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Abstract

Experiments on the particle separation in a vertical thermodiffusion column are used to investigate the separation
(Soret effect) in ferrofluids. The use of a two-sectional column with internal walls of low thermal capacity allows
analyzing the initial part of the unsteady separation curves as well as the steady state regime. The Soret coefficient
calculated from the measurements of the separation dynamics agrees well with the one found from the steady separation
limit reached in long-time experiments especially if the solutal buoyancy is low.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Suspensions of magnetic nanoparticles—commonly
called magnetic fluids or ferrofluids—show normal Ili-
quid behavior coupled with superparamagnetic proper-
ties. This enables a magnetic control of their flow and
other physical characteristics by means of magnetic
fields with a strength of about 50 mT. The magnetic
particles, having a mean diameter of about 10 nm, are
usually made of magnetite (Fe;O,4). They are covered
with a surfactant made from long chained organic
molecules, prohibiting agglomeration due to van der
Waals attraction. Since magnetic agglomeration and
sedimentation of the particles are prevented by thermal
energy, stable suspensions can be produced. The volume
concentration of the magnetic component is usually
about 2-10 vol.% and various carrier liquids like oils,
kerosene or water can be used. (For information on
magnetic fluids see e.g. Refs. [1-3].)
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Thermodiffusion (also called: Ludwig-Soret effect or
thermal diffusion) is a composite effect in which an
external temperature gradient leads to a concentration
gradient of one fraction in a fluid mixture. This effect is
of fundamental importance in classical physics [4] but is
also likely to have important consequences for natural
systems especially underground reservoirs of multicom-
ponent fluids (oil and salty aquifers) which are subject to
significant thermal gradients [5].

Thermodiffusion is observed in many molecular sys-
tems, for example in gas and liquid mixtures and in
solutions of salts and metals see e.g. Refs. [6-8]. As a
general rule, the Soret coefficient is very small for these
systems (107 K~! < St < 1072 K1). In contrast the role
of thermodiffusion in disperse systems (colloids and
suspensions) can be significant. Here the Soret coeffi-
cient may be two to four orders of magnitude higher
than the typical values for known molecular systems.

From a technical point of view the Soret effect may
play a significant role in the problem of long term sta-
bility of ferrofluids. If temperature gradients are present,
i.e. when the fluid is used as a heat transport medium,
the thermophoretic transfer of particles will affect the
stability of the ferrofluid strongly.
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Nomenclature

half-width of the channel

particle diameter

volume fraction of particles

mass diffusion coefficient of particles
(= kgT /67nd)

Grr thermal Grashof number (= BrgATa* /v?)

Do xR

Gr, concentrational Grashof number (= B.gcoa®/
v?)

g gravitational acceleration

Jx mass flux along coordinate x

k Soret number (= StAT)

kg Boltzmann’s constant

L height of the channel

L. effective height of the chambers (see (2))

)4 parameter of Laplace transformation

R non-dimensional  vertical concentration
gradient (see (5))

St Soret coefficient

S parameter of the Soret convection (= kGr./

Grr)

Sc Schmidt number (= v/D)

T(£a) cold and hot wall temperature

AT temperature difference (= T'(a) — T'(—a))

t time

u vertical convection velocity, non-dimen-
sional (see (5)

u, vertical convection velocity

X coordinate across the channel

X coordinate across the channel, non-dimen-
sional (see (5))

z vertical coordinate (oriented opposite to g)

Greek symbols

Br, Be thirmal (Br = 7% %) and solutal (B, =
1o

~5 o) expansion coefficient

dynamic viscosity of the colloid
kinematic viscosity of the colloid (= /p)
mass density of the colloid
non-dimensional concentration (see (5))
non-dimensional time (see (5))

A Qv ==

It is very difficult to perform direct measurements of
the Soret effect in ferrofluids using conventional optical
methods. Holographic interferometry which has been
successfully used to examine high gradient magnetic
separation (HGMS) processes in colloids under iso-
thermal conditions [9] cannot be employed to measure
the Soret coefficient since a temperature gradient is
present. More preferable are indirect measurements such
as the use of thermodiffusion columns discussed here.
The advantage of this technique is the possibility to
measure the particle separation dynamics during the
separation process with high accuracy until the steady
state is reached. The aim of this study is the question
how strong a ferrofluid can be separated under the
influence of a temperature gradient.

2. Analytical model and separation characteristics
2.1. Formulation of the problem

Classical thermodiffusion theories include several
very strong simplifications. In particular, a steady con-
centration profile ¢(x) across the channel (a thin gap
between two flat vertical walls ¥ = +a of a height L > a)
is assumed. In addition, the vertical convection velocity
v, = u.(x,¢) is only determined by the thermal buoyancy
force. The mass transfer problem is usually written in a
simplified form as unsteady one-dimensional diffusion of
the mean concentration of the solute across the channel
[10,11]

oc o%c oc
52 k@+uT§ (1)

where D, = D(1 + 64/9! - (GrrSc)®) denotes the “con-
vective diffusion” coefficient, & = StAT is called the
Soret parameter and ur = 4/6! - DkGrrSc/a is the con-
vective separation parameter. As boundary conditions a
conservation of the solute’s mass in two connected
chambers at the channel ends (z =0 and z = L) is used:
de Jz

ail L, L .

Here j, is the mean vertical particle flux in the channel
ends, L, = V. /S, represents the ratio of the volume of the
chambers at the column ends ¥, to the sectional area of
the channel S,.

The solution of Eq. (1) with the boundary conditions
(2) predicts a linear growth of the vertical concentration
gradient with time during the initial separation process
but such a law is usually not observed in ferrofluid
experiments [12-14]. The reason for this discrepancy
bases on the fact that the diffusion coefficient of solutes
in colloids is very low compared with molecular systems.
For a typical value of D ~ 10~!2 m?/s for ferrite nano-
particles in magnetic fluids the time, which is necessary
to reach a steady concentration profile across a channel
with a ~ 0.5 mm (a typical value for thermodiffusion
columns), exceeds one hour. Besides, due to a great
difference between the densities of the particles and the
carrier liquid, the thermodiffusive transfer causes strong
solute buoyancy which acts additional to the thermal
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one. The corresponding changes in the vertical convec-
tion intensity influence the separation process signifi-
cantly. This so-called “forgotten effect” [15] should be
taken into account when the heat and mass transfer in
the column is analyzed. The initial part of the separation
curves taking the combined action of thermal and sol-
utal buoyancy into account has been analyzed in [16-
19].

Here simplified analytical models which allow the
analysis of the full separation curve including the
asymptotic region of saturation are presented. The mass
transfer in a thermodiffusion column consisting of a flat
vertical channel with a < L and of identical top (z = L)
and bottom (z = 0) separation chambers is considered
using the one dimensional quasi-steady Boussinesq
equation for the convection velocity

o%u

pvgj —(p—po)g =0, 3)

under the assumption that the density of the fluid de-
pends only on the temperature and the particle con-
centration p = p, — (T — 1) + f.(c —cy) with the

. . 0

thermal expansion coefficient f; = —ﬁ 57 and the con-
. . . 5

centration expansion coefficient fi, = — i =

Due to the low convection velocity the inertia forces
are neglected and thus the unsteady linearized two-
dimensional mass transfer equation for the particle
concentration with ¢ < 1 as usual for ferrofluids be-
comes

oc dc d%c 0 or

In the vertical direction the convective mass transfer
significantly exceeds the corresponding diffusive ones.
Therefore terms containing the second derivative on the
vertical coordinate z have been neglected on the right
side of (4). The thermal relaxation time of the channel
does not exceed several seconds for usual values of a < 1
mm. Therefore the distribution of the temperature
across the channel is assumed to be constant 7 — T, =
ATx/(2a) with AT =T(a) — T(—a). The boundary
conditions for the concentration are the non-perme-
ability of the channel walls j,(+a) =0 and the mass
conservation in the channel ends which can be written in
the form (2).
Introducing non-dimensional parameters

R B.ga* dc AT -Ty)
T wD ' BpAT
_2Ae—colpe o, 2wy (5)
prAT Brea® AT
Dt ’
t=— and x= )i,
a a

and using the steady concentration profile ¢ = x Egs. (3)
and (4) become the non-dimensional form

%u do 0%*c koo
ot x—0=0, —+Ru=—mtm—.
e 0 w M tim (©)
The corresponding boundary conditions are
, k oG
d(xl)+ ia(il) =-S and St
a +1
= $EGrTSc[l uo dx. (7)

Here the parameter S = KGr./Grr represents the ratio
of the solute buoyancy to the thermal one.

2.2. General trend of the separation curves

In general, the vertical concentration gradient R de-
pends on the spatial position and on the time. Such a
dependence as well as the complicated form of the
boundary condition (7) does not allow to obtain a pre-
cise solution of the given integro-differential problem.
Only an approximate analysis of various asymptotic
mass transfer regimes can be performed. Considering
molecular liquids with small Soret coefficients, the terms
with & in the second equation (6) and in the first
boundary condition (7) are usually omitted. In Ref. [19]
it is shown that this simplification, independently of the
value of S, can be used as long as the Soret parameter
k does not exceed the value k ~ 2. Thermodiffusion
experiments in magnetic fluids with typical values of
St = 0.1 K~! [13] are usually within this interval of k. In
such a case the steady concentration profile is linear,
o = —Sx. Such linearity is valid also for the steady ver-
tical gradient of concentration R, [11] since the non-
dimensional parameter of convective separation ura/D;
in Eq. (1) usually does not exceed the above-mentioned
limit 2. Here we assume that for small separation
parameters the gradient R = R(t) does not depend on
the vertical coordinate z during the whole separation
process. In such an approximation the second boundary
condition (7) can be rewritten in the form

) 1
a

+1
GrTScE>2£/ uo dx. (8)
L Lc -1

Qualitative insight in the specifics of the separation
dynamics can be obtained by an analysis of Egs. (6)
using a Laplace transformation in time. For simplicity
the transformation of the convective term in the mass
transfer equation does not account for a time-depen-
dence of the velocity. This means that the analysis can be
considered to be correct only for liquids with sufficiently
small values of the separation parameter S.

The approximate Laplace transformation (t — P)
mentioned above allows to obtain simple concentration
and velocity profiles:
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u = A, sinh(kix) + 4 sinh(kyx) — 2 9)
R k1’2 = (14)

6 = Ak} sinh(k x) + A2k? sinh(kx) + x (10)
) The solution of the integral equation (8) with these
with profiles leads to a transcendent equation of complex
arguments which allows to determine the dependence
A, = 1 [(1 + 8) sinh(ky) + l—)kg’ cosh(kz)], (11) R = R(p, S). Unfortunately, it is not possible to realize a
1 R reverse transformation and to represent the results in a
1 ) P s form of analytical dependence R as a function of real
4 = E [(1 + ) sinh(k; ) +1_2k1 cosh(kl)], (12) time. Nevertheless, it is possible to analyze a general

trend of the separation process. Fig. 1 shows a set of
01 = k; cosh(k,) sinh(k;) — k; cosh(k;) sinh(k») (13) dynamic separation curves for fluids of various GrrSc
and S as a function of the parameter 1/p. The curves

and refer to several characteristic regimes. In the initial stage
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Fig. 1. Dynamics of particle separation for GrrSca/(L.L)"’ = 4 (upper figure) and GrrSca/(L.L)"* = 40 (lower figure).
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the curves for all S follow to the ““5/2” law R ~ t>/2. This
part reflects the unsteadiness of the vertical mass flux
during the formation of concentration profile across the
channel [14,17]. As smaller the Soret coefficient and
lower the solute buoyancy, as sooner sets in the linear
regime R ~ 1. This regime corresponds to a steady
concentration profile across the channel in columns of
low convection intensity [19]. At high thermal Rayleigh
and Soret numbers the linear part of the separation
curves cannot be observed. The separation process in the
column starts to saturate before the concentration pro-
file ¢ reaches a steady state. For S > 1, the concentration
difference in the channel ends develops in accordance
with the “square-root” law R ~ t*> observed in experi-
ments [14]. For § > 10 the slope of the separation curves
in the asymptotic regime —R/S > 10 is even lower,
Ac ~ 1%, Besides, if S>> 1, the relaxation time for
reaching the steady separation state as well as the final
difference of particle concentration in the channel ends
increases significantly.

2.3. Unsteady separation within R < 1

Considering the initial part of the separation process
within R < 1, the convective term in the mass transfer
equation (6) may be neglected and the unsteady con-
centration and quasi-steady velocity profiles can be

4319

calculated analytically. Employing the above mentioned
simplification for small k£ values, we obtain

o ¢] 71 n -
(1+8)x—x)+283° b+ (1) sinond oz

n=1

1
u=—
6

4
“)Z

(15)
o0 71 n . ., ) )
g=-S <x +2 Z %eé”) with
n=1 n

o4 =(2n—1) (16)

NS

Fig. 2 represents the non-dimensional unsteady vertical
mass flux j, (integral of the right side of (8) accounting
for profiles (15) and (16)). During the formation of the
concentration profile across the channel (r < 0.02), the
mass flux follows a characteristic dependence j, ~ t3/2
independently of the value of S—which corresponds to
the “5/2” law for R shown in Fig. 1. Reaching approx-
imately 7 = 1, the stabilization process completes, the
steady flux strongly depends on the parameter S. At
positive Soret coefficients the particles are collected in
the bottom end of the channel, the increase of the
parameter S causes an intensification of the convective
mass transfer. For negative Soret coefficients and in the
interval 0 > S > —1 for the separation parameter the
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Fig. 2. Unsteady vertical mass flux during formation of the concentration profile across the channel calculated accounting for the

velocity and concentration and profiles (15) and (16) respectively.
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particles are transferred to the upper channel end. The
solute buoyancy now suppresses the thermal convection.
Therefore, the intensity of vertical mass transfer is less
than that for positive S. If § < —1, a collection of par-
ticles in the top of the column can be observed only in a
short initial interval of time. Reaching a certain time t;,
the solute buoyancy in the channel starts to prevail; both
the velocity profile and the vertical mass flux change
their direction. Obviously, during the transition period
develop convective instabilities which destroy the one-
dimensional shear flow in the channel and the separation
dynamics cannot be analyzed in the frame of the
approximate model concerned here.

The initial part of the separation process with the ““3/
2 law” for the mass flux shown in Fig. 2 corresponds to a
regime, for which a boundary layer concept is valid for
the concentration profile [17,18]. Resolving Egs. (6) in
the frame of this boundary layer approximation and
introducing the corresponding profiles in (8), we obtain
the following simple expression for the concentration
difference in the channel ends [19]:

R 8 a\? L 5[ 15V 4
7 = 225 = 20
S 45ﬁ<GrTSCL> L' { 6 "
6 3 150@ s
+7T+S(7‘57 ca © . (17)

In the region © < 0.1 this dependence agrees as well with
the calculated results presented in Fig. 1 as with those
performed using the profiles (15) and (16). Thus, the
expression (17) can be used to calculate the Soret coef-
ficient from the measured separation curves.

2.4. Asymptotic steady separation level

Within the limit p — 0 the formulas (9) and (10)
describe the stabilized quasi-steady regime of the con-
vection and concentration profiles in the channel. From
(8) we obtain the following equation of the vertical mass
transfer:

oOR L a\? 1 4P,

+(1+S)2(£§1—%)} (18)

with the coefficients y=R'* P =sinhycosy+
sinycoshy, P, =sinhysiny and Py = sin’y 4 sinh?y.
Considering small vertical concentration gradients
/R/ < 1 from (18) we obtain a linear dependence

R (1+8)L

S 90 L.

(GVTSc%)Zr, (19)

which for § — 0 coincides well with the one found in the
conventional thermodiffusion column theories. This
follows from the solution of Eq. (1) for 7 < 1 and it is
seen graphically in Fig. la for small values of S and

GrrSc. Expression (19) is valid for § > —1. Negative
stratification (R > 0) of particles in the column at
S < —1 is impossible due to the reason discussed above.

Introducing 0R /0t = 0 in (18) we obtain a transcen-
dent equation for the calculation of the asymptotic
steady concentration difference in the column ends as a
function of the parameter S

2P1 (VP] — 2P2)

S+1=
PP — P

(20)
Fig. 3 represents the dependence R (S) graphically
(Rn = —R,,). For small S < 1, Rn is given by the rela-
tion Rn = 63S/2 known from theories considering a
pure thermal convection in the channel (see, for exam-
ple, Ref. [10]). From the presented curve (the formulas
allow to obtain results also for negative Soret coeffi-
cients until S > —4.8 but, of course, a physical meaning
have only those results which correspond to positive S),
it follows that the solute buoyancy causes a significant
increase of the steady concentration difference in the
channel ends. Nevertheless, considering the separation
at high values of S, we should remember that the pre-
sented analytical model assumes a linearity of the ver-
tical concentration gradient which cannot be guaranteed
for high values of the separation parameter. The maxi-
mal concentration difference in a column with equal
channel ends cannot exceed the value Ac/cy = 2 which is
equal to Rn = 2GrrSc. The upper level of the separation
parameter, at which the presented simplified analytical
model is valid, can be found by a comparison with the
results of a numerical simulation of the mass transfer
equation accounting for R = R(z). In the present work
we will make some conclusions on the basis of long time
separation measurements by comparing the values of

50 T T I

CONCENTRATION DIFFERENCE 2Rn/(63S)

] ] ]
0 10 20 30 40
PARAMETER S

Fig. 3. The influence of solute buoyancy on the steady con-
centration difference in the channel ends (dependence (18) at
OR/0t = 0).
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Soret coefficients obtained from the initial part of the
separation curves (formula (17)) with those calculated
from the steady concentration difference using (18) for
the asymptotic regime OR/0t = 0.

3. Experimental setup and procedure
3.1. The thermodiffusion column

As mentioned before there are only two analytical
models (17) and (20) which can be used to evaluate the
Soret coefficient from the experimentally found data, so
it is necessary to measure the initial regime as well as the
steady concentration difference with high precision to
allow a quantitative comparison of theory and experi-
ment.

The initial part is characterized by extremely small
concentration changes whereas the steady part cannot
be reached in an ordinary experimental time. Therefore
we have developed two identical thermodiffusion col-
umns to investigate both time regimes separately.

Each column (see Fig. 4) consists of two parallel
vertical flat channels with a small gap of width 2a = 0.5
mm and two connected separation chambers. The two
channel technique has been designed to increase the
measurable effect especially in the initial part of the
separation process. The column is made from plastic
which has low heat conductivity and low thermal
expansion. The hot and cold walls are made from brass
with polished inner surfaces [20].

The determination of particle concentration in the
ferrofiuid is carried out by means of inductance changes
in sensor coils [21]. To enable in-situ measurement the
sensor coils are mounted inside the separation chambers.

To avoid interaction between the two independent
but equal fluid flows in both gaps, the chambers are
divided in two parts. Due to the fact that the output

upper chamber
with coil inside

two parallel gaps
withd = 0.5 mm

water in- -
and outlet v

Fig. 4. Principal sketch of the thermodiffusion column.

signal is very small and that small temperature changes
can influence the measurement results, temperature
controllers are mounted in both chambers and at the
heated and cooled walls. Particle concentration mea-
surement in the two chambers is determined by mea-
suring the resonance frequency of an LC oscillator.
Therefore the coils inside the two chambers are con-
nected with two independent oscillators. The inductance
of the coils increases linearly with volume concentration
of magnetic particles leading to a decrease of the reso-
nance frequency of the connected oscillator. This fre-
quency change is converted to a DC-output signal for a
faster detection in a multimeter. The concentration in
the chambers can be determined twice a second with an
accuracy of 107¢ vol.% which is three orders of magni-
tude more than in previous experiments [21].

3.2. The ferrofluid sample

Experiments are performed with a kerosene based
ferrofluid containing magnetite particles. The mean
particle diameter d = 9 nm with a small size distribution
is calculated by magnetogranulometry from magnetiza-
tion curves [22]. The surfactant is oleic acid, thus the
thickness of the protection layer is approximately 2 nm.
The original fluid has a volume concentration of mag-
netic particles of ¢y = 0.078. A dilution series was made
up to 0.007. The viscosity of each fluid was measured by
means of capillary viscosimeters. With this information
one can calculate the Brownian diffusion coefficient D,
as it is shown in Table 1.

3.3. The experimental procedure

As mentioned above it has been the scope of this
work to test the two analytical models for the initial as
well as the stationary part of the separation curve and to
compare the resulting Soret coefficients from both parts.
For the measurement of the volume concentration of the
magnetic particles in the both chambers one needs on
the one hand a high accuracy of the resulting impedance
signal and on the other hand a precise calibration to
define all parameters like magnetic field or temperature
influencing the concentration measurement system. For
example the flow discharging into the chamber leads to a
change of the temperature distribution which affects the
determination of the particle concentration seriously. To
control such effects, calibration measurements have been
performed with the carrier liquid.

Because of the short time interval in which the model
for the initial part is valid the determination of the
starting point is of great importance. A few hours before
the measurement starts the gap walls are held at mean
temperature Ty. At ¢ = 0 the outer walls of the chan-
nels are cooled down to 7} whereas the two inner walls
are heated up to 7. The relaxation time to reach
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Table 1

Characteristic numbers of the diffusion process for constant AT = 10 K
¢ [vol.%] v [107° m?/s] Do [10~"" m?/s] Grr Gr.
7.8 5.1 4.3 0.37 14.71
6.00 4.1 3.4 0.58 17.51
4.0 3.0 2.5 1.09 21.80
2.5 2.6 2.2 1.45 18.13
2.0 2.4 2.0 1.70 17.03
1.5 2.2 1.8 2.03 15.20
0.7 2.0 1.7 2.45 8.58

approximately 95% of the working temperature differ-
ence is less than 10 s.

For the long term measurements the whole setup has
to be stable for a couple of months. This includes not only
the concentration measurement but also the tempering
system. Thus the setup was placed into a self-sufficient
room for the measurement period with constant tem-
perature conditions.

To evaluate the Soret coefficient from both parts of
the separation curve a ferrofluid with low volume con-
centration of magnetic particles ¢y = 0.02 was used to
ensure the validity of the assumption of negligibility of
particle interaction in both models.

To test the theoretical predictions described in Sec-
tion 2.4 the temperature difference was varied from 5 to
20 K to determine the influence of the driving force on
the separation dynamics as well as on the steady state
limit. A second set of experiments has been performed
with a dilution series starting from an original ferrofluid
with ¢y = 0.078 to obtain information about the influ-
ence of particle-particle interaction on the separation
process. The first mentioned changes correspond to a
constant value of the separation parameter, while the
second set is equivalent to a variation of S.

4. Experimental results and discussion

4.1. Determination of the Soret coefficient from the
unsteady separation part

A first series of experiments has been performed to
test the theoretical predictions made for the initial
interval of time of the separation process. Fig. 5 shows
the initial part of the separation curve as observed for
AT =10 K (T1 =20 °C, T, = 30 °C, T =25 °C). The
concentration difference is positive, that means that the
Soret coefficient is also positive, the direction of ther-
modiffusive transport is toward decreasing temperature.
The plotted lines are the curves from the analytical
theory (see formula (17)) for different values of the Soret
coefficient. The measured separation curve shows the
Ac/cy ~ >3 behavior for times £ <200 s. The small dif-
ference to the calculated curves reflects not only the

0.020
* measured points /
= analytical calculation for S, = 0,14 K' /
0015 12 analytical caleulation for $, = 0,15 K' /
— — analytical calculation for S, = 0,16 K’ / & -
L / .
—_— F »
NN .
& 0010 /e
g /ot
o "
e
0.005 - . F
o). 7
[P
o2
[ A2
0.000 asp b T ' '
0 S0 100 180 200
time [s]

Fig. 5. The initial part of the separation process measured at
AT = 10 K with a fluid with ¢y = 0.02 together with theoretical
fits for different Soret coefficients.

measurement error but also the uncertainty of Dj.
Expressions used for its calculation base on the
assumption of monodispersity of particles and negligi-
bility of particle interaction. The comparison between
calculated and experimentally found curves gives a value
for the Soret coefficient of S = +0.154+0.02 K-'. The
same value was also found in other ferrofluid samples
containing the same amount of magnetic particles but
different carrier liquids [13,19]. It was shown there, that
the Ac/cy ~ 1*° behavior scales linear with the viscosity
as the theoretical model described in Section 2.2 pre-
dicts.

In another group of experiments the influence of the
volume fraction of magnetic nanoparticles on the Soret
coefficient has been studied. Therefore a dilution series
was made from a ferrofluid with ¢y = 7.8 vol.% whereas
the fluid with ¢ = 2 vol.% is equal to the fluid discussed
above.

It was found that the Soret coefficient decreases with
increasing volume concentration of particles as will be
seen later in Section 4.2 (see Fig. 9). There the open
circles represent the experimental data found from the
initial part of the separation process. As one can see at
the highest dilution (¢ = 0.005) the Soret coefficient was
determined to be St = 0.2 K~!, whereas it is St = 0.05
K~! at ¢ = 0.078. This leads to the conclusion that the



Th. Volker et al. | International Journal of Heat and Mass Transfer 47 (2004) 4315-4325 4323

increase of particle density in a ferrofluid leads to a
significant hindrance of their mobility.

4.2. Determination of the Soret coefficient from the
asymptotic steady separation level

Fig. 6 shows the long term development of the sep-
aration process measured using the sample with the
highest dilution (¢ = 0.02) at various AT. As seen from
the figure, a separation level of Ac/cq ~ 1.72 is reached
in all experiments independent from the temperature
difference. Following the theoretical calculations shown
in Fig. 3 this leads to a Soret coefficient of St = +0.14
K~! which is practically identical with the value found
from the unsteady part of the separation curve. This
leads to the conclusion that for diluted colloids both
models, the one for the unsteady and the one for the
steady state part, allow the determination of the Soret
coefficient of magnetic nanoparticles in a ferrofluid.

It is interesting to note that the separation level
reached in the long term experiments is independent from
the driving temperature difference. This is also found in
the theoretical model since the concentration difference
shown in Fig. 3 depends on the parameter S only, which
does not depend on the temperature difference

GrC ﬂC
s=k G_}"T = STC() ﬂ_—l— .
For the fluid used in these experiments, having
¢o = 0.02, the value of S can be determined to be S = 15
since the ratio f8./fBy is usually 5x10° K~! for ferro-
fluids and the Soret coefficient was determined to St =
0.15 K.

Besides the constant steady separation level a depen-
dence on the time to reach this level on the driving
temperature is seen in Fig. 6. Starting with a temperature

Acle,

4 AT=20K
= AT=15K
e AT=10K
02 F v AT= 5K
0.0 1 1 1 1 1
0 20 40 60 80 100 120

time [d]

Fig. 6. The steady state part of the separation process for the
same fluid (¢ = 0.02) as in Fig. 5 for different driving temper-
ature differences.

difference of 20 K between the walls it takes 27 days to
separate the ferrofluid. The time increases with decreas-
ing temperature, i.e. decreasing driving force, leading to
102 days for AT = 5 K. This change of the time to reach
the steady separation level is also predicted in the theo-
retical model (see Fig. 1) but due to the Laplace trans-
formation there is no information about the real time.
In the experiments the thermal Grashof number in-
creases linear with increasing temperature difference,
starting with Grr = 1.25 at AT =5 K and ending with
Grr =5 at AT =20 K. The Schmidt number is kept
constant at Sc = 10°. From (17) it follows that in the
initial regime of the separation process the unsteady
concentration difference should be proportional to the
product GrrSc. From the results presented in Fig. 1 it
can be seen, that also the time to reach the saturation
level decreases with an increase of AT. Unfortunately,
the real time for reaching the steady separation level
cannot be obtained from the curves presented in Fig. 1.
Thus a time law can only be found from the experi-
mental data plotting the time needed to reach the steady
state as a function of the driving force AT. The experi-
mentally found ¢ ~ 1 /AT law is shown in Fig. 7.
Finally Fig. 8 gives the results of the second set of
experiments mentioned in Section 3.3. In these experi-
ments, which were performed at constant difference of
the driving temperature A7 = 10 K, fluids of various
particle concentration have been used. Thus, the solute
buoyancy has been varied, while the thermal driving
force is kept constant. Now the behavior of the sepa-
ration curves is quite different. The concentration
influences both, the dynamical part of separation curves
as well as the saturation value of the concentration
difference. Theory predicts that an increase in solutal
buoyancy at constant Soret coefficient should cause an
increase of the steady separation level. The observed

110
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time [d]
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Fig. 7. The influence of the driving temperature difference on
the time to reach the steady state of the separation process
(solid line is a fit to the eye).
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Fig. 8. The influence of the particle’s volume fraction on the
separation dynamics measured using a dilution series of ferro-
fluids ranging from ¢, = 0.078 to ¢, = 0.02.

reduction of the asymptotic values of Ac (Fig. 8) for
fluids with increasing ¢, reflects a reduction of the Soret
coefficient appearing with the increase of the particle
concentration as mentioned in Section 4.1. The values of
the Soret coefficient calculated from the measured steady
concentration difference with the account of the theo-
retical dependence (20), which is graphically shown in
Fig. 3, are given in Fig. 9 together with the results ob-
tained from the initial unsteady part of separation
curves. As it was already mentioned above, for the
strongly diluted fluid with ¢y = 0.02 both values agree
very well. In fluids of higher ¢, the values of the Soret
coefficient which are found from the steady separation
level, are slightly less than those calculated from the
unsteady separation curves, but still within the margin
of error. Such a discrepancy is principally expected since
the theory is developed considering a linearity of the
vertical mean concentration gradient R. According to

0.25
o found from the initial part
T o found from the steady state
0204 4§
|
“ 0154 7 9 l
T B T %
k5 | !
3 =
g 010+ ’ b T
<]
< Le ¢
z 1 .
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0.00 i i i
4] 2 4 6 8

magnetic volume fraction [vol.%]

Fig. 9. The dependence of the Soret coefficient on the particle
volume fraction.

Ref. [11] such an approximation is valid until the
parameter urL/D; in Eq. (1) does not exceed 0.3. This
value correspond to a separation level approximately
equal to Ac/cy < 1. In our experiments the steady con-
centration difference exceeds this level; therefore, calcu-
lations based on the linear approximation (8) reach their
limit of validity.

5. Conclusions

A theoretical model which describes the separation
process in magnetic fluids in thermodiffusion columns
has been developed. This model allows the determina-
tion of the Soret coefficient in the unsteady regime of the
separation process as well as in the steady state using
experimentally found separation curves.

The Soret coefficient was measured for surfacted
nanoparticles in a ferrofluid with a particle volume
concentration ¢ = 0.02 to be Sy = 0.15 K~'. The mea-
surement was performed by means of a special ther-
modiffusion column. This value for St was found from
the initial part of the thermodiffusion process as well as
from the steady state regime. Thus both theoretical
models described here are experimentally approved for
diluted colloids.

As further test of the theory experiments with a
variation of the driving temperature difference AT
showed a constant steady separation level and a varia-
tion of the time span needed to separate the fluid. Both
results are also in accordance with the theoretical pre-
diction. Finally it could be shown, that an increase of the
volume concentration of magnetic particles yields a de-
crease of the Soret coefficient due to particle—particle
interaction reducing the mobility of the particles. This
reduction is so pronounced, that it yields a reduction of
the steady separation limit in the long term experiments.

In case of high thermal and solutal Grashof numbers
the theoretical approach for the steady separation re-
gime could principally be improved taking into account
the non-homogeneity of the vertical particle concentra-
tion gradient.
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