PRELIMINARY SHUTTLE STRUCTURAL DYNAMICS

MODELING DESIGN STUDY

GRUMMAN

':
'




/\/73 13 9//

‘NASA CR ]J.2196

PRELIMINARY SHUTTLE STRUCTURAL DYNAMICS

MODELING DESIGN STUDY

Prepared Under Contract NAS1-10635-4 by
Grumman AerospéCeSCorPOration
Bethpage, New York 1171k -
NOVEMBER 1972
"fof

Langley Research Center

Hampton, Virginia 23365

'NATTONAL AERONAUTICS AND SPACE ADMINISTRATION |



- FOREWORD

The work presented in this report was the combined effort - of o ‘
TRW Systems Group Incorporated a.nd Grumman Aerospe.ce Corporation.
Sect;.ons 2, 3, and 8 were prepared by TRW (A. E. Gelef, Dr. P. B. .
Grote, and D. H. Mitchell respectively). Sections 4 and 6 were
prepa.red by J B. Smedfjeld, and Section II was prepe.red by R. L.
Goldstein following suggestions by S. Goldenberg. The rema.inder

of the report and all the revisions a.nd addition of upda.ted .

‘information were prepa.red by M. Bernstein.

The design study of the 1/10th scale model details was

conducted by A. P. LaValle, F. L. Ha.li‘en, and P. J. Cosch::.gna.no

This work was a.dm:.nistered by the Dynamic Loa.ds ‘Branch,
Loads D:Lv:Ls:Lon, NASA La.ngley Resea.rch Center, Hampton, Vlrglnia..
' This report has been a.pproved by. : ‘

7 &/

Eu ene F Ba.1rd
. Program. Manager




Section

O O ~1 O W e

b B8

TABLE .OF CONTENTS

Rationale for Model and Proposéd-Model Features:

Requirements for POGO Analysis

Introduction and Chronology . -

Requirements for Control System

Ground Wind Loads Analysis
Lift-Off Loads Analysis_.‘

Gust-Loads Analysis . ...

Engine Induced Response .

Staging « « ¢ o o o0 . .
Test Requirements . .. . .

Summary of Requifements Study

Design .

.

Modal Coupling Applied to 1/15 Scale Model Test Data .

Design of 1/10 Scale Preliminary Model of Series-Burn

Configllration L s LI A L L L

References . . . . . . .

.

Appendix A-Gust Response ANBI¥Sis » o o o o o o 0 o v o

Appendix B-1/10 Scale Dynamic Model .Preliminary Stress

RepOI't'.". o-n'oocoo.no i“‘...‘.."_l o o .o

- 6-1
7-1
8-1
.9_1
10-1

111

12-1

Rl
AL

‘B-1

ii



“INTRODUCTION AND CHRONOLOGY




INTRODUCTION AND CHRONOLOGY

Structural dynamics problems during_the Apollo progfam were. very importanﬁ
and required ccnsiderable.technclogy development concurrent with'the design
and:flights of the various vehicles. Problems caused by POGO in:particular
required a high level of effort in very short time span. Increased anaiytical
and test capability has since been developed and should help to reduce the
impact of these problems on the Shuttle program. However, the- Shuttlei
ccnfiguration will‘havefmcre complex structural dynamic characteristics than
previous 1aunch vehicles primarily becadse of the'high modai'density_at low _
frequencies and the highxdegree of coupling between lateral and_longitudihal ’
motions. A preliminary structural_dyﬁamics'model will provide for the early'
study of many structural dynamics problems, a means of evaiuating the accufacy
of the structural and hydroelastic analysis methods on a Shuttle5like'test '
vehicle, and a means for efflclently evaluatlng potential cost sav1ngs in

structural dynamlc testlng technlques.

This task was originally established in June 1971 to determine the optimum
configuration for such a preliminafy model. The'original requirements for the

study included the following:

(1) Determination of reqpifements based upon a review of significant
dynamics analyses (POGO, Control System Stability, Dynamlc Loads). .

(2) Selection of a generalized model conflguratlon ‘

(3) Study of two candidate scale factors’

(4) study of initial-structural details_and material éubétitdtions'

(5) Preparation of Test Plans and Schedules | »

The feqﬁirementsiStﬁdy based upon the Shﬁttle-configurations.uhder
consideration at that time ﬁas'completed and reviewed on August 12, 1971,
Copies of the report were submitted to the Technical Monitor on September_20, 1971,

As a result of changes in the Shuttle Conflguratlon and at the request of

the Technical Monitor, the effort on the remaining portlons of the study, was'

-~suSpended until more- def1n1t1ve conflguratlon 1nformat10n became avallable



An add1t10nal study, authorlzed by Modlflcatlon No. l to further
evaluate modal component synthes1s technlques was completed in November 1971,
and submitted to the NASA Technical Monitor on December 13, 1971._ This study
verified that the analytical treatment of measured data was feasible for the
existing 1/15 scale NASA Langly Shuttle Model; and that further analysis was
warranted. As part of the same,effort,‘avreview of the measurements reqpired
to compute a damping matrix from test data was‘conducted at TRW. ‘The procedure"‘
proposed is described in an ATAA Journal_note."Method for.Constructing a Full.
. Modal Damping Matrix From Experimental Measurements" ble;,K. Hasselman,

April 1972. The attempt at using this method on availabie NASA and TRW test
~data ehowed that»the presence‘of'off-resonant modes in the_reSponses made the -
data.uneuitable, and ‘additional processing was required. 'This effort‘was
transferred to_Task_NAS l-l0635-8 for proceseing‘vibration‘test data;
Modification No. 3 authorized a change in the-bas'ic‘fo‘bjec_tivesv of ‘the

task by directing that a general arrangement and some structural details of a
1/10 scale model design for the series-burn pressure-fed booster, which had
been selected as the basellne conflguratlon, be developed ,In accordance with
‘thls direction, model.structural studies and an accompany1ng stress analysis
was undertaken etarting in January 1971, Proposed detalls of the’ 102 tank
‘1ntertank skirt, and LH tank were discussed w1th the NASA Technical Mon1tor
in January l97l ~ The prellmlnary des1gn and analy31s was completed and
subm1tted on March 31 1972 ' '

- This completed the model désign effort under this Task Order. Thevdesign T

. details for the tanks and orblter.developed durlng.thlseeffort are- presentlyt
being used as part of - the deéign'of a complete model under NASA 1410635-11

_ An addltlonal br1ef study of the su1tab111ty of the proposed model de81gn A
details for obtaining-structural dynamlcs data’ for use in ver1fy1ng POGO '
analytlcal methods was completed by TRW 1n»August 1972

All the work accompllshed under thls Task Order, as descrlbed above has .
been included in th1s report Several of the sectlons “have been rev1sed

' sllghtly from the1r orlglnal subm1331on to 1nclude addltlonal avallable

information,
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1. RATIONALE FOR MODEL AND PROPOSED MODEL FEATURES.

1.1 Necessity for a Preliminary Shuttle Dynamic Model

Structural dynamlc effects will be much more 1mportant for the Shuttle
than for past ‘launch vehicles because the conflguratlons evolving from the
various studies all possess large numbers of low-fregquency modes- with con-
s1derable amounts of coupling between motlons in orthogonal d1rect10ns. These
effects are analytically accounted for by using mathematical models derived
from a large-scale f1n1te-element representation. Experience on less complex
vehicles such as Saturn, IM, and F- lh has shown instances Where important
differences occurred between analysis and test results, - for example, between
the calculated and measured mode shapes and frequenc1es. It is 1mperat1ve,'
therefore, that shuttle analytical procedures be checked (and. modified or
supplemented as required) by comparing typical results from these procedures
with correspondlng test data from a structure contalnlng as many of the
significant prototype features as is feasible. A prellmlnary dynamlc model
provides the only means of obtalnlng this complementary experlmental data on
a tlmely and cost- effectlve basis. Specific contrlbutlons of the dynamlc-model

program are:

8 Enhancement and verification of analytical modellng procedures in areas
where these are reasonably well developed (e ., definition of finite-

element structures models and lumped mass dynamlcs models)

e Complementary emplrlcal data in areas where analyses are relatlvely
weak (e.g., representatlon of fluld/tank-wall interactions for. hlghly
flexible thin shell tanks, or modeling of partlally buckled structural
elements)

LN Investigation of effects-of system nonlinearities (e;g., preloaded
interstage restraint systems)

In addition to these analysis-related requirements for a dynamic model,

some further benefits include:

. Early verlflcatlon of 1mportant prellmlnary vehlcle dynamlc character-a_

istics of a typlcal shuttle de31gn

o Disclosure of previously unanticipated dynamics“problem areas

1.2



® Definition of optimum configuration changes for eliminating critical.
problem areas ' -

° vDevelopment and demonstration of efficientlfull-scale prototype testing
procedures. \
In summary, while fulfilling its primary mission of providing vitally
needed supporting data in key analysis areas, the model will also furnish

means for investigating critical deSign and testing problems.

1.2 Rationalelfor Selecting»Configuration FEatures

Thevprimary purpose of the preliminary dynamic model is to verify the‘
procedures used in analyses. Therefore the major emphasis in this. limited
_study establishing model requirements was to reyiew-each of important analytical
procedures»in detail;and-determine the necessary'structural'dynamics~information.'
In most instances this consisted of determining the modes~in which major input
forces and responses occurred, and theISignificant Structural-details~in these
modes., The frequency ranges required'were determined principally fromaanalyses

conducted.during shuttle configuration studies or from Saturn V results..

The model is also requlred to 1ncorporate as many S1gn1f1cant typical
prototype features as poss1ble so as to reveal the maximum number of problem
areas., In order to.l;mlt,costs, however, these features should be simplified

and idealized while still simulating the dynamic behavior.

1.3 Summary of Recommended Configuration Features

The siénificant structural features requiréd for the major elements of a
model to be representatlve of a prototype for each analy51s reviewed and most:
1ikely to reveal problem areas are summarlzed in Sectlon lO Based upon these
considerations, it is recommended that a prellmlnary dynamlc model 1ncorporate

the features listed below. - S o

®. Orbiter

The orbiter fuselage should be represented by three sections consisting
attachments, a mid-section contalnlng the w1ng carry-through and the

aft payload attachments, and an aft sectlon contalnlng ‘the englne and

fin support structures. The crew compartment should be a simple closed

.1_3

of a forward'portlon containing the crew area'and forward payload Lo



_.shell containing extensions of the'two Side longeronslwith provisions
‘Tor attachment_of weights representing equipment.v'The midhsection
should have remorahle payload doors which have torsion carrying
capability but add no~bendingTStiffness. The basic U shape frame- for .
the mid section should be used along the entire fuselage.

. External Tanks = : A S {
The external tank should cons1st of a representatlon of an. LO2 “tank
des1gned to hold water, an 1ntertank sk1rt with prov181ons for attachlng
SRM's, an LH2 tank with 1nternal_framesland external flttlngsvto attach

‘the Orbiter, and an aft skirt with provisions forvattaehing the booster.
The'LO2 tank should be represented by a monocoquevsheli of uniform
thickness.. The bottom dome should be of uniform thlckness with attach-

‘ ment for. measurlng pressure and for drain and flll capablllty. ‘No B
provision is’ requlred for slosh baffles or 51mulated feedllnes.:f

Internal pressurization can be ‘limited to a low value-(2,p31).

The intertank skirt should be of monocoque construction with no chem-
milling, Any frames or struts used to distribute”loads internally

: should‘be represented by the proper geometry, honever; in order to keep
the design simple, .the members should be'designed:to avoid buckling
w1thout requ1r1ng added stlffenlng. Interstage attaehment members may
be of simple cross- sectlonal shape rather than scaled down prototype

values. Flttlngs may be overs1zed and simplified to limit costs.

The LH2 tank should be of monocoque constructlon w1th a minimum of

chem- m1111ng " 8kin gages should be heavy’ enough to av01d buckllng

under model handllng loads w1thout requlrlng any addltlonal stlffeners;;
. The 1nternal frames,whlch transmlt the" orblterAloads should have the

proper geometry but the'members may be of'simpler_oross sectional shape

and ‘should be-designed to avoid buékling,without-Stiffening.’ Fittings

may be'oversized:and eimplified,to'limit costs.

The aft Sklrt should be of S1mple monocoqne constructlon, 81m11ar to

the 1nter tank sklrt descrlbed above.~

1k
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2, POGO CONSIDERATIONS IN SPACE-SHUTTLE STRUCTURAL_DYNAMIC MODEL

2.1 Brief Description of Analysis Procedures:

POGO is a self- eXC1ted OSC1llation that results fram coupling of

structure propellant the ‘pumps and the motors of a rocket propelled vehicle.~

Qualitatively, the POGO phenomenon occurs because vehicle'accelerations
and associated accelerations of the propellants in tanks and feedlines cause
pressure changes in the propellant at the pump inlet,- These pressure changes
result in changes of net thrust of the rocket motors. The‘phase of these'
thrust changes is.usually such as to cause structural accelerations in the same
direction as those initially postulated. There is then "positive feedback,"

and the system is potentially capable of self-excited vibration;

A determinatlon for a particular configuration of" a SpelelC vehicle
of whether POGO is likely to occur, may be made from an evaluatlon of the
closed loop eigenvalues of the- coupled engine- structure line system or,
alternately, by a calculation of the open-loop frequency response of” the same
system with the loop ‘opened at pertinent p01nts.' Regardless of whether open-
loop or closed-loop analysis is selected, 1t is. necessary to enter the .Same

parameters in the analy31s. These parameters, are:

(l) Structural response, as functions of magnitude and frequency of

'eXC1t1ng force at engine locations’

a. Engine motions
b. Pump motions :
c. Motions of fluids in fuel and oxidizer tanks, or alternately

d. Pressure of fluids at,tank-feedline interfaces, :
(2) Feedline Characteristics :

a, Pressure at pump 1nlets caused by pressure at tank feedline

1nterfaces and motion of llnes and pumps*

*Thls pressure is often influenced strongly by the naturally occurring or
artifically prov1ded compliance at the pump 1nlet and 1s therefore determined
separately from Item 1-d, above., ' : :
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(3) Pump- Engine Characterlstlcs

a. Varlatlons in net thrust caused by varlatlons in pressure and
flow rates at the pump inlet '

b.  Compliance at.pump inlets

All these parameters'may be determined,_with more orbiess_aocuracy and confidence,
by analysis at early stages of the wehicle design. But they must all he test-:
verified prior to flight in order to improve confidence in results of POGO-
‘stablllty calculatlons. - ) ' A

The structural characterlstlcs should be test-verlfled as early as possible
because of the tremendous schedule and cost 1mpact that could result from
unforeseen structural characterlstlcs that are sufflclently unfavorable to
indicate a need for 31gn1f1cant changes. A-structural dynamic scale model,
which may be considered as a hybrid between analysis and‘a full scale structure,
can be of great help in confirming the analytlc technlques used to calculate

structural characteristics.

‘The feedline characteristics, as functions of the'COmplianoe prevailing at
the pump inlet, have been considered in the past to be the*characteristics.
which are most amenable to analysis and therefore to require the least test
‘verification. However, the ctholutions of presently proposed'space-shuttle

feedlines are such that confidence in analysis'is'reduced, and test-verification
| prior:.to huilding,of'actual-hardwere will be-appropriate."Models of feedlines
will be veluable, but'these need not be incorporated in the orerall model for
the reasons discussed later in Section 2.4.3. 'InStead-'the effect of the lines,
' when known from analysis and test can be 1ncorporated in the overall mathematlcal

.model by rellable modal synthesis techniques.

The .pump and engine characteristics, including the.cavitetion‘compliance
at the pump inlet which has been stipulated often to:have'strong effects upon
the feedline characteristics, are dependent upon-both fluid velocities and
accelerations, which cannot be scaled 51mu1taneously Therefore, these
characteristics cannot be derlved from scale models and _a scale model cannot
be used to provrde ‘a complete determlnatlon of the PQGO stabrllty»of the space-
‘shuttle. But beoause a structural:dynamic scale model can_provide:some,_,

important information in a'timely manner,fit cantbere;veryfvaluable tool for
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 determination of POGO Stability. -Such a model is'recommended

In the remainder of th1s sectlon, 00n51derat10ns enterlng 1nto the cost-
effective and timely fabrication of such a model are discussed. Specific
recommendations are made when pOSSlble, and -areas requiring further studies

are identified.

- 2,2 Tanks andvFluids

2.2.1 Tank Structure

Tank bulglng 1nfluences all long1tud1nal modes, and has a direct effect

on the modal pressures ‘at the tank-feedline 1nterface.

. Tank bulging 1s affected prlmarlly by the density of the fluid in the
tark and by the stlffness of the tank walls and bottom.: The density of the
‘walls and bottom is’ of negligible concern, as 1s the stlffness (bulk modulus)
of the fluids, '

The stiffness of concern for thln-walled tanks as will ex1st in Space-
_shuttle is primarily extenS1onal stlffness shell bending stiffness has purely
local effects. whlch are overwhelmed by the extensional stiffness. As a result
it will be perm1s51ble to model the tank walls and bottom w1th any materlal of
V'approprlate thlckness having stlffness (EA) equlvalent to the comp031te
stiffness’ of the proposed tank de51gn. This permlts the. use of reinforced
plastiC'for the model tank wall, and this may be-partlcularly convenient if the
full scale design should. incorporate different ¢ircumferential and . long1tud1nal
stiffness. . An approprlate selectlon of amount of re1nforc1ng materlal in the
g warp and woof of the . selected relnfor01ng fabrlc Wlll permlt adequate 31mulatlon
of tank walls. ' ' ‘ '

2.2.2 Fluids

Present plannlng involves fuellng the external tanks w1th 11qu1d hydrogen

“and llquld oxvgen.

A mlxture of water and alcohol could be made to prOV1de pre01se dens1ty

--S1mulat10n of liquid oxygen, as -could many other comblnatlons of m1sc1ble flulds. o

Any such mixture would have substantlally greater acoustlc veloc1ty than the
hlghly compressible 11qu1d oxygen but as wag noted th1s dlfference is not

S1gn1f1cant for tank bulglng modes.
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The very low density'of liquid hydrogen which makes it difficult to
simulate w1th a room- temperature flu1d usually makes it precise 81mulat10n
-unnecessary. Thus, when testing the "Apollo” full scale Dynamic Test Vehicle
it was conclused that negllglble accuracy would be lost if the liquid hydrogen
| were replaced in the scale model by an equlvalent welght of water. An equlvalent

conclu51on may well be reached for ‘the proposed Space ~shuttle model.

If the lack of need for 31mulat10n of the 11qu1d hydrogen cannot be -
demonstrated for space- shuttle, then it will be pos31ble to prov1de ‘reasonable
.dens1ty simulation with a un1form grid of’ closed cell plastlc foam blocks,

. constrained agalnst floatlng to the surface, dlspla01ng approprlate amounts of
water, Approprlate density plastlc beads, either foam or phenollc mlcro-
ballons,' might prove to be acceptable w1thout any fluid,

.Finally it is noted ‘that’ whlle.51mulat;on of flulds-by Spring masses will
be useful in. some modél'Studies, particularly those involying Slosh'modes Where
gravity scaling is 1mposs1ble, such simulations do not appear to be elther '

necessary or sufficient for a model de51gned to y1eld POGO. 1nformat10n.

2. 3 Structural Transfer Functlons Req;;red ‘

The structural characterlstlcs which have been noted as necessary for 5
quantitative 'POGO analy51s ‘have been stlpulated to be frequency dependent
functlons, As a. result, the structure is most convenlently descrlbed for POGO
analysis by sets of characterlstlcs of its normal modes._vThe pert;nent

characterlstlcs are:

(1) Modal frequency 7 : _ . _ _
(2) Modal damplng ' - - j» . - S ":J_f.
(3) Generalized modal mass ‘ ; ', : L | o
(h). Modal motions of _engines, pumps feedlines, and propellant in- tanks,&‘
'normallzed ‘to the same p01nt used for normallzatlon 1n calculatlon of

' the’ modal mass

2;5



The modes'of cOncern‘are'those having substantial engine ‘motion in the direction
of engine thrust ~and hav1ng modal frequenc1es near oxidizer* feedllne resonant
frequencies, 1In the case of ‘the .External Tank and SEM conflguratlon, the
frequency of the lowest feedline resonance of concern may be as low as 2.5 Hz,
and only those structural modes with frequency less than approx1mate1y 25 Hz
_need be considered., For the Orbiter and External Tank conflguratlon, or for a
proposed configuration which has ox1d1zer tanks aft, however, it will not ‘be
pOSSlble to deflne a usefully low upper limit of concern" until after accumula-~
tors ‘have been aSS1gned to the pump inlets, and reasonably 51zed - The ”upper'.
1imit" for the orblter,‘or for a booster with ox1d1zer tank aft may be “higher

than 30 Hz.

2.3.1. Structural Details

- Low "maximum" frequenc1es in the actual vehicle are des1rable from the
v1ewp01nt of deS1gn1ng and building a model for. only those local assemblles
‘hav1ng subsystem frequencies less than approx1mately one octave above‘the
"maximum" frequency need be modeled in detail.’ Stiffer Subassembiies are .
adequately modeled when their rigid body inertial properties are reproduced in -
‘scale., Conversely, some structure will be adequately modeled if its stiffness
alone is reproduCedyin scale; an example would be the interconnecting structure
between the booster and the orbiter. _ | o

2:3.1.1 Thrust Structure

The thrust structure, which interconnects the engines and attaches to the
orbiter, may be a dominant factor in POGC-significant'modes if the maximum
frequency of conCern extends reascnably high, and pians should'be made.for
careful. modeling of that structure. The expected s1mp11c1ty of the orblter
thrust structure is fortunate in. llght of the possibly substantlally hlgher
frequency regime of concern which may requlre valid S1mu1at10n of modes as high
as 30 Hz. This implied the rieed for a scaled repllca_of orbiter thrust

structure if the objective is a model with good. fidelity to_the-prototype.

~ *¥Fuel feedlines are presently .expected to-have 1little influence on-POGO- sen51- R
t1v1ty of the’ space shuttle because of the relatively short. lengths of the-
“fuel feedlines and because of the mass flow rate of liquid hydrogen will be of
‘the order of 20% the flow rate of the liquid oxygen. These factors make large
reductlons in thrust oscillations for fuel side velocity changes as against
oxidizer-side 0301llat10ns, and therefore make fuel . natural frequencies of less.
concern. : : - o



Unless oxygen feedline accumulators: should be firmly 1ncorporated in the deS1gn,
it is ‘recommended that plans be made for 1nclud1ng a scaled replica of thls

subsystem.
2.3.1.2 Lines

An important subassembly, whose modal frequency is by definitionlwithin
the. frequency regime of concern, is'the oxidizer<feedline_system,-‘This is

discussed separately in Section 2.k, follOW1ng.
2. 3 1.3 Joints

Good design of 301nts usually aims for lOO% joint eff1c1ency, Wthh means
that the 301nt w1ll fail under the same load as skin adjacent to the joint. In.
' order to approach the goal of lOO% efficiency, 1t 1s generally necessary to .
weld a re1nforc1ng ring to the skin, so that the local stiffness and welght of
the joint will differ from that of adjacent contlnuous structure even when the

structural eff1C1ency reaches the desiréd 100 percent

_ Purely local increases in stiffness,-eveh-when quite;large, haveinegligible
effect upon structural modes. It analysis shows that any of the doublers
hjpothe31zed above 1ncrease local stlffness, the1r welght effects may be accounted

for by addlng some local welght to the model and the1r stlffness effects may

: be neglected

Local reductions}in stiffness have more effect'on modal'characteristics
than do stiffness 1ncreases, but the' -effects remain small in the absolute sense
unless the stlffness reduction is large and this is not likely t6 occur in the
"case of a normally de81gned joint. 1If, however, calculatlons 1nd1cate that the
stiffness reduction is 1ndeed large this can be s1mulated by cuttlng away a
small reglon of skln much more - eas1ly and economlcally than by attemptlng to

reproduce the joint.

- 2.4 Propulsion Study

"Transfer Function’Requrements

- The. transfer. functlons-whlch -are- requlred w1th the structural transfer o
functlons to complete the POGO loop are: ' o '
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1. 2P /3P, O /Psf, JdP /a Do’ 3P, /Wy

2. BPSo/aPt)-aPso/Ye, BPso/BYz, aPéf/aPt,vaPsf/Ye,_BPSf/YL

Where Pc is engine chamber pressure
PsO’ P> are inlet pressures of oxidizer, fuel, pumps; respectiVely

P, is pressure at tank bottoms ' '

'wa’ DO

Y z, is motion of pump and line support points, reSpectively

is: fluctuating flow rate in fuel ox1dizer, pumps reSpectively

o.L.1 Engine

- The first set of. functions, prov1d1ng the chamber pressure and hence the
thrust, are characteristics of the pumps - and engines. _As haS«been previously -
stated, these cannot be derived from scale niodels., .

2.4.2 Lines

The second set of functions, yielding the pressures at the pump inlets,
are fUnctions of the geometry and stiffness of the feedline structure, the
dens1ty and bulk modulus of the propellants and ‘the location and stiffness of

naturally occurring or artifically prov1ded lumped compliance at any point of

the line, Direct replica s1mulation of this set of parameters 1n model scale

: w1ll be exceedingly difficult if. pOSSible because

1. Line walls would ‘have to have thickness as low as .002 1nches even if
the model were made as large as l/lo scale

2. The bulk modulus of Cryogenic fluids tendS-to'be_very_loW-in ccemparison
to that of room temperature fluids '

,3.' Reynolds number . (viscosity) con51derations will probably enter, because

of both the diameter reduction of a scale model and the necessary

absence of ! steady state flow rate in a model

Some of these cons1derations can be overcome by, for- example us1ng a
highly compliant material for pipe walls and thereby arr1v1ng at a reasonably

ccrrect overall effective" bulk modulus, B where _,;_, . i‘;-.i_ N

(E.n +
“\B tE) -

td >
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where @ o B is the bulk modulus of the f1u1d _
- - Dlis 1ocal line dlametera, s
E is l;ne:wall §t1ffness.

-t is line wass thickneSs

However, we recommend agalnst such procedures and therefore against 1nclud1ng
" similated lines 1n the structural dynamlc scale model because of the complex1t1es

and uncertalntles of d01ng SO.

Addltlonally, in deriving a mathematlcal model of a structure for POGO
purposes, it customary to exclude the feedlines and thelr;fluld from the basic
structural model and later to couple the line‘modes'with'structural modes in_
the stability analysis; 'This‘has‘the _important. advantage of avoiding the need

for calculation of new sets.of- structural modes- for each change in feedllne o

'characterlstlcs

" Exclusion of lines from a’ structural dynamic scale model would have an
equivalent, and costdeffectwiee, probably more cogent aduantage since it Would_
" not be necessary to retest'the'overall_scale,model each time a different line
configuration is considered., Based upon past experience_in Titan and Apollo -
POGO studies, whe re improvement of'POGO'characteristics'involved primarily‘

’ changes to local lumped line compllances, this will be a great advantage indeed
in the Space Shuttle model.

The argument agalnst including. feedllnes in the structural model is
reinforced by experience“on the 1/10 scale repllca model of_Apollo-Saturn V.
Lines.were'carefully reproduced to'SCale on that'mode15 but no useful.data was .
achieved from thiS~inclusion'beCause the model test'pfocedures-could not
include any provisions to reproduce'the effect of fluid'flow and cavitatidn at
'the pump entrance. Consequently line modes did not interact with structural
modes in. a reallstlc manner and useful correlatlon between feedllne pressures

and forces and motions could not be attalned B ) ‘

It will, however, be useful to build modelsvof the lines alone, or a cold-
flow faC111ty which' S1mulates ‘the pump dynamics as well. . Such models could - -
ihelp refine technlques for analytic calculatlons of line modes, as fUnctlons of
cavitation and/or accumulator compllance, of the compllcated line conflguratlon

presently planned
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A model of lines- alone would not be constralned by the scaling’ factor
’ _ selected for the overall model, or by the materlal of the walls, Further,
since the model would be for the purpose of ver1fy1ng analytlc techniques
rather than achieving spe01f1c dlrectly appllcable numerlcal results, detalled
geometry would not.have to be reproduced. Thus a subassembly model with llnes’
'of sufficient diameter'to'facilitate making pressure measurements and to
minimize viscosity effects could be built without the need to have straight
sections of lines as long as the scale factor or dlameters would require if
detailed geometry were - to be maintained. = This would. substantlally faC111tate

.testlng.
(1)

2.5 POGO Related Test'Objectivesiand_Data-for_Proposed Model Tests'

2.5.1 Introduction

The structural dynamlc complex1ty of the Space Shuttle COnflguratlon
poses potentlal problems of a. greater magnltude than have heretofore been.
experlenced on”spacecraft/launch.systems. . To enhance the understandlng and
assess the problems envisioned a structural dynamic scale nodeldhas.been- _
proposed upon Wthh a varlety of tests could be performed In a very general
rsense the obJectlves of this model test program can be grouped in three broad
categorles as follows ‘

‘ . Enhancement-and_verlfication,ofvanalytic ﬁodelling'techniques and

.- procedures

®. Disclosure, and 1dent1flcat10n of unantlclpated structural dyneamic

blnteractlons and/or coupllng problems -

0"Development and demonstration of approprlate testlng technlques/ _
procedures and data acqu1s1t10n/evaluat10n technlques appllcable to

full scale prototype testlng.

One of the prlme outputs of the model test program w1ll be the determlna-
tlon of the modal characterlstlcs of the scale model agalnst which analytlc '

models will be evaluated. The complex1ty of the Space Shuttle conflguratlon ,

(1) ThlS sectlon was added in. August 1972 after the proposed model conflgura-
tion for the: parallel-burn Shuttle (w1th SRM s) was rev1ewed
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may require that the analytic modal characteristics be determined using _
component mode techniques, vherein ‘subsystems such as the solid rocket motors,
the H/O tankage, and the orbiter are 1nd1v1dually and - separately analytically
modelled and then combined to generate shuttle system modal characteristics.

An overall model test/analyS1s program as generally- depicted 1n Figure 2-1 is . -

envisioned. In support of such a program, the proposed des1gn of the scale

model H/O tankage (Reference 2-1) has ‘been . examined relative to the determination_ _f'

of modal tank bottom’ pressure coefficients necessary for a POGO analyS1s of the

Space Shuttle.
2.5.2 Background

In longitudinal'stability (POGO) analyses, an important set of parameters
can be the "tank bottom pressure coefficients" (Reference 2- 2) Such A
coeff1C1ents relate the osc1llatory fluid pressure 1n the tank at the outlet
to the feed system to a- reference modal displacement-or acceleration.' The
resulting tank bottom pressures are applied_as a driving forceito'the:feediine
providing one of the coupling terms between the structural'and propulsion
'systems in the closed loop interaction (POGO). The proper determination of
these terms has only recently come under: 1nvestigation ‘as 1aunch vehicle systems

have become more complex (References 2- 3, 2= H 2-5).

Reference 2- h gives a summary of dynamic modelling technology for liquid-
propellant launch vehicles circa 1969-T70, At that»time,.approx1mate-methods
were developed to more adequately represent the interaction-between liouid andi
structure in the propellant tanks. These techniques were sufficient for
calculating the longitudinal modés of the vehicle, but Reference 2-L states,
"The method is not.applicable where higher tank modes or local liquid effects,

such as tank bottom pressures, must be predicted accurately;"

Accordingly, an improved technique was used (Reference 2-3) to calculate
tank bottom pressures for POGO analyses. The state of the fluid continuum is
defined in terms of a velocity potential and finite elements are used to model‘
the:flex1ble tank, Surface wave effects are neglected and the liquid surface B

'isiassumed_to'remain flat, The analy51s was compared with model tests but the

»experimental data were rather limited
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Another f1n1te element technlque (Reference 2- 8) is similar to that of
.Reference 2-3 in that the fluid is treated as a contlnuum, but- the problem is
formulated in terms of an integral equation and discrete eléments are -used on
the fluid ooundaries. By using washer-like, annualr elements on the free

surface, axisymmetric liquid sloshing'effects are included (i.e.,'_ surface waves).

After the Saturn V experienced POGO on the S- II stage, vibration tests
were conducted on an S-II Lox tank (termed the mini- stage) These experiments
were compared with an analyS1s to determlne tank modes and. tank bottom pressure o
coefficients (Reference 2- 5) which used the above mentioned finite element
program. This recent paper (Reference 2-5, January_l972) presents a comparison.
between teSt'and analysis, Although there are'only'limited tank bottom pressure

data the modes and pressures compare reasonably well w1th the computer model.

In prior scale model test;ngvof both-the Titan III (Reference 2-6) and
Saturn (Reference-2-7), the need for tank bottom.pressuee_coeff1c1ents_was not
compelling and no significant information was obtained although an attempt was .
apparently made to determine tank pressures;:'A_similar’situation prevailed
during the full scale testing of Saturn V and no'useful‘pressure-informatiOn

was.obtained from these tests (Reference 2-h)

- Presuming that the Shuttle scale model test program w1ll contaln, in some:
sense, the elements as deplcted in Flgure 2- 1, the follOW1ng sections prov1de
obgect1ves and data requlrements ‘pertinent to H/O tankage tank bottom pressures
for POGO analyses. Slmllar examlnatlons should be made for the other subsystems
(solid rocket motors, and orbiter) and for the other dynamlc analyses (controls,.f

transient loads, separation dynamlcs, ete. ).

2 5. 3 Test. ObJectlves-

//'

These obgectlves pertaln to the H/O tenkage as a component and as a part

of the total Space Shuttle system, and are or1ented spe01f1cally toward -obtaining

,data necessary for POGO analyses.

For the H/O tankage alone, as’ a Space Shuttle subsystem or component the

prime test objective is: - - - - - - S RO
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(1) The determination of L0, tank bulging/aft ‘dome longltudinal mode
shapes and frequen01es and corresponding modal, tank bottom pressures
under ‘several propellant loading conditions. Modes up to approx1mately
20 Hz (prototype) with the tankage exc1ted at the LO2 ‘tank "Y" ring
are requlred

For the H/O tankage 1ntegrated with the other subsystems (orbiter, with

and w1thout solid rocket motors) the obaectives are

(l) Determine the free-free coupled modal‘characteristics of the total
Shuttle system (up to 20 -Hz prototype) lnder several propellant

loading conditions. ]

(2) ~Determine tank bottom pressure coefficients'for'eachlof the system
modes identified Both LO2 and LH tank bottom pressure coefficients

‘should be determlned but any compromises should be resolved in. favor

vof the LO2 tank measurements

2.5. h. Data Requirements

For the H/O tankage as a component or subsystem both accelerometer and

. pressure data are required Placement of three rays of h accelerometers on

the LO2 tank aft dome is a pos31ble scheme to determine the first few dome

mode shapes (Figure 2-2), The three rays of accelerometers w1ll permit '
averaging around the dome to help define the modes and the ‘lateral acceler-
ometers above the ”Y" will permit ‘detection.of tank bulglng The intent is

to define a dome mode shape that can be correlated w1th analytic results’ and .
to obtain a tank bottom pressure coeff1c1ent (ps1/g or pS1/1n) for correlation

with. analytic predictions

For the Space Shuttle system model, both tank bottom Ppressure transducers ’
along with sufficient accelerometers such that system modes up to lO 15 Hz.- -
(prototype) can:be defined are required In particular modal data are required

at the following locations for POGO analyses:

® 3 axis accelerometers'at the orbiter engine location(s)

. 3 ax1s accelerometers at the LO feedline attach p01nts to the

2
structure (in both orbiter and ‘H/O tankage).



- both LO ‘and LH tank bottom- pressures and’ acceleratlons _

L] 3 axis accelerometers at the turbopump locatlon(s) (1f dlfferent from

the englnes)

Pressure transducers and.accelerometers<should have flat phase and

" amplitude response characteristics in the range of approximatelyv2043OO"Hz;
Oscillatory pressures will-probablyybe-less.than 5 psi. (Static pressure in
an unpressurized L‘O2 tank fullvof water'is ~ 2.5 psi,)-.The detail of the tank
bottom deflections may not be required if goodvcorrelation_can_be obtained in

component'or subsystem‘tests.

These data are requlred at several propellant loadlng conflguratlons a
minimum of which are (assumlng an approx1mate 350 second powered fllght and a

100 second SOlld rocket motor urn):

_ 0 . Lift off . o
~ 100 'Booster burnout (booster attached)

=~ 100 Booster burnout (booster released)

ct

~ 350 Main engine burnout

All data should include amplltude, phase and frequency, as a functlon of 1nput

amplltude and frequency.,

2.5.5 COnfiguration Considerations

Since one .of the prime objectives is the analytic/test‘correlation
relating tank bottom pressures and modal deflections (or -accelerations) rather
than obtaining directly scaleable results to the_prototype, several'costn
-effective . compromises-seem appropriate Tapered thickness-of thevlower bulk;
heads is not necessary for the test/analytlc comparlson as long as the’ bulkhead ‘
" modes remain in the proper frequency range relative to the’ overall system modes.
Local stlffenlng and mass effects such as the tank outlet flttlngs/llne or
reinforcement structure should be 1ncluded in the model. Water can be used as
an LO simulant. Light weight plastic spheres have been used before to simulate
the mass distribution of the LH (Reference 7) but the adequacy of thls '

" simulation of a 11qu1d for obta1n1ng tank bottom pressure measurements is
unknown., Because the LH; propellant and feedllne:dynamlcsnare not.expected to

2 _ _
contribute significantly. to potential POGO problems due to. the low density of
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LH,, the uncertainties resulting from the ﬁse of ‘'such .spheres will probably
not -be important. 'How‘ever, this choicéA is probably adéciuatg’ for the overall
system modal definition, . ' o V ' '

-
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3. CONTROL SYSTEM CONSIDERATIONS
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3. CONTROL SYSTEM ANALYSIS

3.1 Brief Description of Analysis Procedures

The shuttle flight'control-system,design.necessitates‘an investigation ofv
the interaction among the shuttle rigid and flexible body dynamics, the
control system sensors and actuators and the external dlsturbances to which the
vehicle 1s subaected The coupllng between the :controls, dynamlcs and the
disturbances is described analytlcally via a closed loop lormulat1on of the
‘equations of motion such as depicted in Figure 3.1. The stablllty of the .
control system and verification of the system perfbrmance'in the time domain
- must be establlshed for each of the many fllght maneuvers of -shuttle vehlcle
These 1nclude llft off, normal atmospherlc and orbital flight, staging, and
abort maneuvers whlch may occur throughout the vehlcle s fllght path .The
~ performance of these analyses will begin with S1mp11f1ed analytlcal models
(i. e., a rigid body deplctlng the vehicle dynamlcs subaecu to a llnearlzed
control system) and culmlnate w1th complex models which include the flex1ble_
degrees of freedom coupled 1nto the - r1g1d body motlon and 1nclud1ng the hlghly

non-linear control system.

The success of the advanced COntrol»system analysis>of the-shuttle;vehicle
depends in part on obtaining a realistic description'ofvthe_VehiCle}s structural
: dynamics. The size and complexity of the proposed'shuttle ‘structure requires
that much of this 1nformat10n be derlved from sub scale model testing. Some of
1mportant a5pects of the controls dynamics 1nteractlon of the shuttle vehlcle

are discussed 1nd1V1dually below, ' .;’ .

- The structural feedback 1nto the control system affects both sensors and
actuators. Sensors (rate gyros and accelerometers) are prlmarlly 1ntended to
sense rigid body rotations and acceleratlons but their output 1ncludes errors
due to structural bending rotatlons and linear flex1ble body acceleratlons.
These flex1ble body effects are m1n1mlzed by Jud1C1ous1y plaC1ng the sensors
so that the local structural dynamics response will on the whole. be m1n1mal
and by using. several sensors placed at varlous p01nts on, the system such that
a comparlson or averaglng of these sensor outputs by onboard computers allows

an accurate predlctlon of r1g1d body rotations and acceleratlons.'
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In order to évaluate sensor error, accurate modal data (modes, frequencies,

" generalized masses) are required. Secondly, the existance of local modes must

be examined to ensure that the gross vehicle.modes provide'a‘sufficientlbasis..

for error process1ng. In the same mahner' the flexibility of the points of”

'-actlon of control actuators must be. con51dered in the analys1s of structural

feedback.

‘Control actuators'iﬁclude booster”and orbitervengines which may be

'glmballed or have variable thrust, attitude control Jets and aerodynamlc

control surfaces. Englne mount p01nt and englne actuator flex1b111ty must be
cons1dered as well as the flex1b111ty of - p01nts of attachment of control

surfaces.

Propellant slosh effects on the contrbl system are of major,importance.due
to the predominance of propellant fluids in the total mass distribution of the
shuttle vehicle.l Slosh modes may interact withlone,or more‘éf'thescontrol
system frequencies during both steady state and transiehtfmaneuvers.. The
slingshot effect.is an example of the latter categoryw. It may take place at
the end of an engine burn when energy stored in the deformation of fuel tanks
during high acceleration periods is suddehly releaSed causing liquid residuals

to be propelled towards the forward bulkhead -at high velccity.

Other mechanisms of structural feedback involve aeroelastic effects which
may couple the rigid and flexible bodyAdynamics aﬁd localized deformation due -to .

the mass and inertia distribution of major components.

A sub-scale model of the shuttle vehicle can be readily used tc ebtain the

gross natural modes of vibration within the control system:band-pass (~ 7 Hz).

Yet, thevcomplexity-of structure makes it very difficult and"costly to attempt
a replica scaling of local flexibility and structural damping effects which, - -

as was noted above, play a major part in the controls-dynamics interaction,

" Furthermore, some ‘phenomena, such as fuel“sloshing are subject to different

scaling laws than the natural modes of vibration»(iQe., sIOSh frequency

typically is scaled by the square root of the length ratlo) aqd_thgs“are"_

_dlfflcult to.scale. accurately.
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Fortuhately, replica scaling representing identical éeometric scaling

_ and using prototype materlal throughout ‘the model is not necessary to
establish the va11d1ty of the analytlcal simulation of the dynamlc interaction
of the ‘shuttle vehicle. Instead, general geometrlc scaling may be employed,
where the localized flexibility<ahd a. number of slosh modes are ekpressed in

terms of "distortion parameters" that indicate the-degree of distortion of

-,_the'indiviaual parameters used. An analytieal éiﬁﬁlation of the closed-loop

controls- dynamlcs 1nteractlon of the ‘sub- scale model is then performed and the
results are compared with a laboratory test performed on the scale model -Good
_agreement between the analytical and the test results permits extensron of the
simulation, using the aforementloned "dlstortlon parameters whenever'poséible,

to cover the shuttle fllght conf‘lguratlon.

3.2 Structural Informatlon Requlred

The structural dynamics data requlred or valldated from the sub scale

model of the shuttle vehlcle aré as fbllows

(1) Lift-Off Conflguratlon,

(a)  First three natural frequencies and modes of'vibrationlof the
V cantilevered booster/orbiter combined structure R
(b) Modal displacement at engines and‘aceelerometer locations

(c) Modal rotation at the mount point.of each rate-gyro

(2) In-Flight Configuration

(a) DNatural frequencies and modesfof_vibration of the free-free
booster/orbiter combination and.the‘orbiter_alone within a
‘frequency band up to 7 Hz v

(b) Modal dlsplacement at engines and accelérometer mount point

(¢) Modal rotations of the mount point of each thruster and. rate gyro

(d) Localized stlffness coefficients: of magor components measured

| statically ' ,

(e) Structural damping coefficients of all ma]or modes of vibration

(f) - Discrete damping &t - constrained hlnges i R o

(g) Slosh modes and frequenc1es up to 7. Hz
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These data should be obtained for:several Vehicle'configUratiéns‘including:
L Booster/orblter conflguratlon w1th booster propellant loadlng of
100%, 75%, 50%, 25%, and 0% "

¢ Orbiter configuration with propellant loadlng of lOO%, 5%, and 50%,
' 25% and O% . S
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4. GROUND WIND LOADS CONSIDERATIONS
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4, GROUND WIND LOADS ANALYSIS -

k.1 Brief Description_of Analysis Procedures

Dynamic loade due to ground winds may be caused by one er-more of several
phenomena: 'reSponses to turbulence-induced.unsteady‘drag.forcee,'oscillatory
lateral forces due to vortex shedding,jgalleping'instabilify, and stop-sign
flutter. | ' ;

Tﬁrbulence-induced loads may be determined anathieallyingvusing a model
of the environment such as that contained in Reference (h-l)_together with
vehicle distributed drag data and structural dynamic-eharacteristicé. The
.appréach used would be a cross-spectral analysis such as that described in
Referehce (h52). Since a shuttle-type vehicle could be:excited by turbulence
in both translation (bending) and roll (torsion), antisymmetric as well as

‘-eymmetric modes would have to be considered.

An alternate scheme for- obtalnlng ground-w1nd gust loads would be to
utlllze elastic models in a wind tunnel which includes a 31mulat10n of the
. atmospherlc turbulence as discussed in ‘Reference (U- 3) Power spectra of the
shears, bendlng moments, and accelerations would then be obtalned dlrectly from
“the models. For more detailed design 1nformat10n tﬂen mlght be available from
the model instrumentat10n3 the measured results could be compared with the
analytical results obtained in accordance with the procedﬁre dethe'previous
paragraph; these eomparisons at selected locations could fhen belused as fectors
to be applied to the remainder of the analytical results. ' It should be noted
that this subject is still in the developmental stage, and difficulties_iﬁ
reproducing .the desired.spectra and spatial correlationstmayfbe sigqificent..

4,2 Structural Transfer Functidﬁs Required

Analyses and/or wind- tunnel tests to determine dynamlc loads due to
ground winds will require a knowledge of the cantllever modes of the shuttle
restrained on the launch pad by the hold-down structure,_ As noted above, both

symmetric and antisymmetric modes are of interest.
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_plane, and since vortex-shedding:could~produce~lift*forces*nOrmal‘to"this

Turbulence-induced loads willeccurAprimarily_at low frequencies - in
part due to the spectral distribution of energy in the atmosphere, in part
because the vehicle restraint prevents the alleviation of very-low-frequency
gust inputs by rigid-body vehicle motions, and in part due to the partlal »
cancellatlon of positive and negatlve generallzed forces for mode shapes higher
than the fundamental. Past experlence with essentially cyllndrlcal_launch
vehicles has shown that only the fundamental cantileVer'mode makes a significant -
contribution to the'total'mean-square reSponse.' In extending this‘experience
to the space shuttle, the concept of a. "fundemental mode" requlres some
generalization, Flrst as stated above, both symmetr1c and antlsymmetrnc modes.
will have to be cons1dered, i.e., bendlng normal to the w1ng plane, lateral
bending, and torsion (roll). Also, since the wings will give rise ‘to much of
the aerodynamlc loading, the fundamental w1ng modes, as well as the fundamental

cantilever fuselage modes may have to be cons1dered

The phenomena of . vortex sheddlng, gallop1ng 1nstab111ty, .and stop- 31gn

flutter all 1nvolve overall vehicle’ osc1llat10ns in the funaamental cantllever

modes, - W1ng flexibility may 1nfluence the last two phenonena., butvln.any event

the degree of dynamic similarity‘discusSed.in’the,prerious paragraph on

turhulence~should‘also‘be'adequate for. these other considerations.

The approach to determining loads due to vortex shedding will be largely .

-experlmental and/or empirical with several dlfferent varlatlons being possible.

The - one - Wthh would utilize the most analys1s would involve wind- tunnel testing
of essentlally rigid models to determine only the osc1llatory 1ift forces. A
power- spectral response analys1s would then be used in. conJunct1on with a
structural dynamlc mathematical model to determine dynamic loads. Another
approach would be to test a dynamically s1m11ar w1nd-tunnel model to obtaln

responses and loads directly, Regardless of what type of model is used

»however) carefulﬂattention must be paid to theneffects of_Reynolds number -

differences1between the wind-tunnel.andAfullfscale conditions.

Since the-shuttle configurations are symmetric only with respect to one

‘plane, both symmetric and asymmetric modes will have to be considered. On the‘

other hand, for the complex noncylindrical. conflguratlons that characterize the

shuttle des1gns, the extent of vortex shedd1ng is stlll in doubt.



- "The phenomena of galloping instability and stopasign fiutter are in'One
sense similar to vortex éheddihg and in another sense opposite fo vortex
shedding. A1l three bhenomena must be studied primarily by,experimental-end/or
emperical methods, but whefeas the significance of vortex shedding is probably
diminished in changing from a cylindrical to a shuttle configuration, the other
two problems were not important previously and now may be very ‘significant.
_Again, asymmetries in the vehicle configuration require that both symmetric

and antisymmetric structural Vibration modes be cons1dered in any mathematical

or phySical model.,
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5.. LIFT-OFF LOADS ANALYSTS

5.1 Brief Description of Analysis Procedures

Dynamic loads at lift-off are calculated as the response-of a vehicle,
initially deflected by windvloads and engines,ito the forces induced as the
hold-down restraints are released, The initial deflected7position cancbe
determined from the response of the cantilivered vehicle to the combination of
' ~appropr1ate engine -induced forces, steady w1nds, and turbulence, obtaining an
equivalent static deflection using the matching technique of reference (5 1). .
An elastic w1nd tunnel model can be used as an alternative means of determining

responses to appropriate winds. -

For purposeS‘of analyses the vehicle is represented by the free elastic
.modes; with initial conditions being‘described in terms of deflections in free
modes plus rigid rotations. An alternate approach which in some cases is less
difficult than matching deflections is to determine the resaction forces while
the vehicle is restrained by the hold-down:and apply these'as forces to the
free modes. Transient forces.representing the continued net difference between
- thrust build up and hold-down releases are then applied alongAwith steady'peak
wind forces, and the max1mum member loads are determined.- Thc dynamic loads
~due to turbulence at lift off are determined separately, w1th the flexible
vehicle again represented by the free modes. The force applied in this case is
the-Spectrum representing the horizontal nind turbulence. Again, the'matching-
condition techniqne'of reference (5-2) can be used to convert member loads
representing a 3- sigma response to the turbulence to a static load distribution.
These results are then added. to those due to 11ft off trans 1ent and steady w1nd

 to determine total load magnitudes.

5.2 Structural Characteristics Required'

The loads at lift-off are'expected to design the aft portion of the SRM.
Dynamic loads at lift-off affecting members in this area would therefore be most .
significant. . These would be determined by motions of the major mass items in
the free modes. below 4 Hz, the most 1mportant probably being the llquid oxygen
-~ tank~and solid rocket motors. ‘The 1nterstage flex1b111ty and LO tank to

1nterstage flexibility are therefore 1mportant



In this analysis the mejor forces are those applied principally in tne
axial direction through the vehicle engines and hold-down release system. The
engine ignition start up transient is expected to have a relatlvely slow rise .
tlme.' Current specifications 1limit the thrust bulldup in each liquid rocket
engine to a rate of less than 700,000 lbs/sec and thevenglnes are expected to -
" be started sequentially so that the time from 10 percent to full thrust should
be relatively long. The solid rocket motor start-up time is also relatively

slow, about .3 seconds. TheAhold-down release forces could be applied rapidly -
since the Saturn V system originally permitted release in .01 to .02 seconds.
However, in the present system the'release time is about 0}6'seconds,:and a
similar device might be used for the shuttle to'limit dynamic response.‘ The
axial forces therefore'wiil'not-contain many high frequency components, and
the low frequency modes with appreciable axial motion at the‘engine thrust
structure wouid'be most significant. -In thejGrumman_GIII'configuration for
'example onlyil symmetric mode of the 1owest 20 had appreciable'deflection
(above 0.1) at the SRM engine and hold-down locatlon, and this occurred at
_2.5_hz. Many of the modes did have apprec1able motlon at the orblter enginess
however, the fluctuatlng thrust at higher frequen01es will not add much to

primary structure loads as mentioned in Section 7

Lateral ‘forces are applled principally by the potentlal energy stored in
the deflected cantllevered vehicle. The modes most s1gn1f1cant in this
context would be those in which statlc and dynamlc response to ground winds and

orbiter engines are highest.

In'order to obtain some insight intoAthe'freQuency_renge corresponding to
this criterion, the cantilevered modes at 1ift-off calculated for a 4.9 million
pound parallel burn (orbiter/external.tank/SRM‘s) configuration (Grumman
Design GIII).were reviewed. A description of the mode‘shapes'is listed in
Table 5-1. The modes which are expected to pe most 31gn1f1cant are the 1st,
3rd and 4th, ‘and 8th The wing and fin modes for this vehicle are summarlzed
in Table 5-2, and it may be noted that the fundamental frequenc1es are low and
:that the 2nd wing bendlng mode wh1ch is probably the. upper 11m1t1ng frequency - -

for appreclable w1nd 1nduced loads 1s at 8 hz.
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TABLE 5-2

© GTIT ORBITER WING AND FIN MODES

:FREQﬁENCY Hz RESTRAINT AT ROOT . MODAL, DEFORMATION PATTERN
L9 -Aﬁtisyﬁmetric’ N ".Wing lst*ﬁending
l.8l- . 'Symmeﬁric - 1 , Wing lstlBendiﬁg'_
3;5 o | Flexible " Fin 1st Bendlng
3.2 Antisymmetfic . ',.wlng Tip (RCS Pod) Pitch
L U5 T Antlsymmetr1C' .. Wing Tlp (RCS Pod) Pitch
l 4.96 - 3 ] Antlsymmetrlc L 'Wlng Tip (RCS Pod) Yaw
5.01 : ? "'ngld_ l.k. -l- lfi- Fin lst Bendlng | A
5‘73, : o Symmetric ' :l o *A‘wlng Tip (RCS Pod) Yaw
-f7'53 .l, ) ‘Antigymmgtrié:'_ i' - Wlng 2nd Bend1ng:
8;2% o l :Symmetrié , ' :_4 Wlng ond Bendlng:'h
. o - 9.52 o Antisymﬁetfch. l .*WlngAlst Torsion
| ld.18 | N ': , ‘Symmefrlc A l_ wlﬁg‘lStlfofsion
w5 Fléxible ~ Finema Bending
16.24 o vi_Rigiq — .  Fin éﬁé“Béﬁaing
| 18.31. - - flé#lblei_' o --‘F1n lst Tors1on»»
19.él . - Rigid f- g ”" - -‘. F1n lst Tors1onjir
ygﬁg; Antlsymmetrlc restralnt allows no deflectlon at fuselage s1de
wall and centerl;ne. Symmetrlc restralnt allows no deflection
at fuselage side wéll and zerg slopg_at fuselage centerllne.
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6. GUST-LOADS. ANALYSIS

6.1 Brief Description of Analysis Procedure

Space-shuttle flexible-vehicle gustfresponse calculations will generally
be of three different types: (1) aﬂpower-snectral analysis for the maximum-
dynamic~pressurevportions of the ascent and entry_phases.of:a'mission using a
gust SPeCtrum representative of the high- frequency'content of measured wind

profiles; (2) a tlme-hlstory ascent analy81s in which the high- frequency content

is retalned in the wind profile; (3) a power sPectral analyS1s for the near-

horizontal-flight phases of the vehicle usage. Of the various portlons of a _
mission profile, the -gust- loads during ascent are expected to be the most '

severe, Also, during this flight phase, the structural-mode frequencies will

" be the lowest and the wing loading will be the highest. Thus, the contributions

of thefstructural-mode'responseslrelative to the rigid-body responses will be a
maximum for this flight phase.. Accordingly, in evaluating the importance of
higher;frequency structural modes from a gust-response viewpoint, it_waS'this
flight regime that‘was considered. Details:of_this worklare COntained in
Section 6.3, but the conclusion is that about 10 to leof the first 30 symmetric
modes will have responses of suff1c1ent magnltude 1n a gust loads analys1s of

reasonable englneerlng accuracy.

6,2‘ Structural Transfer Functions Required

The structural,modeling, from a gust-response viewpoint,'should give

‘emphasis to those modes which: (1) are readily excited by a gust normal to the

‘vehlcle, i,e., have large d1splacements of lifting surfaces predomlnantly in

one dlrectlon, (2) have large motions of nonaerodynamic components with large -

mass, so that the generalized mass iS‘high'and the total percent of critical

damping (aerodynamic plus structural) is low; (3) have large motions at critical

vehicle locations, e. g‘;<crew-compartments and payload area- and (4) are -
lightly damped aerodynamically due to prox1m1ty to a flutter condltlon. of
course, few if any modes will exh1b1t all these characterlstlcs, and hence a

good preliminary vibration and gust-response analys1s w1ll be requ1red to'

‘delineate the cr1t1cal modes ' Therefore, conS1derable knowledge about ‘a

‘vehlcle s mass and. structural characterlstlcs must be avallable before a

def1n1t1ve selective Judgement can be made along these llnes. Generally;
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speaking, however, the implications of the above criteria are that a good
‘simulation is requlred for: (1) the lifting surfaces, (2) the most flexible R
portions of the fuselages, (3) the interstage structure, () the crew- compartment,
payload, and tank support structures, and (5) the englne and. sensor support A
structures. This S1mulat1on 1s requlred not.only to prov1de the desired modal
data, but also to provide data on internal structural loads due to 1nert1a

- loadings associated with each mode. The s1mulat1on.should emphasize those
'flexibilities that give rise to transverse rather’than longitudinal deformations.
"Also, since liquid motions will give rise to large fractlons of many. of the . A

generalized masses and internal loads, these must be represented carefully.

6 3 Evaluatlon of Importance of ngher Frequency Modes on Gust Response

To obta1n ‘a preliminary quantltatlve evaluatlon of the number of modes for .
which data would-be ‘required to perform Space-shuttle gust-response calculatlons-
of reasonable engineering-accuracy, an external'hydrogen tank orbiter heat
sink booster, the Grumman/Boeing H3T design. in ‘the ascent configuration
correspondlng to maximum dynamlc pressure was analyzed using 22 of the flrst
30 symmetric modes of the combined orblter/booster. The 22 modes used were
selected based on the criteria in the previous ‘paragraph, andfcovered'a_ ‘
frequency range-from 1.5 .to 8 Hz (see Table 6-1). The'rigid body short-period
mode was about 0,35 Hz. Frequency-response functions and power spectra were
computéd for the accelerations at 10 locations, 5 on thevorhiter and 5 on the
booster. Table 6 2 vhich summarizes the results, gives thé order of importance
of the various s1gn1flcant modes according to their contr1but1ons to the mean
square acceleratlon at each locatlon.v In attemptlng to correlate the peaks of
the power Spectra An Appendlx A with the mode numbers llsted in Table 6-2,

-the shifts in the modal frequen01es due to the aerodynamlc forces must be
»conS1dered This was done w1th aid of modal response Curves such as those

shown in Figures A- 5 through A- 8 As mlght be expected the flrst mode is. by
far the most 1mportant of the varlous structural modes conS1dered However,
there are 11 different modes which have contributions greater than the rigid-
‘body accelerations at least one locatlon. Furthermore, the let mode has the -~
greatest contrlbutlon at two locatlons, and even the 29th mode has a 31gn1f1cant

contrlbutlon at one locatlon
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In evaluating'the significance of these findings from the viewpointuof"

" dynamic modeling requirements, the limited scope of this prelimiuary study
must be considered, Of the 22 modes chosen forlineiusion in the‘calculations,
l3_were fbund to have signifieant contfibutions at ieast ene of only ten

- locations. Thus, it is likelyvthat there are other modes that would have
significant contributions someplace on the vehicle, " It appears, therefore,
that the calculations performed thus far are ‘approaching the definition of an
upper limit but that this 1limit cannot yet be stated with confidence., At

- this p01nt a best guess at a conclusion would be that a Space shuttle structural
dynamic model for gust -response purposes. should probably be capable of rep-

' resenting ques up to about 8 Hz. A representation up to about.6.5 Hz is

definitely required.
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TABLE 6-1 H3T COMBINED ORBITER[BOOSTER o

‘SYMMETRIC VIBRATION .MODES -

MAX Q.ALPHA
Mode Freq. - Gen. - . . | . .~ Mode . Used in
No.. - (Hz) Weight " Normalized Gust-
S (1bs.) ' "to: . Response
‘ ; S Analysis -
1 - 1.48 - 25,240 ~Orb Fin Z X
2 1.57 9,032 . Boost Wing 2 ° X
3 . 2.16 569,811 ~ Orb Lo, Z X
k. 1 2,31 | 181,346 , orb Lo, ¥ X
5 o 2.37 51,781 _ Orb Fin X X .
6 2,51 133,363 . Orb IH, Z X
T 2.713 | 18,355 - |.  .Orb Fin X . X
8 2.90 | - 23,54 . | . OrbFin X - X
9 2.99 - 5,215 [ ° Orb Wing Z - X
10 3.06 horeh - Boost Fin Z - X
11 3.22 - | 15,305 Orb Fin X X
12 3.28 2h,540 ~ Orb Wing Z - X
13 3.55 62,687 X  Orb.LHg Y X
1k 3.79 27,57 Boost Fin X X
15 3.92 {10,129 S Boost Wing X .
16 - h.13 16,88 " 'Orb Eng Z .
1T 4,37 47,880 - ' Boost Fin X X
18 4.63 - : 43,349 Boost Nose X. X
19 k.99 e0,2hk0 Boost Stab Z -
20 . 5.k 5,247 |- - Boost Stab X
21 5.57 | 37,682 | Orb Nose Z - - . X
22 6.13. . | ..27,335 | - Orb Nose Z . X
23 6.22  |. 56,611 | " ‘Boost. Wing Z . - X
24 6.45 C . 9,9%9 - . Orb, Nose Z X
25 6.59 : 201 599 : . Or L62 Y -
- 26 ©7.07 ‘ 17,127 '~ . Orb OMS X -
=y 7.33 1 ‘9,618 | Orb Nose Z
28 - 7.68 - b1,576 '}~ _.Boost Nose Z
29 7.6 6, ,8UT .. Orb Wing 2 : X
- 30 8.00- . | . 2 890, . Orb Wing Z2= - X




TABLE=6-2 - RELATIVE MODAL CONTRIBUTIONS

TO REPRESENTATI VE IOCAL ACCELERATIONS

H3T COMBINED ORBITER/BOOSTER

" Location

Order of Slgnlflcant
Modal Contrlbutlons

Orblter

Engine,

Crew Compartment (Coord 5T)

Payload (60)
Oxygen Tank, - . (39)
~ Hydrogen Tank,>': : .(BM)':
 Wing Tip, = . . (110)
Booster . .
Crew Compartment, - (126)
- Oxygen Tenk, - (150)
- Eydrogeanaﬁk, B : (136)“
_ Wing Tp, . (173)
(196)

21%m*18
21, 23, BB, 22, 10 12, 29

1, RB, 3 ,
1, 21,7, 22, BB, 23
1,96

18, ®B, 7, 10, 3, 1

RB, 1, 7,21
RB, 1, T; 3, 21 k

2,1, 228,23 ]

1, 7, RB

* RB:='rigidrbody'shOrﬁ?ﬁeribd4mode5
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7. ENGINE INDUCED RESPONSE

7.1 Brief Description of Analysis Procedure

Dynamic loads due to engine induced forces are generally determined by
calculating the response of unrestrained'vehicles represented by a'selected set’
'of_free modes of vibration. Time integration is}uSed“for transient loading,
and harmonic and random vibration analysis procedures are used for oscillatory
loading conditions. The start-up forces for the shuttle w1ll probably employ
sequential 1gn1t10n to reduce dynamic loads and can therefore be represented
by a series of steps, each with a rise time of about 0.6 seconds for the liquid
-engines and 0.3 seconds for the solids. The t1me from 10 percent to full thrust .
is probably greater than .6 séconds. Engine shutdown‘forcesvwill be more rapid,
but the total sequence will probably occur over half a second The SRM abort
thrust terminatlon could occur rapidly but the process could be controlled to

occur over .2 sec.

The_random engine induced forces will cover a broad frequency .range.
Currently requirements limit the harmonic content of engine thrust to 450
pounds for each liquid rocket engine in the frequency range from 1.5 to 25 Hz

and permit slightly higher levels outside th1s band up to lOO Hz.

T.2° Structural Transfer Functions Required

The tran51ent and steady-state thrust irregularities occur primarily'in- .
the axial direction. Thus the strongest excitation arises for modes involving .
substantial axial engine motions. The largest overall'loads derive'from the
lower frequency modes in which large sections of the vehicle move in phase,
and which also involve. Significant engine axial motion. However, the
_ acceleration response particularly on the orbiter tends to occur. at frequen01es
close to the engine support resonance. This effect is 1llustrated by the
responses calculated on the.Grumman GIIT model of the Shuttle. ‘Most of the
higher frequency response occurred at 12.4 Hz, as shown oanable T-1, In order
to calculate responses and loads both, modes up- to about 20 Hz would be required.

_If only loads were required, a lower cut- off frequency would be . acceptable.
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8. 'STAGING CONSIDERATIONS
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'8. STAGING

8.1 Staglng Analys1s

Staging of the shuttle vehicle will normally occur at an altltude of
approx1mately 130 OOO feet and -a veloc1ty of about Mach L,. " Under nomlnal '
staging condltlons, ‘the boosters are essentially empty while the liquid
- propellant tanks ‘are about 2/3 full. In contrast abort staglng may occur at
any intermediate altltude and associated velOC1ty and propellant loadlng. The_'
number of abort condltlons is 1ntr;nS1callyrlarge and w111_demand-a 1arger"'

share of the analys1s effort.

Durlng nominal staglng or in an abort staglng, loads are 1nput to the
~ system from a varlety of’ sources,,all of which must be accounted for 1n the
staglng analysis, In1t1al conditions form a second input. to the staglng
'analys1s " The 1nputs and other factors must be conS1dered in the analy51s,

including:

® Stage separation systems which are kinematically constrained These
dev1ces may. be pre- loaded and 1nclude spring elements or act1ve dev1ces

o such as pistons.

' ® Thrust transients-ariSing from shut down of booster engines,ﬁ The
booster engine. thrust may not tail'down'uniformly-which’could give rise
to differential thrust and require ME gimballing to counteract the
.motions. '

o Stored elastic energy in the orblter and booster whlch is released upon
‘staglng.

® TFlight loads from aerodynamic and control effects. -
- ® 'Liquid propellant motions.
The analytical structural dynamics model to determlne staglng response

of the orblter and booster w1ll include the follow1ng elements

° Bendlng, 1ong1tud1na1 and tor51onal deformatlons. ,

. Slosh effects w1ll be 1ncluded 1mp11c1tly in the modes 1f slosh
amplltudes or masses are small The large amplltude slosh motlons Wthh

may arise during abortlstaglng,.such as propellant sldewall impact, can

8-2



be bounded using existing experiﬁental data. A more precise deter-
mination of this effect will depend- on data obtained from the-structnral
dynamic model, | ' - -
'® Detailed booster and orhiter thrust time-histories,'inclnding the
thrust of each engine and the orientation of each gimballed thruster
as a function of time.
® Initial conditions such as anguiar-rates; and velocities, which arise

from pre-loads, detonation of pyrotechnics, and actuators.
] Analytlcal models of the gasdynamlc and aerodynamlc effects.

o Analytlcal model of stage separatlon system k1nemau1cs, stlffnesses,

power sources, and release mechanlsms.

The above inputs will be combined in a numerlcal S1mu1atlon of the stage

‘separation process, The equatlons of motion will.be synthe51zed fram the

~equations of motion for the orbiter and booster written in terms of the flex1ble N

body modes and rlgld body modes and the equatlons of motion of the link mechanlsm.

The- synthes1zat10n is achieved by invoking the boundary condltlons between the
stage separatlon system and the orbiter and- between.the booster and the ‘stage
separation system 1inkage. Because of the large angle motions.of the booster
and orbiter that may arise during some staglng maneuvers the large amplltude
propellant motions, and the nonlinearity of the stage separatlon system, the
equatlons of motion for the system will be nonlinear, neces51tat1ng a numerlcal-

1ntegrat10n of the equations of motion.

Three_major concepts for the stage separation system are presently being
~studied These are a reverse 1inkage nechanism, a piston:device; and
COmblnatlon link- actuator system. Analyses have shown a maJor factor in
establlshlng the forces and moments which arlse durlng staglng 1s the stlffness
of the 1nterconnect10n attachment points. ILoads whlch arlse durlng staglng
vary over orders of magnltude, dependlng on the stlffness of these p01nts,

and for ‘some ranges of stlffness a "rocking" motlon (pltch osc1llat10n) can

. -.arise- durlng staclng



The same considerations apply to abort staging. In addition, dﬁring
abort staging (the worst conditions may exist at max qu), large propellant
'loedings_may be present. The fuel may accelerate fapidly and impact on the
tops of the tanks, causing large ﬁpsetting moments and large bulkhead loads. _

At thelpresent time, dncertainties inAstage seperatlon'eystem design
including stiffness, geometry (kinematics), release times, dampihg, and .
operation in conjunction with system control preclude a detailed modeling of
the system. In any case, the properties of the vehicles at the points of
attachment of the stage sepafation system linkage ere_the analytically uncertain
quantities which are most readily established by means of the structural
dynamic model. The actual stage separation system should be developed and

tested by means of a separate structural scale model

The structural dynamlc model should provide a portion of the 1nputs for
the staging analysis: the modes and frequencies of the orbiter and booster
seperately, with coordinates defined at the étage separatioh System_linkage
attach points, and a means of characterizing the large amplitude slosh motion

which areflikely to arise during some.abort staging modes.

The-experimehtally'established-free-free modes and frequencies of ‘the
‘orbiter and booster will serve to validate the;analytical pfocedﬁres. These‘
are used in conjunction with a separate dynamic model of the stage separation
system and analytical models of loads'ahd initial conditions to simulate -

t

staging dymamics.

_ 8.2 Structural Transf‘er Functlons Requlred

Dependlng on the des1gn, the stage separatlon system w1ll typlcally attach'
at 6 to 8 points.,. Modal data must be obtained at these p01nts on the booster
and orblter structural dynamic models. Accelerometers will be required to
measure linear’ acceleratlons and angular velOC1ty transduce1s w1ll be used to

measure modal- rotatlons at these p01nts.

Since staging will occur over a time period of the order of l/2 sec,,
the low frequencv modes are - most 1mportant to the staglng analy51s. A -
determlnatlon of all orblter and booster mode’s below 5 Hz will be adequate for

staging purposes.



The stage separatlon system llnkage itself need. not be 1ncluded in the

‘ structural dynamic model. However, since attachment p01nt stiffness is of’
critical importance. in determining staglng dynamlcs, portlons of the stage
separatlon system wh1ch contribute s1gn1f1cantly to ‘the stlffness of the.
linkage (or plston or actuator) attach p01nts must be carefully 1ncluded in the

structural dynamlc model.

A second area of major concern to'the staglng analy81s is the modellng of
the booster/orblter thrust,structures. .Booster and orbiter angular anddrelatlve
displacement rates which'arise*during.the staging-maneuver_will be controlled
to preciudefstructural demage to the booster_and'orbiter,-as:well as the
constreintslof_crew safety and confort. Generally ailvbooster'and'orbiter .
engines are thrusting during-staging. Control is achleved by means of an
-appropriate tranS1ent variation in the thrust of the orbiter. englnes and by
gimballing of the englnes. Thus, flex1b111ty of the“thrust.structures;w1ll
strongly influence the.angular}and displacemeht rates‘each_vehicle,actually
. attains. Modal data must be defined for eech'eugine (as”also required on the .
basis of POGO analysis consideratioris) in addition to interconnection attach- .
ment points. The d1scuSS1on ’Requlrements for POGO Analys1s, pertaining to

thrust structure modellng are equally appllcable for staglng analysis purposes.

_ Large amplltude'sloshlng and propellant-lmpact play aﬂmagorirole in

staging abort condition'dynamics;"In»the case of nominal steging,_thepullage

of the External Tank'could be about'l/3 Significant propellants mass may
therefore undergo large - amplltude angular motlons during the staging maneuver

or impact tank bulkheads.. Further study should be glven to determlne if

" separate tests will be. requlred to dynamlcally characterlze these motlons, ori
it should be established. by analyS1s that their occurrence can be precluded’ in

every abort mode by means, of approprlate system control

A study of the reverse link concept in an earLy Shuttle conxlguratlon has
shown that during nominal staglng the moment applled on the booster through
the stage separation system is approx1mately ho X 106 ft- lbs the moment produced
P -

_‘by plume 1mp1ngement is-on the order- of 3-x- lO “f£t-1b, and the’ moment produced
by thrust is approx1mately 4o X lO6 ft 1b. - Slgnlflcant varlatlons 1n these

number w1ll occur before the stage separatlon system de51gn is flxed and the =
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‘Staging process is defined in'detail howeVer, they provide order of magnitude
indications of. the magnitude of the forces requlred to study staglng transients

in the 1aboratory

The test conflgurations réquired for nominal stagingnarer:

- Modal Survey
. Free}free support of the booster‘uithvnominal=staging equiﬁalent_
' propellant loading- | . -
® Free-free support of the orblter with full propellant loadlng
' The test conflguratlons requlred for abort staglng 1nclude

® TFree-free support of the booster w1th propellant 1oad correspondlng

to max qo

- ® Free- free support of the booster w1th 1ntermed1ate propellant loadlngs
-such as. 25% 50% and 75% ' ' o

. Slosh Test

, A slosh test should be performed if the slosh response during abort
staglng can be shown by analys1s to be large These tests will consist

of measurlng veh1cle and slosh resPonse to simulate staglng loads.

If_abort staglng response tests are.deemed necessary, it will have '
significant impact on booster model test facility requirements. That is, this
test may require spec1al support fixtures,: actuators for 1nputt1ng simulated
staglng loads, and- additional 1nstrumentatlon to measure fluid and tank wall .

response and structural loads.



9. 'TEST REQUIREMENTS
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'9., TEST REQUIREMENTS

The test requlrements for many of the analytical procedures are similar ;

- therefore this topic is discussed in this one sectlon to limit repetition.

9.1 Measurément Requirements and Instrumentation

 For most of the mode surveys the followiﬁg‘meaSurement locations are,

suggested.
Orbiter ) " External Tank
Accel. o ‘ ~ Accel. Strain Pressure
Wings | 20 |10, Tenk Wa11 2 [ 2
Elevon _ -5 LO2 Tank Dome |1 1o 12 1
Fin - .+ . 8 | Intertank Skirt 6 '
' o - (SRM Attachment) =
Fuselage - 8 ‘IH, Tank Wall = - | 10
Crew Area | 3 | 1, Tenk Frames 6
. | (orbiter Attachments)
Payload 12 | Aft skirt - ' 6
' (SRM Attachment)- '
Engine ‘_ 9 ‘
Booster -
Accel,
Nose - b
Fwd Mounting Skirt | U4
Fuel Cylinder ] 16 B
Aft Mounting Skirt 6
and Holddown

Instrumentatlon systems currently avallable, such as the automated mode ‘

. survey data acqurs1t10n and reduction systems at. Grumman and TRW are sultable

for most tests. The Grumman system for example has capability for up to 300
measurements and can process accelerometer, strain gage,.and force transducer

signals. Automatic data plottlng using computer ass1sted procedures are

~helpful in rapidly proce531ng the data. Lightweight p1ezo electric accelerometersv
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“suitable for model tests -are. avallable. Fluid'reaction in LO “tanks would be
~determined from the stra1n gages provided. sufficient sens1t1v1ty is avallable,

alternatively, pressure transducers might- e used
9.2 Facilities

Facilities required for‘the model'testing would include a low frequency
suspension system to simulate free-free -conditions, hoisting and handling
facilities, tank fill and drain capab111ty, and shaker control and support or
'suspen81on systems. For cant1levered tests, & base plate suitable for mountlng

hold-down. latches is requlred A shaker control system capable of operatlng

8 simultaneous shakers should-be adequate.

9.3 Additional Requirements

Modifications or addltlons to the above test requlrements are. assoc1ated

with data requlred for. the follow1ng analyses.
9.3 1 POGO—

The- significant data to be acquired is the response to ax1ally applied

B exc1tat1on at the englne. Configurations to. be tested are the combined vehicle
at 3 different levels of propellant in the SRM booster, and. the’ orblter and:
external tanks at 3 different propeliant. levels. Force 1nputs are requlred at
the engine. Response of the fluid in the tank whlch can be used to. determine
tank bottom pressures should be measured. Datavshould be reduced_to supply
transfer functionsibetween~sinusoidal:sweepsIat‘the engine and response at{the
tank bottoms, '

9.3.2 Fllght Controls

Accelerometers and rate gyros should be 1ocated in the v1c1n1ty of

. . proposed Flight Control System sensor mounting locatlons as well as at the

points of attachment of the control surfaces. Mode surveys shouldAbe conducted
at 3 propellant welght levels for the comblned vehlcle and - for the orblter

alone.
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9.3.3 Ground Wind Loads

Cantilevered modes of the combined vehicle are-required Test config-
urations probably should prov1de three values of hold- down latch stlffnesses.

Four propellant configurations should be tested for each value of stiffness.
9.3.1 " Lift_Off

1 Mode survey data for the combined vehicle on a soft suspension_is the
primary requirement. -However,‘the response t0'transient inputs'at the engine
.and hold down points should’also he measured, Techniques like the impulse
transfer function tests would permit rapid and accurate calculatlon of the '
response to hold- down and engine trans1ents which might be difficult to .

reproduce for a_scaled_model.
9.3.5 Gust

The. most important configuration'for which information is desired from
a dynamic model . for gust -response . studies is the combined orbiter/booster in a
vertical-flight pOS1tlon for a weight condition correSponding to the maximum-
dynamic-pressure portion of the ascent traaectory. A secondary objective
would be to obtain similar information for about three other points during the
'portlon of the ascent traJectory from lift-off to about 50, 000 feet. In addition,
data would also be des1rab1e for the orbiter 1ndependently for weight conditions
corresponding to: (l).the maximum-dynamic-pressure portions of their re-entry

' trajectories; and (2)’typical near;horizontal-flight configurations.

9.3.6 Engine Induced Loads

Test'configurations should include the full combined vehicle, the maximum-
dynamic-pressure configuration, booster burn-out, and orblter/external tank
at 3 different propellant quantities Single p01nt exc1tation at the engines :
should be used to determine transfer functions for both steady and tran31ent
loads. ‘Impulse transfer ‘function techniquesvwould be useful for determining_

‘responses to transient applied loads not readily reproducible in test.



_937 Staging -

The booster ‘and orblter would be tested separately in free suspenS1ons.
The conflguratlons for the booster-would include the appropriate propellant
'weights.for.lift—off,'maximum:dynamic‘preSSure, and;burnout,, The orbiter/

external'tank would only-be'tested with propellant weight at separatioh}_

Measurements of acceleratlons and rotatlons should be made at the 1nter-

connectlon p01nts in addltlon to the standard 1nstrumentat10n..

Slosh tests of the vehlcle in- maxcimum dynamlc pressure conflguratlon may
be requlred in Wthh 81mulated staglng tran81ent loads are applled and the

resultlng tank responses and slosh amplltudes are- measured
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10. SUMMARY OF REQUIREMENTS STUDY

10.1-

Summary of Slgnlflcant Structural Features for Each Dynamlc Analy31s

Brocedure

.~ The Spesific aspects of the shuttle structuré which are most important in

each of the.analyses procedures reviewed are summarized in this section. This

informétion~wouid be of direct use in. designing an experimental model intended

to simulate the structural dynamics of a spécific'prototype;'however, it is

also:required,to determine those features most'signifitaht’énd therefore likely

to reveal problem .areas.

10.1.1

-POGO

Tanks

Sidewalllénd aft end dome bulging flexibility under fluid loading for

2 2

L0, tank. Flexibility of intertank skirt and LH, tank to SEM and
. orbiter -interstage locations. ' :

" Engine . o . _
Orbiter engine support structure flexibility
Feedlines -

Not included_-

- Orbiter Fuselége

Flexibility from engine support structure to interstage

Booster

Flexibility in lowest lateral mode

‘ Frequency Range

Modes involving motlon of major parts of the launch conflguratlon up

to about 5 Hz are requlred Modes 1nvolv1ng motion of the orbiter .

.englne thrust structure, feedline support p01nts, ‘and LO2 tank wall.

and bottom dome are des1red to about 25 Hz.
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10.1.2

~10,1.3

10.1.k4

Control System .

'Engines

Engine support structure flexibilities'up'to the first axial mode
Aerodynamic Control Surfaces
Surface support flexibility

Reaction Control ThruSt .

Flexibility of structure where thrusters are located

Sensor Locatlons

'Flex1b111ty in areas where sensors mlght be mounted

Frequency Range | o . _
Modes up to 7 Hz are desired for both the combined vehicle andtorhiter

alone,-

Ground Wind Loads

Launch Configurations

 Flexibility adequate to describe the first cantileverAmodes in bending

normal tG the wing plane, lateral bending, and torsion’(roll).
Aerodynamlc Lifting Surfaces

Wing flex1b111ty adequate to descrlbe the f1rst symmetrlc ‘mode’

Frequency Range
Modes up to 2 Hz are desired for the full vehlcle restralned at the

‘base by the hold down latches This same frequency range is also

: conS1dered adequate for the empty vehlcle.

L:Lft-Off -Loads )

Fuselage _ _ .
Orbiter flexibility between the englne and the 1nterstage p01nts

Aerodynamlc L1ft1ng Surface

Flexibility. adequate to descéribe lowest two symmetrlc bendlng modes

Tanks -

Sidewall and aft end dome bulglng flex1b111ty of LO2 tank adequate to
descrlbed lowest modes Flex1b111ty from LO tank through LH tank to

B Orblter and SRM 1nterstage p01nts
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® Booster Thrust and Hold-ﬁownAStrncture:
Flexibility equivalent to the first axial mode -
¢ Frequency Range _
- Modes up to 4 Hz are desired for the full'conbined'vehicle,
10.1.5 Gust Loads =
® Wings
Flex1b111ty up. to the equlvalent of the second bendlng and flrst
torsion modes B ' '
® Fuselage 7 _ R , v _
Orbiter flexibility equivalent to the first bending_mode )
® Tanks . _ o | A
Flexibility from LOé tank through Orbiter'interstage points to wing
root ' ' o ” - '
® Payload and Orbiter Crew Compartment,>
The flexibility relative to the wing root.
® Booster _ _
Flexibility equivalent to lst axial mode
o Frequency-Range _ » _
Modes up to asbout 8 Hz are desired for the combired vehicle in maximum
qo weight configuration. o o

10.1.6 Engine Induced .Response

The same characteristics~as required'for”POGO:analyses ‘would be. suitable :

here, ‘except that the frequency range of. 1nterest would extend somewhat hlgher.'
10.1.7 Staglng

o Englnes .
Englne support structure flex1b111t1es up to tne first ax1a1 mode for
_both the orbiter and the booster

e Interstage Connectlon P01nts A ‘
Flexibilities from these p01nts to magor 1nert1a reactlon 1tems such as

the LO2 tanks-
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o Frequency Range _ '
‘Modes up to 5 Hz for each vehlcle component separately - for a full.

orbiter and for an empty booster. E
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11, MODAL COUPLING APPLIED TO THE NASA LANGLEY 1/ lS SCALE
- STRUCTURAL DYNAMICS MODEL TEST DATA R

11-1



.11, MODAL COUPLING APPLIED-TO 1/15 SCALE MODEL TEST DATA

In.accordance with the réquirements of NASl-lO6355h-Modifiéation 1,
analytical coupling of the orbiter and booster dynamic model fuselage modes
has been briefly'investigated Th131WOrk was undertaken to evaluate a specific
coupling procedure uS1ng test data from:the 1/15 scale model described in »
References 11-1 and 11-2, '

11.1 Descrlptlon of Problem

An additional reQuirement to this task added'by Modification No. 1 on
9/1/71 stated that "In order to more fully determine the requirements for the
.model configuration, addltlonal study shall be conducted to further evaluate
modal component synthes1s technlques needed to attain -an adeduate understandlng .
.of the dynamic behav1or of the involved structure. ' The obJectlve was to
evaluate an. -existing analyt1cal approach and to study means for computlng
systems damping from component tests. Therefore the feas1b111ty of analytlcalLy
combining the experlmentally determlned component modes of a model of an early -

shuttle  concept was 1nvest1gated

. The model, described in Reference 11-1 and 11.2, consisted of tubular
'beams representlng an orbiter and a booster in pitch plane motlon. These beams
are coupled by two .interconnecting sprlng assemblies each of. whlch had a:
stiffness of 1,000 lbs/ln. The measured data and analys1s only considered

1ateral motions,

11,2 Description of Coupling Procedure

_ The .modal coupling procedure used assumed.that_the orbiter and booster
fuselage models could be coupled by massless springs which add to the generalized
stiffness of the combined beams. The potential energy of the coupled system
would then have a contributionifrom the orbiter, described'in terms.of similar
modes; and a contribution from the coupling springs between the two vehicle.

It was assumed that the kinetic energy of the coupled system could be described
terms of uncoupled orbiter and booster modes. The equations of motion of the
»comblned system, in terms of model coordinates as determined from the energy
expressions, were- solved for the elgenvalues and. elgenvectors, and the ‘resulting -
vectors were translated back into the orlglnal coordlnates. The follow1ng

is a summary of the procedure.

11-2



n : — Orblter, Stiffness [K ], Deflectlon f NE

Coﬁplihg Springs
Stiffness [Kc]

A AAN—
| AAA—

)|

Booster, Stiffness [Kb], Defiection'{xb}

End Deflection fF=={

Kinetic Energy

VT8 4 e 103 -k

Express deflectlons as X = mg where ¢ are modal vectors and £ modal dlsplacements..

st R e

Since [QO] [K ]{QO} = [M mn 1, where M, are the orbiter generallzed masses

: 2
and 0 are the square of the resonant frequen01es and S1nce a: s1m11ar relatlon-

ship holds for the booster, then {gg} which is the form requlred for the

equatlons ofimot;on, becomes: : :
1" . , , ' NG N

”—\ 'bl ";, - — 1y ' IR} g 1 T4 B -
MpWe | 1 ¢ g df:-> K,
av [ LA
3?; ol N
I K™ 77 - _ 'y&,
. - -|M0'QJ0‘| 5 | 0{
- Y ° L -

For the specific problem considered here, coupllng 2 flexlblle and 2 rigid
orbiter modes to 5 flex1ble and 2 rlgld booster modes, the size of the matrices
Ainvolved are shown. Also, for equal rate coupllng sprlngs the form of (Kc) is:

T« o -K O
O K. o0 K
-K o K O
| O-R 0 x|
Slmllarly, the term required for the equatlons of motion from the kinetic A

energy becomes:




11,3 Verification of Coupling Procedure

To verify the procedure, the simple two-beam, three-spring,3arrangement
shown below was examined. Each beam was allowed 14 degrees of freedom and had
a fundamental (free-free) frequency of about 86 Hz, Two sets of equal rate
springs were studied (10” and 107 lbs/in.){ -

C%—-—? -«3 jf——aa 2:

c——C—C

W

C}x/\

-©

A review of the calculations indicated that when 1l modes were used to-
describe each beam (two rigid body and 12 flexible) all 28 coupled;system
freduencies agreed with those calculated directly for the_entire system. The
frequency comparisons are included as Tables 11-1 and 11-2, The effect of
using fewer modes in the coupling process was also explored and it was determined
that reproduc1b111ty of frequen01es appeared to be better wi th a higher number
of modes. For example, coupllng the 10 lowest frequency modes of each beam '
gave correct total system frequenc1es up to the 20th mode; whereas, coupllng
3 modes of each beam gave only 3 correct total system frequencies. This
result was inflnenced by the value of the coupling spring,and,generelizations

‘do not appear warranted. Mode shapes are also compared in Table 11-3,

The agreement shown in the aboVe problem provided the desired check of
the analytical method. ' . . )

11.4  Processing of Data from Langley 1/15 Scale Model

The separate modes of the orbiter and booster fuselage models obtained by
test in October , 1971 were used in the coupling analyses, The 2 elastic and
2 rigid body orbiter modes used are shown in Table 11-L. Only motion in the’
pitch plane was considered. It was most convenient'to keep the modal displace-
ments at the locations of the'concentrated weights separate from those for the
distributed weights, therefore the first 7 coordinates are for d1str1buted
welght locations and the succeedlng 16 are for the concentrated Welghts. The
-dlstance along the beam, from the orbiter nose, for each coordlnate may be o
obtained by subtracting 8 in. (the reference distance) from the value for
mode L, the rigid body pitch mode. The weight asSOCiatedtwith eachfcoordinete'

is shown in the column matrlx on the right under WEIGHT O In order to check
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the orthogonallty of these modes, . the matrlx of terms M /M 11Ms5 was formed
from the generalized mass matrix M = (¢) (m) (@). 1In evaluatlng experimentally
measured modes, the orthogonality between them is generally con31deredradequate
if the off diagonal terms in this matrix are less than 0.1. This is the case

* for the orbiter elastlc modes, the first two rows and columns in matrlx ORTHO
shown on the bottom of Table 11-4, The last two rows and columns show the
coupling between rigid body‘translation and. pitch modes which is high as .
anticipated because the rigid body pitch is taken about a reference p01nt a"

forward of the nose.

The 5 elastic and 2‘rigid body booster modes used are shown in Table 11- 5_
The flrst 13 coordinates: represent the dlstrlbuted welght locatlon, while the
remaining 18 represent the booster concentrated welghts. The welght associated
with each coordinate is shown in'the last column on the right under_WElGHT 8.
The distance ofAeach coordinate from the boosterbnose reference'point may be
obtained by subtracting 15.7 from the values in the 7th mode (rigid body pitch).
The orthogonality check shown at the bottom 1nd1cates thau only orthogonallty
between the hth and 5th elastic modes is not within the de31rable limit.,.

_ The generalized mass matrix was formed from the measured flexible and the
computed r1g1d body mode shapes. All off dlagonal terms (except for the
coupling between rigid body translatlon and pitch) were ellmlnated The form

of the matrlx used is shown in Table ll 6.

The generalized stiffness matrix was formed &s indicated previously. The
off-diagonal terms were eliminated from the separate body generalized mass
matrix before multiplying by the square of the resonant frequencies. The

coupling generalized spring matrix which was a. full 11 by 11, was then added.

» The result1ng 11 x 11 eignevalue problem was then solved ‘and the resultlng
elgenvectors were translated into the original booster and’ orblter coordlnate
'system, and then rearranged for easier plottlng. Tabulated values of the
'modes and frequencies of the coupled system are shown on Table ll 7. The
frequencies are shown at the top of each vector'column The location:of each
_ coordinate may be obtained- from the 0.19 Hz modé which' turns out to be the
rigid body pitch about Some point Just forward of the orblter The . non-zero
frequency of this’ r1g1d ‘body mode results from ‘the numerlcs of the eigenvalue -

calculatlon The components of this modal vector.represent the relative



.distance of each coordinate, and multiplying them by 150 in. gives the absolute
distance. For example, coordinate 15 is .517 of the distance from'the reference

‘point to the back end of the beam representing the booster, or 150 (.517) = 78".
The first 31 coordinates represent the booster, the nekt 23 represent the
orbiter and the last 4 represent the locatlon of the coupllng springs on the

orbiter and booster,

11.5 Review of Resultsq

Five of the flexible modes. for which comparisons between analytical
coupling and direct measurement could be made were plotted as shown in
Flgures 11-2 through 11-6. One mode measured experlmentally, the hth flex1ble
“at 48.3 Hz did not.appear at all in the analytically coupled modes but is shown
.in Figure 11-7. This mode shape resembles that for the second flex1ble mode
with considerably more.orblter bending. An orthogonallty check of the measured
coupled system modes, as shown in Table 8, indicated that the 2nd and Lth
flexible modes were highly coupled (note that the 2, % term in the matrix is
0.85). Both modes are apparently orthogonal with all the others measured.

Modes above 103 5 Hz were not plotted becauSe a rev1ew of the data in
Table 11-7 1ndlcated that the 4 remalnlng hlgher frequency modes were 31m11ar
to the input modes for the.lnd1V1dual:uncoupled model in both frequency and
shape. 1In fact, the sixth measured flexible coupled'mode shown in'Figure 6
actually appears to be the first orbiter bendlng w1th llttle motlon of the
booster and the measured frequency of 101.9 Hz is close to the 98.8 Hz measured
for the orbiter model alone. This effectlve uncoupllng of hlgher frequency
modes is due to the relatively low stiffness of the connectlng springs. A
similar effect was noted in the analytlcal work described 1n reference 1l- 2
The coupled pltch mode at 104.9 Hz shown in Figure 22(1) of this reference is ,
‘similar to the flrsc mode of the orbiter fuselage at lO3.5.Hz-shown in Figure l3f
(a) of.the same reference. Also, the next higher pitch'mode gt 118.7 Hz shown
_in Figure 22(1) is similar to éhe second mode'of.the boosterifuselageuat 117.7 ﬁz
shown in Figure 12(b). } ' ' R
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'11.6 Discussion and Recommendation

) The coupling procedure employed in the investigation demonstrated the
fea31b111ty of predicting. coupled system modes using vibration measurements

made during tests on the separate vehicles. The inability of this procedure v
to predict the fourth mode (h8 3 Hz), however; demonstrates the difficulties in -
making assumptions as to the type of- restraint at interfaces. between vehlcles.
In subsequent work’ reported by Dr. R. W, Fralich (Reference llf3), the

'assumptionvthat the‘interconnecting springs_were pinned to the tuhes was
modified to permit a finite rotatioénal restraint 'and'the assumption of lateral
motion only was modified to permit axial motion as well ‘With: these  changes, .

~ the calculated and measured frequenc1es for the fourth as well as the other

modes were very close.

The case studiedihere involvedﬁphysical models of relativelyvsimple‘form;.
i.e., two stiff beams represented by these”free free modes coupled by relatively
sof't discrete springs. The evaluation of other coupling techniques which -
might be used. on the shuttle should conS1der more representative model con-
flguration and a wider variety of testing and coupling combinations. The
existing model if it is to be used further,could’ be modified to . account for
more rigid 1nterstage connectlons (1nclud1ng redundant ties) and. for motions
other than in the pitch plane. Close coordination between analyses and test
should be maintained'to insure the careful investigation of,disorepancies.
'Analytical coupling procedures which accommodate separate vehicle tests under

other than free- free support conditions should also be 1nvest1gated
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COMPARISON OF MODE SHAPES FOR ANALYTICAL COUPLING

K = 10”7 1bg/i
Mode Freq vMode-Shape Calculated with Number of Modes Shown

No. '(RPS) Agrees with that From Full 28;Coordingte Calculations

6 8. 10 12 1 18 20

'3 543 o o o o. .. o- 0 )
L 1087 X .. o0 o o o 0. 0
5 1158 _"'x X o ?o'_ o o o
6 1416 X x -¢' o o o o
7 2516 x o o o 0 o
8 27kh2 x x o S0 -0 o)
9 . 3183 i o o o - )
10 3887 X o o o 0
11 4906 ) o ) o
12 5360 x o o o
K ='lO)4 1bs/in
3 Shé. 5 o o) o
L 787" [ ) o )
lS. 817 X ) o o
6 1163 x o ) o
7 'lhiB. o o o
8 1658 o o ‘o
NOTE: O indicates aggreement
X_indicates ﬁop—aéreement s
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12, DESIGN OF 1/10 SCALE PRELiMINARY STRUCTURAL DYNAMICS
MODEL OF SERIES-BURN SHUTTLE CONFIGURATION
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- The Y ring was machlned in.a stepped sectlon."'

12, DESIGN OF 1/10 SCAIE PRELIMINARY MODEL OF SERIES - BURN SHUTTLE CONFIGURATION

12.1 External Configuration and General Arrangement :

After'the'series-burn configuration had been_Selected as the baseline,

Modification 3 to this Task Order was issued to change the remainder of the

~effort at GAC to study the design of an approprlate structural dynamlcs model.

In particular, fabrication costs and time were to be determlned and the detalls

of the propellant storage system were to be studled

The external conflguratlon of the model is shown - schematlcally on Flgure v
12.1, The des1gn details studied for the varlous parts are shown on the draw1ng '
numbers called out near each part These draw1ngs ‘have been prev1ously '

submitted for NASA review. Reprodu01ble cop1es of these draw1ngs have been

"sent to the NASA Iangley Research Center Techn1ca1 Monltor for thls task

A general descrlptlon of the model construct1on for the Orblter, Booster,i

and HO tank’ assembly is glven in the Stress AnalyS1s Report in Appendlx B

12 2 Detalls of . the Propellant Storage System

The LO tanks were of welded alumlnum monocoque de51gn., The HO tank. was '
.032" thick w1th1n 1/2" of the welds and chem mllled to .016" over the remainder

~+ _of the surface., The dome was elllptlcal of 016" thlck aluminum, The Y ring

was des1gned as a stepped element w1th prov151ons for weldlng the dome and the

cyllndrlcal portlon of. the tank, -The booster 10, tank Was heavy walled (. l"

2.
dome, L167" cyllndrlcal sectlon) alumlnum. Slmple flat cover plates were used

in place of upper domes on both tanks

The LH2 tank was a thin walled r1veted tank with a 008" thick aft dome
and a cyllndrlcal sectlon Wthh was .002" th1ck for the 120 degree segment '

nearest’ the orb1ter and 016" elsewhere. In order to stablllze thls structure

-Vagalnst 1.5¢g. 1imit handling loads, rlngs were added at about > 1/2" p1tch

The RP-1 tank at the base of the booster conS1sted of an aft elllptlcal
end dome of 113” thlckness, a machlned Y ring, a cyllndrlcal sectlon of 139"

thlckness, a: forward machlned Y rlng, and a. forward dome w1th access through an -

,elllptlcal cover plate. Th1s tank was also seam welded of alumlnum .



12,3 Intertank Structure

The ‘skirt between the L02 and LH2 HO tanks was .15" thick skin stiffened

' by angle rings. At the center of the sklrt two back-to-back channels formed a

_heavy frame W1th the flttlngs for the orblter attachment fastened between them.
A similar arrangement was used inside the lﬂé tank-as a support for the aft
fitting fram the orbiter., The members between orbiter and HO tank were'simple

tubular elements. The skirt between the HO tank and the booster was of similar »

- ring stiffened ,015" thick skln., The aft thrust structure on the booster was a

: conlcal element with 12 radlal bulkheads meetlng in a hexagonal shaped cyllnder :

in“the center. - : R S -
12,4 orbiter

The orblter mid fuselage was basically: serles of U shaped frames with
corner longerons along the top and bottom covered by alumlnum skin:; The skins
were stiffened by intermediate frames every 2" to prevent buckllng. The orbiter
engine . support structure consisted of full bulkheads COnnected by longerons. -
The w1ngs cons1sted of four beams carrled through the fuselage covered by flat

skins.

.,12 5 Budgetary Cost"f

' A budgetary 00st estlmate .was performed by a member of the manufacturlng f
v group_normally making shop estlmates at,Grumman, Prellmlnary draw1ngs " ADGOY -
" through 611 defining the HO tank and booster were used.. The 1970 rates were
applied including G&A costs but not including profit. Results were $55, 380
for the HO tank and $6h 200 for the booster.' The cost of the orbiter was not

"estimated. Fabrlcatlon tlme was estlmated as h months from go ahead

. 12, 6 Utlllzatlon of DeS1gns

_ The de31gn work on the orblter and the external tanks completed in thls
contract was used subsequently as the basis: for the. des1gn of a 1/8 scale
structural dynamlcs model of the parallel burn shuttle u31ngSOlld rocket

boosters.
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* APPENDIX A

A. GUST RESPONSE ANALYSIS

A.l Description .

In order to provide representatlve quantltatlve data on the response of
a shuttle type of vehicle to gusts, an extended and 1mproved version of the
alrcraft program descrlbed in Reference (Aél) was. utilized. In this program,
'véhiclevmotion is described by a'linear, mulii;degreé-of-freedom system of
forced response equatlons in terms of rigid and flexible- normal modes. The
effect of control laws in deflectlng the englne due to rotation and rotatlon
rate is included in the two rigid-mode eqcatlons. Additional dlfferentlal
equations, derived from an indicial_fbrmulation'of;the unéteady aerodynamics,
are ﬁéed to define the generaliZéd]aerodynamic:forces due to'motion and gust.
The program can consider two symmetric rigid-body modes (vértical_translaticn
and pitch) and up to 8‘symmetric vibration modes of the wings and fuselages.
In order t0 accommodate the 22 flexible modes which appeared significant, the
: progrém was run three times, with the'first flexible mdde appearing in all"
three runs. Although this 1s not r1gorously correct due to ‘the elimination of
the aerodynamic coupling between many of the modes, 1t is conS1dered acceptable

for this application. The modes used in each case are as follows:

Rml | . Rz | rRm3
(15 July 1971) - | (23 July 1971) = (29 July 1971) .
Mode Freq. Mode | Freq. : Mode Freq,
No. | (Red/Sec).| No. - (Red/Sec) . | No. .| (Rad/Sec)
9.23 | 1 | 9.3 1 | 9.3
9.8 -~ L - 6 .| 1577 3. |, 13.54
18.78 - T 17.14 b 1h.52
11 | 20.25 , 10 . | 19.26 5 14,89 -
12 20.59 21 | 3499 - -8 |.. 18.25
17 | 27.56 23 A.” | 39;12; e 13 22,28
22 - 38,52 29 - | uer8 w238
1 24 |. ko.s51 .30 50.23 o 18 . | i_ 29.07




In formulating the generalized forces, strip theory, appropriately: _
modified to yield experinental complete-vehicle steady-state stability deriva-
tives, was used. The orbiter wing and boosteriwing‘were each represented by
6 panels per side,‘with the aerodynamic loading on the remainder of the two _
vehicles being assumed to act on center section panels of each of the two~wings.

Values of the coefficients used are shown on Table A 1,

The shuttle configuration used in the analyS1s was an external hydrogen
tank orbiter on a heat sink booster designated H3T, as described in Reference
(5-2). The vehicle was assumed in steady flight at Mach 1,05 at 25,000 feet.

The lowest 30 symmetric nodes for the ascent configuration corresbonding‘
to maximum-qa were calculated, and the 22 of these Which ceme closest to.
satisfying the criteria;of Section 6.2 were used in the gust response‘analysis.'
The general characteristics of these modes‘are_deSCribed in Table A-2.
Structural damping was assumed as 2 percent in eech mode, after initial anelysesf

showed that the aerodynamic damping in some modes could be-Significantlyrlower;

The turbulence was represented by the boost spectrum shown in NASA
™ X- 53973, Section l 3 2

A.2 Results

The.analysis proceeds by'calculating the_response toal ft/Sec sinusoidal.
gust velocity applied at various frequencies in the'range of interest. The
transfer function obtained is then used in calculatlng the reSponse to the
spectrum representing the turbulence. - For each ‘mode and coordinate therefore

both a frequency response to a S1nus01dal 1nput and a’ power sPectral den81ty

response is determined.

The,generalized force frequency response illustrates the effects of
unsteady aerodynamics including wing SWeep-and‘transport time delays between A

“the two surfaces. The power spectrum of the. generalized force exhibits a-

' o s1ngle low frequency peak at about 1 1/2 radians per second reflecting the

nature of the turbulence which peaks at about 2 radians per second and then
drops-off at about .20 db per decade, These characteristics are shown typically

on Figures A-1 to A-L,

A-2



The modal eccelerations in most flexible'modes (Figures A-6 and A-8)'show
responses typical of uncoupled s1ngle degree - of freedom systems however,; some
coupling between modes is evident in the rigid body translation plots in
bFlgure A-5 and 'in one hlgher flexible mode showr in Flgure A-7. The 1ntegrated
response to the applled turbulent ~spectrum ylelds the rms values ‘shown 1n '
Table A-3. It may be noted that both the force and acceleratlon values remaln

significantly high even among the higher modes,

The important feature in determining the significance of the higher modes
is the contribution ofpsuch-modes_to the_rms'response at various locations.
Responses were calculated for 5vlocations”in tne.orbiter and 5 in the booster.
These are summarized in Table A-L, An estimate of the peak acceleration may be
obtainedﬁby multiplying the rms values shown by 3. The largest acceleration in_
the orbiter coordinates other than the w1ng tlp, occurs at the LH tank and .is
equlvalent to 0,45g. The crew compartment response is somewhat lower (o. hg)t
Responses in the boosfer are all 1ower;' The contribution of each mode to this‘
rms response may be determlned by comparing the energy for the varlous modes
in the power spectrum response at each. coordlnate._ As an example Flgures A-9
through A-1l are the accelerations at coord1nate‘60, the orblter-payload.
Figure A-9 includes the 8-flemible'modes used for Run 1 on 15 July, whereas the
next two figures include the flexible modes used in Runs 2 and 3 on 23 and 29
July;respectlvely. The largest portion of the energy under the power spectrum
curve in Figure A-9 is at 2 1/2 radlans/sec., the ‘rigid body (RB) mode, The
energy near 38 radlans/sec the 22nd mode, 1is almost as hlgh and the mode at _
20 radlans/second the l2th mode, alSO contributes s1gn1f1cant1y. Flgure A- lO
indicates that the flex1ble moces selected for the 23 July run were -more
s1gn1f1cant, in partlcular, both the 2lst and 23rd modes near 35 radlans/sec
encompassed much more energy than “the- rlgld body mode,,and the 10th and 17
radians/sec'and the 29th aﬁ‘h9 radians/sec'are both merginally‘significant
The pover spectrum curve on Figure A .11 indicates that none -of the flexible
body modes used in the 29 July run were as S1gn1f1cant as the r1g1d body (RB)

mode,



Reviewing'the power'spectrum curves at other coordinates, it can he.
.noted that the flrst flexible mode at 9 radlans/sec is most 51gn1f1cant for
the remalnder of the orb1ter locations, except for the crew compartment (57)
as shown in Figure A-16, where the 2lst mode contalns more energy. Coordlnate
126, the booster crew compartment, responded in the 18 mode at 29 radlans/second

to a greater. extent than in the RB mode.

Response at each coordlnate were rev1ewed 1n a. 31m11ar manner and _the

results Summarlzed as shown on: Table 6 2 on page 6 5.

Distribution of Lift Curve Slope Coefficients -

R orbiter . . | - . Booster
Panel = wiath [ ¢ | wiath | ¢
No. | (in.) ' _;a_' ' (in) - F Lo
1 185 [ 183 | 10 | koo
2 g0 | 2.3 C200 | o W35
3 % - |. =26 | 200 | wsio

L 80 2.80 |- 180 | = k.83
5 g [ 300 | 200 | = 510
6 130 2.58 | 200 | 3.3

pNOTE: 1. The panel 1 values represent the orblter fnselave and
.~ the booster fuselage and horizontal tall '

2. Tbe 1ntegrated lift and moment curve slopes ‘of the
comblned orblter and booster are CL = 6 55 and

. o
' M =1, h9 compared w1th 6 65 and 1, 77 estlmated from
T

w1nd tunnel model data on somewhat 51m11ar models.
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Table A-3

Mode Generalized: - - Generalized
, - Force =~ . . Acceleration

S RMS bs. - . - RMS ft/sec®

Rigid Translﬁtion 69,430 .

Rigid Rotation 9,186

(1.47 B2) 9,288
(1.578) 1,370
esm) 12,00
(2.31 Hz2) - 19
(2.37 Hz) | L3’

Vi w

(2.51 Hz) | 8,584
(2.7382) . 533
(2.90 B2) 51T
(2.99E2) - 3,003
10 (3.06'82) =~ 1,375

(3.22 Bz)" 6T
(3.2882) 1,35
(3.54 Bz) | 180
i (3.79 B2) o8

ERE

17 (4.37 Ez) 5,153
18 (k.63 EHZ) - - h460

21 (5.57 Hz) _ | 8,661
22 (6.13 Hz) ' 10,680
23 (6.22 Hz) - 11,430
2k  (6.45 Hz) 2,350

29 (1.76 B2) = T3
30 (7.99 B2) k,013 -

'1i09’

.52

- 2h.23
” 21.96

115

.12

':1.h9

L339
6475

. 2.06
_  17}13
. 8\.314,

842
,2;h3*

C.s1

1.47

3.87 .

69T

8.63

RE N
3.05

295
12,18

g
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- APPENDIX B
'PRELIMINARY STRESS ANALYSIS -
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STRUCTURAL ANALYSIS

Structural analysis for the l/lO scale model de81gn was limited to l
checklng the critical areas for buckling under a 1.5 g limit ax1al load w1th
the vehicle in an uprlght launch attltude. A factor»of.saiety of 1.5 to
ultimate load was used.' The stress analy31s effort consisned of determining
the approx1mate number and location of stiffening frames or stringers
required. No additional stress calculations were con51dered necessary
because ‘the basic dlmensions of the model were scaled down from the prototype'
v whlch had been de51gned for critlcal fllght loads and would therefore be
' adequate. for any of the relatlvely low v1brat10n loads 1nduced durlng mode
E surveys. In view of the prellmlnary nature of the model design, no more '
detailed stress analyses appeared Justlflable. ' :

An overall static equlllbrulm load dlstribution of the mated conflgura-n]
tion under the ultlmate 2.25 g load conditlon is shown below.
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' B-2

Model Configuration
NAS 1-10635-h

 STRESS ANALYSIS

H-O External Tanks -

The oxidizer tank utilizeé monocoque t&pe construction. The area aft
of x'statioﬁ 50.0 is critical for compression buckling and fequires intermediate .
frames spaced between 23 and 3 5/8 in. This area 1ncludés the fwd. intertank
skirt, LH, tank, and aft interstage skirt. Major bulkhéads'are located at thé
fwd. interstage location (xST.S), the aft intefstagévlocation-(xi307h):énd the"
~ lag redistribution frame (x112.7). Basic-skiﬁ is-aluminum'aiio&, .015" thick;
it is locally thicker aft of the fﬁd, interstage location in the upper-quadrant

for increased buckling capability due to compression bending.

vBooster

The booster 102 and RP-1 tanks are of monoéoque structure constructlon.
Thickness of the 102 tank is 167 .in., and the RP-l tank thlckness is .139 in., ~
The intertank structure aft of (x270 0) and fwd. of (x302 0) requires no
intermedlate frames and has an effective thickness of Okl in. The skirt
aft of-(x329.7) which houses the engine support beams is effectively 025" |
thipk, but requires inte;mediate frames and.étiffeﬁerstojprévent_buckling.‘h
There are Seven main engines)féne in,the center and sixhoutef engines which
Aafe suppérted by twelve.supporﬁ‘béaﬁsvtﬁat fpﬁ between a éentral sii-sided

cannister that houses the center engine and the outer shell.
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Model Configuration
NAS 1-10635-4

-STRESS ANALYSIS

ORBITER | A

The'ofbitef fuselage béetween xST.O and x130.40 basically consists

of thin gage aluminum sheet with corner longerons made up of angie'sectiqns

’upper and lower.’ The skins are stiffened by intermediate frames at a pitch

of approximateiy 2" with major bﬁlkheads at the forward interétaée fitting

(x57;5o) and the'gft.interétage locatibn (x13o.ho)._ Theﬁ:or&éfd portiéh of
the fuselage is ﬁo Be_mass simulated as.is thé wing strﬁcﬁure. ‘The af't end
of theAfuseiage model shall be simulaﬁed iﬁ such a manner aé ﬁé effectiVeLy
reprqducé the true mass and stiffneés diétribﬁtioﬁ of the ¢ng;nés, support

structure and tail structﬁre.
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