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Abstract: A steady-state clip type three-dimensional solid model of the three-stage brush seal and a
porous media model of the single-stage brush seal and three-stage brush seal based on the test data
modification were established, a brush seal leakage medium-speed durable characteristic experiment
device was designed and built, the influence of pressure drop on leakage characteristics of single-stage and
three-stage brush seals was studied, and the advantages and disadvantages of the two numerical methods
were analyzed and compared. The modified porous media model was used to study the flow field
characteristics of the three-stage brush seal, and the axial and radial pressure distribution characteristics
inside the brush bundle were analyzed. The results showed that the porous media model modified based on
experimental data had higher solution accuracy than the steady-state three-dimensional forked tube bundle
model and was closer to the experimental results, the error between the corrected values and the test results
of single-stage and three-stage porous media models was less than 5% and 20%, respectively, which was in
good agreement with the experimental results. There were large axial and radial pressure gradients in the

height and surrounding area of the brush wire bundle fence, and good sealing effect was achieved through

%39 %

the flow resistance effect.

Keywords: three-stage brush seal; steady-state sliced 3D solid bundle model;

porous media model; leakage characteristics; pressure distribution
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Fig. 1 Schematic diagram of single-stage and three-stage

brush seal structure
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Fig. 2 Brush seal porous medium model diagram
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enlarged view
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Fig. 10 Physical drawing and structural parameters of three-stage brush seal test piece and their corresponding relations (unit: mm)
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Table 2 Brush seal structure parameters

RCIE=3 L
42 B A% d/mm 0.1
i) 22 AR A7 D/ (°) 45
il 22 5 19 e i 3 1/ mm 7
il 22 TP HE 4/mm 0.0
Fill 22[B] B 6/mm 0.01
il 223 % N/ G /mm)D 160
SNAHEAE Do /mm 158
N EAE D;/mm 138
R 22 KIZE By /mm 2
R 2 HRIZSE By, /mm 2
5 =G 22 R)ESE Bz /mm 2
SE— G SRR RS B Hiy /mm 1.25
58 9B R PR R B Hip /mm L5
5B = USSR S B Hys/mm 1

22 RIEE

KL 25 M T v st 2 288 3 T A 6 20 5
YK, R 5 e H b 2= RGP R R A
HF 7 B v LIS F] 1.0 MPa; JE Jyid@ k45 T 3%
T8 1 ER A, T A RO B Y B R TR
% {551 T NI/PCI6255 REMN AL Hi 2 R4 R 55
T EEZHCR ] K B IS 8 5Tl ik ADAM4118
R ARSI SR FEAR R IR e e R

& 11
Fig. 11

i 2 s e o T X T 2 e S [
Brush seal medium speed seal durability test device

physical picture

R T O T (PR L 2, AR L 0~
50 g/s), 0 RANR] T8 T Ao ik o
2.3 RN FE R
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Fig. 12 Test bench test schematics brush seal
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B BHE R F LG 251 R T &, R4 T 2 50h
FIHH,

®3 RIXTHOIIEEL

Table 3 Working pressure ratio of brush seal

T %
=G X A L.k ) X2
1 1.426 1.397
2 1.586 1.595
3 1.822 1.795
4 2.024 1.917
5 2.267 2.159
6 2.529 2.403
7 2.845 2.606
8 2.986 2.829
9 3.199 3.169
10 3.586

3 ZIANFRRBEMEIETT IR

31 ETREHEEENS TN RES

T i) 2 B BB AT 5875 100, Xl 22 052 2% IX
ol Fy Ao B R R A A 1) T R R AN A
RS Rl 22 5 IX Ak 31 A Z2 AL A Ok EA T B TR,
FL 22 FAL B3R ) UK B R B3R 4 2R
DR IHe 5 0 Rl 22 R SL B R 5 BH ) 2R BT R AT,
FARPE IR 5 R0 E LR SR 2 Z MR

AT 732, Rl 22 A FLB R 20 N, D,
d. @, rAl B EZHHE, 18 il 3% B 4540 1

JG,N.D.d. &, MrEEZBisE 7, Ak
2B T UM R AN . W22 REEE B Rl
BB LR R R ME— S50, W22 RS B &
Zh 22 B A% d, W22 280 22 HESIIR 25 45 T &R
(520, ELR 22 A% d Wl 22 )2 B0iE i e 2 /T 2
B g, Rl 22 HeEFR A RI AT Bk, A
SCHE MR 22 HEFARZS T R A 5T, i i it 4 1 ok
T 2 ) 22 AR AN [R) R 22 25 0 T B JER B8 RN, e &
B 2 ) 22 AR AL . L S SR AE T A pr
TR 22 SRAL IR SR 0 2 VR IR IR I 25 B I E
T Z AL BB AL ALK, 28 UE TR, B IESE
2L B A R SR SR & R i A
7R X R — AR H R 8 0 k(B IF DAt
X A H I RIS HEAT LA B I, O IR R
5 R 22 AR R 22 AR R 2 S 80 22 Uk
A= AR Ak, AN RE AR AT R 22 B JE AR AN R e 22 R i 4
A AR R R Ok i kit —
e 5E 3 5 0k, X R g = 90 3% B 2 FL A R
PR AT 22 0508 IR0, RS B | = Sk 5 P A
g — 2R P AE TR 6 AN [R) T 000 s AR VR 2R 47468 1 48
B AR & (EBE B ) A2 A th &, DT 42 & BB T
TR P S A

FE R X% B S PRAs AT R v, R R A 25 R
FE T, FLBR R 32 2 2 32 B 22 FR B (1952 10, Il
22 PR 5 ) B S BRas A7 o i HEFR S ARG . a0
P13 Fi 7R M il 22 169 3 FpES T3 2K 430 hy 5 % i
HE B, SLPRRAS B 5% XA B, Hh B#IHES
B SCHE SR il 22 BARHES O 5K, A S PRIE AT
Tt ] 22 HEF b F 5 % SCHEFN B % HE = 1], 3
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the thickness of brush bundle
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16
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Fig. 14 Comparison of leakage values and test results of a single

stage brush sealed porous media model

P, S 1 il 2 LA R BRI 5 25 SR
P S B il 2 B 00 As AT I B, R 2 B
RERRE 22 Jim A i 22 3R 58 FE Aok B Ay

B:Bl+k(32—31) (18)

AT i 22 B IE TR R B IE R kS AT
EIE, BIAE B T 00T REIBCA [R] B A (A 9415 )
24 R, 15 Bl X8 B AR 00 L Bk
[ORZRCXGEN IR auEi vl s ST 87 T Ea W
BHEA [ R FE R R o0 k R 28 S 1R 22 X UL, g
Z AL B R T 45 2R S I 45 R AT He AL, ik

BORZ BN kAR B IE(E, K 4 & BLRE
& R =% R L AR TS K, 7 B AN TR A 3
T B RARAS BN kA BE R 45 2R S ik g 46
SRR G, 150 U i 5 ) 5 et ) s e 1) 346 o,
il 22 A TR TR T 23 B W T S0k il 22
JEEJE, i 18 1E i A I 22 30 51X 1 F e
e BRI 5 1 ) 2 S T — B

x4 RIXNZHEBS L EERSIREXLL

Table 4 Comparison of k value selection and error of

brush seal
R, k WRE/%
0.61 13.12
1.397 0.6 7.61
0.59 3.5
0.59 8.15
1.595 0.58 6.81
0.575 1.52
0.57 16.15
1.795 0.565 9.47
0.56 1.67
0.56 14.56
1.917 0.555 1.94
0.55 13.59
0.55 14.21
2.159 0.545 3.82
0.54 8.83
0.54 10.41
2.403 0.535 6.63
0.534 4.11
0.534 9.31
2.606 0.532 5.81
0.53 3.41
0.53 14.31
2.829 0.525 9.96
0.52 3.26

TE: NIAL ORI 2B B 5 k(A IETR

T ARATR 22 R AEA [F) R Ap H #9728 fE
(EALHE, AR SO B 28 8 i 8 18 T 4L
fi (R 3 PG THL 1~ 100 8), JFidE o gk 4 b
WRZEBUPY K EETUSBIE. T80 9 M T4
10 R HEATAUA 18 1E 2 R S0 R 45 21 A9 #0145 ith £&
REM AR 4 b 5532 T OIS Bl AR W 45, Sk 07
IEMER PR AT AT . RN ) I T 00 R AL, K
YR ke ELHEAT 2 4 {75 21728 1 o 24 5 ) kA Y
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Fig. 15k value fitting curve
1
k= Ca+b-Ap) ¢ 19

IEZER K a=4.063 6, h=13.58271,¢=2.87041,
K15 il 2k 4 "R B XHE IE R kB HLG
AL

AR S 3 % L R 2 R R A I S HOKR (]
P = G % R — R R R . B
F W . R[] 45 4 1 — i) =% 4% U R 5 H g3
A 21%~27%. 27%~32%. 41%~52%"%, [H i,
ASCHCEATH T EMEAMR IR N 24%. 29.5%. 46.5%
VE R E AR — W e B 25 317158, — kil B 4%
(i) s e 53 P S B 4 ke (B L3R 5
32 RBBEFRR . =ZRRIEHERSH

i 3 A (19) LA Y il £ ok 58 U 3 58 P He
93.169. 3.586 T.400 T iltt i = 5 50 %) Fe AR &0 2
K 16, o 4.927%. 1.933% J9 JE [b 3.169. 3.286
TRyt R 2E . BT LUE B
HEeERMITESRSREEREEA. HE
TR, 78 KR4 e HE I B, 935 i 22 46/ T 5%,
X TSR H 22 0B E 1 5 R AT Y, (Rl 36
AF It 2 28 sk 22 LA B 28 ] L vy 00 ) =X s
(R it o B X = ) X AR A R A
G IEREAS TR 43 B RAB IE K AE, 15 2] A9 % He 48 28 an
K17 s, WETH AT DU 2], = 20 05018 1E
(1) 2 FLAr BB AL =200l 3 848, 3 B AE R LR
1.5~2.0, 2.0~3.0, 3.0~3.25 Z [a], JE FL7E 1.5~
2.0 B Z LA B A 5 g0 A R 22 3/, F R
PUEFEMRE 22 55000 T CRUR H/INF 2.1), % R FE

x5 ZHRXBHRPEERESTRES & EIEER
Table S Distribution of pressure drop between three-stage

brush seal stages and selection of partial k value

HIE2%/kPa JE2%/kPa k
10.22(55—2%22)
42.6 124835 /L)

19.81E =2 %)

14.08(5F5—44 522 )
58.67 17198 % )E#)
2728 =4 E%E)

19.49(55—2 K 2)
81.22 23.79CFE K 7)
3776 (G =4 E%)

24.59(S—2R K 2%)
102.49 30.02(%F S EF#)
47,6558 =9 JE#)

3042055 —4 R 2%)

126.75 3713 R 2E)

58.93(5 =R E#E) 0.576
36.71(5F k%)

152.97 44.82 (5 ")

TLIBCR =% 22) 0.569
44172055 — k%)

184.05 53.92(38 g HE2%)

85.58((H = /E2%) 0.562
47.66(—G k)

198.62 58195 —2f %) 0.576
92355 =% 2E) 0.558
527958 — %)

219.97 64455 E2E) 0.573
10228 =2 /E22) 0.553

TE: k FREPRETE 2 T AR RIRE IR,

Y ELH /N (85 B 2239 /IN T 40 kPa) 1T L2200 1 B
XF kB AR S I, AR BV SR YA R
U5 JE L AE 2.0~3.0 B 22 FL A I iE A 5 56 40 i
TR 22 B FOH Bl 25 7 LL B 38 R 25 A AN s/,
FE PR =R R R R (K R 22K
T 60 kPa), M I&l 14 0] LA 3, 24 5.2 il £ 78 1 Lo
KF 1.6 J5 2L B RT3 25 1 5 56 1R 24 48
K, T ER LB RFTBIE ., RSTENAE TA
[ FE 25 K (E 918 1E Bk B, I X6 4% 9k 22 7
60 kPa [l ir 64T THEIE . P, AR SCU 27 = Sl
AT THEIE, T = 0 B 90 301 &% Gl 22 4%
JE H K, B /N R Bl 1% = Gl B 45 G 22 1]
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Fig. 16 Comparison between modified calculation results

and experimental results of single stage brush seal
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Fig. 17 Comparison between modified calculation results and
experimental results of three-stage brush seal

porous media model
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Fig. 18 Contours of pressure and streamline distribution
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Fig. 19 Schematic diagram of each surface of brush seal
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Fig. 20 Axial pressure distribution on the upper and lower surfaces of each brush bundle
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Fig. 21 Radial pressure distribution on the upstream and downstream surfaces of each brush bundle

5 & it

AT 7RSI R 3 = SR A R R
BTSRRI E R g =gl U B 2 ALY
JROARE Y, 55 1 oo ) 2 B A 5, BT
T BTN [R) s 0T Al X e i s e A )
SR, X L2 b 1 e (A TR o i O Ty
T B4 TR 1, 7B IE R 1 2 FL A0 TR vk 9 6 L
WFFE T = Gl U A 0 A R, AR R AR
4518

1) 22 AL A0 R R 2 T 4% a1t O 5 1k e A
ROt B )™ iz B AR, (B 22 £L A T 2R
575 ZAR SRR AT IE IE o A SO 45 R 7>
B 1 g h 3 R S FLB R Z R A S R
SE TR R B 2 AL R . PR
AR — LB RS, B 2% B R AR
GRS AR /N T 5%, W] LIRSS 5 100 25
RAWIE o

2) BT g ) U B A IE M 2 LA
T7 ¥k, 1 B e B 55 ) 22 AL B AR 22 ) B O 2R Bk
T ¥ 42 068 A ) 2354 114 = ) X 45 ) s g A
TEIE, HABIEE /Y = U 0% B B E AL 5 1
B RARIZE/NT 20%, FIREE KA, Bk T

T A PR R ORI — G b 22 AL A B AR T vk
& B

3) hill 22 TR FEIA g JEE B T IXSeA A 5K Y
I RO R E CINASw R )i S o - i R R i bu i 1] E24
WA DN K A= N s B4, 5 20E I {E
T ZR R 22 5T (R o [N b 90 22 3
PN (O THEZr S ot T TR T bl e S NV
li) I 22, 2 ol i) 22 SR 36 i 3l ) O ) ke R R HE
il 22 2 [ AR LAY AR T, HES B T 30 K %, &
B 22 W0 B, 25 5 7 AR WA RN, AN T il
EEW I RS SN DS P S

CESd ¥

[1] 2%, 223600, sk IoHr, 55 i) =% = 5 R 09 0F 58 5 S [J]. i
7= KB, 2019, 45(2): 74-84.

LI Jun, LI Zhigang, ZHANG Yuangqiao, et al. Research progress of
brush seal technology[J]. Aeroengine, 2019, 45(2): 74-84. (in Chi-
nese)

[2] LI Jun, QIU Bo, FENG Zhenping. Experimental and numerical in-
vestigations on the leakage flow characteristics of the labyrinth
brush seal[J]. Journal of Engineering for Gas Turbines and Power,
2012, 134(10): 102509.

[3] DINC S, DEMIROGLU M, TURNQUIST N, et al. Fundamental
design issues of brush seals for industrial applications[J]. Journal of
Turbomachinery, 2002, 124(2): 293-300.

[4] BAYLEY FJ, LONG C A. A combined experimental and theoreti-

20220989-14


https://doi.org/10.1115/1.4007062
https://doi.org/10.1115/1.1451847
https://doi.org/10.1115/1.1451847

%124

MR G LT 9% -hi) 22 5L 2 U 46 1 4 i = e 22 LAY T Y

[5]

[8]

[10]

(11]

[12]

[13]

cal study of flow and pressure distributions in a brush seal[J]. Jour-
nal of Engineering for Gas Turbines and Power, 1993, 115(2): 404-
410.

CHEW J W, HOGG S I. Porosity modeling of brush seals[J]. Jour-
nal of Tribology, 1997, 119(4): 769-775.

WA, A, E ke R b i I R 3 0 2 1L 4 TR
{EAER (0], s 3 Iy 240, 2000, 15(1): 55-58.

HUANG Xuemin, SHI Wei, WANG Hongming. Porous medium
leakage flow model of brush seal[J]. Journal of Aerospace
Power, 2000, 15(1): 55-58. (in Chinese)

HUANG Shouging, SUO Shuangfu, LI Yongjian, et al. Theoreti-
cal and experimental investigation on tip forces and temperature
distributions of the brush seal coupled aerodynamic force[J]. Jour-
nal of Engineering for Gas Turbines and Power, 2014, 136(5):
052502.

g2, sk on i, G W, A R ) = 4 SCHR A RO R Y Al
35 B U R BT S [0]. VY 4 S8 T R A A AT, 2020, 54(9):
72-80.

MA Denggian, ZHANG Yuangiao, LI Zhigang, et al. Investigat-
ing leakage flow characteristics of brush seals via three-dimension-
al staggered tube bundle model[J]. Journal of Xi’an Jiaotong Uni-
versity, 2020, 54(9): 72-80. (in Chinese)

ZEE By, INPE, XIGKCOR, 48T ALE It [ RS & 77 75 1 ) =X
25 B U R 1 IS 5 S B A AT 9], SRR R 2020, 41(8):
1850-1860.

LI Guoqin, SUN Dan, LIU Yongquan, et al. Theortical and experi-
mental study on leakage characteristics of brush seal based on ALE
fluid-structure compled methodology[J]. Journal of Propulsion
Technology, 2020, 41(8): 1850-1860. (in Chinese)

INFE, T, ), &R SR B R R Tk S
SCUS B [I]. #4138 5, 2000, 48(1): 6-13.

SUN Dan, DING Haiyang, LI Guogqin, et al. Numerical method
and experimental verification of brush seal leaka-ge characteristics
[J]. Thermal Turbine, 2009, 48(1): 6-13. (in Chinese)

PUGACHEV A O, DECKNER M. Experimental and theoretical
rotordynamic stiffness coefficients for a three-stage brush seal[J].
Mechanical Systems and Signal Processing, 2012, 31: 143-154.
HENDRICKS R C, GRIFFIN T A, KLINE T R, et al. Relative per-
formance comparison between baseline labyrinth and dual brush
compressor discharge seals in a T-700 engine test[C]//Proceedings
of ASME 1994 International Gas Turbine and Aeroengine Congress
and Exposition. Hague, Netherlands: ASME, 2015: 136-157.
BTN, T L, S BB 2 M U R B 6 £ AL A
SRR (1. A0 25 3 )1 % %, 2008, 23(3): 443-447.

CAO Guangzhou, JI Honghu, YUAN Yanping. A porous medium
model for simulating leakage flows through brush seals[J]. Journal
of Aerospace Power, 2008, 23(3): 443-447. (in Chinese)

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

20220989-15

N R = 2 R 0 R R M A 5 (D). R 5t e
ZE i R K2, 2006.

CAO Guangzhou. Investigation on leakage characteristics of brush
seals[D]. Nanjing: Nanjing University of Aeronautics and Astro-
nautics, 2006. (in Chinese)

B, A2, A, SF L g SR B IR R A S
B BT T[] P4 % 38308 K224, 2013, 47(7): 7-12.

QIU Bo, LI Jun, FENG Zengguo, et al. Experimental and numeri-
cal investigations of the leakage characteristics of two-stage brush
seal[J]. Journal of Xi’an Jiaotong University, 2013, 47(7): 7-12. (in
Chinese)

AR, FE B, Ph P, S5 2 G 2O B G R R 4 IC R
PR 28 HOH 5 52 e BT 5T 9] A2 24z, 2020, 41(10): 123544
ZHAO Huan, JIAO Zhongze, SUN Dan, et al. Numerical and ex-
perimental research on interstage pressure drop distribution affect-
ing factors of multi-stage brush seals[J]. Acta Aeronautica et Astro-
nautica Sinica, 2020, 41(10): 123544. (in Chinese)

B, B, FROE, 3T 2500 B AL A il =X % il
U B0 R A WF T[], P % S R 4 2 4, 2007, 41(7): 768-
771, 779.

LI Jun, YAN Xin, FENG Zhenping, et al. Study on the leakage
flow characteristics of brush seal based on porous medium model[J].
Journal of Xi’an Jiaotong University, 2007, 41(7): 768-771, 779.
(in Chinese)

ERGUN 8. Fluid flow through packed columns[J]. Chemical Engi-
neering Progress, 1952, 48(2): 89-94.

B, 275 BT 2 AL A R AR BT 7 i 10 ) X
FR A L VR [9). i 28 31 F1 2441, 2015, 30(5): 1067-1075.
QIU Bo, LI Jun. Conjugate heat transfer characteristics of brush
seal based on local thermal non-equilibrium porous medium ap-
proach[J]. Journal of Aerospace Power, 2015, 30(5): 1067-1075.
(in Chinese)

B R 2 A A BT Bl B 22 R S fh % AR P T
FE[D]. AL at: i K2, 2015,

HUANG Shougqing. Research on the flow field and bristles tip con-
tact heat transfer characteristics of brush seals[D]. Beijing: Ts-
inghua University, 2015. (in Chinese)

YAKHOT V, ORSZAG S A. Renormalization group analysis of
turbulence: 1 basic theory[J]. Journal of Scientific Computing,
1986, 1(1): 3-51.

AR FE TS AR Bl T 2% 53 - CFD B I 35 6 H (M.
JE R W AR MR, 2004,

WANG Fujun. Computational fluid dynamics analysis: principle
and application of CFD software[M]. Beijing: Tsinghua University
Press, 2004. (in Chinese)

ARORA G K, PROCTOR M P. JTAGG 1[I brush seal test results:
ATAA1997-2632 [R]. Seattle: AIAA, 1997.

(#t: L2FE)


https://doi.org/10.1115/1.2906723
https://doi.org/10.1115/1.2906723
https://doi.org/10.1115/1.2833883
https://doi.org/10.1115/1.2833883
https://doi.org/10.1115/1.4026074
https://doi.org/10.1115/1.4026074
https://doi.org/10.1016/j.ymssp.2012.03.015
https://doi.org/10.1007/BF01061452

	1 刷式密封数值计算方法
	1.1 多孔介质模型
	1.2 稳态切片式三维实体管束模型
	1.3 边界条件
	1.4 网格划分与网格独立性验证
	1.5 多孔介质模型结果分析
	1.6 稳态切片式三维实体管束模型结果分析

	2 刷式密封泄漏特性试验研究
	2.1 试验对象介绍
	2.2 试验设备
	2.3 试验测试原理

	3 多孔介质模型修正方法
	3.1 基于试验数据修正的多孔介质模型
	3.2 试验修正后单级、三级刷封结果分析

	4 刷式密封流场特性分析
	4.1 流场分布及压力分配
	4.2 压力分布特性

	5 结　论
	参考文献

