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ABSTRACT

Seals play a role in reducing and controlling leakage flows in a gap between rotating and stationary parts, thus improving
energy efficiency in various fluid machinery such as gas turbines, steam turbines, turbocompressors, and turbopumps. In general,
there are two types of seals: contact seal and non-contact seal for rotating machinery. The contact seal has the advantage of
low leakage, but there is a risk of damage to parts due to friction caused by the contact between the rotor and the stator. In
the case of the non-contact seal, damage to parts does not occur because there is no friction, but there is a concern that a large
amount of leakage may occur. A hybrid seal uses both the advantages of the non-contact and contact seals by using hydrostatic
pressure and hydrodynamic pressure effects to form a small gas film between the rotor and stator. The purpose of this study
is to measure the leakage flow rates of the contact seal (Labyrinth seal), non-contact seal (Brush seal), and hybrid seal (Radial
Film riding face seal). The paper details the rotordynamic characteristics of a rotating test rig for the leakage measurements
the test seals at high speeds and the comparison of the measured leakage flows at non-rotating and rotating conditions. In

addition, rotor coastdown tests from 10,000 rpm reveal the frictional characteristics of the tests seals.
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Table 1 Geometry of Labyrinth seal

Parameter Value
Diameter 140 mm
Length 13 mm
Pitch length 3 mm
Tooth tip length 1 mm
Height 5 mm
Clearance 200 um
Number of teeth 4

Seal tooth

Tooth tip length I [ Height |

Disk Clearance

Fig. 1 Schematic view of labyrinth seal installed in test rig
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Table 2 Geometry of Brush seal

Parameter Value
Diameter 140 mm
Fence height 2.3 mm
Lay angle of bristle 45°
Number of seal part 4

Fence height

Fig. 3 Schematic view of brush seal installed in test rig
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Table 3 Geometry of radial Film Riding Face seal (FRFS)

Parameter Value
Diameter 140 mm
Seal length 13 mm
Groove length 10.4 mm
Number of seal segment 8
Number of groove (1 segment) 9

Fig. 5 Schematic views of film riding face seal installed in
test rig (top) and seal front (middle) and bottom (bottom) views

32

fol

- O T - SIS

Fig. 5 = Aol 2k v 25 2o]d wjo] X Ao

7 S BEah g, shetofA] whak gk o] Al aHE
off tieh /efes Holert, A A7 gollA oz 5t
= O AFHe A @S 7 Haa o) k] o
2k AL wol7h gt oERt PR fAlEdeR <
et 47] ark(Edge effect) WY f+ei3te] A F-4 5S40
A AAE zh=t) A Aghol Ax|E A= (Spring)-S EF
g AFstel Ale) e oM A 7ol Y
R AR == i

Fig, 62 57 4 AEAA 20 A0E mojEn
3] A A A3 A (Rotating test rlg) HE|(Motor), &g =
X (Pressure controller part), -3-%A(Mass flowmeter)
R orel 29 93, 27 %
o 23 A= AR fAAE A8 A el 4t
Hol 100 s 71 3 B & G A% FAE A8
o}, 3AA @A o= 38 Al (Gap sensor) 7} 124] WF
(2] W3h), 3A] WK Weholl 90° e s x|k o
on b9 ZE HA(Orbit) S S8 5= A= 5k
o e AlAE AR AR sAm ddE 25 7Y
At 71 70 MPa 74| &7 7Hssith REE 9.5 kW
. 2} 22,800 rpm 74| 5 7Heet 2T E REo|H 3
A &= BlEH|E(Tachometer) S ARE-SHo] S 5H3IH:
Table 4 & 54 A AFAHo] AL AL HHE Lehd,

E

=
Py —
Pressure / Tachometer
)L _sensor 3
A

Outlet pressure 2
controller

Fig. 6 Photo of rotating test rig system for seal tests

Table 4 Information of measurement instruments

Sensor type Model Accuracy Resolution
Pressure sensor SENSYS PHP model  0.035 % -
Gap sensor AEC PU-03A - 0.2 um
Mass flow Flownics KOVT 15 % -
meter
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Table 5 Air properties and operating conditions for seal tests
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Parameter Value
Air properties
Gas Air
Dynamic viscosity 0.00001825 Pa - s
Ratio of Specific Heats 1.4
Operating temperature 293 K
Gas constant 287 Jkg - K
Operating conditions
Rotor speed 10,000 rpm

Inlet pressure, P;, 2.6, 3.3, 4.3 barA

Pressure ratio (Pin/Pout) 1.11, 1.25, 143, 1.67, 2

Ak, I 3 74 WY 7sAol Sl AR AR 7 atE
1 42 34, A BaEE SR v el A
Fol WA 52 EIskaTt

A g7 Ado] 4R Fofl= 3HEHE 1,000 rpm 4
T-5 &% 10,000 rpm 7FA] SE3IT} o] % St oY 24
715 24t HEsts Y dYY S dES HE £
FHAE &l Fd= ST AdS o4 4F 2.6
barA, 3.3 barA, 4.3 barA, Z 371, ¢=€8|(Yt o€/
TForE) 1,11, 1,25, 1,48, 1,67, 2, & 571, 20C A2 27
oA A FFE B APt S oR, Ad A
2 Yol 48 di7|d AHE W & i 3 AAE
Foll Aol AHgE AHEQ v A AIEE W3kt
Table 5 = 4 Adol ARGE A5 FAILE 2s 270 Ko
=Tt
5. &g A4

Fig, 112 gfv|giA
rpm (3]7) “AefollAl
4.3 barA = H3}s}H
ot BE SAWS taa AR AH, o9 o9 4.3
barA, 4=lH] 1,56 o] 2404 SHH vAH o= At
sfisct. Q1T s eheuzt 2kl et A
AR Srein) Ztel e -Hgekel nyY

Ark, E3F 3 2 H|SIA ol SHE
of AR T AFHE HolAT, B Ale] <)
AL oF 4= 9l=1|, o] Delgado®} Proctor™

A

=
Hugszol gAao) e Bz Qg 1= Aol A

fN =

Aol sl 0 rpm (%A]) 9 10,000
QAT U2 2.6 barA, 3.3 barA,

gefulo] W 23 +H fEe B

SF

A
|

O

olN

oo 1 rlo
Iﬁi "
R
C wx flo

N

N
— -

o
>
11
=2
=
:(é
off
e
ot

34

EX

fob

HOZ - I

1.2
]
T Y
H
S o0s8
=
0
3
£ 0.6 1
E —6—4.3 barA, Non-rotation
= 04 A - E1- 4.3 barA, 10,000 rpm
E —=— 3.3 barA, Non-rotation
5 02 J - % - 3.3 barA, 10,000 rpm
=z —— 2.6 barA, Non-rotation

= = = 2.6 barA, 10,000 rpm
0 T T T T T T T
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

Pressure ratio (Inlet P/Qutlet P) [-]

Fig. 11 Measured normalized mass flow rate versus
pressure ratio for labyrinth seal at 0 rpm and 10,000
rom: Inlet pressures of 2.6, 3.3, 4.3 barA

1.2

g ]

[

g

= 08 9

0n

0

[}

E 06

]

N

= , Non-rotation

£ 04 4 P _um - =-4.3 barA, 10,000 rpm

S & —=— 3.3 barA, Non-rotation

Z 02 - - %-3.3 barA, 10,000 rpm
—<&— 2.6 barA, Non-rotation
- = -2.6 barA, 10,000 rpm

1] T T T T T T T T T T
1 11 12 13 14 15 16 17 18 19 2 21

Pressure ratio (Inlet P/Outlet P) [-]

Fig. 12 Measured normalized mass flow rate versus
pressure ratio for brush seal at O rpm and 10,000 rpm:
Inlet pressures of 2.6, 3.3, 4.3 barA

7Kgl ket 4
HloflA] T3 3]
ArgjelA o]
ERJEEPER
A2HE bl

Jo
> ol
rlo
T
o
o
H
[
[l
rld
o,
)

O
£
X

% ol
N

Lo

@ g

o, o il
Ir o

=
)

fo Ho
ot
2

oL T

o

lo

HU i

r
o —IN

Er

st

O;

LN

=
T
|m ™

N
o i
>,
b
N

.
Wl
S
>

B4 A a7je) Al

i)

o] &
t2= A 910,000 rpm 3] AejollA AT &4 2.6
barA%} 3.3 barA 2714 270 disl] ehu]of wk2 413}
H R RS Boet S92 a3 B3R A, I
A 3.3 barA, EH] 1.43 27X SHH ¥ 5HC
2 Aysleldch A 9 A g gt
gholl whet v Ao R Skt RBHY
2 AL TAaa A 9 31 Aol A <]

< Aol vl iAo 35k o2, o=

g .

)

=

S=ERHDIHEE =28 262, H4S, 2023



1.2
g1
g
H
[+]
= 08
0
]
]
Eos
o
N
E 0.4 —=—3.3 barA, Non-rotation
'6 - ¥ -3.3 barA, 10,000 rpm
= 0.2 1 —=—2.6 barA, Non-rotation

- = -2.6 barA, 10,000 rpm
1] T T T T T T T T T T
1 11 12 13 14 15 16 17 18 19 2 2.1

Pressure ratio (Inlet P/Outlet P) [-]

Fig. 13 Normalized mass flow rate of radial film riding
face seal versus pressure ratio at O rpm and 10,000
rom: Inlet pressures of 2.6, 3.3, 4.3 barA

Inlet P 2.6 barA, 10,000 rpm

[
S

-=-Labyrinth seal
~—Brush seal
2 -o-Radial FRFS

-
©

-y
@

- a4 a
© e N &

Flow factor [kg-K°*/MPa-m-s]
@

—

1 1.2 14 16 18 2 22

'S

L

Pressure ratio(lnlet P/Outet P) [-]

Fig. 14 Flow factor versus pressure ratio for labyrinth

seal, brush seal, radial film riding face seal at 10,000

rom: Inlet pressure of 2.6 barA

SAHL B Hla) a2 2| o
7k g8t A BTkl mlxE ofae] A7)

Fig. 14 = *E'BJOH AR 3 70 Ao giste], P
2] 2.6 barA, 3HEE 10,000 rpmollA ZA3H o
S §FA4 (Flow factor) ] FEjZ H|ns}

ol HojEth 5 Aee 4 (V& S8 At 7FsshH, @
L RHAS, m S R R, T, b AE AAY B 2
E, Pu ‘E‘ ?:l?‘ c\):l—a, Dsea] '8_‘ )\EQ‘] Z‘}%‘% —‘]D]ﬂ"q’

S=ERHMDIHSE =28 262, M4S, 2023

12000 + Brush Seal
10000 = Radial FRFS
1 « Labyrinth seal

5 8000
ki Labyrinth seal
$ 6000 - abyrinth sea
7]
(=]
S 4000 -
4

2000 1 Brush

seal
0 T T T T T T

40 50 60 70 80 90 100 110

Time [s]

0 10 20 30

Fig. 15 Rotor speed versus time measured during
coastdown tests from 10,000 rpm for labyrinth seal,
brush seal, and radial film riding face seal

Fig. 15 & t71) AgjollA gA3E 10,000 rpm O 2
Ao W AAE FAstEA ST Azt g 3
A&e AE HolEoh AFLS 3 79 Ao disiA &
A2 Y= QI T BA] AR % Hejy] Aol Mt &
o ghajgls Ho] 7 At o] 2hujylA A2 HIRE
Ao7] ujiZel T2zt A Atolof| wpzko] w9 Ak2- §hH,
Hejg A2 HE Aoly] ufof npzto] A7) wjFol}, v
74 BF old #Ho]& A9 9 10,000 rpmoflA 4,000
rpm 7HA= AR OB QlE| S|ALEEs} ZAast 1
osfol A B4 Alit u]sdt 71872 4L walr)

o|5 53l 4,000pm oA} A= Ao fAllEYo] F13] vt
Aslo] B|HZ AMEE 9A|5kANE T o]3lol| A= ?fjé e
glo] 98-S =23 4= gtk FalE, 4,000 rpm OF Tk
= SR ool v EE hold Eﬂol— o] 7

2 718717} Blela Ao Hle) 7k ol Ades
e gub Bz Qla) 7] 44 il ARy o
2 Amdd,

6.2 E
B eRoldl 4 A AY PN AU F ekl
A, B4 A, BE eoly oA Ue -4 4%E Bt
shgich 4, B A B B ol Ao vk HE
& Bl ol Bl olfe] AEE mEsigch
L AL Z7hel ek el A, Bed A, 2
£ efolg slol s o] 4 e nHgHoR 3
Thatet,
2. ehlRs A Tam gx) el vk 87 A
o thel 4 ol o Ei A}, ol 2] 34 A

o A
3. Hejs] A lza A A it 87 Alb



P T

| ~ ™ on

> FE. 1o
x &
H 12
) % Jo
|m

il
(N
Lo

R

U

ﬁ i
i

o}

2ol so] 2 4l s
Je oA A S8F 27} SR kot o]
AE70] Qo] ofat A Eato] vla) o

o lg fAEY ER R EA) 7l

o

i)
il

o
T
5

4

~

o
o 1> of
g

-
(@]
R

Lo

1=

T
y it
o= o=
o
Hoo [

i
%
2

2

1B
i
=2
LD
o
EQ
-
o2
o5
X
1ho
d
=
e
filo
it
oZ
ol
ok
I8
=
p
jug
I,

2 ATte 2020 FAk AR E () 9] AFet 89 I}

A2} 20230 AFIEAA AR Ao Tl )4
BV A(KETEP) 2] 2] 918 wo} 433k “A1/ICT7]4E 7Hl s

FA717] A, Aeidts fIgt 7]RE &
] A|AE AR ALTHA|(2021202080026D) 0] Ako 2

ZE

ZHE Ve 3

Ty o, olof BARE o EA FA=HYTE

(1) Chupp,

@

©)

@

®

36

References

R. E., Ghasripoor, F., Turnquist, N. A,
Demiroglu, M., and Aksit, M. F., 2002, “Advanced Seals
Industrial ~ Turbine Dynamic ~ Seal
Development,” Journal of Propulsion and Power, Vol. 18,
No. 6, pp. 1260—1266.

Saheli, M, and Heshmat, H, 2001, “Performance of a
Complaint Foil Seal in a Small Gas Turbine Engine Simulator
Employing a Hybrid Foil/Ball Bearing Support System,”
Tribology transactions, Vol. 44, No. 3, pp. 458- 464.

San Andrés, L., and Anderson, A., 2015, “An All-Metal
Compliant Seal Versus a Labyrinth Seal: A Com—parison
of Gas Leakage at High Temperatures,” Journal of
Engineering for Gas Turbines and Power, Vol. 137, No. 5.
San Andres, L., and Ashton, Z., 2010, “Comparison of
Leakage Performance in Three Types of Gas Annular
Seals Operating at a High Temperature (300 °C),
Tribology transactions, Vol. 53, No. 3 , pp. 463—471.
Delgado, A., and San Andres, L., 2007, “Identification of

for Applications:

©®)

™

®

©

(10)

(1D

(12)

(13

(149

(15

(16)

a1

(18

Structural ~ Stiffness and Damping Coefficients of a
Shoed-Brush Seal,” J. Vib. Acoust., Vol. 129, No. 5, pp.
648-655.

San Andres, L., Baker, ], and Delgado, A. 2009,
“Measurements of Leakage and Power Loss in a Hybrid
Brush Seal,” Journal of Engineering for Gas Turbines &
Power, Vol. 131, No. 1, pp. 012505.

Proctor, M., and Delgado, I, 2008, “Preliminary Test
Results of a Non—Contacting Finger Seal on a Herringbone-
Grooved Rotor,” ATAA Paper, No. 2008-4506.

Arora, G., Proctor, M., Steinetz, B., and Delgado, I,
1999, “Pressure Balanced, Low Hysteresis, Finger Seal
Test Results,” ATAA Paper No. 99-2686.

Munson, J., 1993, “Testing of a High Performance
Compressor  Discharge  Seal,” 29th  Joint Propulsion
Conference and Exhibit.

Tibos, S. M., Teixeira, J. A., and Georgakis, C., 2017,
“Investigation of Effective Groove Types for a Film
Riding Seal,” Journal of Engineering for Gas Turbines
and Power, Vol. 139, No. 7.

Dhagat, S. K., Sinhasan, R., and Singh, D. V., 1982,
“Suitability of Grooved Configurations for Bearings and
Seals,” Wear, Vol. 82, No. 1, pp. 37-44.

Liu, Y., Shen, X, Xu, W., and Wang, Z., 2004,
“Performance Comparison and Parametric Study on Spiral
Groove Gas Film Face Seals,” Science in China Series G:
Physics, Mechanics and Astronomy, Vol. 47, No. 1, pp.
29-36.

Ludwig, L., and Lynwander, P., 1974, “Mainshaft Seals
for Small Gas Turbine Engines,” American Society of
Lubrication Engineers and American Society of Mechanical
Engineers, Joint Lubrication Conference, NASA Report
No. TM X-71558.

Delgado, 1., & Proctor, M., 2006, “Continued investigation
of leakage and power loss test results for competing
turbine engine seals,” In 42nd AIAA/ASME/SAE/ ASEE
Joint Propulsion Conference & Exhibit, pp. 4754.

Chupp, R. E., & Nelson, P., 1993, “Evaluation of brush
seals for limited-life engines,” Journal of Propulsion and
Power, Vol. 9, No. 1, pp. 113-118.

Ha, T. W.,, 1999, “Rotordynamic Analysis of a Labyrinth
seal using the moody’s friction—factor model,” International
Journal of Fluid Machinery and Systems, Vol. 2, No. 3,
pp. 52-58.

San Andrés, L., Wu, T., Barajas—Rivera, J., Zhang, J.,
and Kawashita, R., 2019, “Leakage and Cavity Pressures
in an Interlocking Labyrinth Gas Seal: Measurements vs.
Predictions,” In Turbo Expo: Power for Land, Sea, and
Air, Vol. 58691, pp. VO7BT34A033.

Joachimmiak, D., and Krzyslak, P., 2019, “Analysis of
the gas flow in a labyrinth seal of variable pitch,”

S=ERHDIHEE =28 262, H4S, 2023



Alo

2HHIRIA A, Hai4 A, 8y TS atolY HolA Mol £H =X

Machinery, Vol. 23, No. 4, pp. 12-24.
(20) Jun Hyuk Park, Tae Ho Kim, 2021, “Analysis of the

Axial Thrust Force of a Centrifugal Impeller with a
Thrust Labyrinth Seal at its Backside,” Tribol. Lubr.,

Journal of Applied Fluid Mechanics, Vol. 12, No. 3, pp.
921-930.
(19) Hyeongwook Mun, Tae Ho Kim.,, 2020, “Effect of

Journal Labyrinth Seal Design on Thrust Force and
Leakage of an Impeller,” The KSFM Journal of Fluid Vol. 37, No. 1, pp. 31-40.

S=ERHMDIHSE =28 262, M4S, 2023



	라비린스 실, 브러쉬 실, 반경 필름 라이딩 페이스 실의 누설 측정
	ABSTRACT
	1. 서론
	2. 저누설 실 3종 소개
	3. 누설 측정 실험장치
	4. 누설 유량 측정 실험 방법
	5. 실험 결과
	6. 결론
	References


