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Abstract The complex operating state of aero-engines has an impact on the performance of finger

seals. However, little work has been focused on the issue and the dynamic performance of finger

seals is also rarely studied. Therefore, a distributed mass equivalent model considering working con-

ditions is proposed in this paper for solving the existing problems. The effects of the fiber bundle

density and the preparation direction of the fiber bundle of a C/C composite on the dynamic per-

formance of a finger seal are investigated in rotor tilt based on the proposed model. The difference

between the C/C composite finger seal performances under the rotor precession and nutation tilt

cases is also investigated. The results show that the fiber bundle density and the preparation direc-

tion of the fiber bundle have an influence on the dynamic performance of the finger seal as rotor tilt

is considered, and the dynamic performance of the finger seal is different in the two kinds of tilting

modes. In addition, a novel method for design of finger seals is presented based on the contact pres-

sure between finger boots and the rotor. Finger seals with good leakage rates and low wear can be

acquired in this method.
� 2016 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

18

19 1. Introduction

20 Continuous improvement of an aero-engine’s performance
21 leads to more stringent requirements on the performances of

22seal devices located in it, and the quality of seals has become
23one of the important factors that restrict further improvement
24of the performance of an aero-engine. A finger seal can follow
25the running rotor compliantly and adapt the shaft offset with-
26out any damage to the integrity of the seal for its flexibility,
27and it also shows the advantages of high performance and
28low cost when compared to conventional labyrinth and brush
29seals; therefore, it has a potential application in aero-engine
30systems. For these reasons, finger seals have received more
31and more attentions in recent years.1–4

32A finger seal operates under dynamic conditions and the
33analysis of its dynamic performance is complicated. To solve
34this problem, a method in which a finger seal was regarded
35as a spring-mass equivalent dynamic model was proposed,
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36 which can reduce the complexity of dynamic analysis and
37 obtain the dynamic performance with acceptable accuracy.
38 Braun et al.5,6 made a padded finger seal equivalent to a
39 lumped mass-spring-damp model, in which the influence of
40 the friction between finger elements (or between the finger ele-
41 ment and the aft cover plate) was neglected, and the gas film
42 was equivalent to the gas film stiffness and gas film damping.
43 The authors analyzed the motion of the padded finger seal
44 along with the rotor movement based on the model, and their
45 work revealed the parameters that affected the motion of the
46 finger seal and provided a theoretical foundation for design
47 of finger seals with good performance. Marie7 developed a
48 two-degree-of-freedom lumped mass model in which only the
49 friction between the low-pressure finger element and the aft
50 cover plate was considered to study the padded finger seal,
51 the structural stiffness of the finger seal related to structural
52 parameters was calculated, and the gas film dynamic stiffness
53 coefficients of the finger seal as a function of the rotor speed,
54 gas film clearance and structural parameters were established
55 theoretically. The author proposed that the gas film clearance
56 could be controlled by varying the pressure differential and
57 rotor speed when the finger seal geometrical parameters were
58 held at constants, in order to achieve good sealing perfor-
59 mance and wear behavior for the finger seal. Su and Chen8

60 analyzed the hysteresis and contact performance of a finger
61 seal with a lumped mass equivalent dynamic model as well
62 as studied a dynamic design approach for a finger seal with
63 low hysteresis and low wear. The authors also performed a
64 contrast analysis of the dynamic and static hysteresis of the fin-
65 ger seal, and the results showed the necessity of dynamic per-
66 formance analysis of the finger seal. Chen et al.9 treated a
67 multiple superimposed Co-base alloy finger seal as an assembly
68 of distributed mass, considered the coupling effect between the
69 finger elements, and built an equivalent dynamic model based
70 on the distributed mass method. They analyzed the dynamic
71 displacement response of the finger seal as well as proposed
72 the calculation methods of the leakage flow rate and the con-
73 tact pressure between the finger stick and the rotor. The
74 authors also demonstrated the superiority of the equivalent
75 dynamic model based on the distributed mass method com-
76 pared to that based on the lumped mass method. Du et al.10,11

77 carried out a dynamic performance analysis by a semi-
78 analytical method, in which the leakage of a finger seal was
79 obtained by solving the Reynolds equation under the premise
80 that the leakage clearance was acquired, and the main factors
81 affecting the leakage performance were also analyzed.
82 Considering the excellent self-lubricating property of C/C
83 composites, they are applied in finger seal component prepara-
84 tion to improve the seal performance, which may be a most
85 feasible solution to reduce the hysteresis effect of a finger seal
86 when the wear life is ensured; therefore, many efforts have
87 been made on researching the application of C/C composites
88 in finger seals in recent years. Lu et al.12 evaluated the macro-
89 scopic elastic properties of a 2.5D C/C composite by calculat-
90 ing its stiffness matrix with the constituent material properties,
91 and established a finite model for the dynamic performance
92 analysis of a C/C composite finger seal. The authors also stud-
93 ied the impacts of yarn density and yarn braided patterns on
94 the dynamic performance of the finger seal, and their work
95 supported the possibility of applying C/C composites in prepa-
96 ration of finger seals. Chen et al.13 analyzed the dynamic per-
97 formance of a 2.5D composite finger seal based on the

98equivalent model of distributed mass, and compared the per-
99formance with that of a Co-base alloy finger seal. Their
100research indicated that the leakage rate of the Co-base alloy
101finger seal is smaller than that of the 2.5D C/C composite fin-
102ger seal, but the contact pressure is greater for its structural
103stiffness being greater; therefore, the wear life of the 2.5D C/
104C composite finger seal is much longer compared to that of
105the Co-base alloy finger seal.
106For an aero-engine, the complicated and hostile operating
107environment of the rotor can reflect the harsh working condi-
108tions of seal devices, including the influence of rotor tilt. How-
109ever, the effect of rotor tilt was not taken into account in
110previous works, so it may be too complicated to consider the
111impact. Note that an inclination of the aero-engine rotor is
112inevitable, so it is necessary to conduct dynamic analysis con-
113sidering rotor tilt, which not only extends the research on
114dynamic performance of finger seals, but also provides neces-
115sary technical reserves for the application of finger seals in
116engineering.
117This paper develops a distributed mass equivalent dynamic
118model considering precession tilt and nutation tilt of the rotor.
119The influences of the fiber bundle density and the preparation
120direction of the fiber bundle on the dynamic performance of a
121finger seal are studied based on the model, and the difference
122between the dynamic performances of the finger seal in both
123tilt modes is also analyzed. The work in this article contributes
124to the practical application of the finger seal dynamic analysis
125technology in engineering analysis design, and also perfects the
126theoretical system and method of dynamics of finger seals to a
127certain extent.

1282. Distributed equivalent model

1292.1. Structure of the finger seal

130A finger seal is composed of several finger elements and each
131finger element is shaped by a series of flexible finger sticks
132arranged at a regular space in the circumferential direction.
133Multiple staggered and superimposed finger elements are held
134by a forward cover plate and an aft cover plate, all of which
135are fixed by rivets. As shown in Fig. 1, Dw is the outside diam-
136eter of the finger seal; De is the base diameter of the finger seal;
137Rc is the seal finger stick arc radius; Dcc is the central diameter
138of the stick circle; Dr is the rotor diameter; a finger boot is a
139part of a finger stick which is in contact with the rotor, and
140h0 is the height of finger boots; b is the repeat angle; and d is
141the thickness of finger elements.

1422.2. Equivalent model of the finger seal

143The mechanical behavior between the multiple superimposed
144finger seal and the rotor can be described by the distributed
145mass equivalent dynamic model shown in Fig. 2. Due to the
146cyclic symmetrical structure of the finger seal, a single finger
147stick in each finger element is selected as the research issue.
148In Fig. 2, mi and ki are the equivalent mass and equivalent
149structural stiffness of one finger stick in the ith finger element,
150respectively; Ffi and F’fi are the friction forces between adja-
151cent finger elements or between the finger element and the
152aft cover plate; xi is the displacement response of one finger
153stick in the ith finger element. The state when finger sticks
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