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This paper presents an analytical method to determine static and dynamic char-
acteristics of annular parallel-grooved seals. The governing equations were
derived by using the turbulent lubrication theory based on the law of fluid
friction. Linear zero- and first-order perturbation equations of the govern-
ing equations were developed, and these equations were analytically investi-
gated to obtain the reaction force of the seals. An analysis is presented that
calculates the leakage flow rate, the torque loss, and the rotordynamic coeffi-
cients for parallel-grooved seals. To demonstrate this analysis, we show the
effect of changing number of stages, land and groove width, and inlet swirl on
stabi1ity of the boiler feed water pump seals. Generally, as the number of
stages increased or the grooves became wider, the leakage flow rate and rotor-
dynamic coefficients decreased and the torque loss increased.

INTRODUCTION

Annular pressure seals can significantly influence the dynamic behavior of
rotating machinery by the presence of a high-pressure difference in the close
clearance spaces of the leakage path.

Black and Jenssen (refs. 1 to 3) have explained the influence of seal
forces on the rotordynamic behavior of pumps. Childs has analyzed the short
seal (ref. 4) and has made finite-length analyses (ref. 5) based on Hirs' gov-
erning equation, which yields an analytical expression for the seal dynamic
coefficients incorporating all of Black and Jenssen's various developments.

Although these results apply only for small seal motion about a centered
position, Allaire, et al. (ref. 6), the authors (ref. 7) have expanded these
analyses to calculate dynamic coefficients at large eccentricities.

Fleming (ref. 8) has developed an analysis for gas seals with a constant
clearance or with convergently tapered geometries. Child (ref. 9) investigated
dynamic coefficients for convergently tapered seals both analytically and
experimentally.
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Previous analytical and experimental developments have generally examined
dynamic characteristics of the annular straight seal and the tapered seal. But
the dynamic characteristics of the parallel-grooved seal have not been analyzed
theoretically. Bolleter (ref. 10) experimentally investigated stability 1imits
for balance pistons with two different types of serration. He showed that ser-
rations that are deep and wide prevent seizure.

In this paper the static and dynamic characteristics of the multistage
paraliel-grooved seal operating within the turbulent flow region are analyzed
theoretically with consideration of the inertia effect. The present analysis
combines the previous analysis of the straight seal with the analysis of the
labyrinth seal performed by the authors. Namely, land analysis is used for the
straight seal and groove analysis is used for the labyrinth seal.

SYMBOLS
CZo nominal seal radial clearance, cm
Cxx’ ny seal damping coefficients, N s/m
D journal diameter, cm
F fluid force, N
H seal radjal clearance, cm
Kxx’ ny seal stiffness coefficients, N/m
L seal length, cm
LZ land width, cm
1g groove width, cm
Mxx’ Myy seal add mass coefficients, N 52/m
MG fluid mean depth, cm
P fluld pressure, MPa
Q rate of leakage, m3/s
R seal radius, cm
Ra axial Reynolds number
Rr circumferential Reynolds number
S number of stages
T groove depth, cm
t time, s
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torque, N'm

u,w tangential and axial fluid velocity components, m/s
v journal surface velocity, m/s

X circumferential coordinate

y radial coordinate

z axial coordinate

€ small eccentricity ratio

<] diverging angle of stream behind land section
N friction loss. coefficient

" fluid viscosity, mPa s

v fluid kinematic viscosity, m2/s

|3 loss coefficient

P fluid density, kg/m3

T shear stress, Pa

w journal angular velocity, rad/s
Subscripts:

a axial direction

c radial direction

d groove defined in equation (13)

ex exit

f between clearance flow and cavity flow
g groove

in inlet

h| journal

l land

r circumferential direction

s casing
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() d( )/dt
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GOVERNING EQUATION AND ANALYSIS
Governing Equation
Figure 1 1llustrates the geometry of the parallel-grooved seal. Under the

usual assumptions for problems of throughflow across annuli with a fine clear-
ance, the momentum and continuity equations are, respectively, as follows:

du ,-du , -9du =_£ %u _ duv’ _di (1)
pliy +ug, 05y - “aJ LY (x-direction)
0w Sdwy 9Pty dwTwl ion 2)
p{at tugss z}— 'y +uaJ7 p 5y (z-direction) (
du v dw_
dx +8y t3z 0 (3)

The fluid velocities u and w are integrated across the film and are
transformed into the mean velocities up, and wp.

Ym ZH |, R A e A T I e rA LY
0
H ~ H H .— H
~ 9w =9 : I ou - 9 = = O
[0 vy, W _Bz/o widy =57 (aqlvy) / 3¢ Y ‘ﬁ/ uw dy = 37 (Hum)
0 0
H — H H . H
—ou _9 —2 9 du 9 - 9
nod gy =2 dy == 2 W gy =2 =2
/0 z Y ox 0 y ax(Perum) / oz dy ox 0 u dy 9 (Hun)
H — H H H
=du 3 [7 =9 Iy - =9
].0 we— dy az/ﬂo vu dy —az( artuwy) j’O 32][0 w dy =g (Fuy)
H ~ H H .=
—ow P _— 9 av dH
/0 u—x dy =5—x‘/0 Uuw dy =a‘z( 1allz¢,,,l),”) / '_t = a—t—

For a fully developed turbulent flow regime the velocity profile shape becomes
flat, and the quantity is close to unity as shown in Burton's experiments
(ref. 11).

r.=r  =r__ =r =1 (4)

Equations (1) to (3) can be rewritten as
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2
O (Hup) , 3(Hup) o 3Hwwy) - 3p , ! (5)
ot 9z 9 3 Sz ty 0
Hw Hiwl H
ot 9x 9 523 0

BH  A(Huy) 3 {Hwy) o

(7)
3t oz 8z

Assumptions for Analysis
The assumptions for this analysis are as follows:
(1) The fluid is 1iquid and incompressible.

(2) The fluid flows into the groove chamber with a constantly diverging
angle (ref. 12). This is 11llustrated in figure 2.

(3) For a small motion of the seal journal about a centered position, the
streamline in the groove moves with the journal.

(4) The groove cross section is rectangular.

DERIVATION OF SHEAR STRESS IN MOMENTUM EQUATION
The shear stress terms of equations (4) and (5) are discussed here.

Land. - The axial components 1t;55,7755 Of shear stress at the
casing and journal are given by

1
T = - = P 2
lsa Yia T T1a T 7 PMa¥n (8)

where A;; defines the friction coefficient between the flow and the wall

surface:
meHZ -0.2 § ?V )2 %
)‘Za = 0.066‘5(—3—- 1+ (m‘; (9)

The circumferential components <t;5r,t7jr oOf shear stress at the
casing and journal are given by

u
im 1
= T —— =—-pk
la Wi 2

Tisr laulmulm
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Rw-u

- =1 -
ler = Ya “D——lm ) pllawlm(Rw ulm) (10)

im

This equation is strictly applicable only for Rz >> Rp. Therefore the shear
stress of the land can be written as follows:

H
= - =-pA, W - A
ter 0 “2ir ~ T1ar "'la in ¥ 1m fu)
(1)
q 12pn w
T = T, . - T = - a_l—
ta 0 lia lsa H

Where the effective viscosity g (ref. 13) is

2
U= 0.01(7-38JR A, u g =7V v
a ala 14|75
16w 16w
im im

Groove. - The crossflow in the groove is considered to be the cavity flow
plus the clearance flow (fig. 2). The exchange of energy within a small mixing
area between both flows is influenced by the entrance velocity and the geo-
metric shape of the groove. The clearance flow can be described by a stream
tube if this mixing area is replaced by a separating layer. The cavity flow
assumes that the momentum that is supplied from the journal is balanced by the
sum of the momentum lost by fluid friction at the separating layer and the
momentum due to cavity flow. If the cavity flow is replaced with flow through
a circular pipe, the fluid mean depth of groove MG 1is given as

v - Lng+(T—LgtaneH

(12)
2(L_+T+ T-L tan8+L /cos8)
g g g

The friction coefficient between the groove wall and the fluid is

.4M0jl2’

u
A, = 0.0791(J@L~——

d (13)
\Y

Therefore the momentum that is supplied from the side and root of the groove

1s expressed, where

1 4MG 2
Epld{(R-T+—E—)m—udm} x{T+(T—Lgtan9) +Lg} (14)
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And the momentum that is lost from the fluid friction between the clear-
ance flow and the cavity flow is

1 2 .
'?pr(udm~ugm ) -Lg/oose (15)

where Af defines the fluid friction loss coefficient between the cavity flow

and clearance flow, and Af = 0.1 (ref. 14). Using equations (14) and (15),
one can calculate the circumferential fluid velocity of the cavity flow Ugp.
The axial component of shear stress is given by

1 2 -1 - 2 _ 1 - 2
Tgsa = p)\gaugm, Tgfa =3 pr(wgm wdm) 3 pkf(wgm o.Sugm) (16)
and the circumferential component by
u 1
T =7 gm=—p>‘ woou
gsr gsa w . 2 ga gm gm
I (17)
udm-ugm
T = = <-pA -
where gfr Tgfa ugm 8 P fwgm(“dm ugm)
o H YIS (7w, )P
A= o.osas(.iﬂl_ﬂ) {1+(n.4ﬂ_) }
ga v 16w
g
Therefore the shear stress of the groove can be written as
H 1 1
L , = Tgfr - Tgsz“ =-—2-—p0.25>\fwgm(udm-ugm) - _é—p)‘ga“gmugm
; 1 (18)
= - S . 2
L , Tgfa Tgsa 3 p(xga+o zsxf)ugm
Derivation of Static Characteristics
Axial fluid velocity. - The pressure loss is stated as follows:
The inlet loss at the land entrance fis
AP =L pg w? (19)
lin 2 1710

where

51 = 1.5 (at 1st stage)
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5\ (aft
E. = 1+0.62458 -(1+0.83458 )= (after 2nd stage)
1 2 1°\H,

W H -0.8 3 w H UL |
5, = 1.95( lo 1) §, = 1.95( lo 3)
v v
31 = cla+Lgtane yz - clo

The wall friction loss in the land is

Lo. 2 px, w! (20)

The exit loss due to diverging flow behind the land is

=1 2
Aplex 2 952”10 (21)

where Ep is the exit loss coefficient

2
- (1____0_1_9_.__)
1 ) cla+Lgtane (at each stage)

CZo

2
+T) (at seal exit)
lo

bg (1'0

The friction loss at the wall and the separating layer of the groove is

c 2 L
_ 1 lo g
AP = pw? (X +0.25) )( _ ) (22)
g 2 lo "ga f Cza+Lg/2 tan@ Cza+5gtané
The pressure restoration due to deceleration at the groove 1is
2c c
_ lo _ lo 1 .. 23
APgup - czo+Lgtan6(1 C10+Lgran9)2 P70 (23)

The pressure drop across the seal is equal to the sum of each pressure
loss and is stated as follows:
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- = < +AP
P P AP in +S(APZ A

+AP -AP _+AP
in ex 2 x g

. J+AP _+AP7
gup lin

le 1 lex

c

2
2L
1 . 1 1 2 [, lo
== pETw + 5| pw A +——pw 1
2 PS1¥10 [2 lo Clo la 2 lo Clo+Lgtan5

c LA/
1 ou? 251 ,) ig )
7 P10 gat0 2N g FT /7 tans) T FL 72 Eant

¢
PP 210 (1_ ll‘,o )
2 lo C O+Bgtane clo+ gtane

1
1 2
+E P EI]

) 2Ll

c 2
1 1 .2 ( lo )
S puws = A + =4 pw 1- (24)
2 lo clo la 2 lo Clo+ngan6

Rate of leakage. - The main advantage of the grooved seal is that leakage
flow can be minimized but seal components need never rub. Seal leakage flow
may also be denoted by Q, where

R+T
Q = . Wy, 2mr dr = nuloclo(28+clo) (25)

Figure 3 shows the calculated results of leakage flow. As the number of
stages increased or the land became narrower, the leakage flow decreased.

Circumferential fluid velocity. - From the momentum equation (5) for the
land

du
lo . 1 B
2z T 1 %0 "1 2 (26)

where 7 = CZO/Ka and V = Rw. The boundary condition is z = z_y/2;

u The circumferential fluid velocity u at the land is

= U .
Zo = z0(z, 4,5) z0.

v 4 -3/l
¥10 52 ~ {7 -ula(zn_‘})}'a (27)

From the momentum equation (5) for the groove

du u ALu
4o 4 99 (5 4+0.25)2,) =L dm (28)
9z cho ga f 86‘90
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where ugm can be calculated from equations (14) and (15) and the boundary
condition is

3 = Zn ugo = ugo(zn)

The circumferential fluid velocity Ugo at the groove is

u -u C ~A/tan® (29)
go ~ "z "“ug go

where

u _=u_ - u A= X_+0.25) u = Lodm
ug z golz,) ga f 3 8 4

Figure 4 shows the axial distribution of circumferential fluid velocity

AP = 0.49 MPa, N = 4000 rpm, L = 55 mm, and S = 20. The results indicate that
the circumferential velocity approaches one-half of the shaft angular velocity
exponentially.

Torque loss. - The method for estimating the torque loss in a grooved seal
treats the loss as frictional dissipation by viscous shear in an annulus. From
equation (10) the torque loss of the land is

2n (L
- l
Torq, —fo fo Tp R X Rd¢da

—pTR? LA LA YO TTA
=PTR xlawlo(Z Lol ulo(zn_ké)] 1B/t ) (30)

The torque loss of the groove assumes that the groove is divided into four
parts as shown in figure 5. The shear stress of part 1 is

=1 31
T zpk (31)

2
g1 d“dm

Therefore the torque loss of part 1 is given as follows:

am [R

T an 1

“ =j j typ % v« rdede = I R -aem) 3 or g,
0JR-T

Similarly

an|L
= - - _ _ 2 2
To2 \/;‘/;9 T2 X(R-T) *(R-T)d¢da = pu(R-T) L XUy,
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(73]

2u {R-L tanb
= g ﬂ - 3 _ - 3 _1._. 2
Tg3 /O/R-T 'cgs x p x pdpdr = {(R Lgtan )3-(R-T) }2 pxd“dm

P = T x p x pdédr
94 |y R-Ltane g4

Zn {R’-(R-L tane)=}l A “10%10 u
3 g 2 PAga Czo+Lgfan§ 90(3n+96)

Therefore the torque loss of the groove is

T =T _+7  + +7 32)
orq, T g (

gl g

And the total torque loss of the parallel-grooved seal is defined by the fol-
Towing equation: )

S+1 S
AT = ) Torq, + 25 Torq (33)
i=1 i=1 g

Figure 6 shows the torque loss of the paraliel-grooved seal for
AP = 0.49 MPa and L = 55 mm without inlet swirl. As the number of stages
increased or the seal clearance decreased, the torque loss increased.

Derivation of Pressure Distribution

For a small motion about a centered position the clearance, pressure, and
velocity are expanded in the perturbation variables as follows:

= = = = + 34
H=C_+ €y P =P + €P, w, =W, + Ew, u, = U, * €u, (34)

where Cq, Pg, wg, Ug are steady-state values and ¢, Py, wy, uy are small
perturbations. The short-bearing solution (ref. 4) is developed for the first-
order equation by neglecting uy, the pressure-induced circumferential veloc-
ity component.

Static pressure distribution. - The steady-state equation described 1is
static, has zero eccentricity, and is solved analytically. Substitution of
equation (6) into equations (11), (18), and (34) yields steady-state, axial-
direction momentum equations for the land

9P 12u w
lo = - a_lo (35)
9z C%o

and for the groove
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3P pc? w?
go _ _ lo lo sa 36
3z g(c, *atang)? (36)

where \gaz defines the equivalent friction coefficient of the groove.

= +0.28) .~
)‘sa Aga 0 )‘f 2tanb

Pressure distribution of nonsteady state. - Substitution of the perturba-
tion variables of equations (6) and (7) yields the following perturbation equa-
tion for the land:

3P, i YRy, 12uwg

- -
3z clo 93 clo
ow w L] w U, w w
) LA T B Pl PR T z)
D(St * c,, 3t o9zt ¢,, o= L P v (37)
dw 1 (3¢ aw)
11 _ (4 ki
3z Czo(at 10 9z (38)

Equation (38) can be integrated by using the boundary condition z = Zn_1/2»
Wil = Wil(z, 4,,) @S follows:

Ltz e )t W it (39)
b e C o flz,t)(z - 3, 1) — o — 1)
11 ll(zn_l/z) €10 1 n="2 "¢, Mul 3=

where

wle

wy v 4
flz,t) = % +—- u g4 =35 -u
l ot 2 ul 2 la(an_l/z)

Equation (19) yields the following perturbation-variable boundary condi-
tion at the seal inlet:

P = -pE. W, W (40)
ll(zn_;/z) 1710 Zl(zn_%l
The perturbation-variable boundary condition at the seal exit is given as

z=zn;P11(z)
n

The complete solution for the perturbation pressure is obtained as
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12uawZow 6u
p,, = —2xt%  pprl + —5% f (2,t) PALS
11 c c l
10 lo
12uau 1 3y o ? )
-+ '35 PALE + c, (;; + 3 32/ 1¢%:t) PRL2

p“ulz( * ¥ )(3’4’ pu, b 2
i 3¢ * 2 32\ ezl FRLE 5 —— 5o f(=.t) PRL7

Clo lo
pu?_ 12 afay pw pw, u .1 3P
___El__——(——> PRLS + —L2 f (x,t) PRLI +—L2¥L . — ppr3 (42)
Clo 9x\ox clo [ cla 9z

where PRL1 to PRLB are provided in appendix A.

Similarly for the groove the axial-momentum equation and the continuity
equation reduce to

Efal T P (A +0.85),)
T e e o ——m +0. w w
9z Cgo 93 Cgo ga f Tgo gl

Yw o w o 3w 1 ow 1 a”al w 0
—'L'TLZ +—§9—t + “ga_TLx t U, TBE + w1 '—FL:: (43)
ac
g03- -SL*C T"“*"’z—wq‘*—"' (44)

Substitution of equation (29) and the boundary condition z = zj, wWgy) = Wgy(z )
into equation (44) yields n

Cl g - 3
w - f (z,t)——s—u
g1 gl(z ) cgo cga
-atl -a+l
g gg - Cl ;ﬂ_+wwla(z - zn)tane (45)
tan® c )
“A-tan go x Cgo
where
-l P -
fg(x,t) = 5g t U, 3o a A/tand
The pressure boundary condition is
2 =2 Pgl = Pgl(zn) (46)

The perturbation-variable boundary condition is obtained as
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o1z ) =~ pEa"’lo"’guzn) (47)

The complete solution for the perturbation pressure is obtained as

pC% w?t A ¢ Y
_ lolo"ga’ . C1o% 10" ug.
Pgl = T tang FRGL ¢ pclowla sa f (z,t) PRG14 + Attan 2z [RG6
pu  w, tand Y pC, w (anp)
ug lo — __lo 1o .
’"Z?%EFF__—"B PRG18 _?_FE°"fg(z‘t) PRG2 +A tan Py PRG21
57 ) P Zawlouugxsa 3y
+p(at u' 3z)f,(x:t) PRG1E 4 tane .55 PRG19
3 3\/o¢
-pCc, w! tandA_ - PRG13 PYyg ( _ (
lo'lo sa “ATtang b3t tY45 3w 3z FRG17
Plug, 2 tang (48)
. — . -pw .
+~ axfg(x,t) PRG20 ~Pwy,tan® f (z,t)  PRG1S

where PRG1 to PRG2 are provided in appendix B.

Dynamic Force

For a small motion about a centered position the clearance function is
defined in terms of the radial seal displacement (AX,aY).

€Y = - AX cosd - ALY singd (49)

The components of the reaction force acting on the seal journal are defined by
the integrails

S [2n)| {a 3 2u 3
X _[ZI {j n €P11+] ntl, ePgJ +] /S+1 ePu cosdRddda
n=1|0 zn-—l/z zn 0 ZS+1/2
S (2w) (=2 1, 2w 35,4
-1 "o oep. + nt Vs eP eP, |ein¢Rrddda
n=1J) 0 F3 l 1 1
n-% 2,

S+/2

&
L]

(50)

]
~
1]

Substituting for ¢ and its derivatives into equations (42) and (48) yields
the following form for the seal coefficients:

F K K X c c X M M X -
x| L[ Fxx Ky R e 52 e N A S Bt | I (57)
Fy Kyx Kyy[|?Y Cyx. Cyry||? Myx Myyll ¥
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Because the seal coefficients of each stage are different, the following
definitions are used. The dynamic coefficients of the parallel-grooved seal

become

S+1 i% S+1 S
Ky, = K + k K, = K t ). K
XX = xxi =1 XXg Yx | Yxi a=d YXg
S+1 S iif S
c = c + c ¢ = c + c (52)
XX =1 Xxi = XXg Yx n=y Yxi = YXg
S5+1 i% S+1 i%
M, = M + M M, = M + M = 0
XX T g Txxn T L Uxxg Yx T gz Crxt U Trxg
where
Kyx = Kyy Kyx =~ Kyy Cxx = Cyy
Cyx = = Cxy Myx = Myy Myx = = Myy = 0
The dynamic seal coefficients for the land are
TR |12y w pV?3
o a lo -
KXXZ = -C —Cz—L IPRL1 WIPRLz
lo lo
puuZZV pu;le
+—"2’ET—(IPRE4-IPRL7)+"—-RT~IPRLB = KYYZ
T |6y V 22 u 1
K = o j—a‘-—IPRLz - 2 IPRLY
rxi Clo Clo 2 Clo
pwlov
t—g IPRL1 + pwlouull IPRLY | = 'KXYZ
TR | 6un
Cox1 = -C—zo F’l IPRLZ + pu,, IPRL1 [= .,

lo
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v
Cyyy = 5— 7 TPRL2 - u ;1 IPRLE + wu 1 IPRL7 = -C

lo xrt
pw |V
CYXZ .—.--m—i-rp;z[,g - uuzl(IPRLd—IPRLH = -CXYZ
PTR
Myx1 = - zCZO'IPsz =¥y Myxi = Myy1 = 9
where IPRL1 to IPRL8 are provided in appendix C. The dynamic seal coefficients
for the groove are
C;owzoxsa 2
KXXg = pTR m—— IPRG1 + C'zowzotane)\aa'IPRGIJ

u: uuzu
+gT IPRGI6 - ot iy - IPRG17

“it¥s __i:d___’
+—A__RT IPRG20 + (A-tanBJR ITPRGE1| = K.YYg
“ulxsa
KYXg = pﬂClowZo[uzlaa IPRG14 + 7T?EEE_IPR019
uztane uultane
e, S IPRG1S --E——YZ;?EFBT'IPﬁdla
lo lo
“s ¥t
- Zan® IPRG2 + Tftand TPHGD | = -KXYU
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tanb 1
CXXg = ancZawZo[—Asa IPRG14 + czo IPRG1S +tan6 IPRG2 ]- CYYg
uuZ “L1
Cng = pw 2uz IPRG16 -Z?;E;§~IPRGI7 +—Z— IPRG20 ] = -erg

N

M = -pnwR-IPRG16 = MY

XXg Yg

where IPRG1 to IPRG21 are provided in appendix C.

NUMERICAL EXAMPLE

Seal coefficients were calculated for a pump seal with the characteristics
shown in table I. The dynamic coefficients decreased with an increase in the
number of stages (fig. 7); that is, the axial Reynolds number became small
because the pressure loss increased with an increase in the number of stages.
The cross-coupling terms were relatively sensitive to swirl at the seal
entrance; as the inlet swirl was propagated right through, the mean circumfer-

ential fluid velocity approaches one-half the journal speed exponentially
(ref. 15).

Figure 8 illustrates the influence of the ratio L g of land width LZ
to groove width plus land width (L, + Lg) for N = 4000 rpm and L/D = 0.25.
As the clearance ratjo C /Cq becdme small, the dynamic coefficients became
large with an increase in the ratio ng.

CONCLUSIONS

The static and dynamic characteristics of the annular parallel-grooved
seal were theoretically investigated with consideration for the effect of the
turbulent flow and the inertia term.

As the number of stages fincreases or the land becomes narrower, the
dynamic coefficients and the leakage flow rate decrease. But torque loss
increases rapidly.

115



APPENDIX A

H,\3 12u L
- _2
;4 = pwlo{1+0.82452 (1*”°32‘61)(51) } + —-_q_l

4, = pwlo{1+0.32462 -(1+o.az451)(—-

o=
00

-~

[N—

1 ( 12ua
m=—>I\q,, t (z - 21 ))
911 12 Clo n-/2

= - - L
PRL1 F-] z 1, m

—_ - 2 - . 2
PRL2 =(z zn_,/z) m Ll

PRL3 = e"“"/z -1 - M-(e-['l/l -1)

PRL4 = e-zz/z -1 - m-(e'le/l

- 1)

PRLS = (2 - zn_./zbe'z/l -m Ll-e'Lz/l

PRL6 = PRL1 + 1 PRL3

PRL? = 1'PRL3 + PRLS

PRLS = PRL3 - -~ PRL4

2
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APPENDIX B

go
= _ 2 _ 2
J1 = 1/01 1/6‘10 J2 = 1/01 1/¢3,
= 3 3 =
J3 1/01 1/clo Jé Z”(Cz/CZo)
. ~-a-1 _ .-a-l _ p-ate _ ,-atd
JS = 01 lo Jé Cl Clo
_ .matl -atl I
J7 = 01 - Clo J8 = Cl Clo
-2a+l -2a+1
J9 = 01 - Clo
! Clo : xaa
J10 = q—gl P70 (1 cgo) *2tand
J11 = _j_.pclowlo sa
9,1 2tanb
J12 = (J10'Lg + J11-J1)
_ .-atd -atd
J13 = Cl - Cgo
J14 = c—2a+2 _ -2a+2
1 go
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FRGl =73~ - "3 - m:J3 PRG2 =7 - - m-J1
Cgo Clo Cgo Clo
1 1
PRC3 = 3~ -z - mJ2 PRGY = Z"‘Cgo/“zo) - m-J4
go lo
PRGS = 2 - mL prGE = ¢ %1 _ 7% Loy
=23 g go 1o
pRG7 = ¢79t2 _ (792 _ pgs
go lo

PRGE =(z - 2z ) ¢ %1 _mi-cC
n go g 1

_ a-a+*l _ -atl . @ _ a-a
PRGY = Cgo Clo m«J? PRG10 = Cgo Clo -
_ - -a _ .-G
PRG11 =(3 zn) Cgo m Lg 01
PRG1z = ¢ 29t _ gr2atl g
go lo
1 (Clo 1 )
PRG13 = tan®o —3— PRG1 -'E'PRGS
1 CZO
PRG14 = tanze - PRG2 + -5 PRG3
= )
PRG1S = tanle Clo PRG2 + PRGY
1
PRG16 = tante —CZO PRG4 + tan®'PRGS
1 ng*f‘l
PRG17 = 1-tand PRGY9 + Tan® PRG4¢

1

PRG18 = PRGS +-I-PR610
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-a+l

1 c
- . L lo
PRG19 = - Zp—= PRGE + 51 05 PRG3

1
PRG20 = PRG11 + Zj;;;g PRGI

1 -a+1
= — _ _1lo
PRG21 = 37— amg FRGIZ y PRG10
APPENDIX C
1 ( 6uaLZ)
I1 = — L, + —%¢&
411 Y12 "1 cZo
I1 IPRLS = L2/3 - L;/z-rz

=29...
IPRL! LZ/- Ll

L/ 4y 1. -¢ B/ 2 1n

IPRL3 = -1( e "1 .
IPRL4 = 1 IPRL3 + IPRL1
IPRLS = -z-LZe’[‘z/Z —lz(e'Lz/z -1) -Lza'bz/z'rz
IPRLE = -g(e'“z/Z -1) -Lz-(e-le/l -1):I1

IPRLS = IPRL3 --%—IPRLé

IPRL7? = 1-IPRL3 + IPRLS

J2 L
= = —-— - a - .
c, = Cp, * Lgtane IPRG1 Py 'E§; J3-J12
J4
--Z _Jj1-J12

IPRGZ = 08 - T

J1 L
IPRG3 = -;—o "E%; ~J2-J12
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IPRG4 = —=— J4 - [ -Jd4-J12
tand g
Lz
IPRGS = - L[ .J12
2 g
J8 a1
IPRGE = - 4= - L Cy) -J5-J12
J13
IPRG7? = - L CI%2% _ye.q12

A-3tan® g lo

L J? ca-1

. g .
IPRG3 = - = €1 - Jra-tane) ~ LgC1 12

b L c—a+1

A-2tan® g lo -J8.J12

IPRGY = -

J7 a
LC

IPRGI0 = - Z5ame Lg%

-J8-J13

I J6 i
L c. %12

IPRGIT = -—T5an8 ~ (A-tans)(A-2tane) ~Lg";

J14
L C-2a+1

2(A-tan®) “glo -J9-J13

IPRG12 = -

1 (Clo 1
IPRG13 = tan?6\ 3 IPRG1 -—E-IPRGS)

1 C
_ lo
IPRG14 = tanze(~IPRG2 + - IPRG3)

(C IPRG2 + IPRG‘)
lo

(—Clo IPRGY + tane'IPRGS)

~-atl
lo
2tan

1 c

IPRG17 = w——F—— IPRGY9 +

A-tanb -TPRG1
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1
IPRG18 = IPRGS +-Z-IPRGIO

1 -atl
lo
p = e —— 3 .
IPRG19 A+taneIPRG° +-E?E;§ ITPRG3
1
IPRG20 = m IPRGY + IPRG11
1 C—a+1
~ — . pu— zo .
IPRG21 = 2A-tanb IPRG12 ) IPRG10
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TABLE I. - NUMERICAL CALCULATION MODEL
Working fluid . . . . . . . . . . . . . . . . . . . . . . . .. ... .. Water
Fluid temperature, K . . . . . . . . . . . . . . . . . . . . . . .. 293.15
Density, p, kg/m3 . . . . . . . . . . . . . . . . . ... .. ...09.982x102
Viscosity, u, mPa s . O I o To L
Kinematic viscosity, v, m/s .o 1.006x10-6
Journal radius, R, mm . . . . e e e e e e e e e e e e e e e e e . . . .100.0
Seal radial c]earance C o o s e e e e v o .. 0.
Seal length, L. mm . . . . . . . . . . . . . . . . ... .. ... .55to0?205
Groove depth, T, mm . R I ¢
Divergent flow ang]e 0, deg e e e e e e e e e e e e e e e e e . . 4.0
Journal rotating frequency, N, rpm . . . . . ..o 2000 to 8000
Pressure difference, AP, MPa . . . . . . . . . . . . . . .. . . .0.49 to 4.9
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Figure 1. - Geometry of paratlel-grooved seal.

/2 N

Cl éarance
flow W.Q Clo
Y Wer

g 1
/ g
/
/| /| i
Land / Groove Land

L, lg
i Zn Iy

Figure 2. - Streamlines and coordinate system for seal analysis.
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Figure 3. - Leakage flow rate.
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Figure 7. - Influence of number of stages.
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Figure 8. - Influence of ratio of land width to groove width plus land width ng
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