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Abstract — The macroscopic sliding contact thermal model studied here involves two parameters: a sliding contact thermal resistance
and a heat generation coefficient which can be determined from a microscopic model. For the two proposed microscopic models, the
aim is to provide correlations which allow fast and easy determination of the two macroscopic parameters. The various definitions
of the thermal resistance are also studied and our results are compared with other published work. The influence of the microscopic
model on the macroscopic parameters is studied. It is shown that the heat generation coefficient depends on the location of the heat

generated by friction. 0 2001 Editions scientifiques et médicales Elsevier SAS
sliding contact / friction / thermal resistance / heat generation / macroscopic model / microscopic model

Résumé — Cette étude concerne un modeéle thermique macroscopique du contact glissant faisant intervenir deux parameétres : une
résistance thermique de contact et un coefficient de génération de chaleur qui sont déterminés a partir de modeles microscopiques.
L’objectif est d’obtenir des corrélations pour déterminer rapidement les deux paramétres. Deux modeéles microscopiques sont
proposés. Les différentes définitions de la résistance thermique sont discutées et nos résultats sont comparés avec la littérature.
L’influence du modéle microscopique sur les paramétres macroscopiques est étudiée. Il est montré que le coefficient de génération
de chaleur dépends de la répartition volumique de la chaleur générée par frottement. 0 2001 Editions scientifiques et médicales
Elsevier SAS

contact glissant / frottement / résistance thermique / génération de chaleur / modeéle macroscopique / modéle
microscopique

Nomenclature R thermal contact resistance . . . . . m2.K-w—1
T temperature . . ... ... ... °C
a diffusivity . ... ms~? T Time average temperature . . . . . °C
2B periodicity of the defect . . . . . . m Tinfi bulk temperature of solid i (i =1, 2) °C
2b width of the defect . . . ... ... m w width of the zone where friction heat
cp specificheat ... ......... Jkg~t-K1 OCCUS .« o oo m
e thickness . ... ... ....... m
H height of the defect on the contacting Greek Symbols
surfaces . . . . ... m
h height of the volume in which a friction heat generation factor
friction heat isgenerated . . . . . m At time step
hinfi equivalent thermal conductance of Ax spatial step
thebulk solids i =1,2) . . . . . . W-K~1.m=2 n fraction of thermal resistance
g fraction of thefriction heat generated ] space average fraction of thermal
inthe solid 1 resistance
p friction heat partition coefficient ® heat flux . . . . .o oo wW-m—2
@ timeaverage heat flux . . .. ... W-m—2
o mondin auth g frictionheat flux . ... ...... W-m—2
I nain I. ..
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subscripts
1 solid 1
2 solid 2
a apparent (contact areq)
c contact
p perfect contact
r real (contact areq)
d diding contact
t total
upperscript
a asperity
b bulk
L Laragi
dimensionless variable

V2B
V=Y

H
H* = E

b
b* = F

I
h* = E

RMA
R* = E

1. INTRODUCTION

For engineering applications which involve dliding
contact solids, it isimportant to know accurately the tem-
perature of the contacting surfaces and the heat transfer
rate between the contacting solids. This information is
necessary to understand properly the mechanical and tri-
bological behaviour of materials. To avoid many expen-
sive and fastidious measurements, it is convenient to use
a macroscopic sliding contact thermal model to predict
the surface temperatures and heat fluxes values.

Two kinds of models were proposed in the literature.
In the first one, it is assumed that the average temper-
atures of the contacting surfaces are equal. This model
wasfirst introduced around 1930 [1] and wasthen widely
used [2-6]. It isthen possibleto calcul ate the temperature
field in the contacting solids by using only one parame-
ter, p, which isthe friction heat partition coefficient (fig-
ure 1). p isthe fraction of the friction heat which goes
into the solid 1. Actually, it has been shown that:

e p depends on the contacting surface characteristics,
on the macroscopic charasteristics and thermal boundary
conditions of the contacting solids as well as the initia
conditions[7].

e the two average temperatures of the contacting sur-
faces are not equal [8, 9]. This phenomenon has been
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Figure 1. Macroscopic sliding contact thermal model involving
the friction heat partition coefficient p; (a) reality, (b) model.

i ¢

Figure 2. Macroscopic sliding contact thermal model involving
a siding contact thermal resistance Ry and the friction heat
generation coefficient «.

studied first for static contact. To represent the temper-
ature jump at the interface, a contact thermal resistance
was introduced. This static contact resistance has been
the subject of alarge number of experimental and theo-
retical studiesfor steady and transient states [8, 10-14].

Thus, by analogy with static contact, the second type
of models assumes that there is a diding contact thermal
resistance, Ry, between the two contacting surfaces.
Sliding contact thermal resistance have been determined
experimentally for journal bearing [15] and for forming
[16-19]. The influence of the dliding velocity has been
studied [20, 21].

But when friction heat is large, it is necessary to use
another thermal model. It involves the dliding contact
thermal resistance and another parameter for the friction
heat. For this second parameter, Bardon [8] introduced
the friction heat generation factor, «r, which is usualy
interpreted as the fraction of the friction heat generated
at the surface of the solid 1. The complementary part is
generated at the surface of the solid 2 (figure 2). A global
energy balance and an energy balance at the surface of
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the solid 1 allow to obtain the two equations which are
needed to describe the boundary condition of the two
contacting solids:

@g =1+ 92, @)

(Tez — Ten)

91 =gy + Rq 2
It must be noted that there is no need to consider
the friction heat generation factor to couple the two
contacting solids when the heat transfer from one solid
to the other oneis much greater than the friction heat. It
happens for example for stamping or forging operations
when the difference between the bulk temperature of the
two contacting solids is high; even if heat is generated
by friction and plastic deformation, it is much smaller
than the heat transferred between the two solids. It means
that ¢g is negligible compared to |@1| and |@2|. Then
eguation (1) becomes:

1= —¢2

Similarly, in equation (2), a¢g can aso be neglected
compared to the flux that crosses the interface. Then the
temperature jump between the two contacting surfacesdo
not depend on « but still depends on the dliding contact
thermal resistance Ry:

(Toc — T1c) = p1Ry

The friction heat generation factor must be taken into
account only when the friction heat has a great influence
on the contact temperatures. This occurs when the initial
bulk temperatures of the contacting solidsare similar like
in ball bearings, brakes, gears, during metal cutting, etc.

Instead of Ry and «, Laraqi [22] proposed two other
parameters to describe the friction heat generation. He
assumes that the contact interface profile varies with
a gaussian distribution and that the friction heat is
generated at the contact interface. So the friction heat
follows the same gaussian distribution than the contact
interface location. His model is also based on two
parameters which depend only on the contacting surface
characteristics and not on the macroscopic geometry of
the solids or boundary conditions.

Our study is focused on the therma model proposed
by Bardon [8] involving the two parameters Ry and «.
Theaim isto give correlationsto calculate Ry and o and
to study the influence of the microscopic parameters (the
surface roughness, the thermal properties, the sliding ve-
locity and heat generation parameters). Such correlations
are useful for a quick and easy evaluation of the thermal
resistance and the friction heat generation factor that are

needed for the macroscopic modelling of systems which
have solids in contact.

As the two macroscopic parameters Ry and o depend
on the microscopic geometry of the contacting surfaces,
the correlations which are obtained depend on the micro-
scopic model of the contacting surfaces. In the first part,
two microscopic models of the contacting interface are
proposed. These two models are different. The first one
considers a rough surface diding on a perfectly smooth
surface. For the other, the two dliding surfaces are rough.
The numerical methodology to determine parameters Ry
and « is recalled. In the second part, Ry is determined
as a function of the microscopic parameters for the two
models which are compared. The last part concerns the
determination of « asafunction of the microscopic para-
meters. Assuming that the friction heat is generated in a
volumeinstead of being localised at the contact interface,
it is shown that the microscopic parameters that describe
the heat generation has anon negligibleinfluence on «.

2. MICROSCOPIC ANALYSIS

Two microscopic models are considered here;

e one named S'R model: a smooth surface is diding on
arough 2D surface so the contact between the two solids
is continuous.

e the other, named R/R model: a rough 2D surface is
diding on a rough 2D surface. The contact between the
two surfaces can be discontinuous which is the most
interesting difference with the /R model.

It is not an easy task to model surface geometry and
it has been tackled a long time ago for thermal and
mechanical applications. The main interest for thermal
application is the determination of the real contact area
to predict the static thermal contact resistances. The
geometry of the contacting surfaces is usually 3D and
the shape of the asperity cannot be easily described
with simple functions so most of the time statistical
considerations are used to define characteristic lengths or
parameters [23-25]. In this study, to avoid complexity
and to alow the implementation of simple numerical
solutions (for thethermal field calculations), it isassumed
that the surface defects have square periodic shapes. It
is not intended to accurately represent real contacting
surfaces because the aim isto illustrate the determination
methodology of Ry and o and to point out the influence
of the various parameters (surface roughness, diding
velocity, etc.).

Still, thisapproximationis valid when the surfaces are
turned so that the defects can be considered periodic and
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infinitein one direction. Such a surface has been scanned
and its profile has been plotted on figure 3(a). As usual,
the scale in the x direction alows to represent a much
greater length than in the y direction. In these conditions,
it is not obvious to determine the shape’s defect. The
profile is plotted on figure 3(b) with a different scale
in the x direction to point out the rea shape of the
defects. It appearsthat the real profile can easily be fitted
with a sguare periodic profile, which, in this case, is
a good approximation. This model does not represent
the smaller defects but it is not necessary because the
typical length of these smaller defects (10 yum) is one
order of magnitude less than the typical length of the
square periodic profile (150 um). So, the contribution to
thetotal constriction resistance due to the smaller defects
is negligible toward the constriction resistance due to the
main defect [8].

2.1. Smooth to Rough (S/R) microscopic
model

Let consider a solid 1 dliding on a solid 2 with the
velocity V. The contact at the macroscopic scale is
shown on figure 4(a). At this scale, heat transfer are
described by the macroscopic model which involve the
two parameters. Ry and « (figure 2). At the microscopic
scale it can be modelled by a geometry such as the one of
figure 4(b). The two solids are supposed to be infinite in
the x and z directions. Note that, similarly to figure 3(b),
figure 4 is not to scale. Typically, b* = & < 0.1 and the
order of magnitudeof H isthe um. The surface of solid 1
is perfectly smooth. The contacting surface of the solid 2
is modelled with periodic defect. So the study can be
limited to one elementary cell as shown by figure 4(c).
The spatial periodicity is 2B, the height and the width
of the defect are equal to H» and 2b2, respectively. The
thickness of the elementary cell, defined by e1 + e2, is
chosen so that the thermal constriction in the solids (due
to the surface defect) is fully developed. This condition
is satisfied when the distance between the defect and the
cell boundary is at |east greater than the periodicity of the
defect. Thismodel and the numerical solutionto calculate
the temperature field were aready presented in [28].

2.2. Rough to Rough (R/R) microscopic
model

The principleof the model is shown by figures 5(a)—(c).

It is similar than for the YR model except that for this
model, the two contacting surfaces are made of periodic
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defects. The spatial periodicity is 2B for the two solids.
For the solid i (i =1, 2) the height and the width of the
defects are equal to H; and 2b; respectively and the two
solidsare still supposed to beinfiniteinthe x and z direc-
tions. Once again, this figure is not to scale. The relative
dliding velocity isequal to V. A numerical solution, using
finite difference method, has been implemented to cal cu-
late the temperature field in the solids. It is not presented
here but it uses the same kind of governing equation than
for the /R model. There is one more difficulty for the
numerical solution because the geometry of the contact-
ing interface changes with time. The mesh is presented
on figure 5(d). The spatial step in the x direction and the
time step is chosen so that Ax = V At.

As for the R/R model, the thicknesses e1 and ez are
chosen large enough so that the temperature field is 1-D
near the upper and lower boundaries of the elementary
cells. However, these temperatures at the boundary vary
with time depending on the freguency of the thermal
perturbation due to the contacting solids. The pulsation,
w,is.

27V

w= 2B 3
For high thermal diffusivity and low pulsation, the peri-
odic perturbation may not be completely damped at the
cell boundaries. As the instantaneous values of the tem-
perature and heat flux periodically vary with time, only
their average over atime period (T'1 and T'» for the tem-
perature and ¢ for the heat flux) are used. Thisis valid
since our objective is to find parameters of macroscopic
model. Thus instantaneous values which are related to
the macroscopic model are not of interest for the present
study.

2.3. General considerations

The case of dry diding contact is considered, i.e., there
is no lubricant and the two solids are in direct contact.
In the present study, the convective and conductive heat
transfer of the gas captured between the defects are not
taken into account. Moreover, for most practical cases,
the radiative heat transfer between the cavities surfaces
can be neglected [26].

The density p;, the specific heat ¢p; and the thermal
conductivity &; of the two solids are known. They do not
vary with temperature. The elementary cell of thickness
e1 + e2 exchanges heat with the bulk of the solids.
The heat thermal conductance and bulk temperatures are
hint1, Tint1 @nd hin2, Tinf2.
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Figure 3. Profile of a turned surface plotted using the usual scale ratio between the x and y direction (a) and then a smaller scale
ratio (b) to point out the defects shape.

The friction heat is due to several physical phenom- volume in which friction heat is generated has been cho-
ena [27] and it is aways generated in a volume even if sen. The aim is to show that it is important to take into
thisvolumeisvery small (some atomic layers). Herein, a account avolumic friction heat generation. The functions
volumic friction heat is considered (figures 4 and 5). To g1 and g» are used to characterisethe variation of the spa-
simplify the numerical model a simple geometry of the tial friction heat. When physical phenomena are known
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Figure 4. Smooth to Rough microscopic contact thermal
model: (a) Macroscopic scale; (b) Microscopic scale; (c) Elemen-
tary cell.

functions g1 and g could be realistic and complicated.
Actually, it is very hard to find models describing fric-
tion heat generationin solids except for metal forging and
stamping [29]. Asthey are usually not known, g1 and g2
will later be considered as constants: g and (1 — g). The
parameter g is then the fraction of the friction heat gen-
erated within the solid 1, while the complementary part
(1— g) of thefriction heat is generated within the solid 2.
Asexplainedin [28], ¢ must not be mistaken for p.

As shown on figures 4 and 5, it is supposed that the
friction heat localisation is different for the R/R and
S/R models. It is done on purpose to show that the
methodol ogy does not depend on the way the friction heat
is generated. For the R/R moddl, it is assumed that the
friction heat is generated in a volume just under the real
contact area. This volume is defined by the two height
h; and the two width w; (i =1, 2 for solid 1 and 2). One
define i as the distance (in the y direction) between the
theoretical interface and a point in the solid 1 or 2. For
h < h; w; isconstant, but it depends on time because the
width of the real contact depends on the relative position
of the defect. For h > h;, w; is equal to zero. Thus the
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Figure 5. Rough to Rough microscopic contact thermal model:
(a) Macroscopic scale; (b) Microscopic scale; (c) Elementary cell;
(d) Mesh used for the numerical solution.

frictional heat is aso time dependent:

1T h1 ho
pg(1) = 5B w1(t)/ g1(h)dh+w2(t)/ gz(h)dh}
Bl 0 0
4)
but the mean value of ¢4(1), ¢g isequal to:
ir

<Pg=§

hy ha
qu &@MMHMA &mmﬂ 5)

where w1 and w» are the mean value of w1 (¢) and wa(¢)
over aperiod of time.

For the S/R model, heat is generated under the whole
apparent contact area. The width w; does not depend on
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time but depends on the value of h: wy = 2b1 if h < Hj,
w1 = 2B if h > Hy and wy = 2B. Thusthefrictional heat
is.

1 hy h2
%= 55 [/ g1(h)wa(h)dh + / g2(hywa(h) dh}
B|Jo 0
(6)

The conservation of energy implies that the heat flux
at the two surfaces x = 0 and x = 2B must be equa
to satisfy the spatia periodicity. Using the numerical
solutions, the temperature field can be calculated at
steady state for the /R model and during the periodic
state for the R/R model. The finite difference mesh was
refined until the solution becomes independent of the
mesh.

2.4. Numerical methodology for the
determination of Ry and «

2.4.1. Determination of the contact
thermal resistance

This methodology has aready been given in [28] but
it is briefly recalled here to show how it is applied to the
R/R model.

To determine Ry, the temperature field of the micro-
scopic model is calculated for the specific case of no fric-
tion heat. The contact thermal resistance is independent
of the friction heat since the thermophysical properties
are constant. Thus the special case of zero friction heat
can be used to determine Ry from equation (2) by setting

The two macroscopic contact temperatures Tic and
T>c can be obtained by extrapolating the far field tem-
perature (which is 1-D if the thicknesses are big enough
as explained in Section 2.1) toward the interface of con-
tact. Thisis done using the Fourier's Law and upper and
lower cell boundariestemperatures 7;:

.
ﬂczn+¢ii7 i=12 @)
1

For the /R model, the steady state temperatures of the
cell boundaries, 71 and T», and the conductive flux, ¢
(calculated from the numerical solution by using the
boundary condition on the cell boundary either for solid 1
or solid 2), are used to calculate Ryq. For the R/R model,
it is the time average of the temperatures and heat flux
over atime period (1, T2 and @) which are considered.

2.4.2. Determination of the friction heat
generation factor

Oncethe thermal contact resistanceis determined, the
friction heat factor can be determined from equation (2).
It is only required to calculate the temperature distribu-
tion of the two contacting solids with a non zero friction
heat. ¢1 is calculated from the temperature field in the
solid 1 and the two contact temperatures Ty and Toc are
obtained from equation (7).

For the /IR model, T1¢, Toc and @1 arethe steady state
values while for the R/R model, they must be the mean
values calculated over atime period.

3. STUDY OF THE SLIDING CONTACT
THERMAL RESISTANCE

3.1. Correlation

The aim is to develop a simple correlation for Ry. It
will alow to determine quickly Ry and study the influ-
ence of the various microscopic parameters of the model.
A dimensional analysis was carried out to find which di-
mensionless parameters influence the sliding contact re-
sistance. Ry depends on the following microscopic para-
meters:

e 2B, the spatial periodicity,

e H; and 2b;, the heigh and the width of the defects,
Ai, pi, cpi thethermophysical properties of the solids,
e V therelative diding velocity.

So three independent parameters appeared:

o V= Y28 the dimensionlesssliding velocity,

o H} = £k the dimensionless height,

o by = 4 the dimensionlesswidith.
The dliding contact thermal resistance is the sum of

the dliding contact thermal resistance due to solid 1 and
solid 2:

Ry = Ry1+ Rs2 (8)
Each thermal resistance is equal to a characteristic di-
mension of the system multiplied by a dimensionless

thermal resistance divided by the conductivity of the solid
[30]:

Rgi = Tz ©)
The characteristic dimension of the system is chosen as
the spatial periodicity of the geometry, § = 2B. In the

SRY;
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next section correlations are given for the dimensionless
thermal resistances.

3.1.1. Correlations for the S/R model

In solid 2, the constriction from the external surface
toward the defects is not influenced by the velocity of
solid 1. The velocity affects the temperature gradient
within the defect but its influence is limited to the
real contact area. This later phenomenon has a very
small effect on the thermal contact resistance compared
to the congtriction toward the defects. Consequently,
the thermal resistance of solid 2 can be considered
independent of the diding velocity (it was verified by the
calculations):

Rgo = Ry, (H3, b3) (10)

Since solid 2 is smooth, its resistance is equal to a sta-
tic constriction resistance, which depends on the dimen-
sionless width »*, multiplied by afunction of the diding
velocity [20]:

R§1 = R&: (b3) F(VY) (12)

Vauesof Rg were calculated with the numerical solution
of the microscopic model for several setsof valuesfor the
three microscopi ¢ dimensionless parameters:

— H3, b3 intherange [0.05, 0.9] and
— V; intherange [0, 200].

It was then possible to identify the three correlations
R,(Hj, b3), R4 (b3) and F(V{):

1 1
Ri,= (b_* - 1>H2* + (a1b5 + a2) |n<b—*), (12)
2 2

1
b2

y 1—exp(—(azV{)™)
(azVy)aa
with: a1 = —0.234, a» = 0.2847, a3 = 0.07, a4 = 0.7.

Where a; to a4 are calculated to fit the numerical re-
sults. The diding contact thermal resistance is then cal-
culated from equations (8), (9), (12) and (13). The dif-
ference between the values calcul ated with the numerical
solution and with the correlation is less than 20%.

(13)

3.1.2. Correlation for the R/R model

To calculate Rgy1 and Ry2, Ry Wasfirst determined by
using the same geometry and thermophysical properties
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for the two solids. In this case the microscopic dimen-
sionless parameters, thus the thermal diding resistances
dueto the two solids are equal:

Ry
Re1=Rez = —> (14)
Valuesof Ry were calculated with the numerical solution
of the microscopic model for several sets of valuesfor the
microscopic dimensionless parameters:

— H3, b3, Hf, b7 intherange [0.05, 0.9] and

— V* in the range [0, 100]. For computational time
reasons, larger values of V* were not studied.

The proposed correlation for the dimensionless diding
contact thermal resistanceis:

* 1 * 1 “ *\C4

with: ¢4 =0.93, c2 = 0.4, c3 = 1.45, c4 = —0.24.

Value of ¢1 to ¢4 are determined by fitting the nu-
merical results. Numerical results showed that when the
geometry and thermophysical properties are different for
the two solids the above correlation is still correct. This
can be explained by the fact that the constriction from
the external surface toward the defects of one solid are
weakly influenced either by the shape of the defects or
by the thermophysical properties of the other solid.

The dliding contact thermal resistance is calculated
from eguations (8), (9) and (15). The difference between
results from numerical solution and from the correlation
isless than 20%.

3.2. Comparison of the two microscopic
models

The dliding contact thermal resistance given by the
two microscopic models are now compared to study the
influence of the surface roughness.

For the SR and R/R models, the solids are considered
to be made of steel (one of the widely used material for
gear and bearings) which thermophysical properties are:

A=Az =15W-m~ 1K1,
p1=p2 = 7700kg-m~3,
cp1=cpp =1503kg~ 1K1

The period of the defectis 2B = 10 pm.
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Figure 6. Variation of the sliding contact thermal resistance with the sliding velocity for different values of the width an height of

asperities for the S/R model.

For the R/R model the defects of the two solids have
the same width and height:
b1=by =10, Hi=H>=H
In order to compare the results of the two models, the
width of the defect is the same for the SR and the R/R
models and the height of the defect of the /R model is
equal to the total height of the defects of the R/R model:
byr=brr ad Hgg = 2Hg/g
Results are plotted on figures 6 and 7 for the /R and
R/R models, respectively. The diding contact thermal
resistance, Ry, is shown versus the diding velocity for
different values of the width and height of the defects.
The dimensionless values of the parameters are also
given so that the results can be used for different values
of the periodicity and thermal properties. Logically, the
resistance decreases when the contact width increases

and when the defectsheight decreases. Results are plotted
for b* = 0.1, 0.5 and 0.9. Practically surfaces with b* >
0.1 are seldom encountered. Larger values were studied
on purpose to better understand the phenomenon.

Ry ranges between 2.10°8 m2.K-W-1 and 10-°
m?-K-W~1 for the SR model and between 2.10~8
m?-K-W~1 and 5.10° m?.K-W~1 for the R/R model.
With the R/R model, the real contact area is aways
smaller than the area of the defects, and, depending on
the value of b, the contact can even be intermittent (for
examplewhen b < 0.5). Thisis why the thermal contact
resistance obtained with the R/R model is always larger
than the one obtained with the SR model. The bigger the
width of the defect, the smaller the difference between
the two models. Thisislogical since the two resistances
should be equal when b* = 1. The variations of Ry with
the dliding vel ocity are much more important for the R/R
model (Ry can decreases by more than 600% when the
sliding vel ocity increases) than for the S/R model (for the
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Figure 7. Variation of the sliding contact thermal resistance with the sliding velocity for different values of the width an height of

asperities for the R/R model.

case studied, the diding velocity has aimost no influence
on Rg). It can be explained since the thermal contact
resistance of the S/R model is mainly dueto the presence
of the defect in the solid 1 which is fixed and thus not
influenced by the velocity.

3.3. Comparison with literature results

The aim of this section isto validate the determination
of Rq obtained from the numerical solutions of the mi-
croscopic models. The proposed methodology allows to
determine the sliding contact thermal resistance between
two contacting solids but such data are seldom reported
inthe literature, except from experimental studies. More-
over the comparison with experimental results is diffi-
cult because the surface geometry or thermal properties
of material are not well known and most of the works
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were done to determine the resistance for static contact
instead of dliding contacts[15, 20].

3.3.1. Comparison with Laraqi [21]

Laragi [21] studied the influence of the diding veloc-
ity on the constriction resistance in a solid submitted to
moving heat source bands (figure 8). He used the defin-
ition of the constriction resistance which states that, for
semi-infinite solids submitted to surface heat sources, the
constriction resistanceis equal to:

T —T
Res = r a
¢

(16)

Whichistrueonly if the surfaceswhich are not submitted
to the heat source are adiabatic. 7' is the mean tempera-
ture of the real contact area (under the surface sources),
T, is the mean temperature of the apparent contact area
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y

Figure 8. Solid submitted to periodic moving heat sources.
Model studied by Laraqgi to determine the constriction resis-
tance as a function of the sliding velocity.

(total area) and ¢ is the heat flux entering into the solid.
He developed an analytical relation for the constriction
resistance:

Rl _ 2BV2 isinz(pnb*)
CS ™ 2ar3p*2 pur] p3

X =+ L
1+ (V¥/@pr))2 1+ (V*/(2pm))?
(17)

The non dimensional constriction resistanceisthen equal
to:

LA
“2B
It can be compared to the thermal contact resistance due
to the solid 2 of the S/R microscopic model. Comparison
is done for the following geometry and thermophysical
properties:

RL =R (18)

2B =0.003m;

H = 0.0006 m;

A =iy=15W-m LK1
p1=p2 = 7700 kg-m~3;
cp1=cpr =1503kg 1.K-L.

2b = 0.0006 m;
V =0.013m:s;

Table| givesthe value of Rq2 calculated using:

— the correlation obtained in the previous section, equa-
tions (13) and (9),

TABLE |

20

—af— b*=0.1
—@— v+=03
220 i —— b*=05
—— v-=07
-

b*=09
-30 —

0 50 100 150 200
Vv

Figure 9. Difference in % between the constriction resistance
in solid 2 for the S/R model and the values calculated with
an analytical relation proposed by Laraqgi [20] for the same
geometry.

— the analytical solution proposed by Laraqi, equa-
tion (17),

— the microscopic SR model and the definition of the
thermal contact resistance used by Laragi, equation (16).
This is possible since the numerical solution of the
thermal model allows to calculate the temperatures 7',
and T, of the solid 2 surface and the heat flux ¢ that
crosses the contact interface.

For this particular case, the differences between the
values do not exceed 15%.

On figure 9, the relative difference between the results
given by the correlation and those obtained with the
analytical solution of Laragi is shown as a function of
the non dimensional diding velocity for different values
of b*. It does not exceed 25%. Four main reasons allow
to explain the differences:

— the two therma models are not identical. As a matter
of fact, the distribution of the heat flux on the real area
of contact are not the same. In Laragi’s model, the heat
flux is imposed and homogeneous: the flux is normal to
the surface. In the present study this flux is not imposed,

Value of the thermal contact resistance due to solid 2 for the S/R microscopic model, calculated by three different means.

Microscopic model
value from the correlation

Microscopic model
definition used by Laragi

Analytical solution

Ry2 = 6.51.107°> m2.K- W1

Ry> =7.18107°5 m2.K- w1

Ryp =7.71.1075 m2.K-Ww—1
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i.e., the heat flux is not homogeneous and the flux lines
are not necessarily normal to the surface of contact.

— the definitions used to calculate the thermal constric-
tion resistances are not identical. This should not have a
strong influence since e1 and e, arelarge enough but it is
difficult to quantify.

— our numerical correlation is not perfect since it comes
from afit of data points.

— numerical errors (round off and truncation) affecting
the temperature field calculated with the numerical solu-
tion of the microscopic SR model influence the value of
the thermal contact resistance obtained from the temper-
aturefield.

3.3.2. Comparison with Vullierme et al.
[20]

Experimental measurements of the constriction resis-
tance asafunction of the sliding velocity were carried out
by Vullierme et al. [20] with a geometry very similar to
the S/R microscopic model. M easurementswere done for
2B = 0.00458 m and 2b = 0.00092 m. Asthe conductiv-
ity of the material (steel) was not given in the reference,
it has been determined so that the thermal resistance ob-
tained from the correlation (equations (13) and (9)) for
the static contact (diding velocity equal to 0) is equal
to the static thermal resistance measured by Vullierme.
A conductivity A = 36 W-m~1.K~1 was found, which is
in the range of the conductivity for steel. For the other
diding velocity (V* = 10, 20, 40 and 80) the agreement
between the experimental results and the value of Ry2
obtained from the correlation (equations (13) and (9)) is
very good (figure 10).

3.4. Conclusion

The diding contact thermal resistance of the two
models, for the same total height and width of defect,
are really different especially for small dliding velocity
and small ratio of real to apparent contact area(small 5*).
A physical analysisof heat transfer through the two solids
leads to correlations that can be used to predict thermal
contact resistances. It was aso possible to identify the
part of the diding contact resistance dueto each solid. For
the S/R model, the thermal resistance due to the smooth
solid was compared to value given in the literature using
adifferent definition of the thermal resistance (definition
available for a semi infinite solid submitted to moving
uniform heat source). Thereis no significant differences.
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Figure 10. Influence of the sliding velocity on the constriction
resistance in solid 2 of the S/R model. Comparison between
experimental results (Vullierme et al. [24]) and the correlation
(equations (16) and (12)).

4. STUDY OF THE FRICTION HEAT
GENERATION COEFFICIENT

The other thermal contact parameter, the heat genera-
tion coefficient «, is now studied.

For the first analytical analysis, Bardon [8] assumed
that the friction heat is generated at the contact interface,
figure 11(a). The equivalent thermal resistance network is
shown figure 11(b). An analytical expression for the heat
generation coefficient o« was obtained by comparing Bar-
don’sthermal network to the one of his macroscopic ther-
mal contact model (equations (1) and (2)), figure 11(c).
It gives:

Ry2
‘=—
Ry2 4+ R41

In our microscopic models, friction heat is generated
in a volume defined the two heights z; and k2. It has
been verified that if 1 and &2 tend toward zero (i.e,
the volumic heat generation tends to a surface heat
generation), the numerical value of « obtained from the
numerical methodology (Section 2.4.2) tends toward the
value given by equation (19).

In this section, an analytical expression for « which
includes the volumetric friction heat generation parame-
tersis developed. The aim is to better understand the in-
fluence of each parameters and the physical significance
of a.

(19)



Macroscopic sliding contact thermal model

SOLID 1
el

%—ee—se—é—

e2
SOLID 2

\

heat generation at the
contacting interface

a

P
T e
K (]
T €
R. it S
sl1 7\’1
a’(pg Tcl
Rz R sl
(1 - (X)(P g T,
e &
¢ M ¢ M
(05} (053

)

Figure 11. Equivalent thermal resistance network of two contacting solids for which friction heat is generated at the theoretical
interface of contact. Application to the sliding contact thermal model proposed by Bardon [4].

4.1. General expression of o

a depends on the same parameters than Ry (listed in
the previous section), but it also depends on w; (k) and
gi (h): the volume in which the friction heat is generated
and the spatial variation of the friction heat, respectively.

It is demonstrated (see appendix) that if a friction
heat, dpga(h), were only generated on afictive interface,
located in the solid 2 at a distance i from the theoretical
interface, then « noted to a2 (k) would be equal to:

Ryo(1 — h)) —h/A
wo(h) = g2( n;(g)) /A2 (20)

On the other hand, if a friction heat, dpgi(h), were
generated only on a fictive interface in the solid 1, then
a similar procedure could be used to determine «, noted
a1(h):

Ry2 +n1(h)Ry1+ h/r1

a1(h) = R (21)

As the thermal properties are not temperature dependent
then the volumetric heat generation is the sum of these
elementary heat generations distributed within the two
solids. Thevalue of « for the macroscopic sliding contact
thermal model is such that:

hy h2
o= [ aath) doga(h) + [ty dogay (22)

The two functions n1(h) and n2(h) are dimensionless.
They depend on the distance, /, between the theoreti-
cal and fictive interfaces. By definition »;(h) can vary
between 0 and 1 but has no physical significance. Their
value must be known to integrate equation (22). Recall-
ing that the distance / isthelocation of the fictive surface
heat source, lets consider the two limiting cases:

— n;(h) = 0 when h = 0, the friction heat is generated
at the real contact interface only. Equation (20) or (21)
can be directly used to determine o and it gives exactly
the same expression than the one given by Bardon
(equation (19)).

— n;(h) = 1 when the fictive heat generation interface
location is far from the real contact interface. Even if it
is a theoretical configuration which might not occur in
practical cases, it is still worth studying to point out that
o is mathematically not bounded between 0 and 1.

As amatter of fact, if the friction heat were generated in
solid 1 at a distance h far from the real contact interface
and nowhere else, 1 (h) = 1 and equation (21) becomes:

h
hHh=1+— 23
ar(h) =1+ 1Rq (23)
consequently, «1(h), which in this case would be equal
to «, would be greater than 1.
Similarly, with n2(h) = 1, equation (20) would lead to:

h
az(h) = _ﬁ (24)
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which indicates that if such a situation were to occur,
az(h), which would be equal to «, would be negative.

a is usualy interpreted as the fraction of the friction
heat generated at the surface of the solid 1 while the other
part is generated at the surface of the solid 2 [8]. This
interpretation naturally leads to the fact that o should be
a real between 0 and 1. The two preceding cases will
never happen because friction heat is always generated
in a volume around the real contact interface in the two
solids. They were only developed to explain (as shown
further by the numerical example (Section 4.3)) that it is
possible to have value of « outside the [0, 1] interval. «
is not a bounded real because it depends not only on the
thermal contact resistance (Ry1 and Rg2, function of the
defect’s shape and solid thermal properties), but also, on
the volumetric distribution of the friction heat described
by g1, g2, w1, w2, h1, h2, n1 and n.

4.2. Determination of the 5 functions

The determination of n; (k) comes naturally from the
numerical methodology presented in Section 2.4.2. To
have numerical values of n; (k) it isnecessary to consider
afictive interfacein only one solid:

— If the fictive interface is within solid 2, then it is
possible to calculate the thermal resistances (Rg and
Rg2) and a2 (k) with the numerical methodology and then
use equation (20) to na(h):

Ryao(h) h

n2(h) =1
Ry2 Ry2)2

(25)

— If the fictive interface is within the solid 1, then it is
possible to calculate the thermal resistances (Ry1 and
Rg2) and a1 (k) with the numerical methodology and then
use equation (21) to n1(h):

Rz  Rgoa(h)

moh)=—-———+
Ry1 Rg1 Ry121

(26)

4.3. Numerical examples

The aim of this section is to validate the analytical
analysiswhich haslead to equation (22). To achieve this,
the n; (h) are first determined (Section 4.2). Then, for a
given volumetricfriction heat generation, « isdetermined
from integration of equation (22). This‘analytical’ value
is finally compared with the ‘numerical’ value obtained
by the numerical solution of the microscopic models
(Section 2.4.2). The R/R model is first considered and
then the S/R model.
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4.3.1. Results for the R/R model

A situation where solids 1 and 2 are identical is con-
sidered. The values of the geometrical and thermophysi-
cal parametersare:

2B =10 pm,

Hi= Hy=4.2 pm,

A =i2=15W-m~1.K1;
p1= p2 = 7700 kg-m~3;
cp1=cp2 =150 Jkg~ 1K1

2b1 = 2bp = 3 ym,

V*=3.85

As solids 1 and 2 are identical, the thermal resistances,
Rg1 = Re2 = Rg/2 and ni(h) = n2(h) = n(h). Use
of numerical solution for the microscopic model and
equations (15) and (9) gives:

Ry = 25210 m2.K-W—1

n(h) isdetermined (Section 4.2. equations (25) and (26))
for h varying between 0 and 2H . Variations of n(h) are
presented as a function of the dimensionless height 2* =
h/2B on figure 12. As expected, n(h) has an asymptotic
value equal to 1.

To obtain an analytical expression of o equation (22)
must be integrated. As explained in Section 1.3, g1(h)
and g2 (h) are supposed to be constant, i.e., it is supposed
that heat is generated uniformly within each solid in a
volume defined by /1 and 2. Then the calculation of the

1.0

0.8

0.6

0.4

0.2

0.0 T T T T T T T 1
0.0 0.2 0.4 0.6 0.8
h*
Figure 12. Variation of i for the R/R model with the non-

dimensional distance 4* between the real contact interface and
the fictive surface where the friction heat is generated.
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Figure 13. Analytical and numerical values of the friction heat
generation factor a for the R/R microscopic model.

integrals of equation (22) is straightforward and « can be
determined:

1 _ ho
a=—|Rg2 —1N2Rg2 — =—

Ry 22
+ o Rzt + Ragiio + (12 1 112
8 siin1 si2n2 2 )\1 )\2
(27)
1 [h
with 7, = — f n(h) dh (28)
hi Jo

This eguation allowsto calculate « for any values of i1,
ho and g (fraction of the friction heat generated in the
solid 1).

For example« iscalculated for g = O (thefriction heat
is generated only in the solid 2) and g = 1 (the friction
heat is generated only in the solid 1) for different values
of % and hi, respectively. Figure 13 comparesthese val-
ueswith the ones determined from the numerical method-
ology (Section 2.4.2). Thereis no difference between the
analytical and numerical results. The agreement between
thetwo methods has been verified for other width, height,
thermal properties and velocity, consequently only the
analytical results are presented. These resultsreally show
that o depends on the location of the friction heat. Ac-
tually, values ¢ = 0 and g = 1 may never occur since
friction heat is usually generated in the two contacting
solids. However it givesthe interval of variation of « for
this geometry (b5 = b7).

Using equation (27), « iscalculated for g = 0.5 (same
friction heat generation in each solid), 45 = h7 and three
(b3, b3) couples (figure 13):

— for b5 = b} the configuration is symmetrical for the
two solids thus & = 0.5.

— for b5 > b} the thermal resistance due to solid 2 is
lower than the one due to solid 1 and, for this particular
set of parameters, « is aways lower than 0.5.

— the opposite is observed for b5 > b} since the thermal
resistance due to solid 1 is lower than the one due to
solid 2.

— thevariationsof « with ~* are not very largesinceitis
supposed that 75 = k] and H; = Hy'.

4.3.2. Results for the S/R model

The value of the geometrical and thermophysical
parameters are:

2B=10pm, 2b;=3pm, Hi=8.4um,
AM=r2=15W-m 1K™ p;=pr=7700kgm3,
cp1=cpp =150 Jkg~ 1K1

The dimensionlessdliding velocity isequal to V* = 3.85.

The thermal resistances, Rg1 and Ry2, dueto solid 1
and 2 are not the same. The combination of equa-
tions (12), (13) and (9) leads to:

Ry = 1.6510° 8 m2.K- W1,
Rg1=1.5010"® m2.K-W~1,
Rg2 = 0.1510"%m2.K. w1

n and 5y differ and are determined for & varying
between 0 and 2H. Variations of n; are shown as a
function of the dimensionless height A} = h; /2B on
figure 14.

For the smooth solid, n2(k3) seems to dtart from a
value of 0.9 for 25 = 0. Due to numerical reason, n2(h3)
was not calculated for 45 = 0 but for avery small value
of 5. Moreover it has been shown in Section 4.1 that
n2(hi) must be equal to O for 45 = 0. This means that
there is atremendousincrease of n2(h3) for really small
values of 13 evenif it is not represented on the graph.

The curve of n1(h7) for the rough solid of the SR is
to be compared to the curve obtained for the R/R model
(figure 12). The geometries considered for the two cases
are the same. The two values of 11 have an asymptotic
value equal to 1 but for the SR model #1 soars for
hi = H{ whereas n1 increases gradualy for the R/R
model. This difference is due to the fact that for the R/R
model the width of the volume in which the friction heat
is generated is constant versus /7 (figure 5), whereas for
the SR model, the width of the volume in which the
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Figure 14. Value & of the S/R model for the smooth and rough
solids function of the non-dimensional distance i* between the
real contact interface and the fictive surface where the friction
heat is generated.

friction heat is generated is equal to 2b for h] < Hf and
to 2B for h] > Hy (figure4). It showsthat the volumein
which thefriction heat is generated has an influence on »;
and thus on the heat generation factor.

The two functions g1 and g> which give the friction
heat distribution in thetwo contacting solids are supposed
to be constant. Then if hy < Hy the integration of
eguation (22) gives the same results than for the R/R
model and equation (27) is still usable. But if A1 > Hj
theintegration of equation (22) gives:

1 _ ho
a=—/|Rg2 —N2Rg2 — =—

Ry 2k2
_ _ 1(H1 ho
a R a R i e
+g( s1m7 + s|2n2+2 /\1+)L2
b _p —
+38 (Rsll771+Rs|2772

1/Hi+h1 h
+§< A1 +/\_2>>]

_ 1 h2 —a 1 Hi
nzz—f na(h) di, n1=—f ni(hydh and
h2 Jo H1 Jo
1

h1
ni(h) dh

(29)
where:

b=

hl_Hl Hq

g?isthefraction of the friction heat generated in solid 1
within the volume defined by 0 < h < Hy,
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Figure 15. Analytical and numerical values of the friction heat
generation factor a for the S/R microscopic model.

gP is the fraction of the friction heat generated in
solid 1 within the volume defined by H1 < h < h1.

Using equation (29), « is calculated for two particular
cases:

— all the friction heat is generated in the solid 1 which
meansthat g = g2+ g% = 1.

— nofriction heat is generated in the solid 1 which means
that g = 0.

Figure 15 alows to compare these values with the
ones determined from the numerical methodology (Sec-
tion 2.4.2). « is plotted versus the dimensionless height,
h*,i.e., thevolumeinwhichthefriction heat isgenerated.
For ¢ = 1thedlight differencesobtained for h] > H; are
due to the values of 75 and ﬁﬁ’ which have been approx-
imated to 0.5 and 1, respectively (figure 14). « increases
with h7 and becomes greater than 1. For g =0, « is a-
most always negative. The differences between the nu-
merical and analytical values are due to the lack of accu-
racy of no for small vaue of 43 (on figure 14), n2 must
be equal to O when 3 is equal to 0) which leads to some
errorswhen calculating 772. The difference vanisheswhen
hZ increases. Thesetwo curvesgivetherange of variation
of « for this particular geometry. One must keep in mind
that they are not realistic since the friction heat is usualy
generated in the two solids. Thus the case ¢ = 0.5 and
h% = h7 is studied using equation (29) and the variations
of o with 2* isshown figure 15. It indicatesthat « isquite
sensitiveto A*.
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5. CONCLUSION

The total sliding contact resistance, and the friction
heat generation factor (the two parameters of a macro-
scopic thermal contact model) were determined for two
microcospic models. The geometry was chosen in or-
der to implement simple numerical solutionsto calculate
thermal field in the diding solids; they are not intended to
accurately represent all real contacting surfaces, but they
are used to point out the influence of the various parame-
ters.

It was shown that the dliding resistances calculated
from the two models can differ significantly, particularly
when theratio of the real to apparent contact areaand the
non dimensional velocity are small. Sincethereal contact
areais usualy much less than ten percent of the apparent
contact area, the method that consists to transform a
model with two rough surfaces into an equivalent model
with a smooth and a rough surfaces [24, 31], must not be
used for diding contact.

It is the first time that the total diding thermal
contact resistance is determined numerically for two
rough surfaces. For convenience, the correlation for Ry
has been developed.

The friction heat generation factor was also studied
assuming that the friction heat is generated in a volume.
Numerical values can be calculated using the numerical
methodology. An analysis was conducted to built an an-
aytical expression of the generation factor as a function
of the microscopic parameters. It was shown that the gen-
eration factor depends not only on the conductive heat
transfer in the solids in the vicinity of the interface, but
also on the friction heat generation parameters (geomet-
ric parameters and heat flux distribution). The generation
factor is mathematically not bounded and can be negative
or greater than one. This study point out that it is impor-
tant to understand better the mechanisms of friction heat
generation sinceit influences «, which in turn, influences
the macroscopic surface temperatures of the rubbing bod-
ies.

APPENDIX: ANALYTICAL EXPRESSION OF
o FOR FRICTION HEAT GENERATED ON
A FICTIVE INTERFACE IN SOLID 2

L et consider on figure 16(a) the case of alocal friction
heat generation at afictive interfacein the solid 2 located
a a distance i from the real contact interface. This
case is similar to one of figure 11(a), thus the thermal

resistance network shown figure 16(b) can be derived
from figure 11(b). The analogy with eguation (19) allows
to obtain arelation for o, (h):

Rez(h) Rz
Re Ry

ah(h) = (1—m2(h)) (30)

o, (h) isequal to theratio of athermal contact resistance
between the fictive interface and the external surface
of the solid 2, Rg2(h), to the total dliding contact
resistance Ry. In other words, Rg2(h) is equal to Ry
minus afraction, n2(h), of Ry, withO < n2(h) < 1.

This value of o5 (h) alowsto couple the two contact-
ing solids at the fictive interface (figure 16(c)). The two
coupling equations are obtained by analogy with equa-
tions (1) and (2):

dog2(h) = de1 + dgg, (31)

/ /

/ TCZ — Tcl
dp1 = ay(h) depga(h) + TRy (32

where dggo(h) is the heat flux density generated at the
fictive interface of thickness dh:

1
dpga(h) = o 82(w2(h) dh (33)

and thetwo temperatures T/, and T, are the extrapol ated
temperatures at the fictive interface:

e h
T, =d _— - — 1>, 34
odn(2-L)+n @
, ex1 h
Tga=dpi| =+ —)+T1 (35)
A A2

Actualy it is desired to couple the solids at the real
contact interface, figure 16(d), and the two coupling
equations should be:

doga(h) = de1 + dgg, (36)
and:

Te1

T —
do1 = az(h) dpga(h) + CZT (37)

where the two temperatures T3 and Tep are the contact
temperatures extrapolated at the real contact interface:

Teo = dpa=2 + T, (38)
A2
e1
Taa=dp1—+T1 (39)
Al
Using equations (32) and (37) it is possible to write:
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Figure 16. Equivalent thermal resistance network of two contacting solids for which friction heat is generated at a fictive interface of
contact. Application to the determination of the friction heat generation factor using an analogy with the figure 11.

T/
Olz(h) d(ﬂgZ(h) + T

Teo — T,
= ara(h) dpga(h) + 2%

(40)
Where T, , éz’ o (h) Tey and T2 are substituted by their
expression given by equations (34), (35), (30), (38) and
(39), respectively, which it leadstto:

Ryo(1 — h)) —h/A
wo(h) = g2( 77;(SI ) —h/A2 (41)
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