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Abstract: Numerical simulation and experimental research on the optimized design and sealing characteris-
tics of a new labyrinth seal structure based on a mid—inlet were carried out to address the gas leakage problem at
the dynamic and static frame connection of the aero—engine high—altitude simulation test facility. The new laby-
rinth sealing structure is designed, the thickness of the tooth tip, the thickness of the tooth root, and the back in-
clination angle of the tooth are selected as the parameter variables, the leakage amount is the optimization objec-
tive function, the sample points are designed according to the Box—Behnken method and the second—order re-

sponse surface model is established by numerical calculation results to realize the numerical simulation and opti-

* WABEH: 2021-04-06; fEITHEA: 2021-07-28.
BEWA: FHEAKRPFES (11702177); 1074 ASRBERES (2020-BS-174).
EEEN: &M, Bidg, TFRSWCAmiE ZafLasts . sz S59R3).
BMEE . WIELE, Wi, #d%, TRz LafLaih . s 59k,
SIAER: bW, WHEAE, JRak, . w6 S AL RO R B A B A B R SE L ] HEFEROR, 2022, 43(8)
210206. (YANG Zhi-ming, Al Yan—ting, SU Jin—you, et al. Sealing Characteristics Study on New Labyrinth Seal
Structure of Dynamic and Static Frame Connection of Altitude Simulation Test Facility [J]. Journal of Propulsion

Technology , 2022, 43(8):210206.)
210206-1



Fa43% Hisl i

#HoR

2022 4F

mization of the leakage characteristics of the new labyrinth sealing structure, and the numerical calculation re-

sults are verified by test. The study shows that the error between the test results and the finite element calculation

results does not exceed 10%, which verifies the accuracy of the numerical model. The leakage of the new laby-

rinth joint structure is reduced by 12.5% through the optimized design and analysis, making it easier to achieve

the optimal sealing effect. The new labyrinth seal structure has 99.2% better sealing characteristics than the ini-

tial structure and eliminates the additional resistance of 695.2N caused by leakage at the joint.

Key words: Aeroengine; Simulated altitude test facility; Labyrinth seal; Leakage characteristics;

Structural optimization
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Fig.1 Working principle diagram of the new labyrinth

structure
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Fig. 2 Detailed finite element model of the new labyrinth

seal
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Table 1 Boundary conditions

Boundary conditions Values
Outlet pressure/Pa 101325
Main inlet pressure/outlet pressure 1.5~3.0
Main inlet temperature/K 300~440
Outlet temperature/K 300

22 HEMHE

BERELIOSHOIE N Z AN EEN
1.5,2.0,2.5 1 3.0, 76 16 WU B4 0 0 R 7 0, 38706 %
A B A TR A B T — 4D B A R R R S B
R s I R T B

TR B AR IR DL B DA 0
o Rk FER R A 1.5 B S [R]85 i O
AR TS R A E 3 s . B 3(a)
% B R T R OB B R ) S B S
1 3(h) T LA H, 24 % d5F 45 41 0 3 A R 1 4
IINIE 12 B A R PR I IR A S s O A R
FE 7328 O B K BOH AL 5 B & 45 1) 1 4 A SO0 R ) 3%
BER, SEEH HIE T B S —A s R X, AR
25 FROBE T 7 1) AR, — B A RO AE R R X N RS
55 RE AR, D5 A0 A AU 1) A 28 H % 1D B IR
Bl Ui ] FE U Y S A ECRE B 08 U A AR R
TIOR3 — 5 43 T U A A R T 4k 2 ) I EE 1
i s N F A CTHEACE Ui PR S R
I O HEASOE T B BN, i Sh 1k R REAIC L 3h T 1
A7 B AN W 1] 3 3 3#E 5 10 B8 3l 3 AR I T A
B, DA A 2R — B 1A Ak S B d 7 AR 5 2 o
FU S 7 4k 2238 R, S8 3 iy B

A EU I SO o R L, B A U 5 R R AR 1) 4 o
BN R S S e W R N TR = S\ A SR ULE
FEHIAE ok SE LA B

TV A TR B R 5 0 Rk I TR R
A5 A 2N ] 4 R o DU Rl TR R AR Ak R A D
FH Matlab ZE 47 14, $ H B AR 23 e 7 X6 107 A1) 4 i) 1
JE 1o 32 RIUAR BE VRN PR REHE bR (E, UG T 2 iy
SR RBCR R 1 AHXT B 5 AR iR 22 RMSE #2355 0,
2 B LA RS B AR A s 2 R R B i 2R
I N [ B Y I S <3/ o S S e =i R T O VA £
PEH O, i E S PR B EEE ) GERE S
AR 0 LA (BRI L) AR B2 G & .

3 SEEENNEEIES S

3.1 RELKIGHR

R ARGEHHAIRSE HHEEMEW RS -
HB AL, AN 6 PR o LA 3 U ik U AN e 1g/s 1R
JAAe B e Em RN SRR Z R 1.5
~ 3.0 B, 38 2ok 8 45 o S SO O B O 3R 2 iR
B, DLSE X — H AR, [ B 10 S ot e 25 B2 3 101 0 R
JIA

BB s 6 Sl AR i TN B A A e
LGS RO N o S R 0 e = N U N 5 S o
I e B I A 3R T A FE R AR 24X
PR %5 B3R 0 . #ERH S a8 R R R RO
i A A S . E R A 0 VE A SR HE A B Al
T A5 H 0 ok it (B SAy 2 B AL 6 v A R Sl Pl
S S T I W v S T T a2 1 e W
MR R EE NI - AEH SR
P Z BARFLER RN 14mm, 5 0H 64 HA
SERBAS R AEN SR AR A E
2R 10mm B 54~ A TFL, PR = 41 % 3 5 A9 2mm
DRI SED e 4 v o I - e N s
(] P 80 1 To0 4% Bt e ok iR i 4 . iR A
1Y FEZELE S EN R 3 R
32 XTLLIHE

B AV A % B A A A BRI S B T R A
RAE 8N, AL BEE F W aE 0 s o,
SCPR AR B b 0 % B 0 R ) bl 2 AR
R ATESKEWERMELR FE2LW R, (TES
R R E R R RREAET 10%, F1ER
25, FERELRIF A, AR E DL R g8 1
R oy BN T 2 e I A e DR IR 5 RRO(E AR R — A Y
AR, JF Bk g0 A b R RS R e

210206-3



43k 8l Mo R 2022 4E
Pressure/Pa Velocity/(m/s)
46694.09 188.71 ’
3255537 138.72 |
18424.65F 9127 i
428993 4039
-7071.84 0.000
(a) Control inlet pressure OkPa
Veloci
Pressure/Pa eloctilm(s)
46556.40 .
32447.25 14645 , ‘
18338.10 F 1T S MAA—_
422895 48.88 =
-7058.36 0.000
(b) Control inlet pressure 126.656kPa
Pressure/Pa Velocity/(m/s)
50251.20 205,92 | l
31692.75 154 .44 i A
oo BALLMNASAL AL
3855.07 51.48 i i W ANET
-10063.77 0.000 '
(¢) Control inlet pressure 151.325kPa
Pressure/Pa Velocity/(m/s)
53188.75 163.42 i ‘ \
33881.84 o i;1 i
19401.66 9971  WiE £ & ,,;‘,W\‘ d £ 2 f‘“flm
4921.48 4986 " i s
-9558.71 0.000 °
(d) Control inlet pressure 154.014kPa
Pressure/Pa Velocity/(m/s)
67034.41 234.55
43054.25 175.91
25069.12 | “‘ “““‘ I
12 | & 1727 [EA A5
7083.96 58.64 :
-10901.12 0.000

(e) Control inlet pressure 177.318kPa

Fig. 3 Diagram of pressure and velocity changes in the flow field under different control inlet pressures
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Fig. 4 Curve of different control inlet pressure ratios on leakage
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Table 2 Evaluation performance of response surface

Main inlet Main inlet Main inlet Main inlet
Pal‘ameter pressure pressure pressure pressure
ratio 1.5 ratio 2.0 ratio 2.5 ratio 3.0
R? 0.9822 0.9882 0.9904 0.9927
RMSE 0.00793 0.00763 0.00737 0.00704
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Fig.5 Control inlet pressure and main inlet pressure

relationship curve at "zero leakage"
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Fig. 6

(1.Main inlet; 2.Control inlet; 3.Blot hole;
4. Stabilize-pressure baffle; 5. Surge chamber; 6.Test piece)

Fig. 7 Experimental pieces

Table 3 Main characteristic parameters of the test model

Main parameter Value
Total length of seal L/mm 142
Tooth spacing B/mm 7
Tip thickness t/mm 1
Forward angle a/(°) 90
Backward angle 8/(°) 120
0.40
—=— Fluent simulation data
—e— Experimental data
£ 032}
2
g
z 024}
]
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5 ol6f
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I
s 008
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Main inlet pressure/MPa

Fig. 8 Relationships of mass flow rates with simulation

results and experimental results
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Table 4 Range of optimize parametric variation and initial

values
Ttem h/mm t/mm BIC)
Maximum 3 3 130
Minimum 1 1 110
Initial values 2 2 120

H JH Box—Behnken B 11 77 & #EAT HEA (B80T %07
I5 BE A% 3 G AN 5 BE A I AR AR B, T T
AR S AR Z B EIRLE G &R o MR Box-
Behnken % 11 723000 17 0 tb 250416 i 7 M
BB R IF AT . AR SO = A SRR RN —
AL HBR B RE A BE Ui 3 5 s

Table S Box-Behnken experiment design and calculation

results (typical conditions: main inlet pressure ratio 2.0/

control inlet pressure ratio 1.9)

No. t/mm h/mm BIC7) J1(gls)
1 2.00 2.00 120.00 63.9047
2 2.00 2.00 120.00 63.9107
3 2.00 3.00 130.00 57.5481
4 2.00 1.00 130.00 60.4939
5 3.00 3.00 120.00 60.4749
6 1.00 2.00 110.00 69.7747
7 2.00 2.00 120.00 63.9067
8 3.00 2.00 110.00 68.3525
9 2.00 2.00 120.00 63.9112
10 3.00 1.00 120.00 65.2153
11 1.00 1.00 120.00 66.1656
12 3.00 2.00 130.00 57.8806
13 1.00 2.00 130.00 59.3028
14 1.00 3.00 120.00 62.7482
15 2.00 2.00 120.00 63.9084
16 2.00 1.00 110.00 70.1595
17 2.00 3.00 110.00 66.4532
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Table 6 Verification of optimal calculation results

Item Mass flow rate/(g/s)
Initial model 63.9
Optimized model 55.9
Improved/% -12.5
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