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TECHNICAL MEMORANDUM

P ot 2y S

STATIC AND_-DYNAMIC DEFLECTION STUDIES OF THE SRM AFT
CASE/NOZZLE JOINT

I. INTRODUCTION

A. Background ¢

Recently. there has been an-increasing interest in efficiently developing large math model.
conligurations for dynamic and static analyses. The prediction of the behavior of 2 structure is
generally based upon the results of the analysis ol a mathematical model of the structure. The
accuracy of this prediction depends on how well the model approximates the structural characteris-
tics. For this reason, it is important to- know the limitations of madeling procedures, the software, |
and the maodel developed 1o represent the structure. 3

The rapid development of computers has completely transformed research and engineering !
practices in every technical field, particularly in the ficld of structural dynamic analysis. Conven- -
tional computers have rapidly branched out into supercompulers, minicomputers, and graphics
computers and workstations. Personal computers today are as common as calculators were in the
1970°s and slide rules in the 1960°s and belore. Microcomputers are being developed with
unprecedented memory, speed, and graphics capabilities. Most of the math modeling experience
has been accumulated in the last two decades primarily because of the development of and increase
in the use of computers,

Math model characteristics should be similar to that of the physical structure. Models are
used to plan. design, and study the physical structure. In most cases, modeling and analysis of the
model reduces the cost, risk, and the amount of time required to accomplish these tasks. Frequent-
ly. math modeling of the structure is the only way to do this because the hardware may be
unusable or unavailable for testing or for other purposes,

In order 10 resolve problems using math models, it is necessary to understand the system (or
structure) and the problems relating to that system. Math models should be developed, from the
sturt, with a specific problem or set of problems in mind to facilitate best use of the model. The
software used to translate the model into a form usable by these newer generation computers must
also be a suitable vehicle to perform this task. The results (output) should also be able to be
analyzed and correetly interpreted such that engineering decisions to resolve the problem can be
made. The success of a modeler depends on how well he/she can define significant elements of the
problem, establish the relationship between each part, and obtain meaningful and accurate informa-
tion from the model. This report presents a technical study of this type for the solid rocket motor
(SRM) aft dome/nozzle for the Space Shuttle vehicle.

— Nl ¥
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B.. Purpose

Several types of structural dynamic and static response inalyses were performed on the
SRM aft case/nozzle joint, with all-the results from these studies being presented in this report.
The main purpose of this study was to determine gap doflections at the joint caused by the
chamber pressure, nozzle bloweut forces, actuator gimbal loads, and. vehicle low-frequency vibra-.

tion-accelerations. The computed data is compared with test data to verify the model of the SRM
structure,

The location and configuration. of the Joirt can be scen on Figure 1 with the enlargement on
Figure 2 showing a close-up-of the joint with the new design using the-radial bolts, (The old
design did not include the radial bolts.) The aft dome, fixed housing, and nozzle were modeled
using MacNeal Schendler NASTRAN (MSC/NASTRAN). Figure | shows a cross-section of these
parts and their relative positions. The model was fixed in the X, Y,.and Z dircctions at the tangent

point, the tangent point being located. a short distance below the aftmost factory joint on the aft. . ..
segment of the SRM as shown in. Figure 1.

TANGENT
POINT
(SRB-STATION
X=1823.95)

FLEX BEARING

Figure 1. SRB aft dome/nozzle joint.
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NOZZLE FIXED-
HOUSING ...

AMBIENT
CURE
ADHESIVE

CARBON
PHENOLIC

WIPER.O:RING //////%f O STAT-O-SEAL ..
CIRCUMFERENTIAL - &\\‘Q%MM///A

FLOW BAFFLE

CARBON F_'IBER/
FILLED EPDM

ASBESTOS/SILICA—"""
FILLED NBR

NOTE: RADIAL BOLT NOT
USED IN ORIGINAL DESIGN,.

Figure 2. Current joint design.

il. MODEL DEVELOPMENT

The analysis of the SRM aft dome/nozzle joint structure involved developing a large finite
element model of the aft dome, the fixed housing, and the nozzle. The model was developed using
an Intergraph Graphics Design Station (IGDS) workstation: for.input to MSC/NASTRAN software
on the IBM/Cray computer. The structural dimensions and details were obtained from Morton
Thiokol drawings noted in References | through 4. .. ...

An isometric view of the model is shown on Figure 3, which started with approximately
32,400 degrees-of-freedorn (DOF) and then was reduced to approximately 22,050 DOF. The nozzle
is modeled with beam elements and includes two rod clements for.the nozzle actuators. Plate, bar,
rod, and solid elements are used to model the complete joint structure. The aft skirt was not
included in the math model because it is much stiffer than the aft dome, to which it is connected,
so that the analysis would provide conservative results. The math mode! was developed in the full
360-degree configuration to allow for unsymmetrical loading and checking results in an
unsymmetrical fashion to be sure the worst case was cnveloped.

The model was developed with more fidelity (finer grid mesh) at the fixed housing/aft dome
interface (Fig. 2) with 2,100 gridc between these parts. At the SRM case tangent point, the
boundary/base of the model, the model has the coarsest grid spacing with 50 stations around the
circle. This spacing compares to 200 stations around the circle at the aft dome/fixed housing
interfuce. The fixed housing and alt dome are held together with both vertical (axizl) and radial

e g e o
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Figure 3. SRB aft dome/nozzle joint dynamic model.
bolts. These bolts are modeled with three grids and two bars, one bar which has the bolt preload ,
applieri 1o it. This preload helps lower the gap opening when the loads, such as the SRM internal :

pressure, are applied to the structure. The effects of the bolt preloads are included in the analyses
results and will be evident in the data presented. The 50 boundary suppert points were all
constrained in the three translational directions. The low frequency vibrational motion at these <

points were available only in the three translation directions, therefore the rotational DOF's were
removed from these boundary points,

The flex bearing assembly in the center ares .of the model and the vertical belt area of the
modet (Figs. 1 and 2) were made with slightly less fidelity than the radial bolt area of the model
to minimize the number of DOF and speed up the analysis time, For example, the stiffness of the
flex bearing area is not directly included at the fixed housing/nozzle interface, but the nozzle padt
of the model was tuned to nozzle/flex beating frequencies |5.6) to account for this flexibility in the
model and match the structure's behavior. To help accomplish this step with the model. the rota-
tional stiffnesses at the fixed housing/nozzle interface was left out to represent the flex bearing
more accurately. The nozzle is represented by a cantilevered beam with dynamic characteristics
similar to a larger, more detailed and complete nozzle model

T T e T

The primary purpose of the mode! was 1o provide deflections along the vertical fuce at the
locations of the primary O-ring and the radial bolt, The modeling procedures used in developing
this model reflect this purpose. This report presents only the deflections along the vertical face
between the aft dome and the nozzle fixed housing. Figure 4 shows a section of the aft dome/fixed




, NOTE: STATION X=-0.0 IS
> AT SRB COOHDI;JATE
- STATION 1823.95.
e DOME/NOZZLE |
- INTERFACE. ...\
; \XI‘49.20
- NN 88,
T S /n-"';x.-m .45
' }
: | BOLT NOT USED
. IN ORIGINAL DESIGN
o I R ]
. | : ® DOTS ARE GRIDS AT |
T m THE INTERFACE l
. AL ,1
Figure 4. X-location of gridpoints in gap.
housing interface with these locations shown as dots where gridpoints were on this vertical face. !

For example, a dot (also a gridpoint), located at station -50.587 inches is at the centerline of the
radial bolts.

lIl. THEORETICAL TREATMENT — ASSUMPTIONS AND EQUATIONS

The equations Tor this type of study primarily involve the use of large mass and stiffness
matrices. ‘The finite clement technique, using NASTRAN for example, is a way of constructing the
mass and stiffness matrices. These matrices are then used to develop a group of second-order dif-
ferential equations which are to be solved simultaneously. The equations also include damping,
which represents the structure's ability o absorb- energy. Many types of loads are applicd to the

- structure and are included in these equations. The equations, including mass, stiffness, damping,
A and applied forees, are as folows:

M {X;} + |C) Xt + IK] {Xi} = {F} (1)

4 where




{M] — mass matrix

[€'] — damping matrix

{K} — stiffness matrix

{F;} — forces acting at grid i on the model

{X;} = general vector representing the deflection at grid i on the model.

The mass matrix is an array representing the weight of the structure distributed over the grid

points of the model, while the stiffness matrix is an array representing the stiffness between the
grid points. The force vector on the right side of equation (1) are the forces acting at various grid

points on the model. These forces include internal chamber pressure, blowout force, pressure forees .

and moments from nozzle gimbal, actuator gimbal forces, gravity, and guasi-static load factors.
The pressure forces are applied in several different ways. The chambe, pressure acts over the aft
dome, the fixed housing, the nozzle, and other areas ol the. SRM. However, the math model in
this report includes only the aft dome, fixed housing, and nozzle. The primary area ol interest lor
this report is the worst case gap deflection.at the aft dome to fixed housing interface around the
entire 360 degrees of the model. The chamber pressure acting on the aft dome and lixed housing is
applied as a force acting at each grid point. The pressures acting on the nozzle are integrated over
the surface of the nozzle to establish forces and moments at the nozzle aft end ring face (Fig. 1).
The gas dynamic equations used (from Reference 7) to establish the nozzle forces and moments
were developed by the Morton Thiokol Space Division and are presented in the following for
completeness,

The axial component (orbiter X-direction) of the force is:
Fnao = An * Pan + Tyvac (1 = €05 8) + Ppgp (App cos 0 — Apg) (2)
where

Fnpo = nozzle axial blowout force — vertical component of gimbal nozzle force ¢parallel to
motor axis), lb,

An = 1,026 in® - ratio of null position nozzle force to nozzle stagnation pressure,
Penn = nozzle stagnation pressure, psia,

Tvac = vacuum thrust, Ib'.

Pamp = ambient pressure, psia,

App = m(74.822) = 17,588 in® — nozzle exit plane area,

n s — e
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Arn = 1(39.22) = 4,832 in> - arca enclosed by aft end ring O-ring,

. \i'

0 ~ gimbal angie, degrees.

K
The lateral component of the force (Ib) due to gimbal angle is: ro
Fnia = (Tyvac=App Pane) sin 0 (3)
The force direction is opposite to that of the gimbal direction.
The yaw/pitch moment (in-Ib) at the aft end ring due to nozzle gimbal is: ‘
%
t
Myps = Zpp Frva (4) .
E{
where . :
t
Zpp = 6.057 in = moment arm between nozzle pivot point and aft end ring face. f
The lateral component of the transient force (Ib) due to gimbaling rate is: i
;o
Faiare = (4.521 X 10°%) Ly 0 cos @ o) |
E !
;
where_ i ‘
!
Ly = 175.757 in = nozzle nose to exit length, ,

8 = 5 degls = maximum nozzle gimbaling rate,
m = total mass flow rate,_lbm/s.

The axial component of the transient force due to gimbaling rate is:
Frnpore = (4521 X 10% Lym 6 sine . (6)
The transient yaw/pitch moment at the aft end ring face due to gimbaling rate is:

Mypre = (4.521 x 10°%) Zn Ly h 6 )
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where. ..
Zn = 8322 in o moment arm betweennozde midpoint and aft end ring face,

Equations (2) through (7) give the forces caused by the gas dynamics invelved while operat-
ing the SRM. These forces, as deseribed, act at the nozzle aft end ring face with the associated
moments. Equation (2) gives the nozzle blowout force which acts in the direction ef the Space
Shuttle Vehicle (SSV) X-axis on the nozzle and tends to push the nozzle downward, (i.c., the SSV
+ X direction). Equation (3) gives the tateral Toree acting on the nozzle caused by thrust and
nozzle gimbal. Equation (4) gives the moment acting on the aft end ring face with the force Fyy
also applied at the alt end ring face. Equations (5), (6), and (7) give forces cau - the novzle
gimbal ratc and the fact that there is a fluid mass moving through the nozzle. These Torces and
moments..in most cases, are going to be small and will have little influence on the gap motion
studied in this analysis, compared to the effect of -the internal chamber pressure and the radial bolt
preloads which have more -influence.

Now that the various parts of equation (1) have been described, the selutions tu this equa-

tion and their uses will be discussed. The direct transient response analysis, the static analysis, and.-..

the base driving response analysis were alt solved.using different techniques which will be
discussed in the following paragraphs.

A. Direct Transient Response Analysis

The direct transient response approach was used to calculate vibrational motion of the gap
caused by the buildup of the SRM chamber pressure at ignition and gimbal forces (caused by the
nozzle). This approach is referred to as a direct approach because equation (1) is used in
NASTRAN and solved without calculating modes and frequencies vi' the model. In other words,
the modal response method was not used. The equation was solved numerically in NASTRAN
(i.e., not in closed form). The input forces build up from zero to their maximum vatues using the
same time scale and shape of curve as the chamber pressure rise curve. The loads applied were the
internal chamber pressure, the nozzle blowout force, and the side forces and moments from nozzle
gimbal as shown in vyuations (2) through (7). The chamber pressure is distributed over the aft
dome and fixed housing while the blowout loree is acting on the top end of the nozzle and the
gimbal side forces are applicd at the nozzle aft end ring face. The results of this study are
presented in Section V.

B. Static Analysis

The Torces used in the static analysis were the maximum forces from the diveet transient
response analysis while also including the nozzle actuator forces and the liftofT load factors. The
static analysis was also conducted using NASTRAN. The stiffness matrix of the math model was
used to obtain deflections and stresses, The mass matrix was also used in the analysis to apply the
HiftolT load factors at cach grid point of the model 10 establish the acecleration induced loads. The
nozzle actuator forees were applied (0 the nozzle at the locations where the bottom o the actuator
ties into the nozzle. These forces were caleulated using the maximum nozzle design bending
moment of 4,210,000 in-lbs (obtained from Reterence 8).

wh o e
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C. Base.Driving Response Analysis

The base driving-response approach was used to determine the influence that vehicle
dynamic motion (vibration) has on the gap deflections at the alt dome 1o fixed housing interface.
The vehicle dynamic accelerations were taken from Rockwell Joads studies performed on the entire
shuttle vehicle (unch configuration), ‘The aceelerations were defined. in these . studies at four
positions around the case at SRB station 1.606.72 in. 90 degrees apart in the SSV coordinate
system Y-7 plane. The math model has its boundaries at station 1.823.95 in. Therefore. one of the
assumptions for this analysis was that-the aceelerations at the two SRB stations would be simi ar in
both magnitude-and (requency content. These aceelerations were available at these points around
both the left and right-SRB"s. Ths worst case accelerations were obtained from these data. in-cach
of the three directions and placed at all 50 boundary points around the model to perform the base
drive analysis. The equation used to perform this operation_js_derived in the Appendix as equation.
(20) and is presented heve as equation (8),

Mgl G + 12801 M@} + 1] Mol {a} = (61" (Fa} = [May] {X,) - [M2LIB] {K,)
(8)
where
Ml = [dbI' IMaal [d] (generalized mass)
[2Z0|IMey] = (b1 1Caal 1d]) generalized dumping)

L lIMeyl = 1d]" IKaa] [d] (generalized stiffness)

and,
IMas| = M| __
[Caal. = IC
[Kz2| = (K]

are from equation (1) of this seetion.
The other variables are
{X\} - boundury base driving accelerations,
{Fa} = applied lorcing functions = {0} for base driving,

|B] = rigid body transformation. that changes boundary accelerations to body (model
gridpoint aceelerations),
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My}~ partition of mass matrix related 10 the ground points; only-appears in _the free-free
- partition of the nutrix,
E {q} ~ gencralized modalcoordinates, . -

I — the modal.deflections calculated rom. equation (1), o

The flow chart for the computer program which runs this analysis is diagrammed in Figure -
5. The program resides en computer files and is run using FORTRAN programs. The chart begins !
o the left with data on file created using NASTRAN and other FORTRAN.programs. The chart
ends on the right with response versus time of accelerations and deflections. It can be seen thai the
final deflections versus time in physical discrete coordinates are calculated from the following
equation;

—

E '
: ' b
: ;

R P

X0} = 18] {X} + 1] fo) ) .

A

!

b

where X is the motion at the support points of the hardware and q is the vibraiional motion of the
point in generalized coordinates. The product of ] and {y} transforms the dellections into physical
discrete coordinates represented by X(t).

IV. TYPES OF ANALYSES

A. Modal Analysis ot

The modal analysis was conducted on the aft case/fixed housing model with the nozzle
beam model to obtain the modes, frequencies. and the mass and stilfness matrices for use in the
base driving response analyses.

A - e = ol e

A detailed math model of the aft case to fixed housing was developed 1o ensure a high
degree of lidelity at the joint, but the nozzle was represented by a beam madel developed: with a
minimum number of DOF. However, 1o ensure accurate results, the nozzle beam model was ned
to match results of a very detailed modal analysis of a cantilevered nozzle, which included steps of
) tuning the model without the actuators, and then with them attached. This detailed analysis is
. published in References 5 and 6. )

UYL YA E TV W,

R A e ol

1

The SRB mass property document was also used 1o obtain the correct mass for both the
detailed part of the model and the simplified nozzle part of the model as well as the otal mass lor i
the combined model. The masses from this analysis compared well with the masses found in the
mass property report. ‘Phe frequencies and mode shupe descriptions of this model are shown in
Table 1 and the mode shapes are plotied in Figures 6 through 12, The lower frequency modes
- describe maoiion of the nozzie which is represented by beams and are seen as lines coming out of
_ the bottom center of the model on the views shown of the madal plots. Modes 6 and 7 involve 5
N most of the flexible motion of the entire alt dome and fixed housing, B
<
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TABLE 1. FREQUENCIES AND-MODE SHAPLE DESCRIPTIONS.

Maode Freguency Description

] 2.22Hz. First torsional mode of nozzle.

2 14.73 Hz First vectoring mode of nozzle

3 15,27 Hz Second vectoring mode of nozzle_

4. 22.28 Hz Third vectoring mode of nozzle

5 22.32 Hz Fourth vectoring mode of nozzle.

6 65.47 Hz. Vectoring mode of nozzle combined with flexing
of dome

7 - 185.5 Hz Flexing mode of dome combined-with much
dome forsion

12

Figure 6. Modal deformation: Mode 1, frequency 2.22 Hz.
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Figure 7. Modal deformation: Mode 2, frequency 14.73 Hz._

Figure 8. Modal deformation: Mode 3, frequency 15.27 Hz.
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Figure 9. Modal deformation: Mode 4, frequency 22.28 Hz.
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Figure 11. Modal deformation: Mode 6, frequency 65.47 Hz.
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Figute 12. Modal deformation: Mode 7, frequency 185.5 Hz.
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B. Static Analysis

The static analysis involved applying the maximums Tor every type of load considered. The
loads applicd were internal chamber pressure., nozzie blowout forces, actuator gimbal lorces, verti-
cal and radial bolt preloads, gravity magnilicd by a steady state acecleration factor, and vehicle
low {requency vehicle dynamic aceelerations applied at all the grid points in the model. This was
done lor each Ilight event. a total of five dilferent subceases (flight times), Each flight cvent
involved.a subsct of these forces using the applicable values for the maximum in cach subcise,

The first event considered, liftolf, was the only case in which the vehicle low frequency
vehicle dynamic accelerations (quasi-static) were applied. The other four events — roll mancuver,
maximum dynamic pressure (max ¢), maximum acceleration (max g), and pre-staging (SRB scpara-
tion) — include the remainder. of the loads considered. A table summarizing these values used in
each of the five cases is shown in Table 2.

in addition to all these cases, the model was run without the radial bolts. as in the old
design, to compare the behavior of the no-bolt configuration to that of the new 7/8-in radial bolt
flight configuration. The force values used in the no-bolt analysis are also the ones shown in
Table 2.

C. Transient Response Analysis

In the transient response analysis, the opening of the gap was computed as a response to the
input pressure transient (Fig. 13) and other forces related to the pressure transient such as the
blowout forces. This analysis was performed to observe the dynamic effects (overshoot, ampliflica-
tion, etc.) on the gap opening compared to the static value of the gap opening. For this reason, the
slope of the chamber pressure rise curve is importunt. For example, if the chamber pressure curve
rises to a peak {rom zero time to a time equal to one-lourth the period of the {irst natural fre-
quency ol the structure, then large vibrational responses in the structure can oceur.,

An enveloping pressure curve was obtained from References 9 and 10 and used to force the
math model. The curve is a smooth pressure rise curve with the dynamic behavior of the model
mainly sensitive to the slope of the curve. The pressure rise curve builds up in 0.2 s. This would
resonate with a frequency of approximately 1 Hz, 1/(4xX0.2) = 1.25 Hz. The lower [requencies of
the whole model with the nozzle are 14 Hz to 22 Hz and the natural frequency ol the aft dome/
fixed housing is 65 Hz. [t can be seen by comparing thesc frequencies to the forcing Tunction fre-
quency that there will probubly be very little dynamic response due to the pressure transient curve.

A check case was run with the slope of the pressure transient curve increased by a factor of
10. The results show an increase in the amount of the dynamic response, but compared to the
static part ol the deflection, the dynamic portion of the dellection is still very small. These
response plots are shown in Section V.
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TABLE.2,

SUMMARY OF FLIGHE.LOADS

T TN . r T vt bl 3Nl MO o o e A SRR b w5 w500 0 o e T o Ltk L MU TEN A o

Liftoff . | Roll Maneuver Max Q Max G | Pre-Stage
Internal pressure _ | 920 psi 930 psi 788 psi 673 psi_ | 90.7 psi
Steady state
acceleration (G's) 1.4 1.4 2.0 3.0 3.0
Blowout lorces:
Axial ¢lb) 1.13+6 L1446 8.60+5 | 7.07+5 | 9.30+4
Side (Ib) 113,649 285,261 265,833 171,362 43,609
Moment (in-lb) 24 653 25,616 21923 19,157 2,960
Actuator loads:
X 23,320 23.320 23.320 23.320 23,320
Y -51.621. -51.621 -51.621 -51.621 -51,621
Quasi-static load
factors:®
X + 1.0/-4.0
Y 1.6
A +6.8
(Nozzle mass = 18,873 Ib)
*From Relerence 8.
900
80 |-
00
m =
m —
g
400 [~
300 -
200 r
00 -
o 1 1 L 1 1 ! 1 1
[+11) [:A] 02 2.3 04 -1} 0.7 (1 ] Y] 19

0.5
TIME (SEC)

Figure 13. Measured pressure on aft SRM dome.
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D. Base Driving Response Analysis

The base driving respanse analysis was conducted using the madel analysis data described |
above in Section IV.A. Vehicle acceleration time histories from coupled loads analysis were .used
at the model attach pointsto drive the.model. Typical plots of these time histories at a grid are
shown on Figures 14, 15, and 16.

i

e

The flow chart (Fig. 5) shows all.the steps necessary to calculate loads and deflections {rom
‘ base input accelerations. Steps | and 2 (step numbers are shawn in the upper right corners of the
blocks), show the accelerations and enforced displacements used to drive the model as input to
start the analysis. Steps 3 through 14 show all the matrix manipulations performed using the mass
and-stiffness matrices. Both the free-free matrices, My and Ky, were input to the.base driving
program and disassembled into the ground motion partitions, M, and K,;, and the cantilevered
partitions, My, and K. It is also possible to abtain these cantilevered matrices dircctly from a
modal analysis with the base of the model. constrained. To make the partitioning step a single
operation, the ground points in both matrices were repositioned to the first rows (and columns)
while using NASTRAN. The K, partition of the stiffness matrix was inverted and combined with
the other partition of the stiffness matrix to form a new matrix called the beta (B) matrix. This
new matrix is then combined with the Ma, pattition and added to the M,, partition of the mass
matrix to form a coefficient matrix for the base input accelerations. This coefficient was developed
in equation (8) of the previous theoretical section..

IE A

Ly

The mode shapes, natural frequencies, normalized mass matrix, and the time veclor (steps i

I5 through 27), along with the newly formed forcing function matrix, are then fed into a modal i
response subroutine shown in Figure 5 as ZTR3. The modal responses from the ZTR3 routine are y
then used as input for another response subroutine (ZTRAE) where these responses are transformed H
back into physical domain accelerations, velocities, and deflections. These physical coordinates :

describe the model’s response to the original input forcing functions giving the gap dellections and
loads as desired. The results of this analysis are shown in Section V.

V. RESULTS

A. Model Verification with Transient Pressure Test Article (TPTA) Test Results .

The TPTA test series were used to verify the aft case/nozzle joint model for these
by using the math model with slight changes in its configuration to model TPTA conditions.
accurately. Details of the TPTA test setup were obtained from Reference 11. The TPTA test used
loads matching the flight values except for bolt preloads and nozzle loads. The test also had
; slightly different boundary conditions. The actual test set-up had a plug fitted tightly into the fixed
e housing/nozzle interface arca with an O-ring sealing this joint for the TPTA test.

analyses

v .

=

- To1eww ot
o

The main modification to the math model was remaoving the beam model of the nozzle and
fixing the boundary conditions at the fixed housing/plug interface in all translational directions
except the X-direction. This, most likely, mukes the model stiffer than the test article in this area.
Other modifications included jowering the radial and vertical boll preloads from the flight values to

18
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the test vidues. Typicl preload=vidues for the flight configuration for the vertical and-radial bolts
are LA1,000 and 45,000 Ib, respectively. The preloads-for the. TPTA tests compare at 92,080 and .
25,080 Ib for the vertical and radial bolts, - B

The deflection gauge locations used in the TPTA test were at the same circumferential loca-

e tions as the model where grid points and displacement information was retained. These locations ]
, were obtained from Morton Fhiokol drawing No. 7U75234 |12].
Sl The plot in Figure 17 shows the individual data points from the lirst. TPTA test as stars and \
= ! & pom i
“. the analytical results from the model as circles connected. with a_line. The two sets ol data are
=" plotted together to show the similarity between. the test results and the analysis results. The analyti-
= cal results envelope the test data which shows that the model is-conservative for studying the joint
~ behavior.
= |
= B. Analyses Resuits A
8 !
—1 Results of the static and dynamic deflection analyses for the flight configuration are covered P
=31, in this sectton. In general, the maximum envelope results of all cases are shown. Four locations b
3‘1 with grid points were used in the model on the vertical face zt the aft case/fixed housing interface '
=i shown in Figure 4. The results for the veriical face are summarized on Figures |8 through 22. The .
T actual deformations calculated by the model along the vertical face are shown as deflected shapes \
2 0.012 Loy
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Figure 17. Static gap between fixed housing and aft dome — TPTA test.
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on Figure 18. Figure 8 shows.the deflections at different flight events plotted to scale, while
Figure 19 gives the cross-section deflections amplified.by a large scale_factor so that the general
shape ol the deflection pattern can be studied.

Figure 20 shows two static deflection eurves, in the radial direction, for the vertical part of
the gap between the aft case dome and the nozzle fixed housing for 930 psi chamber pressure and
4.8-degree nozzle gimbal angle. Curves are shown for the configuration without radial bolts (old
design) and with the 7/8-irch radial bolts (new design). Deflections at the centerline of the primaty
O-ring gap can be seen by following the horizontal axis to the markings on. the graph and going up
to both curves. The left end of each curve is the bottom of the vertical part of the gap between the
aft case and the fixed housing and the right end is the top. As can be seen from the figure, the
7/8-inch vadial bolt reduces the gap opening by almost an order of magnitude with respect to the
configuration without radial bolts. Figure 18 shows the results of the studies using the 7/8-inch
radial bolts for different flight times and conditions (chamber pressure and nozzle gimbal angles).
The top curve is for the vehicle roll maneuver case. This case was run using 930 psi as the motor
internal chamber pressure, a nozzle gimbal angle of 4.8 degrees, with blowout forces, actuator
forces, steady-state vehicle accelerations, gimbal side force and moment. The next worst case is
liftoff, with 920 psi chamber pressure, 2-degrees nozzle gimbal angle, liftoff vehicle accelerations,
and the same type of forces and moments as indicated above for the roll maneuver. The third
curve is for the maximum dynamic pressure event with parameters of 788 psi chamber pressure and
S-degrees gimbal angle. The last case shown is for the maximum acceleration case using 673 psi
and 3.7-degrees gimbal angle.

Transient response results during liftoff are shown as gap relative deflection versus time on
Figure 21. The four curves are the four locations on the vertical face where the relative deflections
were calculated as shown on Figure 4. These curves follow the shape of the pressure versus time
with only a slight amount of vibration as shown on the curves in the period of time when the
maximum pressure is reached. These curves are presented to show the small amonnt of vibration
which oceurs in the gap between the aft dome housing and nozzle fixed housing as a result of the
applied transient forces. The maximum deflection at the top of the gap is 0.0063 inch as shown.

Studies were also performed using liftoff vehicle dynamic motion base drive the nozzle/aft

case joint structural model with acceleration time histories from STS coupled loads analysis |13},
The results of this study show extrenely small deflections at the nozzleralt case Joint gap as a
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result of vehicle low frequency vibration. input, This can be seen on-Figure 22 and shows the rela-
tive-deflection between both-sides at-the top of the gap. As can-be seen. the relative deflections
are very small. compared to the other analyses (of.order < 1-x 10%). Other deflections down the
lace.of the.vertical part of the gap will be smaller.

These analyses have shown that-nozzle-to-case joint dynamic gap deflection motion caused
by SRB internal chamber pressure buildup. nozzle gimbaling. and vehicle low frequency dynamic
motion. is very. small compared to the static gap deflection. The maximum gap opening at the
centerline of the primary O-ring is approximately 0.0049 inch using the.?/8-inch radial bolt con-
figuration with & nominal preload of 45,000 Ib.

VI. CONCLUSIONS AND RECOMMENDATIONS

A very large linite element analytical math model of the SRM aft domefnozzle joint for the
Space Shuttle vehicle was developed to investigate gap deflections at the O-ring seal during simula-
ted light operation. All in-light static and dynamic environments or forcing functions were applied
to the analytical model to calculate the gap deflections. In addition. the finite element math model
wits modilied slightly to simulate an experimental program conducted to measure the gap deflec-
tions. The analytical and experimental results closely match. This comparison provides confidence
in analytically predicting the gap deflections during tlight, and is considered a step torward in the
use of finite clement modeling techniques for large complex structures. It is recommended that this
type study be conducted in the future on all O-ring interfaces for high pressure solid rocket motors.

25

IR . e o sl

&>

Cram e nad -ﬁﬁﬁ:ﬂ&; B




— e e e b U L R N,

S | T

L R ! |

i

LR 5 | AU

—_—
[Ty sl

APPENDIX

Response Equations for Base Motlon Excitation
By Wayne Holland, S&E-ASTN-ADL

March §, 1971

The equation of motion for a discretely modeled structure can be written in matrix form as

M] {X} + [C] {X} + [K] {X} = {F)} (1)

where:

M], [C], K]

mass, damping, and stiffness matrices, respectively

{X}, {X}, {X} = acceleration, velocity, and displacement vectors of discrete coordinates.

Consider that the systen: of equation (1) has n number of degrees of freedom. That is [M], [C],
and [K] are n X n matrices and, correspondingly, {X}, {X}, {X}, and {F} are n X 1 matrices
(vectors). Additionally, consider that m number of the displacements are known or prescribed. The
known or prescribed displacement functions are referred to as base motions,

We can partition equation (1) to reflect the prescribed coordinates in the m X | vector,
{X,}, and the remaining coordinates.in the (n-m) X 1 vector, {X,}. With this partitioning scheme,
equation (1) takes the form

Mz (X CulCi2 X, Ki (K [{ Xy Fy(t)
e L S e I e | A R €2y
M, 'Mzz Xz C21iCo | { X, K 1Ko | X Fa(t)

Let {P} be the n X I vector of resultant external forces (includes applied and inertial
forces). Then the relationship between resultant external foices and the displacements can be
written in partitioned form as

) ‘ KII'KI2-
Ka! Kp

X
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Now let us deline the {X»} displacements to be a supcrposition of twa parts
X = (X3} + {X3} (4)

where:

{X;J} displacements that occur at the {X3} coordinates due to {X,} displacements, con-

sidering the {X,} coordinates to .be unloaded; i.e., with {P;} = 0

{Xf} = displacements that occur at the {X,} coordinates considering the {X,} displacements .
constrained to be zero and with the {X;} coordinates loaded; i.e., with {P3} # 0.

Now we can determine {X;J} by applying equation (3) with {P;} = 0.

Thus,

| P, K”;Kp X 7

-} = ___4].___ i (3)
O K‘>| | ng , Xz

It Tollows from equation (5} that

X3} = Bl {X,} 6)

where:

[B] = = [KaaJ" [Kayl__. (7)
In view of equations (6) and (7), we can now write equation (4) as

{Xab = 1BL{X\} + {X3} (8)

With equation (8) we can now write the transformation equation in the form
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or more simply

X} = (y1{v}

where:
110}
vl = |-
Bl
X
{Y} = -
X5

Applying the transformation (10) to the equation of motion (1),

(YT IM] Y)Y} + (317 (€] fyl (V) + V" (K] [y] {Y} = |y]7 {R)

Now equation (13) can be ex
and carrying out the multiphi
obtained.

-

_Mr.iMrz !5&,

'M?I =M3*2

panded by expressing each of the
cation of the matrix triple products

ciycl
+ | —mtn-

C;’Cz’i

Y TS TR AT T T PAIWE T LG T TR T T T

()]
(10)
(k1)
(12)
we obtain
(13)
matrices in their partitioned form
. The following equation is
KN IK Xy Fi+B"F,
s L el Bl Rl e (14}
K;‘I‘IK.’." H Fa

29

e AP Foegip W ks N

H
P . .. - ot dpt———



v
i

R T

where:
M) = [Mu] + [BIT IMa1] + [Mya] [B].+_[BIT [Maa} [B] (15)
IM&] = M2l + [B]" [May] (16)
IMi] = [My] + [My] [B] ()
M3 = [Ma] (18)

The partitions |C§| and lK‘,—'jl have the same form as equations (15) through (18). That is
ICHI = ICu1 + B[ [Cal + I1Ci2] 1B + IBIT [Caa) |B]

KA = 1Kl + (BT 1Kyl + (Kol (8] + (8]T (K22l [B

ete.
Since the {X;} displacements are known or prescribed, we need consider only the matrix

equation from (14) describing the {X(z} variable, that is

IM2I{X5) + ICKI (X5} + KA XS = (Fa - M%,] X} - ICH) (X)) - K] X)) |
(19)

We can expand equation (19), replacing the coefficient matrices by the relationships as described in
equations (15) through (18). Thus, equation (19) becomes

Ma2] X2} + 1Coal (XS} + [Ko) {XS} = {Fa} = [Myy] {X,} - [Mz2] 18] {X}
—1Ca} {X,} - [Caal (B] {X,} - Ky {Xi} - IKaa] [B} {X)} (20)

In view of equation (7) the term [K,,) [B] {X)} appeating in equation (20) can be stmplified as

(Ko IBI{Xi} = - {Kay) {X)} . (21)
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Now let us assume (for convenience sake) that the damping matrix, [C], is -proportional fo the stifl-
ness matrix, i.e.,
§ €] = « (K] 22
5 Substituting equat:ons.(21) and (22) into equation (20} yields
:
! . [Mz] {X5} + [Caa] X3} + Kyl X3} = {Fa)} - [M2,] {X,} ~ [M2a) [B] (X} (23)

The response of the discretely modeled structure subject to base motion excitation, {X,}, and
applied forcing function, {Fx(1)}, can be described by solution of equation (23) and its auxiliary

equation (8). It is interesting to note that the left side of equation (23) represents the structure with’
the base motion coordinates {X,} constrained t

the forcing function terms on the right side of equation (23).

Usually it is more convenient to solve the equations of motion in terms of modal or normal

coordinates rather than the discrete coordinates of equation (23). The transformation relating the
discrete coordinates and the normal coordinates is

X5} = (] {g)

(24)
where
{a} = vector of normal coordinates
[b] = transformation matrix
. We choose [¢] to be the modal matrix obtained from the eigenvalue analysis of
[M22] {5&‘;} + [Knl {X;} = {0} (25)

That is, each column of [¢] is an cigenvector (mode shape) of equation (25).

Substituting equation (24) into e

- qQuation (23} and premultiplying the resulting equation by
[$]" yields
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[Meqj {§} + [2Lw] [Meq| {4} + (0?) [Meq] {a} = [&" (o} ~ Ma)] {X)} - IM22] [BL{X\D) ’
(26)

where [Meq]. [2{w], and [w?] are diagonal matrices given as (Ref. Hurty & Rubenstein)

[Meq]l = (6] [M22] [d]
[2Lw] [Meql = [&]" [C2] (]
{w?] IMeql_= [¢] [K22) [d] .

. Now equation (26) is a very convenient form for numerical solution. In view of equations (8) and
(24), the displacements {X;} can be determined as

{Xa} = [BL{X:} + 1 {q} (27)

Thus, the response of the discretely modeled structure subject to base motion excitation can also be. .

determined by evaluating equations (26) and (27).
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