Surface Topography: Metrology and Properties

ACCEPTED MANUSCRIPT

Numerical investigation on sealing performance of non-contact finger
seal with herringbone groove surface topography

To cite this article before publication: Lingping Chen et al 2021 Surf. Topogr.: Metrol. Prop. in press https://doi.org/10.1088/2051-672X/ac4149

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2021 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 134.83.253.194 on 10/12/2021 at 18:14



https://doi.org/10.1088/2051-672X/ac4149
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/2051-672X/ac4149

Page 1 of 20 AUTHOR SUBMITTED MANUSCRIPT - STMP-101527.R1

1

2

i Numerical investigation on sealing performance of non-contact
Z finger seal with herringbone groove surface topography

; Lingping Chen'!?, Yanchao Zhang!*, Yahui Cui', Bowen Zhi!, Jie Wang', Mingfeng Wang?

9

1. School of Mechanical and Precision Instrumental Engineering, Xi‘an University of Technology, Xi'an,
10 710048, China

11 2. School of Mechanical Engineering, Hunan Institute of Engineering, Xiangtan, Hunan, 411104, China

12 3. Brunel University London, Department of Mechanical and Aerospace Engineering, London,{UB8 3PN,

13 United Kingdom

14 * Corresponding author: Yanchao Zhang, School of Mechanical and Precision Instrumental Engineering,

15 Xi'an University of Technology, No. 5 Jinhua South Road, Beilin District, Xi‘an, Shaanxi 710048, China; Email:
16 zhangyanchao@xaut.edu.cn; Tel.: +86-135-7187-4962

17 Keywords: Non-contact finger seal, herringbone groove, surface topography, fluid-structure
13 interaction, mixed-level uniform design method; correlation analysis .

20 Abstract: Since the last decade, the non-contact finger seal (NCFS) hascattracted an increasing
21 number of researchers due to its inherent flexibility and non-contact features, which can significantly
;g improve the service life and reduce the leakage rate of the finger seals. In this paper, to enhance the NCFS
24 sealing performance, lifting pads with twenty (20) different herringbone groove/'surface topographies are
25 proposed based on the uniform design method. Numerical analysis is carried out based on the two-way
;? fluid-structure interaction (FSI) method to better mimic the ‘actual working conditions. The analysis of
28 results using statistical tools reveals that the herringbone groove topographies placed on the bottom
29 surface of low-pressure lifting pads can significantly improve the load-carrying capacity and sealing
30 performance. In addition, the correlation analysisiof the sealing performance and geometric parameters
g; of the herringbone groove demonstrate that reducing the groove width or increasing the groove internal
33 angle can improve the lifting and leakage capacities. Einally, the optimal herringbone groove and general
34 structure (no groove) are comparatively‘analysedunder variable working conditions, and the results show
22 that the former has much better sealing performance.

37

38

ig 1. Introduction

41 As a compliant rotor seal, finger'seals are well known for their low leakage rate and long service
42 life, which makes them have great potential in the application of aero-engines and gas turbines [1,2].
ji Finger seals are classified into contact and non-contact finger seals (NCFSs). The friction and wear
45 caused by the interference.fit between the contact-type finger seal and the rotor adversely affect the
46 service life of the finger seal [3,4]. In contrast, the fit between the NCFS and the rotor is a clearance fit.
j; The NCFS is a.combined hydrodynamic and hydrostatic seal with positive leakage. At the high rotation
49 and the inlet/outlet pressure difference, a high-pressure gas film is formed between the rotor and the
50 NCFS, which effectively reduces friction and wear [5]. Thus, NCFSs have attracted much attention.

g ; At present, research on NCFSs has mainly focused on revealing their dynamic characteristics and
53 perfarming numerical simulations of the fluid-structure interaction (FSI). Du et al. proposed a semi-
54 analytical kinetic method to characterize the linear dynamic characteristics and leakage performance of
55 an NCFS_[6,7]. Cao et al. proposed a three-dimensional porous media model for leakage analysis of an
g? NCFS and investigated the influence of the rotor speed, seal clearance, and pressure difference on the
58 lifting characteristics of the NCFS [8]. Braun et al. designed a two-layer lifting pad structure for finger
59 seal [9]. This structure takes advantage of the mutual extrusion of the two lifting pads to improve the
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rebound ability of the finger beam and reduce the hysteresis of the finger seal. Furthermore, they also
conducted comprehensive investigations of the one-way FSI of the NCFS [10,11]. The numerical flow
field results (i.e., force) were applied to the structure solver to calculate structural parameters (.0
displacement) of the finger seal, and some preliminary designs for NCFSs were proposed based on the
one-way FSI method. However, they did not consider the real-time interaction between the structuraland
the flow field.

When the structure of the NCFS deforms, the flow field changes accordingly, which then affects
the structural deformation [12]. Therefore, the flow field and deformation of the NCFS cannot be
accurately simulated using the one-way FSI method. Conversely, in the two-way FSI analysis, the:data
exchange is bidirectional; that is, the results of the fluid analysis (i.e., force) are.transferred to the
structural analysis, and the results of the structural analysis (i.e., displacement) are transferred’back to
the fluid analysis [13,14]. Su et al. combined the two-way FSI numerical method.with surface topography
technology to investigate the sealing characteristics of an NCFS under working conditiens [15,16]. Their
research shows that processing a series of surface topographies on the surface’of the rotor or the lifting
pad is conducive to improving the sealing performance of the NCFS. Zhang et aliused two-way FSI to
carry out a dynamic simulation analysis on an NCFS with grooved pads [17]. Compared with the general
structure, the groove topography could effectively improve the sealing perfoermance.

The above researches have made great contributions (to the mechanical design and sealing
performance improvement of the NCFS. However, further research is still needed to improve the
hydrodynamic effect and the sealing performance of the!NCES. In,regent years, numerous studies have
shown that non-smooth surfaces have great potential in improvingthe lubrication and wear resistance of
friction pairs [18-20]. Specifically, the main functions of surfacetextures/topographies can be classified
into several types according to different lubrication states: (1) under mixed to dry friction, acting as traps
to capture wear debris and reducing resistance and adhesion [21]; (2) under mixed to boundary
lubrication, providing micro-reservoirs andresultingtin humerous micro-fluid film bearings to enhance
lubrication of friction pairs [22]; (3) under hydredynamic lubrication, generating hydrodynamic pressure
to increase the load-carrying capacity.[23,24]. Among them, the main function mechanism of surface
texture/topography under hydrodynamic lubrication can be explained as follows: In hydrodynamic
lubrication, positive pressure willbe generated when fluid flows along a convergent gap, but not along a
divergent gap. The surface texture I}{)Vides the regular convergence gap and divergence gap [22]. When
the fluid film flows into the texture region, a divergence gap is formed, resulting in the decrease of fluid
film pressure (even fiegative pressure) and cavitation once the negative pressure reaches a certain limit
value; when the fluid film flows out the texture region, a convergence gap is formed, increasing fluid
film pressure andfesultingyin a pressure peak region. Therefore, an asymmetric pressure distribution is
generated in each micro-texture unit, which makes the fluid film capable of bearing a certain force.

Surfacestexture/ topography forms can be classified into pockets, dimples, textures, and grooves
according to their geometricicharacteristics. Among them, herringbone groove structure is widely used
in biomedical [25], chemistry [26], machinery [27], and other fields owing to its special geometric
characteristics./Wang et al. proposed a new face seal with herringbone spiral groove and studied the gas
film_‘pressure /distribution on the sealing surface through one-dimensional and two-dimensional
numerical analyses. The results show that this new face seal has excellent bearing capacity and sealing
performance [28]. Gao et al. studied the effect of herringbone groove on the performance of aerostatic
sliding ‘bearing by numerical analysis and experimental verification. The results show that the
herringbone groove can significantly improve the performance of aerostatic journal bearing (e.g.,
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improving the bearing capacity and reducing air consumption) [29]. Proctor et al. proposed a new NCFS,
in which the straight groove and the herringbone groove were set on the lifting pad and the rotor
respectively. The experimental results show that this new proposed NCFS has good sealing performance
(its leakage rate is less than one-third of a straight four-tooth labyrinth seal at 5000 r/min of rotor speed
and less than one-half of a contacting brush seal at static conditions) [30,31].

Motivated by encouraging results with herringbone grooves, an idea came to the minds of authors
to conceive new herringbone grooved NCFS (combined with the application of straight grooverand
herringbone groove in [30,31]) for further improving the sealing performance. This paperisiorganized
as follows: Section 2 constructs the geometric model and two-way FSI calculation model of the NCFS
and then describes the uniform design of the herringbone groove and the validation.of the numerical
model compared to available experimental data [31]. Section 3 illustrates the numerical simulations result
from the aspect of sealing performance analysis, performance parameter analysis, flow field analysis,
and operating condition analysis. Section 4 comes to the conclusion that the proposed herringbone groove

can significantly improve the sealing performance of the NCFS.
2. Model definition and verification

2.1. Geometric model of the NCFS

The basic structure of the NCFS includes 2~4 layers of high-pressure (HP) finger laminate, a low-
pressure (LP) finger laminate, a front spacer, a front plate, and a back glate, as shown in Figure 1(a). The
finger laminates are the most critical parts of an NCFS, placed in a staggered manner along the rotor axis.
The number of laminates in a typical NCFS may wvary between three to five. The HP finger laminate
composes of a sealing annulus and a series of finger.curved beams from the inner circle to the finger feet,
as shown in Figure 1(b). Different from the HP fingerlaminate, the finger feet of the LP one are processed
into lifting pads along the axial direction, as,shown'in-Figure 1(c). At high-speed rotation of the rotor, a
thin gas film between the finger feet and the rotor is formed. This gas film can help to meet the
requirement of sealing function andravoid direct contact between the finger feet and the rotor, which

reduces the wear and improves theservicelife of the NCFS significantly.

(b)

'(a) Front plate

Front spacer

Rotor

Finger F ; Finger feet |
laminates |+ = .l

__________________________________________________

Figure 1. Diagram of non-contact finger seal (NCFS): (a) assembly sketch; (b) high-pressure (HP) finger
laminate; (c) low-pressure (LP) finger laminate.

There are two main leakage channels in the finger seal, as shown in Figure 2: one is the clearance

between the finger feet and rotor, which is called finger feet clearance (FFC); the other is the clearance
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between the finger beams, which is called the finger clearance (FC). The finger laminates are staggered
along the axis to prevent leakage caused by the circumferential clearance of the finger beam.

Finger
clearange

Finger feet | |
clearance | |

__________________________________________________________________________________________________________

Figure 2. Leakage channels of the NCFS: (a) finger feet clearance (FFC); (b) finger clearance/(FC).

2.2. Geometric model of the herringbone groove surface topegraphy

To improve the sealing performance of the NCFS, herfingbone. groove surface topography is
designed at the bottom of the LP lifting pad, as shown in<Figure 3. In‘the structural diagram of the
herringbone groove, a is the groove width, b is the groovedength, ¢ is.the groove spacing, d is the groove
margin, @ is the groove internal angle, and h is the groove depth. It has been reported in several studies
that the geometric properties of surface topographies (such as spacing, arrangement, density, section
geometric parameters, and depth) have a great impact.on the tribological properties of two relatively
sliding surfaces [32—34]. This paper focuses on the influence,of section geometric parameters and depth
of single-pair herringbone groove on the sealing,performance of the NCFS.

b C

I |

9 Unit: (mm)

Figure 3. Structural diagram of the herringbone groove.
Considering the geometric complexity of the herringbone groove, a Uniform Design (UD) is

employed to arrange the experiment and discover the synergistic effect of the herringbone groove
geometric parameters on the finger sealing performance. UD experiment is a method established together
by Fang Kaitai & academician Wang Yuan, which applies the experiments with many factors and many
levels.and is based on orthogonal test [35]. UD can distribute the experiment points evenly in the factor
space to have fewer trails and each point has full representation [36]. When the levers of each factor are
equal, the general UD table can be used, otherwise, the mixed level UD table should be adopted [37,38].
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1
2
2 The general UD table can be expressed as Un(q®), where U stands for uniform design, n for the number
5 of trials, q for the number of levels, and s for the number of factors.
6 The UD experiment is performed using the software DPS (Data Processing System, Version, 9.5,
; Zhejiang University, Hangzhou, China), which is the most popular multifunctional statistical analysis
9 software with complete experimental design and statistical analysis functions in China [39]. DPS has
10 outstanding performance in constructing large-scale UD and mixture design tables. In this paper, there
1 are six experimental factors: a, b (b/a = 1.5), ¢, d, 9, and h. Three of these factors are assigned four levels
:g and two factors of five levels, as listed in Table 1. As the levels of each factor are not the 'same, so the
14 mixed level UD is adopted in this paper and the number of tests is set to 20 (20 = 4 x5, the minimum
15 number of tests is equal to the common multiple of the number of different levels), as listed.in Table 2.
1? For more detail about the framework of UD in this paper, see the flowchart of Figure 4.
18 Table 1. Parameter settings for the herringbone groove surface topography
19 Groove Factor Level 1 Level 2 Level 3 Level 4 -~ Level 5
20 Width, a (mm) 1.2 1.6 2 2.4
2 Length, b (mm) 1.8 2.4 3 3.6
Spacing, ¢ (mm) 1.2 1.6 2 2.4
22 Margin, d (mm) 0.5 1 1.5 2
23 Internal angle, € (°) 30 45 60 75 90
24 Depth, 4 (mm) 0.05 0.1 0.15 02 0.25
25
26 Table 2. Design parameters of the herringbone groove surface topography
27 Groove Width, a Length, b  Spacing, ¢ Maigin, d Depth, & Internal angle, 0
28 Factor (mm) (®)
29 NI 12 I8 12 2 7 025 60
30 N2 1.6 2.4 1.6 2 0.05 60
N3 1.2 1.8 2 1.5 0.05 90
31 N4 12 1.8 1.6 1 0.1 30
32 N5 12 1.8 1.6 0.5 0.15 75
33 N6 2 3 2.4 1 0.05 60
34 N7 2.4 3.6 1.2 1.5 0.1 75
35 N8 2.4 3.6 24 2 0.1 30
36 N9 1.6 2.4 2 2 0.15 45
7 N10 2 3 1.2 1.5 0.15 30
3 NI 1.6 24 2 0.5 0.25 30
38 NI2 2 3 12 0.5 0.05 45
39 N13 2.4 3.6 2 0.5 0.2 60
40 N14 2.4 3.6 1.6 1 0.25 45
41 N15 1.2 8 2.4 1.5 0.2 45
42 N16 2.4 3.6 2 1 0.15 90
43 N17 2 3 1.6 2 0.2 90
N18 1.6 2.4 1.2 1 0.2 90
44 N19 2 3 24 1.5 0.25 75
45 N20 1.6 2.4 2.4 0.5 0.1 75
46
47
48
49
50
51
52
53
54
55
56
57
58
59
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[ -

Yes No

General uniform design, Mixed level uniform
U,(q") U, (q," xq,,” x-+-

= [2=a.xq,

Figure 4. Flowchart of the uniform design and a

In the two-way FSI ca ving to the highly cyclic symmetry of the NCFS structure, 1/72
of the entire seal structure is the periodic calculation model to analyse the gas flow in detail.
The solid model incl e LP laminate and two half (*2) HP laminates. The fluid model
includes the FC between the finger laminates and the FFC between the finger feet and the rotor. The fluid
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Figure 5. Two-way fluid-structure interaction (FSI) calculation model: (a) assembly sketch; (b) solid model; (c)

fluid model.

2.3.2. Grid independence analysis

To reduce the calculation complexity, a grid quality independence test of the NCFS without
herringbone groove (the general structure) is conducted before the formal numerical computations. The
grid quality is controlled by adjusting parameters such as the element sizing and relevance. Taking the
grid quality of the solid and fluid domains as variablesiand the leakage of the NCFS as the analysis
objective, the influence of different grid qualities on'the leakage is analysed.

0.9
@ .cakage (10°kg/s)

0.8 @ 10347

0.7F
z 10.847
[a]
506} N
= L
= 10.847
s R
=
=
o
£ vuk 10.826
=
=1 |
=N 10.816

: J10.729
02 ﬁ 10.675
—r A 1 A 1 A 1 A 1 1 " 'l
0.55 0.60 0.65 0.70 0.75 0.80 0.85
Solid model grid quality
Figure 6. Grid quality independence analysis.

Asshown/in Figure 6, when the grid qualities of the solid and fluid domains are below a value of
0.809 and 0.419, respectively, the leakage rate corresponding to different grid qualities varies
significantly. When the solid grid quality is 0.812 and the fluid grid quality is 0.532, the leakage rate is
10.847x107 kg/s; however, once the grid qualities exceed these values, the leakage value remains the
same, and it can be considered that the calculation result is independent of the grid quality. In this case,
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the element sizing of the solid and fluid domains is set to 0.1 mm, and the relevance is set to 40%. For
the herringbone structure, the facing sizing is set to 0.025 mm. Notably, the calculation model is meshed
using the Auto Grid method in ANSYS Workbench. For regular geometry, the system automatically

gives priority to the scanning division method, using hexahedral elements, otherwise tetrahedral elements:

Furthermore, prisms and pyramids are required in the transition of this hybrid mesh. Take the 5th
herringbone groove as an example, after meshing, the grids contain Tetrahedrons (number of glements:
476287)-Hexahedrons (103488)—-Pyramids (736)-Wedges (224), and the obtained computation grids.are
shown in Figure 7.

Figure 7. Periodic computation grids: (a) solid domain grid and (b) fluid domain grid.
v

2.3.3. Numerical calculation method

The two-way FSI method is employed for the numerical analysis of the NCFS. Two types of
discretization techniques are used: the finite element method (FEM) is used for the structural mechanics,
while the finite volume method (FVM) is used for'the fluid zone calculations. It should be noted that the
structural and flow modelling are performed in'the Mechanical module and CFX module of ANSY'S,
respectively. At the same time, data is transmitted between the two modules by the fluid-structure
interface, where fluid nodes must«be mapped to the structural elements to transfer FEM results (i.e.,
displacements), and vice-versa [40]. Moreover, the commonly used turbulence models in the CFX
software are the k-¢ model and'the shear stress transport (SST) model. The SST model has high accuracy
in the transfer calculation of turbulence. It considers the turbulent shear stress and does not over-predict
the eddy viscosity. Inithis study, the SST model is employed for the solution.

2.3.4. Validation.of the.numerical approach and model

For the experiments with the NCFS, the representative study by Proctor is used as a reference. In
that study, Proctor conducted static and dynamic tests on an NCFS with a herringbone grooved rotor and
acquired detailed and Credible test data [31]. To verify the accuracy of the numerical model in this study,
the samemnumerical model as in [31] is established, and the two-way FSI 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 parameter of the test in [31] is given in the form of a flow factor, which
is defined,in equation (3):

avg

P,D

seal
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where r1 is the mass flow rate through the entire flow field, 7,.. is the average temperature at the
inlet of the finger seal, P, is the pressure at the inlet of the finger seal, and Ds. is the rotor diameter.
The unit of the flow factor is kg-K¥?/(MPa-m-s). A group of dynamic test data is employed for
comparison with the numerical simulation results, as shown in Figure 7. In the numerical calculation;
according to the operating parameters of the experiment in [31], the temperature is 300 K, rotating
speed is 5000 r/min, assembly clearance between the finger feet and rotor is 25.4 umgand the
pressure differences are 13.8, 34, 69, 103, 138, 176, 207, and 241 kPa. The flow factors calculated
by the simulation are consistent with the overall trend of the experimental results in [31].

S —e— Experimental results _

/

L —e— Numerical results

4 / /.
(103, 3.15) / /

) (69, 2.04) %(103 2.49)

(69, 1.98)

~

Flow factor (kg'K'*/MPa-m-s)

/4

40 80 120 160 200 240

Pressure difference between. the inlet'and the outlet (kPa)

Figure 8. Comparison of the numerical results obtained with the proposed model and the experimental results in
[31].

As shown in Figure 8, with the increasing pressure difference between the inlet and outlet, the

leakage factor increases significantly when the pressure difference is less than 103 kPa (i.e. LP) and more
gradually when the pressure difference is greater than 103 kPa (i.e. HP). This is mostly because when
the pressure difference is sufficiently large, the finger seal starts to deform axially, resulting in the
phenomenon of “holding the rotor”, and the leakage clearance between the finger feet and the rotor
decreases, resulting in a slower leakage rate. Moreover, the simulation results are lower than the
experimental results when the pressuredifference is more than 69 kPa. The main reasons are as follows:
(1) uncontrollable factors (e.g: the assembly state and leakage channel) may cause a smaller leakage
factor at the beginning of the test; (2) the simulation model only considers two types of leakage (i.e. FC
leakage and FFC leakage), while the actual test also includes a third type (i.e. side clearance leakage),
which causes a smaller leakage factor in the simulation; (3) the actual leakage in the test process will be
greater owingstorthe temperature effect, rotor vibration, and other uncontrollable factors. Furthermore,
the simulation value is approximately 80% of the experimental value when the pressure difference is
more than 103(kPa, which is also consistent with the previous finding that the leakage path of the NCFS
mainly consists.of FFC leakage and FC leakage. Therefore, the accuracy and reliability of the two-way

FSI method and turbulence model are verified.
3. Numerical simulations and results

3.1. Sealing performance analysis
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There is no doubt that the leakage rate has a significant impact on the stability and effectiveness of
the NCFS. Furthermore, the hydrodynamic pressure film formed between the rotor and the lifting pad
should have sufficient bearing capacity to ensure the non-contact state of the NCFS during actual
operation. Therefore, the leakage rate and the gas film force are the most important indexes of the sealing
performance of the NCFS. In the case of hydrodynamic lubrication, the thinner fluid film prodaces a
larger hydrodynamic bearing force [41]. The tribological properties between the NCFS and.the rotor
belong to hydrodynamic lubrication. Therefore, the larger gas film force calculated in this paper
corresponds to the smaller gas film thickness and lower leakage rate, as shown in Figure 9(b)y.in which
the sample points in the blue frames represent the preferred sealing performance.

As shown in Figure 9(a), the total leakage of the NCFS without herringbone groove i$:10.847x10
kg/s, and the FFC leakage is 4.083x10-kg/s. For the NCFS with herringbone grooves, in the 20 groups
of uniform experiment samples, the total leakages are all considerably reduced compared with the general
structure. Except for the 10th and 16th test samples, in which the FFC leakages are'slightly higher than
that of the general structure, all the FFC leakages decreased considerably in the other 18 groups of test
samples. This indicates that the herringbone groove can effectively reduce theleakage of the finger seal.
Furthermore, it is easy to see that the leakage results of the 8th, 10th, 13th, and 16th test samples are not
satisfactory. In practice, the reason for these results is that thesetherringbone grooves are beyond the
lifting pads, as shown in Figure 10. In this case, a large amount of fluid, flows out along the groove,
resulting in the increase of leakage rate and the decrease of gas film.force. Therefore, this situation should

be avoided in the design of the herringbone groove. S
(a) 16 (b)1o - —— 10
|l —=— Total leakage with herringbone groove +FF(; leakage w!1h hmnng!ﬂone groove
14 F Total leakage without herringbone groove ——FFC lekzl.ge W'“j'm” hE'_'"”’EbU“e groove
| —e— FFC leakage with herringbone groove 8 _—I—Gas film f::m:c w!lh h:‘rrlng!:»one groove 1z
12 } —— FFC leakage without herringbone groove Gas film force without herringbone groove
@ i
) & i -
2 10+ 10,847 10.128 = | d6 £
21 S 6f A A A 5
= | -
Er 7.42 = ] d4 =
g et 3 4] Wik =
3 » ! o
5] 4083 4432 v /\/ i S
4k m I .
L } 12
2F 2k M;J i
F 1.72 i L
0 N TP RPN TP TP T P | P PR WU TP TP TP TP EPU T NP N T )
0 2 4 6 8 10 12 14\ 16 184 20 0 2 4 G 8 10 12 14 16 18 20 22
Uniform Design Experimentation sequence Uniform Design Experimentation sequence
Figure 9. Leakage and Gas film force: (a) total leakage and FFC leakage and (b) gas film force.
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(a) (b)
{ 1l I L 1 |
(c) (d)
1 | | 1 y . =
Figure 10. Four herringbone grooves exceeding the lifting pads: (a) N8; (b) N10; (¢).N13; (d) N16.

3.2. Performance parameter analysis

The simulation data for the 20 types of NCFS with herringbene.grooves are summarised in Table 3,
where 1 is the total leakage rate, risis the FFC leakage rate, £ 1s the gas film force, and #1/m is the ratio
of FFC leakage to total leakage, AF is the increment changeiin thegas film force relative to the general
structure, and Vi, Vi, V(ry/m) are the decrements/ of the total leakage, FFC leakage, and riy/m,
respectively. To improve the sealing performan€e of the NCES, it is necessary to increase the gas film
force and reduce the total leakage, FFC leakage, and contribution of the FFC leakage to the total leakage.
Based on the data for AF, Vi, Vi, and_V (), the Statistical Product and Service Solutions (SPSS)
system [42] and factor analysis method are used to calculate the comprehensive scores of the 20 types of
NCEFS, as indicated in the last column of Table 3. For the convenience of visualization, the data in Table
3 are arranged in descending order according to the comprehensive scores. The comprehensive score of
the 5th herringbone groove is the'highest (0.920), reflecting the outstanding sealing performance of the
NCFS (the gas film force is 23:98% higher than that of the general structure, and the FFC leakage is
58.59% lower). However, the comprehensive score of the 16th herringbone groove is the lowest (-2.313),
reflecting the inferiotisealing performance of the NCFS (the gas film force is 42.86% lower than that of
the general structure, and the FFC leakage is 8.54% higher).

Table 3. Simulation data for NCFS with herringbone groove surface topographies

Number 2 (10:5kg/s) iy (107kg/s)  F(N) AF Vi Vi V (i) Score
NS 7.485 1:691 7.040 23.98% 30.99% 58.59% 40.00% 0.920
N3 7.420 1.72 7.010 23.45% 31.60% 57.87% 38.41% 0.908
N18 7.562 1.734 6.934 22.12% 30.29% 57.55% 39.10% 0.843
N1 7.511 1.73 6.784 19.48% 30.75% 57.65% 38.83% 0.831
N20 7.896 1.863 7.110 25.22% 27.21% 54.37% 37.32% 0.706
N17 7.679 1.834 6.525 14.91% 29.21% 55.08% 36.55% 0.660
N2 7.751 1.939 6.575 15.80% 28.54% 52.51% 33.55% 0.546
N19 7.944 1.956 6.624 16.65% 26.76% 52.10% 34.61% 0.528
N15 7.831 2.021 6.385 12.46% 27.80% 50.51% 31.45% 0.440
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Number 2 (10kg/s)  nirr(10kg/s)  F(N) AF Vi Vi V (i) Score
N9 7.927 2.078 6.160 8.49% 26.92% 49.11% 30.36% 0.381
N6 8.363 1.937 6.588 16.02% 22.89% 52.57% 38.49% 04371
N7 8.254 2.046 6.297 10.90% 23.90% 49.90% 34.16% 0.365
N4 8.177 2.242 6.402 12.76% 24.61% 45.09% 27.17% 0.225
N12 8.711 2.39 6.354 11.90% 19.69% 41.47% 27.12% 0.020
N14 8.743 2.317 5.361 -5.58% 19.40% 43.27% 29161% -0:230
N11 8.874 2.725 5.860 3.21% 18.19% 33.28% 18.46% -0.380
N10 8.656 4.379 4.338 -23.60% 20.20% -7.24% -34137% =1.205
N8 8.313 4.023 4.654 -18.04% 23.36% 1.48% -28.55% -1.476
N13 10.128 3.266 3.171 -44.16% 6.63% 20.02% 14.34% -2.140
N16 10.065 4.432 3.245 -42.86% 7.21% -8.54% -16.97% -2.313
No

aroove 10.847 4.083 5.678 ~

In addition, the SPSS system is adopted to analyse the correlation between the sealing performance
parameters of the NCFS and the structural parameters of the herringbone groove: As indicated in Table
4, the total leakage and FFC leakage are significantly positively correlated with the groove width (the
correlation coefficients are 0.721 and 0.628, respectively) and'negatively correlated with the groove
internal angle (the correlation coefficients are -0.448 and -0.576, respectively). In contrast, the gas film
force is significantly negatively correlated with the grooveswidth (the correlation coefficient is -0.667)
and positively correlated with the groove internal angle (the correlation coefficient is 0.497). This
illustrates that the total leakage and FFC leakage increase with increasing groove width and decrease
with increasing groove internal angle, while the variation in the'gas film force is exactly the opposite to
the leakage. Therefore, a herringbone groove withha smaller groove width and larger groove internal
angle is more conducive to improving thessealing performance of the NCFS. Besides the groove width
and groove internal angle, the other structural,parameters of the herringbone groove have little effect on

the sealing performance of the NCFS.

Table 4. Correlationstests based on the Spearman rank correlation coefficient
Width, a Spacing, ¢ Margin, d Angle, 8 Depth, h

. Correlation coefficient 0.721%* 0.124 -0.403 -0.448%* 0.086
" Significance N 0 0.602 0.078 0.048 0.719
iy Correlation coefficient 0.628** 0.078 -0.132 -0.576** 0.049

’ Significance 0.003 0.745 0.58 0.008 0.837
F Correlation coefficient -0.667** 0.016 -0.016 0.497* -0.166

Significance 0.001 0.948 0.948 0.026 0.485

**The correlation is significant at'the 0.01 level (two-tailed).
*The correlationiis significant at the 0.05 level (two-tailed).

3.3. Flow field analysis

Theflow field between the finger feet and the rotor is analysed by drawing surface streamlines on
the interface forfurther investigation. Several groups of herringbone groove samples exhibiting superior
and_inferior sealing performance in Table 3 are employed for comparative analysis with the general
structure,.and the surface streamlines are shown in Figures 11-13. In Figures 11-13 several common
characteristics can be identified. (1) From the inlet HP zone to the outlet LP zone, the velocity of the
fluid decreases correspondingly. (2) Owing to the influence of the rotor rotation, the flow velocity on the

left side of the interface is slightly higher than that on the right side. (3) There are two high-speed flow
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regions on both sides of the connection between the HP and LP zones, with a speed of approximately

550 m/s. This high-speed phenomenon is caused by the jet produced by the fluid entering the FFC from

the FC. Compared with the FFC, the size of the FC is enormous, and their connection area is simi
that of a duck nozzle structure, which results in a hlgh speed flow area. (4) In the middle of the HP z

resulting in a low average velocity.
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Figure 11. Surface streamlines of the interface wit
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. Surface streamlines of herringbone groove interfaces with superior sealing performance: (a) N5; (b) N3; (c)
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[ N18; (d) N1.

The surface streamlines for four herringbone groove interfaces that demonstrated superior sealing
performance are shown in Figure 12. There is an obvious circumfluence in the herringbone groove zone,
which is caused by the vortices generated by the flow in the herringbone groove. When the fluid flows
through the herringbone groove, a large amount of fluid flows into the herringbone groove owing torthe
sharp change in the local boundary. However, when the fluid flows out of the herringbone groove, its
boundary forms a local obstacle. Thereby, the internal structure of the fluid generatesidissociation and
vortices, resulting in the bending of the streamlines and changes in the velocity distribution. This in turn
increases the relative motion of the fluid, generates pressure resistance, and causes local head loss. Finally,
the total mechanical energy of the fluid drops suddenly, reducing the flow velocity and leakage of the
axial clearance. Therefore, as shown in Figure 12 after the fluid passes through the herringbone,groove,
the flow rate drops significantly. The vortices in the herringbone groove cause the flow yelocities in
different directions to counteract each other, and thus the average velocity is'very low. Futthermore, the
vortices can exert a major radial lifting force on the lifting pads. The vortex liftis'the fundamental reason

that the herringbone groove can provide a greater gas film force for the NCES.
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Figure 13. Surface streamlines of herringbone groove interfaces with inferior sealing performance: (a) N8; (b) N10; (c)

N13; (d) N16.

The surfacesstréamlines for four herringbone groove interfaces that demonstrated inferior sealing
performance ate'shown in Figure 13. As the herringbone groove exceeds the bottom of the lifting pad,
when thefluidpasses through the herringbone groove, a large amount of fluid flows into the groove and
along thefgroove to the outlet or FC, thus increasing the leakage. In this instance, the herringbone groove
is'equivalent to a diversion structure. Furthermore, the smaller groove margin makes the herringbone

groove as close to the HP zone as possible, thereby increasing the slow-down area correspondingly after
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the fluid passes through the herringbone groove. Therefore, under the influence of the rotor speed, the

streamlines with lower velocity deflect strongly in the axial direction, thus reducing the axial leakage.

3.4. Operating condition analysis

To verify the adaptability of the herringbone groove designed in this study under different opérating
conditions, comparative analyses are carried out between the 5th herringbone groove and the general
structure without grooves. As shown in Figure 14, when the assembly clearance (20 um) and the pressure
difference (0.3 MPa) are constant, the sealing performance of the 5th groove is significantly better than
that of the general structure at different linear velocities of the rotor. The decrease insthe total leakage,
Vi, is 30.89%, and the increase in the gas film force, AF, is 21.49%. These resultsrare similar to the
results in Table 3, thus reflecting the effectiveness of the herringbone groove under variable rotation

conditions.

(a) 40 (b); 5 - 30

| »’/’-—’/
—a— Total leakage (no groove) <435 7.0 F A 425

10 | .
—e— Total leakage (NS5) "N
--v-- Vi g
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65k Ty 420
r —a— Film force (no groove)
| —e— Film foree (N5)

A - AF

vm (%)

Film force (N)

6 1 1 1 1 1 20 55 1 1 N 1 1 10
0 100 200 300 400 0 100 200 300 400

Velocity (m/s) Velocity (m/s)

Figure 14. Leakage rate and gas film force at different rotor linear velocities: (a) leakage rate; (b) gas film force.

AF (%)

Figure 15 shows the surface limit streamlines and pressure of the 5th herringbone groove under the
static state and a rotor linear velocity of 400, m/s. As mentioned before, the NCFS is a combined
hydrodynamic and hydrostatic seal,with positive leakage. When the rotor is stationary, the pressure and
limit streamline on the interface are symmetrically distributed (see Figure 15(a-b)). It should be noted
that in case of no groove, there is only the hydrostatic effect of the inlet/outlet differential pressure, while
in the case of herringbone groove Qg., N5), there are both hydrostatic and hydrodynamic effects (see
the circumfluence and uneven pressure distribution of the herringbone groove in Figure 15(a-b)). It can
be inferred that the herringbone‘groove is conducive to the hydrodynamic effect, and the specific reason
analysis is the same as in Section 3.3. When the rotor rotates, there is no doubt that there are both
hydrodynamic and.hydrostatic, effects, and the pressure and the limit streamlines on the interface are
asymmetrically distributed. Moreover, the larger the rotor linear velocity is, the more obvious this

asymmetric distribution will be (see Figure 15(c-d)).
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1gure 16, when the pressure difference (0.3 MPa) and the rotor linear velocity (100
the sealing performance of the Sth herringbone groove is better than that of the general
erent assembly clearances. However, with an increase in the assembly clearance, the
e of the two structures increases sharply, while the decrement of the total leakage, Vi, and

ilm force decrease significantly. When the assembly clearance is 60 pm, Vi is only 9.57%, and

sealing performance advantage of the 5th herringbone groove is no longer obvious.
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Figure 17. Leakage rate and gas film force at different assembly clearances: (a) leakage rate; (b) gas film force.
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4. Conclusion ~

In this work, twenty (20) types of herringbone groove surface topographies haye been designed at

the lifting pad of non-contact finger seal (NCFS), and the effects of herringbone. groove on the sealing

performance of NCFS have been investigated by the numerical modelling and statistical analysis. The

results have indicated that the geometrical characteristics of herringbone textures have a significant effect

on the sealing performance of NCFS and the main conclusions are listed as follows:

1. Reasonable herringbone grooves (e.g., N5, N3, N18;sand N1 in this study) can significantly

improve the gas film force and reduce the leakage rate of the NCES. The improvement of the gas film

force is conducive to ensuring the non-contact state of the NCFS under adverse conditions and protecting

the finger feet from the risk of wear. In addition, it'is worth noting that configurations in which the

herringbone groove exceeds the lifting pad should be avoided.

2. The total leakage and FFC leakage atessignificantly positively correlated with the groove width

and negatively correlated with the groove internal angle. However, the gas film force exhibits the

opposite trends to those of the leakage. Therefore, a herringbone groove with a smaller groove width and

larger groove internal angle is optimab.for improving the sealing performance. The 5th herringbone

groove, which has the smallest groove width and groove margin and second-largest groove internal angle,

exhibits the best sealing performa&:e (the/gas film force is 23.98% higher than that of the general

structure, and the FFC leakage is 58.59% lower).

3. The vortices in the herringbone groove contribute significantly to the increase in the gas film

force and decrease in the leakage. This provides a feasible way to improve the sealing performance by

controlling the vorticesrin thesealing clearance. Furthermore, a smaller groove margin is conducive to

broadening the low-speed area, which increases the axial deflection of the streamline to reduce axial

leakage.

4. When thegotor linear velocity varies from 0 to 400 m/s, the pressure difference varies from 0.1

to 0.8 MPa, and the assembly clearance varies from 10 to 60 pm, the sealing performance of the 5th

herringbone groove is significantly better than that of the general structure without grooves.

In future work, we will give further research about the effect of geometric properties of multi-pair

herringbone,grooves (e.g., spacing, arrangement, and density) on the sealing performance of the NCFS.
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Nomenclature
a Groove width mm
b Groove length mm ~
c Groove spacing mm
d Groove margin mm
0 Groove internal angle <
h Groove depth mm
P Pressure Pa
m Mass flow rate kg/s
iy Finger feet clearance leakage rate kg/s
F Gas film force N
A Increment -
\% Decrement -
&
Abbreviations
FSI Fluid-structure interaction
HP High pressure
LP Low pressure
FFC Finger feet clearance
FC Finger clearance
SST Shears stress transport
FEM Finite element method
FVM Finite volume.method
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