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Traction measurements in the thermal 
region of the traction curve 
I. Andersson* 

Difficulties when measuring in the decreasing thermal region of the traction 
curve are described, and one stable test-rig design is presented. Experimental 
evidence for a theoretical prediction presented earlier by the author is also 
given 

Keywords: Friction drive, traction, continuously variable transmission (cvt) 

In the design of  mechanical continuously variable trans- 
missions, accurate predictions of  the coefficient of friction 
are of major importance. Designs based on friction values 
predicted too high will result in gross slip, while those 
predicted too low will lead to low efficiencies, eg M~gi ~ . 
For these designs, the power is transmitted from one rolling 
member to another by friction. When these rolling members 
are subjected to high normal loads for the transmission of  
high frictional forces, the surfaces are elastically deformed 
and there is a very thin oil film between the surfaces. This 
phenomenon is known as elastohydrodynamic lubrication 
(ehl). The frictional force is transmitted by shearing of  
this oil film. The shear behaviour of  the oil in these contacts 
has been studied by several authors (see eg Andersson 2 for 
a short review), who have proposed different theological 
models to describe the shear behaviour. The model that 
gives the best traction predictions is of the non-linear 
Maxwell type, "'the Johnson-Tevaarwerk traction model "'3 , 
and is now widely accepted as a model of  the traction 
behaviour in an ehl contact. It is a non-linear Maxwell 
fired, with a linear elastic part, and a non-linear viscous 
part, where the latter is best described by a sinh relation 
following from the Eyring fluid model. This model is 
expressed in terms of three independent fluid properties: 
the zero-shear-rate viscosity r/, the elastic shear modulus G 
and a reference stress to ,  which is a measure of the stress 
at which the fluid becomes significantly non-linear. Each 
of these properties is a function of  pressure and temper- 
ature, but it is shown that averaged values (over the contact) 
can be used without introducing any large errors. Johnson 
and Tevaarwerk also presented experiments that verified 
the model. One of  the main advantages of  this model is 
that it automatically handles the transition between viscous 
and elastic behaviour. For highly loaded contacts, this 
model shows an elastic behaviour in the linear low slip 
region of the traction curve (Fig 1). When slip is increasing, 
the model shows non-linear behaviour and the character- 
istic non-hnear region of the traction curve is very well 
predicted, but the thermal region needs more attention. 
A simple thermal correction performed by the author 2 
has extended the predictable range of  this model into the 
thermal region of  the traction curve, where shear heating 
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Constants 
= (8NR/nE) V2, Hertz semi-contact width 
Specific heat of the discs 
Displacements for hydraulic machines 
= 2/((1-v21 )/E 1 + (1-v 2 )/E 2 ), reduced modulus 
of  elasticity 
Elastic moduli of the discs 
Traction force per unit length of cylinder 
Elastic shear modulus of  the fluid 
= N/(~o UER) 1A, Johnson elasticity parameter 
Central fdm thickness 
Thermal conductivity of the fluid or the discs 
Valve constants 
Load per unit length of  cylinder 
= (NE/2zrR) ~A, maximum Hertz pressure 
= ~Po/4, average Hertz pressure 
Pressures in the hydraulic system 
Pressure difference 
Flow in the hydraulic system 
= R I R 2 / ( R I  +R2 ), reduced radius 
Radii of  cylindrical surfaces in contact 
Torque 
Surface velocities in rolling direction 
= (Uj + U2 )/2, rolling velocity 
= Ua - U2, sliding velocity 
Pressure-viscosity coefficient 
Pressure-viscosity coefficient in the high 
pressure region 
Viscosity at ambient temperature and pressure 
Viscosity 
Temperature 
Poisson's ratio of  the discs 
Density of the discs 
Representative shear stress 
Rotational speeds 
Difference in rotational speeds 

1S important. The decrease in traction with increasing slip 
which takes place in this region must be avoided in cvt's, 
because it causes instabilities. In that paper 2 reasonable 
expressions for the three fluid properties (Table l)  were 
used together with a simplified heat transfer analysis to 
find the drop in traction due to shear heating. Though it is 
a simple analysis, the solution had to be found by iterative 
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0 a procedures. However, i t  is possible to simplify the integra- 
tion over the contact if high slip is assumed, and a closed 
form approximate expression for the coefficient of friction 
can be found which is valid in the thermal region (ie high 
slip) of the traction curve. 

, re  ( % h ) 
F a r o  - = -  in , ~ ,  

P 
N - AUUhBa~ t2Kf %/a 

! + a'ro U 12Kf (1 + ½") t~ (~r Ps Cs Ks U) (1) 
One important feature of this equation is that the influence 
from different parameters can be seen clearly. 

This equation was, however, no t  f u l l y  experimentally 
verified due to  instabilities in the thermal region of the 
traction curve. Similar observations have been made by 
Jefferis and Job&son 4 . They avoided these oscillations by 
introducing damping in the system, a standard method to 
avoid friction-induced vibrations s . In this paper, traction 
measurements performed on a redesigned two disc machine 
at different loads and speeds are compared to the theoretical 
model proposed by the author. 

Experirnenta~ 

The traction measurements were performed on a two disc 
machine whose original design was described in more detail 
by Schouten 6 . It consists of two steel discs on parallel shafts 
forming a line contact without spin or side slip. The shafts 
rue in externally pressurized air bearings having very low 
friction. The shaf t s  are connected to hydraulic machines and 
the shafts are loaded by a hydraulic cylinder. Normal load, 
one torque and the two rotational speeds are measured. 

In this original version, the rotational speeds of the discs were 
individually controlled by two different hydraulic circuits. 
This system (Fig 2) can be called a "pressure-controlled" 
system, because it is based on the reasonable assumption 

5 

O 

O 

p- 

Nonlinear 
region 

Thermcd 
region 

Slide/roll ratio AU/U 

Fig i Typical variation o f  traction with slip 

Table 1 Expressions for rheoiogicai properties 

t? = ~e exp (up) 
"go = Az exp (B~/(O + C 1 } )  
a = A2 - By0 low pressures, in let  zone 

a ~ = A s exp ( -B30)  high pressures, in the contact  

7"o = A4 exp (B40) 
G = As + BsP 

t -  

Fig 2 General layout o f  the "aM" hydraulic syszem 
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Relational speed d ~ f f e r e n e e , ~  

Fig 3 Characteristics o f  the "old" hydraulic system and two 
d~fferent traction curves. Curve A is stable and cume B is 
unstable 

that the flows through the adjustmeat vatves are propor- 
tional to the square of the pressure drops over the valves 
(Q = k (Ap)2). The hydraulic macNnes are aft of the hydro- 
static type. The rotational speeds are easily adjusted with 
the two sets of valves (ie changing k). If the basic speed 
and torque equations (loss-free analysis) are set up for the 
two systems and if it is assumed that D~ = Dz = D and 
P21 = Pya (which can be done without loss of generality), 
then the following equation for the T - Ac~ - character- 
istics is obtained 

:" A~oD i ½ 
D] t 

T = - -  
2 ~ L  k ~ + k z  j (2) 

This equation is depicted in Fig 3. Different characteristics 
are obtained by changing the valve constants k~ and ky~ 

Fig 3 also shows two different traction curves. Curve A which 
is a curve with low drop in traction in the thermal region 
crosses each characteristic only once. These crossing points 
are stable equilibrium points. Curve B, which has a higher 
drop in traction, crosses some characteristics at two points 
of which the first is a stable and the second an unstable 
equilibrium point. Because of t_his, it has been possible to 
measure traction curves of type A with this design of the 
hydraulic system. However, the machine faiIed when a 
traction curve of type B (which is typical for a higlh friction 
traction fluid) was to be measured° 

In its redesigned version, the disc machine has a n y  one 
hydraulic circuit. The discs are driven by two idenficN 
hydraulic machines which are hydrautically connected to 
each other in series (Fig 4). The speeds of the two machines 
are approximately the same, with the second one lagging 
because of leakage tosses. This speed can be adjusted by 
adjusting the flow from a large variabte displacement pump. 
Connected to the system is also a small fixed disp~_acement 
pump driven by a dc-motor. By adjusting the flow from 
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this pump to a certain low value, the two discs can run at 
exactly the same velocity. If this flow is further increased, 
the difference in rotational speed is also increased, now the 
first machine is lagging (and is in fact working as a pump). 
This system can be called a "flow-controlled" system, 
since all speeds and flows are independent of  pressures 
(loss-free analysis). This system gives vertical character- 
istics in the T - Aco - diagram. However, these character- 
istics are not completely vertical if the losses in the 
hydraulic machines are taken into account, but these 
effects are decreased by a high average pressure, which may 
be adjusted by the pressure-control valve in the outlet pipe. 
This system is stable for all kinds of traction curves 
measured so far. The sliding speed is however limited to 
1 m/s. Fortunately, the most interesting part of the 
traction curve is below this value. The rolling speed can be 
adjusted between 7 and 20 m/s. 

When traction is measured in the thermal region of the 
traction curve the amount of  energy dissipated into the 
discs is rather high, and the discs are slowly heated up. 
Therefore, care must be taken and one complete traction 
curve should be recorded during such a short time that the 
change in disc temperatures is negligible (Winer 7 ). In order 
to fulfill these conditions, all measurements were recorded 
on a 4-channel transient recorder. One complete traction 
curve was recorded in less than 50 s (sampling interval 
0.05 s). Upon completion of  one run, the discs were 
allowed to cool to ambient temperature before the next one 
was recorded. The oil inlet temperature was also kept at 
ambient temperature (22 - 23 °C). 

The normal force and the torque were measured by a force 
transducer and torque transducer, respectively, both of  the 
"'deforming strain gauge" type. These signals were ampli- 
fied, filtered in low-pass filters to remove high-frequency 
noise, and then fed into the transient recorder. Stationary 
rotational speeds are normally easy to measure by optical 
pick-ups and pulse-counters. However, when the speed is 
varying this method cannot be used. Instead the signals 
from special speed encoders (2500 pulses per revolution) 
were fed into frequency-to-dc converters, from which the 
dc-signals were fed into the transient recorder. Using this 
method reasonable accuracies were obtained also for low 
sliding speeds. In the transient recorder the signals were 
digitized and then transmitted to a computer. A computer 
program, which included all calibration values, processed 
the data and plotted the traction curves consisting of  1024 
measurement points each. The plotted curves were rather 
smooth. 

) 

Fig 4 General layout of the redesigned hydraulic' system 

) 

Since the purpose of this paper is to verify a predictive 
method, it is important that the prediction is based on 
parameter values not determined on this test rig. Therefore 
the oil used throughout the test was the traction fluid 
"Santotrac 40".  This oil is probably the best characterized 
at present, since it has been used in several investigations 2 . 

Results, discussion and conclusions 
A test series of fifteen traction curves was performed. These 
included three different rolling speeds and five different 
loads and these experimental results are shown in Fig 5. The 
familiar trend with increasing traction for increasing load or 
decreasing rolling speed can clearly be seen. The character- 
istic form of the traction curves can also be observed. 

In addition to each measured traction curve (bold lines), 
two curve predictions are also shown. One of  these is the 
simple formula of Eq (1) (marked s), and the other is 
according to the full theory presented earlier 2 (marked f). 
Both predictions are based on the parameter data presented 
in Tables 2 and 3. 

The predictions are considered to be good when it is kept 
in mind that the values of the theological properties are not 
deduced from tests performed on the disc machine on 
which the experimental results are obtained, but are taken 
from other sources. 

The full model gives the best overall fit, and for some 
cases the discrepancies are very small. However, there are 
some common differences between the measured and the 
predicted curve which must be discussed. For high loads, 
the prediction for the maximum is too low, and the widths 
of  the peaks of  the predicted curves are too large. This 
gives the predicted curve a convex appearance, instead of  
the measured convex-concave shape. In the linear region of  
the curves, the prediction always yields a slope too high. 
For the lowest load this can be explained by a low g3 
-value 12, which means that the assumed Hertzian pressure- 
distribution gives too high an average pressure (when g3 
decreases, the pressure-distribution deviates more and more 
from-the Hertzian and transforms to the hydrodynamic). 
For the other loads, the discrepancy can be caused by two 
different reasons, viz. the lack of  correction for the compli- 
ance of  the discs, and possibly too high a value of  the shear 
modulus of  the lubricant. 

When Eq (1) was derived, high slip was assumed, so it is 
natural that it is not correct for low slip. However, the 
shape of this prediction in the thermal region seems to agree 
very well with the measured curves. For high loads, this 
prediction also gives values too low for the maximum 
coefficient of  traction. This model also seems to under- 
predict slightly the thermal region, an effect which is more 
pronounced at higher rolling velocities. 

The two different methods of  prediction give good results, 
and Eq (1) might be used by the cvt-designer. A deduction 
of parameter values from these experiments would of 
course give a better fit, but that is beyond the scope of  this 
paper. The designer who wants to use these models will 
however enter into one problem: there are only a few 
lubricants with a complete set of  determined parameters. 
Therefore, much work remains to be done in this field. 
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However, the approximate form, Eq (1), is important also 
for another reason, in that it can be studied to see the 
influence of different variables. 
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Goodyear Medal 
Dr Adolf Schallamach is the recipient 
of the Charles Goodyear Medal for 
19~2. 

Dr Schallamach joilred the (then) 
British Rubber Producers' Research 
Assocmtlon (BRPRA) m 1943, and 
retired as the Head of the Physics 
Group in 1966. For much of his time 
with the Association, he worked on 
the friction and abrasion properties 
of rubber and other polymers: the 
award of the Goodyear Medal for 
"a valuable contribution to the science 
and technology of rubber' recognizes 
the fundamental contributions he has 
made in the understanding of these 
two topics, and the practical apphca- 
lions of his studies in understanding 
the performance of real tyres under 
real road conditions 

Born In Poznan, Poland, In 1905, 
Dr Schallalnach trained as an electrical 
engineer and carried out post-graduate 
wo~k on photoelectriclty. He was 
|orced to leave Germany in 1934 and 
~ame to Britain. where be joined a 
gl ottp at the Royal Institution working 
,m low-temperature crystal structure. 
In I t)43 he joined the BRPRA as a 
physicist, and m the late 1940"s was 
given the wide-ranging instruction to 
"find out all there is to know' about 
rubber fricUon and abrasion. The field 

in those days was broad, complex and 
relatively unexplored, but owing to 
Schallamach's work, in the words of 
Karl Grosch of Umroyal-Engelbert, 
Aachen, "today we know all the 
major factors which govern the frict- 
ional properties of high polymers, 
and no investigator coming into the 
field can get very far without knowing 
of his work'. 

Among Schallamach's major achieve- 
ments can be listed the development 
of a theory, still unchallenged, on the 
load dependence of rubber friction. 
He was one of the first workers on the 
temperature dependence of rubber 
friction at various speeds, and this 
work allowed him to develop an 
adhesmn theory of rubber on smooth 
surfaces that explained the essential 
features of the friction master curve. 

In abrasion studies, he developed the 
elegant theory of 'slipping wheels', and 
he applied his studies of the problems 
of rubber abrasion to the effect of 
tyre mechanics on tyre wear. He 
became closely involved with the 
Association's successful work on the 
use of oil-extended natural rubber in 
the treads of winter tyres to give 
superior grip on ~ce. 

After retiring, Dr Schallamach retained 
his links with rubber science, continu- 
ing as a Research Associate with the 

Association until 1970. It was during 
this period that he observed and 
described the phenomenon of waves 
of detachment that arise in certain 
rubber friction processes: 'Schallamach 
Waves'. 

In 1970, too, he was honoured by the 
Institute of the Rubber Industry by 
the award of the Colwyn Medal. 
Since his retirement, he has been 
retained as a Consultant with the 
European Development Centre of Uni- 
royal in Aachen and maintains an active 
interest in the continuing work on 
rubber friction. 
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