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Abstract — Qur aim is to determine the temperature field of a plane body. The surface of the body is heated
up by moving sources of frictional heat. For this purpose we use an electrical analogue model from which we
take measurements and compare them with theoretically determined figures by Carslaw and Jaeger [2].
Within the bounds of measuring accuracy they correspond with each other. The structure of the used model
and electronics are described. Temperatures directly near the surface (micrometer region) can be given for
friction loaded solid bodies. Finally, it is shown how the electrical analogue method can also be used for the
determination of temperatures in materials, whose surface is disturbed by cracks and where only difficult
computation methods can be used or computations are impossible.

NOMENCLATURE

A, area;

a, thermal diffusivity ;

C, capacitance;

¢, specific heat;

I, non-dimensional temperature, equation (3);
K {u), Bessel function;

L, non-dimensional speed;

l, half breadth of stripe sources;

surface power [W/m?];

Pe, Peclet number;

q, strength of line straped heat source [W/m];
t, time;

ty, model time;

U, voltage;
u, parameter;
v, speed ;

X, non-dimensional space coordinate;
X, space coordinate;

Xy, model dimension;

X', integration variable;

Z, non-dimensional space coordinate;
z, space coordinate ;

Zy,  model dimension.

Greek symbols
7, capacitance per unit area [F/m?*];
Al, current;
Aly, breadth of a boundary electrode;
S, temperature;
x*,  surface conductivity [1/Q];
A thermal conductivity;
P density.

L INTRODUCTION

FRICTION occurs on the contact of two contacting solid
bodies. The real contact surface consists of many real
contact points, which are irregularly distributed on the
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frictional surface of nominal contact.

The size and dimensions of these points depend on
the microgeometry of the frictional surface, the load
and the mechanical material qualities of the contact-
ing bodies [1].

Frictional heat is produced at the real contact
points, which move over the nominal contact during
the friction process. That is why frictional load causes
unsteady temperature fields near the surface of the
solid bodies.

As a simple model for moving sources of frictional
heat on the surface of solid bodies we choose moving
stripe sources. The resulting two-dimensional un-
steady temperature field in the solid body is math-
ematically described by equations, which are evalu-
ated by numerical methods with the help of digital
computers [2-4].

Another method to solve this problem is the electri-
cal analogue model, which makes a quick solution of
difficult examples possible. We aim to demonstrate this
in our paper.

2. MATHEMATICAL BASIS
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Fi1G. 1. Coordinate system.



440

moves in positive x-direction on the surface of a solid
body, which is supposed to be of infinite extent (semi-
infinite space, see Fig. 1). We suppose that the
coordinate system is fixed to the solid body. The speed
of the stripe source is v, the movement has been going
on long enough and the stripe source has the surface
power P* = (dg/dx’). Then follows, according to [2]
for the temperature 3 in the depth z and at the place x
of the solid body:

N J‘“ {v(x - x’)}
3= exp e
oA - | 2a

‘K {;;\/[(x - x)P + zﬂ}dx'. (1)

The integral is simplified by the following
substitutions :
vx vz vl Pe
X =— ; =— ==
2a 2a 2 4
_ v(x — x')
a 2a

Then results:

* . X+L

9= 2P "J e Ko[ 0 + Z2)]du.  (2)
moAv X-L

A solution of the equation (2) cannot be given in a

closed form. A numerical integration, which can be

carried out with the help of the Romberg-method and

a digital computer, becomes necessary [4].

3. ELECTRICAL ANALOGUE MODEL

The electrical analogue model is clear and very
variable. The results are exact enough. This model is
based on the same mathematical structure of the
differential equations of the original (temperature
field) and of the model (electric flow field). By dimen-
sionless writing of the differential equations we can
derive the dimensioning equations of the used model
[5]. The analogous physical quantities are given in
Table 1.

The construction of the model becomes especially
simple if a continuous (thick layer-) RC-model is used.
The continuous model has a sandwich structure [6]
and consists of an electric resistive film (electrically

Table 1. Comparison between the parameter of the original and the model

DIETER LENK and WOLFGANG ZSCHERPEL

Fuse Shift -
generator - regster
H
! 32,
?
Constant
current
sources
|
‘ 32
VoV Vam Vo Vi S Ve
)
U _ ~
Oscilloscope | N Place of | RC-Andlogy
measurement model

F1G. 2. General wiring diagram.

conductive paper), which is on an insulating layer (self-
adhesive thin-sheet plastic) as a dielectric. The second
plate side of the capacitor, a thin-sheet copper, is
formed under the dielectric. Since the dielectric layer is
relatively thick (approx. 100 um), very small capacities
occur per unit of area and thus the measurement
requirements to the used electronics become higher
(very short model times in the quantity of us). The
model receives a current through boundary electrodes
of the electrically conductive paper. These electrodes
are covered with conductive silver. Various boundary
conditions are realised with a corresponding arrange-
ment of the boundary electrodes and current
adjustment.

The temperature field is found with the help of
oscilloscope voltage measurements at the model and
conversion with the temperature-voltage scale. The
boundary electrodes of the model for the imitation of
moving stripe sources must receive defined current
impulses for this purpose.

4. ELECTRONIC CONSTRUCTION

In order to produce defined current impulses, which
imitate the moving stripe sources on the surface of the
solid body, rectangular impulses of constant current
must be connected. This is possible with the help of

Original Model
Temperature k Voltage U
Time t model time tar
Dimension X,z model dimension Xagr Zpp
Thermal conductivity A surface conductivity K*
. ) AC
Thermal capacity per unit volume o capacitance per unit surface Y= e
M
Al

Surface power P*

current per boundary electrode =
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F1G. 3. Switchable constant current source.

switchable sources of constant current and a central
control unit on the basis of digital integrated switching
circuits. Figure 2 shows the general wiring-diagram.
The main part of the control unit is a shift register. On
these (in this case 32) outputs of the shift register the
potential ‘High’ occurs successively in the breadth of
the clock frequency. This potential controls the
sources of constant power through a transistor switch-
ing element. A constant current through the model can
be adjusted with a potentiometer in the base voltage
divider (see Fig. 3). In this way rectangular impulses of
constant current can be produced up to a quantity of
maximum 1 MHz.

5. RESULTS

At first a moving stripe source was imitated on a
surface of a solid body. Figure 4 shows the comparison

Z=02
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i ® Experiment
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FiG. 4. Comparison between experiment and theory.
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FIG. 5. Measurement with crack.

between the calculated and the measured results. Here
the non-dimensional temperature is used as ordinate

&)

X-

X+L
I= f ¢ Ko[/(w? + Z%)]du.
L

This case is valid for the depth Z = 0.2 and the non-
dimensional speeds L= 0.2 and 5.

To make it clear the source was sectioned. The
comparison between computation and measurement
shows that the results correspond to each other. This
shows that the electrical analogue model can be used
for experiments with moving sources of frictional heat
on surfaces of solid bodies. Thus it is possible to use the
model for difficult or incalculable cases. A first appli-
cation is shown on Fig. 5. The surface of a solid body
has a crack below 45°, parallel to the direction of
movement [7]. The breadth of the friction source is
supposed to be 24 um. Figure 5 demonstrates that the
temperature between crack and surface becomes much
higher, while it is much lower behind the crack
{looking into the direction of the source) than without
the crack. That is why the temperature gradient at the
previously disturbed place becomes much higher and
leads to higher thermal stresses.

In future we intend to use the model for experiments
with finite dimensions of solid bodies, rough surfaces
and material inhomogeneities.
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MODELE ANALOGIQUE ELECTRIQUE POUR DES SOURCES MOBILES EN
BANDE DE CHALEUR PAR FROTTEMENT SUR LES SURFACES DE
CORPS SOLIDES

Résumé—I! s’agit de déterminer le champ de température d’un corps plan. La surface du corps est chauffée

par des sources mobiles de chaleur par frottement.

On utilise un modele analogique électrique sur lequel on effectue les mesures et on compare avec les
résultats théoriques de Carslaw/Jaeger. Dans les limitations de la précision de mesure il y a une bonne
correspondance. On décrit les structures de modéle utilisé et 'électronique. Pour des corps solides en
frottement, on peut donner les températures directement prés de la surface (région micrométrique).

On montre finalement comment la méthode analogique électrique peut aussi étre utilisée pour la
détermination des températures dans les matériaux dont les surfaces sont perturbées par des craquelures et

ot les méthodes de calcul seules utilisables sont difficiles ou inexploitables,

ELEKTROANALOGE MODELLNACHBILDUNG BEWEGTER STREI_FENF@RMIGER
REIBUNGSWARMEQUELLEN AN FESTKORPEROBERFLACHEN

Zusammenfassung — Es soll das Temperaturfeld in cinem ebenen Korper ermittelt werden, dessen
Oberflache sich durch bewegte Reibungswiarmequellen erwirmt. Dazu wird ein Elektroanalogiemodell
benutzt, an dem Messungen durchgefiihrt und mit theoretisch nach Carslaw und Jaeger [2] berechneten
Werten verglichen werden. Im Rahmen der MeBgenauigkeit besteht zwischen beiden Ubereinstimmung.
Aufbau des verwendeten Modells und der benutzten Elektronik werden beschrieben. Es lassen sich

Temperaturen  fiir  reibungsbeanspruchte

Festkorper  in

unmittelbarer  Oberflichennihe

(Mikrometerbereich) angeben. AbschlieBend wird gezeigt, wie die Methode der Elektroanalogie auch bei der
Temperaturermittlung in durch Risse gestorten Werkstoffbereichen eingesetzt werden kann, wo
Berechnungsverfahren nur mit sehr groBem Aufwand oder gar nicht anwendbar wiéren.

SJIEKTPUUYECKAST AHAJIOTOBASI MOJEJIb NNEPEMEWAIOIIMXCS JEHTOYHBIX
MCTOYHUKOB TEIJIOThI TPEHHSA HA MOBEPXHOCTAX TBEPIBIX TEJI

AnnoTauus — Mccieaosatne NPEANPUHATO C LENHI0 ONpPE/ENEHHs TEMIEPATYPHOIO 1OJisl, BOIHUKA-
FOLIErO MPH HATPEBAHHHM MJIOCKOIrO TeMa JBHXKYIMMHCT HCTOUHMKAMM KOYJIeBa Tenna. JLas pelueHus
9TOM 3aMa4M WCHOJIb30BAHA JIEKTpHYECKas aHanorosas Mojesb. [lpoBeeHHOE CpaBHEHMC MOJY-
YeHHbLIX Pe3y/ILbTATOB C PE3yJibTaTaMH TEOPETHUYECKOTO pacueta no meroay Kapcioy—-Erepa nokassl-
BAa€T XOpOLIEE COBNAZEHHE B fpeeNiax MOrpeliHOCTH u3MepeHui. [lano onucaHue MOIeH K
3JIEKTPOHHOM cxeMbl. TeMrepaTypa TBEPAbIX TeJl NPH HAJMYHH TPEHHA MOXKET M3MEPATHCS HEIOCPeil-
CTBEHHO Y OBEPXHOCTH (B MUKPOHHOM JManasoHe). ITokazaHo Takxke, KakuM OOPa3OM 5JIEKTPHUECKUH
AHAJIOFOBBIl METO MOXKET MCTIOJIb30BATHCS IS ONIPEAEIEHUS TEMIIEPATYPbl MATEPHAJIOB C TPELUMHAMY
HA TTOBEPXHOCTH, KOI/Ia YHC/IEHHbIE PACHETHI BECbMA 3aTPYIHEHBI HIIH NOJHOCTHIO HEBOIMOKHEL



