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Leakage and Rotordynamic Analysis of Spiral-Grooved Pump
Seal Based on Three-Control-Volume Theory
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ABSTRACT

In this paper the leakage prediction and rotordynamic analysis of an annular seal with a smooth rotor
and spiral-grooved stator is performed. For the development of a theoretical model, the three—control-volume
analysis of the circumferentially-grooved seal is expanded by considering pressure reduction due to the
pumping effect of spiral groove and pressurized flow through the spiral groove. Validation on the present
analysis is achieved by comparisons with available experimental data. For the leakage prediction the present
analysis generally shows a reasonable agreement with experimental results. Rotordynamic coefficients for
rotor speed with spiral angles show same trend, but the magnitudes of rotordynamic coefficients yield
differences between analysis and experimental results.
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Fig. 1 Spiral-grooved seal geometry

land¥-¢t & (groove)F-olA =2E9| gHdo] Wi ¢
W (0) e FHH landi-ok FF-E ‘HH
s A BA (C) 2EFE olFAEH. o] A land

5
i
(3

|

Color
el
-
o
<
Jo
=
T
ol o
ox
ol
4 e B
px w3
dor o oSt fof ot

e

=

o
tlo 2 mop
X
il

o

_{

2

B
A

omam

e
lo,
of
HU
_1_4 &’O
Lo o
o

&,

g ©

2

op

[}

oy

2
o8 <

o

44

-4r 2
2

|

i

= AP~ APgi)7b 2
71 =, o] ZRI} ¢=at

Vo7t AT}, s 2
1 e AL Ae
three—-control volume
Aok He F e 5ol

|
wRishe ANEUOE AN

15



SIE & - 0| et

2.1 LIM & Alo] H= =2 (pumping effect)

25 5% 4ol UH & 29 Prggel o
FA F3F0] 00 HE 4E% (APum® A9 2
o] Stair"dldds] YA & e d5= AAFAL:

A7IM, we A AZASFIH, T = (Ly/cosh) /

(Lg/cos B+L/cos B), K=(B+C.)/Cr, U = R+ wolt}
APlammar _6}% X
tan BT (1— P K3— WK —1) @)

K?(1+ tan?8)+tan’B r(1— ) K°—1)*

QAo i F AN F5E UF 9ol
U:] A]~D1:L11*bul(-:‘nt7: VOhr oﬂ 46}] }4(3)‘?’}' 7E].‘Ol @9]%
714 v A9 SRS dE,

0.778

AP turbulent __ UXB
A Plaminar =0. 0159 ~ ( 12 ) (3)
22, 4 Ao 26 BP0 BEAge] o

ot A Psp1ral)° A@2)ek A3l s At

%ol au% S glom AA WA F Ae) Folzl
44 (AP FaEel Awsl 4R (AP )7 A
Feko] Rakd A% 2ARY.

X 0.778 L
8 Py =0.0159% (-LXB) G”C(ré x—k5 x

tan ST (1— (K *—1W(K—1) 4)
(1+ tan?B8)+tan’B r(1— 1) K¥—1)?

2.2 4N & & Ljo] ZEJ| LRio)f ofEt 7

JI-)

Qs E7 @

458 (Voo Ui B2 weba w4

F U9 §4E Az BuHe 2t B 4Ysge

2 9¥uEe 2E solz Mg FPxEH 2o 7}
&

VZ .
L (A et R - )
)

G #5 de) AN G dTEY, B T

16

A HA A ot g &4, A I &7
e ¢HEIEL Yeldoh = A o wi¥Eg
FHo tgt wpAAFZ Blasius®] PHEAFA S ARSS)
o A (67 o] Aodrt o] W K& BAATE =
Ag T dolgary 2484%. DE VA F9
Azve ddel] dig ¥8AE (hydraulic diameter)2
2 4 Nz Adogdrt

6

1% -0.25
g
)

D
£,=0.079 K ("—
2 (B+C) L,

"T B+ C)+L, @

D

2.3 Three-control volume2 A28 $Alx DHE

uz,

o,
w5 B

P o

g UAd F e 75 V& HY F
control volume 4%l F712 1t Ud T A
o FME g ZEA AL S Yat Au) RS
Ha) & A9 three-control volume #44H-& 3
5t %E%‘ & slth Fig. 20 WEd 3 78] AojA)
A = CV. 19 Au) gAAL "y T Ao A99)
Fgait ©x), CV. T8 CV. M9 w2 oA
29 4% (WS FA F 4 A9 R £x4
WA g 5 e 0]

LA 79l Vy sinfE dl3l
(Up)e 3y & 4 499 A
& g8 Fofopgt) ofAe 1}
2HolEo] 9l spiral-grooved stator/smooth
sealoll A VP Fol gt PEgag Ay $138)o]
He ZHY A SEgn wkd) wegoz A

2,

eV, 1 E ey I

Rotor

Fig. 2 Definition of three—control volume for spiral grooved seal

SHOIAXNE: H6A, M1=Z. 2003



P02 F 9 AVEE 453 Auo] gl o
@ 4 Vel QP S o] Az vzt 6]
]

< A9 Three-control volume 84S 93+

FEAGL Ha o Lec®d) 23 7%
H7l wigo] £ =Folds U & Ho FAz g &
54 S g8 AEusE A3 A4 el (zeroth
order) 2 3} B4 2 el (first order)d e CV. ¢ CV.
MA3 w8 Appendix Adl JeR QT

3. Alu{EAlQ] s

3.1 HAME] (zeroth order)Alo] o} T2k

ox
0%
o

g 2 (Appendix A)2 HI ZEr} &
W ZEe} UM F A BA AlelE
2 Aol Aoz o A9 =
e FF (FARE
|4 2E dez &
APyia) & A (DE AME
P = AP - APy A3

-
A E Aol 4gse B

o
O

foir ofy

Z o (o

2 %

2

folr 32

o o

i
_E
4
]

%2
H
o
2

PN
T

o rx >
= oo o
L
©,
L
ofo
=2
O
0
Eitd

ol
o

>

(

oﬂ,—\"dﬁ_‘
£ I«
-
o I

>
Ol
ER N ey

{12
Hoop A4 o fU T o

oz
, Tl gy P o

x O
o

o Ho 2

B A U
BN
()

2 o
i
£
>
S
i
>
ofo

> O ot
2.

%,

IL
O
o <
i rlo mn
o)
Q ON
2o
5 v
z o
1o,
o
oL .
oL
T o
oz
5o &
O
5 2
E 1o
Of
——
ST
2L

o

Ao J{){:
ok
o
S
=
=2
il
o
oz
o
=
©
o
14
I

He FE ooz

g
ok

ol
o
e
v
e
ok

>

o oo
o wo ot do 3

roy If o to
o

T A
lo o

s
o,
o
lo,
i
X
30,
9
4
X
st
>
lo
B

2
=
O
o
T &

P oo oot do N 2 rr o x@ U8 28 o> © L orf 2

1o

)

¥

g

-

]

&EBY‘ N
(&%

P

i

o

o fol
£ 1

m=2n0R C, Wy+L, Bo (Lz’fle)
&
sinf
x V, sinf ®)

3.2 HIFMAEL (first order)Al9] ot SEMAIS

B A4 4 (Appendix AYe A% W4 w,
(2,6,0), uilz, 8,7, p(2,0,7), h(z, 0,023 A9

93 gz e 959 S5 A48 F 4

FA5E BUE dEpn, 289 HEQeEd o8

FRIAME M6, H1E, 2003

3 Ze{ctolufaf si A

EAZel p & FAY AT (o), 4FHERA (6), 3
2 A ()9 Foln] FolE 7T
24P (separation of variable solution

approach) ¥ A& 2

sional motion)& 7FAsta, AAZRATG A el A

TG MTEES FASte /MRy Hdad

¥ (transition matrix method)”& A&l o g

1S 2 A5gE B8 38 4 gl o] A

2] disted AEet & ARTE ¥

s veilis 54 A5 (rotordynarmic

Kk C ¢ M m2 SAHez 3

=

=)
M
ol
oxl
o>
ul

<

coefficients)

T Stk

4. UM & Ho| 1M 20t 2 TF

T =
gol| 93t FEAATE A3 At RS o
Aol Mesigict & g
Arskal BEEE A
o] A9 Ao} v suA o FEAAFY M,
m, L;l o= u]jﬂ_zq e 7ke 7L7]
o) Axpre A s 3 Fgle Ui & 4
g Iwatsubo 59 2#7} 7 A Z7
Table 191 YeERRACE ®& Table 2= HAE A5
HAARE woFa Qrh

Fig. 32 2E 9 3ds pmel we H9 & 4

9ouH F A8 AF (el dekd 2 R
a4 A9} Iwatsubo 579 AdAAE e
Sith. sl Adsr Addst 5 il Zhe] Ao

12+

1.1

0 ® seal 1(exp.)

"7 A seal 2(exp.)

097 4 seal 3(exp.)

0.8 * seal 4(exp.)
— e —0—seal 1(anal.)
5% *\*\* —4— seal 2(anal.)
< 064 oo T —O— seal 3(anal))
E’ 0.5 X\g\g\ \ —%— seal 4(anal.)

%

8 04] 0—5**8\6\ “a

0.3 0 \-;*{

NN

02 \&Q A

0.1- O\A\ﬁ

00

T A T v T T T v T M T M T T 1
0 1000 2000 3000 4000 5000 6000 7000 8000 900C 10000
Rotor Speed (rpm)
Fig. 3 Leakage vs. rotor speed

17



A A =TS Holi g

EREEEN BT

5 4%57F STl whe

AA 2R 4

AadAR D JA 2ol whe} 6500 m

Bago] Ao 00 o2AYE uolF
34

EEERE

o wAF A9

Qashurt okt 27 Yeha

EE R

%

kS ] B u (p9] F7leFe] seal 2 - seal 3,
seal 3 - seal 4 A}o]of] oF 334" 2 4A3}) seal 39 &Y
A Ayt AEAFRY © g34e] dvha dddnh
2E| HF FIlol wE

4 gl

SHEf S - of ety

A7k Aok A %OE T A9

A7} seal 3 (B= 665 )& Xﬂgl‘}i’% Ay
9lel, 28} seal 3
AHAIE seal 2 (£=332°)9 FAZ A
° glo], seal 4 (= 10")
FAEY St

Zha Aeke A

o

237k 2R AART o 27 ehta gk

Table 1 Input data for the analysis of spiral grooved seal

Density

Pressure difference
Groove length(Ly)
Groove depth(B)
Land part length(Ly)
Number of groove
Clearance of groove seal(Cy)
Radius of groove seal
Spiral groove angle( 8)
Normalized inlet-tangential velocity
Inlet loss coefficient( £ in)

Pressure recovery factor( & ex)

Loss coefficient{ £12 )
Rotor speed

Absolute viscosity
Groove penetration angle (@)
(ns, me) for stator surface
(n;, my) for rotor surface

5.83 (Bar)

1.6 (mm)

1.2 (mm)

1.6 (mm)

10

0.175 (mm)
352 (mm)
0-10("
0.0

0.5

0.95

0.05

500 - 3500 (RPM)
9982 (Kg/m3)
0.001 (N-s/m2)
0.008 (radian)
0.12, -0.206
0.12, -0.206

Table 2 Geometry data of test seals

Seal Seal Spiral angle | No. of thread
number geometry (8°) start
Seal 1 Type A 0 0

Seal 2 Type B 332 4
Seal 3 Type B 6.65 8

Seal 4 Type B 10 12

Type A : Parallel-grooved stator/ smooth rotor,
Type B : Spiral-grooved stator/ smooth rotor
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