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Abstract: The spiral groove seal has a strong hydrodynamic effect, but it has poor pollution resistance
at the seal’s end and has unfavorable sealing stability. Circumferential waviness seals can use the
fluid to clean the surface and have a strong ability to self-rush, protecting the main cover from
contamination. This study presents a novel wave-tilt-dam seal design that integrates spiral groove
structures to enhance the hydrodynamic performance of circumferential waviness seals. The objective
of the research is to evaluate the mechanical effectiveness of this new design through simulation
modeling, with a focus on the impact of structural parameters such as rotational speed and seal
pressure on the hydrodynamic behavior under various operating conditions. The results of the study
indicate that the new structure effectively improves the hydrodynamic performance of the liquid
seal, resulting in a significant increase in film rigidity. Additionally, the study identifies optimal
values for structural parameters under specific conditions. By addressing the limitations of traditional
spiral groove seals and improving their hydrodynamic performance, this research contributes to the
advancement of seal technology.

Keywords: mechanical seal; hydrodynamic effect; mechanical performance; spiral groove structures

1. Introduction

Rotating machinery plays a significant role in the conversion or transmission of energy
in the machinery industry. The issue of isolation and leakage from the outside world affects
a lot of rotating equipment. The mechanical seal, acting as a dynamic sealing component, is
widely used in all fields as an efficient means of resolving the leakage issue. Particularly in
situations with difficult operating conditions, such as the sealing of reactor coolant pumps,
it has emerged as the most efficient technique. The safety and dependability of equipment
that uses mechanical seals as sealing components is directly impacted by the mechanical
seals’ performance. To enhance sealing performance, researchers create non-contacting
seals for particular fields based on contacting seals. The introduction of micron-sized
structure on the sealing surface between two seal rings allows the non-contacting seals to
benefit from the hydrodynamic and hydrostatic effect of the process fluid.

The end surface structures that are commonly studied can be broadly divided into
two categories based on the surface smoothness and the configuration of a single sealing
ring cycle: slot structures and smooth surface structures. Within these categories, there
are further distinctions between symmetrical and asymmetrical structures, each of which
possess their own distinct performance characteristics. The textured structure is usually
applied to one of the two sealing rings, while the other sealing ring typically features a
smooth surface. Sealing rings made of harder materials, such as ceramics, possess good
abrasion resistance and low wear rates, and are commonly used for micro-structural pro-
cessing. Conversely, softer sealing rings, made of materials such as carbon graphite, have
favorable lubrication properties and their surfaces are typically processed for smoothness.
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The microstructures of mechanical and mechanical sealing tanks have been the subject
of extensive research, with various structures such as straight grooves, curved grooves, and
U-shaped groove structures having been applied in various fields, including aerospace,
petro-chemical, and vehicle engineering. The groove structure is renowned for its good
processing craftsmanship and ability to achieve required processing accuracy. In 1969,
Cheng and Castelli introduced spiral grooves into the surface of mechanical seals, forming
the initial spiral groove mechanical seal [1]. This structure has been found to have a higher
bearing capacity and liquid film stiffness compared to other grooves, making it a classic
structure in groove-type mechanical seals. Subsequently, research by Yuming Wang’s
group has examined the performance of the spiral groove seal under different lubrication
conditions, such as oil membrane lubrication and gas lubrication [2,3]. Additionally, efforts
have been made to optimize the structure parameters of a double spiral groove to improve
sealing performance [4]. However, it has been noted that the groove structure may be
deficient in some applications, particularly when dealing with process fluids containing
impurities or crystallization. American engineer Pennink H highlighted this issue in his
review of the 28 years of application of high-speed rotating equipment, citing the difficulty
in ensuring the cleaning of the seal surface and the premature failure of the seal surface due
to impurities particles and wear as problems faced by spiral grooves in such applications [5].

The smooth-surface seal is a distinct structural variant of end-surface seals, wherein
the fluid static pressure is utilized as the primary means of achieving a seal. These seals
typically feature a plane dam area on the low-pressure side, with the exterior surface
extending to the high-pressure side being a cone, thus constituting the simplest form of
smooth curved structure mechanical seal. The performance of these seals is dependent on
the sealed pressure, thereby limiting their carrying capacity [6–8].

In 1989, Batch and INY introduced a radial seal that utilizes fluid dynamic pressure for
lubrication, characterized by a smooth and weakly Wave-Tilt-Dam (WTD) surface on the
sealing interface [9]. They examined the feasibility of this structure through experiments
based on traditional fluid dynamic pressure theory and mechanics and found it to be viable.
Subsequently, L.A. Young and A.O. Lebeck redesigned the component structure of the
wave-shaped seal and conducted experiments to evaluate the performance of the oblique
sealing structure, which showed to be exceptional [10]. In industrial applications, Lee S.
validated the reliability of the mechanical seal in gas turbines to protect the turbine disk
from hot combustion gases using the wave-shaped seal [11]. Additionally, Key B. and his
team applied the wave-shaped seal to petroleum and natural gas pipelines, resulting in an
increase in work life and reliability by overcoming the negative effects of particulate matter
and process fluid changes on the sealing life [12]. The smooth curved surface allows for
the self-flushing effect of the liquid film fluid on the seal surface, thereby maintaining the
cleaning of the seal and avoiding the scratching effect of impurities particles on the seal
surface, leading to improved stability of sealing performance. To further improve perfor-
mance, researchers have used the structural parameters of the wave-cone-dam seal with
the help of lubrication theory and experiments in different operating conditions [13–15].
Some combined structures and mutant structures are also proposed on the basis of the
original structure, and its performance has begun to be studied and discussed [16,17].
Therefore, the proposal of new structures is of great significance in enhancing sealing and
lubrication performance. However, different structures and sizes have distinct performance
characteristics and scope of applications, and their performance requires further in-depth
research and investigation.

Previous research has shown that while the spiral groove end-surface seal provides a
strong hydrodynamic effect that improves performance, it also has a sensitivity to contami-
nants. Furthermore, the force curve of the axially movable ring, as depicted in Figure 1,
demonstrates that cavitation has a significant impact on the fluid film’s carrying capacity
and stiffness. As the anti-vibration ability of the seal is dependent on the film stiffness,
and the hydrodynamic pressure has the potential to provide sufficient force, a new type
of mechanical seal, the SG-WTD seal, has been introduced to enhance the hydrodynamic
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effect. A theoretical model has been developed to investigate the impact of three geometric
parameters on the hydrodynamic seals, and numerical analysis has been conducted to
evaluate the effects of these geometric changes.
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Figure 1. Force schematic of axially movable ring on WTD seal: (a) force diagram; (b) force curves.
The symbols: Fp—back pressure, Fc—closing force, Fo—opening force, he—equilibrium film thickness,
∆h—range of fluctuation of film thickness.

2. Theory and Model
2.1. Geometry Model

The mechanical sealing structure primarily consists of three components: a dynamic
ring, a static ring, and a liquid film that is positioned between the two rings. The dynamic
ring, which is attached to the rotating shaft, rotates during operation and impels the viscous
fluid to flow in a circumferential direction. The fluid velocity is assumed to be uniform in
a layer near the dynamic ring and gradually decreases as the distance from the dynamic
ring increases, until it reaches the static ring. The fluid membrane that is confined by the
sealing ring is the primary focus of research in fluid dynamic pressure mechanical seals, as
depicted in Figure 2.
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Figure 2. Schematic of wavy-tilt-dam mechanical seals with spiral groove structures (SG-WTD).

The end surface structure of the high-voltage internal flow-oriented internal flow-
directional wavelet-type mechanical seal is a straight line with a specific taper on the flat
inside of the cover surface and its inclination angle along the ripples of the regular changes
of the string of the string. The expression of the end facial mask with a single cycle of the
wave-type mechanical seal in column coordinates is:

h =

{
h0 + t · ∆r · y, r > Rd
h0, r < Rd

(1)
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where h is the coordinates of the thick direction of the membrane thickness on the sealing
rings, h0 is the minimum liquid film thickness, ht is the height of the outer diameter of the
equivalent cone, ha is the amplitude of the string waves at the outer diameter of the sealed
outer diameter, Rd is the outer diameter of the dam area, the Ri is the inner diameter of the
sealing ring, Ro is the outer diameter of the sealing ring, α is the ratio of the high volatility
and the high-end cone height, n is the number of waves, and θ is the angle coordinate of
any point. R0 to R2 is the analytical smooth surface section adjacent to the high-pressure
boundary at R2. It clearly consists of a Wavy-Tilt surface with a trough orientation that is
governed by the function ϕ0(r), with radial coordinate acting as the independent variable.
Actually, the function, ϕ0(r), defines changing initial phase along radial direction which
determines angle offset value of circumferential cosine wave relative to the zero-angle
radial line depending on radial coordinate. The phrase is given as follows,

ϕ0 = ϕm · sin
[

2λπ

r2 − r0
(r− r0)

]
(2)

ϕm = β · θT (3)

where r2 equals to R2, r0 is the same with R0, θT is the minimum circumferential period
in angle direction, and r is the local radial coordinate. According to the aforementioned
investigations, convergent zones also affect the effect of hydrodynamic pressure lifting, and
divergent zones have an impact on the level of liquid cavitation. The earlier arrangement
prevented two zones from utilizing the same angle space. However, the restriction is lifted
in order to obtain more comprehensive results. The parameter α which represents the
divergence area proportion is the ratio of divergent angle θ1 to periodic angle θT. The
following form can be used to express the formula:

α =
θ1

θT
(4)

The other two coefficients, β controls maximum value ϕm of initial phase offset, λ
determines the shape of sinusoidal pattern selected in this article between R0 and R2, as
shown in Figure 2. Finally, a new face surface with three parameters α, β, λ is established.
The parameter β controls both the magnitude of the phase offset value and the angle of the
valley. If the parameter β = 0, and α = 0.5, the structure is the WTD type. When β is greater
than zero, the high lines such as the structure will form a convergent depression along the
direction of fluid flow.

For the SG-WTD surface, the local film thickness, h(r, θ), is given by:

h(r, θ) =

{
h0 + slope · (r− r0) · (1− γ · y), r > r0
h0, r < r0

(5)

where slope is the taper on the ring face, γ is ratio of wave amplitude and height of the
taper at outer radius. The parameter y is the intermediate variable which symbolizes the
shape of the circumferential curve in the cylinder at certain radius. It is also a function
including independent variable of angle coordinate θ, and a controlling parameter r. The
equation is expressed as follows,

y(θ) =

{
cos
[ n

2α (θ − ϕ0)
]
, θ ∈

[
0, 2π

n
]

cos
[

n
2(1−α)

(
θ − 2π

n − ϕ0
)]

, θ ∈
[ 2π

n α, 2π
n
] (6)

where, n represents the number of angle periods, θ is the local angle coordinate.
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2.2. Kinematic Model

The equation which describes the pressure distribution of a lubricant film is the famous
Reynolds equation, firstly presented in a landmark paper of Osborne Reynolds in 1886 [18].
The formula illustrated is as follows,

∇ ·
(

ρh3

12µ
∇P
)
= ∇ ·

(→
v ρh

)
+

∂(ρh)
∂t

(7)

where ∇ equals to
(

∂
∂x , ∂

∂y

)
, h is the film thickness, P is the local pressure, µ is the liquid

dynamic viscosity, ρ is the density of liquid,
→
v is the local velocity vector of different

coordinate point, and t represents the physical parameter of time [18].
The boundary conditions include the inlet pressure Po and the outlet pressure Pi,

as shown by Equation (8). In addition, the paper also introduces the periodic condition,
shown as Equation (9), in order to reduce the computational complexity.

P(Ri, θ) = Pi, P(R0, θ) = P0 (8)

P(r, 0) = Pi, P(r,
2π

n
) (9)

In terms of research published in thrust bearings and mechanical seals studies, the
JFO boundary condition provides more accurate simulation result, compared with other
cavitation boundary conditions, due to consider the impact of mass conservation law when
cavitation occurs [19]. Consequently, the JFO cavitation boundary condition, first reported
by Jacobsson, Floberg, and Olsson [20–22], is used in order to achieve accurate leakage
result which is a key parameter for evaluating the mechanical performance of the face seals
designed. The Reynolds equation is solved by a finite element method [23,24].

The performance parameters used to evaluate the face seals include opening force,
film stiffness, leakage and cavitation area. Each physical quantity is calculated by the
following formula [14].

Opening force,

F0 =
∫ 2π

0

∫ R0

Ri

P · rdrdθ (10)

Film stiffness,

K = −∂F0

∂h
(11)

Leakage,

Q =
∫ 2π

0

∫ h

0
r ·Vrdzdθ (12)

The variable Vr is the radial component of speed vector
→
v .

Cavitation area,

S =
N

∑
k=1

Sc(P = Pc) (13)

The symbol N represents the number of grid cells, and Sc is the area of cell with cavitation.

2.3. Finite Element Method

The finite element method (FEM) was applied in this work. Method of normalization
in the finite element method can enhance the resolution of the system of equations gener-
ated by the method, mitigate the influence of errors in the solution on the final outcome,
and notably augment the precision of the solution. The expression of the normalization
parameters is as follows,

H =
h
h0

, P =
p
po

, X =
r

Ro
, Y =

y
Ro

, U0 =
u0

Ro
, V0 =

v0

Ro
, ρ =

ρ

ρ0
(14)



Lubricants 2023, 11, 70 6 of 14

And the governing equation can be obtained as follows,

∂

∂X
(H3 ∂P

∂X
) +

∂

∂Y
(H3 ∂P

∂Y
) = Λ[

∂(U0ρH)

∂X
+

∂(V0ρH)

∂Y
+ 2H

∂ρ

∂t
] (15)

It seeks to solve differential equations through the transformation of the equations
into linear form through the application of advanced mathematical computation and
manipulation. This is achieved by utilizing the method of separation of variables to obtain
the division equation of the original problem [25],∫

Ω

R · δPdXdY = 0 (16)

where Ω represents the integral area, R represents the residual difference after the value of
any value pressure is brought into the differential equation, and its expression is [14,26],

e =
∂

∂X
(H3 ∂P

∂X
) +

∂

∂Y
(H3 ∂P

∂Y
)−Λ[

∂(U0ρH)

∂X
+

∂(V0ρH)

∂Y
+ 2H

∂ρ

∂t
] (17)

The general solution obtained from the underlying microcontroller equation, is gener-
ally not exact, resulting in a non-zero residual error e.

The forced boundary conditions of the lubrication model for mechanical seals are
composed of inlet pressure (Po) and outlet pressure (Pi). The value of the inlet pressure
is equal to the pressure of the sealed process fluid. In this case, the values of different
pressures are absolute pressures, and their expression is as follows,{

p(Ri, θ) = pi
p(Ro, θ) = po

(18)

The incorporation of periodic boundary conditions, given the cyclical distribution of
the sealing surface structure along the circumferential direction, can greatly simplify the
number of nodes in the model, thereby reducing the computational scale of the program
by a significant factor, as illustrated in Figure 2. Furthermore, if the periodicity of the
microstructure of the seal ring along the circumferential direction is represented by n, the
periodic boundary condition can be formulated as,

p(r, 0) = p(r,
2π

n
) (19)

where r =
√

x2 + y2 is the radius coordinate of any point.
In this study, the JFO boundary conditions are employed to arrive at a solution for the

model. Despite the relative intricacy of the method for implementing JFO boundary condi-
tions, it adheres to the fundamental principle of mass conservation, resulting in a higher
level of confidence in the predicted leakage. Furthermore, the model established through
the utilization of JFO boundary conditions also allows for the simultaneous forecasting of
the load-bearing capacity, rigidity, distribution of liquid-gas mixture density, and area of
cavitation in mechanical seals.

In order to simulate the cavitation process, the mixed density of the fluid is treated
as a variable and the pressure of nodes below the cavitation pressure Pc is reset to that
pressure during each iteration. Additionally, the dimensionless mixed density of the fluid is
constrained to remain within the range of 0 to 1. Through repeated iterations, the pressure
field will converge to a stable distribution, which represents the desired outcome. The
criteria for determining the occurrence of cavitation within the iteration process assumes
that the density of bubbles is 0 and the density of the non-cavitated liquid film is 1. The
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judgment criterion for the cavitation boundary condition iteration process can be written
as follows,

P < Pc, P = Pc;
ρ < 0, ρ = 0;
ρ > 1, ρ = 1;

(20)

Through iterative processes, the node pressure lower than the cavitation pressure Pc is
reset to the empty pressure, and the mixing density of the fluid at the outer boundary is
constrained to the range of 0 to 1, simulating the process of vacuuming. Through repeated
iterations, the flow field will converge to a stable pressure distribution, which is the desired
outcome. The liquid film that seals the mechanical seal is a crucial factor that determines
its performance. Based on the numerical solution results obtained through the limited unit
method, the main performance parameters of the mechanical seal can be evaluated. The
computations are performed using the MATLAB programming platform and a liquid film
computing program is developed, utilizing the JFO boundary condition with consideration
for the conservation of fluid mass.

3. Results and Discussions
3.1. Pressure Distribution

The shape and main data of the SG-WTD face mechanical seals used for the analysis
are shown in Table 1. The pressure distributions along the mean diameter of single angle
period θT was analyzed in Figure 3. There were two kinds of lines in the figure. One
was represented by the dotted curves belong to WTD seal, and the other was given by
the solid curves reflecting the effect of SG-WTD seal. The parameter β which determines
the magnitude of phase shifting will significantly influence the orientation of trough
relative to radial direction. While this coefficient equals to zero, it means that the trend of
line produced through linking extreme points in the mating ring face is in parallel with
radial direction.

Table 1. Specification of SG-WTD seal face.

Item Symbol Dimensions and Data

Outside radius ro 50.1 mm
Inside radius ri 39.1 mm
Dam radius rd 41.1 mm

Number of periods n 9
Tilt slope 100 µrad

Minimum film thickness h0 2 µm
Amplitude coefficient of wave γ 1

Figure 3a showed the comparison of pressure fields generated by two types of seals at
various rotation speeds. According to the results, the hydrodynamic effect of SG-WTD seal
was stronger than that of WTD. The SG-WTD seals had obvious advantages to obtain higher
hydrodynamic pressure because of smaller cavitation area and larger maximum pressure
contributing to improve opening force and film stiffness when they were operated at the
same revolving speed. In addition, rotation speed had obviously a positive impact on peak
values of liquid pressure, though lower profile appears in the cavitation zone. The effect of
changing β on physical field mentioned above at the same rotation speed is presented in
Figure 3b. Although the pressure in the pressurization district was weakened as the ratio
raised, the cavitation level decreased simultaneously. According to the results, the higher
cavitation area had a negative impact on bearing capacity, and stronger pressurization was
the main factor to improve the bearing capacity. In general, the impact of cavitation and
pressurization on sealing performance was opposite. An optimized value of β could be
obtained for the best mechanical performance.
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3.2. Influence of Operation Parameters
3.2.1. Influence of Rotation Speed

Figure 4 illustrates the influence of rotation speed on the mechanical performance
of the seal. The results of the study indicate that there is a critical point at ω = 500 rpm
in the curves of opening force, rigidity, leakage, and cavitation. The cavitation effect was
not observed at rotation speeds below 500 rpm, however, the pressurization trends varied.
It was found that the SG-WTD structures, with respect to the three parameters that were
used to measure the properties of the structure (bearing capacity, film rigidity, and leakage),
remained relatively unchanged with an increase in rotation speed. As the rotation speed
exceeded 500 rpm, the curves for the WTD seal also began to show an upward trend. It is
reasonable to suggest that the hydrodynamic effect of the WTD seal may be closely related
to the level of cavitation, as the appearance of cavitation and improvement in performance
were observed simultaneously. Cavitation bubbles effectively prevent the pressure drop
in the divergent zone to increase the opening force. As shown in Figure 4d, it was no
doubt that the coefficient β drawn into the SG-WTD seal weakens the cavitation effect,
which would contribute to improve bearing capacity. However, cavitation area correlated
negatively with ratio β, while pressure peak value correlated positively with it. Therefore,
the best value, i.e., β = 0.2, existed between the other two values when performance values
of three different were compared to one another. Finally, the leakage presented the similar
trend as opening force and film stiffness.

3.2.2. Influence of Seal Pressure

Figure 5 illustrates the impact of external diameter pressure on sealing performance
at different β values. As shown in Figure 5a,c, the changing trends of load capacity and
leakage flow are similar, with an increase in seal pressure leading to an increase in both.
The differences between the curves are not significant. Figure 5b demonstrates the trend
of rigidity of the liquid membrane, which differs significantly from the trend of bearing
capacity and leakage volume. When the β value is very small, the high-end bending
characteristics of the end surface structure are not pronounced, and the angle between
the baseline of the valley and the radial line becomes very small. The stiffness curve for
β = 0.1 and the WTD structure shows a decline within a certain pressure range as the
pressure of the outer diameter increases, but the degree of decline varies. Although the
stiffness curves for β = 0.2 and β = 0.3 exhibit a growth trend, after a certain pressure value
is exceeded, the growth rate of stiffness decreases significantly. Therefore, as the external
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diameter pressure increases, the growth trend of rigidity of the liquid film is weakened. As
the external diameter pressure continues to increase, the stiffness value for β = 0.1 and the
WTD structure begins to increase at a stable growth rate.
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For further study, the stiffness of statics and dynamics were investigated and the
results were presented in Figure 6. Figure 6a shows that the hydrostatic opening forces
increase with increasing sealing pressure even when the rotation speeds are artificially
adjusted to zero. The WTD seal produced higher hydrostatic pressure than that of GS-
WTD seal. The pressure decreased with the increase of β, and the differences between any
two lines were further enlarged as Po increased. The WTD seal created more hydrostatic
pressure than the GS-WTD seal. The pressure decreased as Po grew, and the disparities
between any two lines widened. In terms of existing studies, total film pressure equals to
the sum of the hydrodynamic pressure and hydrostatic pressure which is equivalent to
pressure at ω = 0. Figure 6b presents the curves of hydrodynamic stiffness ∆K generated
by subtracting hydrostatic stiffness K0 from total stiffness K shown in Figure 5b, which
was expressed as Equation (21). The WTD and β = 0.1 lines declined at Po = 1.1 MPa, and
the lowering rates of cavitation areas became slow. Meanwhile, the other two lines of
β = 0.2 and β = 0.3 presented decelerated growth rate at the same x-axis coordinate point.
As previously stated, when rotation speed was constant, cavitation area was inversely
associated to hydrodynamic effect, which had a significant impact on hydrodynamic
stiffness ∆K. It was obvious that ∆K would stop changing while cavitation area was zero,
and this was the result of cavitation effect and hydrostatic effect. When increment of
K0 caused by the increasing sealing pressure Po was less than reduction in ∆K, the total
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stiffness K would undoubtedly decrease, otherwise the rising recovery appeared. The outer
diameter pressure Po acts on the cavitation effect and hydrostatic pressure at the same time,
which caused the total stiffness curve to decrease first and then increase.

K = K0 + ∆K (21)
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3.3. Influence of Geometric Parameters

The hypothetic settings including the operational condition: ω = 1500 rpm, Po = 1.1 MPa,
remain constant without specification. Three geometric parameters consisting of α, β and λ
were selected as variants used to investigate the influence on mechanical performance.

3.3.1. Influence of the Shape of Sinusoidal Pattern λ

Figure 7 shows the change of seal capacity with increase of β at different values
of coefficient λ. The maximum of stiffness and opening force in all curves were by the
structure parameters β = 0.2. Therefore, the same optimum value of β = 0.2 was applied in
this section, and λ was defined as 0.5, 0.7, 0.8, respectively. According to the results, the
ratio λ had significant effects on shape of seal in the mating ring, and parameter β primarily
decided magnitude of micro-structure observed from angle of view that was perpendicular
to the sealing face. Due to obvious difference on the shape of lines, the β value of optimum
in the line with λ = 0.5 was 0.4 which was twice as much as x-axis coordinate of optimum
in other curves. Refer to equations of governing structure, as shown Equations (1) and (2),
it was obvious that the angle distance of structural distribution with parameters β = 0.2 and
λ = 0.7 was approximately close to that of the governing parameters β = 0.4 and λ = 0.5.
If the minor distinction between λ = 0.7 and λ = 0.75 was neglected, the magnitudes of
structures confirmed by β = 0.2 and β = 0.4 could be treated as equivalent. Even if a slight
structural difference occurred, the trough trend did not contradict the key properties of
SG-WTD seals.
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3.3.2. Influence of the Divergence Area Proportion α

The influence of ratio β on the mechanical performance such as opening force, stiffness,
leakage and cavitation can be obtained in Figure 8 under different values of α. The most
significant characteristic was the existence of an optimum value of β = 0.2 at a given
operation condition for opening force, stiffness and leakage. When β was larger than
0.5, the hydrodynamic effect would be lower than that of WTD seal. Meanwhile, curves
shown in Figure 8 demonstrated that the maximum of performance parameters would
be acquired when α was 0.7. Finally, the significant increase ratios of opening force and
rigidity relative to the WTD seal are 23.32% and 98.08%, respectively, and an increase
in leakage was unavoidable in the case of structural parameters such as α = 0.7, β = 0.2
and λ = 0.2. The improvement of sealing performance inevitably leaded to the increase of
leakage, which was acceptable as long as it was within the allowed range. Compared with
the WTD seal, the SG-WTD seal obtained smaller cavitation area.
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4. Conclusions

In this article, a new type of seal, known as the SG-WTD seal, is introduced, which
utilizes a combination of wave-tilt-dam and Spiral Groove structures to enhance the hydro-
dynamic effect of fluid film. The study presents the results of parametric investigations
conducted on the seal, and the main conclusions are drawn. The incorporation of a varying
phase with radial coordinates was found to greatly improve the hydrodynamic properties
of the sealing surface, resulting in an increase in opening force and rigidity. Specifically, the
film rigidity was found to be 98.08% greater than that of the WTD seal, when the structural
parameters α, β, and λwere set to 0.7, 0.2, and 0.2, respectively. The hydrodynamic effect
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of the varying phase structure is dependent on the control parameters, and proper design
of these parameters can lead to significant improvements in rigidity. How-ever, it should
be noted that an increase in hydrodynamic effect may also result in an in-crease in the loss
of sealing liquid.
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