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ABSTRACT

An improved design concept is presented for the Space Shuttle solid
rocket booster (SRB)/external tank (ET) attachment ring structural
component. This component picks up three struts which attach the aft end of
each SRB to the ET. The concept is a partial ring with carefully tapered
ends to distribute fastener loads safely into the SRB. Extensive design
studies and analyses were performed to arrive at the concept. Experiments
on structural elements were performed to determine material strength and
stiffness characteristics. Materials and fabrication studies were conducted
to determine acceptable tolerances for the design concept. The text of the
report provides an overview of the work, conclusions and major
recommendations. Supporting technical details are contained in ten
appendices.
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REDESIGN OF SOLID ROCKET BOOSTER / EXTERNAL TANK ATTACHMENT RING
FOR THE SPACE TRANSPORTATION SYSTEM

Harvey G. McComb, Jr., Compiler
Analytical Services and Materials, Inc.
Hampton, Virginia 23665

1.0 INTRODUCTION

The aft ends of the Space Transportation System Solid Rocket Boosters
(SRBs) are attached to the External Tank (ET) through a partial ring struc-
tural component mounted on the outside of each SRB. The approximate
location of these rings is indicated on figure 1. Each ring extends about

270° around the circumference of the SRB shell and supports fittings which
mount three struts providing the aft attachment for each SRB to the ET. A
sketch of one of these attachment rings including the three struts is shown
in figure 2. A more detailed drawing of the ring is in figure 3. The
cross-section of the ring is a rectangular box configuration as shown in
figure 4.

Two problems are associated with the existing attachment ring design:
(1) negative margins of safety are calculated at four locations indicated on
figure 5, and (2) sheared fasteners have been experienced on a substantial
number of SRBs recovered from flight as listed in Tuble 1. Sheared fas-
teners on the recovered units are at locations A and B in figure 6. The end
of the ring at location A is termed the "long end", and the end at location
B is termed the "short end". Specifically, sheared fasteners occurred in

the ring component as follows:

(1) web/cap fasteners at both ends
(2) web/tang fasteners at the long end

The shear failures in the articles recovered from flight were thought to be
the result of water impact loading and were considered benign. Post-test
inspection of the attachment ring used in the JES 3B test in December 1986,
however, revealed deformed fasteners in the same locations identified above.
Furthermore, the loading conditions imposed in both the JES 3B test ard in
the earlier STA certification testing were not critical conditions for the
attachment ring. The axial SRB tension load imposed was that developed by
internal pressure alone. In flight, the axial load at the attachment ring
is reduced from that caused by internal pressure because of nozzle thrust on
the SRB. This reduced axial load increases the tension load in the ring
because of the Poisson effect in the shell wall. A more realistic loading
situation could have caused even more shear damage in these tests. It is
clear that the existing ring does not meet the requirement of no yielding at
1.1 x limit load. It is necessary, therefore, to redesign the ring and
eliminate negative margins of safety. United Space Boosters, Inc. (USBI) is
developing a full 360-degree ring design, and Langley Research Center (IaRC)
was asked to supply an alternate concept for a partial ring.

The purpose of this report is to discuss the LaRC redesign activity
which is a cooperative effort by Systems Engineering Division, Structures
and Dynamics Division, and Materials Division at LaRC and Systems Dynamics




Laboratory and Structures and Propulsion Laboratory at MSFC. The following
personnel are performing the technical work:

langley Research Center
Systems Engineering Division Structures and Dynamics Division

David H. Butler Martin M. Mikulas, Jr.
Thomas C. Jones Mark S. Lake

John C. Gustafson John T. Dorsey

Obie H. Bradley, Jr. Harold G. Bush
Phillip J. Klich L. David Wall

pavid C. Beals Wilbur B. Fichter
Robert B. Davis

Donald C. Athearn Materials Division
Phillip L. Brown James C. Newman, Jr.

Marshall Space Flight Center

Systems Dynamics Laboratory Structures and Propulsion Laboratory
Jan D. Dozier Sidney E. Rowe

Richard E. Dotson Richard M. Jones, Jr.

David A. Herda

Robert E. Garrett

Tulon Bullock

Joseph A. Brunty

W. Richard Bell

2.0 DESIGN REQUIREMENTS

The overall goals of the redesign activity are to develop an alternate
design of a partial ring having a safe life of forty missions, and, as much
as possible, using existing hardware. Major detailed design requirements
are:

~Maintain positive margins of safety with the following factors of
safety:
1.1 on limit load or yield
1.4 on ultimate load
~Combine worst loads with appropriate uncertainty factors
-Use internal loads from United Space Boosters, Inc. NASTRAN model
instead of Interface Requirements Document model
-Fail-safe design for tang bolts
~Provide thermal protection similar to existing design

-Interface with full 360° ring at 154.48° and 341.30° splices
-Design to 26 psid crush and burst
-Conform to requirements contained in reference 1

Design loads used at 1aRC are generated by the roll maneuver and are
worst case loads. The following loads from reference 2 are used in the
redesign effort and include appropriate uncertainty factors:

-SRB loads



Internal pressure 912 psia

Axial thrust, tension Fx = 12,400,000 1b

Y-shear Fy =  =-121,000 1lb

Z-shear Fz = - 99,000 1b

Torque Mx = 300,000 in.-1b

Y-moment My = 32,000,000 in.-1b

Z~moment: Mz = -38,000,000 in.-1lb
=Strut loads

P(10), compression 117,000 1b

P(8), tension 112,000 1b

P(9), tension 147,000 1b

The SRB loads apply at station X-1550. The axial load is larger farther
forward on the SRB. The axial load shown above is critical for this design,
however, because larger axial tension reduces circumferential tension in the
ring due to the Poisson ratio effect. Detailed discussion of loads is
contained in Appendix A.

Material and fastener mechanical properties are as follows:

4340 steel, tensile modulus 30,000 ksi
4340 steel, ultimate tensile strength 180-200 ksi
4340 steel, yield strength, tension 160 ksi

MP35N steel, 3/8 in. bolts, ultimate shear strength 16,000 1b
MP35N steel, 1/2 in. bolts, ultimate shear strength 28,000 1b

These material properties are "A" values from reference 3. Fastener
properties are from references 4 and 5. Therefore, allowables are taken as:

180 ksi/1.4 = 128 ksi tension in 4340 steel
16,000 1b/1.4 = 11,430 1lb shear in 3/8 in. bolts
28,000 1b/1.4 = 20,000 1b shear in 1/2 in. bolts

The design is required to pass a final certification analysis provided
by MSFC with a NASTRAN certification finite element structural analysis
model. MSFC will verify that the redesigned ring and motor case stresses
are acceptable under all appropriate loading conditions.

3.0 DESIGN ASSUMPTIIONS

Two assumptions made in the design process are: (1) clamped metal-to-
metal sealing surfaces are acceptable to prevent hot gas intrusion, and (2)
classical stress concentration factors are not appropriate in calculating
margins of safety for static strength. This second assumption is consistent
with aerospace industry practice when designing with ductile materials,
which is the case here. In addition, the design is verified by testing
structural elements. Further support for neglecting stress concentration
factors in static strength design with ductile materials is contained in

references 6 and 7.



4.0 DESIGN CONCEPT
4.1 Attachment Ring

The existing attachment ring configuration consists of webs, caps and a
cover in a box cross-section configuration shown in figure 4. A plan view
of the existing web for the ring is shown in figure 7. The basic concept of
the existing design is retained as much as possible in the proposed
redesign concept. The most significant change is to modify the webs and
caps at each end of the ring to distribute fastener loads more evenly.
Another important change is to fabricate webs and caps as integral units at
the ring ends. This change eliminates the difficult problem of satisfying
cap area, bearing stress, and fastener shear load requirements at the cap
ends.

The redesigned ring web concept is shown in figure 8. The reconfigured

ends are spliced to the ring at 153. 48° and 341.30° as shown in figure 8.
Splices also exist at these locations on the full 360-degree ring design.
More detailed views of the ring web ends are in flgure 9. A magnified view
of a typical ring end is shown in figure 9(a). Vlews of the web and cap for
the long erd and short end, respectlvely, are shown in figures 9(b) and
9(c). Views of the spllces are shown in figures 9(d) and 9(e).

Conparlsons between the new and old designs for each end of the ring are
displayed in figures 10 and 11. The pockets shown between the first seven
bolt holes in figures 10 and 11 are covered with a 0.10 in. thick shear web.
A 2024~T8 aluminum bushmg is located in the first bolt hole on each end of
the ring. The bushings are anodized and pressed in place with a coating of
wet polysulphlde sealant to prevent galvanic corrosion. The bushings reduce
the effective stiffness of the first bolt and prevent excessive loadings in
these fasteners. They would be replaced after each flight. The bushing
diameter of approximately 0.43 in. violates the minimm edge distance re-
quirement of 1.5 x diameter to the plate edge. Tests were conducted to show
that the reduced edge distance is acceptable. Two specimens (four ends)
were successfully tested to bolt loads of 16,250 1b with the reduced edge
distance and bushings installed.

Beneficial features of the partial SRB/ET attachment ring concept
campared to a full ring concept are (1) easier installation on the vehicle
and (2) retention of existing vehicle dynamic properties. Specific features
of the proposed redesign are as follows:

-stresses insensitive to bolt stiffness

-uses same materials as existing design

-all tang bolt loads are less than 11,430 1b

—carry ultimate load with one bolt removed from each end

4.2 Transition Tunnel

A new design is also proposed for the utility w1r1ng transition tunnel
which extends from the long end of the attachment rmg to the systems tunnel
(see flgs. 3 and 5) The proposed transition tunnel is shown in flgure 12.
The major change is addition of expansion joints to prevent excessive load-
ing of the tang fasteners or the systems tunnel. Calculations indicate a



stress problem if the proposed transition tunnel is attached in the same
manner as the current design. The expansion joints introduce a possible
leak path for external hot gases which must be sealed. Proposed seals for
the expansion joints are illustrated in figure 13.

Each tunnel element extends over seven fastener holes in the tangs.
One hole among the seven in each tunnel element is circular, and the
remainder of the holes are slotted to allow slippage during pressurization
of the SRB shell. Further details on the transition tunnel design are
contained in Appendix E.

4.3 Concept Verification

Structural analysis is discussed in the subsequent section and
presented in detail in Appendices as follows:

B. Global Linear and Nonlinear Analysis

C. Ring Area Tapering Analysis

D. Splice Analysis

E. ET/SRB Attach Ring Systems Cover Analysis
F. Margins of Safety

G. Inelastic Analysis

H. Fracture Mechanics Analysis

Two additional appendices are included in this report. Experiments to
generate data required for detail design are discussed in Appendix I, and a
weight statement is in Appendix J. MSFC is responsible for the following
analyses:

-Thermal
~Dynamic
-Venting
-Flutter
~Safety and Hazard

Responsibility for Qualification and Test Program is shared by MSFC and
LaRrcC.

A master schedule for the redesign effort is shown in figure 14.
Preliminary drawings will be produced by IaRC. Currently existing LaRC
drawings are listed by number and title in Table 2. Final drawings will be
produced by MSFC. Hardware will be fabricated by McDonnell Douglas
Corporation through contract with United Space Boosters, Inc.

5.0 STRUCTURAL ANALYSIS
5.1 SRB Analysis

Analyses performed in the redesign process include simplified analyses
and finite element analyses. Finite element analyses are carried out with
the computer programs FAL (ref. 8) and PAL II at IaRC and NASTRAN at MSFC.
To give an idea of the relative importance of the loads on the SRB shell,
stresses and displacements were calculated from simple membrane shell theory



for a cylindrical shell with approximate dimensions of the motor case.
Results are as follows:

-Dimensions and properties

= 72.5 in.

0.45 in.

pi x R**3 x t = 538,737 in.**4
2 xI=1,077,473 in.**4
30,000,000 lb/in.**2
11,000,000 1b/in.**2

Material = D6-AC steel

QEGHtD
/I I L I |

~Stresses
S1 = Circumferential stress = (p X R)/t = 146,933 psi
S2 = Axjal stress = Fx/(2 x pi x R x t) = 60,491 psi (min.)
S3 = Average shear stress = Fy/(2 x pi x R x t) = 599 psi (max.)
S4 = Bending stress = (M2 X R)/I = 5,935 psi (max.)
S5 = Torsional stress = (Mx x R)/J = 279 psi

-Radial displacement
Delta R = (E/R) x (S1 - 9 S2) = 0.3097 in.

To understand how stresses are developed in the ring through pressure
loads on the SRB, finite element analyses were performed on a model repre—
senting a segment of the SRB including the existing attachment ring

nent. Details of this work are contained in Appendix B. The finite
element model is illustrated in figure 15. The plan view of the ring web
for this model is shown in figure 16. The model shown in figure 15 is 34.5
in. long, and the upper end of this model is at the center-line of the
attachment ring. In the calculations, symmetry constraints are applied to
the model at this location. The model, therefore, simulates a 69-inch long
segment of the SRB. The attachment ring center-line is located at SRB X-
station 1511.0 and the top and bottom of the model are at SRB X-stations
1476.5 and 1545.5 respectively. The field joint located at about SRB X-
station 1491 is not included in this model.

The model displayed in figure 15 contains 2,189 plate elements, 328
beam elements, and about 13,000 degrees of freedom. A typical computer run
for a linear analysis requires 30 CPU minutes on a Cyber 175. This analysis
was performed for internal pressure loading only. Strut loads were not
included. It turns out that strut loads do not influence stresses at the
ends of the ring very strongly. Applied loads for this analysis are il-
lustrated in figure 17. Typical linear elastic stresses from these finite
element analyses are presented in figure 18 for section A-A and in figure 19
for section B-B (see fig. 16). The analytical solution listed in figure 19
is simply the circumferential stress from membrane theory of shells.

One calculation was performed for the case where a simplified model of
the field joint was added to the finite element model. Since this finite
element model is symmetric about the attachment ring center-line, the field
joint was, in effect, added on both sides of the attachment ring. Results
from this calculation are compared in figure 20 with with results for the
case of no field joint (fig. 18). The effect of the field joint on these

stresses is negligible.



Limited nonlinear calculations were made using the finite element model
of figures 15 and 16. Results for linear and nonlinear radial displacements
are shown in figure 21, and a brief summary of results for linear and non-
linear circumferential stresses is shown in figure 22. Effects of
nonlinearity on local bending stresses in the tang at the end of the web on
the short end of the attachment ring are shown in figure 23. Additional
analysis on a 136 in.-long segment of the SRB including the existing attach-
ment ring at SRB X-station 1511 and the field joint at SRB X-station 1491
are contained in reference 9. In this work, another finite element computer
program is used (STAGSC-1), and both linear and nonlinear calculations are
performed. Results in reference 9 show high fastener loads at the ends of
the ring and also display additional linear/nonlinear comparisons.

All these calculations are for the existing partial attachment ring.
They indicate the significance of the axial component of pressure load, show
that nonlinear effects are not of major global importance but can be of
local importance, and supply data for the simplified analysis discussed in
the next section.

5.2 Ring Analysis

5.2.1 Simplified Ana1y51s for Sizing.- A simplified ring bolt load analysis
was developed to gain understanding of how load feeds into the ring through
the bolts, to provide an efficient and conservative 1nalysis tool for resiz-
ing the ring web, and to contribute to certification of the design concept.

Details of this work are contained in Appendix C. The basic elements of the
method are illustrated in flgure 24. Two versions of the method were
developed. In the first version, illustrated in figure 25, the bolts are
assumed rigid, and the ring webs are assumed rigid in shear In the second
version, illustrated in figure 26, bolt flexibility and shear flexibility
(or shear lag) in the webs are accounted for. By using these smpllfled
methods, a cross—section area profile can be calculated for a given bolt
load distribution, or bolt loads can be calculated for a given cross-section
area profile. Based on the rigid bolt and zero shear lag flexibility as-
sumptlons, for a uniform bolt load distribution of 10,000 1lb per bolt, the
rlng cross-section area was calculated. Results are uhown as the optlmum
ring in figure 27. Existing ring area is also shown in figure 27.
Calculated bolt loads for these two cases are shown in figure 28. When both
bolt and shear lag flexibilities are accounted for, the camparative area
profiles are shown in figure 29. A comparison of bolt loads for these two
cases is shown in figure 30. These results indicate that drastic reduction
in ring cross-section area is required near the ends to keep bolt loads at
or less than the 10,000 1b level. The value of 10,000 1lb was selected fcr
early calculations. For the final proposed concept, bolt loads were
specified to be less than 8,500 1b, as discussed in Appendix C.

5.2.2 Planar Finite Elemcnt Models.- For more refined analysis, a series of
two—dimensional and three-dimensional planar finite element models of the
rlng were developed. In these models the curvature of the ring is neglected
as in the simplified methods. Examples of these models are shown in figures
31 and 32. The two-dimensional model represents the case wall by a line of
bar elements with an effective area and is less demanding of computer
resources ard turn around time than the three-dimensional model. Therefore,
comparisons were made between these two models to determine the best value




of effective shell area and to validate the two-dimensional model for design
iterations. In these calculations the bottom of the rlng is constrained to
remain straight along the length. Results are shown in figure 33 and indi-

cate an effective shell area of 6.5 1n gives reasonable agreement at the
end of the ring where loads are most critical.

Results from the two-dimensional planar model were compared with
results from the MSFC NASTRAN certification finite element model, which is
similar to but more refined than the shell segment model discussed in the
previous section of this report. Camparison is shown in figure 34 where
"fixed shell" refers to the planar model in which the ring is constrained to
remain straight along the length and "free shell" refers to the planar model
in which no such constraint is imposed. These planar models, therefore,
bound the NASTRAN results; and the "fixed shell" planar model should lead to
designs having bolt loads greater than would be obtained using the MSFC
NASTRAN certification model.

The two-dimensional planar finite element model was then refined to
represent more accurately the actual proposed redesign concept for the ends
of the ring webs. This refined finite element model is compared with an
actual design in figure 35. The design shown in figure 35 is not the final
proposed concept, however, analysis of the design revealed useful
data. Calculations were made with the refined planar model, and results for
bolt loads are shown in figure 36. These results are for the so—called
"fixed shell" constraints in which the bottom of the model is constrained to
remain stralght along its length. The curves labelled "tang bolts" and “cap
bolts" in figure 36 refer to the refined model. The curve labelled
"previous iteration" refers to the original two-dimensional planar model.
All these calculations are based on a bolt shear stiffness of 1.3 x

6 1b/in. which was measured in experiments discussed in the next section
of this report and in Appendix I. All bolt loads are less than the allow-
able load of 11,430 1lb.

The final proposed concept differs from the design in figure 35 in two
major ways. A fastener hole was added between the end hole and the second
hole as indicated in figures 9, 10,and 11, and the cap and web were in-
tegrated to eliminate cap bolts. This planar finite element model was not
updated to the final proposed concept, because detailed analysis was under-
taken on the MSFC NASTRAN certification model as discussed in Appendix C.

5.2.3 Sensitivity to Bolt Shear Stiffness.- To obtain an estimate of the
sensitivity of these results to bolt shear stiffness, calculations were made

for the redesigned ring with bolt shear stiffness of 2.0 x 10® 1b/in.
Results of these calculations are compared with the previous results for

bolt shear stiffness of 1.3 x 10° lb/in. in figure 37. If the shear stiff-
ness of all bolts changes uniformly, then, bolt loads are not strongly
influenced by bolt stiffness. Changes in stiffness of individual bolts can
influence bolt loads, however, and this fact is exploited by use of bushings
in the first fastener hole at each end (see Appendix C).

5.2.4 Single Bolt Failure.- To simulate the single bolt failure condition,
calculations were performed for situations in which a single bolt in the



pattern is removed. Results are shown in figure 38 for cases in which the
first bolt, the second bolt, and the third bolt have failed. All remaining
bolt loads are less than bolt ultimate shear strength of 16,000 1lh showing
that all these single bolt failure situations are fail-safe.

5.2.5 Out-of-Round Motor Case.- An analysis was made to understand effects
of mounting the attachment ring to an out-of-round motor case. A likely
shape for out-of-roundness can be represented by the geometry shown on the
left-hand side of figure 39. The analysis model consists of the web and cap
of the attachment ring and includes the first 40 tang fasteners (counting
fram the ring tip). The bottom of the ring is modeled as a circular arc,
and the piece is assumed to be cantilevered from the right-hand end as shown
on the right~hand side in figure 39. Radial displacements are applied at
the 40 fasteners according to the formila on the left-hand side of figure
39. These displacements move the circular arc ring into the deformed
geometry. The reaction loads to these displacements represent shear loads
in the bolt fasteners. For the case of a tip displacement of 0.1 in., the
shear loads in the first 38 bolts are plotted in figure 40. The loads in
bolts 39 and 40 are not shown in figqure 40 because they are thought to be
unrealistic--the cantilever boundary condition does not properly model the
ring behavior in that region. The response shown in figure 40 is linear
with respect to tip displacement, so the data can be used to calculate bolt
loads caused by known or estimated out-of-round conditions. Measurements of
two SRBs reported in reference 10 indicate that tI maximum tip deflection
for the model in figure 39 could be as much as 0.2 in.

5.2.6 Certification Model Analysis.- The redesigned partial ring has been
incorporated into the MSFC NASTRAN certification model mentioned previously.
Analyses with this mode! account for shell curvature effects and strut load
effects. The aluminum bushing in the first fastener hole is accounted for
in this model by reducing the effective shear stiffness of the first bolt to
0.6 of the baseline stiffness. This value is consistent with the values
cbtained from experiment and discussed in Appendix I. Results from these
analyses are shown in figures 41 and 42. In figure 41 bolt loads for the
redesigned ring are compared with those for the existing ring. Bolt loads
for the redesigned ring are less than about 8,500 lb. In figure 42 bolt
loads for the redesigned ring are shown for the cases of pressure and strut
loads and pressure only. Strut loads have negligible effect on the bolt
loads near the ends of the ring. To get sore idea of the effect of changing
stiffness of the first bolt, results are shown in figure 43 for stiffnesses
of 0.4, 0.6, and 0.75 times the baseline bolt stiffness. Only the stiffness
of the first bolt is varied in these calculations. Results of all these
analyses show bolt shear loads distinctly below the allowable of 11,430 1b.

5.2.7 Other Analyses.— Analysis of the splice joint is presented in
Appendix D. Analysis of the trancition tunnel is in Appendix E. Margins of
safety are presented in Appe.dix F. A failure analysis accounting for the
effects of plasticity is presented in Appendix G, and fracture mechanics
analysis is contained in Appendix H.




6.0 EXPERTMENTS

Experiments were performed to measure: (1) stiffness of ring web end
component configurations, (2) shear stiffness of bolts, (3) modulus of basic
material and (4) behavior of deformable bushing in end hole. Detailed
discussion of experiments is contained in Appendix I. The test fixture for
the ring web end component stiffness measurements is shown in figure 44.
Experiments were performed on dogbone specimens, sculptured thickness or
scalloped specimens, and double bar specimens. Dimensions of these
specimens were typical of those for the end section (first section) of the
ring design. A typical plot of deflection as a function of load is shown in
figure 45 (for double bar specimen). Bolt shear stiffness was measured in a
single-shear test specimen. Results for extensional stiffnesses for the end
confiqurations and shear stiffnesses for the bolts are presented in figure
46 for the double bar, scalloped, and dogbone speqimens. Bolt shear stiff-
ness data are plotted in figure 47.

Average ultimate shear strength of bolts was measured in five tests
with four bolts in each test. Result was 17,500 lb, higher than the
strength of 16,000 1lb which was used in all structural analysis. Young's
modulus of 4130 chrome-moly steel was measured as 29,800 ksi, very close to
the handbook value of 30,000 ksi used in the structural analysis.

Effect of the deformable bushing in the end heole in the ring web is
essentially to reduce the effective shear stiffness of the end bolt.
Results of tests using aluminmum bushings are shown in figure 48.

7.0 MATERTAIS AND FABRICATION

The primary requirement for the ring web runout is that under load it
deflects with the SRB tang while limiting the loads generated in the at-
tached bolts to a prescribed level of <11,430 1b. This requirement has
driven the design such that the cross sectional area of the web between the
last three or four bolts, and the last two bolts, in particular, are the
most critical in controlling bolt loads and are the most highly stressed
areas.

Prior to incorporation of the deformable bushing in the end bolt hole
of the ring, the preferred configuration was a double beam concept with no
center shear web as shown in figure 49. With this design there was concern
with respect to the fabrication of the ring end. The problem was that the

critical cross sectional areas were physically small (0.0417 in.? ) and with
a high average stress across the area (120 ksi). The load in the web be-
tween the bolts is primarily tensile resulting in a linear relationship
between area and stress for a given load. As a result small dimensional
variations resulting from either material discrepancies or fabrication
process tolerances, which would normally be ignored, have significant ef-
fects on the critical cross sectional area.

The web cross section area then becomes the principal item to be ad-
dressed in investigating the effects of materials and processes in the
production of the part. The goal is to hold the variations due to both
materials and fabrication processes to within +/-7%, with the machining
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tolerances held to maintain the cross sectional area to within +/-5% of
nominal value. This goal results in dimensional tolerances on the order of
+/-0.005 in. in the most critical areas.

Incorporation of the deformable bushing in the end hole of the ring web
allowed the addition of a shear web between the two tensile beam members and

an increase in the total cross sectional area from 0.0834 in.2 to 0.183 in.2
With no change in the +/-5% area tolerance criteria, it would be expected
that the fabrication tolerances could be increased. Because of the cross
section geometry, however, the machining tolerances do not change and have
to be maintained at +/-0.005 in. in the most critical areas. This tolerance
level, while fairly precise for this size part, can be achieved with
reasonable care.

7.1 Materials

The major candidate materials are AISI 4130 and AISI 4340. These
choices are based on the fact that both alloys can be heat-treated to ade-
quate strength levels, and both alloys are used as primary structural
materials in the existing ring design.

7.1.1 Material Strength.- The existing web uses AISI 4130 procured to MIL-~
S-18729. The web itself is heat-treated per MII~H-6875 to 180-200 ksi
ultimate strength, with no minimum yield strength specified (ref. 11).
Subsequent web drawings for the USBI 360-degree ring improved on the
specification by requiring a minimum yield strength for this material of 163
ksi (ref. 12). Other elements in the ring construction, such as splice
plates, are also fabricated from 4130 but heat-treated to a lower strength
level (ref. 13).

The existing ring cap is fabricated from an AIST 4340 forging and heat-
treated per MIL-H-6875. The specified strength after final stress relief is
170-190 ksi ultimate, with a minimum yield of 145 ksi (ref. 14).

7.1.2 Material Cleanliness.- Both materials are classified as "Aircraft
Quality Steels" by their appropriate MIL Standards and both Standards call
out AMS 2301 as the guiding document for specifying material cleanliness.
The parts lists for the existing ring specify the method for magnetic par-
ticle inspection and add the limitation that "no crack-like indications are
allowed". This limitation tightens the AMS 2301 specification considerably,
since flaws up to 1.5 in. long are allowed under the basic requirements.
AMS 2301 places a lower limit of 1/16 in. on the size of indication to be
noted in inspection. Therefore, it is assumed that a worst case inclusion
of 1/16 in. in diameter can be considered to exist randomly within the

material as currently specified.

7.1.3 Material Uniformity.- All steels, as a result of hot processing,
exhibit decarburization of material nearest the surface. Since carbon
content is the primary agent that allows the heat treatment for both steels
to occur, significant surface decarburization does not allow the desired
strength of the material to be achieved across the full section.
Specifications on decarburization for the materials are found in two places,
the materials specification for "as rolled" stock, and MII-H-6875 for the
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heat treatment of finished material. In the thickness of the 4130 used for
the web of the ring the maximum allowable hardness difference between the
outer surface and the center of an "as quenched" specimen is 2 points on the
Rockwell A scale or 4 points on the Rockwell C scale. In the tempered
condition this situation could result in a local variation in tensile
strength across the thickness of approximately 15 ksi from the center to the
outer surfaces.

Generally, other parts making up the ring assembly are machined down
from thick stock, effectively removing the decarburized layer.

7.1.4 Material Tolerances.~ "As rolled" material thickness tolerances are
generally liberal. In case of 4130 plate specified for the existing web
design, the thickness tolerances are found in the Aerospace Material
$pecification AMS 2252C and are specified as: 0.250 in. +0.016 in.,-0.010
in. ,

7.1.5 Effects of Existing Material on LaRC Design Concept.- Table 3
presents the effects of only material variations on the mlm.mum section area
of both the earlier double beam and the final bushed concepts. The data is
broken out for each of the sub-areas making up the cross~section (figs. 49
and 50) as well as the total area and reflects the effect of using the
materials specified for the existing design in each of the two concepts.

The thickness tolerance column represents the effects of using stock
thickness material (where applicable) and holding all machined dimensions at
their nominal values. The % Total Variation column represents simply a
summing of the worst case conditions.

The conclusion is that the material as specified for the existing
design does not support a +/-7% area tolerance criteria for the double beam
design but that it might be useable for the bushed design.

The critical values for flaw size on the double beam concept are for
the subareas. These areas have no connection with each other except at the
bolt pads at the ends of the beams, and there is no capability to
redistribute stresses between the areas in the event of a material flaw.

7.1.6 Effects of Improved Material Cleanliness.- Within the Military
Specification System there is another quality level of steels called Premium
Alrcraft-Quality. These steels are consumable electrode remelted or
electroslag remelted steels with significantly improved cleanliness require-
ments as called out in Aerospace Materials Spec:.flcatlon AMS 2300F. The
minimum size of indication under this specification is 0.015 in. This size
is a factor of sixteen improvement over the standard specification and
reduces the Total % Variation to levels shown in Table 4.

7.2 Fabrication

7.2.1 Fabrication Tolerance Effects.- Tables 3 and 4 do not include effects
of dimensional fabrication tolerances on the critical areas of the various
concepts. For these two tables the tolerance of the "as rolled" material
was used for the 0.250 in. dimension and all other machined dimensions were
assumed to be at their nominal value. A simple analysis was undertaken to

12



determine the maximum tolerances that could be used and still maintain the

critical area for each concept within a given percentage (in this case +/-5%
was allocated to fabrication tolerances).

The most sensitive cross section in the LaRC design is shown in section
in figure 50. This section can be considered to consist of three areas
Al, Az’ and A3 For a first order estimate of the allowable tolerance, two

sinplifying assumptions are made:

o The area tolerances for each area is held to the same percentage of
area as required for the total section.

DA, = DA, + DA, +DA,
o The tolerance on a given dimension is held to a constant percentage

of that dimension.

For a single rectangular section the equation takes the form
A+ DA= (h+dh) x (t+adt)

where:

nominal area

area tolerance
nominal height
nominal thickness
dimension tolerance

ol e e Bw i g
nwnn

Solving for D:

D= 2d + d°

For the small percentages under consideration for this problem the second
order term can be ignored and

d = D/2

Therefore, for a 5% allowable area variation the linear dimensions should be
held to within 2.5% of the dimension. The results of this analysis for the
I1aRC concept are presented below.
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Area Thickness Tolerance Height Tolerance

Dimension Dimension
in. in. in. in.
Al 0.250 0.0062 0.210 0.0053
A2 0.250 0.0062 0.210 0.0053
A3 0.100 0.0025 0.780 0.0195

A tolerance of +/-0.005 in. is generally considered to be a reasonable
lower limit for conventional machining practice on a part the size of the
ring web with a tolerance of +/-0.010 in. or looser being desireable. The
thin shear web requires the closest control of thickness because of the
constant percentage assumption. All dimensions, ekcept for the shear web
height, require careful quality control to assure the areas are within the
5% criteria.

The tight tolerance on shear web thickness was considered unacceptable.
Since all other dimensions, except for the height of the shear web, carried
tolerances already close to a reasonable limit, an attempt was made to
balance the tolerances for the shear web cross sectional area alone.

By solving for the case where both the height and thickness tolerances are
the same

A+DA= (b+d) x (h+d)
where

dt = absolute dimensional tolerance

A+ DA =bh + bd_ +hd_ + d°

=A+d.(b+h +a?
DA =d.(b+h) +a’

By ignoring the second order term and solving for dt
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d, = D&/(b + h) = (0.05 x 0.078 in.2)/(0.10 in. + 0.78 in.) = 0.0044 in.

This result is still lower than desired.

A final case was run where all dimensions making up the total cross
sectional area carried the same tolerance. An analysis similar to that
shown above resulted in a general tolerance for this cross sectional area of
+/-0.005 in. as shown in figure 51 and Table 5.

The tolerance regquirement is closer than desired; however, it is only
required in the local area near the end of the ring. As the web cross
sectional area increases towards the splice area the tolerances are in-
creased up to a relatively loose value of +/-0.020 in. (ref. 15). The
relatively close tolerances on the dimensions of the ring ends are achiev-
able in practice but require more precision machining techniques than have
been used in fabrication of the existing design and will increase cost. The
"as rolled" tolerances are outside of the tolerance necessary to meet the
+/-5% area requirement, and it is necessary to machine the web thickness
from heavier stock.

For purposes of comparison, the results of a similar analysis on the
double beam concept is included on Table 5. Table © combines the applicable
material variations with the fabrication tolerances for a Total % Variation.

The +/-5% area tolerance requirement was reexamined to determine if
changes made in the design since establishing the criteria would permit the
use of a wider tolerance. In figure 52 net section stress along the web
is plotted starting at the first bolt. The indication is that in the area
around the third bolt and fourth bolt the +/-5% tolerance is still required
since stresses are still within 90% of the allowable stress of 128 ksi. It
is recommended that tolerances be held to support +/-5% of nominal cross
section area up to bolt 5. Beyond bolt 5 the area tolerance can be in-
creased to +/-10%.

7.2.2 Test Sample Fabrication Experience — A large number of test specimens
replicating various ring and geometry concepts were fabricated at LaRC from
ATSI 4130. The specimens were full size areas replicating the profile over
a two to four bolt spacing on the ring end.

Initially, the material used was 1/4 in. plate similar to that in the
existing web. The first parts were machined from annealed stock to the
finished dimensions, hardened and tempered to 180-200 ksi ultimate strength.
The results were varied, but generally there was significant warpage in the
parts. The worst problems occurred on nonsymmetrical sections where 1/4 in.
out-of-plane bows over the specimen length of 4.5 in. were noted. Improved
circulation in the water quench and other changes such as quench insertion
attitude improved the condition but not to an acceptable level. The final
solution was to harden and temper thicker plate stock and machine to the
final dimension in the heat treated state.
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A set of the more symmetrical-configuration samples machined in the
annealed state were sent to a local commercial heat treating facility. The

warpage on these parts was low enough to be acceptable.

The major cause of warpage appeared to be the water quench necessary to
achieve hardness with a shallow-hardening steel such as AIST 4130. An
unsuccessful attenpt was made to oil quench the material because of a feel-
ing that the 1/4 in. plate thickness would cool rapidly enough to achieve
full hardness. Telecons with USBI and McDonnell Douglas personnel who had
been involved in the fabrication of the existing ring indicated that similar
problems existed during production.

In search for an acceptable solution, P. Nunn, Lockheed Georgia
Company, suggested that consideration be given to use of AIST 4340 as a
material for the web rather than 4130. The main reason for the suggestion
is that 4340 is a much deeper hardening steel than 4130 and can be oil
quenched to achieve the necessary hardness. It also lends itself to temper
straightening if there is warpage. Another alternative to reduce warpage is
to use an intermediate molten salt quench before final quench to room

temperature.

An additional advantage to 4340 vacuum remelt is that it is available

in plate form. This material is then inspected to the tighter AMS 2300
specification at the raw stock level.

Finally, although there would be a problem with campliance to MSFC-
SPEC-522A, AISI 4340 can be heat treated to higher strength levels than AISI
4130 with little loss in ductility. This situation provides an added margin

in the web material.

One problem with 4340 is that, because it is such a deep hardening
steel, there is a tendency to reform martinsite at surfaces machined after
harding due to high tool/workpiece interface temperatures. This situation
can be avoided by use of light final machining cuts, sharp tooling, and
heavy coolant flow.

1aRC is procuring 4340 plate to fabricate test samples of the proposed
configuration and develop the optimum heat treat procedure.

7.3 Recommendations

As a result of the examinations into the materials and processes as-
sociated with the attachment ring, the following recommendations are made:

o Use material inspected to the cleanliness requirement of AMS 2300.
This action can be done either by procurement of vacuum remelt
plate, electro-slag remelt plate, or by selective inspection of

regular plate.

o Machine the web from heavy plate to the final thickness. This
procedure eliminates the potential of a decarburized surface layer
and provides tolerance required to maintain the web area profile.

o Fabricate the new web sections from AISI 4340 rather than AIST 4130.
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/
o Proposed fabrication process:

Finish machine part from normalized plate (except mating tang
attachment holes).

Austinitize and o0il qguench to roam temperature.

Snap temper to 400°F.
Temper straighten to 180-200 ksi.

Drill mating tang attachment holes on assenbly fixture at
McDonnell Douglas.

o Use fabrication tolerances to support a +/-5K% area variation over
the first 5 bolts on each ring end.

o Use magnetic particle inspection on material between the ring end
and the fifth bolt on each end prior to final machining, and after
final machining. Magnetic particle inspection of this area
should be made as part of the refurbishment procedure after each
use of the ring. Indications larger than 0.03 in. should be cause

for rejection.
8.0 CONCIUSIONS AND RECOMMENDATIONS

An improved concept for the solid rocket booster/external tank partial
attachment ring is presented. Design and analysis studies to support the
concept are contained in Appendices. Materials and fabrication studies have
been conducted. The ring must be carefully tapered at the ends to dis-
tribute bolt loads safely. Stress analysis shows positive margins of safety
in the ring, in the solid rocket booster shell wall and tangs, and in all
fasteners. Data has been generated from element tests to determine stiff-
ness and strength of tapered ring ends and fasteners. It is recommended
that:

(1) additional element tests be performed to confirm material
strength and fatigue behavior

(2) the concept be subjected to complete NASTRAN certification
analysis by MSFC

(3) hardware implementation of the concept be started as soon as
possible

(4) the ring ends be fabricated of 4340 premium quality aircraft
steel and machined out of thick stock

(5) certification test plans be completed
(6) certification tests be performed at MSFC
(7) rings be inspected for cracks after each flight.
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10.

11.

12.

13.

14.

15.

REDESIGN OF SOLID ROCKET BOOSTER / EXTERNAL TANK ATTACHMENT RING
FOR THE SPACE TRANSPORTATION SYSTEM

9.0 REFERENCES
Marshall Space Flight Center Handbook 505, Revision A
Interim IVBC-3 Design Ioads for Use in SRB and SRM Steel Case Redesign
and Recertification, Marshall Space Flight Center letter from EDO1/Dr.
McDonough to SA41/Mr. Smith, December 16, 1986.
MIL~-HDBK-5D, June 1, 1983
SPS Technology Part #EWSBM 26-6 and -8

Montano, J.: A Mechanical Property and Stress Corrosion Evaluation of
MP35N Multiphase Alloy. NASA TMX 64591, 1971.

Peery, David J.: Aircraft Structures. McGraw-Hill Book Company, Inc.
New York, 1950, p. 303.

Osgood, Carl C.: Spacecraft Structures. Prentice-Hall, Inc.,
Erglewood Cliffs, New Jersey, 1966, p.103.

Whetstone, W. D.: Engineering Analysis Ianguage Reference Manual.
Engineering Information Systems, Inc., San Jose, California. August
1985.

Knight, Norman F.: Nonlinear Shell Analysis of the SRB/ET Ring
Interface. NASA TM 89164, 1987.

Morton Thiockol Document TWR-16307: Photogrammetry, Sinebar,
Micrometer, and Pi Tape Measurement Systems Compared. March 18, 1987.

USBI Parts List 0170-0032 Note 8
USBI Parts List 0170-0250 Notes 8&9
USBI Parts List 0170-0016 Note 2
USBI Parts List 0179-0170 Note 11

LaRC Drawing LE 158039

13



ou) ‘Ausdiue) uoNINPoIy Isis00g 1ASN

(V0119301 IR} IT IWIAINIW IS4} 4) - LV,

$2Iny2 vive dBar| A im Qus wiog (6)

S3I90T0NHI3L 2

a3iINn

Pasaned3s J0v S4us (/)
Jul0w 23uem105J2¢ \OIY I IA IGILS 18414 (1Y)

WO1800] 1P PAIRINS $4UINSR) 5L (§)

uisap ded jo by 18433 L)
PaIeays pIlaodaa S49ud1se) )0 Aryiivenb uaumig ()
21QRICAT J0U QIA ORI 1P SJAUAVSP) JO Jaguny (2)

uo $31nyd ujem abae b $42U2]110) PIITayS JO Su0}]eI0| Joj aanb)j paydeyre 33< (1)
V- S-

- - - - . 1 - b7 T .m-m- ¢~ v t 1 127 st J19-81$
- - - - - - - . [ ] [ 1) S~ - - - | JY u— ._‘lﬂwﬁ
- - - . - . ) ’ T v 9 v @2 24 € eSS
- - - - - - :’ '- ] c FN - - - ) ’ ﬁ—mlﬂﬁw
* ° - v € ’ Lad ) 1} - - - v ’ $ 35 ¢ :-__m-m_m
SRR N TS T O 15

- - - - - - - N - - - - - - - hd
- - - v £ ) wn - - - - - - Y S UIs-SIS
- - - 1] 9 Fi - st - - - - - - - s1 015-$1$
- - - - - - - " - - - Y [ [ 1Y 1 1§-81iS
S
] 1] € ) ’ $ - 9 1 o~ o~ - - - 2} ¥ .o_o:ow-m
< - s v 3 1 - (2} - AH~ —ﬂ~. ) $ L - S 1518
- - - v ¢ c sa) ol - Y o [y 1 * 7Y cl siv-S19
- - . - - - (T TN 2 ] 4 ’ - - - M 4_“.M_M
- - - - - - - » - - - - - - - -$1
] N- N— - - - - 9 - - - - - - - [ ﬂ.wﬁ.“nﬂ
- - - - - - - 4 - - - 1) F 4 F - C 9-31$
LTS aal v 1 H . " ] € 3 - - - . ) §-S1§
- - - - - - [ N— - - - - - - - ~— ﬂh-.tmbﬂ
- - - - - - - a— - - - - - - - ' ﬂlwhﬂ
- - - - - - - ' - - - - - - - N N'ﬂbw
- - - - - - Y ‘ - - - S - - - ﬂ —'Mbﬂ

L LI OR @R / @R @A @R @A y 6
1.3 LY 21 U ”n $104) N/S 27Ny ml _ 01 __3JY___PRi s LIS L LN Y

tf PA/ mH&.ul&».EmNanmku—- we g bujy D @uderBujy ) sienBugy,  weivss buiy

SJIUISE 4 PIITINS °‘ON Jvjed MYy S4UIISNY paJrayg "ON Jivied ey LIS

SuS ONVH-LIDLY

S ONvli-1401

AYOLSIH 39YiWyd ¥INILSY4 ONTY HIVLLY 13

1 37avl

2 g
B2
e 5
- Y
& g
5

&



LB 158045
LE 158047
048
049
050
LE 418086
087
088
089
020
091
092
093
094
095
096
097
118
119
120
121

TABLE 2

LANGLEY DRAWING NUMBERS AND TITLES

[

BUSHING, TEST CONFIGURATION

WEB/CAP, LONG END, FLIGHT

WEB/CAP, SHORT END, FLIGHT

BUSHING AND INTERCOSTAL, FLIGHT
ASSEMBLY, FLIGHT

TRANSITION TUNNEL ASSEMBLY

CHANNEL ASSEMBLY

LEFT AND RIGHT TERMINAL COVER ANGLE ASSEMBLIES
LEFT AND RIGHT COVER ANGLE ASSEMBLIES
LEFT AND RIGHT TRANSITION ANGLE ASSEMBLIES
COVER PLATES

JOINT MOUNTING ASSEMBLIES

JOINT ASSEMBLY

JOINT DETAILS

TRANSITION CHANNEL ASSEMBLIES

SHIM DETAILS

ATR DAM ASSEMBLIES

TUNNEL CLOSURE ASSEMBLY

LEFT AND RIGHT CLOSURE ANGLE ASSEMBLIES
WEB CAP COVER

CLOSURE CHANNEL ASSEMBLIES
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TABLE 3

EFFECTS OF EXISTING MATERIAL SPECIFICATIONS
ON MINIMUM SECTION AREAS
Design Sub-area{ Minimum Minimum | 0.06 Max. | Thickness Total
Dimensions Area Inclusion | Tolerance |Variation
in. in."2 % Area % Area % Area
Double Beam Al 0.25x0.166 | 0.0415 - 6.8 - 4.0 -10.8
With No + 3.2 + 3.2
Shear Web
A2 0.25x0.166 | 0.0415 - 6.8 - 4.0 -10.8
+ 3.2 + 3.2
Al 0.25x%0.21 0.0525 - 5.4 - 4.0 - 9.4
+ 6.4 + 6.4
2-Bar
Bushed A3 0.78x0.10 0.0780 - 3.6 0.0 - 3.6
With 0.0 0.0
Shear Web
A2 0.25x0.21 0.0525 - 5.4 - 4.0 - 9.8
. + 6.4 + 6.4
Total Area 0.1830 - 1.5 - 2.9 - 4.4
+ 4.7 + 4.7
(1) Actual Total Area Is 0.185 in."2
Corner Radii Not Included in Table



TABLE 4

CONSUMABLE ELECTRODE VACUUM REMELT OR ELECTROSLAG REMELT STEELS
TO AMS 2300F CLEANLINESS

Design Sub-area Minimum [Minimum 0.016 Max. | Thickness| Total
Dimensions Area Inclusion Tolerance [Variation
in. in."2 % Area % Area % Area
Double Bea& Al 0.25x0.166( 0.0415 -0.5 - 4.0 - 4.5
With No + 3.2 + 3.2
Shear Web
A2 0.25x0.166( 0.0415 -0.5 -4.0 - 4.5
+ 3.2 + 3.2
Al 0.25x0.21 0.0525 -0.38 - 4.0 - 4.4
+ 6.4 + 6.4
2-Bar
Bushed A3 0.78x0.10 0.0780 -0.26 0.0 - 0.3
With : 0.0 0.0
Shear Web
A2 0.25x0.21 0.0525 -0.38 - 4.0 - 4.4
+ 6.4 + 6.4
Total Area 0.1830 (1) -0.11 - 2.9 - 3.0
+ 4.7 + 4.7

(1) Actual Total Area Is 0.185 in."2
Corner Radii Not Included In Table
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TABLE 5

EFFECT OF UNIFORM DIMENSIONAL TOLERANCES
ON MINIMUM SECTION AREAS

Double Beam With No Shear Web

Area h h t t Max/Min | % Nominal
Nominal Nominal Tolerance Nominal Tolerance Area Area
in."2 in. in. in."2 in."2
Al=0.0415 0.0166 0.005 0.25 0.005 0.0436 105.07
-0.005 -0.005 0.0394 95.05
A2=0.0415 0.166 0.005 0.25 0.005 0.0436 105.07
-0.005 -0.005 0.0394 95.05
AT=0.083 0.0872 105.21
0.0789 95.17

2-Bar With Shear Web

Area h h t t Max/Min | % Nominal
Nominal Nominal Tolerance | Nominal | Tolerance Area Area
in."2 in. in. in. in."2 in."2
Al=0.0525 0.21 0.005 0.25 0.005 0.0548 104.43
-0.005 -0.005 0.0502 95.67
A3=0.0780 0.78 0.005 0.10 0.005 0.0824 105.67
-0.005 -0.005 0.0736 94 .39
A2=0.0525 0.21 0.005 0.25 0.005 0.0548 104 .43
-0.005 -0.005 0.0502 95.67
AT=0.1830 (L) 0.1921 104.96
0.1741 95.12

(1) Actual Total Area Is 0.185 in."2
Corner Radii Not Included In Table
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VARIATION IN AREA DUE TO MATERIAL CLEANLINESS

TABLE 6

AND FABRICATION TOLERANCES

2-Bar Bushed Concept AME 2300 Level Cleanliness

Area Nominal Nominal .016 Max.| Fabrication Total
Dimension Area Inclusion Tolerance |Variation

in. in."2 % Area % Area % Area
Al 0.25x0.21 0.0525 -0.38 -4.33 -4.72
4.43 4,43
A3 0.78x0.10 0.0780 -0.26 -5.61 -5.87
5.67 5.67
A2 0.25x0.21 0.0525 -0.38 -4.33 -4.72
4.43 4.43

AT 0.1830(1) -0.11 -4.88 -4.99
4.96 4,96

(1) Actual Total Area Is 0.185 in."2
Cornexr Radii Not Included In Table
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!

LEFT HAND SRB/ET RING STRUCTURAL DAMAGE
SHUTTLE FLIGHT 61C

—

RING/MOTORCASE BOLTS - ONE (1) SHEARED ON FORWARD, THREE (3) SHEARED ON
AFT.

CAP/WEB BOLTS - SIX (6) SHEARED ON FORWARD (PAINT CRACKED TO 13TH

BOLT) ONE (1) SHEARED ON AFT.
(CLOSEQUT ANGLES SHEARED OFF ON BOTH SIDES)
(THIS IS FIRST FLIGHT THAT CAP/WEB BOLTS SHEARED ON THIS END OF THE RING)

+7

LEFT HAND E.T. RING
(LOOKING FORWARD)

+Y

-1

CAP TO WEB BOLTS - FORWARD - FIVE (5) SHEARED, PAINT CRACKED TO EIGHTH BOLT
AFT - FIVE (5) SHEARED, PAINT CRACKED TO NINTH BOLT

Figure 6.
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+Y

TRANSITION TUNNEL EXISTING ET-RING
MSFC/WSB1

LaRC INTERFACE ‘
TUNNEL
SEGMENTS (3)

LaRC WEB/CAP

S.R.B. MOTORCASE

EXPANSION JOINT

-1 SYSTEM TUNNEL ASSEMBLY

- =
Figure 12.
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SEAL
Figure 13.

41



YZLTN 0DBVS-QSWd

"1 dunbi4

{6L6L Ainp) Aaibue ysyN

J3aNIWH313d 38 Ol - qagl

TVSOdOHd IONVHO ONIHIINIONI - 493

$3i0N
T A I I R R ¢ 300Hd OHGAH]SY
- n PO ‘ oo P T e e e e e e s . [ PR i s
! : ! | | ﬂ A i s1831 6 wa vz
f . ' . ’ * e e e olzr wm&mf F L Vo b h | — i o
e @_ 49 vidl o ¢ S183L VidL [eg]
[ P s Eﬁm, ¢ <»m e |} VLS 1430 € viS ONI TVLLHVd gg]
C R\ = = . ONIE 1IN4 € VIS)z
— b V F FLILO vl e . —e b e e N — K “ |
_ p ! 1360 geC O M : 1831 S3r 14visigz
. . 4 - . + . . . . . ,~ + . . . M . + . - . P
i _ | _ ' 6l
b Aom———1 | _ + o ININNYLSNI D4SN[g(]
[ Pt IR C o R | ONIY WWILHYd HIAITEA GAOW| 4]
_ ﬁku ! RN R 4
L - . e . . . . 4 . . . . . O PR + N . . i ‘ 4 ‘ ) B B . e an s R
. | . ! o . Co ~ 319W3ssY adOW|g |
o o b 7 ae— . 1 @v4 ONIY VNI GaOW (g,
NN . . e -y by . RN I . T - . R gl
] ; . | o MVAU “ B 3UNO0Ud ¥ NVd 0QOW w1
. . 4 + - + . I3 P . e 3 . . : & . . i . . . e —
T | ., w m H | Nv B L i LOVHINOD GGONW g
o e PO . . . . o LR T S S SR S 1\1
| ~ v , _ ! ‘ | A= * i ] i JUVMGEVH DNIH 8vd mE (4}
b s e PO - i t . . 4 PR - e 4 : . + . e , . . e [ S——
. . R ~ . P, # s m _ ﬁ - __ A 4 q n » * Lod ot e e s —+ h—‘ T, M—.—
; | [ “ , A , S
b e e 4 4 e e e .4 Lo 4 i + w . . . e PR S S s BB e #r..i
_ AR A B . 5= | P L* “M3IA3Y 493 NI 945 | 6|
T Tt F : H SR I M . A ———do3sw/oum o314 viva TvNId ‘d3tid|g
T B SR s A\ 3 | o4sw sONIMVHG TVNIS “d3ud | £
... ... . b . .. H P e N . m ,@1
. oL A R . _
! - _ ! M b » E “ OHe1 OYd Viva ‘Wi3dd ‘'d3Hd]| ¢
R M | | ! . o R - | MMouel SONIMYHA WT3Hd d3Hd|y
- ‘ . PO g ——— N PR S N i Vo L4
M “ _ | P o M3IA3Y SNLYLS O4SH| g
. e . b+ e e - PR B ‘ B A u_ & . w P ﬁ * w s ﬂ _ﬁ _ . o LT!NI.
. J e R &
AC e - 1HOddNS JHE[ (]
N . N P S S S S . Lo ) P " MJ % TR
NIIM
NNr | AVW | Bdv | HYW ) 834 | Nvr | 53d AON | 150 43S | onv nr HINOW SINOLSIUW
8861 186} vIA
Loren o mE 3INAIHOS Q3ILYWILST s
sowwr yogos v | 1HO443 NOIS3IaaH R—
T wADHAdY 1INQIMIS TuNIfIND I ONIH ._.ZNEIO<.F._1< MNVL "1X3 SIS YILNID HOUVISIY AFTONVT




Z

4 74 v W 0. W © A v

| s v wn

"GT 94nbL4

e _ ~
1 ~
e
p *
14
41
4 - |
1 -
.+ = = E
" - 11H
.\“\ | {4 ~ D
nluign H
g [ 4+1 \ﬁ
-
gt
[

.\_é\,_‘._

I~ _
- d !

s L 41 1
Sw
1 S
- - -+
- -

414 In
[~ ¥
(L]

T3AOW LNIW3TT3 31INI4 ONIH VILHVYd

43



*91 aunbL4

v

WHO4NV1d §3M - 13A0NW HNIH vildvd

44



‘LT 9unb1y
wauodwo?n) peo |epey

Juauodwo) peo [eixy < -

=d

1sd 216

13A0W LININ313 3LINIS ONIH HOVLLY MNVL TVYNHILX3 HOd4 SGvO1 A3INddv

45



*8T aunbr4

hﬁz_m TVILHYd HO4 3SOHL 40 %! NIHLIM S3SS3HLS ONIH TINd HNPOO

v
'pL p'8L
, TIVM 3SVD Js\
) onvL
CEL Junssayd 40 )
A
aNv viavy ..,. JUNSS3Hd vIavy
N a5
IS L'SP 9'pS

(Isdzi6)
ONIH TVILHVd NI S3SS3IHILS TVILNIHI4AWNOHIO




"61 24nb14

g

47

a
y'ect o'6El 9'gEl
ul m\.v.u; i
2'8el 6'0vL 9'8El
’ v'0El L'SEL 98¢l
U1 6625=1 Q- 6°0Ct | L'2ct pGel
- 0Ll eLiL SpLL
- G501 | 9'€0} Svil
urgs=) ¢ |-
1851 § 020l L1'101 SphiL
w 8’10t L'101 Syil
g g Auo usuodwod jeixe uonn|os
\ juauodwod |eipey snid jeipey jeonkjieuy
IS} ‘SS3HIS

( aunssald [eusauj isd 216 )
13AOW HNIY TVILHYd 40 T13HS NI SISSTHLS TVIINIHIJINNDHIO



"0 a4nbLy

v | g0+ L'96 656 IXVIN GIM
VM 3SV0 £0- 28l 8L
ONVL G0+ LS 2.8
L+ bbS €S
h 8°0+ 8'2S ¥'25
———-gdM — —
g0+ AL 8'0s
g0+ L6y £6p
dvo gL+ g'sy 1'GP
] %V ol piet YA , ol pat oON
v
Is% ‘SS3YLS

(aanssaud jeusaiu) 1sd 216 )
S3SSIHILS HNIH TVILHVYd NO LNIOr a1314 40 103443

48



*12 8unbL4

0
-
.00
-t
-
.
Y
s
L}
| 2 -~
¥
ey
v Iev
--
.-.
e
° p
' nd
. .-l
. . .
...- LN P
4
v
1 11
-

JeauljuoN/Ieaur] = (ur) uondayeq [epey

(1sdzi6)

FHNSS3IHd TYNHILINI OL 3NA TIAOW DNIY WVILHVd NO SINIWIOV1dSIa Tviavy

49



99+

£e-
1A s

A
G'9+

b9+

% v

‘22 ?4nb L4

juauodwod yoes 10} usAIB u/xen+

siuauodwod [eixe pue jeipe) ‘ainsseid [ewssiut isd 216,

evs 8'0G
6611 ootl
609 TAVA]
o8ty L'Sy
JeaulluoN Jesur
1S¥ 'SS3HIS

.S171NS34 SS3HLS 40 AHYAIWNS - ONIY TVILHVd

g3IM

TIWM 3SVO

ONVL

dvd

+usuodwo)

50



"€ 34NnB L4

pUIBOSL'=] U1 /28=Z ZUI9I199'=Y : .Nnnwﬂ + NM_
rANAL VA G561
06'02- ‘8YE6 ‘81811
9/°L- "vEL6L "Sr¥98
%'Y HVINITNON HVINI
NOILYOO1 SIHL LY d34NSYIN SANTVA j<l/ I

ONVL
g3M

ND

(1Sd 216) 93M 40 N3 LV ONIAN3E ONVL VOO

-—=-0

VN
s 0

Jal-ut ‘AN

Jai ‘zd

51



"pg 94nbLy4

s)oq 02 =N
000'9061 = (000'0})N
000‘01 SauIed )joq yoea swnssy

000'96 = SPEO| }10q jO WNS

speo- ._oml/
dl 000°96+=1d ~ 73 I.rl.rllylvl.\v-.vw\...\...

52

N:_ §9

. 9o
Q1 000'61S oY
=%d al 000°5LZ=Hd
. lHeMm lidys \
e ealy 9AR29})3
Ul 95°€ — pawnssy
IS =S I.\ IS =SS0
| 1S4 08 = 50 don 7 Y ObL
m 1S4 6§ = 10

(1sd g16=d)
SISATVYNY AvOl 1109 DNVL DNIH a3idindiNis




‘GZ 2unbL4

Sy , [ - W 43 g Sy , W
¥+ Y d v+ Y
- -1 _ Ul Ul
T - 0J u.3(oq = Y33 =""d s
ﬁ v (3104y) Ly Uy 34 .
w< + i - :._< . uun_ m< 6 o)
[ - Uy uatoqy, "y + "7N)3 u

Sy + Yy)lag = 3y
S T -uw S ul
v+ v vy,

1 - E< - E<

mua-Em-Emuf:S& :mcmm,,mc:autm

IIEM [I3US ) suoneson iod

us B
d g P ° ° d
Ul < Buy . :
P ug |
(Lv14) IN3IWD3IS HNIY a3z1vaal -
ALTGIX3d OV HVYIHS.. ONIY ON-
ALITGIX374d 1709 ON-
:SNOILINNSSY

SISATVYNVY ONIH d3idINdiNIS

53




"9z unbt4

us, - .
S |
us,

s, . ud "l
V+ ¥ V3
mmm'ﬂlu.—am% pue ﬂ'u:;w
v d
u My
(T+u)q ug s — Y79 = "™
tq, I _ ] (1+u)q 1oug, v uJ M 7
d ¢= d 3 + d—3 T Y " q
.—D&Ml%h—.& }_.T ¥“Cn—¥
Uy

us us m$m

suoineso jog

us, 2 N9US —~
us .

@ —@

uil (4 Y ! Buy

:Lw

ALITIGIX31d 1708 ANV DV HYIHS. DNIH S3IANTONI
SISATVNVY OSNIH a3ididNIS

54



"£Z d4nb4

‘_QDEDZ ljog

o€ Gc 0¢ Gl Ol G

| ) 1 | 1 | 1

(suondwnsse 1joq pibu)
Buu ,wnwndo,

31140Hd H3dVv.l v3dv HDNIH Vi3

V)

14

(Ju) eaiy Bury

55



82 3unbL4
Jaquwnu jjog

(0] Ge 0¢ Gl Ol G 0
=g aay T _ _ T

000§

56

00001

wnwijdo,

n

(A1) peoT

-{000S
(NVHLSVN)

Buia m::m_xml\

-40000¢

Savol 1109 DNVL




A2 34nb1y

laqunu }jog

o€ G¢ 0¢ Gl Ol ] o)
J | | | ! |
-1
- v
-
s|skjeue 2
11oq piB1y wouy ejiyoud
I/ 42z \ml.
I
1€
Alqixe)y yjjoq pue -
.08l 1eays, Buipnjou aj130ad
dy

ALITIgIX374 L1708 ANV ,DV1 HYIHS, DNIY S3ANTONI
371140dd v3dv a3idiaoOn

57



"0€ dunbL4

laqunu }jog
o€ G¢ 0¢ Gi (0] 8 S

J 1 I I | 1

sisAjeue }joq.

” - T Mwlhvilvilwvil v wilviiviiw,
.........

Ajnqixeyy jjoq pue
.Del 1eays, Buipnjoul ejjjo.d

ed

0002
000V
0009

0008

(ql) peoj jog

00001

000ct

ALIT181X374 1708 ANV ,DVT HY3HS, DNIY SIANTONI
SAavoT 1709 ONVL a3ldla3dd

58



‘1€ dunbly

(SSEE=SSSssssssss
!

T3dOW HVYNV1d d-¢

59



3-D PLANAR MODEL
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Figure 32.
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APPENDIX A
LOADS

REF: (a) MSFC internal Leffér from EDO1/Dr. McDonough to SA41/Mr. Smith,
"Interim IVBC-3 Design Loads for use in SRB and SRM Steel Case

Redesign and Recertification," December 16, 1986.

(b) MSFC Report SE-109-142-2H, "Solid Rocket Booster Venting
Analysis,” Revision A, July 1981.

Reference (a) defines loads which are to be used in the steel case redesign
and recertification at MSFC. These same loads are also being used in the aft

ET Attach Ring redesign activities at LaRC.

Reference (a) defines worst case internal forces and moments grouped in flight
events as a function of SRB X-station. No time-related data is available;
hence, an interpretation of the information is necessary and helpful for
application to the effort currently ongoing at LaRC in support of the SRB ET
Attach Ring redesign and SRB Aft Skirt evaluation. Emphasis is placed on an
interpretation of data to assist the structural analyst and designer in
obtaining the worst case set of loads. Since both the ET Attach Ring and Aft
Skirt are large and complex structures, no one set of loads may be sufficient
to completely design either structure. Therefore, the designer and structural
analyst must work together with the loads analyst in designing and assessing
these structures. This understanding of loads must also be used in the
development and application of loads for certification test purposes.

The SRB motor case's radial growth due to pressure was initially examined
based on the longitudinal internal force of:

FX =p “RZ
where p = 912 psia
R = 72.50 in

or Fy = 15,600,000 1b

This value of longitudinal internal force does not account for the thrust
and inertia loadings which will tend to reduce the 15 million pounds. The
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roll maneuver is the event where this peak pressure occurs; hence, it has been
the event or period in flight for which the structure has been analyzed.
Specifically, the largest "local" pressure creates the largest radial growth.
This radial growth is reduced by the Poisson effect of the longitudinal
internal force (an increase in longitudinal internal force reduces the radial
growth). The formula for radial growth in a cylinder subjected to both
circumferential and longitudinal stress is given by:

S8R = (R/E) x (S1 - v S2)
where R = radius of cylinder
E = modulus of elasticity
S1 = circumferential stress
S2 = longitudinal stress
v = Poisson's ratio

Inspection of this relationship shows that the circumferential stress due to
internal pressure tends to increase the radius (and the circumference) of the
cylinder and the longitudinal stress (tension) tends to reduce the radius.
‘Therefore, if we examine the case radial growth using the longitudinal inter-
nal force of 15 million pounds rather than a reduced value, the analysis of
the ET attach ring is non-conservative. The design case should in fact use
the proper longitudinal Fy.

Reference (a) presents design forces and moments for six flight events,
beginning with SSME ignition and ending with SRB separation (no water impact
loads are presented). For each of these events, in addition to pressure vs.
SRB station, data is presented as "largest" and “"smallest" beam-type internal
forces and moments (Fy, Fy, F;, My, M/, M,) as a function of SRB X-station.

Thrust, internal pressure, change in mass due t¢ motor burning, gust wind
loads and aerodynamics are considered in determining these loads for each
event. Families of transient response analysis represanting each of these
six events are performed which develop the "beam type" internal forces and
moments. MSFC develops the finite-element models for the SRBs and external
tank and JSC develops the FEM for the orbiter. Rockwell International, Inc.,
integrates these models and performs the transient response analysis at their

Space Division.

Some of the structural analysis which is currently underway at LaRC is
simplified and makes use of only the internal case pressure without
considering the effects of a longitudinal force component. More complete
analysis is also being performed at LaRC using FEM techniques applied to a
portion of the SRB motor case which includes the "tang" ring. During the roll
maneuver event, the local internal rocket case pressure is maximum. The
following procedure is used to obtain a “complete" load set.

Reference (a) gives the largest internal SRB pressure as 911.8 psia

[reference table Al, attached; table 3 in reference (a)] occurring at 18
seconds into flight, or during the roll maneuver. This is a three-sigma value
and should be used (after an adjustment for the ambient pressure of 13 osia)
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in the design and testing. Figure Al [figure 4 of reference (a)] shows the
coordinate system used to define the forces and moments. Positive forces and
moments are shown positive on a "left-face" (the face of a segment of SRB case
where the SRB X-axis is pointing inward) of a segment taken from the SRB. F,

is designated as SHEAR X on figure A2 [figure 3-1 of reference (a)]. The
values of F, (at SRB-station of about 1504) range from 13,000,000 pounds to

13,500,000 pounds in tension. F, has an uncertainty factor of 0.05 [note that

the uncertainty factor is given for each event; for the roll maneuver, see
section 3 of reference (a)] which is accounted for by adjusting the extreme
values by 0.05. The design values to use are:

Fy(min) = 0.95 x (-13,000,000 1b) = -12,400,000 1b

-14,200,000 1b

Fy(max) = 1.05 x (-13,500,000 1b)

Note that the lower value of -12,400,000 Ib is significantly different from
the -15,600,000 1b calculated using the formula:
Fx = p nR2

The remaining beam-type internal forces and moments given for Fy, Fzs My My,

M, are found on figures A3 through A7 [figures 3-2 through 3-6 of reference
(a)] for the right SRB. These forces and moments are adjusted from those

values read from the figures by 0.05 (uncertainty factor for the roll
maneuver) and are summarized below for the SRB X-station of about 1504.
-14,200,000 < F, < -12,400,000 1b
-122,850 < Fy < 112,350 1b
-92,400 < F, < 18,900 1b
-4,150,000 < M, < 340,000 in-1b
24,700,000 < M, < 36,200,000 in-1b
-44,100,000 < M, < -34,200,000 in-1b
To understand the relative importance of these forces and moments, consider

their effects on stress and radial growth of a cylinder with the approximate
dimensions similar to those of the SRB case, where:

84



R = 72.5 in p = 912 psi

t = .45 in Fy = -12,400,000 1b

I = 7R3t = 538,737 in? Fy = -122,850 1b
J=2x1= 1,077,473 in4 M, = -4,150,000 in-1b
E = 30,000,000 1b/in? M, = -44,100,000 in-1b

G = 11,000,000 1b/in?
v = 0.3

For the example loadings, the stresses are found to be:

S1 = Circumferential stress = (p R)/t = 146,933 psi
S2 = Longitudinal stress = -Fy/(2nRt)

= 60,491 psi (tension)
S3 = Average Shear Stress = -Fy/\ZnRt)

599 psi (max.)
S4 = Bending Stress = -(M, R)/I = 5,935 psi

S5 = Torsional Stress = -(My R)/J = 279 psi

SR

(R/E) x (S1 - v S2) = 0.3097 in

By inspection of the above numerical results, it is clear that the
circumferential stress due to pressure and the longitudinal stress are much
larger than the stresses due to "shear," "bending," or “"torsion."

The ahove is a description of how the information in the reference should be
interpreted to obtain maximum/minimum forces and moments at a section. Since
that information is event-grouped or relatec as opposed to time-phased, and
since the external forces and moments are nect readily available, it is not
possible to construct a "free-body" diagram which is in equilibrium from the
referenced data. To do so will require us to obtain and examine the data as
a function of time.

To evaluate the stresses in the ET attach ring/SRB case fasteners, a
finite-element model of the ET attach ring and a portion of the SRB case are
required. It must have sufficient modeling detail to accurately describe the
structure. That Tevel of detail should include provisions for inputing strut
loads as well as the internal pressure. One end of the model is properly
restrained with the other end having forces and moments imposed (7y» Fy, Fzs

My> My, and M,) which are obtained from the figures of reference (a) for the
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case being examined. For example, the forces and moments applied to an end of
a FEM which started at SRB X-station 1550 for the roll maneuver (uncertainity
factor included) would be:

F, = -12,400,000 1b

F, = -121,000 1b

F, = -99,000 1b

M, = 300,000 in-1b

M, = 32,000,000 in-1b
M, = -38,000,000 in-1b

The other end of the FEM would be properly restrained. Strut loads in KIPS
are given in reference (a) for the roll maneuver event [uncertainity factor
included, struts identified on figure Al, figure 4 of reference (a)] as:

77 < p8 < 112
138 < p9 < 147
-117 < p10 < -79

These strut loads as well as the forces and moments listed above for X-station
1550 are not time-related. Therefore, all combinations of the strut loads
must be evaluated with combinations of the end forces and moments. To these
forces and moments, the internal pressure of 898.8 psid is added.

Bending stresses due to moments My and M, vary as a cosine function from

their respective peaks. Theta (©) is in the SRB y-z plane and is measured
from the y-axis using a right-handed rule. Moments are interpreted for use in

FEM application by adding their contribution to Fy per unit of circumference.
The total axial load per unit of circumference is Ny and is the sum of F, per

unit of circumference and the moment contribution. Stated mathematically,
the distributed axial load as a function of theta is:

Nx(0) = (Fx)/(2nR) - (My/nR2) x cos (90° + @) - (Mz/7RZ) x cos (o)

Aero loads are added directly to the ET attach ring based on a dynamic
pressure of 100 psf which produces an ET attach ring drag load of about 3,000
pounds for the roll maneuver. Aero loads are obviously larger during the
high-q flight regime while other event-related loads are less.

The ET Attach Ring assembly itself is a pressure vessel and can be subjected
to an internal pressure of 15.2 psid during ascent. Pressure, both “burst"
and “crush", are defined for other conditions throughout the entire SRB flight

in r~eference (b).
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In summary, the beam-type loads and SRB case internal pressure loads are
defined in reference (a) for use in the design and evaluation of modifications
to the SRB ET attach ring. This letter gives an example of how to use
reference (a) as well as stating a specific set of loads occurring during the

roll maneuver flight event.

Thomas C. Jones
4508
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TABLE Al

HPH L ICHT-WEIGHT HOTOR
AT MCOP OPLRATING CONDITION _
Al 90 DEG F AND AM INCRLASL IN BURN RATE 'TO ¢3 SIGMA CONDITONS

secccccscncvacscaa X LONGITUDINAL LOCATIONS cvecaccecaccasacanceanes

NOZZ2LE
TIME ws. N $10.0 831.9% 17115 1491.9 1577.5 1816.7  STACNATION
HECADEND WD DOME F/FC JHT FC/AC UNT AC/A JNY AFT FACT AFY DOME  PRESSURE

ceceecansencacsaeceaces CHANOER PRESSURES (BRI conmn el

0.2 460. 4 467.9 431.9 440.8 431.1 431.0 036.0 304.0
0.% 940.0 9318.7 860.1 842.5 808.8 808.1  823.8 721.2
0.6 1012,2 987.2 9211 811.2 824.4 823.5 847.4 898.6
0.8 1014, 4 1002.2 91a.5 889.7 8uh. 4 84).6 066.6 903.4
1.0 1007.1 1006.0 945.4 898.6 853.1 854,13 816.2 8917.6
2.0 995.8 993.9 1.7 891.6 856.4 855.2 815.6 898.1
4.0 98h. 1, 983.1 9117.8 8968.0 860.4 858.9 816.5 902.0
6.0 9808.1 981.6 9471.9 911.4 818.1 81h.8 890.13 919.)
8.0 986.1 965.7 952.0 918.9 089.2 868h.8 891.9 924.7
10.0 985.1 asu.9 9%6.1 926.1 899.0 894. 1 905. 4 910.0
12.0 962.0 981.7 956.7 929.6 904.6 699.9  909.% 932.1
18,0 915.4 915.2 953.5 929.0 906.0 901.3 909.5 930.2
16.0 971.% 974.3 952.2 930.0 - 908.8 904.) 911.2 930.1
-18.0 968.7 968.5 951.7 911.5 911.8 907.5 913.4 931.0
20.0 960.2 960. 1 945.9 927.6 909.1 905.1 909.9 925.9
22.0 924.% 921.4 910.1 894.1 8177.1 873.2 876.9 891.0
24.0 885.9 485.8 816.8 862.1 8hl. ¢ 8413.5 846.3 858.17
26.0 856.9 856.8 819.6 837.1 822.8 a19.4 821.4 012.4
28.0 831.7 831.7 825.8 814.8 801.5 798.3 799.7 809.6
0.0 808.3 808.3 803.6 193.7 781.5 178.4% 179.3 788.3
32.0 766.3 786.3 782.5 7713.8 162.4 159.9 760, % 768,1
3h.0 164.9 164.9 162.0 7154.2 Ju3.7 41,0 .2 Tha. N
6.0 145.8 745.68 143.5 7136.6 126.0 124.2 724,2 7110.17
38.0 127.6 121.6 125.9 119.7 110.6 108.2 108.0 113.9
4%0.0 712.9 712.8 711.5 706.0 691.5 695.2 694.8 100.3
k2.0 101.0 101.0 699.9 694.9 687.0 68h.8 68h.3 609 .4
ha.0 690.1 690.1 689.2 684.8 611.3 615.2 614.5 619.2
46.0 616.0 616.0 615.2 611.0 664.0 662.0 661.1 665.8
48.0 664.6 664.6 663.9 660.0 653.4 651.6 650.8 653.1
50.0 666.9- 666.9 666.3 662.6 656.3 654.6 651.8 651.9
2.0 612.1 612.7 612.1 668.6 662.6 660.9 660.1 664.0
4.0 611.8 617.8 611.1 673.9 660.2 666.6 665.8 669.6
56.0 603.4 6al1.4 682.9 619.7 6714.2 612.1 611.9 615.%
36.0 681.9 681.9 6817.4 684.4 679.1 611.7 616.9 680.)
60.0 692. 692.3 691.8 689.0 664.0 682.6 681.8 685.1
62.0 695.8 695.8 695.4 692.7 681.9 6086.6 665.8 669.0
64.0 699.2 699.2 698.8 696.2 691.7 690.4 689.6 692.17
66.0 701.1 701.1 700.17 698.1 693.9 692.7 691.9 694.8
68.0 102.2 702.2 101.8 699.5 695.3 699.2 693.4 696.2
10.0 702.5 102.5 102.2 100.0 695.9 694.9 694.1 696.8
- 12.0 696.1 696.1 695.7 691.6 669.17 6088.6 681.8 690.6
4.0 618.) 618.) 611.9 615.9 612.1 611.0 670.3 “673.%
16.0 661.8 661.8 661.%5 659.5 655.8 654.8 65u.1 656.9
18.0 6u2.3 642.3 642.0 640.0 636.5 615.5 63u.8 6371.1
60.0 619.1 619.1 618.8 617.0 613.17 612.1 611.9 614.9
62.0 600.1 600.13 600.0 598.2 595.0 594.1 $593.4 596.)
84.0 591.2 591.2 590.9 589.2 $86.1 585.2 584.6 587.4
86.0 574.9 574.8 574.6 $73.0 $70.0 569.1 566.6 571.}
88.0 551.9 553.9 553.7 952.1 5u9.2 548.4 5u8.0 $50.6
90.0 539.0 539.0 538.8 531.1 5344 533.6 533.3 535.
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APPENDIX B

GLOBAL, LINEAR AND NONLINEAR STRUCTURAL ANALYSIS

INTRODUCTION

In this appendix the global finite element models and analysis results
which contriluited to the LaRC External Tank Attach (ETA) ring redesign effort
are described. The analysis is considered global because the entire ETA ring
as well as the portion of the Solid Rocket Motor (SRM) case where the ring is
attached is modeled. Other finite element analyses which deal with local
regions, such as the end of the web, were also performed and details appear in
other appendices.

The finite element models described in this appendix are also considered
to be simplified models because they do not contain structural details such as
H-fittings, splice plates, intercostals, or tang-to-web and web-to-cap bolts.
These simplifications have been made to reduce computer run times while
retaining the basic physical and mechanical behavior of the ETA ring as well as
its interaction with the SRM case so that only details which affect global
behavior are studied. 1In particular, it is desired to understand how stresses
are developed in the ETA ring when the SRM is pressurized. Finally, stress
results obtained with the global model are used as input for some of the local
analyses described in other appendicies.

ANALYSIS

Loads

The design loads defined in Appendix A correspond to the Shuttle roll
maneuver, at which time the pressure inside the SRM is 912 psia. The intermal
rocket pressure can be resolved into two components, a radial component and an
axial component as shown in figure Bl. The axial load component is a result of
the internal pressure acting on the forward dome and tends to elongate the
rocket.

One effect which needs to be understood and quantified is the loading
induced in the ETA ring due to the axial load component. A stiffener attached
to a plate, as shown in figure B2, is given as a simplified representation of
the ETA ring attached to the SRM. When the plate is loaded in tension parallel
to the stiffener (as on the left side of figure B2), the poisson effect causes
the plate to contract in a direction perpendicular to the loading which does
not add any load to the stiffener. However, when a tension load is applied
perpendicular to the direction of the stiffener as shown on the right side of
figure B2, the stiffener restrains the plate from contracting. Thus the
poisson effect now causes a campressive ‘load to develop in the stiffener.
Similarily, the axial load component in the SRM will induce a compressive load
in the ETA ring due to the poisson effect ard the importance of this effect
must be assessed.

Finite Element Model

The simplified finite element model developed for the global analyses is
shown in figure B3. The partial ring shown is the existing design which was
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flown on flight 51-L. For ease of modeling, a plane of symmetry is assumed to
exist between the two webs of the ETA ring and thus, only one web and half of
the cover plate is modeled as shown at the top of figure B3. The total length
of SRM case modeled is 34.4 inches, which is long enough so that the stresses
in the free shell away from the web agree with the theoretical solution for an
infinite cylinder with internal pressure loading. The average radius for the
SRM case, or shell, wall is 72.8 inches. The thickness of the case wall in the
region of the attach ring is 0.58 inch and in the free shell away from the
ring, 0.479 inch.

The finite element model is comprised of five components; the SRM case
wall (shell), the tang, the web, the cap, and the cover plate. All five
components are assumed to be made of steel and have a Young's modulus of 30.0
million psi. The finite element model has approximately 13,000 degrees of
freedom and 2517 elements grouped as follows: the cap is represented by 137
beam elements; the tang is represented by 191 beam elements; the case wall is
represented by 1528 plate elements; the web 1is represented by 520 plate
elements; and the cover plate is represented by 141 plate elements. The cover
plate has orthotropic properties giving it stiffness in the booster
longitudinal direction (which prevents the two webs from deflecting laterally
relative to each other), but no circumferential stiffness (so that it does not
add to the hoop stiffness of the ETA ring). Since tang-to-web and web-to-cap
bolts are not included, the model represents a one piece structure (that is,
acts like it is welded together).

The boundary conditions at the top of the model (at the cut between the
two webs) are chosen to make the R-theta plane a symmet.y plane. At the bottom
of the model (the free shell end), radial and axial displacements are allowed
while circumferential displacements are constrained. An internal pressure of
912 psi is applied to the inside of the booster to give the radial load
component. The total axial load on the booster corresponding to 912 psi is
15.1 million pounds. The total axial 1load is applied as a lineal load of
33,078 1bf/in in the -Z direction around the circumference at the free end of
the shell.

A finite element model was also constructed for a full (3600) ETA ring
concept. The details of this model are the same as those described for the
partial ring concept, except that the tang, web, cap and cover plate completely
encircle the SRM case. The full ring model has approximately 13,500 degrees of
freedom, 360 beam elements and 2340 plate elements.

Linear Results

Figure B4 shows the circumferential stresses in the partial ring model due
to an internal pressure of 912 psi. The stresses shown are taken at the
section labeled A-A on figure B5, a point which is located in the portion of
the ring midway between the two ring ends. Globally, the maximm
circumferential stresses in the cap, web, and tang occur at this location.
Stresses are shown in these components for two load cases: (1) the radial
component of pressure only, and (2) both the radial and the axial pressure
components. The compressive stress induced by the poisson effect discussed in
figure B2 reduces the stress 1levels in all of the ETA ring components by
approximately 18 percent.

Similarily, stress results are shown in figure B6 for the full ring model
at the section A-A shown in figure B7. The maximum stresses in the cap, web,
and tang are almost identical for the full ring and the partial ring models.
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The full ring model also shows an approximately 18 percent reduction in
stresses in the ETA ring due to the poisson effect induced by the axial load
component.

Circumferential stresses in the partial ring model are shown along the
length of the shell at section B-B (see figure B5) in figure B8. Ilocation B-B
corresponds to the section of case wall where no ring exists and is midway
between the two ring ends. The boundaries and thicknesses of the plate
elements making up the shell are indicated and the ETA ring is attached at the
boundary between the second and third element from the top. Stresses for 912
psi internal pressure are given for the 2 load cases; the radial pressure
component only, and both the radial and axial pressure components. These are
compared to an analytical solution for the shell (stress = pressure x radius /
thickness). As expected, the axial load component has negligible effect on the
circumferential stresses in the case wall. In the vicinity of the ring
however, the case wall circumferential stresses are reduced from those
predicted by the analytical solution by approximately 10 percent whereas away
from the ring, the finite element and analytical solutions agree to within 1

In the actual SRM case, the center of a field joint is located 19.5 inches
from the midpoint between the two webs of the ETA ring. A simplified
representation of the field Jjoint is added to the partial ring model to
determine the effect of the field joint on ring stresses. The field joint,
represented by an annulus with a width of 6 inches and a thickness of 1.1
inches, is centered 13.5 inches down from the tang. Because of the symmetry
boundary condition imposed at the top of the model however, the actual
situation being modeled is one where a field joint is on both sides of the ETA
ring. Figure B9 shows the circumferential stresses at section A-A of the
partial ring model with and without the field joint present. The presence of
the field joint has little effect (<2 percent) on stresses in the ETA ring.

Nonlinear Results

A geometric nonlinear analysis using full Newton-Raphson integration was
also run for the partial ring model for the 912 psi intermal pressure loading
case. The nonlinear analysis allows the bending stiffness due to membrane
stresses in the case wall to be included in the problem. The purpose of
running the nonlinear analysis is to assess the effect of this added shell
bending stiffness as well as to ascertain if any unforseen nonlinearities
change the solution significantly from that obtained in the linear analysis.

The deflection shape of the partial ETA ring model (as viewed along the 2
axis) is shown in figure B10. The linear and nonlinear radial displacements at
various locations around the shell are also shown (the displacements shown are
given at the location along the shell corresponding to where the web is
attached). The nonlinear displacements at the two ends of the web are
approximately 8 percent larger than the corresponding linear displacements.
The largest difference between the 1linear and nonlinear displacement is
approximately 23 percent and occurs at a location one fourth of the way between
the two ends of the web. The partial ring deflection at A-A for the linear
(.149 inch) and the nonlinear (.140 inch) solutions can be compared to the full
ring linear displacement which is .141 inch.

Stresses in the various components of the partial ring model are compared
for the nonlinear and linear cases of a 912 psi internal pressure load in
figure Bll. This figure summarizes the global stress results in that only the
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circumferential stress at the center of an element is included for the plate
elements, and only the axial stress for the beam elements is included. For
each component, all of the stress results are scanned and only the maximum, and
or minimm are given, with no reference to location in the model. The figure
indicates that nonlinearties have a small (<8 percent) effect on global
stresses.

Iocally however, nonlinearities can have a slightly larger effect on
element stresses as shown in figure Bl2. In this figure, the maximum stress in
the tang at the end of the web (on the end where the cap does not go all the
way to the end) is shown. The nonlinear solution gives a 7.8 percent reduction
in the tang axial load (consistent with the results shown in the previous
figure) and a 20.1 percent reduction in the tang bending moment. Thus the
maximum stress in the tang outer fiber is reduced by 12.1 percent.

CONCLUSIONS

In summary, the following conclusions can be drawn from the analyses
presented in this appendix:

1. The maximum stresses in the ETA ring are the same for the full ring
and partial ring concepts.

2. The field joint which is located near the ETA ring has negligible
effect on the ring stresses.

3. Nonlinearties have a small effect (<8 percent) on stresses globally,
but can have a moderate effect (on the order of 12 percent) on local
stresses.
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INTRODUCTION

The existing Space Shuttle Solid Rocket Booster (SRB) external tank
attachment (ETA) rmg includes two different tapered end designs. Both ends
exhibit high loads in the web-to-tang and web-to-cap bolts due to insufficient
taper:.ngofthewebardcapcrbss—sectlons 'mepnmarygoalofthlsredeslgn
effort is to develop a tapered design for the ETA ring which has bolts loaded
well below their limit values while maintaining acceptable stress levels within
the web and cap. The analyses that have been developed to optimize the cross-
sectional area taper profile of the ETA ring are discussed in this appendix
along with a summary of the appropriate design loads applied to the ring.

RING LOADS

In order to develop analyses to optimize the rmg area taper profile it is
important to understand the loads applied to the ring. Figure C-1 shows a
segnentoftheexmtngIAnngarxiSRBmtorcasewallexterﬂngfmnjust
beyondtheerriofthermgtoalo&atlonwherethe ring cross-section and
stresses are constant. The loads applied at these two boundaries repr&sent
average circumferential stress resultants within the motor case and ring for an
internal motor case pressure of 912 psi. As shown in Appendix B the
corresponding stresses are approximately 110 ksi. in the motor case beyond the
end of the ring, 80 ksi. in the motor case, and 55 ksi. in the constant cross-
section area of the ring.

If shear stresses mthemotorcaseareneglected balancing forces in the
circumferential direction results in equation (C-1), which defines an effective
motor case area, A t'.hatmustbeassumedtotransfe:cload:l.rrt:ot'hermg2
Fortheglvenstr&sggsanithenammlréngcmss-sectmnalareaof3 56 in”,
that effective motor case area is 6.5 in”.

(110 ksi) (A (55 ksi) (3.56 in%) + (80 ksi) (A (C-1)

off) = off)

Stresses within the ring result from the loads in the bolts that attach
the ring to the motor case tang. An important observation is that the
circumferential stress resultant at any cross-section around the ring must be
equaltothesmofthecuannferentlalcaxponentofboltloadsuptoﬂ)at
point. Therefore, in a redesigned tapered ring having constant bolt loads of
10,000 1b for example, 20 bolts are required to develop the existing stress
resultant of 196,000 1b. In the following sections, the analyses needed to
design a taper profile for the ETA ring with correctly prescribed bolt load
distributions are presented.

RING AREA TAPERING WITH RIGID BOLT ASSUMPTIONS

A simplified 1-D analysis is developed to study the transfer of
circumferential load fram the pressurized shell (motor case) through the tang
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bolts to the ring, and to also invéstigate tapering of the ring area. The
assumptions for this analysis are as follows: (1) tang bolts are rigid, (2)
strains in the ring and shell between any two adjacent tang bolts are constant,
(3) thﬁ shell can be represented as a bar with constant cross-sectional area of
6.5 in® (as calculated in the previous section), (4) curvature in the shell and
ring can be neglected and, (5) the cap area is lumped with the web area and cap
bolts are not considered. Furthermore, from assumption (2) it follows that the
ring can be treated as having constant area between any two adjacent tang
bolts, and that any changes in ring area occur coincident with a tang bolt.
Figure C-2 illustrates this simplified representation of the ring and shell.

Equilibrium of forces at the nth section of the ring between the tang
bolts numbered n and nt+l requires that the sum of the ring stress resultant,
P and the shell stress resultant, P n equal the applied far-field shell

’
stlress resultant Pff, or S

Pep =P + P (c-2)

The rigid bolt assumption forces equality of ring and shell strains in
every section. Hence, equation (C-2) can be rewritten as

P =E€ (A +A) (c-3)

where A__ is the ring cross-sectional area in the nth section, A_ is the shell
cross-s&Rtional area, which is assumed tant, and E is their Sommon Young's
modulus. Therefore, the strain in the n— section of both the ring and shell
is '

Pee

" B+ B o

Applying Hooke's law to equation (C-4) at the nth section of the ring gives an

expression for the stress resultant at that section:

P
P —EA € ——ffm

m m-n~ (A +A) (€-5)

The load in a bolt (P n) that borders the two sections n and n-1 is given by
the difference betweeg the stress resultants in those two sections, or

A
P =p m r(n-1)

bn = Prn " Prn-1) “Peel &+ a +A

(C-6)
m s Ar (n—-1) [




Given an area taper profile for the ring, A the recursion relation of
equation (C-6) can be used to calculate a bolt 1584 distribution, P
Conversely, equation (C-6) can be rewritten to give a recursion relgglon for
calculating the area taper profile if the bolt load distribution is specified:

_ AU BoPee + Arne1)/ Pr(pne )
m [l = Py /Pee = Ar(n-l)/(Ar(n-1)+As)]

A first-iteration optimized area profile for the ETA ring is determined
using equation (C-7) and assuming the constant 10,000 1b tang bolt locad
distribution mentioned in the previous section. The resulting "optimm" area
tape.rlsplottedmflgurec-3where it is campared to the area taper of the
exlst_mg ETA ring "long side". The greatly decreased area at the end of the
ring is a dramatic departure from the existing ring design. The effect of this
is illustrated in figure C-4 where the bolt loads of the "optimm" design are
compared to those predicted for the existing ring by finite element analysis.
This simplified analysis shows that considerable tapering of the ring area is
required to reduce the first bolt load to an acceptable level. Ring area
tapering analysis which includes bolt and web shear flexibility is presented in
the following section.

(c-7)

RING AREA TAPERING INCIUDING BOLT AND WEB SHEAR FLEXIBILITY

Bolt flexibility and web "shear lag" flexibility are included in a
modified 1-D discrete planar model. Both the ring and the effective shell are
again modeled by series of linear springs whose stiffnesses are proportional to
cross-sectional area. Load is transferred between these parallel spring
assemblages through an array of linear shear springs whose compliance
represents the sum of the bolt and web shear campliances. Figure C-5
illustrates this representation of the ring and shell.

Stiffnesses of the nth ring and shell segments and the nth "effective”
bolt are l(m K (assumed constant for all n), and Kbn respectively which are
defined by

EA,
- —In
K, = 7
EAs
Ks = T (C-8)
%
fon T T Ry

where is the assumed web shear stiffness, is the bolt stiffness, amd /
is the cing between tang bolts numbered n n+l. Byasamu.ngstramsto

be constant meach segment (see figure C-5),, thecorrespordmg
resultarrts P are related to the ring and shell displacements,

ggt'hgnn stago
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Prn = ¥en(®m = Y (n-1))
Pen = Kg (Ugy =Yg pg)) (C-9)

Bn = Kbn(ur(n-l) - us(n—l))

Ellmlnatlng the displacements from equations (C-9) yields the following
equation in terms of forces alone:

-2 _m_ S 5o 2,3,...,N-1 (C-10)

where N is metgotal number of bolts being considered. Assuming that the total
force on the n~ shell and ring segments is constant and equal to the far-field
force, Pff, equation (C-2) applies for all n from 1 to N-1

P+ P, =P n=1,23,...,N-1 (C-11)

sn f£ !

The force in the n' ring segment is equal to the sum of the first n bolt
forces, i.e.,

P,= 2 By (Cc-12)

Inserting equations (C-11) and (C-12) into equations (C-10) gives

X 1 n P

P P
G—+ ) X B+ bn _ _b(ntl) _ %f , n=1,2,...,N-1 (C-13)
m s i=1 Iﬁ:n KD(m-l) ]
Requiring equality of far—-field strains in the shell and ring yields
i=1 rmn s

Equations (C-13) and (C-14) constitute a set of N linear algebraic
equations in the N unknowns, Pb , when all stiffnesses are assumed known (i.e.
when the ring area profile is gvaen) . This is analogous to the recursion
relation given in equation (C-6). On the other hand, if all stiffnesses except

are assumed known, then specification of all bolt forces, P, , leads to a
ggtem of equations for the ring stiffnesses, K__, from which agnarea profile
for the ring can be obtained through the relatiSh given in equation (C-8).
This second set of equations is analogous to the equations (C-7).
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To determine the effect of bolt and web shear flexibility on bolt loads,
the optimum area profile developed from the rigid bolt analysis and presented
in figure C-3 is analysed using the system of equations (C-13) and (C-14). The
web shear stiffness chosen is K = 3ft_/.6h_ (where t_ and h_ are the
thickness and height of the n~ "section of web G i8 the sflear modulus) and
the bolt stiffness (K ) is assumed to be 1.3 x 10 1b/in (see Apperdix I).
Figure C-6 shows the bolt load distribution predicted from this analysis (note
curve titled "profile from rigid bolt analysis"). This distribution differs
significantly from the design distribution of constant 10,000 lb loads shown in
figure C-4.

Using the system of equations (C-13) a new area profile can be generated
which gives constant bolt loads when bolt and web shear flexibility are
included. The second curve on figure C-6 is a bolt load distribution which
satisfies equation (C-14) and has constant 10,000 1lb bolt loads for the first
15 bolts. It should be noted that specifying a bolt load distribution with
large changes in load between adjacent bolts will lead to the prediction &g an
unreasonable area profile. Because of this, the bolt loads beyond the 15
bolt have been gradually tapered off. The area profile predicted using this
bolt load distribution and equations (C-13) is shown in figure C-7 ard is
compared to the "optimm" area profile generated from the rigid bolt analysis.
The lower slope for the first 12 bolts is responsible for lowering the high
bolt loads ip that region as seen in figure C-6. Similarly, the higher slope
after the 12 bolt is commensurate with the higher bolt loads in that area.
This comparison indicates that the effects of bolt and web shear flexibility
can be significant and should be included in area profile prediction.

DEVELOPMENT OF THE REDESIGNED ETA RING AREA PROFILE

The area profiles presented in figure C-7 taper to very small sections at
the erd (Ar ), which gives rise to manufacturing and handling concerns.
Evaluating %.quation (C-7) for r=1 shows that is nearly proportional to P, 17
the load in the first bolt. Therefore increas the area tends to raise thg
first bolt load if all bolts are assumed rigid. However, if bolt flexibility
is included, two mechanisms are available to increase the ring area without
affecting the load in the first bolt. These mechanisms (shown in figure C-8)
are (1) increase the bolt stiffness ratio, and (2) decrease the bolt
load ratio, P_./P,.. Using either or both %ﬁiﬁg&les in a design allows the
first area to be E%creased as the first bolt load remains constant while
causing the average stress in the first section to go down. Although this
example is worked for the first section of the ring it is possible to employ
these mechanisms wherever the ring area is too small or the stress is too high.
These mechanisms are used to develop the final area profile design by modifying
the area profile shown in figure C-7.

For the final design, the area at the end of the ring (Ar ) is increased
by using a first bolt with reduced stiffness (see Appendix I) ing specifying
the bolt loads to decrease between the second and fourth bolts. Additionally,
to increase the margin of safety, the bolt loads at the end of the ring are
specified to lie between 7,000 and 8,000 lb. instead of at 10,000 lb. The
profile that results from these modifications is shown in figure C-9 and

120



compared to the previous profile from figure C-7. It is seen that the area at
the first bolt has been increased while, as a result of the decreased bolt
loads, the slope of the curve near the first bolt has been decreased.

Bolt loads derived from the present analyses agree favorably with results
from finite element analysis in the first few sections of the ring and tend to
be conservative throughout the rest of the ring. Additionally, details of the
web stresses are not predicted- with these analyses because of the simplifying
assumptions that have been made. Consequently, the area profile presented in
figure C~9 represents a first-iteration version of that design which can be
further developed using finite element analysis. Therefore, the final
configuration of the redesigned ETA ring, presented in the accompanying report,
differs slightly from this profile.

121




qi

1~-0 @an31d

siioq 0¢ =N
000'96} = (000°0L)N
000°‘0} S81Jed )joq yoes awnssy

00096} = Speo| }j0q JO Wng

speo 1j08—
OOQ.@QF"‘_Q / o ¢ I."”."’.l.'ll'\'l.v.\uv\‘.v\.v.

uy g m
M e
Qv o
ql 000°61S 890 "
=%d al 000°5L2=Hd
. W llem nays P
1d . eaIY 9A1}99)3
ZU! 9S°¢E ~~ — pawnssy
1S4 08 = S \\ / 1S 0Lk = SO
IS} 08 = SO des .

IS} 66 = 10

(1sd g16=d)
SISATVNVY AvOo1 1709 DYNVL ONIH a3idindiNiIs




Z-0 8an81g

S T -uw 3J S ul
Y+ A d B} VEY
ﬁ T ; —ur Tyt vea =M
. _uy v 434
3 =T 13 =
Y+ Y 4 s
ﬁ T-u, ¢ .::SL v v + )3 Uy
17,
Gy + Wyy'ay = Hy
3 1-uw 5 uJ
v+ v v+ oy - . aus, , bull
BRIy - 0 Mg T-uwy _ugy _uaie, tRus, , buld, _ 44,
v v
IlEM 113US suoneao iog
us % 4
d —» °d
. @ @ @

Buiy

P ug

(Lv14) INIWDH3S HNIY a3zivaal-
ALIGIX3T OV HYIHS., DNIH ON -
ALITIGIX314 L7109 ON-

-SNOILLdNNSSY

SISATTVNVY ONIH a3idindnis

123




€-0 2an31yg
laquinN jog

g G2 02 Gl Ol S 0

I ¥ [ ] ] ' ' Y

(suondwnsse jjoq p1611)
Buy , wnwndo,

v

(Gu) easy Buy

124




=0 @2an314

laqunu jjog

o€ G¢C O¢ Gl Ot G 0
ig=p=pi pmy _ T _ T
000¢S
-
o
foV)
0000 o
Ssunuwido -
2
| -{000S1
(NVHLSVN)
Buil mc:m_xml\
-40000c¢

SAvo1 1709 DNVL

125



¢-) 3an8yy us

V3
WD
d
S, Nd u4
V+ ¥ V3
33, 27 U g "
d Ny d w pue o - J
u 3:
(1+u)a uq s - _ um
zmw (T+u)q, é , ua, A7 v ua M (£
3 i
Emm-tm UMy 4 V_|=nx
URyay
:mm . :Lm - %mm
IIeM N3uS suoneso 1og
us . ~— % | .
| @
) bury

W

ALIIgIX374 1709 ANY DV HYIHS. DNIH S3ANTONI
SISATVNV ONId a3idindinis

126



9-~D 2an81g

laqunu jjog

03 G¢ 0¢ Gl ot S 0
f T T T ! T

-1000¢

40007V
W
=)
10009 -~
o
o
sisAjeue }joq . Q
‘ PIBI woyy opyyosd Jgoog 5
'z \| e’

Annqixely joq pue \d/ﬂ/ﬂ c n m MY E*ﬂﬁ:ﬂcn 00001

J,pe| seays, Buipnjour ejiyoad

dooozt

ALITgIX314 1709 ANV ,DV1 HV3IHS, DNIY SIANTONI
SAVO1 1709 ONV.1 d3ldid3dd

127



l-D @an8yg

laqunu jjog

o€ G¢ 0c¢ Gl 0] S 0
| | | | | |
-1
- >
-~
sisA|eue 8
}ljoq pi6is wouy eji404d ~
l/ p— N m-
0y
..._ . de
Vel / AMIIqix ey 3joq pue ]
V-V .bel 1eeys, Buipnjouy epyoid
14

AL1T181X374 1108 ANV ,DV1 HVIHS, DNIH .,u,.mo:._oz_
37140dd v3dv a3ididON

128



g-0 2an31g

H9,,9%, sonpoy e

Ev_\wnx aseasou| e

En_ .:w_

¢q, & 1eys
d” M —
\NV7 1./ \I

— Yy I~
P \ V%/%//// / \—ueisuoo Y pioy

Bui ui ssalis aonpa. / /| Bull

eale Bul asealoul

129

- SS3HLS ONIH ONIONd3d AdNV
V3HVY ONIH ODNISVIHONI HOd4 SWSINVHOIN



6-0 2an81d

Jaquinu jjog

0€ G¢ 0¢ Gl Ol g 0

ajjosd paubisapas -+
a|ijoid snomaid —

37140Hd V3HV ONIH V.13 daNvis3ad3y

(2vu1) Base Buiy

130



AFPENDIX D

SPLICE ANALYSIS

BY
Obie H. Bradley, Jr.
NASA-Langley Research Center
Mail Stop 434
Ph. (804)865-4571

and
Robert Davis
NASA-Langley Research Center
Mail Stop 431
Ph. (804)865-4571

June 9, 1987

fobaZ 5.

Robert Davis

Reviewed by ‘zﬂ_{’//\_é (_Q{_
Sete

Project kngineer A Al (e 2o d?
A Martin M. as, Jr

Pro ject Manazer véééistltlékLL_m__-

David H. Butler

2

131



APPENDIX D

Splice Analysis
Introduction

The original splice in the ET attachment ring, located between the
strut attachment brackets, was found to have negative margins of safety when
analyzed using a finite element code. This splice as well as splices for
modified end segments for the partial ring were required to camplete the
design of the new partial ring. Fig. D1 shows the locations of the splices.
Fig. D2 shows the splice configuration, hereafter referred to as the exist-
ing splice, which replaces the original splice. Fig. D3 shows the new end
splice on the short side of the partial ring. The original splice used 3/8"
bolts throughout the cap and web areas, while the splice designs which shall
be considered in this analysis use 1/2" bolts in the cap and 3/8" bolts in
the webs.

Analysis

To analyze the existing splice (between the struts), a finite element
model of half of the splice was constructed. This model is shown in Fig.
D4. The node numbering system is explained in Fig. D5. The finite element
model is assumed to be fixed at the plane of symmetry. The structural
camputer program EAL was used. A listing of the input is included in Table
Dl1.

The web and splice plates were simulated by plate elements. Solid
elements were used to model the cap. The bolts were simulated by general
beam elements which required that the elastic constants be input. Shear
stiffness values of 1.2 million lb/in. and 2.2 million lb/in., which cor-
respond to the shear stiffness of 3/8" and 1/2" bolts, were input in the
program.

The loads which were imposed on the model were derived from another
finite element model of a segment of the motor case developed by J. Dorsey.
A separate appendix covers this work. Table D2 gives a summary of the
stress results of this analysis which were used to develop the loads for the
splice analysis. In the model 78,898 1lb were applied to the cap, and 93,091
1b were applied to the web.

Analysis Results

The bolt shear forces which were calculated are shown in Figs. D6 and
D7. The highest shear force in the existing splice was found to be 9,390
1b. The highest shear force in the new end splice was 13,050 1b. These are
well within the allowable load of 20,000 1b for a 1/2" diameter fastener
(145 ksi shear).
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The maximum stresses calculated for the new end splice plates, web, and
cap are shown in Figs. D8, D9, D10, and D11l. The highest stresses occur on
the inner splice near the joint. The stress level at this location is about
115 ksi. A summary of the highest stresses and loads is given on the fol-
lowing page. The ultimate strength of the material used for the margin
calculations was 180 ksi.

The modeling did not consider the curvature of the splice and the motor
case. Therefore, some error can be anticipated. The analysis does indicate
positive margins, however. Incorporation of models of the splices in a full
segment model of the motor case will be required for final approval.
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Ty wa
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1186
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" 138
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0. 1.38 00

2.112 1.36 0.
3.525 1.38 p.
4.939 1.38 0.~
6.353 1,36 0.
7.766 1.38 0o
9.180 1.38 0.
9.606 1438 Co

FINITE ELEMENT PROGRAM INPUT LISTING

0. 5.5 0. 2. 3.5 05 131

698 1.38 0.

0.0 11.94 0.

098 1l.94% 0;—r9{189~ﬂ10

G.606 1.9¢ 0.

0.0 3.52 0.0 7
698 3,52 0.0 9.180
9,606 3.52 V.0

Ge0 5.56 0.0

698 5.56 0.0 9.180
9.606 5,56 0.0
0.0 6.35 0.0

»

9 0. 7 1 °

3.52 Co 7 1

5.56 0.0 7 1

698 6035 0.0 9,180 6435 0.C 71

9,606 6435 0.0

o.o 7.4b 000 -0
698 Te46 0.0 9,180
Q.606 T.46 0.0

UsO 1438 0.0l

«698 1.38 0.01 9.160
9.6U6 1.38 0.01

0s0 1494 0,01
«698 1.94 0.01 9.180
G606 1.94 0.01

0.0 352 0,01

«698 3.52 0.01 9.180
9.606 3.52 0.01

0.0 5.11 0.01

«698 5,11 0.01 9.180
9.600 5.11 0.01

0.0 6.3 0.01

«+698 6.35 0.01 9,180
9.606 6.35 0,01

0e0 7423 0.01 77
«698 7T.23 0.01 9.180
9.606 7T.23 0.01
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162
169
170
183
171
173
174
175
476
177
179
180
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178
278
272
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222
209
210
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220
227
228
229
236
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éb2
269
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273
274
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P
277
279
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337
338
345
381
382
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3646
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TABLE D1 (Continued)

0.0 0.0 0,01

+698 0.0 0.01 9.180 0.0 0.01 7 1

Q.606 0.0 0.01

0.0 5.56 0.02

e698 5.56 0.02 9.18
0.02

9.6006

5.56

0.0 7.46 0.02
0698 T.46 0.02

9,180 0.46 0.01  ~

0401

6.01
0.01
0.01
0.01

0.01
0.01

- - -

0.02 7 _1

0.02 7 1

0,02 7 1

0.02
0.02 7 1

5.56 0.02 7 1

6.35 0.02 7 1

0.0 0.46 0,01
9.6U6 Q.46 0.01 -
0698 %6 0401

24112 446 0.01 2.112 0.46
34525 46 0401 3.525 0446
4.939 b0 0.01 4,939 0.66
64353 46 0.01 6.353 0.46
ToT776 o466 001 7.776 0.46
9160 .46 0.01 9,180 0,46
94606 <46 0401 9.606 0446
1,159 .46 0.01 o
84553 +46 0.01

8.553 .46 0.02
14159 46 0.02 L
0«0 1.38 0.02

+698 1438 0,02 9,180 1.38
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0e¢d 0Qe46 0,02 o
0,698 0.46 0.02

2,112 0.46 0.02 T
3.5c5 0446 0,02 7 T T
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9.606 0.46 0,02~ -
0«0 bH435 0,02
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9,606 6.35 0,02

9.18 T.46 0402 7 1
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TABLE D1 (Continued)

354 9.606 7.46 0,02 " - j
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TABLE D1 (Concluded)

CASE 1 B
I1s11Jd=169:2925,

I=s184218088775,
Is131J=109:19410.
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Appendix E

ET[SBB Attach Ring Systems Cover Analysis

Introduction

The systems cover provides protection and attachment
locations for wiring and electrical systems components from
the ET attach ring to the systems tunnel. The cover is
subjected to and must withstand a variety of loads including
aerodynamic forces, acceleration, and internal and external
pressure. Also, the cover is designed to prevent the
transfer of forces and moments to the ET attach ring. At the
splice of the ET attach ring ends and the existing ring body,
the systems cover will transition to the existing cover
assembly.

Hardware Description

Details of the hardware are shown in fig. El and fig.EZ. The
side rings are 3/32 inch thick curved angle segmenis of 4340
steel which attach to the motor case ring. The segments are
attached to the motor case rigidly at only one bolt per
segment side. The other bolt holes are slotted to allow
expansion of the motor case without loading the side rings of
the cover. The cover plate is made up of 3/16 inch thick
segments of 4340 steel which attach to the side ring
segments. Brackets are provided on 9 inch centers to provide
additional stiffness for the rings.

The ring segments are connected to each cther by a fiexible
joint. +this joint allows for expansion between the rings
while maintaining a weather-prcof seal. The cover rings and
pPlate meet the existing cover system at the point where the
ET ring begins to taper. At this point a seal is formed to
maintain pressure and weather-proof the systems tunnel. The
systems cover and ET attach ring are covered with cork
insulation before flight to minimize heat transfer.

Analysis

The following analysis considers the combined loading due to
aerodynamic forces, acceleration forces, and internal or
external pressure. Factors of safety based on MSFC-HDBK-505,
Rev. A have been applied to determine the margins of safety.
A summary of the worst case stresses and margins is included
at the end of this section.
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APPENDIX F

MARGINS OF SAFETY

Margins of safety are provided in Table Fl for the worst case
predicted stresses for the part or system location indicated.
These margins, therefore, are the lowest values calculated
for the locations. The following equation has been used to
determine each value:

allowable stress
M.S.=2 ~--remmrrrr e
predicted stress x factor of safety

For acceptance,

M.S. > 0.0

The factors of safety have been obtained from MSFC-HDBK-505,
Rev. A. For the materials which have been specified, the
margins are based on the ultimate allowable strength values
since these are the most critical.

The stresses used are based on a number of analyses which
combine the effects of SRB pressure, strut loads,
aerodynamic drag, and acceleration. The approach taken in
these analyses was to assume that structure responded in a
linear-elastic manner.
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ET RING STRESSES DUE TO AERODYNAMIC, ACCELERATION, AND PRESSURE LOADS
Introduction

The following analysis considers the contribution of aerodynamic,
acceleration, and internal ring pressure loads on the ET ring. As a
conservative case, the ring is considered to be full height when applying
all of the loads. The stresses resulting from these loads are not directly
additive to the stress contributions from internal SRB pressure and from
strut loads. The stresses must be combined as a biaxial resultant. Also,
the stresses calculated occur at time of approximately 60 seconds into the
flight. The stresses due to SRB pressure are somewhat reduced at this time.

Results
The combined tensile stress from aerodynamic, acceleration and pressure
loads is 18,291 psi. When this stress is combined with the stress due to

SRB pressure and strut loads at this time (maximum 90,000 psi.) to give a
principal stress, the result is 116,241 psi.
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APPENDIX G

INELASTIC ANALYSIS

INTRODUCTION

Accurate stress analyses of large structures with local detailed features,
such as the Solid Rocket Booster (SRB) External Tank Attach (ETA) ring bolted
joints, can be conducted with a finite element code if enough elements are used
to represent the structural details properly and if enough time and computer
resources are available to obtain *“he desired solution. A large number of
finite elements are usually needed to model accurately the stresses and stress
gradients in such a bolted joint, and large amounts of computer time and
storage capacity are needed to obtain solutions if material nonlinearities or
inelastic effects are included in the analysis. To study the effects of
varying bolted-joint parameters on the stresses and failure loads of the ETA
ring bolted joint with a finite element code would require a large number of
computationally-intensive computer analyses and a large amount of an analyst's
time. An alternative to such a finite element analysis approach is to use an
accurate and computationally-efficient continuum-mechanics-based analysis
developed specifically for bolted joints. The continuum-mechanics-based A4EJ
computer code (ref. G-1) was developed for detailed stress analyses of bolted
joints and was selected to study the effects of varying bolt stiffnesses and
bolt-hole clearances and tolerances on the stresses and failure loads of the
ETA ring bolted joint. The results of this study are presented in this
Appendix. Results of a study of the effects of bolt failure and bolt-failure
sequence on joint strength are also included in this Appendix.

ANATYTICAL MODEL

An A4EJ model of the Langley tapered ETA ring joint design was developed
for the joint segment containing the first 40 bolts from the ring end and the
details of the model are shown in Figure G-1. The joint geometry of the end of
the Langley tapered joint as modeled in a separate EAL finite element analysis
(Ref. G-2) is shown in Figure G-la and joint details for the first 10 bolts
from the end of the joint are shown in Figure G-1b. The corresponding A4EJ
models are shown in Figure G-lc and G-1d, respectively. The A4EJ code requires
a model that is symmetric about the line of bolts and the A4EJ model shown in
Figure G-1 was developed to match the bolt-load iistribution predicted by the
EAL model of Reference G-2 for limit load conditions. The effects of joint
web, joint cap, and cap-bolt flexibilities were included in the A4EJ 40-bolt
medel by adjusting the individual bolt-station stiffnesses to corresnond to the

appropriate bolt loads. The model included 6.5 in.2 of mctor casing, the joint
web and the case tang.

The A4EJ code uses a Ramberg-Osgood inelastic stress-strain formulation
(Ref. G-3) in the analysis that includes a bilinear load-deflection curve for

the bolts. The bolt stiffnesses used in the analysis are 1.3 x 106 1b/in. for
the primary or elastic part of the bolt load deflection curve and approximately

20 percent of this value for the secondary or inelastic part of the load-

deflection curve. The elastic moduli of the joint web and tang are 29 x 106

psi and 30 x 106 psi, respectively. The bolt strengths used are 12,812 1lb ar
yield and 16,015 1b at ultimate. The Ramberg-Osgood parameters used are
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= 171 ksi and n = 22.5 for the tang and F0 7 = 179 ksi and n = 50.0 for

= 195 ksi, FBU = 797 ksi and

TU
eTU BU = 250 ksi and eTU = 0.15 for the

web. The limit load condition used for the case is 110 ksi stress at 715 kips
load and the ultimate load condition used is 140 percent of limit load or 154
ksi stress at 1001 kips load.

Fo.7
the web. The strength properties used are F

= 0.05 for the tang and FTU = 180 ksi, F

RESULTS

A comparison of the results from the A4EJ continuum-mechanics-based joint
anaiysis and the EAL finite element analysis at limit load is shown in Figure
G-2. The bolt station stiffnesses of the A4EJ model were deliberately adjusted
until the bolt loads from the A4EJ analysis matched the bolt loads from the EAL
analysis as shown in Figure G-2a. This stiffness adjustment process resulted
in the excellent correlation in the shell tang bypass stresses, ring bypass
stresses and bolt bearing stresses as shown in Figures G-2b and G-2c¢ and G-22
respectively. The excellent correlation of the results from the A4EJ and EAL
models suggest that the £4EJ model gives results that are consistent with the
EAL results and the A4EJ model was used to study effects of varying a number of
joint parameters on joint strength and to study inelastic e¢ffects. The resulte
of these A4EJ studies are described in the following paragraphs

Bolt Stiffness Effec:'s

The bolt load distributions at joint failure for three different bolt
stiffness distributions are shown in Figure G-3. Although the individual bolt
loads differ significantly, the predicted joint failure loads differ by less
than one percent. The curve with the absolute maximum bolt load represents the
results for a model with a uniform bolt stiffness distribution of 1.3 x 106
1b/in. The other two curves represent the results for models with the
individual bolt stiffnesses adjusted to include the effects of web, cap and cap
bolt flexibilities. The individual bolt stiffnesses for these models range

from 0.5 x 106 to 1.0 x 106 1b/in. These results irdicate that bolt stiffness
variations affect the individual bolt loads more than they affect joint
strength. For determining joint strength, the precise bolt stiffness
definition is necessary only when the bolts are loaded near their ultimate
strength. '

Effects of Clearances and Tolerances

Relative longitudinal motion between the two joint elements that are
bolted together can occur at a given bholt station before the bolt begins tec
transmit any applied load. This relative motion is a result of the clearamnces
and tolerances at a bolt as indicated in the left sketch on Figure G-4 and is
referred to as the Potential Bolt Slip or PBS in this Appendix. The effects of
this potential bolt slip due to bolt clearances and tolerances on the joint
failure load is shown in Figure G-4. The curves on the figure represent joint
failure loads as a function of potential bolt slip at a number of holes in the
ETA ring joint and the hole numbers where potential bolt slip is assumed to
occur are indicated to the right of each curve. Preliminary results indicate
that, for an arbitrary value of potential bolt slip, the fou:th bolt hole from
the joint tapered end causes the largest reduction in joint strength when all
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other bolt holes have zero potential bolt slip or are tightly fitted. The
results also indicate that the most sensitive distribution of potential bolt
slip when more than one bolt hole has the same potential bolt slip occurs when
holes with the same arbitrarv potential bolt slip alternate with holes with
zero potential bolt slip. Examples of results for cases having alternating
holes with arbitrary and zero potential bolt slip are shown in Figure G-4 and
compared with the results (upper curve) for the case having holes with
arbitrary, uniform potential bolt slip. In these examples, the first hole with
potential bolt slip is the fourth hole from the tapered end of the joint, and
holes not identified in the sequence to the right of the curves have zero
potential bolt slip. The results indicate that the joint failure loads
decrease as the magnitude of the potential bolt slip increases but become
constant at a critical value of potential bolt slip for each case (indicated on
Fig. G-4 by the critical PBS curve). Bolt holes with potential bolt slip do
not carry any of the applied load for potential bolt slip values greater than
the critical value indicated on the curves and any further increase in
potential bolt slip at these holes does not affect joint failure and the
particular bolt hole sequence becomes ineffective for longitudinal load
transfer. The critical value of potential bolt slip is different for each bolt
hole sequence on the figure and the critical value increases with the number of
bolt holes in the sequence. For some bolt hole sequences, the joint strength
is reduced to a value below the ultimate bolt failure load (1.4 times limit
load) before the critical value of potential bolt slip is reached. None of the
sequences shows a joint strength below limit load, but for moderately high
values of potential bolt slip, joint failure load is reduced significantly. If
all 40 holes have the same potential bolt slip (top curve), the joint failure
load increases very slightly as potential bolt slip increases. In summary,
alternating bolt holes with potential bolt slip affect joint strength more
markedly than non-alternating holes with potential bolt slip. An alternating
distribution of holes with potential bolt slip approximates the case where
tolerances vary from bolt to bolt while clearances are uniform.

The results in Figure G-5 indicate that when the first. second, and third
bolt holes from the end of the joint have potential bclit slip, the joint
failure load first increases to a maximum value and then decreases to a
constant value as potential bolt slip increases. Results for the cases when
bolt holes number 1, 2 and 3 individually have potential bolt slip while all
other holes are bearing against bolts are shown in Figure G-5a. Results for
bolt hole number 4 from Figure G-4 are also included for comparison. Results
are shown in Figure G-5b for bolt hole sequences 1-2 and 1-2-3 along with the
bolt hole 1 results for comparison. The triangles (maximum joint failure load)
mark the values of potential bolt slip for which the joint failure mechanism
changes from a material failure in the web to failure of a tightly fitted bolt
adjacent to one with potential bolt slip. The results in Figure G-5a indicate
that if any one of the first four bolts is unloaded because of a high value of
potential bolt slip, joint strength does not decrease significantly. The
results shown in Figure G-5b indicate a significant reduction in joint strength
for critical values of potential bolt slip, but these high potential bolt slip
values would occur only for an extreme out-of-tolerance situation resulting
from poor handling, fabrication or assembly practices or from material yielding
in a prior flight. The concern here is not for critical potential bolt slip
values, but that the results show that a moderately high value of potential
bolt slip (triangles) can cause adjacent bolts to fail and weaken the joint,
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Sequential Bolt Failure

The sensitivity of the failure mode to potential bolt slip suggests a way
to examine sequential bolt failures and the results for the study of bolt-
failure sequence is shown in Figure G-6. The variation of joint failure load
is shown in Figure G-6a for cases when the critical (or higher) value of
potential bolt slip causes one of the first 10 bolts to carry zero load thus
simulating bolt failure. Each point on the curve represents one failed bolt
and the notation by the point (e.g., W-3, B-2) indicates the next failure mode
predicted after the initial bolt failure. The A4EJ code predicts tensile
failure of the web at bolt number 3 (denoted as W-3 on the figure) when all
bolts carry load. When bolts number 1, 2, or 3 are failed, an adjacent bolt
(B-2, B-3, or B-4, respectively) fails as the next mcde of joint failure. For
bolts number 4 through 10, the next mode of failure is a web tensile failure at
the indicated bolts. These results show that the loss of any one of the first
ten bolts alone does not significantly lower the joint strength, but the loss
of any one of the first three bolts tends to change the failure mode from the
web to another bolt.

The effects on joint strength of a sequential bolt failure that initiates
and continues to precipitate other failures in the joint are shown in Figures
G-6b and G-6c. Each point on the figures represents the total number of bolts
failed (modeled as unloaded bolts) as indicated by the bolt numbers in
parentheses and the resulting joint strength. The next predicted failure mode
for each point on the figures is also indicated (c.g., B-4, W-3). For the
results in Figure G-6b, the sequential failure prucess starts by selectively
unloading bolt number 3 because of the web failure at bolt number 3 as
predicted by A4EJ when all bolts carry load. Unloading bolt number 3 causes a
slight reduction in joint strength and the mext failure event is predicted to
be failure of bolt number 4 (B-4). The next failure event to occur is failure
of bolt number 5 (B-5) which is determined by unloading bolts number 3 ani &4
(assumed failed) for the A4EJ analysis. In this manner, the rest of the curve
is generated by selectively unloading the bolts that are predicted to be the
next "weak link" and this process is continued until the first 10 bolts are
simulated as failed. (The notation W-1,2 at bolt number 7 indicates that the
next failure mode is a web failure between the remaining bolt number 1 and the
already failed bolt number 2.)

For the results shown in Figure G-6c, the failure cequence is initiated
arbitrarily at bolt number 1. Each succeeding bolt failure is determined by
unloading the next predicted failed bolt after applying the A4EJ analysis. In
every subsequent step in the failure process after bolt number 1 has failed,
A4EJ predicts a bolt failure as the next mode until all 10 bolts have failed.
As a result, each point (at bol* number X) on the curve represents the joint
strength after bolts number 1 through X have failed.

The results in Figures G-6b and G-6¢ represernt upper and lower bcunds of
the sequential failure process if the first 10 bolts are progressively unloaded
until all 10 bolts are simulated as failed. That is, selection of any one of
the other 10 bolts as the first failed bolt and then sequentially unloading the
next predicted "weak bolt" generates a curve which is similar to those in
figures G-6b and G-6c and eventually merges with the curves on Figures G- ob or
G-6c. All three curves from Figures G-6a, G-6b and G-6¢c are plotted in Figure
G-6d for comparison. It is evident that the loss of 2 or 3 of the first 10
bolts can significantly weaken the joint depending on which bolts have failed
and that the sequential loss of any 4 of these bolts reduces the joint strength
to approximately that of limit load.
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CONCLUDING REMARKS

When bolt station stiffnesses are selectively adjusted for web, cap and
cap bolt flexibilities, the A4EJ computer code provides stress results for the
ETA tapered end ring that are consistent with the elastic behavior results from
the EAL computer code and provides significant insight into inelastic effects
on ring strength. Precise bolt stiffness definition affects individual bolt
loads more than it affects joint strength. Potential bolt slip caused by
clearances and tolerances at bolt holes affects joint strength and failure mode
significantly for certain sequences of bolt hole failures and certain values of
potential bolt slip. Unloading or failure of one of the first three bolts from
the end of the ring changes the failure mode from a web failure to a bolt
failure, but a loss of any one of the first 10 bolts from the end of the ring
does not affect joint strength significantly unless a sequential failure
process is precipitated. If a sequential failure process is precipitated, the
end of the ETA ring joint is significantly weakened by the loss of three bolts.
The loss of four bolts reduces the strength of the ETA ring joint to about that
of limit load.
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APPENDIX H
FRACTURE MECHANICS ANALYSIS

Introduction

A fracture mechanics analysis of the current Langley
redesign of the SRB/ET attachment ring has been performed
with the intent of establishing a useful service life for the
ring. A goal of forty mission lives is sought with the
exclusion of water impact loading and with verification of
material surface condition (i.e. maximum initial crack size)
by inspection. This analysis considers the propagation of
cracks at locations in the ring where bolt loading and
subsequent stresses are of high concern.

A computer code has been developed to address particular
types of surface flaws which may cause fracture of the ring,
and discussion of this analytical tool as well as the results
of this analysis will be presented in this appendix.

ANALYSIS
Loads

First, it should be noted that the end portion of the
short side of the ring up to and including the section
through bolt number 4 encompasses the area of concern for
this analysis. In order to bound the problem, the present
configuration of the ring end was used to determine a maximum
average bolt load which would not violate the allowable
design stress level of 128 ksi. A simple load over area
calculation was made for this purpose and did not include
stress concentration effects of a local nature at the bolt
holes. This resulted in a 8.57 kip maximum average load
allowed at the first three bolt locations. Figure H-1 shows
the present configuration and cross-sectional areas
considered for determining the allowable bolt load. The area
through bolt location three is the limiting area in this
design for establishing the maximum average bolt load. For
some crack cases however, the maximum allowable design stress
of 128 ksi was used instead of the calculated section stress
based on bolt loading in order to bound the problem.

Computer Program
A computer code utilizing the standard Paris crack
growth rate equation was formulated for this analysis. Two

types of failure were considered. One type of failure was a
fracture failure. This ocecurred when the stress intensity,
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K, exceeded the fracture toughness, K1C, of the material.

The other type of failure occurred when the net-section
stress (plastic hinge failure) exceeded the ultimate strength
of the material. Crack case solutions pertinent to the ring
geometry were obtained from the NASA Flagro crack growth
program and other recognized published sources (see
references H1-H3), In particular, models were coded for through
crack and corner crack cases for cracks growing from a pin
loaded lug and for a single-edge crack in a plate. Linear-
cumulative damage calculations were made (crack-growth
retardation or acceleration was not considered) for constant-
amplitude and spectrum loading cases. Under constant-
amplitude loading, one cycle was considered one flight.

Under spectrum loading, 506 cycles was considered one flight.
The basic approach in establishing a spectrum load profile
was to use a steady state nominal bolt load based on the
maximum internal motor case pressure (to remain constant
throughout a flight at 912 psi for this analysis), and add to
this the oscillatory contributions of the struts at the ring
end basing those values on the relative changes of the P9
strut during liftoff and flight. In considering the crack
cases that were subject to spectrum loading, a maximum
average bolt load value of 8.57 kips was used. This value
included the maximum input at the ring end which would be
induced by strut loading. A maximum of 0.30 kips was used as
an average maximum input for the first th.=ze bolt locations
due to strut loading at "max Q." Therefore, a nominal steady
state load of 8.27 kips was used when spectrum loading cases
were run. The loading profile was established by using the
"Preliminary Fatigue Loads for SRB" (refH4) for the P39 strut
and was used in conjunction with the SE-019-057-2H loads
document (refH5), pages 4.19-1 and 4.19-26. The strut loads
reacted into the ring are reduced to small levels near the
ends, and the value of 0.30 kips for the maximum appears to
be in good agreement with the load values predicted by an
optimum design and as revealed by the latest finite element
analyses. When stress levels were used in the spectrum
loading cases instead of bolt loads, the levels for the
loading profile were ratioed in the same manner as abuve. A
plot of the spectrum loading used for this analysis is shown
in Figure H-86.

Paris Crack Growth Rate: DA/DN = C(DK)"N
where: DK stress-intensity factor range
Cc growth rate coefficient
N = growth rate exponent
values of C and N were obtained
from NASA/FLAGRO for each stress ratio

Material Properties: Ultimate strength = 190 ksi
(4340 Steel) Yield strength = 160 ksi
Fracture toughness = 90 ksi(in)~0.5
C = 2.34 E-09 in/cyc
N = 2.314
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Model Application

The present configuration of the ring lesign dictataes
that the maximum web section stress will be experienced in
the web located between bolts 2 and 3 on the short end of the
ring. For this web section,. two crack cases; were considered.

One case considered a through crack stairting at the edge
of the web section. A sketch of this model is shown in
Figure H-2. In this particular case, a conutant web
thickness of 0.10 inch was assumed across the total 1.20 inch
width of the component. This case neglected those portions
of the beam segments in excess of 0.10 inch. and therefore,
was conservative. The worse case analysis tor this model
used an average cross-sectional area stress of 128 ksi.

The second case considered was a3 corner crack
originating in the beam section of the web. A sketch of this
model is shown in Figure H-3. For this case, once the crack
became critical in this cross-section, a 0.21 inch wide by a
0.25 inch thick section, it was considered a failure. This
also was judged tc be somewhat conservative because the
influence of the 0U.10 inch thick shear web adjacent to the
beam section was neglected in the analysis. Again, for this
crack model, a average cross-section stress of 128 ksi was
used. ‘

Likewise, using the present design, ancther critical
area for considering a crack was at bolt location number 3.
For this area, a corner crack growing from the bolt heole was
considered. A sketch ¢f this model is shown in Figure H-4.
For this crack case, the average load for input into the
model was 8.57 kips. This was the maximum value which would
not violate the design stress allowable. The effects of
stress concentraticn at the bolt hole are included in the
fracture mechanicz analysis of this crack case. These
effects are accounted for in calculating the stress-intensity
factor, K, for use in this mocdel.

Results

The results of this analysis are limited to 4340 steel.
This is due to the fact that 4340 is being recommended as the
material of choice. Similar results can be expected with
4130 steel, althaugh actual c¢rack cases should be run for
this material it i+ is selected.

Analysis results for all crack cases considered show
that forty mission lives of the attachment ring can be
achieved. A service life factor (scatter factor) of 4 must
be met in order to satisfy the fracture control requirements
(ref H6) of the attuachment ring. Using this factor, lifetimes
of 160 flights (40 times 4) or greater are required to meet
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Langley’s design goal. The expected cyclic lifetimes of the
particular models that were run are given in Tables H-1T
through H-3T. For all cases, an initial crack size of 0.075
inch was used. This appears to be a very reasonable value
for inspection purposes since it is larger than the standard
damage tolerant flaw size of 0.050 inch commonly used by the
U.5. Air Force. Spectrum loading results are given only for
the two crack cases with the shortest lifetimes. A decrease
in lifetime of less than two percent was experienced in both
cases under spectrum loading. All analyses thus far show
that based on the present design no flaws smaller than 0.075
inch will grow to critical size in less than forty mission
lives of the ring using either a maximum of 8.57 kips applied
at the bolt holes or 128 ksi section stress. For the case of
a through crack at the edge of the web section between bolts
2 and 3, a lifetime of 602 flights can be expected. For the
corner crack in the pin-loaded lug (bolt location 3) case, a
lifetime of 571 flights can be expected. This latter case
shows that a factor of 3.5 (571/160) or better exists beyond
that required and leads to an added degree of confidence
given any shortcomings in the analytical approach. The
finite element analysis of the present ring design predicts
lower bolt loads and web stresses than ti -se considered in
this analysis. Thus, the actual service iife of the ring
would be larger than predicted.

Limitations

It is important to note that the fatigue-crack growth
and fracture analvses performed were linear elastic. Based
on present finite element analyses, some local yielding can
be expected at holes 2, 3, and 4 when stress concentration
effects are considered. A plot of the stress concentration
factor based on the lug configuration is shown in Figure H- 5.
As previocusly mentioned in the section on model application,
the effects o1 local stress concantration al the bolt holes
were included in the fracture mechanics analysis. The effect
of local vielding was not accounted tor in the analysis.
However, considering the additional amount of calculated
mission lifetime heyond that required, local yielding effects
would net offset this margin.

A final area of concern, an area which was not accounted
for in the preseni analysis, is the contribution of water
impact loading. it s felt that this load does not

contribute to —racsk propagation in the ring. This type of
loading woculd tend to cause some ocut of plane bending
stresses in the ring but in a direction that would not
promote any crack growth due to flight loading. Also, the
ends of the attaclment ring are for the most part supported
by the motor case tangs in reaction to this load. This wculd
further downplsy water impact load effects in the areas of
concern from a fracture mechanics standpoint.
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Conclusion

In summary, the end of the present SRB/ET attachment
ring design has undergone a fracture mechanics analysis.
This was a linear elastic analysis designed to establish a
lifetime of the ring based on calculated maximum allowable
flight bolt loads of 8.57 kips applied at the first three
bolt locations or based on the maximum allowable design
stress of 128 ksi applied at the web sections. The highly
stressed areas near the short end of the ring were evaluated
and service lives greater than forty missions were obtained.
A very reasonable initial flaw size of 0.075 inch can be
inspected for in assuring that the ring meets its calculated
goal. Using this initial flaw size, service lives greater
than 14 (571/40) times the required goal of forty mission
lives were calculated. Any uncertainties due to local
yielding at pin holes, water impact loading, or even handling
or rework, may have to be further evaluated, although it is
felt that adequate margin exists beyond the required scatter
factor of 4 to allow for this. In any event, flight safety
can be met through periodic inspections.
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APPENDIX I -~ EXPERIMENTS

Introduction

Experiments were conducted to determine the elastic properties of a
proposed partial SRB external tank attachment ring web. It was determined by
analysis that the shear loading of the first (or end) bolt (see fig. 28) was
extremely sensitive to the extensional stiffness (i.e., Young's Modulus x
cross-sectional area, EA) of the web section between the first and second tang
bolts connecting the web to the SRB motor case. The required area of the
redesigned first web section was analytically found to be small (see fig. 27)
relative to the original web design. The first area was sufficiently small
that the bolt boss area, required to transmit bolt forces into the web,
substantially increased the section effective extensional stiffness. There~
fore, various designs for the end web section were developed and fabricated
for test to cbtain a measure of the "actual" extensional stiffness.

Experiments to determine bolt stiffness and strength, material Young's
modulus, and the effectiveness of various bushings in reducing bolt stiffness
were also conducted.

Test Setup

The test fixture and component configquration used to load two web
sections per test in single-shear are shown in Figure I-1. Two clam—shell
fixture halves are used back-to-back to eliminate out-of-plane bending
deformations of the fixture which would occur if web section components were
tested singly in single shear. Details of the test fixture clam—shell halves
are shown in Figure I-2. The test fixture was fabricated from 17-4 Ph steel
heat~treated to a hardness of approximately Rockwell C 42 to approximate the
SRB casing hardness and strength.

The camponent extension measurements (x) were taken adjacent to the bolt
head (as shown in Figure I-1 and I-3) using electronic, knife edge
extensameters. Attempts to cbtain measurements from the bolt head were
unsuccessful. Fixture displacements (y) were cbtained by attaching rigid
offsets to the fixture to support DCUT displacement measuring devices. To
keep these measurements along the camponent centerline (to eliminate bending
influence in that plane) the rigid offsets supported the DCDT instruments
approximately 5 inches from the fixture clam-shell separation plane as shown
in Figure I-3. This permitted the camponent extensameter and fixture
displacement measurements to be cbtained in a plane through the components'

centerlines. Differential extension of the camponents (xl, )} will cause the

fixtures to rotate (essentially as rigid bodies) as shown in exaggerated
view in Figure I-3, which has the effect of amplifying the resultant fixture
displacements (y Since the rigid offsets constitute two straight

r Y,)-
lines, the oentei‘lln% displacement (y) is equal to the average of y. and Y, as

shown in Fiqure I-3. The extension (x) is equal to the average of The two
canponents (xl ard x2) tested.
Elastic Property Determination
The elastic properties (component extensional stiffness, EA and bolt

stiffness, K) were determined as defined in Figure I-4. Since it is
essentially impossible to measure those displacements needed to calculate the
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elastic properties exactly, the most appropriate measurements were taken as
shown in Figures I-3 and I-4. Bolt and component calculations were made from
the analysis model and equations given in Figure I-4, and provided a basis for
comparing various component designs for the end section. _

Camponent Tests

Three designs for the end web section(s) were considered. These
camponent configurations are shown in Figures I-5 thru I-7 which also show
typical load-deflection response for the three web component designs tested
using 4130 steel heat-treated to Rockwell C 42 hardness. The individual
camponent extensions are labeled EX-1 and EX-2. The fixture displacement
measurements are labeled DC-1 and DC-2. Bolt stiffness (K) and section
extensional stiffness (EA) were determined using the methods cutlined on
Figure I-4 and are summarized in Figure I-8. _

Bolt stiffness values are shown in Figure I-9 for the three component and
fixture hole size combinations tested. While there is considerable scatter in
the calculated values, there is an apparent trend to lower values of bolt
stiffness for "sloppy" holes. For the tests shown in Figure I-8 and I-9, all
components were "seated" (free-play removed) by applying load before data were
recorded, therefore free-play or slippage did not contribute to the bolt
stiffness scatter. Each component tested was loaded to 10,000 1bf (20,000 1lbf
total applied load).

Extensional stiffness calculation results are shown in Figure I-10 for
the three component and fixture hole size combinations tested. Since none of
the designs showed any distinct advantage (i.e., lower extensional stiffness)
over the others, the double bar design was selected for refinement due to
handling and fabrication considerations. Extra material was machined from the
bolt boss area to reduce the effective extensional stiffness of the double bar
camponents. It is shown in Figure I-10 that successive machm%ng operations
onethe 4.5~inch component reduced the stiffness from 3.21 x 10~ 1bf to 2.92 x
10" 1lbf. The fJ'.na% configuration shown was still 5.8 percent above the target
value of 2.76 x 10 which is based on the cross-sectional area of the bars

only.
Web Berding

Single shear loading of bolts (i.e., current ET attach ring design) has
the consequence of bending the web locally and distorting measurements taken
from the component surface. This problem is depicted in Figure I-11 which
shows the physical situation in the test setup used for the web end component
tests. The bolt rotation essentially causes the bolt to bear non-uniformly on
the bolt hole inside diameter resulting in a moment being applied to the
camponent cross section as well as an axial force. It is shown in the Figure
that displacement measurements taken on the "outside" surface of the test
camponent would be less than the desired web midplane displacement required to
accurately measure the component extensional performance. Since the component
is bolted to a fixture, the points required for measurement (i.e., web
midplane on loaded side of the bolt hole) are inaccessible. An attempt to
quantify the bending effect under the bolt head is shown in Figure I-12. The
displacement between two points on the "outside edge" and subsequently two
points on the "inside edge" of a test camponent during loading were obtained
using two optical micrometers. The measurement locations are shown in Figure
I-12 ard I-13. Each displacement measurement shown in Figure I-13 is the
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average of five tests, since it was physically impossible to obtain the
"inside" and "outside" measurements similtanecusly. Figure I-13 shows the
average test results for two series of tests. One series used only two bolts
while the second series used a third bolt, finger tightened to preclude
movement at that location away from the fixture. It is shown that the
difference between midplane and surface displacement values is 0.0016 inch and
0.0018 inch for the "restrained" and "free" cases, respectively. It may be
reasoned that such a "“correction factor" should be applied to the extensometer
measurements used to calculate the stiffness parameters listed in Figure I-8.
As an example, "correcting” the double bar (4.5 mg test results in Figure
I-g reduces the EA value range from (3.21 - 2.92) x 10" 1bf to (2.86 - 2.62) ¥
10~ 1lbf. Bolt stiffness, K,svalus also are increased from (1.03 - 1.5) x 10
1bf/in to (1.13 - 1.74) x 10 1lbf/in.

Figure I-14 shows a camparison of a double-bar test result and a finite
element analysis of that test. The finite element model did not include
eccentric loading at the bolt hole,. therefore, the analytical result does not
include any out-of-plane bending deformations. The test results shown include
the bending effects. The finite element analysis indicates a displacement of
0.0151 inches at the location where the "correction factor" was determined.
Test results indicate a displacement of 0.0136 inches. Adding the 0.0018 inch
"correction" displacement to the test value results in an experimental
measurement of 0.0154 inches, which compares more favorable with the
analytical result.

The extreme difficulty in cbtaining the appropriate measurements for
calculating the actual effective elastic properties of structural components
loaded in single shear, as discussed herein, indicates that judiciocus use be
made of "design" values deduced from experimental results. Simultaneocus
"numerical™ experiments (analysis) of any experiment is highly recammended to
identify and quantify anamalies (such as bending) which may be present.

Material Property Tests

Insordertgirusureﬂ:atﬂleuwsteelpossessedthemnimlmdulusof
30 x 10~ 1bf/in”, tests were performed to determine the actual Young's modulus
of the specimens being manufactured at IaRC. Results of these tests are
presented in Figure I-15 along with ultimate load test results for the 3/8-
inch tang bolts being used. Test results shown in Figure I-15 confirmed the
modulus of 4130 steel and exceeded the reported ultimate bolt shear strength
(16,000 1bf).

Bushing Tests

To investigate design alternatives, a series of clearance fit bolt hole
bushings were tested to determine their effectiveness in reducing bolt
stiffness. Figures I-16 thru I-18 show the bolt load-deflection response of
an end section design (dog-bone/4130 steel) without a bushing and the response
of the same component machined and fitted with 1020 steel bushings of various
thicknesses. It is shown in the Figures that thicker bushings are
characterized by greater scatter in their load-deflection characteristics.
Secant values of bolt stiffness were calculated from the results shown in
Figures I-16 thru I-18 and are presented in Figure I-19. The calculated
secant values of bolt stiffness at 10,000 1bf bolt load are shown for the
three bushing thicknesses tested. The vertical bar indicates the scatter band
width at each thickness and each tic-mark is a test result. The circled tests
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were performed initially with bushings machined from different 1020 steel than
were the other tests. A different fixture (of the same design) was also used
for the initial tests. All fixtures initially had 0.391-inch bolt holes and
all bushings had 0.385-inch bolt holes.

An effective sgcant bolt stiffness of 0.5 to 0.7 times the baseline
stiffness (1.2 x 10  1bf/in) was found analytically to be desirable in
reducing the load in the end tang bolt. Therefore, the 0.018-inch steel
bushings were found suitable since all data fell within this band. A bolt
stiffness value of 60 percent of the baseline was selected as the nominal
value for analysis purposes.

Figure I-20 through I-22 show the bolt load-deflection response of 2024-
T4 alumimm bushings tested similarly to the steel bushings. The performance
of the alumimm bushings is approximately the same as the steel bushings but
is characterized by more consistent (i.e., less scatter) behavior at all three
thicknesses tested. Figure I-23 shows the calculated secant values of bolt
stiffness for the three bushing thicknesses considered. It is shown that
calculated bolt stiffness for both the 0.018-inch and 0.035-inch thick
bushings fall within the desired range at 0.5 to 0.7 times the baseline bolt
stiffness.

Bolt Hole-Minimum Section Test

End-section web designs being considered have an end web section height
of 1.2 inches. The minimm cross-sectional area available to transmit bolt
load occurs when a maximum thickness bushing is used. The maximum bushing
diameter being considered is 0.4934 inches. A tensile test was performed
using a 4130 steel dog-bone type component with a maximum width through bolt
hole center ecual to 1.2 inches. A hardened steel bushing was used (OD =
.4934 inches and ID = .385 inches) in conjunction with 3/8-inch tang bolts to
determine the load carrying capability of a minimum height web section with a
maximum diameter bushing installed, including hole stress concentration
effects. Two components were loaded simultanecusly in the test fixture as
described previously. A maximum load of 32,500 lbf was attained before
yielding occurred away from the bolt hole, in the minimum cross-sectional area
of the test camponent. No bolt yielding or web yielding was visible around
the bolt hole and bushing.
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APPENDIX J
WEIGHT STATEMENT

by PRC Kentron
Aerospace Technologies Division
303 Butler Farm Road
Hampton, Virginia 23666
Phone (804) 865-1010

June 24, 1987

“QC1~ Martin M. Mikulas, Jr., Prbject Engineer

David H. Butler, Project Manager
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APPENDIX J
WEIGHT STATEMENT

A weight statement is presented in Table J-1. This table lists weights
of the ring end pieces and weights of fasteners and splice plates for
attaching the end pieces to the main part of the ring. Weights for the
proposed concept parts are compared to weights of comparable parts of the

existing ring component.

254



"TATIONICQHOJDY 03SN 38 ONOHS ONVY YivO AHVYNIWIT3Md NO 035VE SIHOIZ3M

a5 " g+ 19° 108 S0° 292 SIV10L O3NIGWOD
0812+ £6°201 €1°18 “SNNNL SWILSAS
R AL +< °66 00°58 “Vi0L ON3 LHOHS
08 0%+ 08° 0+ v/N S3LVd IIIHS ON3 LHOHS
9d°92- +S "89S 00°SG8 {1 vd) dvd/93M ON3 L1HOHS
£2°¢l- L2°62 0S°2¢ . | (HOV3) dvd/g3M ON3 L1HOHS
09|~ < 66 26°001 AvLi0lL ON3 9NOT1
08 °'0Ov+ 08 "0+ Y/N S31Vid 33I7d4S Q,ZN ONO
ag ‘29~ ¥5°85 26 °001 (HIVd) &vI/03M ON3 ONOT
61°12- L2°62 9" 0S5 (HOV3) Jvo/a3m ON2 ONOT
v1130 4P J4SH NOILldINIS30
(SONNOd NI) SIHOI3M

1d3ONOT ONIYH AINIWHOVLLY L3 JHPT) ANV Jd4SW NIIML3G NOSIWVINGD 1HOIIM

"T-0 379Vl

255



Report Documentation Page

Flatrnal Asonautics and
Dpaace: Ademunsstration

1. Report No. 2. Government Accession No. 3. Recipient’s Catalog No.

NASA TM-100476

4. Title and Subtitle 5. Report Date
Redesign of Solid Rocket Booster/External Tank October 1987

Attachment Ring for the Space Transportation System 6. Porforming Organization Code

7. Author(s) 8. Performing Organization Report No.

Harvey G. McComb, Jr., Compiler
- 10. Work Unit No.

506-43-41-04

9. Performing Organization Name and Address

11. Contract or Grant No.
NASA Langley Research Center
Hampton, VA 23665-5225

13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address .
Technical Memorandum

National Aeronautics and Space Administration 14 Sponsoring Agency Code
Washington, DC 20546-0001

15. Supplementary Notes

Appendices: (A) T. C. Jones; (B) J. T. Dorsey; (C) M. S. Lake & W. B. Fichter;
(D), (E), & (F) 0. H. Bradley; (G) L. D. Wall; (H) P. 0. Brown & J. C. Newman;
(1) H. G. Bush; (J) PRC Kentron

16. Abstract

An improved design concept is presented for the Space Shuttle solid rocket
booster (SRB)/external tank (ET) attachment ring structural component. This
component picks up three struts which attach the aft end of each SRB to the
ET. The concept is a partial ring with carefully tapered ends to distribute
fastener loads safely into the SRB. Extensive design studies and analyses
were performed to arrive at the concept. Experiments on structural elements
were performed to determine material strength and stiffness characteristics.
Materials and fabrication studies were conducted to determine acceptable
tolerances for the design concept. The text of the report provides an over-
view of the work, conclusions and major recommendations. Supporting technical
details are contained in 10 appendices.

| Harvey G, McComb, Jr.: Analytical Services and Materials, Inc.. Hampton, VA |

17. Key Words (Suggested by Author(s)) 18. Distribution Statement
Space shuttle Unclassified - Unlimited
Solid Rocket Booster
External Tank .
Attachment Ring Subject Category 18
19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of pages 22. Price
Unclassified Unclassified 260 A12

NASA FORM 1626 OCT 86




