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Abstract

The aim of the paper is to evaluate the Soret coefficient St of colloidal particles in ferrofluids from measurements
of an unsteady particle separation in a flat thermodiffusion column. The column theory is modified taking into
account MHD effects of thermal convection affected by a concentration buoyancy force. It is shown that the
Hartmann effect, not only in hydrocarbon based colloids but also in ionic magnetic fluids of relatively high electric
conductivity, does not influence significantly the particle separation dynamics. From measurements, positive values
of St of surfacted particles in tetradecane based colloids are calculated. An anisotropy of the Soret effect in the
presence of a uniform magnetic field is experimentally established. The obtained results agree qualitatively well with
the authors hydrodynamic theory of particle thermomagnetophoresis. © 2000 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Thermal diffusion may play an important role in
some magnetic fluid and MHD technologies. For
example, a change of directional solidification velocity
in tin-bismuth alloy [1] has been observed. Recently, a
high thermophoretic mobility of nanometer-scaled
magnetite particles in ferrocolloids [2,3] have been
measured. In nonisothermal conditions a remarkable
redistribution of particle concentration in the colloid
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takes place; therefore, a lowering of the long-term
stability of ferrofluids in devices employing high tem-
perature gradients may appear. Direct thermal diffu-
sion measurements in liquid metals and in ferrocolloids
are extremely difficult, since conventional interfero-
metric and holographic methods are not available.
Recently, it was shown [3] that the thermophoretic
mobility of nanoparticles in magnetic colloids may be
investigated by using an indirect method based on par-
ticle separation measurements in thermal diffusion col-
umns. Usually, the Soret coefficient in molecular
liquids is evaluated from the stationary level of particle
separation (see, for example, [4]). In colloids, the
Brownian diffusion coefficient of nanoparticles is sig-
nificantly less than that of ordinary liquid mixtures
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Nomenclature
a half-width of the channel z=2"/a vertical coordinate (oriented
B induction of magnetic field opposite to g)
C=c/co non-dimensional particle con-
centration Greek symbols
D diffusion coefficient of colloidal o = Ba(o/v)"/? Hartmann number
particles or = StT non-dimensional thermal diffu-
Dt thermal diffusion coefficient sion ratio
g acceleration of gravity Br=—py'3p/dT  thermal expansion coefficient
Gr Grashoff number Be=pglap/ac solutal expansion coefficient
j=Jjla/(coD) particle flux density e thickness  of  concentration
k = STAT non-dimensional thermal diffu- buoyancy layer
sion parameter ® =c/p, volume fraction of particles
L length of the channel U magnetic permeability
n=d./a non-dimensional concentration U magnetic constant
layer thickness v fluid viscosity
Rz vertical non-dimensional con- p density
centration gradient G fluid electric conductivity
St = Dr/D Soret coeflicient 7= Dt/d* non-dimensional time
Sc=v/D Schmidt number
u = u.(x) vertical convection velocity Subscripts
U=ua/D convection velocity (non-dimen- 0 initial
sional) T temperature
x=x'/a coordinate across the channel c concentration

and the steady separation regime is reached in long
time experiments of several days. Besides, the final
result may be disturbed by many uncontrolled factors.
In the present paper we describe an approximate col-
umn theory which allows evaluation of the Soret coef-
ficient from the initial part of unsteady separation
measurements. Since the density of the ferrite particles
differs significantly from that of a carried liquid, the
description of the convective flow in the column must
not only consider the thermal but also the concen-
tration buoyancy forces (the so called ‘forgotten effect’
[5]). To allow the possibility of analyzing separation
measurements performed in the presence of an external
magnetic field in our theory, the convection problem
accounts also for a Hartmann effect. In the last section
of the paper we present a review of our results on the
magnetic Soret effect in hydrocarbon-based ferrofluids
which are obtained from unsteady separation measure-
ments.

2. Steady MHD convection in a thermal diffusion
column

Let us consider a convective flow and a mass trans-
fer in a thermal diffusion column consisting of a verti-

cal flat channel and upper and lower separation
chambers. The channel walls x' = +a have different
temperatures 7(—a) =T, and T(a) = T,. Both, the
height and the width of the channel significantly exceed
the thickness of the gap J = 2a. Therefore, the convec-
tion in the channel may be considered in a one-dimen-
sional approximation u = u,(x).

Steady convection in the presence of an uniform
magnetic field B oriented normally to the vertical walls
(along z) may be considered in classical Bousinesq ap-
proximation

d2
Y u dp
dx’2 dz’

— 0B’ u—g(p—py)=0. )

Here dp/dz’ is the vertical pressure gradient, v and o
are the viscosity and the electric conductivity of the
fluid, coordinate z’ is directed opposite to the accelera-
tion of gravity g. The third term in this equation
reflects the MHD interaction due to an inductive elec-
tric current. The dependence of the ferrocolloids mag-
netization on temperature causes a transversal pressure
gradient dp/dx’ but it is assumed to be less than the
critical one at which the thermomagnetic instability of
convection may develop. (The transversal magnetiza-
tion gradient is one of the reasons for a magnetic
Soret effect of ferroparticles discussed below.) If the
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magnetic field is oriented horizontally along the chan-
nel walls, the induced electric field does not affect con-
vection velocity and a magnetostatic pressure gradient
due to fluid magnetization also does not appear.

The colloids density p depends on temperature 7 as
well on particle concentration ¢. In a linear approxi-
mation we may write:

ap ap
—pot+ L1y + Pe—c
p=po+ 3T|c( 0) + 3C|T(c o)

= po[1 = Pr(T = To) + Pe(c — co)]- ()

Thus, the buoyancy force in Eq. (1) must be con-
sidered being dependent not only on temperature but
also on the inhomogeneity of the particle concentration
which develops during thermodiffusive transfer. The
temperature distribution across the channel in a steady
convection regime is linear.

X_/
2a’

X’
T=T0+(T2—T|)Z=T0+AT 3)

The steady distribution of particle concentration, cor-
responding to a zero value of particle flux on unper-
meable channel walls given by

dc dT dc STtAT
-D =-D
ax’ de/c <8x/ 2a c)

x/

=+l 4)
a

in the initial stage of separation (where it is used that
¢ < 1 in common magnetic fluids and that the vertical
concentration gradient in the column is not yet devel-
oped) follows an exponential law

c

< _ STAT X X/
¢y sinh k >

)

C= exp(—kx), k = —
2 a

Here St = D1/D is the Soret coefficient, D and D are
the Brownian and the thermal diffusion coefficients of
the nanoparticles,respectively and & is the non-dimen-
sional separation parameter. In conventional thermal
diffusion column theories which are developed consid-
ering molecular liquids with k « 1, a linear depen-
dence C = 1 — kx is usually used instead of Eq. (5). In
magnetic colloids the parameter & may reach signifi-
cantly higher values kx1 [2], therefore the exponential
concentration profile (5) must be considered in the col-
umn theory. Taking into account the profiles (3) and
(5), we obtain from profile (1) the following distri-
bution of a vertical convection velocity across the
channel U = ua/D [6]:

U— GrpSc (x __ sinh ocx)

242 sinh o

| k
_ GreSe " tanh k <cosh ox
(o2 — k2) (1 tanh oc) cosh o

o

k exp( — kx) B
sinh o sinh k&

_tanhoc) k sinh ox 1l ®

o

Here Grr = prATga’/v? and Gr. = f.gcoa’/v? are the
thermal and the concentration Grashoff numbers, Sc¢ =
v/D is the Schmidt number of colloidal particles and
o = Ba/a/pv is the Hartmann number. For small
values of the thermal diffusion parameter k < 1 a sim-
pler dependence which corresponds to an additive
action of thermal and concentration buoyancy forces
on free convection is valid:

U (7

_ (Grr 4 2kGr.)Sc < sinh ocx)
o 202 T Sinha )
In the initial stage of the separation process the mean
particle concentration in a channel may be considered
being independent from the vertical coordinate and
equal to ¢ = ¢p. Using this assumption, from Eq. (6)
we obtain the vertical particle flux j, written in a non-
dimensional form

-/ 1 +1 k +1
j, =24 ——J CUdx = J e U dx

(,'()D - 2 —1 2 sinh k 1

_GrTSc[ k ( « k >
T 202 [(@2—k2)\tanho tanhk

1 1} Gr.Sc | (1 —k/tanh k)
" tanh k + k]l @2 —k)| (- tanho/a) ®)

x[ k (atanhoc_k>_tanha:|
(2 — k2) \ tanh k o

_ k2 ( x k )+ k _
(2 —k?)\tanh o tanh k tanh k '

Fig. 1 represents this solution graphically. From Eq.
(8) and Fig. la it is seen that in the case where the
thermodiffusive transfer of particles across the chan-
nel does not affect the buoyancy force (Gr. =0) the
direction of particle convective separation in the col-
umn depends on the sign of parameter k£ in a simple
way. Particles which are moving toward increasing
temperatures (k < 0) will be collected in the upper
separation chamber of the column whereas positive
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Fig. 1. Vertical particle flux j./GrrSc in a flat vertical channel in the presence of a transversal magnetic field B = B, = const. at

various a, Gr/Grr = 0 (a) and Gr./Grr = 0.25 (b).

Soret coefficients will cause a rise of particle concen-
tration in the lower chamber. Magnetohydrodynamic
suppression of convection always causes a significant
reduction of the particle separation intensity. If the
concentration buoyancy force is taken into account,
the situation is more complicated. The density of par-
ticles p, in magnetic fluids, is significantly higher than
that of a carrier liquid p,. Therefore, usually
Gr. > 0, and even at low thermal diffusion coeffi-

cients the concentration buoyancy force significantly
affects both, the convection velocity and the vertical
convective transfer of particles. From expression (8)
and from results presented in Fig. 1b it follows that
under the conditions of an intensive thermal diffusion,
the convective particle flux may be directed in the
direction of gravitational acceleration g independently
of the sign of parameter k. The particle collection in
the upper chamber is expected only in a relatively
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narrow interval of negative values of the parameter k
(for small k& this interval is equal to approximately
0>k > —Gry/2Gr.) when the thermogravitational
mechanism of free convection in the channel still pre-
vails. From the results presented in Fig. 1b we can
see, that this interval of parameter k depends on the
value of the Hartmann number a. Magnetohydrody-
namic deformation of the convection profile causes
an increase of probability to form a reverse convec-
tive flow under the action of a concentration buoy-
ancy force.

3. Quasi-stationary convection during the formation of
the concentration profile across the channel

The steady concentration profile (5) is valid only for
narrow channels for times ¢ larger than a transition
time to, t > to~a®/D. In the initial regime of particle
separation, ¢ < ty, an unsteadiness of the concentration
profile in Egs. (1) and (2) has to be taken into account.
To simplify the calculation in this regime, we will use
an approximate profile [6]

c L=+ kn

Co T T 3Fkn
Dt

T:?,

(n— lix)3, n=+/121,

©)

which satisfies the equation of integral mass balance in
the boundary layer. Here is n = §./a with J. being the
thickness of the concentration boundary layer near
both walls. (The upper signs in Eq. (9) correspond to
negative x < 0, the lower ones to positive x). This ap-
proximation is very close to concentration profiles of
an exact solution of the unsteady diffusion equation.
For example, from the exact solution it follows that at
7 « 1 the gradient of concentration at channel walls is
equal to ¢/, = ¢p24/t/m, whereas the approximate pro-
file (9) gives a value of the coefficient in this ‘square
root’ law equal to 2/+/3.

Let us consider for simplicity only one half of the
channel, x = 0-1. For small kn « 3 the concentration
profiles C — 1 near both channel walls are anti-sym-
metric, therefore dp/dz’ = 0. The velocity profile for
positive x is now given by:

1. if |x| < n:

U 1 [ ( sinh ax )
2 | (x=
GrrSc 202 sinh o

S(n N 2 2sinhnoc>sinhocx]v
3 no? n2o3 sinha |

(10a)

2.ifn<|x|<1:

u 1 <x sinh ocx)
GrpSe ~ 242 sinh o

S 2 sinh o(1 — 1) - cosh a cosh ax
n2o3 cosh o

(n 2 2sinha(l —n) - cosh oc) (10b)
3 ne? n2o?

sinh ax (I1-n—x)°

X —
sinh o 3n?

Z(I—n—x)iH
[

The corresponding mass flux for one-half of the chan-
nel is the following:

R, sy (e
kGrrSc ~— 6n2a3 o2 ot tanh o \ o

6n> 6sinha(l —n) n* ns]
+ -

o3

o4 sinh o 4 20

6 sinh on
n2a3 sinh o

o ol ot
n, 2\ <3n2 N 6 1
3 no? o2  o* tanho
(n3 6n> 6 sinh o(1 — n))
\=+5 ) - ——
o ol o sinh o

21 502 ||°

For small Hartmann number values «a—0 a simpler
solution instead of Egs. (10a), (10b) and (11) is valid:

3 S|:2 sinh (1 — n) (n_3 N 6n
(1

vl

NEA 1
B R WP AN S 5] 12
GrSe =13 ")+2[6ox g1+ ] (12)

Jz ( 3 n* n5>
=———\n - =+ —
kGrrSc 360 2 14

58 (n5 9 né)
360 x 36 25

Here S = kGr./Grr

Some unsteady convection velocity profiles which
correspond to various 7 at the initial stage of particle
separation Dt/a* < 1/12, when the concentration
boundary layer approximation (9) is valid, are shown
in Fig. 2. Profiles are plotted in accordance with ex-
pressions (10a) and (10b) for o = 10, the curves corre-

(13)
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spond to equivalent positive (Fig. 2a) and negative
(Fig. 2b) values of the thermal diffusion parameter +S.
In colloids having positive Soret coefficients (S > 0),
the particle transfer across the channel causes a mono-
tonous increase of the convection velocity. In the
presence of a strong magnetohydrodynamic inter-
action, o >> 1, the action of unsteady concentration
buoyancy force is concentrated mainly in a thin fluid
layer near the channel walls, as seen in Fig. 2. In elec-
trically non-conducting fluids at o =0 the velocity
changes take place not only near the walls but also in
the central part of the channel. If particles are moving
towards increasing temperature (S < 0), the con-
centration buoyancy force is directed opposite to the
thermogravitation one. Therefore, non-monotonous
velocity profiles develop during the formation of the
concentration profile across the channel. Finally,
reaching 1 =19~ 1, a reverse anti-symmetric velocity
distribution develops which corresponds to the steady
profile (6) (in the transition period 1/12 <7 < 7 the
velocity profiles may not be calculated because the
boundary layer approximation and the profile (9) are
no more valid).

The dependence of the vertical particle flux on time
for various values of the fluid Hartmann number is
shown in Fig. 3. If particles are transferred across the
channel towards decreasing temperature (S > 0), the
concentration buoyancy force causes an increase of the
vertical particle flux; particles are collected in the lower
chamber. If the values of S are negative, the particles
are transferred upward in the initial period of time,
but due to development of a concentration buoyancy
force which now acts opposite to the thermogravita-

0.083

0,006 -

0,004

0,002 -

VELOCITY u/(Gr+Sc)

0 t

0 0,5
COORDINATE x

tion force, a monotonous reduction of particle flux
takes place. When the regime of a reversed convection
velocity near the channel walls is reached, the vertical
mass flux turns to the opposite direction. Therefore,
particles like in the previous case S > 0, are transferred
again to the lower separation chamber. Finally, reach-
ing © =1y there develops a steady particle flux (Eq.
(8)) which corresponds to the velocity profile (Eq. (6))
of a stationary particle distribution across the channel.
The magnetohydrodynamic suppression of convection
velocity always causes a reduction of the intensity of
particle separation in the nonstationary regime.

The non-monotonous velocity profiles of several
stagnation points which develop at S < 0 (Fig. 2b) are
obviously unstable. The lose of shear flow stability in
the channel during the reversion of the convection vel-
ocity may significantly affect the dynamics of particle
separation. It is also not clear, whether it is possible to
observe the reversion of the particle flux or not. In our
preliminary experiments we have observed that at
negative Soret coefficients an oscillatory regime of par-
ticle separation in the channel may occur [2,7]. An un-
stable regime of separation is also observed in
molecular liquids with S7 < 0 [8].

4. The limit of a steady regime of particle separation

The equations given in Sections 2 and 3 are valid
only for channels of infinite height or for real thermal
diffusion columns in the initial regime of particle sep-
aration. At durable separation a remarkable concen-

0,004 -

1=0

0,002 +

0 t <A

0 0,5 1
COORDINATE x

Fig. 2. The development of the convection velocity profiles across the channel in the presence of an uniform transversal magnetic
field (only the part of the channel for positive x is shown, o = 10, S = +2 (a) and S = -2 (b).
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Fig. 3. The unsteady vertical particle flux in a flat thermal diffusion channel for various o, S =42 (a) and S = -2 (b).

tration difference in the upper and lower separation
chambers develops. The corresponding vertical concen-
tration gradient in the channel affects both, the vel-
ocity as well as the concentration profile, across the
channel. Instead of Eq. (5), the concentration profile
C = C(x) must now be calculated considering a con-
vective mass transfer too. For low ¢y and small values
of the thermal diffusion parameter k, when the separ-
ation term in Eq. (4) may be considered being con-
stant, the mass conservation equation for a one-
dimensional flow in the channel must be written in the
form

aC 9 C
U87 =7 (14)

The solution of Egs. (1) and (14), considering Egs. (3)

and (4), for the steady asymptotic regime of separation
Jj. = 0 is now the following:

_ GrpSe(1 + 5)

U (sinh B, sinh ,x
2Q1 (15)
— sinh 8 sinh 8, x)
C—1= —M(ﬂz sinh B, sinh B, x
T 26r0) V72 ? !

(16)
— ﬁ% sinh f3; sinh B2x> + x

with

_ 2010
S = ~or 1 amn

and

01 = B15(B, cosh By sinh f, — f; cosh B, sinh ;) (18)

0, = sinh ﬁ2<cosh i1 sinh f3 )

Bi i
(19)
. h f inh f§
— sinh f§; (Cosﬁz 2 _ Smﬁg 2)
.
@—%mm%4“%fﬂ4)
-
+ B sinh? kl(smh b 1)
2ﬁ2 (20)
O(2

— 4([31 sinh? f, sinh? f,
(7 -8)

— B, sinh? o; sinh? B,)

The coefficients f; and f, depend on the Hartmann
number o and on steady vertical concentration gradi-
ent Rz = Gr.Sc(dC/dz):

1. if Rz > 0:



1644 E. Blums, S. Odenbach | Int. J. Heat Mass Transfer 43 (2000) 1637-1649

y 12 . 1/2
By = 7 TR 5 Ba
12
_. <°‘2 +R )Uz “ 1)
=1 3 zZ 4

2. if Rz = —Rn is negative and Rn < o*/4:

2 4 127"
N
a2
:i[%z_(‘z_“_zan) } 22)

3. if Rz = —Rn is negative and Rn > o*/4:

I
Pra= 5[(2Rn‘/2 1) 1R — ] (23)

Fig. 4 represents some velocity and concentration pro-
files (o« = 5) which correspond to positive and negative
Soret coefficients. It is seen that at negative S the
change of direction of convection, expected in the pre-
vious section for flows without vertical concentration
gradients, is not observed. The reason for that,
obviously, is the non-monotonous character of concen-
tration profile across the channel which is formed
under the effect of different inlet concentrations of the
upstream and downstream convective flows. The
dependence of a steady limit of the vertical concen-

0,4

—e—u (S=1.15)
—&—C (S=1.15)
—0—u (S=+1.4)
—h—C (S=+1.4)

VELOCITY /CONCENTRATION

-1 -0,5 0 0,5 1
COORDINATE, x

Fig. 4. Velocity (circles) and concentration (triangles) profiles
at steady particle separation, oo = 5. Black points: S = —1.15,
Rz = 120; white points: S = +1.40, Rz = —155.
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PARAMETER S

Fig. 5. Dependence of vertical concentration gradient Rz on
parameter S in a steady regime of particle separation.

tration gradient on the Soret parameter S for various
Hartmann numbers is plotted in Fig. 5. For non-con-
ducting liquids at «—0 the solutions (15) and (20) co-
incides with the results published by Ecenarro et al.
[9]. In a region where|S| < 2 a relation

_63s

R
)

24
is valid.

From the results presented in Fig. 5 it is seen, that
in the presence of a magnetic field the coefficient in
Eq. (24) monotonously increases. Thus, the magneto-
hydrodyamic breaking of convection leads to an
increase of the steady thermodiffusive separation limit
in the column. In the region of negative Soret coef-
ficients the curves presented in Fig. 5 are calculated
until the shear stress of the flow at the channel walls
reaches zero. In a zero field this happens at S = —5,
for higher Hartmann numbers this limit monotonously
decreases and for o = 10 it reaches a value approxi-
mately equal to S = —3. This tendency of a lowering
of the convection stability in the presence of strong
MHD interaction is also observed in flows without ver-
tical concentration gradients; only the corresponding S
values are smaller (compare results presented in Figs. 3
and 5).

5. The dynamics of particle separation in a thermal
diffusion column

The sketch of the thermal diffusion column used in
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our experiments is shown in Fig. 6. The column con-
sists of a vertical flat channel (a small gap ¢ =2a
between two plates of different temperatures 77 and
T») of a length L/a > 1 and two separation chambers
of equivalent volumes V..

The convective vertical flux j, in the channel causes
a particle concentration change in the lower (¢;) and in
the upper (c,) chamber of the column:
dq Ssa ., dey

da _ Sea,
dr —

vl ar T Ty

(25

Here S5 denotes the cross sectional area of the chan-
nel. In the initial stage of separation until the concen-
tration difference Ac = ¢; — ¢, is significantly less than
the initial concentration ¢y, the particle flux may be
calculated assuming that the concentration profile
across the channel is time dependent but does not
depend on the vertical coordinate z, ¢ = ¢(x, t).

T,

T, +a

Fig. 6. The sketch of the thermal diffusion column. The in-
duction coils of the LC oscillator (the gray areas represents
their cross section) for particle concentration measurements
are mounted in the upper and lower separation chambers.

Using the unsteady particle flux for «—0 in the
form of Eq. (13), we obtain from Eq. (25) the follow-
ing relation which describes the development of the
concentration difference Ac in the initial regime of sep-
aration:

Ac _ kGrrSc o 5[(1 5n 10n2)

o sa00 I\ T T

o)

(The thermal and the concentration Grashoff numbers
Grr and Gr. as well as the boundary layer thickness
n=(121)"?and the diffusion Fourier number 7=
Dt/6% here and below are calculated using the channel
thickness 6 = 2a, L. = V./Ss is the effective length of
the upper and lower separation chambers).

This dependence is valid for T < 1/48 until the thick-
ness of the concentration boundary layers from both
walls reaches the center of the channel at n=0.5.
From Eq. (26) it follows that in the initial regime of
separation a nonlinear dependence Ac~ 1> is awaited.
Even at high values of the parameter S = k(Gr./Grr)
the influence of the concentration buoyancy force on
the separation dynamics in this regime is relatively
low.

At 7> 1/48 the concentration profile across the
channel starts to saturate and approximately at
1~0.25 a steady profile (Eq. (5)) is reached. Now, the
vertical particle flux becomes constant and the concen-
tration difference starts to develop linearly in time. For
small values of k (k <1) when the steady concen-
tration distribution across the channel is linear, we
obtain

g = +£ﬁkGrTSc(l + 9. 27
Co 6! LC

At durable separation, starting after a certain tran-
sition time 7, (from our previous analytical results [10]
it follows that r,z65(GrTSc5/LC)_1 the concentration
difference in the chambers starts to saturate and the
linear dependence (Eq. (27)) may not be observed. The
smaller the volume of separation chambers V. or the
higher the temperature difference A7, the sooner the
linearity of the saturation curves vanishes. In the tran-
sition regime a time interval exists in which the con-
centration difference Agp may be approximated by a
square-root dependence [10]

Ac

— = 7£kﬁ (28)
o Lc

The coefficient y slightly depends on the ratio L/L..
For devices having approximately equal volumes of
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the active column ¥ and of the upper and lower con-
tainers V;,7~0.619 is found [7].

In long time experiments i.e. for some time 7, (for
L/Le~1t,x5 x 107(GrpSed/L)™> [6]) a stationary
regime of particle separation is reached. In accordance
with Eq. (24) for liquids with S—0, the concentration
difference in the column chambers in the asymptotic
regime T > T4 1S
Ac_ 504 kL

co GriSc o (29)
From the results presented in Fig. 5, it is seen that the
concentration buoyancy force starts to affect the steady
separation level in the column if the parameter S
exceeds a value approximately equal to 2. In both
cases of positive and negative values of S an increase
of the steady concentration difference takes place.

Fig. 7 represents some results of a computer simu-
lation of the unsteady particle separation problem in a
column for parameters which are close to our exper-
iments [11]. Numerical results confirm the ‘5/2° law
AC~7%?2, It is seen that at S =0 the approximation
(26) is valid till T < 7, ~0.025 before the concentration
boundary layers on both walls reach the center of the
channel.

Usually, in real separation devices, the column width
is varied within an interval of about é =0.5-1 mm
and the thermal as well as the concentration Grashoff
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Fig. 7. Unsteady particle separation curves in the column of
Le/L = 1.2, Rar =3, Sc = 10°. Lines represent the analytical
solution (26) for the region of low 7 and (17) at « = 0 for the
saturated regime. Dots represent the results of a numerical
solution [11].

numbers reach values 1-10. Besides, for colloidal par-
ticles in ferrocolloids the values of the Schmidt number
Sc are very high (Sca~10°). The time at which the
steady separation regime is reached, depends on the
convection parameters as well as on L and L.. In our
experiments the relaxation time tszfséz/D exceeds
several tens of hours. To simplify the measurements as
well as to eliminate the difficulties of separation curve
analysis due to not very well clarified concentration
convection effects, the main attention in our exper-
iments is paid to the nonstationary regime of the par-
ticle separation curves.

6. Experimental results

The separation experiments are performed using a
vertical flat column of width 6 =0.52 mm and of
height L = 86.5 mm. The heated and cooled walls are
connected with two precise thermostats, keeping the
temperatures 7> and 7 constant. The difference AT =
T, — T is varied in the interval 2 - 18°C. In order to
lower the temperature inhomogeneities caused by heat
exchange with the environment, the upper and lower
containers of equal volume (V.~1 cm®) and the out-
side walls of the channel are made from plastic ma-
terial with a low heat conductivity. The column is
located between poles of an electromagnet in a region
of uniform magnetic field.

Particle concentration in both separation chambers
is determined by measuring the resonance frequency of
an LC oscillator [2]. The inductance coils of the oscil-
lator are mounted inside the both containers (see Fig.
6). In the presence of an increasing magnetic field H
when according to the superparamagnetic nature of
magnetic colloids the differential magnetic suscepti-
bility monotonously decreases, a reduction of the res-
onance frequency sensitivity to the particle
concentration takes place. Therefore, the concentration
measurements are performed accounting for the effect
of a magnetic field on the graduation curves of the os-
cillator.

The separation measurements are performed
employing tetradecane based ferrofluid samples con-
taining chemically coprecipitated magnetite or Mn-—
Zn ferrite nanoparticles. The colloids are stabilized
by using oleic acid as a surfactant. The magnetiza-
tion M of the colloids obeys the Langevin law M =
@Mp(cotgh & —1/&) with &= puymH/kgT. Here kg is
the Boltzmann constant and g, is the magnetic con-
stant. The physical characteristics of a ferrofluid
containing Fe;O4 particles (sample 1) are as follows:
the volume fraction of the magnetic particles ¢ =
0.037 (determined from fluid density measurements),
their magnetic moment m = 1.4 x 1071 A/m? (deter-
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mined by a magnetogranulometry analysis [12]),
d = 82 nm (a ‘magnetic’ diameter calculated using
the assumption that the saturation magnetization of
the particle material M, is equal to that of bulk
magnetite, M, =480 kA/m), n=4.6x 1073 Ns/m?,
Pr=83x 104K, B,=359. The corresponding
parameters of the Mn-Zn ferrite particles
(Mng sZng sFe,O4) containing fluid (sample 2) are:
@ =0.0928 (initial sample), m =2.22 x 1071 A/m?,
M, =249 kA/m, the ‘magnetic’ diameter d = 12 nm,
kinematic  viscosity v =26.6x 10=® m?/s (initial
sample, T = 25°C) and v =3.3 x 107® m?/s (sample
diluted to 1:4) [12].

Several series of separation experiments have been
performed to evaluate the thermal diffusion ratio in a
zero magnetic field. Fig. 8 represents the nonstationary
separation curves of lyophilized Mn—Zn ferrite par-
ticles dispersed in tetradecane [13]. The measurements
are performed employing the initial sample 2 and a
fluid of relatively low particle concentration (the initial
sample diluted to 1:4), the temperature difference is
AT = 10°C. We can see that experimental results con-
firm both the dependence Ac/cy~ 1'% predicted by Eq.
(26) (initial regime, ¢ < 800 s) and the empirical re-
lation indicated by Eq. (28) (starting after approxi-
mately 2000 s). The difference in the separation rates
for both samples at low t reflects the effect of the
fluids viscosity (v of the diluted sample is 8 times lower
than that of the initial sample) on the convection
intensity.
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Fig. 8. The unsteady particle separation in a vertical column.
Mng sZng sFe,O4 particles stabilized by oleic acid. Initial,
@ =9.3 x 1072 (marked as ¢ = 1), and diluted, ¢ =2.3 x 1073
(¢ =0.25), samples, AT = 10°C.

Analyzing the particle separation curves of the series
of experiments we come to the conclusion that the
thermal diffusion ratio o = St7T neither depends on
particle concentration nor on temperature difference
[2]. The average value ot for Fe;O4 particles calculated
from the initial part of the separation curves (account-
ing only for the first summand in Eq. (26)) is ar =
424 +5. From an analysis of the results using Eq. (28)
a practically identical result is obtained, ot = +21+4
[7]. For Mn—Zn ferrite particles the corresponding oy
values are a little lower: ar = +13.84+1.3 (the °5/2
law) and or = +18.34+0.2 (the ‘1/2’ law) [13]. The
measured positive values of the Soret coefficients for
surfacted particles agree qualitatively well with theor-
etical predictions [14]. To analyze the results quantitat-
ively, it is necessary to note that the convection
parameters which are used to evaluate the St value are
not very well determined. The Schmidt number Sc is
calculated in the Stokes approximation D = kT/(3nnd)
employing the ‘magnetic’ diameter of particles and
assuming that the thickness of the surfactant layer
around the particle is equal to 2 nm. Some preliminary
diffusion measurements show that such calculation is
not very precise. For example, for the diluted Mn—Zn
ferrite containing sample it is found from dynamic
optical grating experiments that D = 7.4 x 1071 m?/s
[15], which is remarkably less than the value obtained
theoretically by using the Stokes approximation.

An external magnetic field oriented horizontally
along the isothermal walls of the channel (BLVT)
causes an increase in the separation intensity of the
surfacted particles whereas in the presence of B
oriented transversally to these walls (B VT) a
remarkable reduction of the vertical particle flux is
observed. Fig. 9 presents the thermophoretic mobi-
lity of Fe3;O4 and MngsZngsFe;O4 nanoparticles
under the effect of a uniform field BLVT [6] and B ||
VT [13]. Due to a low electrical conductivity of the hy-
drocarbon-based colloids it can be assumed, that in
these experiments a < 1. Therefore, the dots represent
average values of results calculated using the ex-
pressions (26) and (28), assuming that only particle
thermal diffusion is affected by a magnetic field. Both
effects, the increase in or in the presence of a transver-
sal field BLVT and the approximately two times stron-
ger reduction of ap if B VT, agree well with the
hydrodynamic theory [16]. Nevertheless, the magnetic
effects presented in Fig. 9 are stronger than the theor-
etically predicted ones. Obviously, if thermodiffusive
transfer of nanometer scaled particles is analyzed, the
hydrodynamic theory must be specified taking into
account a slip velocity and a temperature jump on the
particles’ solid—liquid interface.

A magnetic field may also influence the particles’
diffusivity and the fluids’ viscosity. From the hydro-
dynamic theory [16] as well as from a thermodynamic
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Fig. 9. The effect of a magnetic field on the Soret coefficient
of surfacted magnetite (triangles) and Mn—Zn ferrite (dots
and circles) particles in tetradecane. Black points: BLVT,
white points: B || VT.

analysis accounting for particle interactions [17] it
follows that a magnetic field oriented along the con-
centration gradient causes an increase of the trans-
lation diffusion, whereas in the presence of a
transversal field BLVT a reduction of D is awaited.
Optical grating experiments confirm both of these
‘magnetodiffusivity’ effects [17]. Nevertheless, if a
change of the particle mass diffusion coefficient in
our experiments really takes place, the corresponding
analysis of the separation curves by using the cor-
rected coefficients in Eqs. (26) and (28) would give
the thermomagnetophoretic effect even stronger than
that presented in Fig. 9. We expect that the second
effect, the fluid ‘magnetoviscosity,” does not signifi-
cantly influence particle separation dynamics in the
column because the measurements are performed
using colloids of a relatively low particle concen-
tration. More significant seems to be a possible mag-
netorheological behavior of the colloidal systems if
strong particle interactions are present. For example,
in some preliminary experiments performed using
water-based colloids which contain charged particles
(‘ionic’ ferrofluids) we observed a significant re-
duction of particle separation in a magnetic field
independently of the orientation of B to the tempera-
ture gradient V7. A magnetohydrodynamic breaking
of convection may not give so strong an effect since
not only in hydrocarbons but also in electrolytes the
Hartmann number is low (in the examined ionic fluid
the o even in strong fields does not exceed the value
0.2).

7. Conclusions

The particle separation measurements in a vertical
thermal diffusion column has been used to evaluate the
Soret coefficient of colloidal magnetic particles in fer-
rofluids. To interpret the results, the thermal diffusion
theory is modified by taking into account the concen-
tration buoyancy force arising during the separation of
particles and the MHD breaking of convection in a
channel. Experiments confirm the analytically pre-
dicted °5/2’ law of the unsteady separation curves. Col-
loidal ferrite particles in hydrocarbons stabilized by
use of surfactants are moving towards lower tempera-
tures. This direction of thermophoresis agrees well
with the predictions of the thermodynamic theory
accounting for a slip velocity of lyophilic solid—liquid
boundaries. Experiments confirm the theoretically pre-
dicted effect of a uniform magnetic field on the ther-
mophoretic transfer of nanoparticles in ferrofluids and
the anisotropy of the magnetic Soret effect. Hart-
mann’s type MHD effects in thermal diffusion column
experiments using both the lyophilized and the electri-
cally stabilized magnetic fluids may be neglected. Ad-
ditional separation experiments would be interesting to
perform to investigate the convection stability under
the effect of a negative Soret coefficient. Some theories
predict that St <0 may be observed in ionic ferro-
fluids containing charged particles. It is necessary also
to investigate the critical conditions of thermomagnetic
instability of the convective shear flow in the presence
of a strong magnetic field B || VT.
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