
F L O W  D Y N A M I C S  AND H E A T  T R A N S F E R  

IN A R O T A T I N G  S L O T  C H A N N E L  

O .  N. O v c h i n n i k o v  a n d  E .  M.  S m i r n o v  UDC 532.516 

An analysis  is presented of the change in the flow caused by the rotation, as well as of the 
effects of the flow change on the heat t r ans fe r .  

There  is a need to improve the cooling of ro to r s  in e lect r ical  machines and of gas- turb ine  blades, and 
an important  par t  in r e s e a r c h  in this a rea  is played by the determinat ion of flow charac te r i s t i c s  and heat-  
t r ans fe r  pa rame te r s  in a rotating channel whose axis is perpendicular  to the axis of rotation. The need for  
such r e s e a r c h  is due to the marked effects of the rotat ion on the hydraulic res is tance  of the channel and on 
the hea t - t r ans fe r  rate .  Here we cons ider  the flow of a viscous liquid in a rotating channel of simple shape 
formed by two paral le l  planes; this defines the ma jo r  effects ar is ing f rom the rotation and gives a quantitative 
evaluation of the effects of the rotat ion on the res is tance  and hea t - t r ans fe r  rate .  

Consider  a pr i smat ic  slot channel of constant height 2h that rotates uniformly with an angular velocity 
w about an axis perpendicular  to the planes forming the slot. 

We introduce a Car tes ian  coordinate sys tem Oxyz rigidly coupled to the channel and oriented in such a 
way that the Oy axis lies along the axis of rotation, while the Oz axis is paral le l  to the side walls of thechannel  
and is directed along the flow, and the origin lies in the median plane of the channel. 

We f i rs t  consider  the dynamic problem. We assume that the flow has stabilized (the re la t ive-veloci ty  
vector  is not dependent on the z coordinate),  and we res t r i c t  considerat ion to the flow in the central  par t  of 
the channel fa r  f rom the side walls. We assume that the velocity vector  is paral le l  to the planes forming the 
slot at each point in this region and there fore  is a function of the y coordinate only. 

Thus, the Nav ie r -S tokes  equations for the rotating Oxyz coordinate sys tem take the form 

d~u 0fl 
v - - -  + 2~w, 

@2 Ox 

On (1) 
0 ~ ~ 

Oy 
dZw OH 
dy ~ Oz 

Here u and w are the projections of the velocity vector on the x and z axes, respectively, while If=If{x, z) is 

the modified pressure, which is defined by 

H = p ~ ( x  2 + z2). 
p 2 

It follows f rom (1) that II should be a l inear  function of x and z, i.e., 

II (x, z) = II 0 + ax + 13z. 

The boundary conditions at the upper and lower walls are  put in the usual form:  

U - -  W = 0 at  y = 4 -  h. (2)  

The p resence  of the side wails is incorporated by setting the liquid flow as zero  for any section of the 
channel paral le l  to the Oyz plane: 

h 

_~: u (y) dy = 0. (3) 
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Fig.  1. Cu rves  f o r  the  longitudinal  componen t  of the  
ve loc i ty :  1) 3"=0 (3"= 1); 2) 2; 3) 3; 4) 4; 5) 8i 6) 16, 

Fig.  2. C u r v e s  fo r  the t r a n s v e r s e  componen t  of the  ve -  
loc i ty :  1 ) - /=1 ;  2) 2; 3) 3; 4) 4; 5) 8; 6) ]6.  

The  r e s u l t  is n o r m a l i z e d  by in t roducing the f l o w - r a t e  ve loc i ty  w0, which is defined as the ra t io  of the 
flow r a t e  Q along the z axis  p e r  unit width of channel  to the  height  of the l a t t e r :  

h 

w~ 2hQ 2hl j '  w (y) dy. (4) 
- - h  

The solut ion to  (1) that  sa t i s f ies  (2)-(4) can  be put as  

w/w o = C {A [sh (?~) sin (7~) - -  sh ? sin 7] + B [ch (y~) cos (y~) - -  ch ?cos V]}, (5) 

u/w o = C [sin 27 - -  sh 2 u  A ch (?~) cos (?~) + B sh (?~) sin rYe)l, (6) 

w h e r e  
= y/h; A = 2 (ch ? sin ? - -  shy cos ? - -  2y sh ? sin ?); 

B = 2 (sh ? cos ? ,'-- ch ? sin ? - -  2? ch ? cos ?); 

? = V~-~;  Re~ = (dz---~2 ; C = 47/(A 2 ~- B2). (7) 

F igu re  1 shows the  d i s t r ibu t ion  f o r  the longitudinal  component  of the ve loc i ty  w/w0, as  ca lcu la ted  f r o m  
(5) f o r  s e v e r a l  values  of 3"; it is c l e a r  tha t  the  Cor io l i s  f o r c e  has only a s l ight  inf luence on the d i s t r ibu t ion  
of this c o m p o n e n t  if 3, is smal l ,  and the d i s t r ibu t ion  fo r  3'< 1 is e s sen t i a l ly  tha t  f o r  l a m i n a r  flow in a p l ana r  
immob i l e  channel .  This  fol lows a l so  d i r e c t l y  f r o m  (5) if wr i t t en  fo r  sma l l  va lues  of ~,: 

-- [ ?~ ] w 3 1 - - I  2-L (3518-105~ a §  ~-0(78). 
w o 2 " ' 3150 " - 

In the  range 1 < 3": 4 t he re  is a change  in the s t r u c t u r e  of the  prof i le ,  p a r t i c u l a r l y  f la t tening at the c o r e ;  
in the r ange  3'> 8 the value of w / w  0 is v i r tua l ly  cons tan t  a c r o s s  the channel ,  a p a r t  f r o m  a sma l l  a r e a  n e a r  the 
wal l s .  The speed at the c o r e  of the flow in that  e a s e  is g iven a p p r o x i m a t e l y  by 

w I - - _ ~ 1 §  
w o 2? 

Figure  2 shows d i s t r ibu t ions  f o r  the t r a n s v e r s e  componen t  of the ve loc i ty  de r ived  f r o m  (6) of s e v e r a l  
values  of % 

If 3" is smal l ,  (6) c a n  be put as  

u ?z ( 6~2 _ 5~ 4 _ 1) + 0 (76). (8) 
wo 20 " 

It fol lows f r o m  (8) tha t  u(0) /w 0 = --3"~20; an  in t e re s t ing  point  is tha t  the  ana logous  value fo r  the t r a n s v e r s e  
ve loc i ty  componen t  at  the  c e n t e r  of a c i r c u l a r  channel  is -3"2/24 [1]. The  abso lu te  value of u(0) /w 0 at f i r s t  
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Fig.  3. F r i c t ion ,  t r a n s v e r s e  c i r cu l a t i on  flow, coo rd ina t e s  
of the c e n t e r  of the  t r a n s v e r s e  vor tex ,  and Nussel t  n u m b e r  
as  funct ions of the  ro t a t i on  p a r a m e t e r .  

i n c r e a s e s  w i t h %  but a tu rn ing  point  o c c u r s  at  3" -~ 3.4. T h e r e  is a subs tan t ia l  change  in  the d i s t r ibu t ion  of 
u /w  0 in the  range  3.4<3"< 8, p a r t i c u l a r l y  f la t tening at the c o r e ;  the value of u /w  0 is v i r tua l ly  cons tan t  fo r  
3, > 8 th roughout  much  of the c r o s s  sec t ion ,  the a p p r o x i m a t e  value being - 0 . 5 / ( 3 , - 1 ) ;  an  excep t ion  is c o n s t i -  
tuted by the r eg ion  n e a r  the wal ls ,  where  the ve loc i ty  d i s t r ibu t ion  is typ ica l  of  an  E c k m a u  l a y e r  at  a solid 
boundary  [2]: 

u/w o : exp [--  u ( I - -  ~)] sin [7 ( 1 - -  ~)], (9) 

w/w o = 1 - -  exp [ - -  y (1 - -  })] cos [7 (1 - -  [)], (1 0) 

w h e r e  (9) and (10) a r e  de r ived  f r o m  (5) and (6) as  3" - . o .  

F igure  3 shows the  3, dependence  of the coo rd ina t e  G0 of the point  at  which the componen t  u (in the  uppe r  
half  of the  channel)  changes  sign; (8) r ead i ly  shows that  fo r  3,<< 1 we have ~0= 04-0"~.2, which co inc ides  with the 
c e n t e r  of the eddy r e p r e s e n t i n g  the s e c o n d a r y  flow f o r  channe ls  of c i r c u l a r  [1] o r  e l l ip t ical  [3] c r o s s  sec t ion .  
F u r t h e r ,  G0 i n c r e a s e s  with 3, and tends  a s y m p t o t i c a l l y  to  unity fo r  3" --oo. 

I n t e r e s t  a t t aches  to  the d i m e n s i o n l e s s  flow ra te  Q* c i r cu l a t i ng  in a c r o s s  sec t ion :  

Q . = _ _ f  u(~)d~__ t~ u(~.) a~. 
�9 W0 . W0 
0 1 

Figure  3 shows Q* as  a funct ion of 3'; the peak  value of Q* =0.077 o c c u r s  for  3"=3.4, so  the flow ra te  
f o r  the c i r cu l a t i on  in the c r o s s  sec t ion  does not exceed 8% of the flow in the m a i n  d i r ec t i on  fo r  any value of 3". 

The r e s i s t a n c e  is c h a r a c t e r i z e d  by the s t r e s s  on the wal l :  

vp dw l - -  - -  o 

We take  the ra t io  of  t he se  quant i t ies  fo r  the ro ta t ing  channel  r w) and the i m m o b i l e  one v 0 fo r  a g iven w 0 to get  

% _ 878 ish 27 - -  sin 27) (11) 
% 3 (A 2 + B z) 

whe re 
3vpw o 

T O 

h 

F igu re  3 shows ~'u//v0 as a funct ion of 3'; r~c ~T0 if y is l e s s  than 1, while fo r  3"> 4 the r e su l t  is 

�9 ,ol'c o ~ :13 (7 --  I). (12) 

We now considerthe heat transfer in a rotating slot channel. We assume that all physical characteristics 
of the liquid are constant. Steady-state heat transfer applies, and the temperature distribution is independent 
of the x coordinate. The energy equation can then be put as 

w a-T = pc---T a-~ - +  a :  / + ~ t k a v :  +k  av / ] (13) 

F r o m  (5) and (6) we get  tha t  a p a r t i c u l a r  so lu t ion  to  this  equat ion that  s a t i s f i e s  the  boundary  condi t ions  
at the  wall  of the  channel  

T (=}: h) = T w = T O + az, T O = const, (14) 
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can  be put as  

where  
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Fig. 4. Graphs  for  01 and 

e~, 1) ~/=0~ 2) 4; 3) 16. 

T- -  Tw (~Pcpw~ vpw~ = ~ %(~, V)+-y -6~(~ ,  V), (15) 

02 -- 4?z [ch 2%, + cos 2? - -  ch (2?~) - -  cos (2?~)1. (17) 
A'+ B z 

The solution (15) corresponds to a developed temperature distribution provided that the density of the 
heat flux is constant on the planes forming the slot; there are two components. The first on the left in (] 5) 
is due to convective heat transfer, while the second is due to the heat arising from the dissipation of mechan- 
ical energy when the liquid moves along the channel. 

Equations (16) and (17) simplify considerably if ~ is small: 

0, ~--- [~Z(6 __~2) __51/8 _~_ 0 (74), / (18) 

3 ( i  - -  ~') + 0 (v~). 
% = 7 -  J 

If ~/is ve ry  l a rge  (~/- -  ~), 

Oi ~_ (~z_ 1)/2, 02 = {1 --exp [--  27(1 - -  ~)1}/2. (19) 

Compar i son  of (18) and (19) shows that  in this case  the rota t ion has compara t i ve ly  l i t t le  effect on the 
convect ive  heat  t r a n s f e r  but causes  a cons iderab le  flattening of the d iss ipa t ive  t e m p e r a t u r e  dis t r ibut ion in 
the core .  F igure  4, which shows resu l t s  f r o m  (16) and (17) for  ~/of 0, 4, and 16, i l lus t ra tes  this .  

We now calcula te  the Nusselt  number  fo r  the case  where  the convect ive t e r m  in (15) exceeds  t h e d i s s i -  
pat ive one substant ia l ly;  the definition 

Nu = 2hq,,,/L (T,~ ~ T,~) 

and the heat ba lance  for  the d i rec t ion  of the z axis  imply that 

Nu = 2 Otw ~. 
W 0 

0 

Figure  3 shows re su l t s  f rom (20); the behav ior  of Tw/ ' r  o and Nu a l t e r s  cons iderably  when y is l a rge ,  
s ince Tw/ ' r  o i n c r e a s e s  monotonical ly  with % whereas  the Nusselt  numbe r  tends to a l imi t ing  value of 6. 

(20) 

NOTATION 

A, B, C, constants  of integration;  h, halfheight of channel; x, y, z, Ca r t e s i an  coordinate  sys tem;  l-I, 
modif ied p r e s s u r e ;  u, w, veloci ty components  along the x and z axes;  Q, flow ra te  in the z direction;  w0, mean  
f low- ra te  velocity;  ~, fl, ri0, constants  in the p r e s s u r e  function; Y, rotat ion p a r a m e t e r ;  4, d imens ion less  co-  
ordinate;  v, k inemat ic  viscosi ty;  p, density; Tw, shear  s t r e s s  on wall  of rotat ing channel; ~0, s t r e s s  on fixed 
wall; T, t e m p e r a t u r e ;  qw, heat flux; ),, t h e rma l  conductivity of liquid; Cp, specif ic  heat at constant  p r e s s u r e ;  
Tw, Tin, wall  t e m p e r a t u r e  and m e a n - m a s s  t e m p e r a t u r e ,  respec t ive ly ;  Nu, Nussel t  number .  
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I N F L U E N C E  O F  I N H O M O G E N E O U S  E L E C T R I C  

AND M A G N E T I C  F I E L D S  ON I N T E R N A L  MASS 

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

A .  L .  p a n a s y u k ,  M .  S.  P a n c h e n k o ,  
V .  M .  S t a r o v ,  a n d  N. V .  C h u r a e v  

UDC 536.423 : 537,523.3 

Equations a r e  der ived for  m a s s  t r a n s f e r  in inhomogeneous e lec t r ic  and magnet ic  f ields.  Ex-  
pe r imenta l  r e su l t s  a r e  given in support  of the theore t ica l  conclusions.  

It has been  shown exper imenta l ly  [1, 2] that  inhomogeneous e lec t r ic  and magnet ic  fields have an a p p r e -  
c iable  influence on internal  m a s s - t r a n s f e r  p r o c e s s e s  in porous  bodies .  We wish to examine some poss ib le  
physica l  m e c h a n i s m s  of this phenomenon. 

It is genera l ly  known that d ipolar  molecu les  in an inhomogeneous e lec t r ic  field with gradient  VE a r e  
acted upon by a fo rce  

f = p~vE, dyn. (1) 

Under  the act ion of this force  d ipolar  molecu les  acqui re  a veloci ty  component  in the d i rec t ion  of increas ing  
va!ues of VE with a magnitude 

U = Df/kT, cm/sec. (2) 

To the diffusion flux qv of vapor  molecules  in this case  is added a convect ive  flux qe =UC. The tota l  
flux is then 

q = % k qe = - -  D dC i l k  peCVE ] 
- dx kT (-- dC/dx) " (3) 

It is  evident f r o m  this equation that  for  VE > 0 the vapor  t r a n s f e r  r a t e  i n c r e a s e s .  The influence of the 
field is pa r t i cu l a r ly  apprec iab le  for  smal l  v a p o r - p r e s s u r e  gradients ,  such that qe>>qv, and fo r  molecu les  with 
a l a rge  dipole moment .  

An inhomogeneous field a lso  affects  a liquid d ie lec t r ic ,  pulling it into the zone of g r e a t e r  field inhomo-  
geneity.  The fo rce  acting on unit volume of the d ie lec t r ic  is 

Pe = e - - 1  v(E2), dyn/cmS. (4) 
8n 

Under the act ion of the fo rce  p e r  unit v o l u m e , P e , v i s c o u s f l o w i s  analogous to flow at  a constant  hydrosta t ic  
p r e s s u r e  gradient  VP. For  example ,  in the case  of a cyl indr ica l  cap i l l a ry  of radius  r the m a s s  flux can be 
wr i t t en  in the f o r m  

q = q , + q  -- Pr2 [ (e--1)v(E2) ] 
8n vP  -~ 8u " (5) 

Here  the f i r s t  t e r m  e x p r e s s e s  the m a s s  flux under  the influence of the hydrosta t ic  p r e s s u r e  gradient  VP, and 
the second t e r m  under  the influence of the field gradient  VE. 
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