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The qual i ta t ive l iquid-f low pa t t e rn  is cons idered  for  a rota t ing rec tangu la r  cavi ty  in the case  
of heat  t r a n s f e r  in a d i rec t ion  pa ra l l e l  to the axis of rotation; calculat ional  re la t ions  d e s c r i b -  
ing the heat  t r a n s f e r  a r e  obtained. 

Calculat ions of the t e m p e r a t u r e  s ta te  of rotat ing machine  pa r t s  r equ i re  informat ion on heat;-~transfer co-  
efficien~s in channels and cav i t i e s .  One type of rotat ing cavi ty  is shown in Fig. 1: The cavi ty  is in the fo rm 
of a r ec t angu la r  c losed para l le lep iped ,  through which the re  is heat  t r a n s f e r  in a d i rec t ion  pa ra l l e l  to the axis 
of rotat ion.  The liquid mot ion in such a cavi ty  is de te rmined  by centr i fugal  and Cor io l i s  fo rces .  

The field due to the centr i fugal  m a s s  fo rces  is inhomogeneous,  because  of the change in the liquid density 
in the t h e r m a l  boundary l a y e r  nea r  the h e a t - t r a n s f e r  sur face  and a lso  as  a r e su l t  of the var ia t ion  in the iner t ia l  
centr i fugal  a cce l e r a t i on  ove r  the radius of rotat ion.  

The va r ia t ion  in liquid density in the d i rec t ion  normal  to the h e a t - t r a n s f e r  su r face  gives r i s e  to radial  
d i sp lacement  of the liquid and leads to the development  of c i rcula t ion  in opposite d i rec t ions  in the t~vo halves 
of the cavi ty .  The d i rec t ions  of the c i r cu la to ry  mot ion a r e  indicated on the side su r face  of the cavity in Fig. 1. 

The liquid mot ion  n e a r  the cooled wall  occurs  in a pos i t ive  p r e s s u r e  gradient ,  while c lose  to the heated 
wall  t he re  is a negat ive p r e s s u r e  gradient .  

The Cor io l i s  acce l e r a t i on  vec to r  l ies  in the c r o s s - s e c t i o n a l  plane,  and va r i e s  in magnitude in accordance  
with the velocity of rad ia l  d i sp lacement  of the liquid. The dis t r ibut ion of the radia l  velocity and the d i rec t ion  
of the Cor io l i s  force  in the c r o s s  sec t ion  a r e  indicated on the f ront  wall  of the cavi ty  in Fig. 1. This Cor io l i s -  
fo rce  dis t r ibut ion may  give r i s e  to rota t ional  mot ion  of the liquid, leading to changes in the h e a t - t r a n s f e r  con-  
dit ions.  The d i rec t ion  of mot ion  is shown in Fig. 1. 

I 

_!.J 
Fig. 1. D iagram of rotat ing cavi ty .  
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The other  feature of the rotating sys tem is associa ted  with the effect of the m a s s - f o r c e  field on the s ta -  
bility of liquid motion. When the vectors  F and grad [FI coincide, the m a s s  forces  stabil ize the motion; they 
hinder the t rans i t ion  f rom laminar  to turbulent flow or  reduce the intensity of turbulent motion. In the opposite 
case,  the mass  forces  facil i tate the development of per turbat ions  and the appearance of secondary flows [1]. 

In this sys tem,  the var ia t ion in the m a s s  forces  is complex.  The p r ima ry  causes  of radial  displacement  
of the liquid a re  the l iquid-density gradient,  the vec tor  of which is perpendicular  to the hea t - t r ans fe r  surface,  
and the centrifugal  mass  force  directed along the radius of rotation. Therefore  for each c ross  sect ion the 
vectors  F c and grad p a re  mutually perpendicular ;  this c rea tes  conditions in which the [nhomogeneous field 
of centrifugal mass  forces  is able to produce liquid motion. However, the centrifugal acce lera t ion  var ies  f rom 
c ros s  sect ion to c r o s s  section, and for  p =const  the vectors  F c and grad IFcl come to coincide, result ing in a 
stabilizing effect of the mass  forces  on the flow. This effect is another  difference between rotating and fixed 
sys tems .  

Theoret ical  investigation of the problem under considerat ion is difficult, both because of the complexity 
of the m a s s - f o r c e  field determining the liquid motion and, in par t icular ,  because it is impossible to take into 
account  the changes in heat t r ans f e r  due to the stabilizing effect. There  has been an experimental  investigation 
of heat t r ans fe r  in a cavity with 2R=279.5 ram, a =25.4 ram, and b=26.2  m m  (notation as in Fig. 1) [2]. The 
cavity was filled with silicone oils with P r = 7  and 3000, and rotated around a vert ical  axis at frequencies of 
264-565 rpm.  

Also in [2], an at tempt was made to genera l ize  these experiments  on the basis of the Rossby and El<man 
numbers ,  which do not include the inert ial  acce le ra t ion  determining the intensity of f ree  motion in the sys tem.  
The determining dimension was taken to be the distance between the cooled and heated surfaces ,  although the 
maximum thickness of the laminar  boundary layer,  calculated using the inert ial  centrifugal acce lera t ion  in 
various conditions, was found to be 2.4-24% of this distance; hence the boundary layers  do not interact .  It 
proved impossible to general ize  the resul ts  of experiments  for  the two values of Pr .  

In the present  work, the experimental  data of [2] a re  analyzed in the form of a s imi lar i ty  equation 

Nu m = cRa~Pr~, (1) 

in which the Nusselt number  is wri t ten in t e rms  of the total hea t - t r ans fe r  coefficient 
1 

1 4 1 (2) 
(ZI ~2 

and the Rayleigh number  is based on the centrifugal  acce lera t ion  calculated at the outer radius:  

]c = ~2/~ (3) 

The ratio of absolute liquid t empera tu res  in [2] differed f rom unity by no more  than 3~ Accordingly,  
Eq. (1) does not include a p a r a m e t e r  reflecting the effect of nonisothermal conditions on the physical prop-  
er t ies  of the liquid. 

The number Ra = G r P r  is a general ly accepted s imi lar i ty  p a r a m e t e r  reflecting the intensity of free con- 
vection; however, it does not take the effect of the physical proper t ies  of the liquid completely into account 
and so the Prandtl  number  is also included in Eq. (1). As shown by the theoret ical  and experimental  investi-  
gation of [3], n> 0. 

Note that Eq. (1) does not include a pa r ame te r  taking into account the effect of the Coriolis  forces  on the 
heat t rans fe r .  This is because the radial velocity of the liquid, which determines  the Coriolis  accelerat ion,  
does not appear  in the boundary conditions of the problem.  In addition, this velocity depends on the centrifugaI 
acce lera t ion  and the variat ion in liquid density in the sys tem,  which is taken into account by Ra. Therefore ,  in 
the problem under consideration,  the value of Ra indirectly ref lects  the effect of Coriolis  forces  on the heat 
t rans fe r .  

in Eq. (1), the determining t empera tu re  was taken to be the mean liquid t empera tu re  in the cavity, t m = 
(t 1 +t~)/2 and the determining dimension is taken to be the maximum radius of rotat ion R. This choice sa t i s -  
factor i ly  charac te r i zes  the hea t - t r ans fe r  conditions for f ree  convection in the cavity when 6cw<<b. 

The results  of general izing experimental  data a re  shown in Fig. 2. The line in Fig. 2 corresponds  to 
the equation 

N u : =  0.058 Ra ~ Pr ~176 �9 (4) 
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Fig. 3. Compar ison of hea t - t r ans fe r  intensities under f ree convection in inertial and 
gravitat ional  m a s s - f o r c e  f ields:  1, 2) f rom Eq. (5) for  P r =  1 and 3000; 3, 4) da taof  [4] 
for  a fixed ver t ical  wall with a laminar  and a turbulent boundary layer .  

The grea tes t  deviation of the points f rom this line is 12% but for  90% of the points the deviation is no more  
than 5%. Equation (4) genera l izes  the experimental  data for  Re= 108-10 t2 and P r=7-3000 .  

For  a fixed ver t ical  surface,  according to the data of [4], turbulent conditions begin to develop at Ra ~- 
6 �9 10 t~ and the corresponding power to which Ra must  be raised is m = 0.33; at Ra < 6" 101~ there  is laminar  

flow charac te r ized  by m = 0.25. 

It is evident f rom Fig. 2 that for  a rotating cavity m = 0.3 and remains  constant over  the whole range of 
Ra investigated. This is evidently because the stabilizing effect of the m a s s - f o r c e  field prevents  the appea r -  
ance of turbulence in the experimental  conditions investigated and the liquid remains  laminar .  Similar r e -  
sults have been found for  the heat t r ans f e r  in a closed cavity between rotating disks [5]. The increase  in m 
in compar i son  with the case  of motion in fields of gravitational mass  fo rces  may be attributed to the distinctive 
features of the rotating sys tem.  In par t icular ,  it may be associated with the effect of Coriolis  accelera t ion on 

the liquid motion and heat t rans fe r .  

The r e s u l t s  obtained for heat t r ans f e r  in a rotating cavity will now be compared  with the heat t r ans fe r  
at a ver t ical  wall in a gravitat ional  field. For  this purpose,  Ra in Eq. (4) must  be expressed in t e rms  of the 
inertial  acce le ra t ion  at the mean  radius and Nu* mus t  be expressed in t e rms  of the hea t - t r ans fe r  coefficient 
at the hea t - t r ans fe r  surface.  If it is assumed that the mean hea t - t r ans fe r  coefficients of the two surfaces  a re  

the same,  a = 2a *. Making these changes, Eq. (4) takes the form 

Nu m = 0 143'Ra 0"3 Pr ~176 (5) 
�9 - -" may m " 

In Fig. 3, curves  corresponding to Eq. (5) a re  compared with curves  calculated for  the heat t r ans fe r  
under f ree  convection near  a ver t ical  wall in a gravitat ional  field [4]. It is evident that at l a r g e  P r  the heat-  
t r ans fe r  coefficients at the rotating surface and at a fixed ver t ical  wall a re  close,  but at small  P r  and the 
same Ra the hea t - t r ans fe r  intensity is significantly less at  a rotating surface than at a fixed wall. 

The experimental data used in the general izat ion were  obtained for  j c /g  =10-50 and so Eq. (4) may be 
used witl~out significant e r r o r  for  any spatial orientation of the axis of rotation. 

N O T A T I O N  

F, mass  force per  unit volume; N/mS; F c, centrifugal force; F C, Coriolis  force;  g, acce lera t ion  due to 
gravity,  m/sec2;  Jc, centrifugal accelerat ion,  m/sec2;  Nu*=a*R/~, Nusselt number; Nu =~R/2~;  Pr ,  Prandtl  
number; R, radius of rotating cavity, m; r ,  radius of rotation, m; Ra = (w2R4/v 2) ~ktPr ,  Rayleigh number; Raav = 
(~R4/2v2)flAtPr; t 1 and t 2, sur face  tempera tures ;  At =t I - t 2 ;  w, velocity of radial  liquid displacement,  m / s e c ;  
x, coordinate perpendicular  to hea t - t r ans fe r  surface;  ~i, ~z, mean hea t - t r ans fe r  coefficients at hea t - t r ans fe r  
surfaces ,  W / m  2 �9 deg; fi, volume-expansion coefficient,  deg-1; ~, thermal  conductivity, W/ re .  deg; v, kinematic 
viscosi ty,  m2/sec;  w, angular  velocity, r ad / s ec .  
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It is shown that  ava i lab le  exper imenta l  data on the th ickness  of the turbulent -boundary  l aye r  
and the filling of the velocity p rof i l e  under  s t rong injection a r e  sa t i s fac to r i ly  genera l ized  
using the p a r a m e t e r  PwV2w/P0u~. 

The boundary l a y e r  at  a p e r m e a b l e  su r face  has been  invest igated in a l a rge  number  of works  but as  yet  
no sa t i s f ac to ry  ans wer s  have been g iven to a s e r i e s  of impor tan t  quest ions a r i s ing  f rom the study of suchf lows .  
In pa r t i cu l a r ,  t he r e  is no a g r e e m e n t  as to the exis tence and f o r m  of a un iversa l  p a r a m e t e r  determining the 
b o u n d a r y - l a y e r  th ickness  at  a p e r m e a b l e  p la te  under  s t rong injection.  

Strong inject ion is taken to be such that  the veloci ty  p rof i l e  degenera tes  to a s t ra igh t  line and the concen-  
t r a t ion  of injected m a t e r i a l  at  the p e r m e a b l e  wall  approaches  100%. 

Most r e s e a r c h e r s  be l ieve  that  the th ickness  of the turbulent -boundary  l aye r  a t  a p e r m e a b l e  pla te  is 
Uniquely de te rmined  by the p a r a m e t e r  (PwVw/P0u0) "Re ~ r e g a r d l e s s  of the s t rength of injection. This view 
is based  on exper imenta l  resu l t s  obtained with in termixing gas flows e i ther  of the s a m e  densi ty  or  e l se  of only 
slightly different  dens i t i es  [1-5]. 

Boundary l a y e r s  with in termixing gas  flows of significantly different  densi t ies  w e r e  f i r s t  sys temat i ca l ly  
invest igated in [2, 3]. It was argued that the genera l ly  used injection p a r a m e t e r  should be modified by the in t ro -  
duction of a f ac to r  with a va r iab le  index so as  to take into account  the density rat io .  However ,  only resu l t s  ob- 
rained fo r  the t h e r m a l  s ta te  of a p e r m e a b l e  p la te  we re  genera l ized  using this p a r a m e t e r .  

Sys temat ic  data we re  given in [6] on the thickness  of the turbulent  boundary l a y e r  a t  a p e r m e a b l e  plate  
when the in termixing flows a r e  of significantly different  densi t ies .  It was es tabl ished that  the bounda ry - l aye r  
th ickness  and the fil l ing of the veloci ty prof i le  depend on the p a r a m e t e r  (PwVw/P0u0) (Pw/P0) k" Re~ where  k = 

- 0.25* 0.05 fo r  1 -< Pw/Po -< 3 and k = - 0.5 ~~ fo r  0.07 -< Pw/Po <- 1, r e g a r d l e s s  of the inj ect ion s t rength.  It was 
shown that  the s ame  p a r a m e t e r  a lso  de t e rmines  the separa t ion  of the boundary l aye r  f r o m  the wall .  

In [7, 8], an i n t e r f e r o m e t e r  was used to de te rmine  the conditions for  the sepa ra t ion  of the turbulent -  
boundary l a y e r  at a porous  pla te  with the injection of heterogeneous  gas .  As a r e su l t  i t  was poss ib le  to con-  
f i r m  that  the sepa ra t ion  p a r a m e t e r  (PwVw/P0u0). Re 0.2 depends s t rongly on the density ra t io  of the in termixing 
flows. 

Thus it has been  shown that under  s t rong injection the p a r a m e t e r  (PwVw/p 0u0). Re ~ does not uniquely d e t e r -  
mine  the flow in a turbulent -boundary  l a y e r  a t  a p e r m e a b l e  plate .  Note, however,  that empi r i ca l  p a r a m e t e r s  
with a va r i ab le  index in the f ac to r  (pw/P0) k, such as  a r e  introduced in [3, 6], do not have a c l e a r  physica l  m e a n -  
ing, s ince they der ive  nei ther  f r o m  bounda ry - l aye r  theory nor  f r o m  je t  theory .  There fo re ,  nei ther  of them can 
be regarded  as a genera l  p a r a m e t e r .  
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