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A Viscous Coupling in the Drive Train

of

ABSTRACT

A new visco transmission has- Deen 1ACOT~
porated in the powertrain of an all-wheel-drive
yehicle. The torque characteristic, specially
the torgue progression of the viseco coupling
(called "humping") is discussed. The influence
af the silicone oil on the sheat behavior is
elaborated. Some aspecls of drive dynamics
affected by the wvisco transmission are added.

1. INTRODUGCTION

The majority of motor vehicles on the road
today have only one doiven axle.

This is perfectly sufficient for many driv-
ing situatiens. For special situations, however,
sueh as winter driving in the mountsins, off-
road driving and in countries with inadequate
rosd systems, all-wheel drive is an advanlage.
This is why in recent years 1L has been inCcreas-
ingly applied ko almost all types of vehicles.

an All-Wheel-Drive Vehicle

Wolfgang Peschke

Volkswagenwerk AG

Tha aim is a drive system which, ideally
without the intervention of the driver, improves
traction and also cornering dynamics whenever
this is reguired by the frictional conditions.

This objective is achisved by an sxial
hydraulic coupling - referred Lo in the following
as "wisco coupling” - in the drive train of
an all-wheel-drive vehicle.

This operationally gquite unusual component,
which is very much a newcomer when being used as
a transmission member in Lhe field of sutomobile
drive enginesring, cﬂn?rnnteﬂ me and my col-
leagues with so many questions in the course of
bhe advance development of @ nEw passenger=
car all-wheel-drive system that it was a chal-
lenge to penetrate into the research of the
hydrodynamic transfer mechariism of the v1sco
coupling. A major role was alsc played in thas
connection by the compilation af the chemical-
physical properties of the silicone oil used in®
the coupling. As the result of this work, an
interpretation of the peculiar borque charac=-
teristice of the visco coupling 18 presented and
its impact on the driving dynamics of an all-
wheel-drive vehicle is described.

1.1 'STATE OF THE ART OF ALL-WHEEL-DRIVE SYSTEMS
£1}-wheel drives for motar vehicles have been
known virtually since the inception of the
automobile - and that was almost 100 years ago.

During the early days of the automobile,
when the roads were still shaped by the rEqQUiTE=
ments of horse-drawn traffic, the "rolling”
automobiles had a difficult time of it; because
the traction capability of the four-legged com-
petition was inherently better on unpaved roads
than of the wheel-driven motor vehicles.
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With the improvement of the roads. for
sutomobiles and provision of asphalt or con-
crete surfaces as standard procedure, all-wheel
drive lost its primary raison d'Btre. Merely in
wintet in mountainous regions and under of f-road
conditions was there and still is there a need
for all-wheel-drive vehicles.

Recently in third-world countries the al-
ready existing paved road systems have in
some cases been returning to the priginal state
of the dirt-track roads. Accordingly, the need
for all-wheel-drive vehicles will again rise
in these countries.

In guite general terms, NOWEVETD, pxperi-
ence in Europe and North America, particularly
in winter, has been soO positive that all-wheel
drive is becoming more and mOTE established,
even in smeller vehicles.
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Fig. 1 Trends of rear-axle, front-axle and
a]1-wheel drives in Germany

The electrical systems known from the
pisneer days with wheel-hub motors (Lohner/
Parsche system)} and also hydraulic drives re-
main, however, the reserve of specisl-purpose
vehicles and are of no significance on the
whole.

Mechanical drive trains predominate in
present-day road vehicles.

1.1.1 Selectable gll-wheel-drive systems -
The selectable system can be regarded as the
standard. The auxiliary driven axle 1s engaged
usually by means of a lever or pull-knob (some-
times with servomotor). In this case, the
driver is the operator, the one who deter-
mines when two or when four wheels are to be
driven.

Therein lies the first detectable weakness
of such systems. Usually, the second axle is
engaged too late, namely after the vehicle,
nowered by one axle only, has already become
stuck (off-road).

Conversely, the system may also be mal-
operated if, for example, on & good road the
vehicle is constantly driven with the second
axle engaged where this is totally unneEcessSary.
This then increases the tractive resistances
as a result of the distortions that occur when
cornering in systems withoub a center differen-
tial. Furthermore, in the event of fluctuations
in the friction coefficient, adhesion may be
lost and the vehicle may thus lose in.cornering
=tifFness. There may be problems in tight curves.
Many manufacturers of such simple systems have
therefore drastically limited the maximum speed
far all-wheel-drive operation.

1.1.2 Permanent systems - Permanently engmgec
systems are at a higher level. They have a
mechanical center differential (spur- or bevel-
gear differential) between the axles in the
drive train. The permanent systems with mechani-
cal center differentials (e.g. Audi Quattrol
have a Fi=ed drive-power distribution, e.qg.
50,/50 % for the bevel-gear differentisl or
approx. 40/60 % for planetary-gesr differentials.

In either case, the distribution is not
gptimsl For all driving situations.

In addition, such mechanical differentials
require & mechanical or visco-elastic locking
device, which, in difficglt driving conditions,
guarantees traction even when adhesion is lost
st one axle or also at one wheel.

Instead of this, the new permanent system
described below has a visco coupling which
assumes the function of the differential and,
furthermore, provides slip-controlled { demand-
sensitive) transitionless engagement.

The slip-controlled system with the vis-
co coupling has variable drive-power distribu-
tion, which offers some advantages in vehicle
operation with regard to driving safely:

1. The system engages automatically and
progressively it is always at the ready and
is present with both axles virtually whenever
moving off.

2 There is scarcely a change in handling
characteristics as compared with the basic
model {with single-sxle drive); the driver
does not therefore have to become accustomed
to the new system.

3. Malpperation is impossible since there
is nothing for the driver to operate.

4. The drive-dynamic cornering performance
is neutralized (as a function of glip). Front-
drive vehicles show less tendency to understeer;
the tendency of rear-drive vehicles to over-
steer is reduced.

5. The stopping distances are slightly
shorter than with single-axle drive.

4. Dverstressing of the drive train is
prevented.

7. \Yibrations in the drive train are
damped by the silicone Fluid.
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5. MISCO COUPLING

5 1 CONSTRUCTION AND OPERATING PRINCIPLE - The
visco coupling consisis of @ drum-shaped hous-
ing which is encloged on gll sides. lnsige 1t
are two indepsndent, perforated and slotted
steel-plate packs, of which one is splined

to a shaft end driven by the propeller shaft.
0f these drive plates, the second plate pack
is driven by a viscous silicone pil, whereby
these plates drive the outer drum, likewise

by means of a splined connection. The outer
drum is rigidly conmected to the pinion shaft
nf the rear-axle drive.

The visecs coupling is thus of similar
construction to a multi-plate axigl clutch. In
contrast to such clutches, howBuer, the wisco
coupling does not have a disengaging device.
The plates sre fres to move in the housing and
on the shaft and are slightly spaced apart;
power is transmitted mainly through the sili-
cone pil by its resistence to shear.

Couplings of this type hauve the charac-
teristic that, with very small differences in
rotational speed, they allow a slight slip
hetween input and output, but "stiffen” as the
difference in rotational speed increases -
which, with further increasing shesring forces,
results virtually im & friction-type drive.
The friction hest generated in the silicaone
pil during shearing leads to the expansion of
the fluid, which results in a rige in pressure
in the housing.

Fig. 2 Construction of wvasco coupling

To prevent excessive pressures in the her-
metically sealed coupling housing, a small air
bubble is included. This controls the extent
of the pressure rise, which also influences
the torgue characteristics of the coupling.
Through further effects gceourring, among other
things, at the molecular level of the silicone
gil it is possible for the transmitted torgue
tn increase to such an extent that one may
speak almost of a rigid lgck-up. This is then

where a self-requlating effect occurs. Since,
ir this condition, there 1s virtually no longer
sny relative motion between the plates, the
temperature falls again, thereby reducing the
pressure; bath tempersture and pressure Finally
ssttle at a certain level according to the
instanteneous tractive effort.

2.2 FLUID - High-viscosity silicone oil is

used for visco couplings because, in contrast
ko minersl oil, the viscosity of silicone

pil falls to e lesser degree with rising tem-
perature, and, furthermore, the fluid remains
=table even at very high temperatures. Although
it iz known that siloxanes do not have any
marked lubricating properties, particularly

not between steel/ steel, precisely this fact
appears in the present arrangement to guarsntee
the desired btorgque progression (hump). The
ciloxane fill is regarded as a life-long fill.
Silicone oils will be disdussed in further
detail in Section 3.

7.3 PLATES - The plate pack glso has a decisive
influence on the ability of the visco coupling to
transmit Forces and torgues. Both the thickness
and thus the number of the plates as well as
their surface quality have an effect on the
shear behavior. Their Hiameter is also a major
Factar. (The torque is proportional to the 4th
power of the effective radius}.

The thickness of the plates tested varied
hetween 0.25 and 0.9 mm. the plates are provided
with slots and holes which, shaped by empirical
means, promote the terque and shear behavior
and the shape stability.

7.4 WEAR - The latest test results from the
sndurance-run test bench revealed quite differ-
ent wear patterns on the surfaces of the plates.
Whereas one mating-surface pair of two
neighboring plates shows clear signs of smooth-
ing, no wear at all is detectable on the sur-
faces of the next immediately adjacent pair.
The appearance of the surfaces is as whien
installed, namely virtually as new. This phe-
nomenon applies alternately to the entire set
of plates. (However, with some exceptlons:
Iwo or more adjacent pairs were also found to
have no signs of wear, just as Lwo or more
adjacent pairs were found with wear marks. )

% § SEALS - Since pressures of up to 100 bar
may oceur in extreme operation, high demands
are placed on the shaft seals, especially

a5 silicone pils have exceptionally high creep-
ability, i.e. they tend to creep through the
narrowest of gaps even when under no pressure.
This results in tightly fitted seals which
consequently produce a basic friction of up

ta 30 Nm.




3. SILICONES.

cilicones are silicone compounds which
may be combined, firstly, with oxygen and,
secondly, with organc-groups (R - methyl or
phenyl end groups).

The designation "silioxanes" is 1n fact
wetter and more appropriately describes the
5i-0-5i structure with corresponding end Qroups) .

1. Silicones sre polymeric and in many cases
form organic macromolecules (chains} of helical
shape, whereby the organo-ends with the 51
cores form tetrahedrons which are linked to-
gether by the oxygen molecules.

2. They represent silicon-oxygen com-
pounds, related to silicic acids and silicates
(i.e. alsp similar to amorphous glass!.

3. They contain hydrocarbon residues
which are g part of silicon-organic chemistry.

The molecular weight depends on the number
of n connecting members and thus also deter-
miries the wiscosity. Even long chains with
more than 2000 connecting members are still
liquid at room temperature.

3.1 VISCOSITY - One of the most typical proper-
ties of liquids is their low resistance to

shearing. They start to flow even when subjected

to low shearing forces.

Conversely, however, certain Iiquids are =
perfectly able also to exhibit elastic' proper-
ties if the load is applisd guickly enough.
These propertiss of the second order, the
basic principles of which have not .yet bDeen
entirely explained, will, among other things;
be used to explain the (so strange) "humping"
of the visco coupling.

3.2 TEMPERATURE BEHMAVIOR - The viscosity of
eilicone oils is, like that of all other li-
guids, dependent on temperature. However,
compared with mineral oils, the influence

of temperature is clearly lower. Fig. & shows
tMe relationship between viscosity and tem-
perature (Wacker—Chemie). Shown by the broken
lines for purposes of comparison are two mineral
oils which exhibit a relatively great decline.
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Fig. 3 \Viscosity of siloxanes as a function
of temperatura

The helical shape of the chain-polymeric
giloxane molecules is the reascn for the low
temperature dependence as far as the viscosity
is concerned. An explanstion may consist in
the fact that although the average distances
between molecules increase with rising tempe-
rature the helical chains simultaneously stretch,
thereby virtually compensating for the increase
in the distances between molecules, becsuse
there are more freguent contact poinks between
the chain molecules.

3.3 SHEAR RATE - A so-called lower limiting
viscpeity, or zero viscosity for short, 1is
established at low shear rates. The effect

of the shear rate or deformation rate on vis-
cosity depends grestly on the properties of
the fluid.

Liquids, whose viscosity falls with rising
shear rate, are termed intrinsically viscous.
Silicone cils also exhibit this property.

The-siloxanes of higher basic viscosity
belong without doubt to the fluids of the
csecond order, some of which exhibit consider-
ahle deviations from Mewtonian linear behavior.
This is demonstrated by @ model sxperiment

“degcribed below.

3.4 LUBRICITY - The designation silicone

"0il" is in fact misleading when one considers
theproperty of "lubricity". Noll /3/ emphasizes
that silicone oils cannot be counted as lubri-
cants: "The bearing capacity of a Tilm of

methyl silicone oils is slight as a result

of the weak intermolecular forces in these
phases.” Satisfactory results are provided
mererly by bearing materials, such as polyamides,
phenolic resins or polystyrenes.

"For the material combination of steel/
ateel, methyl silicone oils have no signifi-
cant lubricating properties in the range of
dry friction."

Phenyl groups instead of methyl end groups
guite clearly improve the bearing capacity of
lubricating films.

3.5 THERMAL EXPANSION - A decisive factor

as regards the torque behavior of the visco
coupling is the pressure which is generated
through dissipation, i.e. through the heat

of friction. The rise in pressure is determined
by the cubical expansion coefficient. For sil-
oxanes with methyl organo-groups this lies in
the temperature range of

259C ta 1759C at 95 to 100%1077 deg™!

It is thus possible to calculate the dissip-
ation pressure in the coupling under the simpli-
fying assumption that the housing is considered
rigid.
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4. MODEL EXPERIMENTS

Only wery wvague assumptions exist con-
cerning the flow condilions in the goupling, and
ayen Ehe relevant literature was not of any
real use, expecially as almost all publicstions,
both recent and older, WEIE cancerned with the
resictances on high-speed flow machines.

The basic difficulty consisted in Lhe
Fack ‘that the very nacrrow gaps between the
plates allow wirtuslly no access, if any at
all, inte the "working srea” in order to make
measurements. 1 therefore restricted myself
to wisual experiments or shservations on the
most varied transparent plexiglass models,
which provided interesting findings.

4.1 THE SILICONE-RUBBER MODEL - At ‘a later
point in the experiments, when 1t had becoms
clear that the problem was not s6 much one
of a boundary-lasyer flow but rather the phe-
nomenon of the “crawling motion" of & non-
Newtonian fluid, s smaller, vet very rugged
acrylic model was made.

To be able to evaluste the geffecta of an
extremely high-viscosity silicone o1l on Che
shear behavior at the plates, gilicone oil, of
more accurately, silicone paste of rubber,
wilh 600 000 c5t, was laid between two 10 mm
thick acrylic-glass disks.

When the disks are turned in onpoosite
directions by means of handles. a wvary
high resistance 1S shtgined. The mass Degins
initially to shear and the to "roll”. Indivi-
dual zones form vsausages” with rotation axes
which are directed at the center of rotation.
A special, chservahle feature is that the mass
is pushed inta the spaces of the slots in that
the sdges of the slots scrape off the material
and then slowly push it outward, where it is
conveyed in several "sausages' over the disk
edges "into the open”. Thils sbseryable “rolling
up" of the- silicone rubber points LO material
nroperties which diffec greatly from the sheal
behavior of purely Newtonian Fluids and which
have their basis in the normal-stress behavior
of siloxane.

5. TOROUE CARACTERISTIC

The torque is the primary characteristic
of the operation of the visco coupling. Since
it converts only the rotational speed, the
input and output torgoes are always identical.

However, the input and putput powers are
different. The difference is the loss.

in terms of a madel, the visco coupling
should be considered zs the parallel connection
of two sets nf plates, with, for example, one
set of 29 shaft plates alternating in 3 housing
with a furthec set of 30 housing plates (see
Fig.5.1). Assuming idealized conditions, they
transfer - by "“linear pOwWeT branching" - the
input torgue Fform the shaft and the shaft
mlates through the silicone oil to the housaing
plates and thus to the output.
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Fig. 5.1 Diagrammatic representation af
uisco coupling

In the present gase, therefore, there
are m = 29 shaft plates and n = 30 housing
plates in shear. This results inm e« n - 1 8 54
working faces which are responsible for the
friction power producing the torgue. Yarlous
maeasuring methods are described below which
are intended to help grasp the characteristics
of the visco coupling.

5.1 TORQUE-RPM CHARACTERISTIC - A completely
linear characteristic would inm fact be expected
if it were possible to eliminate the influence
of temperature and time. ln Lhis case, a
temperature increase 1S not detectable; the
thixotropic property of siloxane makes itself
noticeable. The noted drop in viscosity under
shear is gttributable to the elongation and
orientation in the shear direction of the
initially randomly convolute chain molecules
under the influence of the shear loading.

1f one plots torque, input power and out-
put power versus the rpm ratio (Fig. S}y




one obtains & cheracteristic which is very
cimilar bo that of a FSttinger coupling.
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Fig. .2 Characteristic of wisco coupling:
torque, input poweT and output power versus
rpm rtatio

5.2 TORQUE-RPM BEHAVIOR UNDER TEMPERATURE
INFLUENCE — If a test bench with Corgue con-
tral is =llowed to operate over a lengthy
neriod with increasing load at 20 second inter-
vals, this results due to the fluid friction
(dizsipation)- in the heating up of the coupling.
As can be seen in Fig. 5.3, this leads to a
further tarque degression (torgue drop). This
is caused by the decrease in viscosity of the
siloxane which is added to the thixotropic
hehavior. After a while there is & rather
sudden reversal of the torque behavior: as the
torque is further increased, the slip speed
surprisingly decreases. The porresponding
temnerature curve is shown by the broken line.
Under no circumstances, however, can the
temperature be the cause of Lhe excepbional
rise in toergue. This is because the vis-
cosity of the silicone pil decreases with
rising temperatures. The influence of tempera-
ture on the coupling becomes somewhat clearer
if one considers the temperature behavior for
different slip speeds. Torgue measurements
are performed at speeds in steps from 10 rpm
to 40 rpm. There are cooling-down phases between
steps. According to the power dissipatiaon,
which is formed by T xw, the heating-up end
af the experiment 1s brought sbout by the sbeap
rizse of the torgue. If the test bench were
allowed to continue to operate, there would be
mechanical damage to the coupling or to the
test bench itself.

starts when the primary pressure has assumed
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Fig. 5.3 Torgue as a function of temperature
for different rpm

5.3 TDROQUE BEHAVIOR AS A FUNCTION OF PRESSURE
- Since the housing of the coupling is closed
and sealed an all sides, the heat will result
in an increased pressure due to the volumetric
expansion of the siloxane (%3 EXP-5/degr. ),
which is greater than that of the steel hous-
ing {12 EXP-6/degr.). Fig. 5.4 shows the re-
cording of the static system pressure (to

be distinguished from the dynamic, visco-
elastic pressure betwsen the plates during

shearingl.
B : 80
14 reny ke

Fig. 5.4 Torque versus temperature and
system pressure

It can bee seen that the torgue progression

a certain magnitude. If the pressure is re=-

lieved, or if, due to a leak, it is unable
in the first plsce to build up, then there
is alsc no stiffening (“"humping'}.
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Fig. 5.5 Torgque as 8 function of system pressure
for siloxanes with two viscosities: A = 6 EXPL,
B = 10 EXP4 mm*/s

The system pressure arising through the
reat, therefore, determines the second area
af the characteristics: the friction, which is
characterized primarily not by the viscous
shear, but more by the mixed friction of some
af the plates. This phenomesnon will be dis-
sussed separately later.

t 4 TORQUE AS A FUNCTION OF THE VISCOSITY

OF THE SILOXANE - Silicone oils are produced
in a large number of viscosities. They are
ayaileble from 0.65 te 1 million mm* /5. Only
types of high molecular weight enter into
consideration for use in the visco coupling;
such types must exhibit decidedly visco-elastic
properties so that there 1s the shove-des-
eribed torque progression. In ths case of

thin Fluids, the number of plates and the
dimensions of the coupling become too greakt.
in the case of types which are too wviscous,
filling is made more difficult, and, in the
case of long-lasting shear loading, there are
problems with an irreverasible increase in vis-
cosity under shear, the cause of which is to
be sought only partially in the opxidation
described.

r . e AKX,
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Fig. 5.6 Torgue versus slip speed for two
viscosities (&0,000 and 100,000 mm®/s}

5.5 TORQUE AS A FUNCTION OF THE PROFORTION
Of AIR = The two shaft seal rings and the
closure system with lid, packing cord and snap
ring can withstand only a certaln system pressure.
To act as a buffer and as an elastic safeguard,
s samll volume of airjof 5 - 10 % of the siloxane
Fill is applied when the coupling is filled.
This small "air chamber™ is compressed. in
bhe course of the dissipative heating of the
siloxane and disappears entirely at the limit
temperature, as of which point the internal
pressure rises with a very steep gradient.
There is, nevertheless, still an effective
praotection against bursting: in the friction
phase the coupling "locks" more and more as
the pressure rises. This, however, reduces the
dissipation. The discontinuatien of the pro-
duction of heat keeps the btemperature rise
within limits. The eoupling thus in & certain
manner protects itself.

80 l ;
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Fig. 5.7 Limit temperature as a function of
the proportion of air. Progressive pressure rise
after compression of air bubble

5 & PLATES AND TORQUE {SURFACE AND PERFORATION)
- The centerpiece of power transfer is the pack




of plates. This consists of 0.9 or 0.6 mm

thick steel plates whose curfaces are protected
against wear by textured grinding and hard
nickel plating. The housing accommodates Just
euch a number of plates that, given (idealized)
uniform distribution, there is 8 design gap of
0.2 mm. In reality, the gaps are randomly dis-
tributed, since 311 plates, both on the shaft
a5 well as in the housing, &re free to move
axially.

5 6.1 Perforation of plates = Solid disks
without holes ought theoretically to produce
maximum viscous friction which 1% proportional
to the wetited surface area. 1t has, howevar,
heen shown that, under the specific loading in
bhe visco coupling, solid disks tend toward
deformations which negatively change the oper-
ating behavior; tne phservation that, in a8
series of plates which were heavily loaded for
s long time, one side showed more or less
heavy wear marks, whereas the other side ex-
hibited an urmarked, even as-NEW surface - with-
aut the slightest indicatlon that there had
been contact with the neighboring plate. buch
plates had frequently sbandoned their flat
shape and had been deformed into & cup spring.
The term "cupping” has been formed to des-
cribe this phenomenon in eon junction with The
visco coupling.

A coupling with a series of such cupped
plates no longer enters the friction: phase -
suen after extremely heavy lgading - there is
therefore no longer 3 torgue progression.

Ta prevent this, the shaft plates are
provided on thelr circumference with 32 nicks.
The plate thus remains dimensionally stable.
The housing plates exhibit 70 holes in the
middie of the annular ares; these provide
advantages when filling and help to prevent
passible yibrations.

5. 6.2 Distribution of "pressure and friction
pairs' - As already initially mentioned, it
became strikingly apparent in the analysis of
ugsed plate sets that thoss with wear marks
slternated with others 1in virgin condition.
The pairs without wear were termed "pressure
pair” while those wilth wear marks or smoobh
spoks were designated as nfriction pairs".
Three sets of plates were examined.

The overall result of pressure pairs to

friction pairs is
P/F=85/BTrv]1
Statistics: Wumber of palrs examined n = 172
Number of friction pairs % = 87
Percentage x/n*100 = 87/172=100
= 50.58 %

The task is to find percentage p of the
total basic unit, given a 10 % probebility of
gver/undershoot ing.

Py = 32.08 &
p, = 48.01 &

1t can be assumed that pressure and fric-

bion pairs will probably be in balance.
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b. MEASUREMENTS IN THE VEHICLE

*o evaluate the benefit of the new-type
four-wheel drive with visco coupling, & com-
parison was made between three concepts; the
comparison was performed on a vehicie:

1. front and rear axles rigidly coupled

9. front and rear axles coupled by visco
coupling

3. front-wheel drive

The test yehicle was equipped on all Four
wheels with torgque-measuring hubs. The visco
coupling was provided with a temperature sensor
which relayed its values inductively to & mulbi-
recorder.

5.1 STARTIMG ACCELERATION DN ICE AND SNOW - To
he ghle to assess the drive gualily of the new-
type configuration im winter operation, drive-
of 7 tests From O-40 km/h were per Farmed with
the three concepts on packed snow; the results
are shown in Table 6.1.

TEnncept Time(s}
Rigidly coupled (front/rear) 3.8
Visco coupling | ; 4.0

h}rﬂqt—wheel drive e T.6 |

Table 6.1 Accelenaﬁihn times from 0-40 kemh

The vehicle with visco cnu#liﬁg ig, there-
Fore, almost as good on starting acceleration
as the 100 % configuration (rigidly coupled).

5.2 TRACTION COMPARISON - To measure the maxi-
mum tractive forces, the yehicle was Cied down
with a tow bar and the tractive forcec were
recorded with a Sensotec RF /2548 force recordst.
The pesults are shown in Table &§.2.

Concept Tractive force |
{kp)
Rigidly coupled { front/rear) 480
Visco coupling 4560
Front-wheel drive Zan
=

Tshle &.2 Tractive forces when driving off
on SNowW

The traction of the visco coupling system
i= almost the egquivalent of the maximum solubion.
4.3 BRAKING - Once sgain under wintry condi-
tins, the braking performance was tested on a
frozen, snow-covered lake in Sweden; the lake
was, however, cleared so that the surface was
f1gt. The principsl criterion was that of di-
rectional stability.
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The virtually direct cennection between
front and rear axles by the wisco coupling re-
sulted in almost simultameous locking of both
axles. OFf course, the front axle always has
precedence since it imitiates lock-up, even 1f
the braking-force distribution is correctly
matched:

With a little practice it was quite possible
to detect the start of lock-up. Furthermore,
reductions in stopping distance of up to 23 &
were measured.

&.4 HIGH-SPEED TEST - This test investigated
the influence of different tire rolling eircum-
ferences between front and rear.

Mainly the different tread depth causes
differences in the rolling circumferences;
conversely, loading and air pressure are of
minor significance.

Test-stand measurements showed that in
continuous operation with a slip speed of 5
rpm the visco coupling does not yet enter the
range of torgue progression.

This corresponds to the effect of 2 3> mm
difference in the tread depths on the 175/70
SR 13 tires between front and rear wheels at
a speed of 160 km/h.

Since, however, in the meantime, endurance
tests have shown that the rates of wear on
front and rear axles are virtually identical in
the slip-controlled permanent Four-wheel ‘drive,
the danger of the visco coupling overheating
at high speed due to different rolling ecircum-
ferences virtually eliminates itself.

6.5 DRIVING SAFETY - Since the visco coupling
can best be compared with an automatically
locking differential, there are no additional
levers or other operating components, as is
described in the following with reference to
the example of the Volkswagen Transporter
syncro. The wehicle is driven like & van with
rear-axle drive. The driver need not, there-
fore, learn any new driving technigues or ob-
serve specific or complex rituals. He can for-
get the four-wheel drive; it is permanently
available when it is needed.

1f, for example, the vehicle comes onto
loase ground, onto ice or snow and the driven
rear wheels begin to spin, the visco coupling
immediately and imperceptibly for the driver
transfers drive power to the front wheels. The
distribution of the propulsion force between
the axles is variable. It is perfectly possible
that the rear wheels may be on sn ice patch
while the front wheels are on a dry road sur-
face. When driving off under such conditions,
the drive is almost entirely by means of the
front wheels. Under normal circumstances - on
a road with good grip - the drive power will be
transmitted almost entirely by the rear wheels.
The driver is not sware of this st all and can
drive on uninfluenced. This new drive concept
of fers maximum driving safety.

However, the visco coupling also guarantees
that & further driving situation is no longer

so terrifving: with single-axle drive 1t is
possible for the driven wheels to spin, e.9.

on a snow-covered rosdway, if the throttle is
opened too much when cornering; the wvehicle
then breaks away at the driven axle. This would
be pversteer in the case of rear-wheel drive
vehicles and understeer in the case of front-
wheel drive vehicles.

An inexperienced driver has difficulty in
mastering such = situation. In the case of
four-wheel drive with visco coupling, the viseo
coupling immediately and gently connects the
drive to the other axle. This counteracts the
incipient tendency to oversteer or understeser,
and the vehicle proceeds neutrally through the
curve. In most cases, the driver will not be
aware at all that the wheels have developed
the tendency to spin. This represents a signifi-
cant contribution toward driving safety.

A further special feature of the visco
coupling is that it damps vibrations and jolts
in the driveline. This spares all compenents,
such as bearings, gearwheels and drive joints.

7. THEORETICAL CONSIDERATIOMS

The previously depicted torque behavior
shows the unigue characteristics of this compo-
nent from the phenomepological side. Remarks
have been made which point te an explanation
af the phenomena surrounding the terque pro-
gression in the visco-elastic properties of the
gilicone opil. ' :

The following theoretical considerations
from the classical a= well as the fluid me-
chanics of non-Newtonian Fluids are intended
ta help to complete the circle of knowledge by
linking phenomenon and applied laws.

After examining the Reynold number it
had become clear that there is a crawling flow
between the plates. Consequently, some phenomena
in the wisco coupling can be evaluated mainly
with the laws of rheoclogy. These are principal-
ly the relationships surrcunding the

o torsional moment due to viscous shear

o and the normal forces due to visco-elas-

ticity.
The dissipation and the associated pressure
buildup in the housing are & thermodynamic

problem.
he torgue stiffening (humping) with mixed
friction cannot be satisfactorily guantified.
It is largely impossible to verify the in-
fluence on tHe torgue of the empirically applied
glits and holes (perforation) in the plates.
(Examinations on the effect of circular surface
interruptions have been performed by Wiegand,
but only for turbulent boundary layers at
constant pressure; Wiegand found that elevations
are just as resistance-increasing 83 COLTes-
ponding dEEressiunE-}
7.1 TORQUE - The most important characteristic
with regard to the use of the visco coupling
in a wvehicle is the torque as a function of
the =lip. The power transfer is derived basic-
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ally from the shear forces generated bDetween
the plates and the fluid.

In the following, reference is made ini-
tially only to Fluid friction, given & design-
specified interval between the plates (gap
widbth}.

In accordance with the shear stress condi-
tins between two disks rotating at different
speeds, there is a torque which, for the charac-
teristics assumed in the following

At = 0.661/s Differential speed
v = 0.1 m*/s Viscosity of silicone

Ty = D.0056 m Outside diameter
ri = 0.025 m Inside diameter of plates
5 = 0.000212 m Gap width

[ TR S 1 1 1 R |

970 kg/m? Density of silicone
and given the simplified shear stress formula:

Tsl?ﬂf::r"-dr j Ewrw oM ;o mediP (7. 1)
=

= el P .,-f{,f- {Er (7.2)

and

£ 5

according to the relation {7.2) for a plate
pair, there results, after multiplication

by n = 65 working surfaces for five viscosi-
ties from 50,000 to 250,000 c5t (= mm*/s}, a
linesr family of curves in Fig. 7.1. The in-
tr¢n51t vigseosity is not taken into account.
{This could easily be obtained by inclusion
of the exponential law e =o¢*## . e and B are
constants which are obtained in accordance
with the molecular weight and the material
properties, (7 is between 1 and 1/4 in the
case of siloxanes.)

(-1 T
e :_'liﬂ:m: mertf
!m ._-f
'l i"-l'
o 00 000 me's
Fl

e T ',f’#fﬂ

- 150,000 mer'/s
00 ,ﬁi
i

Fig. 7.1 TJorgque as a function of slip speed
for design-specified gap between plates of

0.21 mm and for different viscosities according
to relation (7.2)

Of interest is the influence of gap width
s mocording to relation (7.2): s is in the
denominator.
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Fig. 7-2 Torgue of a plste pair as s function
of gap width

The relationship between Lorgue and gap
width g shown in Fig. 7.2 makes it clear that
the torque rises sharply in the case of gap
widths less than:0.1 mm. At this point it 1s

already possible to identify oge component of
the torque progression (hump);iif some plates
come very close to each other;:this means that
the shearing moment is greatlytincreased for
these plate pairs. .

This coming-close togethes of the plates
simultaneously signifies a moving-away-from-
each-other for the other neighboring plate

airs.
%.E PRESSURE CHARACTERISTICS On THE MODEL

- On the single-disk hand model 1t is possible
to present the pressure conditions of the
system of two disks rotating at different
gpeeds. This differs from the coupling in that
on the model one of the two disks 1s stationary
{housing bottom), while in operation the coupling
rotates together with the housing plates and
snly when "activated" does & differential speed
atart the shear friction in the fluid and thus
the dissipation.

It was stated in Section & that in narrow
gaps only frictionsl forces have to be taken
into account; inertial forces ecan be neglected.

By attaching transparent riser tubes on
four radii from the edge to the center it was
possible even with a small shear rate of
¥ 12.0 1/s (whete &~ far*@ /s and r=0.004 m,
&=0.31/s, 5§ = 0.001 m} and with polydi-
methylsiloxgne AK 30 000 to establish a com-
pressive-stress distribution, rising toward the
center of the disk, which slsc corresponds to
the theoretical considerations in this sectien
through Equation 7. 6.
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MNormaol strass depandent upon
plale radius

w=031/s I
lncheator Pipes Pl s

Sloxone
T M30000

Fig. 7.3 Disgram of pressure distribution in
riser tubes on hand madel

Thiz experiment indicates that séluxane
of the aforementioned viscosity has visco-
elastic properties and is5 @ non-Newtonian
fluid under the test conditions.

7.3 AXIAL FORCE - In deriving the normal
stresses, it has already been established that
the rotsting disks build up normal stresses

i the z direction (axislly) which tend to
thrust the disks away from each other.

By integration of the normal stresses
gver the area, one obtains the direction and
magnitude of the thrusting-sway force F.

Ta
| E“ _[I'*E“:ﬂf

(7.3}

The relation for the compressive stresses
derived from the normal-stress difference 1s
better suited for arriving at the axial force
F by integration:

"a

fF=- Eﬂ ! p-"[-ﬂr
T

(7.4)

After integration

|

R
| 4 i | Py
F..'lfll"rf{i ‘;_:';4 1;-:—5 w1 - l—lr!'] [_5; ]

L1.5)

With the values:

Aw = 0.661/s Differential speed
W = 0.1 m*/s Viscosity of silicone
ry = 0.0056 m Outside radius
r; = 0.BZ5 m Inside radius of plates
s = 0.000212 m Gap width

970 kg/m® Density of silicone
ﬁfresults g5 854 N, a considerable axial
force.
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V= V1l + Vs

When the coupling is filled, the two
states - cold and after heating - are described
by the variables

by = Initial filling temperature

vy = Expansion coefficient st t

ty = Temperature after dissipative heating
¥z = Expansion coefficient at ts

CL = i pir proportion at Filling:

S

]

With Equation (7.6) it is possible to ex-
press the compression {volume) ratie of the air
bubble at temperatures t; and tE for:

PH!I Ly~ 275,15
Py hi= 27315

1w rl‘ l1
(¥ - ri' I:]—%-.li[rzu t.i- l'.r1+ |1b {?rﬁ}

7.4 LIMIT TEMPERATURE - Equation (7.6} has =
pole point where the denominator tends toward
ZETL:

From this the limit temperature t jni¢ 1S derived:

If one simplifies &=y and C <« 1, then
1/(1-E_ =1+ and -

EL} ' r
- 7
timit = (1G] {tl " — (7.7)

1

The principle of the coupling is geared
to a torgue increase which is bto be obtained
after operating Ffor a while with slip. As is
to be explained later, the precondition for
progression is the rise of the system pressure
in the hopusing, which goes hand in hand with
the rise in temperature. Theoretically, an
immediate rise in the pressure {even under
minimal heating) would be advantageous. If
operated, for example in sand, the second
driven axle would cut in quickly. This desir-
able eharaceristic could be achieved by fill-
ing the visco coupling without a proportion
of air. However, this cannot be &llowed for
the following reason: According teo Fig. 7.6,
even with slight exceeding of the ambient
temperature, the system pressure would rise
so sharply that the coupling housing would
explode or the seals or the housing cover
would be forced out. Conseguently, 8 % - 10 %
air is currently used as a safety "cushion".
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Fig. 7.4 Limit temperature as a function of
gir proportion

From Fig. 7. 4 it can be derived that each

proportion of air e; is assigned & 1imit
temperature at which the pressure rise goes
toward 0.

The viseo coupling Is so designed that
it ‘¢an withstand = maximim pressure of 100
har. To protect it from bursting at' allowable -:
temperatures faround 1007 C, it 45 niecessary
‘tp provide an air proportion cy of at least 7%.

B. CONCLUSIONS

The visco coupling, integrated into the
drivaeline of a four-wheel-drive vehicle in
place of an interaxle differential, has beern
analyzed by thorough tests and experiments.
The unusual torque-rpm behavior (humping) has
heen investigated while verying the Follow-
ing parameiers:

5 Temperature [of fluid]

o System pressure

o Percentage of air

a Structure and plate surface.

860386

Torque

Temperature, Time

Fig. B.1 Schematic characteristics of visco
coupling

B.1 (VISCOUS) SHEAR RANGE (1 AND 2} - Studies
of the flow and pressure conditions of trans-
parent basic models provided pointers to the
torque-transfer mechanismsi In the initiak
range at low slip speeds and with brief loading
with correspondingly low heat ‘generation, ‘the’
plates produce only a shearing targue. which,
dus to the intrinsic viscosity, yields a de—
gressive curve versus the shear .ate (rota-
tional speed) and versus time. )
8.7 FRICTION RANGE - The hest generated by
friction causes a rise in pressure in the
sealed housing. The gradient of this rise in
pressure is determined by the inelusion of a
specific proportion of air- This system
pressure, resulting from digsipation, acts in
the friction phase as an "hydraulic clamping
force" on some plate pairs which have suf ficient
cilicone pil in their gaps (pressure pairsi.
The other pairs, which are in close contact
with each other and pass into mixed friction
due to the clamping, become "friction pairs®.

Apart from the pressure due to heat gener-
ation, visco-elastic normal-siress differences
alzo build up within the Tlat layer flow between
the plates. These normal-stress differences
ternd (as compressive stresses) to force the
plates apart.Compared with the system pressure,
these are smaller by a power af ten, but re-
sult in the same effect as the latter: The
Friction pairs are transferred into a state of
mixed friction. This results in the torque
rise which iz =o desired for the propulsion af
the vehicle.

(The pressure can slso be mechanically
spplied from outside. This suggests the idea
of installing a torgue-controlled pressure
device].

It is demonstrated that the air bubble
inclusion determines the limit temperature.
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Silicone oil exhibits good suitablility
For the desired torgue-rpm bahavior with re=
gard to thermal stability and its expansion
kehgvicr. Due to its intrinsic viscosity and
the limited lubrication capability, it 1s not
sntirely the ideal Fluid for the operation of
the visco coupling.

e

et
e
gy [

Gy ——
R =

V= yviscoskastic pressure  F=mixed friction

Fig. B.2 Schematic digtribution of friction
(R} and pressure (U} pairs

Basically, the visco coupling consists
af two Fundamentally different operational
gystems. One is characterized by viscous shear,
the other by mixed Ffrictien, similar to a con-
sentional axial coupling, but with "automatic,
internal, hydraulic clamping” .
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