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The influence of a constant  and an a l te rnat ing  magnet ic  field on the h e a t - t r a n s f e r  p r o c e s s  in 
a cyl indr ica l  l aye r  is invest igated exper imenta l ly  in connection with magnetorheologiea l  s y s -  
t ems  with s h e a r  flow. 

Magnetorheologica l  s y s t e m s  {MRS) c o m p r i s e  f e r romagne t i c  suspens ions  with a cha r ac t e r i s t i c  s t ruc tu re  
f o rmed  by magne t iza t ion  and in terac t ion  of the f e r romagne t i c  pa r t i c l e s  with an external  magnet ic  field. The 
mechanica l  behav ior  of such fluid s y s t e m s  is de te rmined  la rge ly  by the shea r  s t rength  of the s t ruc tu re .  The 
l a t t e r  p rope r ty  depends on such f ac to r s  as the s t rength  and or ienta t ion of the magnet ic  field, the par t i c le  s izes ,  
the magnet ic  c h a r a c t e r i s t i c s  and concentrat ion,  the p r o p e r t i e s  of the d i spe r s ion  medium,  the t e m p e r a t u r e ,  
etc. ,  [ 1]. 

We have p rev ious ly  demons t ra ted  the highly specif ic  and substant ial  influence of a magnet ic  field on the 
the rmophys ica l  c h a r a c t e r i s t i c s  of MRS [2]. We found that in s ta t ionary  magnetorheologica l  composi t ions ,  
along with intensif icat ion of the conduct ive  h e a t - t r a n s f e r  p r o c e s s  in the d i rec t ion  of the magnet ic  field, the re  
is a reduct ion in the effect ive t he rm a l  conductivity in the pe rpend icu la r  direct ion.  Thus,  for  the MRS contain-  
ing 50 wt. %.electrolyt ic  nickel  powder in A MG-10 hydraulic  fluid thickened with 8% a luminum s t ea ra t e  the co-  
efficient k~/k0~ of induced anisot ropy of the t h e r m a l  conductivity at ta ins  a value of 1.7, whereas  for  the ana l -  
ogous 10% MRS of carbonyl  i ron  it has a value of 1.2. The nature  of the influence of var ious ly  oriented m a g -  

fields on k~ and ke~ for  different  MRS is i l lus t ra ted  by the curves  in Fig. l a .  Dis regard ing  the aetie physica l  
m e c h a n i s m  of heat  t r a n s f e r  in the g iven mic rohe te rogeneous  sy s t ems ,  the evident exponential  growth of the 
t h e r m a l  conductivity with the magnet ic  field is c l ea r ly  a t t r ibutable  to p re fe ren t i a l  s t rengthening of the con-  
tac t s  be tween e lements  of the s t ruc tu re  in the d i rec t ion  of the field due to the i nc rea se  in the energy of an iso-  
t ropic  pa r t i c l e  in te rac t ion  [3]. The validity of this hypothesis  is i l lus t ra ted  by Fig. lb.  Here  the data obtained 
in [2] fo r  a magnet ic  field pa ra l l e l  to the hea t - f lux  d i rec t ion  a r e  given as a function of the specif ic  energy of 
in teract ion:  Vsp -~ 12/q~ [3]. The s a t i s f a c t o r y  genera l iza t ion  of the exper imenta l  data by cu rve  1 leads to the 
empi r i ca l  re la t ion  
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which is sui table for  approx imate  calculat ions of the t he rma l  conductivi t ies  ~[~ in the invest igated ranges  of 
the p a r a m e t e r s .  P re fe ren t i a l  reduct ion of the t he rma l  r e s i s t ance  in the d i rec t ion  of the magnet ic  field, in 
turn,  d e c r e a s e s  the h e a t - t r a n s f e r  r a t e  in the pe rpend icu la r  direct ion.  The t he rma l  conductivi t ies ~,• can be 

e 
determined  f r o m  the expres s ion  [4] 
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• thus ealeula ted differ  a t  m o s t  by 4~ f r o m  the exper imenta l .  The coeff icients  h e 

We note that  the above-ment ioned  c h a r a c t e r i s t i c s  of conductive heat  t r a n s f e r  in MRS r e f e r  to the ease  
of a s ta t ionary  plane l a y e r  with unbroken s t ruc tu ra l  e lements  or iented in the d i rec t ion  of the magnet ic  fo rce  
l ines .  

In p rac t i ce ,  however ,  pa r t i cu la r ly  in heat-exchanging equipment,  magnetorheologica l  s y s t e m s  exper ience  
s t rong shea r  flow. In the given instance,  despi te  pa r t i c le  interact ion,  an o rdered  s t ruc tu re  is genera l ly  absent .  
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Fig. 1. Relative thermal  conductivity of MRS versus  a) 
constant magnet ic-f ie ld  s trength It- 10 -3, A / m  (1 vol. o~); 
b) specific energy of interact ion of fer romagnet ic  par t ic les  
V?0~ J/m3. 1) 1.2% R-10; 2) 4.3% R-10; 3) 9.5% R-10; 4) 

P N ~ - I ;  5) 3.9% P N ~ - I ;  6) 8.6% P l ~ - l ;  7) 1.0% PNK-1; 
8) 4.3% PNK-1; 9) 9.5% PNK-I. 

We have attempted to pe r fo rm an experiment under conditions such that the heat t r ans fe r  associated with 
shear  flow is determined solely by then~nal conduction. This si tuation makes it possible to compare  ea r l i e r  
data on the the rmal  conductivity of a s ta t ionary MRS laye r  with measurements  in sys tems  having a s t ruc ture  
that is subjected to continuous breakup by shear  flow. The most  appropria te  hydrodynamic situation for the 
given experiment  is Couette flow created,  for  example, in the annular space between rotating coaxial cyl inders .  

For  sufficiently slow flow, such that dissipation of mechanical  energy is negligible, the hea t - t r ans fe r  co-  
efficient in the space between a rotating inner cyl inder  and a s tat ionary outer cyl inder  does not depend on the 
speed of rotation, and the dimensionless  hea t - t r ans fe r  coefficient is [5] 

N, = 2gls/(T ~ - -  T~) s = 2. (1) 

We created flow of this type in the space between the two coaxial cyl inders  of a specially modified Reotest-2 
ro ta t ionv i scos ime te r .  An electr ic  heater  of constantan wire  0.3 m m  in d iameter  was fitted to the surface  of 
the rotating inner ebonite cylinder.  A layer  of copper  foil 0.1 mm thick was wrapped around the heater,  making 
the outside d iameter  of the ro to r  a total of 21 ram. A c o p p e r - e o n s t a n t a n  thermocouple  0.1 mm in d iameter  
was caulked onto the surface  of the copper  foil. Current  col lectors  were mounted in the upper par t  of the ro to r  
to supply the heater  and take off the thermocouple  output signal. Current  was supplied to the heater  through an 
au to t r ans fo rmer  f rom the ac line; the power in the heater  c i rcui t  was measured  with an F-585 electronic watt-  
me te r .  The thermocouple  emf on the inner and outer  cyl inders  of the v i scos imete r  was recorded with VK-2-20 
digital vo l tammeters  having a maximum 1-#V e r r o r .  The stat ionary outer cylinder on the v i scos [mete r  was 
thermosta t ica l ly  regulated with distilled water  f rom a U-10 thermosta t  with maximum 0.1~ f luctuat ion.  

We used R-10 carbonyl iron and PNI~-I electrolyt ic  nickel MRS (10, 30, and 50 wt.%) [nAMG-10 hydraulic 
fluid thickened with 8% aluminum s teara te  to invest the sys tem with stability. The working cell could beplaced 
in longitudinally and t r ansver se ly  oriented constant magnetic fields relative to the direct ion of heat flow and 
in a t r ansve r se  al ternating field. In the la t ter  case  the solenoid winding was connected through an auto t rans-  
f o r m e r  direct ly  to the ae line (f= 50 Hz). 

We f i rs t  conducted cal ibrat ion experiments  to tes t  the real izabil i ty of the neces sa ry  hea t - t r ans fe r  con-  
ditions. The standard liquids were  glycerin,  Vaseline oil, and sil icon oil, as well as AMG-10 hydraulic fluid 
thickened with aluminum s teara te .  At all ro tor  speeds the t empera tu re  was measured  after  the sys tem had 
settled into the steady state and the magnetic field had been applied. The resul ts  of the cal ibrat ion tests  ex- 
hibit good agreement  with relat ion (1), justifying the assumption that thermal  conduction is the main f a c t o r  
governing the hea t - t r ans fe r  p rocess  in the experimental  cell under the investigated weak shear-f low conditions 
(3/=0 to 16.2 sec-1) .  

In the next ser ies  of tests  it was assumed that heat t r ans f e r  in the cell was realized solely by thermal  
conduction. The value of the effective thermal  conductivity for each shearing rate  was determined f rom ex- 
p res s ion  (1). The values thus obtained for  the thermal  conductivities were compared with the corresponding 
data obtained ea r l i e r  for  a plane MRS layer  with an unbroken s t ruc ture  [2]. 
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Fig. 2. Relat ive  t h e r m a l  conductivity of P N ~ - I  MRS (1 ~:oI. %) v e r -  
sus shear ing  ra te  4, s ec - l :  a) constant  longitudinal magnet ic  field 
[1) H=33.6  kA/m;  2) 40.8; 3) 44; 4) 47.2; 5) 49.6; 6) 52]; b) constant  
t r a n s v e r s e  magnet ic  field [ 1) H=26 kA/m;  2) 52; 3) 78; 4) 59.4; 5) 
130; 6) 156]; dashed durve) H=0 .  
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Fig. 3. Influence of concentra t ion  fac to r  on re la t ive  t he rma l  
conductivity i n a  longitudinal constant  magnet ic  field. Fo r  
R-10 MRS: 1) cp = 1.2%; 2) 4.3%; 3) 9.5%. Fo r  P N ~ - i  MRS: 
4) ~o =1.0~ 5) 3.9%; 6) 8.6~ 

The influence of the shear ing  ra t e  on the t he rma l  conductivity of the s y s t e m s  is significant even in the 
ca se  of MRS without the appl icat ion of a magnet ic  field. The resu l t s  of these  t e s t s  a r e  given in Fig. 2a and b, 
where  they evince a c e r t a i n  tendency of the t h e r m a l  conductivity to i nc rea se  with the  shear ing  ra te .  

The pa t t e rn  changes cons iderably  with the appl icat ion of a magnet ic  field to the sys t em.  The data in 
Fig. 2a i l lus t ra te  the nature  of the dependence of Xs/;~s0 on the t r a n s v e r s e  velocity gradient  in the s y s t e m  in 
a longitudinal field of va r iab le  s t rength .  With an i nc rea se  in the shear ing ra te ,  the t he rma l  conductivity in- 
c r e a s e s  quite apprec iab ly .  The effect  is intensified with an inc rease  in the magnet ic  field. The dependence 
of the t h e r m a l  conductivity on the shear ing  ra t e  exhibits qual i tat ively the s a m e  behav ior  fo r  an MRS in a t r a n s -  
v e r s e  field (Fig. 2b). Now an i nc rea se  in the field d e c r e a s e s  the heat t r a n s f e r  in the cell ,  a resu l t  that  is 
fully explained by allowing for  the the rmal -conduc t iv i ty  antsot ropy fac tor  in the MRS. 

The heat  t r a n s f e r  in an MRS depends not only on the magnet ic  field and shear ing ra te ,  but a lso  on the 
concent ra t ion  of the d i spe r sed  phase .  The extent to which the coefficient  ~s i nc rea se s  with the concentra t ion 
is evident f r o m  the data in Fig. 3. 

The resu l t s  of exper imen t s  on the influence of the shear ing  ra t e  on the t h e r m a l  conductivity of MRS with 
different  types and concentra t ions  of the d i spe r sed  phase  ove r  a wide range  of longi tudinal -magnet ic- f ie ld  
s t rengths  can  be reduced  to a single empi r i ca l  r e la t ion  with the specif ic  energy  of in te rac t ion  as the reduction 
p a r a m e t e r  (Fig. 4). The product  he re  r e p r e s e n t s  the ra te  of energy diss ipat ion p e r  unit volume of MRS [3]. 

Thus,  the exper imen t s  descr ibed  above d isc lose  an apprec iab le  i nc rea se  of the t h e r m a l  conductivity with 
breakup of the MRS s t r u c t u r e  by shea r  flow. This  fact  mus t  be taken into account  when analyzing h e a t - t r a n s -  

f e r  p r o c e s s e s  in MRS. 

The m e c h a n i s m  of the observed  phenomenon admi t s  the following tentat ive explanation.  The t he rma l  
conductivity of heterogeneous  s y s t e m s  such as  concentra ted magnetorheologica l  suspensions  depends la rge ly  
on the specif ic  s ta te  of [n te rpar t i c le  contact .  
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Fig. 4. Relat ive thermal  conductivity of the MRS R-10 and 
P N ~ - I  versus  ra te  of dissipat ion of specific energy of in te r -  
action Vsp$ , J / m  3- sec.  

Under the act ion of a magnetic field, s ta t ionary  suspensions fo rm a s t ruc tu re  composed of aggregates  
elongated in the field direct ion.  The inc rease  in the energy of par t i c le  in teract ion and its endowment with 
anisotropy by the external  field cause  an intensif icat ion of heat t r an s f e r  through the aggregate  in the d i rec t ion  
of the field, whereas  the the rmal  conductivity of the ent i re  sys tem is c lear ly  l imited by the total thermal  r e -  
s is tance of the contact  zones between aggregates .  The fo rces  ar i s ing  in the aggregates  in shear  flow induce 
the i r  breakup p r i o r  to equil ibrium. The number  of para l le l  bonds increases ,  and at  each instant in the shea r  
flow of the MRS the re  is a total contact  a r ea  whose thermal  res i s t ance  is lower than the r e s i s t ance  of the 
s ta t ionary l aye r .  As before ,  p re fe ren t i a l  heat t r a n s f e r  takes place in the field direct ion.  Given an identical 
velocity gradient ,  aggregates  or iented ac ros s  the flow break  up m o re  intensely than aggregates  oriented pa ra l -  
lel  to the flow by the magnetic field. Accordingly,  the increment  of the effective viscosi ty is much g r ea t e r  in 
the f o r m e r  case .  

We note in conclusion that the nature of the dependences of the thermal  conductivity on the shear ing rate ,  
as determined exper imenta l ly  and in te rpre ted  as a cascaded p roces s  of aggregate  " re f inement , "  is quali tat ively 
s imi la r  to the flow curves  for  magnetorheological  sys tems  [1]. 

N O T A T I O N  

kite , -  effective the rmal  conductivity of s ta t ionary MRS layer  for  para l le l  or ienta t ion of t em p e ra tu r e  and 
magnetic fields, W/m-~  ~_L, effective thermal  conductivity of s ta t ionary MRS l aye r  for  perpendicu lar  or ien ta-  e 
tion of t empera tu re  and magnetic fields,  W/m"  ~ ks, effective thermal  conductivity of cyl indrical  MRS l aye r  
with shea r  flow, W/m"  ~ ~-so, effective the rmal  conductivity of cyl indrical  MRS layer  for  ~=0,  W/m"  ~ X o, 
effective thermal  conductivity of MRS l aye r  for  H=0,  W/m"  ~ ~, uniaxial shear ing rate,  sec- l ;  9,  volume 
concentra t ion of d ispersed  phase,  %; I, magnet izat ion of MRS, T; Vsp -~ I2/q~, spec i f ic  energy of in teract ion of 
MRS, J/m3; Ns, dimensiorfless hea t - t r ans f e r  coefficient;  ql, heat-f lux density,  W/m2; s, thickness of invest i -  
gated MRS layer ,  m. 
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