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The magnetocaloric effect is a well-known phenomenon, which can be applied to develop a system for
the magnetic conversion of heat to work or automatic cooling of a working fluid without any mechanical
pump. A prototype of a miniature automatic cooling device is established, which is mainly composed of a
temperature-sensitive magnetic fluid, a permanent NdFeB magnet, heat sources and heat sink. A series of
experiments are conducted to investigate the feasibility, the performance capacity of the cooling device.
A model for simulating the operation process is provided and the principle of parameter estimation is
applied to determine the flow velocity of the fluid in the loop. The effects of several factors such as the
external magnetic field and the temperature distribution of the magnetic fluid on the cooling perfor-
mance of the device are discussed.

© 2008 Published by Elsevier Ltd.

1. Introduction

Magnetic fluid (MF) is a colloidal suspension consisting of a car-
rier liquid and magnetic nanoparticles with a size of about 10 nm
in diameter coated with a surfactant layer. The magnetic fluid pos-
sesses not only the flowability of common Newtonian carrier flu-
ids, but also the magnetic features being similar to those of the
bulk magnetic materials. Since the magnetic fluid exhibits some
unique characteristics under the influence of external magnetic
fields such as magneto-viscous effect, magneto-thermal effect
and magneto-optical effect, they have found many applications
in mechanical engineering, bioengineering, and thermal engineer-
ing, etc. [1-4]. For most of temperature-sensitive magnetic materi-
als, they may experience degradation in magnetization as
temperature increases and lose their magnetization at the mate-
rial’s Curie point. Mixing of nanoparticles made from these mag-
netic materials into a base liquid forms a temperature-sensitive
magnetic fluid.

A temperature-sensitive magnetic fluid means that its magneti-
zation is a function of temperature. When this type of magnetic
fluid experiences a temperature variation in the presence of an
external magnetic field, a magnetic force will arise to drive the
magnetic fluid flow, which is the fundamental principle of an auto-
matic cooling device using temperature-sensitive magnetic fluid as
a coolant. The magnitude of the driving force is a function of sev-
eral factors such as the magnetic feature of the magnetic fluid,
the temperature distribution, and the intensity and orientation of
the external magnetic field. Since no mechanical moving part is
needed in the whole device, it has great application potentials in
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a variety of branches of thermal engineering, especially for thermal
management of spacecraft. Here one must pay attention to select-
ing the magnetic fluid and the ideal fluid would have a Curie point
close to the maximum operating temperature of the system. There
were some efforts of trying to put the magnetocaloric effect into
practical application [5-9]. One of recent examples is that Love
et al. [10] developed a magnetocaloric pump by exposing a 2-
mm-diameter glass tube with a 40-mm-long column of a Mn-Zn
ferrite magnetic fluid to a uniform magnetic field and a tempera-
ture field. They observed that the magnetic fluid moved at veloci-
ties of 1 ~ 2 mm/s inside the tube.

In the present paper, a miniature device consisting of Mn-Zn
ferrite magnetic fluid loop, a permanent magnet, a heat source,
and a heat sink is established to validate the automatic cooling
concept based on the thermo-magnetic principle. In such a device,
the magnetic force resulting from the synergic effect of the exter-
nal magnetic field and the temperature variation drives the fluid in
a loop. The temperature profiles and the flow velocity of the mag-
netic fluid are provided for a series of operational conditions. From
these data, the constitutive thermal, magnetic, and fluid dynamic
relationships of the device are discussed. Through such investiga-
tions, one can get insight into the operation mechanism of the
automatic cooling device, improve performance of the device,
and promote the reliability of the device for different application
purposes.

2. Experimental rig

It is well-known that a magnetic fluid with a large pyromagnet-
ic coefficient 2 and a low Curie point will be beneficial for estab-
lishing a high efficient automatic energy transport device. Here
the temperature-sensitive Mn-Zn magnetic fluid is employed.
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Nomenclature

A cross-section area of the tube, m?

B magnetic flux density along the z-direction, NA™! m™!
Cp specific heat capacity, J kg™! K1)

force per unit volume, N m—

force on the fluid with a finite volume, N
> force on the whole fluid, N

m

magnetic field intensity, Am™!

thermal conductivity, Wm~' K™!

length of the tube, m

magnetization along the z-direction, A m~
mass flow rate, kg s~!

pressure, Pa

heat load, W

1

Q@ TIez - x T

tube radius, m
T temperature, K
Ths temperature of the heat sink, K
Tin temperature of fluid at the inlet of heat source, K
Tout temperature of fluid at the outlet of heat source, K
U velocity vector, ms~!
u velocity components, m s~
1% volume, m3
v averaged velocity along the z-direction, m s~
Ve kinematic viscosity, m* s
u dynamic viscosity, kgm~! s~
Uo permeability of free space, N A=2
P density, kg m—3

1

The working medium is a hydrocarbon based Mn-Zn ferrite mag-
netic fluid (BORON RUBBERS, India). Here the saturation magneti-
zation of the sample magnetic fluid is 6.5 x 104 Am~!, the Curie
temperature is 353 K and the boiling temperature is about 348-
353 K. The averaged diameter for Mn-Zn ferrite magnetic particles
is about 6.8 nm and the volume fraction is about 4.5%. The auto-
matic energy transport loop is schematically shown in Fig. 1. The
Mn-Zn ferrite magnetic fluid flows through a 100 mm x 80 mm
loop made from 4-mm-diameter glass tube. A coil of wire of
40 mm in length is used as an electric heater by conducting direct
current (DC), which is wrapped around the glass tube. The location
of the heater may be changeable among three representative posi-
tions along the loop, which is labeled by heater 1, heater 2, and
heater 3, respectively. A cooling chamber whose outer diameter
is 30 mm and length is 60 mm is integrated with the loop. The
coolant of ethylene glycol circulates through the cooling chamber,
so that heat is transported from the magnetic fluid inside the loop
to the coolant. The heater and heat sink may be deployed at differ-
ent positions as required. A NdFeB circle magnet may be put either
at r position A or symmetrically at position D which is 10 mm away
from the loop and is centered along with the channel axis.
Fourteen type-K thermocouples are immersed in the loop tube
to monitor the temperature profiles of the magnetic fluid. The data
acquisition system is employed to read the experimental data. As
shown in Fig. 1, the thermocouples TC1, TC2 and TC3 are located
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Fig. 1. Schematic diagram of a miniature automatic cooling device.

near the heat sink. The thermocouples TC4, TC5 and TC6 are in-
stalled along the heater 3 to monitor the inlet (outlet), middle,
and outlet (inlet) temperature of the heating section. Similarly,
the thermocouples TC12, TC13 and TC14 are used mainly for the
case that heater 1 is in operation and the thermocouples TC9,
TC10 and TC11 are for the case that the heat source is at the posi-
tion of heater 2. The thermocouples from TC7 to TC11 are located
along the AD section of the loop. Before they are installed, all of
the thermocouples are accurately calibrated by the temperature-
controlled water bath with the temperature range from 283 to
363 K.

The entire loop is thermally insulated with sponge to reduce the
heat loss from the loop to the ambient. The coolant in the ethylene
glycol loop is cooled by a constant low-temperature bath with a
fine control uncertainty of 0.1 K. Before the experiments, the
external magnetic field H along the axial direction of the loop is
carefully measured with a Gaussmeter (LAKESHORE Inc., Serial
410) for both the cases that the NdFeB magnet is respectively dis-
placed to the position A or D. The maximum uncertainty of the
Gaussmeter is 2%. The distribution of the magnetic field for the
case that the magnet is displaced to position A is indicated in
Fig. 2. Since the magnet location A and D are symmetrical, the
measurement procedure is similar and the distributions of the
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Fig. 2. Distribution of the magnetic field.
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magnetic field corresponding to the magnet position D are not
illustrated.

3. Models of magnetic fluid flow and temperature in a channel

As mentioned before, a temperature-sensitive magnetic fluid
exhibits a field-induced flow when it is exposed to the coincident
magnetic and thermal fields, which is the fundamental principle
of inventing an automatic energy transport device. The coupling
function of the magnetic and thermal field results in a variable Kel-
vin force acting on the fluid and finally produces a magnetic pres-
sure to drive the fluid. Consider coordinate z along the central axis
of the loop. On the assumption of the incompressible fluid, the Na-
vier-Stokes equation applies to the flow inside the loop as follows:

oP 10/ ou,
a2 Frar (W) M
where u, represents the velocity component which is along z direc-
tion and oP/oz is the total pressure gradient.

By considering the no-slip boundary (r = R) and the finite veloc-
ity at the center of the pipe (r = 0), the velocity distribution of the
magnetic fluid in the channel is

R* oP 2
w) =g (1- &) ) @)
The averaged velocity v can be expressed as the ratio of the fluid
flow over the cross-sectional area of the channel:
Jou,(r)2nrdr R® oP

V= =

R 8y, oz 3

Love et al. derived the force density experienced by the magnetic
fluid [10]:

1 oM
F:B(V-H)+§MO<H-H>VT (4a)
For the present experimental system, its scalar form is as follows:
OH 1 oM oT

The first term in expression (4a) or (4b) is the magnetic pressure in-
duced by the non-uniform magnetic field [11] and the second term
is the magnetocaloric force resulting from the magnetocaloric effect
of the magnetic fluid. For the temperature-sensitive magnetic fluid,
the pyromagnetic coefficient 2 is not equal to zero near the Curie
temperature point and so that the second term in expression (4)
is generally not negligible. Thus, the force density acting on the
magnetic fluid is dependent not only upon the magnitude of the
magnetic field intensity and but also upon the temperature gradient
of the magnetic fluid whose magnetization is a temperature-sensi-
tive function. In addition, it is related with the synergy of the orien-
tations of both the external magnetic field and the temperature
gradient. By altering either the magnitudes and/or the directions
of these force vectors, one may adjust the force density for the pur-
pose of controlling the flow and heat transfer processes in the mag-
netic fluid loop.
For volume AV of the magnetic fluid, such a force is expressed
as
oH 1

Fi= <B§+—MOH

oM oT
3 )AV

T %2 (5)

By considering the whole fluid as an ensemble of n fixed volume of
fluid (dV), the force acting on this whole fluid system is expressed as

Fy~ = > F (6)
i=1

According to Egs. (3), (5) and (6), one may have

,%_Z?:IF"_ZLFI‘ ™
z AL Rl
F
DY
V= 8unL ®)

Here it is obvious that one must get the magnetic driving force large
enough to overcome the flow resistance along the flow channel to
maintain a stable and continuous flow.

The energy equation of the magnetic fluid can be expressed as
follows [12]:

DT oM\ DH ., _,
P p; + MOT<W) o “Dr = kvt 9)

From these equations, one can numerically simulate the flow and
temperature distributions of the magnetic fluid under the given
external magnetic field and non-uniform thermal conditions.

4. Results and discussions

Since the temperature gradient inside the magnetic fluid will af-
fect the magnetic driving force according to Eq. (4), one can control
the temperature distribution of the fluid by changing the position
and the heat load of the heater. In such approaches, one may main-
tain the optimal synergy of the temperature gradient and the
external magnetic field in order to bring as large magnetic driving
force as possible.

When the magnet is displaced to the position A (as shown in
Fig. 2), section CB and section DC of the loop are far away from
the external magnet and the magnetic fluid in these two sections
may experience a small magnetic field gradient, so that the forces
Fcp and Fpc being acted on these two sections are quite small com-
pared with those Fap and Fgs on the other two sections AD and BA.
Both the forces Fop and Fag were pointed to A along the axis of the
tube. If the magnitudes of these two forces were equal to each
other, the magnetic fluid could not move in the loop.

Being prior to applying heat load to the loop through heater 2,
the coolant of ethylene glycol flowed through the heat sink and
its temperature was kept at 271 K. Fig. 3a shows a steady-sate tem-
perature profile of the magnetic fluid in the cases that the input
heat load was 3.5W from heater 2 and the magnet is displaced
to the position A. The results reveal that the magnetic fluid flow
experiences a start-up process in which the fluid temperature
changes with the time. The flow and temperature of the fluid ap-
proach steady-state distribution after a short time span. Smaller
fluctuation in the fluid temperature may result from the fluctua-
tion in the volume fraction of the magnetic nanoparticles during
the fluid flow in the channel. An interesting phenomenon is ob-
served that the readings of thermocouple TC9 and TC11 are not
identical although they are symmetrically deployed at the opposite
ends of heater 2. In fact, the steady-state temperature of TC9 is
56.4 K higher than that of TC11, which just indicates the steady cir-
culation flow of the magnetic fluid in the loop was formed under
the effects of the resulting magnetic driving force. Otherwise, both
the readings from these two thermocouples should be the same if
heat conduction were the energy transport mode inside the mag-
netic fluid. In fact, the magnetic fluid flowed anticlockwise. There-
fore, the convective equation rather than heat conduction equation
should be used to describe the temperature profile of the magnetic
fluid. The relatively lower temperature readings from thermocou-
ples TC12, TC13 and TC14 in section BA of the loop further validate
such a phenomenon.

For the purpose of comparison, another run of experiment was
conducted under the same conditions as those above-mentioned
except that the external magnetic field was absent. The tempera-
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ture profile of the magnetic fluid is shown in Fig. 3b. Obviously, the
readings from the thermocouples of TC9 and TC11 are symmetri-
cally almost the same, which indicates that heat conduction is
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Fig. 3. Temperature profiles of the magnetic fluid: (a) in the presence of a magnet and (b) in the absence of a magnet.
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the main mode of energy transport inside the fluid and
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scopic convection takes place in the loop. Such experimental data
further confirm that the observed temperatures shown in Fig. 3a
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result from the flow phenomenon because of the synergic function
between the external magnetic field and the thermal field. It is so-
called the field-induced pumping flow.

For the steady state of experiment runs, the principle of energy
balance is applied to estimate the average velocity of the working
fluid from the heat power and the temperature distribution of the
fluid in the channel. By neglecting the heat loss from the loop to
the ambient, we considered all of was transferred to the passing
fluid. The relationship between the energy input Q from the elec-
tric heater (i.e., the heat load of the cooling loop) and the average
velocity of the fluid is expressed as follow:

Q = mcp(Tout - Tin) - pCvVA(Tout - Tin) (10)

From this formula, the flow velocity corresponding to the experi-
mental data of Fig. 3a is estimated to be 2.1 mm/s.

More generally, the unknown flow velocity of the magnetic fluid
in the loop can be determined with the parameter estimation
method [13]. The velocity of the magnetic fluid can be determined
from the following least square error relationship between the
estimated temperatures 1(z;, ;) and experimental readings Texp
(zi,t;):

; 2
minS(z,t) = | > [T(zi.) — Texp 2. ) (11)
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The estimated temperatures T(z;t;) are obtained from the solution
of the above-mentioned equations as a direct problem.

Since there exist the non-uniform temperature and magnetic
fields inside the whole loop, the net magnetic driving force arises
and the fluid circulates in the loop. By altering the load and/or po-
sition during the experiment, one can easily adjust the flow and
temperature distribution of the magnetic fluid along the whole
loop. Fig. 4 indicates the effects of the position and heat flux of
the electric heater to find a suitable position of the heat source
in the loop. From the temperature profiles shown in Fig. 4a, one
can learn that a heater at the position of heater 1 was put into
operation, the magnetic fluid performed a clockwise flow. The in-
put heat load was 2.91 W and the peak value of temperature of
the fluid (just at the outlet of the heating section) was 345.4 K.
The estimated averaged velocity of the fluid in the loop was
v=1.91 mm/s. When the heater moved to the position of heater
2, the peak temperature of the magnetic fluid was 341.8 K in the
case of heat load 3.53 W (as shown in Fig. 4b) and the estimated
velocity of the fluid was v = 2.13 mm/s. Evidently, the cooling capa-
bility of the whole loop in such a case is better than the case that
former. Another example further demonstrates the importance of
synergic or matching relationship between the external magnetic
field and the temperature gradient (as shown in Fig. 4c)for
maintaining a steady flow in the loop. When the electric heater
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Fig. 5. Steady-state temperature of the magnetic fluid at the inlet, middle and outlet of the heating position subject to different heat loads: (a) Q =0.92 W; (b) Q =2.08 W; (c)
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was located at the position of heater 3, there was no evidence that
the magnetic fluid was in flow and the estimated velocity of the
fluid was approximately equal to zero. In fact, the fluid tempera-
ture readings near the two ends of the electric heater increases
sharply and incessantly in such a case even the heat load was smal-
ler, which indicated that heat conduction was the sole mode of en-
ergy transport inside the magnetic fluid and the fluid was
stationary. The reason is that application of heater 3 exerted al-
most no influence on the forces F4p and Fgp, so little magnetic driv-
ing force was formed and the fluid failed to flow. Among the above-
mentioned examples, application of heater 2 optimizes the cooling
performance of the cooling device.

By keeping other conditions unchangeable, a series of experi-
ments were conducted to examine the performance of the cooling
device subjected to different heat loads from heater 2. The steady-
state temperature profiles of the magnetic fluid around the heat
source position are shown in Fig. 5. The peak temperature (i.e.,
the fluid temperature at the outlet of the heating section) is
3153 K and 341.8 K corresponding to the heat load of 0.92 W
and 3.53 W, respectively. If the heat load further increased, the
peak temperature of the fluid might rise over the boiling point of
the base liquid and the performance of the device would rapidly
deteriorate, which should be avoided. Below such a temperature
threshold, the flow velocity of the magnetic fluid increases with
the heat load (as shown in Fig. 6). The reason is that a higher heat
load will lead to a larger temperature gradient, and then a bigger
driving force will be generated and make the magnetic fluid flow
more quickly in the loop. For the heat load Q=3.52 W, the esti-
mated velocity v reached up to 2.13 mm/s. This phenomenon indi-
cates that such a cooling device has self-regulating function: As the
heat load increases, the flow velocity of the fluid increases and the
heat will be more quickly transported from the heating section to
the cooling section. However, the cooling capacity of the device is
limited below the boiling point of the magnetic fluid. As shown in
Fig. 6, it is noticeable that the average velocity abruptly fall to
1.87 mm/s when Q = 3.70 W instead of keeping increase tendency.
This may attribute to the fact that some fluid boiled away and the
generated bubbles partially blocked the channel.

In order to investigate the effect of the magnet location on the
performance of the miniature automatic cooling device, the exper-
imental runs were conducted in the case that the magnet was de-
ployed at location D. Fig. 7 reveals a steady-sate temperature
profile of the magnetic fluid for such case with the input heat load
3.53 W from heater 2 and the heat sink temperature of 271 K. Com-
pared with the experimental data in the cases oft the magnet posi-
tion A, on the contrary, it can be seen that the steady-state
temperature of TC11 is higher than that of TC9. Obviously, the
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Fig. 6. Average velocity of the fluid vs the heat load.
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Fig. 7. Temperature profiles of the magnetic fluid in the presence of a magnet at
location D.

magnetic fluid flowed clockwise in the loop, which was opposite
to the flow direction corresponding to the magnet position A.
The reason is that the force Fpc is remarkably augmented and be-
comes the primary driving force. The net magnetic driving force
with the clockwise direction arises. The results have indicated that
controlling flow process of magnetic fluid can be actualized by
altering the location of an external magnet.

By using the above-mentioned theoretic models, one can simu-
late the magnetic fluid flow and temperature distribution in the
loop. An example is to simulate the experimental results shown
in Fig. 7. During the simulation, all the input conditions such as
the loop size, the sample magnetic fluid, the input heat load, the
heat sink temperature, and the magnetic field, are kept the same
as the experimental conditions. The properties of the magnetic
fluid involved in the simulation are listed in Table 1. Fig. 8

Table 1
Properties of the magnetic fluid in the simulation

Saturation magnetization (Am') 65000 (measuring)

Curie point (K)

Density (kg m—3)

Thermal conductivity (W m~"' K~)
Viscosity (m?s~1)

Specific heat capacity (J kg~! K1)
Thermo-magnetic coefficient (Am~' K1)

353 (measuring)

1170 (measuring)

0.17 (calculated) [14]
0.000321 (calculated) [14]
3327 (calculated) [14]
118 [15]

Temp
330.861
327.128
323.396
319664
315831
312199
308.467
304.734 u
301.002
29727
293538
289.805
286.073
282341
278,608
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Fig. 8. Simulated temperature distribution of the magnetic fluid in the presence of a
magnet at location D.
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Table 2
Comparison between the theoretical and experimental results of the magnetic fluid
temperature

Measuring Experimental Calculated Discrepancy  Error (%)
points No. reading (K) result (K) (K)
1 325.41 332.04 6.63 2.03743
2 307.18 314.56 7.38 2.4025
3 278.24 280.98 2.74 0.984761
4 278.21 280.98 2.77 0.995651
5 280.75 280.98 0.23 0.081923
7 282.68 280.98 1.7 0.601387
8 284.36 280.98 3.38 1.188634
9 297.04 294.06 2.98 1.003232
10 338.61 332.17 6.44 1.901893
11 345.26 339.67 5.59 1.61907
12 347.21 339.67 7.54 2.171596
13 340.28 339.67 0.61 0.179264
14 334.81 339.67 4.86 1.45157

illustrates the temperature distribution of the magnetic fluid in the
loop and Table 2 lists the calculated steady-sate temperature at the
measuring points deployed along the loop. It can be seen that the
steady circulation flow of the magnetic fluid in the loop was
formed and the flow direction of the magnetic fluid is along with
the clockwise direction as shown in Fig. 1. Comparison between
calculated results and the experimental results shows the good
coincidence between both of them. The possible discrepancy be-
tween them falls below 2.5%, which reveals that the theoretic mod-
els can be used to simulate the cooling performance of the
miniature automatic cooling device based on the thermo-magneto
effect.

5. Conclusions

An ordered assembly of loop device consisting of the permanent
NdFeB magnet, a heater, a heat sink, and a temperature-sensitive
magnetic fluid can form a robust automatic cooling device. The de-
vice is maintenance-free because of no moving parts in the loop.
The experiment has shown that a stable and continuous flow of
the magnetic fluid can be maintained in the miniature loop and
it can be used as an automatic cooling device. One of key factors
for developing the device is to select a temperature-sensitive mag-
netic fluid with a suitable Curie point as the required coolant. The
boiling-point temperature of the base liquid consisting of the mag-
netic fluid will affect the operating temperature range and even the
cooling capacity of the device.

Since the driving force for pushing flow of the magnetic fluid re-
sults from the effect synergic of the external magnetic field and the
temperature gradient, one can control the performance of the auto-
matic cooling device by adjusting either the external magnetic field
or the heater. Under the normal operating conditions, the device
possesses self-adjusting function that the flow velocity of the mag-
netic fluid (i.e., the energy transport ability) increases with the in-
crease in the external heat load, and vice versa, which indicates
that operation of the cooling device is automatically controlled
by the heat load. By altering the magnet position, one can change
the flow direction of the magnetic fluid inside the loop.

The numerical algorithm has been developed and applied to
simulate the performance of the miniature automatic cooling de-
vice. Comparison between the theoretical predictions and experi-
mental data has indicated that the algorithm can provide
satisfactory simulation results. The principle of parameter estima-
tion has been applied to estimating the flow velocity of the mag-
netic fluid.

The following suggestions may be beneficial for developing the
automatic cooling device by using a magnetic fluid as the coolant:

- To select a suitable magnetic fluid with a larger pyromagnetic
coefficient, a lower Curie point, a higher saturation magnetiza-
tion, a lower viscosity, and a higher boiling point.

- To exert a stronger intensity of the external magnetic field and/
or a field gradient, if it is possible.

- To maintain synergy between the magnetic field and tempera-
ture gradient field.
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