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Hydrodynamic pressure ﬁnger seal1 is a kind of ﬂexible noncontact dynamic sealing device with good application potential. It
relies on the ultrathin dynamic pressure ﬁlm eﬀect produced by the rotation of ﬁnger boot and rotor to realize the design of
noncontact and low leakage and is suitable for high-speed dynamic sealing parts. However, under the high-speed condition, there
is a wall slip eﬀect when the gas ﬂows in the microchannel with a thickness of about 10 μm between the ﬁnger boot and rotor,
which aﬀects the stability of the dynamic pressure air ﬁlm and also aﬀects the change of the air ﬁlm bearing capacity and the
leakage rate of the ﬁnger seal. Therefore, based on the theory of microﬂow, the interstitial ﬂow ﬁeld model of ﬁnger seal under ﬂuid
dynamic pressure is established, and its slip eﬀect under high speed is analyzed. The results show that the slip ratio of the sealing
medium temperature of 500°C and 0.1 MPa conditions reached 27.28%. When considering the slip eﬀect of the wall surface
generated by the gas under shear driving, the gas ﬁlm bearing capacity decreased and the leakage rate increased. When the
pressure diﬀerence between the upper and lower reaches of the seal is 0.1 MPa, and the rotor line speed is 400 m/s, the gas ﬁlm
bearing capacity decreases by 17.39% after considering the slip eﬀect of the wall surface, and the leakage rate increases by 14.06%.
The results provide an important reference for the structural design and leakage control of hydrodynamic ﬁnger seal.

1. Introduction
The hydrodynamic pressure ﬁnger seal is a new type of ﬁnger
seal derived from the contact ﬁnger seal; meanwhile, the
characteristic of low leakage of contact ﬁnger seal and long
life of noncontact seal are also made [1, 2]. Due to its
characteristics of good sealing performance and low
manufacturing cost, it has a wide application prospect in
improving the performance of aero-engine [3].
In view of the excellent application prospect of hydrodynamic ﬁnger seal, many researchers have carried out a lot
of research on ﬂuid dynamic pressure ﬁnger, the eﬀect of the
stiﬀness of ﬁnger beam, the stiﬀness of air ﬁlm, and the
bearing capacity seal. By using ﬁnite element simulation and

equivalent dynamic model, Marie [4] studied air ﬁlm on the
sealing performance of hydrodynamic ﬁnger seal and also
analyzed the displacement transfer rate of hydrodynamic air
ﬁlm, providing an important idea for the theoretical design
and study of hydrodynamic ﬁnger seal.
According to the temperature characteristic, such as hydrodynamic pressure under the eﬀect of dynamic characteristics. Braun et al. [5] analyzed the thermal characteristics of
hydrodynamic pressure of ﬁnger seal, ﬁnite element analysis
method to analyze the diﬀerent rotating speed and sealing
medium environment temperature, hydrodynamic pressure
ﬁnger seal leakage ﬂow characteristics, and the method of
equivalent dynamic hydrodynamic ﬁnger seal dynamic characteristics. For the hydrodynamic pressure of ﬁnger seal
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structure design, selection of materials and the temperature
rising characteristic research provides an important reference.
Temis et al. [6] also studied the adaptability of hydrodynamic
ﬁnger seal to the dynamic adjustment of rotor by using ﬂuidsolid coupling simulation method and equivalent method and
studied the feasibility of the formation of dynamic pressure air
ﬁlm. Fleming [7] conducted a study on the eﬀect of rotating
speed and ﬁlm thickness on the sealing performance of hydrodynamic ﬁnger seal and conﬁrmed that the ﬂuid ﬁlm always
exists in various operating conditions. Proctor et al. [8] studied
the leakage, power consumption, and wear characteristics of
hydrodynamic ﬁnger seal under static conditions and ﬁxed
linear velocity under the condition of 56.7 m/s by using the
upstream and downstream pressure diﬀerence and conducted
comparative analysis with brush seal and contact ﬁnger seal.
Meanwhile, the structural design, theoretical analysis of dynamic characteristics, and performance simulation research in
combination with the working characteristics of the hydrodynamic ﬁnger seal were also carried out [9–15].
At present, the research on hydrodynamic ﬁnger seal
mainly focuses on the design of the ﬁnger beam line [16], the
optimization of the axial structure of the ﬁnger seal [17], the
construction of the equivalent dynamic model of the ﬁnger
seal, and performance simulation analysis [18]. However, the
study of hydrodynamic pressure ﬁnger seal leakage ﬂow
characteristics still needs to be further explored. Due to the
slip phenomenon of the wall surface during the ﬂow of gas in
the microchannel with a thickness of about 10 μm between
the ﬁnger boots and the rotor, the slip eﬀect of gas ﬂow in the
microchannel was not considered in previous studies, and
this microscale ﬂow slippage phenomenon has an important
inﬂuence on the parameters such as gas ﬁlm bearing capacity
and leakage rate of hydrodynamic pressure ﬁnger seal [19].
Therefore, the analysis of leakage gap ﬂow ﬁeld characteristics of hydrodynamic ﬁnger seal, considering the wall slip
eﬀect on leakage ﬂow, can enrich the design and engineering
application of high-performance hydrodynamic ﬁnger seal
and is of great signiﬁcance for the improvement of aeroengine sealing technology.
Therefore, based on the microscale ﬂow theory, a ﬂow ﬁeld
model of hydrodynamic pressure ﬁnger seal leakage gap is
established, and the ﬂow slip characteristics of the microscale
leakage channel seal medium are studied. In this paper, by
simulating the ﬂow state of the gas under the condition of wall
slip, the diﬀerence between the gas ﬁlm bearing capacity and
the leakage volume under the condition of considering wall
slip at a speciﬁc speed and the boundary condition without
wall slip is analyzed, and the ﬂow of the sealing medium in the
leakage gap ﬂow ﬁeld driven by shear is simulated numerically.
It provides theoretical guidance for calculating leakage performance of hydrodynamic ﬁnger seal under dynamic conditions and verifying the rationality of test results.

2. Hydrodynamic Pressure Finger Seal Structure
Characteristics and Working Principles
The hydrodynamic ﬁnger seal consists of high-pressure
ﬁnger plates, low-pressure ﬁnger plates with sealing boots,
front and rear baﬄes, rivets, and other components, and its
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structure is shown in Figure 1. Diﬀerent from the contact
ﬁnger seal, the seal boot at the free end of the low-pressure
ﬁnger plate adds an extended lengthening structure in the
axial direction. When the rotor rotates at high speed, an
action pressure ﬁlm is formed between the low-pressure
sealing boots and the rotor, and the low-pressure sealing
boots are lifted to achieve noncontact between the seal and
the rotor. At the same time, the action pressure ﬁlm hinders
the leakage of the seal medium in the leakage gap. The ﬂuid
dynamic pressure ﬁlm formed by the rotor rotation can
ensure the seal’s low leakage and long-life characteristics,
and the ﬂexible ﬁnger beam sealed by the ﬂuid dynamic
pressure ﬁnger can adapt to the radial dynamic beating
caused by the rotor due to vibration or thermal deformation.
Therefore, this hydrodynamic pressure ﬁnger seal is suitable
for dynamic sealing conditions with demanding seal leakage
level and high work life requirements, which makes it have
good working performance and application prospects.

3. Hydrodynamic Pressure Finger Seal
Slip Effect
3.1. Leakage Flow Analysis of Hydrodynamic Pressure Finger
Seal. The sealing function of hydrodynamic pressure ﬁnger
seal is mainly based on the action of the dynamic pressure
gas ﬁlm formed between the low-pressure seal boot and the
rotor. Under high-speed conditions, the thickness of the gas
ﬁlm is only about 10 μm, and macroscopic ﬂuid mechanics
models and formulas may no longer be suitable for microscale ﬂow. Since the characteristic scale of ﬂow ﬁeld is
reduced to micron level, the ﬂow characteristics of ﬂuid
show signiﬁcant size eﬀect compared with macroscopically.
At this point, many physical quantities in the macroscopic
state will change, and the ﬂow speed on the surface of the
channel will show a slip phenomenon, and the surface
viscous shear stress will be reduced accordingly. At this
point, the eﬀect of the wall slip on the ﬂow of gas sealed by
the hydrodynamic pressure ﬁnger cannot be ignored. For
this reason, the study refers to the study of wall velocity slip
under the micronanometer gap ﬂow ﬁeld at home and
abroad. Considering the inﬂuence of wall velocity slip, the
leakage ﬂow analysis of hydrodynamic pressure ﬁnger seal is
presented [20, 21].
In the microscale gas ﬂow, Kn (Knudsen) number is
usually used to describe the degree of microscaling of the
ﬂow. Kn number is a dimensionless number. Like the Re
number and the M number, it has a very important position
in the study of gas ﬂow [22], and Kn is calculated in the
following equation:
λ
(1)
Kn � ,
L
where λ is the mean molecular free path of the gas and L is
the characteristic scale of the ﬂow ﬁeld. According to the size
of Kn number, the gas ﬂow ﬁeld can be divided as follows:
(1) When Kn ≤ 10−3, this ﬁeld of ﬂow belongs to the
continuous medium area. Fluid motion can be simulated
using the N–S equation plus nonslip boundary conditions.
(2) When 10–3 < Kn ≤ 10–1, this ﬁeld of ﬂow belongs to the
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Figure 1: Structure of hydrodynamic ﬁnger seal.

slip area. The ﬂuid begins to deviate from the thermodynamic equilibrium, at which point the ﬂuid can still be
described by the N–S equation, but the boundary slip
conditions need to be revised. (3) When 10−1 < Kn ≤ 10, this
ﬁeld of ﬂow belongs to the transition area. At present, the
ﬂow problem in this research area is usually solved by
Boltzmann equation, Monte Carlo method, and other
methods. (4) When Kn > 10, this ﬁeld of ﬂow belongs to the
molecular free ﬂow area. In the free molecular zone, air ﬂow
is usually described and analyzed using the point of view of
particle motion.
Combined with the actual working conditions of the
hydrodynamic pressure ﬁnger seal, the minimum characteristic scale of the ﬂow ﬁeld is 0.00635 mm, and the average
free path calculation of the gas molecule is shown in the
following formula:
1
λ � √� 2 ,
(2)
2πd n
where d represents the diameter of the gas molecule and n
represents the density of the number of molecules.
According to Boltzmann’s theory, the ideal gas state
equation for the sealed medium in the leakage gap can be
constructed as shown in the following:
P � nkT,

(3)

where P represents the working pressure of the gas. In this
article, the actual working pressure is 0.1 × 106 Pa, k represents
the Boltzmann constant, and k � 1.3806505 × 10−23 J/K.
Formula (3) is brought into formula (2), and the average
free path calculation formula (4) of the gas molecule is
reduced:
kT
(4)
λ � √� 2 .
2πd P
According to the actual operating state of ﬂuid dynamic
pressure, the temperature T � 773 K and the air molecular

diameter d � 3.46 × 10−10 m are taken. According to formula
(4), the average free path of the gas molecule is calculated to
be λ � 2.0065 × 10−7 m.
According to the Kn value calculation formula (1),
Kn � 0.03159 is obtained. Obviously, 10−3 < Kn ≤ 10−1, so it
can be seen that the range of Kn number is in the slip
region. At this point, although the collision frequency
between gas molecules is still much higher than the collision frequency between gas molecules and solid wall
surfaces, the microscale eﬀect cannot be ignored. In the slip
zone, the thin eﬀect gradually begins to appear, and the
ﬂuid begins to deviate from the thermodynamic equilibrium. At this time, the ﬂuid can still be described by the N–S
equation, but the boundary slip conditions need to be
revised.
By analyzing the characteristics of the watersheds in the
hydrodynamic pressure ﬁnger seal leak channel, it is shown
that the boundary condition of the nonslip wall surface may
no longer be applicable to the calculation when the gas ﬂows
in the hydrodynamic pressure ﬁnger seal tiny leakage
channel. At the same time, the slip eﬀect of the wall surface at
the microscale downstream solid coupling interface is veriﬁed. The slip boundary condition of the wall surface becomes an unnegligible factor aﬀecting the leakage ﬂow
characteristics, which aﬀects the overall working stability
and reliability of the hydrodynamic pressure ﬁnger seal
system. This eﬀect is particularly important for the clearance
ﬂow under extreme conditions such as high shear and heavy
loads.
3.2. Slip Eﬀect of Hydrodynamic Finger Seal. For the slip law
of the wall, Navier ﬁrst proposed the simple slip model
formula (5) and considered the velocity of the ﬂuid medium
near the wall as a simple function of the velocity gradient, as
shown in the following:
zu
 .
zn w

uslip � β

(5)

In the abovementioned formula, w represents the wall
boundary, β represents the slip length parameter, and uslip
represents the wall slip speed. Since then, the slip
boundary condition model of the wall surface has been
called the Navier slip model. The Navier slip model has
been validated by experiments and molecular dynamics
simulations and has been used in research to consider the
slip phenomenon of the wall surface. However, when
applying the Navier slip model, there is no strict distinction between liquid and gas.
For the gas slip law, Maxwell proposed the slip equation
(6) for thin gas kinematics:
uslip �

2 − δ zu
λ  ,
δ
zn w

(6)

where δ is the interface momentum adjustment coeﬃcient,
which represents the ratio of the number of molecules reﬂected by the gas molecule at the solid wall surface, and λ
represents the average free path of the gas molecule. The
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dp
d2 u
� μ 2.
dx
dy

u�

y2 dp
+ c y + c2 .
2μ dx 1

(8)

(9)

where Ls represents the slip length of the ﬂuid in the gap and
can be obtained from the following:
2−δ
λ,
δ

(11)

where δ is the interface momentum adjustment coeﬃcient,
which represents the proportion of molecules reﬂected by
gas molecules at the solid wall surface. In general, the value
range is 0.1 to 0.2 and here is 0.1 computation [23, 24]. λ
represents the average free path of gas molecules.
Bringing the boundary conditional formula (10) into
equations (8) and (9), the integral constants c1, c2 calculations can be obtained as shown in the following:
c1 �

1
h2 dp
V −
,
2μ dx
h + 2Ls

Ls
h2 dp
c2 �
V −
.
h + 2Ls
2μ dx

Inlet

h

u (t, h)
Current speed

y

u (t, 0)
b1

Shear flow without slip

Outlet
x

V=U

Lower wall
(moving)

(7)

Considering the slip boundary conditions on the wall,
the boundary conditions in formulae (8) and (9) are shown
in the following formula:
du
⎪
⎧
⎪
y � 0, u � Ls ,
⎪
⎪
⎪
dy
⎪
⎨
(10)
⎪
⎪
⎪
⎪
du
⎪
⎪
⎩ y � h, u � V − Ls ,
dy

Ls �

Upper wall
(static)

Figure 2: Shear ﬂow model.

In the above equation, u is the velocity component of the
rotor that drives the gas, μ is the hydrodynamic viscosity,
and the pressure gradient dp/dx is the constant value.
Integration of equation (7) can be obtained as follows:
du y dp
�
+c ,
dy μ dx 1

u’ = 0
b2

Maxwell slip model formula is the slip condition of the wall
surface of the gas. The slip model of the gas is often used in
ultra-high-speed microscale analysis.
Because the rotor moves at speed v relative to the sealing
boot, the sealed boot is ﬁxed, and the motion of the rotor
drives the ﬂow of gas. Therefore, the established shear ﬂow
model is shown in Figure 2.
From the N–S equation, it can be obtained that the
control equation is

(12)

u�

h2 dp
h
(1/2μ)h3 dp
V−
+
2μ dx h + 2Ls
h + 2Ls dx

(14)

Ls
(1/2μ)Ls h2 dp
.
V−
+
h + 2Ls
h + 2Ls dx
When the ﬂow is only caused by the rotation of the rotor,
the pressure gradient dp/dx is zero in the channel which
simpliﬁes as follows:
h
Ls
h + Ls
u�
V+
V�
V.
(15)
h + 2Ls
h + 2Ls
h + 2Ls
The slip speed of the rotor and the rotor speed in the
channel are shown in the following:
u h + Ls
Ls
�1−
,
�
(16)
h + 2Ls
V h + 2Ls
where h is the clearance height and Ls is the slip length
parameter.
According to the slip model equation of the Navier wall
surface and the slip equation of the thin gas kinematics
proposed by Maxwell, the slip parameter Ls can be obtained.
Based on the above calculation, the average free path of the
gas molecule is λ � 2.0065 × 10−7 m. The slip parameter
Ls � 3.81235 × 10−6 m. The ratio of rotor slip speed and rotor
speed in the channel is 0.7272.
The slip rate can be obtained according to the slip rate
formula:
V − Vf
S� w
,
(17)
Vw
where Vw is the wall rotor speed, and Vf is the speed at which
the wall surface drives the gas molecules in the gap ﬂow ﬁeld.
The slip rate can be calculated as s � 27.28%.
The calculated slip rate can be used as the boundary
condition for hydrodynamic pressure ﬁnger seal leakage
calculation.

4. Simulation Models and Methods
(13)

The slip velocity formula (14) can be obtained by bringing
the obtained integral constants c1, c2 into equation (9):

4.1. Calculation Model of Hydrodynamic Finger Seal.
Hydrodynamic pressure ﬁnger seal leakage performance
analysis is realized by analyzing the ﬂuid region between
ﬁnger seal and seal rotor. Considering that hydrodynamic
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pressure ﬁnger seal has cyclic symmetry characteristics on
the structure, in the analysis model, only one cyclic unit was
selected, and the leakage gap between the high-pressure and
low-pressure ﬁnger boots and the rotor was used as the ﬂuid
analysis area to reduce the calculation amount. The region of
the ﬂuid is shown in Figure 3.
The hydrodynamic pressure ﬁnger seal is made up of two
interlaced pieces of low-pressure ﬁnger and high-pressure
ﬁnger. As shown in Figure 4, for the intuitive display, a
distance is drawn between the two. Among them, the gap
between the two high-pressure ﬁnger beams in the highpressure seal sheet and the three areas of the two cuneiform
gas membranes between the high-pressure ﬁnger boots and
the external surface of the rotor constitute the ﬁrst half of the
ﬂow domain. The two gaps formed between a ﬁnger beam in
a low-pressure ﬁnger seal and a ﬁnger beam in the front and
rear, and the cuneiform gas membrane between the lowpressure ﬁnger boot and the outer surface of the rotor
constitutes the latter half of the ﬂow domain. Therefore, the
stream domain can be divided into six parts. The hydrodynamic pressure ﬁnger seal ﬂow area calculation model is
shown in Figure 4, and the corresponding ﬁnger seal
structure parameters are shown in Table 1.
The simulation analysis is completed through the Ansys
Workbench 15.0 CFX (Computational Fluid Dynamics X)
ﬂuid analysis module. The inlet of the air ﬂow between the
high-pressure boots and the rotor in ﬁgure b is set as the
open boundary condition of Opening 1. According to the
pressure of sealing medium, it is set as the pressure boundary
condition. In the ﬁgure, the two-way straight arrow indicates
that airﬂow can be in or out. The central region is the upper
surface of the airﬂow layer between high- and low-pressure
boots and rotor, and it is the interface surface of ﬂuid-solid
coupling, which is set as interface boundary condition. The
inner area is the outlet of airﬂow, and the open boundary
condition is set as Opening 2. The pressure boundary
condition is given according to the pressure of the leaking
low-pressure chamber. The area on both sides is set as the
boundary condition of symmetry, which is the circumferential circular symmetrical wall surface of leakage clearance.
The lower surface of the air layer between the high and lowpressure boots and the rotor is in contact with the rotor,
which is set as the condition of moving wall, and the moving
speed takes into account the eﬀect of slip rate.
4.2. Analysis of Grid Independence. In order to eliminate the
inﬂuence of mesh quality on the calculation results and
reduce the calculation time and complexity, this paper
analyzes the mesh quality independence of hydrodynamic
pressure ﬁnger seal ﬂuid structure coupling. The number of
meshes can be controlled by adjusting the related parameters
such as element sizing and relation. Taking the number of
grids in solid domain and ﬂuid domain as variables and the
leakage amount of hydrodynamic ﬁnger seal as analysis
target, the inﬂuence of diﬀerent grid numbers on the leakage
amount is analyzed comparatively.
As shown in Figure 5, when the number of grids in solid
domain and ﬂuid domain is lower than a certain value, the
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Figure 4: Flow ﬁeld calculation model of hydrodynamic ﬁnger seal.

Table 1: Structural parameters of hydrodynamic pressure ﬁnger
seal.
Parameter
Finger seal outer diameter (mm)
Finger seal internal diameter (mm)
Finger beam root circle diameter (mm)
Number of ﬁnger seal beams
Rotor radius (mm)
Boot height (mm)
Thickness of the ﬁnger seal sheet (mm)
Minimum air ﬁlm gap (mm)
Circumferential thickness ratio of gas ﬁlm

Value
100
66.04
84
48
66
0.5
0.3
0.00635
3.15

leakage corresponding to diﬀerent number of grids varies
greatly. When the total number of grids is 51600, the leakage
is 2.62 × 10−5 kg/s. When the number of meshes exceeds this
value, with the increase of the number of meshes, the change
of leakage value is very small. Therefore, as long as the
number of selected grids exceeds the above values, the
calculation results are independent of the grid. Figure 6
shows the grid under the current settings.
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Figure 5: Analysis of mesh quality independence.
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Figure 6: Grid partitioning. (a) Grid division of solid domain. (b) Grid division of ﬂuid domain.

4.3. Veriﬁcation of the Simulation Method. In [25], the
noncontact ﬁnger seal with herringbone groove structure on
the rotor surface has been tested in a very tight dynamic and
static state, and the detailed and credible test data are given.
In order to verify the accuracy of the numerical model in this
paper, the same numerical model as that in [25] is established, and the two-way ﬂuid structure coupling calculation
is carried out under the same boundary conditions as the
experimental values. Finally, the calculation results are
compared with the test data.
The leakage characteristic test parameters in [25] are
given in the form of ﬂow factors, which are deﬁned as
follows:
����
m_ Tavg
(18)
ϕ�
,
Pu × Dseal
where m_ is the mass ﬂow through the whole ﬂow ﬁeld and the
unit of it is kg/s; Tavg is the average temperature of the ﬁnger seal
inlet and the unit of it is k; Pu is the ﬁnger seal inlet pressure and

the unit of it is MPa; Dseal is the outer diameter of the rotor
corresponding to the ﬁnger seal and the unit of it is m.
Therefore, the unit of ﬂow factor is kg·K1/2/(MPa·m·s). In this
paper, a group of dynamic test data is selected to compare with
the numerical simulation results, as shown in Figure 7. When
the temperature is 300 K and the rotating speed is 5000 r/min
and the pressure diﬀerence is 13.8 kPa, 34 kPa, 69 kPa, 103 kPa,
138 kPa, 176 kPa, 207 kPa, and 241 kPa, respectively, the ﬂow
factors calculated by simulation are consistent with the overall
trend of the test results in [25].
It can be seen from Figure 7 that when the pressure
diﬀerence is 103 kPa, the change rate of ﬂow factor is large,
and the curve begins to become gentle and gradually keeps
consistent with the change rate of simulation results. This is
due to the uncontrollable factors such as assembly state and
leakage channel in the test, which lead to the diﬀerence
between the initial low-pressure diﬀerence and the highpressure diﬀerence. When the pressure diﬀerence exceeds
69 kPa, the simulation result is smaller than the test result.
The reason analysis is as follows. First, the leakage in the
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actual test includes three channels, and the simulation model
mainly considers two channels: ﬁnger boot gap and ﬁnger
gap leakage. Second, the leakage caused by temperature
eﬀect, rotor vibration, and other uncontrollable factors will
increase in the test process. The simulation value is about
80% of the test value, which is also consistent with the
previous saying that the leakage path of ﬁnger seal is mainly
the leakage between ﬁnger boots and ﬁnger pieces, thus
verifying the accuracy and reliability of the numerical
method and simulation model.

5. Results and Discussion
When the pressure diﬀerence in the upper and lower reaches
of the seal is 0.1 MPa, the ambient temperature is 500°C, and
the rotor surface line speeds v are 100 m/s, 200 m/s, 300 m/s,
and 400 m/s, respectively, the slip eﬀect of the wall surface is
considered, and the simulation analysis is passed. Hydrodynamic pressure ﬁnger seal leaks within the same channel
pressure distribution cloud diagram as shown in Figure 8,
and seal medium leakage ﬂow cloud diagram is shown in
Figure 9.
In Figures 8(a), 8(c), 8(e), and 8(g), we have rotor surface
line speeds of 100 m/s, 200 m/s, 300 m/s, and 400 m/s, regardless of the results of the simulation of the ﬂow pressure
of the sealed medium during the slip of the wall surface.
Figures 8(b), 8(d), 8(f ), and 8(h) are the pressure cloud
images of the simulation results of sealing medium ﬂow
under the same working conditions when the slip eﬀect of
the wall surface is considered. As can be seen from Figure 8,
considering slippage has a signiﬁcant impact on the results
of the analysis. When the rotor speeds are 100 m/s, 200 m/s,
300 m/s, and 400 m/s, after counting the wall slip eﬀect, the
maximum pressure in the leak channel decreased by
0.011 MPa, 0.046 MPa, 0.107 MPa, and 0.232 MPa, respectively. The reason is that when considering the slip eﬀect of
the wall surface, the contact surface of the rotor and the
sealed medium in the leakage channel appears to slide

relatively, and the ﬂuid is no longer consistent with the rotor
surface speed under the adhesion force, and the speed is
reduced. This is not conducive to the formation of ﬂuid
dynamic pressure ﬁlm between the ﬁnger boots and the
rotor, resulting in a decrease in the pressure in the leakage
gap channel, and with the increase of speed, this change
trend is more and more obvious.
Figures 9(a), 9(c), 9(e), and 9(g) shows that when the
pressure diﬀerence between the upper and lower reaches of
the seal is 0.1 MPa, the ambient temperature is 500°C, and
the rotor surface line speeds are 100 m/s, 200 m/s, 300 m/s,
and 400 m/s. Regardless of the calculation results of velocity
ﬁeld streamline distribution of the sealing medium that
avoids slippage, Figures 9(b), 9(d), 9(f ), and 9(h) calculated
results of leakage velocity ﬁeld streamline distribution when
the wall slip eﬀect is considered. As can be seen from
Figure 9, the sealing medium ﬂows from the end of the highpressure cavity into the leakage channel and ﬂows out from
the end of the low-pressure ﬁnger boot. As the speed of the
rotor surface line increases, the streamline direction gradually tends to level. This is due to the eﬀect of the upstream
and downstream pressure diﬀerences. Under the action, the
seal medium ﬂows from the high-pressure cavity to the lowpressure cavity along the leakage channel. Under the inﬂuence of the rotor’s circumferential high-speed rotation
eﬀect, the leakage ﬂuid is aﬀected by the circumferential
shear ﬂow eﬀect due to the presence of the adhesive force of
the seal medium, and the higher the speed, the more obvious
the eﬀect. Therefore, it shows that the downstream
streamline tends to level under the condition of ultra-high
speed; that is, it tends to be consistent with the circular
motion of the rotor.
The velocity ﬁeld calculation in Figure 9 also shows that
when the rotor surface line speeds are 100 m/s, 200 m/s,
300 m/s, and 400 m/s, after considering the wall slip eﬀect,
the maximum velocity of the sealing medium in the circumferential leakage ﬂow is reduced by 1.8 m/s, 40.1 m/s,
81.8 m/s, and 109.1 m/s. This is because the circumferential
velocity of the sealing medium is related to the formation of
the dynamic air ﬁlm in the leakage gap. The greater the
circumferential speed, the better the dynamic pressure eﬀect.
Therefore, considering the slip of the wall surface, because the
speed of the sealing medium along the circumferential motion
decreases, it is not conducive to the formation of dynamic
pressure gas ﬁlm, which reduces the sealing eﬀect. This is also
very consistent with the stress reduction in Figure 8.
In order to analyze the inﬂuence of slippage on the
sealing performance of hydrodynamic ﬁnger under diﬀerent
pressure diﬀerences, the change of sealing medium in the
leakage channel of hydrodynamic ﬁnger seal was studied by
simulation analysis when the temperature was 500°C, and
the upstream and downstream pressure diﬀerences were
0.1 MPa, 0.2 MPa, and 0.3 MPa, respectively. As shown in
Table 2, the value of slip ratio under diﬀerent pressure
diﬀerence conditions is calculated by theoretical formula.
Figures 10 and 11 are the simulation results of gas ﬁlm
bearing capacity and leakage rate of hydrodynamic ﬁnger
seal under diﬀerent rotating speed and pressure diﬀerence
conditions, respectively.
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Figure 8: Continued.
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Figure 8: Pressure calculation results in the leakage channel. (a) No slip (v �100 m/s). (b) Slip (v �100 m/s). (c) No slip (v � 200 m/s). (d) Slip
(v � 200 m/s). (e) No slip (v � 300 m/s). (f ) Slip (v � 300 m/s). (g) No slip (v � 400 m/s). (h) Slip (v � 400 m/s).

As can be seen from Figure 10, when the rotor line speed
is ﬁxed, the bearing capacity of the air ﬁlm shows a gradual
increase with the increase of the pressure diﬀerence between
the upper and lower reaches of the seal. However, compared
with the slip of the wall surface, considering the slip, the
bearing capacity of the dynamic pressure ﬁlm in the leakage
gap appears to decrease, and this trend is more obvious with
the increase of rotor surface line speed and upstream and
downstream pressure diﬀerence. It can be seen that when the
pressure diﬀerence between the upper and lower reaches of
the seal is 0.1 MPa and the rotor line speeds are 100 m/s,
200 m/s, 300 m/s, and 400 m/s. Taking into account the

displacement slip rate of the leakage channel, the bearing
capacity of the gas ﬁlm was reduced by 5.81%, 10.71%,
14.78%, and 17.39%, and the reduction was reduced as the
pressure diﬀerence between the upper and lower reaches of
the seal increased. The decreases were 1.45%, 2.79%, 3.76%,
and 6.49%, respectively, when the pressure diﬀerence between the upper and lower reaches of the seal was 0.3 MPa.
This phenomenon shows that the higher the rotor speed, the
more obvious the wall slip eﬀect of the sealing medium in the
microleakage channel and the more obvious the eﬀect of the
hydrodynamic ﬁnger seal performance on the wall slip under
the pressure diﬀerence conditions of the same seal. However,
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Figure 9: Continued.
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Figure 9: Calculation results of velocity ﬁeld in the leakage channel. (a) Velocity streamline with no slip (v �100 m/s). (b) Velocity
streamline with wall slip (v �100 m/s). (c) Velocity streamline with no slip (v � 200 m/s). (d) Velocity streamline with wall slip (v � 200 m/s).
(e) Velocity streamline with no slip (v � 300 m/s). (g) Velocity streamline with no slip (v � 400 m/s). (f ) Velocity streamline with wall slip
(v � 300 m/s). (h) Velocity streamline with wall slip (v � 400 m/s).

Table 2: The slip rate under diﬀerent pressure diﬀerence
(T � 500°C).
Pressure diﬀerence
Slip rate

0.1 MPa (%)
27.28

0.2 MPa (%)
18.76

0.3 MPa (%)
14.29

it also shows that the eﬀect of pressure ﬂow eﬀect exceeds
that of shear ﬂow eﬀect when the pressure diﬀerence between the upper and lower reaches of the hydrodynamic
ﬁnger seal increases to a certain value. Therefore, when the
hydrodynamic ﬁnger seal is applied to the low-pressure
diﬀerential high speed, the impact of the wall slip in the
design cannot be ignored. When the pressure diﬀerence
between the upper and lower reaches of the seal increases to
a certain extent, the impact of the slip eﬀect can be considered according to the comprehensive impact.
It can be seen from Figure 11 that the leakage rate of the
hydrodynamic ﬁnger seal decreases gradually with the increase of the speed and increases gradually with the increase
of the pressure diﬀerence between the upper and lower
reaches of the seal. This is due to the pressure ﬂow eﬀect and
shear ﬂow eﬀect, and the reason is obvious. At the same time,
the results also show that the leakage rate of hydrodynamic
pressure ﬁnger seal increases under the same working
conditions compared with the calculation results without
considering the slip conditions of the wall surface. And this
trend is more signiﬁcant with the increase of rotor surface
line speed. It can be seen from the ﬁgure that, under the
pressure 0.1 MPa and the maximum speed of 400 m/s, the
leakage of the hydrodynamic ﬁnger seal increased by 14.06%
as considering the slip conditions of the wall surface. In
addition, under the same speed conditions, the pressure
diﬀerence between the upper and lower reaches of the seal is

0.2 MPa and 0.3 MPa, and the leakage volume increases by
4.78% and 3.92%, respectively, which is consistent with the
analysis results of the gas ﬁlm bearing capacity, and it
conﬁrms that the low-pressure diﬀerence is high under the
conditions of rotation speed. Thus, it is necessary to consider
the slip eﬀect of the wall in the design of hydrodynamic
ﬁnger seal.
The simulation results show that the ﬁlm bearing capacity is
decreased to the maximum value while leakage rate is increased
to the maximum at the speed of 400 m/s and pressure of
0.1 MPa. In order to further study and analyze the eﬀect of wall
slip on sealing performance at diﬀerent temperatures, Figures 12 and 13 give the variation of ﬁlm bearing capacity and
leakage rate under typical temperature conditions.
It can be seen from Figure 12 that the gas ﬁlm bearing
capacity shows a trend of decreasing and increasing with the
increase of temperature, and the change trend of slip or not
considering the wall surface shows the same, and 200°C is the
turning point of the change trend. The results also show that
the ﬁlm bearing capacity decreases by more than 12.51% when
slip on the wall is considered, and the maximum diﬀerence
reaches 17.39% at 500°C as the temperature increases.
The results of the calculation in Figure 13 show that, with
the increase of temperature, the leakage rate of the wall
surface considering the slip or not shows an increasing
trend, but considering the slip ratio of the wall surface, the
leakage rate is higher than considering the slip of the wall
surface. The diﬀerence between the wall slip and no wall slip
also shows a tendency to reduce ﬁrst and then increase, and
the increase in the value of 500°C reached a maximum of
14.06%, which is related to the reduction in the bearing
capacity of the gas ﬁlm after the slip of the wall and the
change in the size of the leakage channel. The results of the
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Figure 10: Gas ﬁlm bearing capacity under diﬀerent upstream and
downstream pressure diﬀerence and speed conditions at temperature of 500°C.

Figure 12: Gas ﬁlm bearing capacity under diﬀerent temperatures
(ΔP � 0.1 MPa, v � 400 m/s).
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Figure 11: Leakage rate under diﬀerent upstream and downstream
pressure and speed conditions at temperature of 500°C.

analysis in Figures 12 and 13 show that, with the increasing
inﬂuence of temperature on wall slip, the impact of wall slip
eﬀect needs to be considered when designing ﬁnger seal
under high temperature application conditions, in order to
design more accurate ﬁnger seal performance.
In order to further analyze the eﬀect of thermal eﬀect and
boundary slip on the sealing properties of ﬁnger, the displacement calculation results of the inner surface of ﬁnger
boots are given as shown in Figure 14. Considering the slip

8.44%
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0.20

7.51%

14.06%

25°C

100°C

200°C
Temperature

300°C

500°C

No slip
Slip

Figure 13: Leakage rate at diﬀerent temperatures (ΔP � 0.1 MPa,
v � 400 m/s).

eﬀect of the wall surface, the temperature has a consistent
trend of inﬂuence on the leakage gap of the ﬁnger seal. With
the increase of temperature, the deformation of the ﬁnger
seal boot shows the trend of ﬁrst decreasing and then increasing. However, considering the boundary slip, the deformation value of the ﬁnger seal boots under the same
temperature conditions is greatly reduced, which also shows
that it is necessary to consider the impact of wall slip. At the
same time, the results show that 200°C is a turning point in
the trend of change. When the temperature changes between
25°C and 200°C, as the temperature increases, it is aﬀected by
the thermal deformation eﬀect, and the leakage gap of the
ﬁnger seal appears to decrease.
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6. Conclusions
In this paper, the ﬂow ﬁeld model of hydrodynamic pressure
ﬁnger seal gap is established based on the theory of
microﬂow, and the slip eﬀect of ﬂuid seal is analyzed by CFX
simulation; the key conclusions are summarized as follows.
(1) The hydrodynamic pressure ﬁnger seal leakage
channel has microscale leakage ﬂow characteristics.
When the pressure diﬀerence is 0.1 MPa, the rotor
line speed is 400 m/s, and the ambient temperature is
500°C and the slip rate has reached 27.28%. Therefore, it is signiﬁcant to consider the impact of the wall
slip eﬀect in the design of hydrodynamic pressure
ﬁnger seal under high-speed conditions.
(2) After considering the slip eﬀect of the wall surface, the
bearing capacity of the ﬁlm decreases under the same
working conditions, and the decrease is more obvious
with the increase of the rotating speed. Under the
above conditions, the bearing capacity of the gas ﬁlm
decreases by 17.39% compared with that without
considering the slip, but the reduction value decreases
with the increase of the pressure diﬀerence between
the upper and lower reaches of the seal. It is explained
that when hydrodynamic pressure ﬁnger seal is applied to low-pressure diﬀerence and high speed, it is
necessary to consider wall slip in performance design.
(3) Considering the wall slip eﬀect, the leakage rate of
hydrodynamic ﬁnger seal increases under the same
working condition, and the increasing range is more
obvious with the increase of rotating speed. Under
the above conditions, the leakage rate increases by
14.06% compared with that without considering slip,
which shows that the eﬀect of wall slip in the design
of hydrodynamic ﬁnger seal cannot be ignored, and
it needs to be considered in the performance design.
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