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Finger seals are a new type of seal with good sealing performance and long service life. *e noncontacting feature relies on the gas
film force. However, when the seal works in an unsuitable environment or its design parameters are not reasonable, the lifting pad
may not be able to generate sufficient air film force. *is causes contact between the fingers and the rotor, resulting in a reduced
service life of the seal. In view of this situation, this paper proposes a method that can quickly determine whether there is enough
gas film force to lift the sealing finger at the design stage. *e aeroelastic coupling characteristics of the noncontacting finger seal
are studied in conditions where contact exists between the fingers and the rotor. *e influences of various environmental and key
structural parameters on the number of contact fingers, leakage, bearing force, and friction moment are studied. *e results show
that the pressure difference, eccentricity, and key design parameters have important effects on the number of contact fingers. *e
effect of rotation speed is relatively small. *is paper provides a time-efficient tool for the design of noncontacting finger seals,
which can quickly predict the performance of the sealing system.

1. Introduction

Gas turbines are widely used for high-power and high-ef-
ficiency applications. To ensure the proper operation of gas
turbines, stringent requirements are made on their internal
components. As essential components, advanced and well-
designed seal equipment can effectively reduce the leakage of
gas turbines. In recent years, many researchers have widely
studied a new adaptive seal, namely, finger seal [1], due to its
low cost and good sealing performance. A spring-mass-
damper equivalent dynamic model is used to obtain the seal
performance. Braun et al. [2] studied the effects of the fluid
stiffness, fluid damping, and finger stiffness on the phase
shift and displacement transmissibility. Chen et al. [3]
studied the displacement responses, leakage clearances, and
contact pressures of finger elements through a distributed
mass model. *e calculation results agree well with the
experimental data. Experimental tests [4] show that the
sealing performance of the finger seal is acceptable for
engines, but the seal exhibits some hysteresis, and wear

occurs at the beginning of the test. Guoqing et al. [5] ex-
perimentally studied the leakage and wear characteristics of
finger seals in hot/cold states. One interesting finding is that
double-laminate finger seals can achieve lower leakage in
cold conditions, while triple-laminate finger seals perform
better in hot conditions. A pressure-balanced finger seal [6]
is proposed, which can reduce the hysteresis. To reduce wear
and obtain a long-life application, a noncontacting finger
seal was presented by Proctor MP and Steinetz BM [7],
which has hydrodynamic lifting capabilities and a non-
contacting nature.

Dynamic models have been proposed to study non-
contacting finger seals. Braun et al. [8] studied the ther-
mofluid and dynamic behavior of a two-laminate finger seal.
Marie [9] provided theoretical supports for finger seal design
by parametrically studying a noncontacting finger seal as-
sembly. Du et al. [10] developed a semianalytical model that
can save computation time. *e dynamic properties of
noncontacting finger seals were found through the model. In
order to have an excellent sealing performance, the ratio of
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friction force to finger stiffness and the rotor excitation
amplitude should be as small as possible; the finger natural
frequency should be as large as possible [11]. *e fluid-solid
interaction method is another commonly used way to study
noncontacting finger seals. Yue et al. [12] used commercial
software to analyze the leakage, the pressure distribution
under lifting pads, the fluid flow through the finger seal, and
the displacement of lifting pads. Braun et al. [13] developed
solid models to study the deformations, stress of fingers, and
lifting capabilities for a better parametric design of a finger
seal. Zhang et al.[14] used a two-way fluid-structure inter-
action method to study the deformations of fingers and the
flow field through seal assembly. *e effects of different
groove structure lifting pads on leakage flows and the lifting
force on the finger were also studied. Studies show the
possibility of fingers contacting the rotor [15]. Jia et al. [16]
proposed a three-layer finger seal with grooved lifting pads.
A numerical method was used to investigate the effects of the
grooved structures on lifting and leakage performance. *e
grooved structure can significantly increase the lifting ca-
pacity of the finger seal and does not increase leakage too
much. Temis et al. [17] proposed a two-way fluid-solid
interaction method to calculate the seal characteristics of a
noncontacting finger seal. *e results of the method are very
close to those obtained by finite element software. Zhao et al.
[18] considered the side leakage flow into the seepage flow
through a porous medium to analyze the total leakage of
finger seals. Leakage is increased by 3 to 6% when con-
sidering side leakage. Fleming [19] presented an approxi-
mate solution to account for fluid inertia in gas flow through
rectangular seal pads. *e results show that fluid inertia has
beneficial influences on noncontacting finger seals. Proctor
et al. [20] tested a noncontacting finger seal with a grooved
rotor, and the noncontacting operation was achieved. Smith
and Braun [21] tested four-finger seal configurations whose
lifting properties and structure compliance were investigated
through parametric studies.

Above all, we can see that the leakage performance,
lifting ability, and effects of the structure and environmental
parameters of noncontacting finger seals are widely studied.
However, the noncontacting feature requires specific op-
erating conditions to be achieved because the lifting forces
generated by gas films are limited. When the rotor is at high
eccentricity or the seal is operating in an unsuitable working
condition, the lifting forces may not be enough to keep the
fingers noncontact with the rotor. It results in contact during
an operating rotor system. *e contact is inconsistent with
the original purpose and should be avoided at the design
stage. *us, how to determine if there is contact and the
effect of this contact should be studied.

In this paper, a method to determine whether there is
contact between the fingers and the rotor is proposed. *e
effects of contact on the static characteristics of the non-
contacting finger seal are studied. First, a basic analysis unit
is divided to calculate the finger deformation.*e formula of
gas films between the lifting pads and the rotor is deduced by
considering the deflection, rotation angle, and torsion of the
fingers. *e film forces and pressure distributions of the
lifting pads are obtained through gas lubrication theory.

*en, the proposedmethod is used to determine whether the
fingers are in contact with the rotor. Based on the judgment
results, the static characteristics of each finger are calculated.
For fingers not in contact with the rotor, an aeroelastic
model is used. For fingers in contact with the rotor, a
Coulomb friction model is used. Finally, the static charac-
teristics of the entire seal can be obtained by summing the
previous results of each finger. *e effects of structural
parameters, working conditions, and the number of contact
fingers are parametrically studied. Compared with the three-
dimensional finite element method, the method presented in
this paper can judge whether the designed noncontacting
finger seal can achieve the noncontacting feature under
specified working conditions at the design stage. Static
characteristics under various operating conditions when the
contact exists can be quickly calculated, thus providing a
time-efficient approach for the design of noncontacting
finger seals.

2. Method

2.1. Basic Analysis Units. As shown in Figure 1, the non-
contacting finger seal studied in this paper consists of one
high-pressure laminate, one low-pressure laminate, and
one backplate with a pressure-balanced design. Uniform
cuts of the laminates form flexible elements, which are
called fingers. *e gaps of the laminate are covered by the
fingers of the other laminate. Each low-pressure laminate
finger has a lifting pad to generate film force by the gas
film between the lifting pad and the rotor. *e film forces
lift the fingers, resulting in no contact between the fingers
and the rotor. However, film forces are limited, and it may
not be possible to keep the finger out of contact with the
rotor in some cases. For example, the fingers need a much
larger film force to generate enough deformation when the
rotor is under large eccentricity conditions. To better
investigate the static performance of the noncontacting
finger seal, the finger model and the fluid model need to be
built first.

*e structure of both laminates is periodically sym-
metrical, and the basic unit is divided according to the
structural characteristic. As shown in Figure 2, each basic
unit consists of two split high-pressure fingers and one low-
pressure finger. During the calculation, it is assumed that
there is no relative displacement between the fingers of the
same basic unit. *e backplate provides support for the
fingers and greatly reduces their axial deformation.*us, the
axial deformations of fingers are neglected during the
analysis.

2.2. Forces Calculation under Fluid Lubrication Condition.
Based on the assumptions above, the deformation of the
basic units can be obtained by the low-pressure finger.
Figure 3 shows the schematic of a low-pressure finger under
fluid lubrication. *e finger is subject to three forces in the
y-z plane. Fk represents the force acting on the low-pressure
finger by the high-pressure finger. *e direction of Fk is
shown in Figure 3. *e magnitude of Fk is
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Fk � k · u, (1)

where k is the stiffness of the high-pressure finger and u is
the deformation of the high-pressure finger.

*e stiffness of the finger can be obtained by applying a
radial unit force at the end of the high-pressure finger and
calculating the corresponding deformation. *e

deformation is calculated in the same way as the defor-
mation of the low-pressure finger is obtained in equation (9).

Ff represents the friction force between the low-pressure
finger and the backplate. It is greatly reduced by the pres-
sure-balanced dam and is much smaller than Fk and the film
force (Fh) which means it has little effect on the deformation.
Ff always hinders the finger deformation. *us, the direction
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of Ff is considered downward during the calculation. *e
magnitudes of Ff are calculated by the following equation:

Ff � μlb · Plb · Alb, (2)

where μlb is the friction coefficient between the low-pressure
fingers and backplate, Plb is the pressure that pushes the
finger laminate against the backplate, and Alb is the contact
area between the low-pressure laminate and the backplate.

Fh represents the film force generated by the film be-
tween the lifting pad and the rotor surface. *e film consists
of four parts: the rotor eccentricity, finger deformations,
wedge shape of the lifting pad, and initial installation gap. As
shown in Figure 4, the film thickness of a basic unit can be
deduced:

hif
(θ) � −e · cos(θ − ϕ) + T uif

+ hrif
(θ) + hw(θ)  + hinit,

αrif ≤ θ≤ αrif + θp, if � 1, 2, 3 . . . nf,

(3)

where uif is the finger radial deformation, e is the rotor
eccentricity, φ is the attitude angle, hrif is the film change due
to rotation angle of fingers, hw is the wedge under lifting

pads, T is the film change due to the torsion of fingers, hinit is
the initial installation gap, αr is the finger repeat angle, and nf
is the number of fingers.

*e wedge under each lifting pad is shown in Figure 5.
*e dashed line represents the original shape of the lifting
pad, and hwmin and hwmax are the minimum and maximum
values of the wedge, respectively.

*e film force and pressure distribution under lifting
pads are determined by the nonlinear compressible Rey-
nolds equation:
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*e static compressible dimensionless form is as follows:
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where p � p/pl, h � h/C0, y � y/L, and Λx � 6ωμ0R2/plC
2
0.

Equation (6) is linearized by using the Newton–Raphson
method [22]:
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(6)

where δ � pξ+1 − pξ , n � 0, 1, 2, . . ., and ξ is the number of
iterations.

*e finite difference method is used to discretize the
linearized equation. *e iterative formula can be obtained:

ai,jδi−1,j + bi,jδi+1,j + ci,jδi,j + di,jδi,j−1 + ei,jδi,j+1 � Si,j, (7)

where i, j are indices for the grid in the circumferential and
radial directions, respectively, and ai,j, bi,j, ci,j, di,j, ei,j, Si,j

are coefficients shown in the appendix.
*e boundary condition of the calculation area is defined

in this way: among the four sides of the lifting pad, the
pressure of the high-pressure side is related to the axial
thickness of the laminate and the axial length of the lifting

pad. *e pressures of the other three sides are equal to the
downstream pressure. *e boundary conditions can be
obtained as follows:

p(1: n + 1, 1) � Lph/(b + L)pl

p(1, 2: m + 1) � p(n + 1, 2: m + 1) � p(1: n + 1, m + 1) � pl,


(8)

where b is the axial width of the finger laminate, L is the axial
length of the lifting pad, and n and m are the numbers of
grids.

*en, the deformation of the low-pressure finger is
calculated by using Mohr’s integrals [23], and the torsional
deformation is obtained using elasticity theory:
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where uh, Nh, Mh, and Qh are finger deformation in the
radial direction, the axial force, bending moment, and shear
force under the fluid lubrication condition, respectively; N,
M, and Q are the internal forces due to the unit load, and A
and I are the area and moment inertia of a cross section; E
and G are Young’s modulus and shear modulus of elasticity,
for rectangular cross section η� 1.2, αul is the curvature of
the fingers, τ is the twist angle,MT is the torque, bs and hs are
the cross-sectional parameters, and βT is the factor deter-
mined by bs and hs.

2.3. Forces Calculation under Contact Condition. When the
finger is in contact with the rotor, the film force is replaced
by the contact force applied by the rotor. Due to the small
circumferential length of the lifting pad, the surface of the
rotor can be considered a plane with respect to the lifting pad
during the contact judgment. Since the axial deformation is
neglected, the torsion does not affect the judgment of the

contact position, which means that T in equation (3) is taken
as a unit matrix in the process of judgment. *us, it can be
seen from Figure 5 that the rotor first contacts the finger at
position 1 or 2.

When the rotation angle is small, it has little effect on the
film thickness, which means that the first contact is at po-
sition 1. From (3), the finger deformation under this con-
dition can be obtained:

u1 � −e · cos θ1 − φ(  − hrif
− hwmin − hinit, (10)

where θ1 is the angle of position 1.
Similarly, the first contact position is at position 2 when

the rotation angle is large. *e finger deformation is

u2 � −e · cos θ2 − φ(  − hrif
− hwmax − hinit, (11)

where θ2 is the angle of position 2.
*e process for determining the contact position is

shown in Figure 6. Take the direction of the green arrow in
Figure 4 as the positive direction. For each finger, the
possible deformation (u1 or u2) when contact occurs can be
calculated by equations (10) and (11). Due to the pressure
difference, the finger deformations should be positive. If u1
and u2 are negative, it means that the finger needs to produce
a negative displacement to contact the rotor. *is is in-
consistent with the above conclusion. In other words, there
is no contact between the finger and the rotor. If u1 and u2
have positive and negative values, the contact is at the
position corresponding to the positive value. If both u1 and
u2 are positive, the contact is assumed to be at position 1, and
then the film thickness is calculated. If contact does occur at
position 1, the film thickness at position 1 (h1) should be less
than that at position 2 (h2). *en, contact is considered to
occur at position 1; otherwise, contact occurs at position 2.
*e deformation of the contact finger (uc) is obtained.

Using uc, Fk is determined by equation (1). When there is
contact between the rotor and the finger, the force acting on
the finger is denoted by Fc. Fc satisfies the condition that the
deformation of the finger under the forces of Fk, Ff, and Fc is
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equal to uc. Figure 7 shows the process of finding Fc. After
entering the initial values, the finger deformation when the
finger contacts the rotor (ucnew) is calculated by

ucnew � 
αul

0

NNc

EA
+

MMc

EI
+ η

QQc

GA
 Rsdα, (12)

where Nc, Mc, and Qc are the axial force, bending moment,
and shear force of the finger under the contact condition,
respectively.

Compare uc and ucnew. If the absolute value of the relative
error is greater than 10−6, update the value of Fc according to
the formula shown in Figure 7. Calculate ucnew again with
new Fc (Fcnew). *is process is repeated until the relative
error is less than 10−6. *en, the contact force Fc is obtained.

To judge whether a finger contacts the rotor, the rela-
tionship between the film force and the film thickness should
be obtained first. *e film thickness ratio describes the re-
lationship between the minimum film thickness and surface
roughness [24]:

c �
hmin

R
2
ar + R

2
ap 

1/2, (13)

where c is the film thickness ratio and Rar and Rap are the
surface roughness of the rotor and the lifting pad,
respectively.

When the lifting pad is not in fluid lubrication, a gas film
between the lifting pad and the rotor cannot be formed,
which results in contact. *is paper does not consider the
mixed lubrication state. *e value of c is taken as 3 to
determine the minimum film thickness. As shown in

Figure 8(a), the film force is larger than the contact force to
the left of the dotted line, which means that the film can
generate enough film force to lift this finger. As shown in
Figure 8(b), the film between the lifting pad and the rotor is
divergent due to the large rotation angle of the fingers. *e
film force increases with increasing film thickness. *e
contact force is always larger than the film force over the
entire range of film thicknesses. *e film force is not great
enough to lift this finger.*us, the finger is judged to contact
the rotor.

*e comparison between the previous simulation results
and the results calculated using this paper’s data and
methods is shown in Figure 9. *e figure shows the force
acting on the rotor in the z-direction (shown in Figure 4) at
different attitude angles of the rotor. It can be seen that the
variation trend of the forces is in good agreement. When
contact exists between the lifting pads and the rotor, the
force acting on the rotor increases significantly.

2.4. Static Performance. *is paper calculates four static
characteristics of noncontacting finger seals: leakage, lift
force, friction moment, and bearing force. Leakage under
fluid lubrication is defined as follows:
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When the average axial flow velocity is larger than the
local sound velocity, the gap between the lifting pad and
rotor is considered chocked. *e local sound velocity is used
to simplify and replace the average axial velocity of gas flow.
*e leakage when chocked flow occurs is defined as
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Q � ρVAs, (15)

where ρ is the density of the upstream gas, V is the average
axial flow velocity, and As is the sectional film area.

After the finger contacts the rotor, its deformation is
complex to predict. On the other hand, the thickness under
the contacting finger is much smaller than that under the
noncontacting finger. *us, the leakage of the fingers under
contact conditions is ignored.

*e lift force of each gas film is defined as

FL � B
Ap

p(θ, y) − pL( Rdθdy, (16)

where Ap is the area of the lifting pads and pL is the
downstream pressure.

For the fingers under fluid lubrication, the bearing force
and the friction moment acting on the rotor by each finger
are defined as follows:
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For the fingers under the contact condition,
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Fhc � Fc cos θ,

Fvc � Fc sin θ,


Mfc � μfrFcRr,

(18)

where μfr is the friction coefficient between the fingers and
rotor.

*us, the bearing force and friction moment acting on
the rotor are

W �

�����������������������������������������
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where nh and nc are the number of fingers under the fluid
lubrication and contact conditions, respectively.

*e aeroelastic coupling calculation flow is shown in
Figure 10. *e convergence conditions are as follows:

max abs
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h
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− h
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h
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,
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(20)

where λ is the number of iterations.

3. Results

*e parameters of the noncontacting finger seal in this paper
are given in Table 1.

Figure 11 shows the effects of eccentricity at different
pressure differences. As shown in Figure 11(a), the leakage
decreases first and then increases at 50 kPa pressure dif-
ference. As the eccentricity increases, some of the clearances
are reduced, resulting in a decrease in leakage. *e clear-
ances under the other lifting pads are increased, resulting in
an increase in leakage. Figure 11(d) shows the leakage of
each finger at different eccentricity and pressure differences
(fingers 1 to 80 are numbered according to the circumfer-
ential direction). *e reduced leakages through fingers 1 to
20 and 61 to 80 are less than the increased leakages through
fingers 40 to 60 at 0.16 eccentricity and 50 kPa pressure
difference. *us, the total leakage is reduced. *e leakages
through clearances are reduced because of the contact
(fingers 1 to 14 and 70 to 80) and the eccentricity (fingers 15
to 20 and 61 to 69) at 0.64 eccentricity and 150 kPa pressure
difference. However, the total leakage is still greater than that
at 0 eccentricity due to the increased film thickness caused by
the increased eccentricity. When the pressure difference is
equal to 50 kPa, a slight decrease in leakage with increasing
eccentricity appears in the eccentricity range of 0.08 to 0.24.
When the pressure difference is equal to 150 kPa, this change

occurs in the eccentricity range of 0.32 to 0.56. *is is due to
the larger finger deformations and the greater clearance
between the lifting pads and the rotor under the high-
pressure difference.

Figures 11(b) and 11(c) show the friction moment and
bearing force for various eccentricities at different pressure
differences. *ey increase with increasing eccentricity and
are greater at 50 kPa pressure difference than at 150 kPa
pressure difference. *is is because the film forces are
smaller at low-pressure differences, resulting in more fingers
in contact with the rotor. As shown in Figure 11(e), when
there is no contact between the rotor and the fingers, the
pressure distributions are similar for most gas films, making
the bearing force, that is, the combined force acting on the
rotor, small. When contact occurs between the fingers and
the rotor, the contacting force is greater than the film force,
resulting in a significant increase in the bearing force. *e
higher the eccentricity is, the higher the number of sealing
fingers in contact is, and the higher the bearing force and
friction moment are.

Figure 12 shows the effects of rotation speed at 100 kPa
pressure difference and different eccentricities. As shown in
Figure 12(a), the leakage decreases with increasing rotation
speed. *e rotation angles of the fingers are large at 100 kPa
pressure difference, which means that the gas films are
divergent.*e higher the rotation speed is, the lower the film
force is and the smaller the clearance is, resulting in de-
creased leakage. When the rotor is at high eccentricity, the
decrease in the film force leads to contact between the finger
and the rotor. From Figure 12(b), the friction moment
increases with increasing rotation speed. At 0.2 eccentricity,
the increase in friction moment is continuous because there
is no contact between fingers and the rotor. Negative friction
moments occur at a low rotation speed, which means that
the direction of the friction moment is the same as the
rotation speed. For a divergent gas film at 100 kPa pressure
difference, the friction moment generated by the pressure
difference is in the same direction as the rotating speed
(expressed as the negative direction in this paper). When the
rotating speed is low, the friction moment is mainly gen-
erated by the pressure difference. With increasing rotation
speed, the friction moment generated by rotation increases,
and the friction moment becomes positive (opposite to the
direction of rotation). At 0.6 eccentricity, the friction mo-
ment consists of two types: the friction moment caused by
contact and the friction moment caused by the gas film. *e
higher the rotation speed is, the bigger the number of contact
fingers is and the greater the Coulomb friction of all contact
fingers is. As shown in Figure 12(c), the rotation speed has
no significant effect on the bearing force at 0.2 eccentricity,
which means that the film force is mainly generated by the
pressure difference. *ere is no contact between the fingers
and the rotor. At 0.6 eccentricity, the bearing force increases
and then does not change significantly with increasing ro-
tation speed. *is is because the increase in the number of
contact fingers at 0.6 eccentricity leads to an increase in
bearing force.

Figure 13 shows the effect of pressure difference. As
shown in Figure 13(a), the leakage increases, and the number
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of contact fingers decreases as the pressure difference in-
creases. *e increase in pressure difference results in in-
creased film forces, which reduces the number of contact
fingers. Figure 13(d) shows the leakage of each finger at
different pressure differences and eccentricities. Leakage at
high eccentricity is not always high, which corresponds to
the discussion of eccentricity above. As shown in
Figure 13(b), the friction moment decreases with increasing
pressure difference. However, the reasons for the decreases
are different. At 0.2 eccentricity, all the fingers are under
fluid lubrication. With increasing pressure difference, the
film thickness increases, which means that the friction
moment caused by the rotation speed decreases. At 0.6

eccentricity, the decrease is due to the reduction in the
number of contact fingers. As shown in Figure 13(c), the
bearing force decreases with increasing pressure difference.
*is is because the forces acting on the rotor by each finger
are gradually the same. *is phenomenon is further illus-
trated in Figure 13(e), which shows each finger’s force acting
on the rotor at different pressure differences and eccen-
tricities. When the pressure difference is 13 kPa, the bearing
force is the combined force of the film forces at 0.2 ec-
centricity; the bearing force is the combined force of the film
forces and the contact forces at 0.6 eccentricity. When the
pressure difference is 200 kPa, the forces acting on the rotor
by each finger are almost the same.

Input initial
values

Contact
check

Determine the
contact position 

Calculate
contact force

Static
characteristics

Calculate film
thickness

Calculate
pressure results

Convergence
condition

Update film
thickness

Yes

No

No

Yes

Figure 10: Calculation flow of bearing characteristic.

Table 1: Parameters of noncontacting finger seal.

Parameters Symbol Value Units
Finger base radius Rb 114.12 mm
Stick arc radius Rs 110.00 mm
Number of fingers Nf 80 —
Rotor radius Rr 107.92 mm
Foot upper radius Rf 109.22 mm
Radius of circle of centers Rcc 25.20 mm
Gap width Gp 0.38 mm
*ickness of finger laminate b 1.00 mm
Pad axial length B 0.64 mm
Minimum height of the wedge hwmin 18 μm
Maximum height of the wedge hwmax 36 μm
Initial installation gap hinit 30 μm
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Figure 14 shows the effect of the number of fingers at a
100 kPa pressure difference, eccentricity of 0.6, and rotation
speed of 8000 rpm. *e average film force decreases with an
increasing number of fingers because the circumferential
length of the lifting pad (B) decreases. L/B in Figure 14

represents the ratio of the axial length to the circumferential
length of the lifting pads. As shown in Figure 14, the leakage
increases with the number of fingers; the friction moment
and bearing force decrease with the number of fingers. *e
leakages of the square pads (L/B� 1) are greater than those of
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Figure 11: Effect of eccentricity. (a) Leakage for various eccentricities. (b) Friction moment for various eccentricities. (c) Bearing force for
various eccentricities. (d) Leakage of each finger. (e) Pressure distribution of each finger.
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Figure 12: Effect of rotation speed. (a) Leakage for various rotation speeds. (b) Friction moment for various rotation speeds. (c) Bearing
force for various rotation speeds.
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Figure 13: Continued.
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the wider pads (L/B� 0.5) because the square pads can
generate more film force to lift the fingers, resulting in a
higher increase in the clearances. *e finger stiffness de-
creases with the increase in the number of fingers, and the
finger deformations increase with the number of fingers
under the same working environment. *us, the clearances
are increased, and the pressure distributions of each finger
are almost the same, which results in the increase in the
leakage and the decrease in the bearing force and friction
moment.

4. Conclusion

In this paper, the static characteristics of noncontacting
finger seals are studied when the seal works in an inap-
propriate environment or its design is unreasonable, which
means contact may exist between the fingers and the rotor. A
method to judge whether the fingers contact the rotor is
proposed. *e effects of various structural and environ-
mental parameters are studied. Detailed conclusions are
summarized as follows:

(1) *e contact between the fingers and the rotor re-
duces the leakage and significantly increases the
bearing force and friction moment.*is reduction or
increase is proportional to the number of contact
fingers.

(2) *e higher the pressure difference is and the lower
the eccentricity is, the less likely the finger is to
contact the rotor. *e effect of rotation speed on the
number of contact fingers is significantly smaller
than pressure difference and eccentricity. *erefore,
the pressure difference and rotor vibration

amplitude should be considered the main environ-
mental parameters in the design phase.

(3) As the number of fingers increases, the film force,
friction moment, and bearing force decrease, and the
leakage increases.Wider pads can generate more film
force than square pads. *e square pads have smaller
bearing forces and friction moments but have higher
leakages than the wider pads.*e greater the number
of fingers is or the longer the axial length of the lifting
pads is, the less likely the fingers come into contact
with the rotor. *e noncontacting feature is easier to
achieve.

Abbreviations

A: Cross-sectional area
b: Axial thickness of seal laminate
e: Eccentricity distance
Ff: Friction force between low-pressure finger laminate

and backplate
Fhc,
Fvc:

Horizontal and vertical components of contact
force

Fh: Film force
h: Local film thickness
hif: Film thickness of the i-th finger
hrif: Film change due to rotation angle
hwmin: Minimum pad wedge
I: Moment of inertia
L: Axial length of lifting pad
M: Unit bending moment
Mh: Bending moment of noncontact finger
N: Axial force
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Figure 14: Effects of the number of fingers. (a) Leakages for various numbers of fingers. (b) Frictionmoment for various numbers of fingers.
(c) Bearing force for various numbers of fingers.
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nf: Number of fingers
O: Diameter center of seal outer diameter
k: Stiffness of high-pressure finger
p: Pressure
ph: Upstream pressure
Rs: Stick arc radius
Rf: Foot upper radius
Rcc: Radius of circle of centers
uc: Finger deformation of contact finger
uh: Finger deformation under fluid lubrication
αul: Curvature of the finger
μfr: Friction coefficient between finger and rotor
θ1, θ2: Circumferential angles of the contact position
θ: Circumferential angle
φ: Attitude angle
As: Sectional film area
Alb: Contact area between the low-pressure laminate

and the backplate
E: Young’s module
W: Bearing force
Fk: Force between two laminates
Fhh,
Fvh:

Horizontal and vertical components of film force

Fc: Contact force
h: Dimensionless film thickness
hinit: Initial installation gap
hw: Wedge under lifting pad
hwmax: Maximum pad wedge
if: Finger number
M: Bending moment
m: Number of circumferential grids
Mc: Bending moment of contact finger
N: Unit axial force
n: Number of axial grids
O2: Diameter center of rotor
Plb: Pressure that pushes the finger laminate against the

backplate
p: Dimensionless pressure
pl: Downstream pressure
Rr: Rotor radius
Rb: Finger base radius
u: Deformations of fingers
u1, u2: Finger deformations of positions 1 and 2
αr: Finger repeat angle
μ: Gas viscosity
μlb: Friction coefficient between low-pressure laminate

and backplate
ε: Eccentricity
θp: Arc degree of lifting pad
Λx: Compressibility number.

Appendix

*e coefficients of equation (7) are as follows:

ai,j � −
h
3
i,j pi+1,j − pi−1,j 

2Δθ2
−
3pi,jh

2
i,j hi+1,j − hi−1,j 

4Δθ2
+
Λxhi,j

2Δθ
+

pi,jh
3
i,j

Δθ2

bi,j �
h
3
i,j pi+1,j − pi−1,j 

2Δθ2
+
3pi,jh

2
i,j hi+1,j − hi−1,j 

4Δθ2
−
Λxhi,j

2Δθ
+

pi,jh
3
i,j

Δθ2

ci,j � +
3
4
h
2
i,j

pi+1,j − pi−1,j  hi+1,j − hi−1,j 

Δθ2

+
R
2

L
2

pi,j+1 − pi,j−1  hi,j+1 − hi,j−1 

Δy2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+ h
3
i,j

pi+1,j − 2pi,j + pi−1,j

Δθ2
+

R
2

L
2

pi,j+1 − 2pi,j + pi,j−1

Δy2 

− 2h
3
i,j

pi,j

Δθ2
+

R
2

L
2

pi,j

Δy2  − Λx

hi+1,j − hi−1,j 

2Δθ

di,j �
R
2

L
2

pi,jh
3
i,j

Δy2 −
3
4

R
2

L
2

pi,jh
2
i,j hi,j+1 − hi,j−1 

Δy2

−
R
2

2L
2

h
3
i,j pi,j+1 − pi,j−1 

Δy2

ei,j �
R
2

L
2

pi,jh
3
i,j

Δy2 +
R
2

2L
2

h
3
i,j pi,j+1 − pi,j−1 

Δy2 +
3R

2

4L
2

pi,jh
2
i,j hi,j+1 − hi,j−1 

Δy2

Si,j � −pi,jh
3
i,j

pi+1,j − 2pi,j + pi−1,j

Δθ2
+

R
2

L
2

pi,j+1 − 2pi,j + pi,j−1

Δy2 

− h
3
i,j

pi+1,j − pi− 1,j 
2

4Δθ2
+

R
2

L
2

pi,j+1 − pi,j− 1 
2

4Δy2
⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦

−
3pi,jh

2
i,j

4

pi+1,j − pi−1,j  hi+1,j − hi−1,j 

Δθ2

+
R
2

L
2

pi,j+1 − pi,j−1  hi,j+1 − hi,j−1 

Δy2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

+
Λx

2Δθ
hi,j pi+1,j − pi−1,j  + pi,j hi+1,j − hi−1,j  .

(A.1)

Data Availability

*e data calculation results used to support the findings of
this study are included within the article.

Conflicts of Interest

*e authors declare that they have no conflicts of interest.

14 Shock and Vibration



Acknowledgments

*is work was supported by the National Natural Science
Foundation of China (Grants nos. 11972131 and 12072089)
and National Science and Technology Major Project (Grant
no. 2017-IV-0010-0047).

References

[1] M. C. Johnson and E. G. Medlin, “Laminated finger seal with
logarithmic curvature,” USA, Patent No. 5108116, 1992.

[2] M. J. Braun, F. K. Choy, and H. M. Pierson, “Structural and
dynamic considerations towards the design of padded finger
seals,” in Proceedings of the 39th AIAA/ASME/SAE/ASEE Joint
Propulsion Conference and Exhibit, p. 4698, Huntsville, AL,
USA, 2003.

[3] G.-D. Chen, F. Lu, Q.-P. Yu, and H. Su, “Dynamic analysis of
finger seal using equivalent model based on distributed mass
method,” Proceedings of the Institution of Mechanical Engi-
neers, vol. 228, no. 16, pp. 2992–3005, 2014.

[4] M. P. Proctor, A. Kumar, and I. R. Delgado, “High-speed,
high-temperature finger seal test results,” Journal of Pro-
pulsion and Power, vol. 20, no. 2, pp. 312–318, 2004.

[5] L. Guoqing, Z. Qian, G. Lei, Y. Qiangpeng, X. Gang, and
Z. Junqiang, “Leakage and wear characteristics of finger seal in
hot/cold state for aero-engine,” Tribology International,
vol. 127, pp. 209–218, 2018.

[6] G. K. Arora and D. L. Glick, “Pressure balanced finger seal,”
USA, Patent No. 5755445, 1998.

[7] M. P. Proctor and B. M. Steinetz, “Noncontacting finger seal,”
USA, Patent No. 6811154, 2004.

[8] M. J. Braun, H. M. Pierson, and D. Deng, “*ermofluids
considerations and the dynamic behavior of a finger seal
assembly,” Tribology Transactions, vol. 48, no. 4, pp. 531–547,
2005.

[9] H. Marie, “Dynamic simulation of finger seal-rotor interac-
tion using variable dynamic coefficients,” in Proceedings of the
42nd AIAA/ASME/SAE/ASEE Joint Propulsion Conference &
Exhibit, p. 4931, Sacramento, FL, USA, 2006.

[10] K. Du, Y. Li, S. Suo, and Y. Wang, “Semi-analytical dynamic
analysis of noncontacting finger seals,” International Journal
of Structural Stability and Dynamics, vol. 15, no. 04, Article ID
1450060, 2015.

[11] K. Du, Y. Li, S. Suo, and Y. Wang, “Dynamic leakage analysis
of noncontacting finger seals based on dynamic model,”
Journal of Engineering for Gas Turbines & Power, vol. 137,
no. 9, 2015.

[12] G. Yue, Q. Zheng, and R. Zhu, “Numerical simulation of a
padded finger seal,” in Proceedings of the Turbo Expo: Power
for Land, Sea, and Air, pp. 263–271, Berlin, Germany, June
2008.

[13] M. J. Braun, H. M. Pierson, and V. V. Kudriavtsev, “Finger
seal solid modeling design and some solid/fluid interaction
considerations,” Tribology Transactions, vol. 46, no. 4,
pp. 566–575, 2003.

[14] H. Zhang, B. Chai, B. Jiang, Q. Zheng, and G. Yue, “Numerical
analysis of finger seal with grooves on lifting pads,” Journal of
Propulsion and Power, vol. 31, no. 3, pp. 805–814, 2015.

[15] H. Zhang, Q. Zheng, and G. Yue, “Study on the leakage and
deformation characteristics of the finger seals by using nu-
merical simulation,” in Proceedings of the Turbo Expo: Power
for Land, Sea, and Air, pp. 1179–1190, Glasgow, UK, June
2010.

[16] X. Jia, Q. Zheng, Z. Tian, Y. Jiang, and H. Zhang, “Numerical
investigations on lifting and flow performance of finger seal
with grooved pad,” Aerospace Science and Technology, vol. 81,
no. OCT, pp. 225–236, 2018.

[17] J. M. Temis, A. V. Selivanov, and I. J. Dzeva, “Finger seal
design based on fluid-solid interaction model,” in Proceedings
of the Turbo Expo: Power for Land, Sea, and Air, pp. V3A–
V15A, American Society of Mechanical Engineers (ASME),
San Antonio, Texas, USA, June 2013.

[18] H. Zhao, H. Su, and G. Chen, “Analysis of total leakage of
finger seal with side leakage flow,” Tribology International,
vol. 150, Article ID 106371, 2020.

[19] D. P. Fleming,Approximate solution for choked flow in gas seal
pads, Glenn Research Center, Cleveland, Ohio, 2004.

[20] M. Proctor and I. Delgado, “Preliminary test results of non-
contacting finger seal on herringbone-grooved rotor,” in
Proceedings of the 44th AIAA/ASME/SAE/ASEE Joint Pro-
pulsion Conference & Exhibit, p. 4506, Columbus, OH, USA,
2008.

[21] I. M. Smith and M. J. Braun, “A parametric experimental
investigation and performance comparison of four finger seal
embodiments,” in Proceedings of the International Joint Tri-
bology Conference, pp. 349–351, San Diego, California, USA,
October 2007.

[22] N. Wang, S. Chang, and H. Huang, “Comparison of iterative
methods for the solution of compressible-fluid Reynolds
equation,” Journal of Tribology, vol. 133, no. 2, 2011.

[23] I. A. Karnovsky, Leory of Arched Structures: Strength, Sta-
bility, Vibration, Springer Science & Business Media, New
York, NY, USA, 2011.

[24] B. J. Hamrock, B. J. Schmid, and B. O. Jacobson, Funda-
mentals of Fluid Film Lubrication, CRC Press, Florida, USA,
2004.

Shock and Vibration 15


