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Abstract 

An experimental investigation of the stress-strain relationship for rubber 

seal materials has been carried out. 

The deformations of different rubber specimens have been measured during 

compression tests. To be able to express the load-deformation relationship 

explicitly, power-law functions have been fitted to the measured curves. Out 

of this the compressibility of the rubber has been determined. 

Theoretical calculations of the pressure distribution, in the contact zone 

between a seal and a cylinder tube, have also been made. In these calcula-

tions it was necessary to have an accurate model for the deformation of the 

seal material. The experimentally determined compressibility has been used. 

The calculated pressure distributions have been verified by measurements. 

The agreement between calculated and measured pressure distributions is very 

good. This implies that the material model is very accurate. 



INTRODUCTION 

The pressure distribution in the contact area between a seal and cylinder 

tube or a cylinder piston rod has a very great influence of the oil leakage 

and the friction force. In order to determine the pressure distribution it 

is necessary to have an accurate model for the material properties of the 

seal. Specially the relationship between the load and deformation of the 

seal is of great importance. 

One way to describe the deformation of a material when it is  bades  includes 

use of the compressibility of the material. The compressibility is defined 

as the ratio between a relative volume change and a change in load. This 

quantity has to be determined by experiments. 

In this paper an experimental investigation of the compressibility for some 

different seal materials will be presented. A model, which describe this 

material parameter will be proposed. 

Finally, a calculated pressure distribution based on the experimentally 

determined compressibility will be compared with a measured pressure distri-

bution. This gives a possibility to evaluate the proposed compressibility 

model. 

NOTATIONS 

A 	cross-section area 

F 	force 

initial thickness  

p 	pressure  

P 	sealed pressure 

AV 	volume change 

[m2
] 

 

[N] 

[m] 

[N/m2
] 

 

[N/m2] 

[m2.] 
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V 	initial volume 

o 	deformation  

K 	compressibility 

constants 

3 

CO, 
 C

l 
 

in 	index for machine 

index for specimen 

COMPRESSION TESTS 

The compression tests were performed in a hydraulic testing machine. The 

machine had an internal measuring device for recording of the force on a 

test object and corresponding deflection. 

The rubber specimens were compressed in a stiff cylinder between two movable 

pistons. The pistons were also very stiff compared to the specimens. This 

test cylinder was mounted in the testing machine. 

The rubber specimens were circular, with a diameter of 50 mm and a thickness 

of 10 mm. The inner diameter of the cylinder was 50 mm. 

During a compression test the change of thickness of the specimens and the 

force on the pistons were measured. 

The volume change of the specimens was proportional to the measured 

thickness change. Maximum relative deformation with respect to the initial 

thickness was 5 percent. 

The specimens were well lubricated to minimize the friction. Maximum force 

on the pistons corresponded to a hydrostatic pressure on the specimens of 

35.0 MPa. 
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The compression tests were carried out for nitrile rubber of different hard-

ness. Three different hardnesses of a standard material for 0-rings were 

tested. The rubber hardnesses were 60, 70 and 80 degrees Shore A. One 

further material was tested. It was made of a slightly different mixing with 

a rubber hardness of 70 degrees Shore A. This material was tested in order 

to study if there exists correlation between the Shore number and the 

compressibility. 

For each of these four materials three different specimens were tested. 

COMPRESSION MEASUREMENTS 

The compression test results are shown in Figure I. This diagram shows the 

load-deformation curves for the three standard materials. The diagram con-

tains also the load-deformation curve for the test cylinder without any 

rubber specimen, which shows that the elasticity of the testing equipment 

has to be taken into consideration when evaluating the test results. 

The real deformation of the rubber specimens corresponds to the difference 

between the compression test curves and the "machine curve. 

The result for the fourth material will be discussed more later. 

PROPOSED MATERIAL MODEL 

The measured load - deformation curves presented in Figure I could be very 

well described by power-law functions. A curve fit for such a function was 

done as follows. 

On the measured curves several points were red off. A straight line was then 

fitted to the logaritmic values of these points. Finally this straight line 

was transformed to a power-law function. 
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A coefficient of correlation was determined for the curve fit. For all cases 

the correlation coefficient was higher than 0.97. 

The relationship between the load F and the deformation 6 for a compression 

test can then be expressed as 

F = a6f3 	 (1) 

where a and ß are constants. 

For the cylinder and its attachement the corresponding equation is 

F = a68,11 
	

(2) 

where m is the index for machine. 

The load F on the pistons give rise to an almost uniform hydrostatic 

pressure  p  in the rubber specimen. 

The pressure in the specimen is then  

p  =  F/A 	 (3) 

where A is the cross sectional area of the specimen. 

At a given pressure the deformation 6
s 
for the rubber specimen can be 

described as 

(4)  

or  

A 
l/ß

m 
S 
6 . 	_ (_)

am 

The compressibility  K  is defined as 

(5)  



 

AV  

(6)  

6  

K -  

  

Ap  

 

which is equivalent to  

P 	AV 
fKdp = -- 

V 
(7)  

The relative volume change corresponds to a relative thickness change as 

mentioned before. This gives 

(8) 

The compressibility can then be expressed as 

d(6
s

) 
1 

K = 	-d-p- (9)  

Derivation of equation (5) with respect to  p  and insertion into equation (9) 

then gives 

A1' 
	(-.1 -1) 	la  

_ 	ri ,A, 	ß 	_ 	(3.1  m p 
 ß

m 
 

K 	0 - 13-72, p 
Øm a 

or  

(1 -1) 	(-14.:- -1) 

K = Kp ß 	-K pm  

where  

1 1 A liß  
K=- 7(.7) 

1 1 
K - 	

(A
--)

lißm 

 
M ß Ot 

111 

(10)  
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As an alternative it is of course possible to fit a power-law function in 

the similar way as before to result from equation (11) and end up with an 

expression like  

Cl  
K = Cp  (12) 

where c0 and c1 
are constants. This equation gives a simpler expression for 

further calculations. 

The fitted power-law functions are only valid in a limited pressure range. 

This is a consequence of that the curve fit has been done as good as 

possible in the most interesting pressure range. It is of course possible to 

make a curve fit for a wider pressure range from the same compression test 

results, but with a lower degree of accuracy. 

COMPRESSIBILITY 

The compressibility calculated from equation (11) is plotted versus the 

pressure in Figure 2. This diagram shows the compressibility for the three 

standard types of the rubber. 

There is a very strong similarity between these curves. The compressibility 

have a steep decrease in the beginning and as the pressure increases they 

tend to stay on an almost constant level. The difference between the three 

curves also decreases when the pressure increases. The lowest compressibi-

lity curve corresponds to the hardest rubber with the highest Shore number. 

The diagrams show also that the highest compressibility curve corresponds to 

the lowest Shore number. This can imply that the Shore number is strongly 

connected with the compressibility. 
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In order to check this assumption, tests with a different mixing of the 

rubber were carried out. The compressibility for the two rubber specimens 

with the hardness of 70 degrees Shore A is presented in Figure 3. This 

diagram shows that although the two specimens have the same rubber hard-

nesses there is a remarkable difference in the compressibility. 

This shows that compression tests are necessary to determine the deformation 

properties for rubber seal materials. 

Two assumptions regarded to the experiments must be pointed out. First, it 

must be noted that it is necessary to assume that the material is isotropic. 

All specimens are compressed in one direction only. Secondly it is also 

necessary to assume that the force from the pistons on the specimens gives 

rise to an uniform hydrostatic pressure in the specimen. 

There are a number of other ways to determine the rubber hardness beside the 

Shore number which is used here. These methods will be discussed briefly. 

IRH and Pursey & Jones are two methods very like Shore, but all these three 

methods determine the surface hardness rather than the deformation proper-

ties. The basic principle in these methods is to measure the depth that a 

neadle or a small steel ball can be pressed into a material with a given 

force. The relationship between this type of hardness measurements and the 

compressibility of a material is not known. 

Another method for determining the deformation is specified in ASTMD 575-69. 

There is an important difference between that method and the method used 

here to determine the compressibility. In the method used here the specimens 

are compressed in a closed volume but in the method specified in ASTMD the 

specimens are compressed between two plates and there is a possibility for 
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the rubber to expand in the side direction. The seal in an hydraulic cylinder 

is in comparision with this compressed in an almost closed volume. A seal has 

steel or some other hard material on three sides and the sealed pressure on 

the fourth. 

The short discussion above gives a strong motivation for further work with 

the method presented here in order to have an accurate description of the 

deformation properties for a rubber seal material. 

RESULTING EXPRESSIONS 

With the treatment of the experimental results as described in the previous 

chapter the numerical expressions for the compressibility will be as 

follows: 

60 Shore A 

.. 
K = {3.418p-0298  -2.814p-0333  }.10

-3 
 MPa

-1 
 

70 Shore A  

K = {3.337p
-0301 

 -2.814p
-0.333

}.10
-3 

MPa
-1 

80 Shore A  

K = {3.220p
-0.315

-2.81
4p-0.333

}.10
-3 

MPa
-1  

where  p is in MPa 

These expressions are valid over a range from 2 MPa up to 30 MPa for the 

hydrostatic pressure. While the curves are almost linear for the high values 

on the pressure extrapolation can be done a bit further without generating 

any great errors. Extrapolation for lower pressures can not be recommended. 

(13)  

(14)  

(15)  



For lower pressures a new curve fitting in the area of interest should be 

done. 

Finally, a new curve fitting is done from the curves in Figure 2, with the 

ambition to have simpler expressions for the compressibility. This gives the 

following equations 

60 Shore A  

K = 0.642p
-0.193

.10
-3 

MPa
-1 

70 Shore A  

K = 0.550p
-0.187

.10
-3 

MPa
-1 

80 Shore A  

K = 0.390p
-0.187

.10
-3 

MPa
-1  

where  p is in MPa.  

CALCULATED PRESSURE DISTRIBUTIONS 

The contact pressure between a piston seal and a cylinder tube is cal-

culated. The proposed material model for the compressibility of the seal is 

used. The seal is a simple 0-ring. 

The radial symmetry reduces this to a one-dimensional problem. The contact 

pressure is therefore only calculated on a straight line over the contact 

from the high towards the low pressure side. 

The theoretical calculations are based on a semi-empirical method developed 

by  H.  Johannesson  [1]. This method starts with a measured pressure distribu-

tion for a given value of sealed pressure and a given seal material. 

10 

(16)  

(17)  

(18)  



11 

Together with the boundary displacements and the material properties it is 

then possible to calculate the pressure profiles for other values of sealed 

pressure and for seals made of other materials. 

In this method one of the basic assumptions is that the compressibility is 

assumed to be constant. The experimental investigation which is referred 

here shows that this is not true. The method is still very powerful and that 

is the reason why it is used also here. It is of course very interesting to 

study the influence of a new material model. 

Two additional assumptions are used: 

- the shear stresses in the contact zone are negligable  

- the sealed pressure can be superposed upon the initial pressure 

distribution. 

The details in the calculations are presented in ref [1]. 

The initial pressure distribution is measured over an 0-ring made of nitrile 

rubber. The rubber hardness is 700  Shore A and the sealed pressure is 10 

MPa. 

For the calculations the contact zone is divided into about 80 intervals. 

See Figure 4. A polar coordinate system oriented with  origo  in the center of 

the undeformed 0-ring is used. This implies that the length of the intervals 

are not equal throughout the contact after installation. Each interval 

corresponds to one degree in the polar coordinate system. Towards the edges 

of the contact smaller intervals are used, each corresponding to 0.5 

degrees. This is done to increase the accurancy. 

At the end of the contact zone towards the low pressure side it is also 

necessary to adjust the last values of the pressure so that the pressure 

distribution decreases smoothly to zero. 
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Calculated pressure distributions for four different cases are plotted in 

Figure 5. In this diagram the initially measured pressure distribution also 

is marked. 

The pressure distributions are calculated for two seals with different rubber 

hardnesses. For each rubber hardness the pressure distribution is calculated 

for two different values of the sealed pressure,  P.  

After a comparision the following should be noted. In the main part of the 

contact zone the contact pressure increases when the compressibility is 

decreased, for the same sealed pressure. At the end of the contact, toward 

the low pressure side, the contact pressure is lower for the seal with the 

lower compressibility. 

When the pressure profile is calculated the contact length can also be 

determined. This is a very important parameter for the resulting friction 

force on a seal. The contact length corresponds to rubber hardness and 

sealed pressure as follows: If the sealed pressure is held constant, a 

higher compressibility gives a longer contact length. 

MEASURED PRESSURE DISTRIBUTIONS 

The equipment for the measurements of pressure distributions is shown in 

Figure 6. With this equipment the contact pressure between a seal and the 

cylinder tube can be measured very exactly. 

The seal is mounted in a standard groove. The relative squeeze of the seal 

was 0.85. The seal can be pressurized from one side to a desired pressure. 

Under these circumstances the seal is deformed exactly as it will be in a 

real installation. 



The measuring hole through the cylinder wall is 0.07 mm in diameter. The 

cross section diameter of the seal is about 5 mm. The contact length for a 

seal of this size will be about 4 mm. Over this contact length the pressure 

was measured in 40-50 points. 

The measurements were carried out as follows 

- The oil volume in the measuring hole and the connected tubing was 

pressurized from the pressure source up to a pressure somewhat higher than 

the sealed pressure. 

- The pressure source was disconnected. The manometer then showed a 

decreasing value as long as the pressure in the measuring hole was higher 

than the contact pressure. 

- The contact pressure could be read on the manometer when the pressure 

decrease stopped, and the seal had blocked the hole. 

COMPARISION  

The measured pressure distributions are plotted together with the calculated 

pressure distributions in Figure 7 and Figure 8. Four different cases are 

shown. All measurements are carried out on seals made of the same standard 

materials as the specimens in the compression tests. 

In Figure 7 two pressure distributions are shown for the same seal but for 

two different values of the sealed pressure, 7.0 MPa and 10.0 MPa. The rubber 

hardness is 800  Shore A, which is the material with the lowest 

compressibility. 

13 



14 

In Figure 8 one pressure distribution is presented for a seal with a rubber 

hardness of 600  Shore A and the other for a seal with the hardness 700  Shore 

A. The sealed pressure is 10.0 MPa for the former case and 7.0 MPa for the 

later. 

All four examples show a very good agreement between the measured and the 

calculated pressure distributions. The largest difference is in all cases on 

the low pressure side, where the contact pressure has a steep decrease. In 

this part of the contact the contact pressure is very difficult to measure. 

The difference between the measured and the calculated values can be 

explained by problems with the measurements. 

CONLUS IONS 

The compression test, which is presented in this paper, is a new way to 

describe the deformation properties of a seal material. This test can not be 

compared with standard methods such as Shore and IRH. 

The test results show that the tested seal materials can not be regarded as 

linearely elastic materials. The stress-strain relationship, or the load-

deformation relationship, for these materials is unlinear. 

The load-deformation curves, which are measured during the compression test, 

are described with power-law functions. These functions have been used to 

calculate the compressibility of the tested seal materials. 

The compressibility is a necessary parameter in calculating the pressure 

distribution over a seal contact area. Calculated pressure distribution are 

compared with measured ones. The agreement between them are very good. This 

shows that the seal material are well described by the determined compressi-

bility. 



REFERENCES 

[1] 	Johannesson,  H.,  "On the optimization of Hydraulic Cylinder Seals". 

Doctoral Thesis 1980:07D, Machine Elements Division, University of  

Luleå,  Sweden. 

15 



120,0 

100.0 

80.0 

60.0 

40.0 

20.0 

0.0 

-ir 

0.6 

0. 4 

O. 2 

0.8 

0.0 

1
Compressibi  1  ity (1/MPo) 
.  0 

Force ( kN) 

0.0 	 0.2 	 0.4 	 0.6 	 0.8 	 1.0 
Deformation (mm) 

Figure 1. Compression test results. 

O. 0 
	

10.0 
	

20.0 
	

30.0 
	

40. 0 
Pressure (MPG) 

Figure 2. Compressibility versus pressure for three standard 
materials. 



_ 

_ - 

-  

70 Shore A 	_ 

70 Shore A 	Standard 

- ir 

O. 8 

O. 6 

O. 4 

O. 2 

Compressibility (1/MPa) 
1.0 

0. 0 

0.0 
	

10.0 
	

20.0 
	

30.0 
	

40.0 

Pressure (MPa) 

Figure 3. Compressibility versus pressure for two different materials 

both with a rubber hardness of 700  Shore A. 

x 

- ...... 

Figure 4. Coordinate system for the calculations 



...... 	1. 

...... • 	-• 	.............. 

. • • 
• ̀• • 	.............................. 

a 	
• 
	• . • .  

- P=  7.0 MPa 	70 Shore A 80 Shore A 

Contact pressure (MPa) 

14. 0 

12.0 

10. 0 

8.0 

6. 0 

4. 0 

2.0 

0.0 

0.0 	 1.0 	 2.0 	 3.0 	 4.0 	 5.0 

Contact length (mm) 

Figure 5. Calculated pressure distributions. 

z \\\\\  

\\'\\\\ \  

1//  

Manometer 

(2) 
Pressure 
source 

Figure 6. Sketch of experimental apparatus. 

•  

	

P=10.0 MPa 	70 Shore A 	80 Shore A 	 'Initial pressure distr._ 

	

...... 	............ 

- Aaaa' •... 



60 Shore A P=10. 0 • theory  x  exp. 

2`•  
•X...., 

• 

K  

• 

•  

Contact pressure (MPa) 

e 
	...... ..... 

x  x K. .-„ 

. 80 Shore A  P=  7. 0 • theory s• exp. 

80 Shore A P=10. 0 • theory  x  exp.  

x  
•x. 

....... ..... 	........ 

• . 

•••  

K 

14.0 

12.0 

10.0 

8.0 

6. 0 

4. 0 

2. 0 

0. 0 

0.0 	 1.0 	 2.0 	 3.0 	 4.0 	 5.0 
Contact length (nun) 

Figure 7. Calculated and measured pressure distributions. 

Contact pressure (MPa) 

70 Shore A  P=  7. 0 • theory vexp. 
14.0 

12.0 
„ 	2t-x • 11•• • •X - 18  ........ 	,x. x.,. 

4„
.74- .‘ "4  • 

10.0 )...1(  

8.0 	_ 	 Y • • • 	- ...... ...... • ..... T 
 

4.P.3  
V.. 

6. 0 

4. 0 

2. 0 

0. 0 

0. 0 
	

1.0 
	

2.0 	 3.0 	 4.0 	 5.0 
Contact length (mm) 

Figure 8. Calculated and measured pressure distributions. 



THE INFLUENCE OF BACK-UP RINGS ON THE HYDRODYNAMIC BEHAVIOUR 

OF HYDRAULIC CYLINDER SEALS 

Hans L  Johannesson  

Division of Machine Elements 

Chalmers University of Technology  

Elisabet  Kassfeldt 

Division of Machine Elements  

Luleå  University of Technology 



ABSTRACT 

The main part of a hydraulic cylinder seal of compact type is the soft 

seal element. This is the part that usually is taken into con-

sideration when calculating hydrodynamic properties in the seal con-

tact like oil film thickness, leakage flow and friction forces. 

When measuring pressure in compact type seals with back-up rings, made 

of materials harder than the soft seal element, it is found that the 

pressure is higher and the pressure peaks are much higher and sharper 

in the back-up ring contacts than in the softer seal element contact. 

These results lead to the assumption that the back-up ring also must 

be of importance for the hydrodynamic behavior of the seal. 

In this work a symmetric piston seal with back-up rings is analysed. 

Calculations of oil film thickness, leakage flow and friction forces 

are carried out using the inverse hydrodynamic theory. Measured 

pressure distributions, for either the whole seal including the back-

up rings, for the soft seal element or for one back-up ring at a time 

are used as input data. 

The purpose of this investigation is to determine how the oil film 

thickness, the leakage flow and the friction forces in the three con-

tact zones are influenced by the back-up rings and the main seal ele-

ment being coupled in series. Results calculated for each single con-

tact, are compared to calculations with the three parts coupled in 

series. The main conclusion is that both friction force and leakage 



flow are influenced by the back-up rings. If these rings have no drain 

grooves, about 60% of the total friction force results from these 

rings, and leakage flow and oil film thicknesses are totally deter-

mined by the pressure distribution in the back-up ring contact zones. 

With drain grooves, the friction force contribution from the back-up 

rings is 70-80%, the leakage flow is determined by the pressure 

distribution in the main seal element contact, and the oil film 

thickness in each part of the seal contact is determined by its own 

pressure distribution. 
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NOMENCLATURE  

d 	= Diameter (m) 

F 	= Friction force  (N) 

G 	= Maximum pressure gradient (N/m3)  

h 	= Oil film thickness (m) 

I 	= Contact point number (1)  

J 	= Integral value (1) 

1 	= Length of clearance (m)  

p 	= Pressure (N/m2)  

Q 	= Leakage flow (m3/s) 

t 	= Length coordinate (m) 

U 	= Sliding velocity  (m/s) 

x 	= Length coordinate (m)  

y 	= Length coordinate (m) 

z 	= Length coordinate (m) 

r 	= "Seal factor"  (N)  

6 	= Parallel clearance gap (m)  

il 	= Dynamic viscosity (Ns/m2) 

Indices: 

0 	= Dimensionless quantity 

1 	= High pressure side 

2 	= Low pressure side 

M 	= "Motor case" 

max = Maximum 



P 	= "Pump case" 

Resulting 

Total 

Further - the notations I  and " are used. No such notation refers to 

the seal clearance. I  refers to the parallel clearance at the high 

pressure side or the high pressure chamber of the hydraulic cylinder. 

" refers to the parallel clearance at the low pressure side or the low 

pressure chamber of the hydraulic cylinder. 



1. 	INTRODUCTION 

The main part of a hydraulic cylinder seal of compact type is the soft 

seal element. This is usually the only part taken into consideration 

when calculating hydrodynamic properties in the seal contact like oil 

film thickness, leakage flow and friction forces.  Johannesson  deals in 

the works [5], [6] and [8] with this problem using the inverse hydro-

dynamic theory presented by Block [1] in 1963. The same method is used 

in works presented by Fazekas [2], Hirano and Kaneta [3] and  Olsson  

[9]• 

The inverse hydrodynamic theory requires a known pressure distribution 

in the seal contact as input data. This pressure distribution is in-

serted in the Reynolds' equation, and then the oil film thickness, the 

leakage flow and the friction force can be calculated. Assumed or 

measured pressure distributions have been used in the works by 

Fazekas, Hirano and Kaneta and  Olsson.  Methods to calculate the press-

ure distribution in the contact zone are presented by  Johannesson  [4] 

and  Johannesson  and Kassfeldt [7]. In [4] a semi-empirical method for 

the calculation of the pressure distribution in an 0-ring seal contact 

for arbitrary sealed pressures is presented. The method is based on 

the seal boundary displacements and an experimentally found "correc-

tion function". In [7] a mainly analytical method, for calculation of 

the pressure distribution in an arbitrary elastomeric seal contact, is 

presented. In both these papers measurements verifying the calculated 

pressure distributions are carried out. 

When these pressure measurements are done for seals of compact type it 

is found that the pressure over the hard back-up rings is much higher 

1 



than over the softer main seal element. Over the back-up rings there 

also exist very high and sharp pressure peaks. These results show 

that the back-up rings must be of importance for the hydrodynamic 

behavior of the seal. 

In this work a symmetric piston seal with back-up rings is analysed. 

Calculations of oil film thickness, leakage flow and friction forces 

are carried out using the inverse hydrodynamic theory. Measured press-

ure distributions, for either the whole seal including the back-up 

rings, for just the soft seal element or for one back-up ring at a 

time are used as input data. The hydrodynamic pressure build up is 

neglected compared to the static pressure in all contact zones. 

Further, pumping-ring effects and pressure build ups between different 

rings do not occur. 

2 



2. 	THEORY 

-  
2.1 	Short description of the inverse hydrodynamic theory  

The assumptions made in references [5] and [8] are also made here, 

i.e.:  

(1) The oil in the seal contacts is Newtonian. 

(2) The flow through all clearance is laminar, isoviscous and two-

dimensional. 

(3) The formation of oil films does not effect the static pressure 

distributions in the seal contacts. 

(4) At least one pressure maximum always exists somewhere in the seal 

contact. 

(5) Starvation does not occur, i.e. the seal contacts are well lubri-

cated. 

For a piston seal in a cylinder with reciprocating motion two differ-

ent cases have to be treated separately. These two cases are denoted 

the "Pump case" and the "Motor case" respectively. In the "Pump case" 

the sliding velocity is directed towards the low pressure side of the 

seal and in the "Motor case" it is directed towards the high pressure 

side of the seal. In reference [6] all possible working conditions for 

piston seals and piston rod seals have been investigated. It is shown 

that each one of the possible cases is either a "Pump case" or a 

"Motor case". 

Here a case with a piston seal will be treated. It is assumed that the 

cylinder tube is moving with a reciprocating motion, i.e. both the 

"Pump case" and the "Motor case" must be considered. According to 
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reference [5] dimensionless quantities (index 0) are defined as 

follows: 

(dimensionless pressure) 

1p 
U0  - --2---r  U 	(dimensionless sliding velocity) 

6 p
1  

h =h  
0 	75" (dimensionless film thickness) 

(dimensionless length coordinate) 

(dimensionless parallel clearance length 

- high pressure side) 

(dimensionless parallel clearance length 

- low pressure side) 

The the dimensionless leakage flow and friction force can be written:  

Q 	12p1 _ 	
• 

Q  
° irdi—T7S 

2 
		• F F

0 	TrdpIS 

...(2.1) 

...(2.2) 

Positive x0-direction is in the direction towards the low pressure 

side of the seal. In this direction the resulting dimensionless leak-

age flow in the "Pump case" can be written: 

QPOr = rPO  ...(2.3) 

The total dimensionless friction force acting on the cylinder tube 

against the motion of the tube in this case is 
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r 	= PO 

and  

1 dxo  
FPOt = 8U

00  
(1' + f ---) 	rpo(1 

0 ho  

1" 	dx 
0 , r 	0%  

r 
) 	0 h

0  

...(2.4) 
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In the "Motor case" the resulting dimensionless leakage flow in posi-

tive x0-direction, and the total dimensionless friction force counter-

acting the motion of the cylinder tube become 

Qmor = rmo 

dx 	 dx 0 	 0 
FMOt = r0(1,3 	1(3 	f 71-2-) + 8U0(1 + 	+ f  0 ho  ° 0 

...(2.5) 

...(2.6) 

The quantities rpo  and rmo  appearing in the equations above are the so 

called "seal factors" defined in reference [5]. Here it is shown that 

1 
2 	-1  U0
. 
 

Gp0  

2U 3'  0  
mo  =  

MO  

G 	is to be interpreted as the maximum positive pressure derivative PO 

in the contact pressure distribution. Gmo  is to be interpreted as the 

modulus of the maximum negative pressure derivative in the contact 

pressure distribution. 

The oil film thickness in the seal contact is calculated in the same 

manner as in reference [5], i.e. at each point in the seal contact one 

of the following equations must be solved: 

	

3 	
0 6U 	rpo  
h + 	- o 

	

h
0 	0 
40 	40 

(Pump case) 	 ...(2.9) 

 

axo 	axo  

  

...(2.7) 
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6U
0 

is
MO n  

-. -r 	 v 
0 	apo 

(Motor case) 	 ...(2.10) 

 

axo 	ax
o  

  

The appropriate conditions for selection of the correct roots are 

given in reference [5]. 

2.2 	The pressure distribution - general aspects  

As can be seen in reference [5], [8], and in the previous chapter, the 

whole method for calculating the leakage flow, the friction force and 

the oil film thickness relies on the existence and availability of Gpo  

and Gmo. The total pressure derivative distribution is also necessary 

to know. These quantities can be determined if the pressure distribu-

tion in the seal contact region is known. 

In this work, a measured pressure distribution of a piston seal ex-

posed to a sealed pressure of 10 MPa, is used as input data. In addi-

tion to the soft main seal element in the middle, the two hard back-up 

rings surrounding the main seal element are considered. The pressure 

distribution can be seen in figure 2.1 below. 

The seal gets an initial deformation at the installation which causes 

an initial pressure distribution both in the back-up ring contacts and 

in the main seal contact. When the pressure is applied to the seal, it 

is superposed on the initial pressure distribution, as the soft seal 

materials have a hydrostatic behaviour. 

The demands on the pressure distribution stated in reference [6] are: 



P MPa 

24.0 

Back-up ring Main seal element Back-up ring 

20.0 

16.0 

12.0 

8.3 

4.0 

0.0 
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(1) there must be pressure maxima in the contact zone 

(2) the hydrodynamic pressure, built up at the beginning and the end 

of the seal contacts, shall coinside with the static pressure 

distribution 

(3) the pressure derivative must have extreme values on both sides of 

the back-up rings and the main seal element 

(4) the pressure derivative shall be zero on both sides of the back-up 

rings and the main seal element. The contact length for one part 

or the whole seal is defined as the distance between two such end 

points where the derivative is zero. 

These demands are met by the used pressure distribution.  

0.0 
	

2.0 
	

4.0 
	

6.0 
	

8. 0 
	

10.0 
	

12.0 
	

14. 

Figure 2.1. Pressure distribution in a piston seal contact. 

Sealed pressure 10 MPa.  



	

3. 	NUMERICAL CALCULATIONS 

	

3.1 	Description of the computer program  

All numerical calculations have been carried out using a computer 

program mainly developed in the work presented in reference [5]. A 

short description follows below. 

The numerical calculations are split up in a number of steps. 

Step 1: 

The following input data are given: 

- Sealed pressure pi 

- Sliding velocity U 

- Parallel clearance gap 6 

Parallel clearance lengths l' and 1" 

Dynamic viscosity  p  

- Number of pressure input data '
max 

- Pressure distribution  

- Length coordinates 	x(1),x(2),...,x(Imax) 

The seal contact length is calculated according to 

1 = x(Imax) - x(1) 

Step 2: 

The x0-coordinates and the dimensionless pressures are calculated for 

all contact points. 
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Step 3: 

The pressure derivative is calculated at all 
'max points according to 

p(I) = 	- 
po(I+1)-po(I-1) 

3)(0 	x0(i+1)-x0(I-1) 

pl)(1)  = PÖ(Imax)  =  

When going through these calculations, the program checks at which 

points the maximum and minimum pressure derivatives appear. These 

points I, are the first points after a point of inflection. 

When such a point I is found, the program approximates the pressure 

derivative distribution in the interval  x°  (I-2) to x0  (I) with a poly-

nomial of the second degree. Then the interval between x0'(I-1) and 

x
0  (I) is divided into about 20 subintervals, and the maximum or mini-

mum value of the pressure derivative is looked for in this interval. 

When all such point I in the whole contact zone have been treated in 

the same manner, Gpo  and Gmo  are choosen as the maximum positive deri-

vative and the modulus of the maximum negative derivative value 

respectively. 

Step 4: 

The dimensionless sliding velocity is calculated according to 

1 p U - --r-7  U , 0 	p
i 

and the "seal factors" r
O  and rMO  are calculated according to equa-

tion (2.7) and equation (2.8). 
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Then 

QPOr = rPO 

and 

Qmor = rmo  

according to equations (2.3) and (2.5). 

Step 5: 

The oil film thickness in the "Pump case" at all 'max 
 points in the 

seal contact is calculated by solving equation (2.9). The correct 

roots are selected by using the appropriate conditions. 

Step 6: 

The oil film thickness in the "Motor case" at all 'max 
points in the 

seal contact is calculated by solving equations (2.10). The correct 

roots are selected by using the appropriate conditions. 

Step 7: 

1 dxo  

	

1 dxo 	
j 
	f  dX0 

=
1 dx 0 

andJ 	J 71—mo2 - - 	M2 
J The  integrals 

	

	= JP1' 0 hMO 
	

M1' b hpo 	 0 0  "PO  

are calculated according to 

I=Imax-1 [f(I)+f(I+1)][x0(I+1)-x0(I)] 
J = E 

I=1 	 2 

Step 8: 

The total friction forces are calculated using equations (2.4) and 

(2.6). 

10.  



3.2 	Input data - the used pressure distribution  

The used pressure distribution is the one shown in figure 2.1 above. 

This is the measured static pressure distribution over the main seal 

element and the two back-up rings of a piston seal. The sealed press-

ure is 10 MPa, and the pressure at each point in the contact has been 

measured with a method presented by  Johannesson  in the references [4] 

and [5]. 

The aim of this investigation is to find out how the back-up rings 

influence the hydrodynamic behaviour of the seal. Therefore the whole 

pressure distribution in figure 2.1 or different parts of it are used 

as input data to the computer program in four different calculations. 

The different cases are: 

A 	The whole pressure distribution p(x)  

B 	The pressure distribution in the main seal element contact p(y)  

C 	The pressure distribution in the back-up ring contact at the high 

pressure side p(t)  

D 	The pressure distribution in the back-up ring contact at the low 

pressure side p(z) 

The different length coordinates  x, y,  t and z are defined in figure 

3.1 below. 

In all four cases the sealed pressure is 10 MPa, and the oil viscosity  

p  is 0.075 Ns/m2. Each case is run with three different sliding veloc-

ities U - 0.01  m/s,  0.05  m/s  and 0.25  m/s.  The geometrical data are as 

follows: 
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1 
J 	 

o 

Parallel clearance gap  ä  = 50 1181 

Parallel clearance length at the high pressure side l' = 0.010 m 

Parallel clearance length at the low pressure side 1" = 0.010 m 

In each program run, both the "Pump case" and the "Motor case" are 

treated as mentioned in the program description.  

P  MPa 
Back-up ring 

L. 	  
Main seal element 1 Back-up ring 1 

0.0 	2.0 4.0 	6.0 8. 0 10.0 	12.0 14.0 	x mm  

Figure 3.1. Pressure distributions in the seal contact. 
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4. 	RESULTS 

The back-up ring influence on the oil film thickness, the leakage 

flow and the friction forces in the three contact zones is studied. 

Note that holding constant pressures between the back-up rings and the 

main seal element, 10 MPa at the high pressure side and 0 at the low 

pressure side, corresponds to a real case with either drain grooves on 

the back-up rings, or a case where the leakage flow allowed through 

the main seal element contact is always greater than the flow allowed 

through the back-up ring contact. Calculated results for each single 

contact are compared to calculated results for the three parts coupled 

in series. 

	

4.1 	The influence of the back-up rings on the oil film thickness  

In the figures 4.1, 4.2 and 4.3 the pressure distribution and the 

calculated oil film thickness results for the whole compact seal con-

tact are shown. Here the soft main seal element always allowes the 

small leakage flow coming from one of the back-up ring clearances to 

leak through without influensing it. The magnitude of the leakage flow 

is totally governed by the pressure slopes of the back-up rings. The 

oil films are, as can be seen, very thin and almost constant through-

out the contact for each sliding velocity. The oil film shapes have 

as expected the minimum film thickness at the outlet (near xo  = 1 in 

the "Pump case" and near xo  = 0 in the "Motor case"). 

In the figures 4.4, 4.5 and 4.6 the pressure distribution and the cal-

culated oil film thickness for the back-up ring contact at the high 
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pressure side are shown. In the "Pump case" the oil film thickness 

curves are identical with the left inlet part, of the corresponding 

curves in figure 4.2 as this back-up ring is governing the total 

leakage flow. A corresponding comparison of the curves in the figures 

4.3 and 4.6 concerning the "Motor case" shows that a single back-up 

ring gives a somewhat thicker oil film. The reason is that the inlet 

pressure slope of this ring is smaller than the inlet pressure slope 

of the other back-up ring at the low pressure side, which governs the 

leakage flow in figure 4.3. With the back-up ring alone, the inlet 

pressure slope of this first back-up ring is governing the leakage. 

In the figures 4.7, 4.8 and 4.9 the pressure distribution and the oil 

film thickness results are shown for the main seal element alone. Here 

the oil films are much thicker than in the main seal element part of 

the curves in figure 4.2 and figure 4.3. The reason is that the leak-

age is now governed by the slopes of the pressure curve shown in 

figure 4.7, which are smaller than the slopes in figure 4.1. Note that 

the film thicknesses and shapes are the same as one would get in the 

main seal contact with drain grooves on the back-up rings. 

The pressure distribution and the calculated oil film thickness re-

sults for the back-up ring at the low pressure side are shown in the 

figures 4.10, 4.11 and 4.12. In the "Motor case" the oil film 

thickness curves are identical with the right inlet part of the 

corresponding curves for the whole contact as can be seen by com-

paring figure 4.3 and figure 4.12. In the "Pump case" the curves in 

figure 4.11 are somewhat higher than the inlet part of the curves in 

figure 4.2. The reason is of course the difference in inlet slope near 
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x
0 
 = 0 and z

0 
 = 0 in figure 4.1 and figure 4.10 respectively. In other 

words - in the "Motor case" the leakage flow is governed by the back-

up ring at the low pressure side both in figure 4.3 and in figure 

4.12. In the "Pump case" the leakage flow is governed by the back-up 

ring at the high pressure side in figure 4.2 and by the back-up ring 

at the low pressure side in figure 4.11. 

In some of the treated cases the films are extremely thin, sometimes 

of the order 0.1 pm. The surface roughness must then be even smaller, 

and this is not realistic in a practical situation. Nevertheless, in 

the pure hydrodynamic case the influence of the back-up rings is shown 

by the results. By governing the leakage, these rings can make the 

seal work in the mixed lubrication regime, thus causing even greater 

friction losses.  

P 

2. 4 

2.0 

1.6 

1.2 

O. 8 

O. 4 

00 

Sealed pressure = 10 MPa 
Contact length = 14,1 mm 

0.0 	 0.2 	 0.4 
	

0.6 	 0.8  

Figure 4.1. Dimensionless pressure as function of dimensionless 

length coordinate for the whole compact seal contact. 
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Figure 4.2. Dimensionless oil film thickness in the "Pump case" 

as function of dimensionless length coordinate for 

the whole contact.  

h  
MO  

_44-1 	 A 	 
= 0,25 m/s 

    

U = 0,05 m/s 

    

U = 0,01 m/s 

     

0.0 
	

0.2 
	

0.4 
	

0.6 
	

0.8 
	

1.0 

Figure 4.3. Dimensionless oil film thickness in the "Motor case" 

as function of dimensionless length coordinate for the 

whole contact. 
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Figure 4.4. Dimensionless pressure as function of dimensionless 

length coordinate for the back-up ring contact at the 

high pressure side. 
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Figure 4.5. Dimensionless oil film thickness in the "Pump case" as 

function of dimensionless length coordinate for the 

back-up ring contact at the high pressure side. 
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Figure 4.6. Dimensionless oil film thickness in the "Motor case" as 

function of dimensionless length coordinate for the back-

up ring contact at the high pressure side. 

PO  

Sealed pressure = 10 MPa 
• Contact length = 5,81 mm 

10.  

O. 0 0. 2 O. 4 0. 6 O. 8 1.0 

Figure 4.7. Dimensionless pressure as function of dimensionless 

length coordinate for the main seal element. 
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Figure 4.8. Dimensionless oil film thickness in the "Pump case" as 

function of dimensionless length coordinate for the main 

seal element.  
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Figure 4.9. Dimensionless oil film thickness in the "Motor case" as 

function of dimensionless length coordinate for the main 

seal element. 
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Figure 4.10. Dimensionless pressure as function of dimensionless 

length coordinate for the back-up ring contact at the 

low pressure side.  
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Figure 4.11. Dimensionless oil film thickness in the "Pump case" as 

function of dimensionless length coordinate for the 

back-up ring contact at the low pressure side. 
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Figure 4.12. Dimensionless oil film thickness in the "Motor case" as 

function of dimensionless length coordinate for the 

back-up ring contact at the low pressure side. 
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4.2 	The influence of the back-up rings on the leakage flow  

In the figures 4.13 and 4.14 the leakage flow through the different 

treated clearances as function of sliding velocity is shown. The flow 

is always in the direction of motion and is increasing with the 

sliding velocity. 

The curves clearly show that the back-up ring at the high pressure 

side is governing the flow in the "Pump case", and the ring at the low 

pressure side in the "Motor case", provided that there are no drain 

grooves on the back-up rings. If there are such grooves, the leakage 

is governed by the main seal element. This leakage flow rate is much 

higher than the flow rate in the case without grooves. The difference 

is a factor of four in the "Pump case" and a factor of two in the 

"Motor case" at the highest sliding velocities treated.  

Figure 4.13. Leakage flow in the direction of motion through the 

different contacts in the "Pump case" as function of 

sliding velocity. 
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Figure 4.14. Leakage flow in the direction of motion through the 

different contacts in the "Motor case" as function 

of sliding velocity. 

4.3 	The influence of the back-up rings on the friction force 

The friction forces as function of sliding velocity are shown in 

figure 4.15 for the "Pump case" and in figure 4.16 for the "Motor 

case". 

Here the existence or nonexistence of drain grooves is of minor im-

portance as far as the friction in the back-up ring contacts are con-

cerned. The reason is that the part of the contact area that consists 

of the drain groove area is very small. The main difference is that 

the friction in the main seal contact depends on the presence of drain 
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grooves. With grooves, the friction in the main seal contact in the 

"Pump case" is about 20% of the total friction force at high veloci-

ties, and if the back-up rings are without drain grooves the main seal 

friction is 40% of the total friction. Corresponding figures in the 

"Motor case" are 30% and 40% respectively. 

It is important to note that the friction forces in the back-up ring 

contacts are dominating. They will dominate even more if the oil films 

in the back-up ring contacts get so thin that mixed friction occures. 
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Figure 4.15. Friction force counteracting the motion in the 

different contacts in the "Pump case" as function 

of sliding velocity. 
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Figure 4.16. Friction force counteracting the motion in the 

different contacts in the "Motor case" as function 

of sliding velocity. 



5. 	CONCLUSIONS 

In this work a symmetric piston seal with back-up rings is analysed. 

Calculations of oil film thickness, leakage flow and friction forces 

are carried out using the inverse hydrodynamic theory. Measured press-

ure distributions, for either the whole seal including the back-up 

rings, for the soft seal element or for one back-up ring at a time are 

used as input data. 

Calculated results for each single contact are compared with calcu-

lated results when the three parts are coupled in series. Both fric-

tion force and leakage flow are influenced by the back-up rings. If 

these rings have no drain grooves, about 60% of the total friction 

force results from these rings, and leakage flow and oil film thick-

ness are totally determined by the pressure distribution in the back-

up ring contact zones. With drain grooves, the friction force contri-

bution from the back-up rings is 70%-80%, the leakage flow is deter-

mined by the pressure distribution in the main seal element contact, 

and the oil film thickness in each part Of the seal contact is deter-

mined by its own pressure distribution. 
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