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 Abstract The paper presents a study of surface condition of stationary and rotary rings of a gas-lubricated face seal 
before and after 25 hours of operation on a test bench, with 75 cycles of start-ups and stops of the drive. For 
evaluation of surface conditions, flatness deviation and a selected 2D and 3D roughness parameters were 
measured. Profiles of the roughness, material ratio curves, topography, and surface maps in colour before 
and after 25 hours of operations were presented. It has been found that wear of the end faces of the sealing 
rings differs between sintered silicon carbide and carbon graphite. In the case of the stationary ring made of 
sintered silicon carbide with a hardness of 3000 HV, there is a slight increase in values of almost all (except 
Sp) measured 3D amplitude parameters: Sa, Sq, Sv, St. In the case of the rotary ring made of carbon graphite 
with hardness of about 115 HR a noticeable reduction in values of these parameters was found. Changes in 
2D and 3D roughness parameters of end faces of the stationary and rotary rings allow confirming the almost 
contact-free character of the face seal operation.

 Słowa kluczowe: uszczelnienia czołowe smarowane gazem, badania uszczelnień, zużycie powierzchni czołowych pierścieni.

 Streszczenie W artykule przedstawiono badania stanu powierzchni pierścieni stacjonarnego i obrotowego uszczelnienia 
czołowego smarowanego gazem przed i po 25 godzinach pracy na stanowisku badawczym dla 75 rozruchów 
i zatrzymań napędu. Do oceny powierzchni pierścieni uszczelniających wykonano pomiary odchyłki płasko-
ści i wybranych parametrów chropowatości 2D i 3D. Zamieszczono profile chropowatości i krzywe udziału 
materiałowego oraz topografię i mapę barwną powierzchni czołowej przed i po 25 godzinach pracy. Stwier-
dzono, że zużycie powierzchni czołowych pierścieni przebiega w odmienny sposób: w przypadku pierścienia 
stacjonarnego ze spiekanego węglika krzemu o twardości ok. 3000 HV następuje nieznaczny wzrost wartości 
prawie wszystkich zmierzonych parametrów amplitudowych (z wyjątkiem parametru Sp) chropowatości po-
wierzchni 3D, takich jak Sa, Sq, Sv, St, zaś w przypadku pierścienia obrotowego z kompozytu węglowo-gra-
fitowego o twardości ok. 115 HR zauważalne ich zmniejszenie. Zmiany wartości parametrów chropowatości 
2D i 3D powierzchni czołowej pierścieni stacjonarnego i obrotowego pozwalają na stwierdzenie prawie bez-
kontaktowego charakteru pracy uszczelnienia.

INTRODUCTION

Mechanical face seals belong to components used to 
restrict leakage in area of the passage of a shaft through 
an opening in casing of machine, e.g., a rotodynamic 
pump. The principle of their operation consists in the 
suppression of leakage in a gap formed by paired faces 
of cooperating rings, one of them is housed in the casing, 
and the other one rotates with the shaft [L. 1, 2, 3]. 
Rings of the seal are characterized by very small flatness 
deviation of working faces (the most often at the level of 

tenths of a micrometre), and by the low roughness of the 
faces obtained by lapping operation, which is most often 
found on single-disc lapping machines [L. 3, 6]. 
A special type of new generation end seals destined to 
flow-fluid machines are “gas-lubricated seals”, with 
nitrogen, dried air, carbon dioxide, or helium used as the 
lubricating gas. They can be used in the case of high 
working pressures and very high rotational speeds. The 
role of the lubricating film, preventing friction, is played 
by gaseous cushion formed during rotational motion of 
the seal as a result of hydrodynamic compression of the 
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gas in shallow and spiral grooves formed on end face of 
one from the rings [L. 3]. It assures contact-free operation 
of the sealing rings and the very low motion resistance of 
their relative movement. The principle of the operation 
of gas-dynamic grooves consists in the increase of the 
pressure of the gas in the grooves. This increase results 
from the relative motion of sealing rings (one of them is 
with grooves), which determines the inflow of the gas 
to the groove, with its width decreasing in the direction 
compatible with the inflow of the gas.  Compression of 
the gas occurs as a result of the dominancy of viscosity 
forces over inertia forces in the grooves with depths 
varying from 5 to 15 µm. A suitable pressure increase 
in the grooves results in a slight retraction of the sealing 
rings and the formation of thin and stable gaseous film, 
having its estimated thickness on the level of 2 to 5 µm. 
This small retraction of the sealing rings results in the 
generation of the flow of the gas, and the level of the flow 
for a given structure of the seal depends on the temperature 
and pressure of the gas and rotational speed, among 
others, and can be within a range from a few hundredth 
to more than 300 Nl/min (normal litres per minute) [L. 3]. 
Experimental studies of prototype sealing enable the 
verification of design assumptions and the capability of 
forming the gaseous cushion and the evaluation of static 
and stepwise characteristics [L. 4, 5].

The objective of the presented study is to assess 
the conditions of the surfaces of the stationary and 
rotary rings of the face seal lubricated with compressed 
nitrogen N2, before and after 25 hours of operation on 
the test bench, with the number of start-ups and stops 
of the drive equal to 75, by the measurement of flatness 
deviation and some selected parameters of 2D and 3D 
surface roughness, and by the verification of any wear 
on such surfaces.

METHODOLOGY  AND  TECHNIqUE  
OF  THE  TESTING

The seal of the 30GSL/A5-I.439 type, produced by the 
ANGA Uszczelnienia Mechaniczne Sp. z o.o. located in 
Kozy, was used for testing. Tests of the prototype seal 
were performed on a specialized test bench, which was 
described in detail in the study [L. 5]. Suppression of 
leakage of the process gas in the 30GLS/A5-I.439 seal 
occurs in a gap created by end faces of the rings 1 and 3 
(Fig. 1). The stationary ring (item 1) was produced from 
sintered silicon carbide, while the rotary ring (item 3) 
from antimony impregnated carbon-graphite composite. 
Properties of materials used in the production of the 
sealing rings are presented in Table 1. On surface of 
the end face (sealing surface) of the stationary ring 
(1) there are spiral unidirectional grooves formed in 
which hydrodynamic compression of the gas occurs, 
resulting in the formation of a gaseous cushion, acting 
as a lubricating film.

Fig. 1. Main components of tested face seal [L. 5]:  
1 – stationary ring, 2 – static O-ring, 3 – rotary 
ring, 4 –  dynamic O-ring, 5 – springs, 6 – casing 
of the seal, 7 – fixing tap bolts, 8 – thrust ring, 9 – 
expanding ring, 10 – protective sleeve, 11 – static 
O-ring [L. 3]

Rys. 1. Podstawowe części testowanego uszczelnienia czo-
łowego [L. 5]: 1 – pierścień stacjonarny, 2 – O-ring 
statyczny, 3 – pierścień obrotowy, 4 – O-ring dy-
namiczny, 5 – sprężyny, 6 – korpus uszczelnienia,  
7 – wkręty mocujące, 8 – pierścień oporowy, 9 – pier-
ścień rozprężny, 10 – tuleja ochronna, 11 – O-ring 
statyczny [L. 3]

Table 1. Properties of materials used in the production of 
the rings to the face seal [L. 3]

Tabela 1.  Właściwości materiałów, z których wykonano pier-
ścienie uszczelnienia czołowego [L. 3]

Parameter Unit
Sintered 
silicon 
carbide

Antimony 
impregnated 

carbon-graphite 
composite

Mass density g/cm3 3.10 2.30
Bending strength MPa 350 80
Compression 
strength MPa 2000 250

Young’s modulus GPa 350 24
Hardness 3000 HV 115 HB 5/62.5
Thermal 
conductivity

W/
mK 100 13

Thermal 
expansion

10-6 
1/K 3.5 4.2

The principle of the operation of the gas-dynamic 
seals can be analysed in the category of the equilibrium 
of forces in the gap created by end faces of the rings (1) 
and (3) (Fig. 2). In static conditions, (shaft of the device 
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at standstill) equilibrium occurs of the following forces: 
hydraulic closing force FhD, and the compression force 
generated by the pack of springs Fspr, and the hydraulic 
relieve force FhO, statically relieving force on surface of 
the groove Fstat, and the compression force between the 
grooves N. During dynamic operation of the seal with 
a determined rotational speed of the shaft, the increase 
of pressure in the grooves results in the generation of an 
additional dynamic relieving force on the surface of the 
grooves Fgd. As a result, both rings are drawn back (the 
compression force N disappears) and the value of the 
force Fgd decreases due to the outflow of the gas through 
the gap. Simultaneously, this results in the stabilization 
of distance between end faces of the rings.

The gas-lubricated seal is characterized by two 
types (states) of operation: contact operation during 
standstill and at low rotational speeds (during start-
up and braking), and contact-free operation upon 
reaching a critical rotational speed, affected (except 
design parameters) by the pressure and temperature of 
the process gas. With properly selected configuration 
of the seal, the time of contact operation should be 
short, because technical dry friction present in this 
state contributes to accelerated wear of end faces of the 
rings.  During normal operation of the seal, mating faces 
of the rings are separated by layer of the gas, having 
an estimated thickness generally not exceeding 5 µm 
and not bigger than maximal unevenness height of the 
rings. Liquid friction, occurring in this condition, results 
in the reduction of the kinetic friction coefficient and 
significantly reduces the frictional wear of end faces 
of the rings [L. 7, 8]. Assessment of the wear of end 
faces of the rings can be used as an indicator describing 
the character of the gas-lubricated seal operation and 
occurring types of friction (technically dry or liquid 
friction).

In the first stage, the investigations comprised the 
determination of the combination of selected operational 
parameters, i.e. the temperature of process gas tg, the 

pressure of the gas pg, and rotational speed n for the 
value of the gas flow rate through the seal QN (value 
of allowable leakage) within the range from 0.2 to 
1.6 Nl/min. The lower limit of this range determines the 
minimal value of the flow rate occurring in the case of 
contact-free operation of the seal. However, the upper 
limit of this range (1.6 Nl/min) results from need to limit 
the excessive outflow of the gas, and its value depends 
on individual applications. Compressed nitrogen N2 was 
used as the process gas in the course of testing.

The volumetric flow rate of the gas is expressed in 
normal litres per minute, which determines the volume 
of the gas in normal conditions, i.e. at absolute pressure 
1013.25 hPa and temperature 0°C, flowing through 
the gap in the seal during 1 minute. The adopted unit 
of the measure corresponds to the mass flow rate of the 
gas, which eliminates the uncertainty of measurements, 
resulting from the variability of parameters of state of 
the gas.

In the range of operational parameters selected in the 
first part of the investigations, the seal had been working 
for 25 hours on a special test bench, with the number of 
start-ups and stops equal to 75. (The construction and 
principle of the operation of the bench were described in 
detail in the study [L. 5]). The main area of the research 
was to determine the nature of the operation of the seal 
by assessing the conditions of the mating surfaces of the 
stationary and rotary rings in the analysed seal after the 
prescribed time of operation on the test bench. 

The wear of the end faces of the investigated gas-
lubricated seal was evaluated by the comparison of 
selected parameters of 2D and 3D surface roughness 
before and after dynamic operation. The following 
parameters of 2D surface roughness were selected: 
amplitude parameters – the arithmetic mean height of 
the profile Ra, the root mean square height of the profile 
Rq, the maximum peak height of the profile Rp, the 
maximum pit height of the profile Rv, the maximum 
height of the profile Rt, and parameters of areal material 

Fig. 2. Distribution of forces in the gap created by end faces of the seal [L. 3]
Rys. 2.  Rozkład sił w szczelinie utworzonej przez czoła pierścieni uszczelnienia [L. 3]
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ratio curve (linear) – core height of the roughness Rk, 
reduced peak height Rpk, reduced dale height Rvk, peaks 
ratio of the area of the material (linear) Mr1, valley 
ratio of the area of the material (linear) Mr2, the area 
of peaks of the profile filled with material A1, and the 
area of the valleys of the profile without material A2. In 
addition, profiles of the roughness and the material ratio 
curves (linear) of end face of the stationary and rotary 
rings after lapping operation, and next after 25 hours of 
operation, were included. Whereas, in the case of 3D 
surface roughness parameters, the following parameters 
were selected: amplitude parameters of the surface – the 
arithmetic mean height of the scale limited surface Sa, 
the root mean square height of the scale limited surface 
Sq, the maximum peak height of the scale limited 
surface Sp, the maximum pit height of the scale limited 
surface Sv, the maximum height of the surface St, and 
parameters of areal material ratio curve – core height 
Sk, reduced peak height Spk, reduced valley depth Svk, 
material ratio (peak ratio of area of the material) Smr1, 
and material ratio (valley ratio of area of the material) 
Smr2. Moreover, images of topography and colour 
images of the end faces of the stationary and rotary rings 
after lapping operation, and after 25 hours of operation, 
were presented [L. 9, 10].

Measurements of selected parameters of 2D 
and 3D surface roughness were performed using 
a profile measuring system of the Form Talysurf 120 
type produced by Taylor Hobson Company. A conical 
measuring tip of the K501/1685 type with a fillet radius 
of 2 µm and angle of 60° was used. Measurements of 
surface roughness and topography were performed 
in four uniformly spaced locations on the sealing 
surfaces of both rings. Measurements of topography 
were performed on surfaces 2 mm x 2 mm, making 401 
linear paths spaced 5 µm from each other. In the course 
of the measurements, sampling length lr = 0.25 mm, 
mapping length lt = 2.8 mm, and the number of sampling 
lengths i = 5 were used. Furthermore, the sampling step 
was Δx = 0.35 µm, the number of recorded points was 
Nx=8000, and the feed rate of the gauging point was 
vos = 0.5 mm/s and a Gaussian filter was used.

RESULTS OF THE TESTS AND ANALYSIS OF 
THEIR RESULTS

The PS/DS-P: α[1.2154/3x5] static, determined, 
orthogonal, selective, multifactor plan was implemented 
for the tests, and each input value (independent value) 
from the plan was based on 5 measurements. In course 
of the calculations for i = 3, the value of α = 1.2154 was 
taken. Levels and values of the independent variables 
to accomplish the PS/DS-P: α[1,2154/3x5] plan are 
summarized in Table 2. For each of of the 15 systems of 
the plan, there were 5 repetitions of measurement of the 
flow rate QN  (by stops of the drive and repeated starts-

up). Recording of the flow rate was made 20 minutes 
after the preset speed was reached. The time was selected 
during preliminary tests and was sufficient to stabilize 
the operational parameters of the seal [L. 5].

Table 2.  Levels and values of independent variables from 
the PS/DS-P: α [1.2154 / 3x5] plan

Tabela 2. Poziomy i wartości zmiennych niezależnych planu 
PS/DS-P: α [1,2154 / 3x5]

Input values Values of the codes (α =1.2154)

x i Δx i - α - 1 0 + 1 + α

x1 = tg °C 24 22 27 51 75 80

x2 = pg MPa 0.29 0.50 0.56 0.85 1.14 1.20

x3 = n rpm 3700 3000 3800 7500 11200 12000

The sequence of the individual tests, applied 
parameters, values of gas flow rate QN, regression 
coefficients of tested object function QN = f(tg, pg, 
n) evaluated with use of the STATISTICA computer 
program, and statistical analysis of the regression function 
are presented in the study [L. 5]. The minimal value of 
average volumetric flow rate of the gas QN = 0.0074 Nl/min 
occurred for tg = 75˚C, pg = 0.56 MPa and n = 3798 rpm, 
while the maximal value QN = 2.9102 Nl/min occurred 
for tg = 27˚C, pg = 1.14 MPa and n = 11202 rpm. The 
pressure of the process gas pg and rotational speed n have 
a decisive effect on the value of the volumetric flow rate 
QN. For the pressure of the gas pg = 1.14 MPa and speed 
n = 11202 rpm, and pg = 1.2 MPa and n = 7500 rpm, 
the gas flow rates were distinctly higher than value of 
1.6 Nl/min [L. 5].

The correctness of the functioning of the tested seal 
is connected with maintaining the flow rate of the gas QN 
within the assumed interval of 0.2–1.6 Nl/min. Except 
for the allowable range of the flow rate of the gas QN, it 
is also important to maintain the contact-free character 
of the operation of the gas-dynamic seal during its 
rotational motion. The presence of contact between end-
faces affects the friction between stationary and rotating 
rings of the seal, which can result in wear of end-faces.

Surface flatness of the stationary and rotary rings 
was evaluated with use of interference plates. Obtained 
interference images were compared to the pattern shown 
in Table 3 [L. 3], and Table 4 presents the measurement 
results of the flatness deviation of the sealing rings. 

Figure 3 presents the interference images of the 
assessment of the surface flatness of the rings after 25 
hours of operation, with the number of start-ups and 
stops equal to 75  (a – for stationary ring, b – for rotary 
ring).

Table 5 contains the specified values of the 
following parameters of 2D surface roughness: Ra, Rq, 
Rp, Rv, Rt, Rk, Rpk, Rvk, Mr1, and Mr2, before and after 
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Table 3.   Pattern to assessment of surface flatness of the sealing rings [L. 3]
Tabela 3.   Wzorzec do oceny płaskości powierzchni pierścieni uszczelniających [L. 3]

Table 4.  Measurement results of flatness deviation of the sealing rings
Tabela 4.  Wyniki pomiarów odchyłki płaskości pierścieni uszczelniających

Surface flatness deviation, mm Stationary ring Rotary ring

after 0 hours of operation < 0.0003 < 0.0003

after 25 hours of operation < 0.0003 < 0.0003

a)                                                                          b)

Fig. 3.  Measurement of surface flatness deviation of the rings after 25 hours of 
operation of the seal: a) stationary ring, b) rotary ring

Rys. 3.  Pomiar odchyłki płaskości powierzchni pierścieni po 25 godz. pracy uszczel-
nienia: a) pierścienia stacjonarnego, b) pierścienia obrotowego

25 operational hours of the seal. The roughness profiles 
and the material ratio curves (linear) of the sealing face 
of the stationary ring are presented in Figure 4. Figure 5 
presents the same data for the rotary ring. The presented 
characteristics relate to the condition of the surface both 
after lapping operation (i.e. for 0 hours of operation) and 
after 25 hours of operation of the seal.

Due to relatively short operational time of the 
face seal of the 30GSL/A5-I.439 type, amounting to 25 
hours, and in particular, due to low number of start-ups 
equal to 75 and the same number of stops – 75, none 
of the changes in deviation of surface flatness on end 

faces of the stationary and rotary rings of the seal were 
confirmed. Values of flatness deviation on end faces 
of the rings of the seal, both after lapping operation 
and after 25 hours of operation on the test bench, 
were at a similar level above value of 0,0003 mm. 
Average values of amplitude parameters of 2D surface 
roughness on end face of the stationary ring, after 25 
hours of operation, such as Ra and Rq, were slightly 
increased within the limits of 0.005–0.007 µm, while the 
parameters Rp and Rt increased – 0.014–0.032 µm, while 
the parameter Rv was practically unchanged. Average 
values of nearly all parameters of the material ratio 
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curve (linear), after 25 hours of operation of the seal, 
were also slightly increased. For instance, the parameter 
Rpk was increased by approximately 0.006 µm, while 
the parameter Rvk with about 0.014 µm; whereas, the 
parameter Rk remained on the same level. In the case of 
the stationary ring, the area of peaks filled with material 
A1 increased almost six times after 25 hours of operation 
of the seal, while the area of the valleys of the profile 
without material A2 increased only 0.24 µm2/mm.

Average values of all amplitude parameters of the 
rotary ring of the face seal, such as Ra, Rq, Rp, Rv, and 
Rt, were increased. For instance, the values of such 
parameters as Ra, Rq and Rp were slightly increased 
within the limits of 0.008–0.010 µm, while the average 
value of the parameter Rv increased to 0.0472 µm, and 
the parameter Rt increased 0.0679 µm, (i.e. several 
times higher comparing to other parameters). Average 
values of all parameters of the material ratio curve 
(linear) after 25 hours of operation were also slightly 
increased. For example, the parameters Rpk and Rk 

were slightly increased 0.006 µm on average, while 
the parameter Rvk significantly increased (almost ten 
times higher in comparison to the parameters Rpk and 
Rk). For the rotary ring, after 25 hours of operation 
of the seal, the area of peaks of the profile filled with 
material A1 increased about 1.88 µm2/mm, while area 
of valleys of the profile without material A2 increased 
by 11.781 µm2/mm.

In summary, it can be ascertained that, after 75 
start-ups and stops of the drive of the gas-lubricated face 
seal of the 30GSL/A5-I.439 type, the average values of 
almost all parameters of 2D surface roughness of end-
faces, both in the case of the stationary and rotary rings, 
were slightly increased. At the same time, the increase in 
values of amplitude parameters of 2D surface roughness 
of the rotary ring was generally higher than the increase 
of the same parameters of the stationary ring. Instead, 
average values of almost all parameters of the material 
ratio curve (linear), both in the case of end faces of the 
stationary and rotary rings, were at a similar level.

Table 5.  Measurement results of selected 2D parameters of surface roughness of the sealing rings (before and after  
25 hours of operation)

Tabela 5. Wyniki pomiarów wybranych parametrów 2D chropowatości powierzchni pierścieni uszczelnienia (przed i po 25 godz. 
pracy)

Stationary ring

Parameter
before operation after 25 hours of operation

measured values average measured values average
Ra, μm 0.0232; 0.0186; 0.0225; 0.0199 0.0211 0.0276; 0.0238; 0.0261; 0.0257 0.0258
Rq, μm 0.0437; 0.0404; 0.0399; 0.0412 0.0413 0.0458; 0.0462; 0.0503; 0.0490 0.0478
Rp, μm 0.0521; 0.0474; 0.0519; 0.0496 0.0503 0.0631; 0.0620; 0.0671; 0.0661 0.0646
Rv, μm 0.0320; 0.0259; 0.0268; 0.0286 0.0283 0.0290; 0.0279; 0.0280; 0.0289 0.0285
Rt, μm 0.4209; 0.5113; 0.4711; 0.4536 0.4642 0.4817; 0.5161; 0.4951; 0.4912 0.4960
Rk, μm 0.0476; 0.0499; 0.0472; 0.0482 0.0482 0.0484; 0.0479; 0.0499; 0.0477 0.0485
Rpk, μm 0.0332; 0.0300; 0.0322; 0.0315 0.0317 0.0369; 0.0351; 0.0380; 0.0393 0.0373
Rvk, μm 0.0897; 0.0875; 0.0890; 0.0886 0.0887 0.1080; 0.0927; 0.0983; 0.1100 0.1023
Mr1, % 2.993; 7.543; 5.539; 3.212 4.822 14.463; 8.493; 10.881; 11.394 11.308
Mr2, % 71.741; 78.283; 75.212; 70.098 73.834 75.376; 79.924; 74.409; 76.168 76.469

Rotary ring

Parameter 
µm

before operation after 25 hours of operation
measured values average measured values average

Ra, μm 0.0360; 0.0415; 0.0390; 0.0401 0.0392 0.0447; 0.0436; 0.0490; 0.0529 0.0476
Rq, μm 0.0518; 0.0583; 0.0581; 0.0580 0.0566 0.0669; 0.0629; 0.0698; 0.0673 0.0667
Rp, μm 0.1138; 0.0972; 0.0996; 0.1300 0.1103 0.0986; 0.1237; 0.1240; 0.1306 0.1192
Rv, μm 0.2206; 0.1892; 0.2332; 0.2009 0.2110 0.2280; 0.2618; 0.2519; 0.2910 0.2582
Rt, μm 0.4862; 0.4459; 0.4500; 0.4108 0.4482 0.5620; 0.4811; 0.5010; 0.5203 0.5161
Rk, μm 0.1279; 0.1038; 0.0978; 0.1151 0.1112 0.1120; 0.1275; 0.1100; 0.1185 0.1170
Rpk, μm 0.0449; 0.0465; 0.0460; 0.0440 0.0454 0.0508; 0.0515; 0.0492; 0.0519 0.0509
Rvk, μm 0.0799; 0.0859; 0.0930; 0.1004 0.0898 0.1565; 0.1395; 0.1457; 0.1400 0.1454
Mr1, % 5.855; 7.275; 4.450; 4.997 5.644 8.634; 8.016; 10.561; 9.228 9.110
Mr2, % 85.204; 79.493; 76.215; 77.941 79.713 77.384; 79.775; 77.105; 76.453 77.679
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Fig. 4 Profile of surface roughness and material ratio curve (linear) of end face of the stationary ring: a) before the testing, 
b) after 25 hours of operation of the seal

Rys. 4.  Profil chropowatości oraz krzywa udziału materiałowego (liniowego) powierzchni czołowej pierścienia stacjonarnego: 
a) przed badaniami, b) po 25 godz. pracy uszczelnienia

a)

a)

b)

b)

Fig. 5. Profile of surface roughness and material ratio curve (linear) of end face of the rotary ring: a) before tests, b) after 
25 hours of operation

Rys. 5.  Profil chropowatości oraz krzywa udziału materiałowego (liniowego) powierzchni czołowej pierścienia obrotowego: 
a) przed badaniami, b) po 25 godz. pracy
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Table 6 summarizes the 3D surface roughness 
parameters 3D: Sa, Sq, Sp, Sv, St, Sk, Spk, Svk, Smr1, 
and Smr2, before and after 25 hours of operation of the 
seal.

Average values of all measured amplitude 
parameters of 3D surface roughness (topography) of end 
face of the stationary ring, after 75 start-ups and stops 
of drive of the device, such as Sa, Sq, Sp, and St, were 
slightly increased within limits of 0.004–0.022 µm, 
while the parameter Sv increased about 0,080 µm. 
Average values of nearly all parameters of the material 
ratio curve (areal), after 75 start-ups and stops of the 
drive, remained practically unchanged at the same level.

In the case of the rotary ring, the average values 
of all measured amplitude parameters of 3D surface 
roughness (topography) of end face, after 75 start-ups 
and stops of drive of the device, such as Sa, Sq, and 
Sp, slightly increased within limits from 0.003 to about 
0.01 µm, while average values of parameters Sv and 
St were distinctly decreased (parameter Sv decreased 
about 2.42 µm, whereas parameter St decreased 

about 3.17 µm). As result of operation of the seal, the 
parameters of the material ratio curve (Sk, Spk, and Svk) 
remained practically unchanged at the same level.

A slight increase in the values of 3D surface 
roughness parameters, with the exception of Sp 
parameter, of end face of the stationary ring, and 
decrease in the same parameters of the surface roughness 
of end face of the rotary ring, after 25 hours of operation, 
should be presumably explained by the fact that, during 
start-ups and stops of the seal, the end face of the rotary 
ring, having hardness several times lower, temporarily 
moves over surface of the stationary ring, having high 
hardness. As a result of dry friction between faces of the 
both rings, hooking of the tops of surface inequalities 
and shear of tops of the material with low hardness are 
observed, i.e. the rotary ring. Parameters of 3D surface 
roughness of end face of the rotary ring are therefore 
decreased (distinct decrease of the parameters Sv and 
St). However, broken away “soft” microparticles of 
the carbon-graphite composite of the rotary ring cause 
scratching of end face of the stationary ring with high 

Table 6.  Measurement results of  selected 3D parameters of surface roughness of the sealing rings (before and after 
25 hours of operation)

Tabela 6. Wyniki pomiarów wybranych parametrów 3D chropowatości powierzchni pierścieni uszczelnienia (przed i po 25 godz. 
pracy)

Stationary ring

Parameter
before operation after 25 hours of operation

measured values average measured values average
Sa, μm 0.0343; 0.0361; 0.0339; 0.0361 0.0351 0.0385; 0.0401; 0.0429; 0.0420 0.0409

Sq, μm 0.0559; 0.0589; 0.0578; 0.0568 0.0574 0.0605; 0.0623; 0.0617; 0.0600 0.0611

Sp, μm 0.2831; 0.2294; 0.2975; 0.2631 0.2683 0.2239; 0.2745; 0.2508; 0.2473 0.2491

Sv, μm 0.6219; 0.6685; 0.6501; 0.6759 0.6541 0.7592; 0.6985; 0.7218; 0.7563 0.7340

St, μm 0.9738; 0.9314; 0.9195; 0.9625 0.9468 0.9846; 0.9546; 0.9771; 0.9602 0.9691

Sk, μm 0.0495; 0.0464; 0.0460; 0.0500 0.0480 0.0467; 0.0481; 0.0473; 0.0470 0.0473

Spk, μm 0.0368; 0.0372; 0.0394; 0.0368 0.0376 0.0360; 0.0372; 0.0370; 0.0362 0.0366

Svk, μm 0.0750; 0.0749; 0.0764; 0.0750 0.0753 0.0750; 0.0753; 0.0762; 0.0725 0.0748

Smr1, % 13.483; 15.249; 16.324; 12.984 14.510 14.239; 10.984; 12.562; 13.547 12.833

Smr2, % 81.354; 87.234; 83.452; 85.237 84.319 86.296; 84.308; 87.006; 84.299 85.477

Rotary ring

Parameter
before operation after 25 hours of operation

measured values average measured values average
Sa 0.0604; 0.0599; 0.0572; 0.0589 0.0591 0.0559; 0.0548; 0.0578; 0.0551 0.0559

Sq 0.1036; 0.0988; 0.0973; 0.0996 0.0998 0.0948; 0.0913; 0.0923; 0.0910 0.0923

Sp 1.1936; 1.2463; 1.3197; 1.2280 1.2469 1.2713; 1.2006; 1.2471; 1.2293 1.2371

Sv 5.3457; 4.6733; 5.0482; 5.1188 5.0465 2.5672; 2.9693; 2.1292; 2.8386 2.6261

St 7.2428; 6.9853; 7.0061; 7.1105 7.0862 3.6596; 4.1658; 3.9625; 3.8853 3.9183

Sk 0.0759; 0.0774; 0.0800; 0.0782 0.0779 0.0793; 0.0812; 0.0780; 0.0782 0.0792

Spk 0.0564; 0.0562; 0.0580; 0.0560 0.0567 0.0570; 0.0572; 0.0565; 0.0562 0.0567

Svk 0.1140; 0.1104; 0.1198; 0.1119 0.1140 0.1124; 0.1196; 0.1154; 0.1103 0.1144

Smr1, % 12.843; 17.012; 14.936; 12.468 14.315 11.349; 15.424; 9.731; 10.637 11.785

Smr2, % 85.395; 82.048; 87.440; 88.328 85.803 81.952; 78.639; 77.497; 80.903 79.748
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hardness, which results in a slight increase in the values 
of parameters of 3D surface roughness (with exception 
of Sp parameter, which slightly decreased).  Multiple 
increases in values of the area of peaks of the profile filled 
with material A1 of end face of stationary ring results 
from a slight decrease of the value of the parameter Sp. 
From the other hand, the increase of values of area of 
valleys of the profile without material A2, as much as 
with 11,781 µm2/mm for the rotary ring after 25 hours of 
operation of the seal, was caused by clear and numerous 
valleys on the profile of the surface, and formed during 
start-ups and stops of drive of the seal.

Differences in changes of values of 3D surface 
roughness parameters, for the stationary and rotary 

rings, as a result of the operation of the seal should be 
explained by the different material properties of the 
both rings, and above all, by significant differences in 
hardness and porosity.

Topography and colour images of the end face of 
the stationary ring after lapping operation performed 
on a lapping machine are presented in Fig 6, while 
after 25 hours of operation on the test bench, with 75 
start-ups and stops of the drive, are presented in Fig. 7. 
However, topography and colour images of the end face 
of the rotary ring after lapping operation performed on 
a lapping machine are presented in Fig. 8, while after 25 
hours of operation on the test bench, with 75 start-ups 
and stops of the drive, are presented in Fig. 9.

Fig. 6.  3D roughness of the end face of the stationary ring after lapping operation: (a) image of 
topography; (b) image of the surface

Rys. 6.  Chropowatość 3D powierzchni czołowej pierścienia stacjonarnego po operacji docierania: (a) 
obraz topografii; (b) mapa powierzchni

Fig. 7.  3D roughness of the end face of the stationary ring after 25 hours of operation on test bench 
(i.e. after 75 start-ups and stops of drive of the seal): (a) image of topography; (b) image of 
the surface

Rys. 7.  Chropowatość 3D powierzchni czołowej pierścienia stacjonarnego po 25 godzinach pracy na 
stanowisku badawczym (tj. po 75 rozruchach i zatrzymaniach napędu uszczelnienia): (a) obraz 
topografii; (b) mapa powierzchni
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SUMMARY

Experimental research of the prototype face 
seal lubricated with gas (nitrogen N2) performed on 
a specially developed and produced test bench have 
allowed the assessment of the condition of end faces 
of the stationary and rotary rings after 25 hours of 
operation, with number of start-ups and stops equal to 
75, and the confirmation that wear of these surfaces 
occurs in a diverse way. The following can be concluded 
concerning the ends faces of the rings:
– The stationary ring, which is produced from sintered 

silicon carbide having a hardness of about 3000 HV 
and mass density of ρ = 3.1 g/cm3 is observed to 
have a slight increase of amplitude parameters of 3D 
surface roughness, such as Sa, Sq, Sv, St, (only value 

of the parameter St slightly decreases), while values 
of parameters of the real material ratio curve Sk, Spk, 
and Svk are practically unchanged.

– In the rotary ring, which is produced from the 
carbon-graphite composite having hardness of about 
115 HR and mass density of about ρ = 2.25 g/cm3, the 
values of all measured amplitude parameters, and in 
particular, parameters Sv and St, are clearly reduced, 
while values of parameters of the real material ratio 
curve, such as Sk, Spk, and Svk,  remain unchanged. 

Differences in changes of values of 3D surface 
roughness parameters after 25 hours of operation of the 
seal, and the same differences in form of wear of end faces 
of the stationary and rotary rings, can be explained by the 
different material properties of both rings, and above all, 
by significant differences in hardness and porosity.

Fig. 8.  3D roughness of the end face of the rotary ring after lapping operation: (a) image of topography; 
(b) image of the surface

Rys. 8.  Chropowatość 3D powierzchni czołowej pierścienia obrotowego po operacji docierania: (a) obraz 
topografii; (b) mapa powierzchni

Fig. 9. 3D roughness of end face of the rotary ring after 25 hours of operation on test bench (i.e. after 
75 start-ups and stops of drive of the seal): (a) image of topography; (b) image of the surface

Rys. 9. Chropowatość 3D powierzchni czołowej pierścienia obrotowego po 25 godzinach pracy na stanowi-
sku badawczym (tj. po 75 rozruchach i 75 zatrzymaniach napędu uszczelnienia): (a) obraz topogra-
fii; (b) mapa powierzchni
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