [9, 44]. The effect of simultaneous blowing and suction (or injection) has been 
analyzed theoret ical ly  in [45]. The effect  of blowing on the heat t r ans fe r  under a power- law t empera tu re  
var ia t ion  along the disk radius has been calculated in [46]. 

The heat t ransfer  during a waveless spreading of a fluid fi lm over the surface of a rotat ing disk has 
been analyzed in [47] by the method of finite differences.  The heat t ransfer  in a jet of coolant str iking a 
rotat ing disk at r ight  angles at the center  has been calculated in [48]. The resul ts  for all these cases  are 
yet to be verif ied experimental ly.  

Condensation and evaporat ion at the surface of a rotating disk have been analyzed theoret ical ly  and 
exper imental ly  in [49-53]: The dissolution of a rotat ing tantalum disk in liquid tin was also studied [54]. 

The heat t r ans fe r  near  a horizontal  i so thermal  disk rotating together with the surrounding medium, 
at the same velocity,  when convection occurs  as a resul t  of a densi ty gradient  and a centrifugal force has 
been analyzed in [55]. This problem has some pract ical  applications in geophysics.  

Disk in an Infinite Space (Turbulent flow). As the local Reynolds number Re = r2wv -1 reaches  the 
value 3" l0 s, the flow becomes turbulent. For  calculating the heat t ransfer  under turbulent flow conditions, 
one uses the Reynolds analogy in conjunction with appropriate data [5, 56, 57] pertaining to the veloci ty 
boundary layer.  The Reynolds analogy is based on the s imi la r i ty  between veloci ty and tempera ture  d is -  
tr ibutions.  As Dorfman has noted in [58], a t empera tu re  profile r e sembles  that of c irculat ion velocit ies 
when Pr  = 1 and the tempera ture  drop AT is distributed along the disk radius according to a square law: 
A T ~  r 2. In this case 

Nu = Re T~ : p (ro~) 2, (4) 

where ~0 is the c i rcu la r  component of fr ict ional  s t r e s s  at the disk su r face .  The Nusselt  number can be 
determined for  any AT(r) distr ibution on the basis  of the integral  energy equation, assuming the dependence 
of the Stetson number  on R@* = 5~*rwv -1 to be universal  (5~* denoting the thermal  capacity thickness [58, 
59]). Specifically, for a power- law distribution AT ~ r  m 

( 3 + 2n n)~- l  
Nu = (Nu)m=2 -m -I- 1 ,4- 2 ' (5) 
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w h e r e  n i s  the exponen t  in  the (Nu)m =2 ~ R e n  r e l a t i o n  ob ta ined  f r o m  (4) on the b a s i s  of the ~'~0 : P (re~ 2 v a l -  
u e s .  We note tha t  fo r  a l a m i n a r  f low n = 0.5 and f o r m u l a  (5) too y i e l d s  a l m o s t  e x a c t  r e s u l t s .  F o r  a t u r b u l e n t  
f low n = 0.8 in  the  Re = 106 r a n g e .  

The e f f ec t  of the P r a n d t l  n u m b e r  has  b e e n  a n a l y z e d  on the b a s i s  of the t h r e e - l a y e r  m o d e l  of the 
b o u n d a r y  l a y e r  a c c o r d i n g  to K a r m a n  [59] fo r  the c i r c u l a t i o n  c o m p o n e n t  of the v e l o c i t y  v e c t o r  (at m = 2). 
T h e s e  c a l c u l a t i o n s  y i e l d  s u b s e q u e n t l y  fo r  the  i s o t h e r m a l  c a s e  (m = 0): 

Nu = a  Re ~ sPr~ ~, (6) 

w h e r e  a = 0.0196 fo r  a R e y n o l d s  n u m b e r  in  the 7 .105 r a n g e  and a = 0.0257 for  a R e y n o l d s  n u m b e r  in  the 106 
r a n g e .  Th i s  r e s u l t  a g r e e s  c l o s e l y  wi th  the t e s t  d a t a  in [11, 60] fo r  a i r  (Pr  = 0.72). As  fo r  o t h e r  v a l u e s  of 
the P r a n d t l  n u m b e r ,  on ly  t e s t  d a t a  on the  s u b l i m a t i o n  of n a p h t h a l e n e  (Pr  = 2.4) a r e  a v a i l a b t e  [19] and they  
y i e ld  v a l u e s  h i g h e r  than  t h o s e  b a s e d  on f o r m u l a  (6). A p r e d o m i n a n c e  of m a s s  t r a n s f e r  o v e r  hea t  t r a n s f e r  
has  b e e n  found a l s o  in  o t h e r  s t u d i e s  of n a p h t h a l e n e  s u b l i m a t i o n  [20]. 

A d i f f e r e n t  me thod  of c a l c u l a t i n g  the t u r b u l e n t  hea t  t r a n s f e r  at a r o t a t i n g  d i sk ,  wi th  the  r a d i a l  AT 
d i s t r i b u t i o n  and wi th  the P r a n d t l  n u m b e r  t a k e n  into  account ,  was  p r o p o s e d  by  D a v i e s  in  [61]. An a n a l y s i s  
of a l l  t h e o r e t i c a l  and e x p e r i m e n t a l  d a t a  in  [62], w h e r e  a l s o  a m o d i f i c a t i o n  of the  D a v i e s  me thod  i s  used ,  
has  shown tha t  the a v a i l a b l e  t e s t  d a t a  f i t  b e s t  the  m o d i f i e d  D o r f m a n  f o r m u l a  [58]: 

Nu = 0.0212 (In + 2.6) ~ Re~ (7) 

Thus ,  i t  i s  s u g g e s t e d  h e r e  tha t  Nu i s  a l i n e a r  func t ion  of P r  r a t h e r  than  of P r  ~ On the o t h e r  hand,  on the 
b a s i s  of t h e i r  own e x p e r i m e n t a l  d a t a  and on the  b a s i s  of c e r t a i n  t h e o r e t i c a l  c o n c e p t s ,  the a u t h o r s  of [63] 
have  s u g g e s t e d  P r  ~ fo r  l a r g e  v a l u e s  of the  P r a n d t l  n u m b e r .  A d i f f e r e n t  r e s u l t  was  ob ta ined  in  [64-65].  
Consequen t ly ,  t h e r e  i s  a need  fo r  f u r t h e r  e x p e r i m e n t a l  and m a t h e m a t i c a l  s t u d i e s  in  th i s  a r e a .  

The  e f f ec t  of d i s k  a n i s o t h e r m y  on the hea t  t r a n s f e r  b e t w e e n  d i s k  and a i r  h a s  been  a n a l y z e d  on the 
b a s i s  of e x p e r i m e n t a l  d a t a  by  so lv ing  the r e v e r s e  t e m p e r a t u r e  p r o b l e m  [66]. The  hea t  t r a n s f e r  at  a d i s k  
wi th  a cons t an t  t h e r m a l  fIux a long the r a d i u s  was  s t ud i e d  e x p e r i m e n t a l l y  in  [67, 68]. Not s u r p r i s i n g l y  [69], 
the r e s u l t  h e r e  shows  that  t h i s  i s  c l o s e  to the i s o t h e r m a l  c a s e .  

S tud i e s  w e r e  a l s o  m a d e  c o n c e r n i n g  the e f f ec t  of s u r f a c e  r o u g h n e s s  [70] and of p e r f o r a t i o n s  in  the d i s k  
[71] on the i n c r e a s e  in  the  h e a t - t r a n s f e r  r a t e .  

R o t a t i n g  Cone in  an  Inf in i te  Space .  We note  tha t  fo r  l a r g e  a p e r t u r e  ang les  (ha l f - ang le  c~ _> 45 ~ the 
s a m e  Nu = f (Re,  P r )  r e l a t i o n s  app ly  as  fo r  a d i sk ,  i f  the  fo l lowing  no t a t i on  i s  used :  

Nu = qx : )~ (Twall - -  To), Re = xrcov -1, (8) 

wi th  x r e p r e s e n t i n g  the length  of the c o n i c a l  g e n e r a t r i x  (x = r : since) [72, 73]. F o r  s m a l l  a p e r t u r e s ,  when 
the t h i c k n e s s  of the b o u n d a r y  l a y e r  i s  c o m p a r a b l e  to the  d i s t a n c e  r f r o m  the ax i s ,  t h e s e  r e l a t i o n s  b e c o m e  
d i f f e r e n t  - e s p e c i a l l y  n e a r  the apex  [74 e t  a i d .  The  e f f ec t  of an a n i s o t h e r m a l  cone s u r f a c e  was  s t ud i ed  
in  [16, 75], wh i l e  s i m u l t a n e o u s  f o r c e d  and n a t u r a l  c o n v e c t i o n  f r o m  a hot cone r o t a t i n g  about  i t s  v e r t i c a l  
ax i s  and hav ing  a l i n e a r  t e m p e r a t u r e  d i s t r i b u t i o n  a long i t s  g e n e r a t r i x  have  been  a n a l y z e d  in  [76] (see  a l s o  
[77]). The add i t i ona l  e f f ec t  of s u c t i o n  was  c o n s i d e r e d  in  [78]. T h e o r e t i c a l  and e x p e r i m e n t a l  s t u d i e s  of 
h e a t  and m a s s  t r a n s f e r  a t  a cone u n d e r  a u n i f o r m  b l a s t  in  the  a x i a l  d i r e c t i o n  w e r e  m a d e  in  [79-81] .  Con-  
d e n s a t i o n  on a r o t a t i n g  cone s u r f a c e  was  s t u d i e d  in  [82]. 

The  m a s s  t r a n s f e r  f r o m  a r o t a t i n g  cone f r u s t r u m  (and cy l i nde r )  was  s t ud i e d  e x p e r i m e n t a l l y  in  [83]. 
We note  that ,  j u s t  as  in  the  e a s e  of a d i sk ,  t h e r e  i s  a need to f u r t h e r  s tudy  t u r b u l e n t  hea t  and m a s s  t r a n s -  
f e r ,  the e f f ec t s  of b l a s t ,  i n j e c t i o n ,  and suc t ion ,  and o t h e r  p h e n o m e n a  a s s o c i a t e d  wi th  t u r b u l e n t  f low. 

D i s k  in  a Bounded Space .  D i s k  s u r f a c e s  in  v a r i o u s  e n g i n e e r i n g  d e v i c e s  and s y s t e m s  m o s t  of ten  r o -  
tare  i n s i d e  a bounded s p a c e .  P a r t i c u l a r l y  i m p o r t a n t  i s  the e a s e  of a s u r f a c e  r o t a t i n g  n e a r  a s t a t i o n a r y  
p lane  s u r f a c e .  Of i n t e r e s t  h e r e  i s  the  B~dewadt  p r o b l e m  [84] of a f lu id  r o t a t i n g  n e a r  a s t a t i o n a r y  p lane .  
The  l a m i n a r  hea t  t r a n s f e r  in  th is  c a s e w a s  b e e n  c a l c u l a t e d  in  [85, 86]. The  e f f ec t  of f in i t e  d i s k  d i m e n s i o n s  
on the Bgdewad t  f low has  b e e n  a n a l y z e d  in  [87], but  the hea t  t r a n s f e r  has  not  ye t  b e e n  c a l c u l a t e d  fo r  th i s  
s p e c i a l  e a s e .  We note  tha t  the r a t e  of d i s s o l u t i o n  of a s o l i d  d i s k  in  a r o t a t i n g  m a s s  of f lu id  was  m e a s u r e d  
in  [881 . 

A u t o m o r p h i e  p r o b l e m s  of  an in f in i t e  p lane  r o t a t i n g  n e a r  a f l a t  s t a t i o n a r y  wa l l  w e r e  c o n s i d e r e d  in  
[89-94] ,  and wi th  s i m u l t a n e o u s  i n j e c t i o n  in  [93, 94]. The  hea t  t r a n s f e r  in  th i s  c a s e  has  b e e n  a n a l y z e d  t h e o -  
r e t i c a l l y  in  [95], and e x p e r i m e n t a l  d a t a  (without in jec t ion)  a r e  g iven  in  [96]. 
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When rad ia l  d i scharge  flow occurs  between disks ,  the p rob lem becomes  nonautomorphic  and it is 
solved by s m a l l - p a r a m e t e r  s e r i e s  expans ion  [97-99] or the par t ia l  d i f ferent ia l  equations are  solve d by the 
method of finite d i f fe rences .  In the la t ter  case  the solutions a re  r a t h e r  eas i ly  obtained, provided that the 
axial gap is smal l  and there  is no backflow, i .e . ,  when the s y s t e m  of N a v i e r - S t o k e s  equations reduces  to a 
s y s t e m  of parabol ic  equations [100]. 

Such a method was used for  analyzing the heat  t r an s f e r  in the case  of two disks,  one s ta t ionary  and 
one rotat ing,  with a d i scharge  flow of fluid f r o m  the center  to the pe r iphe ry  [100, 101] or f r o m  the p e r i -  
phe ry  to the center  [102], with a jet blowing against  a f la t  sur face  [101], and also in the case  of two disks 
ro ta t ing  or  with a curv i l inea r  flow between two s t a t iona ry  disks [103] (see also [104]). 

The f i r s t  theore t ica l  and expe r imen ta l  s tudy of the flow hydrodynamics  near  a rota t ing disk inside a 
cyl indr ica l  shel l  was made by Schul tz-Grunow [105]. La te r  on, other  solutions were  proposed [106 et al.] 
and m e a s u r e m e n t s  were  made over  a wide range  of p a r a m e t e r  va lues  [107, 108]. The heat  t r a n s f e r  under 
these  conditions has been analyzed in [1, 109, et al.] by approximate  methods.  More p rec i se  methods for  
solving this p rob lem have been developed in [91, 110]. The exact  equations of hydrodynamics  and heat 
t r a n s f e r  have been solved by the methods of finite d i f fe rences  [111-113] (with laminar  flow under cons ide ra -  
tion). 

The effect  of d i scharge  flow on a turbulent  s t r e a m  between a s ta t ionary  and a rotat ing disk as well 
as between two rota t ing  disks has been calcula ted approx imate ly  in [114, 115]. More ref ined calculat ions 
(including heat  t rans fe r )  have been made in [116-119]. The heat  t r a n s f e r  was calculated there  by the me th -  
od developed in [58, 59] for  a f r ee  disk. 

Sedach was among the f i r s t  to s tudy the hydrodynamics  of a s t r e a m  used for  cooling the wheel of a 
gas turbine [120], while Kapinos [121] made an expe r imen ta l  study of the heat  t r ans f e r  under these condi-  
t ions.  A number  of subsequent  expe r imen ta l  s tudies  deal with the heat  t r a n s f e r  during the cooling of g a s -  
turbine  wheels:  shielded cooling [122], r ad ia l  cooling [117-119, 123, 124], jet cooling [125-128], c en t r i -  
petal  and f i lm cooling [129-131] (see also [132]). The m a s s  t r a n s f e r  during the ro ta t ion  of a disk  near  a 
s t a t iona ry  plane or inside a shell  was studied expe r imen ta l ly  in [133-135]. According to [136], the m a s s -  
t r a n s f e r  r a t e  is  he re  approx imate ly  1.35 t imes  higher  than the h e a t - t r a n s f e r  r a te .  

P r o b l e m s  of t r ans ien t  flow and t rans ien t  heat  t r ans f e r  between a ro ta t ing  and a s t a t ionary  disk have 
been analyzed theore t ica l ly  in [137-139]. 

The p rob lem of l amina r  convect ion in a cavi ty  between two rota t ing  disks at different  t e m p e r a t u r e s ,  
i .e . ,  under  an axial  densi ty  gradient ,  has been solved in [140]. T rans ien t  modes  in this configurat ion were  
cons idered  in [141]. Approximate  solut ions have been obtained for  convection inside a rota t ing bounded 
cavi ty  [142-144]. Viscous heating of a fluid inside a na r row gap between a rotat ing and a s t a t ionary  disk 
was studied in [145]. 

The hydrodynamic  c h a r a c t e r i s t i c s  pecul ia r  to a flow between rota t ing disks a r e  used for  separa t ing  
liquids and gases .  Calculat ions per ta ining to these p r o c e s s e s  a re  shown in [146-150]~ 

Rotat ion of a Spher ica l  Surface.  A l amina r  boundary layer  at a rota t ing sphere  was f i r s t  calculated 
by Howart.h [151] and then m o r e  p r e c i s e l y  by o thers  [152], whereupon the l amina r  heat  t r an s f e r  here  was 
calculated in [153]. The c h a r a c t e r i s t i c s  of a l aminar  boundary layer  were  measu red  f i r s t  by Kobeshi [154]. 
More  extensive  m e a s u r e m e n t s ,  also of turbulent  flow, were  made in [155]. 

It  is  to be noted that the solutions for  a ro ta t ing  sphere  which have been obtained through a s e r i e s  of 
N a v i e r - S t o k e s  equations [156-157] a re  valid for  sma l l  Reynolds numbers .  

The l amina r  heat  t r ans f e r  at a spher ica l  su r face  at P r  - -  ~o has also been calculated by the Davies  

method [158]. 

Concerning the l aminar  heat  t r a n s f e r  at a rota t ing sphere ,  expe r imen ta l  data  have been obtained for  
a i r  [159] which yield too high values for  the Nusse l t  number  and this can be explained by a rad ia l  cu r ren t  
flowing away f r o m  the equator .  The heat  t r a n s f e r  has also been analyzed by the Schl ie ren  method [160]. 
Sublimation of naphthalene off a rota t ing sphere  was studied in [161]. The m a s s  t r a n s f e r  to a spher ica l  
ro ta t ing  e lec t rode  was m eas u red  in [162]. 

Fo r  a turbulent  flow there  are  no tes t  data  avai lable  on the heat  t r ans fe r ,  but theore t ica l  ca lcu la -  
t ions have been made by the approx imate  method of in tegra l  ra t ios  with the aid of the genera l ized  Reynolds 
analogy [163]. 
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Lamina r  heat  t r a n s f e r  at a spher i ca l  su r face  under a b las t  in the axial  d i rec t ion  has been calculated 
in [164] on the bas i s  of the cor responding  solution to the p rob lem of a ve loc i ty  boundary layer  [165]. The 
heat  t r a n s f e r  between two ro ta t ing  sphe res  at sma l l  Reynolds numbers  (creeping flow) has been calculated 

in [166]. 

Heat  T r a n s f e r  at the Surface  of a Rotat ing Cylinder.  Lamina r  heat  t r an s f e r  during the ro ta t ion  of a 
cyl inder  has been t rea ted  thoroughly in the monograph  by Ta rg  [167] (see also [1]). Fu r the r  s tudies on this 
subject  were  made in [168]. The effect  of compre s s ib i l i t y  was considered in [169]. 

Turbulent  heat  t r an s f e r  during the ro ta t ion  of a cyl inder  in f r ee  space  was studied exper imen ta l ly  in 
[170-172]. The r e su l t s  agree  c lose ly  with the t h r e e - l a y e r  Ka rman  model  [1]. We note that  the veloci ty  
profi le  in a turbulent  s t r e a m  about a f r ee ly  rota t ing cylinder was m e a s u r e d  in [173]. More recen t ly ,  t e m -  
pe ra tu re  and ve loc i ty  prof i les  along with the heat  t r a n s f e r  near  a cyl inder  were  measu red  over  a wide range  
of Reynolds numbers  [174]. According to [175], fins on a rota t ing cyl inder  su r face  i nc r ea se  the m a s s -  
t r a n s f e r  r a t e  appreciably .  

T rans i t ion  f r o m  l amina r  to turbulent  flow in the gap between rotat ing cyl inders  was f i r s t  studied by 
Taylor  [176], who also studied the development  of turbulence and the t e m p e r a t u r e  f ields between cyl inders  
[177]. Numerous  h e a t - t r a n s f e r  m e a s u r e m e n t s  were  made in a fully developed turbulent  flow in the gap 
between a ro ta t ing  inner  and a s t a t iona ry  outer  cyl inder  [178-186], and the accompanying hydrodynamic  
phenomena were  also examined [187, 188] (see also [177, 191, e t a l . ] ) .  A s e m i e m p i r i c a l  method of ca l -  
culating the hydrodynamics  and the heat  t r an s f e r  under these conditions was proposed in [1]. A theore t ica l  
genera l i za t ion  of expe r imen ta l  r e su l t s  was  then proposed in [183,187, 189]. T e s t d a t a h a v e  also been g e n e r a l -  
ized in [190]. The effect  of an axial s t r e a m  in a na r row gap has been calculated in [191] and was studied 
experimentally in [178, 184, et al.]. An axial stream exerts a stabilizing influence on the laminar flow in 
that it inhibits the transition to turbulence. 

An approximate method of calculating, on the basis of test data, the heat transfer during the transi- 
tion stage with Taylor vortices generated in the gap was proposed in [192] (see also [193]). The heat trans- 
fer during rotation of the outer cylinder and during rotation of both cylinders was measured in [194] and 
[195], respectively (see also [196]). Several studies have been published on cooling systems for rotating 
cylindrical and other components of electrical machines [198-200 et al.]. 

Heat Transfer near an Arbitrary Axially Symmetrical Surface. The conditions have been established 
under which automorphic solutions to the equations of a laminar boundary layer exist for surfaces rotating 
in an infinite stationary viscous medium [201], these conditions being reducible to a power-law relation 
between distance from the rotation axis r and generatrix length x: r ~ (x + x0) m. The existence conditions 

for automorphic solutions to the energy equation are also expressed in terms of a power-law relation be- 
tween temperature drop Twall - Too and generatrix length x: Twall - T=r ~ (x + x0) n [85]. Numerical solu- 
tions to this problem have been obtained in [202, 203]. On the basis of automorphic solutions, an approxi- 
mate method of calculating the thermal and the velocity boundary layer has been developed in [202] for ar- 
bitrary surfaces. 

Another method of solution for surfaces with an arbitrary contour r(x) is by series expansion of the 
unknown quantities in terms of small parameters e I = dr/dx- 1 and e k --rk-i(dl~-lel/dxk-i), which leads 
to a system of ordinary differential equations [204]. Compressibility is taken into account by applying the 
Dorodnitsyn transform [204]. The solution to recurrent differential equations are given in [205], where a 
typical application of the results to a rotating sphere is also shown. 

The boundary layer at an arbitrary rotating body under an axial blast was first calculated by Schlicht- 
ing [206]. The results of his method have made it possible to calculate the heat transfer [207] (see also 
[208]). The compressible case was considered in [209]~ We note that the basic principles of calculating 
the flow of a compressible fluid around a rotating surface are explained in [210-211]. 

For a turbulent flow, an approximate method of calculating a thermal and a velocity boundary layer 
was proposed in [212], with the results Shown for a sphere and for half a solid of revolution. Calculations 
of the turbulent heat transfer are based on the similarity between the temperature distribution and the pro- 
file of circulation velocities at Twal[ - T~o ~ r 2 and Pr = i, which follows directly from the similarity be- 
tween the respective equations and between the respective boundary conditions. The same method which 
has been developed for a disk [58] applies to an arbitrary Twall - T~ distribution along the generatrix. Ap- 
propriate experiments are required for refining the theory and for obtaining necessary data. Except for 
calculations pertaining to velocity boundary layers [213-215], neither calculations nor test data are avail- 
able for surfaces under a blast other than the special surfaces mentioned here. 
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Heat Transfer  at Rotating Tubes (and other objects), Some of the f i r s t  experiments  to determine 
the cha rac te r i s t i c s  of heat t ransfer  at a rotating surface  were per formed by Mikheev [216], who studied 
a tube revolving about a paral lel  axis. This was also the subject  of more  recent  studies [217-219]. T h e  
effect  of a tube rotating about its own axis was considered in [220, 221]. 

Other studies were concerned with the heat t ransfer  in a short  rotating tube [222] and in the entrance 
segment  of a long rotating tube [223]. Also a tube rotating about a perpendicular  axis was considered: in 
t e rms  of the heat t ransfer  [224] as well as diffusion [225] (see also [200, 226]). 

Contiguous to these problems are those of the heat t ransfer  in blind rotating tubes [227, 228] (a br ief  
survey  of the essent ial  resul ts  is given in [229]). 

Several  studies were made in the a rea  of geophysics and as t rophysics ,  in regard  to the heat con- 
vect ion around rotating bodies due to nonuniform heating [230-235 et al.]. 

S tudies  were also made to determine the effect of a magnetic field and of e lec t r ic  fields in rotating 
sys t ems  with an e lec t r ica l ly  conductive liquid. A survey  of these studies must  be presented separately.  

C O N C L U S I O N S  

During the last  decade there has been done a huge amount of experimental  and mathematical  r e s e a r c h  
into the charac te r i s t i c s  of heat and mass  t ransfer  near rotating surfaces .  Par t i cu la r ly  successful  has been 
the solution to the problem of laminar  heat t ransfer ,  which is due to the development of computers  and ap- 
propriate  numerica l  methods increas ingly  indispensable for these studies. The situation is less  sa t i s -  
fac tory  in the case of turbulent flow, because a theoret ical  model has not been perfected yet and empir ica!  
data are  incomplete.  Thus, for example, the effect of the Prandtl  number in a turbulent flow remains  in- 
determinate:  the data obtained so far  are  insufficient and yield cont radic tory  answers.  

The calculation of turbulent heat and mass  t ransfer  are too approximate for the case of a radial  flow 
between two disks when rotat ion occurs ,  although apparently the available data in the f i rs t  approximation 
seem to sat isfy  pract ical  requi rements .  An analysis of the more  complicated case of rotat ing disks with 
jet and face cooling still r es t s  on a r a the r  weak theoret ical  foundation as far  as turbulent flow is concerned. 

Ent i re ly  untouched has been the problem of heat t ransfer  during the rotat ion of an a rb i t r a ry  body 
ei ther  under a blast,  with injection, with suction, or with a surface jet. Calculations are incomplete even 
for  the laminar  case. 

There is much activity underway in solving flow field equations (Navier-Stokes) ,  energy equations, 
and continuity equations for s t r eams  near  var ious  rotat ing bounded solids, in determining the s t ruc ture  
of cur ren ts  flowing out of equatorial  regions,  and in evaluating their effects on the heat and mass  t ransfer .  
Both numerica l  and analytical computer  oriented methods are applicable here.  

As a basis for  solving problems of turbulent flow, one may use methods analogous to those proposed 
by Glushko [236] and Spaulding [237], which reduce the problem to a computer solution of the differential 
equations of turbulent flow and heat t ransfer  in appropriately closed forms.  The principles of such an ap- 
proach were recent ly  incorporated into the calculation of turbulent discharge flow between rotating and 
s ta t ionary  disks [238] with a subsequent determinat ion of the heat t ransfer  [239]. 

There  is an urgent  need to study the loss of stabil i ty in a laminar flow and the transit ion to turbulence, 
to study the separat ion or detachment zone at sudden changes in the surface curvature ,  etc. 

Still unsolved problems include relat ing problems of heat t ransfer ,  i.e.,  a combined determination is 
yet  to be made of the tempera ture  distr ibution inside a rotating body and the temperature  field in a s u r -  
rounding viscous fluid. This problem has been solved so far  only for a thick and infinitely large rotating 
disk with different (differently heated) fluids on both sides [240]. 

We note that the subject of this survey,  as has been pointed out ear l ie r ,  covers  only Newtonian fluids 
and includes neither problems of heat and mass  t ransfer  near surfaces  rotating in rheological ly complex 
fluids nor the anomalous (non-Newtonian) behavior of gases.  And yet, the rheological  charac te r i s t i c s  of 
fluids become manifest  par t icu lar ly  during rotation. These problems have been covered by Reiner in his 
monograph [241] as well as by Lykov and his students (see, e.g., [242] and appendix, also many other r e f -  
erences) .  They mer i t  a separate  survey.  

252 



LITERATURE CITED 

i. L.A. Dorfman, Hydrodynamic Resistance and Heat Transfer from Rotating Bodies [in Russian], 
Fizmatgiz (1960). 

2. F. Kreith, "Convection heat transfer in rotating systems," in: Advances in Heat Transfer, Hartnett 
and Irvine (editors), Vol. 5, Academic Press, New York (1968), pp. 129-146. 

3. V.K. ShchuMn, Heat Transfer and Hydrodynamics of Internal Currents in Fields of Mass Forces 
[in Russian], Mashinostroenie (1970). 

4. A.C. Riddiford, "The rotating disk systems," in: Advances in Electrochemistry and Electrochemical 
Engineering, P. Delahay (editor), Vol. 4, Interscience Pub[., New York (1966), pp. 47-117. 

5. Th. yon Karman, Zeitschr. Angew. Mathem. und Mechan., i, No. 4 (1921). 
6. W.G. Cochran, Proc. Cambridge Phil. Soc., 30, No. 3 (1934). 
7. I.A. Kibel', Prikl. Matem. i Mekhan., ii, No. 6 (1947). 
8. K. Millsaps and K. Pohlhausen, J. Aeronaut. Sci., 19, No. 2 (1952). 
9. E . M .  Sparrow and J. L. Gregg, Trans. ASME, 82C, No. 4 (1960). 

10. R . R .  Young, Trans. ASME, 78, No. 6 (1956). 
11. E . C .  Cobb and O. A. Sannders, Proc. Roy. Soc., 236A, No. 1206 {1956). 
12. P . D .  Richardson and O. A. Saunders, J. Mechan. Eng. Sci., 5, No. 4 (1963). 
13. E . M .  Sparrow and J. L. Gregg, Trans. ASME, 81C, No. 3 (1959). 
14. L. A~ Dorfman, Inzh.-Fiz. Zh., No. 6 (1958). 
15. D . R .  Davies and C. B. Baxter, The Quart. J. of Mechan. and Appl. Mathem., 14, No. 2 (1961). 
16. J . P .  Hartnett and Dieland, Trans. ASME, 83C, No. 1 (1961). 
17. L . A .  Dorfman, Izv. Akad. Nauk SSSR, Otd. Tekh. Nauk, No. 12 (1957). 
18. J . P .  Hartnett, Trans. ASME, 81E, No. 4 (1959). 
19. F. Kreith, J. H. Taylor, and J. P. Chong, Trans. ASME, 81C, No. 2 (1959). 
20. Iguchi Akira and Maki Tadasu, Memor. Faculty Eng. Nagoya Univ., 17, No. 1 (1967). 
21. P . I .  Zarubin and L. A. Poluboyartseva, Inzho-Fiz. Zh., 14, No. 3 (~68). 
22. L . A .  Dorfman, Inzh.-Fiz. Zh., 5, No. 5 (1962). 
23, R . D .  Cess and E. M. Sparrow, -~International developments in heat t ransfer ,"  Par t  2, ASME, No. 

4, 468--474 (1961). 
24. D . R .  Olander, Internat. J. of Heat and Mass Transfer ,  5, No. 9 (1962). 
25. R . D .  Cess, Appl. Sci. Research, A13, Nos. 2-3 (1964)_ 
26. N. Riley, Acta Mechanica, 8, Nos. 3-4 (1969). 
27. R . D .  Andrews and N. Riley, Quart. J. Mechan. and Appl. Mathem., 22, No. 1 (1969). 
28. G . M .  Homsy and J. L. Hudson, Trans. ASME, 91C, No. 1 (1969). - -  
29. L . A .  Dorfman, Inzh.-Fiz.  Zh. , 4, No. 5 ( 1 9 6 1 ) . -  
30. V . P .  Shidlovskii, Prikl.  Matem~-i Mekhan., 24, No. 1 (1960). 
31. S. Ostrach and p. R. Thornton, Nat. Advis. C-~-mm. Aeronaut. Tech. Note No. 4320 (1958). 
32. V . P .  Shidlovskii, Zh. Prikl. Mekhan. i Tekh. Fiz., No. 1 (1961). 
33. L. Sh. Soo, Trans. ASME, 83D, No. 3 (1961). 
34. V . G .  Levich, Physicochemical Hydrodynamics [in Russian], Fizmatgiz (1959). 
35. M. Daguenet, Internat. J. of Heat and Mass Transfer ,  11, No. 1 (1968). 
36. J. Newman and L. Hsueh, Electrochimica Acta, 12, No-:---4, 415 (1967). 
37. L. Hsueh and J. Newman, Eiectrochimica Acta, i-2, No. 4, 429 (1967). 
38. V . G .  Levich, V. S. Markin, and Yu. G. Chirkov-~-Elektrokhimiya, 1, No. 12 (1965). 
39. J. Yamaga, Proc. 10th Japan Nat. Congress Appl. Mechan., 279 (1960). 
40. Mabuchi Ikuo, Tanaka Tosio, and Sakaldbara Yukihiro, Trans. Japan. Soc. Mechan. Eng., 32, No. 

237 (1966). 
41. Mabuchi Ikuo, Tanaka Tosio, and Sakakibara Yukihiro, Bull. Japan. Soc. Mechan. Eng., 1_0, No. 42 

(1967). 
42. S . S .  Kong and P. L. Blackshear, Trans. ASME, 87C, No. 3 (1965). 
43. Mabuchi Ikuo, Tanaka Tosio, and Sakakibara Yukihiro, Trans. Japan. Soc. Mechan. Eng., 6, No. 

290 (1970). 
44. D.R. Olander, Trans. ASME, 84C, No. 2 (1962). 
45. Mabuchi Ikuo, Tanaka Tosio, Kumada Masaya, and Sakakibara Yukihiro, Bull. Japan. Soc. Mechan. 

Eng., 11, No. 47, 875-884 (1968). 
46. Mabuchi Ikuo, Tanaka Tosio, Kumada Masaya, and Sakakibara Yuldhiro, Bull. Japan. Soc. Mechan. 

Eng., 11, No. 47, 885-893 (1968). 

253 



64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 

47. L . A .  Dorfman, Inzh.-Fiz. Zh., 12, No. 3 (1967). 
48. L . A .  Dorfman, Trudy TsKTI, No. 98 (1969). 
49. E . M .  Sparrow and J. L. Gregg, Trans. ASME, 81C, No. 2 (1959). 
50. E . M .  Sparrow and J. L. Gregg, Trans. ASME, 82C, No. 1 (1960). 
51. S . S .  Nandapurkar and K. O. Beatty, Chem. Eng. Progr.  Syrup. Ser., 56, NO. 30 (1960). 
52. Bromlee and Humphreys, Trans. ASME, 88C, No. 1 (1966). 
53. Chiranjivi C. Apparao, K. Venkata, and Chary S. Parabrahara,  Ind. J. Techno[., 8, No. 6 (1970). 
54. T . F .  Kassner, J. Electrochem. Soc., 114, No. 7 (1967). 
55. J . L .  Hudson, Internat. J. of Heat and Mass Transfer ,  11, 407-414 (1968). 
56. S. Goldstein, Proc. Cambridge Phil. Soc., 31, No. 2 (1935). 
57. L . A .  Dorfman, Izv. Akad. Nauk SSSR, Otd. Tekh. Nauk, No. 7 (1957). 
58. L . A .  Dorfman, Dokl. Akad. Nauk SSSR, 119, No. 6 (1958). 
59. L . A .  Dorfman, Inzh.-Fiz. Zh., 1, No. 6 (1958). 
60. A . L .  Kuznetsov, Trudy Leningr~d. Korablestroit.  Inst., No. 38 (1962). 
61. D . R .  Davies, Quart. J. Mechan. and Appl. Mathem., 12, No. 2 (1959). 
62. J . P .  Hartnett, Tsai-Shin-Hva, and Jancher, Trans. ASME, 87C, No. 3 (1965). 
63. M. Kh. Kishinevskii, G. S. Kornienko, and V. P. Popovich, Teor.  Osnovy Khim. Tekhnolog., 2, 

No. 2 (1968). 
L. Fleischer,  Wiss. Zeitschr. Techn. Hochschule Leuna-Mersebur,  10, No. 4 (1968). 
B. T. Ellison and I. Cornet, J. Electrochem. Soc., 118, No. 1 (1971). 
V. M. Kapinos, Inzh. -Fiz .  Zh., 6, No. 3 (1963). 
V. M. Buznik, G. A. Artemov, a-nd V. I. Bandura, Izv. Vuzov, l~nergetika, No. 1 (1966). 
B. H. Subba Rao, J. Inst. Eng. (India), Mechan. Eng. Div., 47, No. 7 (1967). 
L. A. Dorfman, Izv. Vuzov, Energetika, No. 5 (1968). 
J. Cornet, W. N. Lewis, and R. Kappesper, Trans. Inst. Chem. Eng., 47, No. 7 (1969). 
M. M. Krishnaiah, M.V. Pal, Rao M. V. Ramana, and S. R. S. Sastri, British Chem. Eng., 12, No. 
5 (1967). 

72. Wu Ching-Sheng, AppL Sci. Res., A8, Nos. 2-3 (1959). 
73. C . L .  Tien and D. T. Campbell, J. Fluid Mechan., 17, No. 1 (1963). 
74. F. Kreith and K. Kneisel, Chem. Eng. Progr.  Symp. Ser., 61, No. 57 (1965). 
75. C . L .  Tien, Internat. J. of Heat and Mass Transfer ,  8, No. 3 (1965). 
76. Hering and Grosh, Trans. ASME, 85C, No. 1 (1963). 
77. Fox, Trans. ASME, 86C, No. 4 (1964). 
78. M. Balaram and Raju P. J. Subba, J. Aci. and Eng. Res., 9, No. 2 (1965). 
79. Tin and Tsui, Trans. ASME, 87C, No. 2 (1965). 
80. Salzberg and Kesios , Trans. ASME, 87C, No. 4 (1965). 
81. Koch and Price,  Trans. ASME, 89C, No. 2 (1967). 
82. E . M .  Sparrow and J. P. Hertnett, Trans. ASME, 83C, No. 1 (1961). 
83. V. Subramaniyan, M. S. Krishan, and P. Adivarahan, Chem. Age India, 33, No. 247 (1967). 
84. U. Biidewadt, Zeitschr. Angew. Mathem. und Mechan., 20, 241-253 (1940). 
85. D. Stojanovich, J. Aero Space Sci., No. 9 (1959). 
86. J. Lugt and E. W. Swiderski, Quart. J. Mechan. and Appl. Mathem., 23, No. 2 (1965). 
87. M . H .  Rogers and G. N. Lance, Quart. J. Mechan. and Appl. Mathem., 17, No. 3 (1964). 
88. Hatanaka Iunichi, Nakamura Yoshisuke, Yamakawa Iwao, and Ueyama Koretsune, Bull. Univ. Osaka 

Prefect. ,  A18, No. 1 (1969). 
89. G . K .  Batchelor, Quart. J. Mechan. and Appl. Mathem., 4, No. 1 (1951). 
90. K. Stewartson, proc.  Cambridge Phil. Soc., 49, No. 2 (1953). 
91. D. Grohne, Nachr. Akad. Wiss. GiSttingen Mathem. und Phys., K1, No. 1 (1956). 
92. G . N .  Lance and M. H. Rogers, Proc. Roy. Soc., A266, No. 1324 (1962). 
93. L . A .  Dorfman, Izv. Akad. Nauk SSSR, Mekhan. Zhidk. i Gaza, No. 2 (1966). 
94. A . F .  Elkouh, J. Eng. Mechan. Div. Proc. ASCE, 94, No. EM4 (1968). 
95. L . A .  Dorfman, Teplofiz. Vys.  Temp., 4, No. 5 (1966). 
96. Ryusuke Shimomura, Bull. Japan. Soc. Mechan. Eng., 13, No. 66 (1970). 
97. S. L. Soo, Trans. ASME, 80, No. 2 (1958). 
98. S . L .  Soo, R. W. Besant, and Z. N. Sarafa, Zei tschr .  Angew. Mathem. und Phys . ,  1._~3, No. 4 (1962). 
99. F. Kreith and J .  L. Peube, Canad. Roy, Acad. Sci. ,  260, No. 2 (1965). 

254 



100. L. A. Dorfman, Trudy TsKTI, No. 60 (1965). 
101. L. A. Dorfman, Inzh.-Fiz. Zh., 10, No. 4 (1966). 
102. L. A. Dorfman, Inzh.-Fiz. Zh., 12---, No. 6 (1967). 
103. L. A. Dorfman, Trudy TsKTI, No. 74 (1966). 
104. Boyd and Rice, Trans. ASME, 85E, No. 2 (1968). 
105. F. Schu[tz-Grunow, Zeitschr. Angew. Mathem. und Mechan., 15, No. 4 (1935). 
106. T. Okaya and M. Hasegawa, Japan. J. Phys., 13, No. 1 (1939). 
107. K~ Pantell, Forschung a. d. Geb. d. Ingenwes., 16, No. 4 (1949-1950). 
108. J. W. Daily and-H~ E. Nece, Trans. ASME, 82D, No. 1 (1960). 
109. V. M. Kapinos, Inzh. Fiz. Zh., 6, No. 6 {1963). 
110. F. Schultz-Grunow and R. Caly, Forschungsber. Landes Nordrhein-Westfalen, No. 1824 (19~7). 
111. L. A. Dorfman and Yu. B. Pomanenko, Izv. Akad. Nauk SSSR, Mekhan. Zhidk. i Gaza, No. 5 (1966). 
112. Yu. B. Pomanenko, Trudy TsKTI, No. 89 (1968). 
113. Yu. B. Pomanenko, Trudy TsKTI, No. 98 (1969). 
114. A. A. Lomakin, Sovetskoe Kotloturbostroenie, No. 12 (1940). 
115. T. Wannerus, Allgem. W~lrmetech., No. 12 (1955). 
116. L.A. Dorfman, Izv. Akad. Nauk SSSR, Mekhan. i Mashinostr., No. 4 (1961). 
117. A .L .  Kuznetsov, Trudy Leningrad. Korablestroit. Inst., No. 43 (1964). 
118. V. M. Kapinos, Izv. Akad. Nauk SSSR, Energetika i Transport, No. 4 (1964). 
119. N. L Nikitenko, Izv. Vuzov, Energetika, No. 9 (1964). 
120. V. S. Sedach, Trudy Khar'kov. Politekh. Inst., 24, No. 6 (1957). 
121. V. M. Kapinos, Trudy Khar'kov. Poiitekh. Inst., 24, No. 6 (1957). 
122. B. P. Mironov, Izv. Akad. Nauk SSSR, Energetika i Avtomatika, No. 3 (1960). 
123. G. Naue, Maschinenbautechnik, 13, No. 10 (1964). 
124. V. I. Devyatov, Izv. Vuzov, Aviats. Tekhn., No. 2 (1965). 
125. L. A. Dorfman and Yu. S. Osherov, Energomashuinostroenie, No. 10 (1961). 
126. A. L. Kuznetsov, Energomashinostroenie, No. 3 (1967). 
127. E. F. Kuznetsov, Energomashinostroenie, No. 12 (1967). 
128. K. A. Bezlomtsev and S. N. Morozov, Energomashinostroenie, No. 1 (1971). 
129. Mitchell and Metzger, Trans. ASME, 87C, No. 4 (1965); 88C, No. 1 (1966). 
130. E. P. Dyban, A. F. Kolesnichenko, V. M. Repukhov, and M. V. Stradomskii, Inzh.-Fiz. Zh., 15, 

No. 5 (1968). 
131. D. E. Metzger, ASME Paper NGT-20 (1970). 
132. I. T. Shvets and E. P. Dyban, Air Cooling of Gas-Turbine Rotors [in Russian], KGU, Kiev (1959). 
133. Kreis, Daumen, and Kozlovskii, Trans. ASME, 85C, No. 2 (1963). 
134. Iguchi Akira and Maki Tadasu, Memor. Fac. Eng. Nagoya Univ., 19, No. 1 (1967). 
135. Izumi Ryotaro and Iguchi Akira, Proc. 15th Japan. Nat. Congr. on Appl. Mechan., Tokyo (1965-1966). 
136. Iguchi Akira  and Izumi Ryotaro, Bull. Japan. Soc. Mechan. Eng., 13, No. 55 (1970). 
137. G. A. Tirskii, Dokl. Akad. Nauk SSSR, 119, No. 2 (1958). 
138. C. E. Pearson, J. Fluid Mechan., 21, No. 4 (1965). 
139. Raju Subba, Appl. Sci. Res., A16, No. 15 (1967). 
140. L. A. Dorfman, Izv. Akad. Nauk SSSR, Mekahn. Zhidk. i Gaza, No. 4 (1968). 
141. N. Riley, J. Fluid Mechan., 29,, No. 2 (1967). 
142. V. M. Kapinos, Izv. Vuzov, Aviats. Tekhn., No. 1 (1966). 
143. V. M. Kapinos, Izv. Vuzov, Aviats. Tekhn., No. 4 (1966). 
144. S. Ostrach and W. H. Braun, Nat. Advis. Comm. on Aeronaut. Tech. Note No. 4323 (1958). 
145. Fr. Rieger~ Chem. Eng. Sci., 24, No. 6 (1969). 
146. F. Schultz-Grunow, Zeitschr. Angew. Mathem. und Phys., 9, 628 (1958). 
147. B. P. Konstantinov and L. S. Kostousov, Inzh. Fiz. Zh., 11-~ No. 4 (1966). 
148. D. MU[ler-Arends and H. Zeibig, Naturwissenschaften, 56-~No. 1 (1969). 
149. G. L Bremer, Liquid Separators [Russian translation], M--ashgiz, Moscow (1957). 
150. I. V. Lyskovtsev, Separation of Liquids with Centrifuges [in Russian], Mashinostroenie, Moscow 

(1968). 
151. L. Howarth, Phil. Magaz., 42, No. 334 (1951). 
152. W. H. H. Banks, Quart. J. Mechan. and Appl. Mathem., 18, No. 4 (1965). 
153. W. H. H. Banks, Zeitschr. Angew. Mathem. und Phys., 1-~, No. 6 (1965). 
154. Y. Kobashi, J. Sci. Hiroshima Univ., A20, No. 3 ( 1 9 5 7 ) . -  
155. O. Sawatzki, Acta Mechanica, 9, Nos. 3-4 (1970). 

255 



156. 
157. 
158. 
159. 

160. 
161. 
162. 
163. 
164. 
165. 

166. 
167. 

168. 
169. 
170. 
171. 
172. 
173. 
174. 
175. 

176. 
177. 
178. 
179. 
180. 
181. 
182. 

183. 

184. 
185. 

186. 

187. 

188. 

189. 

190. 

191. 

192. 

193. 

194. 

195. 

196. 
197. 

198. 
199. 
200. 
201. 

202. 
203. 
204. 

Yu. G. Ovseenko, Trudy Novocherkast. Politekh. Inst., No. 109 (1960). 
Yu. G. Ovseenko, Trudy Novocherkast. Politekh. Inst., No. 116 (1961). 
C. B. Baxter and D. R. Davies, Quart. J. Appl. Mathem. and Mechan., 13, No. 2 (1960). 
F. Kreith, L. G. Roberts, and J. A. Sullivan, Internat. J. of Heat and Mass Transfer ,  6, No. 10 
(1963). 
L. G. Kalinin and Z. R. Gorbis, Inzh.-Fiz. Zh., 15, No. 3 (1968). 
P. A. Novikov, Inzh.-Fiz. Zh., 15, No. 2 (1968). 
P. Noordsy and W. Rotte, Chem. Eng. Sci., 22, No. 11 (1967). 
L. A. Dorfman, Izv. Vuzov, Mekhan. i Mashinostr., No. 6 (1962). 
J. Siekmann, Zeitschr. Angew. Mathem. und Phys., 13, No. 5 (1962). 
N. E. Khoskin, in: Boundary Layer and Heat-Transfer  Problems [in Russian], GEI, Moscow-Lenin-  
grad (1960). 
M. E. Erdogan, Istanbul Tekh. Univ. B[ill., 17, No. 1 (1964). 
S. M. Targ, Fundamental Problems in the Theory of Laminar Flow [in Russian], Gostekhizdat 
(1951). 
A. I. Borisenko and A. D. Myshkis, Prikl. Matem. i Mekhan., 23, No. 4 (1959). 
L. G. Stepanyants, Trudy Leningrad. Politekh. Inst., Energomashinostroenie, No. 5 (1953). 
D. Dropkin and A. Karmi, Trans. ASME, 79, No. 4 (1957). 
G. A. Etemad, Trans. ASME, 77, No. 8 (1955). 
J. T. Anderson and O. A. Saunders, Proc. Roy. Soc., A217, No. 1131 (1953). 
L. A. Dorfman, Izv. Akad. Nauk SSSR, Otd. Tekh. Nauk, Mekhan. i Mashinostr., No. 2 (1962). 
D. Geropp, Zeitschr. Angew. Mathem. und Mechan., 49, Nos. 1-2 (1969). 
V. Sabramaniyan. G. Bhaskara Rao, M. S. Krishna, and P. Adivarahan, Indian Chem. Eng., 10, 
No. 4 (1968). 
G. Taylor, Phil. Trans. Roy. Soc., A223, 289-343 (1923). 
G, Taylor, Proc. Roy. Soc., A151, No. 874 (1935). 
C, Gasley, Trans. ASME, 80, No. 1 {1958). 
J. S. Bjorklund and W. M. Kays, Trans.  ASME, 81C, No. 3 {1959). 
G. Y. Kuo, H. T. Jida, J. H. Taylor, and F. Kreitb, Trans. ASME, 82C, No. 2 (1960). 
F. Tachibana, S. Fukni, and H. Mitsumura, Bull. Japan. Soc. Mechan. Eng., 3, No. 9 (1960). 
V. N. Zmeikov and B. P. Ustimenko, in: Problems in Thermal Energy and Applied Thermophysics 
[in Russian], Vol. 1, Nauka, Alma-Ata (1964). 
S. I. Kosterin and Yu. P. Finat'ev, Inzh.-Fiz. Zh., No. 8 (1962). 
F. Tachibana and S. Fukui, Bull. Japan. Soc. Mechan. Eng., 7, No. 26 (1964). 

'Russell  Hoyle and D. H. Mattheus, Internat. J. of Heat and Mass Transfer ,  7, No. 11 {1964). 
P. N. Singh and D. H. Ghosh, Indian Chem. Eng., 11, No. 1 (1969). 
B. P. Ustimenko and V. N. Zmeikov, Teplofiz. Vys. Temp., 2, No. 2 (1964). 
S. I. Kosterin, Yu. A. Koshmarov, and Yu. P. Finat'ev, Inzh_-Fiz. Zh., 5, No. 5 (1962). 
M. S. RaitSis, Izv. Akad. Nauk LatvSSR, Set. Fiz.-Tekh. Nauk, No. 2 (197-0). 
L. M. Zysina-Molozhen and M. P. Polyak, Teploenergetika, No: 6 (1970). 
Yu. A. Koshmarov, Inzh.-Fiz. Zh., 5, No. 5 (1962). 
A. I. Leont'ev and A. G. Kidryashkin, Inzh.-Fiz. Zh., 13, No. 6 (1967). 
M. B. Raitsis, Izv. Akad. Nauk LatvSSR, Set. Fiz.-Tekh. Nauk, No. 2 (1968). 
V. N. Zmeikov and B. P. Ustimenko, in: Problems in Thermal Energy and Applied Thermophysics 
[in Russian], Vol. 2, Nauka, Alma-Ata (1965). 
B. P. Ustimenko, V. N. Zmeikov, and A. T. Yakovqev, in: Heat and Mass Transfer  [in Russian], 
Par t  1, Energiya, Moscow (1968). 
V. K. Shchukin, Izv. Vuzov, Aviatsionnaya Tekhnika, No. 4 (1967). 
R. M. Singer, G. W. Preckshot,  Proc. Heat Transfer  and Fluid Mechan. Inst. pasadena Calif., 
Stanford, Calif. Univ. Press  (1963), pp. 205-221. 
V. V. Mal'tsev, Vestnik Elektropromyshl. ,  No. 6 (1959). 
V. V. Mal'tsev, Vestnik Elektropromyshl. ,  No. 8 (1960). 
V. V. Mal'tsev, Vestnik Elektropromyshl. ,  No. 11 (1962). 
T. Gais, in: Boundary Layer and Heat-Transfer  Problems [in Russian], GEI, Moscow-Leningrad 
(1960). 
L. A. Dorfman and A. S. Serazetdinov, Internat. J. of Heat and Mass Transfer,  8, 317-327 (1965). 
A. A. Hayday, Trans. ASME, 87C, No. 4 (1965). 
L. A. Dorfman, Inzh.-Fiz. Zh., 5, No. 2 (1965). 

256 



223. 
224. 
225. 
226. 
227. 
228. 
229. 
230. 
231. 
232. 
233. 
234. 
235. 
236. 
237. 

205. L. A. Dorfman and V. A. Mironova, Internat. J. of Heat and Mass Transfer ,  13, No. 1 (1970). 
206. H. Schichting, Ing.-Archiv., 21, No. 4 (1953). 
207. J. Yamaga~ J. Mechan. Lab. Japan, 2, No. 1 (1956). 
208. M. K. Jain and M. K. Venkataraman, Proc. Nat. Inst. Sci. India, A35, No. 1 (1969). 
209. L. A. Dorfman, Inzh. Zh., 3, No. 2 (1963). 
210. K. Willingworth, Mekhanika--Sb. Perev. i Obzor. Inostr .  Periodich Lit., No. 2(24) (1954). 
211. Sheng To Chu and A. N. Tifford, J. Aeronaut. Sci., No. 5 (1954). 

,} 212. Lo Ao Dordman, Izv. Akad. NaukSSSR, Otd. Tekh. Nauk, Mekhan. i Mashinostr., No. 6 (196,.). 
213. E. Truckenbrodt, Ing.-Archiv., 31, No. 6 (1954). 
214. L. A. Dorfman, Izv. Akad. Nauk SSSR, Otd.Tekh. Nauk, Mekhan. i Mashinostr., No. 4 (1962). 
215. O. pa r r ,  Ing.-Archiv., 31, No. 6 (1963). 
216. M. A. Mikheev, Izv. Energetich. Ins. Akad. Nauk SSSR, 4, No. 1 (1936). 
217. Mori Yasuo and Nakayama Wataru, Internat. J. of Heat and Mass Transfer ,  10, No. 9 (1967). 
218. J. F. Humphreys, W. D. Morris,  and H. Barrow, Internat. J. of Heat and M~-ss Transfer ,  10, No. 3 

(1967). - -  
219. Wataru Nakayama, Internat. J. of Heat and Mass Transfer ,  11, No. 7 (1968). 
220. A. M~ Fedorovskii, in: Heat and Mass Transfer  [in Russian]~-VoL 1, Energiya, Moscow (1968). 
221. J. N. Cannon. Trans. ASME, 91C, No. 1 (1969). 
222. V. M. Buznik, G. A. Artemov, V. N. Bandura, and A. M. Fedorovskii, Inzh. Fiz. Zh., 15, No. 

5 (1968).. 
V. M. Buznik, Z. I. Geller, A. K. Pimenov, and Ao M. Fedorovskii, Teploenergetika, No. 4 (1969). 
Mori Yasuo and Nakayama Wataru, Internat. J. of Heat and Mass Transfer, 1_!1, No. 6 (1968}. 
Emin Erdogan, Istanbul Tekn. IJniv. B/ill., 22, No. 2 (1969). 
A. E. Kovalevskaya and R. G. Perel'man, Izv. Akad. Nauk SSSH, Otd. Tekh. Nauk, No. 1 (1958). 
A. G. Romanov, Izv. Akad. Nauk SSSR, Otd. Tekh. Nauk, No. 6 (1956). 
W. D. Morris, Aer. Res. Council Curr. Paper No. 1115 (1970). 
H. Barrow, Aer. Res. Council Curr. Paper No. 1054 (1968-1969). 
M. Bowden and H. F. Eden, Trans. Amer. Geophys. Union, 46, No. 1 (1965). 
C. Hunter, J. Fluid Mechan., 27, No. 4 (1967). 
R. L. l~effer and W. W. Folwi~, J. Atmosph. Soc., 25, No. 3 (1968). 
P. H. Stone, J. Atmosph. Soe., 25, No. 4 (1968). - -  
C. Quon, Phys. Fluids, 12, No. 12 (1969). 
Tokioka Tatsumi, J. Meteorolog. Soc. Japan, 48, No. 4 (1970). 
G. S. Glushko, Izv. Akad. Nauk SSSR, Otd~ T e ~ .  Nauk, Mekhan. i Mashinostr., No. 4 (1965). 
D. B. Spaulding and Patankar, Heat and Mass Transfer  in Boundary Layers,  Morgan-Grampian, 
London (1967). 

238. F. I. Bayley and I. M. Owen, Aeronaut. Quart., 20, No. 4 (1969). 
239. F. I. Bayley and I. M. Owen, Transo ASME, 92A~-No. 3 (1970). 
240. G. A. Tirskii,  Trudy Moskov. Fiz:-Tekh. Inst., No. 3 {1959). 
241. M. Reiner, Rheology [Russian translation], Nauka (1965). 
242. K. K. Azroyan, G. I. Bobrova, A. V. Lykov, and G. D. Rabinovich, Inzh.-Fiz. Zh., 11, No. 1 

(1966). 

257 


