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Leakage and Stiffness Characteristics 
of Bionic Cluster Spiral Groove Dry Gas Seal
Jin‑Bo Jiang, Xu‑Dong Peng*, Ji‑Yun Li and Yuan Chen

Abstract 

Spiral groove dry gas seal (S‑DGS), the most widely used DGS in the world, encounters the problem of high leakage 
rate and inferior film stability when used in high‑speed machinery equipment, which could not be well solved by 
optimization of geometrical parameters and molded line of spiral groove. A new type of bionic cluster spiral groove 
DGS (CS‑DGS) is proved to have superior film stability than S‑DGS at the condition of high‑speed and low‑pressure 
numerically. A bionic CS‑DGS is experimentally investigated and compared with common S‑DGS in order to provide 
evidence for theoretical study. The film thickness and leakage rate of both bionic spiral groove and common spiral 
groove DGS are measured and compared with each other and with theoretical values under different closing force 
at the condition of static pressure, high‑speed and low‑pressure, and the film stiffness and stiffness‑leakage ratio 
of these two face seals are derived by the relationship between closing force and film thickness at the steady state. 
Experimental results agree well with the theory that the leakage and stiffness of bionic CS‑DGS are superior to that of 
common S‑DGS under the condition of high‑speed and low‑pressure, with the decreasing amplitude of 20% to 40% 
and the growth amplitude of 20%, respectively. The opening performance and stiffness characteristics of bionic CS‑
DGS are inferior to that of common S‑DGS when rotation speed equals to 0 r/min. The proposed research provides a 
new method to measure the axis film stiffness of DGS, and validates the superior performance of bionic CS‑DGS at the 
condition of high‑speed and low‑pressure experimentally.
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1 Introduction
Dry gas seals with unidirectional spiral groove (S-DGS) 
have encountered numerous applications in medium 
and high speed rotating equipment because of their low 
friction, long life time, such as centrifugal compressors, 
pumps and blowers [1–6]. However, the abrupt failure 
of S-DGS occurs from time to time when used in high 
speed machinery with big vibration for the weak capacity 
of resisting disturbance of gas film between the two faces. 
Strict environmental protection laws require efficient 
sealing systems for preventing release of the poisonous 
and harmful fluids into atmosphere, which bring forward 
higher request for the sealing performance of S-DGS. 
Leakage rate and film stiffness are the two key sealing 

performance parameters of dry gas seal. The purpose of a 
seal is to prevent leakage; hence, the leakage path should 
be as small as possible, and the leakage rate should be as 
low as possible. The axial film stiffness is used to char-
acterize the capacity of resisting disturbance of gas film. 
The higher of film stiffness, the stronger capacity of 
resisting disturbance of gas film; hence, it is of cardinal 
importance to enhance the stiffness of gas films to mini-
mize vibration due to external excitations. The separation 
gap between the frictional surfaces deeply influence the 
leakage rate and film stiffness, which created by the open-
ing force, and should be neither too large nor too small: 
if the film gap is too large, the process fluid leaks across 
the faces and lead to the large leakage rate and small film 
stiffness; and if too small, excessive wear is likely to occur 
[7].

In order to maximize the film stiffness of dry gas seal, 
and keep a low leakage rate at the same time, a great deal 
of numerical and experimental study on groove structure 
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and parameter optimization of DGS under varying 
operation conditions have been carried out. The effect 
of geometry parameters of groove, such as spiral angle, 
groove-dam ratio and groove depth, on the performance 
of a S-DGS, such as opening force, film stiffness, leakage 
rate and stiffness-leakage ratio, are numerically analyzed 
by Zirkelback et al. [8], Liu et al. [9], Peng et al. [10]. The 
optimum structural parameters of groove with different 
objective functions in different operating conditions are 
presented. In recent years, the effect of groove structural 
optimization on performance improvement of DGS has 
attracted more and more researchers’ attention because 
the limitation of performance enhancement by optimum 
design of groove geometry parameters of S-DGS simply. 
Recently, a parametric study and performance evaluation 
of typical bidirectional dry gas seals with modified sur-
face were presented by Su et al. [11, 12] and Blasiaka and 
Zahorulko [13]. Hashimoto and Ochiai [14–16] pre-
sented an entirely new optimum design methodology, 
in which the groove geometry can be flexibly changed 
by using the spline function, to maximize the stiffness of 
gas films for grooved thrust bearings. The film stiffness 
and load-capacity of the optimized bearing are higher 
than that of common spiral groove bearing and herring-
bone bearing, which were both theoretically and experi-
mentally verified. The sealing performance of the spiral 
groove DGS with an inner annular groove (AS-DGS) [17] 
was numerically analyzed by Peng et al. [18], which was 
invented by Flowserve Corporation. The results show 
that the opening force and film stiffness of AS-DGS is 
larger than that of the common S-DGS at the condition 
of low-speed and high-pressure, while the leakage is a 
little larger. Dresser-Rand Corporation presented a pat-
ented pattern of short grooves in combination with the 
longer grooves to provide excellent lift-off effect and 
optimum gas film stiffness at low speed as well as high 
speed. During operation, the short grooves could cre-
ate obvious high pressure to separate the mating rings 
at slow speed, while the longer grooves contribute to 
creating a stable gas film between the two rings at high 
speed. The uni-directional V groove with the combined 
radial-circumferential tapered groove bottom [19], which 
was invented by Burgmann Corporation, causes a reduc-
tion in the opening force and leakage rate. Despite that 
there are only few researchers pay attention to the experi-
ment of the sealing performance test of DGS, most of the 
researchers only focus on the numerical simulation and 
analysis of groove structure and geometry parameters 
optimization as the subject to improve the gas film stiff-
ness and reduce the fluid leakage of DGS.

Jiang et al. [20, 21] introduces a new type of bionic clus-
ter spiral groove dry gas seal (CS-DGS) based on the cou-
pling bionic theory, and presents the numerical study on 

the influence of groove geometry parameters on the seal-
ing performance, such as opening force, axial film stiff-
ness and seal leakage. The results shows that the sealing 
performance and operation stability of bionic CS-DGS 
are much better compared to common unidirectional 
S-DGS at high speed.

The aim of this study is to investigate the leakage and 
stiffness characteristics of a bionic cluster spiral groove 
DGS experimentally which could provide evidence for 
the theoretical study. The film thickness and leakage rate 
of CS-DGS and S-DGS were measured and the closing 
force was calculated at the condition of static pressure 
and high-speed, and the measured data were compared 
with the theoretical results. The relationship between 
film stiffness and film thickness was derived from the 
relationship between opening force and film thickness. 
The experimental results could provide a reference for the 
design and model selection of CS-DGS in engineering.

2  Experiment
2.1  Experimental Apparatus
A schematic description of a test rig used in the pre-
sent experiments is shown in Figure  1. It is composed 
of a power-driven system, a pressurized seal gas supply 
and regulation system, two external pressurized seals 
and a computerized data acquisition system. There are 
two face seals in the seal chamber, the right one is the 
grooved face seal used for testing, and the left one is the 
auxiliary seal which used to prevent the seal leakage to 
the side of bearing housing. The test smooth rotor ring is 
supported by a metallic holder on the axle sleeve of the 
shaft, which is driven by a motor whose rotation speed is 
controlled by a frequency converter. The shaft speed var-
ies from 0 to 10000 r/min. The grooved ring (stationary 
ring) is mounted in the seal chamber and can freely move 
in the axial direction adjusted by the three uniformly dis-
tributed micro meters which are fixed to the housing. In 
order to measure the film thickness and leakage rate, a 
sensor holder is fixed on the test stationary ring. An eddy 
current displacement sensor is installed on the holder 
by thread and a stainless steel sheet is fixed on the test 
rotor by super glue. The on-line measurement of gas film 
thickness is carried out by measuring the displacement 
change between the eddy current sensor and the sheet 
during testing. The leaking gas goes out from the leakage 
rate measurement hold on the sensor holder, connected 
to leakage rate sensor, a digital MEMS gas mass flow 
meter, through pipe. Pressurized seal gas provided by a 
low pressure air compressor flows into the seal chamber 
after filtered (filter precision is less than 1 μm) and dehu-
midified by tertiary filters, and the pressure of which is 
adjusted by a pressure value and measured by a pressure 
sensor. All the data (including the data from the pressure 
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sensor, the speed control system, the eddy current sensor 
and the gas mass flow meter) collected from the sensors 
are fed into a data acquisition system and interfaced with 
a computer.

In order to measure the film thickness and leakage 
rate, a sensor holder is fixed on the test stationary ring. 
An eddy current displacement sensor is installed on the 
holder by thread and a stainless steel sheet is fixed on the 
test rotor by super glue. The on-line measurement of gas 
film thickness is carried out by measuring the displace-
ment change between the eddy current sensor and the 
sheet during testing. The leaking gas goes out from the 
leakage rate measurement hold on the sensor holder, 
connected to leakage rate sensor, a digital MEMS gas 
mass flow meter, through pipe. Pressurized seal gas pro-
vided by a low pressure air compressor flows into the seal 
chamber after filtered (filter precision is less than 1 μm) 
and dehumidified by tertiary filters, and the pressure of 
which is adjusted by a pressure value and measured by a 
pressure sensor. All the data (including the data from the 
pressure sensor, the speed control system, the eddy cur-
rent sensor and the gas mass flow meter) collected from 
the sensors are fed into a data acquisition system and 
interfaced with a computer.

Some special measures had been taken to improve the 
measurement accuracy of leakage rate. The collector of 
leakage from the mating surface and its’ auxiliary struc-
ture for preventing leakage through other paths except 

the path of leaking gas collector are shown in Figure  2. 
The O rings are used to prevent the leakage between sta-
tor ring and sensor holder, and between bolt and sensor 
holder respectively. The thread seal taper is used to pre-
vent the leakage between displacement sensor and sensor 
holder.

The high seal pressure po is provided at the outside of 
the seal rings and low pressure pi at the inside as shown 
in Figure  3, which provides the gas film opening force 
Fo and static pressure closing force Fsta, respectively. 
The closing force Fc consists of the static pressure clos-
ing force Fsta and the spring force Fsp. The spring force 
Fsp could be adjusted by the micro meter without disas-
sembling the test seal, for the spring camber would be 
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changed when adjusting the micro meter, the accuracy of 
adjustment of which is 0.01  mm. Here, the spring force 
Fsp is expressed as

and the static closing force Fsta is obtained as

where N is the number of spring, k is the average spring 
stiffness, Δx is the spring camber, and do, di, db are the 
outer, inner and balanced diameter of the seal face, 
respectively.

When the seal is in steady running state at a constant 
seal gap, the closing force Fc generated by the spring and 
pressurized seal gas would balance with the opening 
force Fo, the following equation is obtained:

2.2  Specimen Preparation
The specimens are made in pairs. The plain, rotating ring 
with an I.D. of 59 mm, O.D. of 73 mm is made of carbon 
because of its superior wear and corrosion properties. Sil-
icon carbide has been chosen as the material of station-
ary ring for its high hardness and thermal conductivity, 
low coefficient of thermal expansion and good compat-
ibility with carbon [22]. The stationary ring is larger in 
size and textured with two different types of grooves: spi-
ral groove and bionic cluster spiral groove which is made 
for comparison purpose, and the friction surfaces are 
polished. Figure 4 shows the photographs of the station-
ary rings textured with bionic cluster spiral groove (a) 
and spiral groove (b) where the textured areas appear as 
darker matt surface, and the 2D profile of grooves marked 
by the Optical Fiber Laser Marking machine, which are 
obtained by Dektakxt Stylus Profiler. The groove depth is 
controlled by the laser power, scanning speed and inter-
val of the laser beam. In this experiment, when the laser 

(1)Fsp = 0.25Nkπ
(

d2o − d2i

)

△ x,

(2)Fsta = 0.25π
(

d2o − d2b

)

po + 0.25π
(

d2b − d2i

)

pi,

(3)Fo = Fc = Fsp + Fsta

power set to 30% of its full capacity, scanning speed of 
100  mm/s and scanning internal of 0.05, the measured 
groove depth is about 9  μm. Roughness of untextured 
region is Ra = 0.05 μm, and the roughness of the bottom 
of grooves is Ra = 0.8 μm.

The configuration of the bionic cluster spiral groove is 
illustrated in Figure 5 and the geometrical parameters are 
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Table 1 Specifications for cluster spiral groove seal face

Item Value

Outside radius ro (mm) 36.5

Inside radius ri (mm) 29.5

Balance radius rb (mm) 32.5

Groove number Ng 12

Spiral angle β (°) 15

Groove‑dam ratio αg 1.5

Groove‑land ratio δ 1.0
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listed in Table 1, where ri, ro and rg are the inner, outer 
and groove-dam boundary radii, respectively; β is the spi-
ral angle, θ1 and θ2 are the circumferential angle of groove 
region and land region in one cycle, hg is the groove 
depth and h0 is the film thickness in the dam region, n 
is the rotational speed of the rotating ring. To character-
ize the ratio of groove region in the circumferential direc-
tion, the groove-land ratio δ is defined as follows:

To characterize the ratio of groove region in the radial 
direction, the groove-dam ratio αg is defined as follows:

To compare the bionic cluster spiral groove with conven-
tional spiral groove under the same baseline, the groove 
number, spiral angle, groove depth, groove-land ratio and 
groove-dam ratio of these two types of groove have the 
same value.  

2.3  Experimental Procedure
The experimental procedure for investigation of leakage 
and stiffness characteristics of bionic cluster spiral groove 
DGS and spiral groove DGS are provided as follows. 
Firstly, the rotating rings and stationary rings are cleaned 
in a bath ultrasonically with acetone for 5 min, the spring 
stiffness of the springs used is measured and eddy cur-
rent sensor is calibrated before the experiment. Secondly, 
the stator and rotor specimens are installed in the hold-
ers, and the spring compression is measured. The desired 
gas pressure is set to 0.5 MPa and 0.4 MPa in the hydro-
static performance test and hydrodynamic performance 
test respectively; the speed of the motor is programmed 
to 8000 r/min in the dynamic pressure performance test. 
Spring force is changed by steps of 3 N, adjusted by the 
three uniformly distributed micro meters, and each force 
step is maintained for 1 min following the stabilization of 
the film thickness and leakage rate at a steady value. The 
test ends when a minimum film thickness of 1.5  μm is 
reached or if the leakage rate exceeds a value of 10 L/min. 
The gas pressure in the chamber under constant rota-
tional speed and spring force is increased in a stepwise 
manner to examine the leakage and stiffness characteris-
tics of these two types of DGSs at different gas pressure. 
In each step, the machine runs at a constant speed and 
gas pressure for 1 min. Each of the carbon rotating rings 
is used less than five times to ensure that the end faces 
are hardly worn. What’s more, experiments for the same 
seal ring under the given conditions are repeated twice 
to guarantee the repeatability of the results. At the same 

(4)δ =
θ1

θ2
,

(5)αg =
ro − rg

ro − ri
.

time, the film thickness, leakage rate, gas pressure and 
rotational speed are monitored and recorded by a high-
speed data acquisition system with a sampling rate of 
1000 Hz. At last, the collected data are output to an “.xls” 
file for graphic presentation.

3  Results and Discussion
Theoretical analysis is also carried out to analyze the 
results. Based on the assumptions that fluid body forces 
are negligible, fluid viscous forces dominate over fluid 
inertia forces, the variation of pressure across the fluid film 
is negligibly small, and the fluid film thickness is much less 
than the width and length, the pressure distribution over a 
single period of grooves for Newtonian gas in laminar flow 
is obtained from the Reynolds equation [23]:

where p is the local pressure, h is the local film thickness, 
μ is the viscosity, ω is the angular velocity.

The opening force Fo, leakage rate q, film stiffness kz 
and stiffness-leakage ratio Γ are expressed as following 
equations:

Figure  6 shows the theoretical values of opening force 
and closing force of S-DGS and CS-DGS with increas-
ing film thickness under seal pressure of 0.4  MPa and 
0.5  MPa. As can be seen, when the rotational speed 
increased from 0 to 8000  r/min under seal pressure of 
0.4 MPa and film thickness of 1 μm, the opening force of 
CS-DGS and S-DGS increased remarkably by 70% and 
60%, respectively. In this case, the hydrodynamic effect 
generated by CS-DGS is much larger than that of S-DGS. 
Another important result shown in Figure  6 is that the 
seal faces of CS-DGS can be separated by a static seal 
pressure of 0.4  MPa under spring pressure of 0.04  MPa 
and 0.06  MPa and correspondingly the film thickness 
value are 4.7  μm and 1.6  μm. Moreover, the film thick-
ness will increase with increasing rotational speed and 
decreasing spring pressure.
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3.1  Hydrostatic Characteristics Test
Figure 7 shows the variation tendency of the film thick-
ness and leakage rate of CS-DGS with seal pressure 
increased from 0 up to 0.4  MPa, kept the pressure 
state for 30  s after both film thickness and leakage rate 
reached a steady state, and then down to 0 again dur-
ing the experiment. It can be seen that when the seal 
pressure increased higher than 0.30  MPa, the seal faces 
open suddenly and the film thickness and leakage rate 
increase obviously. The seal faces maintain an open state 
with a film thickness of 4.5  μm and leakage rate of 2.1 
L/min when the seal pressure reaches a steady value of 
0.40 MPa.

The experimental results of opening force and leak-
age rate in different film thickness of CS-DGS are com-
pared with that of the theoretical results obtained using 
the geometric parameters for the test bionic cluster spiral 
groove seal shown in Table 1, as shown in Figure 8. For 
the opening force, the agreement between experimental 
and theoretical results is good, with differences of less 
than 10% over the entire film thickness range. The experi-
mental result of the leakage rate is about 30% larger than 

the theoretical value when film thickness is larger than 
4 μm, while the measured experimental leakage rates are 
much larger than the theoretical predictions particularly 
when film thickness is lower than 3 μm.

Figure  9 presents the experimental results and fitted 
lines of opening force and leakage rate with increasing 
film thickness of S-DGS (solid line) and CS-DGS (dash 
line) under a seal pressure of 0.5  MPa. It can be seen 
from Figure 9 that the opening force of CS-DGS is about 
4% lower than that of S-DGS, while the leakage rate of 
them two is almost equal. The relationship between fit-
ted value of opening force and film thickness of CS-DGS 
and S-DGS can be expressed by the following equation, 
respectively:

Film stiffness and stiffness-leakage ratio of can be 
obtained according to Eqs.  (11), (12), respectively. 

(11)Fo = 568.13h−0.0181
0 ,

(12)Fo = 591.87h−0.0317
0 .
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Figure  10 shows the calculation results of film stiffness 
and stiffness-leakage ratio with increasing film thickness 
of S-DGS (solid line) and CS-DGS (dash line). Clearly, 
both the film stiffness and stiffness-leakage ratio of CS-
DGS are lower than that of S-DGS over the entire film 
thickness range. The above experimental comparison 
results of sealing performance parameters with increas-
ing film thickness between CS-DGS and S-DGS under a 
pressure of 0.5 MPa indicate that the opening character-
istics and film stability of S-DGS are superior to that of 
CS-DGS under the condition of static seal pressure when 
rotation speed equals to 0 r/min.

3.2  Hydrodynamic Characteristics Test
In order to study the change of film thickness and leak-
age rate of CS-DGS as seal pressure and rotational 
speed change, the seal pressure and rotational speed 
are adjusted to from 0 to 0.4 MPa and from 0 to 8000 r/

min, respectively. The variation tendency of film thick-
ness and leakage rate of CS-DGS during the change of 
seal pressure and rotational speed is shown in Figure 11. 
As a first step, the seal pressure increased from 0 up to 
0.4 MPa, and then the seal faces maintained an open state 
with a film thickness of 3.2 μm and leakage rate of 0.6 L/
min when the seal pressure reached a steady value of 
0.4 MPa. After that the rotational speed increased from 
0 up to 8000 r/min at a time of 15 s after both film thick-
ness and leakage rate reached a steady state, and then the 
seal faces operated with a film thickness of 6.0  μm and 
leakage rate of 2.2 L/min under a seal pressure of 0.4 MPa 
and a rotational speed of 8000  r/min. The fact of the 
remarkable increasing of film thickness when rotational 
speed increase from 0 to 8000  r/min illustrates that the 
bionic cluster spiral groove produces considerable hydro-
dynamic opening force to make the seal faces separate 
further, indicating that bionic spiral groove DGS could 
generate strong hydrodynamic effect in high speed.
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The experimental results of opening force and leakage 
rate in different film thickness of CS-DGS are compared 
with that of the theoretical results under the condition of 
po = 0.4 MPa and n = 8000 r/min, as shown in Figure 12. 
For opening force, the agreement between experimen-
tal and theoretical results is good when film thickness is 
larger than 4 μm, with differences of less than 10%. The 
influence of roughness of groove bottom on sealing per-
formance gradually increases when film thickness is very 
small, which leads to the difference between experimen-
tal and theoretical results.

Figure  13 presents the experimental results and fitted 
lines of opening force and leakage rate with increasing 
film thickness of S-DGS (solid line) and CS-DGS (dashed 
line) under a seal pressure of 0.4  MPa and rotational 
speed of 8000  r/min. As can be seen the opening force 
of CS-DGS is very similar with that of S-DGS, especially 

when film thickness is smaller than 2  μm. Another 
important result shown in Figure  13 is that the leakage 
rate of CS-DGS is lower 20% to 40% than that of S-DGS 
when film thickness ranges from 2  μm to 5  μm, which 
indicates the excellent sealing performance of CS-DGS in 
high speed.

The relationship between fitted value of measured 
experimental opening force and film thickness of CS-
DGS and S-DGS can be expressed by the following equa-
tions, respectively:

The film thickness and stiffness-leakage ratio obtained 
by calculating Eqs.  (13), (14) with increasing film thick-
ness of S-DGS (solid line) and CS-DGS (dashed line) 

(13)Fo = 481.85h−0.0393
0 ,

(14)Fo = 485.87h−0.0327
0 .
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are shown in Figure  14. Clearly, both the film stiffness 
and stiffness-leakage ratio of CS-DGS are much larger 
than that of S-DGS over the entire film thickness range. 
The film stiffness and stiffness-leakage ratio of CS-DGS 
are 20% and 60% higher than that of S-DGS respectively 
when film thickness is 3  μm. As mentioned above, the 
excellent film stability of CS-DGS at the condition of 
high-speed and low-pressure is due to the strong hydro-
dynamic effect generated by the bionic cluster spiral 
groove, which lead to the enough hydrodynamic force 
and maintain a stable fluid film between the two seal 
faces.

4  Conclusions
(1) A new method to measure axial gas film stiffness of 

dry gas seals experimentally is proposed. The exper-
imental results of opening force and leakage rate of 
bionic CS-DGS agrees well with that of theoretical 
values when film thickness is larger than 4 μm.

(2) The opening performance and stiffness characteris-
tics of bionic CS-DGS are inferior to that of com-
mon S-DGS when rotation speed equals to 0 r/min, 
which indicate that CS-DGS is not suitable for low 
speed or high pressure applications.

1 2 3 4 5 6 7 8 9 10
430

440

450

460

470

480

490

500

510

Film thickness h
0
 /µm

ecrof
gninep

O
F o / 

N

 Theoretical result
 Experimental result
 Experimental fitted value

a Opening force

0 1 2 3 4 5 6 7 8

0

1

2

3

4

5

6

Film thickness h
0
 / µm

Le
ak

ag
e 

ra
te

 q
 / 

(L
.m

in
-1

)

 Theoretical result
 Experimental result
 Experimental fitted value

b Leakage rate
Figure 12 Comparison of the theoretical result and experimental 
result of the opening force and seal leakage of CS‑DGS

1 2 3 4 5 6 7 8
440

445

450

455

460

465

470

475

480

485

Film thickness h
0
 / µm

ecrof
gninep

O
F o / 

N

 Experimental result of S-DGS
 Experimental result of CS-DGS
 Experimental fitted value of S-DGS
 Experimental fitted value of CS-DGS

a Opening force

1 2 3 4 5 6 7 8
0

1

2

3

4

5

6

7

8

9

Film thickness h
0
 / µm

Le
ak

ag
e 

ra
te

 q
 / 

(L
.m

in
-1

)

 Experimental result of S-DGS
 Experimental result of CS-DGS
 Experimental fitted value of S-DGS
 Experimental fitted value of CS-DGS

b Leakage rate
Figure 13 Comparison of the experimental result and fitted value of 
opening force and seal leakage of S‑DGS and CS‑DGS



Page 10 of 11Jiang et al. Chin. J. Mech. Eng.  (2018) 31:21 

(3) The bionic CS-DGS is a type of hydrodynamic seal 
for its significant hydrodynamic force generated 
under high-speed conditions. The leakage and stiff-
ness characteristics of bionic CS-DGS are superior 
to that of common S-DGS under the condition of 
high-speed and low-pressure.
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