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a b s t r a c t

Slug flow or high GVF (Gas Volume Fraction) conditions can cause pressure disturbance waves and
alternating loads at the boundary of mechanical seals for multiphase pumps, endangering the safety of
multiphase pump units. The mechanical seal model is simplified by using periodic boundary conditions
and numerical calculations are carried out based on the Zwart-Gerber-Belamri cavitation model. UDF
(User Define Function) programs such as structural dynamics equations, alternating load equations, and
pressure disturbance equations are embedded in numerical calculations, and the dynamic response
characteristics of mechanical seal are studied using layered dynamic mesh technology. The results show
that when the pressure disturbance occurs at the inlet, as the amplitude and period of the disturbance
increase, the film thickness gradually decreases. And the fundamental reason for the hysteresis of the
film thickness change is that the pressure in the high-pressure area cannot be restored in a timely
manner. The maximum value of leakage and the minimum value of axial velocity are independent of the
disturbance period and determined by the disturbance amplitude. The mutual interference between
enhanced waves does not have a significant impact on the film thickness, while the front wave in the
attenuated wave has a promoting effect on the subsequent film thickness changes, and the fluctuation of
the liquid film cavitation rate and axial velocity under the attenuated wave condition deviates from the
initial values. Compared with pressure disturbance conditions, alternating load conditions have a more
significant impact on film thickness and leakage. During actual operation, it is necessary to avoid
alternating load conditions in multiphase pump mechanical seals.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Mechanical seals arewidely used in rotating equipment (Necker,
2003), and the sealing principle is that when the fluid pressure
acting on the axial direction is balanced with the elasticity of the
compensation mechanism, a stable liquid film or gas film is formed
in the gap due to the rotating effect of the moving ring to prevent
leakage. The mechanical seal for multiphase pump shall be appli-
cable to the special working environment of multiphase pump, that
is, the fluctuation of IGVF, especially when the GVF of the inlet
section of the pump is too high or the slug flow condition, it is very
easy to cause awide range of fluctuation of pressure in the pump. In
y Elsevier B.V. on behalf of KeAi Co
addition, due to the influence of flow control, fluid excitation and
other factors during actual operation, the pressure in the seal
chamber will fluctuate regularly. During the operation of multi-
phase pump, the shaft system has radial and axial displacement
and vibration, which forms complex alternating load at the me-
chanical seal. The unstable pressure at the boundary of the seal ring
and the alternating load acting on the compensation ring surface
are easy to cause uneven stress on both sides of the compensation
ring, resulting in vibration. If it is serious, it may cause the seal end
face to wear, damage the end face morphology, and reduce the
sealing performance. Therefore, exploring the pressure fluctuation
and alternating load is of great significance to the dynamic
response characteristics and instantaneous sealing performance of
the compensation ring, and provides a reference for predicting the
vibration pattern of the mechanical seal for multiphase pump un-
der complex working conditions for a long time.
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At present, there are many researches on the cavitation char-
acteristics of mechanical seals, mainly focusing on the cavitation
experiment, cavitation mechanism, and the dynamic characteris-
tics of mechanical seals. In the visual experiment of mechanical seal
end face cavitation, Peng et al. (2019) summarized the research
status of vapor-liquid two-phase end face mechanical seal in recent
50 years, summarized the typical heat source and heat trans-
mission path of mechanical seal, expounded the phase change
principle of mechanical seal, and summarized the measurement
technology and method of end face fluid film parameters. Nau et al.
(1980) and Xue et al. (2017) observed obvious cavitation areas in
spiral groove rotating seals through experiments. Tokunaga et al.
(2011) found that many micro hole areas were generated on the
surface of the sealing ring, and the position of the hole area and the
liquid flow path fluctuated with time. Zhou et al. (2016) conducted
an experimental study on the lubrication characteristics of mag-
netic fluid film in spiral groove mechanical seals to reveal how the
magnetic field affects the hydrodynamic effect of magnetic fluid.
Rouillon et al. (2018) carried out the behavior and performance
experiment of spiral groove mechanical end face seal in the
application of liquid lubrication, and the results showed that the
spiral groove end face seal has a larger working range, lower fric-
tion coefficient and higher leakage rate than the smooth end face
seal. Li et al. (2020a, 2021) carried out forward and reverse rotation
tests when the spiral groove was in the middle position, and
established a hydrodynamic lubrication model with JFO cavitation
boundary to study the cavitation in the sealing liquid film. Cochain
et al. (2020) used numerical models and experimental devices to
study the effects of end waviness and pressure reversal on me-
chanical seal leakage and external fluid entry. The research shows
that the leakage decreases with the increase of spring force, and the
leakage and external fluid entry increase with the increase of
waviness amplitude.

In terms of cavitation mechanism of mechanical seal end face,
Zeus et al. (1993) studied the necessary conditions for the forma-
tion of cavitation. Etison et al. (1996) and Findley et al. (1968)
believed that the bearing capacity of the liquid film formed by
cavitation could reduce the friction between end faces and achieve
cavitation drag reduction. Meng et al. (2017, 2018) based on the
theory of liquid lubrication and the small disturbance method,
established the control equation of seal perturbation film pressure
considering liquid film cavitation. The finite element method was
used to numerically solve the liquid film stiffness and damping
coefficient under the three degree of freedom perturbation of the
end face liquid film, analyzed the influence of different parameters
on the dynamic coefficient of liquid film seal, and studied the vis-
cosity wedge effect of the concave surface under the condition of
cavitation, and the purpose is to study the pressure distribution and
bearing capacity of mechanical seals. Hao et al. (2018) based on the
principle of mass conservation, discrete the liquid film control
equation by using the finite control volume method, obtained the
hydrodynamic performance parameters of the liquid film seal. It
was concluded that the values of bearing capacity and friction
torque were affected by different surface morphologies, but the
effect was limited. Concli et al. (2016) studied the pressure distri-
bution in cavitating small hydrodynamic journal bearings based on
the numerical method of the open source CFD programOpenFOAM.
Jiang et al. (2019) used ANSYS Fluent to establish a numerical model
of three-dimensional flow field of elliptical concave mechanical
seal. The research results show that under different direction an-
gles, the location of the proposed geometric convergence point
coincides with the maximum pressure point, and the inward flow
of the leakage part is the main reason to reduce the leakage rate.
Zhang et al. (2022a) based on the mass conservation boundary and
the Zwart-Gerber-Belamri cavitation model, carried out numerical
2049
calculations on the two forms of rotating mechanical seals and
static mechanical seals (slotted on the inner semidiameter side)
under different periods and amplitudes. It was concluded that
when the pressure disturbance occurred on the outer semidiameter
side, the anti-disturbance characteristics of the mechanical seal
were significantly enhanced, but it did not consider the dynamic
response characteristics of the compensation ring, nor did it affect
the single fluctuation Multi wave and alternating loads are studied.

In the study of dynamic characteristics of mechanical seals,
Green et al. (1983) calculated the stiffness and damping coefficient
of the fluid film in the mechanical face seal for the three main
degrees of freedom of the main seal ring. Chen et al. (2017) pro-
posed a new type of dry gas seal with end groove, called super
elliptic curve groove, and studied the disturbance behavior of gas
film thickness and pressure with and without angular excitation.
Blasiak et al. (2016) proposed a gas face seal model, including
nonlinear Reynolds equation and dynamic equation describing
stator vibration, and solved it simultaneously by numerical
method. Sun et al. (2019) analyzed the displacement nonlinear
response of the stationary ring based on the non-contact me-
chanical seal in the frequency domain. According to the harmonic
excitation, the output response of the fixed ring is expressed by the
famous Volterra series and solved by a new method. This method
can be used to analyze the frequency response and calculate the
displacement response of the fixed ring under single and double
harmonic excitation. Childs et al. (2018) developed a newmodel for
flexible installed stator and flexible installed rotormechanical seals,
including the radial reaction component generated when sup-
porting the O-ring due to the relative extrusion movement on the
O-ring. Xu et al. (2020) studied the dynamic contact behavior of
liquid lubricated non-contact materials and the transient response
of mechanical seals during external pressure fluctuations based on
the finite difference method. The mass conservation boundary and
the dynamic equation describing stator vibration were used. The
results showed that the amplitude and frequency of external
pressure vibration had a great impact on the sealing performance.
Li et al. (2019, 2020b) established a three degree of freedom dy-
namic model of mechanical seal based on the finite difference
method, and simulated the impact on the mechanical seal through
the Gaussian pulse function. In the study, the effects of different
amplitudes and angular deviations on the dynamic characteristics
of the seal under a single disturbance were discussed. It was found
that the fixed angular deviation of the static ring and the initial
angular deviation of the dynamic ring had little effect on the axial
balance position. When the axial excitation, the film thickness
fluctuates sinusoidally from the initial value to the equilibrium
position, but its amplitude is much smaller than the excitation
amplitude. In addition, the compensation ring will inhibit the
occurrence of angular deviation due to the influence of sealing
components. Therefore, the axial motion of the compensation ring
is mainly considered in the study of the dynamic response char-
acteristics of mechanical seals.

For the mechanical seal used in multiphase pump, the working
environment is complex, especially when the multiphase pump
encounters extremeworking conditions, the stable operation of the
mechanical seal directly affects the safety of the pump body. Zhang
et al. (2022b) carried out numerical calculation on a self-designed
three-stage axial-flow multiphase pump under slug flow condi-
tion, and set its inlet as a slug flow condition with an interval be-
tween high and low GVF, that is, the GVF changes with time in a
rectangular wave, and studied the pressurization capacity of the
three-stage pressurization unit in the pump. The change law of the
pressurization of the third-stage pressurization unit roughly
changes in a triangular function, and the overall fluctuation is more
intense. And the difference between the maximum pressurization
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and the minimum pressurization is close to 0.1 MPa. When further
studying the influence of slug flow on the deformation of pump
shaft, the deformation of main shaft changes regularly with time. In
addition, Shi et al. (2020) studied the internal pressurization
change of multiphase pump, its maximum amplitude was also
0.1 MPa. Therefore, the pressure disturbance waveform studied in
this study follows the change of trigonometric function, and the
calculation conditions are mostly carried out under the condition
that the fluctuation amplitude is 0.1 MPa.

Based on CFD numerical calculation method, this paper estab-
lishes the flow field model of spiral groove seal lubrication film, and
simplifies it by using periodic boundary conditions. The numerical
calculation of cavitation is carried out based onMixture multiphase
flow model and Zwart-Gerber-Belamri cavitation model. On this
basis, the fourth-order Runge-Kutta method is used to solve the
structural dynamic equation, the weighted average method is used
to extract the pressure at the boundary, and the solution process is
embedded in the UDF. According to the characteristics of boundary
pressure disturbance, the UDF of pressure disturbance wave is
compiled. Based on the layered dynamic grid technology, the in-
fluence of different amplitude, different period, multi wave inter-
ference and other factors on the dynamic response characteristics
of mechanical seal under the working condition of pressure
disturbance wave at the inlet is studied. The vibration of the shaft
system in the pump will produce alternating load, which will affect
the stability of the mechanical seal. Based on the original UDF, the
function of the alternating load of the spring varying with time is
embedded, and the influence of the dynamic response and sealing
performance of the compensation ring under the alternating load is
studied when the boundary pressure is given. The vibration pattern
of the compensation ring and the regulation of the sealing perfor-
mance of themechanical seal under the conditions of inlet pressure
disturbance and alternating load are explored, and the disturbance
mechanism is revealed.
2. Physical model and mesh generation

2.1. Physical model

This study adopts a static mechanical seal (the compensation
ring does not rotate with the shaft), and the installation form of the
mechanical seal is an internal type. And the research object is the
mechanical seal on the side near the multiphase pump in the
double end face sealing form, because the mechanical seal here is
greatly affected by the pressure fluctuation inside the pump. The
mechanical seal structure is shown in Fig. 1, the static ring
(compensation ring) is embedded in the pump housing, and only
axial vibration occurs. The moving ring is fixed on the pump shaft
and rotates with the shaft, and the spiral groove is opened on the
moving ring. The pressure of the medium affects the sealing
chamber from the multiphase pump side, and then acts on the
inner semidiameter side of the sealing ring, while the pressure on
the flushing side acts on the outer semidiameter side of the sealing
ring.

The geometric model of grooving on the end face of the moving
ring is shown in Fig. 2(a), which is divided into groove area, weir
area and dam area. The groove profile adopts logarithmic helix,
which is shown in Eq. (1). The sealing medium is 4109# lubricating
oil, the temperature of the imported lubricating oil is 353 K, the
saturated steam pressure is set to 400 Pa, and the diameter of
cavitation bubble is 2 mm (Zhang et al., 2022a). The physical pa-
rameters of 4109# lubricating oil and oil vapor can refer to Li's
article (Li et al., 2015). In order to improve the calculation efficiency,
2050
periodic boundary conditions are adopted, and 1/12 of the model is
taken as the research object. The layout of measuring points on the
sealing end face is shown in Fig. 2(b). Measuring points A and B are
located at both ends of the groove root respectively, and measuring
point C is located at half the length of the spiral groove. The
structural parameters and working conditions parameters of the
sealing end face are shown in Table 1.

r¼ rine
4 tan q (1)

In Eq. (1), rin is the inner semidiameter of the sealing ring, mm. 4
is the spiral expansion angle, �. q is the helix angle, �.
2.2. Mesh generation and independence verification

The mesh generation strategy of mechanical seal model is
shown in Fig. 3. For convenience of viewing, zoom in 1000 times in
the direction of liquid film thickness. The whole model adopts the
form of triangular prism mesh, which can well solve the problem
that themaximum inclination of themesh at the sharp corner is too
large. The inner semidiameter side is the pressure inlet, the outer
semidiameter side is the pressure outlet, and both sides are peri-
odic boundary conditions. The upper end face is the moving ring,
and the lower end face is the static ring.

Only consider the axial vibration of the mechanical seal, that is,
the number of mesh layers at the film thickness gradually increases
or decreases, and more mesh layers will greatly reduce the calcu-
lation efficiency. The thickness of lubricating film is about
10~20 mm. The size of the end face is large, and the number of mesh
layers is large, which is easy to increase the aspect ratio of the mesh
and reduce the quality of the mesh. Therefore, set the mesh size in
the film thickness direction to 2 mm. The mesh independence is
verified by changing the mesh size of the end face. During mesh
independence verification, the film thickness is taken as 15 mm, the
inlet pressure is 0.5 MPa, and the outlet pressure is atmospheric
pressure. Themesh independence curve is shown in Fig. 4. The fluid
force and liquid film cavitation rate gradually decrease with the
increase of the number of grids. When the number of grids is about
360000 (that is, the end grid size is 0.115 mm), the fluid force and
liquid film cavitation rate basically remain unchanged. Therefore,
about 360000 computational grids are selected.
3. Numerical model and verification

3.1. Model assumptions and mathematical models

3.1.1. Model assumptions
In order to reduce the complexity of the study of miscible

lubrication film of mechanical seals under pressure fluctuation
conditions, factors that have little influence on the calculation are
ignored, and the following assumptions are made (Zhang et al.,
2022a).

(1) The lubrication film gap is incompressible.
(2) Ignore the influence of seal ring end face roughness.
(3) It is considered that the heat exchange between friction heat

and sealing medium has been stable, that is, the temperature
of sealing film is constant, which is 353 K.

(4) Ignore the angular deviation caused by the sealing ring, and
only consider the axial vibration of the compensation ring.



Fig. 1. Schematic diagram of mechanical seal structure.

Fig. 2. Schematic diagram of groove structure and measuring points of mechanical seal end face.

Table 1
Sealing structure parameters and working condition parameters (Zhang et al.,
2022a).

Parameter name Parameter value

Inner semidiameter of sealing ring rin, mm 44.25
Outer semidiameter of sealing ring rout, mm 53.25
Helix angle q, � 18
Groove semidiameter ratio b 0.7
Groove width ratio g 1
Groove depth hc, mm 8
Number of spiral grooves N 12
Initial film thickness h0, mm Determined by calculation
Inlet pressure Pin, MPa UDF
Outlet pressure Pout, MPa 0.15
Speed n, rpm 3000

Fig. 3. Mesh generation strategy of liquid film sealing model.
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3.1.2. Cavitation model
The cavitation of the sealing gap is caused by the local low

pressure at the bottom of the spiral groove, so the Mixture
2051
cavitation model is more suitable. Zwart-Gerber-Belamri model is
selected, which is closer to the experimental value and has better



Fig. 4. Verification of mesh independence of liquid film sealing model.
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stability (Zhang et al., 2022a).
The continuity equation, momentum equation and gas phase

transmission equation based on cavitation (Chen, 2006) are as
follows:

vrm
vt

þ v

vxi
ðrmvmiÞ¼ 0 (2)

v

vxi
ðrmvmiÞþ vmi

v
�
rmvmj

�
vxj

¼ � vp
vxi

þ mm
v

vxj

 
vvmi

vxj
þ vvmj

vxj

!
(3)

v

vt
ðarvÞþ

v

vxi
ðarvvvÞ¼Re � Rc (4)

In Eqs. (2) and (3):

rm ¼arv þ ð1þaÞr1 (5)

mm ¼amv þ ð1� aÞm1 (6)

Define liquid film cavitation rate a is the ratio of the volume of
cavitating gas phase in the sealing film to the volume of the sealing
film:

a¼ Vv

Vv þ Vl
�100% (7)

In Eqs. (2)e(7), rm is the mixture density, vm is the average
speed of mass, mm is the mixed viscosity coefficient. Re is the source
term for bubble generation, and Rc is the source term for bubble
collapse. Subscript v is gas phase and l are liquid phase, a is the
cavitation rate of liquid film, Vv is the volume of cavitating vapor,
and Vl is the volume of liquid.

According to Chen et al. (2015) andMayer (1977), the flow inside
the mechanical seal is laminar flow. the flow factor x is used to
determine the flow state of the sealing liquid. When x > 1, the flow
is in a turbulent state, and when x � 900/1600, the flow is in a
laminar state. The calculation formula is as follows:

x¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

Rec
1600

�2
þ
�
Rep
900

�2
s

(8)

Rec ¼ rUh
106m

(9)
2052
Rep ¼ rvrh
106m

(10)

In the equations, Rec is the Reynolds number when considering
Couette flow alone, Rep is the Reynolds number when considering
Poiseuille flow alone, U is the linear speed of rotation of the end
face, m/s. m is the dynamic viscosity of the liquid film, and vr is the
linear velocity at radius r, m/s.

In order to distinguish the flow state of the liquid between the
sealing faces, normal temperature water was taken for analysis.
When n ¼ 10000 rpm, Rec was about 0.2. Due to the small leakage
in the radial direction, Rep was much less than 900, resulting in a
flow factor x < 900/1600. The actual operating speed in this article
is 3000 rpm, and the viscosity is greater than the viscosity of water,
Rec < 0.2, to obtain the flow factor x < 900/1600 at the actual
operating speed, so the actual flow state in the sealed liquid film is
laminar flow.
3.1.3. Structural dynamics model
The dynamicmodel of the liquid film sealing system obtained by

properly simplifying the sealing structure is shown in Fig. 5. K andD
are the stiffness and damping of the system considering the action
of O-ring and spring respectively. The left side is the compensation
ring, which can move axially under the action of spring force, the
right side is the moving ring, and the spiral groove is opened on the
outer semidiameter side of the moving ring. In the structural dy-
namics equation (Green, 2001), the mass m of the compensation
ring is 0.25 kg, the axial stiffness K is 100000 N$m�1, the axial
damping D is 300 N$s$m�1, and the balance ratio is 0.7 (the balance
radius rb can be calculated (Li et al., 2020)).

The dynamic equation of the sealing system is as follows:

m€zt þD _zt þ Kzt ¼ Fcls � Fp ¼ F (11)

The closing force equation is as follows:

Fcls ¼ Pspp
�
rout2 � rin

2
�
þ Pinp

�
rb

2 � rin
2
�
þ Poutp

�
rout2 � rb

2
�

(12)

In the equation, p is a constant, and rb is calculated to be
50.718 mm.

The fluid force equation is as follows:

Fp ¼
ð2p
0

ðrout
rin

Pr drdq (13)

Transform Eq. (11) to obtain Eq. (14) as follows:

€zt þD _zt
m

þ Kzt
m

¼ F
m

(14)

Simplify Eq. (14) and define the natural frequency and damping
ratio as follows:

Natural frequency: u0 ¼
ffiffiffiffi
K
m

q
.

Damping ratio: x ¼ D
2
ffiffiffiffiffiffi
Km

p .

After simplification, the acceleration of the compensation ring is
obtained:

€zt ¼ F
m

�2xu0 _zt � u0
2zt (15)

The fourth-order Runge-Kutta method using high-precision
one-step algorithm solves the speed of the compensation loop at
time t þ Dt:



Fig. 5. Dynamic model of sealing structure.
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k1 ¼
F
m

�2xu0 _zt � u0
2zt (16-1)

k2 ¼
F
m

�2xu0

�
_zt þDt

2
k1

�
� u0

2
�
zt þDt

2
_zt

�
(16-2)

k3 ¼
F
m

�2xu0

�
_zt þDt

2
k2

�
� u0

2
�
zt þDt

2
_zt þDt2

4
k1

�
(16-3)

k4 ¼
F
m

�2xu0ð _ztþDt , k3Þ � u0
2
�
ztþDt , _zt þDt2

2
k2

�
(16-4)

_ztþDt ¼ _ztþDt,ðk1þ2k2þ2k3 þ k4Þ=6 (17)

The above solution process is incorporated into UDF. When the
pressure fluctuates, Fcls in Eq. (9) also changes with time, so it is
necessary to extract the pressure at the disturbance boundary.
Based on the original UDF, the UDF based on the weighted average
method to extract the pressure at the boundary is embedded to
realize the change of Fcls with time, and finally realize the real-time
vibration of the compensation ring when the pressure changes.
When the alternating load acts, it is only necessary to embed the
function of the alternating load of the spring with time before
solving the closed force equation.
3.1.4. Numerical method and calculation process
Coupled algorithm is used in numerical calculation, Green-

Gauss Cell Based is used for gradient space discretization, and
PRESTO! format is used for pressure term, first-order upwind
format is used for volume fraction term, and second-order upwind
format is used for others. The fourth-order Runge-Kutta method is
used to solve the velocity of the compensation ring in the structural
dynamic equation, the weighted average method is used to extract
the pressure at the inlet boundary, and the layered dynamic mesh
technology is used for mesh updating. The technical route of liquid
film seal dynamics research based on fluid-structure interaction
(FSI) theory is shown in Fig. 6.
3.2. Feasibility verification of numerical methods

Based on the experimental data (Yang, 2019), the correctness of
the numerical calculation method in this study is verified, and the
structural parameters of the verified model are shown in Table 2.
2053
The cavitation of the seal end face in the experiment is shown in
Fig. 7(a). With the increase of the speed, the cavitation area of the
end face increases significantly. When the speed is less than
1000 rpm, the cavitation area in the experiment basically disap-
pears. The end face cavitation results at equilibrium calculated
based on the numerical calculation method in this study are shown
in Fig. 7(b). The change trend of the cavitation cloud diagram is
consistent with the experimental trend, and the size of the cavi-
tation area is also similar. There is a weak cavitation area at
1000 rpm, However, its proportion is extremely small and negli-
gible. It can be seen from Fig. 7 that the numerical calculation
method in this study has high calculation accuracy for the cavita-
tion of mechanical seal end face.

Further verify the balance film thickness hb, as shown in Fig. 8.
The numerical calculation results of the smooth seal face are
consistent with the balance film thickness trend obtained from the
experiment under the rough end face, but there is a certain dif-
ference between the two film thicknesses. The reasons for the
difference are as follows: (1) the laminar flow model cannot
consider the wall roughness. (2) The effect of rough peak bearing
capacity is not considered for the smooth sealing face.

The result of numerical calculation of end face smoothness in
Fig. 8 is smaller than the experimental value, because when
considering the rough surface, it is necessary to increase the rough
peak bearing capacity Fas in Eq. (11), as shown in Eq. (18), Fas and Fp
are in the same direction, which has a promoting significance for
increasing the film thickness. Therefore, under the same closing
force, the end face smoothness is smaller than the balance film
thickness calculated by end face roughness, but the value of Fas is
smaller, which has little change to the film thickness of mechanical
seal.

m€zt þD _zt þ Kzt ¼ Fcls � Fp � Fas (18)

In the equation, Fas is the rough peak bearing capacity.
The overall trend of the numerical results is consistent with the

experimental results, and the difference of the balance film thick-
ness between the two is small, which further explains the reliability
and correctness of the numerical calculation of the smooth plane.
Therefore, this study uses smooth walls for numerical calculations.
3.3. Boundary condition setting and initial film thickness
calculation (h0)

Based on the control variable method, the effects of inlet



Fig. 6. Technical route of liquid film sealing dynamics research based on FSI theory.

Table 2
Structural parameters of validation model.

Structural
parameters

Internal semidiameter rin,
mm

External semidiameter rout,
mm

Spiral groove radius rg,
mm

Groove depth hc,
mm

Helix
angle
q, �

Number of spiral
grooves
N

Value 46.25 55.25 52.55 12 27 12
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pressure disturbance and alternating load on the dynamic response
of mechanical seals are studied, that is, when the pressure distur-
bance, the alternating load is a fixed value. When the alternating
load changes, the boundary pressure is a constant value.

In this study, considering that the inlet (inner semidiameter
side) pressure boundary is disturbed, and the outlet (outer semi-
diameter side) pressure is a fixed value, according to the intro-
duction, the set pressure disturbance follows the trigonometric
function change, and the equation is as follows:

Pin ¼
	�P0$cosðuDtÞ þ P0 þ P1; Disturbance period

P1; Stable period (19)

In the equation, P1 is the initial inlet pressure, P0 is half of the
fluctuation amplitude, u is the angular frequency, Dt is the differ-
ence between the current calculation time and the corresponding
time at the initial time of disturbance (0.045 s is taken as the initial
disturbance time in this study).

During the actual operation of the mechanical seal, the change
of the load on the spring is very complex, and it is difficult to extract
the specific expression of the spring alternating load Pspt. Therefore,
the paper adopts the spring alternating load function mentioned in
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the literature (Sun et al., 2017), that is, the sine function, and the
equation is as follows:

Pspt¼
	
C1$150000$sinðuDtÞþ150000ðPaÞ; Disturbanceperiod
150000ðPaÞ; Stableperiod

(20)

In the equation, Pspt is the alternating load of the spring, that is,
the specific pressure of the spring changes with time, C1 is a con-
stant, which is used to change the amplitude of Eq. (20), and
angular frequency u calculate the disturbance period (an alter-
nating period is taken in this study).

For mechanical seals for pumps, when the working pressure is
below 2 MPa, the flushing pressure is 0.05e0.2 MPa greater than
the pressure in the seal chamber. Therefore, in this study, the
flushing pressure is 0.15 MPa, that is, the outlet pressure Pout. The
inlet pressure is 0.1 MPa, that is, the pressure in the seal chamber
(Zhang et al., 2022a). When there is no pressure fluctuation, the
fluid flow direction is from the outer diameter side to the inner
diameter side for leakage. When pressure fluctuations occur, the
pressure on the inner diameter side is higher than the pressure on
the outer diameter side, regardless of the influence of the rotating



Fig. 7. End face cavitation diagram at balance.

Fig. 8. Calculation and verification of balance film thickness hb.

Fig. 9. Variation of film thickness and liquid film cavitation rate with time.

Q.-P. Li, J.-Y. Zhang, J.-X. Zhang et al. Petroleum Science 21 (2024) 2048e2065
ring. At this time, the fluid flow direction is leakage on the inner
diameter side and outer diameter side. The same mesh size is used
to calculate the initial film thickness, the time step is 0.000002 s,
and the spring specific pressure Psp at the initial time is 0.15 MPa.
The calculation results are shown in Table 3.

According to the boundary conditions and structural parame-
ters, the closing force of the compensation ring is 60.878 N. In view
of the dynamicmesh characteristics of the layeredmesh, that is, the
mesh changes by more than 2 mm, the number of mesh layers in-
creases or decreases correspondingly, and the initial film thickness
h0 is taken as 12 mm.
Table 3
Calculation of initial film thickness.

Assumed film thickness ha, mm 15 12 10

Fluid force Fp, N 47.947 66.15 89.291
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3.4. Calculation of balance film thickness (hb)

When considering the influence of inlet pressure disturbance or
spring alternating load on mechanical seal, it is necessary to first
determine the balance film thickness of mechanical seal compen-
sation ring under stable boundary conditions, and apply inlet
boundary pressure disturbance or spring alternating load based on
the balance film thickness. Based on the numerical calculation
method in this study, the balance film thickness calculation is
carried out. The variation of film thickness and liquid film cavitation
rate with time is shown in Fig. 9. At 0.04 s, the film thickness has
basically remained unchanged with time, that is, the balance film
thickness. When the compensation ring is stable, the obtained
balance film thickness hb, fluid force Fp, and liquid film cavitation
rate a and leakage Q are shown in Table 4.

When the film thickness is balanced, the cavitation and pressure
distribution of the mechanical seal end face are respectively shown
in Fig. 10(a) and (b). The cavitation area of the seal end face in
Fig. 10(a) is small and distributed on the left side of the groove. In



Table 4
Calculation of balanced film thickness.

Balanced film thickness hb, mm Fluid force Fp, N Liquid film cavitation rate А, % Leakage volume Q, 10�6 kg,s�1)

UDF 12.71643 60.302 0. 235 75.35

Fig. 10. Calculation and verification of balance film thickness hb.
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Fig. 10(b), the high-pressure area mainly exists at the top of the
spiral groove, and the maximum pressure is 1 MPa. The cavitation
area is mainly caused by the local pressure on the end face being
lower than the saturated steam pressure. From the perspective of
the structure of mechanical seals, the cavitation mechanism of
mechanical seals is explained. Due to the counterclockwise rota-
tion, the working medium has successively experienced backstage
step flow and forward step flow. It should be noted that the studied
sealing liquid film thickness is about 12 mm, belonging to the
micrometer level. Therefore, a pressure drop will occur at the
backstage step. When it is below the saturated vapor pressure, the
working medium undergoes cavitation. Due to the obstruction of
the front steps, a high-pressure area will appear at the top of the
spiral groove.
4. Results and analysis

Based on the FSI theory, the dynamic response characteristics of
liquid film seal are studied. The vibration of the compensation ring
is realized by embedding UDF and dynamic mesh technology, and
the influence of pressure disturbance amplitude, period and multi
wave disturbance at the inlet of the seal ring on themechanical seal
is further explored. Considering the influence of the spring alter-
nating load caused by the pressure disturbance wave, the dynamic
response characteristics of the spring alternating load acting on the
back side of the compensation ring of the mechanical seal are
studied under the stable boundary pressure condition. Based on the
research results, the effects of pressure disturbance wave and
spring alternating load on the vibration characteristics and sealing
performance of the compensation ring are comprehensively
compared.
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4.1. Influence of inlet pressure disturbance wave on compensation
ring

4.1.1. Influence of disturbance amplitude on compensation loop
The amplitude of pressure disturbance is the main factor

affecting the vibration of mechanical seals. In this study, the com-
mercial software Fluent is used to study the working condition of
small disturbance amplitude. Embed the boundary condition
function into UDF, that is, Eq. (16), and then change the amplitude
of pressure fluctuation by changing P0. The change of inlet pressure
is shown in Fig. 11(a). Set the difference between disturbance am-
plitudes as 0.05 MPa, the period from 0.04 to 0.045 s is considered
as the early stage of disturbance (balance period), providing a stable
operating environment for mechanical sealing. The period from
0.045 to 0.055 s is considered as the pressure disturbance period,
and the pressure disturbance follows the change of trigonometric
function. The period from 0.055 to 0.08 s is considered as the
pressure stability period, and provide time guarantee for the re-
covery and stability of the compensation ring.

The variation of fluid force with time is shown in Fig. 11(b), and
its trend is consistent with the trend of inlet pressure, which cor-
responds to the beginning and end time of pressure disturbance
one by one. When the inlet pressure fluctuates, the flow force and
closing force are always balanced in the numerical calculation
process, which is basically consistent with the results of Li et al.
(2020b), mainly because the wall surface is smooth in the numer-
ical calculation, and the wall roughness is not considered, so there
is no rough peak bearing capacity in the structural dynamics
equation. In addition, the film thickness of the lubricating film of
mechanical seals is in the micron scale, and the difference between
the end face size and the film thickness is 10�5, and the fluid force is



Fig. 11. Change of inlet pressure and fluid force with time.
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far greater than the contact force. Therefore, the instantaneous
fluctuation of fluid force is basically synchronizedwith the pressure
disturbance, and the value is basically consistent with the closing
force. In the subsequent research, the fluid force and the closing
force are always balanced.

Further study the vibration characteristics of the compensation
ring. As shown in Fig. 12(a), the film thickness change curve is
divided into: pre disturbance period, disturbance period, distur-
bance recovery period and equilibrium period. As the disturbance
time goes on, the thickness of lubricating film decreases first and
then increases. There is vibration lag from 0.045 s to the motion of
the compensation ring, but the lag time is extremely small, and
gradually decreases with the increase of disturbance amplitude. At
0.052 s, the film thickness changes to the minimumvalue, and with
the increase of disturbance amplitude, the film thickness gradually
decreases, and the variation amplitude is basically the same. There
is a phase difference between the minimum film thickness and the
peak value of pressure disturbance, and the phase difference is
independent of the amplitude of pressure disturbance. At
0.066e0.08 s, the change of film thickness tends to be stable, and
the local enlarged figure is shown in Fig. 12(b). Taking the balance
Fig. 12. Film thickness c
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film thickness calculated by UDF as the benchmark, with the in-
crease of disturbance amplitude, the time required for the film
thickness to recover smoothly gradually increases, and the differ-
ence of disturbance recovery time gradually decreases.

After the pressure disturbance, the film thickness has not yet
recovered to the balance film thickness, mainly due to the damping
effect of the liquid film. At this time, the pressure field in the
lubricating film has not yet fully recovered (Li et al., 2020b). In
addition, according to the pressure at measurement points, as
shown in Fig. 13, at the end of the pressure disturbance, the pres-
sure at measurement point C has recovered in advance, while the
pressure at measurement points A and B has not recovered.
Measuring points A and B are at the groove root, and the groove
root radius is in the high-pressure area due to the influence of the
spiral groove pumping effect. Therefore, the incomplete pressure
recovery in the high-pressure region is the main reason for the
disturbed recovery period of the film thickness change curve.

When the pressure disturbance wave acts, the cavitation rate of
the liquid film changes with time, as shown in Fig. 14(a). Due to the
pressure disturbance at the inlet, the compensation ring moves
back and forth. When the film thickness decreases, the
hanges with time.



Fig. 13. Variation of pressure film thickness at measuring points with time.

Fig. 14. Variation of liquid film cavitation rate and axial velocity of compensation ring with time.

Fig. 15. Change of leakage with time.
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compensation ring squeezes the liquid film, and the internal
pressure gradually increases, resulting in the reduction of the low-
pressure area, and the gas generated by cavitation in the liquid film
gradually decreases. When the film thickness is reduced to the
minimum value, the volume of gas phase in the liquid film due to
cavitation gradually increases to the initial value. When the film
thickness recovers from the minimum value to the balance film
thickness, the liquid film cavitation rate increases first and then
decreases. At about 0.055 s, the liquid film cavitation rate is the
largest, and the maximum value is about 0.623%. The hysteresis
between the liquid film cavitation rate and the pressure distur-
bance is also caused by the damping effect of the liquid film, which
makes the pressure in the high-pressure area unable to recover in
time. The variation of axial speed of compensation ring with time is
shown in Fig. 14(b). The variation of axial speed approximately
follows the cosine function, and the maximum axial speed is about
259.7 mm/s, the maximum displacement corresponding to the unit
time step is 0.0005194 mm. In addition, comparing Fig.14(a) and (b),
the change speed of the liquid film cavitation rate is determined by
the axial speed, and the amplitude of the two is negatively corre-
lated, that is, when the axial speed is at the peak, the liquid film
cavitation rate is at the minimum. The phase difference between
the two curves is p, that is, it changes inversely with time.

The pressure disturbance causes the compensation ring to
move, which is bound to cause the leakage volume to change. As
shown in Fig. 15, the leakage volume changes with time. With the
increase of disturbance amplitude, the increase of leakage volume
gradually increases. The minimumvalue of leakage volume is about
2058
18.06 mg/s, and the corresponding time is about 0.049 s. At this
time, the pressure at measuring points A and B is also at the peak,
indicating that the increase of pressure at the groove root radius
can significantly improve the leakage volume. At 0.055 s, the
pressure disturbance ends and the leakage increases to the peak,
but the increment is far less than the corresponding leakage change
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value at 0.049 s. In addition, the leakage also has hysteresis.
4.1.2. Influence of disturbance period on compensation loop
The disturbance period directly affects the closing force and the

time of fluid force acting on the compensation ring, which can
effectively reduce the hysteresis of various parameters of me-
chanical seal caused by pressure disturbance. Set the pressure
disturbance amplitude to 0.1 MPa by changing the angular fre-
quency u to change the disturbance period. The change of inlet
pressure with time is shown in Fig. 16. Considering the calculation
time and efficiency, the difference between the disturbance periods
is set to be 0.0025 s.

Affected by the disturbance period, the film thickness of the
lubrication film changes with time, as shown in Fig. 17(a). With the
increase of the disturbance period, the film thickness gradually
decreases, and the time required for the disturbance recovery
period gradually increases. The minimum film thickness moves to
the left with the increase of the disturbance period, and the mini-
mum film thickness is 12.20 mm. The variation of the liquid film
cavitation rate with time is shown in Fig. 17(b). In the stage of
decreasing the liquid film cavitation rate, the increment of the
liquid film cavitation rate gradually decreases with the increase of
the disturbance period, while in the stage of increasing the liquid
film cavitation rate, the liquid film cavitation rate increaseswith the
increase of the disturbance period. At the end of the disturbance,
except for the disturbance period of 0.005 and 0.0075 s, the liquid
film cavitation rate under other working conditions began to
decrease before the end of the disturbance, andwith the increase of
the disturbance period, the advance time gradually increased. The
pressure at the measuring point changes with time, as shown in
Fig. 18. The pressure peak at measuring point A gradually increases
with the increase of disturbance period. In the process of distur-
bance, the pressure at measuring point A is always above the initial
pressure, which is consistent with that at measuring point C, but
the peak value of pressure at measuring point C gradually decreases
with the increase of disturbance period. The pressure at measuring
point B is less than the initial pressure for a certain period, but its
minimum and maximum values are basically independent of the
disturbance period. At the end of the pressure disturbance, the
pressure at measuring point C has been restored, while the pres-
sure at measuring points A and B has not been restored. Comparing
the pressure at measuring points A and B at the end time, the
pressure at measuring point A is greater than that at measuring
Fig. 16. Pressure change at inlet with time.
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point B. Therefore, the pressure at measuring point A is the
fundamental reason why the pressure on the lubricating film end
face has not been restored in time.

Further study the axial speed of the compensation ring and the
leakage of the mechanical seal, as shown in Fig. 19(a) and (b),
respectively. During the increase period of the axial speed, the peak
value of the axial speed gradually decreases with the increase of the
disturbance period. When the axial velocity decreases, the mini-
mum value of the axial velocity is independent of the disturbance
period. The change trend of leakage is opposite to the axial speed. In
the stage of decreasing leakage, the increment of leakage gradually
decreases with the increase of disturbance period. The minimum
value of leakage is about 45 mg/s, which occurs when the distur-
bance period is 0.005 s. In the rising stage, the peak value of leakage
is basically the same.

4.1.3. Influence of multi disturbance wave on compensation loop
The single wave disturbance condition has been discussed

above, and the vibration characteristics of multi wave disturbance
on the mechanical seal compensation ring need to be further
explored. Set the disturbance period of 0.01 s and the disturbance
amplitude of 0.1 MPa, and carry out numerical calculation. The
long-term pressure disturbance condition can be decomposed into
stable pressure disturbance wave (stable wave), gradually
increasing pressure disturbance wave (enhanced wave) and grad-
ually decreasing pressure disturbance wave (attenuation wave). By
analyzing the mutual interference law between fluctuations, the
dynamic response characteristics and sealing performance changes
of mechanical seal compensation ring under the long-term pres-
sure disturbance condition can be further predicted. Considering
the superposition and consumption of fluctuations, set the ampli-
tude change of enhancement wave (or attenuation wave) to be 2
times (or half) of the amplitude value of the previous pressure
disturbance, and the disturbance period remains unchanged.

As shown in Fig. 20(a), (b) and (c) are the corresponding
parameter change curves under the conditions of stable distur-
bance, enhanced wave, and attenuated wave respectively. In
Fig. 20(a), the stable disturbance wave promotes the reduction of
film thickness, but the increment of film thickness is gradually
decreasing. In the disturbance period, the first wave makes the film
thickness gradually reduce, and the second and third waves
maintain the compensation ring to vibrate slightly at the position of
small film thickness. In Fig. 20(b), with the increase of disturbance
amplitude, the film thickness increment gradually increases. When
the pressure disturbance amplitude is 0.1 MPa, the film thickness
reaches the minimum value, which is basically consistent with the
film thickness corresponding to a single disturbance wave, indi-
cating that the influence of enhanced wave interference on the film
thickness is not obvious in a small pressure disturbance range,
because the increase of fluctuation amplitude provides more fluid
kinetic energy for the compensation ring. In order to maintain
balance, The compensation ring continues to vibrate, and the flow
force and closing force are determined by the inlet pressure. In
Fig. 20(c), as the disturbance amplitude decreases, the film thick-
ness increment gradually decreases. The first wave is consistent
with the pressure disturbance amplitude of 0.1 MPa, but it has an
impact on the film thickness of the latter two fluctuation times, that
is, the film thickness in the attenuationwave is smaller than that in
Fig. 20(b). The cavitation rate of the liquid film in the lubricating
film is further studied. When the pressure fluctuation is stable, the
peak value of the cavitation rate of the liquid film increases wave by
wave, while the axial velocity of the compensation ring decreases
gradually with the fluctuation. In the influence of enhancement
wave and attenuation wave on the liquid film cavitation rate and
axial velocity, it is found that the liquid film cavitation rate and axial



Fig. 17. Variation of film thickness and liquid film cavitation rate with time.

Fig. 18. Pressure change of measuring points with time.

Fig. 19. Variation of axial speed and leakage of compensation ring with time.
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velocity fluctuate near the initial value when the mechanical seal is
in the condition of enhancement wave, while under the condition
of attenuation wave, the fluctuation of liquid film cavitation rate is
above the initial value, and the fluctuation of axial velocity is below
the initial value.

As shown in Fig. 21(a), (b) and (c), the corresponding leakage
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volume and pressure change curve of the measuring point under
the stable disturbance, enhanced wave and attenuated wave con-
ditions are respectively. Under the stable disturbance condition, the
leakage volume fluctuates below the initial value, and this phe-
nomenon occurs under the enhanced wave and attenuated wave
conditions, indicating that a small increase in inlet pressure under



Fig. 20. Variation of inlet pressure, film thickness, liquid film cavitation rate and axial velocity with time under multi wave disturbance condition.

Fig. 21. Variation of leakage and pressure at measuring point with time under multi wave disturbance conditions.
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this operating condition is helpful to reduce leakage. Compared
with the attenuation wave, the leakage of the latter deviates more
from the initial value. The deviation phenomenon under multiple
disturbance waves can be explained by the change of end pressure.
The end pressure is mainly in the high-pressure area. The peak
value of pressure at measuring points A and B under the enhanced
wave condition is slightly higher than that under the attenuation
condition, while the increase of pressure in the lubricating film,
especially at the groove root, helps to reduce the leakage. Higher
pressure can lead to smaller cavitation rate and larger film
thickness.
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4.2. Influence of spring alternating load on compensation ring

4.2.1. Influence of load amplitude on compensation ring
During the actual operation of themultiphase pump, the load on

the spring is difficult to measure, so the setting of the spring
alternating load as a function of time is determined by Eq. (17). The
factors affecting the spring specific pressure are the amplitude and
period of the spring alternating load. When studying the influence
of alternating load onmechanical seal, set the boundary pressure of
inlet and outlet to be stable, that is, the inlet pressure is 0.1MPa and
the outlet pressure is 0.15 MPa.



Fig. 22. Variation of spring alternating load with time.
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The variation of spring alternating load with time is shown in
Fig. 22. The load amplitude is taken as 0.0375, 0.075, 0.1125, 0.15
and 0.1875MPa, the action time of alternating load is 0.01 s, and the
calculation to 0.08 s at the end of load disturbance can ensure that
the compensation ring will restore stability when it reaches the end
of calculation.

The change of film thickness with time is shown in Fig. 23(a),
Fig. 23. Variation of film thickness and l

Fig. 24. Pressure change of m
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and the alternating load also causes the film thickness to exhibit
alternating characteristics (Yan et al., 2012). The change of alter-
nating load is approximately negatively correlated with the change
of film thickness, that is, the alternating load increases and the film
thickness decreases, but there is still a phase difference between
the film thickness and the alternating load of the spring. As the
amplitude of the load increases, the change in film thickness be-
comes greater. Compared with the influence of inlet pressure
disturbance on film thickness, the change in film thickness is
greater under alternating load. This is because the pressure
disturbance condition changes the fluid force by changing the in-
ternal pressure of the flow field, while alternating load directly acts
on the sealing ring by changing the closing force. The variation of
liquid film cavitation rate with time is shown in Fig. 23(b). When
the load amplitude is greater than 0.15 MPa, there is a time period
when the liquid film cavitation rate is 0, that is, there is no cavi-
tation in the mechanical seal liquid film. The liquid film cavitation
rate reaches the maximum value at 0.52 s, and the peak value at
0.1875 MPa is about 2.35%. The change of pressure at measuring
point with time is shown in Fig. 24. The change trend of pressure at
measuring point A is basically consistent with the change of alter-
nating load. The difference is that there is hysteresis, and there is a
recovery period of end face pressure at the end of disturbance.
When the amplitude is 0.1125, 0.15 and 0.1875 MPa, the pressure of
measuring point B remains unchanged during 0.05e0.055 s. When
the amplitude is 0.1875MPa, the pressure at measuring point C will
increase sharply, and the end face cavitation will disappear, which
is caused by the increase of pressure in the low-pressure area.

Further explore the change of axial speed and leakagewith time,
iquid film cavitation rate with time.

easuring point with time.



Fig. 25. Variation of axial speed and leakage of compensation ring with time.

Fig. 26. Variation of spring alternating load, film thickness, liquid film cavitation rate and leakage with time.
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as shown in Fig. 25. The maximum speed in axial speed is
about �1100 mm/s, the displacement per unit time step is about
2.2 � 10�3 mm. With the increase of load amplitude, the peak value
of axial velocity also increases gradually. Compared with Fig. 25(b),
it is found that the change of axial speed is in inverse phase with
the change of leakage, that is, the phase difference is p, which is
consistent with the disturbance of inlet pressure. Under the action
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of alternating load, the change of leakage volume increases signif-
icantly, and the peak value appears at 0.0525 s, and the time of the
peak value is independent of the load amplitude. When the load
amplitude is 0.1875 MPa, the maximum leakage is about 210 mg/s.

4.2.2. Influence of load cycle on compensation ring
Further explore the influence of different alternating load cycles
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on the dynamic response characteristics of liquid film seal. The
variation of alternating load with time is shown in Fig. 26(a). The
load cycles are 0.005, 0.0075, 0.01, 0.0125 and 0.015 s, the ampli-
tude of alternating load is 0.15 MPa, and the calculation time is
0.08 s. The film thickness changes with time, as shown in Fig. 26(b).
With the increase of load cycle, the peak value of film thickness in
the disturbance process gradually increases. Compared with the
influence of pressure disturbance period on the compensation ring,
the influence of alternating load period on the compensation ring is
greater. When the load cycle is 0.015 s, the difference between the
minimum film thickness and the maximum film thickness is about
4.5 mm. However, the load cycle has little effect on the maximum
value of liquid film cavitation rate and leakage, as shown in
Fig. 26(c) and (d). As the load cycle increases, the time when the
liquid film cavitation rate is 0 gradually increases. However, at the
end of the disturbance, the increase of the alternating load cycle
leads to the disappearance of cavitation and the reduction of
leakage. The change of the pressure at the measuring point is
basically consistent with the influence law of the pressure distur-
bance period on the pressure at the measuring point, which is not
repeated here.
5. Conclusion

The dynamic characteristics and sealing performance of me-
chanical seal for gas-liquid multiphase pump under complex
working conditions are studied. Based on the fluid solid coupling
theory, the reciprocating motion of liquid film seal under unstable
working conditions is realized. The influence of pressure distur-
bance and alternating load at the inlet under the change of trigo-
nometric function on the vibration characteristics of compensation
ring is explored. The main conclusions are as follows.

(1) The amplitude and period of pressure disturbance at the inlet
have an impact on the change of film thickness. With the
increase of disturbance amplitude and period, the film
thickness gradually decreases, while the cavitation rate of
liquid film gradually increases. The hysteresis of film thick-
ness change is caused by the damping effect of liquid film,
and the fundamental reason is that the pressure in the high-
pressure area cannot be restored in time. There is a close
relationship between leakage and axial velocity. The phase
difference between the two is p. The maximum value of
leakage and the minimum value of axial velocity are inde-
pendent of the disturbance period and are determined by the
disturbance amplitude.

(2) The stable disturbance wave can promote the reduction of
film thickness, and the compensation ring vibrates slightly
when the liquid film thickness is 12.3 mm.With a small range
of pressure disturbance, the influence of the interference
between the enhanced waves on the film thickness is not
obvious, while the front wave in the attenuated wave pro-
motes the film thickness change at the later time. Under the
condition of enhanced wave, the liquid film cavitation rate
and axial velocity fluctuate near the initial value, while under
the condition of attenuated wave, the fluctuation of liquid
film cavitation rate and axial velocity deviates from the initial
value.

(3) Compared with the pressure disturbance condition, the
alternating load condition changes the film thickness and
leakage more significantly, and its influence on various pa-
rameters is basically the same as that under the pressure
disturbance condition. During the movement of the
compensation ring, there is a period when the liquid film
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cavitation rate is 0, and with the increase of the load cycle,
the time when the liquid film cavitation rate is 0 is longer.

(4) Based on the study of the influence of the pressure distur-
bance wave at the inlet on the mechanical seal, the dynamic
characteristics and sealing performance changes of the liquid
film seal compensation ring under the condition of long-
term pressure disturbance can be further predicted. The
mechanical seal for multiphase pump should avoid the
occurrence of alternating load in the actual operation process
to ensure the stability of the mechanical seal and small
leakage.
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Nomenclature
Abbreviations
IGVF Inlet gas phase volume fraction
GVF Gas phase volume fraction
FSI Fluid-structure interaction
in Inlet
out Outlet
max Maximum
Tem Temperature

Main Symbols
r Seal face semidiameter
e Constant
hc Spiral groove depth
h0 Initial film thickness
hb Balance film thickness
ha Assumed film thickness
N Number of spiral grooves
n Speed
T Fluctuation period
t Time
Rc Bubble collapse term
Re Bubble generation term
P1 Pressure, constant
P0 Pressure, half of fluctuation amplitude
Psp Spring pressure
Q Leakage volume
Fp Fluid force
K Axial stiffness
D Axial damping
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m Mass of compensation ring
Fcls Closing force
F Combined external force

Greek letters
4 Helix expansion angle
q Helix angle
b Groove semidiameter ratio
g Groove width ratio
a Liquid film cavitation rate
m Viscosity coefficient
p Constant
u Angular frequency
r Medium density
u0 Natural frequency
x Structural damping

Subscripts
i i direction in space
j j direction in space
m Average value
v Gas phase
l Liquid phase
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