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prediction model which solves the finite difference form of the complete, three-dimensional, 5%',

In addition, most tasks were completed in the development of a much more sophisticated

A Reynolds-averaged Navier-Stokes equations for compressible flow. False diffusion errors were s
" eliminated and considerable computer processing cost reductions were implemented. A highly
n successful compressible, recirculating flow prediction test case reveals that the concentric- ;8
b rotor (two-dimensional) version of the computer program provides results which are in close ¥
& agreement with corresponding measurements. A brief exploratory prediction of the compressible

0 air flow within a concentric-rotor, generic, teeth-on-rotor seal indicates that the seal 3

: cavity distribution of dimensionless temperature and swirl velocity may be represented in -
simple models by a cavity-average value of approximately 1.05 and 0.71, respectively.
Cavity-average density values are approximately 0.92.
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I. INTRODUCTION

:
E
n
Y

:I' Seals develop rluld-structure-interaction forces due to the relative
motion of the rotor and housing at seal locations, and these forces have
been shown to have a significant influence on the rotordynamic atability
and response charaocteristios of high performance turbomachinery. The
present research effort was initiated in September of 1982, and is a

! combined computational-experimental program to develcp experimentally-

validated computational approaches for predicting seal forces. More

 ‘ apecifiocally, computational approaches are being developed to define the 5
'41 force coefficients for the force-motion relationship: §'
’px [x k] X [c c] X B
' - - + (1) 0
" Fy -k Kl (Y -0 ¢l (¢ N
:
o where (X,Y) are components of the relative displacement veoctor between the 0
rotor and the stator at the seal location, and (Fx, Fy) are components of ;
E tne reaction force resulting from transient pressure and velooity w
distributions within the seal. The computational approaches which are ﬂ
being developed in this study will define the prea&ure and velocity i
. distributions within the seal which result from relative rotor-stator %
: motion. The computational approaches are to be validated by comparison to y
? experimental measurements of the following quantities:
| (a) transient measurements of the displacement (X, Y) and foroe %
ﬁ (Fx, Fy) components, which results in calculated values for the &
” rotordynamic (stiffness and damping) coefficlents of Eq. (1), and . ,&
& (b) laser velocimeter measurements of the velocity distributions %
* within labyrinth seal cavities, %

Dr. Childs and Dr. Rhode are resaponsible, respectively, for the ;
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2
experimental and computational developments. In the following two
chapters, reviews are provided of the research accomplisiments with respect

to these two complementary facets of the research projeots.

I1I. EXPERIMENTAL DEVELOPMENTS

A. Introduction

The experimental developments of this program are jointly supported ﬁy
NASA and AFOSR. NASA funds ($323,749; 1 July 1981 to 31 December 1984)
have been used to develop the test faclility and test apparatus and to
support analytical-computational developments. NASA officials are
primarily interested in annular seals having constant-clearance or
convergent-taper geometries with smooth and honeycomb stator surfaces.
Their interest in this type of seal arises from applications in the turbine
areas of the high-pressure turbopumps of the Space Shuttle Main Engine,
Thias status report reviews the progress of the complete program without

distinguishing between sourcea of support.

B. Research Program -~ Review
During the past year, the test program has jeen in a "shakedown" mode
involving the following developmenta:
(a) Accelerometers were installed on the satator to correct for
accel eration-induced forces which are measured by the transient load
cells. Software and electronios have been developed to implement this
correction.
(b) One of the hollow roller bearings which support the test shaft in
its housing was installed improperly by the original machine shop and

falled. Replacement units were Installed properly and have worked
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satisfactorily.

' (e) The original coolant and lubricant loop for the radial bearings 5’
' and the thrust bearing was found to be inadequate and was replaced. "' |
i ﬁ (d) A stepper motor was added to provide remote external control for ,n}! '
| 3 vertical positioning of the teat sccotion seal. }ii
'. (e) A U4:1 belt-pulley speed increaser was added to the electric-motor .‘n‘j
. @ drive system to provide a theoretical top speed of 21,500 cpm. This ,:?.. :»_
eliminated the need for the installation of an air turbine which was ]'!;.:"
& originally provided for higher speeds., The belt-drive system also ";
. eliminated the undesirable restraint of the coupling whioh was }'“E.
_ originally provided as a low-speed drive system. The pulley system has fi" '
" a marginal but adequate lifetime out to 20,000 rpm when transmitting g;
@ up to 30 hp. ';Ea;’;
[ (f) Extensive software has been developed to expedite the execution of Nl
testing and the processing and presentation of test data. As a result, ;;::
: 150 data points can generally be secured in under three hours. N.‘i
l (g) An approximate analysis was developed [1] based on Iwatsubo's work | g,:.i:'
[2] for the prediction of leakage and the rotordynamic coefficients of ;:‘;
"".' Eq. (1) for labyrinth seals. A copy of reference [1] is attached. In ;EE'{;
comparison to previocusly published data of Wachter and Benckert [3], ::;:'
':P the analysis provides satisfactory resulty, However, Wachter and ;gz;
.' Benchert provide only direct and oross-coupled stiffness data (K and k Eﬁ?
: of Eq. (1)), with no damping measurements. Further, the data only E’,:‘
:' applles for fluild prerotation without shaf't rotation, or shaft rotation .
v without fluid rotatirn. As specified in [1], the approximate analysis 2::?
:: is in rough agreement with teeth-on-stator data but ia completely at 'E,b::\
| odds with the published teeth-on-rotor results. @
o
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(h) The following seal configurations were tested:

(1) smooth, constant-clearance,

(11) smooth, convergent-tapered,

(111) smooth-rotor, honeycomb stator,

(1v) oconatant-clearance labyrinth with teeth-on-stator, and

(v) constant-clearance labyrinth with teeth-on-rotor.
The honeycomd seal was provided by NASA and Rocketdyne and is the
turbine interstage seal for the HPOTP (High Pressure Oxygen Turbopump)
of the SSME (Space Shuttle Main Engine). The two labyrinth seals are
{llustrated in figure 1 and use cavity and tooth dimensions based on

G. E. alrcraft-gas-turbine design practice.

C. Labyrinth Seal Test Results

The test apparatus and facility are described in detail in Nicks!'
thesis [4], which is attached as part of this report. The test apparatus
has the capability to identify the seal rotordynamic coefficients of the

general linearized model

[Kxx(eo) Kxx<eo)] 3Xf+[cxx(eo> ny(eo>]
Kyx(eo) Kyx(eg)d Y Cyx(eg) Cyy(eg)

*

(2)

Fy Y

for small motion about an arbitrary static eccentricity position defined by
€y, 0.8.) Xo = @0, Yo = 0. This is in contrast to the model of Eq. (1)
which applies for small motion about a centered position.

The following parameters can be controlled in testing:

(a) Pressure ratio. The seal discharge pressure is atmoapheric, and

the supply pressure can be increased from zero to approximately 90 psi.

(b) Running speed. The running speed range for the present test

apparatus 1s zero to 8000 rpm,
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(c¢) Inlet Tangential Velocity. Swirl rings are provided at the seal

P

o2k E
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inlet to prerotate the flow elther in the same direction or an opposite

direction to rotation. Also, fluid can be introduced with no

intentional prerotation.

33

g All testing is done with air and includes static measurements of the
Iy '
! entrance and exit pressures and temperatures, and pressure ineasurements in

o PR

\
&ﬁ each labyrinth cavity. The testing reported here is for spall motion about :ﬁ
a centered position. ;;
’ﬁ Figure 2 illustrates the test results for a tooth-on-rotor labyrinth ﬁ}
‘H' seal configuration with fluid prerotation in the direction of shaft gg
" rotationf The independent variable is running speed and families of curves g%
3&% are presented for various pressure ratios. Observe that all of the ‘ }m
| coefficlents, except for the cross-cocupled damping coefficlients, are )
| relatively insensitive to running speed. The oross-coupled damping ;g‘
 % coefficient displays the most erratlc behavirr with respect to Its ﬁh
R dependency on running speed and pressure ratio. Again, from figure 2, fE
' observe the general monotonic incorease of the rotordynamic coefficients s:
with inoreasing pressure ratios. %ﬁ
,,ﬁ From a rotordynamics viewpoint, the direct damping and oross-coupled é%
stiffness ccefficients are quite significant in determining the stability ;%
and peak response characteristics of rotors. The direct stiffness and 'ﬁ”
f& oroas—~coupled damping terms have a minute influence on critical speed §é?
locations and are of markedly less interest. Figures three and four 1;;
5 illustrate the dependence of these coefficients on pressure ratio. The .ﬁg
' three curves on each of these figures are fcr no fluild prerotation and gﬁ?
» prerotation in the same and opposite direction, respectively, to shaft E%
% rotation. The curves connect the average value, with respect to speed, for f%&
) ;&f

i
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2 each coefficient. The horizontal bars, which connect the vertical 1lines
:w through each data point show the extreme values due to speed cdependency.
With respect to the oross-coupled stiffness, the results of figures 3
and 4 show a strong influence on fluid prerotation with k increasing and
decreasing due to fluid prerotation, respectively, in the direction of
shaft rotation and opposed to sharft rotation. Comparatively small valuea

- result for no shaft rotation. Cross-coupled stiffness values are generally

smaller for teeth-on-stator than teeth-on-rotor configurations.

The direot damping value is leas sensitive to fluid prerotation., It ai
is generally largest for fluid prerotation against shaft ' 1
' rotation, moderately smaller for prerotation in the same direotion_lu v

rotation, and smallest ror no fluid prerotation, Observe that direot

-

damping inoreases with the pressure ratio and would have an approximate,

T
St
LA

b extrapolated zero value for a preasure ratio of one.
. |
The test results provided in figures 2 through 4 ars vastly better
I

than any whioch have previously been published. They have only recently dh

been obtained and will obviously require subatantial additional study. The
ocorrelation with the analyais of referonce [1], developed in this study, is
) disappointing. Specifiocally, measured cross-coupled stiffness coeffiolents !
are much less sensitive to running speed than predioted, and measured E-

damping values are on the order of four times higher than predictions., As

oy

discussed in the following seotion, a "new and improved" but still quite ‘@%

simplified solution will be developed in the coming year which should i'%
substantially improve the correlation between theory and experiment, 1™

‘ o
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U

~ D. Hesearoh Program - Plans for Current Year ?k
The following specifio tasks will be completed in current contraot EJ;
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time period:

(a) Teat Apparatus Development. The labyrinth seals leak a great deal

less than the annular seals which have been tested in the past for
NASA. As a consequence the vortex flow meter which was originally
purchased has proven to be oversized and will shortly be replaced by an
appropriately sized turbine flow meter., In addition, the inlet aswirl
rings were also oversized to achieve surficiently high tangential
valooities and are !:4in; supplemented with new unjits. Finally, varioua
redesigns are underway to yield a sharp increase {n running speed,
probably to something on the order of 15,000-16,000 opm.

(b) Computational Developments. As noted earlier, a simplified

analysis has been developed for the prediection of rotordynamio
coefficients of labyrinth seals [1], and has not proven to be
particularly astisfactory. The motivation for developing this type of
analysia, as compared to the oomplete three-dimensional Navier-Stokes
solution of Dr. Rhodes, is quite simply ocosat and convience. A
relatively simplified analysis is neeaded for design purposes. A "new
and improved" simplified analyasis is ocurruntly under development based
on the work of Jenny, Wyssman, and Pham [5]. We propoase to "oailbrato"
this model by comparison to Dr. Rhodes' more oomprehensive aolution.l

(6) LDA Developments. Dr, Morrison and his graduate student, Mr, Mike

Long, will continue to work at achieving veloolity messurements within a

labyrinth cavity.

GRADUATE STUDENT DEVELOPMENT

Mr, Joseph Soharrer has been working on this projact sinoce 1 January

1983, Mr. Scharrer conoluded his B, S. degree in Mechaniocal Enginosring at

T T Ny Ny N N NS N N gy pwp vy gy ey
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Northern Arizona University in July of 1982 (in three years). He has been
accepted into the AFRAPT program by TAMU and spent the summer of 1984 with
General Eleotric at Lynn, Massachusetts, Mr. Scharrer has been responsible
for a great deal of the experimental development work on this project, and
has recently assisted in the development of an improved prediction model
tor rotordynamic-coefficients of a labyrinth seal [1]. Mr. Mike Long has
been working with this project for the past. ysar with Dr. Gerald Morrison
on the dcvnloppant of LDA mcaauropont tecvhniques for labyrinth seals. He

spent the summer working with Garrett at Phoenix, Arizona.

90 Pt by M P -, SR AR Mg S AL N MO N O e MO0 MO LG O U R L C AL

W Vit v




B

18

P
a2l

III. CCMPUTATIONAL DEVELOPMENTS

A, Introductdion

2 B

Good progress has baen made in devaloping an advanced, user-simplis-
tic, experimentally-validated, finite difference computer code for
predicting tha pressure and velocity fields and subsequently the four
rotordynamic force coefficlents of Eq. (1), The problem of subsonic
air flow through a labyrinth seal is clearly elliptic, as recirculation
zonas have been observed in flow visualization expariments [6]. Also,
it is three-dimensional because of rotor eccentricity effects which
are of primary concarn. It has been assumed that the rotor instability
is manifested as a circular precossional orbit of frequency W about
the seal center poaition, The desired solution will ba obtained from
the steady-stata form of the governing flow equations because a steady-
state flowfield precesses along with the rotor in a r-9 plana,

Once tha predicted pressura distribution (for a given orbital
valoclty w) acting on the xotor is obtained, it will be employed to
calculate the resulting Fr and Fe forces, A sacond computation of the
pressure and rotor force componants at a diffarent value of W finally

allows each of the all-important stiffness (K,k) and damping (C,c) coef~

T Sy N S B B RN S 3Im

ficlents to be calculated as needad for dynamics calculations of the

-

rotor.

B, False Diffusion

W

Until recently, the upwind differencing scheme has bean the most

effactive method for obtaining a stable numerical solution of
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convection-dominated flows. However, thls scheme is only first-order
accurate and may introduce serious truncation errors known as false
diffusion. This is especially true for flows whaere convection dominates
(1.e., whare the grid Petlet number [P6|'=‘|V|A/I‘¢ exceeds 2,0) with sub-
stantial streamline-to-grid skewness and diffusive transport normal to
the flow direction.

False diffusion results in an overly diffusive solution. A turbu-
lent recirculating flow, such as that within some labyrinth seals, is
particularly susceptible to the effaects of false diffusion because of
its regions of considerable velocity grﬁdiant and streamline-to-grid
skewnesa, One way to prevant false diffusion is to utilize a sufficiently
fine grid so that central differencing for tha convective terms may be
used throughout the calculation domain. However, this is quite expensive
for two-dimensional flows and prohibitive for three-dimensional ones.

The Hybrid upwind/cantral diffarencing scheme was originally
ambodied in the incompressible flow code. Using this method, the con=-
vective terms are formulated by upwind diffaerencing for a grid Petlet
number largaer than 2,0; otherwise, cantral differencing is usad. This
differencing scheme has yilelded solutions in which false diffusion has
entirely obscured physical diffusion [7,8].

The recent QUICK scheme derived by Leonard [9] eliminates false
diffusion. This scheme has been implemented in an original and highly
stabilizing way. It eliminates falee diffusion by incorporating a three-
point upwind-shifted quadratic interpolation formula. Rhode, et al. [10]
showed comparisons between the Hybrid and QUICK differencing schemes for

incompressible flow in labyrinth seal cavitias. It was shown that the
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QUICK scheme yields a grid-independent solution using a considerably
more coarse grid than does the Hybrid scheme, thereby cbnsiderably
raducing the computational effort required. In that concentric-rotor
seal flow problem, it was found that a splution of given accuracy was
obtained using QUICK while consuming only 44% of the aexecution tima
requirad by the state~of-tha-art Hybrid secheme. This advantage will
certainly be more dramatic for the threa-dimensional (eccentric-rotor)
seal flow problems which lie ahead. This computational advancement was
algo presented by Rhoda, st al. [1l] for corresponding comprassibla
flows.

Both the incomprassible and the compressible flow labyrinth seal
papars above irncluded the complete distribution of numerous quantities
ravealing the detailed flow character throughout a realistic labyrinth
seal cavity, Praviously these detailed results were largely unavailable.
Thase results serve to enhance one's fundamental understanding of tha
compressible flow field in a labyrinth seal which generates the

rotordynamic instability forces of interest to gas turbine manufacturars.

C. Initlial Compressible Flow Prediction Test Case of Concentric-Rotor

(2-D) Computer Code

Due to the late arrival of the Lasar-Doppler anemomater, detailad
measurements of compressibla flow in a labyrinth saeal are yat to be ob-
tained. Thus, a brief prediction asgessment uwing a compressible
recirculating flow problem was conducted before developing the final
threa~dimensional version of the code. A short literaeure gearch lad

to the selection of the sudden-expansion dump combustor flowfiald
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ﬁ measured by Drewry [12]. He measured stagnation and static pressure ,“
'. as well aa static tempaerature at five axial stations. S‘\::
i}i Tha test facility employed by Drewry is shown schematically in I'
Fig. 5. High pressurs alr enters a large plenum chamber which exits ‘;’,

' M into the 63,5 mm~diameter inlet duct. After pagsing through this 317,5 ‘%
. mm~long duct, it enters the combustor test section which exhibits a éﬁ
% diameter and length of 97,5 mm and 381 mm, respectively., Finally, the °:"
ﬁ flow discharges through a nozzle of 63,5 mm-diameter into the exhaust ‘..
R duct, '-‘::
@ This flowfield i1s characterized by both the Reynolds numbar and the ;t'

. Mach number, Based on inlet duct conditions, these parameters exhibit :L\
@ values of 1.42::106 and 0,67, respectively. The inlet static prassure 'li'
-+

and temperature ara 156 kPa (absolute) and 249.8°K, respactively,

.=
VIS

Tha inlet flow measurements are perhaps most accurate at 't:he ‘
measurement station approximataly 105,0 mm upstream of the duct expan- ?“
sion (combustor inlaet); hence, this location was chosen for the upstream " )
computational boundary where & uniform profile is assumed for the axial

valocity and temperatura, Values of x in the figures are msasured from

1

t
this reference location. The domain aextends downatream 348,0 mm from '

& the expansion. Solutions were obtained using the QUICK scheme with a S
g 34 x 30 grid as well as the Hybrid scheme with a 53 x 30 grid. %"
;‘%,? The overall flow‘ pattexn is indicated by tha predicted streamline w:
plot shown in Fig. 6. This result wae obtained using the QUICK scheme

' @ with the 34 x 30 grid., The stream function is nondimensionalized by i 2
8 the inlet mass flow rate, Tha recirculating mass flow rata within the %

. & racirculation zone is approximately 10% of the inlaet valua., Drewry's oil ’
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L &
g surface flow visualizativn results indicated that the diﬂding stream— f
line (Y#= 1.0') reattachment occurs at x/D=1,99, This length is s

’: undex-pradicted here by only 2,22, The 53 x30 Hybrid scheme solution i:,r

' (not ghown) is almost identical, except in that case the reattachment \f_

" length is under-predicted by 6.2%. ,'k“
The radial profila plots presented in Figures 7 through 10 reveal !::‘“

. .h’:'.
po the degree of agreement with measurements., The QUICK differencing -

: schame was ugad along with the 34 x 30 grid in obtaining these predic- :;
" tions. Figure 7 shows predictad and measured time-mean axial velocity i:,':
:3 profiles, nondimensionalized by the spatially-averagad inlet duct velocity .";
U=212,3 m/s, Observe the excellant agreement at the firgt and third .’v:

1 axial statlons in the presence of significantly lass agreement at %E
I1 the second station. This is somewhat surprising as the large du/dr ‘ ﬁ:’:’
gradient at the first station appears to represent the most Qubst:mtial E,

o pradiction challenge. The disnrepancy at the saecond station is attril- ;:;:
| buted to measuremeiat inaccuracy due to the usa of non-directional i;,n
pressure probes. This occurs for r/D>0,3 where the streamlines were

. gean to exhibit non-zero slope; hence, relative to the local flow ;:.:é
| | direction, the probe was orianted at a significant pitch angle rather 5?15‘
than facing directly into the flow as desired. ?‘

Static pressure is given in Fig, 8, Each radial profile is nearly ,\'H

( uniform, and the agreement with measurements is excellent. The dis- é%?z'
: crepancy is lass than 3.0% almost everywhera., Figure 9 showa profiles "‘
\ of static temperature. The slight nonuniformity seen in these profiles E;’:EE
reflects the large velocity change occurring ovar the free shear layer E;:EE

; thicknaees in thie flow of assentially constant stagnation enthalpy,
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Excellent agreement with measurements is again obtained.
Predicted density profiles also exhibit this nonuniformity as
shown in Fig. 10. Due to the inverse ralationship between density and A

temperature, the radial gradient is opposita to that of temperature.

D. Prediction of Compressible Flow in a Concentric-Rotor Labyrinth Seal

The convergence rate and other operational chaxacteristics of the
two~dimensional (concentric~rotox) compressible flow code were svaluated
via prediction of a generic labyrinth seal of the sama geometry which
was computed earlier for incompressible flow, This also sexrves to
enhance one's insight into the compressible flow, eccentiic-rotor flow
fiald which produces the all-important rotordynamic forces. The configu-
ration of the labyrinth seal considered is depicted in Fig. 11,

The seal configuration exhibits a cavity axial length L=],113 mm,
stator wall radius R.-42.89 wm, tooth radial clearance c=0,216 mm, and
radial distance from cavity basa to stator wall d=1,105 nm, The shaft
speed R=35,410 rpm, the mean cavity inlet temparature T=294,4°K, and
the cavity inlet static pressure on the stator wall Pow-3.06x102 kPa
(absolute). Results are presanted for the case in which the cavity
inlet Mach number M1-0.65 using the tooth-clearance bulk axial valocity.

4 and

Other dimensionless parameters are quamc/v-2.07x10
TaE(Wd/v)(d/r.h)k-4.16x103. Solutions ware also obtained for inlet Mach

number values of 0.2, 0.5, and 0,72 using the same inlet pressurs, den- ?f
sity, and temparature. Comparisons batween the four eolutions are

discussed subsequently,

Measured distributions of compressible flow variables within a -
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labyrinth seal cavity are not yet availabla. For tha pravious incom- "
pressible flow results [10], thess inlet profiles wara calculated along oy

with the solution by satting the inlet valus of each variabla (except

pressurs) equal to the qoxrresponding outlet value at each numerical v

’

iteration, This was based on the assumption that the incompresasible

flow is stresmwise pericdic, Howaver, this assumption is not valid for £
the prasent variable-density flow situations, Fox the prssent case, :;
tha dimensionless inlet profiles of tha incompressible flow solution \

wers adopted as the dimensionless inlet boundary values for compressible
flow through the identical seal cavity.

Figures 12 through 17 exhibit praedictions using a 33 x 31 grid
esuploying the QUICK schame., This axrangement was previously shown [10) 0
to yield acourate solutions of the difference squations for tha incompres-
sible flow case, The convergence criteria for this study ranged as low

a8 0.1% for the normaliced sum of residual source magnitudaes. i

Figure 12 shows the predicted dimensionless stresmline pattemn, W
The stream function is nondimensionalimed by the leakage mass flow rata,
The free shear layer emanating from the separation cornexr gives rise to .
the expected recirculation zona in the cavity, There is no indication oo

from predictions that an additional small reciroulation zene exists in

the lower corners of tha cavity near tha base of each tooth, #
Although straamline patterns for othes M, cases are nearly identicul, i&-

ay interesting observation can be made from comparing Fig. 12 with stream- ?r'

line plots for ni-o.z. 0.5, and 0,72, Thae racirculation strength as a ??

percentaga of leakage mass flow rate decreasas slightly for increasing \

Mi’ This ralative strength for the M1~0.2 casa is 40,2% and it steadily
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I decreases to 35.4% for M:L'°°72‘ For comparison, the flow of liqudid
hydrogen through the identical seal cavity at Rew-lxlo6 and Ta-1.3x105
a produces & recirculation strength of 39,0%,
The predicted radial profile plots pertain to the Mi-o.es case and
I indicate numarous previoualy unavailable details, Corresponding results
B for other Mach number cases are vary similar. One exception is a some-
what more pronouncad variation in axial vaelocity and pressure for the
ﬁ higher Mi cases in the region above the downstream tooth. Figure 13 a;
shows axjial velocity nondimensionalized by the cavity inlet bulk value s
§ Uw223.5 n/e. The solution indicates the expected large valus of du/dr 259:?'
near the sepacation cornexr. This reveals a high level of turbulence ;ﬁv
a enargy generation in this thin shear layaer xegion, %.
' For the higher Mi cases, the large pressure decrease from inlat ;!%
to outlat of the cavity yields a corresponding density decreass. This, :;
B in turn, results in & convective acceleration of the leakage flow in ‘;::4
accordance with mass conservation. This effect is shown in Fig. 14 for m’
I sach M:L‘ As expected, this Mach numboer sffect sharply increasss with }‘:‘:\f*
B increasing M,. g‘,%::
The swirl velocity component is shown in Fig. 15 in which the shaft ::j:;
a clrcumforential velocity 1s the nondimensionalizing factor, The distri- ,‘;
bution is nearly uniform at a value of 0,72, Tha corresponding liquid %E?q
a hydrogen case [10] exhibited uniform profiles with a value of 0.65. E“E.:
Not shown hexe are very shagp gradients near each suxfacae.
E Figure 16 shows tha pressure distribution relative to the inlet E‘:?:i
B stator wall pressura Pow' which for this case is 3.01’»(105 Pa (absolute). :::;::'
It is normalized by tha cavity inlet dynamic pressure, The pressure ;';E}
i i
: 5
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decreases slowly until x/L=0.5 and then increases slightly until approxi-

mataly x/L=0,75, Finally, it decreases sharply as the flow accelaratas Q;.f
. ::; ovar the downstream tooth. The gharp pressura peak observed at x/I.=0,85 EE?(%
results from flow stagnation on the downstream tooth, TFor the given :e:.i;_
. g leakage flow rate, the overall bulk pressure drop acrocs the cavity is tétft
) approxinataly 3.5x10* Pa (0.34 atm). Ej;;‘
L Dimensionless turbulence kinetic energy is plotted in Fig, 17, As ?:i
:; mentioned praviously, it is the large value of 3u/0r in the free shear T
layer which produces intense turbulence enargy in that reglon. This E:i?

i: promotes the required large bulk pressure drop. As expected, the greatest ‘5
) b turbulence anergy valua occurs near the stagnation point on the downstraam *L
o tooth, The recirculation region effectively acts as a turbulence aenergy ':"::t'
o sink as the figure :!.nd:l.cat:og a lack of turbulence generation there. g’f
"\ E. Jccentric~Rotor (3-D) Computex. Code Development ,%%2:
i i
The final major task in developing the required eccentric-rotor 'f*%“

computer code entails the extension of the concentric-rotor compressible- T

. 3 flow code. This extension is conceptually straightferward and has heen :“
; proceeding nicely. A three-dimensional computational mesh and corres- f"“"-'j‘
! 4 ponding storage arrays have baen :l.mpleqmntcd. Also, numerous convective, ;lt
' ‘ diffusive, and sourcs terms involving O-derivatives have been appropriately gﬁ;
N incorporated into each of the governing equations. In addition, a 3-D (cﬁ”‘
y iteration scheme hag been included, :'
In accordance with objectives regarding the minimization of compu- %35

‘ tational expense, numerous executicn cost contxols have been 5‘3::‘.

) implemented. As previuvusly mentioned, a major advancement in thia m
WX

: i
! i
:

i

e

: , D K r o N
S 'n' " RO ", "‘ ‘c" i ft’\ '*"'\'unﬁ'i‘;'?'-’ a l’ “h.‘\._ WA "“)w““,

o \
! JL.“}.»' i.“ A'a.l. .--ll 'J.f- \44 AL»‘N .a.. A..W 'LL‘*J .‘

X u.Q.a!'.u!ﬂ.O



0

.
“

65

.85

o
o]
o

cqe T

0q75 T

Figure 17.

Predicted dimensionless turbulence kinetic
energy for Mi-0.65.
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regard is the incorporation of the QUICK differencing schame in an
original, and stabilizing manner, which has dramatically raeduced the
cost (via reduced grid density) xequired for necessary solution accuracy.
This scheme was found to yleld a 56% execution cost raduction for a
concentric-rotor (2~D) case and will certainly provide considerably
greater reductions for the all-impurtant eccentric-rotor (3-D) cases

of primary interest to engine manufacturers.

Several other cost reducing features are aimed at improving the con=-

vergence rate of the iterative solution procedures. Use of the well~known

»,

T

Cyclic Tri-Diagonal Matrix Algorith as well as the SIMPLER solution
approach allow fast convergence. Also, an advanced data input/output
sequence has already providad substantial savings. It permits writing
to and/or reading from diuk/tapa ltornsctyncurrcnt iteration lavel
vialuas at any desirad interval, This allows the user, in the batch
oparating mode, to monitoxr solution progress, etc., and adjust the

convergence rate parametars and then resume program execution.

F. Summary

Second year progress in developing the 3-D eccentric-rotor computar

code includaed:

-
=

=1

(a) incorporation and avaluation of the QUICK differencing

scheme to alleviate false diffusion errors and raduce

e o
c_©._

axecution costs,
(b) evaluation of the 2-D concentric-rotor version via comparison

with praliminary measurements of compressible flow through

=R o=

an abrupt pipe expansion,
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(e) brief exploratory predictions of compressible flow within
& concentric-rotor labyrinth seal, and

(d) partial complation of extanding the highly succassful
concentric-rotor code to the required eccentric=rotor (3-D)

version, including numerous exscution cost saving featuras.

G, Graduate Student Development

Mr. Steve Sobolik continued employment during the wecond year of
this project until Juna 1, 1984, He recaeived a B.S., degree (Cum Lauda)
in Mechanical Engincering from TAMU in May 1982, He designed and
developed software for Mitre Corp., (a NASA contractor) during three
sunmers, Steve has basn responsible foxr most of the computational
development work on this project. He is an innovative individual and
produces quality work., He was interviawed by numarous AMRAPT companias,
and received an offer from Garratt Gas Turbine Engine Co. Howaever, ha
accepted a more lucrative offer elmawhexe.

Mr, Steve Hensel bagan employment on June 1, 1984, having received
a B.S. degres (Cum Laude) in Nuclear Engineoring from TAMU in May of 1984,
Mz. Hernel is progressing admirably and is a self-motivated, innovative

individual.,
H, Publications

The manuscript, "Pradiction of Incomprassiblae Flow in Labyrinth

Seals," was veviewsd by the ASME Journal of Fluide Engineering. The

manuscript will be revised slightly to comply with the reviawexe'

suggastions,
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I. Conference Presentations

A paper consisting of tha preliminary prediction tast case of the
sudden-expansion combustor flow field entitled: "Prediction of Subsonic
Air Flow Through a Rocket/Ramjet Combustor" is accapted for presentation
at the AIAA 23rd Aerospace Sclences Masting, It will be held January 14
ot through 17, 1985 in Reno, Nevada. Tha authoxs are D. L, Rhode and
S. R. Sobolik. Another paper consisting of the brief exploratory pre-
diction of compressible flow in a concentric-rotor labyrinth seal is
T accepted for prasentation at the 1985 ASME Intermational Gas Turbina

Conferance. Tha title is: "Simulation of Subsonic Flow Through a
‘3 Genexic pabyrinth Seal.'" The confaerence is being held Maxrch 18 through
21, 1985 in Houston, Texas. In addition, an extended abatract for a
third paper entitled: "Compressible Flow Prediction of an Axially-
Staggered Labyrinth Seal," was submitted for the AIAA/ASME/SAE 2lst
Joint Propulsion Confarence, It is to be held July 8 through 10, 1985

in Monterrey, California.
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AN INWATSUBO-BASED SOLUTION FOR LABYRINTH SEALS
COMPARISON TO EXPERIMENTAL RESULTS
' D. W. Childs® and J, K. Scharrertt

. Texas ASM University
- College Station, Texas 77843

SUMMARY

The basio equations are derived for oompressible flow in a
labyrinth seal. The flow is assumed to be completely turbulent in the
ocirounferential direction where the frioction factor is determined by
the Blasius rqlntion. Linearized zeroth and first-order perturbation
equations are developed for amall motion about a ocentered pqnition by
an expansion in the ecoentrioity ratio, The zeroth-order pressure
distribution 1is found by satisfying the leakage equatiog while the
oircumf‘rentiul velooity distribution is determined by satisfying the
momontqm " equation, The first order equations sre solved by &
aeparation of variable solution., Integration of the resultant pressure
distribution along 'and around the seal defines the reaction force
developed byrtho seal and the corresponding dynamio coeffioients. The

results of this analysis are oompared to published test resulta,

l

¥Professor of Mechanioal Engineering

SHAFRAPT Graduate Researoch Trainee




INTRODUCTION

.

The problem of aseslf excited vibration in turbomachinery due to'
labyrinth seals has led to the development of many analyses whioh

_attempt to model the physical phenomenon 80 that the problem can be

b;tttr underatood and therefore solved. The shortooming with the
analyses whioh have been pressnted to date is that they are diffiocult
to uhdorltpnd and ro&uir- limiting assumptions such as ignoring the
area ' derivative in the olrouprorcntinl direction, assuming that the
friotion factor is the same for all aurfaces, Aand azsuning that the
flow coefficients (s constant along the seal. Theae assumptions may be
of some use mathematiocully, but do very little for the underatanding of
the physical ooourrence. The firat steps toward analyais of this
problem were taken by Alford [1], who neglooted oiroumferential flow
and 3purk et al. (2] who neglected rotation of the shaft. Vance and
Murphy [3) extended the Alford analysis by introducing a more realistio
assumption of ohoked flow., Kostyuk [d) performed the firat
ocomprehenaive analysis, but railod to inolude the ohange in area due to
scoentrioity whioh (s responsible for the relationship betwesn
oross~ooupled foroes and parallel rotor displacementa, Iwatsubo [5, 6)
refined the Kontyu% model by {inocluding the time depandenoy of area
change, but he neglected the area derivative in the oiroumferential
direction. Kurohashi (7] incorporated dependency of the flow
coeffioient on eccentrioity into his analysisa, but asaumed that the
ciroumferential velooity in each cavity was the same.

The analysis presented here inoludes the variation of the area in

the oirounferential direotion due to ecoentrioity and inoorporates as

“2e ' .
)7
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/ many of the physical phenomena in the flow (field as was thought p
necessary to produce an adequate robult: The main purpose of this &ﬁ

I paper is to present a unified and comprehensive derivation of a reduced ?’
ﬂ set of aquations and a new molution format for those equations, The iﬁg
results of this analysis are compared the published test results of Eﬁﬁ

| Waohter and Benckert (8, 9, 10]. | ;;
- i
NOMENCLATURE S

)
Ay : Cross sectional area of the ocavity (L¥%2); defined in Eq. (1.a) %gz

By Height of labyrinth seal atrip (L) defined in figure (}) ﬁs

¢ Direct damping cceffiolent (Ft/L) LS

Gr  Nominal radial olearance (L); defined in figure (1) o
Dp Hydraulio diameter of ocavity (L); introduced in Eq. (3)

H  Local radial olearance (L) ﬁ%;

a K Direot stiffness cosffiolent (F/L) i
L Pitoh of seal atrips (L); defined in figure (1) gfg

' NT qubor of seal astrips %ﬁi
g NC=NT-1  Number of cavities $§'
P  Pressure (F/L2) Qi?

5 o
‘ R Oas oonstant - i?
i Rs  Radius of seal (L); defined in figure (1) :55';5:
| T  Temperature (T) ‘ g}

Rw Surface velooity of rotor (L/t) ‘;Q

Vy  Average veloocity of flow in ciroumferential direotion (L/t) ﬁﬁ

a,b Radia)l seal diaplacement components due to elliiptiocal whirl (L); .
defined in Eq. (13) i

ar Dimonsionless length upon whioh shear stress acts on rotor




=
B

¥y W
as Dimensionless length upon which shear stress acts on stator g,'vé
| »

[\ Cross coupled damping coefficient (Ft/L); in Eq. (18) ﬁﬁ

k Cross aoupled stiffness coefficient (F/L); in Eq. (18)

t Leakage masa flow rate par oiroumferential length (M/Lt) o

mr, nr, ms, ns Coefficients for Blasius relation for friction g&

faotor; defined in Eq. (3) o

t  Time (8) | | :\

Shaft angular velooity (1/t)

p Density of rluid (M/L*¥3) i
v Kinematic viscosity (L¥#2/t)

¢ = ¢/Cr Eccentrioity ratio \

Y ' Ratio of specifioc heats

E

Ka Dimensionless cross-coupled stiffness parameter; defined in Fqas. (27)

EY Dimensionless entry swirl parameter; defined in Eqs. (27)
0

@ Subsoripts 1Y
. 4

\ 3
o  Zeroth-order component ) 0

ﬁ& | i-th chamber value F
i, %

1 Firat-order component %:

i X  X-direction ' 0
ﬁ y  Y-direation . E;:
. ' . \ '
r  Reservoir value D

ga | s  Sump value é;
| ) i;""\
: 'y
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PROCEDURE

The analysis presented here is developed for the see-through type
of labyrinth seal shown in figure 1, The continuity and yomontum
equations will bve derived for n single oavity control ‘volume as shown
in figures 2, 3, 4, and 5. A leakage model will be omﬁloyed to acocount
for the 'axial leakage. The governing aquations will be linearized
using perturbation analysis for small motion about a centered position,
The zeroth-order continuity snd momentum equations will be solvud to
determine the ateady state pressure and velooity for each cavity. The
first~order oontinuity an& momentum equations will be reduced to
linearly independent, algebraio aquations by aaguming an elliptical
orbit for tﬁe ahaft. and a oorresponding harmonic response for the
presaure and velooity perturbations., The force and foroe coefficients
for the seal are found by integration of the first-order pressure

perturbation along and around the shaft,
ASSUMPTIONS

1) Fluid is considered to be an ideal gas.

2) Pressure variations within a chamber are small cémparud to the
pressure dirrer;noa aoross a seal strip.

3) The frequency of acoustic resonance in the oavity is much higher
than that of the rotor speed.

4)  Added mass terms are neglected.

5) The eccentricity of the rotor is small compared to the radial seal

clearance,
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6) In the determination of the shear stresses in the circumferential
direction, the axial component of velocity is neglected.
7) The ocontribution of shear atress to the stiffness and damping

coefficients is neglected.

GOVERNING EQUATIONS

Continuity Equation

Referring to the control volume in figures 2 and 3, the continuity

. equation for the control volume shown is:

9 V A
= (A + — (-—-:—i-) + gy - By = 0 )

where the transverse surface area Ay is defined by;

Ay » (By + Hy + Bjuq + Hisq) Ly/2 (1.a)

Momentum Equation

The momentum equation (2)'15 derived using frigures 4 and 5 which
show the pressure forces and shear stresses acting on the control

volume. This equation includes the area derivative in the

~ oircumferential direction, which was neglected by Iwatsubo {5, 6).

ViAy  2pVgAg 3Vy V% BAq V4Ag Bp
+

L I S

&t - Rs 20 Rs % Rs o0 (2)
Ay Py
- MmyaqVy = mV ® = v e ¢+ rns8rM4Ly - Teia8¢L
Miv1 ¥y 1vi-1 Re 20 riariby siadjly

1

where ar and as are the dimensionless length upon which the shear

atresses act and are defined for teeth on rotor by

-6~

O O OO S SO

=
Z
e =
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A

» '

5 asy = 1 ary = (2B + Ly) /Ly

~

" b and for teeth on the stator by
asg » (2B4 + Ly)/Ly ary = 9

" Blasius {11]) determined that the shear stresses for turbulent flow

in a smooth pipe could be written as

N ~ 2 mo
» S =1 ply no (l@h)
2 . v

d . | ' l I ¢
"~ where Um is the mean flow velocity relativs to the surface upon which

X . the shear stress is acting., The conatants mo and no oan be empirically
determined for a given surface from pressure flow experimqnts.
However, for smooth surfaces the coefficients given by Yamada [12] for
N ' turbulent rflow between annular surfaces are;

.

N . mo==0.25  no = 0,079 .

Applying Blasius' equation to the labyrinth rotor and stator surfaces

Y yields the foldowing definitions for the rotor and astator shear
stresses. !
0 [|nw¢vi| Dh i]‘“ | .
’ Tl -_zei (Rm \' ) nr . agn(Rm-Vi). (3
& , . w2 rlv,] on
X =p E pe |2 sgn(V,)
. STt B ) L v "1
i - .o . R N
K where Dhy is the hydraulic dismeter defined by _ 'e‘
,;" . . F
' D - — " .
- . . 1" T, +B, +1) ;
t :'
)
8 -1 .
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Separate parameters: (ms, ns), {(mr, nr) for the stator and rotor,
respectively, account for different rotor and stator roughnesses,
If Eq. (1) times the ciroumferential velocity is now subtracted

from Eq. (2), the following reduced fora of the mombntum.equation is

obtained:

»e .

-A
2y A ap .
°ﬁ1£1*“ﬂﬁikh** W=V m et ety O

*o T8y

In order to reduce the numbers of variables, ull of the density terms

., dre replaced with pressure terms using the ideal gas law.

Py ™ pRT (6)

Furthermore, in order to make the perturbation analysis easier, the
following substitution is made in the continuity equation:

2 02
Ii\:L-H. By

1" 250

thy =t

1+l

Leakage Equation

To account for the leakage mass flow rate in the continuity and
momentum equations, the leakage model of Neumann [13] was chosen. Thia
model predicts leakage and pressures fairly accurately and has a term
to aooount“ for kinetic energy carryover, However, the empiirical flow

coefficient relations given by Neumann were discarded in favor of the

equations of Chaplygin
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b > o

.

[

[14] for flov through an orifice. This was done to produce a different
flow coefficient for succeading contractions along the seal as has been
shown to be the ocase by Egli [15]. The form of the model is:

2 : N

. I. \ ' .2 -
‘ by = gy B/ E:}ﬁ_fi

where the kinetio energy oarryover ocoefficient u, 1a defined for

atrtight'thropgh seala as:

. NT
My * J (1=1INT + 3

Where
"y et (14166 Cp/L)"2

and 1s unity, by definition, for interlocking and ogmblnation groove

seala, The flow ooerrioiént_ia defined as:

W P ' ‘r.!'-
' : ; i-1)1 v
™ —_——!——-—— ’ Am——re . - 1
U4 ® TF2-5e F282 whers 8, ="\"¥;

. For choked flow, Fliegner's formula [16] will be used for the last seal

strip, It is of the form:

0,51.0u2

e = R e b (®)
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PERTURBATION ANALYSIS

B For ocavity i, the continuity Eq. (j). momentum Eq. (5) and leakage Eq.

(7) are the governing equations for the variables Vy» Py» tiye A
! perturbation analysis of these equations {s to be dovolopod'wlth the
ooccntriogty, ratio, € = e/Cr, selected to be the perturbation
parameter. The governing equations are aexpanded in the perturbation

! variables

§ Py ™ Poy * ¢ Pqy Hy = Cpy *+ ¢ Hy
Vi ® Vor + € Vyy Ay = Ao + ¢ KHy

where ¢ = ¢/Cr is the eoccentricity ratio. The zeroth-order squations
' ' define the laakage mass flow rate and the olroumferential velocity

distribution for a centered position., The first-order equations derine'

- o> -

the perturbations in pressure and oirocumferential velooity due to a
radial position perturbation of the rotor., Striotly speaking, the

results are only valid for small motion about a ocentered position.

Zeroth-Order Solution

The zeroth-order leakage equation 1is

. @1 AET R TR TS (9)
and is wused to det;rmine both the leakage-rate my and pressure

¢ - distribution for a ocentered position. The leakage rate is determined

using either Eq. (7) or Eq. (8), depending on the operating conditions.

gy

To determine if the flow is choked or not, assume that the pressure in

b -10-
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the last cavity is equal to the oritical pressure for choking. Using b
this pressure, find the leakage from Eq. (8) and then use Eq. (7) to rt
‘determine the reservoir pressure necessary bd produce this condition. |
e Based on bhis preasure, a determination oan be hado whether the flow is

choked or 'ﬂbt. The aaaoolntod pressure distribution is determined by

| omploying the calculated leakage, along with a known boundnry pressure,

!

B and solving Eq. (7) sequentially for eaoh cavity prcauuro Pot- @

h: N

The zeroth-order oiroumferentisl-momentum equation is '

mo (V61 - V°1.1) - ('fpio ary = Talo ..1) Li |1' - 1. a'oooNc'. -'..‘

oo \ . g

: From oaloulated pressures, the densities oan be caloulated at each §‘

v cavity from Bq. (6), and the only unknowns remaining in Eq. (10) . are !

‘ﬂ the oiroumferential velooities Vgy* Given an inlet tangential :f

velooity, a Newton-root-finding approach ¢an be used to solve Ed. (10) %

N A
) ' for the ‘L-th velcolty, one oavity at a time. This is done starting at

" the first cavity and working down stream, : h:

X ‘ :;’

|"

' Wi

Flrut-Order Solution r

The governing first-order equations (11. 12), define the preaaure ?

) 1

. \

d .and velooity fluctuations resulting from the seal clearance runotion. &

! LR

3 The continuity equation (11) and momentum equation (12) rollow: £
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where the Xi's and Gi's are defined in Appendix A, If the shaft center &,
moves in an elliptical orbit, then the seal clearance function ocan be b

defined as:

i, = -a coswt 0088 =b sinut sind : (13) '

- -_;_ (oos (6=wt) + cos (8+wt)] - b (oos (p?ut) - oos(6+ut)]
2

The pressure and velocity fluotuations oan now bs stated in the

assoociated solution format: :

Py w P§ 1oos(0+ut.) + Piyain(e+uwt) + Pgjoos(e~ut) + Pgyain(e=-ut) (14) o

Vyg = V§jooa(e+uwt) + Vi sin(o+ut) + Vgicos(8~ut) + Vgyain(s=-ut) (15) v

Subatituting KEqs. (13), (14), and (15) into Eqa. (11) nnd-(jz) and

grouping like terms of sines and ocosines (as shown in Appendix B) e
X .

. eliminates the time and theta dependency and yilelds eight linear :';"_'
algebraic equations per ocavity. The resulting system of equations of :5'

. [

N\

' the i-th ocavity is of the form: . 3,’,1
o

@ (Af-1] (Xy- 1) + [Ag) (Xg) + [Ag+1] (X3+1) = a (By) + b (01) (16) ;
: T, e v
@ where | 4
. ) + + - - * » - - 'r -
(Xg=1) = (Pay~1s Pog=1s Pag=1s Poi=1s Vag-1s Voi=1s Vai-1s Vor-1) i

T ' ' * + - - + + - - 3
ﬁ (Xg) = (Fags Pois PRy Pots Vats Vors Vags VouO' %
A + + - - + + - - T i
(Xg41) = (Payers Pogets Pagets Porets Vaiers Votets Vorety Vaget) T

The A matrices and column vectors B and C are given 1in Appendix B. To i

use Eq. (16) for the entire seal solution, a system matrix must be

AR

_ formed which 1s block tridiagonal in the A matrices. The size of this §&

. resultant matrix 1ias (eNC X ¢eNC) since pressure and velooity i

e

: ﬁ -12- 3
£

AR

OO LI PSR YL Y DN L AR N Mk et

R R I e e g Ko
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perturbations at the inlet and the exit are asaumed to be zero. This
system i3 easily solved by various linear equation algorithms, and

yields a solution of the form:

Pas = a Fasi *

. Pag

Fasi *

amn

5+ ot o+
gr & 8
s [ (S

Pé1 = a Flot +

Poy =

Faot *

milo elv sl 8o
e |

gl

-

DETERMINATICN OF DYNAMIC COEFFICIENT

The foroe-motion equations for a labyrinth seal are assumed to be

IR AR E

The solution of Eq. (18) for the atiffness and damping coeffioients is

of the form:

F X |
- X ‘ (18)
Y

Fy

the objeoctive of the ourrent 'analyaia. For the assumed elliptical
orbit of Ed. (13). the X and Y components of displacement and veloocity
are defined as:
X = a cosut X = ~qw sinut
Y=b sinwb Y = buw cosut -
Substituting those relations into (18) yields:
+Fy " =Ka coswt = kb sinwt + Caw sinwt - cbw cosut (19)

+Fy ® =ka ocoswt = Kb sinut - caw sinwt - Cbw coswt

-13-
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E Redefining the forces, Fx and Fy, as the following: E‘:i
. A
Fy © Fyq 0Qsut + Fys sinut (20) °”;.- |

oK

I Fy = Fyo cosut + Fyg sinut - ’E’
and substituting back into (19) yields the following relations: ;I

l:"ll' i ' ":_!
1 : " =Fxo = Ka + obu =Fxs = =CaX + kb | (21) &
. i 'k

| =Fyo = ka + Cbu ~Fys = Kb + caw j -

The X and ¥ compohenta of foroe oan be found by integrating the ;

. . :."

ﬂ pr«aur,around the oeal as follows: o _ :,
| -

‘ NG 2n o .

FxweRse ] J  Pyg Ly comsd de ' (22)
| 0 [
ﬁ, NG . 2 ’ g
Fy= Kse [ J  Pyy Ly sind de (23) C

1wy 0 :

Only one of these components needs to be expandod in order to determine

=

the dynamic oceffiocienta. For this anslysis, the X oomponent was

@ chosen., Substituting Bq. (14) into (22) and integrating yields: '
| - "
| Nc + - +* - ' f"
. Fx w ~¢cwRs | Ly [(Pgy = Pay) sinut + (Poy * Poy) coBuE] (24) .
- 1u1 ‘ .
K ) N p{’."
ﬁ substituting from Eq. (17) and (19) dinto Eq. (24) and equating '
& coefficients of sinwt and coswt ylelds: ..
B i
. , NC i L) - o* - l.::;
' Fga = ~vRs | Ly [a(Fyay = Fagy) + b (Fpyy = Fpgy)l N
in1 ' 7.
% (25) i
Fyo = ~¥Rs Ng Ly [a(Fges * Fac1) * b (Fhoy + Fpoy)] i’f;
L] i" Q"
e +
% | i
@ -1l‘_ ;:EE
‘ i
: ;.:
p ”“v
i
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Equating the definitions for Fxs and Fxc provided by Eqs. (21) and (25)
and grouping like terms of the linearly independent coefficients a and
b yields the final solutions to the stiffneas and damping coefficients:

“g ( +* - )
K= ¥R Faol * Faot’ U4
L1 . (26)
NC . -
K=o [ (Fogs = Pogy’ Ly
{wi
:ﬂ NC ¢+ ' -
W L (Pagy = Fast) Ly
i=1
wRa NC . -
o0 I (Foo+ Fhot) Ly

SOLUTION PROCEDURE SUMMARY

In review, the solution procedure uses the following sequential steps:

a) Leakage is determined from Eq. (7) or (8).

[ @]
[ ]

L) Pressure distribution is found using Eq. (7).
0) Velooity distribution is determined using Eq. (10).

-
Pty

d) A system equation 4is formed and solved using the ocavity

Eq. (‘6)0'

=B

e) Results of this solution, as defined in Eqs, (17), are inserted into

Eq. (26).

28 &=L

RESULTS

To compare the present analytic solution with the experimental

results of Wachter and Beokert [8, 9, 10], the following dimensionless

g
¥
i




o

parametars are introduced, The dimenaionless oroas-couplad stiffness

A

and entry-swirl parameters are defined by Wachter and Benckert as:

* Cr Kx : » 0.5 V'
Kg = ReLNT(F P‘!‘r-r_ﬂ Eo » Trpe) +0,5poV7X (21

All of the results presented for comparison in thias paper are for a

L

seal with teeth on the stator, with entry ;wirl. and no shaft rotation.
Although Wachter and Benkert published results for shaft rotation, the
data for the operating oconditions and seal geometry were 1nluétioiont
for use in this study. The results in figures 7, 8, and 9 are from (8)
and show the relationship batween oross coupled stiffness and ths entry
swirl, for a soal with sérlpu on the atator and the geometry shown in
tigure 6. The lind shown ia the experimental result and the symbola
are the results from .this analytical model. These figurea show that
the nodel oomparss favorably to the experimental reaulti in magnitude
and the overall trend for various operating oonditions, The figures
also show that the Qodol does not yleld a conaistently high or low
result. Instead, the model tends to over prediot the value of the

stiffness for a large number of strips and under predict stiffness for

a small number of seals. This trend is probably due to errors in

ocaloulating the zeroth-order preasure distribution using the leakage

model ,

==

The results in table (1) are from [9, 10) for a seal with atrips
on the stator, The results show the effect of change In seal

parameters such as pitch, number of teeth, radius, strip height, and

clearance on the oross coupled atiffness, The model accurately shows
the increase in oross-ooupled stiffness due to decrease in oclearance

-16=
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and deorease iIn atrip helght, but it fails to remain conatant for

_change of pitoch and consistently over es' imates the cross-ooupled

stiffnesa for the larger radius cases by about 26%.
, CONCLUSION

A clear and ungorltandublo analysis utilizing reduced squations
has . beenn presented ‘ror the ' problen of 4oaloglut1nc rotordynamio
coeffioients for labyrinth seals. This paper was developed to provide
& laas reatrictive analysis and a better ‘expllnlbion of the current
lhllYl.l} The model developed gives results that are within 25% of the
experimental resulta whioh are available. However, this error must be
balanced against the known uncertainties in the experimental data,
This 1is eapecially important since all of the data used are for a
nonrotating shaft and the only influence on the oross coupled stiffness
was the entry swirl. Although Wachter and Benckart published data for a
rotating ahart. th; data were not sufficient to ocalculate a result,
Also, the only data available ror see-through labyrinths is for the
type with atrips on the stator. For a more rigorous test of thia'and
Sthor podclp. more oomplete data are required ovar & wider range of
parameters for different seal geometries. Finally, this analysis is
only considered valid for the see-though type of labyrinth seal since
the model fared vofy poorly in comparison with experimental results for

interlooking and grooved seal data.
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Configuration used for experiment

* P, CALC, 4

0.023 0,0 18 .00 .05 .05 0.15 2,947  0.943 a7 a33 -
0,024 0.0 18 00025 005 .0025 0.15 1.43 0.943 ™ & 3
0,038 0,0 18 ,00025 .005 ,006 0.15 2.9U7  0.943 157 142 =10
0.018 0.0 18 ,0005 005 .006 0.15 1.43 0.943 2l % o=
0.04 0.0 18 .00058 005  .006 0.075 195 0.943 2 0 =31
0.04 0,0 18 ,00058 '.005 006 0.075 2,118  0.943 ') a8 ~32
0.04 00 9 ,00058 .010 006 0.07% 1,925  0.943 2 16 )
004 0.0 9 ,00058 .10 006 0075 2418 0.9u3 W a3 =LY
X Table 1. Comparison of data for various geometries
operating conditions for a seal with teeth on the
stator and no shaft rotation. {9, 10] . A
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ABSTRACT

A Comparison of Experimental and Theoretical Results for Leakage,
Presaure Distribution, and Rotordynamic Coefficlents for Annular Gas
Seals., (December 1984)

Colby Oran Nicks, B.S., Virginia Polytechnic Institute and State

University

Chairman of Advisory Committee: Dr. Dara Childs

This thesis c¢oncerns a study of annular gas seals which is
currently in progress at Texas A&M Univeraity. A brief discussion of
the importance of seal behavior in rotordynamics is presented, as ls a
review of ourrent annular seal theory. An outline of Nelson's
analytioal-ocomputational methed for determining rotordynamic
coefficients for this type of oompressible-=flow seal 1s inecluded,

Various means for the experimental identification of the dynamic

coef'flolents are outlined, and the method employed at the TAMU test
facllity is explained. The TAMU test apparatus is desoribed, and the
test procedures are discussed. Experimental results, ineluding leakage,
entrance-loss ocoefficlents, pressure distributions, and rotordynamic
coeffiocients for a smooth and a honeycomb constant-clearance seal are
presented and coompared to theoretical results from Nelson's analysls,

The results for both seals show little sensitivity to the running speed

T AR S

over the test range. Agreement between test results and theory for
leakage through the seal 1s satisfactory. Test results for direct
stiffness show a greater sensitivity to fluid prerotation than

predicted, Test results show that the deliberately-roughened surface of

LIS = S

the honeycomb seal provides improved stablility versus the smooth scal.
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NOMENCLATURE

l
A,B = Fourier ocoetficients for rotor motion i

i
C,c = direct and cross-coupled stiffness coefficients (FT/L) \

B
5% .

' ey = displacement of seal rotor from centered position (L) &
!! - K,k « direot and cross-coupled stiffness coefficients (F/L) g
§§ . k = entrance-loss ccefficlient §

: Mm = direot and cross-coupled added-mass coefficients (M) L

@ _ m = fluid mass flow rate (M/T) :‘

; na,ms = stator Hirs coefficients &‘
_§§ nr,mr ~ rotor Hirs cocf'fleients %

| P = fluid pressure (F/L?) :
% R = seal radius (L) | ":L

Rg = 2pUC/u = nominal axial Reynolds number o

U = mean fluid flow velooity (L/T) )

X,¥ = radial seal displacements (L) %

Y » ratio of specific heats for air g
€y / Cp = equilibrium eccentricity ratio

P = fluld density (M/L®) \

A = Fanning friction-ractor it

T = fluid shear stress (F/L3?)

w = shaft angular velocity (1/T) !

o

shaft precessional velooity (1/T)

= =

fluld viscosity (FT/L?)
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INTRODUCTION

With turbomachinery design trends tending toward increased speeds
and loadings, lighter weight, and reduced oclearances between rotating
and stationary parts, oonsiderable concern with instability and
synochronous response has arisen. Synchronous response refers to
vibration of the turbomachine rotor assembly at a frequency coincident
with the rotational speed. Characteristically, the vibration amplitude
increases to a maximum at each oritical speed (coincidence of the
running speed with a rotor's damped natural frequency), and then
decreases to a relatively steady level. Operation of turbomachines at
rotational speeds above any of the critical speeds requires the rotor to
t.raverse them during start-up and shut-down. Therefore, 1in order to
limit the peak synchronous vibration levels, the machine designer
aspires to introduce damping into the rotor system.

In contrasi to synchronous vibration, "unatable" or "self-excolted"
motion s typloally subsynchronous. This motion takes the form of
whirling of the rotor shaft at a natural frequency less than the
rotational speed. The axeiting force frfor this whirling motion {8 a
tangential force acting on the rotor due to some fluid or friction
mechan/m. This vibration often occurs with large amplitudes which
sustain or grow as running speed inocreases, At beat, this self-excited
whirling prevents further spsed increases; at worst, it results in
damage to or oatastrophic failure of the equipment. One of the
rotordynamic force mechanismy which plays a role 1in self-excited rotor

motion and synchronous response (s that of the forces developed by

Journal Model: ASME Journal of Lubricatlion Technology
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anhular seals. Until recently, mcat i{nvestigations of annular seals in
turbomachinery have been concerned with reducing the leakage of the
working fluid through the seal (i.sa., improving the sealing effect).
However, recent experiences have shown that forces developed. by these
seals ocan have considerable influence on the stability and synchronous
response of rotating machinery. Black et al. [1-3] have demonstrated
the oritical effects that foroces developed by neck-ring and interstage
seals have on the rotordynamic behavior of pumps. Also, stability
diffioculties with the Space Shuttle Main FEngine (SSME) high-pressure
fuel turbopump [4]) have prompbed- further research into these forces
developed by liquid seals,

Experiences have shown that various gas seal conflgurations oan
have similar influences on the rotordynamic behavior of turbomachinery.
In the high~pressure oxygen turbopump of the SSME, for example, initial
vibration problems were remedied by changing the turbine interstage seal
rroq a stepped-labyrinth configuration to a convergent taper seal with a
horieyoomb stator and a smooth rotor(S]. A laok of experimental data to
completely explain this and other gas seal behavior makes obvious the
need for research in this area.

The purpose of this report is twofold. It desoribes the test
facility and initial test program developed to experimentally measure
the fluid forces induced by annular gas seals, and it provides a
comparison of theoretically predioted and experimentally obtained data
for amooth and honeycomb seals. The leakage of the working fluid
through the seal, the pressure gradient along the seal length, entrance
preasure~loas data, and rotordynamic coefficients provide a basis for

comparison. A short disqussion on seal theory is included, and various
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rotordynamic coefficient identification schemes are desoribed. The work
presented herein is intended to add to the rapidly expanding database on

seal forces, and to determine the vallidity of one theoretical analysis

for predicting those forces.
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ANNULAR SEAL ANALYSIS REVIEW

As related to rotordynamics, seal analysis has the objective of
determining the reaction forces acting on the rotor arising from shaft
motion within the seal. Due to similarities between plaiq Journal
bearings and annular geals, seal analysis s generally based on
governing equations which have previously been developed for bearings,

Annular seals and plain bearings are geomebr(oally similar, but
seals typloally have radlal oclearance-to-radius ratios on the order of
0.005, versus C./R ratios of 0.001! for bearings. Due to seal clearances
and presaure dirrdrentiala. fully-developed turbulent (low normally
exists, Also, seals are nominally desigried to cpirate in a centered
position, Journal Dbearinga, on the other hand, have operating
agoentricoities whioh vary with running spead and load. Therefore, moat

of thu rotordynamic work for bearings has been done to determine dynamic

coefficient versua socentriolty relationships,

Twe llnearized sesal models, expressed in terms of dynamic
goefficients, have beeri  suggested for the motion/reaction-force
relationship. For amall motions of the rotor about an arbitrary

position in the saeal, as shown in Fig.!, the relation can be written

x| [ Fxxteo) KxyCeo X[ |Sxxleo) Cxyleq Mxx<!=o> Myy (e AKX
Fy ny(to) Kyy(co C yx{eg) c vy (eg x(co) M y(co)

where the dynamic coeffrioients {KXX, KYY, CXX, CYY, MXX, MYY] and (KXY,

G-

(2 <3

o=

KYX, CXY, CYX, MXY, MYX} represent the "direct" and "orogs=-coupled"

stiffneas, damping, and added-mass terms, respectively. These
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ﬁ coefficlents are functions of the equilibrium eccentricity ratio :
€o " &g / Cp, where the eccentricity ratio ¢y equals the displacement Q%
_k& " (eg) of the rotor from the ocentered position divided by the nominal \h
' radial clearance (Cp). The term '"cross-coupled" refers to the coupling ]g
"4 effeat exhibited by the off-diagonal terms; specifically, motion in one rﬁ
82 +  plane introduces reaotion forces in an orthogonal one. These ;5.
cross-coupled terms arise from the fluid's ciroumferential velocity ﬁﬂﬂ
“i component, and show a strong dependency on both the magnitude and i%~
direation (with respect to rotor rotation) of the veloolty. This' g?
qﬁ olrocunferential velocity component may arise from the prercotation of the éi
? fluid as it enters the seal due to some rotating element upstream, or it '3%
i‘ may develop as the fluld passes through the seal, with rotor shear h&i'
io forces ‘"dragging" the viscous fluid around Lts periphery. The ; 1
‘ groas-coupled stiffness term usually produces a destabilizing force E:
Q' component, and therefore is of considerable interest. The oross-coupled {
: damping and added-mass terms are generally much less influential than %?
the oross-coupled stiffness term with respect to stability. For no -

e
N
'~

fluld rotation, these cross-coupled terms are zero.

S,
-1:: ™. -

J I

[/
:&: The second linearized seal model applies f'or small motiony of the

rotor about a centered position in the seal, as shown In Fig. 2 . This

o model can be expressed

It F K k] | x c o |\ X M m |\ ¥ o

““ - X - + 4 (2) .b‘$

. Fy -k k| [y e Cc| (Y -m MY

jyj \\

. where the dynamic coefficlent matrices are skew-symmetric.

: \

’;{ Theoretical work on annular seals has been done for both .’
incompressible and compresaible fluids. Black et al., (6] have developed w\
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- analytical '"short-seal" solutions for {ncompressible seals, which E" “
ﬁ account for ocircumferential fluid flow due to wall shear atresses but :“
0 not presaure perturbations. The analysis employs a bulk-flow assumption s&;%
u and accounts for fluid prerotation as 1s enters the seal. Childs' ([7] ﬁi
incompressible seal analysis provides "finite-length " solutions, in 7"':

] which both shear and pressure-induced flow are included. Childs' E'g .
! ,’j utilizes Hirs' [8] turbulent bulk-flow model, and accounts for inlet a:,
| swirl as well as perturbations in axial and cliroumferential Reynolds
I numbers due to clearance perturbations. ;%
Compressible flow in seals has been analyzed by Fleming [9, 10] and .‘

: Nelson[11, 12]. Fleming presents a short seal solution for the leakage, :a-
."' direot stiffness, and direct damping ocoefficlents for atraight and s::‘

tapered, smooth, annular gas seals, but does not inolude the

S

= oross-coupled damping terms. Nelson, whose analysis i3 used for

comparison 1in this report, analyzes both smooth and surface-roughened

LT

R annular seals in the straight and tapered configurations. An outline of
- ah
Nelson's analysis is included in the section that follows. }‘lsﬁ
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NELSON'S ANALYSIS

Nelson [11, 12] has developed an analysis which provides both
static and dynamic results for annular gas seuls. The statio results
include fluid leakage through the seal, pressure gradient along tho seal
axis, and the fluid axial and oircumferential velooities through the
saeal., Dynamic data provided by the analysis oonsists of the
rotordyﬁamio coelficients (direct and oross-ocoupled stiffness and
damping terms) for asmall rotor motion about a oentered position
(equation(2))., Nelson assumes that the added-mass terms are negligible

for gas seals, and, hence, equation(2) is written

Fx K k1LX c e
- - * (3)
Fy -k K|[[Y ¢ ¢

Nelsorn utilizes & modified Hirs' (8] turdulent bulk-flow fluld

<Kes DCo

model to develop governing axial and oiroumferential momentum equations,
and his model 1{s noompleted by the qgontinuity and energy equations.
Hirs' model defines the wall shear streas t, as

Tw = 1/2 plUp2 no(ZpUpH 7 WM » 1/2 pUp? noR,Mo (4)
where Uy s the mean flow velocity relative to the asurface upon which
the shear atress acts, and H Ls the local seal olearance. Hirs'
formulation assumes that the surface roughnesa i{s the same on the rotor
and stator. However, if the bulk-flow velouoities relative to the rotor
and atator are substituted in equation (4), the shear stresses at the

rotor and stator are, respasctively,
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” . Tp = 1/2 pUp2 nr(2pUpH / w)mr ) ?&
i g = 1/2 pUs2 ns(2pUgH / n)MS _
X Hence, different surface roughnesses in the seal elements can be Qi
=é§ A acocounted for via the empirical coefficients mr, nr and ms,ns for the Qf,
!!! rotor and stator surfaces, These coefficlents may be caloulated rrom ;

statio-pressure-gradient test data, and are then provided as input

;ﬁa ‘ parametera for Nelson's analysis. Lg'
| Assuming small motion of the rotor about a centered position, é&!
ga Nelson uses a perturbation analysis similar to that employed by Childs %E
fgg (7] to develop zeroth and first-order perturbation equations. The %& :

zeroth-order solution represents a zero—eccentricity flow condition, :f

&a with rotor rotation but without precession. This solution 1s iterative  §

| and yields the maqa-leakage flow rate, and the axial distribution of ég

Eﬁ : pressure, axial velocity, density, and circumferential veloeity. fﬁ
' ‘ An iterative solution scheme ls employed, using initial guesses for
Eg the zeroth-order seal entrance Mach number and entrance pressure-loss

coefficient. The entrance-loss relationship 1s defined by

i Y/ (Y=-1)

_ Po(0) = 1 /7 (1 + [(Y=1)(k+1)M2(0)] / 2} (6)

i

where pg(0) i1s the seal entrance/reservoir pressure ratio and My(0) s
sg& . the entrance Mach number. The entrance Mach number is iteratively

adjusted, and the loss coefficient Kk is recalculated according to a

eurve fit by Deissler [13]

K +1 =V5.3 / logig Ra (7)
.which is plotted in Fig. 3. At axial Reynolds numbers above 200,000, k

is equated to zero. The iterative solution procedure for My(0) and k

—

continues until either:

;= ZE=
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1) the Mach number at the exit reaches unity and the exit pressure
is greater than the sump pressure (choked flow), or
2) the exit pressure equals the sump pressure and the exit Mach

number is leas than unity (unchoked flow).

The pressure, density, and velocity distribution and their:

derivatives which are determined in the zeroth-order solution are used
in defining ocoefficients of the first-order perturbation equations.
These equations define the pressure, density, and axial and
circumferential velocity perturbationa due to rotor motion, and are
transformed to sixteen ordinary differential equations in the axial
coordinate z. The four physiocal boundary oconditions required for
the aolution'of these equations depend on the perturbation conditions
that are specified at the deal entrance and exit. The {nlet
circunferential veloelty perturbation is zero. Expansion of the
entrance pressure~loss relationship of equation (6) yields a second
boundary condition. For choked [low, the first-order perturbation in
the exit Mach number is zero, while f'or unchoked flow, the firat-order
perturbation in the exit pressure is zero.

Application of these boundary conditions and numerical integration
of the ordinary differential equations provides the first-order
solution. Integration of the first-order pressure solution along and
around the seal periphery ylelds the direct and oross-coupled stiffness
and damping coefficients, K, k, C, and ¢, respectively.

The {input parameters which ocan be varied in Nelson's analysis
include:

1) reservoir pressure and temperature,

2) sump pressure,

11
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3) seal geometry (i.e. radius, length, clearances), H
4) rotor rotational speed and precess}on rate, I

§) entrance circumferential velocity of fluid, 0

ATy

6) rotor and stator surface roughness (Hirs conatants),
T 7) empirical entrance~-loss relationship, e.g., Delssler's,
equation (16), and
-8 8) fluid viscosity, gas constant, and ratlio of specific heats.

It 1{s apparent that a large amount of theoretical data can be
generated to determine the influence that these various parameters have
on the fluld forces in annular gas sezls. However, there {s a lack of
experimental data with which to ocompare the results of Nelson's
.{ analysisg., Currently, test results due to Wachter and Benckert [14] exist
for labyrinth seals, a special class of non-contacting seals which have
stepped surfaces or "teeth" on the rotor, stator, or both. Experimental
‘ results for smooth and/or surface-roughened gas seals are limited to
data for honeyoomb seals also published by Wachter and Benckert. Hence,
the need fur a test apparatus which can be used to study the effects of
the same variables provided for {n Nelson's analysis is obviocus. The
experimental data generated by such an apparatus would be valuable for

comparison to both Nelson's theories and others which may be developed

4 in the future,

.
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TEST CONCEPTS

A number of test programs have been implemented t¢ measure the-

7z

stabilizing and destabilizing fluld forces which are developed by
turbomachinery elements. Some are concsrned mainly with the study of

seal forces, while others examine the forces Jeveloped by centrifugal

_— s

pump impellers. In each case, reaction force and relative motion

measurements are used for rotordynamic coefficient i{dentification. Four

=B

genéral approaches have been employed, and will be reviewed here.

Wachter and Benckert [14] employ a static displacement method for

S

determining stiffness coefficients. 1In this method, as shown in Fig. U,

the rotor 1is displaced statically to some measured eccentric position

F e
PP PELY

while a pressure differential forces the working fluid past the sesal,
By measuring the reaction force components which are parallel and

perpendicular to the static displacement vector, the direct and

cross-coupled stiffnesses oan be determined. Referring to equation (2)

n for small rotor motion about a centered positior, a static rotor
displacement in the X-directicn ylelds
E}:S : K= -Fy/eq , k = Fy/eq (8)
) Since this astatic displacement method has no dynamic motion, no damping
:;ga ! or added-mass terms can be evaluated.
Sﬂ A second approach Lo rotordynamic coefficient identification is
¢4

utilized by Childs[15]. Depleted in Fig.5, this method uses a clircular
ga orbit of the rotor within the seal. The rotor is mounted eccentrically
on a shaft which rotates. Thus, the rotor precesses in a circular orbit

at the same rate and direction as shaft rotation. . This synchronous

&=

precession provides for the determination of the radial and tangential

Ju !

Y i 5 LN !
R L MR

‘ R B A F B N PO L RO SOANHNG LA AN A 0K AR 4 7 R AAR RS 4 L AN A
B AR Y SN S i‘::?‘l,lﬁﬁl‘:.i.eﬂ"b’i:-.&au.’ﬁ'!!i.\sl"a‘.& ml’i@«’i@l\!i’u‘.h“n A nlf.* “‘ﬂ!'d-'-ol. LA KA O J\ in! k (%Y !eal,ol { D’ jl '& I _IL‘"-"




14

= =8

Fig. 4 Static displacement method used for stiffness determination. wzg'

o
wTelels Alp It

e =X
IR

RN

AR

bR

o

ot Sk S RN BT B KPR A L T P, g A 0T s B R TAN T RO A W M T8 PN AT o i
) :"‘;’) (A ’“. di) Jﬁ‘hv-n ﬁﬂ\)ﬁ&\ Y ‘0"1 b‘.%“%ﬁ“}k’?ﬂ o ‘1"' '74%“%“""% (M n‘%!".h‘r‘.‘\ !!fv' ‘\'h! 1 RAL




15

=4I W FEC O s

L

BHBxs e
\

=N.

Fig. 5 Synchronous rotation and precession method used for equivalent
coefficient identification.
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components of the seal reaction force. The Fpp and F components are
obtained through integration of the measured pressure diﬁtribution along
and around the seal periphery. Expressing measured rotor motion as
X = 8 c0s(ut)
(9)
Y = ey sin(ut)
for small cirocular orbit of radius ey and precessional frequency w={,
and substituting into equation (2) yields the radial and tangential
force coefficoient definitions
Fp/ g = Mu? = 0w = K = =Kgp + Mggow?
(10)
F / eyg=k =Cuw = =Copr.u
where the orogs-coupled mass oocefficient is assumed negligible with
respaot to the influence of k and C. Because the oross-coupled
coefficients k and ¢ are linear functions of w, Iidentification of the
individual dynamio coefficlients is not possible in this method. However,
equivalent direct stiffness, damping, and added-mass coefficients can be
caloulated as indicated in equation (10).
Independent rotation and precession ooﬁtrol, as shown in Fig., 6, 1is
a third testing method which is currently employed both in impeller and
seal studies ([16], [17], (18], Various means are used to produce a
circular orbit (precession) of the rotor or impeller at a rate different
from i{ts rotational speed. For a small circular orbit of radius eq and
precessional frequency Q , the measured precessiocnal motion of the rotor
ia
X = eg cos(nt)
Y = a5 sin(at)

The Fy and Fy reaction force components are measured and can be
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components of the seal reaction force. The F, and F components are
obtained through integration of the measured pressure diﬁtribution along
and around the seal periphery. Expressing measured rotor motion as
X = eq cos(ut)
(9)
Y = ey sin(ut)
for small ciroular orbit of radius e, and precessional frequency w=Q,
and substituting Linto equation (2) ylelds the radial and tangential
force coefficolent definitions
Fp/ 80 = Mu?® = cw = K = =Kgp + Mgfow?
(10)
F / g = K= Cuw = ~Coqp.t
where the c¢ross-coupled mass ocoefficient 13 assumed negligible with
respect to the influence of K and C. Because the oross-coupled
coaefficients k and ¢ are linear functions of w, identification of the
individual dynamic ooefficients is not possible in this method. However,
equivalent direct stiffness, damping, and added-mass coefficients can be
caloulated as 1ndio;ted in equation (10).
Independent rotation and precession control, as shown in Fig. 6, is
a third testing method which is currently employed both in impeller and
seal studies [16], [17], (18]. Various means are used to produce a
¢ciroular orbit (precession) of the rotor or impeller at a rate different
from ita rotational speed. For a amall circular orbit of radius eq and
preceasional frequency fI , the measured precessional motion of the roter
is
X = 85 cos(qt)
Y = e sin(qt)

The Fy and Fy reaction force components are measured and can be
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Fig. 6 Independent rotation and precession method used for coefficient
identification,
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W expressed ' ' "'.
a0
Fy = Fys sin(ft) + Fyc cos(qt) iag

: (1) Yy
E§ Fy = Fyg 8in(Qt) + Fyc cos(at) f%
. Ny,
K
a By substituting these expressions into equation (2) and equating E
coefficients of sine and oosine terms, the following equations are . hA

@ obtained \
e
ﬁ - Fyo / 8o = K + 0 = M@? - Fyc / € = =k + CQ +mq? %
(12) 0

[

- Fys / 8o = k = CQ - ma? - Fyg / eg = K + o + Mp?

-
» a0,
_—
B e
B JCPRPS

Hence, by measuring the reaction force components and rotor motion at

&

two different precession frequencies, eight equations in six unknowns

Ex%

are obtained, and the rotordynamic coefficients can be calculated,

"fﬁ A fourth testing method has been used by Iino and Kaneko [19] for gz
determining dynamic coefficients, and this same method is employed at '.ﬁ

73 the TAMU gas seal test facility., An external hydraulio shaker (s used
) to- impart translatory harmonic motion to the rotating seal, and rotor A‘T
L

. motion relative to the stator and the reaction force components acting

o
¢l

ST

on the stator are measured.

Fig. 7 shows the manner in which the rotor could be positioned and

A

?i- oscillated {in order to identify the dynamic coefficients of the seal for gﬁ

A% X

small motion about eq. If the added~mass terms are assumed negligible, ,

1 )

L’:g equation (1) is rewritten )

: QE Fy Kex(eo) Kyy(eg) | I X Cyx(eg) Cxy(eg) X ;n
\ - - + R (1 3) \

Fy Kyx(eg) Kyy(eg) | [ Y Cyx(eo) Cyyleg)| fY *‘:

" o

W W

pe First, harmonic horizontal motion of the rotor i3 assumed, where "

. Ll‘

i o
I

. ’\ K
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Fig. 7 External shaker method used for coafficient identification.
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; ]
’ W X = eq + A sin(at) + B cos(qt) '.;
: X = AR cos(at) - BR sin(at) ‘ ‘
. @ Yatao0 :i‘
This yields small motion parallel ¢to the static eccentricity vector, 5

l where @ 1s the shaking frequency. In a similar fashion, the X and ;ﬂ,
. Y-direction force components can be expressed %
@ Fx = Fys sin(ft) + Fyc cos(at) :
.g’ Fy = Fys sin(Qt) + Fyc cos(Qt) a §
B Substituting these expressions into equation (13) and equating &
i& coeffioients of sine and cosine terms yields the following four ﬁ
- equations }‘
ﬁ Fys= Kyx A = Cyx B 3
N Fyc = Kxx B + Cxx A éu
ﬁ (15) "
Fys = Kyx A = Cyx B M

Fyc = Kyx B + Cyx A i"

&E Solving this system of four equations in four unknowns defines the %_
. dynamic coefficients as ' 3
Kyx(eq) = (Fxc B + Fyg A) / (A* + B?) %:',

-gg Kyx(eo) = (Fys A + Fyg B) / (A* + B?) 6 %-
Cxx{eg) = (Fxc A = Fyg B) / Q(A?* + B?) e \‘

& Cyx(eg) = (Fyc A = Fys B) / R(A? + B?) ';;#'
" Therefore, by measuring the reaction forces due to known rotor %
< motion, determining the Fourier coefficients (A, B, Fys, Fxc,» Fys, Fyc) ﬂ
and substituting into the above definitions, the indicated dynamic 2‘7\;

t cvefficients can be {dentifled. If the rotor 1s shaken about a centered k

position, then the process is complete. Since the linearized model has 0:.'.

skew-symmetric stiffness and damping matrices, all of the coefficients
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are identified. I', however, the rotor is shaken about an eccentric
position as {initially postulated, then it must bo shaken vertically
about that same point in order to complete the identification process.
Assuming harmonic vertical motion of the rotor, as defined by
X = e, X = 0,

Y = A sin(Qt) + B cos(at), ;nd

¥ = AQ cos(at) - Ba sin(at),
yields oscillatory motion that (s perpendicular t¢ the assumed static
eccentricity vector, A similar process as before results in the
coefficient definitions

Kyy(eo) = (Fxs A + Fyg B) /7 (A* + B?)

Kyy(eg) = =(Fyc B + Fyg A) / (A? + B?) , -)
17

Cyy(eg) = (Fxc A - Fyg B) / Q(A? + B?)

Cxy(cg) = (Fys B = Fyg A) / R(A? + B?)

All eight dynamic coefficients are thus determined by alternately

shaking the rotor at one frequency R in directions which are parallel

and perpendicular to the static eccentricity vector.




h TEST APPARATUS OVERVIEW -
| y
!:. Detailed design of the TAMU gas seal apparatus was carried out by ?g
"‘ J.B. Dressman of the University of Louisville., It 1is of the external !“
| shaker configuration, and the dynamic coefficient identification process v!‘
- is as described in the latter part of the preceding section, ' E\é
:; Conaidering both the ocoefficlent identification process and :E:,
Nelson's analysis, some objectives for the design of the test apparatus .‘;3',

.‘t are apparent., First, in order to determine the dynamic coefficients, ' i;::
n: the apparatus must provide for the necessary rotor motion within the E:é
. J
gseal, and measurement of the reaction-force components due to this w'

;’:a‘ motion must be possible, Sevondly, it would be advantageous (for ;:i':
purposes cf comparison) if the apparatus could provide the same variable "'&

1 seal parameters afforded , by Nelson's analysis ({.e., pressures, seal '?:
. geometry, rotor rotational speed, fluid prerotation, and rotor/stator "é
5 surface roughness). With this capability, the influence of each ,
‘\- indeﬁendent parameter ocould be examined and compared for correlation "'ﬁ.
between theoretical predictions and experimental results, ,‘

With these design objectives in mind, the discussion of the test ::i;
apparatus 1is presented in three sections. The first section, Test N

F Hardware, describes how the various seal parameters are physically X '{
' executed and controlled. For example, the manner in which the dynamic v:é
:ﬁ "shaking" motion of the seal rotor s achieved and controlled s ',,:
” desoribed in this section. The second section, Instrumentation, .':
1 describes how these controlled parameters, such as rotor motion, are EE
\‘: measured. Finally, the Data Acquisition and Reduction section explains :ﬂé
- how these measurements are used to provide the desired information. "‘
)
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TEST HARDWARE

This section deals only with the mechanical oomponents and
operation of the test apparatus. It is intended to provide answers to
the following questions:

1) How is the static position of the seal rotor controlled?

2) How Lls the dyn#mic Qotion of the rotor executed and controlled?

3) How is compressed air obtained and supplied to the apparatus,

and how ls the pressure ratio across the seal controlled?

4) How i{s the incoming air prerotated before it enters the seal?

5) How are the seal rotor and stator mounted and replaced?

6) How is the seal rotor driven (rotated)?

Recalling the rotordynamic cocefficient identification process
described earlier, the external shaker method requires that the seal
rotor be set in some static position and then be oscillated about that
point. The ¢test apparatus meets those requirements by providing
independent static and dynamic disp acement control, which are described
below.

Static Displagement Control. The test apparatus is designed to provide

control over the statle eccentricity position both horizontally and
vertically within the seal. The rotor shaf't is suspended
pendulum-fashion from an upper, rigidly mounted pivot shaft, as shown in
Figs. 8 and 9, This arrangement allows a side-to-side (horizontal)
motion of the rotor, and a ocam within the pivot shaft allows vertical
positioning of the rotor.

The cam which controls the vertical position of the rotor is driven
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Fig. 8 Components used for static and dynamic displacement of seal rotor.
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Fig. 9 Test apparatus.
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by a remotely-operated DC gearhead motor, allowing accurate positioning
of the rotor during testing. Horizontal positioning of the rotor is
accomplished by a Zonioc hydraulic shaker head and master controller,
which provide Lindependent static and dynamic displacement or force
coritrol., The shaker head is mounted on an I-beam support structure, and
can supply up to 4450 N (1000 1bf) static and 4450 N dynamic force. As
illustrated in Fig, 8, the shaker head cutput shaft acts on the rotor
shaft bearing housing, and works against a return spring mounted on the
opposite side of the bearing housing., The return spring maintains
contact between the shaker head shaft and the bearing housing, thereby
preventing hammering of the shaker shaft and the resulting loss of
control over the horizontal motion of the rotor,

Dynamic Displacement Control. The dynamic motlion of the seal rotor

within the stator is horizontal. In addition to controlling the static
horizontal position of the rotor, the Zonic shaker head moves the rotor
through horizontal harmonic oscillations as the test is run. A Wavetek
function generator provides the slnusoidal input signal to the Zonic
controller, and both the amplitude and frequency of the rotor
oscillations are controlled.

Although the test rig design provides for dynamin motion of the
rotor only in the horizontal X-direotion, all of the coefficlients for
either seal model (equation (3) or (13)) can still be determined. As
Fig. 10 shows, the required rotor motion perpendicular to the static
ecoentricity vector can be accomplished 1In an equivalent manner by
statically displacing {t the same amount (eg5) in the vertical direction
and continuing to shake horizontally.

In addition to providing control over the rotor's static position
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Fig. 10 Shaking motion used for rotordynamic ccefficient identification.
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and dynamic motion, the test apparatus allows other seal parameters to

be controlled independently, providing insight into the influence these b

ol o
o
—

parameters have on szal behavior. These parameters ocoincide with the
variable input parameters for Nelson's analysis, and they inolude:
1) pressure ratio across the seal,
2) prerotaticl of the incoming fluid, E
3) seal comtl¢:ration, and
4) rotor rotational speed.

Pressure Rutio. The inlet air pressure and attendant mass flow rate N

through the seal are oontrolled by an eleoctric-over-pneumatically

2= 2 = 2R

actuated Mlsoﬁoilan Camflex II flow control valve located upstream of

*
(4

Py

the tesat section. An Ingersoll-Rand SSR=2000 single stage osorew
compressor rated at 34 m'/min @ 929 kPa (1200 sofm @ 120 psig) provides %
compressed alr, whicoh la then filtered and dried before entering a surge

tank. Losses through the dryers, filters, and piping result {n an

&= B

actual maximum inlet pressure to the teat sectlon of approximately
722 kPa (90 psaig) and a maximum flow rate of 27 m'/min (950 sofm). A
four-inch inlet pipo from the surge tank supplies the test rig, and
after passing through the seal, the air aexhausts to atmoaphere through a ;

manifold with muffler.

B == EE

Inlet Cirocumferential Velocity Control. In order to determine the A

effecta of fluid rotation on the rotordynamic coeffliocients, the teat rig t
design also allowa for prerotation of the (ncoming alr as it enters the L.

seal. This prerotation introduces a oiroumferential oomponent to the

alr flow direction, and is accomplished by gulde vanes which direot and

accelerate the flow towards the annulus of the seal. The vanes

=X

are machined from brass disks, and Fig. 11 {llustrates the vane

S
X
T, - &
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i configuration. Three sets of guide vanes are available; one rotates the ﬁ
flow in the direction of -rotor rotation, another introduces no fluid i?

d .'.:
E rotation, and the third rotates the flow opposite the direction of rotor ":-
rotation, - '*i

M Seal Configuration., The design of the test rig permits the installation ;:‘,t
o

E of various rotor/stator ocombinations. As shown 1In Figs.12-15, the ;';
(A4

stator is supported in the test section housing by three Kistler quartz ¥

load cells in a ¢trihedral oonfiguration. Figs.12 and 13 show the

(& -
—_—
Telul 3

smooth—rot‘orlamooth-stator seal, while the smooth~rotor/honeycomb-stator

v."
@ sedl is illustrated in Figs.i4 and 15, The seal rotor 1is press-ritted ::EEE

and secured axially by a bolt oircle to the rotor shaft. Seals with i—
ﬁ different geometries (il.e., clearances, tapers, lengths) can be tested, ﬁ?:
" as well as seals with different surface roughneases, The replacement of E“'
ﬁ these rotor/stator combinations oan be accomplished with minimal ;"

downtime, "“

=
s
s
XS

Rotational Speed. A Westinghouse S50-hp variable-speed electric motor i

drives the rotor shaft through a belt-driven jackshaft arrangement. g
This shaft is supported by two sets of Torrington hollow-roller bearings ,5‘;;

(20]. These bearings are extremely precise, radially preloaded, and X

S,
-

have a prediotable and repeatable radlal stiffness. Axial thrust due to

=238
>
. A

the pressure differential aoross the seal 1s absorbed by a flat,

roller~type, ocaged thrust bearing at the rear of the rotor. Both the

oy

SR

0 shaft and thrust bearings are lubrioated by a positive-displacement A
ﬁ gear~type oll pump. §:
2 Different Jackahaft drive-pulleys can be fitted to provide up to a E:EE
ﬂ 4:1 speod increase from motor to rotor shaft, which would result in ,:‘:E‘
a rotor shaft speed range of 0-21,200 c¢pm. Current design limitations, E'-‘
: :
e
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Fig. 12 Cross-sectional view of test section showing smooth stator.
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Fig. 14 Cross-sectional view of test section showing honeycomb stator.
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however, prevent the attainment of this upper rotational speed. High
bearing temperatures, reduction of interference in the rotor-rotor shaft
fitment due to inertia-induced radial growth of the nrotor inside
diameter, and excessive stresses in the drive-pulleys have served to
limit shaft speed. The highast rotational speed attained at the time of
this writing is 8500 opm, although design modifications to allow higher
speeds are under invastigation.

To conclude this discussion of the test hardware, two views of the
complete test apparatus are included. Fig. 16 shows the assembled rig,

while an exploded view i3 provided in Fig. 17.
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INSTRUMENTATION

Having discussed what seal parameters can be vaniad, and how the
variations are implemented, the measurement of their reapective effects

oan now be deacribed. The types of measurements whicoh are made can be

' grouped into three categories:

1) rotor motion,
2) reaction-force measurements, and
3) fluid flow measurements.

These categories are desoribed individually in the sections that follow.

Rotor Motion Measurements. The position of the sea) rotor within the

stator is monitored by two DBently-Nevada eddy-current proximity probes,
mounted in the test section houaing. Thesa probes are located 90 degrees
apart, and correspond to the X and Y- directions, The proximity probes
are used to determine the statio position and dynamio motion of the

rotor, and their resolution is 0.0025 mm (0.1 mil).

Reaction-Force Measurements, Reaction forces arise due to the statlic

position and dynamic motion of the seal rotor within the stator. The
reaction forces (Fy, Fy) exerted on the stator are measured by the three
Kistler quartz load cells which support the stator in the test section
housing. When the rotor is shaken, vibration is transmitted to the test
seotion housing, both through the thrust bearing and through the housing
mounts. The auvcelaration of the housing and stator generates unwanted
inertial "ma" forces which are sensed by the load cells, {n addition to
those pressure forces developed by the relative motion of the seal rotor
and atator. For this reason, PCB plezoelectric accelerometers with

integral amplifiers are mounted In the X and Y-directions on the stator,

"“M"L'u'ﬁ e W
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as shown in Figs. 13 and 15, These accels allow a (stator mass) x

(stator acceleration) gsubtraction to the forces (Fy, Fy) indicated by
the load cells, With this ocorrection, which is described more fully {n
the next section, only the pressure forces due to relative seal motion
are measuraed.

Forve measurement resolution is a function of the stator mass and
the resolution of the load cells and accelerometers. Aoccelarometer
resoclution s 0.005 g, which must be multiplied by the stator mass in
order to obtain an equivalent force resolution. The masses of the
stators used in the teast program reported hare are 11.U4 kg(25.2 1b) and
9.94 kg(8.69 1b), corresponding to the smooth and honeycomb stators,
respectively. Hence, foroe resolution for the accelerometers is 0,560 N
(0,126 1b) and 0.191 N (0.043 1b), for each stator, respectively.
Resolution of the load cells |is 0.089 N(0.02 1b). Therefore, the
resclution of the force measurement is limited by the accelerometers.
With a stator with less mass, and/or accelerometers with greater
sensitivity, roroe resolution could be improved.

Fluid Flow Measurements. Fluid flow measurements include the leakage

(mass flow rate) of air through the seal, the pressure gradient along
the seal axis, the inlet fluid oircumferential velocity, and the
entrance pressure loss.

Leakage (s measured with a Flscher & Porter vortex flowmeter
located in the piping upsatream of the teat section, Resolution of the
flowmeter is 0.0014 m* (0.05 aof'), and pressures and temperatures up and
downstream of the meter are measured for mass flow rate determination.

For measurement of the axlal pressure gradient, the stator has

pressure taps drilled along the length of the seal 1in the axial
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direction. These pressures, as well as all others, are measured with
a 0-1,034 MPa (0-150 psig) Scanivalve differential-type pressure
tranaducer through a 48 port, remotely=-controlled Scanivalve model J
soanner. Transducer resolution is 0,552 kPa (0.08 psi).

In order to determine the oclrcumferential velocity of the air as
it enters the seal, the static pressure at the guide vane exit is
measured. This pressure, in conjunction with the measured flowrate and
inlet air temperature, {8 used to ocalculate a guide vane exit Mach
number. A compressible flow continuity equation

&:_- Pax Aex Mox [(Y/RgTy) (1 + (Y=1)Mgy2 / 2)] 1/2 (18)
is rearranged to provide a quadratic equation for Mex

Mex? » (=1 + 1 + U((Y=1)/2Y) (m RgTy / pex Agx)2 } 7 (Y=1)  (19)
where Y is the ratio of specific heats and Rg is the gas constant for
alp, Ty Lls the stagnation temperature of the air, pex 1{s the static
pressure at the vane exit, and Agy l8 the total exit area of the guide
vanes, Since all of the variables in the equation are either Kknown or
measured, the vane exit Mach number, and therefore the velocity, can be
found,

In order to determine the circumferential component of this inlet
velooity, a flow turning angle correction, in accordance with Cohen(21],
is employed. The correction has been developed from guide vane cascade
tests, and accounts for the fact that the fluid generally is not turned
through the full angle provided by the shape of the gulde vanes. With
this flow deviation angle calculation, the aoctual flow direction of the
air leaving the vanes (and entering the seal) can be determined. Hence,

the magnitude and direction of the inlet velocity 1is known, and the

appropriate component is the measured inlet ecircumferentlal velocity.
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The entrance pressure-loss éoertioienh, defined in equation (6), is
determined from the measured pressures just upstream of and just inside .
the seal. An sntrance Mach number is caloulated in the same manner as p
outlined previously, using the measured pressure immediately inside the
-t seal and the annular area between the rotor and stator, This entrange i
} Mach number, and the ratio of the seal entrance/guide vane exit Iohse
pressures are substituted into equation (6), and the entrance loass ' e

v coefficient, k, 1s determined. N
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DATA ACQUISITION AND REDUCTION

With the preceding explanations of how the seal parametars are
varied, and liow these parameters are measured, the diacussiop of how the
raw data 1s proccqsod and implemented ocan begin., Data acquisition is
direoted from a Hewlett-Packard 9816 (16-bit) computer with disk drive
and 9.8 megabyte hard disk. The computer controls an H-P 6940B
multiprogrammer which has 12-bit A/D and D/A gonvertar boards and
tranafers control commands to and test data from the instrumentation.

As was previcusly stated, the major data groups are saal
motion/resction force data and fluid flow data. The motlon/reaction
force data are used for dynamio coeffiocient {dentification. The
hardware involved includes the load ocells, acoelercmeters, X-direotion
motion probe, a Sensctec analog fllter unit, a tunable bandpass filter,
and the A/D converter. The operation of these components is {llustrated
in Pig.18, and their outputs are used .n a serial sampling soheme whioch
provides the computer with the desired data for reduction. Recalling
the disoussion of the reaction force measurements in the preceding
s$otion, a (stator mams) x (stator acceleration) subtraction
from the indicated load cell forces is necessitated due to vibration of
the stator and test seotion housing. This subtraction ia performed
with an analog olrouit, and results In ocorrected Fy and Fy force
components due to relative seal motion.

The forced oscillatory shaking motion of the seal rotor (s the key
to the operation of the serial synchronous sampling (SSS) routine which

is employed. The frequency of the rotor oscillation {a aet by a function

generator, and rotor motion i{s sensed by the X-direction motlion probe.
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The motion aignll is filtered by the narrow bandpass filter, and is used iﬁf

a8 a trigger signal for the SSS routine. Updn the operator's command, pﬁ;

. the SSS routine is enabled, and the next positive-to- negative croasing s
of the filtered motion signal triggers a quartz orystal olock/timer. W

Ten oyoles of the corrected Fy(t) signal are sampled, at a rate of 100 §$

N ‘nlmplol/oyclo. The second positive=to-negative orossing of the filtered ?ﬁ

motion signal ¢triggers the timer and {nitiates the sampling of ten

A oycles of the Fy(t) sighal. Finally, the third positive-to-negatlive Q%
arossing triggers the timer again, and ten oycles of the corrected X(t) §$§

e signal are sampled. Thus, at every test condition, 1000 data points are _ :??
| obtained for Fy(ty),Fy(ty), and X(ty), and the data arrays are stored (n ‘?E
‘ ;i computer memory. | %ﬁ-
' Some important points need to be astressed oconoerning this gﬁ%

n force/motion data acquiaition, Flrat, the bandpaas filter ls used only ;f?
5 to provide a ateady signal to trigger the timer/clock., Any modulation 53;

' of the motion signal due to rotor runout {a eliminated by this filter, %ﬁ
a8 long as the rotational frequency and shaking frequency do not v

volnoide, Therefors, the shaking frequencies are aselected to avoid Eﬂu

f: ooinoidence with running apeeda, Howaever, the rotor motlon and corrected g&a
force asignala which are asampled and ocaptured for caoefflcient :;

T {dentification are flltered only by a low-pass filter (500 Hz outoft), f&ﬂ
:i and the effecta of runout an well as shaking motion ar prosent Iln the l%g

‘ recorded data, A second point worth noting La that the sample rate is 3:#

S direotly dependent on the shaking frequuncy. As the shaking frequenocy é;%
s

i{s inoreased, the sample rate (samples/second) also inoreases., In order

SESE,

!

't to get the deaired 100 samples/oyole, shaking frequencies must be chosen At
»,

: to correspond to disorete sample rates which are avallable, Hence, the ?a;
0

{ N

) |' 1

.‘.'g\

N

1 &

¥y

o RO

123

B A NS X R DU KM RS AR X MO NAE M S DR (O OF 2 AR




! | 8

frequency at which the rotor is shaken 'is carefully chossn to provide

' the desired sampling rate and a qtoady trigger signal.' :b
:« Most of the fluid flow data are used for the input parameters ’ik
required by Nelson's analysis. The upatream (reservoir) pressure and Sif
3 temperature, downstream (sump) pressure, and the inlet oircumferential ' ¥

velocity (determined as outlined earlier) are provided diréotly. The !

rriction~raotor' values of the rotor and stator are supplied in the

form of Hirs coefficients, which are obtained from the pressure $$:

distribution data in the manner desoribed below. {§§

! Recalling the discussion of Hirs' turbulent bulk-flow fluid model, Eg:

the model assumea that the wall shear stresses oan be written as in ;%

} equation (4). For the gas seals discussed Here, an adiabatio, ;éi

" ocompressible flow with friction analysis (s employed, and the measured gg;

| preasure gradient and mass flow rate (leakage) data are used to éﬁ

! calculate & friotion factor coeffiolent, A, for each test ocondition. E

¥ From the 1 versus R, and w data, the Hirs coeffiolents mr, nr of the m%
' friction factor formula -

Aomone RQEP L1+ 4pr)(trmr)/2 0y ay /Ry (20) :E;i

! are caloulated on  a least-square basis. For  the ﬁf

smooth=rotor/smooth-stator combination, the values are assumed to apply gi‘

I for both the rotor and stator, Hence, for this case, mr=ms and nr=na. Q;
- " For the smooth-rotor/honeycomb-stator combination, a qombined A is ia
" neasured, which is related to the rotor An. and (honeycomb) stator Ag by E

; Ao (Ap *+ Ag) / 2 (21) .

' and hence, E{'

& Ag = 2hg = Ap (22) e
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Therefore, Ay 1is determined from measured data for i, and a e

L oalculated value for A, from Equation (21) with experimentally &&
Q determined values for mr and nr. Then, as before, the Aq versus R, and w “ﬁ
data are used to ocalculate the Hirs coefficients for the honeycomb %éé
! stator, :}5_
Q: As stated previously, the Hirs coefficients for the sesal rotor and &i
B stator are required input parameters for Nelson's analysls, as are the kﬁ
; fluid flow conditions up and downatream of the seal and the rotational E;
speed of the rotor., The appropriate input parameters for each speciflio $§

‘S test case can be provided for Nelson's analysis from static test results ﬁﬁ
0 and measurements, In thia manner, a point-by-point gompariaon of =%i
.g theoretical predictions to experimental results van be made for leakage ég
% through the  seal, axial - pressure distribution, entrance - loas :?ﬁ'
. R

coefficient, and rotordynamic ccefficients,
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TEST PROCEDURES ' ' T

)

At " the start of each day's testing, the force, pressure, and

3R, L -3
g

flowneter aystems are calibrated. The total syatem, from transducer to

computer, is calibrated for each of thess variables. The force system

s, 1) TR

calibration utilizes a system of pulleys and known weights applied in

the X and Y-directions. An air-operated dead-weight pressure tester is

»

used for pressure system calibration, and flowmeter system calibration \

&

is achieved with an intarnal preaision quartz olock which simulates a u

[~ ] | o <=}
" ake’ Sy _suy
Fad® ol

known flowrate. , v

All of the teats performed %0 date have been made with the rotor ' AN
executing small motion about a centered position, A typlcal test begins )
by centering the seal rotor in the stator with the Zonioc hydraulio W,
shaker, starting ailrflow through the seal, sctting the rotational N
speed of the rotor, and then beginning the shaking motion of Lhe rotor. N

Data points are taken at rotational speeds of 200, 500, and 1000-8000

¥

opm, in 1000 cpm 1incerements, At each rotatlional speed, the inlet
pressure is varied and data points are taken at one unchoked flow and
four choked flow conditions. For each test case (i.e., one partloular

running speed, shaking frequency, inlet pressure, and prerotation

Gy HETMIES | ECEHF

-
- .
« o o

i % = L~ RS L L R TN
-
-

ocondition), the measured leakage, rotordynamic ooefficients, axial

—x—
-

pressure distribution, and entrance loss onefficient are determined and

e
- -
‘.e. -? -

recorded. .ﬁr
5 This tesat sequenve 1is followed for each of thrue different shaking é-
(1D
o : frequencies, and for three inlet swirl directions (with rotor rotation,
i opposite rotation, and no rotation). Therefore, fifty data polnts are A
taken per test (i{.e. one shaking frequenocy and inlet swirl combinatlon), 3{
] W
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o
§
i ¥

L UL S I AL MR S\ S AR M o T L AL, S W & B e W A S e W

e A R U R KA R
W 4 AU AR O A
A A SO 20

=t




|

48

h
ﬁl with a total of nine tests (for small motion about a centered

position) made per seal.
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. | RESULTS v
, »;::
[5\:\ : The test results reported here were developed as part of an :?’;@
extended, Jjoint NASA-USAF funded research program for annular gas seal :‘ff',

\‘ ' studies, Tests were carried out on a smooth-rotor/smooth-stator seal , 5"»“3
.'l and a smooth~rotor/honeycomb-stator seal. The dimensions and pertinent ’3»“5
’ data for each are included in Table 1.  The honeycomb stator insert, i"’.:-'
; provic}ed by the Rookatdyne diviéion of Rockwell International, {s the ?’
‘ turbine interstage seal of the HPOTP (High-Pressure Oxygen Turbopump) of ‘;4'
?’ , the SSME (Space Shuttle Main Engine). Fig. 19 illustrates the honeycombd :’
configuration, ' 5'"

E ‘ The teost program had the following objectives: :»E,}j
p 1) Acquire leakage, fricticn factor, and entrance-loss data for gf‘o
| smooth and honeycomb seals. ;‘
: 2) Compare predictions from ourrent theory to test results, ::%;'
. 3) Compare the stability parformances of a smooth-rotor/ , §§§i
honeycomb-stator and a smooth constant-oclearance annular seal. ‘v‘“"

The Hirs coefficients for both seuls were determined in the manner ri‘.'

: described previously. The values of these coefficients are lisr:ed in g’r-f
Table 2. Relative roughness values based on measured Hirs coefficients 'g:

i as suggested by Colebrook [22] are also included. Colebrook's ;Ew:
. formulation, i
y (4 nargM®)=1/2 = =2 10g (((e/2C) / 3.7) * (2.51 / (Rgy4 nsRams ))) (23) i
¥ is a curve-fit of experimental data obtained for fluid flow through Eg;

{ pipes with  various wall roughnesses, The appropriate stator Ei:E:E

B coefficients are substituted to obtain the relative roughness (e/2C) .::g?r
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Table 1. Test seal specifications.

Smooth=rotor/
smooth stator

Rotor
siamotor: 15.136 om (5.9%9 in)
Material: 304 Stainless steel
Surface
roughness: 0.102 ym (4 uin)
Stator
Diameter: 15,283 om (6.017 in)
Material: 304 Stainless steel
Surface
roughess: 0,140 ym (5.5 uin)

Radial clearance: O0.7366 mm (29 mil)

Seal length: 5,080 om (2.00 in)

O SO R T T B TSP [

Smooth-rotor/
honeyoomb stator

14,483 om (5,690 in)

304 Stainless ateel

0.127 um (5 uin)

- 14,614 om (5.754 in)

6061-T6 Aluminum

1.57% mm (0,062 in)
Combd

0.8065 mm (31.8 mil)

2,540 om (1.00 in)
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nJ

Smooth=rotor/ Smooth~rotor/ O
smooth=stator honeyoomb-statonr iy

Hirs ccefficients X

E Table 2. Friction-factor data. . *ﬁ
5 Rotor na 0.187 0.187
"Rotor ms: ~0.333 -0.333 Ff'
B Stator ns: 0.187 0.187 i

Stator ms: ~0,333 =0.07178 g

Relative .
roughniess  c/2¢ '

Rotor: 1. hhx10~4 1, 4x10~4 i"'
o
Stator: 1. 4lx10mY 4,93x10"4 S*

; (Note: The relative roughness values shown are averagss over an axial 055
B Reynolds number range of 20,000 - 80,000.) M)
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values, It should be noted that friction factor data for honeycomb
seals have not been previoualy published.

The results provided here are grouped in static (leakage, pressure
distribution, entrance loss coefficient) and dynamio (rotordynamic
coefficient) seotions. A one-to-one comparison of the asmooth and
honeyocomb seal oonfiguration is precluded, however, due to differences
in aesl length, nominal clearance, and inlet guide vane configuration,
48 {llustrated in Figs. 12 and 14,

étatio Results. Figs.20 and 21 and Table 3 show a comparison of the
theoretical and experimental leakage through the seal for varicus fluid
prerotation conditions, The figures show the leakage at various
prossure ratios (reservoir pressure / sump preasure). In the table, the
linkazo has been averaged over all speeds and pressure ratios, and (s
presanted in ratio form (Theory/Experimont). The ocomparison shows that
for both the smooth and the honaycomb seal, leakage is underpredioted
for the non-prerotatod case. Conversel;, for fluld prerotation either
in or opposing the direction of rotor rotation, the leakage la
overprediocted for hoth seals. The maximum error (s approximately 7.5%,
oocourring for the smooth seal with prerotation in the direotion of rotor
rotation. Average error for the smooth seal is 1,7%, and for the
honeyoomb seal is 1%.

The pressure gradient plots are included in Figs.22-28, Fig., 22
{llustrates the negligible effect of running speed on the pressure
distribution in the sesl. This plot has ten curves (corresponding to
the tmn rotational speed inorements) plotted., This accounts for the
heavy lines which appear in some cases. This particular plot is of

the experimental data for the non-prerotated smooth seal case, however,
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Table 3. Theory versus experiment leakage comparison.

(Theory/Experiment)
Fluid prerotation Smooth=rotor/ Smooth=rotor/
direction amooth~stator honeycomb-stator

With rotor rotation 1.07% 1.047
(atandard deviation) 0.012 0.008

No prerotation 0.9684 0.9712
(standard deviation) 0.012 0.005
Opposite rotor

rotation 1.007 1.013
(standard deviation) 0.012 0.004
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none of the pressure plots show an} appreciable variation dus to running
apeed,

Figs. 23-28 show the thecretical and experimental pressure data for
each of the seals under various prerotation conditions. Due to the
absence of running speed dependence, only one speed ia plotted for ecach
inlet pressure ooqdition. The numbers on the plotted lines refer to the
inlet pressure, where | oorresponds to approximately 186.9 kPa (12.U
psig), and 2 through 5 correspond to 308,2 kPa (30 psig), Wu6,1 kPa (50
Plil); %84,0 kka (70 paig), and T21.9 kPa (90 psig), respectively, The
lovest preasure corresponds to unchoked flow through the seal, while the
others are ohoked. The ahapes of the pressure~gradient plots show
fairly good correapondence between theory and experiment, This to be
expeoted, however, since the Hirs' coefficlents wused in the anaiysia
oome direotly from the meusured presaures., The best agreement oouurs
for the non=prerotated flow {n both the smooth and honeyaomb seals. For
prarotated flow in either direction, the theoretical gradient is shifted
up slightly for both seal oonfigurations, This upward shift is partly
due to a total pressure ocorrection that {s made. When the flow i3
prarotated by the guide vanes, Lt 18 socelerated as well as turned, and
the measured statio pressure at the vane exit decreuses, This explaina
why the experimental plots show lower seal entrance preasures for elther
prerotated ocsse than for the non-prerotated case. Nelson'a analysis,
however, assumes that the supply pressure upstream of the seal 18 the
total presaure. Hence, the axia) component of the fluid velooity as {t
leaves the guido vanea ls used to caloulate an effective total presaure,
which 1s higher than the measured atatic pressure. This corrected

pressure jis then input ss the reservoir pressurs to Nelson's analysis.
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The entrance losa ccefficient, Kk, also may have scme bearing on the j&

| upward shift seen in some of the preasure gradient plots., Plots of EV‘
j& ! (k#1) versus axial Reynolds number are inoluded in Figs. 29-34, Ten sg
- experimental ourves, corresponding to running speed are plotted on each. f:i
y . Reocalling Deissler's ocurve fit cmployed by Nelson and plotted in Fig.3, ﬁ:
0 experimental results show loss terms (K+1) significantly higher than . ﬁ?
2 those prediocted for both prerotated honeyoomb seal caames. Agreement ;
F [ between theory and experiment {s fairly good for the non-prerotated ;
= cases for both seals. For the smooth seal with prerotation iﬁ the ;
! direction of rotor rotation, the loss coefficient is overpredicted, with : j&
] the bxporimontal results indialﬁing a negative K. ' :i
$ ! gxggggg_RoauIts. Dynamic tests were psrformed at shaking frequencies of ﬁi
. 58.8, 74.6, and 120,6 Hz., As was discussed in the Data Acquisition “'
i} seotion of this report, these freyuencies were chosan to provide the :
.& deslred sample rate and a steady trigger signal. The dynamic 233
y coeffioients obtained at the two lower frequencies are essentially the $§
same, At the 124.6 Hz shaking frequency, however, correspondence of the :;‘

data to that obtained at the lower frequencies is unsatisfactory. In }%

: % seeking to explain the discorepancy, teats were run to determine the ‘ Eg
| relative transfer funotion of the test apparatus. The plots in Fig. 35 ;*_
gy - show the results of these tests, and indicate a resonance of %?
"l the apparatus occurring at approximately 25 Hz (the drop in phase g@
V% ' difterence at approximately 45 Hz corresponds to a resonance of the <
,.&{ shaker support structure). As the shaking frequency is increased above %ﬁ
19'. this, the input force levels required to achleve a given motion ':\g’
& amplitude inorease rapidly. At the 124,6 Hz shaking frequency, ?%
j attainable motion amplitude {3 about 50% of that achieved at the éﬁ
i 5’:'
°.

%
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Fig. 33 Entrance-loss for honeycowb seal, no prerotation.
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Y
a 58,8 and 74,6 Hz frequencies. Therefore, one possible explaﬁatlon for . %3
, the poor agreement between the results is that as motion amplitude ﬁg

.}% f decreases, 8o does the force meusured by the load cells, and the %}

measurement system resolution suffers. !é-

o The plots of the rotordynamic coefficients are found in Figs. %‘3
? 36~43, Theae plots inolude both the theoretical and experimental data. ' ;ﬁ?
J The coefficients are plotted versus the reservoir / Sump pressure patio, 'T
% { and the solid lines correspond to the theoretical data. The i;

experimental results are indicated by symbols. The locgation of the gﬁ
ky symbols represents the average value of the ocefficient (averaged :&2
' over all of the running speeds) at each particular inlet pressure gﬁ
5 ' oondition, and the vertical lines drawn through the symbols signify the Sf
g* range over which they varied through the speed range. The test results \ g
. plotted here ware obtained by shaking the rotor with an amplitude of ,:T
W seven mils at T4.6 Hz, . %ﬁ
o Dynamic Results <« Smooth Seal. For the smooth seal, direct stiffness %%

(F1g.36) is overpredioted for the non-prerotated condition, and Tf"

underpredicted for both prerotated conditions. Best agreement 1a geen %{

' %' in the ocase for prerotation opposite rotor rotation, and the trend of gg

| increasing stiffness with increasing pressure ratio compares favorably. {;

X In the oross-acoupled stiffneas comparison for the smooth seal ?t
) (Fig. 37), theory overpredicts for both prerotation conditions, and §E
t underprediots for the atraight flow case. In every instance, agreement ﬂl;

' a becomes worse with inoreasing pressure ratio. The non-prerotated case ‘?E
shows a divergence both in magnitude and sign. It should be noted, *i%

g however, that the magnitudes for this case are significantly smaller ‘&&
than for either of the prercotated cases, éﬁ{
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!
Agreement between theory and experiment for direct damping (Fig.38) 3

is the mest favorable of all the dynamic¢ coefficients., Direct damping

for the smooth seal shows an inorease for increasing pressure ratio

across the seal, with theory overpredioting alightly for the case of
prerotation In the direction of rotor rotation. For the other :
prerotation conditions, the direot damping is slightly overpredicted at ;
higher pressure ratios. ‘ k
Cross~coupled damping (Fig.39) for the smooth seal generally shows :
agreement in the trends for the theoretical and experimental results. ;
For prerotation in and opposing the direction of rotor rotation, the g
theory underpredicts oross-coupled damping magnitude by approximately x
50%, but shows a sign oonsistent with the test data., For the a
non-prerotated case, the theor& predicts coeffleolients so small as to be ;
considered negligible. This is not inconsistent with the test results, f%
3 however, as the magnitudes for this ocase are significantly smaller than [%
. for either prerotated case. é
Dynamic Results - Honeycomb Seal. The honeycomb seal data, in :
general, shows the same correspondence between theory and experiment as !é

.ﬂ the amooth seal. A notable exception, however, 1is 1in the direct
, stiffness coefflcient (Fig.lo0). For both prerotated cases, the g
: predicted stiffness decreases with increasing pressure ratio, while the . ?
1 measured stiffnesses increase. This same predicted decreasing treﬁd is %
¥ shown for the non-prerotated case at the lower pressure ratios. E
3 In the cross-coupled ='iffness ocmparison (Fig.41), the theory 5
m' underprediots the magnitudes, but correctly predicts the signs of the '¥
f coefficients, For the non-prerotated case, the predicted st!ffnesses é
, are essentially zero. The relative magnitudes of the experimental %
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results for this same case in comparison to either prerotated case are ¥

also quite small, however. For prerotation in the direction of rotor . ;

f rotation, theoretical orosa~coupled stiffnesses are approximately 25% g
‘ less than  experimental ones. For - counter prerotation, theory ?
underpredicts by about 50%. . E

4

With the exception of the non-prerotated case, agreement between
theory and experiment is fairly good for the direct damping coefficients
(Fig.42) of the honeycomb seal. In the non-prerotated case, theory .
underpredicts the coefficients by approximately U6%. The prerotated g
cases show agreement to within approximately 10%. |

Theoretical results for the orosa-coupled damping coefficients N

(Fig.43) of the honeycomb seal are small enough to be considered 0
¥

negligible. In every case, the theory underprediots the coefficients by §

a wide margin. However, the trend of increasing magnitude with
inoreasing pressure ratio, as well as the signs of the coefficients, j
agree.

One method Ln whioch the dynamic coefficlients of the smooth and
honeycomb seals can be direoctly ocompared iIs through their respective X

non-dimensional whirl frequency ratios. Whirl frequency ratio is defined

whirl frequency ratio = k /7 CQ ,
where @ s the shaking frequency. This ratio ls a measure of the K

destabilizing influence of the crosa-coupled stiffness with respect to n

the atabilizing influence of direqt damping. Plota of whirl i

frequency ratlio versus running speed are included {n Fig.44, The smooth i

g

seal plot shows a small, positive whirl frequency ratlo over most of

PR

the running speed range. The honeycomb seal plot, however, shows a

negative whirl frequency ratio. The negative aign arises due to a
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44 Whirl frequency ratio for smooth and honeycomb seals.
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negative oross-coupled stiffness. This negative Kk oxerts a stabilizing

influence, resulting in a force which acta in the same direction as the

0

()

\

direct damping force. ;:
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ﬁ CONCLUSIONS =
i

. o
i b
he A seal-test facility has been developed for the study of various ,a:
A

types of gas seals. A method of determining rotordynamio coefficients J-

NE

- has been established, and consistent, repeatable results have been k
)

@ obtained. After some initial failures Iin the .test apparatus, Eé;g,
v

reliability has been satisfactory, and a oomplete set of experimental ;

: results can be acquired Lin a matter of days. i';—}.:
\ )
‘0

The experimental and theoretical results of the preceding section ' ::

. 3%\
@ support the following conclusions: , ':_P:j
5‘ (a) Theoretical results for leakage are oonsistent with test '«.71‘
A results, Slightly higher leakage ocours for cases where the flow i3 not N
]

: prerotated., Agreement bhetween theory and experiment Lls satisfactory, {Eﬁ?
| with a maximum error of approximately 7.5%. ..‘L.‘.
ol

,:{ (b) Experimental and thecretical results for the pressure M
| i
distributions and entrance-loss coefficients are relatively insensitive §:;

44
to running speed for the ranges (0-8500 apm) and seals tested to date. 1"

SN

(c}) The entrance-loss relationship (Deissler [13]) employed by ,1::';

. ’ 2
ﬁ Nelson is inconsistent with the test results for cases where the fluid ::.:
)a“‘

is prerotated. For all such cases except one, the entrance-loss {1178
E oocefficlent is underprediocted. :;’
,L
FR] (d) In the test results for the honeycomb seal, the steep entrance lf.:"
) W
pressure-loss seems to extend partially inside the srmal. Also, the ﬁ“
measured pressure at the exit of the seal generally equals the back .“'{
|\
pressure, rather than being greater, as 1s predicted by compressible ',;:“E

)

flow theory for choked flow. These same phenomena do not occur for the S

_:,

smooth seal, implying that perhaps the effective length of the honeycombd ﬁi

e
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seal is less than its actual physical length.

(e) Test results for the direct stiffness of both the smooth and
honeyoomb seals show muoh greater senaitivity to fluid prerotation than
predicted by theory. Prerotation of the fluid (in either direction)
results {n measured direct stiffnesses which are signifiocantly larger
than for no prerotation. Theory predicts the direct stiffness to be
relatively insensitive to fluid prerotation,

(f) Theoretiocal predictions of the influence of fluid prerotation
on orosg~coupled stiffness and damping are oonsistent with the test
results. In general, theory underpredicts the magnitudes of these
eross=coupled ooelficlents, while agorrectly predicting their trends
witﬁ respect to prerotation.

(g) Agreement between theory and test results for the direct
damping ocoefficients is favorable, For both the amooth and honeycomb
seal, direoct damping is largest for no fluid prerotation.

(h) Over the aspeed range tested, none of the rotoerdynamic
coefficlients show appreciable sensitivity to the rotational speed of the
rotor, This may be due to the lack of development of significant shear
forces in the seal. It appears that irunning speeds above those attained
to date may be necessary to produce significant shear force effeots.

(1) For the non-prerotated case, the smooth seal has a positive
oross~ooupled stiffness, while Kk for the honeycomb seal ls negative,
This negative oross-coupled stiffness, and hence negative whirl ratio,
indicates that the stability performance of the honeycomb seal is

more favorable than that of the smooth seal,
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ON THE PREDICTION OF INCOMPRESSIBLE FLOW IN LABYRINTH SEALS *

D.L. Rhode, J.A. Demko, U.K. Trssgnar, and §.R. Subolik
Mechanical Enginsering Dapartment
Taxas ALY Univarasity
Collage Station, TX

ABSTRACT

A nev version of a swirleflow finite differsnce
computer program was davalopad incorporating the receat
quadratic, upwind-weighted differencing echeme. It vas
enployed in predicting tha incompressible f£low within
sach of two simpls labyrinth seal cavity configura-
ticns. Close agrasment between pradictions and pre=
vious corresponding seal messuramsnts is shown for
verification purposes. The distribution of amch
quantity revealing the complate flow character for a
labyrinth seal cavity is presested and discussed hare
for the fivst tims. The sffect of seal cavity geomatry
on overall pressura drop is chown to Le sigaificaut,

In addirion, this investigetion comstitutes a

timaly evaluation of the QUICK comvective differencing

schems for realistic, highly oon-linesr turbulent flow
applications. Mo significant scability difficuliias
wers encountarsd. Morsover, the resulting incressed
accuracy allows an sccurate solution using considarably
fewer grid pointe than for the Bybrid upvind/centxal
schess, Cowputar exacution time consumed employing
QUICK vas only 44% of that for the Bybrid schems.

NOMENCLATURE
A = Control volume face area
¢ = Tooth clsarsuce
d = Radial diatance from cavity bass to
stator wall
k = Turbulence kinatic enargy
L = Axial length of seal cavity
Pe = Grid Péclet numbar
Q -~ Laakage volumetric flow rate
3 - Stator wall radius
Tah - Shaft radius
= Axial Reynolds sumber
Spe Sy « Components of linsarised source ters
Sy « Source term of ¢~equation
Ta = Taylor wamber
U = Tooth~claszance bulk axial velocity
Ve (uv,w =~ Tiss-ssan velocity (in x, r, @

direction)

1

W = Bulk swirl velocity

Xy ¥y & « Axial, radial, azimuchal cylindrical polar
coordinates

r = Turbulent axchanga coefficient

A - .Internodal mash spacing

c =  Turbulencs diswipation rate

) = Generalised dependent varisble

[ =  Tims-wesn density

v - Kinematic viscoeity

! = Shaft speed

Subsczipts

Bells8,W North, south, sast, west faces of a con-
trol voluma

“.’."w “o':h. South, East, West ““hbori"
grid puints

INTRODUSTION

%um saals play & vital role in gas and stems
turbines, comprussors, aud high-aapacity fual pusps.
In fuel pumps tha sesling objeative is gensxrally to
uinimine ths leskige flow arcond the impellers, vhereus
for turbines it is oftan to msintain & minimal leskagu
flow for cooling hot parts. The basic idas in the
design of a labyrinch scal is to provide a highly dis-
sipative flow path betwest high and low pressure re=
glons. This is accomplished by mesns ul s serias of
rastrictor teath and diesipation cavities. The flow
passage through a labyrinth {s {llustrated in Pig. 1
for & simple straight-thyough seal coufigursiion. EKEach
tooth comverts a portion of the svailable pressure head
into mean flow kinetic snergy, soma of which 1s dis-
sipated vithin the cavity imsediately dovustresa.

Nuserous investigators have axperimentally etudied
several gross overall flow charsctaristics of labyrinth
seals in sttempting to obtain empirvicelly=bused rela=-
tions for astimating tha leakage rata. A fav have
enployed incompressibla fluids [l-4] while others have

* Presented at the 7th Annual Energy-Sources Technology Conference (ASME, et al.),

New Orleans, La, Feb, 12~16, 1984,
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utilizad compressible ones [$=10), oftan at incoupres-
sibla flov conditions. The majority of these investi-
gations hive performed paramatric studias concarning
how pressure drop, ssal design, clearances, rotational
spaed, etc., affect overall performance. The results
of such studies can be used vith a fair amount of
accursacy for predicting the leakage rate through the
particular labyrinth seal that was studied. However,
vhan & labyrinth saal of & considerably different
design is considered, use of thasa empirically-based
ralations antails subatsatial error.

Accurata numsrical simulation of labyrinth seal
flowfields employing the governing differential
squations is relatively complicated and expensiva.

A recant computerimed literature search conducted by
the present authors indicated that only Stoff (1l1) and
Rhoda et al. [12] have reperted such an investigation.
Stoff's solution corrasponded to a very largs scale
experimantal water facility consisting of s straight-
through series of generic cavities as illustrated in
Yig. 1. Ea cospared a single radial profila of pre=
dicted waan swirl velouity, r.m,s. swirl velocity 'nd
turbulence dissipation rate with his corresponding
measursmants for an axial station midway batween
adjacent testh, A ssmple of thass messuremante vas
utilized in this investigation for exparimantal veri-
fication purposes (thess ara appareatly the only
detailed weasurements available), Rhode et al. pre~
sented several solutions, involving different grids
and convaction differencing schemes, clsarly illus=-
trating false diffusion numarical error effects on the
solution for compressible flow through a cavity of
unique configuration.

:Stator Housing

Fig. | Genaric labyrinth seal configuration

False Diffusion

Until recently the wort effective mathod for
avoiding instability in numericil solutions of com=
vection~dominated flows has been tha use of upwind
differencing for convection tersa. lNowever, this
first-oxder accurate schems introduces false diffusicn
(13], This is a secondeordsr truxcation ousarical
error vhich can, under cercain comditions, yield
serious consequances for solution accuracy. This dife
ficulty occurs vhare convection dominates (i.a. whers
the grid Pdalet number |Pe| ¥ [V|a/I'y exceeds 2.0) in
the presence of both streamlins-to-grid skawnsss sud
diffusive trangport normal to the flov direation.

Yalsas diffusion results in an overly diffusive
solution, Ia fact, soms solutions have besn ovbtaived
in vhich false diffusion has entiraly obscured phys-

Y b e P K AR o gt
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ical diffusion [14-15]., It is the turbulent recir-
culating typs of flow, such as that of the present
problem, which is particularly susceptible to this
phenomsnon, Grid refinement sufficient to allow cen-
tral differencing (i.s. vhen |Pe| £ 2.0) for comvec~
tion terms would circumvent this error., Howwver, cost
and storage difficulties would becoms severe for most
two=dimensional problems and prohibitive for threa-
dimensional ones.

Tortunately, two improved convective diffsrencing
approaches which minimize false diffusion have recent-
ly bsen propossd. Ths "skev upwind differsncing"
schema of Raithby (16] veduces skewnass arrors by
essantislly aligning the upwind differsncing schems
for convection terms along local streaamlines. The
racent QUICK (Quadratic Upstress Interpolation for
Convective Kinsmatics) schems of Leonard [17) elimi-
unates falss diffusion by inmcorporating a three=-point
upwind-shifted interpolation formula. Recent in~
vestigations by Leschsiner [18] and Leschainer aund
Rodi [19) discuss results uaing both QUICK and skew=
upwind differencing, indicating distinct advancages
over the hydrid upwind/central differencing schasas.

Although saveral applisation atudias [1l8=24]
have incorporated one or both of thess two recent
dchemen, wost of the flow problems considered thus far
are relatively easy to solva. HNence tha stability and
overshoot tendencies of thease two achemes remain to be
sufficiently challanged. Specifically, to the imowl-
edge of thase authora, only Laschsiner and Rodi (19]
aind Han et al. [22) have formally documsnted predice-
tions using QUICK for highly non~linear, turbulant
reacirculating flows. Similarly only Militser et al.
[24], Laschainer and Rodi [19), and Benodukar et al.
(23] have reported using Raithby's method for such
cases. The present problem is perhaps the most
challonging for stability considerations bscsuse of
the very high Re and the enhanced pressure-velocity
non-linearity dus to the prasencs of swirl momsntum.

NUMERICAL PROCEDURE

Gansyal Resarke

The numerical procedura employed in this in-
vastigation is based on that of the TEACH-2E computer
progran of Gosman and Pun (25]. The recent QUICK
conveative differencing schema of Lsonard, which 1o
dascribed below, ves implemented as & nev varsion of
the cuode. Other features include swix) mosantum and
its influence on wall functious as well as the
simulation of sloping wall boundaries. There are
several sethods of numarically simulating the sloping
cavity wall shown 4n Pig. 3(b). In the interest of
concapeual simplicity, the stairstep simulation ape
proach illustrated in Fig. 2 wis followed. BRhode st
al, [26] found thac, if carefully implemsnted, the

., exent arising from thic approximation is small ia

comparison to that of the turbulenca mndel.

The equations for this arxisymsetric
flow consist of consurvation of mass aud womentum
(with x, r, 0 valocity components u, v, v), as well as
tramsport equations for turbuleacs kinatic energy k
and turbulencs dissipation rate ¢. They may be
axpressed in the genaral form
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Fig. 2 Computational domsin for a labyrinth seal
cavity with a coarsse grid

whers ¢ rapresents any of the dapandent variables, aand
the equations diffar primarily in cheir final sourcs
terms 8¢ (27], It is the standard version of tha two-
equation ke¢ turbulence modal (28], extended to include
swirl womentum, vhich has baez employed thus far. The
corresponding finite diffarenca equations are solved
vis the SDIPLE semi=-implicit, ling=by=lina method
employing the tvidiagooal matrix algorithm. The
solution mathod advances, procassing ons column of
control volumes at & time, alvays swaeping in the
downstream divectiom. .

Boundary values at the cavity inlet are naturally
very important, but unfortunately wars unkiown, as
necessary quantitative flow messurements wers unavail=
able aven at & single osparating cundition. Dua to this
lack of inlet boundary data, for esch numarical iteras~ -
tion the inlet values of asch variablas (except pres=
surs) vere assumed equal to the latsat corresponding
outlet valuas. This practice implies tha preasence of
a series of geomstiically idemtical cavities and a
streamwiso periodic flow osourring dowustresa of the
firat two or thres csvitiss. The boundary treatsant
utilized along each wall employed the wall funation
formulaa for swirling flows (27). A special technique
of implemeuting these formulas was utilized for con-
trol volumes along the rotor in ordar to properly
account for the circumfarential velocity of the surfacs,

Diggret. on

The computer code originally embodied tha Nybrid
upwiod/cantral differencing schema for comvectiocn terms.
This formulation yields the upwind differemce trestment
vhen the grid Péclet number magnituds in a givea
direction exceeds 2.0; otherwise central differencing
is used. The falsa diffusion difficulty with the
first-order sccurate upwind portion of thae Bybrid
scheme motivated the use of QUICK. The QUICK scheme
yields a thivd-order sccurate diffarence equation whiah
is free of falsa diffusion, a sacond order trumcation
error. Raithby's skew upwind differsncing echews would
havs probably dispensed with false diffusion just as
effactively. .

W W

LR

)

PN

Following the approach of Gosman and Pun, tha
finite difference equation for each ¢ can ba obtained
by first analytically integrating Eq. 1 over the volume
of the appropriate micro-control volums using the Gauss
Divargence theoram. The result may be expressed in
tarns of the control volume face values. The con-
vaction and diffusion terms becows surface integrals

of the convactive and diffusive fluxes while the socurce

tarm is linearized. ‘This results in [23]

lous = Ty 314, - fous = 1, A,

+ love - T, %:"]n"u = love =T, %':'““0
- [sp‘P 4 SUIVGI

where subseripts n, s, & and v refar to north, south,
sast and west control volums faces, Thera are various
vays of evaluating the face valuss of ¢ in the convec=
tion terms using latest available valuss at neighboring
nodes. Each mathod of evaluation constitutes a dis-
tinct cottivaction differencing wcheme. The objective
of any method is to sccurately evaluste the convected
¢=value at aach faca of the sontrol volume while
avoiding the instability sssociated with high convac-
tion rates.

Observe frowm the illuscration in Fig. 3 that the
upvind schema is based on the unifors ¢~distridution

PN
Pw

Q)
m

3-]
(a) Upwind differsncing concept
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(b) QUICK differescing comcapt

vig. 3 Illustracion of (a) Upwind and (b) omIcx
differencing consepts for evaluacing ¢ at a
west control voluwe face with flow from left
to right
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.assumption in evaluating ¢ at any face.

Also shown is
that QUICK is baged on upstresa~shifted quadratic in-
terpolation for each control volume face. The wast
face QUICK interpolation sxpreseions using a uniform
grid for aimplicity are

‘" - %(‘, + 0") - %(‘P - 2¢w + ’w)

if u, is positive and

b " g b ) - g - 2+

1f u_ is negative., The first term in thess expres-
adonk repragents the centered diffaremnce formuls, asd
the sscond is the crucial stabilizing upstrusm-weighted
survaturs comtribution. Quadratic interxpolation was
incorporuted only for the convacted varisbla ¢ vharaas
ceantared diffevencing was appliad for thoa convecting
velouities.

This schema has bean carefully implesantad in the
convactiva terms of only ths wmentum squations.
Lescheiner and Rodi {19] hava supported this in ex-
plaining that solutions for k and ¢ wars found to be
unaffected by the convective differsccing schems,
espacially in the shear layer bordaring s rasircula~
tion sons. They attyeibuta this to the fact that the
source tarms of thass equations dominste comvective
transport within the influsntisl shear layer such as
that found in che pressat sssl problem,

RESULTS AND DISCUSSION

Ixperimancal Verificagjon

A computearised literaturs search irdicated that
orly the paper by Stoff [11] gives detailed quantita-
tive velocity weasurements within a labyrinth seal
cavity., Only the circumferentisl velosity component
is presanted; it vas measurad with a laser doppler
anemowater at & singls axial statiom, located midway
batwesn adjscent taeth, Thesa msasuramants wers
eaployad for praliminary verification testing of tha
current computer code.

Stoff utilised a large-scale test section modal
of a straight=through seal with vectangulsr cavities
through vhich vater flowed. It is assumed that the
flow conditions ars characterised primarily by the
axisl Reynolds number Rax @ 2Uc/v % 3.4 x 102 aq
the Taylor mmber Ta # (Wd/v)(d/rgp) ¥ 1.1 x 104,
Thees are hasad oni tooth=clearance bulk axial
velocity U, tooth clearancs ¢, kinematic viscosity v,
cavity bulk swirl velocity W, shaft radius rgh, and
radial distance from savity base to stator w d.

Figuxe 4 shows that predictions using the com~
puter code described above are in good agremment (62
discrepancy) with Stoff's corresponding measurements.
Further S Stoff'ecomputacion employed the sama numer-
ical approach and Rybrid differensing sohame discussed
earlier, and 4is pradictions are sssentially ideatical
to those shown heras,

Spepating Coundjticny

The operating conuditions of the two saala inves-
tigated herein are idestdcal. Liquid hydrogen at 42°2
entars & cavity with tooth-clearance bulk veloaity
U = 338 w/s. The primsxry dimessionless flow Ell‘l-
matars (defingd earlier) are: Rey = 1,0 x 10° and
Ta= 1.2 x 107, Other conditions ara: shaft speed
N = 35,410 rpm, ocavity axial length L = 1,113 wm,
scator vall radius R = 42.89 mm, tooth radial

0471 vy vy
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Comparison of prasent predictions (s==w————)
of dimensionless ewirl velocity with cor=
responding LDA weasuremsnts (0 0 0, ¥V ¥V ¥)
of Stoff [11) ac x/L = 0.8

Fig. 4

clesrance ¢ = 0,216 mm, radial distance from cavity
base to stator wall d = 1,105 mm, and kinvematic viscos=
ity v = 1,462 x 1077 mi/a,

A grid depandenue study was conducted and is dis-
cussed in detail balow. Convergenca taats using con=
vergance criteria as lov aa 0.05% wers undertaksn for
the norsslised sum of residual mass source magnitudes,
for exampla,

Stresnline Plotsy

Figures 3(a) and (b) show predicted diwensionlass
streamline pattarns calculatsd and plotted by cowputer.
The recirculation cell given in ¥ig. 5(a) is tha ex~
pactad result of & fres sheur layar flowing over a
cavicy, The predictions give to indication that an
Mmieul ssuall renirculation cell exists in tha
cordsr at the basa of each tooth. Yor the casa of
nagligible inlet (i.a. leakags) flow rate, & pair of
counter~-rotating Taylor-liks calls ars axpscted withia
the cavity. A predicted velocity vector plot of this
flowfiald is presented by Stoff, NMs also shows a
similar plot for the case of small inlet flow rate
U/W o 0,06, That cass exhibits both recirculation
calls, the upstream ona baing extended downstresm naar
the fres shear layer, and the other occupying only the
lover wvight -hand aovner of the ractangular cavity.

Also observe in Fig. 5(a) that the dividing
streamline exhibits a reattacimant stagnation point
slightly below the periphezal corner of the downatrasm
tooth. This in also true of the typicsl cavity dasign
as seen in Fig. 5(b). The oredicted racirculation
streugth for the typical design is approximately 29X
nf the leakage flow rata, vhareas it is 39X for the

" genaric cass.

Profile Plots

Many quantitative details for tha flow fiald in a
labyrinth cavity are not found elsevhers, particularly
concerning the inlat boundary valuas:, Therefore
ousecous radisl profiles of each flow variable axe
included here. Yor velocity predictions, threes
separate solutions are shown, employing: (a) the
QUICK formulation with a 33 x 31 grid, (b) tha lybrid
formulation with & 33 x 33 grid, and (¢) the Hybrid
formulation with the 33 x 31 grid. Both grids are
uniform for comparison purpcsea. :

All the data presented hara vas calculated and
plotted by computer. Figures 6, 8, and 9 axhibit the
distribucion of predicted axial, radial, and swirl
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(4) Genaric cavity

¥/0
(b) Typical cavity

Fig. 5 Prediuted dimensionless stresmmline pattsrn
for: (s) a generic and (b) a typical
labyrinth seal cavity

velocity valuas, whersas ¥ig. 7 providas a wagnified
view of a portion of Yig. 6 for Aetailed iuspaatiou.
Figure 6(a) shows the dimensiouless wesn axial
velocity distribution for the genexic cavity. The
axial velocity values of the thras solutions given are
in agreemant. These solukious indicate that & very
large value of Bu/dr ocorxs neaxr the separaticy core
ner; this is indicative of high turbulence energy
gonarition in che free shear ayar,

Tha magnified view (wich expandsd velocity scale)
of Fig, 7(a) veveals that, indeed, tha 33 x 31 QUICK
and 33 x 33 Hybrid solutions are essentially identical.
This indicates that both solutions sre acourate and
that the QUICK formulation has been correstly imple-
manted. The 3J x 31 Hybrid and 53 x 33 Hybrid solu-
tions diffar very alightly.

The axisl valocity distribution for the typical
cavity in Pig, 6(b\ is very s/milar to that in Fig.
6(a). The mout sigaificant differencas appear at
x/L » 0,33, hoth in the fres shsar layer and ia the
lower extremity of the cavity., As with the gensric
cavity, the magnified view in Fig. 7(b) cleat)y shows

u/\

(a) Ganeriac cavity
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.‘ + lb‘ 0“ 0‘ I“ '“
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NN

Wy

(bs Typical cavity

Predicted disansivnless mean axial velocity
for (n) a genexric and (b) & typical labyrinth

sesl cavity showing 33 x 31 QUICK ¢

Y

53 x 33 Hybrdd (- o), and 33 x 31

Hybrdid (so———n wwe comenm) golutions

that tha 33 x 31 QUICK and the 33 x 33 Hybrid solu-

tions of arial velocity ara nearly identical.

Note

that in this case tha 33 x 31 Hybrid solution is not

srid independant in cha fres shesx layer.

The axial
velocity valuas of this svlution deviate from those of

the other two soluriona by as wuch as 20% of U.
Chsarve at this point thst the QUICK approsch =
48 implemaated heve ~ exhibits a major esvonomical

advantags over the Rybrid approach.

In obtaining &«

gvid independent solution, utilization of the Bybrid
uzhod requiras 53 x 33 grid points (consuming 1.79 x
10% CPU saconds on a Prima 7350 computer), vherass
utilisation of QUICK soquitu only 33 x 31 points

(ueing only 7.79 x 109 CPU saconds),
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Fig, § Pradicted dimensionless mean radiasl velocity w/r‘ha

for: (a) a genaric and (b) a typical
labyrinth seal cavity sLowing 33 x 31 QUICK
(semene) , 83 x 33 Bybrid (-mes=e cowme.) and
33 x 31 Hybrid (e e ceewa) golutions

v
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- (b) Typical cavity
¥ doc:;ua at ooutriction: : flow area. The variaticn .
of flow axes is indicate the dividing streanling
' in Pigure 3(a). A sharp positive pressurs pask, which rg. 9 :::?“::? :m?:: R:‘.':;‘:i‘:;““w
0 oscurs in an snoular fashion near X/L » 0,45, results Labyrinth seal cavity showing 33 x 31 QUICK
] from the flow stagnation on tha downstresm tooth. The ¢ ), 33 x 53 Hybrid ( ) and
. rasulting ovarall prassurs drop from inlet to outlat 1Bx ‘;““ P — ) solueisns
al of this cuvity at the uc!od conditions is predicted N i
1. as approximacely 6.0 x 10 dkh. Only the 33 x 31
QUICK solution is presented hare, as values fruu the
: over tha downatream tooth, The predicted bulk
Othar, Swo teluticns show insigaidicant devission- prassure crop for this qavity is approximstaly 8.0 x
N cavit “’m'“:; ? s 'w(w to exhibi -uﬂu 10¢ kPa, an ingresss of 33X from the [enmaric geomatry,
| 4 is. Henos, apivt from rotordyunamic stabilin; counsidera-
! trends. Howevar, leakags flow prsssurs variss in the " the typlcal design is thersfors preferred over .
attewmwise direction much more gradually for this <ts ';“r“ counterpart,
:::::fyp:::ﬁx:b:::r:ﬁ.: :;:z.u:m;.:hun: for tha As mantioned earlier, the large valua of Su/dr in
:o‘ genaric cass as the flow ares constricts in passing the fres shesr layer yields & high generacion rate of

N N A R Y R SN FTE O O O o O T I o0 PO T v PP oy W VI VT T P T T --u-t-nu“\- Py




=
R 55,
==

i
B
.«
: : x/L LN
. - x/: o . . .6 .56 .5 .66 .0 1. n""-
w . . e . , . . . . 1. :h‘!‘( .
vg o] ) _ AL > _ ;“
3 » V-
W i S AT v e
Yy R Ny f . r/R l‘q‘
% RS . " ]
w | o
8¢ %0 A
L) W)
A
R { A \ N 78 0
. . ) i)
» w - 1 . l;:;
PPy v . k/U2 X 20 8"
$ol ' d
& (a) Generic cavity -
. L@ .
: 2.
(a) Ganeric cavity : , IFi“-
B . '
RA %A . %
B BN B RS 1 58 8 .08 A8 1, "'
s i, ' . L'
o
Wi Wiy
,.:( (R SN e S R TR ! 55
Wi 1. a“:.
\
u“ 3 a)n‘
i e r/R -.e\‘:.‘
! [ . +8 ""‘"
. o~ . £~
r/R 90 M
. - Ny
% s A
| ™ “ Al r M . .‘\?
L,/ | & I
' 7% b
~ kit X 20 A
. 9
Pep (b) Typical cavity |,|;
o X 10 , g‘:‘
l:g *OU A5
. 3
¥ig, 11 Predicted Jimensiouless turbulenae kinetic M"
wasrgy fari (g) a generic and (b) & KN
. (b) Typlical cavity typical labyrinth asal cavity showing the wi
g. 33 x ) QUICK solution 2,
rie 10 ::::::::df:ﬂ (3'%.::..:“ ﬁ“(}s‘. genaric cass, The grestest value odcurs i both crses 0
typical labyrinch sesl cavity showing tha usar the resttesbasst stagustion point. L eignificant L
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AL
tims for the present QUICK version of the cvde is only for both seal designs are almost uniform throughout x
q 44% of that required by the Hybrid version. This s the entire dowsin, Thay are 0,65 and 0.69 for FPiga. N
y mostly actributed to the wall known apparent sluggish 9(a) and (b) respectively. Not shown ia a very “&%
response to grid refinmment of the upwind portion of sharp gradient nesr esch surface. All thrac solutions o
the Hybrid scheme. As demonstrated by Maam et al. [22), sive sssantially the sams swirl veloocity valuss for ,
this lack of rasponsa is actuslly a falss diffusion the genaric design while the 33 x 31 Hybrid solution
affact, is not quite ?m indepacdent for zhe typical casas. O
As expected, thara is nepligible mesn radial Yigures 10(a) and (b) show the distribution of W\
valonity in the lesksge flow region of the yanaris pressura relative to the aavity inlet stator wail pal
cavity 48 sees in Figs, 8(a) apd (B) amaspt nasr presaure Poy. In the laakage flov region of the
the stagnation point on tha domarrsam tooth. Besl genaric cavity, pressure decreasss in the itremswiss
dasigners can perhapy raduce this leskage contributivn direstion ustil about x/L = 0.3, Then it incresses
by alteriug the tooth shape at this location. RKssen~ slightly until spproximately x/L = 0.78, whareupon .
tially the same valuas result frow the threa solutions. it suddenly decresses as the flow accelerates ovar the
' The swirl veloaity in Figs. 9(a) and (b) 4is norwalized downstresm tooth., This pressure variation (s a
s by the shaft circumferencial velocicy. The valuae reflestion of tha Barnvulli effect of prassure
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rinth seal cavity is documented here for the first
tima. This servas to provide saal designars with new
insight regarding important flowfiald details, Thasa
results further allow ons to advancs the dmloplu:
of simpls espirically-basad algabraic design models in
current use. One result of particular interest in
this regard is that, for similar cavitias, ths dimen~
sionlass swirl valocity may be accurately spproximated
by a uniformly=distributed valus of 0,69, Adother
inportant finding is the shape of the dividing stresm-
lina and how it influsnces laskage flow prassure
variation.

The numerical aspect of this investigatisn con~
stitutes & timaly and stringent test of the iaherent
stability of QUICK for a realistic aspplication. The
flows considared hars are highly nonlinsar, as the
prasenca of swirl momentum is koown [26] to increace
the pressure=valogity coupling considerably, As
isplemsnted hare, QUICK contributed no noticeabls
stability difficulty for each of savaral such highly
nonlinear turbulent flow problems. Moraover, for a
given level of accuracy, this varsion of the cods
consumed only 44X of ths exscution time required by
tha Hybrid versiom.

ACKNOWLEDGMENT

These rasults were obtainsd as a by=product
of a fundamantal study for which the financial
support of AYOSR is gratefully acknswledged,
REFERENCES . .

1. Jeris, J., "Flow Through ll:umc-nroub Laby~

rvinth Seals,” Procu In:u'-
nagjonal %n [ c ) ol,
v PP

2, Han, J.Tss "A Fluid Mechanios Model to Estimate
the Leakage of Incompressible Tiuids Through
Labyrinth Seals," ASME Papar No. 79=FI=4, 1979,

3. Isaacson, J., "Pump Impaller Lahyrinth Seal
Study," nnn-m-aoxz. Des. 4, 1937,

4. Yauwads, Y., "On the Pressure Loss of Flow Batween

Rotacing Co~Axial Cylinders with Rectangular
Grooves," 0 s Yol. 3, No. 20,
1962, PP - .

5. Martin, H., "Labyriath Packings," Encinesping
Vol. 85, Jan. 10, 1908, pp. 33-38. '

6. BStodola, A., %W. 6th od.,
mo'w-mln Qds iy ' PP 194,

7. Garcka, M., "Plow Through Labyrinth Packing,"
Mechanicel Eogineer, Vol. 56, 1934, pp. 678-680.

8, un. A.. “The Laakage of Steam Through Labyrinth

5. + Vol. 57, 1933,
PP u

9 Kaarcon, "-. and “h. ‘l'.. “m'. of Adr 'l‘llN\l.h

Labyrinth Glands of Staggered Type,"
y YO,

sy PP »

10. 8Stockar, H.L., "Advancsd Labyrinth Seal Design
Performance for High Pressuxs Ratio Gas
Turbines,' ASME Papar No. 73-MA/CT-22, 197%.

1.

12.

13.

14,

13,

16.

i7.

18.

19.

20,

21,

2.

23,

24,

4 \MQ&\JM“\}“W Bl A1 Vv ANSIARANT VAN VAN ARV

Stoff, H., "Incompressible Flow in & Labyrinth
Seal," JL. Fluid Mach., Vol. 100, 1980, pp.
817"8290

Ihodt. D. Lo. sob011k| $.R. and h“n.r. ul:l.
"Prediction of Compressibie Flow in Labyrinth
Seals," 36th annual weeting of the American
Fhysical Society, Nov, 20-22, 1983, Houston, TX.

Roache, P.J., Computatiomal Fluid Dynamics,
Harmosa, Albuquerque, N .
Da Vahl Davis, G. and Mallinsen, G.D., "“An

Evaluation of Upwind and Central Differenca Ap~
proximations by a Study of Racirculating Flow,"

Sowpugers and Tluide, Vol. 4, 1967, p. 29,

Leschainer, M.A., "On the Problem of Numarical
Diffusion in Pirst«Order Yinite Differsnce
Schemas Appliad to Free Recirculating Yiows,"
Proceedings of the 2nd GAMM Conference on
Numerical Mathods in Fluid Mach,, Cologue, Tad.
Rep. of Germany, 1977.

:u:hbyhc.n.. "l;.w Up\rri.n:dngnrncm lnhu\-u
or Probless Involving Flu o ' .
Appl, Mach. Eng., Vol. 9, 1976, p. TR tarhe

Leonaxd, 3.PF., "A Stable and Accuvats Convective
Modelling Procedurs Based on Quadratic Upstrasm
Interpolation, " %Hm.mm-
Vol. 19, 1979, pp. =98,

Leschainer, N.A,, "Practical Bvaluation of Three
Tipite Diffarence Schemes for the Computacion of

StSady~Stata Raciroulating nou."'c._sﬁ- . Maths,
Appl, Mch, Ing,, Vol. 23, 1980, pp. 233312

)
Laschriner, N.A., and Rodi, W., "Calculation of
Attkular

and Twin Parallel Jats Using Various
Discretization Schemes and Turbulence-Modal

Variations," %&Mﬂlog Vol. 103,
“M. PH. ,52" .

“11‘:‘. Ay and 'm‘ ALy ’“. Calculation of
Sowe uﬂur Flows Using Various Discretimation

Schemes," Hoch, Epg:s Vol.
My 1900, mrpR A

‘l“‘. P.G.. W“g ..l-| and L.lmmt. ".Al.
“"Disoretisation of None-Linear Conveation Pro=
cesses: A Broad Runge Comparison of Four
$nhemes," Report T¥YD/83/1, Mach. Engr. Dept.,
Univarsity of Manchaster, Manchester, Fogland,
1983,

llll. T.. uﬂwht.y; J.AC. and w.l'. .I‘II
"A Comparison of Hybrid and Quadratio=Upstresm
nummm in High Reynolds Number Elliptic
Tlove,' Wﬂn_mhm._mo- Vol. 29,
1984, pp.

M‘Mp lu"ln uw‘. ‘O!’l... “w. AJD.
avd Ises, R.I., "“"Numarical Prediction of
Tuxbulent Flow Over Surface Wouuted Ribs," ASME
paper 83-ri-13, presented at the 198) Applied
Mechanics, Bloenginsaring, and Yluids Engr.
Conf,, Juma 20-22, 1983, Houstow, TX,

Militser, J., Nicoll, W.B., aud Alpay, 8.A.,
"Some Observations on the Numerical Caloulation

:‘\'}l 1& 1\"-‘1. ‘L\:m




@ of the Racirculation Region of Twin Parallel '
Symmatric Jet Flow,'" Procasdings of the First i \
Symposium on Turbulent Shear Flows, Pson. State NS
Univ., Apl'ﬂ.. 1977, ‘|‘
H 25. Gosman, A.D,, sud Pun, W.M., "Calculation. of

Recirculating Flows," Rept. No. BI8/74/2, 1974, Ly
Dapt. of Mach. Engr., Imperial Gollegs, London, )
| Ingland. ';
é 26, BRhods, D.L., Lilley, D.C., and McLaughldin, D.K., '
"on the Prediction of Swirling Flowfislds Yound s:-
in Axisymmstric Combustor Gaomstries," J1, . W)
E l'lu!,g acao. Vol. 104, 1982, 11- 0 378=384., ‘T
T 27, ulll,. D.G., and Rhode, D.L., "a cmc.f Code ' '{
for Swirling Turbulent Axisymmexric Recireulating "
i Flows in Practical Isothermal Combustor L#o~ u
. @ natries," NASA CR-3442, Teb. 1982, o
‘ 28, Launder, B.E., aod Spalding, D.B., "The Muserical ' o
Compucation of Turbuleat Flows,' \'mp. Msthod "

{;Atol. Hach: sod Eayk.s Vol. 3 TBrcm
) ﬁ Bt , )i
i J L,
b

DXy

el
P,

oy

A )

=

o

2

Tt

N
S~
T

== =3

10

22
T XTI
I

s

,?. ji.'\\
Bt A T RART S AN L T ) ML T O AU M A T A B R P B N g e 1:"_‘,;{'




