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In this paper we present the results of our numerical and experimental investigation of thermomagnetic
convection in a temperature sensitive ferrofluid under the influence of strong non-uniform magnetic
field. The convection is studied in a rectangular cell with permanent magnets attached to the cell walls.
When the cell is heated from below, the observed intensification of heat transfer is significantly higher
than that in the case of simple thermogravitational convection. The predictions of the numerical simula-
tions are compared with the experimental results with good correspondence.
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1. Introduction

Ferrofluids are stable colloidal suspensions of nanoscale ferro-
magnetic particles suspended in non-magnetic carrier, usually
water or organic oil. The diameter of nanoparticles is ca. 10 nm.
In order to prevent coagulation, the particles are sterically stabi-
lized with layers of the surfactant. Due to their composition, such
fluids exhibit superparamagnetic properties, which introduces into
conventional transport processes an additional control parameter
- the magnetic field, leading to appearance of new interesting
effects.

The temperature dependence of magnetization causes appear-
ance of a non-uniform body-force in differentially heated volume
of ferrofluid, subjected to externally applied or internal magnetic
field gradients [1]. The resulting convective motion - thermomag-
netic convection - is in many ways similar to the thermogravita-
tional one. In order to achieve high magnitude of driving force
and intensive convection, special temperature-sensitive ferrofluids
with high temperature dependence of magnetization as well as
strong magnetic field gradients should be used.

The practical interest in thermomagnetic convection is motivated
by its high potential for small scale cooling devices. The cooling of
hot surfaces is an outstanding problem in a wide range of engineer-
ing and electronics applications. In most cases the classical gravity
convection is unable to sustain adequate heat transfer efficiency in
small scale setups or reduced gravity conditions, therefore forced
convection is used in most technical applications. On the other hand,
in strong magnetic fields the intensity of thermomagnetic convec-
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tion can significantly exceed that of the pure thermogravitational.
Compared to active setups currently employed in electronics, the
relative simplicity of passive thermosiphon type ferrofluid cooling
devices, based on self-regulating and self-sustaining nature of the
thermomagnetic convection, and the absence of moving parts make
it a highly interesting topic.

Since the prediction of Finlayson [2] of a novel convective insta-
bility in ferrofluids, leading to the thermomagnetic convection, a
significant number of theoretical and experimental investigations
have been performed in this area related to different geometries:
Rayleigh-Bernard configuration, rectangular enclosure [3], cylin-
der [4-6], cube [7], partitioned cavity [8], etc. - and magnetic field
configurations — homogenous distribution, constant field gradient
[9], field of a line dipole [10] and others - confirming that the in-
crease of convective heat transfer efficiency takes place under
the applied magnetic field. Several attempts have been made to ap-
proach efficient cooling based on the ferrofluid convection both
with magnetic coils and permanent magnets. Nakatsuka et al.
[11] have investigated heat transfer characteristics of a heat pipe
containing water-based magnetic fluid and measured 13% increase
of heat transfer efficiency caused by non-uniform magnetic field.
Yamaguchi et al. [12] numerically and experimentally investigated
thermomagnetic convection in a rotation disk and came to a con-
clusion that vortexes impede convective heat transfer at high mag-
netic fields. Fumoto et al. [13] and most recently Li et al. [14,15]
have thoroughly characterized the performance of a permanent
magnet based miniature convection loop filled with temperature-
sensitive ferrofluid, confirming the characteristic features of the
thermomagnetic convection - stability and self regulation. For
additional effect, in the latter work the Curie point of the ferrofluid
was tuned to be within the operational temperature range.


http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.08.001
mailto:dmitrijs.zablockis@gmail.com
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt

D. Zablotsky et al./International Journal of Heat and Mass Transfer 52 (2009) 5302-5308

Nomenclature
Cp heat capacity at constant pressure (] kg~ K1) Re Reynolds number
d diameter of the cylindrical heater (m) Rm magnetic Rayleigh number
f Kelvin’s force (N) Sw heater surface (m?)
g gravitational acceleration (m s—2) t real time (s)
H magnetic field intensity (H m™1) T temperature (K)
4 magnet shift (m) Trer reference temperature (K)
1 current to the heater (A) u vertical flow velocity (ms™')
kg Boltzmann constant (=1.38 x 10723 J K1) U voltage on the heater (V)
1 length of the heater (m)
L characteristic distance (m) Greek symbols
m magnetic moment of the ferroparticle (A m?) o convective heat exchange coefficient (W/m? K)
M magnetization (Am™!) Bm pyromagnetic coefficient (K™!)
Mief reference magnetization (Am™1) Br thermal expansion coefficient (K ')
Ms saturation magnetization (Am™1) n dynamic viscosity of the working liquid (N s m~2)
Nu Nusselt number y) thermal conductivity of the working liquid (W m~! K1)
Pr Prandl number o vacuum magnetic permeability (=41 x 107" Hm™!)
q heat flux density (W m~2) v kinematic viscosity of the working liquid (m? s~?)
Qw heat flux density through the heaters surface (W m™2) o solvent density (kg m~3)
Ra gravity Rayleigh number 1) particle volumetric concentration
The main challenge in designing a cooling device, based on the
thermomagnetic convection, is achieving sufficiently high efficien-
cies of heat transfer, which requires special ferrofluids with high
temperature sensitivity of magnetization. Prospective candidates
for heat transfer applications are ferrofluids based on Mn-Zn nano-
particles, characterized by higher value of the pyromagnetic
coefficient than widely used ferrite ones [16].
In this paper we report the results of our investigations of ther-
momagnetic convection in a rectangular convection cell filled with
a temperature sensitive ferrofluid containing Mn-Zn nanoparticles.
The aim of our research is to determine the intensity of convective
motion and sustainable efficiency of the heat transfer due to ther-
momagnetic convection caused by sufficiently strong magnetic
field. The experimental results are complemented by the numerical
simulations.
2. Setup
The thermomagnetic convection has been investigated in a
rectangular ferrofluid cell, made from plexiglass (Fig. 1) with
dimensions 100 x 15 mm and 150 mm in height.
From both sides the cell is enclosed by strong permanent !
magnets 50 x 100 mm, begirded with a magnetic circuit. Two thin X -
non-magnetic rigid ribs, positioned along the sides of the magnets,
separate the central part of the cell. In order to reduce the heat loss
from the large sidewalls, the cell is put in the plastic foam.
The working medium is a temperature sensitive ferrofluid DF- Fig. 1. Schematic view of the convection cell.
67K with Mn-Zn nanoparticles suspended in tetradecane.
Magnetic granulometry measurements [5] at different tempera-
tures have shown almost linear dependency of the magnetization Table 1
in a wide temperature range between 20 and 250 °C and large Parameters of the ferrofluid DF-67 K.
value of the pyromagnetic coefficient. The main physical parame-
ters of DF-67K and its solvent are summarized in Table 1. The Lerameen alue ULiEs
temperature gradient, necessary for appearance of the thermomag- Solvent density 976 kgm™?
netic convection, is provided by the water reservoirs with constant Dynamic viscosity, 0:006 Lo
temperature, placed at the upper and lower ends and separated Specific heat capacity 2190 4 ! If% iy
’ £ X . ik Thermal expansion coefficient 9.33 x 10 K
from the surface of the cell with two semi-conductive 3 mm thick Thermal conductivity 0.14 Wm-!K-!
plates. The volume of ferrofluid is heated from the bottom and Particle diameter ~10 nm
cooled from the top. Volume'tric concen.trat'ion 6 . % »
The applied magnetic field, provided by the permanent magnets, lﬁi;‘;ﬁ;‘;;‘e?:gcgglﬁz;:g: (1):(2) OXZ ;0 Q,T

has been measured in the mid-plane of the convection cell along
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direction of the vertical axis of cell in three locations: at points A (at
the center, x=0mm), B (along the side-edge of the magnet,
x =25 mm) and C (x =40 mm). The results together with composed
distribution of the magnetic field in the cell are shown in Fig. 2.

The strongest magnetic field in the cell volume between the
poles is 640 kA m~!, and its vertical gradient at the edges of poles
is approximately 25,000 kA m~2. The vertical separating ribs pre-
vent the flow of fluid in lateral direction, effectively forming a ther-
momagnetic pump.

3. Numerical simulation
3.1. Governing equations

The external magnetic field in question is sufficiently strong to
be considered constant, and all perturbations due to the ferrofluid
motion can be neglected. The magnetic force, acting on the differ-
entially heated non-conducting magnetic liquid, is described by
Kelvin’s body force:

f = 1,(MV)H (1)

The magnetization of the ferrofluid is temperature-dependant.
Introducing the linear equation of state:

M(T) = Mres (1 — Bin(T — Trey)) (2)
where :MLM%“ , is the pyromagnetic coefficient. Reference

magnetization has been calculated according to the single-parame-
ter Langevin approximation:

1 71 E—'uOde

MO =Gnhg ¢ ¢ kT G)

Mies = oMs - L(C),

The flow of the magnetic fluid is governed by the incompressible
Navier-Stokes equation, continuity equation and temperature
equation without viscous dissipation. We have used the Boussinesq
approximation and linear equation of state for the temperature
dependence of density:

P(T) = Prg(1 = pr(T = Tep)) (4)

Without the magnetic field, a convective motion in the cell can take
place only due to buoyancy effects. In this regime the gravity Ray-
leigh number

-0.05
-0.025

0.05 0.05

0.075

Fig. 2. Measured and reconstructed distribution of the magnetic field provided in
the cell by permanent magnets.

Ra— pCpL?AT
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is much less than critical value for the onset of turbulence, therefore
laminar convection takes place. This type of convection can be sim-
ulated directly within a reasonable timescale with conventional
DNS approach.

By analogy with the thermogravitational convection, the mag-
netic Rayleigh number is introduced for the thermomagnetic
convection

Brpg (5)

_ pe,l’AT
)

When a temperature sensitive ferrofluid is subjected to a strong
magnetic field gradient, the magnetic Rayleigh number even for rel-
atively small temperature differences proves to be orders of magni-
tude larger than the gravity Rayleigh number, and exceeds the
critical threshold for the onset of turbulence. With the present set-
up at temperature difference 20 K a conservative estimation gives
Ra~5 x 10% and Rm ~ 5 x 10°.

In order to simulate turbulent convection we have used RANS
equation solver implemented in ANSYS CFX with SST k-w two-
equation closure model.

The magnetic force was introduced via momentum source -
this approach has been thoroughly validated by Snyder et al. [17].

Due to non-steady nature of thermal and thermomagnetic con-
vection, transient simulations are required. All calculations were
started from zero-velocity initial conditions and advanced with
the time step varying from 0.1 to 50 ms. Transient averaging of
velocity and temperature fields has been performed in order to dis-
tinguish convective patterns after averaged heat flux through the
ferrofluid cell reached equilibrium. All parameters have been var-
ied with the applied temperature difference 20 K, except when
the temperature difference was changed itself.

Rm HoBuMVH (6)

3.2. Results

Calculated averaged velocity and temperature distributions in
the ferrofluid cell at temperature difference over the full height
of magnetic fluid volume AT = 20 K, heated from below and cooled
from above, are shown in Fig. 3a. The structure of the flow and po-
sition of the circulation areas are similar to the ones observed at
lower Rayleigh and magnetic Rayleigh numbers in a laminar re-
gime. The inner section of the cell between the areas of largest
magnetic field gradient is occupied by two (considering symmetry)
large recirculation areas, whereas smaller circulation areas are
present at the lower end of the separating rib and in the upper cor-
ner of the cell.

The temperature distribution corresponding to this case is pre-
sented in Fig. 3b. The inner section of the convection cell between
the separating ribs is occupied by a downgoing flow of slightly
colder ferrofluid sucked in by the magnetic field. The warmer fluid,
heated at the lower surface, is pushed out of the magnetic field to
the outer section of the cell, where it rises along the sidewall due to
buoyancy forces.

The averaged velocity profile in the middle of the cell between
the separating ribs is shown in Fig. 4. The length-average absolute
velocity across the profile is approximately 21 mm s~'. This value
will be compared with the experimental results of hot-wire
velocimetry.

Another interesting case is when the applied temperature gra-
dient is oriented upwards. In this case the ferrofluid in the convec-
tion cell is heated from the top and cooled from the bottom, and
the thermomagnetic convection is not aided by buoyancy. Calcu-
lated averaged streamlines with the temperature difference 20 K
are shown in Fig. 5a, and the corresponding temperature contour
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Fig. 3. Calculated averaged velocity and temperature distributions with tempera-
ture difference AT =20K: (a) averaged velocity vectors (b) streamlines (c) temper-
ature distribution, heated from below.

plot in Fig. 5b. The structure of the flow is very similar to the case
of temperature gradient oriented downwards, which means that
the characteristic features of the flow are determined actually by
the magnetic field, and the thermogravitational convection plays
a secondary role, as it follows from the estimated ratio of thermo-
gravitational and thermomagnetic Rayleigh numbers.

Additional calculations at other temperature differences have
been carried out. Increasing the applied temperature difference be-
tween the bottom and top surfaces of the ferrofluid cell to 40 or
80 K splits and suppresses the circulation areas in the inner section
of the cell and expands the one near the lower end of the separat-
ing rib (Fig. 6).

The temperature profiles in these cases are very similar to the
ones at 20 K and are not shown.

The heat transfer efficiency of convection can be characterized
by the Nusselt number as a ratio of heat flux through the ferrofluid
cell due to convective motion to the one due to heat conduction.
We use the relative Nusselt number Nu/Nug instead, defined as a
ratio of heat flux through the cell due to thermomagnetic convec-
tion to the heat flux due to the thermogravitational convection
only, averaged over sufficient time interval. The dependence of
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Fig. 4. Averaged velocity profile along the midline of the cell between the
separating ribs.

Fig. 5. Calculated averaged velocity and temperature distributions for temperature
difference AT=20K: (a) streamlines (b) temperature distribution, heated from
above.

the relative Nusselt number on the applied temperature difference
is shown in Fig. 7a.

The heat transfer efficiency slightly decreases with increasing
the heat load on the ferrofluid cell. Such an effect may exist due
to the change of flow regime at higher applied temperature differ-
ence: under action of the magnetic field a transition to the turbu-
lence takes place, leading to different scaling law.

In order to determine the optimal position of the magnetic
poles, additional series of calculations has been performed with
different magnetic field shifts along the axis of the cell (y-axis), rel-
ative to the symmetrical placement. The dependence of the relative
Nusselt number on the position of the magnets h’ is shown in
Fig. 7b. The heat transfer efficiency is significantly increased if
the ferrofluid is heated in the area of maximum field gradient.
The maximum intensification of convective heat transfer in this
series, when the magnet is shifted 20 mm downwards, is approxi-
mately 2 times. Further shifting of the magnetic field was pre-
vented by the experimental setup.

4. Experiment

Experimental setup is shown schematically in Fig. 8. In experi-
ments the temperature gradient in semi-conductive 3 mm thick
plates, which are placed between convection cell ends and
warm/cold water reservoirs, is measured. From these measure-
ments the heat flux density g through the plates is calculated,
which leads to obtaining the convective heat exchange coefficient
between working liquid and the plates in upper and lower ends of
the cell: o = q/AT. Experimental setup allows the shift of magnets
up and down along the convection cell to search for the best inten-
sification of magnetoconvection by changing heating/cooling ratio
at the edges of the magnets.

Experimental results are collected with the aim to compare
them with Fig. 7a and b. The only dissimilarity is using the heat
exchange coefficient o, which seems to be preferable by its simple
measuring technique, instead of Nu.
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Fig. 6. Calculated averaged velocity: (a) streamlines at AT= 10K (b) streamlines at AT =20 K (c) streamlines at AT =40 K (d) streamlines at AT =80 K, heated from below.
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Fig. 7. Intensification of convective heat transfer through the cell (a) at various temperature differences, h’= 0 (b) shifted positions of the magnetic field, AT=20K.
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Fig. 8. Experimental setup.

Fig. 9 shows the relative heat exchange coefficient oo as a
function of AT with three magnet positions. The temperature dif-
ference AT varies with the magnet shift h’ because the experiments
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81 —coldn=-10
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Fig. 9. Measurements of relative heat exchange coefficient o/ vs. the temperature
difference AT with three magnet positions h’.

are performed at certain temperature difference between the hea-
ter and the cooler. Obviously, one must subtract the temperature
differences on the semi-conductive plates (~10 K) to obtain AT.
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In order to save hermetism of the convection cell at acting ther-
mal expansion stresses, in experiments the temperature difference
is varied only in a short range, 10 K. It makes no sense to try to ob-
tain curving of a very slight slope within inherent experimental
accuracy, therefore taken dependences are linearized.

The difference of the heat exchange at warm and cold ends of
the cell can be explained by heat loss through the quite large cell
sidewalls. Indeed, the temperature of the laboratory room 15 °C
is much closer to that of the cold end 10 °C. During experiments
the cell has been put into plastic foam, but as a matter of fact it
avoided this effect only partially.

By analogy with Fig. 7b in the theoretical part, Fig. 10 shows
determined relative heat exchange coefficient oo vs. the magnet
shift h’ at fixed temperature difference AT=20K.

In Fig. 10 it is clearly seen how strong the heat exchange coef-
ficient depends on the magnet position. More efficient turns to
be lower placement of the magnets h’<0, i.e. the magnetic field
nearer to the warm end (for the present setup the range of magnet
shift is +20 mm). We get maximal value of the heat exchange coef-
ficient otpax =47 W/m2 K at the warm end, when the magnets are
maximally shifted downwards. In the stationary state of this
experiment the heat flux density on the warm (i.e. cooled) surface
reaches 750 W m 2.

Additional series of measurements regard the small cylindrical
heater of diameter d = 4 mm, which is placed horizontally between
the separating ribs in the middle of the cell. The length of the hea-
ter, as well as the distance between the ribs I = 50 mm matches ex-
actly that of the magnet, see Fig. 8. The voltage and the current of
the heater are measured with a high accuracy. From these mea-
surements the ohmic resistance of the heater is calculated to find
out the temperature of the heater body. Also the density of dissi-
pated power through the heater surface can be easily calculated:

ul
=—. 7
Q=7 (7)
The governing equation of the laminar flow allows to calculate ver-
tical flow velocity u of the working liquid around the cylindrical

heater [18]:
Nu = 0.664VReV/Pr, (8)

where the Reynolds number Re = 7t du/2v includes searched velocity
u, and the Prandl number Pr = pc,v//. In contradistinction to the rel-
ative Nusselt number, used in the theoretical part of the paper, Eq.
(8) considers the conventional Nusselt number Nu = q,d/iA4T,,
which is calculated from experimental data U, I, AT,, by Eq. (7). Note
that AT,, is the temperature difference between the surface of the
heater and magnetic fluid at the middle of volume.
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Fig. 10. Dependence of relative heat exchange coefficient o/oy on magnet shift:
h’>0 means the magnet shift upwards, h’=0 is the central magnet position (as
shown in Fig. 8).

Vertical flow velocity measurements have been carried out at
zero and non-zero magnetic field. Obtained absolute Nusselt num-
ber turns out to be rather independent from dissipated electric
power of the heater 5, 10 and 15 W. Obtained results are shown
in Table 2. The second column of the Table 2 displays velocity of
the working liquid around the heater, calculated by Eq. (8). For
the corrected main velocity (the third column) the diminution of
cross-section of the cell due to the heater body is taken into ac-
count: from the flow continuity s-u = const one should reduce the
velocity away from the heater by a proportion of corresponding
gap widths (mm): (15 — 4)/15.

5. Discussion

The main subject of discussion is the accordance between re-
sults of numerical simulation and experimental work, which turns
out to be rather good. Let us compare numerically simulated Fig. 7a
and b with experimentally obtained Figs. 9 and 10. The effect that
lower temperature difference gives more magnetic intensification
related to zero field experiments, is shown in Fig. 7a with Nu/Nug
as well as in Fig. 9 with o/ (the case h’=0). For the case h’=0
Fig. 7 gives the increment of intensification of ~4% with respect
to changing AT from 20 to 15K. From experimental results
(Fig. 9) one obtain ~5% at the warm end and 1-2% at the cold
end. These results seem to be correct by taking into account non-
symmetrical heat loss through the sidewalls of the cell.

Second point is to compare Fig. 7b with Fig. 10. Numerical sim-
ulation gives the relation Nu/Nug vs. the magnet shift h’ (mm) to be
quite constant within the range —-20<h’<0 and equal to
—0.05 mm~'. Experiment provides with o/o vs. the magnet shift
h’ that also is rather constant from —20 mm up to at least 0 mm,
and farther up to 20 mm only a little less. Paying attention to the
range —20 to 0 mm, experimentally obtained slopes o/cg vs. h’
(mm) are —0.13 mm~! at the warm end and —0.03 mm~! at the
cold end. As in the first comparison, the numerical estimation is
between experimental ones at both ends. Although, quantitatively
in the experiment the warm end exhibits 2-3 times larger sensitiv-
ity to the magnet shift than the numerical estimation. The main
reason may be that theoretical model deals with simplified config-
uration of the magnetic field, moreover, St is ignored in the mag-
netic Rayleigh number Rm. That causes a larger discrepancy with
taking the magnetic field nearer to the heater.

At the end, the value of averaged vertical velocity can be com-
pared. The result of numerical simulation is 21 mm s~! with the
magnet position h’ = 0 (Fig. 4). Table 2 gives for that case the cor-
rected main velocity 20 + 2 mm s~ . Perfect accordance in such a
complicated both simulation and experiment might be taken
partly as an occasion, but as a matter of fact, the accordance in this
point is primely proved.

6. Conclusions

In a convection cell with attached permanent magnets the ther-
momagnetic convection may exceed that of thermogravitational

Table 2
Obtained averaged between the separating ribs vertical flow velocity (estimated
accuracy +2 mms~).

Experimental Velocity along the Corrected main

conditions heater (mm s~!) velocity (mms~)
Zero-field 12 9
experiment
Magnet position 27 20
h’=0mm
Magnet position 38 28
h’=—-20 mm
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many times. Efficiency of the thermomagnetic convection depends
on placement of magnets with respect to warm and cold ends of
the cell. Maximal thermomagnetic intensification is achieved when
magnets are placed as near as possible to the warm (cooled) end.

Comparision between numerically simulated and experimen-
tally obtained results proves to be quite successful. Results are
compared in three aspects: magnetic intensification as dependent
on the temperature difference, on the magnet shift, and averaged
vertical flow velocity. The accordance varies from perfect to 2-3
times quantitatively. In fact, the accordance between derivatives
of magnetic intensification on the temperature difference and on
the magnet shift cannot be given precisely. Due to technical rea-
sons the experiment provides short range of changing parameters,
so the accuracy of obtaining derivatives is of the same order as
comparison with the numerical results.

The applying of surface cooling based on the thermomagnetic
convection in technical use is under the question. Reached with
the present setup the cooling effect of 0.075 W cm 2 seems to meet
only low technical demands. The present work proves the finding
of Rosensweig [19] that a significant augment of the cooling inten-
sity by thermomagnetic convection can be obtained only in a case
if the heat source is located into the region of a maximal magnetic
field intensity, when the efficiency of power generation cycle
reaches its maximum.
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