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Abstract: With the improvement of dry gas seal efficiency in high-parameter fields, the
flow pattern of gas film lubrication is complicated. Based on gas lubrication theory, the
Reynolds equation of compressible gas was established with a bidirectional T-groove dry
gas seal as the research object. The Reynolds equation was solved to obtain a modified
turbulent film pressure distribution law that affects gas lubrication. The effectiveness of
the calculation program was verified by experimental tests. The results show that with
an increase in operating parameters, the turbulence effect caused the gas film pressure
fluctuation in the T-groove region to intensify, resulting in gas film flow instability. In
addition, the inertia effect improved, which slowed down the leakage and affected the
change law of stiffness and the rigid leakage ratio. When the fluid speed and gas pressure
were low, the inertia effect could be ignored. When the groove depth was increased to 8 um,
the height difference between the trough and non-T-groove region became larger due to
the combination of the turbulence and inertia effects. Further, when the gas film thickness
was 3 pum, the opening force and gas film stiffness were high due to the dynamic pressure
effect in the small film thickness groove. An increase in the gas film thickness weakened
the turbulence effect and reduced the gas film pressure fluctuation.

Keywords: dry gas seal; turbulent flow; sealing performance; T-groove; inertial effect

1. Introduction

With the enhancement of dry gas seal efficiency in high-parameter fields, the lubri-
cation state of seal clearance fluid flow gradually transitions from laminar to turbulent.
The turbulent behavior considerably affects the gas flow, friction, and heat generation
within gas seals, thereby influencing the stability and reliability of these seals. The in-
clusion of an inertia term in the Reynolds equation is crucial for accurately describing
laminar and turbulent flows. Neglecting this term may lead to erroneous assessments of
air flow patterns, resulting in calculation results that deviate from those observed under
actual conditions [1-5]. Furthermore, disregarding the dependence of the inertia term on
specific application flow conditions introduces considerable errors when using a solution
model based on laminar flow assumptions and forced pressure boundary conditions to
calculate dry gas seal lubrication film pressure [6]. To modify calculation models, Koga
et al. [7] analyzed hydrostatic pressure seals under different conditions and obtained the
trend of the pressure distribution on the sealing surface with respect to the inertia effect.
Zhang et al. [8] proposed a Reynolds equation applicable to complex flow fields for a
plane Couette flow field and introduced an inertia term directly into the closed analytical
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lubrication equation using a modified average method, obtaining a modified calculation
model through experimental verification. In recent years, notable turbulence effects have
been observed in microscale flow fields owing to changes in the Reynolds number of seal
end faces under harsh working conditions. Shahin et al. [9] used a turbulence model
and large eddy simulation to study laminar and turbulent flows for identifying factors
influencing gas film flow characteristics and performance. To accurately predict dry gas
seal characteristics, Hahn [10] and Park et al. [11] proposed a modified Reynolds equation
considering laminar and turbulent flow effects and solved this equation using the finite
element and Newton—-Raphson methods to obtain optimal structural parameters. The
aforementioned studies mainly focused on one-way sealing structures while analyzing the
influence of inertial force or turbulent effects on microscale flow fields. Currently, with
advanced sealing technology being widely applied, growing interest is being committed to
studying interactions between influencing factors. Yan et al. [12,13] established a turbulent
Reynolds equation under centrifugal inertia force. They reported that the opening force
and leakage rate under turbulent flow were lower than those under laminar flow and
the steady-state performance parameters changed with the working condition parameters
under different flow modes, providing a reference for optimizing dry gas seal design. Wang
et al. [14] derived a perturbation Reynolds equation using a perturbation method, analyzed
the effects of turbulence and inertia on sealing performance, and found that turbulence
considerably influenced the flow characteristics of low-viscosity fluids under high-speed
conditions. Xu et al. [15] used the finite difference method to analyze the effect of iner-
tia effect on the steady-state performance of different spiral-groove dry gas seals under
laminar flow. They reported enhanced inertia effects under critical temperatures. The
aforementioned studies indicate that the impact of different flow states on the distribution
of multiflow fields, sealing efficiency, and stability of dry gas seal films under high-speed
and high-pressure conditions cannot be disregarded.

During the start and stop stages of dry gas sealing devices, the inertia effect may result
in uneven contact pressure in seal pair clearance, thereby affecting the effectiveness of
these devices. Currently, research on bidirectional groove dry gas seals primarily focuses
on steady-state performance analysis [16,17], dynamic characteristics [18], groove texture
design [19-21], and optimization design for gas effects [22,23], among others. Simplified
models based on laminar flow hypotheses are no longer applicable owing to the complex
hydrodynamic behavior exhibited by dynamic pressure grooves. Considering the antire-
verse characteristics of bidirectional grooves can help mitigate friction issues with sealing
width and end faces during the start and stop stages while improving the reliability of
the rotating machinery. To adapt to various working conditions, it is necessary to study
the flow characteristics of T-groove dry gas seals under modified turbulence effects. In
this study, we established a compressible gas energy equation based on the gas lubrication
theory for T-groove dry gas seal structures. The Reynolds equation that considers the
interaction between centrifugal inertia force and turbulence effects was solved to obtain the
film pressure distribution for the modified gas lubrication. Through numerical calculations
and experimental tests, we compared and analyzed how working conditions and structural
parameters influence gas film lubrication performance in dry gas seals while optimizing the
structural parameters to meet the changing operating condition requirements; this provides
theoretical references for accurate turbulence calculation models.

2. T-Groove Dry Gas Seal
2.1. Geometric Model

The structure of a double-end T-groove dry gas seal is shown in Figure 1. The sealing
band comprises dynamic and static rings, which are installed on both sides of the rotating
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shaft. Typically, the sealing surface is made of a hard material to ensure excellent wear
resistance and sealing effectiveness. The end face of the moving ring features a micron-
level T-shaped shallow groove that facilitates gas pumping into the microgroove when the
sealing ends rotate relative to each other. This effectively prevents gas flow in the circular
direction through the sealing weir between the grooves, pressurizing the gas gap of the
sealing pair to form a gas film with a certain stiffness. Consequently, the media leakage
at the sealing end [24,25] decreases, which enhances the reliability and stability of the dry
gas seal.

5 6 7 8 9 10 11 12 13 14 15 16 17

Figure 1. Schematic diagram of dry gas seal structure. 1—Buffer gas; 2—Sealing house; 3—Spring;
4—Spring seat; 5—Rotating shaft; 6—Pressing sleeve; 7—Shaft sleeve; 8—O-ring; 9—Stationary ring;
10—Thrust collar; 11—Fixing bolt; 12—End cover; 13—Flowmeter interface; 14—Stationary ring;
15—Gas film; 16—T-groove; 17—Rotating ring.

The T-groove end-face structure is shown in Figure 2. Owing to the symmetrical and
periodic distribution of the T-grooves on the sealing width, only 1/Nj of the seal’s end
face is considered for the entire calculation area. Table 1 presents the initial calculation
parameters, including r; as the radius of the joint surface between the dynamic pressure
and intake grooves, w; as the circumferential arc length of the intake groove, wy as the
circumferential arc length of the dynamic pressure groove, ws as the arc length of the
unslotted part between adjacent dynamic pressure grooves, and 6 as development angle
of the T-groove. The calculated structural parameters defining one-dimensional T-groove
include a; as circumferential ratio, &y as groove width ratio, B as radial ratio, and B, as
groove length ratio. The expression relationship can be summarized accordingly.

w w o — 1t To—7F
M=t =t = fy= 5 (1)
wo wy + w3 To —Tg To — 1
hﬁv
ho
>}

Figure 2. T-groove end-face structure.
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Table 1. Initial calculation parameters of T-groove dry gas seal.

Parameters Value Parameters Value
The inner radius of the rotating ring r;/mm 58.42 T-groove length ratio B, 0.88
The outer radius of the rotating ring r,/mm 77.78 Number of T-grooves Ng 12

T-groove root radius g /mm 69 Inlet pressure p;/ MPa 2

Middle radius of T-groove r¢/mm 73.39 Outlet pressure p,/MPa 0.1

T-groove width ratio a; 0.5 Rotational speed n/rpm 20,000

Average gas film thickness 1/um 3.05 Fluid density po/kg-m 3 1.293
T-groove depth hg/pum 5 Gas viscosity 17, x 1072 /pa-s 1.81

r 00

2.2. Mathematical Model

2.2.1. Governing Equation

(1) Basic assumptions [26-28]:

(@)  The effects of volumetric forces, such as gravity, are negligible.

(b)  The effects of slip flow and roughness on the trough bottom are negligible.

(0) The heat exchange caused by interfacial heat conduction is ignored.

(d)  The thermal deformation due to the heat generated by the sealing ring is
negligible.

(2) Inturbulent flow state, the compressible Reynolds equation considering the centrifu-
gal inertia force effect is given by Formula (2). In a flow field with a low Reynolds
number, the turbulence coefficient is described by an improved transition function.
When the local Reynolds number R}, is >1360, the flow is completely turbulent [29].

10 ph® 9p 0 roh®op\ ] 0 p?r?w?hd 1 0

or or

where p—pressure, MPa; h—average gas film thickness, um; y—viscosity, Pa-s;
p—gas density, kg/m3; w—moving ring angular velocity rad/s; A—inertia coefficient;
Rp—Ilocal Reynolds number; Gg—circumferential turbulence coefficient; G,—radial
turbulence coefficient.

In this paper, the Ng-Pan turbulence model was used. When the flow with Ry, <900 is
regarded as laminar flow, the circumferential turbulence coefficient and radial turbulence
coefficient are equal, that is, Go = Gy = 1/12. When Ry, > 1360, the flow is fully turbulent,
and the turbulence coefficient is expressed as

1 1

Gog=— G, = 5

® T 121001369 T 12+ 0.0043R, 0% ®)
wrh

Ra= 5 @

The centrifugal inertia effect in the dry gas seal cannot be ignored. According to the
relevant theory of Constantinescu [30], an inertial correction coefficient A is introduced to
realize the conversion of laminar flow and turbulent flow state. The specific expression of
the transition function of the inertia coefficient is as follows:

1360 — 900 ©)

A = 0.0764 — 0.0142Tanh {4(121‘_1130)]
Considering the transition region from laminar flow to turbulent flow, when Ry, <900,
the local flow field is laminar flow, where A = 0.09. When Ry, > 1360, the flow is turbulent,

A = 0.885/R)37.



Lubricants 2025, 13, 9

50f18

2.2.2. Boundary Conditions

(1) Pressure boundary condition

p(ri,0) = pi
{ p(ro,0) = po ©

where p;, po—pressure at inside and outside diameters; r;, ro—inner and outer radius
of seal face.
(2) Periodic pressure conditions along the circumference

271
p(r,0) = plr, 1 +6) )
&
2.3. Steady-State Performance Parameters
Opening force of sealing pair’s end face:
27T rro
F, = / / prdrdd ®)
0 Ty
Gas mass leakage of the sealing pair’s end face:
27 W3 9p
Q= /0 mp {_121781’} rd0 )
Gas film stiffness:
K= 9 (10)
~ oh
Stiffness leakage ratio:
K
== 11
0 (11)

2.4. Solving Governing Equation
2.4.1. Numerical Calculation Method

The Reynolds equation, being a nonlinear differential equation, poses challenges in
obtaining an analytical solution. However, the use of numerical calculation methods offers
flexibility and simplicity in implementation on computer systems. Figure 3 shows the
grid division diagram of the central difference scheme, where p (i,j) denotes the gas film
pressure at any point on the circular sealing pair’s end face. To accommodate this circular
geometry, a polar coordinate form is adopted with m grids for the circumferential division
and n grids for the radial division.

A A9
n

IAr

(%]

123 m0(i)

Figure 3. Grid division diagram of central difference scheme.
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2.4.2. Dimensionless Definition

In order to make the calculation results of the equation more general, dimensionless
parameters are constructed.

R=L,p=F g2 (12)
where R—dimensionless radius, P—dimensionless gas film pressure, H—dimensionless
gas film thickness, and hy—the thickness of the gas film in the non-T-groove region.

2.4.3. Discretization of Governing Equations

The central difference scheme and upwind scheme of the five-point difference method
are used to discretize the dimensionless turbulent Reynolds equation. The discrete format
of P at coordinates P (i, j) is as follows:

2 2 p2
o2p  Piq=2P+Ply;

oP _ Piv1,—Pi-1; or My Ty Tl
0 = 2A0 a6° (A0) (13)
P _ Pijri—Pija 2p  PH—2PE+PE
9k = — 28R b — il " i il
oR2 (AR)2

To ensure the stability of the numerical solution and improve the accuracy of the
calculation results when solving the difference equation of dry gas seal pressure control, the
cubic mean representation of gas film thickness is considered with the following changes:

3 2HjH;j 3 _ 2HjinHi

it3j  HiyH bty HjatH) 14
R S 17 w0

i—pj  Hp+HY ij—y  Hp+Hp

A successive overrelaxation iteration scheme is used to solve this problem. During
iteration, a small positive number ¢ is specified as the precision standard of the iterative
convergence. This parameter is used to determine when the iteration reaches the end
condition: when the relative error between the results of two successive iterations falls to
¢ or below, the solution is considered sufficiently close to the true value to terminate the
iteration process. Here, ¢ is regarded as the threshold of convergence accuracy.

j=li=1 j=1i=1

oo <g — o <e (15)
=1i= =1i=
r L|ry| z L|H?|

3. Numerical Calculation Process

The density and viscosity of gas under different parameters were obtained from
calculations using the software REFPROP V 9.0. After dividing the grid, the initial flow
field and boundary conditions were set. Considering the inertia and turbulence effects,
based on the gas lubrication theory, the finite difference method was used to solve the
governing equation, and the flow field characteristics under different flow modes were
obtained. The calculation process of the T-groove dry gas seal is shown in Figure 4.
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Input geometric parameters and
working condition parameters

Divide the grid and set the i
boundary conditions Renew the gas
film thickness

Renew the gas
film pressure

| Initialize the pressure field |4—

v

PEFPROP V9.0 is invoked to calculate

: Classical model Modified model i
i| Laminar flow, inertialess Turbulence, inertia |}
R # _______________ * _______ 1

The pressure distribution is determined by
solving Reynolds equation.
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202 ral i
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1y

| QOutput gas film pressure distribution |

| Calculate sealing performance parameters of dry gas seal

Figure 4. The calculation process of T-groove dry gas seal.

4. Experimental Research
4.1. Dry Gas Seal Experimental Device

Figure 5 shows the dry gas seal experimental device comprising a testing system, an
auxiliary testing system, and a control measurement system. The testing method involves
intermediate air intake, double-end installation, and single-end testing. A high-pressure
buffer gas is supplied via the compressor while the test medium gas enters the compressor
through the filter and subsequently reaches the sealed chamber via the gas path system.
The pressure-reducing valve at the entrance regulates the gas pressure within. An auxiliary
dry gas seal for testing is positioned near the motor side to prevent any gas leakage into
the atmosphere after the gas flows into the chamber. Speed control is achieved using a
frequency converter housed in a control cabinet. Instruments or sensors are used to monitor
the data acquisition of signals related to medium pressure, speed, and leakage rate, which
are analyzed and processed by a computer based on these data signals.
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Signal detection and
processing software

4

.

Data storage Control est
subject Seal test body Pressure test Leakage test system

Figure 5. Dry gas seal experimental device system.

4.2. Dry Gas Seal Test Technology

The T-groove dry gas seal test piece is depicted in Figure 6. Tungsten carbide serves
as the material for the moving ring, while the static ring is equipped with a test sensor at
its rear end. The material used is graphite. The test system is assembled and configured
according to the design requirements, adjusting the medium in the sealing chamber via
a pressure-reducing valve. Upon gas stabilization, manual turning is performed before
installing the end cover of the sealing chamber to initiate testing. The key performance
parameters for this test primarily include the clearance leakage rate and opening force
of the sealing pair. In particular, leakage rate testing is crucial for evaluating dry gas
seal performance. To ensure measurement accuracy, a KROHNE H250 metal tube float
flowmeter with an accuracy class and a measuring range of 1.5 and 16 Nm?/h, respectively,
was selected. In addition, an eddy current displacement sensor was used to measure axial
displacement and changes thereof to evaluate the opening force of the sealing device; this
sensor also enables real-time monitoring of dry gas seal operation so that timely adjustments
can be made to optimize the working conditions and achieve optimal sealing effectiveness.

Stationary ring Sensor Rotating ring

Figure 6. T-groove dry gas seal test piece.
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5. Results and Analysis
5.1. Grid Independence and Model Validity Verification

The grid independence verification is shown in Figure 7. As the number of grids
gradually increased, the opening force and leakage rate increased. However, when the
number of grids reached 155 x 155, the performance curve under the turbulence model
began plateauing, indicating a stable variation pattern of the performance parameters.
Considering the complexity of the calculation model and ensuring efficient computation
within an acceptable accuracy range, a grid size of 195 x 195 was selected.

6.2

72.34

[ Opening force F,

—o— Leakage Q iy
§ 6.0 12.21 ¢
u’ =
8 5
S 5.8 12.08 X
o (@
£ @
; ®

X
856 1195 %
-

54 1.82

Figure 7. Grid independence verification.

The variation of leakage with medium pressure with respect to the inertia effect,
noninertia effect, literature parameters [31], and experimental test is shown in Figure 8a. As
the seal pressure differential force increased from the outer diameter to the inner diameter,
gas leakage increased with increasing pressure. This figure shows that the leakage rate with
the inertia effect was lower than that without the inertia effect, attributable to the centrifugal
inertia force acting from the inner diameter to the outer diameter, which opposed the flow
direction and “hindered” gas flow. With the inertia effect, the maximum relative errors
between the leakage and literature parameter and experimental values were 4.68% and
3.85%, respectively. These results validate the accuracy of the proposed model within a
range of calculation precision.

The variations of the laminar flow and turbulent flow mode, literature parameter [32],
and experimental leakage with increasing medium pressure are shown in Figure 8b. The
joint action of the gas flow in a turbulent flow resulted in a more uniform pressure dis-
tribution within the seal gap and reduced the pressure difference, thereby decreasing the
leakage rate. In the laminar flow state, the gas flow was more stable but increased the
local pressure differences, which easily increased the leakage rate. Under the classical
laminar flow model, maximum relative errors of 18.9% and 14.71% were observed between
the leakage and literature parameter and experimental values, respectively, exceeding
the acceptable accuracy limits. However, under the turbulence-modified model, these
maximum relative errors decreased to 0.96% and 5.38%, respectively, falling within an
acceptable accuracy range. Therefore, we used the turbulence-modified model to analyze
the flow characteristics of T-groove dry gas seals.
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Figure 8. Validity verification of the calculation program considering inertia and turbulence effects.

5.2. Distribution of Membrane Pressure

Figure 9 shows the film pressure distribution law of the T-groove dry gas seal with
respect to pressure; the initial calculation parameters are shown in Table 1. As shown in the
figure, under the same pressure p,, the film pressure distribution affected by turbulent flow
in the T-groove was larger than that affected by laminar flow. However, the film pressure
distribution in the non-T-groove region was relatively stable. When p, = 1 MPa, the local
low-pressure area near the T-groove was significant. With an increase in medium pressure,
the turbulent effect intensified the gas film’s response to a change in the film pressure.
When p, = 4 MPa, the gas film thickness was relatively reduced, which affected the gas
film pressure distribution. The turbulence effect caused the gas film pressure to pulsate.
The gas velocity and pressure fluctuated, resulting in the pressure in the local area of the
gas film (local gas film pressure) being lower than the average pressure. This pulsation
may affect the stability and sealing performance of the gas film. In addition, the turbulence
effect increased the moisture transfer of the fluid, which increased the nonuniformity of
the gas film pressure. Further, local high pressure easily occurred in the rapidly changing
part of the T-groove structure, and the change in the air flow pattern in these high-pressure
areas affected the film pressure distribution.

Figure 10 shows the film pressure distribution of the T-groove dry gas seal under
different film thicknesses (/p). The initial calculation parameters are shown in Table 1.
When hy = 3 pum, a thin film caused the gas to generate a high flow rate, thereby increasing
the local pressure. The membrane pressure gradient under the laminar flow was more
conspicuous than that under the turbulent effect. In addition, the thin gas film and turbulent
effect became unstable when the external disturbance changed, resulting in fluctuations
in the inner membrane pressure of the T-groove. When hy = 5 um, the gas flow resistance
increased, resulting in a decrease in the gas flow speed inside the film, thereby reducing
the local gas film pressure. In this case, the gas film pressure in the T-groove region under
laminar flow was greater than that under turbulent flow. When Iy = 9 pm, the gas flow
tended to be laminar and the turbulent effect weakened, thereby reducing the pressure
drop and fluctuation. This reduced fluctuation helped create a more uniform pressure
distribution within the membrane, thereby reducing the formation of local high- and low-
pressure areas and hence improving the T-groove flow stability. Therefore, the turbulence
effect was weak when the gas film pressure was large. Furthermore, owing to the strong
dynamic pressure effect in low film thickness grooves, the corresponding turbulent effects
caused considerable changes in film pressure.
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Figure 9. Influence of medium pressure variation on film pressure distribution.
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Figure 10. Effect of gas film thickness variation on film pressure distribution.

5.3. Analysis of Influencing Factors
5.3.1. Effect of Rotational Speed on Sealing Performance

Figure 11 shows the variation of dry gas seal performance parameters with respect
to speed. Figure 11a shows that the opening force under different flow modes increased
with increasing rotational speed (7). When #n = 10,000 rpm, the opening forces under the
laminar and turbulent flow modes were 6.30 and 6.35 KN, respectively. At n = 40,000 rpm,
the opening forces under the laminar and turbulent flow modes increased by 0.7% and
3.1%, respectively. The main reason the opening force under the laminar flow mode
decreased with varying rotational speed is that the turbulent effect considerably increased
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at high speed, leading to the gas film pressure fluctuation, thereby affecting the opening
force. Figure 11b shows that the leakage increased first and then gradually decreased with
increasing speed. When the speed was low, the influence of inertia was small. With an
increase in speed, the inertia effect was enhanced, and the degree of “obstruction” was
strengthened so that the leakage was weakened. Considering the turbulent effect, the radial
mean velocity decreased, resulting in a lower leakage in turbulent flow than in laminar
flow. Figure 11c shows that the gas film stiffness increased with increasing rotational speed,
and the turbulence and inertia effects increased the pressure gas film fluctuation, resulting
in the gas film stiffness instability. Figure 11d shows that the rigid leakage ratio gradually
decreased with increasing n. An increase in the turbulence effect led to an uneven gas
film thickness and increased the leakage amount. Furthermore, the enhanced inertia effect
increased the complexity if the dynamic behavior of the gas film and further decreased the
rigid leakage ratio.
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Figure 11. Effect of rotational speed on sealing performance.

5.3.2. Effect of Pressure on Sealing Performance

Figure 12 shows the variation rule of the dry gas seal performance parameters with
pressure. Figure 12a shows that with an increase in medium pressure, the gas in the sealed
area flowed from the high-pressure side to the low-pressure side, and that the dynamic
pressure effect and opening force increased. The opening force is not affected by the flow
state, it shows an obvious linear growth trend with the increase of pressure. The maximum
relative error of the opening force was 1.51% when the inertia force effect was ignored;
therefore, the influence of the inertia force effect on the opening force can be ignored when
the high pressure difference was ignored. Figure 12b shows that when the turbulence effect
was considered, the gas film outlet pressure decreased. Therefore, the leakage quantity
under turbulent flow was lower than that under laminar flow. When p, = 4 MPa, the
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maximum relative errors of the leakage quantity considering the inertia force effect were
1.18% and 1.65%. At this time, the turbulent effect under the high-pressure difference
played a dominant role. Figure 12¢ shows that with an increase in the inlet pressure, the
gas film stiffness first increased and subsequently decreased. The greater the pressure
difference, the stronger the turbulence effect, and the higher the difference in gas film
stiffness under different flow states. Figure 12d shows that the rigid leakage ratio declined
as the pressure increased because the increase in the leakage was faster than the decrease in
the stiffness. In addition, an increase in pressure led to a decrease in the gas film thickness
and enhancement of the turbulence and inertia effects.
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Figure 12. Effect of pressure on sealing performance.

5.3.3. Effect of Groove Depth on Sealing Performance

Figure 13 shows the variation rule of the dry gas seal performance parameters with
respect to groove depth. As shown in Figure 13a, the opening force under turbulent flow
with a groove depth of /g = 3 um was lower than that under laminar flow. When the groove
depth increased to hg = 8 um, the turbulent effect became prominent and the opening force
increased significantly with an increase in groove depth. Figure 13b shows that with the
groove depth deepening, the leakage volume showed an overall increasing trend. The
maximum relative errors were 0.5% and 2.9%. The leakage increased slowly with increasing
groove depth, indicating that an increase in groove depth increased the height difference
between the groove and non-T-groove region, weakening the pumping effect of the groove.
When the groove depth was small, the leakage was minimally affected by inertia and
can be ignored. With an increase in groove depth, the dynamic behavior of the gas film
considering the inertia force effect became increasingly obvious. Figure 13c,d show the gas
film stiffness and leakage, with respect to the groove depth in the laminar and turbulent
flow states. When the groove depth was hg = 3 um, the atmospheric film stiffness and
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the rigid leakage ratio increased. When the gas film stiffness and rigid leakage were high,
the influence of the turbulence and inertia effects was small, and the maximum relative
error was less than 0.2%. However, with an increase in groove depth, the turbulence and
inertia effects became prominent. Therefore, the inertia effect can be ignored when the
groove depth is low, but the influence of the turbulence and inertia effects on dry gas seal
performance should be considered as the groove depth increases.
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Figure 13. Effect of groove depth on sealing performance.

5.3.4. Effect of Gas Film Thickness on Sealing Performance

Figure 14 shows the variation rule of dry gas sealing performance parameters with
respect to gas film thickness. The gas film thickness h refers to the film thickness in the
non-T-groove area. Figure 14 shows that when hy = 3 um, the opening force and gas film
stiffness were high. Figure 14a,c show that as the gas film thickness increased, the gas film
flow area increased, and the gas film flow resistance decreased, resulting in a decrease in the
opening force and stiffness of the gas film. Figure 14b, d show that a thick gas film easily led
to gas flow instability, and thereby nonlinearly increased the leakage. Owing to the decrease
and increase in gas film stiffness and leakage, the rigid leakage ratio decreased. Compared
with laminar flow, the dynamic response of the gas film was considerably higher owing to
the turbulent effect, and the fluid flow had higher kinetic energy and irregularity, resulting
in higher opening force and stiffness of the gas film. In the non-T-groove region where the
film thickness changed, the turbulent effect decreased the efficiency of conversion between
the kinetic energy and static pressure of gas, increased energy loss, and reduced gas film
stability. With an increase in film thickness, gas flow separation occurred in the T-groove,
and the flow instability caused by the change in film thickness enhanced the possibility
of occurrence of turbulence. In addition, the turbulence effect intensified the instability
of flow inertia, which affected the sealing performance. The influence of the turbulence
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and inertia effects on the sealing performance can be further reduced by optimizing the
structural parameters of the T-groove in the later stage.
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Figure 14. Effect of gas film thickness on sealing performance.

6. Conclusions

In this study, the Reynolds equation that considers the interaction between centrifu-
gal inertia force and turbulence effects was solved to obtain the film pressure distribu-
tion for the modified gas lubrication and the variation patterns of different flow state of
sealing performance.

(1) When rotational speed was 40,000 rpm, the opening force increased by 0.7% and 3.1%
under the laminar and turbulent flow states, respectively. With an increase in 7, the
turbulent effect on gas film became prominent. Considering the turbulent effect, the
radial mean speed decreased; therefore, the leakage under turbulent flow was less
than that under laminar flow.

(2) When the pressure was 4 MPa, the maximum relative errors of leakage considering the
inertia force effect were 1.18% and 1.65%. At this time, the turbulent effect under the
high-pressure difference plays a dominant role. The greater the pressure difference,
the stronger the turbulence effect and the greater the difference in the stiffness of the
gas film under different flow states. Because the increase in the leakage is faster than
the decrease in the stiffness, the rigid leakage ratio tends to decrease.

(3) When the groove depth was 3 um, the influence of the inertia effect on the sealing
performance was negligible. The opening force in the turbulent flow state was slightly
lower than that under the turbulent flow mode, but the atmospheric film stiffness and
rigid leakage ratio in the former state were higher than in the latter state. When the
groove depth was increased to 8 um, the height difference between the trough and
non-T-groove region increased, and the turbulent effect became prominent.
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(4) When the gas film thickness was 3 um, the opening force and gas film stiffness were
high. Owing to the strong dynamic pressure effect in the small film thickness groove,
the turbulence effect changed considerably. The turbulence effect intensified the
instability of flow inertia, which zoned the sealing performance.
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