General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



(NASA-CR=-170960) SSME S1IFUCLUBRAL DYNAMIC NBY=-17287
MOUVEL UVEVELOPMLLT Final keporLt (Lockheeu
#issiles and Space Co.) «b61 F uC Al13/MF ACQ1
C5CL <1 vuclas
Gi3/20 18295

- Misslles & Space Company
Huntsville Research & Enginee~ing Center

L T

4800 bradford Drive, Huntevillc, AL 35807

()



LMSC~-HREC TR D867307

= rlockheed
Missiles & Space Comparny. Inc
Huntsville Research & Engineering Center

Cummings Research Park
4800 Bradford Drive
Huntsville, AL 35807

SSME STRUCTURAL DYNAMIC
MODEL DEVELOPMENT

FINAL REPORT

December 1983

Contract NAS8-34973

Prepared for National Aeronautics and Space Administration
Marshall Space Flight Center, AL 35812

by

M. J. Foley
D. M. Tilley
C. T. Welch

APPROVED C‘ 7 t WM

C. T. Welch, Manager (Acting)
Product Engineering & Dev. Section

///%

Director

T 1



{d

LMSC-HREC TR DB867307

FOREWORD

This report summarizes the development of a dynamic mathematical model
of the Space Shuttle Main Engine by applicatinn of the EAL macro-element
procedures. This work was performed by persconnel of the Dynamics & Loads
Group, Product Engineering & Development Sec=ion of the Lockheed-Huntsville
Research & Engineeving Center for the Natiorul Aeronavutics and Space Admini-
stration under Contract NAS8-34973., Technical activities were monitored by

Larry A. Kiefling of the MSFC Systems Dynamlc¢s Laboratory, Systems Analysis
Branch (ED22).
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1, INTRODUCTION

The cbjective of this work was to develop a mathematical medel of the
Space Shuttle Main Engine (SSME) as a complete assembly, with detailed
emphasis on LOX and High Pregsure Fuel Turbopumps.

Previous analyses had been either an elementary (i.e., beam) represen-
tation of the SSME as a whole, or a detailed high fidelity model of a compo-
nent of the SSME, analyzed as an isolated structure under limited boundary
conditions. With the advent of an operational computer program featuring
macro~element capability (the EAL-SPAR Finite Element program) it became
possible to incorporate the advantages of both complete engine dynamics, and-:
high fidelity modzling where desired.

The followlng sections discuss how development of this model was
achieved, some results from the model, and projected applications of the

model. ‘ .

1-1
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2. THE MACRO-ELEMI.NT METHODS

The analysis teool selected for the development of the SSME dynamic

model 18 the EAL-SPAR computer code. This code features a macro~element

procedure which allows the efficient develapment and execution of very large

and coaplex finite element wodels., For further details, see Ref. 1.

The salient features of the macro-element procedure are:

1.

Construct finite element models of components of the ultimate
structure in an essentially independent manner. These models
may be defined by natural boundaries; that is, mechanical
joints, change of material, ete,, or by consideration of
size, with boundaries defined arbitrarily.

Use EAL~SPAR to tranform the structural properties of these
models frem the large but sparse matrices of the finite ele-
ment model to smaller (but denser) matrices at a reduced set
of boundary degrees of freedom. These “boundary” degrees of
freedom are not required to be at a physical boundary of the
model, but may Le retained because they are of special
interest, All degrees of freedom forming an interface with
another model must be included in the bourndary set.

ot A -

These reduced matrices, which implicitly centain the struc- :
tural definition of the original finite element models are :
the macro-element matrices,

Assemble the macro-element matrices in a manner analegous to
that of finite element analyses. ' j

Solve these matrices for the resulting reduced structure. In
our case, this involves the eigenvalue and vector solution
for normal modes.

If desired, all displacements of the original finite element
models may be found by the inverse transformation of step 2
above.

Note that this procedure is seometimes called the “substrue-
ture,"” or "superelement” method on some other programs and in
the literature of finite element analysis. These are essen-
tially the same as the EAL-SPAR macro-element procedure.

2-1
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3. SSME DYNAMIC MODEL DEVELOPMENT

Using the procedures outlined in Section 2, the SSME was divided into

five main areas for development of macro-element models. These were:

Hot Gas Manifold

. Main Combustion Chamber
High Pressure Fuel Pump
. High Pressure Oxygen Pump, and

wmoe W oo
-

Nozzle,

For the first four areas a single macro-element was processed.
Because of some program limitation and to be able also to use existing data
as much as possible, the nozzle was processed as five macro-elements. These
macro-elements were processed and assembled into the system model, and

solved for normal modes.

The medeling of each major compenent and construction of the system
model (with representative results) are discussed in the following sec-
tions. Appendix A discusses experience gained in applying EAL-SPAR. Appen-
dix B lists the data for this model. Although presented as a econtinuous
input stream, this model is far too complex for execution in a single compu-
ter run. Before trying to use this as an example, the reader should review

with care the experience which Lockheed gained in using this model.

3.1 HOT GAS MANIFOLD

The het gas manifeld (HGM) proved to be the most difficult of the SSME
components modeled in this task. The geometry of the interfaces between the

LOX and fuel manifolds led to a fairly detalled element definition., This

3-1
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model was of particular interest in the analysis, since all of the other
ma jor SSME components attach directly or indirectly to the HGM. Figures 1
and 2 show the HGM finite element model.

There are 1814 joints in the model with 1450 quadrilateral and 115
triangular plate elements. Boundary joints used were physical boundarieé at
the Gimbal, High Pressure Fuel Turbopump, High Pressure Oxygen Turbopump,
and the Main Combustion Chamber, These jeint descriptions are summarlzed in
Table 1.

In addition to the plots of the complete manifeld, specific critical
areas of the HGM are shown separately in Figs. 3 through 7.

Table 1 HGM BOUNDARY JCQINTS

Jointg Description :
1-7 Injector Sphere/MCC Interface i
288 Gimbal Point =
229-235 Fuel Sphere/HPFTP Interface :
469-475 Oxidizer Sphere/HPOTP Interface ‘
988-992 Injector Sphere/MGC Interface ‘
1171-1175 Fuel Sphere/HPFTP Interface k
1367-1371 Oxidizer Sphere/HPOTP Interface E

Total = 37 Boundary Joints

3.2 MAIN COMBUSTIGN CHAMBER

The SSME main combustion chamber (MCC) finite element model resembles a
spool pilece between the hot gas manifold and the nozzle. Figure 8 is a com-—
puter generated plot of this component. Note in this figure that the MCC is
comprised of two concentric conic sections, the ends of whiech are flanged to
bolt to the Hot Gas Manifold on one end and the Nezzle on the other. This
component required 372 joints in the model with 360 quadrilateral and

3-2
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ORIGINAL PAGE 1§
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Fig. 1 - Hot Gas Manifold (Top View)

Fig. 2 - Hot Gas Manifold (Side View)
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Fig. 4 - HGM Fuel Preburner

3-4

LOCKHEED~HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC~HREC TR D867307

ORIGINAL PAGE 1#
OF POOR QUALITY

LOCKEEED

N TV

Fig. 5 - HGM Oxygen Preburner
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Fig. 6 ~ HGM Oxygen Sphere
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Fig. 7 - HGM Fuel Sphere
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ORIGWNAL PAGE 15

Fig. 8 - Main Combustion Chamber Model

3~7

LOCKHEED-HUNTSVILLE RESEARCH & ENdINEERING CENTER



LMSC-HREC TR D867307

30 trianguiar plate elements, In addition, 30 bar elements were used to
account for the additional stiffness that the two flanges provide.

This macro-element in the SSME model was like the Hot Gas Manifold in
that the boundary joints selected were indeed the physical boundaries,
Twelve boundary nodes exist on the HGM side of the combustion chamber since
those nodes are on 2 30 deg spacing, while 18 boundary tiodes are on the

nozzle side of the MCC since those nodes are on a 20 deg spacing.

The thickness of the concentric shells varied along the axis of the
main combustion chamber. For this reason, both the throat and the outer
ring used the laminate formulation for the shell seciion properties in addi-

tion to the isotropic sections. Boundary joints are summarized in Table 2.

Table 2 MAIN COMBUSTICN CHAMBER BOUNDARY JOINTS

Joints Description :
343-354 Upper Interface Nodes to HGM i
355-372 Lower Interface Nodes to NOZS .

L]

Total = 30 Boundary Joints.

3.3 HIGH PRESSURE FVLL TURBOPUMP

With the exception of the Hot Gas Manifold, the High Pressure Fuel
Turbopump (HPFTP) was the most detalled of the SSME components modeled for
this analysis., The detaill used in this math model required 1fil jolnts with
1824 quadrilateral and 315 triangular plate elements, In aciition, six bar
elements were placed along the axis of the model to form the shaft, Plots
of the HPFTP are shown in Figs. 9 through 18.

3-8
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Fig. 9 - High Pressure Fuel Turbopump (Complcte)
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Fig. 10 - HPFIP Forward Bearing Housing
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Fig. 11 - HPFTP Attach Flange
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Fig. 12 - HPFTP Exit Volute
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Fig. 13 ~ HPFTP Pump Housing
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Fig. 15 - HPFTP Af¢ Bearing Housing
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Fig. 16 - HPFTP Ianer Stator

Fig. 17 - HPFTP Aft Shaft Assembly
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Fig. 18 ~ HPFTP Forward Shaft Assembly
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The mass and inertial properties of the HPFTP model were computed and
checked against published data (Ref. 2). These calculations were crucial to
the analysis, since the vibration frequencies and mode shapes are dependent
on both the mass and stiffness distribution in the structure. Tahle 3 sum-
marizes these calculations.

The boundary joints in the LOX Pump were comprised of both physical
boundary points and interior points. There were two reasons for this
choice: (1) there was a threshold of approximately 40 boundary joints for
each component due to computer limitations and the number of physical boun-
dary joints on the HGM attach flange was well below that value; and (2)
although selection of these boundary joints is totally arbitrary for static
analysig, a reasonable mass distribution must be chosen for dynamic analy-
sis. For these reasons, additional points along the rotor and housing were
chosen to be boundary joints where significant mass existed. Table &4 shows

a list of these boundary points with brief descriptions of thelr locations.

3.4 HIGH PRESSURE OXIDIZER TURBOPUMP

The HPOTP model used in the present analysis tashk was a modification of
an existing Lockheed model. The original model was a NASTRAN finite element
model of the pump housing only. This medel was comprised entirely of tri-
angular plate element, and no internal components of the pump were present.
This was insufficient for dynamic analysis of the pump, so internal compo-
nents were added. These components included the rotor, bearings, flange on

the HGM side of the LOX pump, the turbine blades and the end cap.

Conversion of the NASTRAN model to SPAR format was greatly aided by the
use of a FORTRAN code obtained from Larry A, Kiefling (MSFC ED22) which was
written specifically for that purpose. Several modifications had to be made .
to the conversion software before it would operate on our model. First,

3-15
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Tabla 3 HPFTP WEIGHT AND BALANCE CALCULATIONS

T ANALYSIS OF MASS AND IMERTIA PROPERTIES %

AASS RATRIX KRARE~ DERM

TOTRAL MASS« L779267+83
HASS CENTER LOCATION (X,Y,2)- -, 30B653+02 =, 196430+02 -.196438+02
IMERTIA AATRIX:
1 ?‘?92740'_‘? et ¢ 2000 3 ! 3 3
. . -l . 09808 -.17684-23 .1e83e-e3
2 .09000 77927483 00000 .176B4-8] .088909 -.26453-83
3 .oe00d Q000 < 77927493 -.10830-83  .26453-87 .00
4 .000049 <17634-83 -.10B16-03 34167495 -.41454+84 — 41456204
5 -.17634-03 ,eeece <26458-03 -.41454404 .G6BET0S - .51854+93
N 6 .10816-93 -.26458-03 .00¢Q9 ~.41456¢04 -.51864+03 .G6EEG+OC
5708
£ DﬁTﬁ SPACE = 2o0db D/Te 239801 14571 4

T L10006-19 -.10000-02 » 1000904 .19000-84
L AQPee+01 . 1 0088 -03 + 10909 -03 . 19089-03

ERROR LEVELS- 2 2 8 22 22 %

L, woL OR STRUCTURAL

TYPE CROUP ARER SN o, 1 GHT
E21 1 2F5508 082 - JED1 44+32
E33 i - 316368+82 - 6426 75+ 01
E33] 2 .43BR75+A2 . 12B232+62
E33 3 - 386 ad+22 - HM16Pg+01
E33 4 . 107344401 -158322-81
E33 5 . 73261 +08 . 1GBe58-0]
E33 [ . J2E652+ad .481811+e2
€33 7 .81 625+01 -444897-01
£33 B .349188+83 .682616+02
€33 9 J720T58+81 186311401
£33 aLL 507937483 »B4G 442482
E43 1 -188466493 326 TE422
E43 e . 706024487 14879403
E4] 3 «182148+04 L1DS5B74+03
E43 4 .B71182+03 -162302+63
£43 < .4B108G+03 . 166914482
€42 6 197375483 .2941287+82
E43 7 L173547+04 -108887+83
£43 B .6B63BB+01 586211 +80
E43 9 256210483 LScBAHT Y02
E43 alL .G4BSE7+04 LESVTE5+O3
TOTAL . TPORE2+ 0T
TOTalL Z2-MQDE: 2355000402

TOTAL 3J-HGPE? SSRTEI?40083

TATAL 4-hODE: SABCETIHO4

)STO‘F‘ E 5.725 o8
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Table 4 HPFTP BOUNDARY JOINTS
={8N)
350,361 3 nBOUNDRYm FLANGE NODES & HOGM
1454 ] AFT END NODE
1456 5 AFT BEARING
1457 3 INTERMEDIATE BEARING
1483 3 INTERMEDIATE ROTOR
1633 3 ON ROTOR
1618,1629 § FORWARD BEARING .
158 3 FORWARD CASE
164 $ FORWARD CASE
170 % FORWARD CASE
176 g FORWARD CASE
698 3 INTERMEDIATE CASE
704 $ INTERMEDIATE CAST
110 ;3 INTERMEDIATE CASE
716 3 INTERMEDIATE CASE
» ENDHPFTP
'
several of the dimension statements had to be increased, but this change wes 7
trivial. There were several logic errors detected in the coordinate system
transformation routines, and one in the constraint definition translator.
Also, the code would only accommodate nine alternate reference frames, and ;
this portion of the source code had to be modified. During this wodifica-
tion peried, Larry A, Kiefling added solid element capability to convert
NASTRAN brick elements to SPAR S8l type elements. The revised version of
the Teledyne Brown NASTOSPAR code is now in use by Lockheed and NASA per-
somel,
The completed EAL model of the SSME High Pressure Oxygen Turbopump was
fairly detailed. The three orthogonal views of the complete pump are shown
in Figures 19 through 21. In this model, 1069 joints were used with 1373
triangular and 514 quadrilateral plate elements. In addition, 51 bar ele-
ments were required to give a total of 1938 finite elements.
3-17 .
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Fig. 19 - HPOTP (View 1)
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Fig. 20 - HPOTP (View 2 )

Fig. 21 - HPOTP (View 3)
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The HPOTP model, like the other SSME components was intended for
dynamlic analysis, and thus the welght and balance information is crucial.
For this pump, as well as all other components of the SSME math model, the
welght and center of gravity was computed using EAL and checked against Ref,.

2. These sample calculations are shown in Table 5.

The oxygen pump, like the fuel pump, had boundary joeints that were
interior to the macro—elaement. Table 6 lists these polnts with brief
descriptions of their locations. The goal in selecting these points was to
try to produce an even mass distribution through the pump, whereby areas
with significant mass were placed in the boundary set, 1In addition, all of
the physical boundary joints along the hot gas manifold are included.

3.5 NOZZLE

The finite element model of the SSME Kozzle was basically a modifica-
tion of a SPAR model built by Larry A. Kiefling and presented at the 1981
AIAA Dynamics Conference (Ref. 3), The basic math model was first stripped

of all piping and support brackets, since the modes of the feedlines were
not of interest. Next, the nozzle model was subdivided into five (5) dis-
joint substructures such that each set of boundary jolnts along the inter-
faces were indeed physical boundaries. Figure 22 shows a plot of a typical
Nozzle macro—-element. Figure 23 shows a subassembly of tl:# macroelement

into the complete nozzle.

The geometry of the nozzle closely resembles a truncated conic section,
and thus allowed the use of EAL data generators for most of the model. The
sti{fness and incrtial properties of the tube sheet were modeled by over-
laying quadrilateral plate elements. The hatbands around the circumference
of the nozzle stiffened up the structure considerably in the hoop direction,
and were included in the model as bar elements. Table s/ shows a breakdown
of the number of elements and joints for the complete nozzle assembly .epre-
gsented as five disjoint substructures. Boundary joints are summarized in
Table 8.

3-20
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Table 5 WEIGHT AND BALANCE CALCULATIONS FOR THE
HPOTP MATH MGDEL

¥ ANALYSTS OF MASS AND INERTIA PROPERYIES &

MASS MATRIX NAME= DENM
TOTAL MASSs

INERTIA HATR!X;

DN AW

BUARIT-LAST INPUT IGNORED2
L, voL ©

TYPE GROUP

1
£21 e
E21 all

m

F Y

(2]

2
AL MO0 WM

m
[N 3
[ A ]
P
-

.14890421 -.62548~-10
~.21686-89 .14B50+81
.25112-10 .&8202-11
-.74478-89 -.46337-06
.45681-06 .37434-88
.49166-07 .22578-06

« 148904401
MASS CENTER LOCATION (X,Y,2)e

2

. R STRUCTURAL
AREA Sum WEIGHT
.580744+02 .178057+@2
-196500+02 «184401+02
777244402 . J62458+02
,685034+02 « 490634401
.184876+03 477745402
«634794+03 .201819+23
.381224+03 . 354220 2
.152506+@3 .360692+02
.783962+83 .671685+02
«212586+04 +393158+23
«119831+04 «113772+03
+404879+01 . 105586+01
172315402 674018+01¢
-218055+¢2 .132867+01
- 199593463 224755402
+144099+04 +145364+03

3-21

-.299548-01

3 4
.37636-10 -.,14703-08
+33589-19 -.46597~06
.14890:081 -.42337-07 ~.232423-06

-.41921-97
~.C2914-96 ~.64411+32
~.24663-09 -.27731400 -.50776+00

-.6l4g242-01

5
+ 4603206
-26667-08

.195877+02

]
«43146-087
.282583-0b
.10787-09

+92561402 ~.64411400 -, 27731400

-99605+02 -.5Q776+00

+39551+02

HOH-STRUCTURAL
WEIGHT

0000
020080
. 008200
. @00209

. 800000
+ 800000
.08eo00
«Q00800
. 200300
.0g0eee
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Table 6 HPOTP EOUNDARY JOINTS

, 2498 (BN}

) L.2499 _ _ _S11_ _ $  PUMP HOUSE I/F FLG QM END
2500 274 $  PUMP HOUSE I/F FLG PREBURNER END
2501 318 $  PUMP HOUSE I/F FLG PREBURNER END
2502 362 $  FUMP HOUSE I/F FLG PREBURNER END
2503 404 $  PUMP HOUSE I/F FLG PREBURNER END
2504 467 $  PUMP HOUSE I/F FLG QM END

. 25058 555 $  PUMP HOUSE I/F FLG QM END

| 2506 597 $  PUMP HOUSE I/F FLG QM END

; 2507 730,762,4 $  HOUSING FLANGE

i

] 2508 _7178,789,1 _ % ATTACH FLANGE
2509 854 ,666¢4 $  TURBINE EXTREME ENu

f 2510 918,930,4 %  TURBINE HOUSING

' 2511 1033 $ SHAFT TURBINE END
2512 1034 $  SHAFT AT BEARING MiD

P 2513 1068 $ SHAFT AT BEARINKG PUMP END

! 2514w . LNDHPOTP

‘ aPRT,S HPFTPALL

wamazomy P,
. ‘

Mxemmas oy
[} L]

PRy
AN
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Table 7 NOZZLE ELEMENTS AND JOINTS
Macro Number of Number of Number of Concentrated
Element Joints Quad Plate Elements Bar Elements Masses
Nozzle 1 198 234 36 0
Nozzle 2 162 144 36 0
Nozzle 3 162 288 36 0
Nozzle 4 162 288 36 0
Nozzle 5 126 180 36 19
Table B NOZZLE BOUNDARY JOINTS
Macro-Element Boundary Joints Description

NOZ1 1 through 18 Bottom Row

NOZ1 181 through 198 Top Row

NOZ2 1 through 18 Bottom Row

NOZ2 145 through 162 Toep Row

NOZ3 1 through 18 Bottom Row

NOZ3 145 through 162 Top Row

NOZ4 1 through 18 Bottom Row

NOZ4 145 through 162 Top Row

NOZ5 1 through 18 Bottom Row

NOZ5 109 through 126

Top Row (MCC
Interface)
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The assembly of the NOZ1l through NOZ5 macro-elements to form the com-
plete nozzle is shown in Figs. 24 and 25, The figures are of the boundaries

definition and do not show the great detail of the original macro—-elements.

The Nozzle assembly was of particular interest for two reasons: First,
the shell modes of the Nozzle constitute the lower end of the frequencies
for the SSME, Second, test data were avallable for the nozzle assembly it~
self which allowed identification and verification of the modes predicted by
the finite element model. Extensive back trausformation was performed for
the nozzle such that these low frequency medes could be studied. Figures 26
through 28 show first bending, first shell, and first torsion modes. Note
thar bending and shell modes occur in palrs, so that this includes the first

five elastic modes.

3.6 SYSTEM MODEL, SSME

The SSME residual structure model was very simple. There were only 193
joints with no finite elements, This was, of course, the goal of the
analysis task - to produce detailed models of critical components whose mass
and stiffness properties are distribured to a much smaller number of joints
for dynamic analysis. With this completed, an eigensolution may be per-
formed for the residual structure and back transformation completed for each

component of interest.

Table 9 shows rthe correlation between joint numbetrs in the residual
structure and boundary joints in each of the macro-elemments. Figures 29
and 30 show reduced copies of computer generated plots of the entire SSME
structural math model, Typical results of the elgensclution for the resi-

dual structure are presented in Appendix C.
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Table &% SYSTEM JOINT CORRELATION, SSME STRUCTURAL MATH MODEL

System HGM MCC HPFTP HPOTP
Jolint Joint Joint Joint Joint Remarks
1 1 343 HGM to MCC Interface
2 2 344
3 3 345
4 4 346
5 5 347
6 6 348
7 7 349
8 992 350
9 991 351
10 990 352
11 389 353
12 988 354
13 229 350 HGM to HPFTP Interface
14 230 351
15 231 352
16 232 353
17 233 354
18 234 355
19 235 356
20 1175 357
21 1174 358
22 1173 359
23 1172 360
24 1171 361
25 469 781 HGM to HPFTP Interface
26 470 782
27 471 783
28 472 784
29 473 785
30 474 786
31 475 787
32 1371 788
33 1370 789
34 1369 778
35 1368 779
36 1367 780
37 228 Gimbal
3-29
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System McCC NOZ5 NCZ4
Joint Joint Jolnt Joint Remarks

38 355 109 Nozzle to MCC Interface

39 356 11.0

40 357 111

41 358 112

42 359 113

43 360 114

44 361 115

45 362 116

46 363 117

47 364 118

48 365 119
ﬂ 49 366 126

50 367 121

51 368 122

52 369 123

53 370 124

54 371 125

55 372 126

56 1 145 Nozzle Segment Interface

57 2 146
’ 58 3 147

39 4 148

60 5 149

61 6 150
i 62 7 151

63 8 152

64 9 153
| 65 10 154

66 11 155

67 12 156
[ 68 13 157

69 14 158

70 15 159
k 71 16 160

72 17 161

73 18 162
[ {Continued)
L;
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Table 9 {(Continued)

System NOZ4 NOZ3 NOZ2
Joint Joint Joink Joint Remarks
74 1 145 Nozzle Segment Interface
75 2 146

76 3 147

77 4 148

78 5 149

79 6 150

80 7 151

g1 8 152

82 9 153

83 10 154

84 11 155

85 12 156

86 13 157

87 14 158

88 15 159

89 16 160

90 17 - 161

91 18 162

92 1 145 Nozzle Segment Interface
93 2 146

94 3 147

95 4 148

96 5 149

97 6 150

98 7 151

99 B 152

100 9 153

101 10 154

102 11 155

103 12 156

104 13 157

105 14 158

106 15 159

107 16 160

108 17 161

109 18 162

(Continued)
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Table 9 (Continued)

System NOZ2 NOZ1

Joint Joint Joint Remarks
110 1 145 Nozzle Segment Interface
111 2 146
112 3 147
113 4 148
114 5 149
115 6 150
116 7 151
117 8 152
118 9 153
119 10 154
120 11 155
121 12 156
122 13 157
123 14 158
124 15 159
125 16 160
126 17 161
127 18 162
128 1 Nozzle Aft Face
129 2
130 3
131 4
132 5
133 6
134 7
135 8
136 9
137 10
138 11
139 12
140 13
141 14
142 15
143 16
144 17
145 18

(Continued)
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Table 9 (Continued)

System HPFTP HPOTP
Joint Joint Joint Remarks

146 158 HPFTP Forward Case

147 164

148 170

149 176

150 698 HPFTF Intermediate Case

151 704

152 710

153 716

154 1454 HPFTP Aft End, Aft Bearing,
155 1456 Intermediate Bearing,

156 1457 Intermediate Rotor, Rotor Edge
157 1483

158 1533

159 1618 HPFTP Forward Bearing Area

160 1619

161 1620

162 1621

163 1622

164 1623

165 1624

166 1625

167 1626

168 1627

169 1628

170 1629

171 511 HPOTP Pump Housing Flange, Aft
172 274 HPOTP Pump Housing Flange, Fwd
173 318 HPOTP Pump Housing Flange, Fwd
174 362 HPOTP Pump Housing Flange, Fwd
175 404 HPOTP Pump Housing Flange, Fwd
176 467 HPOTP Pump Housing Flange, Aft
177 555 HPOTP Pump Housing Flange, Aft
178 597 HPOTP Pump Housing Flange, Aft
179 730 HPOTP Housing Flange

180 7134 HPOTP Housing Flange

181 738 HPOTP Housing Flange

182 742 HPOTP Housing Flange
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Table 9 {Concluded)
System HPFTP HPOTP
Joint Joint Joint Remarks
183 854 HPOTP Turbine, Extreme End
184 858
185 862
186 866
187 918 HPOTP Turbine Housing
188 922
189 926
190 930
191 1033 HPOTP Shaft, Turbine End
192 1034 HPOTP Shaft, Mid Bearing
193 1068 HPOTP Shaft, Pump Bearing
3-34
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Tig. 30 SSME Structural Math Model (Perspective View)

3-36



LMSC~HREC TR D8673C7

4, CONCLUSIONS AND RECOMMENDATIONS

This work has produced a dynamic mathematical model of the Space
5 -uttle Main Engine (SSME). The model has been checked so0 far as possible

at this time.

Lockheed recommends that, as further experimental data become avail-
able, this model be maintained and modified to reflect this added knowladge
of the 3SME. Further, the existent macro-elements of this model may be used
as components of future studies focusing on even greater detail in a

selected component.

This model represents o significant step in dynamic modeling of the

SSME, and 1s expected to make new and innovative analyses possible,
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Appendix A
EAL~SPAR APPLICATIONS EXPERIENCE

The application of the EAL-macro-element procedure proved to be a most
challenging experience., First 1t should be mentioned that although several
members of the Lockheed-Huntsville Structures Group had many years of
experience with SPAR, none had used EAL. Second, the engineers assigned to
the present analysis task had never used SPAR or EAL before this effoert,
much less the macro-element procedures. For these reasons numerous mistakes
were made along the way, but considerable experlence was gained with the

code and application to a large structure,

Basically, the driver routines for the macro-element assembly and
reduyction operations are collections of the older substructure procedures,
This procedure collection was resident on an EAL library known iInternally ta

the code as EALOZ28. One of the first problems identified with the procedure

- -

library was the fact that once a parameter was set up front (for example,
the central memory requirement) this value was held for all subsequent
matrix cperations. This proved to be a problem, since some modules such as
T.N and DRSI needed large core while the processor E will not run with large
core. This problem was overcome by including internal looping capability in

the driver routines for substructure operations.

There are two major deficiencles that exist in the macro-element
procedure that if corrected would make the code much more useful. First,
there exists no internal restart logic for macro-elements. Consider the
case encountered several times where a large weekend computer run was
submitted for execution only to "error off” for lack of :ime upon, say 95
percent completion. In this case, an internal restart logic tc check which

matrix modules had been completed and execute only those still required for

A-1
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a given component would have been helpful. Instead, 1t was necessary to
manually re—execute certain matrix operations while storing and retrieving
data sets out of perhaps as many as a half dozen different internal EAL
libraries. The second major difficiency that was discovered and discussed
with Dr., Jones at EISI is that no plotting capability exists for upstream
macro—elements. At first this did not appear to be a serious deficiency,
since each major substructure could not be plotted independently. The
concern began during assembly of major components into the residual
structure. There was concern that a component may be attached incorrectly,
and since EAL simply places a mathematical "rigid link" between boundary and
residual structure node pairs, no way existed of determining whether an
error had been introduced during the dozens of coordinate system

transformacions,

No real "fix” was found for either of the two major deficiencies noted
above. On small components where computer run time was not significant,
lack of automated restart meant that the component was simply resubmitted
for complete reanalysis. On Jarge substructures such as the Hot Gas
Manifold and the pumps, resubmitting the entire component meant as much as a .
week or two—week wait for an extended period of dedicated computer use. For

this reason, manual execution of some of the procedures was required on the

large models,

For the problem of producing plots of ~omplete assemblies of
macro-elements, a small FORTRAN program was developed to run on the
NASA-MSFC Univac 1180 that interfaced directly with the EAL processors AUS
and DCU. The subprocessors in AUS were used to produce a table of joint
locations by transforming each node back to the basic coordinatz system of
the gimbal. DCU was used to print this table which was read by the FORTRAN
program and converted to joint locations for input. These calculations were
identical to those in the macro-element coordinate system transformation

routines. AUS/TABLE was used to dump element comnectivity data that were

A=2
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subsequently read by the FORTRAN program to produce element definition for
the entire SSHME. Several large plots of the complete engine model were

produced. Reduced copies are included in this report.

The totals for the complete SSME EAL dynamics model are large. The
number of joints is 5076, with 5282 quadralateral plate elements, 2833
triangular plate elements and 267 bar elements. Obviously, a "frontal
assault” on a finite element model with B382 elements and over 34,000
degrees of freedom would be pointless on anything except perhaps a modern
supercomputer, and then the time required to extract eigenvalues would be
great. Thig fact alone should prove the usefulness of the macro-element

method when dealing with a large, complf.ated structure such as the SSME,
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Appendix B
ERPUT DATA LISTING FOR EAL-S5PAR SSME DYNAMIC MODEL
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