
Introduction
1)

Liquid (e.g., silicone oil, mineral oil)-based fluids mixed

up with surfactants and magnetic particles having dimen-

sions ranging between 0.1 and 100 µm are known as

fluids or/and magnetorheological suspensions (MRS). An

MRS can be obtained by various means [1-10].

A remarkable property of an MRS is that its fluidity can

be modified from the value of the intensity of an external

magnetic field [11]. This property finds utilization in

various applications [12-14].

An MRS mixed up with graphite micro-particles ex-

hibits a modified conductivity function of the intensity

and direction of the magnetic field intensity vector.

Based on this phenomenon, property sensors with desti-

nations specified in Refs. [15,16] have been achieved in

MRS.

It has been shown [17] that the thickness of the oil layer

between the magnetic dipoles, oriented according to the

magnetic field lines, defines the value of the MRS

electric conductivity. In what follows, we set ourselves to

show that the thermal conductivity of an MRS is influ-

enced by the intensity of the external magnetic field, for

welldefined values of the thermal field.
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Magnetorheological Suspension

Production of an MRS is achieved by means of an

experimental installation and a method, both of which

are described in Ref. [3].

A mixture consisting of:

Fe� 2(CO)9 powder (granulation: 4.5 5.2 µm; quantity:

0.082 kg ± 5 %)

� Aneron/Merck-type mineral oil (quantity: 0.025 kg ±

5 %);

Stearic acid (quantity: 0.002 kg ± 2 %).�

The mixture so formed is homogenized and treated

thermally for 1800 s at a temperature of 510 K ± 10 %.

A mineral oil-based MRS and iron micro-particles were

obtained (Figure 1).

The diameter of the particles from Figure 1 was measur-

ed using a laser granule-meter (Analysette 22, type). The

diameters of the micro-particles ranged between 1.8 and

3.8 µm (Figure 2).

MRS saturation magnetization is 475 kA/m for inten-

sities of magnetic field H 300 kA/m (Figure 3). In

magnetic fields with intensities of up to H = 100 kA/m

(Figure 3), the relative permeability of the MRS is µr=3.
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Figure 1. Iron micro-particles in mineral oil (dilution 1:10).

Figure 2. The cumulative frequency plotted as a function ofυ

the diameter d of the iron micro-particles ( -mean diameter; σ

-standard deviation).

Figure 3. MRS magnetization M plotted as a function of the

intensity H of the external magnetic field (measuring appa-

ratus: magnetometer with vibrating probe, VSM 880-type).

Experimental Device

The overall configuration of the experimental device

meant for the study of heat propagation in MRS, is

shown in Figure 4. It includes:

Figure 4. Experimental device (overall configuration): 1-

electromagnet, measurement cell; 3-Hall sonde in the gauss

meter G (GM-04 type); A1, A2-digital amper meter (M-3 650 B

type); S1, S2-power source (24 Vdc/10 Adc max.); R-electrical

resistance (0.8 /15 W);Ω θ1, θ2, θ3- K type thermocouples;

T1, T2, T3 digital thermometer (DT-838 type); U2-voltage; I1,

I2-electric intensity current; -magnetic field intensity vector;

Ox-coordinate axis.

Figure 5. Measurement cell (overall drawing): 1-cell body;

2-lid; 3-thermal radiator; R-electrical resistance (0.8 /15 W);Ω

θ1, θ2, θ3 -K type thermocouples; Ox-coordinate axis.

- the electromagnet 1 with the power source S1 and the

ampermeter A1;

- the measurement cell 2 with the power source S2, the

ampermeter A2 and the digital thermometers T1, T2, and

T3, respectively

- the gauss meter G with the Hall sonde 3.

Between the poles of the electromagnet 1, the intensity

H of the magnetic field can be varied continuously

between 5 kA/m ± 1 % and 110 kA/m ± 1 %, for 0.02

I1 (Adc) 0.75. The measurement cell 2 has the heat

propagation axis Ox (Figure 4). Overall, the configura-

tion of the cell is that presented in Figure 5.

The cylindrical body of the cell is made of polyamide.

The bases of the cylinder are the lid 2 (made of polyam-

ide) and the radiator 3 (made of copper). Inside the cell

are fixed, along the direction of the Ox axis as against
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Figure 6. Values of the temperature T1i (K) in MRS with the

thermocouple θ1 and of the temperature T0 (K) measured with

the thermocouple θ3, at intervals ti=5 s.

Figure 7. Values of the temperature T2i (K) in MRS with the

thermocouple θ2 and of the temperature T0 (K) measured with

the thermocouple θ3, at intervals ti= 5 s.

the R at distances of 0.0015 m ± 10 %, the thermocou-

ple θ1, and, respectively, at distances of 0.010 m ± 10

%, the thermocouple θ2.

The thermocouple θ3 follows the direction of the axis

Ox and it is fixed in the body of the radiator 3 in Figure 5.

Experimental Results and Discussion

The study of heat propagation in MRS is performed by

means of the experiment device in Figure 4. In the

measurement cell, the quantity of the MRS was 0.012 kg

± 10 %.

The MRS is obtained through thermal decomposition in

mineral oil with stearic acid using a method described

previously [3].

The time after the MRS had become a sediment was ca.

about 2000 s. To avoid sediment ation of the MRS, the

measurements were obtained in a time range of up to 100

s. The magnetization characteristics of the MRS are those

displayed in Figure 3. The power dissipated by the

resistance R is 7.5 W ± 1.2 %. The temperatures dis-

played by the digital thermometers were recorded every

5 s. Their variation with respect to time is shown in

Figures 6 and 7.

We observe in Figure 6 that heat propagation in the

MRS occurs in a non-stationary manner. In Figures 6 and

7, for x=0.014 m ± 10 %, there results TI = T0 = 296 K

± 3 % and equal to that of the surrounding medium.

Thus, the MRS can be assimilated to a semi-infinite

medium.

The thermal conductivityλ, the specific heat at constant

pressure Cp and the density ρ of MRS are considered

constant along the direction of the axis at temperature TI

and fixed times ti.

Following these considerations, the equation of thermal

conductivity of the MRS along the direction of the axis

Ox, is

α (1)

where is the thermal diffusiveness coefficient.α

The value is obtained from the formulaα

α
λ

ρ
(2)

where the notations used are the known ones.

The initial and limit conditions that characterize the

semi-infinite media are

(3)

The condition

at and x > 0 indicates that, for semi-

infinite media after a certain time and a great distance

from the heated surface, the temperature stays practically

constant and at the initial value.

The thermal conductivity equation, under these condi-

tions, will allow particular solutions of the form

(4)

where A and B are constants and
α

is the

error function complementary.

From the first condition of the group (3) and Eq. (4), we

obtain ; from the second condition of the group
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Figure 8. The function of tβ i and H as parameter.

Figure 9. The function of tα i and H as parameter.

(3) and Eq. (4), it is obtained.

Then, the solution of the Eq. (1) becomes:

α
(5)

For x = x2, from Eq. (5), the function is

β
α

(6)

The temperatures T1i, T2i, and T0, corresponding to H

and ti (Figures 6 and 7), are introduced in the first

equality in (6) and we obtain the function of tβ i and H

as parameter, as shown in Figure 8.

For values of in Figure 8 and xβ 2 = 0.010 m, from the

argument of the function, is obtained. The variation ofα

by tα i for H as parameter is shown in Figure 9.

It is observed from Figure 9 that the values of α, of the

MRS, increase considerably in the first 12.5 s since the

application of H, as compared to the values of MRS in

the absence of the magnetic field. No net differences are

observed, however, between at H = 50 kA/m and H =α

Figure 10. The TΔ i function of ti and H as parameter.

Figure 11. The Cp function of ti and H as parameter.

100 kA/m.

At thermal balance, the relation ηPti = mCpΔTi takes

place, wherefrom

η

Δ
(7)

results, in which is the thermal efficiency, m is theη

MRS mass, and Δ is the temperature drop.

The variation of Δ by ti results from Figures 6 and 7,

and is presented in Figure 10.

For 0.9, P = 7.5 W, m = 0.012 kg, andη Δ in

Figure 10, from Eq. (7) the variation of Cp by ti and H

as parameter is obtained, represented graphically in

Figure 11.

The formula for the calculation of thermal conductivity

results from the relation (2), and is of the form

λ α ρ (8)

where the notations used are the known ones.
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Figure 12. The function of tλ i and H as parameter.

The values of in Figure 9 and, respectively, theα

values of Cp in Figure 11 are introduced in Eq. (8), and a

function of ti and H as parameter (Figure 12) are

obtained.

We notice that, on the application of the magnetic field,

the temperature drop, Δ , on the MRS cylinder (ø

10×10 mm) diminishes by the application of the external

magnetic field. The diminution of Δ is considerably

influenced by H (Figure 12). The specific heat Cp (Figure

11) in the presence of the magnetic field increases

considerably with the increase of the value of H; thus:

� Cp= 1.75 J/Kg K at ti= 60 s and H = 0 kA/m;

� Cp= 3.25 J/Kg K at ti= 7.5 s and H = 50 kA/m;

� Cp= 5.20 J/Kg K at ti= 12.5 s and H = 100 kA/m.

The MRS in a magnetic field transforms into a

Bingham solid. Through heating, due to thermal agitation

and to thermal convection currents, solid-liquid phase

transformations take place, depending on H and ti.

It is observed from Figure 11 that the phase transfor-

mations occur at

� ti= 7.5 s for H = 50 kA/m and, respectively, at

� ti= 12.5 s for H = 100 kA/m.

For ti=60 s and 50 H(kA/m) 100, it results from

Figure 11 that Cp converges toward the same value (close

to the value of Cp MRS, at H = 0 kA/m).

The thermal conductivity of the MRS is influenced

considerably by the intensity of the magnetic field H and

the time ti of MRS heating (Figure 12). Net differen-

tiations of the values of at H = 50 kA/m and of theλ

values of at H = 100 kA/m are noticed for MRSλ

heating times of up to ti= 12.5 s.

For ti 30 s, however, is independent of H and hasλ

values identical with those of MRS in the absence of the

external magnetic field.

If the condition is set that the difference between the

temperatures T1i in the presence and absence of the

magnetic field should be at least 2.5 K, then, from

Figures 6 and 7, it is obtained that the mean temperature

Figure 13. The function of T and H as parameter.α

Figure 14. The Cp function of T and H as parameter.

T = 0.5 (T1i + T2i) in the MRS is, at most, 316 K. For T =

316 K, the results from Figures 6 and 7 suggest a heating

time of the MRS of up to ti= 60 s.

Corresponding to the pairs of values (T, ti), from

Figures 9, 11, and 12 there results:

� the variation of by T and H as parameter, in Figureα

13;

� the variation of Cp by T and H as parameter, in Figure

14 and

� the variation of by T and H as parameter, in Figureλ

15.

From Figures 13, 14, and 15 we observe that α, Cp, and

have a slow variation by t for H = 0 kA/m. For 296λ

T (K) 302, and 50 H (kA/m) 100, the values of

α, Cp, and are considerably increased, relative to theλ

corresponding ones of MRS for the case H = 0 kA/m.

For H 0, but fixed, however, beginning with T = 303

K, the values of α, Cp, and decrease by T and becomeλ

equal to those of the MRS for H = 0 kA/m and T > 316 K.

The temperature drop ( TΔ i) over the distance x2 =

0.010 m, creates, in the MRS, perpendicular thermal

gradients on the magnetic field lines.

The value of the thermal gradient, TΔ i/x2 (Figure 10),
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Figure 15. The function of T and H as parameter.λ

for x2= 0.010 m, ranges between

� 200 and 3250 K/m at H = 50 kA/m and, respectively,

� 250 and 2750 K/m at H = 100 kA/m.

With the increase of the temperature T, an intense

Brownian movement is generated in the MRS, and

phenomena of diffusion of the magnetic dipoles [17,18]

occur.

On the other hand, the existence of the thermal gradi-

ents leads to the appearance of thermal convection in the

MRS. We consider that, following thermal convection, a

transport of the substance takes place, in the sense of the

axis Ox in Figure 4.

The thermal conductivity of the MRS is caused by both

components: the carrier liquids and the iron micro-

particles. In a magnetic field, the forming of magnetic

dipole chains shunts the thermal conductivity of the

carrier liquids. Thus, applying the magnetic field leads to

an increase in the thermal conductivity of the MRS. The

increasing of the temperature of the MRS increases the

thermal agitation of the dipoles. The distance between

the magnetic dipoles increases [18] and, by default, λ

decreases at H = ct (Figure 15).

Conclusions

1) The experimental device in Figure 4 allows the study

of the heat propagation in the MRS as a semi-infinite

medium (Figures 6 and 7);

2) The temperature drop TΔ I in the MRS (Figure 10) is

influenced considerably by the intensity of the external

magnetic field;

3) The thermal conductivity of the MRS (Figures 12

and 15) is influenced considerably by the intensity of the

external magnetic field and by the temperature T, for

their well-defined values.
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