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Abstract: Traditional oil seals are insufficient for the high-speed and bi-directional rotation of new
energy electric vehicles. Therefore, we developed a Python program focusing on micro-groove
pump seals and examined the unexplored non-contact oil–air biphasic internal end-face seals. Real
gas effects were described using the virial and Lucas equations. We introduced an oil–air ratio to
determine the equivalent density and viscosity of the two-phase fluid in the seal. Furthermore, we
solved the compressible steady-state Reynolds equation using the finite difference method. Analysing
the seal’s pumping mechanisms and the effects of operating parameters on sealing performance,
we assessed 17 types of hydrodynamic grooves. The results demonstrate that inverse fir tree-like
grooves perform well under typical sealing conditions. Under the conditions given in this study, the
pumping rate of the optimal groove type compared to other groove types even reached 633.54%. In
the oil–air biphasic state, the micro-groove pump seal exerts significant dynamic pressure on the
sealing surface. Seal opening force increases with rotational velocity, oil–air ratio, and inlet pressure
but decreases with temperature. The pumping rate first increases and then decreases with rotational
velocity, increases with oil–air ratio and temperature, and then decreases with inlet pressure. Some
special working points require consideration in sealing design. Our results provide insights into
designing micro-grooved pumping seals for new energy electric vehicles.

Keywords: new energy electric vehicle; micro-grooved pumping seal; real gas effect; oil–air two-phase
flow; micro-groove optimisation; sealing performance

1. Introduction

New energy electric vehicle (EV) drivetrains feature high efficiency and integration,
lightweight, and low noise and vibrations [1,2]. Moreover, the performance of EVs is
closely related to the electric drivetrain system [3,4], which provides high reliability, high
power density, wide speed regulation range, and strong overload capacity. The high-speed
performance of the oil seal is currently a technical limitation, constraining the development
of electric drivetrain systems [5]. The oil seal is a precision part and critical component of
an electric motor. High-reliability motors require high-performance bearings, and high-
reliability long-service-life bearings must be guaranteed by oil seals.

The working conditions of traditional fuel vehicle engines and EV power systems
are similar. Therefore, rubber skeleton [6,7] and polytetrafluoroethylene (PTFE) [8–10] oil
seals have been widely employed in electric drivetrain systems. Rubber skeleton seals
have a maximum allowable linear speed of approximately 38 m/s but perform poorly
under reverse rotation. While rubber skeleton oil seals with bi-directional backflow grooves
have been developed [11], their backflow performance is inferior to that of unidirectional

Processes 2024, 12, 1281. https://doi.org/10.3390/pr12061281 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr12061281
https://doi.org/10.3390/pr12061281
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-1286-8563
https://doi.org/10.3390/pr12061281
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12061281?type=check_update&version=2


Processes 2024, 12, 1281 2 of 17

backflow grooves [12]. Additionally, the maximum allowable linear speed of oil seals with
bi-directional backflow grooves is 30 m/s. Although PTFE oil seals with spiral grooves have
a maximum allowable linear speed of 60 m/s [13,14], they perform poorly under reverse
rotation because of the unidirectional pumping characteristic of spiral grooves. Existing oil
seals have a less-than-desirable performance under a linear speed exceeding 40 m/s or in bi-
directional working conditions. Seal failure not only significantly reduces the performance
of electric drive systems but also leads to environmental pollution caused by lubricant oil
leakage. Therefore, we proposed a pumping seal with micro-grooves for high-speed electric
drivetrains. The proposed seal is a non-contact hydrodynamic seal whose performance is
unaffected by high-speed rotations. Laser-engraved hydrodynamic grooves are designed
to rotate in two directions, enabling the seal to function properly under reverse rotation
of the electric motor. In particular, several researchers have studied bi-directional rotating
hydrodynamic grooves [15–23] involving various groove types. However, most of these
studies have only focused on one or two types of grooves. Thus, determining which groove
type has the greatest advantage in bi-directional rotation is challenging. Almost all the
hydrodynamic grooves for upstream pumping seals in the literature were located near
the outer edge of the carbon ring face, close to the high-pressure area. This study applied
a unique high-speed micro-groove pumping seal for EVs by opening the hydrodynamic
grooves near the inner edge of the carbon ring face close to the low-pressure area.

The micro-grooved pumping seal operates at high speeds and involves gas and liquid
phases; thus, this seal can be categorised as an oil–air two-phase seal. In recent years, oil–air
two-phase lubrication sealing technology has been widely used in high-speed rotating
machines owing to its high efficiency, good lubrication performance, and low energy
consumption. Polling et al. [24] generalised equations for computing various properties
of finite volumes of gases and liquids using extensive experimental data. Li et al. [25–27]
investigated the dynamic characteristics of oil–air two-phase dynamic seals and the effects
of thermal load, mechanical load, and constraints on the microdeformation of the dynamic
ring end face by establishing the steady- and dynamic-state Reynolds equations of the
oil–air two-phase flow and an analytical model considering thermal–solid coupling. Li
et al. [28–32] analysed the effects of operating and end-face-structure parameters on the
gas- and liquid-phase performance parameters of dynamic seals and proposed an equation
for computing equivalent viscosity by establishing a numerical analysis model of the gas
and liquid phases in the flow domain near the end face of dynamic seals. Chen et al. [33]
investigated the end-face temperature distribution of a two-phase backflow seal in open
and non-open states. Li et al. [34,35] established a model of the fluid between the end faces
of a two-phase seal to obtain the thermal and mechanical deformations of the end faces and
the pressure, velocity, and phase distribution in the flow field between the end faces. While
the above studies provide references for the research on oil–gas two-phase micro-groove
pumping seals, they are mostly based on fixed physical parameters.

In response to the complex operating conditions of micro-groove pumping seals for
new energy vehicles, which operate at high speeds and deal with gas–liquid two-phase
flows, this study aims to obtain the optimal fluid pumping dynamic pressure groove
structure and investigate the variation patterns of its sealing performance. We focus on
micro-groove pumping seals, employing the compressible steady-state Reynolds equation
and utilising the Virial equation and the Lucas equation to describe the actual gas effects and
viscosity changes. We introduce the oil–air ratio to determine the equivalent density and
viscosity. Through numerical calculations, we analyse the pumping mechanism of micro-
groove pumping seals. Subsequently, we conduct comparative analyses of various groove
structures to select the optimal dynamic pressure groove type. Furthermore, under the
optimal groove-type structure, we analyse and discuss the relationship between operating
parameters (rotational velocity, oil–air ratio, inlet pressure, and temperature) and steady-
state sealing performance. This study provides theoretical support for the design of micro-
groove pumping seals for future new energy vehicles and actively promotes advancements
in new energy electric vehicles and sealing technology.
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2. Theoretical Model
2.1. Geometric Model

Figure 1 shows the structure of the proposed micro-grooved pumping seal for EVs.
The rotating and stationary rings are mounted in the seal chamber. The shaft liner, designed
with a seat to hold the rotating ring, is connected to the shaft using an anti-rotation pin.
The shaft liner connection is sealed using an O-ring. The anti-rotation pin fixes the rotating
ring and shaft in both the rotational and axial directions (preventing the rotation ring from
rotating around and moving along the axis of the shaft). The stationary ring is mounted
in a seat and is connected to the cover of the seal using a bellow (wave spring). The
bellow is highly flexible and can compensate for random variations. It functions as both
an elastic element and a seal. The cover and chamber of the seal are connected with bolts,
and the connection is sealed with a washer. The bellow, rotating, and stationary rings are
compressed against each other. During the operating state of the micro-grooved pumping
seal, oil–air lubricant flows from the low-pressure side (bellow side) and is pumped to
the high-pressure side via the hydrodynamic grooves, forming an extremely thin oil–air
two-phase film at the end face that prevents lubricant leakage. When the shaft stops
rotating, the sealing face is closed, effectively preventing lubricant leakage. This structure
enables the use of the oil seal for the input shaft of high-speed electric drivetrains. The seal
exhibits improved strength, wear resistance, sealing performance, and reliability under the
demanding operating conditions of the input shaft, significantly improving the service life
and stability of the electric motor.
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Figure 1. Schematic of the proposed micro-grooved pumping seal for EVs.

2.2. Mathematical Model
2.2.1. Pressure Control Equation

The fluid in the seal was assumed to be a Newtonian fluid, the pressure gradient in
the film thickness direction is zero, the seal end surface deformation is negligible, and there
is no consideration for temperature changes within the flow field. Thus, the steady-state
Reynolds equation of the laminar flow field in the micro-grooved pumping seal can be
expressed as [36,37]

1
r
· ∂

∂θ

(
ρe · h3

ηe
· ∂p

∂θ

)
+

∂

∂r

(
r · ρe · h3

ηe
· ∂p

∂r

)
= 6 · r · ω · ∂

∂θ
(ρe · h) (1)

where r is the radius of any point at the oil–air two-phase film at the end face (m), θ is the
spread angle (rad), ω is the angular velocity (rad/s), h is the film thickness (m), ρe is the
equivalent density (kg/m3), and ηe is the equivalent viscosity (Pa·s).

2.2.2. Equivalent Density

At high speeds, the internal lubricating oil of the electric drivetrain forms small liquid
droplets, known as oil mist, due to the high-speed mechanical agitation of the rotor. This oil
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mist mixes with air to form a two-phase oil–gas mixture. Therefore, to accurately describe
the fluid density of the oil–gas two-phase flow passing through the seal clearance, this
paper adopts equivalent density for calculation, which can be expressed as follows:

ρe = ρgas · (1 − c) + ρoil · c (2)

where ρgas is the density of air (kg/m3), ρoil is the density of the lubricant (kg/m3), and c is
the oil–air ratio (the volume fraction of oil droplets in the mixed gas).

To consider the real effect of air in the flow field on sealing performance, the air density
was described using the three-term truncated virial equation as follows [24]:

ρgas =
p

Z · Rg · T
(3a)

Z =
p

ρgas · Rg · T
≈ 1 + B ·

(
p

Rg · T

)
+

(
C − B2

)
·
(

p
Rg · T

)2
(3b)

B ·
(

pc

Rg · Tc

)
= 0.1445 − 0.330

Tr
− 0.1385

Tr
2 − 0.0121

Tr
3 − 0.000607

Tr
8 + εg ·

(
0.0637 +

0.331
Tr

2 − 0.423
Tr

3 − 0.008
Tr

8

)
(3c)

C ·
(

pc

Rg · Tc

)2
=

(
0.01407 +

0.02432
Tr

2.8 − 0.00313
Tr

10.5

)
· Tr + εg ·

(
−0.02676 +

0.0177
Tr

2.8 +
0.04
Tr

3 − 0.003
Tr

6 − 0.00228
Tr

10.5

)
· Tr (3d)

where Z is the compressibility factor, Pc is the critical pressure of air (3.786 × 106 Pa), Tc is
the critical temperature of air (132.53 K), Tr is the reference state temperature (Tr = T/Tc),
εg is the eccentric factor of air, and Rg is the gas constant. Rg = R/M, where R is the molar
mass of air (28.965 kg/kmol), and M is the universal gas constant (8314 J/(kmol·K)).

2.2.3. Equivalent Viscosity

The equivalent viscosity of the two-phase fluid in the seal is computed as follows:

ηe = ηgas · (1 − c) + ηoil · c (4)

where ηgas and ηoil are the air and lubricant viscosities (Pa·s), respectively.
Air viscosity is computed using the Lucas equation as follows [24]:

ξ = 0.176
(

Tc

M3 · pc4

)1/6
(5a)

Z1 = η0 · ξ =
[
0.807Tr

0.618 − 0.375 exp(−0.499Tr) + 0.304 exp(−4.058Tr) + 0.018
]
· FO

P · FO
Q (5b)

if Tr ≤ 1, pr < pvp/pc, then,

Z2 = 0.600 + 0.760pαr +
(

6.990pβr − 0.6
)
· (1 − Tr) (5c)

if 1 < Tr < 40, 0 < pr ≤ 100, then,

Z2 = η0 · ξ ·
[

1 +
a · pr

e

b · prf +
(
1 + c · prd

)−1

]
(5d)

ηgas =
Z2 · FP · FQ

ξ
(5e)

where η0 is the viscosity at low pressure at the same temperature; Pr is the reference-state
pressure (Pr = P/Pc); and FO

P , FO
Q , FP, FQ, α, β, a, b, c, d, e, and f are as defined in [24].

A gear oil GL-4 (Shell Spirax S2 G 80W-90; Shell, The Hague, The Netherlands) was
used as the lubricant. The effect of pressure on viscosity was negligible because the
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lubricant operated at low pressures. Therefore, only the effect of temperature on viscosity
was considered [37].

ηoil = ηs0 · e−βs·(T−Ts0) (6)

where ηs0 is the viscosity when the temperature is equal to Ts0 (Pa·s), and βs is the viscosity–
temperature coefficient, which is approximately 0.0365/◦C.

2.3. Boundary Conditions

One end face was defined as the inlet and the other as the outlet. The pressure at the
boundary was maintained constant as follows:{

p(r = ri) = po
p(r = ro) = pi

(7)

where Pi and Po are the inlet and outlet pressures (MPa), respectively, and ri and ro are the
inner and outer radii (mm) of the seal ring, respectively.

Micro-grooves are arranged periodically in the circumferential direction to establish a
periodic pressure boundary within the computational domain is defined as follows:

p(r, θ =
π

Ng
) = p(r, θ =

−π

Ng
) (8)

where Ng is the number of grooves.

2.4. Steady-State Performance Parameters

By solving the aforementioned equations and boundary conditions, the pressure
distribution in the oil–air two-phase film between the seal end surface can be obtained,
based on which the opening force (Fo) and leakage rate (Qm) can be obtained as follows:

Fo =
∫ 2π

0

∫ ro

ri

p · r · drdθ (9)

and the leakage mass rate

Qm =
∫ 2π

0

∫ h

0
ρe · ur · r · dzdθ (10)

3. Results and Discussion

A rapid computational program was developed for simulating the flow field of micro-
groove pumps. This Python program uses a visual interactive interface for inputting
geometric and operational parameters. Considering actual gas effects and the equivalent
density and viscosity of the oil–air two-phase flow, the program employs finite differ-
ence methods to numerically solve the pressure control equations. Finally, the results
are displayed using a graphical interface. The program efficiently, accurately, and intu-
itively simulates the flow field, providing significant assistance in analysing the pumping
mechanism and sealing characteristics.

Figure 2 shows the groove geometry; a rectangular configuration is shown for il-
lustrative purposes. The geometry and operating parameters of the seal used for the
computation are presented in Tables 1 and 2, respectively. Figure 3 shows a flowchart of
the solution process.
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Figure 2. Schematic of the rotating ring dimensions.

Figure 1 illustrates the geometric structure of the groove-end face of the micro-groove
pumping seal. The inner diameter of the sealing ring is denoted by ri, the outer diameter
by ro, and the root diameter of the hydrodynamic groove, which is the maximum radius
where the groove root is located, is denoted by rg. The expansion angle of the groove area
on the sealing face is denoted by θG, the expansion angle of the land area by θL, the equal
width of the groove area and land area by lG, and the width of the dam area by lD. The
groove–land ratio is represented by λG-L, and the groove–dam ratio is λG-D. The specific
expressions are as follows:

λG-L = θG/θL (11a)

λG-D = lG/lD =
rg − ri

ro − rg
(11b)

θG =
π

Ng
· λG-L

λG-L + 100%
(11c)

rg = ri + (ro − ri) ·
λG-D

λG-D + 100%
(11d)

Table 1. Geometric parameters of the high-speed micro-grooved pumping seal for EVs.

Parameter Value

Outer radius ro (mm) 38
Inner radius ri (mm) 28

Number of grooves Ng 12
Groove depth hg (µm) 5

Groove–land ratio λG-L 1
Groove–dam ratio λG-D 1.5

Average film thickness (end-face clearance) h0 (µm) 4

Table 2. Operating parameters of the high-speed micro-grooved pumping seal for EVs.

Parameter Value

Rotational velocity n (rpm) 2000–80,000
Inlet pressure pi (kPa) 0–300

Outlet pressure po (kPa) 0
Temperature T (°C) 60–110

Oil–air ratio c 0.01–0.1
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3.1. Verification
3.1.1. Grid Independence Verification

The grid size of the computational domain model of the micro-groove pumping
seal was determined by considering node grids of different densities. Calculations were
performed using the parameters in Tables 1 and 2, with an inlet pressure pi = 0.1 MPa,
inlet temperature Ti = 100 ◦C, rotational speed n = 20,000 r/min, and a sealing medium of
two-phase flow with an oil–air ratio of 3%. The effect of the number of grids on the opening
force and leakage rate is shown in Figure 4. Note that with an increase in grid density, both
the opening force and leakage rate initially increase and then stabilise. The opening force
and leakage rate changes are minimal when the grid density exceeds 7500. Increasing the
number of grids would inevitably lead to an exponential increase in the iterative process
time. Therefore, to achieve computational efficiency and result accuracy, a grid number of
11,532 was chosen in this study.
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3.1.2. Verification of Procedure

The lubrication equation established in [27] simultaneously considers various factors,
such as the equivalent viscosity, equivalent density, and isothermal process, of oil–air
two-phase fluids. This equation approaches the lubrication conditions considered in this
study. Therefore, the geometric and operating parameters used in [27] (Tables 1 and 2)
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were used to verify the accuracy of the aforementioned computation method, as shown in
Figure 5. The computational results obtained using the proposed method are close to those
obtained using the method proposed [27], with a relative error of <6%. This error is because
the real gas effect and viscosity were considered in this study, and the effect of temperature
on the equivalent viscosity and density of the oil–air mixture was also considered. Thus,
our analysis is closer to real-world engineering scenarios.
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3.2. Analysis of the Flow Field in the Micro-Grooved Pumping Seal and Groove
Structure Optimisation
3.2.1. Classification of Standard Bi-Directional Rotating Hydrodynamic Grooves

Table 3 presents several structural types commonly mentioned in the literature. The
table expands upon them. These structures with strong symmetry are suitable for bi-
directional rotation. Based on the position of the high-pressure convergence area during
rotation, they can be roughly divided into four categories.

Table 3. Classification of typical bi-directional rotating hydrodynamic grooves.

Category Groove Type

First: Straight Edge

Rectangular

T-shaped

Inverted T-shaped

Second: Circular Arc

Circular

Semicircular

Semicircular ring

Circular arc

Third: Sharp Angle

V-shaped

Inverted fir tree-shaped, multiple inverted
fir tree-shaped

Spindle-shaped, multiple spindle-shaped

Combined: Straight Edge with Sharp Angle Fir tree-shaped, multiple fir tree-shaped

Combined: Circular Arc with Sharp Angle
Edge-opened Reuleaux triangular

Angle-opened Reuleaux triangular
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The first category, straight edge type, includes rectangular, T-shaped, and inverted
T-shaped grooves. The boundaries of these grooves either align with the circumferential
direction or with the radial direction. As the circumferential edge aligns with the direction
of rotation, no fluid is accumulated to form an evident high-pressure convergence area.
The area of high-pressure gas film convergence is located on the straight edge aligned with
the radial direction.

The second category, circular arc type, includes circular, semicircular, and semicircular
ring grooves. The high pressure in these grooves converges on the arc edge of the groove.

The third category, sharp angle type, includes fir tree-shaped, inverted fir tree-shaped,
and spindle-shaped grooves. These grooves have oblique edges that do not overlap with
the radial direction, guiding the flow of fluid along the oblique edge, ultimately converging
with other fluids flowing along the oblique edge or the circumferential edge, forming one
or more sharp-point high-pressure areas.

The fourth category, combined type, includes edge-opened Lello triangular, angle-
opened Lello triangular, and variant T-shaped grooves. This category combines two of the
previous three categories, forming new high-pressure boundary structure characteristics.

3.2.2. Pressure Field Distribution

To investigate the pumping mechanism of the micro-grooved pumping seal and
facilitate the selection of the groove structure, the pressure distribution in a computational
unit of the seal was computed using the following parameter settings: the geometric
parameters of T-shaped grooves, as presented in Table 1; rotational velocity: 20,000 r/min;
pressure at high-pressure side: 100 kPa; temperature: 100 ◦C; and oil–air ratio: 0.03. First,
the pressure distribution of the T-shaped groove micro-groove pumping seal was computed
for both full cycle and single cycle under 2D and 3D effects. The pressure distribution of
the T-shaped groove micro-groove pumping seal, as calculated, is shown in Figure 6.
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As shown in Figure 6, based on the given inlet and outlet pressures, the pressure varies
nonlinearly from the low- to the high-pressure side of the flow field. When the seal ring
rotates, the right side of the T-shaped groove is compressed, producing a hydrodynamic
effect. Subsequently, the end-face pressure increases significantly. By contrast, on the left
side of the T-shaped groove, the oil–air fluid flows into the groove from the left side as
the seal ring rotates, increasing the cross-sectional area of the flow (the gap expands). No
hydrodynamic effect is produced at the left boundary of the groove, and the pressure
therein does not increase. The pressure distribution in the micro-grooved pumping seal
exhibits periodic variations, as shown in Figure 6. A high-pressure zone is formed between
the right boundary of a groove and the left boundary of the next groove. This zone functions
as a pressure barrier that effectively blocks the oil–air fluid from leaking from the high-
to the low-pressure side. Additionally, the grooves produced a pumping effect, thereby
pumping the oil–air fluid from the low- to the high-pressure side. However, no pressure
barrier was formed between the left and right sides of the same groove and between the
inner and outer radius of the seal ring. Although lubricant may leak through these areas, if
the pumping rate resulting from the pumping effect is larger than or equal to the leakage
rate through these areas, the seal will experience no leakage. For a more straightforward
comparison of the pressure distribution for each groove type, only the pressure distribution
for a single cycle under 2D effects is displayed for all groove types.

Figure 7 includes the pressure distribution of typical bi-directional rotating hydrody-
namic grooves belonging to the first category ((1) rectangular groove, (2) T-shaped groove,
and (3) inverted T-shaped groove); the second category ((4) circular groove, (5) semicircular
groove, and (6) semicircular ring groove); the third category ((7) inverted fir tree-shaped
groove with one layer of branches, (8) inverted fir tree-shaped groove with two layers of
branches, (9) inverted fir tree-shaped groove with four layers of branches, (10) spindle-
shaped groove, (11) double spindle-shaped groove, and (12) quadruple spindle-shaped
groove); and the combined category ((13) fir tree-shaped groove with one layer of branches,
(14) fir tree-shaped groove with two layers of branches, (15) fir tree-shaped groove with
four layers of branches, (16) angle-opened Lello triangular groove, and (17) edge-opened
Lello triangular groove).

The consistency of the parameters is a prerequisite for structural optimisation. How-
ever, some particular cases arise when using uniform geometric parameters. For example,
the expansion angle and radial width of a circular groove are both related to the diameter
of the circle. Moreover, the expansion angle of a semicircular groove or semicircular ring
groove equals the radius, while the radial width equals the diameter. The same situation
occurs with Lello triangles, where simultaneously satisfying the requirements of the ex-
pansion angle and radial width specified in Table 1 for geometric parameters is complex.
Therefore, when comparing all groove types, this study considered the root diameter and
the number of grooves as the primary parameters, while the expansion angle was consid-
ered a secondary parameter. This approach ensures the consistency of all groove types
regarding the groove–dam ratio and number of grooves. The groove–land ratio remained
consistent in most cases except for the few particular cases mentioned above. For those
cases, the groove–land ratio varied. Therefore, the strategy adopted in this study was to
set the groove–land ratio, which was consistent in most cases, to the midpoint between
the high and low values. This configuration compensates for the differences in individual
particular cases and enhances the persuasiveness of the subsequent performance analysis
of these 17 groove types. Such meticulous parameter settings can provide strong evidence
to support structural optimisation in subsequent analyses.

First, each groove type was evaluated based on the proportion of the high-pressure area
each type generated. This study focused on the colour distribution of the pressure cloud
map for each groove type, particularly the size and continuity of the red and orange areas,
representing higher pressure. The widespread distribution of high-pressure areas indicates
the potential of the groove type in forming dynamic pressure effects and high-pressure
barriers. The rectangular groove (1) exhibited the largest proportion of high-pressure areas,
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followed by the circular and Lello triangular grooves (4, 16, 17), and quadruple grooves
with sharp angles (9, 12, 15) also had relatively large high-pressure areas. The inverted T-
shaped groove (3) and the fir tree-shaped groove with two layers of branches (14) exhibited
relatively smaller proportions of high-pressure areas. Subsequently, each groove type was
evaluated based on the peak pressure each type generated. The spindle-shaped groove (10)
had the highest peak pressure, likely related to its two oblique edges effectively guiding
the flow inside the groove to a sharp point. The semicircular ring groove (6) and inverted
T-shaped groove (3) had smaller peak values.
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3.2.3. Sealing Performance Parameters

The performance of the groove types was evaluated based on the principle of balancing
the opening force with the closing force. Uniform geometric parameters and operating
conditions were set (see Tables 1 and 2), with a rotational speed of 20,000 r/min, a pressure
of 101.325 kPa on the high-pressure side, a temperature of 100 ◦C, and an oil–air ratio of
0.03. The groove types automatically adjust their average film thickness to generate an
opening force that can balance the closing force. The adjustment differs according to the
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groove type. Therefore, among groove types with the same opening force, the one that
produces lower leakage rates was considered to provide better pumping efficiency and,
thus, was deemed optimal at that point.

Herein, the seal chamber is defined as the inlet and the surroundings are defined as
the outlet. The positive/negative sign of the leakage rate indicates the flow direction. A
positive leakage rate indicates leakage from the inlet to the outlet, i.e., the oil–air fluid
leaking from the seal chamber to the outside. A negative leakage rate indicates leakage
from the outlet to the inlet or from the surrounding to the seal chamber. The negative
leakage rate represents the pumping rate.

Figure 8 shows that the pumping effect of inverted fir tree-shaped grooves is generally
good, while rectangular grooves are slightly inferior. Among them, the inverted fir tree-
shaped groove with one layer of branches (7) has the best pumping effect. The pumping
effect of inverted T-shaped grooves (3), semicircular grooves (5), and semicircular ring
grooves (6) is relatively weak. The pumping effect of the inverted fir tree-shaped groove
with one layer of branches (7) is even 633.54% that of the semicircular ring grooves (6). If
the rotational speed is gradually reduced, the groove type that may first experience leakage
could be the semicircular ring groove.
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Figure 8. Comparison of pumping rates for the 17 groove types under force balance.

In comparison, while the pressure distribution and peak pressure are important and
indeed have great potential in forming dynamic pressure effects and high-pressure barriers,
excessively high dynamic pressure effects can lead to large sealing clearances, which widen
the leakage channels and ultimately reduce the overall pumping efficiency.

3.3. Effects of Operating Parameters on the Performance of Micro-Grooved Pumping Seal

The inverted fir tree-shaped groove with one layer of branches (7) is the optimal among
the 17 groove types. This section analyses the effects of rotational speed, oil–air ratio, inlet
pressure, and temperature on the sealing performance of this groove type separately. For
a straightforward analysis, the variations in operating parameters in this section were
conducted under conditions of fixed film thickness.

3.3.1. Effects of Rotational Velocity on Performance of Micro-Grooved Pumping Seal

Figure 9 shows the computed opening forces and leakage rates at different rotational
velocities ranging from 2000 to 80,000 r/min, with other parameters set to the values listed
in Tables 1 and 2.

As shown in Figure 9, the opening force increases nonlinearly with the rotational
velocity, indicating that a higher rotational velocity leads to a stronger hydrodynamic effect
on the inverted fir tree-shaped groove with one layer of branches (7) and, thus, a higher
opening force. The pumping rate first increased nonlinearly, decreased with rotational
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velocity, and then gradually stabilised. This variation trend in the pumping rate indicates
that for a particular setting of other operating and structural parameters of the sealing ring,
an optimal operating point for rotational velocity exists, where the pumping rate peaks at
around 28,000 rpm. Additionally, a limit to the pumping rate at extreme rotational speeds
is present, where the pumping rate stabilises after exceeding 50,000 rpm. This is because,
as the rotational speed increases, the radial velocity of the medium also increases, thereby
enhancing the pumping effect. However, as the hydrodynamic effect becomes stronger, the
stiff air film in the dam area blocks the pumping path, causing the pumping rate to decrease
to some extent. Ultimately, the hydrodynamic effect and the pumping effect balance each
other out. Therefore, after the speed reaches 50,000 rpm, simply increasing the rotational
speed will not improve the sealing effect.
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Figure 9. Opening forces and leakage rates at different rotational velocities.

3.3.2. Effects of Oil–Air Ratio on Performance of Micro-Grooved Pumping Seal

Figure 10 shows the computed opening forces and leakage rates at different oil–air ra-
tios ranging from 0.01 to 0.1, with other parameters set to the values listed in Tables 1 and 2.
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Figure 10. Opening forces and leakage rates at different oil–air ratios.
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As shown in Figure 10, the opening force increases approximately linearly with the
oil–air ratio. This result can be explained by the following mechanism: as the oil–air ratio
increases, the equivalent density and viscosity of the oil–air two-phase fluid increases,
increasing the bearing capacity and opening force. Similarly, the pumping rate increases
approximately linearly with the oil–air ratio. As indicated in Equation (10), an increase in
the equivalent density inevitably increases the pumping rate when computing the leakage
mass rate.

3.3.3. Effects of Inlet Pressure on the Performance of Micro-Grooved Pumping Seal

Figure 11 shows the computed opening forces and leakage rates at different inlet
pressures ranging from 0 to 300 kPa, with other parameters set to the values listed in
Tables 1 and 2.
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Figure 11. Opening forces and leakage rates at different inlet pressures.

As shown in Figure 11, the opening force increases approximately linearly with the
inlet pressure. This result can be explained by the following mechanism: an increase in the
inlet pressure increases the equivalent density and viscosity of the oil–air two-phase fluid
between the end faces, thereby increasing the bearing capacity. The opening force equals
the pressure integration within the entire flow field. This explains why the opening force
of the gas film increases as the inlet pressure increases. Additionally, the pumping rate
decreases nonlinearly with the inlet pressure. This is because increasing the inlet pressure
increases the difference between the pressures at the inner and outer radii of the sealing
ring, increasing the flow of the two-phase fluid from the seal to the surroundings. When
the pumping effect of the inverted fir tree-shaped groove with one layer of branches (7)
is insufficient to counteract the pressure difference-induced outflow, the pumping rate
inevitably decreases and changes to positive. Moreover, the leakage rate increases with the
inlet pressure.

3.3.4. Effects of Temperature on the Performance of Micro-Grooved Pumping Seal

Figure 12 shows the computed opening forces and leakage rates at different tem-
peratures ranging from 60 to 110 ◦C, with other parameters set to the values listed in
Tables 1 and 2.

As shown in Figure 12, the opening force decreases as the temperature increases.
The temperature mainly affects the equivalent viscosity of the oil–air two-phase fluid.
As temperature increases, air viscosity increases, and the lubricant viscosity decreases.
While the oil–air ratio is small, the viscosity of the lubricant is significantly higher than
that of air. Therefore, the equivalent viscosity mainly depends on the lubricant viscosity.
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This explains why the equivalent viscosity of the oil–air fluid decreases as the tempera-
ture increases. Additionally, a decrease in the equivalent viscosity decreases the viscous
shear force and, consequently, the hydrodynamic effect. This explains why an increase in
temperature decreases the opening force. The pumping rate increases nonlinearly with
an increasing temperature due to the temperature-induced variations in the equivalent
viscosity. A decrease in the equivalent viscosity of the oil–air fluid increases its fluidity and,
consequently, the pumping rate. Additionally, as expressed in Equation (6), the viscosity of
the lubricant varies exponentially with temperature. In contrast, as shown in Figure 12, the
pumping rate varies exponentially with the temperature, exhibiting a significant exponen-
tial increase when the temperature exceeds 80 ◦C. This phenomenon can be referred to as a
temperature-induced abrupt increase in pumping rate.
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Figure 12. Opening forces and leakage rates at different temperatures.

4. Conclusions

This study investigated 17 micro-grooved pumping seals for EVs, with the real gas
effect and viscosity described using the virial and Lucas equations, respectively, and using
the oil–air ratio to determine the equivalent density and viscosity of the two-phase fluid
formed with the mixture of the lubricant and air in the seal. The compressible steady-
state Reynolds equation was solved using the finite difference method. The pumping
mechanisms of the seal and the effects of its operating parameters (rotational velocity,
oil–air ratio, inlet pressure, and temperature) on the steady-state sealing performance
were analysed.

This study’s findings indicate that the high-speed micro-grooved pumping seal for
new energy vehicles induces a significant hydrodynamic effect when the lubricant and
air mixture form a two-phase fluid, affecting the pumping rate across the entire sealing
face. The optimal design, identified as the inverted fir tree-shaped groove with one layer
of branches, performs best under typical operating and geometric parameters. The open-
ing force of this seal increases with rotational velocity, oil–air ratio, and inlet pressure
but decreases with temperature, with the oil–air ratio having the most significant effect.
Additionally, the pumping rate exhibits a non-linear behaviour with rotational velocity,
first increasing and then decreasing, but increasing with oil–air ratio and temperature
while decreasing with inlet pressure. Critical factors for seal design include the optimal
operating point for rotational velocity, the limit to the pumping rate at extreme speeds, and
the temperature-induced abrupt increase in pumping rate.

Based on the findings of this study, future research can focus on the impact of seal
materials and groove geometries on sealing performance, the steady-state performance
under the coupling of fluid–structure–thermal interactions, and the dynamic performance
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of gas–liquid two-phase dynamic pressure seals. This will contribute to a better under-
standing of the behaviour of seals in practical applications, further improving their sealing
effectiveness under high-speed and unstable conditions and providing more reliable sealing
solutions for new energy vehicles.
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