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Abstract: 

 
Knowing the operating parameters of the compressor, the structural design of the piston seal 
and the properties of the ring material we are able to carry out a proximate wear calculation of 
dry-running sealing rings. The calculation is based on the wear model by KRIEGEL and the 
sealing chamber pressure distribution by EWEIS/BECKMANN. The pre-calculation of the 
ring wear and the leakage losses result in recommendations for the structural design of the 
piston seal as well as in the selection of the machine parameters for dry-running. 
Fuzzy classification is applied to investigate the reflection of piston ring leakiness in the stage 
pressures and temperatures. 
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1 Introduction 
 
Long maintenance-free running times are required to guarantee the economic operation of 
reciprocating compressors. The admissible maintenance interval for dry-running reciprocating 
compressors is most of all limited by the necessity to change the ring. Therefore, the 
mechanisms and influence quantities of the ring wear of dry-running reciprocating 
compressors have frequently been the subject of numerous research projects and 
publications1,2,3. 
 
This paper will give an overview of the quantitative interrelations of the origination and 
effects of wear, which supplement the construction rules established by Kleinert4 for dry-
running reciprocating compressors. These additional rules can help producers and operators 
make decisions. The interrelations have been derived with calculation programmes that have 
been worked out within study projects at the Professorial Chair for Pumps, Compressors and 
Apparatus at Dresden University of Technology. 
 
 
2 Pre-Calculation of the Ring Wear and the Leakage Flows – Preconditions 
 
In accord with the wear model by Kriegel5 the radial ring wear ∆r of dry-running piston rings 
is proportional to the wear way L and the mean radial contact pressure p. 
 

pLKr ⋅⋅=∆             (1) 
 

The proportional action factor K is denoted as wear factor which primarily depends on the 
material and is at the same time influenced by the piston speed, the temperature and 
roughness of the running surface as well as the humidity of the material conveyed, however. 
According to 5 it is possible to predict the wear factor by systematic investigations in a wear 
machine,  which collect the interrelations mentioned above. For the calculations given later in 
this paper the investigation results have been described as follows: 
 

ϕλ⋅λ⋅λ⋅λ⋅= Rvt0KK           (2) 
 

with K0 being the material-conditioned rate of wear under reference conditions and λt, λv, λR, 
λφ being the influence factors of the temperature, running speed, roughness and the 
temperature of dew point, which are defined as follows 
 

( ) ( ) 70.0tt44.0tt74.0 b
2

bt +−=λ         (1) 
 

( ) 30.0vv70.0 2
bv +=λ          (2) 

 
( ) ( ) 17.1RR58.0RR41.0 b

2
bR +−=λ        (3) 

 
( ) ( )





°−≥Φ
+ΦΦ+ΦΦ

=λϕ C30für1
171.0159.0043.0 b

2
b       (4) 

 
with the reference values tb=100°C, vb=2.85m/s, Rb=1µm and Φb=10°C. 
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Further investigations into the wear behaviour of dry-running materials have been carried out 
by Tomschi6. New data have been accessed on the relationship between gas atmosphere, ring 
material and slipway structure and the Kriegel wear model has principally been confirmed. 
 
If we start from the facts that the radial ring wear ∆r, which is admissible for reasons of 
strength, is proportional to the piston diameter d and that the wear factor K grows 
approximately proportionally to the mean piston speed cm, we get the following 
proportionality for the ring service life τL with LmcL τ⋅= . 
 

( )2
mL cpd~ ⋅τ            (7) 

 
The chamber pressure distribution, which depends on the status process in the neighbouring 
working areas, is an essential feature to determine the time-variable radial contact pressure p 
of the piston rings. 
 
Eweis7 was the first to calculate the time march of the chamber pressure. Beckmann8 proved 
that calculation and measurement sufficiently correspond to each other for  a dry-running 
reciprocating compressor. A computing programme has been prepared and developed within 
the study projects9,10 which allows the one-step determination of the pressure and temperature 
data in the chambers as well as the ring wear for given packing ring designs and operating 
parameters. 
 
The chamber pressure calculation implies the time-variable mass flows that also occur 
between the working area and the individual chambers. Thus integral statements can be made 
with regard to the influence of the leakage flow on the mass as well as to the energy balance 
in the working area. Since the outlet and inlet flows towards the working area take place at the 
time-variable specific working capacity of the working fluid and since they may even be 
balanced e.g. for double-acting pistons during one cycle, we advocate the introduction of a 
tightness efficiency instead of a tightness coefficient, which assesses the leak flow only. The 
tightness coefficient relates the working capacity loss ∆W connected with the leak flow ml to 
the interior work W according to eq. (4): 
 

( )WWWd ∆+=η  with ∫
=τ

τ=∆
n/1

0
l dmeW       (8) 

 
Beckmann’s8 model tests show that the percentage of the leak flow through the open joint 
amounts to about 80 to 90 % for new rings with butt joints. Naturally, the leak flow through 
the open joint increases with the operation time progressing, while the leak flows through the 
radial and axial gaps remain constant, approximately. For this reason, the calculation is 
simplified and refers to the leak flow through the open joint of the ring only. 
 
 
3 Influencing the Ring Wear and the Tightness Efficiency During the Compressor 

Design Phase 
 
3.1 Influence of the Seal Design 
 
If the stage pressure and dimensions were fixed during the machine planning stage and if for 
the ring a material is used that is most suitable for the material to be conveyed, the only way 
to influence wear during the design phase is via the mean radial contact pressure p. It is 



Kleinert, Will: Wear Estimate of the Sealing Ring – Effect on the Operating Parameters of a 
Reciprocating Compressor 

European Forum for Reciprocating Compressors1st Symposium page 4 

therefore likely to assume that the number of sealing rings primarily determines the contact 
pressure. The latter may quite as well be influenced by the storage effect of the intermediate 
chambers. 
 
Figure 1 shows the calculated mean radial contact pressure of the individual rings with 
reference to the stage pressure increase for different ring numbers for the example of a single-
acting and a double-acting compressor stage with the pressure ratio π=3. Figure 1 
demonstrates that the contact pressure of the first piston ring for the single-acting piston and 
of the two external piston rings for the double-acting piston amounts to about 16 to 19 % of 
the maximum pressure differential above the piston and is nearly independent of the number 
of rings. If the chamber volumes are increased the external ring load grows slightly. 
Increasing ring wear is of similar effect. The number of rings is of clearly positive effect on 
the leak flow and the tightness efficiency. 
 
Figure 2 shows the decrease of the tightness efficiency as a result of the piston ring wear 
plotted over time for the same conditions as in Fig. 1. For a radial ring wear of 30 % and a 
double-acting piston a decrease of the tightness coefficient from 99 % to 95 % for 8 rings and 
to 89 % for 4 rings, respectively is to be expected. 
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a)                 b) 
 
Fig. 1: Mean radial contact pressure of the piston rings for different ring numbers 
 a) single-acting    b) double-acting piston 
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a)                 b) 
 
Fig. 2: Time history of the ring wear and the tightness efficiency for different ring numbers 

a) single-acting    b) double-acting piston 
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If - by carrying out the piston rings as captive rings - the service life of a sealing ring is 
limited until the admissible wear is obtained, the service life of the overall seal can be 
extended. Principally, the number of effective piston rings is thus gradually reduced, while the 
service life of the piston rings, that act as the most external sealing ring one after the other, 
decreases owing to the already existing wear. On the other hand, the tightness efficiency is 
progressively decreasing. Fig. 3 shows the results of a relevant recalculation. 
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Fig. 3: Time history of the ring wear and the tightness efficiency for a piston seal with captive 

rings 
 
Proportionality (7) reveals that a fast ring wear can hardly be avoided in high pressure stages. 
Except for the development of ring materials with a relatively low wear factor, the application 
limits of dry-running have been shifted by reducing the pressure differential by means of a 
pre-connected labyrinth-sealing11. The pressure-reducing effect of the labyrinth is felt only 
when a certain leakage is obtained, i. e., it gradually reduces the ring wear, which is very fast 
in the beginning. 
 
In order to quantify this relation we can start from the equation for mass flow by labyrinths12 
 

DD

2
z

2
D

Ll pz
ppdKm
ρ

−
δπ=          (9) 

 
with pz is the pressure after z labyrinth chambers, KL is a constant describing the labyrinth 
design and δ is the labyrinth gap width. On the other hand, this mass flow can be related to the 
piston displacement stream and the tightness coefficient λd of the stage. 
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Equating the right sides and solving the equation for the interesting pressure ratio pz/pD we get 
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( )2

dBKDz 1KK1pp λ−−=         (5) 

 

mit 
2

2
L

K
d

K64
zK 







δ

=         (6) 

  

       2
h

D

2
m

2

D

S
B TR

c
p
pK λ








=

κ

        (7) 

 
The constants KK and KB describe the labyrinth design conditions and the stage operating 
parameters, respectively. Fig. 4 offers a help to decide which labyrinth design is necessary for 
the actual case, e. g. to reduce the pressure differential above the piston ring seal by 50 %. 
Fig.5 shows the wear and tightness characteristics for a combined labyrinth-piston ring seal 
over time.  
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Fig. 4: Effect of design and operating parameters on the functioning of a combined labyrinth-

piston ring seal 
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Fig. 5: Wear and tightness curves over time for a combined labyrinth-piston ring seal 
 
The volume flow through the open joint has so far been calculated with the drag  
coefficient 1, which corresponds to complete dissipation of the kinetic energy for even  
velocity distribution in the narrowest cross section of the joint. For a better comprehension of 
the flow in the open joint and to find out about the drag of different joint forms with the wear 
growing, the gap flow has been examined for typical gap forms and dimensions using the  
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Navier-Stokes code TASCFLOW. Fig. 6 and 7 show the velocity distributions for the straight 
and the interleaved joint in the narrowest cross section of the open joint. The related kinetic 
energy is greater by the factor 1.7 and 2.9, respectively, compared with the kinetic energy  
2 /2 that is necessary for even orthogonal flows through the cross section, which results in 
equal drag coefficients for subsequent complete dissipation. 
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Fig. 6: Flow in the straight open joint 

a) given geometry 
b) calculated velocity distribution in the narrowest cross section 
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Fig. 7: Flow in the straight interleaved open joint 

a) given geometry 
b) calculated velocity distribution in the narrowest cross section 
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3.2 Influence During Planning Stage 
 
When the most essential parameters are being selected during the machine planning stage 
attention has to be paid to the relations for the ring wear (1) and the service life (7). Since the 
mean contact pressure p of the external rings related to the maximum pressure differential – 
see paragraph 3.1 – can hardly be influenced by the seal design for a given pressure ratio, the 
service life of the piston rings can principally be extended only by reducing the stage pressure 
ratio or the mean piston speed. 
As a first step, we have therefore examined the influence of the pressure ratio of a double-
acting stage on the service life of the piston rings and the tightness efficiency for the example 
discussed in 3.1. As expected, the contact pressure together with the wear increase linearly 
with π (Fig. 8). 
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Fig. 8: Wear and tightness curves over time as a function of the pressure ratio 
 
Further calculations have been carried out with the secondary condition of a constant piston 
displacement stream to find out to which extent proportionality (7), which is derived for 
simplified assumptions, is valid. 
First, stroke and speed have been varied for an invariable diameter such that the mean piston 
speed remained constant. It is clear that with increasing s/d, i. e. with decreasing speed the 
contact pressure of the external rings decreases slightly, which reduces the wear (Fig. 9). The 
constant tightness efficiency demonstrates that the larger joint area is compensated by the 
shorter period of time with regard to the leak flow. 
Afterwards, the mean piston speed has been increased for constant s/d. This results in a slight 
contact pressure increase and a decrease of the service life, which is more than quadric (Fig. 
10). 
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Fig. 9: Wear and tightness curves over time as a function of the stroke drilling relation 
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Fig. 10: Wear and tightness curves over time as a function of the mean piston velocity 
 
 
4 Effects and diagnosis of wear 
 
The pre-calculation of the ring wear for known design and operating parameters provides a 
first help for compressor makers to determine the admissible maintenance interval. Criteria 
for the calculation are the lower deviation of the ring strength and the decrease of the 
tightness efficiency. The question which minimum tightness efficiency can be accepted has to 
be answered on an economic background. The sum of overhead costs should be minimised. 
 
If the compressor is operated with the ring wear increasing further effects have to be 
considered, however. Inner leakiness, e.g. may contribute to a higher outlet temperature of the 
stage. Moreover, the intermediate pressures shift in the individual stages of multistage 
compressors with different inner leakiness. These effects should be paid attention to both in 
the planning stage and when the compressor is in operation. 
 
Ideally, a process compressor is constantly monitored by a complex diagnosis system. In 
addition to a vibration analysis, which is mainly carried out to detect damages in the driving 
mechanism (Triebwerk), the pressures and temperatures at the stage inlets and outlets are 
checked. It is also recommended to consistently measure the compressor’s flow rate and the 
shaft power. Moreover, in particular cases, the pressure curve in the working areas is 
determined and interpreted by indicating. 
 
Changes due to worn tight elements and valves may be detected by trend analyses. It is 
relatively complicated to draw conclusions in terms of the seize and location of excessive 
wear. Fuzzy logic is frequently applied for this purpose, namely the method of fuzzy 
classification. This method is based on a classifier which compares all available and useful 
measured data in the form of a feature set with feature sets for defined damage classes. The 
fuzzy classification method provides probabilities with which the actual feature set my be 
assigned to a specific damage class. The fuzzy classification requires a sufficient number of 
characteristic feature sets as a pre-condition for the defined damage classes to „train“ the 
classifier. 
 
The generation of such feature sets by operating the machine with simulated damages at all 
wearing parts  - in particular for different stages of damage extent and any combinations - is 
practically not possible for larger process compressors of individual make whose test run 
takes place directly in the plant. Hence this huge amount of feature sets may only be provided 
in a theoretical way. In the study project13 an attempt was made to generate the feature sets of 



Kleinert, Will: Wear Estimate of the Sealing Ring – Effect on the Operating Parameters of a 
Reciprocating Compressor 

European Forum for Reciprocating Compressors1st Symposium page 10 

damage classes implying leakiness at the valves, the piston rings and the piston shaft packings 
of all stages by means of a simulation calculation for all of the machine with the leakiness 
given for  a four-stage process compressor. 
 
Some of the project13 results will be presented in the following. They refer to the detection of 
growing piston ring leakiness using the double-acting second stage of the compressor as an 
example. In a double-acting stage the gas flows through the leaky piston rings with a higher 
temperature from the just compressing working area into the suction area thus increasing the 
initial temperature of the compression process there.  As a result of leakiness the stage 
pressure ratio decreases so that the outlet temperature remains nearly constant, however (Fig. 
11). A clear effect of the growing leakiness can only be detected if pressure ratio and 
temperature ratio of the stage are compared (Fig. 12). 
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Fig. 11: Pressure temperature and suction temperature of the second stage for increasing 

piston ring leakiness 
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Fig. 12: Pressure ratio and temperature ratio of the second stage for increasing piston ring 

leakiness 
 
 
Unfortunately, the leakiness effects at both valves are similar so that most often only the  
diagnosis of growing inner leakiness as a result of both causes is possible. In the case of the 
fourth stage of the compressor, in which only inner leakiness may occur, a certain 
differentiation between ring leakiness and valve leakiness may be successful if two suitable 
feature sets are selected (Fig. 13). Here, the abscissa is the standardised pressure ratio of the 
third stage, while the standardised product of volume flow and pressure ratio of the fourth 
stage is used as the ordinate. 
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Fig. 13:  Differentiation between various leakinesses at the fourth stage 
 
 
 
5 Summary 
 
The calculation method presented provides information about the effect of various design 
parameters on the ring wear of dry-running reciprocating compressors. 
 
In a first approximation the service life of the piston rings is inversely proportional to the 
stage pressure differential and to the squared mean piston speed as well. A larger number of 
rings reduces only the leak flow with the wear rate remaining the same. An extension of 
service life times may be obtained by special piston seal designs for given ring materials and 
pressure differentials. 
 
The accuracy of service life forecasts of piston rings for actual operating parameters is limited 
by the accuracy of the model assumptions and the empirical relations as well. If the number of 
measured data on the piston ring wear within known operating parameters is sufficiently 
large, their analysis might contribute to the validation and improvement of the calculation 
procedure presented. 
 
The diagnosis of excessive piston ring leakiness carried out by means of pressure and 
temperature measurements between the stages is difficult and remains relatively fuzzy even if 
suitable characteristic numbers are applied, since valve leakiness produces similar effects. 
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