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ftz.. bstract 

The present paper surnnHtflzes th~ friction properties of hydraulic piston and piston rod 
seals and tllf': concerned c2.lculation rnethods. based on test results published (in the lit
erature) and on the o'\vn test f(::su~ts of ~he author. It includes the author's advanced 
friction force: calculation rnethod 70 estimate t he expected friction force (loss) of different 
elastorneiic and cornposil e rnar eria 1 seals. 

The major aim of this paper ;5 to recommend C.f! advanced calculation method, 
which is based on the diagrams obtained from the 'Friction characteristic tests.' The 
method is suitable to calculate the expected friction force at a.ny working parameter 
within the parameter range of the tests. 

KeYW07'ds: tribology of seals, friction force calculation, alternating hydraulic seals. 

1. Introduction 

For operating and designing hydraulic equipments it is essential to knmv 
their operation characteristics, like: starting friction force, friction loss and 
force during operation, etc. These characteristics are mainly depending 
on the friction behaviours of the applied seals, working mostly in mixed 
friction condition. Researchers have carried out many test programmes to 
reveal the friction properties of alternating hydraulic seals and some of them 
recommended methods for estimating the expected friction losses as well. 

The present paper summarizes the friction properties of hydraulic 
piston and piston rod seals and the concerned calculation methods, based 
on test results published (in the literature) and on the author's own test 
results. It includes the author's advanced friction force calculation method 
to estimate the expected friction force (loss) of different elastomeric and 
composite material seals. 

Endurance test or test for lasting op~ration are running as long as 
the main operating characteristics (friction loss or leakage) of the seal are 
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exceeding the permitted limit, while the working parameters (test pressure, 
alternating speed, and fluid temperature) are set and constant. For seals, 
even for properly selected and applied seals, the friction force curve shows 
a rapid change - mostly reduction - during the beginning of running and 
then the friction force change is very much reduced. This first part is the 
running-in period of each seal (Figs. 1.1 and 1.2). 
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Fig. 1.1. Friction force curves of en- Fig. 1.2. Leacage curves of endurance 
durance test test 

Friction characteristic tests follow mostly the running-in period of the 
endurance. test, in order to reveal the friction force behaviour in the whole 
parameter ranges of the test pressure and alternating speed on constant 
temperature levels. The obtained friction force - test pressure and the fric
tion force - alternating speed diagrams (Figs. 2.1 and 2.2) give information 
on the friction force value changes in the whole parameter range of the test. 
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By applying the concerned sealing or normal force the diagrams of 
friction force may be converted into generalized and more applicable forms. 
These forms are the friction coefficient - working pressure and the friction 
coefficient - alternating speed curves. 

The recommended calculation method (Table 1) is based on the di
agrams obtained from the friction characteristic tests and it is suitable to 
calculate the expected friction force at any working parameter within the 
parameter range of the tests (see Chapter 7). 

2. Review on Friction Loss Determination 

In this subject the first fundamental publication (in 1947) examined the 
friction behaviour of elastomeric piston and piston rod seals on theoretical 
basis [1]. Here, big number of tests were carried out and formulae were 
formed to calculate friction force and lubricating film thickness in pure fluid 
film lubrication condition, assuming rigid and conical seal-edge. However, 
the major effect of mixed friction condition during motion had not been 
considered. 

Later, the effects of working pressure, standstill time, initial elastic 
deformation and surface roughness were examined on the friction losses of 
elastomeric O-ring seals [2]. Due to probable inaccuracies in measurements 
the friction force was found not dependent on the alternating speed. 

Further on, many friction force - working pressure (curves) character
istics were published [3] for different piston and piston rod seals, at a given 
speed relation. In spite of some insufficiencies (e.g.: lacking data of test 
conditions, non-adequate driving mechanism for alternating speed ... ) these 
friction force - working pressure characteristics of the alternating seals, of 
different materials and designs, gave useful assistance for machine design
ers in selecting the proper types of seals. 

Up to now, in many publications, the friction force behaviours were 
presented only by: the friction force - running time (or cycle) and the 
friction force characteristic curves at given test conditions [10, 12, 16, 18], 
but friction force calculation methods were not aimed to be presented by 
the authors. 

In the way of test development it was found that the endurance tests 
and the friction characteristic tests provided proper description on the fric
tion behaviour of hydraulic seals for axial alternating motion. 



Table 1 
Recommended friction force calculation formulae and coefficient 

Denomination 

U-rings, 

- stabilized friction force in the middle 
of the stroke 
- maximum friction force 
at the stroke ends 

O-rings and O-rings 
with back up rings 

- stabilized friction force 
- maximum friction force 
Function or Stribec curve 

- hyperbola for U-rings and O-rings 
- horizontal line for O-rings 
with PTFE back-up rings 

Z-dimensionless number for 
V-rings 
O-rings 

O-rings with ba.ck lip rings 

Formulae 

Fc = ILwFt = fLw(Atpt s:: fLw(bD7r)Pw 
or /Lw(b· d· 7r)Pw 

/LW = f(Z,pw,t w ) 

/l=Cl+~ 

/lW = Cl 

Z = ~107 
PI" 

Z = !l2!.i-l07 
Pt" 

(or ~/c as an approxima.tion) 
Pc ( 2 

Z = .!l..!!,g,109 
Pt" 

Remarks 

c3-direction change factor C3 - 1.3 to 1.5 if 
Vc < 0.05 m/s 1.1 to 1.2 if 0.5 < Vc < 0.3 m/s 
C4 - operation factor C4 = 1.5 for motor operation, 
0.5 for pump operation 

At s:: b . D . 7r for piston and b· d . 7r 

for piston rod seals 
- [df:; - [df:; 
b ~ V + for O-rings and b s:: V + + b] + b2 

for O-rings with back up rings 
Cl (Pw) anti C2 (pw) are parameter diagrams, 
see in Fig. 4 and Fig. 6. 

see in Fig. 3 and Fig. 5 

- see in Fig. 'l 
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~ 
~ 
00 

~" 
ill 
i;; ., 
;; 
:... 
-;< 
ill 
:... 
~ 

:<: 
c:: 



TRIBOLOGY OF HYDRAULIC STEALS 229 

3. Endurance Tests 

The endurance test - or test for lasting operation - is the basic test of all 
alternating seals to reveal their main operating characteristics, the friction 
loss and the leakage, during long lasting operation at fixed, or programmed, 
operating conditions. 

For endurance tests the essential operating conditions are: the work
ing pressure, speed, temperature and the medium, the friction surface qual
ity, the seal and seal-space design. 

The endurance tests may have two purposes: 
To qualify the seal for life, when the test is continued until the life 
of the seal is reached, where the life is determined by the permitted 
friction or leakage limitation, or until the minimum required service 
hours. 
To qualify the seal for friction characteristic tests the test is continued 
at least until the end of running-in period of the seal. During this first 
part of the endurance tests the measured operating characteristics -
friction and leakage - show reasonable changes (Figs. 1.1 and 1.2). 
Before the friction characteristic tests are done the endurance test is 
recommended to be continued until the main operating characteristics 
of the seal show stabilized values. This portion of the endurance test 
is called running-in period of the seal. 
According to the endurance tests the running-in period was S = 1.5 
to 3 km for alternating hydraulic U-rings and O-rings as well (when 
the working pressure value was Pw 3:: 16 MPa and the working tem
perature values were tw = 20 QC or 50 QC). 

Endurance Test Curves 

The most typical forms of endurance test curves are marked by a, band 
c in the friction force - frictional way and in the leakage - frictional way 
curves (Figs. 1.1 and 1.2). 

Regarding the character of the friction force it shows some reduc
tion at the first period of running for properly selected U-ring seals. 
Then, during the following long period of test, the friction force does 
not show reasonable change, curve 'a', indicating a balanced lubrica
tion condition has been achieved between the seal and the alternating 
friction surface. From among the leakage curves 'a' and Cb' may cor
respond to answer the above when stabilized leakage values are mea
sured following the running-in period. 
In certain cases, curve 'b', a continuous friction force reduction fol
lows the running-in period. This indicates an improving but unbal-
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anced lubrication condition between the seal and the frictioning sur
face. The above described is mostly typical for O-ring seals. (The un
balanced lubrication condition and the relatively higher leakage val
ues, compared to U-rings and other developed seals, are the reasons 
why O-rings are not recommended to be applied for continuous long 
run operation in hydraulic cylinders.) 

- If the operating pressure is too high for the applied elastomeric seal 
material, then the seal behaves like a high viscosity fluid and the 
seal's edge tends to be penetrated, by the operating pressure, into 
the clearance between the seal thrust and the friction surface. To 
eliminate this harmful effect either back up ring or reinforcement of 
the seal material, or both are applied, by which the critical applicable 
pressure of the seal is reasonably increased. 
When the operating pressures exceed the critical pressure then the 
seal material penetration tendency acts again. In such cases, curve 
'c', the seal was definitely not selected for endurance. it may work 
only for a certain life. Here, the friction force curve does not show a 
typical running-in period and the curve immediately stops at the seal 
failure which is indicated by a sudden or rapidly increasing leakage, 
following the exceeding of the permitted leakage limit. 

4. Friction Characteristic Tests 

The friction characteristic tests usually, but not necessarily, follow the 
running-in period of the concerned endurance test of a seal. The purpose 
of the friction characteristic tests is to reveal the friction (loss) force be
haviour of a seal during the whole range of the main operating (working) 
parameters, i.e: the working pressure, the alternating speed and the work
ing temperature. During the friction characteristic tests the friction force 
is measured at constant operation conditions, when only one of the main 
working parameters is subject to change. The friction characteristic tests 
are usually presented in a form, when the friction force (or friction coef
ficient) are on the vertical axis, while the working pressure or the alter
nating speed is on the horizontal axis of the diagram (Pigs. 2.1 and 2.2). 
These two regularly applied types of diagrams are referring to the varying 
main working parameter, such as: friction coefficient - working pressure 
and friction coefficient - alternating speed diagrams. 

- In the first case the friction characteristic tests are expressed in the 
form of friction force (coefficient) - working pressure diagrams at fixed 
working temperature, and at different alternating speed levels. This 
type of friction characteristic diagrams were published first and pro-
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vided effective help for the designers to select among the different al
ternating hydraulic seals, on comparative basis, in respect of the mea
sured (and expected) friction force [3]. 
The friction force (coefficient) - alternating speed diagrams, express 
the friction behaviour change in the function of alternating speed, on 
different working pressure levels, at constant working temperature. 
The friction coefficient - alternating speed diagrams reveal the seals 
friction behaviour and lubrication condition much better than the 
friction coefficient - working pressure diagrams. 
The experienced most typical forms of the friction force - working 
pressure and friction force - alternating speed diagrams are noted by 
'a', 'b' and 'c' (Figs. 2.1 and 2.2). 

Friction Force - Working Pressure Curve 

The friction force - working pressure curves express the frictional 
behaviour of the seal (Fig. 2.2), at constant alternating speed, when 
the working pressure is changed. For most of the laestomeric seals -
U-rings and O-rings, the form of the curve is shown by curve 'a', where 
the friction force shows at start a rapid increment which is gradually 
followed by a slower increment of the friction force. 

The slow increment in the friction force indicates the improved 
iubrication condition between the seal and the friction surface. 
Above a certain working pressure limit - may be called critical 
pressure - the elastomeric seal cannot keep it's form and by 
the operating pressure it is penetrated into the gap (clearance) 
behind the seal. 
Due to this penetration effect the alternating surfaces tear off 
particles from the seal's back edge. These moving particles pen
etrate between the friction surfaces and deteriorate the locallu
brication conditions by which the friction force increases. The 
sudden rise of the friction force - working pressure curve may 
indicate the above phenomena and provides information on the 
critical pressure and the permitted pressure range of the con
cerned seal. 
Some of the multiple V-ring seals show continuous friction force 
grows proportional to the increasing working pressure, curve 'c'. 
The curve shows unfavourable friction - lubrication condition 
all along the working pressure range. There is no indication 
of any hydrodynamic effect which could improve the friction -
Iu brication condition. 

231 
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Friction Force - Alternating Speed Curves 

The friction force - alternating speed diagrams (Fig. 2.1) provide the 
most effective way to express the friction - lubrication condition of 
the seals. Both curves 'a' and 'b' prove the effect of hydrodynamic 
lubrication by the rapid friction force reduction resulted by the in
creasing alternating speed. The friction force - alternating speed di
agrams are suitable to decide the optimum and recommended speed 
range of the tested seal. 

In case of very low speed and high pressure, applied for O-ring 
seals having PTFE fibreglass reinforced back up rings, hydrody
namic lubrication effect could not be detected. Due to the PTFE 
material characteristics the friction force measured values were 
(about) constant along the range of the test speed (see curve' c'). 

Stribeck l)iagra~s 

It, is quite simple to transform the friction coefficient - alternating speed 
diagram to Stribeck diagram which is a more generalized form for express
ing the friction behaviour of alternating hydraulic seals. At the same time, 
it is suitable to determine the expected friction force at any working pa
rameters and seal dimensions within the parameter ranges of the concerned 
friction characteristic tests. 

5. Friction Loss (Friction Force) Calculation 

Starting from the 60-s the methods for friction loss (force) calculation came 
into the spotlight and several calculation methods have been developed, 
including nomogram charts [8], to calculate the expected friction force of 
reciprocating elastomeric seals. Calculation methods were recommended 
for elastomeric (NBR and Vulkollan) O-ring from 0 to 10 MPa working 
pressure range, for U-rings [8], [13], etc. 

The effecting factors and conditions on the friction force behaviour 
were also examined. These factors and conditions were as follows: work
ing parameters, (temperature, viscosity, pressure and alternating speed), 
standstill time, hardness of elastomeric material, friction surface quality 
and the phenomena of stick-slip. 

At first, LANG elaborated the results of friction characteristic tests of 
piston and piston rod seals (0- and U-rings) in the form of Stribeck-type 
diagram, which made possible the friction coefficients calculation at any 
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parameters (Pw and vc) within the parameter ranges of the tests [5]. How
ever, these tests were carried out only at low values of the regular working 
pressure and speed range of alternating hydraulic seals. The initial sealing 
force was calculated by assuming parabolic sealing pressure distribution, 
according to the Hertz-contact pressure theory, and by calculating the aver
age sealing force a constant correction factor was recommended (to modify 
the sealing pressure). Nevertheless, in line with theory and (later) experi
ments this factor cannot be constant (even at low working pressures range) 
and the Hertz equation cannot be applied as well for elastomeric materials. 

The elaboration of static sealing pressure test method made a great 
step forward and made possible a more correct and accurate sealing force 
and friction force determination for the elastomeric reciprocating seals [6]. 
The axial static sealing pressure distribution diagrams of different recipro
cating elastomeric seals, gave accurate sealing pressure values at any point 
along the contact surface of the seal and became the basis of both the es
timation of accurate sealing force and leakage [6], [14], [20], [22], [24]. 

6. Recommended Calculation Method of Friction Force 

The recommended calculation method regards to alternating hydraulic 
seals (piston and piston rod seals) over the running - in period (Fig. 1.1), 
after the friction force is stabilized. It gives formulae to calculate the sta
bilized friction force at rectilinear constant speed (Fe) and the maximum 
friction forces (Fmax) at the beginning of the stroke, where the lubrication 
condition is not stabilized yet. Recommended formulae are given to calcu
late the friction forces and friction coefficients (Table 1). This calculation 
method may be used for alternating hydraulic seals in general, provided 
the results of friction characteristic tests and axial sealing pressure distri
bution test are known. (From the friction characteristic test results the 
friction force - alternating speed Fe - Ve curves, Fig. 2.1, are plotted and 
used for the presented calculation method). 

Here, in this paper, the friction force calculation method is introduced 
through the examples of: 

Polyurethane U-ring, 
NBR O-ring in the regular parameter range of hydraulics and 
O-ring with back-up rings for extreme parameter ranges of hydraulics. 
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Formulae and Relationships 

To obtain the dimensionless number 

z = ryvc 
Pt b 

for the Stribeck diagram the following should be considered: 

(1) 

- The viscosity (ry) can be decided for known working fluid and tem
perature (tw ), 

The alternating speed stabilized value (vc) may be measured and ap
plied, or substituted by the value of average alternating speed (v), 
calculated from the stroke length (s) and alternating speed (n). 
The seal width is given (b) or it can be determined easily. 
From the axial sealing pressure distribution curve the average sealing 
pressure is: 

(2) 

For higher pressure the average sealing pressure value is about equal to the 
value of working pressure for U-rings and similar profiles while in case of 
O-rings the difference between the two pressure values is reasonable. (The 
effect of this pressure difference results a friction coefficient change of 5 to 
8% at the most steep part of the friction coefficient curve.) 

According to the test results and the above consideration pw ~ Pt still 
may be accepted as a good approximation for pw ;::: 4 MPa. (In case of 
Pw ~ 4 MPa a correction factor should be applied [20]). 

The Stribeck diagrams of U-rings (Fig. 3) having different profiles, 
and the Stribeck diagrams of O-rings (Fig. 5) having different initial cross
section deformation, can be represented well by the enveloping friction hy
perboles 

C'J 
J.L = Cl + i . (3) 

These friction hyperboles are enveloping, by covering from above, the test 
result fields separately at each test pressure level. These fields of test 
results include the curves of U-rings for each geometry and the curves of 0-
rings for each cross-section deformation. Thus the enveloping hyperbolas 
are representing i l.e concerned seals at the concerned test pressure levels 
and may be recommended to be used for deciding the value of friction 
coefficient when accurate seal profile geometry of U-rings and initial cross
section deformation of O-rings are not known. 
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Furthermore, if the expected working pressure does not fit to the test 
pressure, being an intermediate value, then the values of the constants Cl 

and C2 may be obtained from the concerned friction hyperbola parameter 
diagrams (Figs. 4 and 6) of Cl (Pw) and C2(Pw), 

In case of special application of O-rings, with PTFE back-up rings 
for very high pressure and low speed, the enveloping curves are simplified 
to be constant lines f.L = er (Pw) (Fig. 7), where Cl, is in the function of 
the working pressure (Fig. 8). The friqtion coefficient depends mostly on 
the working pressure: if the pressure increases then the friction coefficient 
decreasas. This tendency may be explained by the effect of PTFE material, 
which penetrates - in the form of a thin layer - between the seal and the 
friction surface by the effect of pressure and displacement. 

If the expected working pressure does not fit to any of the test pressure 
levels, being an intermediate value, then the value of Cl may be obtained 
from the concerned diagram (Fig. 8). 

7. Validity Range and Accuracy of the 
Friction Force Calculation 

The validity range of the calculation is certainly set by the conditions a.nd 
the parameter range of the friction characteristic tests concerned. 

For polyurethane U-rings (90 IRHD) and NBR O-rings (70 IRHD) 
- the working pressure range was 4 MPa ::; Pw ::; 16 MPa 
- the alternating speed range was 0.01 m/s ::; Vc ::; 0.3 m/s 
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- the working temperature values were tw = 30 and 50 DC and the 
applied fluid was Hydro 20 oil. 
For O-rings (83 FKM and 90 VI) with 2 mm thick, fibre glass rein

forced PTFE, back-up rings the extreme working conditions were as follows: 
the working pressure range was 20 MPa S; pw S; 100 MPa 

- the alternating speed range was 0.8 mm/s S; Vc < 12 mm/so 
- the working temperature values were tw = 180 (190) and 30 DC and 

the applied fluid was water and water-oil emulsion. 

Accuracy 

Strain gauge membrane dynamometer was applied for the measure
ments with an estimated error of 3%. For seals position and alternat
ing speed determination a standard inductive transducer was used. 

The friction force measurement was made by calibrated strain 
gauge dynamo meters and a measuring amplifier, having an ac
curacy of 3%. 
Concerning the measured friction force values, they showed a 
maximum of ±40 (50)% deviation - meaning ±20 (25)% quad
ratic mean deviation value - from their own friction character
istic curves at low pressure (Ptv = 4 MPa) and low speed (vc = 
0.02 m/s) values. The measured friction force values provided 
much smaller, about the half, of the above given deviation at 
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high pressure (Pw 2: 16 MPa). Considering the accuracy of the 
measured friction force values the measurement accuracy could 
be accepted, being much smaller value than the deviation val
ues [20]. 
Regarding the accuracy of the recommended friction force calcu
lation method, comparison was made among the values of some 
recommendations, provided by the literature, and the values pro
vided by own measurements and recommendations. 
Stribeck-curves were calculated and plotted from the informa
tion of references [8], [14] and they corresponded well to the rec
ommended friction hyperbolas and to the measurement curves 
(Fig. 9). 
For higher operating pressure the deviation between the refer
ence value [14] and the value of the friction hyperbola was 0 
(zero) at low speed and about + 40% at higher speed, while 
the deviation was only + 18% at low speed and -25% at high 
speed if the reference values were compared to the values of 
a curve obtained from own measurement for medium (prede
formed) pretightened, 6 = 14%, O-rings (see 0-3 in Fig. 9). 
However, the deviations of the friction coefficient values are less 
favourable at low operating pressure. 



TRIBOLOGY OF HYDRAULIC STEALS 

0,0 6 

0.05 5 

0,0 5 

0.04 

0,04 

0.035 

0,0 3 

0J]2 5 
.., 2 41J'~ 

2 [20] j.l,091O+ '~ 
t-- iE-' - Z 0.0 

0,01 5 I I 
0,01 

0.005 

0.00 1 

0-3 .t 

\fB] 

\ \ 

\ 
\ 

'\ \ 
0-3 • "--, 

~~I~\ 

j ~" 
O~J~~ 
~ 

'0 .... 
.......... - -. 

O' rings 
l,..: l)O ( 

\ 

"- ·1 .~ 
[20] }J x2.8" + 67,5'10 

'-., 
i' ~~<:r I I 

I I r-r-
[\ 
.... -2 151J-~ 

f';::J2D] }J,.1.5~' -' z-
1'- __ 

~ ~I 
I'-

-----
-..... --I-

I'- ::::::. r--r-.. .. -. I-- " " -
I (1~. 

p=16 
';I 

001 ,Oil Q03 CCi. 005 W7 01 02 03 Q40.5Q60,7 3456789 

241 

'f!. z.~.'r? 
i\d 

Fig, 9. Stribeck curves of NBR O-rings, comparing the published and own research 
results 

8. Constant (or Stabilized) Friction Force 

When the dimensionless number Z and the friction coefficient fL are decided, 
or obtained the stabilized expected friction force (at the middle of the 
stroke) may be determined (Table 1) as follows: 

(4) 

where pt 3: PU' in the validity range. 

9. Maximum Friction Force 

The friction force is 'stabilized' in the middle of the hydraulic cylinder 
stroke but the change in the alternating speed (at the stroke ends) and 
certain operational conditions are influencing the friction force value, too. 
The friction force at the stroke ends is the maximum friction force and it 
is determined as follows: 



242 S. BISZTRAY·BALKU 

(5) 

At the end of the strokes, when the direction of the alternating motion is 
changed, the lubrication condition is usually deteriorating and some dis
placement is needed in the new direction to rebuild the lubrication layer 
and to obtain balance in the lubrication condition again [17J. The friction 
force change at the direction change of alternating motion is expressed by 
the direction change factor (C3), may be taken C3 = 1.3-1.5 at Vc < 0.05m/s 
and C3 = 1.1 - 1.2 at 0.05 m/s < Vc < 0.3 m/s for elastomeric U-rings and 
O-rings. 

From operational point of view the piston rod seals (and also the pis
ton seals) operate in a different lubrication condition when the piston rod 
moves out and in. When the rod moves out from the hydraulic piston, it 
supplies lubricant continuously between the sealing edge and the rod sur
face, while in case of instroke the lubrication condition is poorer having 
no continuous lubricant supply. The outstroke mode is called pump oper
ation and the instroke mode is the motor operation in references. The rec
ommended operational factor, expressing the above, is: C4 = 0.5 for pump 
and C4 = 1.5 for motor operation [11], [17J. 

(It is important to be mentioned that the difference of Pt and pw and 
also the phenomena of relaxation have reasonable effect on the axial sealing 
pressure distribution curve if pw < 4 MPa. To compensate this effect a 
sealing pressure compensation factor may be applied in the determination 
of friction force [20J.) 

10. Summary 

The friction force calculation methods of hydraulic alternating seals had 
been reviewed and based on references and own test results, an advanced 
friction force calculation method was recommended. 

The recommended calculation method regards to hydraulic piston and 
piston rod seals in general but the prerequisites of the application are the 
availability of friction characteristic test results (in the form of Stribeck di
agram) and the axial sealing pressure distribution curve (or it's approxi
mation) of the concerned seal. 

Three groups of seals (Polyurethane U-rings, NBR O-rings, and 0-
rings with reinforced PTFE back-up rings) had been tested, out of the great 
number of hydraulic reciprocating seals, and for the recommended friction 
force calculation method Stribeck diagrams were plotted from the friction 
characteristic test results. 
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The axial sealing pressure distribution curves of the tested seals were 
not published in this paper because Pt ~ Pw was considered for the tested 
seals (which assumption may be taken in the applied working pressure 
range, see Chapter 7). 

Symbols, Units and Denominations 

Fi[N] 
Fmax[N] 
Fn = Ft ~ pw· AdN] 

/Lw = Fe! Ft 
At[mm2

] 

D[mm] 
d[mm] 
b[mm] 
b[mm] 

bI and b2[mm] 
pw[MPa][bar] 
ptlMPa][bar] 
n[cycle/min] 
N[cycle] 
s[mm] 
vc[m/s][mm/s] 
Vc [m/s][mm/s] 

8 = ~dl00% 

- friction force stabilized value (at the middle 
of the stroke) 

- friction force at restart 
- maximum friction force 
- sealing or normal force (accurate value of Ft is 

determined from axial seal pressure distribution) 
- friction coefficient 
- friction surface of seals 

At ::; D . 7r • b for U-ringj 
At ::; D . 7r • d2 for O-ring and 
At ::; D . 7r(d2 + bI + b2) for O-ring with 
back-up rings 

- outside diameter of the seal 
- piston rod, or inside diameter of the seal 
- width of seals (U-ring) 
- compressed seal width 

b ~ J d~7r / 4 for O-ring 
-' back-up ring width 
- working, operating (test) pressure 
- average sealing pressure 
- alternating speed of the piston 
- number of double stroke done 
- stroke length 
- alternating speed 
- stabilized value of alternating speed 

(at the middle of the stroke) 
- initial elastic deformation, predeformation, 

pretightening, or overlap of the O-ring 
- dynamic viscosity of the fluid 
- working (test) temperature 
- dimensionless number 

-leakage during one cycle and 

-leakage for one meter square 
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er and C2 

C3 

C4 
S[km] 

". BISZTRAY·BALKU 

surface under friction 
- parameters of friction hyperbolas 
- direction change factor 
- operation factor 
- frictional way, total distance done 

by the alternating seal 

References 

1. WHITE, C. M. - DENKY, D. F.: The Sealing Mechanism of Flexible Packings. Ministry 
of Supply Scientific and Technical Memorandum, No 3/47, 1947 (Reprinted by 
BHRA, 1972). 

2. CHEYNEY, L. E. - MUELLER, W. J.: Frictional Characteristics ofO-Rings with Typical 
Hydraulic Fluid. Transactions of ASME, April 1950. pp. 291-297. 

3. Hopp, H.: Untersuchungen uber den Reibungswert von Dichtelementen fur Hubbewe
gungen. Hydraulik und Pneumatik Technik, 1957. April. 

4. DENNY, D. F.: Leakage and Friction Characteristics of Some Single Lip U-Seals Fitted 
to Reciprocating Shafts. BHRA,RR 595, 1958. 

5. LANG, C. M.: Untersuchungen an Beruhrungsdichtungen fur hydraulische Arbeitszylin
der. (Diss). Technische Hochschu!e Stuttgart, 1960. 

6. MULLER, H. K: Schmierfilmbildungen, Reibung und Leckverlust von elastischen Dich
tungsringen an bewegten Maschinenteilen (Diss). Technische Hochschule Stuttgart. 
1962. 

7. MULLER, H. K.: Leckverluste und Reibung elastischer Dichtungen an hin- und herbe
wegten Kolbenstangen. Konstruktion. Vol. 15 (1963) Heft 4. pp. 149-157. 

8. LANG, C. M.: O-Ringe fur bewegte Maschinenteile in der Olhydraulik. Maschinen
markt, Jg. 73 (1967) Nr.80. pp. 1659-1667. 

9. GOSZTOWIT, L. - KARASZKIEWICZ, A.: Badanie pierscieni uszczelniajacych. P1'Zeglad 
Mechaniczny, 1967. Nr. 15, pp. 457-462. 

10. SCHMlDT, W.: Gummielastische Dichtungen in der Hydraulik. KOl1struktion, Jg. 1968, 
Heft. 6. pp. 229-237. 

11. LANG, C. M.: Elastische Dichtungen Pressungsverlauf und Reibung. MaschinenmaTkt. 
Jg.75 (1969) Nr.68. pp. 2101-2105. 

12. DOMROS, D. JURGE: Lippen und Kompaktdichtungen in Hydraulikanlagen. Maschi
nenmarkt, Jg.75 (1969) Nr.83. pp. 1822-1825. 

13. LANG, C. M.: Untersuchungen an Lippendichtungen fur Hydrozylinder von hydro
statischen Antrieben von \Verkzeugmaschinen. Industrie Anzeiger, Nr.35. v. 28. 
1970. pp. 789-790. 

14. KARASZKIEWICZ, A: Analiza wezt a uszczelniajacego oraz wplyw cisnienia, predkosci i 
temperatury na tarcie pierscienia 0 przekroju ..... (Diss). Politechnika Warsawa, 1970. 

15. GOSZTOWIT, L. - KARASZKIEWICZ, A.: Tarci statyczne tlokowych pierscieni uszczel
niajacych 0 przekroju okraglym. Przeglad Mechaniczny, Nr. 5, 1971. 

16. BISZTRAY, S.: Reibungs- und Schmierungsprobleme sowie Leckage an Kolben- und 
Kolbenstangenabdichtungen. 5. Internationale Dichtungstagung, 1974. Dresden. 

17. FIELD, G. J. - NAu, B. S.: The Effects of Design Parameters on Reciprocating Rubber 
Seals. 7th Int. Conf. on Fluid Seals, 1975. Nottingham Univ. England, p6.CI-I-13. 

18. KARASZKIEWICZ, A. - VVYSZYNSZKI, L.: Badanie trwalosci i przeciekow pierscieni 
uszczelniajaczch. Przeglad Mechaniczny, 1978. Nr. 3, pp. 11-14. 



TRIBOLOGY OF HYDRAULIC STEALS 245 

19. METzNER, H.: Polyurethan als Dichtungswerkstoff Teil 2.: Dichtheit, Reibung, Ver
schleis. Olhydraulik und Pneumatik, Vol. 27, 1983. Nr. 6, pp. 433-437. 

20. BISZTRAY-BALKU, S.: Dugattyutomftesek surl6disa es tomitettsege hidraulika ele
mekben. (Diss). Technical University of Budapest, Budapest, 1984. 

21. BISZTRAY-BALKU, S.: Einfluss des Profilquerschnittes auf die Reibungseigenschaften. 
8. Internationale Dichtungstagung, 1986, Dresden. 

22. PROKOP, H. J. - MULLER, H. K.: Film Thickness, Contact Pressure and Friction 
of PTFE Rod Seals. 12th International Conference on Fluid Sealing, May 1989, 
Brighton. 

23. BISZTRAY-BALKU, S.: Low Speed Hydraulic Piston Seals for High Pressure and Tem
perature Medium. 6th International Congress on Tribology, Vo1.5, Eurotrib, 93, Bu
dapest, 1993. 

24. FRENZEL, U. - MULLSR, H. K.: Hydraulic Rod Seals with Laser-Structured Back
Surface. 14th International Conference on Fluid Sealing, April 1994. Firenze. 


