
COMPRESSIBILITY 

The compressibility of a hydraulic fluid governs the energy absorbed 
by, and the time required for, generation of pressure by the system 
pump, and also the energy released on decompression. In addition, 
the compressibility of a hydraulic fluid is of prime importance regard- 
ing the stiffness of the power transmission and operation of servo 
systems. It is normally desirable that the compressibility should be 
as low as possible, although an extremely high resistance to compres- 
sibility in a hydraulic fluid could actually be disadvantageous in read- 
ily transmitting shock forces. However, the inherent elasticity of the 
mechanical components comprising the system have the effect of 
increasing the absolute compressibility of the fluid to a rather higher 
apparent value. In practice the requirement for an acceptably low 

Table 7.1 Volume reduction of an IS0 VG32 mineral oil (KVI=100) under 
pressure 

Pressure (MPa) Relative volume 

10°C 40°C 100°C 

0 
25 
50 
75 
100 
125 

1.OOO 1 .000 1 .Ooo 
0.989 0.986 0.981 
0.978 0.974 0.966 
0.969 0.964 0.953 
0.961 0.955 0.943 
0.953 0.947 0.933 
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compressibility is fulfilled by ensuring that the fluid is kept free 6.om 
entrained air. 

When a finite volume of liquid is compressed, its volume decreases 
by an amount (Av) proportional to the pressure increase (e), i.e. a 
fractional volume reduction of AV/AVo. 

Compressibility ( x )  = -A V/ V0-M 

(the negative sign denotes a volume reduction). In other words the 
compressibility of a fluid is equivalent to the fractional volume reduc- 
tion divided by the pressure change. For mineral oils this volume 
reduction is of the order of 0.5% for every 10 MPa pressure increase 
(Table 7.1). 

The compressibility of mineral oils is slightly greater than that of 
water and varies, though only to a small extent, with oil type. Aro- 
matic oils tend to be least compressible and naphthenic oils most, 
with paraffinic oils somewhere in between. Compressibility increases 
with rising temperature, while for oils of similar composition, those of 
lower viscosity are somewhat more compressible than the more vis- 
cous grades. 

The reciprocal value of compressibility is termed the bulk modulus 
of the fluid: 

bulk modulus ( K )  = - Vo.AP/AV 

Since Vo/AVis a dimensionless fraction, the units of bulk modulus are 
the same as for U, i.e. bar, N/m2 or Pascal (Pa). 

A high bulk modulus is synonymous with low compressibility, 
volume changes are relatively small and the fluid is stiffer in use. 

The bulk modulus ( K )  of a fluid may be expressed as either a secant 
or tangent value (Figs 7.1 and 7.2) under isothermal or isentropic 
conditions. The isothermal or static bulk modulus, referring to com- 
pression without a change in temperature, is of significance only for 
relatively slow compression processes. (N.B. The notations BT and Bs 
are sometimes used for bulk moduli under isothermal and isentropic 
conditions, respectively.) 

7.1 Secant bulk modulus 

7.1.1 The isothermal secant bulk modulus 
The isothermal secant bulk modulus is the reciprocal value of com- 
pressibility referred to above, calculated for constant temperature 
conditions: 



Secant bulk modulus 57 

Fig. 7.1 Secant bulk modulus. 

K,,, = -(V,/AV)AP at constant temperature 

and yields an  approximate value based on the total volume reduction 
over a given pressure change. This value can be calculated for any 
specific fluid from its density or viscosity at atmospheric pressure, as 
follows: 

K,,, = (1.30+0.15 logq} {antilog 0.0023(20-t)} X lo4 + 5.6P bar, 

K,,, = {1.51+7(p-0.86)} {antilog 0.0023(20-t)} X lo4 + 5.6P bar, 

where 

P = pressure in bar, 
t = temperature in "C, 
q = kinematic viscosity at atmospheric pressure in cSt, 
p = density at 20°C and atmospheric pressure in kg/l. 

The isentropic (dynamic) secant bulk modulus is the preferred para- 
meter where sudden variations in pressure and temperature of a fluid 
must be taken into account. Typical examples are calculating the 
forces acting on system components and reaction speeds of servo 
mechanisms: 

K,,, = -( Vo/AV)AP at constant entropy 
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As in the case of its isothermal counterpart, the isentropic bulk 
modulus may similarly be calculated by means of the kinematic 
viscosity or density of the fluid at atmospheric pressure: 

K,,, = {1.57+0.15 logq} {antilog 0.0024(20-t)} X lo4 + 6.6P bar 

K,,, = {1.78+7(p-0.86)} {antilog 0.0024(20-t)} X lo4 + 5.6P bar 

7.2 Tangent bulk modulus 
The isothermal tangent bulk modulus is the scientifically correct value 
at constant temperature. As the name suggests, the tangent modulus 
is derived from the gradient of.the volumepressure curve (Fig. 7.2) 
and is specific for the pressure P at which the gradient -dVldP is 
measured: 

K,,, = - V(dP/dV) at constant temperature 

d $ 
g 

Pressure 
Fig. 7.2 Tangent bulk modulus. 

The corresponding isentropic tangent bulk modulus may be calculated 
by multiplying the isothermal value by C,/C,, i.e. the ratio of the 
fluid’s specific heat at constant pressure and volume, respectively. 
Typical values of Cp/Cv for mineral oils are quoted in Table 7.2. 

Typical values of isentropic tangent bulk modulus for mineral oils 
at 50°C and atmospheric pressure are 1.62 X lo3 MPa (IS0 VG100) and 
1.57 X lo3 MPa (IS0 VG32). Bulk modulus decreases with tempera- 
ture, but increases with pressure (Fig. 7.3). 
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Table 7.2 Typical values of Cp/Cv for mineral oils 

CPP" 

Temperature "C Atmospheric pressure 70 MPa 

10 1.175 1.15 
60 1.166 1.14 
120 1.155 1.13 
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Fig. 7.3 Isentropic bulk moduli of IS0 VG32 mineral oil, KVI=lOO (Shell 
Tellus Oil 32). 

7.3 Effect of air on bulk modulus 
At low pressures a content of free (undissolved) air in a hydraulic fluid 
results in dramatically increased compressibility and a correspond- 
ingly lower bulk modulus. This may be illustrated by the fact that the 
secant bulk modulus of a fluid containing 2% by volume of free air is 
reduced to approximately one-tenth of its original value at a pressure 
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Fig. 7.4 Correction coefficient for secant bulk modulus of fluid containing 
undissolved air. 

of 40 bar. As pressures increase, the effect of undissolved air 
decreases, and the bulk modulus is approximately halved by 1% 
undissolved air at a pressure of 170 bar. The factors influencing air 
entrainment and resulting deleterious effects, are reviewed in Chap- 
ter 10 (aeration problems). 

Approximate values for the reduced bulk modulus resulting from a 
content of free air may be calculated by multiplying the normal air- 
free value by the respective coefficients QSec and atan from Figs 7.4 
and 7.5: 
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Fig. 7.5 Correction coefficient for tangent bulk modulus of fluid containing 
undissolved air. 

secant bulk modulus(ae,ated) = KsecaSec 

tangent bulk modulus(ae,ated) = Ktanatan 

7.4 Low bulk moduli fluids 
In contrast to the majority of hydraulic base fluids, a few fluids 
possessing generally favourable properties are characterized by 
surprisingly high compressibility. Silicone fluids, silicate esters, fluor- 
ocarbons and fluoroethers are examples of such fluids. 
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Fig. 7.6 High compressibility of silicone fluids. 

Due to the flexible nature of the siloxane backbone, the silicone 
fluids exhibit a relatively high degree of compressibility and viscosity 
change under pressure. The low viscosity grades of the dimethyl 
polysiloxanes are consequently frequently utilized in shock- 
absorbing systems, and association with the helical molecular struc- 
ture of the silicones has given rise to the pseudonym 'liquid spring'. 
Fig. 7.6 illustrates the high compressibility of silicone fluids compared 
to a conventional mineral oil. 

7.5 Density 
Density is denoted by the symbol p, and is the ratio of mass to volume 
at some specified temperature. The conventional unit is kg/l, and 15°C 
is a common reference temperature. All fluids increase their volume 
when heated and display a corresponding contraction on cooling. Due 
to this change in volume when subjected to temperature fluctuations, 
the density of the fluid varies correspondingly: 

Pt, = Pt, - a( t2+1) ,  

where a is the density correction coefficient. Table 7.3 is an abbreviated 
version of Table 53 contained in ASTMIIP Petroleum Measurement 
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Table 7.3 Density correction coefficients for hydrocarbon fluids 

Density at 15°C Correction coefficent per 1°C (a) 

0.74224.7534 
0.7535-0.7646 
0.76474.7757 
0.775EM.7866 
0.78674.7984 
0.7985-0.8020 
0.80214.8279 
0.8280.8594 
0.85954.9245 
0.9246-1.0243 
1.0244-1.0742 

0.000 79 
0.000 77 
0.000 76 
0.000 74 
0.000 72 
0.000 70 
0.000 68 
0.000 67 
0.000 65 
0.000 63 
0.000 61 

Tables and is relevant for deriving values of q for mineral oil-based 
products and hydrocarbons. For high accuracy over wide temperature 
variations, the original ASTM/IP Table 53 should be used. 

The variation in density with temperature (Fig. 7.7) has also been 
related to the average molecular weight of hydrocarbons and may be 
calculated with reasonable accuracy using the following equation: 

where P and y are functions of the molecular weight as given in Table 
7.4. 

The temperature-related variation of density has many practical 
applications in hydraulics, e.g. conversion of kinetic viscosities to 
dynamic ones, and efficiency calculations of kinetic transmissions. 

The actual change in volume caused by temperature fluctuations 
may be calculated from the formula 

A V  = V - G ~ I - A ~  where At is the temperature change 

The average volume expansion coefficient ( ~ ~ 1 )  for mineral oil- 
based hydraulic fluids is 0.000 75 per "C. Therefore the volume of 1 
litre of mineral hydraulic oil increases by 0.75 ml for a temperature 
rise of 1°C. This is of considerable significance with respect to the 
pressure of a fluid within a confined space, for example in a fully 
extended hydraulic cylinder. Under such conditions, with no possibi- 
lity for the liquid to expand, the pressure will increase by approxi- 
mately 1 MPa/"C. Consequently, even a moderate rise in temperature 
of 15°C would result in a volume increase of 1% and a pressure rise of 
15 MPa (150 bar) in a confined space. If, for example, the heating effect 
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Fig. 7.7 Variation of density with temperature for mineral oils. 

Table 7.4 MMW-related coefficients for calculation of density variation with 
temperature 

Mean molecular weight (MMW) P Y 
300 0.000 67 0.8 x 107 
350 0.000 65 1.3 x io7 
400 0.000 636 1.7 x io7 

of the sun on an oil-filled hydraulic cylinder closed at both ends, 
causes a temperature rise of 40°C, the resultant pressure could 
increase to 40 MPa (400 bar)! For eventualities of this nature it is 
undoubtedly wise to consider safety measures to allow for pressure 
increases. Conversely, cooling of hydraulic fluids in a confined space 
will result in reduced pressures. 
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Figure 7.8 Specific heat capacity/density relationship of mineral oils. 

7.6 Thermal properties 
The specific heat capacity at constant pressure (C,) is temperature- 
related, but insignificantly affected by the pressure level. 

For mineral oils and synthetic hydrocarbons C, = 1841 + 4.4t J/kg 
per K (where t is in "C). Typical values of specific heat capacity for 
various fluid types are shown in Table 7.5. 

Specific heat capacity is also function of density (Fig. 7.8). 
The thermal Conductivity (A) is also temperature-related and is 

approximately 0.12-0.13 W/m per O K  for mineral oils and synthetic 
hydrocarbons. Polarity and hydrogen bonding exert a significant 
influence on the properties of specific heat capacity and thermal 
conductivity; the respective properties for IS0 type fluids HFA and 
HFC are thus significantly higher than for hydrocarbons (Table 7.5). 

The relationship of thermal conductivity to density and tempera- 
ture is illustrated in Fig. 7.9. 
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Table 7.5 Specific heat capacity (C,) and thermal conductivity (A) for various 
fluids 

Fire-resistant fluids Synthetic oils 

HFA HFB HFC HFDR Diester Silicone 

C,(J/kgper OK)* 4000 3350 3300 1270 2310 1460 
A (W/m per O K ) *  0.60 0.52 0.31 0.11 0.14 0.15 

* Typical values. 
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Figure 7.9 Thermal conductivity/density relationship of mineral oils. 


