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Finger seals are a new type of seal with good sealing performance and long service life. The 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. This 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. The aeroelastic coupling characteristics of the noncontacting finger seal
are studied in conditions where contact exists between the fingers and the rotor. The influences of various environmental and key
structural parameters on the number of contact fingers, leakage, bearing force, and friction moment are studied. The results show
that the pressure difference, eccentricity, and key design parameters have important effects on the number of contact fingers. The
effect of rotation speed is relatively small. This 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. The 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. The 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]. The 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. The 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. The
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. The 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. The 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. The contact is inconsistent with
the original purpose and should be avoided at the design
stage. Thus, 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. The
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. The formula of
gas films between the lifting pads and the rotor is deduced by
considering the deflection, rotation angle, and torsion of the
fingers. The film forces and pressure distributions of the
lifting pads are obtained through gas lubrication theory.
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Then, the proposed method 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. The 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. The 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. The 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.

The 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. The backplate provides support for the
fingers and greatly reduces their axial deformation. Thus, 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. The finger is subject to three forces in the
y-z plane. F represents the force acting on the low-pressure
finger by the high-pressure finger. The direction of Fj is
shown in Figure 3. The magnitude of Fj is
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FIGURE 1: Structure of noncontacting finger seal.
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FIGURE 2: Basic unit of the noncontacting finger seal.
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FIGURE 3: Schematic of the low-pressure finger.

szk'u, (1)

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

The 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.  The

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

Fyrepresents 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 F; and the film
force (Fj) which means it has little effect on the deformation.
Fralways hinders the finger deformation. Thus, the direction



of Fyis considered downward during the calculation. The
magnitudes of Fyare calculated by the following equation:

(2)

where yy;, is the friction coefficient between the low-pressure
fingers and backplate, Py, is the pressure that pushes the
finger laminate against the backplate, and Ay, is the contact
area between the low-pressure laminate and the backplate.

F;, represents the film force generated by the film be-
tween the lifting pad and the rotor surface. The 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:

Fp=yy- Py Ay,

by (6) = —¢- cos(6-¢) + T(uif +hy (6) + hw(9)> “h

init>
(xrifSHS(xrif + 9}7’ If = 1,2,3. . .nf,
(3)

where u;s is the finger radial deformation, e is the rotor
eccentricity, ¢ is the attitude angle, h,is the film change due

to rotation angle of fingers, h,, is the wedge under lifting
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pads, T'is the film change due to the torsion of fingers, h;,; is
the initial installation gap, a, is the finger repeat angle, and ny
is the number of fingers.

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

The film force and pressure distribution under lifting
pads are determined by the nonlinear compressible Rey-
nolds equation:

1 03 aP 3 P
(4)
The static compressible dimensionless form is as follows:
0 (_-30p _-30p 0 ,_~—
bt < YNl 5
36 (ph ae) y<Ph ay) Mg (PR ©)

where p = p/p,, h = h/Cy, ¥ = yIL, and A, = 6wuyR*/p,C3.
Equation (6) is linearized by using the Newton-Raphson
method [22]:
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where 8§ = pé+1 _?f, n=0,1,2,..
iterations.

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

a;j0;_1;+b; ;01 +¢;0;; +d; ;6 0, (7)

i,jVi-1,j i,jVi+1,j 1,7 1,] i,j 1]+1=
where i, j are indices for the grid in the circumferential and
radial directions, respectively, and a; ;,b; d; S
are coefficients shown in the appendix.

The 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

., and ¢ is the number of

i1 te i

1]761]’ l]’el]’

A I e 4
36 00 LZaya)+ (

26" P ae)

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

b

{p(l: n+1,1)=Lp,/(b+L)p,
(8)

P(L,2m+1)=pn+1,2:m+1) =
where b is the axial width of the finger laminate, L is the axial
length of the lifting pad, and » and m are the numbers of
grids.
Then, the deformation of the low-pressure finger is
calculated by using Mohr’s integrals [23], and the torsional
deformation is obtained using elasticity theory:

p(lin+l,m+1)=
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FIGURE 4: Schematic of the film thickness. (a) Axial schematic diagram. (b) Displacement of a finger.
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FIGURE 5: Wedge under the lifting pads.
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where uy, N, M, and Q, 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 1 =1.2, a,; is the curvature of
the fingers, 7 is the twist angle, Mris the torque, b, and h; are
the cross-sectional parameters, and fr is the factor deter-
mined by b, and A

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. Thus, 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:

up =—e- cos(6, - ¢) - Hyi, = Pumin = Binios (10)
where 0, is the angle of position 1.
Similarly, the first contact position is at position 2 when

the rotation angle is large. The finger deformation is

U, =-e- COS(GZ - (P) - hrif - hwmax - hinit’ (11)
where 0, is the angle of position 2.

The 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 (u, or u,) when contact occurs can be
calculated by equations (10) and (11). Due to the pressure
difference, the finger deformations should be positive. If u,
and u, are negative, it means that the finger needs to produce
a negative displacement to contact the rotor. This is in-
consistent with the above conclusion. In other words, there
is no contact between the finger and the rotor. If 4; and u,
have positive and negative values, the contact is at the
position corresponding to the positive value. If both #; and
u, 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 (h;) should be less
than that at position 2 (h,). Then, contact is considered to
occur at position 1; otherwise, contact occurs at position 2.
The deformation of the contact finger (u.) is obtained.

Using u,, Fy is determined by equation (1). When there is
contact between the rotor and the finger, the force acting on
the finger is denoted by F.. F, satisfies the condition that the
deformation of the finger under the forces of Fy, Fy; and F_ is
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Ficure 6: Flow of contact position determination.

equal to u.. Figure 7 shows the process of finding F,. After
entering the initial values, the finger deformation when the
finger contacts the rotor () is calculated by

(NN, MM Q
Uppew = J <4 <4 WQQC R.d«, (12)
0 EA EI GA

where N, M,, and Q. are the axial force, bending moment,
and shear force of the finger under the contact condition,
respectively.

Compare #, and . If the absolute value of the relative
error is greater than 107°, update the value of F, according to
the formula shown in Figure 7. Calculate u,,e, again with
new F. (Fuey). This process is repeated until the relative
error is less than 107°. Then, the contact force F, 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. The film thickness ratio describes the re-
lationship between the minimum film thickness and surface
roughness [24]:

min

h

ar ap

(13)

where y is the film thickness ratio and R,, and R, 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. This paper does not consider the
mixed lubrication state. The value of y is taken as 3 to
determine the minimum film thickness. As shown in
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FiGURrE 7: Calculation flow of contact force.

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. The
film force increases with increasing film thickness. The
contact force is always larger than the film force over the
entire range of film thicknesses. The film force is not great
enough to lift this finger. Thus, the finger is judged to contact
the rotor.

The comparison between the previous simulation results
and the results calculated using this paper’s data and
methods is shown in Figure 9. The 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. This 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:

nf aig+0, I op
Q- —J p—2 %Prpag ). (14)
;( aig-6," "12u Oy

When the average axial flow velocity is larger than the
local sound velocity, the gap between the lifting pad and
rotor is considered chocked. The local sound velocity is used

to simplify and replace the average axial velocity of gas flow.
The leakage when chocked flow occurs is defined as
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For the fingers under fluid lubrication, the bearing force
and the friction moment acting on the rotor by each finger
are defined as follows:

Q=pVA, (15)

where p is the density of the upstream gas, V is the average
axial flow velocity, and A; 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. Thus, the leakage of the fingers under

L 0,040,
Eyp = J J (P = P1)R, cos 6dOdy,
0Jo,

contact conditions is ignored.

The lift force of each gas film is defined as

Fi= [, (6.~ poyracay, (16)

where A, is the area of the lifting pads and p; is the
downstream pressure.

L 6;+6,
F, = J J (p-p)R,sin 640 dy,  (17)
0 )

it
L %+%( h(0) o0p uwR,
th = JO Jgif <_W %'F h(9) eredy

For the fingers under the contact condition,



F;.=F_cos 0,
{ F, =F_sin 6, (18)
Mg, = ps F R,
where iy is the friction coefficient between the fingers and
rotor.

Thus, the bearing force and friction moment acting on
the rotor are

W= <§: (th)’“ih: (th)> +<i (ic)+§ (FVC)> ,

i i

ny, 1,

M= (Mp)+ Y (M),

1 1
(19)
where n;, and n, are the number of fingers under the fluid
lubrication and contact conditions, respectively.

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

A+1 A
max(abs(#)) <1e®,
p
h)l+1 _ h)\
max(abs(T)> <le’®,

where A is the number of iterations.

(20)

3. Results

The 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 50kPa pressure dif-
ference. As the eccentricity increases, some of the clearances
are reduced, resulting in a decrease in leakage. The 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). The 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 50kPa pressure
difference. Thus, the total leakage is reduced. The 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
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occurs in the eccentricity range of 0.32 to 0.56. This 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. They increase with increasing eccentricity and
are greater at 50kPa pressure difference than at 150kPa
pressure difference. This 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. The
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. The rotation angles of the fingers are large at 100 kPa
pressure difference, which means that the gas films are
divergent. The 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. The
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. There 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. This 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



Shock and Vibration 9
Input initial
values
Contact Yes
check
» No
v v
Calculate film Determine the
thickness contact position
Update film
thickness ¢ ¢
A Calculate Calculate
pressure results contact force
No Convergence
condition
Yes
Static
characteristics
FiGure 10: Calculation flow of bearing characteristic.
TaBLE 1: Parameters of noncontacting finger seal.
Parameters Symbol Value Units
Finger base radius R, 114.12 mm
Stick arc radius R, 110.00 mm
Number of fingers Ny 80 —
Rotor radius R, 107.92 mm
Foot upper radius R¢ 109.22 mm
Radius of circle of centers R, 25.20 mm
Gap width G, 0.38 mm
Thickness of finger laminate b 1.00 mm
Pad axial length B 0.64 mm
Minimum height of the wedge Bymin 18 pm
Maximum height of the wedge Bymax 36 um
Initial installation gap Hinit 30 um

of contact fingers decreases as the pressure difference in-
creases. The 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.
This is because the forces acting on the rotor by each finger
are gradually the same. This 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.
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various eccentricities. (d) Leakage of each finger. (e) Pressure distribution of each finger.

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. The 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. The
leakages of the square pads (L/B = 1) are greater than those of
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(c) Bearing force for various numbers of fingers.

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. The 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. Thus, 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. The effects of various structural and environ-
mental parameters are studied. Detailed conclusions are
summarized as follows:

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

(2) The higher the pressure difference is and the lower
the eccentricity is, the less likely the finger is to
contact the rotor. The effect of rotation speed on the
number of contact fingers is significantly smaller
than pressure difference and eccentricity. Therefore,
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. The square pads have smaller
bearing forces and friction moments but have higher
leakages than the wider pads. The 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. The noncontacting feature is easier to
achieve.

Abbreviations

A:
b:

Cross-sectional area

Axial thickness of seal laminate

Eccentricity distance

Friction force between low-pressure finger laminate
and backplate

Horizontal and vertical components of contact
force

Film force

Local film thickness

Film thickness of the i-th finger

Film change due to rotation angle

Minimum pad wedge

Moment of inertia

Axial length of lifting pad

Unit bending moment

Bending moment of noncontact finger

Axial force
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ny. Number of fingers

O: Diameter center of seal outer diameter

k: Stiffness of high-pressure finger

p: Pressure

P Upstream pressure

R, Stick arc radius

Ry Foot upper radius

R.: Radius of circle of centers

U Finger deformation of contact finger

Up: Finger deformation under fluid lubrication

Ay Curvature of the finger

s Friction coeflicient between finger and rotor

01, 0,:  Circumferential angles of the contact position

0: Circumferential angle

@ Attitude angle

Ag Sectional film area

Ay Contact area between the low-pressure laminate
and the backplate

E: Young’s module

Ww: Bearing force

Fp: Force between two laminates

Fun, Horizontal and vertical components of film force

th:

F. Contact force

h: Dimensionless film thickness

Rinic: Initial installation gap

hy: Wedge under lifting pad

Ry max: Maximum pad wedge

i Finger number

M: Bending moment

m: Number of circumferential grids

M, Bending moment of contact finger

N: Unit axial force

n: Number of axial grids

0,: Diameter center of rotor

Py Pressure that pushes the finger laminate against the
backplate

P Dimensionless pressure

pr Downstream pressure

R, Rotor radius

Ry Finger base radius

u: Deformations of fingers

uy, uy: Finger deformations of positions 1 and 2

a,: Finger repeat angle

u: Gas viscosity

Uip: Friction coeflicient between low-pressure laminate
and backplate

& Eccentricity

0,: Arc degree of lifting pad

Ay Compressibility number.

Appendix

The coefficients of equation (7) are as follows:
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