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Abstract—Numerical results for the analysis of heat transfer to laminar flow in radial grooves of wet clutch
friction faces are presented. It is shown that a thin oil film intervening between the friction face and the
metal separator plate has an important effect on the overall heat transfer coefficient between the metal
plate and the oil flowing in the groove. Experiments carried out under continuously slipping conditions
on an actual clutch are described and the measured overall heat transfer coefficients are compared to the
results of the numerical analysis. The agreement between the numerical and the experimental results is
within an r.m.s. deviation of 10.7%. The experimental error is estimated to be 10.1%. The good agreement
allows the use of numerically calculated heat transfer coefficients for a complete thermal analysis of the
wet clutch.

INTRODUCTION

IN THE OPERATION of an oil-cooled (wet) clutch, two
rather distinct modes may be identified. In the engage-
ment mode, the grooved friction plate and the metal
separator plate slip with respect to each other for very
short time intervals, typically from 0.2 to 2 s. The
frictional heat generated during the engagement
period is mostly absorbed by the metal separator plate
with the oil flowing through the grooves playing a
secondary role in heat removal. In the continuously
slipping mode, the two plates may slip for periods
of time as long as 10-20 s. In this latter mode, the
temperatures at various points in the plates reach final
steady state values in a few seconds, after which all of
the generated heat must be removed by the oil flowing
in the grooves of the friction plate. The value of the
heat transfer coefficient between the metal separator
plate and the groove oil will then determine the steady
state temperature level in the clutch. Of the many
groove patterns commonly used, the present study
focuses on the radial groove pattern because of its
simplicity.

Figure 1(a) shows a sector of a radially-grooved
composite friction plate with two neighboring grooves
and the land area between them where frictional heat
is generated. Figure 1(b) shows a cross-sectional view
of the metal separator plate and the friction plate, as
well as their relative position during the continuously
slipping mode. In particular, a thin film of oil is shown
separating the two plates. The ratio of the film thick-
ness to groove depth is generally less than 0.01. How-
ever, it will be shown in the following sections, that
this film plays an important role in determining the
heat transfer coefficient between the separator plate
and the groove oil because of its screening action.
Figure 2(b) shows the recirculating pattern in the
groove. The top streamline is a dividing streamline

separating the oil flowing in the grooves from the oil
flowing in the film. The velocity distribution in the film
over the land area preceding a groove corresponds to
Couette flow. In the region directly above the dividing
streamline, however, the velocity of the film oil is
essentially uniform. The thickness of the film above
the dividing streamline is, therefore, half of the film
separating the two plates. Figure 2(a) shows a single
groove with the top wall in motion and the other three
walls at rest. For clarity, the film is not shown in Fig.
2(a). Cool oil enters the groove at the inside diameter
and leaves at the outside diameter of the friction plate.
Individual fluid particles follow paths similar to a
helical path. The intense cross-stream recirculating
flow enhances the heat transfer coefficient greatly as
compared to the case in which the top wall is at rest.
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FIG. [. (a) A segment of a wet clutch friction plate. (b} Cross
section showing relative position of friction and separator
plates.
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NOMENCLATURE

A aspect ratio of the groove cross section, u velocity component in the x-direction
d/L Uy velocity of the moving wall

b thickness of film between the dividing v velocity component in the p-direction
streamline and the moving wall w velocity component in the z-direction

¢ specific heat at constant pressure X coordinate along width of groove

Co specific heat of oil ¥ coordinate along depth of groove

D, inside diameter of friction plate z coordinate along length of groove

D, outside diameter of friction plate Zoae  length of groove.

d depth of a groove
5 function defined by equation (19)
VE function defined by equation (22)

h, local overall coefficient of heat transfer
from the moving wall to the groove oil

h., local recirculation zone heat transfer
coefficient

k thermal conductivity of oil

L width of a groove

H1,,  mass flow rate of oil in a single groove

m, total mass flow rate of oil through clutch

N, number of grooves on one friction face

Nu, mean groove Nusselt number

Nu,, local recirculation zone Nusselt number

n distance normal to a wall

p pressure

Pr Prandtl number

Re,,  Reynolds number based on wall velocity
and groove width

r radial distance from center of clutch plate

I8 inside radius of friction plate

Fo outside radius of friction plate
temperature

T, bulk temperature of groove oil

T.  temperature along the dividing

streamline

T,  average temperature along the dividing
streamline

(AT) yr» logarithmic mean temperature

difference between the moving wall and
the groove oil

Greek symbols

i dynamic viscosity

v kinematic viscosity

P oil density

T torque exerted by friction plate

) angular velocity.

Subscripts

a average

b bulk

ds dividing streamline

g groove

1 inside

LMTD logarithmic mean temperature
difference

max maximum

o outside

oi oil temperature at groove inlet

00 oil temperature at groove outlet

rz recirculation zone

w moving wall

wi wall temperature at inlet

wo  wall temperature at outlet.

Superscript
- integrated value over the groove
length.

The analysis of laminar flow and heat transfer in the
system shown in Figs. 2(a) and (b) is the main focus
of the present paper.

Patankar and Spalding [1] studied the problem of
developing laminar flow and heat transfer in a square
duct with no film separating the moving wall from
the cavity. The main emphasis of their paper was to
present a general method of solution of parabolic
flows so that they present only a limited number of
results for the square duct problem. Fully developed
laminar flow and heat transfer for a square duct with
one moving wall was studied by Abdel-Wahed e al.
[2]. They presented fully-developed Nusselt numbers
for Pr=0.7 and 5 for a range of moving wall Reyn-
olds numbers from 0 to 1000. Their results are for the

case in which all four walls were maintained at a
uniform temperature. One of the important findings
of their paper was that for Pr = 5 the Nusselt number
increases with the moving wall Reynolds number and
is larger than that of a duct with stationary walls by
a factor of about 5 at Re, = 1000. This is due to
the scrubbing action of the recirculating flow. In the
present study, Reynolds numbers up to 2000, and
Prandtl numbers between 40 and 600 are considered.
In addition, the thermal boundary conditions of three
insulated stationary walls and one moving wall with
specified temperature are used. An approximate
method to account for the effect of the thin oil film
separating the moving wall from the recirculating zone
is introduced. Tt will be shown that the calculated
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FiG. 2. (a) Geometry and coordinate system for a single
groove. (b) Flow pattern and the relative position of film
and recirculation zone.
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heat transfer coefficients are in good agreement with
experimental results obtained on an actual wet clutch
operating under continuously slipping conditions.

EXPERIMENTAL DETERMINATION OF THE
AVERAGE GROOVE NUSSELT NUMBER

Figure 3 shows a sketch of the main parts of the
cluich test apparatus. The experimental set-up con-
sisted of a radially-grooved composite friction plate,
such as that shown in Fig. 1(a), sandwiched between
two steel end plates. The friction plate had 72 equally
spaced radial grooves per face. In each test run, the
friction plate was set in motion at a constant angular
velocity while the applied pressure forced the plates
together to produce the desired torque. Oil was forced
into the clutch cavity and after flowing through the
144 grooves of the composite plate exited at the out-
side diameter. Thermocouples were installed at the
inside and outside diameters of the steel end plate with
the junction very near the interface between that plate

and the friction faces of the composite plate. Similarly,
thermocouples were used to measure inlet and outlet
temperature of the oil. For each test run, torque,
angular velocity, oil flow rate, interface temperatures
at i.d. and o.d. of the steel plate, and the oil inlet and
outlet temperatures were measured after steady state
thermal conditions were established. An energy bal-
ance yields

T = ’"oco(Too—Toi)' (])

All of the test runs used for comparison with the
prediction of the theory described in the next section
satisfied the energy balance indicated by equation (1)
to within 5%. The relevant dimensions of the plates
and the grooves were as follows :

D,=024m, D,=0.16m, L=12x10"m
d=6x10"*m, z,., =0.5(D,— D) =0.04m,
N, =72,

The oil flow rate for all tests was about 0.088 kgs™'.

If we assume that the torque is due to viscous forces
in a thin film separating the plates, the following equa-
tion can be used to calculate the film thickness b:

b= ? J " W(T)Qrr— N, L)r* dr. o)

In evaluating the integral in equation (2), the whole
film is assumed to be at the separator plate tem-
perature at that radial location. A linear distribution
of T, from T, to T,, and the known viscosity tem-
perature relation of the oil then allows evaluation of
the integral and the film thickness . Measurement of
oil temperature at the inlet and outlet of the grooves
made it possible to check the consistency of the data
by performing an energy balance on the clutch plates
and the oil rather than on the system within the hous-
ing. An external oil cooler was used to control the
inlet temperature of the oil.

In the next section, a mathematical model capturing
the essential elements of the heat transfer mechanisms
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Fi1G. 3. Schematic diagram of wet clutch test apparatus.
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of the friction pair used in the experiments is
described. Following the mathematical analysis of the
system, results of the numerical calculations are pre-
sented and the predicted and experimental groove
heat transfer coeflicients are compared.

MATHEMATICAL ANALYSIS

Before introducing the mathematical equations on
which the analysis of the groove heat transfer problem
is based, a description of certain simplifying assump-
tions will be given. The operating conditions of the
clutch are specified in terms of torque t, the angular
slip velocity w, the inlet oil temperature and flow rate,
the physical properties of the oil and the clutch plates,
and the geometric dimensions of the various com-
ponents of the clutch. For a given set of operating
conditions, the velocity of the moving wall varies lin-
early from = = 0 to z,,,, (see Fig. 2(a))

u, = (ri+2)o. 3)

Similarly, the temperature of the moving wall will not
be uniform along the length of the groove. It will have
a distribution determined by a balance between the
convective heat transfer to the groove oil and con-
duction within the separator plate. Because of the
strong dependence of the oil viscosity on temperature
and because, both i, and 7T, vary in the flow direction,
the problem of groove flow and heat transfer is a
fully three-dimensional parabolic type problem. This
situation is further complicated by the existence of the
thin oil film which must be included in the analysis.
The solution of the groove heat transfer problem is
only one step in an iterative process which includes
the solution of the conduction equation in the solid
plates of the clutch. If at every step of this iterative
scheme one has to solve the fully three-dimensional
groove problem, the amount of computations
involved would become impractically larger. Even if
one obtains such a solution, it would only be appli-
cable to a given clutch with a specific set of operating
conditions. What is needed is a solution of the groove
oil heat transfer problem obtained indcpendently
from any specific operating conditions and cast in the
form of a generally applicable correlation. Once such
a correlation is available, it can be used in the appro-
priate step of an iterative scheme for the complete
thermal analysis of the clutch.

The above discussion is the basis for making the
following assumptions in the mathematical analysis
of laminar flow and heat transfer in a single groove:

(1) Fully developed solutions for constant moving
wall velocity and temperature, u,, and T, respectively,
can be applied locally from z = 0 to z,,,, when u, and
T, are variable. Properties will be assumed constant
for each fully developed solution.

(2) The heat transfer coefficient for the transfer of
heat across the dividing streamline is the same as that
for a groove with zero film thickness.
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(3) The resistance of the film intervening between
the moving plate and the dividing streamline can be
calculated separately and added to the resistance due
to transfer of heat across the dividing streamlinc to
obtain the overall resistance.

(4) For the calculation of the film resistance, the
velocity in the x-direction in the film will be assumed
uniform and equal to the local value of . The tem-
perature in the oil film at x = 0 will be assumed uni-
form and equal to the local value of T,,.

The above assumptions reduce the amount of com-
putations by orders of magnitude. First, the three-
dimensional flow will be reduced to a series of two-
dimensional flows. Second, the time consuming vel-
ocity distribution calculation will be done only once
in arriving at a groove heat transfer correlation for
various Prandtl numbers.

The governing equations to be solved are as fol-
lows:

+. =0 4

Cu N ou op N O u N u )
U—+U5- = — T oA
PA\MEr Cr ax TR e oy”

ér N dv ap N e N ¢ ©)
U= +v = - o3+ s
P\ ex ey ay Hlox? cy”

atx=0 u=0, =0 0O<y<d @)

atx=L wu=0, =0, 0<y<d (8)

aty=0 u=0, r=0, 0<x<L 9

aty=d wu=u,, v=0, 0<x<L. (10
Define Re,, and 4 as follows:

Re,, = u, Ljv (1

A=d/L. (12)

For each set of values of Re, and 4, u/u, and v/u,
can be obtained by a numerical solution of equations
(4)-(10) using the numerical scheme described in
detail by Patankar [3].

Once the solution for # and ¢ has been obtained,
the fully developed distribution of the velocity w can
be obtained from the following equation:

fwo ow op ot
- v == Fpulas+ L, 13
P <u Cx * (_V> R <(7X“ rgv’) (13

w = 0 on all four walls. (14)

For the solution of the temperaturc equation. we
assume that the fully developed velocity distribution
defined by the functions u(x, ), v(x, ), and w(x, y) is
established at z = 0 and remains unchanged for values
of z>0. The temperaturc distribution is then
obtained from the following equations:

¢cr or @ 2T T
pelu——+v- +w )=k v—‘,_,—+rw“—j (15)

ox cy (

(&3
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aty=d, T=T, for0<x<L (16)

(17

T
% = ( on the other three walls
R

atz=0 T=T, forO<x<L, O<y<d.

(18)

The axial conduction term has been neglected in equa-
tion (15). In the solution of equations (15)-(18), an
additional parameter, the Prandtl number Pr = uc/k,
is introduced. Using the method described by Patan-
kar [3], the solution is obtained in the form

T—T, (x y z
- = - =, = . 1
T T, fi <L,L,L,Rew,A,Pr> (19)

The bulk oil temperature is now calculated from

d ("1
J j wTdx dy
o Jo
d (L :
f J wdx dy
o Jo

For zero film thickness, define the groove Nusselt
number as follows :

j LaT

o Oy

(T,—T)

T, =

(20)

dx

y=d

Nu, = @2n
It was found during the course of the present study
that for Re, > 200, Nu, reaches its final fully
developed value to within 5% after z/L > 1. This fully
developed value depends only on the three parameters
Re,, A, and Pr

Nu,, = f>(Re,, A, Pr). 22)

The function defined by equation (22) need be cal-
culated only once. Assuming that Nu,, is already avail-
able, the film resistance is accounted for as described
below. Figure 4 shows the geometry and the coor-
dinate system for the film. The energy equation for
the film subject to our stated assumptions is

oT o’T
pcu,, a =k “67 (23)
Steel separator plate /Tw
U s Tw e —r
Ol fi
*y . il film t:: Uy, —t;_

hez

Dividing streamline

Recirculation zone

F1G. 4. Geometry and coordinate system for analysis of the
film.
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atx=0 T=T, forO<y<b (24)
oT

at)’ =0 k4= hrz(T'ds_ Tb) (25)
oy

aty=b6 T=T, forO0<x<L. (26)

For constant heat transfer coefficient along the divid-
ing streamline, an analytical solution is possible for
the set of equations (23)—(26). This solution is given
by Carslaw and Jaeger [4]. However, it was found
more practical to solve this set of equations numeri-
cally. The value of the heat transfer coefficient 4, is
already defined by the given parameters Re,, 4, and
Pr. The numerical solution of the set of equations
(23)-(26) determines the variation of T, along the
dividing streamline. The overall heat transfer
coefficient from the moving wall to the oil flowing in
the groove including the resistance of the film is now

obtained from the equation
hu = hrz(Tdsa - Tb)/(Tw - Tb) (27)

where T, the average temperature along the dividing
streamline is defined as

1 L
Tdsu = ZL Tds dx.

If one applies the heat transfer coefficient described
by equation (27) locally from z = 0 to z,,, the bulk
oil temperature will be obtained from the equation

(28)

dT,
gty =" = Ly ([T () = Ty ()]

o (29)

g0
Equation (29) allows one to calculate the variation of
the oil bulk temperature 7, (z) from z = 0 to z,,,. The
average Nusselt number for the whole groove is now
obtained from

_ fngoCO(Too - Toi)

Ny = TG : 30
¢ (AT) Mk Zmax (30)
where
(Two - Too) - (Twi - Tni)
A = "0 rw "
(AT)mrp 1 T. T, . 3D
" Twi - Toi

Equations (30) and (31) define the average groove
Nusselt number, Wg, in terms of quantities directly
measured in the experimental work described in the
previous section. After some numerical exper-
imentation with fine and coarse as well as uniform
and non-uniform grids, a 20 x 24 non-uniform grid
was used to obtain the results reported in the next
section.

RESULTS

From the experimentally measured total oil flow
rate, the flow rate for a single groove is obtained from

g = 1y (2N,). (32)
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Fi1G. 5. Variation of recirculation zone Nusselt number with
Re,, and Pr.

Equation (30), being expressed in terms of exper-
imentally measured or known quantities, is then used
to calculate the experimental value of Nu,.

In order to calculate the predicted value of 7\Tug,
first the film thickness b is computed using equation
(2). Once this film thickness is known, the methods
described previously are used to calculate the average
groove Nusselt number. Figures 5 and 6 show the
fully developed recirculation zone Nusselt numbers,
Nu,,, as a function of Re, and Pr for an aspect ratio
of 0.5. Figure 7 shows a comparison of the theoretical
and experimental overall groove heat transfer
coefficients. The theoretical value is calculated for the
set of operating conditions in the corresponding
experimental run. The experimental value, h,,,, was
calculated by using equation (30) which is expressed in
terms of directly measured quantities. The agreement

Pr= e00

Nunx10

-2
Rewx10

Fi1G. 6. Variation of recirculation zone Nusselt number with
Re,, and Pr.
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Fi1G. 7. Comparison of theoretical and experimental average
groove heat transfer coeflicients including the film resistance.

between the theoretical and experimental values is
within an r.m.s. deviation of +10%. The error in
the experimental values was estimated to be about
+10%. The agreement between the values predicted
by the method described in this paper and the exper-
imentally measured values is, therefore, within the
accuracy of the experimental data.

Figure 8 shows a comparison of theoretical and
experimental overall groove heat transfer coefficients
if the film resistance were neglected in the theoretical
calculations. The resulting theoretical coefficients are
observed to be up to 130% above the experimental
values. The screening effect of the film separates the
hot moving wall from the cool groove oil and must,
therefore, be included in a realistic analysis of the
groove heat transfer problem. Similar phenomena
might occur in heat transfer in grooves used for lubri-
cation.

DISCUSSION AND CONCLUSIONS

The objective of the research described in this paper
was to develop a rational method of estimating heat
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F1G. 8. Comparison of theoretical and experimental average
groove heat transfer coefficients neglecting the film resis-
tance.
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transfer coefficients for the flow of heat from metal
separator plates to the oil flowing in radial grooves
of a paper-based friction plate. Certain simplifying
assumptions were made deliberately in order to make
the calculation of the heat transfer coefficients inde-
pendent of the operating conditions of the clutch.
In particular, using fully developed heat transfer
coefficients on a local basis, makes the resulting heat
transfer coefficients independent of the oil flow rate.
The experiments designed to verify the mathematical
model were described in a previous section of this
paper. Since in the experiments the grooved friction
plate was rotating and the metal separator plate was
stationary, a question may arise whether neglecting
the Coriolis forces would introduce significant errors
in the numerically calculated results. The magnitude
of the Coriolis force is proportional to the ratio of the
groove width to the radial distance of the cross section
under consideration from the center of the clutch
plate. For the clutch plate used in this study, this ratio
was 0.0125 resulting in a small effect due to Coriolis
forces. To verify this assumption, calculations were
made with and without the Coriolis force term at
Re,, = 2000 and 100 at Pr = 5 and 500. The greatest
effect of the Coriolis force was found to occur at the
lower Prandtl number and was about 1.7%. Further-
more, inclusion of the Coriolis forces makes the
results dependent on the magnitude of the oil flow
rate. For typical clutch diameter, groove dimensions,
and operating conditions, the Coriolis forces may be
safely neglected in calculating the oil heat transfer
coefficient. For plates of small diameter with large
groove dimensions, these forces may have to be
included.

Another observation made during the course of the
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present study, was that oil films encountered in clutch
engagement are so thin that their thermal inertia may
be neglected without introducing appreciable error.
For the film thicknesses encountered in the present
study, for example, simple addition of the conductive
resistance of the film to 1/h,, yields overall resistances
within 0.5% of those calculated by the more accurate
method presented in this paper.

In summary, the following conclusions may be
drawn from the present study:

(1) Fully developed Nusselt numbers obtained for
uniform velocity and temperature of the moving wall
can be applied on a local basis to analyze heat transfer
in a groove where the moving wall velocity and tem-
perature vary along the length of the groove.

(2) The fully developed Nusselt numbers for the
case where film thickness is zero can be combined with
the film resistance to predict the overall groove heat
transfer coeflicient.

(3) The resistance of the film in many cases of
practical interest is significant and cannot be neg-
lected.
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TRANSFERT DE CHALEUR LAMINAIRE DANS LES RAINURES D'UN EMBRAYAGE
MOUILLE A L’HUILE

Résumé—On présente les résultats de I'analyse du transfert thermique par écoulement dans les rainures
radiales des faces de frottement d’un embrayage mouillé. On montre qu’un mince film d’huile intervenant
entre la face frottante et le plateau métallique séparateur a un effet important sur le coefficient global de
transfert thermique entre le plateau et I’huile s’écoulant dans la rainure. Des expériences avec des conditions
de glissement continu sur un embrayage sont décrites et les coefficients de transfert thermique mesurés sont
comparés aux résultats de I'analyse numérique. L’accord entre les résultats numériques et expérimentaux
est a I'intérieur d’une déviation de 10,7%. L’erreur expérimentale est estimée a 10,1%. Ce bon accord
autorise I'utilisation des coefficients de transfert thermique calculés numériquement pour 'analyse ther-
mique compléte de 'embrayage mouillé.

WARMEUBERTRAGUNG BEI DER LAMINAREN OLSTROMUNG IN DEN
VERTIEFUNGEN EINEN KUPPLUNGSSCHEIBE

Zusammenfassung—Die Wiirmeiibertragung bei der laminaren Strémung in den radialen Vertiefungen in
den Reibflichen einer Kupplung wird numerisch untersucht. Dabei zeigt sich, daB ein zwischen der
Reibfliche und der metallischen Trennscheibe liegender diinner Olfilm einen erheblichen EinfluB auf den
Wirmeiibergangskoeffizienten zwischen der Metallplatte und dem flieBenden Ol besitzt. Es werden Ver-
suche an einer realen, gleichméBig rutschenden Kupplung beschrieben. Ein Vergleich des gemessenen
Wirmeiibergangskoeffizienten mit numerischen Ergebnissen zeigt Abweichungen innerhalb 10,7%. Der
MeBfehler wird mit 10,1 % abgeschétzt. Die gute Ubereinstimmung erlaubt den Einsatz von rechnerisch
ermittelten  Warmeiibergangskoeffizienten bei einer volistindigen thermischen Untersuchung einer
Kupplung.
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JAMUHAPHBIN TEIJIOINEPEHOC B KAHABKE MY®Thl CO CMA3KOH

Ansoramssi—IIpencrasBiicHbl YHCIEHHBIE Pe3yIbTaThl AaHAJH3a TEIJIONEPEHOCA K JIAMHHAPHOMY [OTOKY
B paldalibHbIX KaHABKaX (DPHKUHOHHBIX MoBepxHocTel MydThl co cMma3koif. ITokaszaHo, uTo TOHKas
IJIEHKa CMAa3KH, HAXOAAIUAACH MeXAY GPHKIHOHHON MOBEPCHOCTHIO H METAJIMYECKOH pa3/ieIMTeIbHOM
MUIACTHHOH, OKa3bIBAET CYIUECTBEHHOE BJIHSAHME Ha KOIDHIMEHT CYMMApHOro TEIIONEHOCA MEXAY
NJIACTHHOM M Tekylllel Mo kaHaBke CMa3kod. ONHCHLIBAIOTCH IKCIEPHMEHTBI, MPOBEJACHHbIE B YCIOBHAX
HETIPEPLIBHOTO CKOJIBXEHUA MO My(Te, ¥ NPOBOANTCE CPABHEHHE M3MEPEHHLIX KOIPOHIMEHTOB CymMMap-
HOTO TEIJIONEPEHOCa C Pe3yNbTaTaMH YMCJICHHOTO aHan3. YHCIICHHBIE H 3KCIIEPHMCHTAJIbHBIC PE3Y/Ib-
TAThI COTNIACYIOTCH C TOYHOCTBIO 10 10,7%, a MOTPEIUHOCTL 3KCNIEPHMERTOB oueHuBaeTcs B 10,1%. I1o
NO3BOJIAET MCHOJIB30BATh YMCIICHHBIC pe3yNbTaThl 418 KOIPDHIHEHTOB TEMJIONEPEHOCA NPH aHAJK3e
TemonepeHoca B MyQre co CMa3Koi.



