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1.0 INTRODUCTION

This report contains the results ofa structual and dynamic analysis performed
on the Standard Test Rack (STR) to assess its capabilities and structural
characteristics. The STR is a '"D" shaped structure consisting of an arched

section spanned by a moveable bridge as shown in Figure 1-1. Both the

FIGURE 1-1 EXPLODED VIEW OF STANDARD TEST RACK

1-1
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bridge and basic strongback are made up of box sections to obtain the strength/

stiffness of a torque box. Each of these box sections are composed of two,

nine inch channels, two large panels and two interior phear ers. One of the

panels is heavily stiffened to éarry payload components or housekeeping

equipment. The other panel is lightly stiffened and is used primarily |

to carry in plane loads.

A NASTRAN computer model, which mathematically represents the STR, was developed
and exercised to provide internal loads, stresses, and deflections, natural
frequencies and mode shapes. The loading conditions used were obtained

from Ref. 3 — 1ICD2-19001 which provides the shuttle interface data.

A total mass of 6000 pounds was used with the STR in the "High Bridge"

configuration shown in Figure 1-2with a gimbal system - Payload Orientation

and Instrument Tracking System for Shuttle (POINTS) supporting a heavy

payload. This mass distribution was used in an attempt to maximize the

stress (and minimize the frequencies) in the STR to provide some measure 1
of conservatism. The low damping and high margins of safety based on ultimate

loads are also an indication of the conservative nature of the results.

The STR dynamics model, which ha§ been developed, can be used in conjunction

with the Rockwell STS model in order to determine the coupled STS/STR dynamic
response to transient loading events. Twenty STR modes, which include all

natural frequencies below 100 Hz, will be sufficient to defiﬁe the dynamic
characteristics of the STR. Because of this realively low number of modes meeded to
define the STR, configurationswith multiple STR's in the shuttle cargo bay

can be readily analyzed.




#00ST

JUNLONYLS HLS

z-1 JUYNODIA

#9°G

suewpaedxy vaxg—~"20 I9L

#0S¥ Siuiod

#008 peojded

<

6L

# vvv

10y10ede)
Je9H

BIIX

& sjud urtradxy

1-3




r—y
—

| eche

— S— (3-1
s et
- v | SN

L ‘.

2.0 RESULTS

The results of the stresé and dynamic analyses performed on the STR show that
the STR can survive greater than twice the ultimate loads predicted by Ref.
3. All margins of Safety calculated based on those ultimate loads are

> 1.0 as shown in Table 2-1.

Natural frequencies and mode shapes were calculated and are described in
table 2-2. All natural frequencies are greater than the 6.5 Hz shuttle

requirement.

Frequency response characteristics were determined fora lg base excitation

ioads. The maximum responses are shavn in Table 2-3.
All of the above analyses were performed utilizing a NASTRAN model of the STR

structure with a 6000 pound weight distribution arranged to provide maximum

stress to the STR members as shown in Figure 1-2.

2-1




TABLE 2-1

STANDARD TEST RACK MINIMUM MARGINS OF SAFETY
(FLIGHT CONFIGURATION)

ITEM LOAD CASE MATERIAL FAILURE MODE
Equipment Panel 5 6061-T6 Crippling
Shear Panel 7 6061-T6 Crippling
Component Mounting - 6061-T6 Bending
9" Channel 8 6061-T6 Crippling
(Arch Member)
9" Channel 8 6061-T6 Crippling
(Bridge Member)
Keel Trunnion 4 &5 An-Steel Bolt Shear
Fitting (Bolt)
4 Top Trunnion 6 &7 An-Steel Bolt Shear
Fittings (Bolt)
Bridge Fitting 6 An-Steel Bolt Shear

(Bolt)
Web Knee 8 6061-T6 Bending
Fitting

2-2

>1

>1

.00
.38

.05
<12

.50

.00

.00

.00

HIGH PRYLAAD CONFIGURAQTION S0CCLEB
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| 3.0 CONCLUSIONS AND RECOMMENDATIONS
The conclusions drawn from the stress analysis are:

i The STR can survive greater than twice the ultimate
loads predicted for shuttle payloads by Ref. 3.

1 2. Slight modifications are required to the protoflight
structure to achieve flight status.

1 The conclusions drawn from the dynamics study are:

lis A 165 degree of freedom model of the STR in a high payload con-
figuration has been developed. The model can be used to:

(a) Furnish STR dynamic characteristics for transient analysis
of the coupled STS/STR.

(b) Serve as a point of departure for future analyses of other
STR payload configurations.

2. Relatively few modes (®20) are necessary to define the STR for the
‘coupled STS/STR transient analysis. This is significant because,
typically, payload contractors are limited to 150 degrees of
. freedom. Shuttle configurations having more than one STR can
:g s be analyzed without approaching this limitation.

3is The STR frequency response to one-g, rigid-body, sinusoidal
acceleration inputs has been determined. Major response modes
have been identified and the vibration environments of payloads
have been defined. These vibration environments were

. found to be below the 20 g minimum acceleration specified in

| MIL-STD-1540A.

4. Component random vibration specifications have been developed
1 from the STR acoustic test (Ref. 2).

The following recommendations for future efforts are made:

1. Perform a final stress analysis once the final production
drawings are complete.

2 Modify the protoflight vehicle in accordance with the enclosed
stress analysis. ' :

3. Generate ‘a Loads Transformation Matrix for the STR and perform
a coupled STR/STS transient analysis. The transient solution
would be obtained by Rockwell-Downey using their dynamic model
of the STS.

4. Investigate the design of an integrally damped bridge structure
to attenuate the dynamic response of payloads supported by the
bridge. Pursue to design of integrally damped component panels.




5. Perform a modal vibration test of the STR. This would serve
as a reference for future dynamic analysos, aid in the design of
a damped structure, and proviie mcasured values of modal damping.
The modal damping medasurements have two important applications:

(a) Input definitions to the STS/STR transient analysis.

(b) Re-calculation of the frequency response to rigid-body
accelerations with actual damping values. (The initial analysis
assumed 2.5 percent critical damping in all modes). The
envelope of the frequency response is greatly effected by
the levels of modal damping and hence accurate values are
required.

6. Develop a more detailed dynamics model for the component panels.

3-2
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4.0 SUPPORTING DATA
4.1 NASTRAN Computer Model of STR
A NASTRAN Computer Model which mathematically represents the STR was developed.
The model consists of:

141 Grids

193 Plates

126 Beams

8 Rods

55 Mass prints

Computer plots of the model are shown in Appendix A along with details of the

mass distribution.

A méss distribution of 6000 pounds was selected. The configuration showﬁ in
Figure 1-2 includes a pointing system weighting 450 pounds with an 800 pound
payload mounted with it. Additional payload equipment of 1562 pounds is

also mounted to the bridge and its distribution was adjusted so that the

total load would react through the centroid of the Space Transportation

System (STS). Subsystem support equipment of 1685 pounds and the STR structual
weight of 1500 pounds complete the total of 6000 pounds. This mass distribution
was chosen man attempt to maximize the stress and minimize the frequencies to

afford some degree of conservation.

Figure 4.1-1 ‘shows the mass point designation used for the dynamic analysis.

4.2 LOADING CONDITIONS
All loads were applied as mass to the structure and the model was then
exercised for the following loading conditions shown in Table 4.2-1. Aside

from the lg conditions, all load conditions were obtained from Ref. 3.
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Conditions 1,2 & 3 are simply one g accelerations in each of the three
orthegonal directions and were used to check the model and provide preliminary

‘estimates of the fundamental natural frequencies.

Conditions 9,10 & 11 are the crash ultimate conditions in each of the three

orthogonal directions delineated in Ref 3.

Conditions 4,5,6,7 & 8 were selected from Ref 3 as being the most critical
loading maneuvers. It should be noted that the associated angular accelerations
were not included since they were investigated for the most critical case and
found to be negligible when compared to the translational accelerations. In
order to increase the loads to ultimate, the recommended 1.4 factér was used

and is included in Table 4.2-1.

Load Case
No

1

2

10

11

ACCELERATIONS
G-Forces & Direction Description
IX 1G-X Direction
IY 1G-Y Direction
1Z 1G-Z Direction

1.26X 1.75Y 1.4z Descent Yaw Maneuver
: X1l.4 (Ultimate)
1.26X-1.75Y 1.42Z A

-4.48X -1.4Y -3.5Z Ascent Lift-Off 1
X1.4 (Ultimate)

2.62X 1.4Y 5.88zZ - Descent Landing
X1.4 (Ultimate)

2.52X-1.4Y 5.88Z Descent Landing
X1.4 (Ultimate)

4.5X Crash Ultimate
1.5Y Crash Ultimate

4.52 Crash Ultimate

TABLE 4.2-1 STS/STR LOADING CONDITIONS

4-3 » , - I




4.3 Margins of Safety

Using the NASTRAN model described in section 4.1 and exercising it for the
critical loading conditionmsgiven in section 4.2, the resultant internal loads
and deflections were obtained for all of the members. Utilizing, this data,

a stress analysis of all the key structual members of the STR was performed
and the resultant margins of safety are shown in Table 4.3-1. It can be

séen that all margins of safety are greater than 1.0. In addition, built into
the loading conditions described in section 4.2 is the NASA recommended factor
of safety of 1.4 for ultimate loads. Another way of stating it is that the

STR can survivedtwice the conservative ultimate loads predicted by Ref. 3.

During the analysis of the existing protoflight structure, it was found that
to achieve the u.s.g 1.0, it was necessary to make some small modificationms.
These changes consist of (1) using NAS 1588-5 bolts in the upper trunnion
fitting rather than the planned AN-5 bolds; (2) using EWSB 922-6 alloy steel
bolts (3/8") in the bridge fitting rather than the planned AN-S (5/16'") bolts;
(3) add an angle doubler 3%'" long and extend existing doubler on upper
trunnions; (4) increase thickness of knee fitting from 025" to 0.28";

(5) add a 0.10" thick radius block on other side of knee fitting.

As can be seen, all of these changes are minor in nature with little or no
impact to the existing structure. In addition, all modifications can be

easily made on the existing protoflight structure.

4.4 Natural Frequencies and Mode Shapes
The first several natural frequencies of the STR are summarized in Table 4.4-1.
The lowest natural frequency, a POINTS mcde, 7.60 Hz, is above the 6.5 Hz minimum

required for the shuttle. The first major STR mode is even higher at 8.47 hz.




Table 4.3-1

STANDARD TEST RACK MINIMUM MARGINS OF SAFETY
(FLIGHT CONFIGURATION)

ITEM £ LOAD CASE MATERIAL FAILURE MODE MS
| Equipment Panel 5 6061-T6 Crippling 1.00
Shear Panel 7 6061-T6 Crippling 1.38
Component Mounting - 6061-T6 Bending 1.05
9" Channel 8 6061-T6 Crippling 1.12
(Arch Member)
9" Channel 8 6061-T6 Crippling 6.4
(Bridge Member) Poatt : .
. Keel Trunnion 4 &5 An-Steel Bolt Shear 1.50
} Fitting ) (Bolt)
‘ 4 Top Trunnion 6&7 - An-Steel Bolt Shear >1.00
i Fittings _(Bo]t)
Bridge Fitting 6  An-Steel Bolt Shear >1.00 |
Web Knee 8 6061-T6 Bending 1.00

( Fitting
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Three dimensional mode shapes for the first 8 modes appear in Figures 4.4-1 to

4.4-8. The X,Y and Z components of the eigenvectors are represented by
a vector triad drawn at each mass location. ( Components are omitted if their

magnitude is too small to draw an arrowhead).

The natural modes determined in this analysis can be used in conjunction with
the Rockwell STS dynamic model to compute the coupled STS/STR response to tran-
sient loading events. Modifications to the model to account for different
configurations can be readily made. Typically, the predominant shuttle
transient response is below 25 Hz so that relatively few STR modes are needed
for the transient analysis. Note from Table 4.4-1 that all modes below

100Hz are represented by the first 26 modes, which should be more than ample

for the transient analysis. Therefore, since contractors are usually allowed

150 degrees of freedom, there is no size limitation in analyzing STS configurations

having one (or more) STR's in the cargo bay.

A summary of the data transmittal requirements (from GE to Rockwell) for
the transient analysis is shown in Figure 4.4-9. The major item yet to be
generated is a suitable Loads Transfermation Matrix (LTM) from which critical

loads, stresses and deflections can be derived from the modal responses.

4.5 Frequency Response Characteristics

The natural modes from the NASTRAN analysis have been used to determine frequency
response characteristics of the STR. One g sinusoidal, rigid-body acceleration
inputs were applied along the X, Y, and Z axes and the corresponding physical
accelerations were determined at each node point for a frequency range

of 5 to 165 Hz. A structural damping coefficient of G = .05 (critical damping

ratio of .025) was conservatively used in the analysis.

4-7




STANGARD TEST RACK HICH PAYLORD CONFIGURATIZN S30CLE
oTT 18 1978 FREQUENCY!HZ)  7.533 MOCE NUMEER 1.00C

Figure 4.4-1 Mode 1 - POINTS Torsion
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FE SN —— .
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FREQUENCYTHZ) 2.473 M3CE NOMBER
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"

Figure «.4-2 Mode 2 - STR Lateral
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STANZARO TEST RACK HIGH PRYLCARO CONFIGURATION 53CCLB
¥ 18 1973 FREJUENCY(HZ) 12.938 MOCE NUMBER 3.07%C
aduc on el
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Figure 4.4=3 Mode 3 - STR Pitch
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Figure 4.4-4 Mode 4 - Vertical Bridge Bending
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k. STANCRRD TEST RACK
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Figure 4.4-5 Mode 5 - POINTS Lateral Bending
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Figure 4.4-6 Mode 6 - STR Longitudinal
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Figure 4.4-7 Mode 7 - STR Roll
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Complete:

Mode shapes, natural frequencies, and modal damping estimate

Nodal coordinate data
Rigid body weight and inertia properties
Interface weight matrix

DOF table

To be Generated:

Loads transformation matrix
Rigid body matrix
Constraint Modes

Reduced Interface Stiffness ESB
Reduced Interface Weight ﬁiB

Rattle Space Equations

Data Checks

Figures 4.4-9 Data Transmittal Requirements
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Major system resonances are summarized in Table 4.5-1. The vibration environ-
ment at the POINTS Payload location (node 53), for one-g inputs along the X,Y
and Z axes are summarized in Figures 4.5-1 thru 4.5-3, respectively. Envelopes
to 35 Hz of the primary response have been included in each plot. It should

be noted that the maximym response in the y (lateral) direction for frequencies
above 40 Hz occurs for acceleration inputs in the Z direction. This coupling
was also observed at other payload and equipment mounting points. It

should be taken into account in generating vibration specifications.

Similar one-g response plots for a quadrapod payload (node 44) and component

~ panel center (node. 26) appear in Figures 4.5-4 thru 4.5-9. The overall vibration

levels at the POINTS payload appear to be highest of the three locations. It
is felt that these could be lowered, particularly at the low frequencies
where bridge bending occurs, by damping treatment of the bridge structure.
This will be extremely helpful in transient loading conditions as well as in
frequency tésponse. Furthermore, it is felt that equipment panels will atlse

benefit from damping.

It should be amphaéized that the following two conditions are implicit in these

analytical resutls:

1) Because of the multipoint attachment of the STR to the shuttle it is implied
that the acceleration inputs are translational, having no angular acceleration
components. In particular, it is implied that an input acceleration along any
given axis is the same at all attachment points which restrain motions along
that axis; while the motion is zero at restraints in the remaining two
directions. For example, an input acceleration in the X-direction is equal
to that experienced at the two trunnions which restrain X-motions, while it
is implied that z motion at the trunnions and y motion at the keel are all zero.

(2) A critical damping ratio of 2.5 percent was assumed for all modes. The response
envelopes are highly dependent on the modal damping, and a modal test should
be conducted to determine actual STR damping levels so that more accurate
results can be obtained.

4-17




Table 4.

5-1 Major Resonances for Sinusoidal
Acceleration Inputs

Frequency (Hz) Mode No. Q* Acceleration Input
13.5 3 S X-Axis (Longitudinal)
16.8 6 23
30.3 8 1.5
38.0 9 13
49.6 12 2.1

123 25 .8 X-Axis (Longitudinal)

8.47 2 23 Y-Axis (Lateral)

16.5 5 3

25.2 7 2.6

47.8 ** 11 .9

49.6 12 .6

52.2 13 .2 Y-Axis (Lateral)

14.2 4 24 2-Axis (Vertical)
47.8 11 18 2-Axis (Vertical)
77.0 18 2.5 Z-Axis (Vertical)

* Max of POINTS Payload (Node 53), Bridge Payload (Node 44)
and Panel Center (Node 26).

** Z Response
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Figure 4.5-3 POINTS Payload Frequency Response for 1G
Z-Axis Acceleration Input
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4.6 Response to Shuttle Environment ‘:
This section contains a current assessment of the STR in the shuttle vibration en-

vironment. It should be noted that many of the shuttle environmental vibration

definitions are still in the state of development. As the input vibration levels

become better defined, the environmental response of the STR and its associated

payloads can progress accordingly. |

Component random vibration test specifications have been derived from the Qualification
Level Acoustic Test performed on the STR (REF: 2). Figure 4.6-1, displays the

component qualification random vibration levels derived from the acoustic test along
with a typical spacecraft specification. The STR environment is seen to be significantly lower.
In fact, as reported in Ref. 2, the STR expected flight vibration levels are below those
required to uncover component workmanship, defects. Other sources of random vibration
(aeronoise and lift-off) exist. However, the levels are quite low (below .01 gz/ Hz) at
the main longerons for a payload bay (see Ref. 3 Appendix I) and vertical and longitudinal
vibrations cannot be transmitted thru the STR keel fitting. Thus, it is concluded that random

vibration will not be design critical on the STR.

The frequency response to the one-g acceleration inputs have been used to estimate the

transient accelerations at ma jor payload attachment points. According to Ref. &

the transient acceleration may be estimated from the sinusoidal vibration environment
from 5 to 35 Hz with an acceleration amplitude of plus or minus .25 g peak. Thus,
the one-g envelopes shown in Figures 4.5-1 thru'A.S-Q have been multiplied by .25 in
order to estimate the shuttle environment. These values are in turn raised by o6 dB
(mulitplied by 2) for component testing (MIL-STb-lS&OA). The results are summarized

in Table 4.6-1. The maximum expected accelerations are below the 20 g minimum

specified in MIL-STD-1540A, and evidently this minimum will govern the test specificatiom
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Since the results are highly dependent on modal damping, it is recommended that an

STR modal test be performed to update the values of damping used in the one-g analysis.
N

In this light, it would also be beneficial to investigate damping treatments for

major payload attach points.

The transient loading of the STR will vary to some extent depending on its position
within the STS payload bay. Analyses of two Global Positioning satellites each
attached to Inertial Upper Stage boosters is presented in TR-76-212 Vol. VI, Section
3.0. These analytical results show:' that the forward satellite experiences large
acceleration due to pitching. Therefore, it would be highly desirable to perform

a coupled STR/STS analysis for a forward location of the STR.

4.7 Design of Damped'Structure

The General Electric Space Division has been pursuing viscoealstic damping material
development and application for over eight years. Integrally damped designs have

been successfully implemented in circuit boards, a spherical gimbal, acoustic enclosures,
and in a variety of other applications dicussed in Reference 5. The design and con-
struction of an integrally damped component panel was undertaken during the STR program.
It was installed on the STR and loaded with dummy batteries for the acoustic test.
Results of this test and a description of the analysis leading to the design of the
damped panel is contained in Reference 2. The damped panel design has not been

incorporated in the current NASTRAN model.

It is felt that major payloads mounted to the bridge (POINTS and quadrapods) represent
another area where damping teatment can be incorporated to attenuate dynamic response.
It is thus recommended that an integrally damped bridge design be investigated. The
natural modes and frequency response analyses which have been performed will be of
service to this design effort, in that they identify the type of motion to be

attenuated.
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