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Abstract: A dry gas seal is a mechanical seal that prevents leakage of gas from rotating machines
utilizing gas as a medium. Fluid film in a dry gas seal can exhibit laminar, turbulent, and slip behavior
due to operating conditions and design parameters. A modified Reynolds equation that considers
the effects of laminar, turbulent, and slip behavior of a fluid film was proposed and solved using the
finite-element and Newton–Raphson methods to calculate the pressure, opening force, and leakage
rate. The accuracy of the developed program was verified by comparing the simulated pressure with
that of prior research, and the measured leakage with simulated leakage. The characteristics of a
T-groove dry gas seal were investigated according to laminar, turbulent, and slip behavior in the fluid
film. The results show that the effects of laminar, turbulent, and slip behavior in a fluid film on a dry
gas seal should be considered to accurately predict the characteristics of a dry gas seal.

Keywords: dry gas seal; experimental verification; leakage rate; numerical analysis; opening force;
slip boundary condition; turbulent flow

1. Introduction

A dry gas seal is a type of non-contacting mechanical seal that is essential for various
machines, such as compressors, blowers, and turbochargers, that utilize gas as a working
fluid. Leaks between the rotor and stator during operation are common during the opera-
tion of rotating machines. A dry gas seal minimizes leakage of the working fluid during
compression and expansion of machines and prevents a decrease in efficiency. However,
a seal that minimizes the clearance to reduce leakage can have a short lifespan due to
contact wear. It is therefore important to accurately calculate the pressure and leakage
rate of the seal during operation when designing a seal. Figure 1 depicts the structure
of a dry gas seal and the pressure and forces acting on it. A dry gas seal consists of a
rotating seal and a stationary seal and generates pressure through the fluid film between
these seals to minimize leakage of the working fluid. The closing force is balanced with
the opening force, as shown in Figure 1. The closing force is generated by the working
(outer) pressure and the spring, and the opening force is generated by the pressure from the
gas film between the rotating seal and the stationary counterpart. The pressure from the
gas film is determined by the operating conditions, such as the rotating speed, operating
pressure, temperature, and the seal geometries, including the groove. A dry gas seal is used
in applications with different design parameters and operation conditions and involves
various fluid states. The behavior of a fluid film can be defined as laminar or turbulent,
depending on the Reynolds number (Re = ρUh/µ), and as slip or non-slip, depending on
the Knudsen number (Kn = µ

√
0.5πRT/hp), where µ, ρ, U, h, R, T, and p represent the

viscosity coefficient, density, fluid velocity, fluid film thickness, gas constant, temperature,
and pressure of fluid film, respectively. As the Reynolds number of the fluid increases, the
fluid state changes from laminar to turbulent, and as the Knudsen number increases, slip
occurs between the fluid and the solid. A rotating seal consists of a groove area and a plain
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area. The film thickness of the groove area is larger than that of the plain area, because
the film thickness is the sum of the groove depth and the clearance between rotating seal
and stationary seal. The velocity of the groove area is generally higher than that of the
inner plain area because it is typically close to the outer portion of the seal. Fluid film
in a groove area with a large film thickness and high velocity can be turbulent due to a
large Reynolds number. The plain area in the inner side of the seal has the lowest pressure
(mainly atmospheric pressure) in the seal, and the film thickness of the plain area is smaller
than that of the groove area. A fluid film in a plain area with a low pressure and small film
thickness has a large Knudsen number and can slip. It is therefore important to analyze
the effects of both slip and turbulence to accurately calculate the characteristics of a dry
gas seal.
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Figure 1. Seal structure and pressure boundary of a dry gas seal.

Previous research has analyzed the pressure of a dry gas seal using a Reynolds equation
simplified with the assumption of laminar flow and non-slip conditions from the Navier–
Stokes equation. Yan et al. analyzed a dry gas seal with an orderly roughness microstructure
using the Reynolds equation and analyzed the effect of the orientation effect according to
the microstructure on the leakage rate and opening force [1]. Jiang et al., who calculated the
characteristics of dry gas seals with various shapes using the Reynolds equation, derived
an optimal shape with maximum opening force and stiffness [2]. Kou et al. developed a
super-ellipse, grooved dry gas seal, and calculated its characteristics using the Reynolds
equation. The characteristics of the developed groove seal were compared with those of a
spiral groove seal [3]. Other researchers have investigated the characteristics of dry gas
seals using a Reynolds equation that considers only laminar flow [4–7].

Because the Reynolds equation assumes laminar flow, it cannot be used to analyze
a dry gas seal in a turbulent state. Previous researchers have therefore used a modified
version of the equation that considers turbulence. Luo et al. analyzed the pressure dis-
tribution of a dry gas seal using a Reynolds equation proposed by Constantinescu that
addresses turbulence. The measured pressure was compared with the calculated pressure
distribution [8]. Zhang et al. and Yan et al. calculated the pressure of a dry gas seal using
supercritical CO2 as a working fluid and the turbulent Reynolds equation proposed by
Ng-Pan. The opening force and leakage rate according to the temperature and pressure
boundary were analyzed by simultaneously solving the modified Reynolds equation and
the energy equation [9,10].

Because the Reynolds equation assumes a non-slip condition, it cannot be used to
analyze a dry gas seal in which slippage occurs. Many researchers have therefore used
a modified Reynolds equation that considers the slip effect of a dry gas seal. Ruan et al.
analyzed a dry gas seal at low speeds by solving a modified Reynolds equation that consid-
ers slip conditions proposed by Fukui and Kaneko. The lift-off speed, opening force, and
leakage rate of the seal were calculated in slip and non-slip conditions [11]. Ding et al. used
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the energy equation and a modified Reynolds equation derived from Maxwell boundary
conditions. The calculated temperature and pressure distribution of the seal with the slip
effect and the thermal dissipation effect were compared with experimental results [12].
Several researchers have studied dry gas seals using a modified Reynolds equation that
considers turbulent behavior or the slip effect, but none have combined laminar, turbulent,
and slip behavior.

In this paper, we analyzed the pressure, opening force, and leakage rate of a dry gas
seal considering the effects of laminar, turbulent, and slip behavior in a fluid film. A modi-
fied Reynolds equation that incorporates all three effects was proposed and solved using
the finite-element method, and the Newton–Raphson method to calculate the pressure,
opening force, and leakage rate. The accuracy of the developed program was verified by
comparing the simulated pressure with the pressure reported previously and the measured
leakage was compared with the simulated value. The characteristics of a T-groove dry gas
seal were investigated according to laminar, turbulent, and slip conditions in a fluid film.

2. Method of Analysis
2.1. Governing Equations According to Laminar, Turbulent and Slip Conditions of Fluid Film

The compressible Reynolds equation can be derived from the Navier–Stokes equation,
assuming Newtonian laminar flow, ideal gas conditions, no body force, no inertial force,
and no slippage, and ignoring the pressure gradient along the film thickness as follows:

h3

12µ

∂

∂r

(
p

∂p
∂r

)
+

h3

12µ

∂

r∂θ

(
p

∂p
r∂θ

)
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U
2

∂(hp)
r∂θ

(1)

where h, p and U are the clearance, pressure, and velocity of the fluid film.
The fluid between the rotating disk and the stationary disk changes from laminar to

turbulent flow when the Reynolds number exceeds 1000, and the turbulent effect increases
with the Reynolds number. Ng-Pan proposed a turbulent compressible Reynolds equation
that includes a turbulent effect in the compressible Reynolds equation as follows [13,14]:
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where Gr and Gθ , are the turbulent coefficients in radial and circumferential directions; they
are defined as 12 + 0.0043Re0.96 and 12 + 0.0136Re0.9, respectively.

A slip between the fluid and wall occurs when the Knudsen number is greater than
0.001, and as the Knudsen number increases, the effect of the slip becomes larger [15,16]. A
modified Reynolds equation was proposed by Fukui–Kaneko to include the slip effect as
follows [17,18]:
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where qp is the slip coefficient defined as qp = c0 + c1(1/Kn) + c2(1/Kn)2 + c3(1/Kn)3,
and c0, c1, c2, and c3 are determined according to the Knudsen number as shown in Table 1.

Table 1. Slip coefficients according to 1/Kn.

Range of Inverse Kn c0 c1 c2 c3

5 < 1/Kn ≤ 1000 1.000 6.097 6.391 −12.812
0.15 < 1/Kn ≤ 5 0.831 7.505 0.939 −0.058

1/Kn ≤ 0.15 −13.375 12.640 0.099 0.0004
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From Equations (2) and (3), we proposed a modified Reynolds equation that includes
laminar, turbulent, and slip behavior in the fluid film as follows:

Cr
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2
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where Cr and Cθ are the fluid state coefficients in radial and circumferential directions
according to the laminar, turbulent, and slip behavior of the fluid film (Table 2).

Table 2. Fluid state coefficients according to laminar, turbulent and slip conditions.

Fluid Condition Cr Cθ

Laminar 1/12 1/12
Turbulent 1/Gr 1/Gθ

Slip qp/12 qp/12

2.2. Derivation of a Finite-Element Equation

A finite element equation of the Reynolds equation can be obtained by multiplying
Equation (4) with the weighting function and integrating using Green’s theorem:∫

Ω
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where Ω, Γ, w,
^
er,

^
eθ and n are the interested domain, boundary, weighting function,

unit vector of radial and circumferential directions, and normal unit vector of boundary,
respectively. The boundary integral terms of Equation (5) are zero because the weighting
functions at the boundary are zero. The pressure in a four-node element can be expressed
by the nodal pressure Pe and shape function N as follows:

p = NTPe (6)

Similarly, the weighting function can be expressed by an arbitrary vector ηe such that:

w = ηe
TN (7)

We used the high-order shape function N as follows [19]:

N =

[
N3 N4
N1 N2

]
=


1
2 (1 + η)

(
eλeξ − e−λe

eλe − e−λe

)
1
2 (1 + η)

(
eλe−eλeξ

eλe−e−λe

)
1
2 (1− η)

(
eλe − eλeξ

eλe − e−λe

)
1
2 (1− η)

(
eλeξ−e−λe

eλe−e−λe

)
 (8)

λe =
6µuLe

pehe2 (9)

where ξ, η, u, Le, pe and he are natural coordinates and the rotating velocity of element,
average element length to circumferential direction, average pressure, and average film
thickness, respectively. Substitution of Equations (6) and (7) into (5) yields the local matrix
of the finite-element equation:
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∫
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Equation (10) is non-linear and can be solved by the Newton–Raphson method:
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where R and ∂R/∂P are Equation (10) and the pressure derivative of Equation (10), and n
is the iteration number. The relaxation factor used to increase the stability of the analysis
results, αrelax, was set to 0.5. The local matrices of R and the local matrix of ∂R/∂P were
assembled to generate the global matrices of R and ∂R/∂P, repectively. The analysis was
repeated until the ratio of the summation of the all components of the global matrix of R to
that of the global matrix of ∂R/∂P became less than 10−4, and in most of the analyses in
this paper they converged within 20 iterations. The pressure distribution of the seal could
then be calculated. The opening force Fopen and the leakage rate Q can be calculated from
the calculated pressure as follows:

Fopen =
∫ 2π

0

∫ ro

ri

pr drdθ (12)

Q =
∫ 2π

0

Crh2

µRT
p

∂p
∂r

rdθ (13)

As the film thickness h is known, the opening force and leakage rate can be calculated
only by the Newton–Raphson method. However, if the film thickness is unknown, an
additional iteration process should be introduced to determine the film thickness that
satisfies the force equilibrium shown in Figure 1. The film thickness can be determined
by calculating the opening force using an arbitrary film thickness and then comparing
it with the closing force. A bisection method was used to determine the film thickness
that satisfies the force equilibrium. The minimum and maximum film thicknesses were
defined, and the process was repeated until the difference between the opening force and
the closing force was less than 10−4. In most of the analysis cases in this paper, the process
was completed within 10 iterations. Figure 2 provides the entire algorithm, including the
Newton–Raphson method and the bisection method, and all processes were developed
using C++ programming language.
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3. Numerical Verification
3.1. Verification of the Turbulent Condition of the Developed Program with Prior Research

To verify the developed program for turbulent conditions, we developed a finite-
element model of the same dry gas seal analyzed by Wang [20]. Wang analyzed the spiral
groove dry gas seal under turbulent conditions, and the outer radius, groove radius, inner
radius, groove depth, groove angle and number of grooves of the Wang’s model were
77.78 mm, 69 mm, 58.42 mm, 5 µm, 15◦ and 12, respectively. The rotating velocity, outer
pressure, inner pressure, and clearance were 10,380 rpm, 45.85 bar, 1.01 bar and 3.05 µm,
respectively. A finite-element model developed in a manner similar to that of Wang’s
model consisted of 132,000 elements. Figure 3a depicts the calculated pressure distribution
along radial direction. The pressure distributions of this paper are close to Wang’s pressure.
The maximum pressure in Wang’s model and this paper are 4.837 MP and 4.832 MPa,
respectively, a difference of approximately 1%. The opening force of Wang’s model and
this paper are at 31,503 N and 31,780 N, respectively, a difference of approximately 1%.

3.2. Verification of Slip Conditions of the Developed Program Using Prior Research

To verify the developed program for slip conditions, we developed a finite-element
model of the same dry gas seal analyzed by Ruan [11]. When Ruan analyzed the spiral
groove dry gas seal under slip conditions, the outer radius, groove radius, inner radius,
groove depth, groove angle, and number of grooves of the Ruan’s model were 42 mm,
34.8 mm, 30 mm, 2.5 µm, 20◦ and 12, respectively. The rotating velocity, outer pressure,
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and inner pressure were 3200 rpm, 2 bar, and 1 bar, respectively. A finite-element model
developed in a manner similar to that of Ruan’s model consisted of 132,000 elements.
Figure 3b shows the calculated dimensionless pressure distribution (inner pressure = 1)
along a circumferential direction with radii (R) of 1.16 and 1.24. The resulting pressure
distribution was close to that of Ruan’s model, and the maximum pressures of Ruan’s
model and this paper were 2.90 and 2.88, respectively, a difference close to 1%. The opening
forces reported by Wang and this paper were 31,503 N and 31,780 N, respectively, another
difference of approximately 1%.
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4. Experimental Verification

We measured the leakage rate of a T-groove dry gas seal to verify the proposed method
and the developed program. Figure 4 reproduces a photocopy of a face seal with T grooves,
and Figure 5 shows the geometry of the T-grooved dry gas seal. Table 3 provides the design
parameters of the T-groove dry gas seal used in the experiment and numerical analysis. All
dimensions of the T-grooved dry gas seal were obtained through physical measurements.
Due to the limitations of the machining precision, the groove depth was a minimum of 5 µm
and a maximum of 9 µm, and an average groove depth of 7 µm was used in this analysis.
The rotating velocity was 20,000 rpm, the inner pressure was atmospheric pressure, and the
outer pressure was increased from 10 bar to 60 bar. Figure 6 depicts the experimental setup,
which consists of a motor, coupling, gear box, bearing, and chamber. Power generated
through the motor rotates the rotor seal located inside the chamber through the coupling
and gear box. The pressure gauges and flow meters are inside the seal along with the
dry gas seal, and measurements of the leakage rate and pressure at the outer and inner
portions of the seal were taken in real time. The developed finite-element model consisted
of 2520 and 140 divisions along the radial and circumferential directions, respectively.
Convergence of the finite-element model was secured. Analysis was performed with three
different methods depending on the governing equation. First, the L_method solves the
laminar compressible Reynolds equation in Equation (1) and can only consider laminar
flow. Second, the LT_method solves the modified Reynolds equation in Equation (2) by
considering laminar and turbulent behavior of the fluid film. Third, the LTS_method solves
the modified Reynolds equation proposed in Equation (4) of this paper by considering
laminar, turbulent, and slip conditions. The film thickness was derived in such a way
that the closing force (as determined by outer pressure and the spring force) was equal to
the opening force (as determined by the film thickness). Table 4 and Figure 7 show the
measured and calculated leakage rates according to the change in outer pressure. The
leakage rates from the LT_method and LTS_method were closer to the measured values than
those from the L_method in all cases. At 10 bar, the discrepancy was slightly larger, which
can be attributed to the range of the groove depth of the actual seal (5 µm to 10 µm), which
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led to irregular Reynolds numbers in the grooved area. The irregular Reynolds number and
low pressure generated laminar or turbulent flow depending on the actual groove depth,
whereas we applied an average groove depth of 7 µm in the analysis. However, as the outer
pressure increased, the average pressure inside the seal and the Reynolds number also
increased, and the difference between the analysis and experiment decreased even with
the irregular groove depth. In addition, the LTS_method, which considered the slip effect,
achieved closer agreement with the experimental results than the LT_method at an outer
pressure of 10 bar. The Knudsen number and the slip effect both increased as the pressure
decreased. At an outer pressure of 10 bar, the leakage rate was accurately predicted by
considering the slip condition.
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Table 3. Geometric parameters of the grooved seal.

Parameter Value

Outer radius, ro [mm] 69.5
Groove radius, rg [mm] 62.4

Inner radius, ri [mm] 55.7
Groove number, ng 12

Groove depth, hg [mm] 0.007 (average)
Taper depth, ht [mm] 0.003

Spring force [N] 36
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Table 4. Measured and simulated leakage rate according to the change of the outer pressure.

Outer
Pressure

[bar]

Leakage Rate [g/s] Difference [%]

Experiment L_Method LT_Method LTS_Method Experiment
− L_Method

Experiment
− LT_Method

Experiment
− LTS_Method

10 0.36 0.68 0.47 0.45 −92.5 −31.5 −27.7
20 0.57 0.94 0.55 0.54 −65.3 4.3 6.2
30 0.80 1.51 0.77 0.76 −88.9 3.1 4.5
40 0.95 2.06 0.94 0.93 −115.8 1.1 2.2
50 1.12 2.73 1.08 1.07 −144.6 3.1 4.1
60 1.31 3.49 1.22 1.21 −166.8 6.4 7.3
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5. Effect of Laminar, Turbulent, and Slip Conditions of a Fluid Film on a Dry Gas Seal
5.1. Pressure of the Fluid Film in a Dry Gas Seal Due to Laminar, Turbulent, and Slip Conditions
of Fluid Film

We analyzed the pressure of the fluid film in a dry gas seal due to laminar, turbulent
and slip conditions of the fluid film. The geometry of the seal was the same as that
described in Section 4, except the groove depth was 10 µm and the taper depth was 0 µm.
The inner pressure was 1 bar, and the outer pressure was 60 bar and 6 bar. The clearance
increased from 2.5 µm to 4 µm, at increments of 0.5 µm. The rotating seal rotated clockwise
at 25,000 rpm. Figure 8 shows the pressure distribution calculated from the L_method,
LT_method, and LTS_method for a T-groove shown in Figure 5 at clearances of 2.5 µm (a)
and 4 µm (b) when the outer pressure was 60 bar. Figure 9 shows the pressure distribution
with the outer pressure of 6 bar. Figure 10 shows the Reynolds number along the radial
direction at θ = 0◦. Figure 11 shows the Knudsen number along the radius at θ = 0◦ and
indicates that slippage did not occur in the groove.
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Figures 8 and 9 show that the maximum pressures of the LT_method and the LTS_
method were greater than that of the L_method when the outer pressure was 60 bar and
6 bar, respectively. The maximum pressure occurred inside the groove part at θ = 0◦ due to
wedge effect, where the fluid entered the ridge from the groove. As shown in Figure 10, the
groove part, where the maximum pressure occurred, had a Reynolds number large enough
to generate turbulent flow. Therefore, the maximum pressure increased when the turbulent
effect was taken into account. And there was no difference in maximum pressure between
LT_method and LTS_method. As shown in Figure 11, the slippage did not occur in the
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groove part. And the slip effect of the element adjacent to the groove was not sufficient to
significantly affect to the pressure distribution in groove part. Therefore, the LT_method
and LTS_method have no difference in maximum pressure.
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5.2. Opening Force of the Fluid Film in a Dry Gas Seal Due to Laminar, Turbulent and Slip
Conditions of Fluid Film

Tables 5 and 6 show the opening force of a dry gas seal according to clearance, as
calculated from the L_method, LT_method and LTS_method when the outer pressures were
60 bar and 6 bar. The opening force increased as the clearance decreased, regardless of the
outer pressure. This is because the opening force is the integral of the pressure according
to Equation (12). As clearance decreased, the fluid film pressure and the opening force
increased. Similarly, as the outer pressure increased, the average pressure and opening
force of the fluid film also increased.

Table 5. Opening force according to clearance at an outer pressure of 60 bar.

Clearance
[µm]

Opening Force [N] Difference [%]

L_Method LT_Method LTS_Method L_Method
− LT_Method

L_Method
− LTS_Method

LT_Method
− LTS_Method

2.5 27,372 28,462 28,432 4.0 3.9 −0.1
3 27,152 27,477 27,451 1.2 1.1 −0.1

3.5 26,948 26,704 26,681 −0.9 −1.0 −0.1
4 26,758 26,087 26,067 −2.5 −2.6 −0.1
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Table 6. Opening force according to clearance with an outer pressure of 6 bar.

Clearance
[µm]

Opening Force [N] Difference [%]

L_Method LT_Method LTS_Method L_Method
− LT_method

L_Method
− LTS_Method

LT_Method
− LTS_Method

2.5 3372 3564 3544 5.7 5.1 −0.6
3 3231 3376 3358 4.5 3.9 −0.5

3.5 3115 3228 3213 3.6 3.1 −0.5
4 3017 3111 3098 3.1 2.7 −0.4

In the case of an outer pressure of 60 bar and a clearance of 2.5 µm (Table 5), the
opening force of the LT_method was 1090 N larger than that of the L_method. Figure 12a,b
shows the pressure difference between the LT_method and L_method. Figure 12c shows the
geometry corresponding to Figure 12a,b. As shown in Figure 12a, the pressure-increase area
(red in the contour plot) is larger than the pressure-decrease area (blue in the contour plot),
and the maximum value of the pressure increase (+21.6 bar) is larger than the maximum
value of the pressure decrease (−15.2 bar). The average pressure and the opening force of
LT_method increased in the case of an outer pressure of 60 bar and a clearance of 2.5 µm
(Table 5). However, at an outer pressure of 60 bar and a clearance of 4 µm, the opening force
of the LT_method was 671 N smaller than that of the L_method. As shown in Figure 12b,
the pressure increase area (red in the contour plot) was smaller than the pressure-decrease
area (blue in the contour plot), and the maximum value of the pressure increase (+11.7 bar)
was smaller than the maximum value of the pressure decrease (−12.8 bar). The average
pressure and the opening force of the LT_method therefore decreased at an outer pressure
of 60 bar and a clearance of 4 µm.
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Figure 12. Pressure difference between the LT_method and the L_method for a fluid film of 2.5 µm (a);
and 4 µm (b); corresponding to T-groove geometry (c). Outer pressure = 60 bar.

Table 6, which lists the opening force at an outer pressure of 6 bar, shows that the
opening forces of the LT_method and LTS_method are larger than that of the L_method
regardless of clearance. Figure 13a,b shows the pressure difference between the LT_method
and the L_method. Figure 13c shows the geometry corresponding to Figure 13a,b. As
shown in Figure 13, the pressure increase area (red in the contour plot) is much larger
than the pressure-decrease area (blue in the contour plot), and the maximum value of the
pressure increase (+1.58 bar, +0.89 bar) is larger than the maximum value of the pressure
decrease (−0.35 bar, −0.26 bar). The average pressure and the opening force of LT_method
therefore increase in the case of an outer pressure of 6 bar (Table 5).
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Figure 13. Pressure difference between the LT_method and the L_method for a fluid film of 2.5 µm
(a) and 4 µm (b) corresponding to T-groove geometry (c). Outer pressure = 6 bar.

In Tables 5 and 6, the change in the opening force due to slippage is small compared
with the effect of turbulence. As shown in Figure 11, no slippage occurs in the groove,
and it occurs primarily near the inner radius. This explains why there is no maximum
pressure difference due to the slip effect. Figure 14a,b shows the pressure difference
between the LTS_method and the LT_method at an outer pressure of 6 bar. Figure 14c
shows the geometry corresponding to Figure 14a,b. The pressure difference decreased in
most areas and the maximum values of the pressure decreases of −0.079 bar in Figure 14a
and −0.052 bar in Figure 14b are larger than those of the pressure increase of +0.004 bar
in Figure 14a and +0.003 bar in Figure 14b. However, the maximum value of the pressure
difference was less than 0.1 bar, which was minimal compared with those of the effect
of turbulence. The slip effect therefore slightly decreased the average pressure and the
opening force.
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5.3. Leakage Rate of a Fluid Film of a Dry Gas Seal Due to Laminar, Turbulent, and Slip Conditions
of a Fluid Film

Tables 7 and 8 list the leakage rates of a dry gas seal according to clearance as calculated
by the L_method, LT_method and LTS_method when the outer pressures were 60 bar and
6 bar, respectively. As shown in Tables 7 and 8, the leakage rate increased with the clearance
and outer pressure. The leakage rate was proportional to the cube of the fluid film thickness,
pressure, and the radial derivative of pressure according to Equation (13). As clearance (film
thickness) increased, the leakage rate also increased. The pressure and radial derivative of
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pressure increased with the outer pressure when the inner pressure was constant. As the
clearance and outer pressure increased, the leakage rate also increased.

Table 7. Leakage rates according to clearance at an outer pressure of 60 bar.

Clearance
[µm]

Leakage Rate [mg/s] Difference [%]

L_Method LT_Method LTS_Method L_Method
− LT_Method

L_Method
− LTS_Method

LT_Method
− LTS_Method

2.5 458.4 381.3 384.3 −16.8 −16.2 0.8
3 963.0 761.3 764.7 −20.9 −20.6 0.4

3.5 1643.0 1230.3 1234.6 −25.1 −24.9 0.3
4 2527.4 1794.5 1800.6 −29.0 −28.8 0.3

Table 8. Leakage rates according to clearance at an outer pressure of 6 bar.

Clearance
[µm]

Leakage Rate [mg/s] Difference [%]

L_Method LT_Method LTS_Method L_Method
− LT_Method

L_Method
− LTS_Method

LT_Method
− LTS_Method

2.5 11.1 12.6 13.0 12.7 16.1 3.0
3 15.5 17.1 17.5 10.5 12.9 2.2

3.5 22.0 23.9 24.3 8.8 10.7 1.7
4 30.7 33.0 33.5 7.6 9.1 1.5

In the case of an outer pressure of 60 bar (Table 7), the leakage rates of the LT_method
and LTS_method were smaller than that of L_method. As shown in Figure 10a, the fluid
near the inner radius was in a laminar state, and the leakage rate of the laminar flow
changed according to the pressure and the radial derivative of pressure near the inner
radius. If the pressure of the fluid film at the groove radius decreased, radial derivatives
of pressure and leakage rate decreased as the inner radius was at atmospheric pressure.
As shown in Figure 12, the pressure difference at the area between the inner radius and
the groove radius was negative, meaning that the pressure and the radial derivatives of
the pressure of the LT_method were smaller than those of the L_method at that area. The
leakage rate therefore decreased because the pressure and the radial derivatives of pressure
near the inner radius decreased at an outer pressure of 60 bar due to effects of turbulence.

In the case of the outer pressure of 6 bar, the leakage rate of the LT_method and
LTS_method is larger than that of L_method. As shown in Figure 13, the pressure difference
at the area between the inner radius and the groove radius is positive, indicating that
the pressure and the radial derivatives of pressure of LT_method are larger than that of
L_method at those areas. Therefore, the leakage rate increased because the pressure and
the radial derivatives of the pressure near the inner radius increased at an outer pressure of
6 bar due to turbulence.

In Tables 7 and 8, the leakage rate of the LTS_method, which considers the slip effect,
was larger than those of the L_method and LT_method and the percent change of the
leakage rate between the LT_method and LTS_method at a pressure of 6 bar was larger
than at 60 bar. As shown in Figure 11, the Knudsen number at an outer pressure of 6 bar
was larger than that at an outer pressure of 60 bar and increased as it approached the
inner radius where the leakage occurred. The slip condition increased the leakage rate as it
increased the pressure, radial derivatives of pressure, and slip coefficient qp according to
Equation (13). As shown in Figure 14, when the slip effect was considered, the pressure
at the area between the inner radius and the groove radius decreased and the radial
derivatives of pressure also decreased. However, this decreasing effect was less than the
increasing effect of the slip coefficient and consequently the leakage rate increased. Slippage
therefore increased the leakage rate because the slip coefficient was more dominant than
the change of pressure and the radial derivatives of pressure.
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6. Conclusions

We proposed a modified Reynolds equation that incorporates the effects of laminar,
turbulent and slip behavior in a fluid film, and investigated the pressure, opening force and
leakage rate of a dry gas seal using the finite-element and the Newton–Raphson methods.
The accuracy of the developed program was verified by comparing the simulated pressure
with pressures reported previously and comparing the measured leakage with simulated
counterparts. The results of our analysis indicate that a leakage rate that considers turbulent
flow more closely matched measured values compared with a leakage rate that considers
only laminar flow. At a low outer pressure, the leakage rate that considers both turbulent
flow and slip effects is the closest to the measured value. The characteristics of a T-groove
dry gas seal were investigated according to laminar, turbulent, and slip conditions in a
fluid film. The results show that laminar, turbulent, and slip conditions in a fluid film with
a dry gas seal should be considered to accurately predict the characteristics of a dry gas
seal. This research will facilitate accurate predictions of the performance of dry gas seals
and the development of robust seals.
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Nomenclature

Gr Turbulent coefficient for radial flow; 12 + 0.0043Re0.96

Gθ Turbulent coefficient for circumferential flow;12 + 0.0136Re0.9

h Film thickness [mm]
Kn Knudsen number
N Shape function vector
Pe Element pressure vector [Pa]
P Pressure [Pa]
Qlam Flow rate for laminar flow [g/s]
Qslip Flow rate for slip flow [g/s]
Qturb Flow rate for turbulent flow [g/s]
qp Slip coefficient; c0 + c1

(
1/qp

)
+ c2

(
1/qp

)2
+ c3

(
1/qp

)3

Re Reynolds number
R Gas constant [J/(kg·K)] (Rair: 287 J/(kg·K))
T Temperature [K]
U Rotating velocity [rad/s]
u Fluid velocity [m/s]
w weighting function
Greek symbols
ρ Density [kg/m3]
η arbitrary vector
µ Viscosity [Pa·s]
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