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The electroconvective heat transfer coefficient has been measured in distilled water and 
spherical chromium (hydrous) oxide particles suspension in distilled water from a single 
platinum wire (diameter = 0.025 mm) mounted along the axis of a copper cylinder (diameter 
== 53 mm). The measurements have been carried out as a function of time, electric field, 
frequency, pH value, colloidal concentration and orientation. The electro- convective heat 
transfer coefficient exhibits a 'timing' effect as well as an 'aging' effect. An increase in heat 
transfer coefficient is always observed in an ac field and the increase is extremely quick for 
pH values largely different from the isoelectric point (i.e.p.). Similar trend is also noticed 
in a dc field at  very weak field strength. An increase in particle concentration increases the 
heat transfer coefficient and similar trend is also noticed when the inclination of the cylinder 
ir; changed from horizontal to vertical position. The heat transfer data have been correlated 
by dimensional analysis. The data have been compared with the predicted correlations and 
is well correlated over the range of the Rayleigh number from 10"o 9 x 109. An empirical 
correlation relation lias also been proposed to evaluate the efficiency of convection and the 
results for dc and ac fields are presented. 

I. Introduction 

The heat transfer and dynamics of a particulate sys- 

tem in a liquid has been the subject of many intensive 

studies because of their applications in various chemi- 

cal and industrial processes such as sealing, lubrication, 

damping, higli-vacuum equipment, computer, laser sys- 

tems and many others. In order to select the optimum 

regimes for tlie construction of these equipments and 

to determine the most effective heat transfer conditions 

and characteristics of fluid disperse heat carriers, it is 

necessary to know how electric fields influence the pro- 

cesses of momentum and energy transfer in such sys- 

tems. 

Although the electric charge on the ultrafine parti- 

cles is often ignored in theoretical analysis, the electri- 

fication of these particles is always possible when dis- 

persed in an aqueous solvents. The particles used in this 

investigations are known to be negatively charged. As 

a result, interparticle repulsion prevents particle aglom- 

eration and thus augments the heat transfer mechanism 

when subject to a non-uniform electric field. 

A vast literature is devoted to the study of heat 

transfer in fluids and fluidized beds. The experiments 

for heat transfer into fixed beds have been carried out 
by ~h in~rac ' ] .  The heat transfer in an electrostati- 

cally charged fluidized bed has also been performed by 

~ o l n e ~ [ ~ ] .  Recently, a large amount of experimental 

research on radiative heat transfer in fluidized beds has 

been undertakenl3l, but the research of heat transfer in 

electrorheological (ER) fluids is insufficient. ~ h u l m a n [ ~ ]  
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investigated the electroconvection in ER fluids in a 

coaxial cylindrical channel. Other investigators theo- 

retically analysed the heat transfer in ER fluids. Differ- 

ent models were made to describe the contribution due 

to  convection. Interest has recently been stimulatecl 

to  study the electro-convectioii in ER fluids in a cylin- 

drical enclosure. The various characteristics of tliese 

particles such as their pl~ysicomeclianical, electropliys- 

ical and thermoplzysical properties can be cleternzined 

using electric fields. 

This paper investigates the convective heat trans- 

fer in ultrafine particles (Cr(OH)3) in the body of a 

carrier liquid (distilled water) where the electric fields 

and field gradients are relatively small. Experiments 

were carried out under the influente of dc and ac elec- 

tric fields. The convective Iieat transfer coefficient lias 

been evaluated under various experimental conditions 

such as time, frequency, orientation, concentration and 

charge of the particle. Additionally, tlie experimen- 

tal data have been correlated by diinensional analysis. 

Tlie data have been compared with the einpirical cor- 

relation relation and analytical expression and is well 

across it and a standard resistor in series with it. If I is 

tlie current flowing through the wire in the absence of 

any electric field and Iel is the additional current nec- 

essary to keep the bridge balanced in the presence of 

any electric field, then the rate of heat transfer is given 

by Qe1(2II,i + I i ) R ,  wliere R is the resistance of the 

platinum wire. The heat transfer coefficient is then ob- 

tained by using the relation hei = Qei/ATd, where A 

is tlie surface area of the wire and Td is the tempera- 

ture difference between the wire and the surrounding 

mediuin. 

Spherical chromium (hydrous) oxide particles (p = 
2.42 g ~ m - ~ )  with rp = 0.17pm were generated by aging 

cliroine alum so lu t i~ns[~] .  Details of the preparations 

and characteristics of these materiais are given in the 

cited reference. A transmission electron micrograph of 

these particles used in this investigations is presented 

in Fig. 1. The isoelectric point (i.e.p.) of such par- 

ticle was at pH 7.3. AI1 measurements were carriecl 

out at a fixed particle concentration (np = 2.2 x 1015 

~ar t ic les / rn~)  and pH value 11, unless otlzerwise stated. 

correlated over the range of the Rayleigh numbei from 

1 0 9 0  9 x 10. An empirical correlation relation lias also 

been proposed to evaluate tlie efficiency of convection 

and the resiilts for clc and ac fields are presentecl. 

Experimental Arrangement 

The detailed experimental arrangeinent used iii this 

investigatioii lias beeii given else~lzere[~-"]. However, 

a brief description of the equipment is furnished here. 

The heat transfer data was evaluated from a hot 

wire cell made from a copper cylinder (diameter of 

53 mm) witli a fine platinum wire (diameter of 0.025 

mm) stretched along its axis. The hot wire cell in se- 

ries with a standard resistor was placed in one arm of 

Wheatstone bridge. This cell could be positioned at 

a,ny angle between the vertical and horizontal orienta- 

tions. Electric fields in the cell were created by an ap- 

plied electrical potential (dc or ac) between the central 

wire and the surrounding cylinder. The heating current 

was supplied from a constant current source, while the 

surrounding temperature was maintained constant in 

a constant temperature bath. Tlie heat transfer data 

was obtained by calibrating the wire as a platinum re- 

sistance thermometer and then measuring the voltage 

Figure 1. A transmission electron micrograph of spherical 
cliromium (hvdrons) oxide (Cr(OH)3) particles used in the 
convection experiment (r, = 0.17pm). 

In orcler to test the experimental set up, firstly, the 

experiment was carried out in distilled water in absence 

of electric field. The free-convective heat transfer coef- 

ficient, Izf was determined for various heating currents. 

The global effect of convective heat transfer is written 

in terms of the Nusselt number Nu, which is the ratio 

of the mean heat flux to the heat flux which would exist 

without convection for the same temperature difference 
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where hf is the free-convective heat transfer coefficient, 

D is the diameter of the cylinder and X is the tliermal 

conductivity of the fluid. The Nusselt number N u  is 

normally plotted function of the Rayleigh number Ru 

(proportional to the temperature difference) 

where ,D is the coefficient of tliermal expansion of the 

liquid, g is the gravitational acceleration, Pr is the 

Prandtl nurnbei, v is the kinematic viscosity and T d  

is the temperature difference between the wire and the 

surrounding medium. The value of Nu as a function 

of Ra (for no applied electric field) is evaluated for dis- 

tilled water and they agree very well with the alreacly 

known r e ~ u l t , s [ ~ ~ ] .  The good agreement between our ex- 

perimental results and tlie classical ones constitutes a 

test for our experimental set-up. 

111. Results and discussion 

111.1 Convection in distilled water 

Convection in distilled water is measured under the 

influence of ac and dc fields. In the case of an ac fielcl, 

there exists a critica1 electric field (2 5.0~1, wlzere l v  

= 104 V/cm) below wliich no convection is observed. 

When the applied electric fielcl is greater than tlie criti- 

cal electric field, convective heat transfer coefficient in- 

creases very slowly and then reaches a saturation value 

at higher electric field. Similar effect is noticed at dif- 

ferent pH values (4 to l l ) ,  and the change in heat 

transfer coefficient is not a11 significant even at higher 

pH value (pH=ll) .  In the case of a dc field, convec- 

tive heat transfer coefficient decreases gradually as the 

field is increased. The heat transfer coefficient is nega- 

tive, and the negative behaviour implies a suppression 

of the free-convection by electro-convection. Tlie ex- 

perimental results (ac case) are dimensionally analysed 

and compareci with various correlation relations. Tlie 

details are cliscussed in Section IV ancl the results are 

presented in Fig. 10. 

111. Convection in spherical chromium (hy- 

drous) oxide (Cr(0ll)a) particle suspension in 

distilled water 

Convection in spherical chromium (hydrous) oxide 

particle suspension in distilled tvater is measured under 

various experimental parameters such as time, electric 

field (dc and ac), frequency, pH value, colloidal concen- 

tration and orientation. The experimental results (ac 

case) have also been dimensionally analysed and com- 

pared with various correlation relations, and presented 

in Fig. 11. (see Section 4 for details). 

111.2.1. Time evolution of electroconvection 

The time evolution of electroconvection for spher- 

ical chromium (hydrous) oxide particle suspension in 

distilled water is presented in Fig. 2. As seen in the 

figure, the electroconvective heat transfer coefficient ex- 

hibits a 'timing' effect. The magnitude of the convec- 

tion decreases with time, the effect being significant 

only witliin the first few minutes after the field is ap- 

plied, then decreases very slowly after 10 minutes and 

reaches a stationary value in about half an hour (curve 

1 of Fig. 2). A similar effect is noticed when the mea- 

surement was done after 48 hours (curve 2), and also 

with different voltage (curve 4) and pH value (curve 5). 
The initial decrease in heat transfer coefficient may be 

attributed to  ielaxation phenomena. Before the appli- 

cation of the electric field, the particles are randomly 

distributed in the carrier liquid and experience no col- 

lisions with each other. Since the particles are charged, 

once the fielcl is turned on, they undergo collisions with 

eacli other until thermal equilibrium is achieved. The 

presence of collisions reduce the heat transfer coefficient 

due to the reduction in particle momentum. The colli- 

sion probability reduces gradually with time until tlier- 

modynamic equilibrium is achieved with tlie surrouncl- 

ings. Thus the heat transfer coefficient reduces gradii- 

ally and remains practically constant after a while. 

As time progresses, tlie pH value of the suspension 

changes gradually, which in turn causes a reduction in 

the surface charge of the particle. Thus the 'aging' ef- 

fect is associated with particles settling, coagulation, 

etc., as clearly noticed in curve 2 of Fig. 2. It is ex- 

pected that the surface charge of the colloidal particles 

plays a dominant role in the convective heat transfer 

mechanism. 

The timing effect was also carried out under the in- 

ffuence of an ac field of frequency 60 Hz ancl with a 

colloidal solution of pH value 5.30. No change in heat 

transfer coefficient was observed during the period for 

which the dc fields were applied (curve 3 in Fig. 2). 
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heat transfer coefficient is practically zero due to  the 
absence of charges (curves 2 and 3). It turns out that 

the charge of the colloidal particles are playing a dom- 
inant role in the energy transfer mechanism. 

On further increase in electric field, the heat transfer 
coefficient drops rather quickly and approaches a zero 

value. The reduction in the heat transfer coefficient 

observed in this case is associated with the number of 

particles involved in the energy transfer mechanism. As 

the total nurnber of particle n~ is fixed, the number of 
particle present in the fluid medium will decrease grad- 
ually with increase in electric field, causing a reduction 
in heat transfer coefficient. As the field is further in- 
creased, the heat transfer coefficient approaches a zero 
value, implying a complete remova1 of the charged par- 

ticles from the fluid medium (nT -+ O). On further 

increase in electric field, it becomes negative and fol- 

lows the trend as observed in distilled water. 

111.2.3 Effect of a-c fields and frequency on con- 
vection 

The effect of a-c field on the convective heat transfer 
coefficient for colloidal chromium (hydrous) oxide par- 

ticle suspension in distilled water is presented in Fig. 
4. These measurements were carried out with colloidal 

solutions of d.ifferent pH-values, above and below the 

isoelectric point (i.e.p. of chromium (hydrous) oxide 

S 7.3). A shsrp rise in the heat transfer coefficient is 

observed for pH values away from the isoelectric point 

(curves 4, 5, 6 , 7  and 8), whereas the heat transfer coef- 
ficient changes very slowly and gradually for pH values 
close to  isoelectric point (curves 2 and 3). The neg- 

ligible change in heat transfer coefficient presented in 

curve 1 resulted from the polarity effect. 

When an a-c electric field, with frequency 60 Hz is 
applied to  a fliiid, the electrophoretic (or the Coulomb) 

force is negligible because the electric relaxation time of 

most fluids is of the order of 10 - 100 sec. For a charged 

suspension, th'e electrophoretic force is found to  be sig- 
nificant even in an a-c field, and the heat transfer coef- 
ficient rises extremely quickly for pH values away from 
the isoelectric point. The change in the heat transfer 

coefficient is negligible for pH values close to isoelectric 

point due to absence of charges. 

The magnitude of the convection decreases gradu- 

ally as the frequency of the applied field is increased 

(Fig. 5). I t  has been observed that the polarization 

of the molecule in an a-c fields is less than that in d-c 
fields[12]. Thus the dielectrophoretic forces should also 

be less in the former field and consequently, the heat 

transfer coefficient in the presence of a-c fields would be 
less than that due to  d-c fields. The polarization of the 
molecules in the presence of an a-c field will decrease 
gradually as the frequency of the field is increased. As a 

result, dielectrophoretic forces would decrease, leading 

to a reduction in heat transfer coefficient. 

Figure 4. Dependence of electroconvective heat transfer co- 
efficient of chromium (hydrous) oxide particle suspension in 
distilled water as  a function pf a-c voltage with different pH 
values. Horizontal cylinder, Td = 10' C. 1. pH value = 
4.10; 2. pH value = 7.20; 3. pH value = 9.0; 4. pH value = 
9.50; 5. pH vdue = 9.90; 6. pH value = 10.40; 7. pH value 
= 10.90; 8. pH value = 11.30. 

Figure 5. Dependence of electroconvective heat transfer co- 
efficient of chromium (hydrous) oxide particle suspension in 
distilled water as a function of frequency (f). Horizontal 
cyiinder, pH value = 11.0. 1. Td = 8.0°C, f = 60 Hz; 2. 
Td = 6.0°C, f = 60 Hz; 3. Td = 8.10' C, f = 120 Hz; 4. 
Ta = 8.20°C, f = 200 Hz. 
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111.2.4. Effect of pH-values on convection 

Fig. 6a shows the plot of the lieat transfer coefficient 

as a function of p H  values and at a fixed cl-c field (U = 

0.1 V),  wliile tlie corresponding results in an a-c field (U 

= 8.0 V) is sliown in Pig. 6b. As observed in both cases, 

tlie cliange in l-ieat transfer coefiicient is negligible for 

pII values close to the isoelectric point clue to absence 

of charges. The change in heat transfer coefficient is 

also negligible for pH values below the isoelectric point 

due to polarity effect. For pH values above the isoelec- 

tric point, tlie particles are liighly negatively cliarged, 

and as a result, tlie heat transfer coefficient iacreases 

extremely quicltly. The increase is almost vertical for 

pH values close to  SI. The pheiiomenon is attributed 

to a 'charge effect'. 

Figure 6. Dependence of electroconvective heat transfer co- 
efficient of chromium (hydroxs) oxide particle suspension in 
disiilled water as  a fttnction of pH values. Horizontal cylin- 
der. a. U = 0.10 V dc, Ta = 10°C; b. U = 8.0 V ac, 
T d  = 10°C. 

111.2.5. Effect of suspension concentration on 

convection 

An increase in heat transfer coefficient is also no- 

ticed when concentration of the suspension is increased 

(Fig. 7). An increase in concentration increases the 

particle number in the fluicl medium. As a result, the 

electrophoretic force acting on the particle increases, 

ancl tliis in turn enliances the convection. 

u,,w 

Figure 7. Dependence of electroconvective heat transfer co- 
effcienl of chromium (hydrous) oxide particle snspension 
in distilled arater as a function of ac voltage witli different 
co1loida.l concentration. Horizontal cylinder, Ta = 8.5"C:. 
1. n, = 2.2 x 1015 particles/m3; 2. np = - 4.4 x 1015 
part,icles/rn3; 3. np = 6.6 x particles/m3. 

111.2.6. Effect of cylinder orientation on convec- 

t i011 

The eflect of cylinder orientation on convection for 

chromium (hydrous) oxide particle suspension in dis- 

tilled water is presented $1 Fig. i?. Iii absence of any 

electric field, the free-convective heat transfer coeffi- 

cient always decreases as the cylinder is movecl from 

horizontal to vertical position[13]. Similar effect is also 

noticecl in chromium (hydrous) oxide particle suspen- 

sion in distilled water (curve 1). An increase iii com 

centration of tbe suspension increases the magnitude of 

tlie convection, but the trend for increased inclination 

remains tlie same (curve 2). However, in presence of 

electric field, an increase in heat transfer coefficient is 

noticed as tlie inclination of the cylinder is increased. 

The increase is significant for inclination greater tlian 

about 50' ancl becomes maximum when the cylinder 

is kept in a vertical position (curves 3, 4, 5, 6 and 7). 
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Curves 3 and 4 resulted from tlie measurements at a d-c 

field of 0.3 and 0.1 Volt respectively, while curves 5 and 

6 represent the measurements in an a-c field of 7 and 10 
Volt respectively. In both cases, tlie trend for increased 

inclination remains the same. Similarly, curve 7 is ob- 

tained by increasing the pH value of the suspension and 

again tlie general trend remains the same. 

20 40 60 80 100 
8, deg. 

Figure 8. Effect of inclination to tlie horizontal plane on tlie 
electroconvective heat transfer from a cylinder in chromium 
(Iiydrous) oxide particle suspension in distilled water. pH 
value = 10.70 (1-6); 1. hf,  Td = 10°C, n, = 1.1 x 1015 
particles/m3; 2 .  h l ,  Td = 10.lO°C, np = 2.2 x 1oi5 
particles/m3; 3 .  hei ,  Td = 9.1°C, U = 0.3 V d-c, np = 
2.2 x 1015 particles/m3; 4. hei, Td = 9.1°C, U = 0.1 V d-C, 
n, = 2.2 x  1015 particles/m3; 5. hei, Td = 10°C, U = 7 V 
a-c, n, = 2.2 x 1015 particles/m3; 6. hei, Ta = 10.'lOc, U = 
10 V a-c, n, = 2 . 2 ~  1015 particles/m3; 7. hei, Td = 10°C, U 
= 7 V a-c, n, = 2.2 x 1015 particles/m3, pH value = 11.20. 

Tlie difference in heat transfer coefficient between 

horizontal and tlie vertical cylinders is presented in Fig. 

9, where curve 1 is for a horizontal cylinder while curve 

2 is for vertical cylinder. As seen in tlie figure, the heat 

transfer coefficjent for the vertical cylinder is found to  

be higher than tlie the horizontal cylinder. The dif- 

ference in tlie two cases may be due to gravitational 

effect. In the horizontal position, tlie gravitational ef- 

fect is non-synimetrical with respect to each half of 

the fluid separated by the platinum wire. In the up- 

per half of tlie fluid, the hot volume of the liquid is 

inoving in the upward direction, while the gravity acts 

down wards. Consequently, while the hot volume of 

the liquid is moving in the downward direction, gravity 

enhances its flow. The net effect is that the convec- 

tive heat transfer coefficient in a horizontal cylinder is 

reduced as compared to a vertical cylinder wliere tlie 

gravity acts symmetrically with respect to  the platinum 

wire which is mounted along the cylinder axis. Tlius the 

lieat transfer coefficient is reduced when the cylinder is 

kept in a horizontal position. 

40 8 O 120 160 200 
. ,  U,,(V) 

Figure 9. Dependence of electroconvective heat transfer co- 
efficient of chromium (hydrous) oxide particle suspension in 
distiiled water as a function of ac voltage in horizontal and 
vertical cylinders. pH value = 9.0. 1. Horizontal cylinder, 
Td = 9.10°C; 2 .  Vertical cylinder, Td = 9.0°C. 

111.2.7. Efficiency of convection in presence of 
electric field 

The efficiency of free-convection has been defined 

as the rate of transformation electrical power supplied 

to the system kinetic energy of convective motion[14]. 

111 tlie present study the view was taken so that the 

measured heat transfer coefficient in presence of elec- 

tric field represented a useful conversion of additional 

electrical energy into the rate of generation of the ki- 

netic energy of convective motion. In presence of elec- 

tric field, the efficiency of convection can be calculated 

using 

where h j  is the free-convective heat transfer coefficient 

and h.el is the electroconvective heat transfer coefficient. 
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The efficiency of convection for spherical chromium (hy- 

drous) oxide particle suspension in distilled water is 

presented in Table I (dc field). The results for distilled 

water and chromium (hydrous) oxide particle suspen- 

sion in distilled water is presented in Table I1 (ac field). 

In each case, the efficiency of convection has been cal- 

culated for various pH values away from the isoelectric 

point (i.e.p. of Cr(0H)S 2 7.3). In the case of dc field, 

a sharp rise in efficiency is observed at very weak field 

strengths and at higher pH values away from the iso- 

electric point. As the field is further increased, the 
efficiency approaches a zero value and then becomes 

negative. A zero value of efficiency implies a complete 

remova1 of the charged particles from the carrier liq- 

uid, while a negative value implies a suppression of the 

free-convection by electroconvection. The negative be- 

haviour of y is similar to that observed in the carrier 

liquid only. The maximum efficiency obtained in a dc 

field is 68%, corresponding to a pH value of 11.10 and an 

electric field gradient of 10.40 (V/cm) (=O.lV), while 
an efficiency of 55% corresponds to an electric field gra- 

dient of 8.32 (V/cm) (= 0.08 V). 

A sharp rise in efficiency is also observed in ac fields, 

but in a slightly larger field and field gradients. More 

significantly, the efficiency increases extremely quickly 

when the surface charge of the colloidal particle is in- 

creased. The sharp rise in efficiency at higher pH values 

is thus attributed to 'charge-effect'. For higher surface 

charged particle (pH = 11.20), an efficiency of 54% is 

obtained at an electric field gradient of 5.2 x 102 (V/cm) 

(= 5.0 V), while the maximum efficiency (73%) cor- 

responds t o  an electric field gradient of 12.48 x 102 

(V/cm)(= 12 V). Thus the electric field gradient re- 

quired for an ac convection is roughly 63 times larger 

than the dc convection, and this is due to relaxation 

phenomena associated with the a-c field. 

Working  correlat ions for  electroconvection 

and 

where D is the diameter of the cylinder and X is the 

thermal conductivity of the fluid. The fluid properties 

were evaluated at the film temperature given by 

where T, is the temperature of the wire and TB is the 

temperature of the surrounding medium. 

Many previous analysis[15-17] of the enclosure free- 
convective heat transfer data have shown that correla- 

tions of the form 

could correlate extremely well vertical cylindrical data 

and plates. Experimental correlations of heat transfer 

d ~ t a  for air as the test fluid reported by Warrington 

and ~ o w e [ ' ~ ]  are given by 

In tbe present study, the heat transfer is described 

in terms of the average Nusselt number for some typ- 

ical Rayleigh number which corresponds to the linear 

part of the experimental data. The experimental data 

have been correlated by dimensional analysis. The data 

have been compared with the empirical correlations and 

analytical expressions, and the correlation used for elec- 

troconvection is the same used for free-convection. 

In Figs. 10 and 11, the heat transfer correlation of 

(Nuei)D and RaD is plotted for both the experimental 

results and the predicted values of various correlations 

for distilled water and chromium (hydrous) oxide parti- 

cle suspension in distilled water. The analytical results 

are also shown on the same plot. The experimental val- 

ues in this case predicted slightly higher Nuel number 

than the predicted correlations for Ra > 3.11 x 10"or 

distilled water. The corresponding value for chromium 

One of our primary objectives is also to find a rela- (hydrous) oxide particle suspension in distilled water is 

tionship between the dimensionless quantities of Nus- about 2.5 x 10" Curve 1 in Figs. 10 and 11 are the 

selt number, Rayleigh number and an appropriate ge- predicted correlation obtained by using the equation 

ometric parameter. The mean Nusselt number and 

Rayleigh number are defined by (Nw)D = ~ ( R u D ) ~  , (13) 

where the value of m for distilled wher and chrornium 

(8) (hydrous) oxide particle suspension in distilled water is 
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Table I. The efficiency of convection in spherical chromium (hydrous) oxide (Cr(OH)3 particle suspension in distilled 
water under the influence of dc field. 

Cr(OH)S in Distilled Wnter I 

0.32, and the corresponding exponent takes tlie values 

0.362 and 0.405 respectively. 

Al-Arabi and ~ h a m i s [ ' ~ ]  have correlated heat traus- 

fer data  for cylinders of various Iengths, diameters and 

angles of inclination from the vertical. Their results are 

of the form 

where m and n are functions of the cylinder diameter 

and angle of inclination from the vertical, O .  In the 

laminar regime, they found 

where the Grashof number based in cylinder diameter 
is restricted t o  the range 1.08 3 GrD 3 6.9 x 105. For 

horizontal cylinder, % = 90' and equation (14) becomes 

The empirical correlation for free-convection can be 

used to  fit the experimental data for electroconvection 

if the a th  power law in Rayleigh is changed. For dis- 

tilled water, the exponent of the Rayleigh has been ad- 

justed to 0.375, the corresponding value for chromium 

(hydrous) oxide particle suspension in distilled water is 

0.42. This result is represented by curves 2 in Figs. 10 

and 11. Curves 3 in Figs. 10 and 11 resulted from 

the predicted correlation proposed by Churchill and 

c ~ u [ ~ ~ ] .  FOI horizontal cylinder we have 
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Table I1 - The efficiency of convection in distilled water and spherical chroinium (hydrous) oxide particle suspension 
in distilled water under influence of ac field. 

D i s -  
t i l l e d  
Water 
pH=5.6 
V(%> 

- 
- 
- 
- 
- 
- 
- 
- 
- 
o 

1.0 

2.0 

4.5 

5.5 

6.0 

7. O 

7.5 

8.0 

9.5 

10.0 

11.0 

12.0 

13.5 

17.0 

20. o 
22.0 

26. O 

31.0 

36.0 

39. O - 

Gr(OH)3 in D i s t i l l e d  Water 
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2 3 4 5 
8 

Ra,ilO i 
Figure 10. Correlation of data for electroconvective heat transfer from horizontal cylinder in distilled water. pH value = 
5.60. 
1. ( N u e i ) ~  = 0 , 3 2 ( ~ a ) ~ . ~ ~ ~  

2.  ( N u . 1 ) ~  = (0.58) { ~ G ~ ~ ~ o . o ,  ( R U D ) ' ~ ~ ' ~ }  

-0.30 
3. ( N u e l ) o  = (0 .60  + 0 . 3 8 7 ( R a ~ ) ~ . ~ ~  [I + } 
4. ( N u ~ ~ ) D  = 0 . 6 3 ' 7 ( R a ~ ) ~ . ~ ~  (1  + 
5.  ( N u , ~ ) D  = 0 . 6 7 8 ( R a ~ ) ~ . ~ ~ ~  ( 1  + 

also, when the surface charge of the particle is in- law in Rayleigh suggest that the efficiency of convection 

creased. increases dramatically when an electric field is applied 

V. Conclusion 
to  free-convection. The efficiency of convection is fur- 

ther increased when the surface charge of the particle 

Electroconvective heat transfer coefficient lias been is increased. An efficiency of 55% is observed in a dc 

measured in spherical chromium (hydrous) oxide par- field corresponding to pH value of 11.10 and an electric 

ticle suspension in distilled-water under the influence field gradient of 8.32 (V/cm)(= 0.08 V). In the case of 

of ac and dc fields. An increase in heat transfer co- an ac field, an efficiency of 54% is observed correspond- 

efficient is observed in an a-c field and the increase is ing to  an electric field gradient of 5.20 x 102 (V/cm)(= 

extremely quick for pH values away from the isoelec- 5V) and for a pH value of 11.20. Thus the electric field 

tric point (i.e.p. of Cr(0H)s 2 7.3). Similar trend is gradient required for an ac convection is roughly 63 

also noticed in a dc field at very weak field strength. times larger than the dc convection, and this is due to  

An increase in concentration increases the heat trans- tlie relaxation phenomena associated with the ac field. 

fer coefficient and a similar efTect is also noticecl when Nevertheless, convection in charged suspension can be 

the inclination of the cylinder is changed from hori- induced by an extremely low fields and field gradients 

zontal to  vertical position. The experimental data for and this low value eliininates any 'stirring effect' which 

horizontal cylinder have been correlated by diniensional may result due to  electrolysis. 

analysis. The data have been compared with the empir- 

ical correlations and analytical expressions and a good Acknowledgements 
agreement (S 80%) is obtained for Rayleigh number 

up to  9 x 109. It is observed that the empirical cor- The experimental part of the works described in this 

relation and analytical expression for electroconvection paper were carried out a t  Physics Department, Clark- 
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Figure 11. Correlation of data for electroconvectivc heat transfer from horizontal cylinder in chromium (hydrous) oxide 
particle suspension in distilled water. pH value = 11.20. 
1.  ( N u ~ ~ ) D  = 0 . 3 2 ( R a ~ ) ~ ' ~ ~ ~  

2. ( N u . 1 ) ~  = { ( 0 . 5 8 ) & ~ ~ ( ~ a ~ ) ~ . ~ ~ }  
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Figure 12. Correlatíon of experimental data presented in Fig. 8. The data refer to U = 0.1 v dc, pH = 10.70; 1. 
( N u e r ) ~  = 0.32(Ra~ c o s ~ ) ~ . ~ ~ ,  10 5 B < 90. 

Nomenclature 

surface area of the platinum wire 
chromium (hydrous) oxide particle 
copper 
diameter of the cylinder 
voltage applied to t.he cylinder 
radial electric field 
electric field on the surface of the pt-wire 
electrophoretic force 
gravitational acceleration vector 
Grashof number, gj3!FdD3/v2 
free-convective heat transfer coefficient 
electroconvective heat tmnsfer coefficient 
current tlirough the pt-wire in absence of E 
current through the pt-wire i11 presence of E 
isoelectric point 
Iength of the cylincler 
Nusselt number, h$ DIA 
electric Nusselt nuinber, helD/A 
number of Cr(OH)3 particlei/rn3 
Prandtl nuinber, v/a 
platinum wire 
charge of the Cr(OH)3 particle 
rate of heat transfer in presence of E 
radius of the cylinder 
radius of the Cr(OH)3 particle 
resistance of the pt-wire 
Rayleigh number, g/3Td D3/v2 Pr 
temperature difference between the pt-wire and the surrounding medium 
temperature of the surrounding rnedium 
temperature of the pt-wire 
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Greek Symbols  

tliermal diffusivity 
th.~rnal expaasioii coefficient 
ailgle oi'iiiciinatioii from the vertical 
kinema,tic viscosity 
absolute viscosity 
inass clensity 
ra.clius of tlie Cr(OI-I)3 pa.rticle 
peimittivity of tlie fluicl 
tliermal conductivity 
efficiency of e1ectrocoi~vect;ioi~ 


