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The overview Panel-1 provides a development history of various phases of our interactive
seals/secondary/powerstream flow fields with emphasis on the numerical computations instigated
by the experimental testing in the YT-700 engine program. The panel summarizes the solver,
model and grid along with the results and impact on the industry. Selected references provide
more in-depth resources and the viewgraph numbers relate to the terse textual materials.

When changes are made in an engine, the interactive effects between seals, secondary flows and
powerstream flows are often considered minor or neglected. But what really happens when for
instance you make a significant change as the CDP seal or perhaps even a minor change in the
interstage turbine cavity seal? The results can be very enlightening and range from very positive
reductions in SFC to catastrophic failure with losses of aircraft and lives of pilots.

YT-700 Compressor Dlscharge Pressure Seal Test
(Panel-2 provides an overv1ew of the operating conditions and results)

Consider the case of changing the CDP seal in a YT700 engine ( fig. 1) from the forward facing
S-tooth labyrinth (knife) seal (fig. 2) to a dual brush seal of standard Cross construction , i.e.,
2.8mil Haynes 25 bristles, 2500/in-circumference, free length of approx. 0.38 inches (fig. 3). In
this case the leakage was cut in half, the SCF decreased well over 1%, the pressure ratio across
the compressor increased - in short flows throughout the entire engine changed (fig 4) . So here
is a case where by making a rather benign change in the CDP- seal it changed the secondary flow
distribution and the power stream flows. That work initiated investigations into the benefits of
interactive seals secondary power stream systems. For relatively minor investments, significant
gains can be made.

UTRC Large Scale Test Rig
Panels 3-9 background, numerical methods, code capabilities, problem descriptions, flow
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- conditions, boundary conditions, a description of test runs

To illustrate some of the steps taken to understand this interaction, consider the UTRC similation
of the SSME HPFTP (fig. 5) with multiple cavities , purge flows, power stream simulation
modeled to assess how the flow threads through the system, purge flows, ingestion effects and
cooling within the pump. CFD studies with a single cavity were unsuccessful in prediciting data.
It wasn’t until the entire multiple connected cavities and purge flows were coupled and gridded
(fig. 6) with the power stream at the inlet of the first stage turbne and exit of the second stage
turbine that the proper experimental BC’s could be satisfied. Streamlines show how the flow
threads through the system (figs. 7, 8(a), 8(b)) The interactive effects of purging, ingestion and
the powerstream shown were illustrated by CO2 injection (fig. 9). Ingesting of the power stream,
intentional in this case, became a major result to illustrate why single cavity predictions were
unstatifactory(fig. 10) - the reason is apparent when the ingested powerstream partly exits at the
low pressure side of the first stage turbine, and a significant portion flowing through the interstage
cavities to exit downstream of the second stage turbine. With this understanding, several other
programs involving variations in rim sealing as the UTRC single stage turbine program were
investigated. Panel-10 compares mass flow rates for selected runs at four seals and three purge
cavities.

The Allison T-56/501D Turbine

Panels-11-15 give the problem simulation set, the characteristics, flow and boundary conditions,
and computational grid.

It was necessary to determine the effectiveness of multiply connected cavities. The T56 501D
trubine configuration was gridded (fig. 11) and CFD calculations carried out. The results were
both enlightening and in good agreement with design data. . However more realistic conjugate
heat transfer was added and hot spots to 150F over design data appeared (figs. 12 and 13), with
some results on panel-16, giving some warning signals. Doubling seal clearances strongly
effected leakage and temperature (figs 14 and 15) with a design/prediction results on panel-17.
Further, prelimary inclusion of decouped strain in a model rotor (fig. 16) signaled potential disc
warpage problems both of the disc and rim seal interface (figs. 17 and 18).

Rim Seal Ingestion - Four Basic Configurations

Panels-18 and 19 give an overview along with parameters and conditions to be compared. The
UTRC cavity model (figure 19) illustrates the major parameters along with purge locations.
Vector plots and comparisons of computations to data are illustrated for each of the four rim seal
configurations (figs. 20-21). Panel-20 provides data/computation comparisons. The interaction
with the power stream in terms of purge effectiveness of four different rim seals for planar
averaged flows show good agreement with the data. Displacing the rotor 1/2-rim seal thickness
caused severe heating in the clearance gap (step up) and along the platform (step down), (fig. 22).

Unsteady and Rotordynamic Effects

Here are shown the CFD results of Hah. The grid (fig. 23) and Mach number of time average
flows(fig. 24) and pressures (fig. 25) for another UTRC seal cavity configuration. While these
illustrate the highly interactive behavior of the seals secondary and power stream flows, they are
for a single stage turbine.
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T-56/501D turbine transients simulated using a simple step jump from high-speed ground idle to
takeoff showed little if any ingestion for this turbine and purge flows (figs. 26,27).

Unsteady and unexpected flow fields such as occur in this whriling annular seal. The geometr;y
and typical conditions are given on Panel-21. The computational geometry is shown (fig. 28) and
the numerical and experimental results (figs. 29-31).  For this seal, the flow rotates nearly 270-
degrees from the inlet large clearance zone to the exit small clearance zone. This effect was also
noted in early SSME LH2 seals testing. In these calculations, the low Reynolds number model
may be slightly better. In a unique study by Prof. Morrison (Texas A&M Univ.) turbulent stress
parameters were measured with a 3-color LDV. Typical results include detailed studies of
labyrinth seal cavities with tangential velocites (fig. 32) and turbulence kinetic energies (fig. 33).
For rotors whirling twice the rotational speed with zero eccentricity, the pressure field appears
periodic with the rotor (fig. 34); at an eccentricity of 0.7 and 2.5 times the rotor speed, the has
more of a piston effect (fig. 35). '

Honeycomb and Brush Seal Simulations

CFD simulations of honeycomb test results from Texas A&M are summarized in panels-22 and
23. The assumed symmetrical grid is (fig. 36) with velocity vectors (fig. 37), and static pressure
variations (fig. 38). The conditions for these figures revealed no unsteadiness, yet the data
showed large pressure fluctuations - which by the way are simulated by a simplified model.

CFD simulations of flows in brush seals, panel-24, reveals large variations in surface
temperatures when flow rivering occurs due to mis-tufting of the bristles (fig. 39).

Vortex control studies

Lid driven cavity studies, Panels-25and 26, illustrated the generic nature of vortices formed under
conditions simulating axial turbine or compressor row. The potential for control of these vortices
appears feasible, yet requires addition of clockwise or anti-clockwise vortices (fig. 40).

Inlet distortions degrade performance of the entire turbomachine compressor. Extensive work by
Anderson is summarized as Panel-27. Distortions are often resolved by placing a swirl device in
the flow, such as a swirl brake in the case of labyrinth seals, or by jets or fin arrangements as
shown here(figs. 41 and 42) for the engine inlet duct. These distortions must be known and
controlled. Anderson, working with DRA in England, has predicted distortion effects in an S-
duct as illustrated (fig. 43). The numerical/experimental comparisons are shown here for
M=0.44(fig. 44) and M=0.8 (fig. 45). These dynamic effects are currently under investigation.

Time Resolved Flows
Coupling the codes TURBO and SCISEAL , Panel- 28, with a flow chart, Panel -29, will provide
the intreactive time resolved solution of mutiple cavity turbomachine components. The proposed

workscope appears as Panel-30. A description of the codes SCISEAL and TURBO are Panels
31-34.

AST program overview
The AST program goals, projects, and proposed funding(fig. 46) have been designed to enhance
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our understanding of the time resolved interactive behavior of interactive multiple cavity flows
from the shaft to the shroud of a turbomachine. CDP, balance-piston, interstage, rim, face/brush
seals, and active tip clearance control are under investigation(fig. 47). For example, the GE
program is investigating large low leakage robust sealing; Allison is investigating face sealing of
CDP for example; UTRC is looking at the turbine rim seal. Program funding projected to the
year 2000 will provide validated tools and data bases for current and future engine programs with
/the overall goal of reductions in cost and SFC, Panel-35, with enhanced reliable engine life “on
the wing.”

FIGURES

Figure 1. CDP seal in a YT700 engine

Figure 2. CDP 5-tooth labyrinth (knife) seal

Figure 3. CDP dual brush seal of standard Cross construction

Figure 4. SCF-Power labyrinth to dual brush comparison

Figure 5. UTRC similation of the SSME HPFTP

Figure 6. Gridding SSME HPFTP Simulation

Figure 7. Streamfunction - Regions I, I

Figure 8(a). Streamfunction - Regions IIL,IV
Figure 8(b). Streamfunction - Regions ILIV no scale, for overlay

Figure 9. F1 purge concentrations

Figure 10. F4 powerstream concentrations

Figure 11. T56 501D Four‘Stage Turbine

Figure 12. T56 501D Four Stage Turbine Streamfunction

Figure 13. T56 501D Four Stage Turbine Temperature

Figure 14. T56 501D Stage 1-2 Disk Cavities streamfunction at two seal clearances.
Figure 15. T56 501D Stage 1-2 Disk Cavities temperature at two seal clearances

Figure 16. Simulated rim seal cavity for thermomechanical behavior
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Figure 17. Simulated rim seal cavity thermomechanical behavior- streamfunction
Figure 18. Simulated rim seal cavity for thermomechanical behavior - temperatures
Figure 19. UTRC data- four rim seal configurations

Figure 20. UTRC data- four rim seal configurations - velocity vectors.

Figure 21. UTRC data- four rim seal configurations - numerical/data comparison.
Figure 22. Displace rotor rim-seal temperature effects.

Figure 23. UTRC cavity flow (Hah)- grid

Figure 24. UTRC cavity flow (Hah)- Mach number

Figure 25. UTRC cavity flow (Hah)- pressure

Figure 26. T56-501D 1-2 Disc Cavity grid

Figure 27. T56-501D 1-2 Disc Cavity -step jump - thermal effects

Figure 28. Whirling annular seal geometry and transformation

Figure 29. Whirling annular seal normalized axial velocity contours- numerical

Figure 30. Whirling annular seal normalized axial velocity contours - experimental
Figure 31. Whirling rotor normalized pressure distribution- two turbulence models and data
Figure 32. Whirling annular seal tangential velocities for a labyrint seal.(after Morrison)
Figure 33. Whirling annular seal kinetic energies for a labyrinth seal. (After Morrison)
Figure 34. Time dependent perturbations, O-eccentricity, whirl = 2 x rotor speed
Figure 35. Time dependent solutions, 0.7 eccentricity, whirl = 2.5 rotor speed

Figure 36. Flow domain for honeycomb grid.

Figure 37. Velocity vectors in honeycomb configuration

Figure 38. Static pressure within the honeycomb configuration

Figure 39. Brush seal simulations
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Figure 40. Lid driven cavity vortex injection studies

Figure 41. Inlet duct and fin arrangements (Anderson)

Figure 42. Inlet duct and fin geometries (Anderson)

Figure 43. Inlet S-duct grid (Anderson)

Figure 44. Inlet distortion predictions, DRA data M=0.44 (Anderson)
Figure 45. Inlet distortion predictions, DRA data M= 0.8 (Anderson)
Figure 46. AST Goals

Figure 47. Seals Locations and project description

PANELS

Panel-1 Overview of programs, models, grids, solvers, reuslts, impact, reference, figures
Panel-2 YT-700 Engine test overview

Panel-3 Disc cavity flow similation, background

Panel-4 Numerical methodology for SCISEAL

Panel-5 Capabilites of SCISEAL

Panel-6 Description of problem UTRC large scale rig

Panel-7 Flow conditions for test

Panel-8 Boundary conditions on simulation

Panel-9 Test run parameters

Panel-10 Seal mass flow rates numerical/ experimental simulation of SSME - HPFTP
Panel-11 T56/501D Four stage turbine simulation

Panel-12 T56/501D Characteristics and parameters

Panel-13 Flow and boundary contitions for simulation
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Panel-14 Modeling parameters

Panel-15 Grid and boundary contitions

Panel-16 Comparison of numerical and design data for T56-501D four stage turbine
Panel-17 Comparison of numerical and design data for clearance of 0.012-inch and 0.024-inch.
Panel-18 Rim seal ingestion study overview

Panel-19 Purge and rotor parameters and boundary conditions

Panel-20 Comparison of numerical/experimental data for four rim seal configurations
Panel-21 Whirling annular seal conditions

Panel-22 CFD Simulation of honeycomb tester ( insufficient storage, and time )
Panel-23 CFD results and summary of honeycomb simulation

Panel-24 SCISEAL brush seal clearance characterization

Panel-25 SCISEAL simulation of lid driven cavity simulation blade-shroud effects
Panel-26 Co- and conter- rotation vortices placed near suction and pressure sides
Panel-27 Inlet distrotion overview (Anderson)

Panel-28 Features of SCISEAL and TURBO codes

Panel-29 Proposed flow chart for parallel execution of codes SCISEAL and TURBO
Panel-30 Proposed scope of work for combining SCISEAL andTURBO

Panel-31 SCISEAL and TURBO features

Panel-32 TURBO applications (Janis)

Panel-33 TURBO release specifications (Janis)

Panel-34 TURBO future releases (Janis)

Panel-35 Potential SFC gains seals/secondary flow program
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Topic Solver Flow Model Grid
Resolution Dimension

Results Impact Selected  Viewgraph
References Number

1. T-700 Engine 1% Full Scale CDP Labynmh Seal SCF decrease >1% Initiated investigations 94-GT-266 1 Geometry

Test Groundidleto Replaced by Dual  Pressure ratio increased  of interactive seal/ 2 Labyrinth -
Full power Brush Seal Changed flow secondary/powerstream 3 Dual Brush
765F ; 530 fps throughout engine multicavity flows 4 SCF vs HP
2. SSME Simulation 0.5% Axisym 20k celV/ 52 block Simulate powerstream  Interactive seals/power/ 95-GT-325 1 Geometry
HPFTP UTRC Large NS.+ Body fit coord. multiple cavities/seals  secondary flows are 2/3 Streamlines
Scale Test Rig Scalar flows, purge flowsand  required to validate Stage 1 &2
SCISEAL transport fluid ingestion - code  code/experimental 4/5 CO2 purge
validation results results ~ F1&F4
3.T56-501D Engine Planar Axisym 91 k cell/140 block All multiple connected ~ 4-stage gas turbine 96-GT-067 1 Geometry
4-stage Design average N.S. Body fit coord. cavities pairs stage 1-2,2-3  validation of 2 Streamlines
turbine  Data/ Conjugate 3-4 required for integrated SCISEAL code 3 Temperature
SCISEAL heat trans. seals/secondary/power Local hot regions 4M>1
flow - conjugate heat trans. defined AJAA9S S Thermal
Rim seal leakage and gas  Labyrinth seal 2620 distortion
temperature > design data  clearances critical 6 0.012/0.024
M>1 interface showedno  to overall cavity Streamlines
flow shock field flows and thermal Temperature
Thermomechanical distrotions ~ balance
of interface are significant

4. Rim Seal SCISEAL Planar Axisym  90x130
Cavity average

5. Tip Seal UNS3D Time 3.D
Chunill Resolve NS
Hah

6. T56-501D SCISEAL Planar Axisym 90k

Operation Average NS 34 blocks
Envelope
7. Seal SCISEAL periodic 3-D 12k cells
Dynamics NS
BFC
8. Honeycomb SCISEAL periodic 3-D 90k
Seal NS 6 cells each
14x14x45

9. Lid Driven SCISEAL Planar 3-D 12k cells .
Cavity average periodic
No Coriolis
No body force

Clearance change 0.012" to
0.024" initiates powerstream

ingestion -cavity with large
temperature increases
Rim seal temperature depends Demonstrates ISROMAC-4 1 Geometry
on gap recirculation zone effectiveness Vol Ap 122 2 Streamlines
cavity geometry/powerstream  of platform cooling 1992 3 Rotor radius
purge flow strength Rotor eccentricity changes
Small changes in rotor causes large changes 44UTRC
radius, as eccentric rotor effects in rim seal temperature rim seals
significant temp changes and recirculation zone
4 UTRC rim seal/cavity SCISEAL code AlAA94
numerical/experimental validation , rim seals 2803
parameters,good agreement
Time dependent wakes Need to compute 1 Geometry
due to blade passing Time resolved 2 Streamlines
engenders large pressure flow fields 3 Velocity
velocity fluctuations 4 Pressure

No powerstream ingestion Necessary to compute  AIAA96 1 Geometry
for changes from fast component flows over 3305 2 Takeoff
ground idle to takeoff power operations envelope

Whirling annular seal Seal dynamics strongly ISROMAC 1 Geometry
flowfield rotates 270-degrees  effect system flowand 6 2 velocity
from inlet to exit rotrodynamics 1996 contour
Good agreement 3 pressure
with experimental data contour
Pressure/forces distribution ~ High flow field rim seals
sub/supet/synchronous distortion degrade 4 Sub/super
interactive rotor/flow field performance Synchronous
Pressure drop not Cell structure complex TAM- 1 Geometry
predicted requires more cells Workshop 2 velocity
Experimental unsteady in axial direction 96 3 pressure
flow not predicted Large computer time
Leading edge/ tip vortex ~ Vortex insertion can  AIAA93-0390 1 Geometry
root vortex fills up to control vortices and 2 Vortex
173 of the powerstream instabilities 3 Insertion
passage vortex
Counter vortex insertion
alters this effect
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10. Inlet RNS3D 3D Euler 49x49x107 Good agreement with DRA Inlet flow distortions AIAA96 1 Geometry

Distortion Bernie + Boundary experimental inlet change flow field & BC’s 3279 2 Vanes
Anderson Vortex vanes provide to &can not be ignored 3 Distortion
80% distortion reduction Vortex control appliances 4 Controlled
effective in controlling distortion flows
11 Powerstream  SCISEAL 3D NS P-based  Time resolved Code coupling in progress to provide time resolved 1 Work scope
Seal Secondary TURBO 3D NS rho-based Time resolved ~multi-stage turbomachine component computation - hubtorim. 2 Codes
Coupling TURBO/SCISEAL
" 3 Coupling
4 Video

12. AST Advance Subsonic Transport 1. Goalsand Budget 2. Programs and Engine Locations 3. Performance Benefits

Panel-1 Overview of programs, models, grids, solvers, results, impact, reference, figures
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Compressor discharge (CDP)
seal low-pressure tube N

7 Flowmeter

X

Airflow

{a) Airflow schematic.

(b) Location of CDP flowmeter.

Figure 1.—Schematic of engine airflow and location of flowmeter.

Figure 1. CDP seal in a YT700 engine -
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Stationary CDP seal

—
1
\
\
1
\
L]
\

ENS
'
Y
e e
{ ]
AN —
AN
“— Rotating CDP seal
(a) Labyrinth seal package and airflow.
0.015 36° — 16° all teeth
—_ / except14°®

5 teeth r—0.020- 0.005 34 / 0120 ‘La- front five

(angled) 0.060 R typ'ﬁ\\ ! ! ref. 46°

equally Radi o~ g0 0040

spaced — § 0-360 adius 0.020 R — No

paced= 1 equally 4 places — typ.—. LX/ step
0.146 -~ '=- ! spaced S 8:;&2 . - allowed
> 0.200 "0.040 No step allowed >
| e b I
2.8005 s : 2.7005
279%5 | 26995  |2.5305

| diam 2.5295| 23305,
24267, |diam | 23205
2.4263 1.941 5’ diam
(diam A) 1.9411

(diam B) — 2.4305,
2.4295 diam

{b) Schematic of labyrinth compressor discharge seal. (Seal teeth and axis established by diameters A and B to be concentric within
0.003 full indicator reading. No steps allowed on tooth face or at fillet radius. All dimensions are in inches.)

Figure 2.—Labyrinth compressor discharge seal system.
Figure 2. CDP 5-tooth labyrinth (knife) seal
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CDLP cavity static
pressure baskets
Stational (location 12:00
I cop sea'ly /" and 3:00 ALF) _— Brush seai cartridge
| / Y metal thermocouples
\ / / (location 12:00 and
\ / 3:00 ALF)

CDP cavity static
pressure baskets
{location 12:00 and 3:00 ;
aft looking forward (ALF)) — AL~

CDP cavity air - m;; = “ad B¢

thermocouples —— \_ TR

(location 12:00 ——gwlllllll!g.‘

and 3:00 ALF) —— - —— e —<

r4 A
V4 N\
/ AN
Brush seal cartridge —/ \— Rotating CDP seal
(a) Brush seal package and airflow.
L 10 mm »

(0.4 in.)

NRR

. //////ﬁ

88.2-mm
(3.47-in.) diam

92.3 mm

3.75 in.) di
{3.75 in.) diam Flow

—

Chromium-carbide
rub runner

8z ! | —T_

* 73-mm
' ' (2.875-in.)
80mm  0.178-0.25 mm 1.4 mm diam
(2.795in.) (0.007-0.010 in.) (0.055 in.) -
4.83 mm
= (0.19in)

SRR - 2 C-92-05587
(b) lllustration of dual-brush compressor discharge seal system.

Figure 4.—Dual-brush compressor discharge seal system and schematic of airflow.

Figure 3. CDP dual brush seal of standard Cross tonstruction
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|

_.-~~— Labyrinth seal

/
-

Dual-brush seal—"

Experimental testbed engine specific
fuel consumption
[=]
I

5 I S N B
100 200 300 400 500 600 700 800
Experimental testbed engine horsepower

1100

Figure 16.—Experimental testbed engine specific fuel consumption as a function of horsepower.

Figure 4. SCF-Power labyrinth to dual brush comparison
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SEAL MASS FLOW RATES CFDq c

- Rim Seal Ingestion Flow Rates is an
Important Parameter

« Computed and Experimental Values Given
Below

(Mass Flow rates in |bs/s)

Rim Seal Flows Specified Purge Flows

Run No. - -

Seal 1 Seal2 | Seal3 | Seal4 | Forward | Center Aft Net, in | Neg, out

Cavity Cavity | Cavity m
h

102
numerical ’ -0.130 | -0.072 | 0.233| 0.260 | 0.1425 0.0637 | 0.064 | 0.4923 | 0.4928
experimental -0.126 | -0.094 | 0.265} 0.208 0.143 0.062 | 0.066 | 0.491 0.473
(exp-num)fexp | .19 | -23 A2 | -as 0 -.03 .03 .003 ..04
202
numerical -0.236 -0.139 | 0.286 | 0.353 | 0.1i68 0.0552 | 0.0904 | 0.6374 | 0.639
(18K grid) .
nurnerical -0.237 | -0.126 | 0.283 ) 0.33 0.1168 | 0.0552 | 0.0904 | 0.6374 | 0.639
(30K grid)
experimental -0.224 | -0.154 |0.257} 0.271 0.115 0.057 | 0.087 | 0.637 0.528
(exp-num)/exp .05 -.10 -11 | -30 -02 .03 .04 0 =21
203
numerical -0.223 | -0.1025 | 0.357 | 0.381 0.208 0.103 | 0.0985 | 0.7351 | 0.738
experimental -0.186 | -0.113 {0.302| 0.302 | 0.203 0.105 | 0.095 | 0.707 0.604
(exp-num)/exp .20 .09 .18 .26 0 01 .04 .04 22

Nec ™, = Iseal 11 + Iseal 21 + lall purge fowsl

NeeM = lseal 31 +lseal 4l
A= (m‘m - maut)

A- > 0 implies net mass accumuiation in apparatus

A-h
Run No. 102 202 205
experimental +0.018 +0.109 +0.103
numerical - 0.005 - 0.0C06 - 0.0029

Panel-10 Seal mass flow rates numerical/ experimental simulation of SSME - HPFTP

892



90 0e-96-Ud

uonejnuuls auiqiny s8els JnoJ A10S/9SI 11-[Pued

lojsuel] jeay ajebnluos yym winip auiqiny agjdwion -

Jajsuel] jeay ajebnluod yum sailined p-¢ pue g-g abeyg -

sobueyo aouelea|d [eas yluriAge] yim saniaed g-| abeylg -
suonenwis Jo S}aS [eIONSS

Urn“-lu SALLIAVYD ANIgHNL 95-1 NOSITIV

893



s1oourered pue sonsuloRIRYD A10S/9S.L TI-[uBd

sabe)lg ||V Jo suololpald Jajsuel] jesH ajebnluoy -

p-¢ abels

10} mo|4 abind auQ pue ‘g-g abels 10} suoljes0 Mmoj
abind om|] ‘g-| abels 10} suoneoso- ¢ je smoj4 abind -

SMO|4

yied-ulep\ pajeloossy yum sjeas yiuriAge abelsioaquj
9yl pue saljine) asiq Jo siied abejsialu] 904yl -
d10S/951 8y} Jo uoloag aulgqinj sy} pajejnwis -

MP9gL = ainjesadwia] joju] suiqing "Xe|y

wdi 6gey | = poadg aujbug

s/bY L'Gl = ajey Mmo|4 sse|py

L'V L = oley ainssald
auibug g10S/95.L 8y} Jo soyisueloeIRy) -

dnoux) agedsoloy 9oAoy
sjjod ‘Auedwo) suibuz uosjjy Jo suibuz @LOS/95L9UL

894



100296+ Ud

uonE[NWIS J0J SUOHIPUOD ATBpUNOq Pue MO[J €-[ouBq

S9IlIARY) ||V ul suoljeoo] ajeridoiddy
38y} 1e payioads aJe (L pue ‘d ‘ssepy) suollipuon smoj4 abind -
S}IXJ 9y} Je ainssald 211kl Jueisuo)
‘sainjetodwa) pue Aloojoa seb 19Ul Ajloadsg :syjed moj4 utlely -
suolipuo) Alepunog

895

aaueses]) YuLiAge

"ul ¥20°0 yiim g-| abels 10} PHO S|192 0066 ‘ulewoq-yE v -
aouesea|n yuLiige
"ul 2L0°0 Y g-| abels o) plY sjj9d 0088 ‘ulewlog-ye v -
spLiH) jeuoljeindwion .

Umnmu SNOILIGNOD AHVANNOSY ANV MO14



808G 18-V

s1o10wrered SuropoN ¢1-1outd

suonouny fjie \ Yiim [9popy a9udjnginy 3=y plepuels

‘ub3z wnuawopy 8yl ul saxn|4 aAIP8AUO) BU]} 10}
(buipuimdn) Buidwieq o 01 ylim Bujouatajig-jesued

ainjeladwa |
0} anp A)ISOOSIA 8y} U} suolelieA 10§ JUNOIIY O} Me-
AIs09sIA s,puepiaylLINg Yyum pinjgd Buppiop sy si 4y

Mmoj m_n_mmoEEoo

[9PO| MO| d1IIDWWASIXY ‘g-2

U”Q"—-U SNOILIANOD AHVANNOY ANV MOT14

896



SUONIPUOD AIBpuUnoq pue puo) §-[oue

Jlleqeipe aq 0} pawnsse aJe sjjem 19Yjo

Ile :oeqelpe aq o} pawinsse g-| abe)s Jo s|jem Jojno -

saJelisjul pljos-pinlj 8yl je Hg alinbal jou op ‘- pue

‘€-¢ ‘¢-1 sabe)s jo suonoipaid Jajsuel; Jeay ajebnluoo -
S3l1IAED ||e u] suojjeoso] ajelidoidde ayj

Je payioads aie (I pue d ‘ssew) suonipuod smoyy abind -

SHX® 9y} je ainssaud dnjels Juelsuo9 ‘salnjeladwal

pue Ajjoojan seb j9jul Apoads :syjed MO} ujew

suollipuosn Alepunog

pub s|92 00016 ‘Ulewop gL e -

pluY jeuolielndwon

897



999 690°1L ¢l20°0 CcEL ¢80°L £920°0 €0L €0t 60200 a
002 689°L ovcoo 69. c89’L 6¥20°0 S0L vel'l "0veo0 0
91L mmc.w . 0vs0°0 14:72 680°C ¢¢s0'0 869 LEL'C 9/€0°0 2]
98. slct 9.£0'0 064 ¢8c’e 06€E0°0 vL 60€E'E - 19500 v
O .. | orxled) | (s/By) (), -~ o1¥Aed) (s/B) 1) Ob(ed) | (sB) |«
Ouzumhmn_bo ainssald sSsep O‘_:um._mnﬂ._vp_.mu 3 mmmuwum&)‘_sm - SN Qh:um._OQEO.—. einssald ssenN .
| Anesand (yted ebexean
Jo 181U3))
siojoy pue z-| abeig 10§ (suied suojeo0T]
J3jsuel] JeaH ajebnjuon noynupn) p-¢ pI1OS IV 10} J3jsuel] jeay sjebnluon ubjsaqg o .
pue g-g abejs 10§ uopdipald apn|ou|) p-¢ pue g-g abeis 1o} uopoipaid
auiqIny a3e1s oY (10S-9S.L 10] BIEp USISSp pue [eoLswnU Jo uosuedwo) 91-[oued .QIMU —U ue mlN mmmﬁw
998 LEV0'0 £68 18v0°0 1374 6vv0°0 9
lc8 9€10°0 186 6v2C0°0 19 74¢] 9810°0 S
6¢8 L6EL°0 0.8 v8cl0 eve 6CLL’0 14
s/b
o) (s/5%) oD (s/6%) o (s/6%)
m‘_zum._mn_:._w._. ainmesadwa] | mojssepn ainjesadwa ] Mmojjsse|nN
o[Jssen
_ "ON Yied
sl10}jo ue ¢g-
(s10104 _w m_mMm“._m.mem 104 (sued pijos Joj Jajsued}
yeal a1eBnluos Inoymm) jeay ajebnluoo spnjoul) ubisag
uonoIpaid
uonoipaid

JECID

salline) g-1 abels

Vivad NOIS3Ad ANV
SISATYNY 40 NOSIHVdINOD

900



(SINOJU0D OU (I IO[0D PAI) UOISIT UIEIL)S 391F A Ul [°( ULY) 19383 ST apnjrudews Y[, 90N

:_vmc.cumuzﬁam_u_ammﬁﬁiaaq:_Ns.cumozﬁam_u_ammﬁ:_;naq
- /(0 —

¢G50 0—
. "SOOURIBI[D [BSS OM] JB UOIIOUNJUIBALS SANIARD) JSIT Z-1 9581S (I0S 9SL +1 onSig
9¢0 0—

610 0—

AV AN Vo
100
ZeQ 0
&r0 0

1

90

330 0
¢80 0

L0
aonoun g

sapIAe) NSIA 71 931

—TONOUN,] WBII)S




$90UBIR]D [89S 0M] I8 drmeiedwa) sanIAR) YK Z-1 9981S Q10§ 9SI ST 2InSig

Ul $70°0 = 20UBIRI]D [BIS JULIAQR] Ul Z[(°() = dURIBI [BIS YuLILqe ]

¢gg 1 deTa

LG Zv8
296 068

TO+310°1 g¢b

CO+330°!L 386

CO+311L"1 CO+350°1

CO+380°1

Co+391'l

Ce+318 | CO+3¢L

902

S0+392°1 Co+381L°1

SO+3ILIEI Co+35C1

TO+3381 CO+3481

saniAe) YsId 7-1 23e1s

damjerddwd |,

S

[



Comparison of Analysis

CEDRC

and Design Data

(a) Labyrinth Sezﬂ Clearance=0.012 in.

Stage 1-2 Disc Cavities

Design Prediction
Massflow | Temp | Massflow | Temp
PahNo- | sy | @B | @) | P

4 0.249 1058 0.308 1032

5 0.041 | 1058 | 0.030 | 1029

6 0.099 | 1058 | ©€.095 | 1100

(b) Labyrinth Seal Clearance=0.024 in.
Design Prediction "

Massflow | Temp | Massflow | Temp

(1b/s) (°F) (1b/s) (°F)
0.510 1223 0.610 1315
0.0338 1223 0.041 1143
-0.153 1691 -0.2290 1830.

s —

Panel-17 Comparison of numerical and design data for clearance of 0.012-inch and 0.024-inch.
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Calculated Velocity Vectors: All Configuration
n=103 and n= 8x10-3

AT A "
M%m EwCGGﬁ

\-/
g i
::ff‘ 4 rotor
O S eSS - - T
cesme o . . . . “\\\\ ~ -~ - - -
vy & o - - -
L3 B S WS -~ - - -
- -3 -3
ny= 110 ny=8x% 10
€) :

== 18k T T
/fé";;:: 5= S——a T T

stator .. RN
. . L I W

“« . L I SN - -

" . L] [] LY -

o ng=1x 1073 T =8x103
—manflow
Eo——\\
dp— — \
é—.éé%} =
St e T D F
3 ‘nt=1x10’3 _ nt=8x1°-3

_—

Figure 20. UTRC data- four rim seal configurations - velocity vectors.
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STRM CONTOLRS
FMIN -1, 172E-@2
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Figure

Enlarged View of

Streamlines Near the Disk Tip

TEMP CONTOLRS
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Figure

Enlarged View of the

Isotherms Near the Disk Tip

STRM CONTOLRS
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Figure = . Enlarged View of
Streamlines Near the Disk Tip

TEMP CONTOURS
FMIN 2 1B8SE+@2
FMAX 1 2B8B8E+23
CONTQLR LEVELS
1 9.367E8+02
2 9.733E+02
3 1.010E+03
4 1 O47E+03
S 1.083E+03
8 1. 120E+@3
7 1 1S7E+03
8 1.183E+03
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Figure Eniarged View of the

Isotherms near the Disk Tip

Figure 22. Displace rotor rim-seal temperature effects.
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Temperature Distribution CF DRC

High-Speed Ground Idle to Takeoff Conditions with
Simple Step Jump Approach

(a) T=0.005 sec

(b) T=0.010 sec

'.‘ 5

(d) T=0.05 sec

(c) T=0.015 sec
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Mach-Number Contours inside Rim-Seal Geometry

Figure 24. UTRC cavity flow (Hah)- Mach number
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Instantaneous Pressure Distribution

Figure 25. UTRC cavity flow (Hah)- pressure
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Temperature Distribution CFDRC

High—Speed Ground Idle to Takeoff Conditions with
Simple Step Jump Approach

Temp. K
1200.01—
1141.04
1082.04
1023.01
YE4.01
905.04

005 sec (b) T=0.010 sec

(a) "1‘=v0.

(d) T= 0.05 sec

Figure 27. T56-501D 1-2 Disc Cavity -step jump - thermal effects
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Rotor —.

Pressure side .

“— Suction side

t
Figure —Details of annular seal with whirling rotor. Axial flow and x axis point into

plane of paper.

,— Rotorat 7,

.

avefoa
ot*® -

“— Rotorat Ty

Figure —Rotor positions and associated coordinate frames at two

different times, Ty, To.

Figure 28. Whirling annular seal geometry and transformation
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0.99.

0.49. (d) X/L =0.77. (e) X/L =

0.22. (c) X/L

0. (b) X/L

Figure .—Experimental data for normalized axial velocity [15, 16). (a) X/L

Figure 30. Whirling annular seal normalized axial velocity contours - experimental
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Wall lel(‘).w rivering

Recirculations

Flow
starvation

Heat 1ux

Adiabatic walls

Figure Boundary conditions and velocity vectors in the mid—plane for the linear brush.

Figure Surface temperature plot for the linear brush with tip heat transter. Note the
high temperatures corresponding to the flow starvation zone.

Figure 39. Brush seal simulations
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Wall / Flow rivering

1~ Recirculations

Exit

Flow
starvation |

Heat flux 4#/—

's

Figure Boundary conditions and velocity vectors in the mid-plane for the linear brush.

Figure . Surface temperature plot for the linear brush with tip heat transfer. Note the
high temperatures corresponding to the flow starvation zone.
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{c) inlet

13 (near midpiane)
three selected axial

15 (near cavity top)
x injection near suction side of simu-
(f) inlet counterrotating vortex

lated bilade. (e) Inlet counterrotating vortex injection near pressure side of simulated blade.

injection near suction side of simulated blade.

22 (near exit and radial planes), xz = 1 (near cavity bottom), xy =

8 (near midptane). (a) Flow geometry. (b) Base test case veiocity vector plots at

4 (near-iniet), xy

corotating vortex injection near pressure side of simulated blade. (d) Inlet corotating vorte

igure
and radial plane xz
planes: xy

Figure 40. Lid driven cavity vortex injection studies
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Fig. Geometry and grid definition for the M2129 mlet
S- duct L/R;=7.10, A /A;=1.40, AZ/R;=2.13.

L r——c/R; ——
’ AR,
Flow Direction f Duﬁ/{////—///////// %

\\\\\\ﬁ// (4!

Flow Direction

Fig. . Vortex generator configuration VG170 installed
Fig. Geometry definition for co-rotating vortex in.the DRA M2129 inlet S-duct.
Generators

Figure 42. Inlet duct and fin geometries (Anderson)
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CODE COUPLING STRATEGY

Proposed Flow Chart for Parallel Execution

Initialization/Restart
for SCISEAL & TURBO

Check — grids, b.c.'s
consistency, ete.

CFD3C

<

Time Advance |

l

Single or

N
>

TURBO
Single or
Muttiple CPU

A .
>

Time for
Data Exchange
with SCISEAL

Multiple CPUs

exchange data

SCISEAL
Single or
Multiple CPU

Tl
Y

Time for
Data Exchange |no
withTURBO

yes

Execution of |

Panel-29 Proposed flow chart for parallel execution of codes SCISEAL and TURBO

A[

PVM or MPI

Execution of

Y

One Iteration

Structural and
Thermal
Deformation

One lteration
ffL - Post-Processor Sufficient
Sufficient far
Rerations for j datatranster  Adaia lransie olter;tionss for J no
? ne Time Step?
One Time Step? data transfer = p
yes v
Maximum Time jno
Reached /
yes
Complete
Post-Processing
Data Storage, etc.
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