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Abstract: The paper is focused on magnetorheological (MR) clutches applied in industrial drive
systems working in a steady continuous-duty state. The main goal of the carried out numerical and
analytical analyses oriented towards electrical power consumption, copper losses (Joule heat) in an
excitation coil, spatial temperature distributions and the highest temperature possible for an MR
fluid is to compare MR clutches due to a different number of discs. The authors considered selected
representative MR multi-disc clutches with one, two, three or four discs, developing clutching torque
T, equal to 20, 35 and 50 Nm. These clutches were constructed based on the in-house design that
integrates analytical and field methods (further in the paper referred to as the integrated analytical-
field design method) described in the literature. The thermal computer simulation results obtained
with the help of the AGROS2D program, combined with findings achieved with the use of simplified
physical reasonings, allow one to draw the conclusion that the most advantageous, recommended
number of discs for a magnetorheological clutch from the viewpoint of various (both constructional
and thermal) criteria is the number of discs: N = 2. This conclusion takes into account the results
presented earlier in the literature: the choice is a compromise between decreasing the mass (volume) of
the MR clutches and increasing both the electrical power consumption and the maximum temperature
of MR fluids in a clutch working region as the number of discs, N, increases.

Keywords: MR fluid; MR multi-disc clutch; industrial continuous-duty drive systems; thermal clutch
numerical calculations; electrical power consumption of MR clutches; MR clutch copper losses

1. Introduction

Recently, there has been a systematic increase in interest in the use of magnetorheolog-
ical (MR) fluids with viscosity controlled by magnetic or electric signals; these fluids can
be found in a wide variety of devices (e.g., robots [1], testing stands [2], lifts [3] and two
DoF brakes for investigating linear-rotary motors [4]) and seem to be particularly useful in
automotive and motorcycle drive systems such as brakes and clutches [5,6]. In cars and
motorcycles, there is a need for the frequent coupling and decoupling of internal combus-
tion or electric drive motors with a vehicle’s wheel-drive system, and during such transient
states, the clutches operate with varying slips, which result in friction (MR fluid-solid
bodies), slip heat generation and, in consequence, temperature increases in the MR fluids
having a direct influence on the clutch life. In recent years, this problem has been widely
discussed by many authors [6-9]. A power flow diagram for MR clutches in transient states
(acting with slippage) is depicted in Figure 1a,b.

Magnetorheological (MR) clutches can also be used in industrial drive systems because
of the ease of the coupling and decoupling process and the possibility of acting as an
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overload protection system [5]. Industrial drive systems work for long periods in a steady
continuous-duty state with no slippage; hence, the generation of heat in the MR fluid
associated with transient states does not play a significant role. In such cases electrical
power consumption necessary for the production of a magnetic field and maintenance of
a coupling state becomes the key issue for MR clutches. Electric power in an excitation
coil connected to the flow of the excitation current is released in the form of Joule heat and
becomes—next to the heat sources associated with friction in bearings—an additional heat
source, increasing the temperature of the working clutch.

(@) ) p,

Ptri2

|:>APCU

Pslip

Pfri1

Figure 1. Cross-section of multi-disc MR clutch: (a) mechanical and electrical sources of heat
and (b) power flow diagram in transient states or in steady state with slippage where P,,;—input
mechanical power; P,,—output mechanical power; P,—input active electrical power; Pslip—slip
power (related to slip heat generated in MR fluid in transient states); APc,,—copper losses (Joule
heat); Pf,jj—mechanical power losses in bearings of driving member; Pfyjp—mechanical power losses
in bearings of primary (driving) member.

For MR devices with a disc structure, commonly met in clutches, the possibility of a
different number of discs is indicated, and each number of discs is associated with different
properties.

In article [10], the authors considered in detail the problem of the optimal selection of
the number of discs N in MR clutches (N is equal to the number of discs of a clutch primary
(driving) member) in the industrial drive systems from the viewpoint of various criteria and
limitations. In particular, the authors not only took into account the external dimensions
of the clutches: their lengths and diameters, masses and volumes but also characteristic
factors: the maximum torque per mass ratio T /m and the maximum torque per volume
ratio T, /V. The result of a detailed comparative analysis was the conclusion that the
optimal (recommended) number of discs in a multi-disc magnetorheological clutch, taking
into account the above-mentioned criteria, is equal to N = 2. In drawing this conclusion, the
authors did not take into account the thermal operating conditions of the clutches. To their
knowledge, in the available technical literature, the problem of power consumption by
magnetorheological clutches in a steady continuous-duty states with no slippage, as well
as copper losses in the excitation coil and spatial temperature distribution in such clutches
(particularly, the maximum values of coils and MR fluid temperatures), has not been
considered thus far. Hence, the main goal of this article is to consider the above-mentioned
problems for MR clutches applied in the industrial continuous-duty drive systems.
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The main view of an exemplary multi-disc MR clutch is depicted in Figure 2. This is
the simplest case of a multi-disc MR clutch: the clutch having only two discs of a primary
member (N = 2). The number of discs of a secondary member is equal to (N — 1).

Owing to its symmetry, it is sufficient to present only a quarter of the entire construction.

-

Figure 2. Exemplary two-disc MR clutch (N = 2)—general view and basic terminology.

Numbers 1, 2, 3, ..., 10 indicate the most important constructional parts: 1—non-
magnetic housing; 2—coil; 3—discs of a primary member; 4—cover yoke; 5—cylinder yoke;
6—bearings; 7—non-magnetic shaft of a primary member; 8—discs of a secondary member;
9—MR fluid gaps; 10—non-magnetic shaft of a secondary member. Particular care must be
taken to prevent the leakage of magnetorheological fluids in the coupling. It is necessary
to use an appropriate sealing system, the selection of which is dictated by the operating
conditions.

2. Materials and Methods
2.1. Electromagnetic Analysis

In [11,12] the experimentally verified integrated analytical-field design method of
multi-disc magnetorheological (MR) clutches was described in detail. Using this method,
12 variants of MR clutches, differing in the number of discs N and the values of the rated
clutching torque T, were designed and their various features and properties essential from
the viewpoint of manufacturing costs and industrial applications were compared in [10].
To render this comparison fully reliable and meaningful from a technical point of view, a
number of assumptions were made, the most important of which were the following:

¢ The thickness of the MR fluid gap g is the same (g = 1 mm);

e Discs, cylinder yokes and cover yokes are made of the same magnetic steel;

¢  Shaft and mounting rings, separating the coil from the working region, are made of
the same non-magnetic steel;

e Current density jc, is assumed the same (jc, = 4.5 A/mm?) [13];

e  Excitation current I is assumed the same (I = 0.6 A);

*  The magnetic flux density in MR fluid-gaps By is kept the same despite variations in
the geometries of clutches (By = 0.7 T);

*  The maximum magnetic field density By is kept the same (B, = 1.2 T) despite
variations in the geometries of clutches (the most saturated point lies within the cover
yoke at a length approximately equal to the external radius of primary member discs).

As mentioned earlier, the designed clutches were compared in terms of the following
criteria: overall dimensions, geometric proportions (lengths and radii of clutches), total
masses m and total volumes V and factors including clutching torque per mass ratio
T./m and clutching torque per volume ratio T /V. The conclusion resulting from this
comparison, taking into account the costs of active materials on the one hand and the
complexity of the manufacturing process on the other hand, was the statement that the
optimal, recommended number of discs is N = 2.
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This paper, as a logical continuation of the previously presented considerations, com-
pares exactly the same variants of MR clutches with regards to the electrical power consump-
tion necessary to maintain the coupling state, as well as spatial temperature distribution
caused by copper losses in the excitation coil with resistance R..

The electrical power consumption, P;, equal to copper losses caused by the flow of
excitation current, I (Joule effect), is determined by the following formula:

P, = APy, = I’R, @
Ro=p- o @)
e =P SCuO
T - d2
SCuO = % (3)

where p—copper resistivity; [—wire length needed to wind the coil; d¢, o—diameter of the
bare conductor; Sc, g—cross-section of the bare conductor.

Due to the fact that the assumption of the same current density jc, in the excitation
coils of various variants is made, the cross-section of the conductor S¢, is the same for
all considered cases. The values of the resistances R, for all point variants are, therefore,
determined by the lengths of the wire / needed to wind the coils. This length is equal
to the sum of the lengths of the individual turns, and these turns have different lengths
depending on which coil layer they belong to (Figure 3). The geometrical cross-sections of
all point variants (N =1, 2, 3, 4 discs and T, = 20, 35, 50 Nm (12 various variants)) have
been presented graphically in [10] in a combined drawing, and this drawing is shown in
this paper as Figure 4 with a variant numbering from V1 to V12.

Lc Lc
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Figure 3. The cross-section of clutch coil: (a) dimensions of coil and (b) dimensions of conductors.

Let us now focus on the geometrical dimensions of the clutch elements and the winding
data, the knowledge of which is necessary to determine the resistances of the individual
coils. Letter markings of the clutch geometric dimensions and winding data (the number of
coil turns z, the number of turns per one layer n and the number of layers 1), necessary for
determining the resistance of the coils, are shown in Figure 3 [10] on the example of an MR
clutch with the number of discs: N = 2.

The design dimensions common for all the considered variants include the following:
Az, dey, deyo, Scy and Scyo (Figure 3). The design dimensions, which are different for
individual variants and depend on the rated values of the clutching torque, T;, and the
number of discs, N, are summarized in Table 1 (these values were determined on the basis
of the integrated analytical-field design method described in [10,12]).
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Figure 4. Graphical overview of clutch cross-sections for all 12 designed variants: T, = 20, 35, 50 Nm,
N=1,23,4.

Table 1. List of design geometrical dimensions and winding data different for 12 individual variants.

Variants Vi V2 V3 V4 V5 V6
s (mm) 51.9 42.1 37.2 34.2 61.5 49.7
Tce (Mm) 83.9 62.3 56.0 51.9 85.9 65.9
L (mm) 4 10 16 22 5 13
z(-) 366 694 1026 1365 368 695
m (-) 62 39 36 34 47 31
n(-) 6 18 29 41 8 23
Variants V7 V8 V9 V10 Vi1 Vi2
7 (mm) 43.9 40.2 68.7 55.4 489 447
Tce (Mm) 58.1 53.4 93.1 71.6 63.1 57.9
Lc (mm) 21 29 5 13 21 29
z(-) 1028 1363 370 697 1030 1364
m (-) 27 25 47 31 27 25
n(-) 39 55 8 23 39 55

The formulas for the lengths of the wires needed to wind the coils differ depending on
whether the last layer is full; i.e., whether the condition

Z=m-n 4)

is fulfilled (Figure 3a) or whether the last layer is incomplete (Figure 3b), and there is a
mathematical inequality.

n-m> z. (5)
If the condition (4) is met, we have the following:

m

Z:§{2n~<rci+A3+(i—1)~dcu+d;'ﬂ~n, (6)

where r.; denotes the internal radius of the coil, A3 denotes the thickness of the carcass and
dc, denotes the diameter of the insulated conductor.

If condition (5) is fulfilled, then another formula should be used:

= : d d
I=2r- Z '(rci+A3+(l_1)'d0u+§u) “n+27- (rci‘f'AB"‘(m_l)'dcu‘f';u) “Zm @)
i=1
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where the number of turns in the incomplete m-th layer is z,, = z — (m — 1)n.

Formulas (1)—(3), (6) and (7) allow the resistance of the excitation windings coils to
be determined in an accurate manner as the sum of the resistances of the turns of the
individual layers.

When designing transformers and electrical machines, we very often use simplified
formulas, based on the concept of the average turn length l1;,, calculated on the basis of the
overall dimensions of the coil, i.e., inner radius of the coil r.; and outer radius of the coil 7.

ligo = 27T - (7/01;71/“’) 8)

Using the above relation, the formula for the coil resistance excitation winding resis-
tance can be greatly simplified. In Table 2, the coil resistances R, and the electrical power
consumption P; determined on the basis of exact Formulas (6) and (7) as well as their
approximate values determined on the basis of simplified Formula (8) are listed.

Table 2. Coil resistances and electrical power consumption for variants V1-V12 (exact values: R,
P,; and approximate values determined on the basis of simplified formulas (R¢; and P,p,)).

Variants Vi V2 V3 V4 V5 Vo
R (Ohm) 20.89 29.61 38.88 47.69 22.79 32.52
Rz (Ohm) 20.83 30.35 39.98 49.16 22.73 33.65
P,y (W) 7.52 10.66 13.99 17.17 8.20 11.71
Pos (W) 7.49 10.93 14.39 17.70 8.18 12.11
Variants V7 V8 \%L) V10 Vi1 Vi2
R (Ohm) 42.22 51.32 24.55 35.86 46.49 56.32
Rz (Ohm) 43.87 53.34 25.09 37.08 48.29 58.54
P,y (W) 15.20 18.47 8.84 12.91 16.73 20.27
Ps (W) 15.79 19.20 9.03 13.35 17.38 21.07

As observed, the approximate values calculated on the basis of the simplified formulas
differ from the values by a maximum of 3.9%.

Exact values of coil resistance R and electrical power consumption P,; vs. the number
of discs N are presented graphically in Figure 5.

(a) (b)
70 25 o

60 -
20

15
—-T=20Nm ——T=20Nm
10 + 1 T —8-T=35Nm

T=50Nm

P1 (W]

—-T=35Nm
T=50Nm

Figure 5. (a) Values of coil resistance R. and (b) electrical power consumption P,; vs. number of discs N.

The curves presented in Figures 6 and 7 allow for a physical interpretation of the
results obtained. The graphs z = f(N) for T, = 20, 35 and 50 Nm in Figure 6a show that
the number of turns z needed to a develop magnetic field in the MR fluid gaps with the
average value B, (it should be remembered that the excitation current in all variants is the
same and equals I = 0.6 A) increases rapidly with the number of discs N and the number
of fluid gaps 2 N and is practically independent of the values of clutching torque T (notice
that the three curves in Figure 6a coincide).
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The graphs lip = f(N) for T. = 20, 35 and 50 Nm in Figure 6b show that as the
number of discs increases, the average length of the turns of the individual coils drops,
which is due to the fact that the internal diameter of the coil r.; decreases (see Figure 7a,
presenting r; = f(N) for T, = 20, 35 and 50 Nm) and, moreover, that the coil becomes
increasingly slender (see Figure 7b, presenting the thickness of the coil ree — r,; = f(N) for
Tc =20, 35 and 50 Nm) .
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Figure 7. Drop in internal radius of excitation coil and in its thickness: (a) internal radius of excitation
coil 7.; vs. number of discs N; (b) thickness of excitation coil (r¢, — 7.;) vs. number of discs N.

Obviously, the rapid increase in the number of turns together with the increasing
number of discs is of decisive importance and the average length of the turns (decreasing
as the number of discs increases) is not able to compensate for the effects of such a rapid
increase in the number of turns, the consequence of which is an increase in the resistances
of the excitation windings and the electrical power consumption.

Commenting finally on the results contained in Table 2 and shown graphically in
Figure 5, it should be emphasized that the disadvantageous effect of a greater number of
discs is an increase in the resistance values of the excitation coils, as well as an increase in
clutch electrical energy consumption. The increase in copper losses is the reason why it
is necessary to analyse the thermal state of clutches later in this article and to determine
the influence of copper losses on the spatial temperature distributions in all the considered
variants.

2.2. Thermal Analysis

The rapid increase in the electrical power consumed by the MR clutch (equal to copper
losses) with the increased number of discs is the reason why the recommendation for
the correct selection of the optimal variant of the device must take into account thermal
calculations and the determination of the maximum operating temperature in a steady
state. The maximum operating temperature of the clutch working region is important for
the assessment of the clutch life, because high temperature may accelerate the aging of the
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magnetorheological fluid and even-after exceeding the permissible temperature can lead to
the degradation of its properties [14].

Heat calculations are carried out according to the power flow diagram presented in
Figure 8b. The only heat source taken into account is copper loss: the excitation winding is
located in the immediate vicinity of the working region containing the MR fluid; hence,
the loss in copper most strongly affects its fluid temperature. Thermal field simulations in
a steady state were performed for all 12 variants V1-V12 in the AGROS2D program [15]
(computer program in which magnetic calculations were previously carried out). Table 3
summarized values of the coefficients related to the heating process for the materials used
in the clutch construction and for the air. It is worth reminding that the discs of primary
and secondary members, cylinder yokes and cover yokes are made of magnetic steel and
the shaft, bearings and housing are made of non-magnetic steel.

(a) Pm2 (b) Pm2

I:> I:>APCu I::} I:>APCu

Pel Pel

Pm1 A

ml

Figure 8. Power-flow diagram (a) in steady continuous-duty state with no slippage: (b) case study
considered in the paper (mechanical losses Pf,;1 and Py,p are neglected; heat is transferred mainly
to surrounding air and because of that it slightly influences temperature in clutch working regions
including MR fluid).

The results of the thermal calculations in the form of spatial temperature distributions
for selected representative variants V1, V4, V9 and V12 are presented in Figure 9.

The next Figure 10 shows an exemplary temperature drop along the axis AB which
runs through the point with the highest temperature in the clutch (center of the coil) and
through the point with the highest temperature in working region ¢,,,x. This is the highest
temperature possible for the MR fluid.

Table 3. Thermal coefficients for constructional materials and air (where a—thermal expansion
coefficient; A—thermal conductivity; C;,—heat convection coefficient; c—heat capacity; p—mass

density).

- Material o [1/K] AWm-Kl  C, [Wm?.K]l c[J/kg-Kl p [kg/m?]
1 air 343 x 1073 Ay =0.0257 Cnp =10 1005 1.205

2 non-magnetic steel  1.44 x 10~ Ay =16.26 - 502.1 8027.2
3 copper 1.66 x 107° A3 =372 - 380 8800

4 sealing plastic 1.10 x 1074 Ay =025 - 1260 1014

5 magnetic steel 1.34 x 1073 As =54 - 465 7833

6 MR fluid 6.00 x 104 A =0.8 - 680 3640
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Figure 9. Spatial temperature distribution in steady state for selected representative variants: V1, V4,
V9 and V12.
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Figure 10. Temperature drop along axis AB in a steady state for selected representative variants: V1,
V4, V9 and V12.

The temperature drop for the considered 12 cases V1-V12 along the axis AB in a
steady state is about 0.12-0.15 K. Maximum temperatures ¢,y in the working region for
all the 12 considered cases are shown in Figure 11.
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Figure 11. Maximum temperature ¢,y in the working region (the highest possible temperature for
MR fluid) vs. the number of discs N for T, = 20, 35 and 50 Nm).

As predicted, we can conclude that the greater the number of discs, the higher the
maximum temperature, which is directly evidenced by Figure 5b, showing a substantial
increase in copper losses as the number of discs increases.

It needs an explanation as to why, with the same number of discs, the higher maximum
temperature is associated with the lower torque clutches and not with the higher torque
clutches (related to higher copper losses). The explanation can be based on simplified
approximate reasoning from the description of the process of heating a homogeneous body
treated as a source of heat that transfers the accumulated heat by convection through the
surface of S,;, to the surrounding air:

APcydt = ¢ -m - d(A9) + Cp, - Saiy - MDAt )

where A—thermal conductivity; C;,—heat convection coefficient; c—heat capacity; m—
mass; S,;,—heat transfer area. The steady-state maximum temperature of such a homoge-
neous body as ¢, is described by the following formula:

& _ APy
" Ch - Sair
where 9y = 20 °C (293.15 K) is the temperature of the surrounding air.

In the case of the considered magnetorheological clutches, the area marked in Figure 12
can be considered as the surface of heat transfers to the environment:

+ 0, (10)

S,y = 271 - ((rcg FY)? - ric) 1270 (ree +Y') - (Le +2Y") (11)

where r,;—internal radius of the coil; r.,,—external radius of the coil; r,,—external radius
of the bearings coupling; Y'—cylindrical and cover yoke thickness.

It is the outer area of the cylindrical yoke and 2 outer areas of the cover yokes. How
they are changed with the increasing number of discs and increasing clutching torque is
shown in Figure 13a,b.

As observed in Figure 13a, the area Acuy decreases for all variants with the increase
in the number of discs, but with a fixed number of discs (Figure 13b), the area for a higher
torque clutch is larger than that for a lower torque clutch.

This clearly explains the problem posed at the beginning of the discussion: why, with
the same number of discs, the maximum temperature of the higher-powered clutches is
lower.
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Figure 12. The surface of heat transfer to the environment (surrounding air).
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Figure 13. Heat convection areas: (a) areas Aconp vs. number of discs N for T, = 20, 35 and 50 Nm;
(b) areas Acono vs. clutching torque T, for the number of discs N =1, 2, 3, 4.

This is evidently confirmed by Figure 14a, showing the course of the ratio APc;, / Aconv
(see Equation (10)) as a function of the number of discs for clutches of different torques and
which set of functions has the same form as the set of functions characterizing the maximum
value of the MR fluid temperature shown again for direct comparison in Figure 14b.

(a) (b)

600 - . . 50
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E 400 35
B3 30
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§ 200 ~B-T=35Nm 20 —m-T=35Nm
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100 10
5
0 0
N=1 N=2 N=3 N=4 Nel  Ne2 Ne3 Nea
N N

Figure 14. Comparison of function courses: (a) the course of ratio APc, / Aconv Vs. the number of
discs for T, = 20, 35 and 50 Nm; (b) maximum temperature 9y, vs. number of discs N for T, = 20,
35 and 50 Nm.
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Even better, the compliance of the curves describing the maximum temperature, T,
with the curves presenting the ratio AP¢,, / Aconv can be seen in the 3D charts (Figure 15).
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Figure 15. Three-dimensional charts: (a) maximum temperature vs. clutching torque and number of
discs; (b) ratio AP¢,, / Aconv ratio vs. clutching torque and the number of discs.

The above-presented results of the thermal analysis allow one to confirm the conclu-
sion given in [10,12] that the optimal recommended number of discs is equal to N = 2 and
that it is a compromise option not only due to the values of characteristic factors (torque
per mass ratio and torque per volume ratio) but also due to heat conditions. The operating
temperature of the magnetorheological fluid is up to 130 °C [16]. Above this temperature,
the properties of the liquid degrade and the magnetic properties are lost.

3. Results

The MR multi-disc clutches for industrial drive systems working in a steady continuous-
duty state were compared from the viewpoint of electrical energy consumption and tem-
perature spatial distribution. The electric power consumption P,;, excitation coil resistance
R., power copper losses AP, spatial temperature distributions and the maximum tem-
perature of the magnetorheological fluid 8y,,,, were determined for twelve representative
variants on the basis of field numerical calculations. It was explained in detail, in physical
terms, why as the number of discs increases, the maximum temperature of the magne-
torheological fluid increases too and also why, for the same number of discs in higher
torque clutches, the temperature of the magnetorheological fluid is slightly lower than in
smaller torque clutches. The general conclusion presented is that the most advantageous,
recommended number of discs for a magnetorheological clutch from the viewpoint of
electric, magnetic, mechanical and thermal criteria is the number of discs, N = 2. This
conclusion takes into account the results of the analysis performed in an earlier article [10]:
the choice is a compromise between the decreasing mass (volume) of the MR clutches and
increasing both electrical power consumption and the maximum temperature of the MR
fluid in the clutch working region as the number of discs N increases.

The authors focused on a steady continuous-duty state of industrial drive systems.
The next step will be to use the presented approach based on computer field simulations
combined with simplified physical reasoning to analyse transient thermal states and steady-
states during slippage.
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