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SUMMARY

A two-day workshop was held at the NASA Lewis Research Center on August 5 and 6, 1992. The intent of the
workshop was to inform the technical community of the seal code development activity sponsored by NASA
Lewis and to provide a forum for participants to exchange information on respective activities in seals. We
thank the workshop presenters, the participants and the peer committee for their contributions.

Three codes were disseminated to the technical community for beta testing. They are the ICYL (cylindrical seal
in incompressible fluids), GCYL (cylindrical seal in compressible fluids) and SPIRALG (spiral grooved gas
seal) code. Close to thirty companies requested these codes at the workshop.

Several needs, shortcomings, and problem areas have been delineated from the workshop on the NASA Lewis
seals contract with Mechanical Technology Incorporated. The deficiencies include: validation data sets,
convection flow contributions (inlet, inertia, turbulence, body forces), surface distortions, dynamics matrices in
the CFD code, computational efficiency (speed, storage. hardware), and awareness of current seal user
requirements and projected needs.

The positive aspects, however, must not be overlooked. The codes are being worked into a transportable user
friendly format. They are available for members of the peer committee and beta-users to apply toward their

particular area of expertise. The findings from beta-testing need to be reported to enhance program
effectiveness. This will be an on-going activity throughout this contract.

Workshop Chairs:

Anita D. Liang
Robert C. Hendricks

1 rreceding Page Blank







L&‘ﬂ SPACE PROPULSION TECHNOLOGY DIVISION LNASA

AEROSPACE TECHNOLOGY DIRECTORATE ewis Research Center

OVERVIEW
SEALS FLOW CODE DEVELOPMENT WORKSHOP
and
BRUSH SEALS SYSTEM WORKSHOP
AUGUST 5-6, 1992

NASA LEWIS RESEARCH CENTER

AN  srace propuLsion TECHNOLOGY Division  ININS\

AEROSPACE TECHNOLOGY DIAECTORATE Lewis Research Center

PROGRAM OBJECTIVE - Develop Codes for Analyzing and Designing
Optimized Advanced Seals for Future Aerospace
and Advanced Rocket Engine Systems



SPACE PROPULSION TECHNOLOGY pivision INASA

AEROSPACE TECHNOLOGY DIRECTORATE Lewis Research Center

«  OVERVIEW OF NASA CONTRACT NAS3-25644
«  CURRENT ISSUES

* PROGRAM STATUS

L\‘D SPACE PROPULSION TECHNOLOGY DIVISION NASA

AEROSPACE TECHNOLOGY DIRECTORATE Lewis Research Center:

PROGRAM SCOPE

* SEVEN YEAR EFFORT (NASA Contract NAS3-25644)

* PARALLEL PATHS - Scientific Code and Industrial Codes
* DEVELOPMENT OF A KNOWLEDGE-BASED SYSTEM

* TECHNOLOGY TRANSFER VIA WORKSHOPS

* CODE VALIDATION VIA PUBLISHED DATA, IN-HOUSE TEST WORK
AND COOPERATIVE PROGRAMS



AEROSPACE TECHNOLOGY DIRECTORATE

SPACE PROPULSION TECHNOLOGY DIVISION NASA

Lewis Research Center

NASA LeRC

Julie Carlile

Bob Hendricks

Anita Liang

TEAM MEMBERS

Margaret Proctor

4D

AEROSPACE TECHNOLOGY DIRECTORATE

MTI

Bharat Aggarwal
Tony Artiles _
Wilbur Shapiro

CFDRC

Mahesh Athavale
Andrzej Przekwas

Ashok Singhal

SPACE PROPULSION TECHNOLOGY Division INASA

Lewis Research Center

PROGRAM ORGANIZATION
NASA LERC
A. LIANG
MTI R. HENDRICKS
PROGRAM
MANAGER
W. SHAPIRO .
PEER REVIEW
PANEL
MTI PRINCIPALS
A. ARTILES
B. AGGARWAL
CFDRC TASK V TASK VI TASK Vi TASK VIl TASK IX
A. PRZEKWAS CODE VERIFICATION[|  pegiaN TURBOMACHINERY KBS KBS
M. ATHAVALE AND OPTIMIZATION TEST DATA SCIENTIFIC | INDUSTRIAL
- KBS DESIGN FEEDBACK CODE CODE
l
Task | Task Il Task lll| | Task IV

Task 1 Cylindrical Seals Code
Task Il Cylindrical Code Augmentation (Labyrinth, Honeycomb, Damper, Brush)
Taskll  Face, Wave, Grooved Seals
Task IV Tip, Contact, Non-Continuous Seais




ASTD  sPACE PROPULSION TECHNOLOGY DIVISION NASA

ewis Research Center

MAJOR TECHNICAL ACTIVITIES

1. DEVELOPMENT OF ANALYTICAL CODES
2. DEVELOPMENT OF EXPERT SYSTEMS

3. INTEGRATION OF CODES AND EXPERT SYSTEMS
INTO ONE SINGLE FRAMEWORK

é

An SPACE PROPULSION TECHNOLOGY DIVISION NASA

TECHNOLOGY Lewis Research Center

CODE DEVELOPMENT
INDUSTRIAL CODES - TWO-DIMENSIONAL CODES FOR DIFFERENT
TYPES OF SEALS
SCIENTIFIC CODE - A THREE-DIMENSIONAL CFD CODE FOR
SEAL ANALYSIS
SEAL TYPES - Cylindrical, bushing and ring, face, Iabyrihth,

tip, damping, brush, electro-fluids, and
"smart" ‘ ' ‘



ANTD  space PropuLsioN TECHNOLOGY Division NS\

Lewis Research Center

* ' AEROSPACE TECHNOLOGY DIRECTORATE

INDUSTRIAL KBS

Initial
Menu
Program
Intertace to
Sclentitic la—» System Supervisiop Computer Program - Database
Version
l I I | 1
Bushing | |Ring Seat| |Face Seal] """ | | pynamic | | Tipséat | [ Thermo- | JOamping [ | Magnete | 1 yysonar | | xos
Module Module Module Modula Mogllula Module Module Module Module Interface interface
Tutorial KBS
Industriat { | Industrial
Version Version

AINTY  space PropuLsion TECHNOLOGY Division NS

Lewis Research Center

AERGSPACE TECHNOLOGY DIRECTORATE
Interface to i Data
Industrial = System Supervisor* Base®
Version®
f Thermo- Electro- Guidance
Mlgg:tle ?AY?T:‘.: eiastic magnetic and
ocu Module® Coupling | {Optimization
Master Scientific Code

*Common with Industrial Knowiedge-Based System




AT  space ProPuLsION TECHNOLOGY Division  INNSA

AERGSPACE TEGHNOLOGY DIRECTORATE Lewis Research Center

A MODULAR KNOWLEDGE-BASED SYSTEM -

s Desi
Opt'm'za"Oil Seal Selectio‘nJ Guida?,';e‘l Data Base‘l
Expert o

Systems Gul GuI GUI cul
A
»Co/e
User Inte}éce Dynamics
Analytical Y aul 4 — User Interface

Modules A i
GU!

Level of Communications Between Modules - - GUI

An SPACE PROPULSION TECHNOLOGY DIVISION. NASA

AEROSPAGE TECHNOLOGY DIRECTORATE Lewis Research Center

MAJOR ISSUE FROM 1991

- PORTABILITY OF THE KBS



~ AKT)  sPACE PROPULSION TECHNOLOGY DIVISION NASA

AEROSPACE TECHNOLOGY DIRECTORATE Lewis Research Center

COMPUTER SYSTEM CONSIDERATIONS

A DESK-TOP SYSTEM (FOR ALL USER TYPES)

SUFFICIENT MEMORY FOR CODE EXECUTION AND FOR
MULTITASKING

I/O COMMUNICATIONS WITH THE SCIENTIFIC CODE
COMPUTING POWER FOR GUI
PORTABLE SOFTWARE DEVELOPMENT TOOLS

PRICING

SPACE PROPULSION TECHNoLoGY pivision  INASA

AEROSPACE TECHNOLOGY DIRECTORATE Lewis Research Center

COMPUTER SYSTEMS

PERSONAL COMPUTERS WITH OS/2 OPERATING SYSTEM

Intel 30386 or Higher
Math Coprocessor

8 Megabytes of RAM
80 Megabyte hard drive

UNIX WORKSTATIONS
- 16 Megabytes of RAM

MACINTOSH/IBM INTEGRATED SYSTEM



Aﬂ SPACE PROPULSION TECHNOLOGY DIVISION NM,\

TEOHNOLOGY Lewis Rasearch Center

PORTABILITY OF SOFTWARE

Fortran and C for Codes

GUI - User Interface and C**+ compatible with OS/2 Presentation
Manager and OSF/MOTIF

Expert Systems - NEXPERT or CLIPS

ANYD  space propuLsion TECHNOLOGY Divison  INNSA\

AEROSPACE TECHNOLOGY DIRECTORATE Lewis Research Center

STATUS
* SEVERAL INDUSTRIAL CODES HAVE BEEN PRODUCED AND
READY FOR DISSEMINATION

A 3D CFD CODE FOR CYLINDRICAL SEALS HAS BEEN
COMPLETED

* THE KNOWLEDGE-BASED SYSTEM FRAMEWORK HAS BEEN
DEFINED

* RESULTS AND STATUS OF THE PROGRAM HAVE BEEN
REPORTED IN SEVERAL MAJOR CONFERENCES

e SEVERAL COOPERATIVE"PROGHAMS HAVE BEEN ESTABLISHED

* ATECHNOLOGY TRANSFER PLAN HAS BEEN FORMULATED



ANT)  space PropuLsion TEcHNoLoGY Division NS

AEAOSPACE TECHNOLOGY DIRECTORATE Lewis Research Center

OCONPN AN

CODE DELIVERABLES
CODE OR MODULE APPROXIMATE DELIVERY DATE
CFD Cylindrical Code 02/01/92 (09/92)
Augmented CFD Cylindrical Module 02/01/94
CFD Code, Face, Wave, Non-Continuous Module 09/01/95
CFD, Tip, Contact, Non-Continuous Module 09/01/96
GJOURN 02/01/91
ICYL 03/01/91 } (07/92)
SPIRALG 04/01/91
IFACE . ‘ 02/01/92
GFACE 03/01/92 } (10/92)
SPIRAL! 04/01/92
FACEDY 02/01/93
RINGDY - 03/01/93
LABYRINTH 04/01/93
FACECON : 02/01/94
DISTORTION 04/01/94
Additional Codes 04/01/95
Industrial KBS 04/01/96
Scientific KBS 04/01/96

SPACE PROPULSION TECHNOLOGY Division NASA

AEROSPACE TECHNOLOGY DIRECTORATE Lewis Research Center

NEAR TERM ACTIVITIES

CONTINUE CODE DEVELOPMENT

ADD TURBULENCE AND INERTIA IN COMPRESSIBLE CODES
DEVELOP USER INTERFACE FOR THE CFD CODE

DEVELOP GRAHICAL USER INTERFACE

DEVELOP EXPERT SYSTEMS






92P48

Industrial
Code Development

Presented by

W. Shapiro and A. Artiles
Mechanical Technology Incorporated
Latham, New York

Presented to

NASA Seals Workshop
Contract NAS3-25644

5 August 1992

OBJECTIVES

QO Compile and generate sets of verified 2D and
simplified 3D or 1D codes

0O Codes are intended for expeditious parametric
studies, analysis, and design of a wide variety
of seals

O Integration is accomplished by the industrial
KBS; additional functions of the KBS are:
— User-friendly interaction
— Contact sensitive and hypertext help
— Design guidance
— Expandable data base

s Preceding Page Blank



CODE DELIVERABLES

Approximate

Code Module Delivery Date

GCYL (Gas Cylindrical) 02/01/91 ——
ICYL (Incompressible Cylindrical) 03/01/91 -=——r
SPIRALG (Gas Spiral Groove) 04/01/91 ——
CFD Cylindrical Code 07/31/92 <€———-
IFACE (Incompressible Face) 12/31/92 <€=——-
GFACE (Gas Face) 12/31/92 ®==—-—
SPIRALI (Incompressible Spiral Groove) 12/31/92 <«———~=
FACEDY (Face Dynamics) 09/30/93 <€—==—-
RINGDY (Ring Dynamics). 09/30/93 =w-----
LABYRINTH (Gas) 09/30/93 w*==--—
Augmented CFD Cylindrical Module 02/01/94
FACECON (Face Contact) 02/01/94
DISTORTION (Thermoelastrc DlStOl’thn) | 04/01/94

Additional Codes: 04/01/95

Brush -
Damping Seal |

CFD Code, Face, Wave, Groove Module 09/01/95

Industrial KBS 04/01/96 --——r
Scientific KBS 04/01/96 <w=——-
CFD, Tip, Contact, Noncontinuous Module 09/01/96



Computer Code GCYL
Gas Cylindrical Seals

GCYL CAPABILITIES

QO Varying geometries
Q Variable or constant grid (30 x 74)
Q Shatt eccentricity and misalignment

0O Specified boundary pressures and periodic boundary
conditions

O Symmetry in axial direction

0O Determining load (function of displacement) or seal
position to satisfy given load

Q Choice of English or Sl units
0O Frequency-dependent stiffness and damping coefficients
O Inlet and outlet inertia*

Q Turbulence*

*To be added.




CYLINDRICAL GEOMETRIES

Circumferential
Multilobe

&

(With or without grooves)

=

[

[ei555%

——

Tapered in Flow
Direction

__-_, g

Self-Energized,

Hydrostatic

(Inherent compensation,
orifice compensation,
spot orifices, recesses)

Circumferential
Rayleigh Step Rayleigh Step in
Direction of Flow
SEGMENTED RING SEAL
|
f
3 {
I
i
50-mm Shatft
Item Description Material
1 Segmented Ring  Carbon
Rayleigh Step
2 Spring-Radial Inconel X-750
3 Spring-Axial Inconel X-750
4 Housing Stainless Steel 17-4 PH
5 Cover Stainless Steel 17-4 PH
6 Stop Pin Stainless Steel 17-4 PH
7 Seal Teflon
8 Sleeve Inconel 718

Hard Chromium Plated

852165




GCYL OUTPUT

Clearance distribution

Pressure distribution

Leakage at specified flow paths
Load and load angle

Righting moments

Viscous dissipation

0O 000D o0o o

Cross-coupied, frequency-dependent
stiffness and damping coefficients

0

Plotting routines (pressure and
clearance distribution)

COMPRESSIBLE REYNOLDS’ EQUATION

9 3 oP 9 3 9P _, 9 (PH) . 9 (PH)
3 (PH ae)*az (PH az)'A 30t T

where:
Z=2R, H=hC_, T=tt, P=p/p,

Ao BuoR2 o 12uR?
= Lt =
Po Cf, png



INTEGRAL FORMAT

fv~6dA=5{6-HdS=5a.Ff<PH) dA

where:
— 3 -af_
Q=HP % + A (PH)
ASSUMPTIONS
QO Laminar flow
dv dv
T=l a—; , -d—y' = U/h

where:

T = Shear stress
u = Viscosity

V = Fluid velocity
U = Slider velocity
y = Film height

0 Inertia is small and neglected compared to .viscous shear
O Pressure across film is constant

0 Height of film is small compared to other geometric
dimensions; curvature is ignored

Q Viscosity is constant

O Gasis iosothermal



TURBULENCE

p =
U =
h =

Re = Reynolds number

Density
Surface velocity
Film thickness

O The most common approach to turbulence is to use G factors
that modify the viscosity. G factors are dependent on the
Reynolds number.and pressure gradients

— Couette Reynolds number: Re = h Rop/p

— Poiseuille Reynolds number: Re* =h? | TP | prp2
— Gy = Min [Gx (Re), Gy (Re")]

— G; = Min [G; (Re), G, (Re")]

UNWRAPED SEAL SURFACE

26 (N- 1)
—\J=M—M—

u
/‘—\»-—Q———‘n_.i , S S—
DZM-1) Loadens
B i
ZL
=1} i o q L
J=1 J=N
b,M, 2
J N, 6
e 6P »

92617



FLOW BALANCE CELL

i+1, j-1 i+1, i+1, j+1
. .
il ( r
AZi 4?_ _________ 1
‘*_\< i, -1 [Ny h1 ] i j+1

i B
: ! i
AZ,, 3w gl
Zi L i1, j-1 -1, j i-1, j+1
41( EE—— —
- ,

J
0, ABj-1 | AGj———s]
FLOW BALANCE CONTROL VOLUME
Qi4 Qi,
4Q.-_-1-_--~_.f__i__-91
034 : AZi : Qt
e 7 T
= Wl oy
2 1 ae !
Q3_4.5 ‘—_—?1 _ }-—>Q12
1 ' 1
{ ' - ]
e i S °2

821608
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FLOW BALANCE EQUATION

AZp o AZiy . B . A8 82, . AZ,
Qiz 5 +Qip =52 + Qi 1+ Gy 22 - Q3 55 - Q3

+ s H
25 ATO -Qp = '211' (88 + 801) (AZ, + 8Z11) 7

Where, for example

- 'H? Gx (pl,l+1 - PI.])

12 29 + APy Hy
and
P12 - Pl. +2P"|!'1

NEWTON-RAPHSON LINEARIZATION

Fy (P1,P2,Ps,...Py,...Pg) =0

Q@ The partial derivatives for the Newton-Raphson linearization
may be calculated numerically:

oF, {Fu (P1,P2,...Pc +e2,...Pg)

K Ry (P1.Pa,... Py -e2,...Po)}/E

Q Then the linear equation for determining iterated pressures is:

9 .
Fy (old) + 3 g-;—& (old) (Px (new) - Px (old)) =0

Q The equation is put into the matrix format where P, is the
current pressure being solved for

[C] {Pi} +[E]{Pi1} +[D]{Pi} = {Ri}

The system of equations is solved by the column matrix
method.

21



FREQUENCY-DEPENDENT SPRING AND

DAMPING COEFFICIENTS

fV--Q"dA-J@‘bﬁ'ds--ainﬁ +P) HoA

QO Introduce the RHS and pefturb clearance and pressurs
H=gt, P’ = pPglt
then, perturb the rasulting equation with respect to
eccentricity to obtain
il
3t
T The real pait of the derivative with respect to sceetitricity

integrated over the area is stiffness. While the imaginary
part divided by & and integrated over the area is damping

FREQUENCY-DEPE_NDENT SPRING AND
DAMPING COEFFICIENTS (continued)

fe-adAsfa-ﬁ'ds=-;ain(1+P) HdA

D Thefinal set o ’line'ar difference equations for the corplex stiffiess pressute
derivatives {P™ ] are obtained

en{r*} + (&1 P{.?} ‘f-[_ﬁf']{P,;ﬁ}-‘ - {RM4} - [GIN] Py}
- (& 4 {ﬁ’”} - (5] {'gjn}
where:
(67 = [&] +is[C]
{R"} = {R¥} - i {R}
At ey 32 (1 epy
Cl = HCy Ay + HC3Az + HC3 Ag + HC4 A,

P (<) S (=
[CH¥] = ___L_Eﬁ_.._.‘__

0O THe system of equations is solved by the column method in a directly
analogous manner to that used in solving the steady-state gquation.
The principal difference is that all the mattix operations ate perforitied
using complex arithmetic. )

22



STIFFNESS AND DAMPING COEFFICIENTS

Speed (rpm) 48,000
Excitation Frequency (rpm) 48,000
Stiffness Coefficients
Principal X (Ib/in.) KXX = 0.965
Cross coupled (Ib/in.) KXY = 1942
Cross coupled (Ib/rad) KXA = 0.730
Cross coupled (Ib/rad) KXB = 1.291
Cross coupled (lb/in.) KYX = 1040
Principal Y (lb/in.) KYY = 17,670
Cross coupled (Ib/rad) KYA = 1.450
Cross coupled (Ib/rad) KYB = 0.448
Cross coupled (in.-Ib/in.) KAX = 0
Cross coupled (in.-Ib/in.) KAY = 0
Principal A (in.-Ib/rad) KAA = 639
Cross coupled (in.-Ib/rad) KAB = 72
Cross coupled (in.-Ib/in.) KBX = 0
Cross coupled (in.-Ib/in.) KBY = 0
Cross coupled (in.-Ib/rad) KBA = -194
Principal B (in.-Ib/rad) KBB = 221
Damping Coefficients
Principal X (Ib-sec/in.) DXX = 1.658
Cross coupled (lb-sec/in.) DXY = -0.7059
Cross coupled (Ib-sec/rad) DXA = 0
Cross coupled (Ib-sec/rad) DXB = 0
Cross coupled (Ib-sec/in.) DYX = 0.918
Principal Y (Ib-sec/in.) DYY = 1.521
Cross coupled (Ib-sec/rad) DYA = 0
Cross coupled (Ib-sec/rad) DYB = 0
Cross coupled (in.-Ib-sec/in.) DAX = 0
Cross coupled (in.-lb-sec/in.) DAY = 0
Principal A (in.-Ib-sec/rad) DAA = 0.090
Cross coupled (in.-Ib-sec/rad) DAB = -0.031
Cross coupled (in.-lb-sec/in.) DBX = 0
Cross coupled (in.-Ib-sec/in.) DBY = 0
Cross coupled (in.-Ib-sec/rad) DBA = 0.026
Principal B (in.-lb-sec/rad) DBB = 0.067

360° cylindgical seal; IE= 1in.;D=1in,;C=0.001in;
nw=3x10" Ib-sec/in.”; 0 gage pressure at both ends

23



INLET INERTIA

Q=GCp A, P {(EP_E)ZN [1 i (%2)171} }Uz

where:

Cp = Coefficient of discharge
Orifice area, in.?

Upstream pressure, psia
Downstream pressure, psia
= Ratio of specific heats

= Gas constant, sec’/°R
Absolute gas temperature
= Qrifice flow, lb/sec

T >
| I ]

0
n o
3

[

0 H=
"

. (P P
if (‘E:‘) S Pcr, then (T;:-) = Per

where:

2.0 ](;%‘7_

P =
R [(yn)

INTERNAL HALVING ROUTINE

Flow (lb-secfin.)

0.040 | | l
L Qrifice Flow Curve

- 1
0.030 l J@

~Flow = 0.023 lb/sec

0.020

0.010 - T |
\

0 -
0.50 ' 060 - .0.70 0.80° . 090 1.00
' . Pressure Ratio
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Computer Code SPIRALG
Spiral-Groove Gas Seals

SPIRAL-GROOVE FACE SEAL

Direction of Rotation

Providing PUmping e,
Grooves Rotate

Land
Width

Groove
Width Groove

Angle

Groove

Land

Groove Angle = &
Groove Depth = GD
Land Width/Groove Width = v

872565 -2

SPIRAL-GROOVE CYLINDRICAL SEALS

N

25



CAPABILITIES

Shaft seals and face seals
Compressible flow

Finite eccentricity and misalignment

[ o I R

Four degrees of freedom for shaft seals
(three for face seals)

O

Frequency-dependent dynamic cosfficients

8]

Arbitrary end pressures

Q Predicts load, flow, power loss, dynatnic
coefficients, shaft displacements, and
minimum film thickness

ASSUMPTIONS |

Laminar isothermal fiow

No fluid inertia

Ideal gas law

Thin film approximations are valid
Narrow groove theory

Linearized time dépendence

g 0O 8 o g g g

ldeal surfaces

26



TECHNICAL FEATURES

Finite misalignment

General algorithm for treating frequency-dependent
dynamic coefficients

Q Either forces or displacements may be specified
in all degrees of freedom

0 Optional implementation of automatic numerical
damping algorithm

0O Optional implementation of Romberg extrapolation
algorithm

COORDINATE REFERENCE FRAMES

Face Seal
]
L |

-

Shaft Seal

27



ECCENTRIC SPIRAL-GROOVED SHAFT SEAL

14

Dimensionless Load, Wi(p_R2)
w
=
\

“0 010 020 030 040 050 0.60 0.70 0.80
- - Eecentricity Ratio, g,

$2424

SPIRALG THEORY

GLOBAL AND LOCAL PRESSURES

ap;

28



GLOBAL AND LOCAL PRESSURE GRADIENTS

Q When the number of grooves becomes large, the sawtooth
portion of the local pressure variation may be approximated
with linear representations

dp 2Py A (3p) A% (op') A&
26 "ae T30 “\26 4 20 T30} 20

A8, A8
28 ok S T
20 o and 20 1-a

%] ap’ ap’
5§-a(.a%)g v (l-0) (.a%

. O The corresponding relationship in the traverse direction,

P o[ coy [
ds a(as)g+(1 0‘)(as

is obtained in a similar manner.

O The remaining two equations required to solve for the four
local pressure derivatives are obtained from continuity
considerations.

CONTINUITY CONDITIONS

Q Continuity of pressure at groove-ridge interface
cos B (dp” : dp ) _cosP (ap’ . ap”
r % 4 " B ds r a0 4 TN B ds
Q Continuity of flow at groove-ridge interface
hg [sinB (3p’ p’
'12;1[ r (39 .COSB(E)Q]
h .
+ —29 (w2 - wy)sin B
3 . . .
=-L[M Q& .cosBQ&]
12ul r 90 as
+ % r{ws - wq)sin B

Q Four equations in four unknown local derivatives tﬁat can be
solved for in terms of global derivatives
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FLOW EQUATIONS

0O The transverse flow across a ridge groove pair is

h3 w h3 0

wonl P ) T Py (2R

% =30 b “(as)q 125 ps 09 (38

8 Similarly, the flow in the theta or parallél diréction is
h3 .
qs = 2 .R o l a_p.
t2p po 1\ 30

R p 1(3p
T2pp Y ?(ae

+r91—2t—032——’%[ah,+(1-a) h

& The squeeze film flow is

a =- - (p [ahy + (1-a) h])
Po

Q The global flows are expressed in terms of local
derivatives, which, in turn, are functions of global
derivatives. Thus, global paramsters can be
used throughout.

DIMENSIONLESS FLOWS

niF

Qo =-(1 +P) [H? (kg é‘as' * A 30

Q =-(1+P) [H? (Ilh -a-a-s— + %vé%)P-AsK.gR cos B:I

where:
p PP R=-
Pe Ro
= 12,—1R° - ~ w
C® pe q t"“:.’/\t
h hy
“r--é- rzh,
S
S-Ro
and ‘
-Gumﬁg ’ g=hg-hr
po C? C
A = Ao (1 - w) sin B 0=l
Iy +1g
l";J= w3 - Wy
)

—a—)P+A5k4RsinB-A(a3+H,)R]



k VECTOR

03 The column matrix containing spiral-groove coefficients, .
ki (o, B, T}, is:

- -
a(1-a)(r?-1)° sin? B+ 12
1-0)r+a

a(l-a)(r? -1)% sinBcosB
-0 +a

a(-o)(r®-1)% cos? p+1I3
-0 +a

(re-1)
1-0TI° +0a

1-)TF'+a
r

r-1Hsinp
-y P +a

o(1-0)(r?-1) sinpcosp
G-y P +a

af(t-ay(I®-1)T-1cosB+al+(1-a) I
-0y +a

k VECTOR

Q The column matrix containing spiral-groove coefficients,
k (o, B, ), is:

a(t-a)(®-1)° sin? B+ T3

-0 +a

o (1-o)(r® - 1)% sin B cos B
- P+a

a(l-ay(r®-1)% cos® p+13
-0 P+a

(r*-1)
G- +a

1-ayTF'+a
r

(C-1)sinB
A-a)rP+a

a(1-a)(rd-1) sinBcosp
-yl +a

a(l-o)(M®-1)T-1)cosP+ol+(1-0) I
(1-ayBP+a

— —_




CELL CONTROL VOLUME
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NEWTON-RAPHSON ITERATION

Flow Balange
| ©;48), + QA8 + Q1,48 Q;448;, - Qf, A§:§4 -
. "QEM:AS.M, - Qi Aséa‘_; Q34 As;:s =

(R (B e AR

+ ("“g + My 12, a2 AR, + (0‘.S +Hoy vz, p- 1 AAg

Fér Steady Qtate, FIHS =0
Fi (He. Py, o, Py, PuPy, BBy, Py, P) = 0
Apply Newton-Raphson

Fi#. B 25l Pﬁ-’"l}s«m.} e

where:

8_Fﬁ_:=Fi|(H,,P1..,.A,Pk+1’],...,Pg)-F;.(Hr,Pyi....pg)
aPe . PR, |
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 NEWTON-RAPHSON ITERATION

- -Flow Balance
Q12 485], + Q32 48], + Q7,487 Q;448,, - Q% 483, -
- Q3,883 - Q3 48, - Q3,483 =
9 J1+P) (o3 +H A
=- 8_}' (1 +Py) (a8 + He)y 1z, s 12 8
+ (0B + M)y 1,412 AR + (08 +Hr)i. 12, i 12 A,

+ (0‘5 +H)i 1,0 12 Azz]}

For-Steady State, RHS = 0

Fij (He, P1y P2, P3, Py, Ps, Ps, P7,Pg, Pg) =0
Apply Newton-Raphson

Fy + ga—F"l‘(P"“’-P)—O
ij k-1apk 3 k) =

where:

_a_EI.l.,Fii (H,,P1,...,Pk+T],...,Pg)-Fi, (H,,P1,...,Pg)
d Py n

COLUMN MATRIX FORMAT

O Generate system of equations in the following format:

ten{pr} +[eN{pP} + [D1{Ps"} = {R}

where
Ol = 3o
El = 3

k=-1,0,1i=2,...,M-1

Q The interior elements of the column vector {R'} are

S . .
R| = kz ; (Clisk Pioxs + Bl Piok, 1 + Dl Pracjon) - Fy

Q Eguations solved by column or transfer matrix method

(98
“@»



FLOW DIAGRAM FOR LOGIC USED IN
SUBROUTINE SPIRAL

Initialize
Pressures,
Set Grid, etc.
Y v
Initialize
N Eccentricities?
Calculate Load, Initialize
h Flow, Torque Eccentricities
Y | Yy —
Adjust iteration Limit Calculate Film Grisdetlrlxjtgr lgleate
Eccentricities Reached? »___Parameters ’ P
N Pressures
y 1 N .
N Numerical Damping Negative Film Perform Pressure
Required? Y Encountered? Iteration M
Ny v | N .
Y Eccentricities Pressures N iteraton Limit t
Converged? Converged? Reached? g
Yy
Perform % -
L Home in on
Eccentricity .
] 2
lteration Eccentilcmes !
Caiculate Load, ' N
Flow, Torque :
: l Calculate 0
Stiffnesses 4 e
Re‘questem [—’ Frequency Stiffness
- N
Y 4 —
- . |s Damping
|lse>0 Requested?
Calculate Stiffness | | Calculate 0
" and Dampin Frequency Dampin
2
I1s Romber ' - -
Set Error . Extrapolatiogn Y Is Fine Grid
Code : Required? Solution Done?
I N I
‘ — Perform
< Return Romberg
Extrapolation

Mechanical Technology Incorporated

92773(M)
92P48
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Computer Code GFACE
Gas Face Seals

GFACE CAPABILITIES

Varying geometries
Variable or constant grid (30 x 74)
Shaft eccentricity and misalignment

Specified and periodic boundary conditions

O0C 0o o

Determining performance as a function of
position or position to satisfy a given load

O

Frequency-dependent stiffness and
damping coefficients

Q English or Sl units



FACE SEAL CONFIGURATIONS

- _ °
o
+

Hydrostatic

A

<+

Circumferential
Rayleigh Step

A ,

+

o Circ#pmfe_rential
' Tapered Land

"E

Radial Rayleigh Step

- Radial Tapered Land

86265 -1
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" POLAR GRID MESH SYSTEM

92616

COORDINATE SYSTEM FOR GFACE

87906
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GFACE THEORY

REYNOLDS’ EQUATION

a3 39PY 1 9 (55 _, 3PH) . 3(PH)
3R (RPH )+R (PH ae)_A——-+__._.,

‘oR a0 96

where:

R=rtr, H=h/C,, T= vt,, P=pip,,

2
6 porg . 12 prd

= —

PeC2 °  p,C?

FLOW-BALANCE CELL AND ASSOCIATED
GRID NETWORK

aT

L e Bt it
] L
Q—;—-—--: F‘s/z 3—'—’072
a4 | l . 1
| Shi |
- / -

! i
S Q;
034 : <—A6j/2-->: 12

3L'“‘I""’|_'_1‘“'J2

Q. Q33

v38



| ISLOW-BALANCE ACROSS CELL

10, 2,41, ] 3,041, j+1
— A )?_
AR, Ao _:1
4_,<I»J'1 ! 51 | 6 [i, j+1
f | !
|
pl P
g 7L glit 91, j+1
“ < -
48, j— A9

MASS FLOW BALANCE

0 The net flow through a cell can be expressed as:

. AR AR . Al

12 “—2l +Qqp 2” 14 2 +Q14 '—'1
AR AB;.q

034 - ~Qu _2.__ 53 2 - Qg ‘ = Qi

0O Qj, means the mass flow per unit length across the plus side
of cell boundary 1-2, etc.

O The Q's are dimensionless mass flow per unit length, except
for Q._, which is a dimensionless source inlet flow.

in’

Q Inthe 9 direction:

3
- .PH 9F 4R + ARPH 2R

R o6 2

O Inthe R direction:

JdP A8
= spi_ 2y
Q=PH RE)R 5
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CELL PRESSURES AND DERIVATIVES

3 Qs defined as:

12uG:Ta q
- =aa
Po Lo

0 Pressures are taken as the average pressure across
the boundary. For example:

Py + P
- 1, i, |+
P12 *—L———L“z

and

k| _Pij -Pi
00| 12 Aej”

EXTERNAL MASS FLOW

' P. A 2/y p- -1 1/2
Qi = OFC x Ay x Pl —.ﬂ] |:1 (—-EJL*‘]}
" °Ts {(Ps L Ps

where:

[2 2T
poco ‘Y‘ 1

OFC = 1210

A, =nd, Hg for inherent compensation

2

nd
A, = —2Z for orifice compensation
4G, ,
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FLOW CHOKING

P, o (PLY
If | =8| <Pcr, then [P |=P
(7)o en (B - P

where:
Por = [ (1(2;01)]&.lﬁ
Also, if
—Sg— > 1.0, gz—:ﬁ;%;;» and Pg = Pp,

then this condition implies backflow through the orifice.

NEWTON-RAPHSON ITERATION ON
FLOW BALANCE EQUATION

(old) 3 ot (new) _ p (old
ki +kz1 TFSI,'("(PK - Py ))"0

where the partial derivatives are explicitly determined, e.g.,

ifﬁ f(P«] ' Pg, PK +€/2 ... Ps)i,j - f(P1 y Pg. PK + 8/2, PS)i,j
E)PK €
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COLUMN MATRIX FORMAT

0 The linearized Newton-Raphson equations may be
written in the form: _

Ci P +E Py + Dj Pir = R

O The column method is used to salve the new pressures
in the set of m x n equations.

VISCOUS POWER LOSS

- o ZFluid Element

. ~a) Seall Intertace

U rwawaz
—

b) Fluid Element.

92824
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VISCOUS FRICTION TORQUE

Tr = T'R§=ffﬂ§ERdedR+ff%—R;RdedR

FLOW ACROSS CIRCUMFERENTIAL LINE

Qcn
! ! p.mN
Qs -E.fi'mz Q';rEf.__f.:j' Qi o,,-k;f_-r— o
T2 3 2 1
% ° aptom  ° T %
o o o - o
M Q
Qg o Qg °Q14 o o o ‘14
4 ‘ 1 4 1 . 4 4 1
Q3efmy 4o Qiz Qa4 3 Q12 Qa5 Jom Q3p
T
Qcy Hag, Qcn
o Q L] o o

861603
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FLOW ACROSS AXIAL LINE

(M, 1)

Ly

NONUNIFQRM CLEARANCE GEOMETRIES

Section B-B
+ Rayleigh Step

+ Radial Taper: Type 2 Section C:C
’ - + Rayleigh Step

Section D-D
* Circumierential Taper
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MISALIGNED RAYLEIGH-STEP CLEARANCE DISTRIBUTION

OD=4in.

ID =2.5in.
Clearance

0.0005 in. |

,Speed = 50_00 rpm

: .\‘ i
NN

NN
N

NI
BRI
PRTSERR

Seee D

v4 in.

oD

2.5in.

D=

Clearance = 0.0005 in.
_ Speed = 5000 rpm

MISALIGNED RAYLEIGH-STEP PRESSURE DISTRIBUTION

- 0.259 x 10°
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DOUBLE TAPERED-LAND CLEARANCE DISTRIBUTION

ID =3.793 in.
Clearance = 0.0002 in.
Speed = 14,500 rpm

~0.408 % 10°®

4

4"" Q.Q ot 3
P PG LG5 -
“?%“ SIS :
RS SesssEtES—
z el e e
00 TSSTCES \‘:::““‘“ —(:>t

. o~ . "

% % \\ 3 78
4 0 ;
", 67 Angular (degrees)

DOUBLE TAPERED-LAND PRESSURE DISTRIBUTION

0D =4.505 in.

ID =3.793 in.
Clearance = 0.0002 in.
Speed = 14,500 rpm

o
sSSTTISII™

SO

S S eSS S S R TS OCSS
S W
N € S
S N
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STATUS OF INDUSTRIAL CODES

ICYL | GCL | SPIRALG | IFACE | GFACE | SPIRALI
Formulation C C C C C C
Coding C C C P P C
Documentation C C C C
KBS Integration C C C

C = Complete
P = In preparation

ICYL = Incompressible Cylindrical Code
GCYL = Gas Cylindrical Code

SPIRALG = Gas Spiral-Groove Code

IFACE = Incompressible Face Seal Code
GFACE = Gas Face Seal Code

SPIRALI = Incompressible Spiral-Groove Code

47 Preceding Page Blank






INCOMPRESSIBLE FLOW CODES = OVERVIEW

_ W. Shapiro
Mechanical Technology Incorporated
‘Latham, New York

® OVERVIEW 3 CODES:
O Capabilities
O Status

@® ICYL % Cylindrical Seals
O Introduction
O Assumptions
O Formulation & Solution Method

® SPIRAL! w Spiral Groove Seals (Cylindrical and Face)
QO Introduction
O Assumptions
O Formulation & Solution Method

@® . IFACE & Face Seals
O Examples
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INCOMPRESSIBLE FLOW CODES = CAPABILITIES

ICYL " IFACE SPIRALI
Geometry Cylin,dric\al 7 Face Both
Turbulent Flow Yes Yes Yes
Inertia Inlets ' ‘:‘.(és Yes' Yes
Film No No Yes
Film thickness Arbitrary Arb,itfary Axis-symmetric
) Eccentribity Finite . Finite Perturbation
Pressure Pockets Yes Yes No
Spiral Grooves No No Yes
INCOMPRESSIBLE FLOW CODES = STATUS
ICYL IFACE SPIRALI
Formulation Complete ‘ B Cdmplefe Complete
Coding C.omplet.e‘ In Progress Complete
Docufnentation v Cbmplete Complete

KBS Interface

Complete




Incompressible Cylindrical Program s Capabilities

ICYL by Dr. Antonio Artiles

@®2-D cylindrical geometry.
@® Rotation of rotor and housing.
® Roughness of rotor and housing.
@ Laminar or turbulent flow.
@ Inertia pressure drop at inlets to fluid film
O from pressurized pockets
O from seal ends
@ Arbitrary film thickness distribution
O steps
O pockets (pressurized or not)
O tapers
O preloaded arcs
® Rotor position relative to housing described by four degrees of freedom
O 2 translational
O 2 rotational
@® User specifies:
O Rotor lateral position —or— External forces
O Rotor angular position —or- External moments
O Pocket pressures —or— orifice size
® Dynamic coefficients
O 16 stiffness

O 16 damping
O critical mass

Incompressible Cylindrical Program = Assumptions

® [sothermal and incompressible flow
@® Turbulence: bulk flow model with separate friction factors
@® Fluid inertia effects at film entrance use loss coefficients.

@® Fluid inertia effects in the film (additional to those inherent in turbulence)
are negligible.

® Pressurized pockets deep (constant pressure)
® Surface roughness < < film thickness < < seal dimensions

® Wall roughness is isotropic




CYLINDRICAL SEAL GEOMETRY SCHEMATIC
(CONCENTRIC ALIGNED POSITION)

SCHEMATIC ILLUSTRATING
ROTOR LATERAL AND
ANGULAR DISPLACEMENTS

o2

001377



AXIAL CROSS SECTION OF SEAL
WITH ECCENTRIC ROTOR
(FILM THICKNESS EXAGGERATED)

Rotor

Housing /

901378

ICYL Program = Governing Equations

Film thickness
H = H, - (e,+ZB)cos6 - (e,~ZA)sin®

oH . |9, ;9B sep - (%—Za—’i]sine
at ot

ot dt at
momentum
(f;Re; +f,Rey) U- u HEAP ) (Re;f;U; + Reyf, Uy)
2 pR 06 2
(f;Re; + f,Re,) S ¢ HEOP
2 15 )74
continuity
L

d JdH
UH) + —(VH) + — =0
Rae(H) BZ(H) at
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Reynolds numbers, friction factors

Re; = p—HV(U'Ui)Z“ v
m

715 , Re;<1000 (laminar)

fi= I—EU -3E2+2€%) + f'(3E2-2E9), 1000<Re, <3000

S+ Re; = 3000 (rurbulent)

= Re,~1000
© 2000
10%, 106 %
£ = 0.001375|1 + I et
H  4Re,

Reynolds numbers, friction factors

Selected friction factor (Moody)

o’
.{
4 | Laine
0 A
E
5 ]
B ]
T .
E w\ Py
] il
] x\ o= 0001
)?\\
- Smooth
n mrrrmm IR LB RALLL T TTTThr LBLLRALLL ;i | ll”TrI
o r o v o v o

Reynokds number
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ICYL Program == Boundary Conditions

circumferential ends:
P(Z,6,)=0 and P(Z, 6,)= 0,

or periodic boundary conditions:

P(Z, 6)=P(Z6,) and U(Z, 6)= U(Z 86,).
left end: P(-L/2,0)= P, - K, %pV,2

right end: P(L/2,0)= P, - K, %pV,2,
or mid-length symmetry:

V(0,6)=0
pocket boundaries: P(Z,0)= P, - K, %pV,>2.

Pressurized Pockets

orifice pressure drop:

of 2 ¥
P, - P, = sgn(Q,) E(Aocd]

orifice flow:
_ " oH
Q,—fHVndS+!atdA
P

P



Discretization of continuity equation

-f ven dS = f L LB
5, 4 dat
Az Az
Fy = 5t (mhy uahy ) + 1 (R s+
: AB. AB.
# ?"(V1h1 "Vzhz) L 21 ] (V4h4 ‘V3h3) i

i

4 at (AZ,+AZ,_1)(ABJ+AGJ_1) = 0

Discretization of continuity equation at pressurized boundaries

Fy; =p, - py - A, max(0,v, } ot
e i
I
v, = 7‘(u1h1) s ! (ughy —ughy) + —_2'1("1"1 Vohy) - 2“("3"3) -

oy, (Az;+Az4)A6 + Az 4AG, } r

(A 0, ,+A z) h;;
a1 4

2
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Evaluation of velocity components
"Re.+f. Re
Gu[%,u,VJ B o i sz Pu + 12h2§—g - (RefiA; + ReyfyA,) = O,

G,[gz,u,v] = f—j——-—Rej+bee"v + 12h2Q = 0,
Z 2 dz

pl+1,j pl+1.l+1

[

T
18
. P,
Re.= Re"h‘/ (u—2Aj)2 + v? Nl__. l——'— A ]
0

*

Re,h

Re, = 15 J (-24,)% + V%,

Evaluation of velocity components

Pij1Pij v +v'|
G ol =0
X Aﬁj 2

Gv pi'1‘i_p"’! 8 +u’ i 4 = 0
Az, 2

Gu pi+1‘j+1—plol|i,u,’v_+v' s 0
Aﬂj 2

g, Pi+1,j+1 Pijs , u +u' el
Az 2

Sif/



ICYL: Forces, Moments, Torque

Fx coso
F, B sin®
- [ [ Py, _ (Rd6dZ
il 4h  TZent
A Z cos6

T-=Té = [[FxtdA
A
5

= R [[é, x (z+¢,) da
Ar

P, R? ap [R(u-2A) - f,R,(u-24,)
s ' b op i ) 5% b
2C ”‘hae 72h ]

OA!

Solution of Rotor position and pocket pressures.

Jin) = S
5 = Sy
mr) = -m,
myr) = -m,

Py - Py = sn8(q,) Ay (4.1)s for pocket 1,

ps E pp2 o2 S"g(qu) Ar2 (qr2)2' fOI‘ pOCket 2! etc.
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SPIRALI (Spiral Groove Incompressible Flow) = Introduction

SPIRALI by Dr. Jed Walowit

Spiral groove seals

® Provide:
M stability
Oincrease in-phase’ component of force
[Jdecrease out-of-phase component of force
M load support
M sealing (pumping against pressure gradient)

@® Cylindrical seals = symmetric grooves pump against each other

® Face seals - grooves pump against dam region

'with the displacement

SPIRALI = Basic Assumptions

@® [sothermal and incompressible flow
@® Turbulence: Hirs bulk flow model generalized for separate friction factors

@® Film discontinuities use loss coefficients. Inertia effects (additional to
those inherent in turbulence) throughout film.

@® Circumferential and transient effects use small perturbations to a steady
state first order solution for a concentric, aligned seal.

®surface roughness < < film thickness < < seal dimensions
@®Narrow groove theory
Oneglects edge effects and local inertia effects?

Ovalid for large number of grooves (> > 2msing)

® Machined surfaces are axisymmetric (except spiral grooves)

2due to groove to groove pressure variations
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SPIRALI = Coordinate system

SPIRALI == Quadratic film variation

: }
Hr H TAP
C
! -
L2 s L
i
H BRL
H, f
C
—# 1
L2 5 L
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SPIRALI = INTEGRATED EQUATIONS

MOMENTUM (© AND s DIRECTIONS):

ph(au aU+U§E+ﬂ

o« LOUED e i T
& 3 roe r] raeJ((Tb o)l

v v uav Uil -
"“(5”&*7%‘7—'] A5 <
CONTINUITY:
li(wh)+li(uh)+@ =0
r os r oo ot

SPIRALI === Shear stresses, shear factors, and Reynolds numbers

6l




SPIRALI = Shear stresses, shear factors, and Reynolds numbers

Py T 2hp |u-u,|| o -
Tax_f"“'ua' -/;(__";_—a_ (u_ua)=

N

n

Ala

%R. fi(R,) (i -1,) ,

fa(Ra) = "on:lo v f(Ry) = ”oRbmo

R, = 2h|G -Ty[p/p , Ry = 2h|d -Uy[p/p
Laminar Turbulent
n, 24.0 0.0751
m, -1 -0.25

SPIRALI == INTEGRATED DIMENSIONLESS EQUATIONS

MOMENTUM:

CONTINUITY:

aS P a0
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SPIRALI = INTEGRATED DIMENSIONLESS EQUATIONS

where
o@ih) - G-T@RA(R) + TRf(R,)
ﬁZ 3

and
Rafa(Ra) + Ryfy(Ryp) 7

¥(3,0,R) -
h2

SPIRALI = Boundary conditions

u,., p;, at seal inlet:

u=u,,

B =P - LFR(1+()72 @S=§,.

Pex at exit:
P=Px @S=S,

S,, depends on flow direction. S,, at the opposite side from S,,.
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SPIRALI = Continuity conditions

Ats = Si: p, v, h

(h+Ah)v, = hv ,

s flow direction

Ry * %psz =Rt %PVZU +§)

Jump in film thickness.

Z(R,h,¥) , Ah < 0 (contraction)

f = oy 2
(1 = _] , Ah > 0 (expansion)
h - Ah

SPIRALlI == Stator with inward pumping grooves

Region 2 (grooved)
Region 1 (ungrooved)
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SPIRALI == Spiral groove parameters, global and local pressures

PR e e e

te—lA OU——L-rA ()'———

rae

SPIRALI = First order equations

First order variables, H(S), P(S), U(S) and V(S):

Closed form solution:
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SPIRALI = Semi-Implicit Algortihm

N differential equations:

dy,
_3' = BUBY, XY +

Y; dependent variables

{Y""} at the new position (S + AS)

{Y} at the old position S

B

o [

<1
D
43,

i=12,..N

’

(Y™) = (Y} + AS([]- 22K T (F(S+22.Y4 Yz Vi) )

Ky = %F,(S U LE T T B TR T
|

SPIRALI = Second order equations

h=AS)+h' (S8, a=0(S)+a(S,6),

v=V(S) +9/(S,81) , P=P(S)+p'(S64) .

R éu; + \-I.ai-i + 92\7/
at oS d
R —qv:—/ + \7 ' + y_vl
at oS dsS
Vs om v/ d(FA
SER s S o
£ Rt A
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Flow (in*/s)

Comparison - Plain cylindrical seal

o ICYL
0 SPRALI
o
R
QQ*
S\ N
=\
o

g3l T T
500 600 700
Pressure (psig)

o T T e =7 T
0 200 300 400 B800 900

IFACE
VARIABLE MESH WITH ONE PRESSURIZED POCKET

F__—
|-

]
==

A

view from inner radius

Pressure contours (psi)

A =138.800
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CFD Research Corporation c e ch
3325-D Triana Bivd. B [luntsville, AL 35805 ® (205)536-6576 B FAX: (205) 536-6590 r

DEVELOPMENT OF A CFD CODE FOR
ANALYSIS OF FLUID DYNAMIC
FORCES IN SEALS

Presentation by
A.J. Przekwas and M.M. Athavale
CFD Research Corporation
Huntsville, AL

Presented at
Second Seals Flow Code Development Workshop
NASA Lewis Research Center
Cleveland, OH

August 5, 1992

OUTLINE CFDRC

« Objectives

- Status Report

« Code Capabilities
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OBJECTIVE OF THE PROGRAM cF Dac

« Develop Scientific 3D CFD Code for (CFDRC)

- Contribute to Data Base

- Prediction of Flow and Dynamics in Various Seals
- Accuracy Standard for Industrial Design Codes

- Compile and Generate Set of Verified (MTI)
Industrial Codes

- Seal Design Configuration with (MTI)

- Knowledge Based System (KBS)
- CAD/CAM and Visualization Tools

OBJECTIVES CFD3C

« Develop Verified CFD Code for Analyzing Seals

« Required Features Include:

- Applicability to a Wide Variety of Seal Configurations,
such as: Cylindrical, Labyrinth, Face, Tip and Brush
Seals

- Accuracy of Predicted Flow Fields and Dynamic Forces

- Efficiency (Economy) of Numerical Solutions

- Reliability (Verification) of Solutions

- Ease-of-Use of the Code (Documentation, Training)

- Integration with KBS
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CFD CODE REQUIREMENTS CF ch

- Scientific Code Required Capabilities

- 3D N-S Analysis in BFC Grids

- Stationary and Rotating Frames

- Incompressible and Compressible Flows
- Variable Physical Properties

- Steady-State and Transient Solutions

- Rotordynamic Coefficients

- Interfaces with Advanced Preprocessing
(Grid-GUI) and Postprocessing Packages

SCIENTIFIC CFD CODE DEVELOPMENT CF Dac

Task 1: Develop a 3D CFD Code for Cylindrical Seals
- for Annular, Tapered, Stepped
- Verification of Code Accuracy
- Rotordynamic Coefficient Calculations

Task 2: Augmentation of Code for Labyrinth and
Damper Seals

Tasks 3 & 4: Augmentation for Other Seal Configurations

Note: Starting CFD Code = REFLEQS (developed by CFDRC
under a contract from NASA MSFC/ED32)
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P ans 1o

STATUS - 1991 WORKSHOP CF ch

AT 1991 WORKSHOP - 2D CAPABILITIES

Colocated Grid Formulation for BFC Grids

Strong Conservative Formulation of Momentum
Equations with Cartesian Components

Choice of SIMPLE, Modified SIMPLEC

Higher Order Accurate Temporal Differencing

Higher Order (2nd, 3rd) Spatial Discretizations Available
Rotating Grid System for Stator-Rotor Configurations

Moving Grid Options for Arbitrary Rotor Whirling Analysis

CURRENT STATUS CFch

Accomplishments Since Last Workshop
« All Numerical Models Transferred to 3-D

- colocated variables
- higher-order schemes, etc.

+ Rotordynamic Coefficient Calculation Methods

- circular whirl
- moving grid (numerical scheme)

- Seal Specific User Interface

- grid generation
- preprocessing
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CURRENT CODE CAPABILITIES

Crp3C

« Seals Code has:

CODE SYSTEM ENVIRONMENT

Finite Volume, Pressure-Based Integration Scheme
Colocated Variables with Strong Conservation
Approach

High-Order Spatial Differencing - up to Third-Order
Up to Second-Order Temporal Differencing
Comprehensive Set of Boundary Conditions
Variety of Turbulence Models (k-¢, Low Re k-¢,
multiple scale k-¢)

Moving Grid Formulation for Arbitrary Rotor Whirl
Two Possible Ways to Calculate Rotordynamics:
(i) Circular Whirl (ii) Shaker Method (moving grid)

Crp3C

KBS/GUI
Rotodynamics Seal Design
Data

CAD/CAM

(& l t

Visualizati
GUI-Preprocessor CFD Code —o( Data Base )__. isualization

Structrual
Code

Design
Optimization
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SEAL SPECIFIC CAPABILITIES
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Crb3C

GUI and Preprocessor - Geared for Seals Problems
Easy, Quick Geometry Definition and Grid Generation
Four Types of Cylindrical Seals:

- Annular, Axial Step-Down, Axial Step-Up,
and Tempered

Pull-Down Menus for Problem Parameter Specification
One Line Commands for
- Automatic Grid generation

- Integrated Quantities: Rotor Loads, Torque, eftc.
- Rotordynamic Coefficient
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ROTORDYNAMIC COEFFICIENTS CF ch

- Relation Between Fluid Reaction Force and Rotor
Motion

- Small Perturbations
- For Nominal, Centered, Rotor Position

A R T

« K, k -- Direct and Cross-Coupled Stiffness Coefficients
- C, c-- Direct and Cross-Coupled Damping Coefficients
M -- Lumped Mass (Direct Inertia) Coefficient

[MO
+
0M

ROTORDYNAMIC COEFFICIENT - METHODS CF ch

S el s

©
AR

Circular Whirl Orbit "Numerical Shaker" Method
Method (with moving grid)
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CIRCULAR WHIRL METHOD
Crp3C

- Rotating Frame — Quasi-Steady Solutions

« Calculate Quasi-Steady Solutions

- 4 or More Whirl Frequencies, Q;
- Integrate Pressures for each Q; to Generate Rotor
Loads, Fy and Fz

. Curve Fit to Calculate Rotordynamic Coefficients:

-Fy = + K + cQ - MQ2
-Fz=-k +CQ

NUMERICAL SHAKER METHOD CF ch

Two Approaches to Calculate Horizontal Displacement Definition

Coefficients :
Y=Asin(Qt) + B cos(Q21)
Integrated Approach

Fy = Fyg sin(§21) + Fyc cos(£21)

Fy = Fyzgsin(82t) + Fyzc cos(£21t)

Successive Time Step Approach

o SR G Rl e 2
0 [ I A
: Q = Shaker Frequency
1591 . 0 ¥ 0 C o = Rotor Speed
e 0N g Ol s ¢
‘= K + M .(22
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CODE ACCURACY CHECK & VALIDATION cl—_ Dac

- Extensive Validation Effort
- Checkout Problems
- Benchmark Problems
- Validation Problems

- Field Problems

CODE ACCURACY AND VALIDATION CF ch

. Partial List of Relevant Test Cases

Flows in Pipes, Channels, Very Narrow Annulii

2D and 3D Driven Cavity Flows
- Laminar Flows: Wedge, Duct to 90° Bend
- Rotating Flows: Disk in a Cavity, Stator-Rotor Config.

- Turbulent Flows in Annular and Laybrinth Seals
(Texas A&M)

- Flow in Journal Bearings
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DESCRIPTION OF THE FLOW PROBLEM
Crp3C

- Simplified Turbine Cavity Problem: outer wall
- 90 x 130 grid
- Central Differencing ;
- k-g Turbulence Model malpnﬁgf - >

P1: T4, Uq, Wy
« Cooling Flow Rate Parameter

»l

Cq = Q/(RV) od "

where
Q = volumetric flow rate turbine
v = kinematic viscosity rotat
R = cavity radius Siag,g“ wall'?

Wowd_, %

P2, T21 U2

NUMERICAL RESULTS o~
Streamlines c Dac

Cq = 7200 Cq = 13000
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Computational results

Cavity temperatures at three cooling flow rates
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SAMPLE PROBLEM DEFINITION wat
Crp3C

Annular Seal Geometry (After Nordmann, 1987)

- RotorRadius 23.5 mm., Nominal Clearance 200um

- Seal Length 23.5 mm.
- Rotor Speed 1000-5000 rpm

Flow Conditions

- Specified AP Across the Seal
- Specified Inlet Loss Coefficient

- Water Density 996 Kg/m3, viscosity 0.7 x 10-3 N-s/m
Computational Parameters

- k-e Turbulence Model
- Ny *N;*Ng=10*5* 30 Computational Grid

- 40 Time Steps per Cycle
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FLUID REACTION FORCES c-
rp3C
® Rotor Speed 3000 rpm., Q = 40 cps.

Time Variation of

Geometry Fluid Forces
i
ROTORDYNAMIC COEFFICIENTS =
Cr3C
Time Variation of :meter
Stiffness Coefficients T il
) E.os-‘ I:;l
4 K o.s’_— &
k
:,000 0.005 0.010 0.016 0. m'm 0 0‘25 ‘mo_ 2[;)0 -m_ wLMkzs 050 =
APM [1/min] e
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STIFFNESS COEFFICIENTS
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Time-dependent pressure field, t=nT.

ELla’ Model® Viaw!

TAPERED GAS SEAL (NELSON, 1985) cl-_ Dac

D =65.0 mm
Ce = 0.086 mm
Ci 3 L/D ratios: 0.1,0.2,0.4
Y Ce
1
R ) D
Y
o L 00 «  Compressible, Turbulent,

Transonic Flow

PANs RS
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Pans e

TAPERED GAS SEAL - RESULTS

Moving Grid Method

Crp3C

L/D K N/m k N/m | CN-s/m | ¢ N-s/m |Exit Mach
Number

948000k | 19700 | 115 | 0016 | 1.00

e 1150000 | 15429 9.94 | 0.043 1.00
g 1700000 | 75700 | 439 | 0073 | 096
| 2125500 | 60886 | 3862 | 009 0.97
e 2880000 | 267000 152.° |.70.27 0.83
' 3553200 | 233820 | 1459 | 057 0.83

[:] Nelson, 1985 [ | Present Results
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CONCLUDING REMARKS
CrFD3C

3D CFD Code has been Developed for Annular Seals
State-of-the-Art Numerical Methods Employed

- Colocated Grids, Pressure-Based

- High Order Differencing

- Moving Grids

Several Seal Specific Parameters

- Rotor Loads, Torque, etc
- Rotordynamics

Initial Link with GUI Completed
Ongoing Validation Effort

CONCLUDING REMARKS (CONTINUED) CFDRC

Continue Code Testing & Validation
Add Treatment for Inlet/Exit Regions

- Geometry Definition
- Grid Generation

Code Extensions

- Augmentation of Code for Labyrinth Seals
- Treatment of Damper Seals

Identified Needs
- Multi-Domain Capability for Proper Treatment of

Inlet/Outlet Plenums
- Two-Layer k-¢ Model for Near-Wall Treatment
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Seal Analysis Codes: KBS User Interface

Presented by:

Bharat B. Aggarwal
Lynn Cowper

Mechanical Technology Inc.

Seal Analysis Codes: KBS User Interface

Overview

KBS Executive

®  Access all seal analysis codes
e Utility services like printing, browsing, plotting, etc.
* System maintenance and configuration

Industrial Codes

* Prepare input files for analysis codes
¢ Run analysis code

Scientific Code
User input tailored for specific seal configurations
Prepare input files for preprocessor

Run the preprocessor
Communication capabilities to be added later

Four types of Cylindrical seals implemented. Others to be added in phases.




Seal Analysis Codes: KBS User Interface

KBS System Implementation

e Portability Requirements

¢ User interest in Unix at the last workshop
¢ Elected to support both OS/2 and Unix
¢ Unix support for OSF/Motif environment only

e Implementation Strategy

¢ C++and Commonview 3.0 class libraries from Glockenspiel
* Portable to several Unix platforms with OSF/Motif interface
e NASA will support IBM, HP, and SUN workstations

Seal Analysis Codes: KBS User Interface

KBS System Requirements

e [BM PC Users

Intel 80386 (with 80387) or 80486 based machine

8 Mb RAM

80 Mb Hard Disc

0S/2 Version 2.0

Will continue supporting OS/2 version 1.3 for another year

e  Workstation Users

IBM RS/6000, SUN, or HP 700 series workstations
24 Mb RAM

200 Mb Hard Disc

Unix with OSF/Motif user interface
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Seal Analysis Codes: KBS User Interface

Initial
Menu
Program

System Architecture: KBS Executive

Interface |
to P
Sclentific — Supervisor Comp
Version
[ I ﬁJ_‘ [ I ]
R Face Labyrinthy orlal
Bushing Se Seal Seal i bl B B
Module Module Moduls Module
| TR I |
Thermo- Dal tic Tip Tutorial
Elaslic gc":lna uid Seal Seal
Aodul ! K Module Verslon

Seal Analysis Codes: KBS User Interface

Industrial Codes

Graphical User
Interface

|
1

ASCIIl
Input File

i Code

i

[ ASCII
Output Flle

-— ,.__J‘

Analysls l

System Architecture: Analysis Codes

Scientific Code

Graphical User
Interface

Preprocessor
Input Flle

[ Preprocessor ]

= ak
| CFD Code
| Input Flle

CFD Code I
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Seal Analysis Codes: KBS User Interface

KBS Executive: Main Screen

File

Click On A Seal Category

Seal Analysis Codes: KBS User Interface

KBS Executive: Seal Categories Screen
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Seal Analysis Codes: KBS User Interface

Industrial Code GCYL: Main Screen

Ji
Analysis Options...
Seal Geometry...

Operating Conditio

rd _i_)_e nltln...
Seal Fluid...

s for the GCYL program

Convergence Criteria...

Flow Lines...
Constant Pressure...
Fluid Sources...
Rayleigh Steps...

CFD Industrial Codes

Recesses...

Spot Recesses...

Seal Analysis Codes: KBS User Interface

Industrial Code GCYL: Analysis Options Screen

T
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Seal Analysis Codes: KBS User Interface

Industrial Code GCYL: Typical Input Screen

Seal Analysis Codes: KBS User Interface

Industrial Code GCYL: Help Screen

' Data Set Title:f| Gas Lubricated Cylindrical Seal Analysis
program [GCYL) may be used to analyze
a wide variety of seals in a cylindrical
coordinate reference frame. The solid
ring seal configurations analyzed by the

program are shown below:
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Seal Analysis Codes: KBS User Interface

Industrial Code GCYL: Plotting Program

Seal Analysis Codes: KBS User Interface

Scientific Code: Main Screen

Analysis Options

Seal Geometry
Analysis Grid

Propenrties

Initial Conditiens P
E'Boundan/CHRAIGHSE

Solution -+

Output Options »

CFD Industrial Codes

es for the CFD program

Inlet Swirl
Exit Boundary
Rotor Wall

Dritice Preevrg
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Seal Analysis Codes: KBS User Interface

Scientific Code: Seal Types

Data Set
Seal Type

Seal Analysis Codes: KBS User Interface

Scientific Code: Analysis Options Screen
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Seal Analysis Codes: KBS User Interface

Scientific Code: Typical Input Screen

Seal Analysis Codes: KBS User Interface

Scientific Code: Solution Control Options




Seal Analysis Codes: KBS User Interface

Scientific Code: Output Options

Seal Analysis Codes: KBS User Interface

Summary and Future Plans

e KBS implemented to support both OS/2 and Unix users
* Interactive graphics capability to be added to ease input
* Selection of a standard plot file format

* Implementation of database capability

e New codes to be added as they become available

e Enhancements based on user feedback
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BRUSH SEAL BRISTLE FLEXURE AND HARD-RUB CHARACTERISTICS

Robert C. Hendricks, Julie A. Carlile, and Anita D. Liang
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, OH 44135

SUMMARY

The bristles of a 38.1-mm (1.5-in.) diameter brush seal were flexed by a tapered, 40-tooth rotor
operating at 2600 rpm that provided sharp leading-edge impact of the bristles with hard rubbing of the
rotor lands. Three separate tests were run with the same brush accumulating over 1.3x10° flexure cycles
while deteriorating 0.2 mm (0.008 in.) radially. In each, the test bristle incursion depth varied from
0.130 to 0.025 mm (0.005 to 0.001 in.) or less (start to stop), and in the third test the rotor was set
0.25 mm (0.010 in.) eccentric. Runout varied from 0.025 to 0.076 mm (0.001 to 0.003 in.) radially. The
bristles wore but did not pull out, fracture, or fragment. Bristle and rotor wear debris were deposited as
very fine, nearly amorphous, highly porous materials at the rotor groove leading edges and within the
rotor grooves. The land leading edges showed irregular wear and the beginning of a convergent groove
that exhibited sharp, detailed wear at the land trailing edges. Surface grooving, burnishing, “whipping,”
and hot spots and streaks were found. With a smooth-plug rotor, post-test leakage increased 30 percent
over pretest leakage.

INTRODUCTION

High-performance, lightweight engines require compliant seal configurations to accommodate flexible
interfaces. Thus, in many aircraft gas turbine engines and other turbomachines brush seal systems are
being proposed to replace labyrinth seals because brush seals are compliant and reliable, leak less, cost
less, and enhance rotor stability. Brush seals have been the subject of much recent seals research (refs. 1
to 20).

A brus<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>