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A number of experimentally observed phenomena (the magnetoviscosity effect, i .e.,  increase of the 
viscosity of a ferromagnetic  suspension in a magnetic field [1], and the entrainment of a polar fluid by a non- 
steady magnetic field [2-4]) can be explained on the basis of the notion of internal rotations and the associated 
internal friction as a mechanism of momentum transfer  from the field to the medium [5-8]. In line with the 
expanding study of the influence of internal rotations on macroscopic fluid motion there is also considerable 
in teres t  in the development of mathematical models of asymmetr ic  polarizable and magnetizable media [5, 
9-12]o 

In the present  ar t ic le  we show that the influence of internal rotations under definite conditions not only 
leads to a modification of the momentum-transfer  law, but also proves significant in hea t - t ransfer  processes  
and, in the case of multi component fluids, mass - t rans fe r  processes  as well, giving r ise to a highly specific 
"microconvective" t ransfer  mechanism. 

Inasmuch as the significance of the internal-rotat ion concept is part icularly highlighted in the case of 
suspensions and colloidal solutions, we discuss a certain volume of a suspension in a system S', in which 
macroscopic motion does not take place. This system rotates relative to the laboratory frame S with an 
angular velocity 12 = (1/2)rotv (rot = curl). In fhe system S' the part icles of the suspension rotate with a veloc- 
ity R =~0-12, where ~ is their  rotational velocity in the system S. The rotating part icles together with the 
fluid entrained by them through viscosity induce a local microconvective heat t ransfer  in the system S' in the 
case of a nonuniform temperature  distribution in the fluid. When the distance between the part icles is commen- 
surate with their  sizes and the lat ter  a re  large,  a possible outcome of the interaction of the temperature 
fields of the individual microvort ices  and heat t ransfer  between them is a macroscopic heat flux qr,  which 
competes with the conductive heat flux q0- 

We estimate the ratio qr/q0 on the basis of the heat- t ransfer  equation v~TT =~v~T, applying it to the 
individual microvortex,  in which case it is necessary to adopt as the character is t ic  space scale the micro-  
vortex radius lo. Then v~R/ 0 ,  and: 
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I f  l 0 N 100/~ and x = 10 -Y m 2 / s e e ,  then qr /q0 =' 1 for  R ~, 10 sec  -1. 

Thus,  a s izable  net effect  is  to be expected  in the case  of re la t ive ly  la rge  v o r t i c e s  (~10  to 100#) .  

A complete  theore t ica l  solution of the h e a t - t r a n s f e r  p r o b l e m  in the given s i tuat ion can be obtained by 
analyzing the hydrodynamics  and total  heat  t r a n s f e r  in appl icat ion to each individual m i c r o v o r t e x  on the bas i s  
of equations desc r ib ing  the c a r r i e r  fluid with r e g a r d  for  in te rac t ion  of the m i c r o v o r t e x  t e m p e r a t u r e  and 
ve loc i ty  f ields.  Since this  p rob l em  a p p e a r s  to be unsolvable  analyt ica l ly ,  we p ropose  h e r e  a phenomenological  
approach ,  where in  r a t h e r  than cons ider  al l  the deta i ls  of  mic roconvec t ive  heat  t r a n s f e r  we introduce the con- 
cept of  the effect ive  t h e r m a l  conductivity t enso r  X ik, which has  the p rope r ty  that  the hea t  flux de te rmined  by 
i t  - qi = XikvkT - i s  equal  to the flux induced by  the actual' m e c h a n i s m s :  mic roconvec t ion  and conduction. The 
t e n s e r  h i k  i s  a function of the v e c t o r  R.  The genera l  f o r m  of the t ensor  constructed f rom the components  of 
t t  i s  ~ih -----" X16ik - -  (3.r/B")B~Bh + O.a/B)s~:~, ,~B,,where ~ ikm is  the Lev i -Civ i t a  t ensor .  

Inasmuch as  the fluid motion induced in the m i c r o v o r t i c e s  by mic roconvec t ive  heat  t r a n s f e r  takes  p lace  
in a plane pe rpend icu l a r  to the v e c t o r  R,  i t  i s  r ea sonab le  to a s s u m e  tha t  the hea t  t r a n s f e r  along R i s  solely 
a t t r ibutable  to t rue  hea t  conduction. This  in ference  is  embodied ma thema t i ca l ly  in the re la t ion  (q "R)= 
-7~ 0 ( v T ' R ) ,  which a s s e r t s  that  X 1-X r =• 0' Consequently,  

~i~ = (~o + ) ~ r ) ~  - -  "~'reieh + 3"acid,he,n, (2) 

where  es  = R s / R .  

The cons t ra in t s  on the signs of the coeff icients  X a , Xr ,  X 0 mus t  be deduced f r o m  the condition of non- 
negat ivi ty  of the net en t ropy  a T p r o d u c e d  by the ef fec t ive  t h e r m a l  conductivity [13]: 

T~T = - - q ' v  T ~> 0 

o r  

()~0 --  )~r)(V T) " - -  )~reiei~viTvkT ~ O. (3) 

Th i s  r e su l t  i s  va l id  for  any va lues  of  era, spec i f ica l ly  i f  ei =0. T h e r e f o r e ,  X0+ Xr>-0 .  By the independence 
of conduction and microconvec t ion  we obtain 

)~0, ~ ~> 0. (4) 

Relat ion (4) au tomat ica l ly  e n s u r e s  sa t i s fac t ion of Eq. (3), because  X r(VT) 2---X r e i e k v i T V k  T. The sign of X a 
r e m a i n s  inde te rmina te ,  because  the  heat  flux due to the a n t i s y m m e t r i c  p a r t  of the t h e r m a l  conductivity t ensor  
X a e i k m e m ,  y ie lds  a zero contribution to the net entropy:  e ikmemVkTviT- - -  0. 

The coeff icients  X r and X a depend on the t he rmophys i ca l  c h a r a c t e r i s t i c s  of the c a r r i e r  fluid and on the 
s i zes  and concentra t ion of the pa r t i c l e s ,  and for  a given med ium they a r e  functions only of the s ca l a r  inva r i an t  
of  R ,  i .e . ,  [R]. 

I t  i s  impor t an t  to note that  the change of the t enso r i a l  d imens ions  of the t r a n s f e r  coeff icients  for  shear  
flows of fluids cha r ac t e r i z ed  by in te rna l  s t ruc tu re  is  d i scussed  in [14], and the t ensor i a l  nature  of the t h e rma l  
conductivity of a med i um  in the p r e s e n c e  of a v e c t o r  field of  in terna l  ro ta t ions  is desc r ibed  f r o m  the fo rmal  
standpoint in [10]. 

We now wr i t e  in vec t o r  f o r m  the e x p r e s s i o n  for  the heat  flux in a med ium whose t h e r m a l  conductivity 
is  desc r ibed  by re la t ion  (2): 

q = --).oV T - -  l r ( v T  - -  e(e,VT)) - -  )~.e • v T .  (5) 

The f i r s t  t e r m  in this  e x p r e s s i o n  co r r e sponds  to the t rue  t h e r m a l  conductivity of the medium,  the 
second t e r m  spec i f i e s  the mic roconvec t ive  hea t  flux in a plane pe rpend icu la r  to the v e c t o r  e and pa ra l l e l  to 
the p ro jec t ion  of the t e m p e r a t u r e  gradient  onto that  plane,  and the th i rd  t e r m  d e s c r i b e s ,  c o r r e c t  to the sign of 
X a ,  the mic roconvec t ive  hea t  t r a n s f e r  in the d i rec t ion  pe rpend icu la r  to the v e c t o r s  e and ~ T .  The diffusion 
t en s o r  Dik of the component  d i sso lved  in the med ium with mic ro ro t a t i ons  has  a f o r m  s i m i l a r  to that  of  the 
t h e r m a l  conductivity t enso r  (2). 

Fo r  the t h e r m o m e c h a n i c a l  descr ip t ion  of a med ium with the t r a n s f e r  p r o p e r t i e s  d i scussed  above we 
mus t  r e s o r t  to the fo rm a l  mach ine ry  of a s y m m e t r i c a l  hydrodynamics .  Neglecting diffusion of in ternal  r o t a -  
t ions,  compress ib i l i t y ,  and d iss ipa t ive  h e a t - r e l e a s e  p r o c e s s e s ,  we wr i te  the t r a n s f e r  equations for  an a s y m m e t -  
r i ca l  fluid in the fo rm:  
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pdv~/dt = O(~l~lOx h + p/~; (6) 

Idcojdt = --eim.n (1/2)(6m~ --  O+~m) -'~ 9m~; (7) 
cppdT/dt ----- --div q; div v = O, 

~ h e r e  I i s  the total  m om en t  of  iner t i a  of the p a r t i c l e s  pe r  unit vo lume and fi and mi a r e  the densi t ies  of the 
ex te rna l  fo rces  per  unit m a s s  and the m o m e n t s  of the forces .  

The p r e s e n c e  of ex te rna l  vo lume to rques  is  a n e c e s s a r y  condition for the product ion of in ternal  ro ta t ions  
in the fluid. Consequently,  for  e x p e r i m e n t a l  observa t ion  of the mic roconvec t ive  h e a t - t r a n s f e r  effect  one can 
use  f e r r o m a g n e t i c  suspens ions .  In te rna l  ro ta t ions  can be c rea ted  in such suspens ions  e i ther  by a rotat ing 
field or  by un i f e rm  magne t i c  field appl ied to a shear  flow of the suspensions .  We cons ider  the second t ech-  
nique, which a p p e a r s  to be  the m o r e  p rac t i ca l  to implement .  

I t  i s  e s sen t i a l  to note that  the t h e r m a l  conductivity of a f e r r o m a g n e t i c  suspension in the p r e sen ce  of a 
magnet ic  field is  a l so  a function of the f ield vec to r  It: X ik=h ik (R ,  H). Inasmuch as  the f ield-induced an i so -  
t ropy  of the t h e r m a l  conductivity i s  a s s o c i a t e d  with the s t ruc tu re  i m p a r t e d  to the suspens ion by magnet ic  
d i p o l e - d i p o l e  i b r ce s ,  and as  the in t e rna l - ro ta t ion - induced  an iso t ropy  is  a s soc ia ted  with s t ruc tu ra l  d i s in t eg ra -  
t ions,  the influence of the field on the t h e r m a l  conductivity of the med ium can be neglected in the f i r s t  s tage 
of inves t igat ion of m ic roconvec t i ve  heat  t r a n s f e r .  

We invoke the exp re s s ion  obtained by Kagan and o thers  [4] for the s t r e s s  t ensor  of  an i ncompres s ib l e  
f e r r o m a g n e t i c  suspens ion in the n e a r - e q u i l i b r i u m  approximat ion  with r e s p e c t  to magnet iza t ion  (it is  a s su med  
that  the c h a r a c t e r i s t i c  hydrodynamic  t ime  constants  a r e  smal l  in compar i son  with the magnet iza t ion  r e l a x a -  
t ion t ime  of the suspension):  

( ~  Ovh ) It~Bk 
~i~ = PSih + ~l \oxk "[ ox~ i 4.~ - -  2~q~etk~ (Q~ --  hz (ft.h)). (8) 

H e r e  ~ and ~? r a r e  the o rd inary  and rota t ional  v i s cos i t i e s ,  r e spec t ive ly .  The value of ~r  for  a given suspen-  
sion is  a function of the field H. Without wr i t ing  out the explici t  f o rm of~? r calculated in [4] with s t r ingent  
cons t ra in t s  on the p r o p e r t i e s  of the suspens ion,  we a s sume  that  re la t ion  (8) is  appl icable  to magnet ic  su s -  
pens ions  over  a wide range  of the i r  d i spe r s ion  and other cha r ac t e r i s t i c s .  Also,  hl=Hl/H; B i = H i  + 4vM i is  
the magnet ic  induction, and Mi is  the magnet iza t ion  of the suspension.  The s t eady - s t a t e  equations of motion 
of a f e r r o m a g n e t i c  suspension in un i form fields,  accord ing  to (6)-(8), have file fo rm 

9(vv) v = --VP + +qV ~v --  llr rot ([t - -  h(Q.h)); (9) 

R = ( 1 0 )  

where  ~~ r = max ~?r is  the va lue  of the rotat ional  v i s c o s i t y  when the ro ta t ions  a r e  comple te ly  frozen (w = 0). 

We augment  Eqs.  (9) and (10) with the s t eady - s t a t e  heat -conduct ion equation 

cppvv T : --divq, (11) 

in which q is  given by expres s ion  (5). 

P roceed ing  f r o m  re la t ions  (5), (9)-(11), we consider  noniso thermal  Couette flow in the annular  space 
between two long cy l inders  when the inner  cyl inder  of rad ius  R 1 is  rota t ing with a ve loci ty  ~0 and a constant 
hea t  flux q0 is  speci f ied  on it, while the outer  cyl inder  of rad ius  R 2 is  at r e s t  and is  t he rmos ta t i ca l ly  regulated 
at a constant  t e m p e r a t u r e  T 0. The magnet ic  field is  un i form and perpendicu la r  to the gene ra t r ix  of the c y l -  
inder .  

In this si tuation Eq. (9) d e s c r i b e s  flow with a constant  shear  veloci ty:  

R~ Qo . 
f t =  

This  fact  coupled with Eq. (10) leads  to the conclusion that the suspended pa r t i c l e s  exper ience  slip re la t ive  to 
the c a r r i e r  fluid, with an angula r  ve loc i ty  

In the given p rob l em,  since the in te rna l  ro ta t ions  a re  uniform,  they do not a l t e r  the t e m p e r a t u r e  profi le  
o r  the ve loc i ty  prof i le  of the fluid, r a t h e r  they m e r e l y  intensify the h e a t - t r a n s f e r  p r o c e s s .  The solution of 
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' 0 , s / / J l  

8=, ~! 

,s i 

Fig. 1 

the  heat -conduct ion equation, which takes  the fo rm v 2 T = 0  with boundary conditions T(R z) = T0, T ' ( R , ) = - q 0 / X * ,  
where  X* =k0+ Xr ,  i s  

T = To + (qoRl/L*) In (B~/r). 

The t e m p e r a t u r e  T 1 on the inner  cyl inder  is  

Tx = To + (qoR1/~.*) In (R,/R,).  (13) 

I f  the ra t io  ~ r / ~ r  ~ i s  known, then by de te rmin ing  T1, q0, and ~2 0 expe r imen ta l ly  i t  i s  poss ib le  to de te rmine  
the function Xr(R) accord ing  to (13) and (12) for  a given suspension,  such being the object ive of the exper iment .  
A be t t e r  technique for  de te rmin ing  ~ r / ~  is  to m e a s u r e  ~ r  together  with T1, %, and 12 0 in a single exPer iment  
accord ing  to the va lue  of  the torque act ing on one of the cyl inders .  

In another  s i tuat ion that i s  a lso  s imple  to r ea l i ze  exper imenta l ly ,  namely,  noniso thermal  Poiseui l le  flow 
in a n a r r o w  gap between two hor izonta l  t he rmos t a t i c a l l y  regula ted  p la tes  in a un i form perpend icu la r  field, 
not only the heat  flux, but a lso  the t e m p e r a t u r e  prof i le  of the liquid changes.  This  happens because  the in terna l  
ro ta t ions  and, hence,  the t h e r m a l  conductivity in the layer  v a r y  a c r o s s  the layer  f r o m  one point to the next. 
In the given si tuat ion the equation of motion (9) is solved independently of the h e a t ,  conduction equation. With 
the boundary conditions vxlu= n = vxlu=_ h = 0 this solution turns  out to be 

v~ = 2__ ~vp (h 2 - -  y~), v~ = ~,~ = 0; P-.~ = - -  -~-y = ,~-- g ' a V  vp 

where  ~7" = ~ r  + ~/. The in tens i ty  of  the in ternal  ro ta t ions  is  given by the express ion  

l:tz = ( n~Vp /n~ n* )Y. (14) 

Proceed ing  f r o m  this resu l t ,  we ana lyze  the t h e r m a l  si tuation in the l ayer ,  a s suming  that 7t r i s  a l inear  
function of IRI: 

z~ = ~iRt, r162 > 0. (15) 

Relations (15) and (14) give 

z~ = ~ 1 y I, ~ = ~n~vp/ng  n*. 

Inasmuda as  the de r iva t ive  ~ ' r  is  discontinuous at  the point y = 0, the solution of the heat -conduct ion  equa-  
tion, which in this case  has  the fo rm 

(l + Z,!Z0) r "  -§ (z~l~0) r '  = 0, 

mus t  be sought s e p a r a t e l y  in the domain 0< y<-h(Tt'r=fl) and in the d o m a i n - h - y <  (X ' r= - f l ) ,  and then the 
solut ions matched a t  y = 0. 

Final ly ,  in t roducing the d imens ion les s  v a r i a b l e s  ~ =y /h ,  | = [ 2 T - ( T I +  T I ) ] / ( T I - T  2) with the boundary 
conditions | | i, we obtain 

0 = sgn (~) In (i + Bl~]).'ln (i -~ B), (16) 

where  B=/3hA0 is  de te rmined  by the ra t io  of the m a x i m u m  value of the effect ive t h e r m a l  conductivity co-  
efficient h r a s soc ia t ed  with in te rna l  ro ta t ions  to the t h e r m a l  conductivity h 0 of the ro ta t ion less  fluid and cha r -  
a c t e r i z e s  the nonl inear i ty  of  the t e m p e r a t u r e  prof i le .  As B - - 0  (the influence of in te rna l  ro ta t ions  diminishing),  
express ion  (16) goes  over  to |  i .e . ,  g ives  the usual  l inear  t e m p e r a t u r e  d is t r ibut ion along the height of  the 
layer .  
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The change in behav ior  of the t e m p e r a t u r e  dis t r ibut ion of the liquid in the l aye r  with increas ing  value 
of the p a r a m e t e r s  B is  i l l u s t r a t ed  in Fig. 1. 

I t  i s  seen that  a s  B is  i nc reased  the t e m p e r a t u r e  prof i le  becomes  i n c r e a s i n g l y  curved in such a way 
tha t  the t h e r m a l  s t r e s s e s ,  dec reas ing  n e a r  the pla te ,  extend into the cent ra l  region of the l ayer ,  where  3 e ; ~  ---- 
= B/ln (i --  B). 

I t  i s  a l so  seen that  the i n c r e a s e  in the hea t  flux q through the layer  due to in ternal  ro ta t ions  is  given by 
the expres s ion  

q'qo = B/ln (i -~- B), 

which in the case  of sma l l  va lues  of B goes  over  to the re la t ion q =q0(l+ B/2).  F o r  exper imenta l  observa t ion  
of the effect  in question it a p p e a r s  m o r e  p rac t i ca l  to m e a s u r e  the t e m p e r a t u r e  drop  between the boundar ies  
of a hor izonta l  l ayer ,  in which ease  the lower plate  is  t he rmos ta t i ca l l y  regula ted  at T=T0  and a constant heat  
flux q is  mainta ined at the upper  plate.  

Reducing the t e m p e r a t u r e  to d imens ion les s  f o r m  by r e f e r e n c e  to the t e m p e r a t u r e  drop that occurs  in 
the absence  of in terna l  ro ta t ions  (H = 0): | = (T-T0) / (~?I -T0)  , where  ~71 is  the t e m p e r a t u r e  of the upper  plate 
in the absence  of ro ta t ions  and ~?l-T0 = 2qh/X0, and using the re la t ion y =~h, we find a solution of the stated 
p r o b l e m  in the f o r m  

@~ = (7~ -- :ro),(T ~ -- T~ = (17) 
In (t -~- B),'B. 

We now obtain a s imple  es t ima te  of the reduc~on  of the t he rma l  s t r e s s  in the l aye r  for a given heat  
flux, a s suming  in accordance  with (1) that  B = R l ~ / ~  and, in accordance  with (14) that  R =~r~yPh/~~ * . Putting 

j 0 ~]~,~]~ -~ '1, ~]* ~- i0 : ' ,  VP = 0,6, h = {, l0 ~ i0 :~, • = ~()-~ (cgs units), we obtain B ~, 6. Substituting the value 
found for B into (17), we find that  the t e m p e r a t u r e  drop d e c r e a s e s  by one thi rd  (| 

Thus,  the m e c h a n i s m  d i scussed  h e r e  can resu l t  in app rec i ab l e  intensif icat ion of heat  t r a n s f e r  and modi -  
f icat ion of the t e m p e r a t u r e  prof i le  in shear  flows of suspens ions  in which volume to rques  a r e  p resen t .  
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