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IN-XS I ead  ANNULAR GAS SEALS IN THE 215" CENTURY

LEAKAGE, FORCE COEFFICIENTS AND ROTOR DYNAMIC STABILITY

Turbomachinery seals are engineered to maintain efficiency and
power delivery by minimizing leakage. Seals also appreciably affect
the system rotordynamic behavior due to their relative position within
a turbomachine. The tutorial reviews the experimental record on gas
seals as published in the 215t century, and gives insight on the
physical models predicting leakage and dynamic force coefficients.
Unlike experiences in the past century, damper seals offer a
remarkable opportunity to control the leakage and tailor the
rotordynamic performance and stability of modern rotating machinery.
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OUTLINE ANNULAR GAS SEALS IN THE 215" CENTURY

LEAKAGE, FORCE COEFFICIENTS AND ROTOR DYNAMIC STABILITY
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1 Overview of annular clearance seals

\

2 Bulk-flow and CFD models for seal analysis

\\

3 Seals leakage & their effective clearance

|

4  Seals force coefficients — an appraisal of the exp record
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The ultimate aim

Machine efficiency & cost
of operation rely on the
accurate quantification of
seals’ leakage over the
operating speed &
pressure range, and

life including wear of parts
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. but some seals are better than others!!

Childs, D. W., 1993, Turbomachinery Rotordynamics, Chap.5.




OUTCOME ANNULAR GAS SEALS IN THE 215" CENTURY

LEAKAGE, FORCE COEFFICIENTS AND ROTOR DYNAMIC STABILITY

What will you learn today?

« Types of clearance seals in turbomachinery and their
characterization in terms of an effective clearance
guantifying their leakage.

« Seals’ force coefficients and their impact on
rotordynamics and stability.

 Details on available models: accuracy and validation
against test data.

 Opportunity to used seals as load bearing elements with
large mechanical energy dissipation ability.



Annular clearance seals

Labyrinth seals, honeycomb seals, etc.
separate regions of high pressure and low
pressure. Their principal function is to
minimize the leakage (secondary flow); thus
Improving the overall efficiency of a rotating
machine extracting or delivering power to a

ﬂ u | d . 7 A5 "'.',}‘,X.;I“,'I.;
%) \ (ﬂ Common Seal Types
Inter- \_ Impeller eyeor L -
stage seal Balance piston seal

neck ring seal

Seals in a Multistage Centrifugal Pump or Compressor




Count the seals in a barrel compressor.....
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Count more seals in a HP steam turbine.....

*50Hz 660MW - HP turbine

*Honeycomb Seal
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Labyrinth seals

(1) TOS: all teeth on stator
(2) TOR: all teeth on rotor
(3) ILS : teeth on both rotor and stator

Stator Tooth

\

Rotor Tooth

ILS

straightening

Cavity ‘\
I

Rotor

Most common type of seal

Ribs for flow

. i

z : R e _— .," -
o Swirl bfake

Tt
BT —

Labyrinth ™=
teeth —

Flow direction

Labyrinth seals, one with a swirl brake

»

» Restrict secondary flow,
» Affect rotor system dynamic stability.
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Textured surface seals

FLUID
PRESWIRL

Original idea from G. Von Pragenau,
1982, "Damping Seals for
Turbomachinery,” NASA-TP- 19827

Intentionally roughened stator surfaces (macro texturing) reduce cross-
coupled dynamic forces and improve seal stability.

Damper seals provide large levels of damping to reduce vibrations and

also generate large direct stiffness for added rotor support.
12



Models for

prediction of seal
leakage

13



Predictive tools: BFM vs. CFD

Bulk-Flow
Model
(BFM)

Computational
Fluid
Dynamics
(CFD)

v Quick
v Easy set up

v High fidelity
v"No empirical
coefficients

required

JdLacks accuracy
dNeeds empirical
coefficients

dComputationally
expensive
dRequires knowledge

on CFD (pre and post
processing)

Available computational capability and desire for extreme fidelity
push CFD analyses into common engineering practice

14



Bulk-Flow Model (BFM) for LS

-& julrdigic,,,
Stator J
m . — m . A =-----C,| r |_>Tl
! +1 oL :/i M j+1|
sl I 13
‘ ? Pi i PH:‘I i |\—o_
Neumann'’s Leiakage Eq. > Flow through clearance under a tooth <\3'f o '-:
‘ M iRotor

oo \/p -
M = g4 poi (7DC; ), | ——=—
R,T
Continuity Equation 2 |9(pA) @(p,U A) -
ot ROO

Circumferential momentum in cavities =

0pUiA) [ O(pAVY) AR (o s a)L

ot R, 00 Rs 00
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CFD mesh and typical output  ETECIITIEE

.} f"’ isisn s i _ Node number/ mesh size
;I;IIII!IIIIIIIIII} }’1 111 l‘l“\l‘\\‘“‘\\\;\\\\ Radlal Clea..l'ance 30
P oty i 0
& AR | Cavity depth/length 30
L] | RN ﬁa?"a’t Circumferential _ 180 (2° apart)
/%/////// l] fI !I \l \\ \\\\\\\\\\\&\‘ Be='95mm Min. mesh orthogonal quality 0.99
/7///1””]1] ! | ) T A AL L W R
17000 e

l—
Inlet Extension

et P, =7.3MPa, P, = 5.1 MPa, rotor speed 12 krpm

Cavity Tangential velocity [m/s]

Results: Velocity (U) and density (p)
B B R

within each cavity:
0 7p < 90 “p Sp 6p 69

#M  #2 #3 #4 #5 #6 #7T #8 #9 #10 #11 #12 #3

nlet

Exit
Density [kg/m?3]

#6 #7 ’#8‘ #9 #10 #11 #12 #13

@
y
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Commercial CFD model options

n Viscous Model

Model
Imrgcf
/(mlnar
/ Spalart-Allmaras (1 eqn)
k-epsilon (2 egn)
® k-omeqga (2 eqgn)
Transition k-kl-omega (3 eqgn)
Transition S5T (4 eqn)
Reynolds Stress (5 eqn)
Scale-Adaptive Simulation [SAS)
Detached Eddy Simulation (DES)

k-omega Model
Standard
GEKO
BSL
8 55T

k-omega Options

\

me{
V|sc0ﬁﬂe lng

-
| Curvature Correcﬁ'rl- ——

Corner Flow Correction

Low-Re Corrections

Production Kato-Launder
| Production Limiter

Transition Options

Curvature Correction Options
CCURV

1

——-----~

Transition Model none b

constant bl

Model Constants

Mg _inf -

1 ha\\

Alpha_inf %

n.psz \\

Beta™_inf \\

0.09 \

al \

0.31 ‘

Beta_i (Inner) ‘l

0.075 ]

Beta_i (Outer) I

0.0828 ’

TKE (Inner) Prandtl # II

1.176 Vi v
/

User-Defined Fungkions
Turbulent Visc

none ’, -

ﬁraﬂﬁl Numbers
= Energy Prandtl Number

none -

Wall Prandtl Number

none -

Turbulence
Option

Wall Function

Too many
options and
little insight.

Recommend use (a) k—o® SST
(shear stress transport) model or

realizable k—e model, both with a
curvature correction function reducing model
predictions sensitivity to streamlines’

curvature and (shaft) rotation.

[] High Speed (comprek Shear Stress Transport

[ ] Turbulent Flux Clo

> ~
!’ \‘v .
ilon N M
_ \

J Mone (Laminar) 1
|| k-=Epsion 1
I

\BSL Reynolds Stress II

#°

= Reynolds Stress
Advanced Turbulence C

~
N--_—’
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Characterization of

seal leakage with an
effective clearance

18




Effective clearance for LS

Use Neumann'’s
equation to
define a modified
flow factor and to
represent seal as
an equivalent
single tooth seal.

Stator

VAVAVM

Hotor

Rﬂdldl clearance

(a) Interlocking labyrinth seal

Stator
FIn _ V Fﬂlﬂ
flow - v

(b) Equivalent seal (knife edge)

A
2
(=]
q
m
':h ,mﬂ
=

My = 41 lix (7Z DC, )\/ — =

M, = 4 thy; (”DCr) : =

2 2
I:)N _ I:)out

My = fan Lo (ﬂDCr)\/

P2 P,
_ D . In out
(71' C ff )\/ Rg_l_

C.¢ IS an effective
clearance.
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Modified Flow Factor E

(P2 Out F:;w: . V =
m~(7DCy ) AT =(7DCy ) \/1 Rowor G

@
¢ =T /(P.D)

_ & mT 1

D - = ~ 7 Cy

J1-PR?  DP_1-PR’ JR,

C.i = effective clearance = ¢4 C,

Equivalent seal (knife edge)

cy € loss coefficient.

20



Leakage for
Interlocking labyrinth
seal (ILS)

21



Effect of clearance on
leakage

Rotor Diameter, D 150 mm
Seal Overall length, L 45 mm
Geometry Radial clearance, Cy 0.13, 0.2, 0.3 mm
Width at tip, Bt 0.25 mm
Density, p @25 °C 1.2 kg/m?
Temperature, T 297 K
Sound speed, as 314 m/s Five teeth ILS
. L . 55
Air Kinematic V|sco§|ty, v 1.86x10 m*/s Clearance =
Properties Inlet pressure, Pin 292 ~ 1,150 kPa
Pressure ratio, PR = Pow/Pin 0.3, 0.5, 0.8 0.3 mm, 0.2 mm
Rotor speed, Q (lz;pSr;]S, 75,10 & 0.13 mm
Y2 D Qmax O0~79m/s

L. San Andrés, J. Yang and R. Kawashita, 2021, "On the Effect of Clearance on the Leakage and Cavity Pressures
in an Interlocking Labyrinth Seal Operating With and Without Swirl Brakes: Experiments and Predictions," ASME J.
Eng. Gas Turbines Power, 143 (3).
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100 p,}’, ,,ﬁ
— 80 A A
PR=0.8" i
% # A‘B ,/%R:O.S
E ﬁﬂ ff’ ;,;/ﬁr
fap g w®
L
gﬁ - § AQ=0rpm
20 O Q=7.5krpm
O0Q=10 krpm
D 1

0 100 200 300 400 500
Pressure Difference (kPa)

Three shaft speeds and three

I:)R:(F)out /Pin)

600

700

Flow rate [g/s]

i =S
o

100

(o]
o

(2]
o

N
o

o

Rotor speed: 7.5 krpm

AP = (P, - P,,) [kPa]

PR=0.5

pras BB
9 &4 8

B A& 4 BIPR=03

9“ & CFD

' O Test

A BFM

0 100 200 300 400 500 600 700

Measured vs. CFD and BFM

Leakage ~ AP and not affected by shaft speed.

CFD & BFM agree + well with measurements.
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® =19.6 9K/

® =13.3 WK/
(T) :78 kg\/RAPa-m-s

Modified Flow Factor

test ¢, =0.36+0.01| ¢, =0.36£0.01

ljzm:t 4:10 E{;O 3:;0 10‘0 prediction| ¢, =0.37+0.01| ¢, =0.35+0.01

c; =0.33+£0.01
c; =0.34+£0.01

Inlet Pressure (kPa) clearance = 0.3 mm | clearance = 0.2 mm

clearance = 0.13 mm

C4 (a fraction of ILS clearance) is not a function of pre-swirl
velocity, pressures P,, & P, rotor speed, or clearance!

out?

24




Balance piston seals

Must withstand large pressure differences

to balance axial thrust.

Return
Channel

1 Uk U

Diffuser

N Hole-paj
N seals g
U use

oo Balance
L\ Piston
rint

To Suction

:::::::::::::::

Note:
Arrows denote
leakage paths.

Picture from A Rimpel (2022).

)
P | Eye /. Eye |
’7 Labyrinth / Labyrinth [/l & |
\
(R
\
) [
\- \
/ \ \
\ ‘
= LAN N
Shaft Shaft
Labyrinth Labyrinth
http://turbolab.tamu.edu/uploads, /tproc/PDFs/Thermoplastic320Labyrinth3%20Seals'
20 OCentrifu, 0C: $200f%20expe
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Compare leakage
LS vs. honeycomb seal vs. pocket damper seal (PDS)

Radial clearance FPOS LABY HC
B
C,= 0.3 mm for all seals T HEH T 1A T e T P | nnaRaaNN y
s 2
2.560 4 L | G |2560 -
>
v
A\
BAFFLE q 2 DETAIL B iy, DETAIL A
U L_a2e (SWIRL WERS) 0,197 -~ - NAAA AL
JdL ’e 0.012 7 7 ' NAAAAA
0124 FLOW ALY DA NN
- 0SS f— {B B - 0,010
- 4.05% - ""’- — ‘ L 0,083 o 3

Ertas, B. H., Delgado, A., and Vannini, G., 2012, “Rotordynamic Force Coefficients for Three Types of Annular
Gas Seals with Inlet Pre-swirl and High Differential Pressure Ratio,” ASME J. Eng. Gas Turbines Power, 134(4).

26



Pocket Damper seal (PDS)

Active
Segments

Buffer Wall
-

BER/NIRIE

TAMSeal (1996)

FPDS

Left: conventional PDS;
Right: fully partitioned PDS

* Gamal, A., M., Ertas, B. H., and Vance, J. M., 2007, “High Pressure Pocket Damper Seals: Leakage Rates and Cavity Pressures,”
ASME J. Turbomach., 129(10).

* Ertas, B. H., Delgado, A., and Vannini, G., 2012, “Rotordynamic Force Coefficients for Three Types of Annular Gas Seals with
Inlet Pre-swirl and High Differential Pressure Ratio,” ASME J. Eng. Gas Turbines Power, 134(4).
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Seals |leakage and flow factor

‘ P.u: =1.01 bar. Inlet swirl velocity = 60 m/s, and rotor speed = 15 krpm (surface speed=133 m/s), ambient Temperature.

0.45 i N
“n 0.40 _; I:kgwlly’bﬂf-rn-a:l 19.0 @
..".ﬂ 0.35 i Honeycomb Seal
.35 + -
g - o 18.5 -
o 030 + ° C Labyrinth Seal
D) " Pocket Damper H‘E T 18.0 | : Pocket D
E 0.25 + Seal (shallow cavity) > % r OcCkel Damper
(S - (deep cavity) 5 E 175 | Seal (deep)
® 020+ — 2E :
© : - 170 |
ﬁ 0.15 7 ~—FPDS (1/8" depth) o ﬁ - *
0.10 - &+ FPDS (1/4" depth) % E" 16.5 + '_g::IeYCUmb * -*
I —=-Labyrinth Seal 0 i ) + FPDS (1/8" depth)
005 - -.-Honeycomb Seal E 16'0 _E ’__ — -" ’ -- +FPDS (1]{4" depm}
0.00 L AR L R 155 Pocket Damper -o-Labyrinth Seal
0 > 10 15 20 29 30 . : Seal (shallow) -e—Honeycomb Seal
P;, (bar) 15,0+
0 5 10 15 20 25 30
Loss coefficient c,=0.32 for LS, c,=0.318 deep in 7" out

pocket PDS, c,=0.304 honeycomb seal, and c
=0.291 for shallow pocket PDS.
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Leakage for turbine rim seals

Compare leakage performance of four seals at high temperature.

(d) Hydrostatic Advanced Low
Leakage (HALO®) seal

(c) Hybrid brush seal

Labyrinth | HALO™ Seal

Material Steel Inconel 718
ID 167.4 mm 167.2 mm

Length 8.40 mm 8.5 mm
Clearance 0.51 mm 0.43 mm
Metal brush seals
are a known

choice, while

clearance control
seals are novel.

Temperatures,” ASME J. Eng. Gas Turbines Power, vol. 137 (5)

L. San Andrés and A. Anderson, 2015, "An All-Metal Compliant Seal Versus a Labyrinth Seal: A Comparison of Gas Leakage at High

29




Seals leakage and flow factor at 300 °C

‘ P, =1.01 bar. Inlet swirl velocity = 00 m/s, and rotor speed = 3 krpm (surface speed=25 m/s), Temperature: HOT

45 T
70 :
- m <« Labyrinth Seal — 40 + Labvrinth Seal
60 + ® <+ Brush Seal @ - N "= I e y
: - o > 1.
50 1 o~ 30 f
- u ° s2 :
2 40 § : = 25t ¢ © PY ~ Brush Seal
% - ® A / Hybrid Brush Seal ég o : ® PY ° A
x 30 1 = F
© g HALO Seal R - L. A B :
9 20 m e A e % 5k A A A 4 Hybrid Brush Seal
T TS C A N
‘me A S X 10 HALO Seal \/
10 4 iy . R -
0 : B e e B EEEE— g
1 2 3 4 5 6 1 —
Pin /Pout 1 2 3 4 5 6

Loss coefficient c,=0.78 for LS, c,=0.49 for brush
seal, c,=0.34 for hybrid brush seal, and c,=0.16 for
HALO® seal

Other advanced concept seals include the Pressure Actuated Leaf
Seal (PALS) and finger seals.

30



Knowledge on seals’ leakage

Comparisons of measured and predicted seals’ leakage
demonstrate that (well designed and engineered) annular seals
have effective clearance = fraction of seal operating clearance.

A typical range is C/C,=c4~ 0.30 - 0.40.

From published test data, c4 is not a function of either the inlet
pressure, or the outlet pressure, or the shaft speed, or the inlet
swirl, or the actual clearance!

Bulk-flow models and CFD accurately predict the leakage of
annular clearance seals. CFD ~ BFM

31



Effect of seals on

rotordynamic
stability

2> A review of their
force coefficients

32



Seals and their impact on rotordynamics

Straight th h
raig rougn compressor MOde Seal
| A PP) = - T T — force

|72 2 T T O

. . : -+t %ﬁ_ﬂ- - B
n ; y Seal v

IZBZE%\' Balange force
Back-to-back compry piston Rotor I B
A //////7\\\\\\

m m o /// \\\ ~N

_ ' ) %H-;B- DX X0
Z P77 N :

Straight-Through and Back-to-back Compressors and 1st Mode Shapes

Due to their relative position within arotor-bearing system, seals
do modify a rotating system dynamic behavior. Seals typically
"see" large amplitude rotor motions, important in back-to-back
compressors and long-flexible multiple stage pumps.
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Seals are bad actors driving unstable CCs & STs

Cloud, H., Kokur, J., Pettinato, B., 2018, “PREDICTING,

UNDERSTANDING AND AVOIDING THE EKOFISK ROTOR INSTABILITY e} :

FORTY YEARS LATER,” Proc. Turbomachinery Pump Symposium.

1997 Turbomachinery Symposium

ANNULAR GAS SEALS AND ROTORDYNAMICS
OF COMPRESSORS AND TURBINES

by
Dara W. Childs
Leland T. Jordan Professor
and
John M. Vance
Professor
Department of Mechanical Engineering
Texas A&M University
. College Station, Texas

-‘.

- Running
E Speed

Frequency, cpm

10000

COMPRESSOR INSTABILITY WITH IMPROVED SEAL DESIGN

S e
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ISSALE
P R v
NeI¥8 77
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T
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L
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EF; _
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10000 20000
Frequency, cpm

9,200 psi discharge pressure = 2000 psi
higher than any compressor at the time
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Seals generate reaction forces

-> function of the fluid properties, geometry,
flow regime, and operating conditions:

.V, Axial . . .
ghes Sew v Iar_ge axial pressure gradlent, |
% « axial development of gas circumferential speed
e P - magnitude of cross-coupled (hydrodynamic)
forces.

For small amplitudes of rotor lateral motion: seal forces are represented with
linearized stiffness, damping and inertia force coefficients:

F, K (kIIX] [C clIxX| M ml| X
— L + e ..
Fol (kK )KJ[Y ] |-¢ Cl[Y]| |-m M|Y
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Gas seal effective force coefficients

For circular whirl motions with amplitude r and frequency o

X X
_k
(K<w>+“’c<w>){y }(C(w) 4))[\/}
X  Radial and tangential forces are

Fe=Ka) T3 i =Ca( (re)

|
1
T
L
I

J

where the effective stiffness and damping coefficients (K, C) are:

-~ k /
Gas seals show coefficients _ _ )
that are frequency Ke (@) (K(w) TG, )’ Ce (@) ( C(a’) @ j

dependent.

The coefficients are also a Ceff > 0 is highly desirable for rotor dynamic stability.
function of shaft speed and _ _ N
pressure drop across seal. Keff > (0 allows load carrying and rotor static stability.

36



Remedies to promote

seal stabilit

Aim: to reduce cross-coupled
stiffness (k =0) without
affecting sealing ability.

37



A series of vanes upstream a seal inlet plane to redirect the flow. Engineered since 1980

Benckert, H., and Wachter, J., 1980, “Flow Induced Spring Coefficients of
Labyrinth Seal for Applications in Rotordynamics,” NASA CP-2133

->reduce inlet circumferential flow entering seal,
hence also reducing the seal cross-coupled
stiffness (k) to promote rotordynamic stability.

38



Shunt Injection also improves stability

can change the sign
7 A of the cross-
MPELLER . , 4 SVIRL CANCELING coupled stiffness k,
N cAs \ AW N which increases
/ % PHECTION SN e effective damping
(£ K
N 1)
' (‘ Coit =Co) g())
LABYRINTH SEAL
(BALANCE PISTON) . .
| Implementation is
Figum " Labyrimhli?j;lk?ietth aih ?f;;ggcmon, adapted from rure 6. Swirl Canceling Device. m O re d Iffl C u It I
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ldentification of
force coefficients

2-DOF system for seal and
support structure.

40



Steps to identify seal force coefficients

Measure vectors of
displacement z ={x,y }T
& acceleration a ={ax, ay}"

1) Apply Load F=Fo sin(wt) 2>

2) F,A,Z <€ Discrete Fourier Transforms of F, a, z

3) Equation of motion IE—I\/Ih,& —[K,, + iwCh]Z' = H(w)Z

[M, K, C];, = mass, stiffness,
damping of support structure

Re(H)) — K, Dynamic Stiffness
» Im(H(w) — wC, Proportional to Damping
» Cot = C-klw = [IM(H,)-Re(H,,))/w

Effective Damping 41



Bulk flow and CFD models for

prediction of force coefficients

Rotor speed Q

Whirl frequency w

@

Calculate flow field to obtain forces along
radial and tangential direction: f,, f,

42



BFM Bulk-flow model: typical governing equations

- Turbulent flow with fluid inertia effects Circumferential direction | | Axial direction |

Mean flow velocities — average across film (h)
No accounting for zones of strong recirculation

Flow
Continuity

Circumferential

Momentum
transport

A

xial momentum
transport

cavity
jet zone
9 v,)+Z(hv,)+ 2 =0 =T
OX 0Z ot
2
oX h 2 ot OX 0z s
Z
2
—h@=ﬁ’fzvz+,0h v, VY, Y, g ‘
oz h ot OX 0z @Q
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BFM procedure for predicting seal performance

Small amplitude (oe) change

a N
2D bulk flow
solver ED:I
0 4
Available
since
1980’s

steady state performance:
v Seal leakage (m);

v’ Static pressure (P);

v Axial and Swirl speeds;

Quantify how seal works!

(

.

Film thickness

h= Do(g,z) +o0ey e

i(O+at)

displacement of rotor center

Fields: velocities and pressure
(P’Vx’vz):(F)O7V0vaOz)+
ey (Py,Visy, Vs, )"

J
~~
~~

Frequency
domain:

cosé H K+i1wC
9P {sin 9} Rdgdz':>{ h }(w) :{ k+iwc }(w)

Seal complex dynamic stiffness:
v Direct: H=K +i (@ C)
v  Cross-coupled: h =k +i(wc)

v" Direct damping C
J

44



CFD Coordinate transformation

Use a rotating coordinate frame to model a periodic (whirling) flow into a steady
state flow.

Rotor whirl
speed w

Periodic flow condition -> Steady flow state for observer in
rotating frame

Gas seals produce frequency dependent force coefficients 2
analysis requires of multiple flow solutions at +/- whirl frequencies

to extract seal force coefficients. -



CFD Mesh deformation method

U Rotor displaces with specified X, Y
>

dFind transient response over a full
period (T) delivers seal forces,
f.and f,, on rotor surface.




CFD procedure for predicting seal performance

<

.

3D steady
state flow
solver

2

4

steady state performance:

v’ Seal leakage (m);
v' Static pressure (P);

v Velocities (U;;,);
2 L

Solution:
Force (fy, fy)

Discrete
Multi-frequency, Fourier
elliptic orbit method Transform

Displacements d,,, d,) (DFT)

Frequency domain:
(Fx(w)’ |:y(ou))

Seal complex dynamic stiffness:

v Direct: H=K +i (@ C) <
v’ Quadrature: h =k +i(@wc)
v Direct damping C

1

Quantify how seal works!



Review of experimental

record on seal force
coefficients

- Do we know everything we
should know?

48



Representation of coefficients

Normalize coefficients with

Pressure drop (P;, = P, ), (K* k*) ~(K k) C,
Projected area (LD), (P,—P.)LD
Clearance C,, (C* c*) _(c o C.Q
Shaft speed {2 (P,-P, )LD
Whirl frequency ratio: WFR = CL
w

=0->w

(e
Cross—over C

Cross-over frequency: Cg

Whreak )

For comparison amongst known forced performance for various seal types.
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Fully partitioned pocket damper seal (FPDS) 2020

Shaker

- Comparison vs.
Stinger 4
St i b T honeycomb seal and

R k= :
:CQ; ®. SSS (Spring
Cre ¢ | stabilization system)
"H"\ﬁ*' '#{7-”%0) :
; |
|

' - _L-“ o H ae Bedplate
}» T l | Read paper for other
T e examples

3
Coupling b -
v X labyrinth seal
1/ — Pitch Stabilizer
w’f“““-“ Y v Ball Bearin
B LTRSS QL Yok e
"W S 5wt
2 :

A. Delgado, L. San Andres, J. Thiele, J. Yéng and F. Cangioli, 2020, "Rotordynamic Performance of a Fully-Partitioned Damper Seal:

Experimental and Numerical Results,” Proc. of the 49th Turbomachinery Symposium, Houston (Also ASME GT2022-83164). 0
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FPDS vs. honeycomb seal and labyrinth seal

Diameter=115 mm JRIDS HS LS

mm mm mm
Seal length, L 85 86 86
Cavity/Cell width 13.3/5.7 0.79 4.3
Cavity/Cell depth 3.6 3.2 4.3
Number of blades 8 N/A 20

Radial clearance (3 seals) C,=0.2 mm

10 krpm: surface speed 60 m/s

LARGE AP P,,= 70 bar, P, = 35 bar

HS and LS data:

Sprowl, T. B., 2003, “A Study of the Effects of Inlet Pre-swirl on the Dynamic Coefficients of a Straight-bore Honeycomb Gas Damper Seal,”
Master thesis, Texas A&M University, College Station, TX.

Picardo, A. M., 2003, “High Pressure Testing of See Through Labyrinth Seals,” Master thesis, Texas A&M University, College Station, TX.
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Direct and cross stiffnesses AP = 35 bar, rotor speed = 10 krpm,

Low pre-swirl ratio

K 0.16 T k 0.06
" 'y I
0.14 - ASAA ~
Honeycomb seal ahdaddd - Honeycomb seal
. 012 4 A 004 1 A "
X : A A x | TAA
: "
- 0.10 1 11* = “j,
= - =
2 0.08 “H 2 002 Pocket 11‘1 4
= 2 poz 4 A
A o damper seal Ay
g 0% Pocket damper seal = 5 0O m a ‘ ﬁ"‘i .
E 0041 . /S g9 2 0 0 E[hl:l':‘ g0
o Labyrinth seal ¥ S 000 1 Wiy Wuriiay v W
Z 0.02 0 O =z U [ ATRR RRRAMEART X ey D Y
o AT W - " Labyrinth seal m
002 frequency / FEFETEPIFEN PN 002 i P frequency
0.0 0.5 1.0 1.5 2.0 0.0 0.5 T.U T.5 2.0
w i/ w0
(a) Direct stiffness K* (b) Cross-coupled stiffness k*

LS offers negligible force coefficients. Honeycomb seal (HCS) shows largest
K that grows with frequency (a third bearing?)
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Direct and effective damping AP = 35 bar, rotor speed = 10 krpm,

Low pre-swirl ratio

0.25
C r . Honeycomb seal C ff If
[ AL c* l‘:( Cpel ) e [
0204 [ o 0.20 §
O i i
= _ At J [
e 0.15 1 ® 0.15 1 Honeycomb seal
E Pocket A A | [ . Pocket
L - 3
¢ .. | damper seal ‘ - A damper seal
E 010 1 0 g 0.10 { A Ada, |:1
£ o+ Ady, 3 _ Ada,
2 005 | 5 00s | E’ambm
0051  Labwrinth seal = 005 1 ECEDU:U
S frequency ; : frequency srlnth seal
0.00 - 0.00 - ST
0.0 0.5 1.0 15 20 0.0 05 1.0 1.5 20
w0 w /L)
(c) Direct damping C* (d) Effective damping C*qy

Honeycomb seal (HCS) and PDS show +++ larger damping than LS, in
particular at low frequencies. HCS and PDS show same effective damping for

frequencies = synchronous or higher. Cross-over frequency is low ~ 0.01 of
running speed.
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AP = 35 bar, rotor speed = 10 krpm,
low pre-swirl ratio

PDS BFM and CFD predictions

0.08 T

E K| Compared to test
=77 data, BFM does
better than CFD to
P predict direct &

b N ; cross-stiffnesses

oa (K,k). CFD does

c {P) Gross-coupled stffness i better for direct
~eff] e damping (C).
omp LT g Methods deliver
= more or less C_

than test data.

012 T

0.10

A
: BFM O
0.08 { o
: DEDE‘:‘:\\:Q:&E\J: q Gt
0.06 § /
0.04

006t D:I:\:Djz'aninﬁl\
04 1 ? 004t o CFD
0.02 § c* = C( St ) 002 4 |
; o o frequency
000 e vy v o v 000 4=l e e

Non-diemshaional C*

Non-dimensional C.y

(c) Direct damping C*

wiQ
(d) Effective damping C*
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Knowledge on seals’ force coefficients

Rotor whirl frequency affects the forced response of gas damper
seals (honeycomb & pocket damper seals). Tests and predictions
show seal “stiffness hardening” and loss of damping at high
frequencies.

Large direct stiffness (K>>0) enable to design/operate seals as
load bearing elements and affecting placement of critical speeds.

Damper seals offer large effective damping (C.; >> 0) with break
frequencies at a fraction of operating speed.

Bulk-flow models and CFD do not always predict accurately force

coefficients of gas annular seals.
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Rules of thumb Good until changed!

The review of the experimental record show that the direct
stiffness and effective damping of damper seals can be
(safely) estimated from

(P,—P,)LD N (P, =P, )LD
in out , Ceﬁ ~[OO4—)Q12] in out
SV\;iﬂ ratio g CrQ
decreases

K ~[0.05— 0.10]

Honeycomb r
seal

Seal with incompressible fluid

P, —P, )LD
K ~[o.2o—>o.4o]( " C"‘“) . C,; ~[0.04 — 0.08]

r

(Pin o Pout ) LD
CQ
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The road ahead

To seal or not to seal....

LY

.,‘&!
'V,

% "(""'\‘4
(¥ :

b A
o1

v

S7



The bottom line...

-

[he eXperllllelltal record, Hole-Pattern Seal
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models (CFD&BFI\/I) show s Z

DAMPER SEALS offer a
much better dynamic forced
response than labyrinth ninap =]
seals.

NNNNNNNAANANANNY
[

Damper seals can be designed to reduce synchronous amplitude
rotor motions and to control placement of critical speeds.

Novel developments include 3D-configurations ADM (printed) with
greater damping & stiffness coefficients.
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A Texas blue sky lights The Turbo Lab
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