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Abstract
The lift-off rotating speed of dry gas seal (SG-DGS) is investigated by conducting an experimental test, and using a theo-
retical model based on the slip-flow effect. The experimental results show that the mixed lubrication regime is transferred 
to the hydrodynamic lubrication regime at a smaller lift-off rotational speed for a lower spiral angle. On the other hands, 
the theoretical procedure is implemented to calculate the gas film opening force and the lift-off rotational speed is 
determined by the minimum contact gas film thickness. The theoretical results show that the smaller spiral angle can 
offer the greater gas film force and lower lift-off speed. Meanwhile, the experimental data verify the theoretical results 
well. It can be demonstrated that the spiral angle has a strong effect on the lift-off rotating speed and the theoretical 
model can calculate the lift-off rotational speed of SG-DGS during start-up process.
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List of symbols
E  Half of groove depth (m)
2E  Groove depth (m)
f  Friction coefficient
F  Friction force (N)
Fc  Closing force (N)
Fe  Force of back side of stationary ring (N)
Fi  Interfacial force (N)
Fl  Load (N)
Fn  Normal component (N)
Fo  Opening force (N)
Fs  Spring force (N)
Fτ  Tangential component (N)
h  Lubrication film thickness (m)
hc  Minimum contact film thickness (m)
H  Non-dimensional lubrication film thickness
Kn  Knudsen number
l  Molecular free path (m)
L  Equivalent arm length (m)
M  Friction torque (N.m)
nr  Rotational speed (r/min)

N  Groove number
p  Pressure of gas film (Pa)
pi  Environment pressure (Pa)
po  Media pressure (Pa)
P  Non-dimensional gas film pressure
r  Seal ring radius (m)
Ra1  Surface roughness of rotating ring (m)
Ra2  Surface roughness of static ring (m)
Re  Slip radius (m)
Ri  Inner radius (m)
Ro  Outer radius (m)
Rr  Root radius (m)
R  Gas constant
t  Time (s)
u  Circumferential velocity (m/s)
U0  Linear velocity (m/s)
v  Radial velocity (m/s)
w  Gas velocity component (m/s)
X  Component of external force (N)
Y  Component of external force (N)
z  Direction of gas film thickness
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Z  Component of external force (N)
α  Spiral angle (°)
β  Complementary angle of spiral angle (°)
β0  Groove coefficient
δ  Normal film thickness (m)
ε  Small parameter of iterative perturbation
ζ  Non-dimensional radius
ζo  Non-dimensional outer radius
ηi  Parameters of gas film force (i = 1, 2)
θ  Polar coordinate
μ  Dynamic viscosity of gas (Pa.s)
ρ  Gas density (kg/m3)
σ  Contact pressure in a unite area (N/m2)
σs  Standard deviation combined roughness of both 

surfaces
σv  Regulation coefficient about tangential component
φ  Non-dimensional angle
χ  Compressible correction coefficient under slip 

boundary condition
ω  Equivalent spiral angle
Λ  Compressible coefficient
∇  Laplace operator

Integration constant
Ai  (i is 1, 2, 3)
Bi  (i is 1, 2, 3)
cij  (i is 1, 2 and j is 0, 1)
c’ij  (i is 1, 2 and j is 0, 1)

1 Introduction

A spiral groove dry gas seal (SG-DGS) is a type of non-con-
tacting mechanical face seal widely used in turbomachin-
ery system [1, 2]. Spiral grooves with a depth of several 
micrometres are machined into a rotating ring, enabling 
the generation of hydrodynamic effects and providing a 
“lift-off force” (opening force) that completely separates 
the rotating ring and static ring. Several studies have been 
conducted to analyse the behaviour of a gas seal in gas 
film lubrication performance and seal rings tribology.

In the field of lubrication performance, Miller et al. [3] 
developed a novel semi-analytical formulation to conduct 
a linearized dynamic analysis of spiral-grooved mechani-
cal gas face seals. In addition, Xiao et al. [4] proposed a 
one-dimensional radial discretization method to study the 
radial variations of different parameters of face seals and 
found that the proposed model provided better accuracy. 
Zhang et al. [5] and Ruan [6] researched a representative 
spiral groove seal and a micro gas journal bearing by a 
modified Reynolds Equation that considered slip flow 
effects at slow speed and low-pressure conditions. It pre-
sented a numerical model of the thermos-hydrodynamic 

of mechanical face seals and gas face seals to anlyse the 
effect of thermal distortion on seal performance and 
design parameters under different rotating speeds and 
different pressures [7]. Ding et al. [8] used the experi-
mental tests and theoretical calculations to observe the 
temperature distribution of a gas film in a dry gas seal. 
With respect to face tribology, it was presented a tran-
sient dynamic analysis of mechanical seals with respect 
to asperity contact, face deformation, and the separation 
of contacting seals [9]. An experimental method and pro-
cedure was illustrated to study on the friction and wear 
of carbon-graphite mechanical face seals. Goilkar et al. 
[10] designed and developed the experimental setup to 
simulate the actual industrial environment encountered 
by a mechanical seal. Wang et al. [11] tested the tribo-
logical performance of a specimen with three sealed fluid 
conditions. The results indicated that the coatings could 
endure a cryogenic temperature, while the friction coef-
ficients decreased with the increase in the contact load. 
Qiu et al. [12] designed a series of experiments to study 
the tribological behaviour of spiral groove thrust bearings 
and developed a theoretical model to study the frictional 
characteristics of spiral grooves in both the hydrodynamic 
regime and the mixed lubrication regime. A novel variable 
ovoid non-smooth structure was proposed including the 
radius, semimajor, and depth and the flow characteristics 
were calculated. Results of skin friction reduction were 
obtained by orthogonal testing [13].

The influence of the spiral angle on the bearing capac-
ity of bearings was investigated by Whipple [14] and 
then further completed research was done by Muijder-
man [15]. However, only a few studies have examined 
the starting/stopping process of face seals. Huang et al. 
[16] investigated the behaviour of a double dry gas seal 
by acoustic emission testing under starting and stop-
ping conditions. Salant et al. [17] utilized the Duhamel’s 
model of a mechanical seal and determined Duhamel’s 
auxiliary function. The results predicted the performance 
of a mechanical seal during start-up and shutdown. Liu 
et al. [18] proposed a three-dimensional thermal elastic 
hydrodynamic model of a wavy-tilt-dam mechanical seal 
and studied seal mechanisms under quasi-start-up and 
steady-state conditions. During the start-up process, low 
axial stiffness which is resulted from little gas film open-
ing force can lead to the contact and even worst scratches 
of sealing rings, sometimes causing great wear of sealing 
rings so that seal failure.

In the current study, an experiment is conducted on SG-
DGS with different spiral groove angles to evaluate their 
tribological behaviour and thereby determining the vari-
ation in lift-off rotational speed during start-up. Addition-
ally, a theoretical model of SG-DGS is established based on 
the modified Reynolds Equation and the slip-flow effect, 
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and then approximate values for the lift-off rotational 
speed are obtained. The calculation results are presented 
to evaluate the lift-off rotational speed of SG-DGS and the 
relationship between the geometric parameters of spiral 
grooves and the lift-off rotational speed, as verified by the 
experimental results.

2  Experiment

2.1  Specimens

During startup, stable operation and shut-down of dry gas 
seal, the gap between the static ring and the rotating ring 
forms a gas film, and the static and dynamic ring consti-
tutes a pair of friction pairs. The experimental specimens 
in this study are static and dynamic (rotating) rings that 
can be called as RR (rotating ring) and SR (stationary ring). 
The RRs are made of SiC, and the SRs are made of graphite. 
Spiral grooves are machined into the surface of the RRs. 
In this test, we want to observe the influence of different 
spiral angles on the rotational speed. Therefore, a rotat-
ing ring corresponds to a spiral angle. The geometric and 
physical parameters of the specimens are listed in Table 1. 
According to different spiral angles of the rotating ring, 
four sets of test specimens are provided: each set of test 
specimens is composed of a rotating ring and a static ring, 
forming a pair of friction pairs.

The surface of RR is grooved. In the current study, a fibre 
laser marking (engraving) machine is used to engrave spi-
ral grooves on the rotary ring. The pattern is transferred 
into the laser marking machine, and the machine carved 
spiral grooves in the outer surface of RR. The spiral groove 
depth and roughness can be controlled by the number of 
times the laser passes the region of a spiral groove and the 

power of the laser [12]. Figure 1 shows the technological 
process of specific groove and the 3D surface profile of the 
specimen by ZeGage.

2.2  Experiment equipment

The experiment is performed on an HDM-2 end-face fric-
tion and wear experiment machine, as shown in Fig. 2. The 
test machine consists of a host computer and a computer 
measurement and control system. The main machine con-
sists of a main shaft, upper and lower test piece clamps, 
upper and lower test piece boxes, load device and drive 
device.

The rotating upper specimen and the static lower speci-
men is contacted by the HDM-2 machine. In this study, the 
upper specimen is the rotating ring and the lower speci-
men is the static ring. The speed sensors are installed in 
shaft of transmission equipment and the pressure sensors 
are installed the end of hydraulic loading equipment.

The sensors signal is transformed as physical signal, 
after which the digital signal is realized by data acquisi-
tion. The digital signal is transmitted to a computer and 
displayed in output equipment. As the friction coefficient 
cannot be directly measured with a sensor, the friction 
torque is directly measured in the test, and then the fric-
tion torque is converted into the friction coefficient. The 
torque sensor is connected to the lower specimen, the 
friction torque measured is transferred to the computer 
for reading, and the friction torque is converted into the 
friction coefficient based on the relation between them. 
The contact of rotating ring and static ring produce fric-
tion force. Therefore, a force transducer is installed in the 
assembly sleeve of the sealing ring, and the torque can 
be calculated based on the length of force transducer and 

Table 1  Geometric parameters 
of the specimens

Specimens # Geometry Ring surface

Groove parameters Ring radius (m) Roughness (m)

Angle Depth (m) Number Inner Outer Slip

Group 1
RR12°-1 12° 0.1 × 10−4 16 0.031 0.041 2.12 × 10−8

SR-1 0.031 0.041 0.033 1.6 × 10−7

Group 2
RR14°-2 14° 0.1 × 10−4 16 0.031 0.041 2.15 × 10−8

SR-2 0.031 0.041 0.033 1.54 × 10−7

Group 3
RR16°-3 16° 0.1 × 10−4 16 0.031 0.041 2.13 × 10−8

SR-3 0.031 0.041 0.033 1.56 × 10−7

Group 4
RR18°-4 18° 0.1 × 10−4 16 0.031 0.041 1.56 × 10−8

SR-4 0.031 0.041 0.033 1.57 × 10−7
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the friction force. The conversion relation between friction 
torque and friction coefficient is as follows:

where M is the friction torque; F is the friction force; L is the 
equivalent arm length, L = 0.08 m; σ is the contact pressure 
in a unit area.

where Ri is the inner radius of the upper specimen; Ro is 
the outer radius of the upper specimen.

Therefore, the friction coefficient can be calculated by 
torque and size of sealing end face:
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where Fl is the load, and f is the friction coefficient.

2.3  Experiment procedure

In this test, the pressure is set at 0.12 MPa. According to 
the pressure and Eq. (6), the load is calculated (226 N). The 
pressure is medium pressure of dry gas seal under start-up 
condition. The rotating speed is designed and increase by 
50 r/min at a time during 50–800 r/min. The time spent at 
each discrete rotating speed is programmed to 3 min so 
that the happens in temperature will be little.

The detailed experimental steps are as follows:

1. Group 1 is installed on the HDM-2 end-face friction and 
wear experiment machine, RR12°-1 is as the upper test 
specimen and SR-1 is as the lower test specimens.

2. The final installation location and the mutual assem-
bly location of the upper and lower test specimens are 
marked.

Fig. 1  Machining and testing of the rotating ring

Fig. 2  HDM-2 end-face friction and wear experiment machine
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3. The contact load of the friction pair is adjusted to 
226 N, the lower specimen is lifted slowly and con-
tacted with the upper specimen.

4. When the contact load of friction pair is reached 226 N, 
the load device is stopped.

5. The testing machine starts to run and the rotating 
speed is raised in segment of 50 r/min from 50 up to 
800 r/min.

6. The relevant data is recorded during the test.
7. After the machine is stopped, the first group of speci-

mens is removed.
8. Groups 2, 3 and 4 are tested and followed the steps 

(1)–(7).

3  Experiment results

Figure 3 present the friction coefficient of the specimens 
with the rotational speed. As shown in Fig. 3, the friction 
coefficient decreases gradually to a minimum value and 
then increases.

The curve of the friction coefficient illustrate the operat-
ing characteristics of SG-DGS during start-up. The upper 
and lower specimens are in close contact before running. 
When the upper specimen starts to rotate, the rotating 
speed is very low, thus, no pressure built up in the lubrica-
tion, and 100% of the load is carried by the asperities in 
the contact area. Therefore, the friction coefficient reaches 
their maximum values first, as shown in the Fig. 3. In addi-
tion, under the wedging and throttling effects on the spiral 
grooves, hydrodynamic pressure builds up in the lubrica-
tion as the rotating speed increase. However, the gas film 
is too thin to separate the surfaces of the sealing rings. 
The load is carried by a combination of the hydrodynamic 
pressure and the contact pressure between the asperities 

of both surfaces. Thus, it is the mixed lubrication that is 
the intermediate region between the boundary lubrica-
tion and hydrodynamic lubrication. Therefore, as shown in 
Fig. 3, the friction coefficient begins to decrease appreci-
ably. On the other hand, when the lubricated regime of SG-
DGS is the mixed lubrication, the RR and SR of the SG-DGS 
are not completely separated. The abrasion between the 
sealing faces increase with the rotating speed. The abra-
sive grains on the surface are mostly composed of graphite 
from the SR, which shows good lubrication performance 
(the lower hardness of the SR makes abrasion more likely 
to occur). Therefore, the abrasive particles act as a lubri-
cant between the sealing faces and reduce the friction, 
which is the embodiment of the self-lubrication principle 
of the SR. As the rotating speed increases continuously, 
the hydrodynamic pressure increases in the spiral grooves 
such that the surfaces of the sealing rings are completely 
separated by a gas film. The lubrication condition is hydro-
dynamic lubrication or full-film lubrication. The friction 
force is caused by viscous shear in the gas molecular layer, 
which is affected by the shear stress and shear area. As the 
rotational speed increase, the hydrodynamic pressure and 
shear stress increases. Therefore, the friction force between 
the surfaces of the sealing rings increase, causing the fric-
tion coefficient to increase. But the friction coefficient is 
increased slowly because of the low gas viscosity.

To explain the variation of the friction coefficient, it is 
useful to evaluate the relationship between the different 
lubrication regimes and friction coefficients and examine 
the behaviour of different lubrication regimes by applying 
the Stribeck curve as shown in Fig. 4. The Stribeck curve 
could be a reference to judge the lubrication behaviour. It 
is observed that the minimum value of the friction coeffi-
cient as the demarcation between full-film (hydrodynamic) 
lubrication and mixed lubrication (some solid asperity 
interactions). The rotational speed corresponding to the 
demarcation point is the transition speed. Thus, each of 
the minimum friction coefficients in Fig. 3 is considered 
the transition point between the mixed lubrication regime 
and the hydrodynamic lubrication regime. The lift-off 
rotational speed is therefore the rotating speed that cor-
responds to the transition point. The Groups 1, 2, 3, and 4 
with the spiral angles of 12°, 14°, 16° and 18° is obtained 
the lift-off rotational speed 300 r/min, 400 r/min, 500 r/min 
and 650 r/min respectively.

An interesting characteristic of Fig. 3 is that an increase 
in the spiral angle results in a higher lift-off rotating speed. 
This finding indicates that a lower spiral angle can provide 
a greater gas film force and enter full-film lubrication at 
a smaller rotational speed, which enables the SG-DGS to 
reach lift-off more easily and reduces wear. When the rotat-
ing ring begins to rotate, the gas moves along with the 
spiral grooves. The gas film force is generated by the spiral Fig. 3  Friction coefficient with rotational speed for Groups 1–4
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grooves. What’s more, the gas film force can decompose 
as the radial component and tangential component, as 
shown in Fig. 5, where, Fi is the interfacial force, α is the 
spiral angle, Fn is the radial component (Fn = Fi·sinα) and 
Fτ is the tangential component (Fτ = Fi·cosα). The force of 
tangential component can help to improve the pump-
ing and gas compression effects of SG-DGS. Meanwhile, 
according to the specimens with different spiral angles, 
Fτ (α = 12°) > Fτ (α = 14°) > Fτ (α = 16°) > Fτ (α = 18°). Thus, the 
specimen with the spiral angle 12° can provide the bet-
ter load-carrying capacity and the lower lift-off rotational 
speed than other specimens.

4  The theoretical model of SG‑DGS

4.1  The governing equations

Schematics of a spiral groove seal rotating ring is estab-
lished as depicted in Fig. 6. The seal gas is pump into 
the seal housing. When gas is injected into the spiral 
groove, the wedging and pumping effects cause the gas 
to become gradually compressed and the pressure to 
increase, providing an opening force that separates the 
surfaces. α is the spiral angle, nr is the rotating speed, Ri 
is the inner radius, Ro is the outer radius, pi is the envi-
ronmental pressure, and po is the medium pressure. The 
logarithmic spiral is considered by the relation as follows:

where r is the seal ring radius and θ is a polar coordinate.
The SG-DGS is considered to operate at low speed and 

low pressure during start-up, and the gas film thickness 
is about micrometres, placing it on the micro-scale. The 

(4)r = Rre
�⋅tan(�)

Fig. 4  Stribeck curve

Fig. 5  Force simplified model with spiral groove

Fig. 6  A schematic of SG-DGS
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gas film is described to flow in a narrow gap. The Knudsen 
number (Kn = l/h, l is the gas molecular free path, h is the 
lubrication film thickness) is used as an indicator of gas 
rarefaction. The gas flow varies from continuum flow, slip 
flow, and transition flow to free molecular flow as Kn varies 
from zero to infinity. The effect of gas rarefaction is widely 
discussed in the field of thin film gas lubrication, which 
is the regime that occurs between mixed lubrication and 
hydrodynamic lubrication. Based on the lubrication film 
thickness and air molecular free path of the SG-DGS under 
start-up, the value of the Knudsen number is less than 
0.1. When the Knudsen number is during 0.1–0.001, this 
suggests that the slip velocity of the interface between 
the gas film and solid surface is generated, as proposed 
Beskok et al. [19]. Thus, the boundary conditions on the 
solid surface is confirmed. According to the Ref. [6], the 
second-order slip-flow model of the boundary condi-
tions is modified so that it could be applied to increase 
calculational stability. Based on the characteristics of a 
compressible fluid flowing in the narrow gap that occurs 
during the start-up process and by considering the slip 
velocity and stress continuity, the following basic assump-
tions are made:

1. Equal temperature and equal viscosity.
2. The gas is an ideal gas.
3. The gas flow is considered laminar flow.
4. The inertial and volume forces of the gas are neglected.
5. The gas film between the rotating ring and stationary 

ring is considered a Newtonian fluid.

The gas film thickness of the SG-DGS is determined by 
the forces acting on the sealing rings, and the axial force 
balance is written as

where

and

where Fc is the closing force, Fo is the opening force, Fs is 
the spring force, po is the media pressure of the SG-DGS, 
Ro is the outer radius, Ri is the inner radius and Re is the 
slipping radius.

Burgdorfer [20] derives the Reynolds equation that is 
isothermal solid wall considering the slip condition under 
the following N-S equation and the slip boundary condi-
tion.The Navier–Stokes (N–S) equations are expressed as

(5)Fc = Fo

(6)Fc = po�(R
2
o
− R2

e
) + Fs

(7)Fo=2� ∫
Ro

Ri

rpdr

where ∇ is the Laplace operator; ρ is fluid density; p is pres-
sure; u, v, and w are velocity components; X, Y, and Z are 
the components of the external force; and μ is dynamic 
viscosity.

Gas movement develops between the rotating and sta-
tionary rings in the spiral groove dry gas seal. Thus, the 
gas movement is similar to the two-dimensional motion 
between parallel plates, and the N-S equations in Cartesian 
coordinates can be simplified as

where z is the direction of the gas film thickness.
According to the Ref. [6] and [19], when slip occurs 

between the upper and lower plates, the slip boundary 
conditions are z = 0:

z = h:

where U0 = 2πnrRi, U0 is the linear velocity, nr is the rota-
tional speed, Ri is the inner radius of the sealing ring, 
l’ = l(2-σv)/σv, l is the molecular free path, and σv is the regu-
lation coefficient about tangential component.

The circumferential and radial velocities of the gas are 
determined as follows:

The continuous double integral method is applied to 
Eq. (9b),

where A and B are variable notations.
Combined with the boundary conditions described by 

Eqs. (10b) and (11b),

Furthermore,

The radial velocity of a gas film can be expressed as

(8)

⎧
⎪⎨⎪⎩

�(du∕dt) = −(�p∕�x) + �X + �∇2u

�(dv∕dt) = −(�p∕�y) + �Y + �∇2v

�(dw∕dt) = −(�p∕�z) + �Z + �∇2w

(9a)�p∕�x = �(�2u∕�z2)

(9b)�p∕�y = �(�2v∕�z2)

(10a)u = U0 + l�(�u∕�z) − (l�2∕2)(�2u∕�z2)

(10b)v = l�(�v∕�z) − (l�2∕2)(�2v∕�z2)

(11a)u = −l�(�u∕�z) − (l�2∕2)(�2u∕�z2)

(11b)v = −l�(�v∕�z) − (l�2∕2)(�2v∕�z2)

(12)v = (1∕2�)(�p∕�y)z2 + Az + B

A = (−2l�∕h)(�v∕�z) − (h∕2�)(�p∕�y),

B=l�(�v∕�z) − (l2∕2)(�2v∕�z2)

�v∕�z = [(2z − h)∕2�][h∕(h + 2l�)](�p∕�y),

�
2v∕�z2 = (1∕�)(�p∕�y)
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According to the same method, the boundary condi-
tions (10a) and (11a) are substituted into Eq. (9a), and the 
circumferential velocity is expressed as

The continuity equation is expressed as

when w = 0, Eq. (15) becomes

where t is time and u, v, and w are velocity components.
According to Eq. (16), the integral equation is written as

Equations (13) and (14) are substituted into Eq. (17) and 
solved as follows:

Thus,

Similarly,

The equation of the gas state can be expressed as

where R is the gas constant and T is temperature.

(13)

v = [(z2 − hz − hl�)∕2�](�p∕�y)

+ [(hl� − 2zl�)(2z − h)∕(2�h + 4�l�)](�p∕�y)

(14)

u = [(z2 − hz − hl�)∕2�](�p∕�x)
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− U
0
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(1 − z∕h)
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(21)p = �RT

The two-dimensional steady Reynolds equation consid-
ering slip boundary conditions is expressed as

By substituting kn = l′/h into Eq. (22), the Reynolds equa-
tion is written as

where kn is the Knudsen number, and kn = l′/h; h is the 
lubrication film thickness.

The non-dimensional method with P = p/pi and H = h/
(E + δ) is applied to Eq. (23):

Equation (24) is transformed after using polar coordi-
nates, with ζ = y/Ri and φ = x/Ri, and simplified as follows:

where

(22)

�{(ph3)[1 + 6(l�∕h)]∕(12�)(�p∕�x)}∕�x + �{(ph3)

[1 + 6(l�∕h)]∕(12�)(�p∕�y)}∕�y

= (1∕2)U
0
[�(ph)∕�x]

(23)

�[(ph3∕�)(1 + 6kn)(�p∕�x)]∕�x

+ �[(ph3∕�)(1 + 6kn)(�p∕�y)]∕�y

= 6U
0
[�(ph)∕�x]

(24)

[1∕(1 + 6kn)][(� + E)2pi∕�]{�[PH
3
(�P∕�x)]∕�x}

+ [1∕(1 + 6kn)][(� + E)2pi∕�]

{�[PH
3
(�P∕�y)]∕�y} = 6U

0
[�(PH)∕�x]

(25)
�[PH3

(�P∕��)]∕�� + �[PH3
(�P∕��)]∕�� = �[�(PH)∕��]

� = �∕(1 + 6kn),

� = [12��nrR
2
i
∕pi(� + E)2],

where χ is the compressible correction coefficient under 
slip boundary conditions, � is the compressible coeffi-
cient, P is the non-dimensional gas film pressure, H is the 
non-dimensional lubrication film thickness, φ is the non-
dimensional polar angle, ζ is the non-dimensional polar 
radius, δ is the gas film thickness, E is half of the groove 
depth, and pi is the environmental pressure.

Gas film pressure is generated between the rotational 
rings. Thus, the outer and inner radii of the rotational rings 
are considered the media and environmental pressure 
boundaries. The boundary conditions in dimensionless 
form are
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The key to solve Eqs.  (25) and (26) is the  PH linear 
method and iteration method. The pressure and the film 
thickness is considered the variables with respect to each 
other [21]. The nonlinear partial differential equation can 
be converted to a linear partial differential equation that 
it is expected in the PH linear method. And the roughly 
analytical solution to the distribution of gas pressures can 
be calculated as follows:

Equation  (27) is transformed into a dimensional 
equation,

The opening force of the gas film is considered to be

By substituting Eq. (28) into Eq. (29), the equation for 
the opening force is expressed as

where

where η1 and η2 are parameters of the opening force, β0 is 
the groove coefficient, N is the number of spiral grooves, 
ε is a small parameter associated with the iterative pertur-
bation, and ω is the equivalent spiral angle. In addition, the 
integration constants are as follows:  Ai, where i = 1, 2, 3;  Bi, 

(26)

{
when � = Ri∕Ri = 1, P = pi∕pi = 1

when � = Ro∕Ri , P = po∕pi

(27)P = 1+�(�1(� ) cosw + �2(� ) sinw)∕H

(28)p = pi[h + �(�1(� ) cosw + �2(� ) sinw)(� + E)]∕h

(29)Fo = 2� ∫
Ro

Ri

rpdr

(30)

Fo =

[
pi

1 − �z cos� − (E cos�)(E + �)

+
(Epi)(E + �)

(
�
1(� ) cos� + �

2(� ) cos�
)

1 − �z cos� − (E cos�)(E + �)

−
3

2
�
0
E
2(E + �)2�

2(� )(�0 − �)pi

](
�R

2

o
− �R

2

i

)

�
1(� ) = c

10
e

√
�1� + c

�

10
e
−
√
�1� +

�
c
11
e

√
�1� + c

�

11
e
−
√
�1�

+

�
A
1
�e

√
�1� )(2

√
�
1

�
−

�
B
1
�e

−
√
�1� )(2

√
�
1

��
�,

�
2(� ) = c

20
e

√
�1� + c

�

20
e
−
√
�1� +

�
c
21
e

√
�1� + c

�

21
e
−
√
�1�

+

�
A
2
�e

√
�1� )(2

√
�
1

�
−

�
B
2
�e

−
√
�1� )(2

√
�
1

�
−

�
2

�
1

�
�,

�1 = �
2
0
+ N2,

�0 = N tan �,

� = N� + �0� ,

where i = 1, 2, 3; cij , where i = 1, 2 and j = 0, 1; and c′
ij
 , where 

i = 1, 2 and j = 0, 1.

4.2  Comparison of the pressure distribution

According to the Ref. [4], the theoretical pressure distribu-
tion of the manuscript is compared with the results avail-
able the literature for the SG-DGS. The relevant parameter 
is listed following: inner diameter is 58.42 mm, the root 
diameter is 69 mm, outside diameter is 77.78 mm, spiral 
angle is 15°, the gas film thickness is 2 μm, the groove 
number is 12. The Knudsen number is 0.035, and the slip 
effect occurs in the range of Kn = 0.001–0.1. The aver-
age pressure distributions from a semi analytical model 
(SAM) of the Ref. [4] and the theoretical model of the cur-
rent study are shown in Fig. 7. It is shown that the errors 
between the literature and the theory is small, especially 
at near the area of the inner radius and outer radius. 
Additionally, the error is big at near the area of the root 
radius because of the step and throttling effects between 
grooved area and grooved-free area. However, these errors 
can be acceptable because the maximum error of the pres-
sure distribution is about 8% under different radial direc-
tion. Thus, the theoretical model of the current study can 
provide a good approximate solution for SG-DGS.

4.3  Calculation of lift‑off rotational speed

The value of the gas film thickness affects the lubrication 
regime of an SG-DGS. If the gas film thickness is less than 
the average height of the asperities on both surfaces of the 
RR and SR, the SG-DGS is in the mixed lubrication regime. 
Otherwise, the SG-DGS enters the hydrodynamic lubrica-
tion regime. Thus, the demarcation point of the gas film 
thickness is the average asperity height on both surfaces 
that distinguishes between the mixed and hydrodynamic 
lubrication regimes. The demarcation point report in Ref. 
[22] is the minimum contact gas film thickness. In other 
words, When the minimum gas film thickness is exactly 
equal to the minimum contact thickness of the gas film, 
the sealing face is in an opening state; otherwise, the seal-
ing face is in a closed state. The minimum contact thick-
ness of the gas film is equal to 3 times of the overall rough-
ness deviation of the seal surface. The equation for the 
minimum contact gas film thickness is as follows:

where hc is the minimum contact gas film thickness 
(lift-off gas film thickness), σs is Standard deviation com-
bined roughness of both surfaces, and Ra1 and Ra2 are the 

(31)hc = 3�s = 3 × 1.25

√
R2
a1
+ R2

a2
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arithmetic mean heights of the combined roughness of 
the two surfaces.

Table  2 lists the physical constants associated with 
the SG-DGS. The opening force and closing force are cal-
culated according to Eqs.  (6) and (30), combined with 
Tables 1 and 2. Figure 8 illustrates the effect of the rota-
tional speed and gas film thickness on the opening and 

closing forces along the seal ring faces under spiral angle 
of 12°. The opening force is changed from 219 to 246.8 N 
and a closing force is kept 235 N. With the increase in the 
rotating speed, more gas is injected into the spiral grooves 
and is constantly compressed faster in unit time, which 
results in an increase in the gas film pressure. This result 
implies that as the rotational speed increases, the higher 
the load-carrying capacity becomes.

The intersection of the closing and opening forces 
where it can be concluded that the SG-DGS exists in an 
equilibrium state. The intersection line is extracted to 
obtain the value of the rotational speed and gas film thick-
ness at equilibrium, which indicates that the sealing rings 
are barely separated when the opening force is exactly 
equal to the closing force. Thus, the intersection line is 
projected onto axes corresponding to gas film thickness 
and rotational speed, as shown in Fig. 9. The roughness 
values of the rotating and stationary rings in Table 1 are 
incorporated into Eq. (31). The minimum contact gas film 
thickness of Group 1 is 0.61 × 10−6 m. Furthermore, the 
value of 0.61 × 10−6 m is noted in Fig. 9. The lift-off rota-
tional speed corresponds to 276 r/min for Group 1, and 
then the lift-off rotational speeds of Group 2, Group 3 and 
Group 4 can be obtained as well. Finally, the experimental 
and theoretical lift-off rotational speeds for all specimens 
are listed in Table 3.

Notably, Table 3 shows that the theoretical lift-off rotat-
ing speed varies with the spiral angle. It is illustrated that 
the spiral angle plays an important role in determining 
the lift-off rotational speed. It is verified that the effect of 
the spiral angle on the lift-off rotating speed and the com-
putational model can be used to effectively calculate the 
lift-off rotational speed of SG-DGS. However, the maximum 
error is 9.75%. The exclusion of surface friction morphol-
ogy and contact stress and strain in the calculation could 

Table 2  Physical constants associated with SG-DGS

Name Symbol Value

Dynamic viscosity of gas � 1.8247 × 10−5 Pa s
Gas density � 1.1885 kg/m3

Coefficient of the adjustment in 
molecular tangential momentum

σv 0.3

Molecular free path l 6.89 × 10−8 m

Fig. 8  Curved surfaces of the 
opening and closing forces for 
Group 1

Fig. 7  Comparison of the theoretical results and the literature
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be a potential reason for the discrepancy. The surface fric-
tion morphology and contact stress and strain could result 
in the deformation of gas film. Hence, a higher lift-off rota-
tional speed is required for start-up. The above factors 
could be the reason why the calculated lift-off rotational 
speed is lower than the experimental speed.

5  Conclusions

In this study, specimens with 12°, 14°, 16° and 18° spiral 
angles are processed by a laser marking machine and 
tested by a face friction machine. Additionally, the tribo-
logical behaviors of the specimens are analyzed. Further-
more, a theoretical attempt is performed to calculate and 
predict the lift-off rotational speed required for startup in 
the study. The following results are obtained:

1. Transition points from mixed lubrication to full-film 
lubrication are clearly observed in the experiment.

2. The experiments with different spiral angles indicate 
that the spiral angle exhibits an important role in 
determining the lift-off rotational speed of the SG-

DGS, that is, a lower spiral angle can obtain a smaller 
lift-off rotational speed.

3. The calculation results reveal that the experimen-
tal results for the lift-off rotational speed is in good 
agreement with respect to the starting process. It 
illustrates that the theoretical model can predict the 
SGDGS behaviours under start-up and that the struc-
tural parameters of the spiral groove change the lift-off 
rotational speed.
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