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This  a r t i c le  p r e sen t s  the r e su l t s  of an expe r imen ta l  de te rmina t ion  of the effect ive t he rma l  
conductivity of a suspension of Ae ro s i l  in cetane as a function of the e lec t r i c  field intensi ty,  
the ac t iva to r  content,  and the concentra t ion  of pa r t i c l e s  by weight. 

In the invest igat ion of e l ec t ro rheo log ica l  suspens ions ,  until r ecen t ly ,  the ma in  at tention was  devoted 
to the i r  mechan ica l  and e l ec t rophys ica l  p r o p e r t i e s  [1, 2]. It was  found that t h e r m a l  ef fec ts  influence the 
rheologica l  c h a r a c t e r i s t i c s ,  p r i m a r i l y  the p las t ic  component  of flow and the effect ive v i scos i ty ,  the con -  
ductivity in an e lec t r i c  field, the d ie lec t r ic  pe rmi t t iv i ty ,  and the tangent of the angle of d ie lec t r ic  loss  of 
e l ec t ro rheo log ica l  suspens ions .  Our obse rva t ions  showed that the pa r t i c l e s  of a suspens ion in an e lec t r i c  
field fo rm w r i o u s  s t r u c t u r e s  whose g e o m e t r y  and s t rength  a r e  de te rmined ,  o ther  things being equal (same 
nature  and p r o p e r t i e s  of the solid phase,  s a m e  fo rm and concent ra t ion  of the ac t iva to r  adsorbed on it), 
by the intensi ty of the externa l  e lec t r i c  field. Thus,  e l ee t ro rheo log ica l  suspens ions  const i tute  s y s t e m s  with 
a va r i ab le  s t r u c t u r e  that can be regulated ove r  a wide range.  It may  be a s sumed  a p r io r i  that the t r a n s f e r  
of m a t t e r  (heat~ m a s s ,  m o m e n t u m ,  charge)  by such a sy s t em will  a lso  be de te rmined  by the c h a r a c t e r i s t i c s  
of the e lec t r i c  field applied to it. Until r ecen t ly ,  no informat ion  on the t he rma l  conductivity of e l e c t r o -  
theo log ica l  suspens ions  was avai lable .  Such informat ion  has not only theore t ica l ,  but a l so  g r ea t  p rac t i ca l ,  
value,  pa r t i cu l a r ly  in the use of an e l ec t ro rheo log ica l  effect  for  holding pa r t s  in place during mechan ica l  
t r ea tmen t ,  when it is  n e c e s s a r y  to know the ra te  of heat  t r a n s f e r  through a f i lm of the suspension.  

In o r d e r  to inves t igate  the t h e r m a l  p rope r t i e s ,  we se lec ted  suspens ions  of A-175 Aeros i l  iri cetane;  
the mechan ica l  and e l ec t r i c a l  p r o p e r t i e s  of such suspens ions  were  inves t igated e a r l i e r  [3, 4]. Ac t iva to r s  
f rom the gaseous  phase  - wa t e r  or  d ie thylamine  - w e r e  adsorbed  onto the su r face  of the Aeros i [ ,  which 
had been dr ied in advance.  The suspension was made  uniform by ul t rasonic  t r e a t m e n t  of the mix tu re  of 
a e r o s i l  and cetane (UZDN-1 g e n e r a t o r ,  f requency 15 k_hz). 

The invest igat ion was  c a r r i e d  out by the nonsta t ionary  p l a n e - l a y e r  method [5]. We cons t ruc ted  a 
spec ia l  m e a s u r i n g  cel l  which made  it  poss ib le  to fix a uniform pa ra l l e l -p l ane  l aye r  of the suspens ion being 
inves t igated by applying a constant  e lec t r i c  field in a d i rec t ion  no rma l  to the i s o t h e r m a l  source  of heat.  

The expe r imen ta l  appara tus  cons is ted  of the m e a s u r i n g  cell ,  a s ingle-poin t  e lec t ron  po ten t iomete r ,  
a t he rmos ta t ,  and a h igh-vol tage  source .  The scheme  of the m e a s u r i n g  cel l  is shown in Fig. 1. A th ick-  
bot tomed cy l indr ica l  cuvet te  4 made  of po lyme thy lme thac ry la t e  was  used as a s tandard m a t e r i a l  with a 
known the rma l  act ivi ty.  A c o p p e r - c o n s t a n t a n  thermocouple  7 was  caulked at  the center  of the polished 
bot tom of the cuvet te ,  and a thin l aye r  of nickel  3, se rv ing  as the ze ro  e lec t rode ,  was  chemica l ly  deposi ted 
ove r  i ts  en t i re  su r face .  The other  e lec t rode  was  a thin-wailed hollow coppe r  cy l inder  1 connected to the 
the rmos ta t .  A second c o p p e r - c o n s t a n t a n  thermocouple  8 was  so ldered  to the su r face  of the cy l inder  to 
check  that the t e m p e r a t u r e  remained  constant;  the ex te rna l  su r face  of the cy l inder  was covered  with s i l ve r  
in o r d e r  to keep the copper  f rom corroding.  The d i a m e t e r  of the h e a t e r  cy l inder  1 was less  than the 
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Fig. 1. Scheme of the expe r imen ta l  cell .  
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Fig. 2. Effect ive  t he rm a l  conductivity ~eff ( W / m - d e g )  (a, b) and e l ec t r i c a l  
conductivi ty I (c) of 3% suspens ions  of Ae ros i l  in cetane as  functions of the 
in tensi ty  of a constant  e l ec t r i c  field E (V/m)  for  the following ac t iva to r  con -  
tent va lues ,  a) Water :  1) 0%; 2) 2.7%; 3) 5.2%; 4) 7.7%; 5) 9.8%; b) diethylamine:  
1) 4.8%; 2) 6.7%; c) wate r :  1) 5.2%; 2) 7.7%; 3) 9.8%; diethy[amine:  4) 6.7%. 

d i a m e t e r  of the euvet te  3, and the gap between the two e lec t rodes  was kept  uniform by means  of three  
suppor t ing  legs 6 of equal height (0.9 mm).  

The method used in conducting the e x p e r i m e n t  was  the following. The suspens ion under  invest igat ion 
2 is poured into the cuvet te  4, the h e a t e r  1 is put in, the lower  e lec t rode  is grounded, making it poss ib le  
to r e c o r d  the read ings  of the d i f fe rent ia l  thermocouple  (junctions 7, 5) with no induction and no distort ion.  
The upper  e lec t rode  is connected through a contact  9 to a VS-23 regulated h igh-vol tage  source .  In the 
e x p e r i m e n t s  in which an e l ec t r i c  field is  applied,  the given intensi ty is mainta ined for  1 rain; in addition, 
the t he rmos t a t t ed  liquid is poured into the coppe r  heating cy l inder  1, and at  the s ame  t ime the po ten t iom-  
e t e r  pape r  dr ive  is tu rned  on in o r d e r  to r e co rd  the t h e r m o g r a m s .  

The expe r imen t  is  continued until a s ta t ionary  condition is reached;  in our  case  this means  ~60 sec.  
We then r emove  the e lec t r i c  field and m e a s u r e  the t e m p e r a t u r e  of the hea te r .  

The resu l t ing  t h e r m o g r a m  of the p r o c e s s  of heat ing the suspens ion makes  it poss ib le  to de t e rmine  
a l l  the n e c e s s a r y  p a r a m e t e r s  fo r  ca lcula t ing the t h e r m a l  conductivi ty,  which is not a t rue ,  but an effect ive,  
c h a r a c t e r i s t i c  [5]. The the rmal -conduc t iv i ty  m e a s u r e m e n t s  w e r e  made for  suspens ions  with d i s p e r s e d -  
phase  concent ra t ions  of 0-8%, var ious  values  of ac t iva to r  content,  and e lec t r i c  field in tensi t ies  of (0-3.3) 
" i 0  6 V / m .  

Figure  2 shows the rest i l ts  of our  invest igat ion of the t he rma l  conductivi ty of suspens ions  of Aeros i l  
in cetane for  va r ious  values  of e l ec t r i c  field intensity.  As can be seen  in Fig. 2a, the nature  of the ~eff 
vs E cu rve  depends on the type and amount  of ac t iva to r  used. F o r  suspens ions  with no ac t iva to r  (Fig. 2a, 
cu rve  1) the e lec t r i c  field does not change the effect ive t he rma l  conductivi ty,  and the s a m e  is obse rved  
when the re  is a low m o i s t u r e  content  (Fig. 2a, cu rve  2). In the region of low in tens i t ies ,  inc reas ing  the 
amount  of m o i s t u r e  adsorbed  on the Aeros i l  has  a lmos t  no effect  on the curve  of ~eff vs E. However ,  for  
field in tens i t ies  h igher  than 1.5" 10 6 V / m  we obse rve  a cons iderab le  i nc r ea se  in )~eff, espec ia l ly  for  s u s -  
pens ions  with a high m o i s t u r e  content  (Fig. 2a, cu rve s  3, 4, 5). In suspens ions  for  which the ac t iva to r  
is  d ie thylamine,  the effect ive  t h e r m a l  conductivi ty i n c r e a s e s  slightly with field intensi ty for  the A e r o s i l -  
pa r t i c l e  concent ra t ion  inves t igated (Fig. 2b). 
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Fig, 3. Effective thermal  conductivity h e f  t of 3% suspensions of Aeros i l  
in cetane as a function of the act ivator  content 9 (~ 1, 2) water  vapor; 
3, 4) diethylamine; for  1, 3 there is no external  field, for 2, 4 there is an 
external  field with an intensity of 3.33.106 V/re .  

Fig. 4. Effective thermal  conductivity }'eff of suspension of Aeros i l  in 
cetane as a function of 6, the concentrat ion of par t ic les  by weight (%): 
1, 3) with no field; 2, 4) in a field with intensity 3 .33 .10  ~ V / r e .  Diethyl-  
amine content: 1, 2) 3.6%; 3, 4) 6.7%. 

The increase in field intensity is accompanied by the appearance of a conductance current through 
the suspension. For moist Aerosil, the increase in current through the cell takes place simultaneously 
with an increase in effective thermal conductivity, whereas in suspensions with diethylamine this relation- 
ship is less noticeable (Fig. 2c). 

From the foregoing it is clear that the effect of the electric field on the effective thermal conductivity 
of the suspensions investigated is closely related to the behavior of the activators. The variation of kef f 
as a function of the amount of adsorbed water or diethylamine shows that in the absence of an electric field 
an increase in the water content (Fig. 3, curve 1) and the diethylamine content (Fig. 3, curve 3) of the 
Aerosil does not produce any appreciable effect on the value of the effective therma[ conductivity of the 
suspensions. It should be taken into account that the diameter of the Aerosil particles does not exceed 
0.05 p and that the particles are spherical and nonporous. In the suspension, a solvate envelope is formed 
around each particle or aggregate, thus resulting in a system of a set of fine particles separated by thick 
layers of medium. As in the case of systems with high porosity, under our conditions the heat flux is 
propagated preferentially in the dispersion medium, and the influence of the particles is leveled out [6]. 

As was shown earlier [i], an increase in the effective viscosity of the suspensions in the electric 
field is connected with the formation of interelectrode bridges consisting of Aerosil particles. When the 
concentration of the solid phase is sufficiently high, a network or framework of dispersed particles is 
formed in the interelectrode gap. If the activator content is low, the forces acting on the particles in the 
electric field are also small, so that the number of bridges crossing from one electrode to the other is 
small, and the strength of the contacts between the particles is low. In this case the effective viscosity of 
the suspensions is almost identical with their viscosity outside of the electric field, as is the case with 
their effective thermal conductivity (Fig. 2, curves 1, 2). Increasing the amount of activator to some limit 
increases the strength of the bridges (and, accordingly, the effective viscosity of the suspensions); beyond 
this limit, any further increase in the activator content results in a decrease in the strength of the bridges 
[71. 

Increas ing the wa te r -vapo r  content in the suspensions of Aeros i l  and cetane resul ts  in an increase  
in the effective thermal  conductivity when the e lectr ic  fields are  of high intensity (Fig. 3, curve 2). The 
forces  of interaction between the par t ic les  are  high; when the s t ruc tures  are  formed,  the layers  of d i s -  
pers ion medium are  squeezed out, and di rec t  contacts  of par t ic les  with one another and with the e lec t rodes  
are  established. The increase  in conductance cu r ren t  indicates the formation of solid bridges from one 
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e lec t rode  to the o ther ,  and since the t r a n s f e r  of cha rge  in our case  takes  place by way of the adsorpt ion 
envelopes  of the p a r t i c l e s ,  we can speak of the fo rmat ion  of conductance channels pass ing through the 
contact ing adsorp t ion  l aye r s .  The i n c r e a s e  in effect ive t he rma l  conductivi ty under these conditions means  
that the s t r u c t u r e s  or iented in the d i rec t ion  of the field have tess  t he rma l  r e s i s t a n c e  than the or iginal  
suspension.  

It is known that  adsorpt ion  layers  of w a t e r  have high t h e r m a l  conductivity [6]. Apparent ly  the l imit ing 
f ac to r  in the t r a n s f e r  of heat  along the b r idges  is consti tuted by the contacts  between pa r t i c l e s .  The in-  
c r e a s e  in the th ickness  of the adsorpt ion  l a ye r s  of w a t e r  improves  the t he rma l  contact  between the p a r -  
t i c les ,  the effect ive t h e r m a l  conductivity i n c r e a s e s ,  although the mechan ica l  s t rength  of the s t r u c t u r e  
d e c r e a s e s  [3, 7]. 

In the ca se  of d ie thylamine  adsorpt ion  the effect ive t he rma l  conductivity depends only slightly on 
the amount  of die thylamine p r e s en t  (Fig. 3, cu rve  4), while the effect ive v i scos i ty  i n c r e a s e s  sharp ly  [3]. 
It  may  be a s sumed  that  the adsorp t ion  l ayer  of d ie thylamine has high t he rma l  r e s i s t a n c e  (in compar i son  
with wate r ) ,  and this in turn may  be at t r ibuted to a d i f ference  in the s t ruc tu re  of the adsorpt ion envelopes.  
In pa r t i cu l a r ,  the o rde r ed  s t r u c t u r e  of the adsorpt ion  l ayer  of w a t e r  can extend to a g r e a t e r  dis tance f rom 
the su r face  of the pa r t i c l e  than that of a die thylamine layer .  

We de te rmined  the var ia t ion  of the effect ive t h e r m a l  conductivity of the suspens ions  as a function 
of par t ic le  concentra t ion.  In the region of low ac t iva to r  content the var ia t ion  of ~eff in the concentra t ion 
range  of 1-8% was ve ry  low, both with and without an e lec t r i c  field. In suspens ions  with a fa i r ly  high a c t i -  
va to r  content  the effect ive t h e r m a l  conductivity without a field i n c r e a s e s  when the par t ic le  concentra t ion 
i n c r e a s e s  (Fig. 4, cu rve s  1, 3). In s t rong  e lec t r i c  f ields,  in the case  of suspens ions  with low c o n c e n t r a -  
t ions,  e tec t roconvec t ion  may  occur .  If there  a r e  not enough par t i c les  to fo rm br idges  c ros s ing  the gap, 
o r  i f  the fo rces  of in te rac t ion  between the pa r t i c l e s  a re  smal l  and cannot ove rcome  the effect  of the thin 
l ayers  of med ium forc ing  the pa r t i c l e s  apa r t  (this happens when the ac t iva to r  content is low), the t r a n s -  
f e r  of charge  through the gap is c a r r i ed  out by a d i sp lacemen t  of pa r t i c l e s ,  together  with the liquid they 
en t ra in ,  f rom one e lec t rode  to the other .  In our  case  the convect ive  t r a n s f e r  of heat  in low-concentra t ion  
suspens ions  leads to an i nc r ea s e  of keff in s t rong  fields (Fig. 4, ini t ial  s egment  of cu rves  2, 4). 

An i n c r e a s e  in the concentra t ion  of Aeros i [  pa r t i c l e s  makes  the s y s t e m  get - l ike ,  so that any m o v e -  
men t  of liquid in the gap becomes  imposs ib le ,  but the number  of br idges  is s t i l l  large,  and the re fo re  the 
value of ~eff d e c r e a s e s  somewhat  (Fig. 4, cu rves  2, 4 in the c = 2-3% range).  Any fu r the r  i nc rease  in the 
pa r t i c l e  concentra t ion  br ings  an i nc r ea s e  in the effect ive  t he rma l  conductivity in the e lec t r i c  field because  
the densi ty  of the s t ruc tu r a l  ne twork  in the in te re lec t rode  gap is inc reased  (Fig. 4). 

NOTA TION 

~eff is  the ef fec t ive  t h e r m a l  conductivi ty,  W / m .  deg; 
E is the e lec t r i c  field intensi ty,  V / m ;  

is the ac t i va to r  content ,  wt. %; 
c is the pa r t i c l e  concent ra t ion ,  wt. %. 
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