
RHEOLOGY 

6.1 Viscosity 
The inner friction or resistance to flow of a fluid is of prime impor- 
tance when selecting a hydraulic medium for a specific application. 

The viscosity of a fluid, popularly designated ‘thickness’, expresses 
the inner friction of the liquid, in other words its resistance to flow. 
This property may be illustrated by imagining a number of golf balls 
being tipped (‘poured’) out of a bucket. The rubbing action of the balls 
as they roll over one another can be compared to the frictional forces 
between the molecules of a flowing liquid. 

The degree of shear stress in a moving liquid is directly propor- 

Fig. 6.1 Viscosity and rate of shear. 
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tional to the viscosity. A high viscosity gives rise to high shear 
stresses and consequently high resistance to relative motion of bodies 
separated by the fluid film. In 1687 Isaac Newton gave the first quan- 
titative definition of viscosity, or ‘lack of smoothness’ as he called it, 
by means of the equation 

T =  q*R,, 

where 

z = shear stress 

q = dynamic viscosity 

R, = rate of shear. 

Figure 6.1 depicts a cylindrical piston of peripheral surface area A 
and radial clearance r. The flow conditions within the film of liquid 
between the piston and cylinder wall may be illustrated by means of a 
pack of playing cards pressed down against a table top. If we move our 
hand forwards, the undermost card will remain stationary in its 
original position against the table, whilst the top card will follow 
the movement of our hand. All the cards in between will be displaced 
in relation to one another, as shown in the figure. The cards thus 
represent the numerous layers of liquid sliding upon one another, and 
it is this relative motion that constitutes liquid friction. This type of 
friction is considerably lower than ordinary dry friction between non- 
lubricated surfaces. Newton discovered that the force F required to 
move the piston, was proportional to the area A and piston velocity u, 
though inversely proportional to the radial clearance r. Hence: 

By inserting a proportionality constant (q), this relationship may be 
rewritten as 

F = q-Aw/r, 

where q is the dynamic viscosity in units of Ns/m2 = Pa s. Dynamic 
viscosity is often expressed in poise (P)  = 0.1 Pas ,  or centipoise (cP) = 
0.001 Pas.  

On account of the friction between the liquid and the cylinder wall, 
the outermost liquid surface film will remain stationary (as in the case 
of the pack of playing cards) whilst the liquid in contact with the 
piston will naturally move at the same speed as the piston (u). If we 
imagine the liquid in the radial clearance divided into a multitude of 
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Fig. 6.2 Newtonian and non-Newtonian fluids. 

thin, concentric layers, the velocity of the individual layers relative to 
the cylinder wall will vary from zero at the cylinder wall to u at the 
piston surface. The rate of shear (E,) is duldr, the shear stress (7) is 
F/A,  and we can write 

Shear stress z = 77 (duldr) 

Liquids possessing a constant absolute viscosity at any given tempera- 
ture, irrespective of the rate of shear, are termed Newtonian fluids 
(Fig. 6.2). 

The majority of hydraulic fluids, with the exception of certain media 
containing high concentrations of polymeric additives and water-in- 
oil emulsions (HFB), can in practice be considered as Newtonian 
fluids. 

The kinematic viscosity of a fluid in Stokes (St) or centistokes (cSt) is 
equivalent to the corresponding dynamic viscosity divided by density: 

poise (P)/p = stoke (St), in units of cm2/s, 

centistoke (cSt) = 0.01 stoke, in units of mm2/s. 

For hydraulic fluids (and industrial oils generally) it is usual to 
classify viscosity grades in accordance with the international (EO) 
classification based on kinematic viscosity in centistokes (mm2/s) at 
40°C (see Table 6.1). 
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Table 6.1 IS0 viscosity classification of industrial oils and fluids 

Kinematic viscosity 
cSt (mm2/s) at 40°C 

Viscosity grade by IS0 3448 Mean value Minimum Maximum 

IS0 VG 2 
IS0 VG 3 
IS0 VG 5 
IS0 VG 7 
IS0 VG 10 
IS0 VG 15 
IS0 VG 22 
IS0 VG 32 
IS0 VG 46 
IS0 VG 68 
IS0 VG 100 
IS0 VG 150 
IS0 VG 220 
IS0 VG 320 
IS0 VG 460 
IS0 VG 680 
IS0 VG 1000 
IS0 VG 1500 

2.2 
3.2 
4.6 

6.8 
10 
15 

22 
32 
46 

68 
100 
150 

220 
320 
460 

680 
1000 
1500 

1.98 
2.88 
4.14 

6.12 
9.00 
13.5 

19.8 
28.8 
41.4 

61.2 
90 
135 

198 
288 
414 

612 
900 
1350 

2.42 
3.52 
5.06 

7.48 
11.0 
16.5 

24.2 
35.2 
50.6 

74.8 
110 
165 

242 
352 
506 

748 
1100 
1650 

This standard encompasses 18 main groups with the prefix IS0 VG 
(viscosity grade), and is utilized by most suppliers of hydraulic fluids 
to classify their products. As an  example Shell Tellus Oil 46 is an  IS0 
VG46 fluid with a viscosity of 46 cSt+lO% at 40°C. Viscosity classifica- 
tion of a hydraulic fluid in accordance with IS0 3468 does not, 
however, give any indication of the viscosity-temperature properties 
or of eventual non-Newtonian behaviour at high shear rates. 

Energy losses in a hydraulic system must be kept as low as possible, 
and as long as the fluid flow is laminar, i.e. the fluid flows smoothly in 
parallel layers without turbulence, the thinnest fluids will achieve the 
highest hydraulic-mechanical efficiency ratings. 

Use of thinner fluids will, however, incur increased leakage within 
the system past working clearances in pumps, valves, etc., reducing 
the volumetric efficiency of the system. In addition the lubricating 
properties of a fluid may become marginal as the viscosity is reduced 
to an  excessively low value. Conversely, the application of a more 
viscous fluid will increase the volumetric efficiency of a system, but 
at the same time energy losses will increase due to higher fluid 
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Table 6.2 Typical viscosity limits for various hydraulic pump types 

Viscosity (cSt) Suction 
capacity 

Type of pump Min. Recommended Max. mmHg(bar) 

Gear 
plain bearings 25 25 
ball and roller bearings 16 20 

seated valves 8 20 
ports/sliding valves 16 25 

Screw 25 75 

Vane 13 25 

Piston 

1000 430 (0.57) 
1000 430 (0.57) 

200 25 (0.03) 
500 125 (0.17) 

500 480 (0.64) 

850 250 (0.33) 

Fig. 6.3 Hydraulic efficiency as a function of viscosity; qmr hydraulic-mechan- 
ical; qV volumetric; qt, total. 

friction in piping, filters, pumps and valves. The suction ability of 
pumps is normally the limiting factor for the maximum fluid viscosity 
tolerated by a hydraulic system. If friction losses within the system 
exceed the suction ability of the pump, the fluid will not completely fill 
the suction inlet and this will result in cavitation, i.e. formation of 
vapour bubbles and vacuum pockets. This phenomenon may often give 
rise to  serious pump wear due to  inadequate lubrication and erosive 
wear caused by the collapse of cavitation spaces. 
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Fig. 6.4 Significance of viscosity for operation of a typical hydrostatic system. 

The optimal viscosity for a hydraulic system is therefore a compro- 
mise between the lubrication requirements and the mechanical and 
volumetric efficiency (Fig 6.3). This balance of mechanical and volu- 
metric considerations is best achieved by practical rig tests, and will 
often be found to lie nearest the limiting viscosity, ensuring adequate 
lubrication of the hydraulic pump. The various types of hydraulic 
pumps present dissimilar viscosity requirements, and winter condi- 
tions in, for example, Canada and the Nordic countries frequently 
represent a considerable challenge with respect to the selection of 
hydraulic fluids for satisfactory operation of outdoor equipment. 

As a general rule, the viscosity of the selected fluid should be within 
the limiting values of 15-1500mm2/s (cSt) during starting and opera- 
tion of the system, in order to avoid cavitation problems and undue 
wear of components (Fig. 6.4). 

Although considered primarily to be a mechanical-related problem, 
cavitation effects on the suction side of the pump may also be pro- 
moted by restriction to flow caused by use of an excessively viscous 
fluid. The resistance or pressure loss due to the viscosity of the oil, 
coupled with the suction line pressure loss, should not create a 
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suction depression beyond the capabilities of the particular type of 
pump concerned. 

Cavitation in the suction system is a common cause of pump wear 
which can be very rapid. Since viscosity of the oil can be a contributory 
factor, a method of determining the viscosity at which the onset of this 
phenomenon can occur may be useful (Fig. 6.5). (N.B. The design 
parameters selected for these examples yield relatively restrictive 
values for the maximum allowable viscosity, compared to the general 
recommendations in Fig. 6.4.) 

6.2 low temperature flow properties 
It is essential for hydraulic fluids intended for outdoor use in mobile 
equipment to possess satisfactory pumpability at the prevailing ambi- 
ent temperature during the initial period of operation with cold fluid. 
Unfortunate starting procedures using too viscous a hydraulic fluid 
may easily cause excessively high pressures which pressure control 
valves are incapable of handling satisfactorily, resulting in expensive 
repair costs. 

All types of hydraulic fluid increase in viscosity and eventually 
solidify as temperature decreases, though for various reasons: 

Naphthenic mineral oils and the majority of synthetic oils display 
a progressive viscosity increase without the appearance of a sec- 
ondary solid phase as temperature falls, finally reaching a so- 
called ‘viscosity pour point’, i.e. the lowest temperature at which 
the oil still flows under standardized test conditions. 

(b) Paraffinic mineral oils are subject to a gradual separation of small 
wax crystals as temperature decreases below the cloud point of the 
oil in question. In the absence of wax-modifymg additives (‘pour 
point depressants’), these crystals display a tendency to agglomer- 
ate and eventually form a rigid lattice, thereby preventing flow of 
the occluded oil phase. The lowest temperature at which the waxy 
oil still flows, again under standardized test conditions, is termed 
the ‘wax pour point’, and is to a certain degree dependent upon the 
previous timeltemperature cycles or ‘storage history’. 

(c) Mineral oils contaminated by moisture may reveal an artificially 
elevated pour point due to formation of interlocking ice crystals as 
temperature falls below 0°C. 

(d) Water-based fluids usually freeze with separation of two or more 
phases, ice crystals, additives, etc. 

The principal volume of hydraulic fluids in use today is based on 
paraffinic mineral oils containing pour point depressant additives 
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which modify the wax crystallization process, constraining any 
agglomeration tendency and preventing formation of an interlocking 
crystal lattice. Thus although numerous small wax crystals are appar- 
ent in the cooled oil phase, they are present in a form offering greatly 
reduced resistance to flow and the oil may be utilized at lower 
temperatures than the original base oil. 

The very lowest natural pour points are inherent properties of 
certain naphthenic mineral oils and synthetic fluids ( S  -SOT), but 
it is important to appreciate that it is the actual viscosity at the lowest 
temperature of operation that constitutes the real criterion when 
selecting fluids for low temperature operation. 

6.3 Temperature dependence of viscosity 
The viscosity index (VI) expresses the gradient (slope) of the viscosity- 
temperature curve for a given fluid, and is of primary importance 
when considering hydraulic systems operating over a wide tempera- 
ture range, for example units operating outdoors. The kinematic 
viscosity index (KVI, often abbreviated to VI) is calculated from the 
fluid viscosity measured in centistokes at 40°C and 100°C in accor- 
dance with ASTM test method D2270. This method is an extension of 
Dean and Davis’ original procedure (Chern. Met. Eng. 36,318,1928) in 
which the fluid was compared with viscosity data for reference oils of 
appreciably dissimilar viscosity-temperature gradients. 

The temperature dependency of viscosity can be expressed by the 
Walther equation: 

in which v is the kinematic viscosity, ~0.8, and b, c are constants for 
the fluid concerned. The Walther equation forms the basis for the 
standard viscosity diagrams, permitting viscosity-temperature data 
to be drawn as straight lines for Newtonian fluids. The graphical 
representation of viscosity-temperature relationships in this manner 
is obviously the most convenient basis for considering the viscosity 
variation of a fluid over a wide temperature span (Fig. 6.6). 

The ideal hydraulic fluid would appear to be an equiviscous fluid, 
i.e. of constant viscosity independent of temperature variations. This 
is unfortunately an impossibility in practice, the temperature depen- 
dence of viscosity being a function of the actual chemical structure 
and eventual content of polymeric viscosity index improvers (VII) in 
the fluid. 

Today, most hydraulic fluids are blended from highly refined mineral 
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Fig. 6.6 Viscosity-temperature relationship of media with different viscosity 
indices. 

base oils, with viscosity indices between 90 and 110. Certain synthetic 
oils, e.g. silicones, esters and polyolefins, also possess extremely 
favourable natural viscosity indices. By the addition of suitable viscos- 
ity index improvers to selected base fluids, products displaying viscos- 
ity indices around 350 may be prepared, permitting operation of 
suitable hydraulic equipment over a startlingly wide temperature 
range. 

6.4 Shear stability 
Rates of shear in hydraulic systems may be of the order of lo's-' in 
critical components, e.g. vane pumps, and this will have a pronounced 
effect on the viscosity of non-Newtonian fluids. 
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The effect of high shear rates is of particular interest in connection 
with the many polymer-modified mineral hydraulic oils in use, 
although other media, e.g. some silicones and water-in-oil emulsions, 
are also affected. Fluids containing high molecular weight polymers 
are subject to two viscosity-related effects as the shear rate increases. 
During the initial stage of streamlined flow, the large, predominantly 
linear polymer molecules show a progressive degree of orientation in 
the direction of fluid flow, this resulting in a reversible (temporary) 
viscosity loss, At more extreme high shear rates creating a turbulent 
flow pattern, the largest polymer molecules may also be mechanically 
degraded, forming smaller, less effective polymer fragments and 
resulting in an irreversible (permanent) viscosity loss (Fig. 4.3). 

Research studies indicate that non-Newtonian fluids may be advan- 
tageous lubricants for plain bearings, maintaining the theoretical film 
thickness predicted for the low shear viscosity yet achieving signifi- 
cant (=Z40%) friction reduction. It is, however, essential to assess any 
potentially injurious effects of shear-related viscosity loss in critical 
components operating under boundary conditions, when considering 
use of polymer-modified hydraulic fluids of high viscosity index. High 
shear stresses occur in many locations in complex hydraulic systems, 
but it is often the pressure control valves that represent the most 
critical component in this respect. 

Several factors influence the susceptibility of polymer additives 
towards high shear stresses, particularly molecular structure and 
molecular weight distribution. Commercial hydraulic fluids vary 
widely in their choice of base oil, polymer type and concentration, 
and hence in their performance under high shear conditions. 

The ability of IS0 HV (HR) type oils containing polymeric additives 
to withstand mechanical stresses and viscosity losses is normally 
reported in accordance with test method IP 294 or the corresponding 
DIN 51 382 (diesel injector test). For most practical hydraulic applica- 
tions these test methods yield a relatively conservative indication of 
the viscosity loss to be expected in a real system (see Table 6.3). 

These results clearly illustrate the importance of interpreting shear 
stability test data with caution when selecting fluids for exacting 
hydraulic sys terns. Commercial products normally show shear losses 
below 10% at 100°C when tested by the diesel injector method through 
250 test cycles. In general the use of products limiting shear losses to a 
maximum of 5% is recommended for all hydraulic systems except non- 
critical, low pressure equipment. 
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Table 6.3 Comparison of shear stability by various test procedures (commer- 
cial IS0 VG32 mineral oil with KVIz180) 

% Viscosity loss 
Final viscosity 

Test method At 40°C At 100°C (cSt at 100°C) 

Diesel injector (IP 294): 

FZG (IP 351) procedure C: 
250 cycles 3.4 4.1 6-5 

14h at load stage 3 13.0 14.7 5.9 

Vane pump (IP 281): 
250h at 14MPa 17 22 5.4 

6.5 Pressure dependence of viscosity 
The pressure dependence of viscosity is quite pronounced at large 
pressure changes. Figures 6.7 and 6.8 illustrate the viscosity of IS0 
VG46 and VG32 hydraulic oils (KVI=lOO) as a function of temperature 
and pressure. As depicted in Fig. 6.7, the viscosity of the oil at normal 
atmospheric pressure is approximately doubled when the pressure is 
increased to 35MPa (350 bar). 

The variation of viscosity with pressure is frequently neglected in 
low pressure hydraulic systems and where only moderate pressure 
variations occur. The effect is, however, quite appreciable at elevated 
operating pressures and the resultant viscosity increases may be of 
considerable significance with respect to filtration and lubrication. 
Furthermore, pressure surges due to hydraulic shock may attain 
values far greater than the normal operating pressure. 

Chemical composition greatly influences the viscosity-pressure 
characteristics of a hydraulic fluid. In the case of mineral and syn- 
thetic oils the influence of pressure appears to correlate reasonably 
well with their respective viscosity indices. Hence the high viscosity 
index paraffinic oils are somewhat less affected by pressure than the 
low VI naphthenic oils of a predominantly cyclic molecular structure 
(Fig. 6.8). The least thickening tendency under pressure is shown by 
certain high VI synthetic oils, e.g. complex esters and polyethers. 

The viscosity pressure coefficient (y) is essentially constant for a 
wide range of fluids for the pressures between 0.1 and 70MPa of 
interest for hydraulics. 

Numerous expressions have been suggested to predict the effects of 
temperature and pressure on the viscosities of various functional 
fluids. As may be expected, the more tractable the mathematical 
expression, the less accurate is the result. 
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Fig. 6.7 Viscosity-pressure isobars of a typical mineral hydraulic fluid (Shell 
Tellus Oil 46). 

One simple expression is 

77 = 770 exp (P-Pt), 

where 770 is the viscosity at some reference temperature and pressure, 
p = pressure, t = temperature and y and P are constants determined 
from measured viscosity data. 
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Fig. 6.8 Comparative effect of pressure on oils of low (naphthenic) and high 
(paraffinic) viscosity indices. 
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Fig. 6.9 Kinematic viscosity as a function of pressure and temperature for an 
IS0 VG32 mineral oil. 
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