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FOREWORD

This document presents the results of work performed
by Liockheed-Huntsville Research & Engineering Center under
Contract NAS8-31750 for the National Aeronautics and Space
Administration, George C. Marshall Space Flight Center.

The NASA-MSFC technical monitor for this study is
John E. Key, EP42, Structures and Propulsion Laboratory.
The performance period for this study was from 1 December

1975 through 30 November 1976,

Lockheed-Palo Altc Research Laboratory contributors
to this effort were B.O. Almroth and F,A. Brogan.
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SUMMARY

This report contains the results of a study to develop modeling tech-
niques to refine the STAGS SRB mathematical models. The objective was to
increase the computational efficiency while obtaining adequate accuracy in
the STAGS results. The parametér studies reported in Section 2 led to the
formulation of an SRB mathematical model that is highly accurate and yet
results in a significant savings in computer run time compared to previously
used models. With the u‘se of proper modeling techniques, the STAGS com-

puter program is a valuable and efficient tool for the SRB structural analysis.

The constructed SRB math model was used for the analysis of the §5/
32/5 (VV/VH/6) cavity collapse load condition for the aft end of the SRB struc-
ture. Linear, nonlinear collapse and bifurcation buckling analyses were per-
formed. The linear and bifurcation buckling analyses showed that structural
integrity and positive margins of safety will be maintained for the applied
maximum load case using a design factor of 1.25. The nonlinear collapse
analysis predicts stresses in the skirt above the yield for a load factor of
1.0. Applying the 1.25 design factor gives 2 negative margin of safety against
the material ultimate. The predicted collapse occurs at a load factor higher
than 1.25,

iii
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1. INTRODUCTION

Structural analysis of the solid rocket booster (SRB) is one of the prime
responsibilities of NASA-MSFC's Engineering Analysis Division of the Struc-
tures and Propulsion Laboratory. Many different finite element and finite
difference computer programs are used by MSFC in carrying out their re-
sponsibilities. Some of these computer programs were developed by Lockheed
Missiles & Space Company. In particular Lockheed programs STAGS A,
STAGS’B, BOSOR, and SPAR are used e};tensixa:ely by MSEFC, partly because
MSFC participated in the development and helped sponsor these programs

and are quite familiax with them.

- In the course of their detailed work, MSFC encountered some limita-
tions 1n the output of the subject programs. Since much expensive SRB
hardware is involved it is imperative that the structural analyses produce
accurate results. The purpose of this effort was to ensure that the subject
programs produced accurate results for all requiréd analysis conditions and
applications. The latest version of the STAGS finite difference program,
STAGS C, was insta.ll-ed, checked out and an SRB model formulated for the
accurate analysis of the cévity collapse load conditions. Some discrepancies
in the STAGS analyses performed by NASA support pe:.;sonnel have occurred
in the past. These problem areas were investigated and the causes deter-

‘mined and solutions obtained.

STAGS is a computer program developed at Lockheed-Palo Alto and is
intended for analysis of a shell type structure. The structure to be considered
may consist of up to 30 different shell branches that are treated by use of
finite difference discretization. A shell branch is any part of the structure

that is thin. In addition to the shell branches, the structure may include some

1-1
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finite elements: elastic bars, shear panels, beams and nonlinear triangular

plate elements.

The code can be used for:

o Linear stress analysis
e Geometrically nonlinear elastic siress analysis
e Inelastic stress analysis, geometrically linear or nonlinear

s Bifurcation buckling analysis with linear or geometrically
nonlinear prestress (elastic), and

e Small vibration analysis with prestress based on linear
or geometrically nonlinear analysis (elastic)

e Transient response analysis, linear or geometrically
nonlinear, elastic or inelastic.

Any combination of point forces, line loads and distributed surface
tractions can be applied. Loading by specification of displacements or thermal
gradients (through the shell wall and over the shell surface) is also permitted.
Any configuration of boundary conditions or other displacement constraints can
be included in the analysis. Reference 2 contains the instructions for the use
of the STAGS code.

This report contains five technical sections; four of which describe the
tasks performed and the final section lists several conclusions and recom-

mendations of areas requiring further study efforts.
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2., STAGS MODEL PARAMETER STUDY

2.1 EFFECTS OF GRID SP‘ACING ON LINEAR ANALYSIS

Problems in coanection with the use of the STAGS finite difference com-
puter program have been experienced during the analysis of the SRB st:;.'ucture
by NASA support personnel. Some of these problems were the result of im-
proper grid configurations being used in the models. Parameter studies were
made to determine the proper grid layout for accurate results in the linear,
"nonlinear, and bifurcation buckling analyses. Results concerning the proper
grid spacing for the bifurcation buckling analysis are presented in Section 2.2

and for a nonlinear analysis in Section 2.3.

The aft portion of the SRB cylindrical body and the attached conical
skirt, loaded by the cavity-collapse phenomena during water entry, are the
structural components under investigation. The body is a ring stiffened
cylinder of constant wall thickness reinforced with tee-stiffeners and clevis
joints between body segments. The ait end of the cylinder has a spherical
closure which supports the rocket nozzle. The motor case structure and
components are fabricated from D6AC steel. A reinforcing tee-ring is

located at the cylinder-skirt intersection.

The conical skirt is a ring-stringer stiffened shell with skin thickness
varying both lengtﬁwise and circumferentially. Additional components, such
as holddown posts and nozzle actuator support brackets, are integrated into
the skirt structure. The skirt structure is fabricated from aluminum. A
simplified view of this portion of the SRB configuration is shown in Fig.2-1
(without the nozzle). In all analyses, ¢ = 0 is the keel side and ¢ =180 is the

lee side for the water cavity collapse load cases.
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Station
1657.52 ) 1733,56 . 1817.60 1930.64
1697.54 1777.58 1839.684
) 1 T T
{
Il
T ‘L .L L

Fig.2~1.- Aft SRB Configuration
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The major discrepancy in the previous analyses is in the cone-cylinder
intersection area, Brown personnel experienced discrepancies in stress
values and deformations between two seemingly identical models; i.e., differ-
ent results were obtained when the reinforcing tee-ring was modeled on the
cylinder portion as compared to results obtained when it was modeled on the
cone portion of the structure, all other parameters held constant. Presented

in this section are data on the effect of variable grid size on the accuracy of
the analysis in this region.

The simplified cone-cylinder model shown in Fig.2-2 was used for the
"grid study." The same length, radius, cone angle, etc., were maintained for
the simplifiéd SRB model, but a constant skin thickness was used., In addition,
all components were assumed to be made of the same material., No stiffeners
were added to the structure except for the reinforcing ring at the cone-cylinder
intersection. Initially a 90 degree segment of the structure, with symmetry
planes at the side boundaries, was used; this was later reduced to a much
_ smaller segment after it was determined that the number of grid divisions
in the circumference had no effect on the results for the internal pressure
loading used in this study. The structure is modeled as two "branches''; one
is the cylinder and the other is the cone. In STAGS each general shell com-
ponent is modeled as a separate branch and the geometry, material properties
and loading are specified for that branch. The boundary conditions at the junc-

tion of these branches is specified by the user for compatibility in the structure.

The model was first checked for symmetry and to determine if the cor-

rect cylinder wall stresses were accurately computed by the program.

Computer runs were then executed for the sample problem using 2
range of longitudinal and circumferential grid spacings. The accuracy in-
creased with a finer grid spacing in the longitudinal direction, i.e., more
grid divisions per length. For each grid configuration the analysis was
executed twice, once with the reinforcing ring on the cylinder and again

with the ring on the cone branch. The aspect ratio, ratio of length to width,

2-3
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Cone Plane
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Free Edge

Fig.2-2 - Simplified SRB Model
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of the grid was seen to have no effect on the results. Several grid sizes were

investigated using both uniform and nonuniform grid point spacing.

It was found that a variable grid spacing produced comparable results
with the uniform grid spacing while significantly reducing computer run costs,
This was achieved by allowing large grid spacings in areasg of small stress
gradients, and small grid spacings in areas of large stress gradients, This
method of grid layout is the most efficient arrangement for-minimizing com-

puter run time for a desired level of accuracy.

Table 2-1 shows the effect of longitudinal grid size on the results. The
longitudinal grid spacing adjacent to the intersection is given in inches. The

grid spacing was the same in the two branches, cone and cylinder. This

spacing was held constant for at least two grid spacings each side of the inter -
section. CYL denotes the analysis with the reinforcing ring attached to the
cylinder branch and CO'NE denotes the analysis with the ring on the conical
skirt. The tee-ring was modeled as a rigid stiffener. As the longitudinal
grid size is reduced the radial displacement, W, and rotation, f, become
more comparable for the two analyses. Note the results for the 2.0 and 0.5

inch grids.

To understand why "3t (Table 2-1} changes sign between the "CYL and
CONE" analyses, for any shell structure there exists a "houndary layer! at
the shell edges of the same order of size as the (radius x thickrm,s.s)l/2
within which the shell theory does not give an accurate representation
of the stress field. However, if the shell approximations are applicable
in the major part of the structure, shell theory will give good estimates
of these stresses and displacements outside this boundary layer. The
edges at the intersection of the cone and cylinder branches are in this
boundary layer and approximations and interpolation must be used to obtain
compatibility and continuity with the rest of the structure. The finite differ-
ence integration scheme used in STAGS also must be modified at the boundary.
A "whole station" method of grid points and integration points is used to

produce the greatest accuracy for the shell analysis. This scheme is shown
2-5

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



ILMSC-HREC TR D497054

/‘ Cylinder- Reinforcing
A Tee Ring
lo| 2
o 4
Table 2-1
GRID STUDY
Grid Size 10,0 5.0 2.0 0.5 Branch 7|é
Ttem {in.) Ring
1 o, = o CYL 6840 | -274 -586 -468 -467
CONE 6979 148 -462 -442
2 c_,;** CYL 4168 5494 1994 30 -232
CONE | 10600 5765 2108 434
3 o, CYL | 9512 | -6042 3166 -966 -618
CONE 3358 | -5467 -3032 -1319
= sk
4 w . CYL 0.305 | =0.00069 | -0.00148 | -0.00118
5 2 CONE | 0.0176 | -0.00038 | -0.00116 | -0.00118
L]
6 B g § CYL 0.00153 | 0.00447 | 0.00524 | 0.00236
7 % CONE | 0.00084 | -0.00333 | -0.00447 | -0.00165
8 M, | o CYL -60.6 -625 -1043 -1310
9 _ CONE | -59.9 -563 -954 -1225

ATe
-~

als aleads
-«

"W = radial deflection, bositive outward (in.)

*

oW

x

:\P -
0,0, are hoop stresses, psi.

2-6

03, 04 are axial bending stresses, psi

= axial local bending moment (in-Ib)

change in slope in the axial direction.
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in Fig.2-3. Only one set of grid points is used but two sets of integration
points, one for the bending strain energy (integration area A) and one for the
membrane strain energy (integration area B). This method has been shown
to produce better results than the half-station integration scheme that was
used in STAGS A. Modifications have to be made to the integration scheme
for accurate analyses at these boundary grid points. A plot of the rotations

' on either side of the intersection for the 0.5 inch grid spacing analysis

in Table 2-1 is shown in Fig. 2-4. The solid curves gives the rotations for
the analysis with the reinforcing ring on the conical branch. The dashed

" curve represents the-analysis with the ring on the cylin;ier branch. The
difference in the rotations calculated at the intersection is seen to be less
than a fourth of a degree for modeling the ring on the cone or the cylinder
branch. The calculated inflection point is within 0.20 inch of the intersection
line by either analysis. Thus, one can see why § (Table 2-1) has an apparent

but insignificant discrepancy.

The stresses at four points on the ring are also given in Table 2-1.
The stresses at points 1 and 2 are the hoop tension values and 3 and 4 are
the axial bending stresses. Runs were also made with the ring web modeled
as a separate branch with the flange as a stiffener. This allows bending of
‘the web and less rotation of the flange than when the ring was modeled as a
rigid member. The ring web deformation is plotted in Fig.2-5 and compared
with the rigid ring rotation. The reduction in bending is noted in the stress
values for points 3 and 4 in the last column of Table 2-1. The ring web axial
stress value is the same as that shown in the column for the 0.5 inch spacing

where the ring was a rigid member,

The discrepancies between the CONE and CYL runs are also partially
due to the interpolation using several consecutive node properties either side
of a node to determine the displacements at that node. Where a large dis-
continuity exists in the model, ge.ometrical and/or stiffness, too coarse a
grid size will not allow an accurate solution in this particular area. At the

cone-cylinder intersection with the stiff reinforcing ring, the large grid size

2-7
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X Grid points for w and
integration points

0 Grid points for u,v

X Grid points (u,v,w) and
integration points for
bending energy

{J Integration points for
membrane energy

Whole-Station Scheme in STAGS B and C

Fig.2-3 - Some Schemes for Two-Dimensional Finite Difference
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Rotation
in Radians

.02

.0023, Row b6, Table 2-1 Value

AN
{ -.00165, Row 7, Table 2-1 Value

i i |

3.0 2.041 1.0t N\ 1.0 2.0 3,0n
AN CYL Branch
Ring on Cylinder
—.01 e \[ :
) Ring on Cone
Rotations in Radians -.02 L

Interaction

Fig.2-4 - Branch Rotations at the Intersection
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inhibits the true radial displacement at that poiﬁt. The effect of grid size on
the radial displacement at the intersection is shown in Fig.2-6. Two curves
are shown; the solid graph shows the results with the same grid sp'a.cing on
both sides on the intersection., The dashed curve shows the effect of main-
taining a course grid in a branch on one side of the intersection while having
a fine grid on the other branch, A fine grid spacing must be maintained in
- the immediate area of discontinuity for accurate results., A coarse grid can
then be established in the rest of the model with no appreciable effect on the

results and considerable savings in run time,

2.2 EFFECTS OF GRID SPACING ON BIFURCATION BUCKLING ANALYSIS

In a stiffened thin skin structure, buckling (local as well as general)
can be the predominant factor governing design. Therefore, a thorough bi-
furcation buckling/nonlinear collapse analysis is needed for the aft portion
of the SRB under cavity collapse loads. The nonlinear collapse analysis will

be discussed in Section 2.3.

‘To determine the effect of grid size on the magnitude of in-plane bi-
furcation buckling loads the simplified cone-cylinder model described in
_Section 2.1 without stiffeners was investigated. IL.oading was due to a uni-
.form axial ring load applied along the tangent to the cone at the aft end of
the skirt. The branch lengths of the cone and cylinder were each divided
into 11, 21 and 41‘ TOWS on se]_:;arate runs with the same number of rows in
each branch. Table 2.2 and Fig. 2-.7 show the computed eigenvalugs* for
each run. Note that the _eigenvalue is converging as the grid spacing is
decreased. STAGS Bv wdas used in this analysis. The numerical procedure
used in STAGS B allows for convergence of eigenvalues from above with de-

creasing grid spacing, Too coarse a grid spacing in the longitudinal direction

,
T

The eigenvalue is the value by which the applied base .loads must be multi-
plied in order to give the bifurcation buckling load. In this report, eigenvalue,
bifurcation buckling load factor, and critical load factor will be used inter-
changeably.

2-11
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Radial Displacement (in.)
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Fine Spacing in One Branch,
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Adjacent to Intersection

Same Grid Spacing
Either Side of Intersection
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Fig.2-6 - Grid Spacing Effect on Deformation
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Table 2.2
" BIFURCATION BUCKLING EIGE_NVALUES

No. of Divisions i
In Each Branch Eigenvalue
1 9.44
21 5.60
4l 4.83
0 10 20 20 20 -

Number of Divisions in Each Branch

Fig.2-7 - Bifurcation Buckling vs Grid Spacing Simplified
Cone-Cylinder Model Using STAGS B
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results in very high values for the critical load factor. It was determined
that in order to achieve accurate bifurcation buckling load factors, the initial
- grid should be sized so that the half wavelength of the bifurcation buckling
mode (that portion of the mode between inflection points) contains at least
three intermediate grid points. In STAGS C-the convergence of bifurcation
buckling load factors is from below with decreasing grid spacing. However,

the conclusions concerning intermediate grid points are still applicable.

Several STAGS C bifurcation buckling analyses were performmed to
obtain results for the 85/32/5 cavity collapse pressure distribution described
in detail in Section 4 of this report. The 180 deg thin skin shell model de-
scribed in Section 2.3 was used in the analysis. Effectiveness of discrete
stiffeners was determined by successively adding more stiffeners in analyses
with the same grid. Finally, different grid patterns were set up to determine

the effect of grid layout.

With an unstiffened structure, the critical load factor was found to be
0.08. With the two stiffeners included on the dome -nozzle interface and

motor case-skirt intersection, the critical load factor increased to 0.11.

For both the critical load factors mentioned above, buckling was predicted
at the aft end of the skirt. However, in these analyses, none of the circum-
ferential or meridional stiffeners in the skirt were included. To account
for the meridional stiffeners an equivalent thickness of the skirt was calcu-
lated. The equivalent thickness was determined so that the bending stiffness
of the skin of equivalent thickness is the same as the stiffness of the skin

with meridional stiffeners included.

Modifying the previous structure with the three circumferential stiff-
eners along the skirt, along with the equivalent thickness, the critical load *
factor was found to be A = 0.32, with buckling predicted in the cylindrical
motor case just forward of the dome-motor case intersection approximately
at Station 1800.

2-14
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Finally, the model was modified to include the equivalent thickness in
the skirt as well as ten discrete stiffeners: a stub, two tee rings, and two
clevis joints along the motor case; the stiffener at the aft end of the dome;
the main attach ring at the motor case~skirt intersection; and three stiffeners
equally spaced along the skirt. This model includes all discrete stiffeners
on this portion of the SRB except the integral longitudinal stiffeners which
were included in the orthotropic skin. Bifurcation buckling results for this
model with different grid layouts are presented in Table 2-3. Note that grid
spacings have a significant effect on the critical load factors and thereiore

on the predicted buckling locations.

As pointed out earlier, in STAGS C the convergence of the bifurcation
buckling load is from below with decreasing grid spacing. Convergence from
below makes possible the occurrence of spurious solutions. Since the bifur-
cation buckling load for the detailed model under the same loading was at a
load factor of 2.5 (see Section 4) the results from the simplified model are
suspect. Therefore, the detailed model described in Section 3 was chosen

for all succeeding analyses.

Table 2-3
BIFURCATION BUCKLING LOAD FACTORS

Critical

Grid in Load Angle

Motor Case Factor Branch Station {deg)

17 x 13 EC, UL 0.94 Motor 1660 75
Case

17 x 19 EC,UL 1.20 Motor 1762 180
Case

17x 25 EC,UL 1,03 Skirt 1880 180

17 x 19 UC,UL 0.98 Motor 1663 75
Case

14 x 13 EC,EL 0.46 Motor 1630 180
Case

"EC-Equal spacing in circumferential direction, UL-Unequal
spacing in longitudinal direction, etc. ’

2-15
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2.3 NONLINEAR ANALYSIS

A'more reliable-method to determine impending collapse is to perform
a nonlinear collapse analysis. In the nonlinearlcollapsaa analysis the desired
range of loading is divided into intervals or increments. Each succeeding
load increment includes the geometric nonlinearities (nonlinearities resulting
due to large deformation theory) resuliing from all preceding load increments.
The loading from each increment is summed to achieve the desired level of

loading. Incremental loadings can be mechanical or thermal in nature.

Since the Univac 1108 C version of STAGS is relatively new, its non-
linear analysis results were checked by use of the finite element program
NEPSAP and the finite difference programs STAGS B and BOSOR4. NEPSAP
is a Lockheed-developed three-dimensional finite element computer program
for the nonlinear thermo-elastic-plastic and creep analysis of arbitrary struc-
tures undergoing large deformations. BOSOR4 is a2 comprehensive computer
program for the analysis of stress, stability, and vibration modes of segmented,
ring-stiffened, branched shells of revolution and prismatic shells and panels.
It performs large deflection axisymmetric stress analysis, small deflection
non-axisymmetric stress analysis, modal vibration analysis with axisymmetric
nonlinear prestress included, and buckling analysis with axisymmetric or non-

" symmetric prestress.

A 1 deg meridional slice of a simplied SRB cone-cylinder model was
used to check out the nonlinear analysis. The model was composed of one-
half inch thick aluminum. The cylindrical section of the model was fixed at
the forward end. For the analysis the reference surface of the shell was
placed at the midplane of the thickness. Loading on the structure was due
to a uniform meridional line load applied at the aff end of the conical section.
A schematic showing the model, boundary conditions, and the point of appli-

cation of the line load is given in Fig. 2-8. Also given in Fig. 2-8 are load

2-16
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L1-2

Line Load Factor - LLF

6.0 —

5.0 —

4.0

3.0

2.0

STAGS B Bifurcation Buckling Load _/

STAGS B/C Nonlinear

JBOSOR‘& Nonlinear

_—

STAGS B/C, BOSORA4,
and NEPSAP Linear

0.35

Total Line Load = LLF * 11’:005’-:;l
Nx
1.0
0.0 I | | | )
0.0 0.05, 0.1 0.15 0.2 0.25 0.3

Normal Displacement at Aft End of Skirt (in.)

Fig.2-8 - Load-Deflection Curves for Nonlinear Analysis

PSOLOPA UL DEYH-DSW'I



LMSC-HREC TR D497054

displacement curves derived from the computer codes NEPSAP, BOSOR,
STAGS B and STAGS C. For the purpose of the discussion here no distinc-
t'u;n between STAGS B and STAGS C will be made since identifical results
were obtained from these programs. In Fig. 2-8 the magnitude of applied
loading is indicated by the line load factor LLF which is merely a multiplier
of thefapplied base load of 1500 1b/in. (for instance LLF = 2.0 implies a line
load of 3000 1b/in.).

For the linear analysis indicated in the figure a small line load (LLF =
0.4) was applied to the structure., This small magnitude of load was chosen
to minimize the nonlinear effects in the corresponding nonlinear runs used
for comparison. NEPSAP, BOSOR, and STAGS all produced identical results
at this load level. The curve in Fig.2-8 labeled linear analysis has been ex-
tended to a value of LLF = 4.0 to indicate the magnitude of nonlinearities that

exist in the other runs.

Collapse loads indicated by STAGS were at a line load factor of approx-
imately LLF = 5.4 whereas BOSOR and NEPSAP indicate collapse in the range
of LLF = 4.4 to LLF = 4.8, Several things affect the load level at which collapse
occurs. The type of terms included in the energy expressions and the numer-
ical method of solving the resultant equations can affect the level at which
collapse is indicated. However, probably the most significant reason for
differences in the collapse level is the method by which STAGS automatically
reduces the size of the load increment when convergence within a load incre-
ment is difficult. For both BOSOR and NEPSAP a constant load increment
of LLF = 0.4 was used. For impending collapse, when the load increment is
too large, numerical instabilities can occur, causing erroneous results for
this last load increment. Difficulty in convergence occurred for BOSOR and
NEPSAP at LLT = 4.0, LLF = 4.4, and LLF 4 8. For BOSOR the dlsplace—
ment pattern at LLF = 4.8 was completely dlfferent from previous solutions,
probably representing a solution in the postbuckling range. A BOSOR bifur-
cation buckling analysis was not performed to determine the corresponding

,eigenvalue (LLF) and buckling location. For NEPSAP, the displacement
2-18

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING GENTER



LMSC-HREC TR D497054

pattern was consistent for LLF = 4.8; however, the incremental displacement
in going from LLF = 4.4 to' LLF = 4.8 was approximately ten times the total
displacement that had occurred at the end of the preceding step, indicating
the onset of collapse. For the STAGS nonlinear analysis, when convergence
was difficult, the size of the load increment was automatically cut in half and
then halved again when necessary to achieve convergence. Within the whole
ahalysis using STAGS, the size of the load increment decreased from a value
of LLF = 0.5 in'the early stages to a value of LLF = 0.031 in the latter stages
of the analysis, By using this procedure STAGS was able to achieve conver-
gence up to 2 value of LLF = 5.406 at which maximum allowable execution
time for the analysis was reached and analysis was then terminated. Due to
the relatively small load increment needed in STAGS to achieve convergence
it is evident that c-ollapse is impending. Indicated in Fig. 2-8 is a STAGS
bifurcation buckling load of LLF = 5.6, The STAGS nonlinear analysis is
asymptotic to this buckling load, thereby showing compatibility between

_collapse and buckling analysis.

It should be mentioneci here that at no time did there exist any discrep-
ancies between the nonlinear STAGS results and the linear STAGS results as
NASA support personnel experienced. For their analysis, there were signif-
icant differences in the slopes of the load displacement curves between the
linear analysis and the initial load increments of the nonlinear analysis. In
order to determine the reason for discrepancies NASA support personnel
experienced, exact models and load conditions used by them would have to
be studied. The end resulis of the nonlinear analysis parameter study was
to derive a simplified model with computer run times significantly less than
those for the detailed model described in Section 3. To this end a simplified

model was constructed.
The 180 deg simplified model includes all stiffeners in the detailed
model with the exception of the hold-down posts. Ten discrete stiffeners

in 21l have been included; a stub, two tee-rings, and two clevis joints along

the motor case; the stiffener at the aft end of the dome; the main attach
2-19

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TR D497054

ring at the motor case-skirt intersection; and three stiffeners equally spacead.

along the skirt. The following thickness and materials were used for each

branch:
Motor Case — Steel, Thickness = 0.5 in.
Dome — Steel, Thickness = 0,362 in.
Skirt — Aluminum, Thickness = 0.5 in.

In addition, orthotropic material properties were used in the skirt to account

for the longitudinal stiffeners.

" The 90/45/10 cavity collapse pressurée distribution described in the
initial NASA loads document was used in the analysis. The same pressure
distributions exist for the 85/32/5 load case described in Section 3 but at a
reduced magnitude. Undeformed plots of the simplified model are given in

Figs.2-9 and 2-10. These plots were obtained from the NEPSAP program.

A nonlinear collapse analysis was performed using the aforementioned
simplified model. The results at Station 1800 for ¢ = 180 deg (this is the
point in the structure with greatest nonlinearity in load path) are shown
in Fig.2-11, Also shown in the figure are the results from the detailed model
described in Section 3. The initial slopes of the load-displacement curves for
the two models differ for two reasons: (1) the hold-down posts and thickened
skin portion of the skirt have not been included in the simplified model, and
(2) a thickness of 0.5 was used in the simplified model whereas a thickness
of 0.52 was used in the detailed model. Due to the simplifications for the
parameter study, the simplified model is slightly more flexible than the de-
tailed model. This is evident on inspection of Fig.2-11. §till, displacements
differ by less than 15% for the two models. Convergence in the detailed model
at a load factor greater than 1.5 was not obtained, indicating the onset of col-
lapse. However, in the simplified model, convergence did not become a

problem until a load factor of 1.7 was reached.
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Fig.2-9 - Orthographic View of Simplified SRB Thin Shell Model
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Fig.2-11 - SRB Motor Case, Station 1800, ¢ = 180 deg, 90/45/10,
Cavity Collapse Loads
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The simplified model described above offered reasonably good overall
load-displacement characteristics. However, to determine the structural
integrity of the SRB these overall resulis are not enough. Very detailed
stresses within the skin are needed and these could not be determined using
the simplified model. For this reason, the detailed model described in

Section 3 was used for all succeeding analyses.

2.4 REFERENCE SURFACE LOCATION

In the STAGS program, both versions B and C, a thin shell is located
by defining a reference surface and the offset from the reference surface
to the midplane of the shell. NASA support personnel have determined dis-
crepancies dependent upon the way in which the midplane of the shell is de-
fined. A series of STAGS C computer runs was made to determine the effect

of reference surface location on resulis.

The simplified unstiffened cone-cylinder model described in Section
2.3 was used in this study. Linear responses of the structure were deter-
mined. The réference surface was located at the midplane of the shell and
also at the outer surface of the shell (skin centerline offset at a distance of

one-haif the thickness from the reference surface).

Under internal pressure loads identical results were obtained, regard-
less of the location of the reference surface. For the reference surface
located at the midplane of the shell wall and line loads applied at the aft end
of the skirt, the calculated stress resultants along the aft end of the skirt
were identical to the applied line loads. However, under the same loadings,
with the reference surface located at the outer skin surface, significant
variations in the stress resultants from the applied line loads occurred at
the point of load application. It was determined that line loads in STAGS B
and STAGS C are applied at the reference surface, not at the skin centerline.
Therefore when the reference surface is not at the skin midplane, the meri-

dional line load plus a moment to compensate for the eccentricity must be
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applied. When applying this equivalent load system with the reference sur-
face at the outer surface of the shell, the results achieved were identical to

those with the reference surface at the midplane of the shell.

It should also be pointed out that the discrepancies occurring due to
reference surface location were quite localized and completely damped out
within the "boundary layer" region defined by the meridional distance (thick-

ness x radius) .

2.5 IMPERFECTION SENSITIVITY

Imperfections from manufacturing tolerances could possibly affect the
load carrying capability of the aft portion of the SRB. A tolerance of +0.5
inch on the overall diameter of the motor case is specified on the part draw-
ings. It is apparent that slight variations in initial geometry would have
little effect on the response of the structure for nonsymmetric loading
patterns. However, for the symmetric pressure distributions that exist for
vertical entry of the SRB on water impact there is a possibility that imper-

fections could significantly affect the collapse loads of the structure.

The STACS C computer program handles imperfections by a user
written subroutine, WIMP. Basically, this subroutine defines variations
in normal displacements from the original reference surface due to imper-
fections. The prescribed structure {original structure with imperfections)
is assumed to be in a stress free state, and a nonlinear analysis is performed

on this stress free structure.

In order to study the effect of imperfections in the motor case the
following variations in normal displacements along the circumference were

assumed:

W, (6) = - 5 cos26  0< 6 <180 deg
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where T is the specified tolerance on the diameter. In the motor case T =

0.5 inch. Variations along the axis of the motor case were of the form

where X and xj are axial coordinates at the beginning and end of the axial

imperfection. The fotal variation in normal displacements was then

wi{o,x) = wl(e) Wz(x)

Note that at the end points for the imperfections (x = Ko X = Xj’ 6 = 0 deg,

8 = 180 deg) the slopes are zero so that no discontinuities exist in the skin.

Using the STAGS C program, the imperfections as defined above were
applied to the detailed SRB model described in Section 3 of this report. The
end points for the longitudinal variation in imperfections were chosen to be
at the tee rings on the motor case. This corresponds approximately to the
point of maximum pressure for the 90/0/0 load case described in Revision
B to the SRB loads document (Ref.1). Pressure distributions for the 90/0/0

load case were applied to the structure.

Results of the linear and nonlinear analysis with and without imperfec-
tions are shown in Fig.2-12. The lee side (6 = 180 deg) radial displacement
midway between the tee rings is plotted against the load factor. The load
factor is the multiplier for the 90/0/0 pressure distribution defined in the
loads document (i.e., a load factor of 1.0 defines the 90/0/0 loading condition
and a load factor of 2.0 doubles this). Comparison of the results for the
model with and without imperfections indicate that the magnitudes of imper -
fections in the motor case due to manufacturing tolerances do not significantly
affect the response of the structure. In fact, at a load factor of 2.6 the dis-

placements were within 1% of each other.
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Fig.2-12 - Motor Case Radial Displacement on Lee Side, Midway
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The manufacturing tolerances on the SRB skirt are of the same order
of magnitude as those in the motor case. Also, the pressure loads on the
skirt for the 90/0/0 load case are smaller than those on the motor case.
Since imperfection sensitivity was not detected in the motor case, it is antic-
ipated that the skirt will exhibit the same characteristics.

The load factor value at which nonlinear collapse occurs might be sig-
nificantly affected by imperfections,but a load factor of a least 3.0 would be

reached before collapse. Load factors beyond 3.0 are of little interest in

the determination of the structural integrity. of the SRB (see Section 4).
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3. STAGS C SRB MATHEMATICAL MODEL

3.1 STRUGCTURE DESCRIPTION

The aft portion of the SRB cylindrical body and the attached conical
skirt, loaded by the cavity-collapse phenomena during water entry, are the
structural components to be modeled. The body is a ring stiffened cylinder
. of constant wall thickness reinforced with rectangular stiffeners, tee-stiffeners
and clevis joints between body segments. The aft. end of the cylinder has a
hemispherical closure which supports the rocket nozzle., The motor case
structure and components are fabricated from D6AC steel. A reinforcing,

tee-ring is located at the cylinder -skirt intersection.

The conical skirt is a ring -stringer stiffened shell with skin thickness
varyi:ng_both lengthwise and circumferentially. Additional components, such
as holddown posts and nozzle actuator support brackets, are integrated into
the skirt structure, The skirt structure is fabricated from 2219-T87 alumi-
num,. A simplified view of this portion of the SRB configuration showing the

major geometry dimensions is shown in Fig.3-1 (without the nozzle).

The data have been compiled from the SRB drawings and coded into the
STAGS C format. The skirt data were taken from NASA-MSFC 14A00305
(12 January 1976) drawing and the SRM data from Thiokol IU50185 and IU50129,

3.2 SRB MATHEMATICAL MODEL

The math model is a 180 degree symmetrical structure composged of
four branches; Branch 1 is the motor case cylinder from the reinforcing
ring at Station 1613.50 to the aft dome tangent point at Station 1828.85; Branch
2 is the aft dome; Branch 3 is the remaining portion of the cylinder between

the aft dome tangent point and the cone-cylinder intersection; Branch 4 is the
3-1

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



Sta.1613.50

Branch 1
Cylinder (=

|

I~
Sta. 1828.850 r—
Branch 3 Cylinder B
Sta. 1839.684

Branch 4

Branch 2 Dome

e

72.740 R

Conical Skirt ¥

ol

104.1 R

B

ILMSC-HREC TR D497054

Fig.3-1 - STAGS SRB Model Configuration, Basic Geometry
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conical skirt., The tee-rings and clevis joints are included on Branch 1 and
the heavy nozzle attach ring on Branch 2. The large reinforcing tee-ring at
the cone-cylinder intersection is included on Branch 3. The three internal
rings and the longitudinal stiffeners are included on the skirt as well as the
holddown posts and actuator support brackets. The heavier primary stiffeners
that tie into the rings at the aft end of the stiffeners are modeled.as discrete
stiffeners and the lighter intermediate stiffeners are smeared into the skin.
The skin then becomes orthotropic with increased stiffness in the longitudinal
direction, This maintains the structural stiffness in the model but reduces

' the number of grid points required in the circumferential direction. This

model has 3944 nodes and 6587 equations,

The variation in wall thickness in Branches 2 and 4 are input using
Subroutine WALIL. The subroutine for inputting stiffeners off the gridlines
has not been completed and checked out for STAGS C, so the holddown post
diagonal members had to be input point-by-point on the gridlines. The stiff-

ness properties were prorated between the affected nodes.

Two SRB math models are used for the cavity collapse analyses. They
are designated as the '"original" and the ''rotated' model, The toriginal" SRB
math model used for the analyses is oriented such that the iYB plane is. taken
as the model plane of symmetry (Ref. MSFC 14A00305). The {4) YB is con-
sidered 0 deg, the keel side, and (-) YB as the 180 deg reference, the lee side
for the pressure loading. In this orientation the skirt holddown posts are
located at 60 and 120 deg, see Fig.3-2, Another SRB model has been con-
structed in which the plane of symmetry has been rotated 90 deg so that the
iZB plane is taken as the plane of symmetry. This model is designated as
the "rotated model." In this configuration the holddown posts are located at
30 and 150 deg. The 0 deg reference in this model is also considered the
keel side. This configuration is shown in Fig.3-3. The total number of
rows and columns has been held constant for both models with the only

changes being made in the nodal column locations.

3-3
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The reference surface for each branch in the model was assumed to
be the outside skin surface. This was chosen to simplify the data input in
the skirt branch and reduce the possibility of having input data errors. The
outside skin surface of the conical skirt is 2 constant radius at any given
longitudinal station; while the inside surface is stepped for the changing thick-
ness in both the longitudinal and circumferential directions.

Tables 3-1 and 3-2 are listings of the WALL subroutine for the original
and rotated models, respectively. The variation of wall thickness versus X
and Y coordinates for Branches 2 and 4 and the smeared stiffener data for
Branch 4 are given. Tables 3-3 and 3-4 are the corresponding additional
STAGS C input data listings for a linear analysis for both models, respec=-
tively. Refer to the STAGS C user's manual for interpretation of the data
listings. Note the ordered‘ sequence of the branches and the interconnection
" of the node numbering sequences from one branch to another. This is the
most efficient sequence for model accuracy and computer run time. The re-
sults of the parameter and grid spacing studies reported in Section 2 were

used in determining the nodal locations for the model.

3.3 MODEL RUN TIMES

Typical run times on the NASA-MSFC Univac 1108 system for a linear
analysis using this model was 20 minutes CPU and 13 minutes /O for a total
time charge of 33 minutes. A bifurcation buckling analysis to determine the

first eigenvalue and mode shape took 38 minutes CPU and 40 minutes I/0.

3.4 MATERIAL PROPERTIES

The material properties used in the model and the allowable stress
values for checking the results are given in Table 3-5 for both the D6AC
steel motor case material (Branches 1, 2 and 3) and the 2219 aluminum skirt

structure (Branch 4).
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Table 3-1 {Continued)
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e 32(COLAICOLY—COLLILOL-1) 17 {LOL { IO I -COLETER
AT-1.0#{A®THICK(IC1,IR0W}eBaTHICK(ICZ,IROH])
oo ZT=AT/2e- wn e — :
THIS COMPLETES CALC. FOR HONOCOQUE SHELL
- NO4 ADD IN-SHERREDSTFIFFENERS
HaJE THIS CRRD UP

3-10

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



ILMSC-HREGC TR D497054

Table 3-1 (Concluded)

5152.5993E6

- EZlE-1.780 —
E221--24452

c.__ — o a—

o
3

— 3178549
TLEII=AT
—-- EXIL1ITEXD

EY3(11=EY] ’
- - J2L(13=RNL - o
B3(1126
Z27341)1=0.0
IHII(11=0.0 )
~ == IFU{X%X,6Ea !STF&%441&#G'4*1LEvXSJFl234430—%#—49——————
. IFUIX GELXSTFE3) Y uAND i XJLELXSTF{G}IIG0 TO 1B
e = IF (UK sGEKSTFES) I wAND ot Ha bl KSTFR 660Dt ———————
ISTFF=2]
———50 TO -850
13 FLZICOL
- [STFF=] - -
IF{ICOL.GTS BIIC-IT I”OL
€-—-- IC LOCATES COLUMN--SECTION NUMBER
I9=icaL~1
rrmee—m IE AT D 5Y 81051 I~ID
IF(0 1CLeEQ.1)0R.{ICOLLEDL17)) 50 TD 20
--  ~ §Fi {ISTFUICI*ISYFEID))EQD) —-50-F0 21
1= 0% (COLCICOL*1)~COLCICOL~1)) Z4LISTFLICIISTFIID))
- - eb TO 21 B -
20 212 ¢COL(2)=-COLELY Y/ /1.0 #ISTF(I)
—w 2% CONTINUE —
STtz
e ESMNLIXZZU - s ot s e e cemis e —
I1sw0¢13x)
- SMSR{1})=01-
SHAY51132D.9
mevmeee IR ASSEV =780 Heb FeDe B8 —D1 =B bl—842 30 nb i 000 L 50
IFi ASS(Y= B8H,.00)4lT«0.08) D1T D S5%¢ 90,02~ 73,.080/71.00
~~~~~~ IF{ ABS{Y=--30,00b bl Bel53—D1= D5+l 24600m 84,0021 000
IFL A3SIY= 26,003l TeTs35) D1= D.5%{102.00= 93.08)71,.00
<- = LF{ ABS{Y=102+00)elTwle053-01Z 0,501 18.00= 8530804150
IF{ AS{Y=138.000eLTe0.05) D1= D.5#(1GT7.75~125.033/1.75
------ o IFL-ABSI(Y=]1RT,75) bl e dw35)0-01=_0.544157,.75=138,302/),50 .
IFE ASS{Y=157250)eblTaD405) BI= Qo5%{165.02-147.75)7/1.25
= w TF{ ABS{Y=16%400)elTaBe05) D1-Du5%{172.53~152.500/1.00.
IFE ABSEY~1T72a450)eLT40405) D12 D.5¢{183.00-165.00371.00
53 CONTINUE O —_—
c 53 dILTE(S453) RetyIl 1.1 ZeAT, IC.ID 01
e [F (31 alTededld-ISEFFz]
53 FOQUATIL? 'oZlflﬂobn KanIE 2 yEId.5,216,2%,F 14.4)
EISEEL) - e e e+ e e ——
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LMSC-HREC TR D497054

Table 3-2
WALL SUBROUTINE LISTING, ROTATED MODEL (3Zy)

WFOR,UWS WALE WALL
HSA  E3 'lurl6/76-03-3?121*TD?1T_"

-y7 ] . e eea
€™ SET UP SECTIONAL PROPERTIES TR DATA STATERERTS
c COL = COLUMN LOCATIONS ALONG CIRCUMFERENCE
g ROW a8 ROW SECTTUN LOCATIUNS ALURNG LENGTH (NOT NECESSARILY ROW HU 1
¢ THICK = THICKNESS FOR SECTIONS ACCORDING TO (ROW,COL)
€ ~ "IS5TF = RO, OF STIFFENERS "IN 'COLUMN SECTIORN
4 XSTF = BhGlNNINh AND ENDING ROWS FOR SMEARED STIFFENERS
¢ - o e e SR L]
C
S e e e e ;
DIMENSION ISTF(ZQ) e KSTF{6} !
" DINENSTON COL{21),ROm(Lg)y ~ 77 -7 77 fommmmmmmemmem e
DIMENSLON THICK{204'14) ) o
TTT O DATA COLAGD 12072 el 3000, 360014840067 050,02¢5,70,0,9705210800%
E11405303200¢13800,04440,15040,1560D,162¢0,318800:257%,04180,0/
= THATA RUWZOSO 74723 8425, i 83 UGE v I8 eE s 24el0hI1 29051519981 962e09079481
1 p5843,83.3Y, 53.9.900955/ .
7T DATA THILK/ 2gel.375, T 7 T T - i
€24+90751201037512¢0e9875,5009)3%¢987542014375,9049875, —_—
TTTTT 32w e 2010305, 2046,58,4525 3806 2W)TIT8 4R R
HieeBh 3 2w} ed75,29455, 5--4&25.3;.55.2-1-375.41.55.
*""_”“S¢---6231-4:3}10=-5u201?375.43.5.
GaHBZ2% 305129 63751957 008025,2915,;2414375,2%+5,2%:4625,
- ?.HZS,.b.Zal.375..5-.437.5--%25a-437“2-.5}2'[‘37§“2‘ 5.20-4257“_"""'
betb25,30512%} 4375 ..5..1635,5o.q625,.qaas,zuos,zo;.375.4..5,zc.q525.
T 5205, 2¢ w370, 10%05 980 4375 04m 5% T
1eH025 1051291375005, 7¢04025,2895,)20)4375,2%,5,2%:45625, o
I I-QZS.-532'|137510537‘0425.2‘05l1‘1 415.2-.5.20;W557 T
244025 .oSlZ‘lcd?b!-5.7‘04u25,2!-b|2‘lo37512‘obr2'QQ625'
T 3285, 910375, 100+51201 ¢376 0048, T
H2e45,291¢375,|0%c5120]2375p49,5 /
T T CATA ISTFA2e2,290,2,3,2,488 43320132059 /777 — T T T/
DATA XSTH/7e72391800ubs28,0U8,51448) 4572481 ,83¢390 7
TTTT T ODIMENSION DROw(LIJsDTMICKEEiYTTT
CAT-A uaowz?a.u.?i.oué,?z.x14.1ﬂ1.572.113.q78 1254185,
TTTTT 1 1EB a0 1300031306 0,i32005133,07177 77—
DATA DENICK/&OD-36&.0.42,&-5.0-9,].75.3.9/ -
PR o e
[d CHANGE THIS CARD FOR EXECUTION oOF STAGS FOR 4 BRANCHES
e =2
IF{IBRNCH.EGyq) GO TO 7%
Tttt - [FULIBRNCH.EG.2) GO TO 7& T
RETURN ,
“7& CONTINUE : - : wommeeeT o T
[CFBm3

eeeecemG 71 TWTHLT
TL{LI=DTHECK (1) ',
TFULX=DROWEI} 1LY VU008 5™ GO T0 72

74 CulflayE

¥z ZewTL{E}F2eng ~ - TmTTm i oo
EAd{1imUe2ED
TEY3(Lis0esEs”
Uli1taGedd _ )
Gil1)=Ge}1EB — R T TR

ORIGINAL PAGE 1§
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Table 3-2 {(Continued)

ZET3(1)1=0.0
== RA03{ 4 1=040 ——
LAYSa]
T CLSTRSapg T e
1STFF=0
T TIPRRD
RHOUA=(0 .0
RETURN " =~
7% CUNTINUE N
= [CFRA=] -
LAYS=E | ~.
TTTTTLSTRSaE
1Paw=( .
S I XSG T 0T R ORI SGT OO0 U T QU TU 5
WHITE(E,65) Ccal
T&] FORMATIY ROLY L FFeyy— " —— —
wRETE{6462) ROW
TELTEORMATTI Y ROE O TEF TV}
WHITE{G )60 LITHICKIJs1),Ju},20),1n1,]4)
&0 FURMATLY "THICKY20F 4437 -
CONTINUE
HkOW=s1gq"™" " oo
HdLm2}
o T I=1sNCOL™ o
{tGL=]
IFE (Y 0GB  COL L)) fAND (Y JLTSQOETTHF I T T GO0 3
] CUGHTINUE . .
T3 CONTINUE =0 o
C * JCOL IS THE COLUMN NOs OF Y
T DU Z 1wl yNROW
Ilumj
2 TFUIX«GESROWI I} ) wANET XS TvROATT®TITITGO TO 4 - -
4 CUONTINUC
[ tRUW 15 THE ROw SECTION"NOe. OF X INOT HECESSARIEY THE ROW RUBBERT™
EAl=LlCe5E6
T L LYIslULSRETTT T o e
Ai®UD
. E12EX] e e U, o e e e e
' ULEAN]
- Ge SXIAVZ® () o*XNLY) 7 n T - ToTTTL T T T
ZET2e0q0
“IClaycols
IC2ZnjCUL=}
- IFLICTIqENe I )ICEWI T — Tt T T
[Fi'CigEWe21) ICIm2Q
< AT=0.58 (TRICK{ICI yROWIITRICKTITTTROWTY - -
A=(CRL{ICOL+1)=COLUICOL))/ICOLCECOL+])=COLIICOL=1]))
e {COLT{ICOL)~QUL (ICOC- T I 7V COC{TCUEFTT=CO0L TTCURSTT)
ATw] 0 {AeTHICK{ICL,JROW)+BeTHICK({IC2,1RON))
T L==AT/2s o - -
1wl COMPLETES CALC. FOR MONQGCOQUE SHELL
LON F0L N SHEAHRED SYIFFENERS -~ — -—
oYl THED CaARp wP

n
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Table 3-2 (Concluded)

111sy
"JRispT T T
Al=lel4%0
SlIieD B24T4%— — 7
S1%2,46903E6
TEZ1i= 13780
EZl)j==2a4L0

=gl T
TL{1)=AT
T EX3( Y=EXRY
EYM1)®EY] . :
U2i{l1eXNy ~m o e T
Gililug
LT3l )=0,0° 7~ T ’" N
RHO3(11=0.0
THFATiaeE s XSTF (I T sAND S (XLESKSTF(217)G0 T0 10
TFICRsGEWRSTF{I) ) e AND«{X+LE«XSTF{%4)})GO TO 10
TR LR e GERXSTF(S) ) vANDLTXGLESXSTFETYIGO 10 {0
iSTFF=C
60 TO 50
10 1C=IcoL
TSt ISTFFe} T -
It LOCATES coLLnN SECTION NUMBER
1p=lClL=1 =~ -
[FU{ICOLsENe1)eOR(ICOLJEQsZ1)} 60 TO 20
T1FY SISTFUIC)+ISTFiID) J«EQeQ} QU IO ZT —— —
D1%1400(COLLICOL*L}=COL{ICOL=1)) lllSTF(lCIolertlDJI
AV -3 A
ZU JF(ICOLaEGe}) DIB(COLI2)=COLL{L})/ISTF(LD
- :FticaL.Eu.zx)Uln(caL(zlw-coL‘zuwr7—TSTFI1Rﬁ T
21 CONTIMUE
NST[mp - - - = mwee memmmee s e _ —_
IaMN{ 1 =2y
ISHD{ L=l T T T
SMSPit)sDy
TSHANGI1)®Qep " - -
515 CuNTINGE :
T O WRITE(&,63) X ¥3ICI; I1C27ATIC,TD7D]
IF{03 oL To0e01) ISTFF=Q

T TR ORHATT Y Y 2 E T e s v 2 X T s Z TG 4 2K E T R a8 s 2 G ZX4ET He @Y
RETURN

ORlGpy
o POOgLQgAGE &
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Table 3-3
STAGS C INPUT DATA LISTING, ORIGINAI MODEL (iYB)

5TASS INPUT ODATA.

e e A ———— = —me 4 mmme— . R b

* * . ¥ x * * *
—— ST AES - DEFA S AN O
. a § 3 3 a a
P S T B 3 s 1 BT
1 13 3 ] 2 = n 4 N
B i g - S
3 1 0 3 1 3 L]
4 by e F 2y %
1 3 2 1
——m— } w3 -3 1-- —_ -
3 3 4 1
N T arr et P —1s —— : -
5 H 0 2 !
— w3 21535 - 188« 73+
-1 -1
s g B m s —= 225 - = =5 g Fe————} ba 2842239422 81,72 — 4422
4672 49.22 54%a.2¢ b4,23 Tha23 B4, 24 93.24 102.25
—sere = = 111e25m- 145 F5——418 00— 128 0 26—~ 323D ———3 250 Tb— —1Fl o2 T 102427
153.27 158.77 151.52 154 .28 166478 169.28 174.29 184.2%
- 154429 -}9913Bm~——%0}-94-~—48“13B———a@ﬂwaﬁ———méglv3&————239142——wm212453—-
213.96 215.35
- — e 943 - -7+5 -22.5 NP, IO ¥ WO 3, PHILIN § SUSp |- PP
84, 9], 55, 122. 1lu. 123. 125. - 133.
e LA i B = 2 23 -165s ~———1F2u5- - 120w -- e
4 L} ] 4
e e e i Hp e 2 - £ * . c———
0 1 .
N . D SR * 30.E6 1186 .28 S —
» 546 2+105 -1.045 2105 =}e3UB -2«135 545 -2.105
e e S T DT L N B bl o — e
1 9 4 .9 33.E8 11.E6 «28
e B B3y § 25— el 826 e a} 825 3.85 =1.825
. 1.993 He592 1.621 T «D137 «0 1.915
S s et TR 15.E6 14 0B mmvmne -24 - - —_—
l.484 eJ * . .
- e ars =g §TE — -~ }BUE «3737— - 0- «315 0 +«355
3 i 1 2l
3——4% $ 21
| la 1 21
e 2 <~ 28 1— 21 -
2 28 1 21
--------- -1 - 36— ——3- ~21- - - —
2, 1 1 1
SRR S,
1 l ".?5
e e ve + 9B Fecim BBgEf o e BB m - 30 Eb—— Rl b 2 28 _
7 1 .
BBl - — F3BuATE - el - — 180 e - T30 -
-1 y
e e Bl ——GF e DB S 2y L P} 3 w8 F 2t e R B -1 3 b 128, 133
15t 132 133.171
R R O S e - T | s 56«3 78.0- -
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Table 3.3 (Gontinued)

STAGS INPUT DATR. PAGE 2

* ¥ * ] L] & * *
1“1-75 ) 157.5 155.0 17245 180.0
i 3 g =
a 1 e ‘ :
RIS S et S e L s s e i
2.523 =-2.129 3,23 ~2.5392 -2.523 Da13% -~0.29556 2.5092
—12-*3%?——:-3—-5-3-&—"—'1-!72-3-?—21'}5'9-8—‘—*2&325 ~+
1 i1 i 21
- f— ——1- 1 1
12 _
— - - S b —— !-— - -u~ 3 - — ~
+0 11.49 0 1580, 73a
Y it § =
0.9 1.311 24022 S«245 T«867 ?.178 10.49
- —R. Y P S 225 el P g PG ey e B — ——— 5 B g T8
a4, 50 96, 102.- 114, 127. 126 138.
—— - 147 75— 15T F 1654 172 5———1 80 - twmaamn e e
[ 4 [ L]
] Y
1 e 4 3 30.E6 11.E6 «28 .
e =B B 25— 4255 e § 25 L U 2S5 B 25 -0 - Y e
Ba5T1 57.55 3.833 «0 - l.98 - «0 2.0%5
i L8 T 2t -——
1] 1 1 1
x * * ¥ ] & & -
3 3
— free i veb
«52 3J.ES .33 | I0.56 1.ES "
oy = e} e — G Qe - 3 . .
=1 934956 «0 180« 73. 104.1
t-——=1 = -
o 1.5 . 3.9 7.25 Tel23 B.25 © 12496 17.5
e el B 2 G 6~ 1845 2045 21 336— 2 1-o5 -5
30.B7 7.7 Yua.bl 509 51.481 . E2« 58, Se.%81]
55+ 57 57481 58% 6305 --——FDue 43— — TS5 P B E
83.39 53,9 Bbe 85.53% BT.0 $0.950
s ? s 5P O 2y 54- 8w 5!}- 74—
Bl L I 95 102, 114 120. 126, 138.
————3 4§ 75— —1 55 - 165e-——— 17265 -¥30«
] L 3 B .
4 - -- e : ——
~68TH. 1 i 12 16
T 3 L) 3 Ge E————U-=EG . - —
~7.38% 5.297 ~B.849 + 387 ~1.9565 . 24692 ~«b39 « 215
5325 g8y F22—— 173 ————13ebl 3 26— ) e 3t e e
1 3 i 3 10.E6 4.EB
e =T W EBE—— SeN D =P + 34O - 255- Bulibb — 25— = b2 —21lb—
ba726 84243 18.0567% £5.082 «275 ~1.37 ~%+352
* 3 oy 3 10.E6 rsE6
-Bebbe 64292 ~13.582 + 429 ~3.52¢ 3.253 '-53? «216
——— 1 e 271424805 33,595 -—H41w 561 12877 vl ———mb T — ———
ORIGINAL-PAGE IS
OF POOR QUALITY
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Table 3-3 {Continued)

STAGS INPUT OATA. PAGE 3

LMSC-HREC TR D497054

[ ] ¥ ¥ * L 3 ¥
3 3 8 8 18.E6 b
13,961 2B5.%97 7%.509 §8,830 226 -1, 474 8.353
1 3 5 0 e 30.E6—— 8.6
~-2.72 “ 1425 -2ut0 ~1.25 ~2.70 [N -5 0.0
1-853 «333 'S ¥ UUNE—— w128 0 =2.298.
1 2 4 ] 1D.E5 4.E6
e i m g ¥ w25 -2+ 15 =} +25 =2.v 10 i} =] !0.3
2.713 14172 « 2304 0 «421 o ~2+17% :
NN, TR | 5 g 10.E6—2 —  HoEG
2-625 ".3 2.625 "‘QQ3 '7.18 9.3“7 —7.18 “‘.3“1
e 24,552 ——3B834801—Fb¥4D30 +0 . 3-% 1 9 =1.584
1 3 3 2 10.%5 4.E8
gy PRy P By P 12 1y 1372 -3
Bel 49.39 H.5895 \ . «0 o7 ] ~5.5F2
— ) - § g—- -9 10 eEfm—— = Eb -
10,18 5.495 13.573 .0 21.98 .0 1.272
——— =3 8 8 100 E6———%+Eb
1412 14.662 13.827 ’ «D 58,65 . 1.7565
—1 3 4 | 3 Do £ fome———lw £ 6
1.895 - 547 1.374 -2.123 ~2¢366 « 799 ~1.996 —.5BY4
—— 4,8B6—- D§.921-——2,015——3.015 3.988 v o3
1 3 a ] 13.E6 Y.EB
— 2t 4 F - —51 5533284513 «0 11547 3 2.583
1 3 a 3 12.E5 4.E6
% * * - * v
25.42 B5.511 33.88% o 135.55 o0 3.177
————— 1- - DowmmeBe— B 1D wEb———HeEb .
16,715 624267 8,705 -0 3443 e 3,343
s peee DB — -3 10.E8 4eEE
17.717 1454155 9.228 =0 35.9 «0 . 3,543
——f - —) 5 g 18.E5 4o E6 : :
S 4,972 264185 . 2.588 oD 10.3 <D "3.976
S— U SN, W FESMMI & , Y 4oE6
14.509 78.555 7.7565 e 30,9 -0 3.976
——— 1 w3 B - D3 D E S S E -
11.022 71.517 5.741 .0 22.9 o0 4.406
—_— —e3—0D B, TENURR. 3, 2 4oE6
19.274 1694752 10.033% -0 50e2 o0 5140
e 3 s F B — 3 10.E6——B.EH
6.425 56.589 3,345 o0 13.% «0 Sel14)
_——— e Y} 31 D E b — b5
27.865% 2B8.989 14.513 ‘ o0 58 -0 5.573
1 3——0 3 10 E6.— B.E6
29.071  327.55) 15.141 T WD 505 «0 5.81%
e = 1 3 om0 - Do -13aES———GWEB —
e I3 3PasER) 15630 e 63.3 o0 6,178
¥ 3 A ~x RBaEb oot Malhe # e
ol TX 1 E ] :
*—Hilﬂrmmmvﬂk— 142 NP DU 1 % & IEUSHIUCIUISHIIG . WUV W ¥ 3 EES U ——
1 - 2}

——--1 12 A -2)-

e ————————

3-17

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER :



Table 3-3 (Continued)

STASS INPUT DATA. PAGE L]

LMSC-HREC TR D497054

* ] & *  J & . * L
2 2% r 21
3 - 3% i 21
e - 38 o 2
4 38 13 i5 -
- i ] 12
5 3 5 12
s B 5 | ¥4
st s B § P ¢ e G ] P
s 12 5 12
¥ 16 5 12-
b 18 5 12
& 25 5 2
5 -2 15 24
—_— 5 —-3 15 L}
5 4 15 r4]
- B oy P——3F
] & 12 15
——tf——s——156 1-8 '
12 6 i8 27 - e
——e 33 2 B 2Y .
5 8 - &85 24 .
—_— 5—-3—15b 24
5 12 15 2%
* * + > . + 3 —
8 14 12 - 3%
e @ —} R -6
10 14 16 13
— e f = 1% 18 253
13 1k 23 24
- 2T - Y
5 18 15 24
—_— e 2] 15 24 .
5 2 27 38 .
—_———— 5 — % 27T 36
5 4 27 3%
5 : =¥ 36
3 1y, 27 36
——§ —j—2F—-35
5 16 27 35
e = G o 1 §——2F 36
5 237 27 36
g—14 2 4 & =2 ¥ ——3O
i] 14 25 5 1.349 ~10.
———f 15 26 5 1-» %539 1-0w
— == — 15— 2B -——b———F3yHb5 10
H L) z9 5 5,661 =10
1 e B R . - 1 D B e 36 2
H] 13 33 5 Ba745 =10,
———f—- 13— b 52545 s 3: P
A
OF Poog QUA?’;IS 3-18
”‘ﬂ;ag‘ETY
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Table 3-3 (Continued)

STAGS INPUT DATA, PAGE 5

T

LMSC-HREC TR D497054

L ] * * 3 3 % *
0——18 21 5 bob33 PA T
o "23 31 5 50683 ~10.
SMPRNEY, NN § NI 3 JUOUMN S—— A ) | ~la
o 2t 33 5 «535 -13.
0— 23— 34— 5 1.33% =1},
0 2z 3% 5 1.407 ~13 .
B2 2—3b 5 w715 =1l
0 22 37 5 23569 «17,
g-—23—18 5 24120 =}0.
] 1% 24 5 277 10.
f——-1f--—25 1349 10.
o 15 28 5 1.339 10.
B 15——2a% 5 539 1D«
B0 15 28 5 T.455 19.
— 0 —16—29% T bebbl . ¥,
0 1T 29 5 6e5b1 10.
—_—f—-18— 30— B~945 10«
o 18 30 5 BePU5 10.
_— iy 33y f.583—— 1D,
o 29 31 4 683 10.
0----2t 327 T.473 - 10
b 21 33 ? «535% 10.
§-——2% 34— F 1,393 10«
D 22 35 - T 1,407 10.
Y s &*® & " i R
o 22 35 7 «779 10.
------- g -—22—-3F 1 L2.35% 10.
g 23 38 7 z.120 . 10.
- —D——18—325—— 1% 1.280 =10
o] 15 26 ;l’i 1.330 -10. M
B——1% - ¥ S LT Y & =10
o 15 27 14 _ 539 «10. -
e Qe — 35— 28— 1% T.hb6—— =10,
o 15 2% 13 bab561 -10. -
—_——— P} 2% — 14— 6551 =10+
] 18 I 13 5.945 «10.
) PR, T, SN I SO W . § % -SE— §,
] 19 31 13 bab83 ~i0.
——— = 0= 2Y e B} LB 4583 -10e
g 21 32 13 T.473 ~104
coei e Deen 2l - 33-- 13 e536- — =10,
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MATERIAIL, PROPERTIES

Material
Property
DHAC Steel 2219-T87 Aluminun
E (10°), (psi) 30 10
p, (Ib/in%) 0.28 0.102
F,.» (ksi) 195 63
Fy,. (ksi) 180 51
3.26
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4. SRB CAVITY COLLAPSE LOAD ANALYSIS

4.1 SRB CAVITY COLLAPSE LLOADS

The SRB mathematical model was analyzed for the nominal conditions
of 85 ft/sec vertical velocity at water impact as specified in Revision D of
the SRB loads document {(Ref.1). The distribution of the external pressure
on the components of the SRB vehicle during cavity collapse are shown in
Figs.4-la and 4-1b. These figures are reprints of data presented in Ref. 1
and show the pressure as a function of the wetted length along the keel side
(¢ = 0) and lee side (¢ = 180) of the vehicle. The circumferential variations
of these pressures on each component are described in functional form also.
The keel and lee meridians may fall along any surface meridian of the SRB
vehicle., For these analyses the lee and keel meridians were assumed to

fall on cross sectional planes of symmetry (_-!;YB or +Z Internal skirt

iZg).
and bulkhead pressure loads were determined from the iydrostatic pres-
sures, Ph and PI given in Ref, 1, and the functional circumferential distri-
butions as specified in Fig.4-1. The external circumferential cavity collapse
distribution is shown in Fig.4-1b. A constant internal motor case éressure
of p = -1.65 psig, as determined from Ref. 1, was used in the analysis. This

negative internzl pressure is additive to the effects of the external pressure.

The SRB cavity collapse load for the 85/32/5 (VV/VH/8) condition is
being analyzed. This case was determined to be the maximum pressure
differential for the nominal 85 ft/sec vertical impact velocity condition,
This determination was made by comparing the external pressure to the
internal skirt hydrostatic pressure for each condition. Since all of the load
cases have the same distribution and vary in magnitude of pressure levels
only, this rough test for maximum load case is valid, The pressure differ-
ential for this method is Ap = 148.5 for the 85/32/5 case. The load values
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Cavity Collapse
SRM Casej §E<_1_SR]§_ Aft Skirt Pressures

1 e
LF ] PLEE
{ (6=1809)

INTERNAL PRESSURES

¥

SRM CASE _ " SRB AFT SKIRT

P = PypiacE, UNIFORM P

1]

Pn + %(1 - cos 6)(P - Py)

0 < XLy, -180° < ¢ < 180°

EXTERNAL PRESSURES

CIRCUMFERENTIAL DISTRIBUTION

= ) o
P = PggeL * Kg (PLeg - PypeL)» 0 sX S Ly g, -180°= ¢ < 180

o
it

PKEEL, LU, LsSX SLlygk, -fw= @ s 0y

-1 F2¢ % - Lw,L)

(Ly,x - Lw,v)
LONGITUDINAL DISTRIBUTION -

SEE FIGURES FOR Pgggr & PLEE VS. STATION

Fig.4-la - Cavity Collapse Pressure Distributions — SRM Case and Aft
Skirt Pressures (Reprint from Ref. 1)
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BULKHEAD PRESSURE

SN

INTERNAL ™
P = PyLLAGE UNIFORM INTERNALLY
EXTERNAL

p ="Py + %(Ph - P1)(1 - cos @), -180° = ¢ =180°

UNIFORM LONGITUDINALLY

= |

_Sj.,reo‘

¢.o_

P=F + K. (Pee ™ Preee)

T
ol

90%=<¢ < -90

: H :
i 1 | 1

[ - {
NOTE: K¢ = COS'! (180°-4),

External Circumferential Distribution

Fig.4-1b - Cavity Collapse Pressure Distributions — SRM Aft Bulkhead
(Reprint from Ref. 1)
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are taken from Ref.l. The pressure factor, ratio of the maximum pressure to
the maximum value given for the nominal distribution as shown in Ref.1, is
1,176 for the 85/32/5 case. This factor is to be applied to the external pres-
sure distribution only. Note no design factors have been applied to the loads

in the analyses.

The nominal pressure distribution is to be modified by shifting the maxi-
mum pressure peak location for the lee side over a range of +1/4 SRM diameter.
This shift will account for uncertainties in the prediction of vehicle attitude and
ocean conditions at water impact and cavity collapse. The fore and aft limits
of the lee side distribution and the keel side distribution are unchanged for
these shifts (Fig,4-2).

The net pressure distribution for this load case is shown in Fig.4-3
for several stations along the length of the vehicle. This distribution consists
of the variable external cavity collapse pressure and constant internal SRM
uillage pressure on Branches 1 and 2 of the model. The loading on Branches
- 3 and 4 consists of the variable internal and external cavity collapse pressure.
Figures 4-3a, 4-3b and 4-3c show the net pressure distribution with the external
cavity collapse pressure in the nominal position, shifted aft a distance equal
to 1/8 the SRM diameter and shifted aft a distance equal to 1/4 the SRM diam-
eter, respectively. All other values are constant for the three load distri-
butions. The nozzle loads acting on the aft dome due to the hydrostatic

pressure on the nozzle bell are small and are neglected in this final analysis.

The expressions for determining the circumferential distribution of the
internal and external pressures were coded for automatic generation of the
pressures in Subroutine USRLD of STAGS. Listings of the coding for the
nominal, 1/8 shift and 1/4 shift distributions are given in Tables 4-1, 4-2 and
4-3, respectively.

4-4
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Nominal Location

Shift Aft 1./8 D

Shift Aft 1/4 D
ool 4 /
100k
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100¢
i [ 1 i 1 11
Sta. 1613.5 1700 1800 1900

Fig.4-2 - SRB Cavity Collapse External Pressure Distribution Keel
and Lee Sides, 85/32/+5
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Fig.4-3a - Net Pressure Distribution 85/32/5, Nominal Position
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Fig.4-3b - Net Pressure Distribution 85/32/5, Shifted Aft 1/8 D
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Fig.4-3c - Net Pressure Distribution 85/32/5, Shifted Aft 1/4 D
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Table 4.1

USRLD LISTING FOR NOMINAL LOAD POSITION
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Table 4-1 (Concluded)
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Table 4-2
USRLD LISTING FOR 1/8 LOAD SHIFT AFT
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Table 4-2 (Concluded)
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Table 4-3 {(Concluded)
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4.2 SRB STAGS C LINEAR ANALYSIS

Linear analyses were performed for the 85/32/5 (VV/VH/0) case for
both the original and rotated models. Each model was analyzed for all three
pressure peak locations. No design factors were applied to the loads in the
computer analyses. The linear analyses showed good margins against the
material yield allowables in all structural areas of the SRB. Figures
4-4 and 4-5 show the maximum stress values determined in the linear
analysis for the three pressure locations. The first stress value is for the
max pressure peak in the nominal position, the values denoted (1/8) and (1/4)
are for the pressure peak shifted aft 1/8 D and 1/4 D, respectively.

From Figs. 4-4a and 4-5a the maximum stress values in the SRM case
and dome structure are seen to be well below the material allowables for the
D6AC steel. If a design factor (DF) of 1.25 is applied to the maximum stress
value given for the dome skin, f = 1.25 (146,400) = 183,000 psi, the resultant
stress value still falls below the ultimate material allowable (Table 3-5) giving

a positive margin of safety.

The maximum stress in the steel reinforcing tee-ring at the cylinder-
conical skirt interface is seen to be well below the maximum allowzble stress

value for both model orientations, Figs.4-4b and 4-5b.

The computed stress values in the skirt stucture for the linear analyses
are also shown in Figs.4-4b and 4-5b. These maxin:;uri:l values are seen to
be well below the material allowables for the 2219 aluminum. The largest
stress value occurs in the skin just forward of the upper ring at ¢ = 180 deg,
lee side, for original model configuration, Applying a design factor of 1.25
produces a stress value still below the ultimate material allowable. Hence,
the margin of safety is

Fin 63,000

MS= B @ - ® (725)46,2000 ~ L =+ 09
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Stress in psi LMSC-HREC TR D497054
r=ring, s=skin

¢ =compression

IF=tension
+Yq Zy Y g
| | ) |
Sta. 0° 60°  g0° 120 180° _
1613.50 Stub Ring
Stub Ring
Clevis Ring
Branch 1 Tee Ring
¥ T=60,250
Cr  57,230(1/8)
54,210 (1/4)
Tee Ring
T = 79,350
CT 74,380 (1/8)
69,410 (1/4)
Sta. ===== Clevis Ring
1828.850 I L 1 1 1 ] I | _u BOundarY _
) ) Branches 1,2,3
sranchz \\ T\ V1| J[{]] []]
= \N U VYT
£ =133,100 f = 128,300 £, = 146,400
ts 120,100 (1/8) s~ 126,800 (1/8) 144,000 (1/8)
107,100 (1/4 74) 141,600 (1/4)
Sta. 7w : -,
1878.617 _ . .. ‘iR e T .-
£, = 104,600 f = 106,000 f. = 126,600
T 103,100 (1/8) ¥ 104,400 (1/8) 124,500 (1/8)
101,600 (1/4) 102,800 (1/4) 122,400 (1/4)

Fig.4-4a - Maximum Stresses, Original Model, 85/32/5 Linear Analysis
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) © 60° 90° 120° 180°
Sta. 1828.850
Branch 3 f =51,040
Sta. 1839.684 ¢* 51,170 (1/8)
,’ I/ ’I 1 \ 51,300 (1/4):

T s
B \

10 (1
—F 1 ', .; 1 \.‘ \.‘ \ \ 22:%08 El;‘i;
E—r———rp— Upper Ring
| == : S : ] £ = 24 .630 ‘ f, =19,390 i
[ ||| o 24540 1/8y 23,470 (1/8) ]
/ / / 24,450 (1/4) {1 ; 27,550 (1/4)}
Branch 4 / I / l\ | \\ \ \ le.'\S i gi:ggg (1/8)

34,150 (1/4)

|
LLf I HEERN

i I | 1
T e | f ] 1
1 T ] 1

il L | x
Y 1 1
% Y

A\ Intermediate

e i meaertl
1 M
Sta. 1930.64 fﬁ@ﬁEfEﬁ:‘ . : ‘-\ .\ .\ .\ -\E'\\;Aft Ring

Note: Heavy lines denote stiffeners.

Fig.4-4b - Maximum Stresses, Original Model 85/32/5 Linear Analysis
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Stress in psi
r=ring, s =skin
NOTE: Heavy lines denote
stiffaners. ¢ =compression

t=fension

Sta. 0°  30° 90° 150 180°
1613.5¢ F= = Stub Ring
— Stub Ring
Clevis Ring
Branch 1 Tee Ring
£, 7 56,280 /
52,670 (1/8)
— 49,620 (1/4)
Tee Ring
f . = 76,820
| 70,640 (1/8)
65,630 {1/4)
I
Sta. . — = Clevis Ring
1828.850 = Boundary —
Branches 1,2,3
Branchz \ \ .\ L[]
£ = 123,700 o = 146,00

122,200 (1/8) 144,200 {1/8)

141,800 (1/4)

gta, 120,400 (1/4)
1878.617 onsr ey
1 = 105,200 f =105,100 . £ =126,800
tr 103,900 (1/8) % 103,800 (1/8)' tr 125,200 (1/8)
102,400 (1/4) 102,300 (1/4) 123,200 (1/4)

Fip.4-5a - Maximum Stresses, Rotated Model (iZB) 85/32/5
Linear Analysis
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Sta. 1828.850

Branch 3

Sta. 1839.684

Branch 4

0 30 90 150 180
J==: Eessas n o0 0/
== o
== £ =23,370 L \ gfr;mz'ﬂl.{;z%
[T T st il DT ™ 2o o
[ [ ][] ] L = 2se0
[ ] LUV eoro ta74)
L)L L] ] LUV LY
===== = 16,980 === ‘\A\‘ T 0 (18
IR AR e e
/ I HRINEAREN
AN RRINEREN
L /L] LAY
T 111 AR RN

Fig.4-5b - Maximum Stresses, Rotated Model (+Z,) 85/32/5 Linear Analysis
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The maximum stresses in the rings are also given in the figures. These
values should be checked against the flange crippling stresses in a detail
stress analysis to ensure structural integrity. From the size and cross-
sectional dimensions of the rings, it would appear by inspection that local ‘
crippling would not be critical but this should be determined by calculation.
The displacements normal to the surface for the ¢= 0, 90 and 180 deg meri-
dians are shown in Figs.4-6 and 4-8. Figure 4-7 shows the deformed shape
at several cross-sectional locations for the original model, the rotated model

has a similar general deformation pattern.

4.3 BIFURCATION BUCKLING ANALYSIS

Bifurcation buckﬁné analyses were performed for the 85/32/5 load case
for both the original and rotated models. The results of these studies are
given in Table 4-4, The eigenvalues are seen to be at least 2.5 times the
applied load with the predicted buckle occurring in the cylinder at station
1797.8 between the aft tee ring and clevis joint for both models. The buckling
mode shape is shown in Fig.4-9. Even with an appropriate knockdown factor

- (KDF') of 0.63 applied (Ref.3), the resultant predicted buckling load factor (LF)
is well above the design load.

LEF
LF

1!

KDF x Eigenvalue
{0.63) (2.526) = 1.592

1]

This factor results in a positive margin of safety even with the 1.25 design

factor applied to the loading.

LFE ., _ Ll592

DF ' = T2 - '1=t0.214

4.4 NONLINEAR ANALYSIS

A nonlinear analysis was performed to more accurately determine the
failure load., The resul’ﬁs of this analysis at Station 1797.8, ¢ = 180 deg is
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Normal Displacement (in.)
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¢ = 180, Lee Side
T

b of

Sta. 1613.50 . Sta. 1930.64

+1_

L -~ Y ™

¢ = 0, Keel Side

|

Fig.4-6 - 85/32/5 Original Model (1Y) Deformed Shape, Nominal
IL.oad Position
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Fig.4-7 - Normal Displacements, Original Model,
85/32/5 Nominal Position
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Normal Displacement (in.)
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/

¢ = 180, Lee Side |-
0 i ot T T - T .
-1 - \w
_z L
Sta. 1613.50 Sta. 1930.64
2k
-1t
0 1 —h- X - L & =
9 = 0, Keel Side
X
+1 - /
¢ =90
0 - T X —r— %

Fig.4-8 - 85/32/5 Rotated Model (+ Zy) Deformed Shape, 1/8 Diameter
Aft Load Shift -
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Table 4-4
BIFURCATION BUCKLING, 85/32/5 LOAD CASE

SRB Model/Load

Position Eigenvalue Location
Original Model (iYB)
Nominal 2.569 Sta. 1797.8 @ 180 deg
1/8 Aft Shift 2.785 Sta. 1797.8 @ 180 deg
1/4 Aft Shift 2.993 Sta. 1797.8 @ 180 deg
Rotated Model (iZB)
Nominal 2,526 Sta. 1797.8 @ 180 deg
1/8 Aft Shift ) 2.750 Sta. 1797.8 @ 180 deg
1/4 Aft Shirt 2.968 Sta. 1797.8 @ 180 deg

4.24
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Fig.4-9 - Bifurcation Buckling Mode Shape, Rotated Model [i—_ZB) 1/8 Diameter Aft Load Shift
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shown in Fig.4-10 for the rotated model with the 85/32/5 load case in the
nominal position. The linear, nonlinear and bifurcation buckling analyses
are compared in this figure. The nonlinear collapse is seen to occur at a
load factor of approximately 1.8. This factor is seen to be well above

the applied load, LF = 1.0, indicating structural integrity will be maintained.

Stress values in the skirt structure for the applied load (load factor of
1.0) are shown in Fig.4-11 for the nonlinear analysis of the rotated model.
The major skin stress value near the Upper Ring at ¢ = 180 deg is seen to be

25% greater than the corresponding linear analysis value given in Fig. 4-5b

{ ig:gog = 1.25). The stress values in Fig.4-11 for the rotated model skirt

are seen to be below the material yield allowable. With the design factor of
1,25 applied, the maximum stress value is still below the material ultimate,
£=44,800(1.25) = 56,000 < L

value of 1.25 is applied to the maximum stress value (f=46,200 psi) for the

However, if this ratio of nonlinear/linear

original model linear analysis shown in Fig.4-4b, the maximum skin stress
value will be £=57,750 psi. Using the design factor of 1.25 the resultant
stress is greater than the material ultimate giving a negative margin of
safety in the skin at this area of the skirt.

Ftu
VS = mE
_ 63,000
= {1.25)(57,750)
MS = -,127

A more detailed analysis should be performed for this area. Other areas of

the structure have positive margins of safety by inspection.
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Bifurcation Buckling

/
/ .

Linear /
Yo

N o
/ onlinear

7/
4
Ve

AL I AL 1 L 1 3

-1.0 -2.0 -3.0
Normal Displacement {in.)

Fig.4-10 - SRB Rotated Model, Sta. 1797.8, Lee Side, 85/32/5
Nominal Position
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_ 0° 30° 90° 150°  180°
Sta. 1828.850
Branch 3 : Cone=CYL Intersection
Sta., 1839.684

Reinforcing Ring
1 \

----- 1

. 4 T—3
T ) m—

i; "I' "; ;"f ‘ £ = 29,283 %‘% Eppfrz?’é‘l%
. T
|
l
I
I
I
l
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i‘ ". “ ! @ Intermediate

‘\\\ \\\\ﬁ“‘g—w

VT
\\\\\\\\
VT

=== == Aft Ri
I i

fcr = 21,2762:

Sta. 1930.64 [ 1 T 1 1 1

Note: Heavy lines denote stiffeners

Fig.4-11 - Maximum Stresses Rotated Model, 85/32/5 Nonlinear Analysis
Nominal Load Position
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4.5 THERMAL EFFECTS

To determine the sensitivity of the aft SRB structure to thermal loads,
the rotated model described in Section 3 was used. However, the discrete
stiffener used in previous models could not be used. To account for thermal
gradients each stiffener cross section must be divided into sub-elements so

the thermal expansion may be considered constant within each sub-element.

Stiffeners located on the exierior of the motor case were divided into
4 or 5 sub-elements so that temperatures could be aliowed to vary linearly
from the outer portion of the stiffener to the skin temperature at the sub-
element nearest the skin. For internal stiffeners (those on the skirt or at
the aft end of the dome) only one subelement was used since the stiffener and
adjacent skin were of the same temperature. No variations in temperature
through the skin thickness were allowed.

The skin and stiffener temperatures given in Table 4-5 were used in

the analysis. A stress-free temperature of 70 F was used.

Table 4-5

TEMPERATURE DISTRIBUTIONS FOR THERMAL
EFFECTS DETERMINATION

Motor Case Dome Skirt
‘Temperature (F)
Skin 250 250 " 160
Stiffener 400 250 160

Maximum stresses resulting from the 1/4 D shift pressure distribu-
tion described previously combined with the temperatures above are shown
in Fig.4-12. The skin stresses in the skirt at ¢ = 180 deg, adjacent

to the upper ring is the only area within the skirt where problems may arise.
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The stress in the skin increased by approximately 4740 psi due to the inclusion
of thermal effects. For the rotated model this increase does not indicate diffi-
culties. However, the original model could be expected to increase by the same
amount. In Fig.4-4b it was shown that the maximum skin stress was 46,200

psi for the original model. An increase of 4,740 psi increases the maximum
stress fo 50,940 psi. Applying a design factor of 1.25 to this value the stress

becomes 63,675 psi, approximately the ultimate stress for the 2219 aluminum

used in the skirt.
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5. REVIEW OF BROWN ENGINEERING SRB STAGS MODELS

Brown Engineering personnel, under support contract to NASA-MSFC,
exper‘ienced several difficulties in obtaining accurate results using STAGS.
These problem areas were investigated and causes were determined. Most
problems were associated with the grid network chosen and the ordering of
the branches of the model. The particular modeling problems were covered

by the parameter studies and other grid studies in Section 2.

In the Brown SRB STAGS math models that were reviewed, the cone
branch is designated as Branch 1 and the cylinder as Branch 2. The cone
léngitudinal grid originates at the intersection and terminates at the aft end
of the skirt. The cylinder grid originates at the forward end of the cylinder
segment (support plane) and terminates at the cone-cylinder intersection.
This is an inefficient method for the ordering of the terms in the handed
matrix solution routine used in STAGS. The most efficient method is for
the cylinder to be designated Branch 1, originating at the forward end of the
cylinder segment and terminating at the cone-cylinder intersection. The
conical skirt would be Branch 2 with the origin at the cone cylinder inter-
section and terminating at the aft end of the skirt, This provides a con-
tinuous flow of node connections throughout the model, thus reducing the
number of interconnected matrix terms. (This is the ordering sequence

used in the model constructed in Section 3.)

A large savings in computer time is realized using this orientation.
Table 5-1 shows a comparison of Univac 1108 computer run times for com-
parable Brown and Lockheed STAGS B SRB models with a cavity collapse
load case. The ordering sequence shown in Section 3 was used for the four-
branch Lockheed model. A saving of 2 hours and 6 minutes of charged time

is realized by the proper ordering sequence.
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Tuble 81
SRB STAGS B MODEL GOMPARISON -
oo Lot oo
|/ Number of Branches 4 2

Number of Nodes 3183 2394
Number of Equations 5187 5786
CPU Time 0/19/21.689  0/36/46.987
1/O Time 0/6/38.448  1/53/26.078
Total Time 0/27/2.868  2/32/52.909

*_ . . . -
Time is hours/minutes/seconds.

The Brown models have 21 finely spaced grid divisions in the longitudinal
direction on the skirt but only eight sparsely spaced divisions on the cylinder.
From Fig.2-6 of Section 2 this is shown to inhibit the true deformations at the
cone-cylinder intersection and results in higher predicted stress values in the
reinforcing ring. This grid spacing would also result in higher computed values
for the buckling load. The accuracy of these models could be improved by add-
ing several closely spaced grid lines adjacent to the intersection and reinforcing

ring on the cylinder branch,

The SRM aft dome cap has not been included in the Brown models. The
addition of this structure would give radial stiffness to the cylinder wall in the
area of the highest pressure in the cavity collapse load. Also the constant
internal pressure load on the skirt, dome and cylinder was not included in

the load data. These corrections should be made to obtain accurate results.
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCILUSIONS

The STAGS C finite difference computer program is an efficient and
accurate tool for the structural analysis of general shell structures. Param-
eter studies should be performed and several gri& patterns investigated using
a simplified model of the structure and loading before the large detailed model
is constructed. This method will produce a mathematical model that has the
most efficient computer run time and one that will give acturate results for

. the linear, nonlinear and bifurcation buckling analyses.

The 85/32/5 (VV/VH/8) cavity collapse load case was determined to
be the maximum loading fotr the SRB skirt structure and the aft portion of the
motor case. The linear analyses showed that structural integrity will be main-
tained for the applied load. With a design factor of 1.25 the linear analyses
stresses will still give positive margins of safety using the material ultimate
allowable. The bifurcation buckling analyses predicted buckling in the cylinder
motor case at Station 1797.8 on the lee side of the structure. This location
was éypical for both the rotated (iZB) and original (_—!_-_YB) models for all three
load positions. The minimum eigenvalue calculated was 2.526. Even with an
appropriate knockdown factor of 0.63 applied, the resultant eigenvalue of 1,592

gives a positive margin of safety for the structure.

The nonlinear analysis at the applied load (LF = 1.0) show stress values
in the inelastic range in the skirt for the original model (iYB)' This occurs
in the skin just forward of the upper ring at the lee side. Applying the design
factor of 1.25 resulis in a stress value above the material ultimate giving a
negative margin of safety (-.127) at this location. Detailed analyses should
be made of this area to more accurately predict the true inelastic stress

distribution and the corresponding margin of safety.
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6.2 AREAS FOR ADDITIONAL STUDY

Some areas for future study that need to be investigated and incorpo-
rated into the STAGS SRB mathematical model are the addition of the pressure
normal to the web of the skirt rings. This will have negligible effect on the
overall skirt structure but may significantly affect the stress levels in the
ring elements. For the thermal analysis of the skirt, 2 constant temperature
was used. A more accurate temperature distribution over the cylinder, dome
and skirt as well as thermal gradients through the skin of the structure should
be obtained and a combined pressure/thermal analysis made. Structural anal-
yses should be performed for the cylinder for the pressure peak shifted forward
1/8 and 1/4 SRM diameters. Linear, bifurcation and nonlinear analyses with
thermal effects.included should be performed, A simplified 360 deg model
should be coded and analyzed with the lee and keel meridians off the planes
of symmetry. These results could be compared to the analysis of the same
model with the loading on the symmetry planes. A comparison of these
models would give a factor to be applied to the 180 deg detail model stresses
{o obtain relative stress magnitudes. The addition of a plot package to check
data input and structure geometry would be a very beneficial addition to the
STAGS C program. The deformed structure plots would add greatly to the

efficient utilization of this program during structural analysis tasks.
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