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Vibro-Acoustic Forecasts for
STS Launches at V23, Vandenberg AFB: Results
Summary and the Payload Preparation Room

1. INTRODUCTION

1.1 Statement of Need

During the first tens of seconds of a Space Transportation System (STS)
launch at Vandenberg AFB (VAFB), Ground Support System (GSS) facilities located
near the Luunch Mount (I.M) will be subjected to pressure and seismic loads gen-
erated by the ucoustics of the Shuttle propulsion system. These dynamic loads
can produce vibrations within the GSS structures that constitute potential hazards
to equipment or, if sufficiently strong, threaten the mechanical integrity of the
structures or their subsystems.

Therefore, there exists a compelling need to forecast the vibro-acoustic
environment that will be experienced by the GSS facilities to support design and
operational planning and to assist in evaluating lifetime projections for these

facilities.

1.2 Scope of This Report

The major GSS facilities at VAFB in close proximity to the LM are shown in
Figure 1. The main body of the report deals with the vibration environment

forecasts for the checkout cells in the Payload Preparation Room (PPR). This

(Received for Publication 6 May 1985)




"

DT JT

FA RV 3

\
X
§
Ll

.

- o

- - = TS,
. ACCESS TOWER :

PCR ' . B . "‘“‘"'“uu\.

UNCH PAD AREA, STATION SET v23

Figure 1, Major Ground Support System Structures at V23

report is the companion to a previous report providing similar vibro-acoustic
forecasts for the Payload Changeout Room (PCR) and the Administration Building
(AB). 1 The results of the earlier study are also abstracted in the Findings se:-

tion of this report {Section 2).

1.3 Approach

The vibro-acoustic environment forecasts presented in this report were gen-
erated by combining an STS acoustic emissions source model with observed re-
sponses at locations on V23, the VAFB STS launch pad complex, and small
explosive sources positioned along a typical Shuttle trajectory. The STS source
model was developed by analysis of pressure data recorded during STS launches
at Kennedy Space Center (KSC). 2,3 This equivalent source satisfies the STS
acoustic emissions near the time of peak pressure loading and as observed at an
open, flat-earth, 300 m from the LM. The explosion response terms were
measured in the "as-built'" GSS facilities and contain all V23 site particular
information including the effects of reverberations due to topography, large
structures, ard seismic coupling with the acoustic source, Under the analysis

conducted for this report, the structural response term is considered deterministic,

References 1, 2, and 3 will not be listed here. See References, page 57,
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"”.'::" while the STS source term carries the statistical variability of the forecasting
' algorithm,

- At the time of the VAFB sounding tests, March 1984, construction at V23

was incomplete although all major structures had been erected. The most signif-
icant work yet to be completed was the installation of siding on the Shuttle Assem-
bly Building (SAB). In addition, some welding of steel plates at the west end of
the Orbiter Functional Simulator (OFS) room was in progress. Although the
incomplete state of V23 will cause some change in the predicted vibro-acoustic
environment, it is believed that the unfinished work will not materially degrade
the forecasts.

2. FINDINGS

k. 2.1 Overview

Using the techniques discussed in this and previous reports, Air Force

Pk » Geophysics Laboratory (AFGL) has been able to produce forecasts of the launch

‘ induced vibro-acoustic environments at a number of locations at V23. 1 The sites
examined in these studies were selected by the Shuttle Activation Task Force
(SATAF) and were confined to the PPR, PCR, and AB. The original experimen-
tal plan called for a more comprehensive study including explosive response

measurements in the Mobile Service Tower (MST), SAB, Launch Control Center

oo (LCC) and on the Access Tower. However, due to conflicts with the V23 con-
: _' struction schedule, the second, more comprehensive, phase of this study was
<. cancelled by SATAF.

The GSS facilities at V23 do not have specific launch induced motion levels
imposed as design specifications, It is apparent, however, that levels of con-

4
cern can be established against which one can evaluate the severity of the fore-
LR . . . :
A cast vibro-acoustic environments, Levels of concern have been derived from
. historic usage, physical implications, or limitations established for equipment |
:-:‘:- intended to be located in the vicinity of specific sites. The definitions of these |
R
s levels and the derivation of the criteria are given in Section 3.
vk It must be noted, however, that these values were selected merely as
o‘:l'. y
:' .. reference levels to highlight unusually severe or unexpected vibro-acoustic
(] .
:" > environments. AFGL does not represent them to be design specifications. It
- must be the responsibility of the appropriate offices within SATAF to evaluate
'( . the significance and implications of exceeding criteria cited in this report.
R
“: <
]
o
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2.2 Vibration Environment

Motion levels of concern are forecast to be approached or exceeded at four

locations in V23, Specifically, these locations are: }
(a) The upper Payload Ground Handling Mechanism (PGHM) rail in the PCR,

where acceleration criteria were exceeded.
(b) The lower PGHM rail in the PCR, where acceleration criteria were also

exceeded.
(c) The gap between the PCR and the PPR, in launch configuration, where

pounding could occur.
(d) The OFS room of the AB, where strong vertical accelerations are fore-

cast.

The presented forecasts are expected value predictions and do not reflect
conditions resulting from unusual trajectories or acoustic power variations in
STS rocket motors. The impact of the ignition pulse has also been largely sup-
pressed in this analysis. A brief summary of the vibration forecasts for each

facility follows.
2.2.1 PAYLOAD PREPARATION ROOM

Specific criteria were established in the Payload Requirement Document for

the vibration environment in the PPR., 4 Motion forecasts at Levels 69, 99, and
119 of Checkout Cell 2 in the PPR do not approach these criteriu, At Level 69
the forecasts were made for the cell rail footings und, at all other levels, for
the platform to cell rail connection. Peak accelerations at all locations were
forecust to be less than 0.07 g. As the peuk acceleration forecasts are sub-
stantially below the root mean square (rms) acceleration criteria for the PPR, it
can virtually be assured that the rms criteria will not be exceeded. Similarly,
Power Spectral Density (PSD) levels are at least one order of magnitude below
the PSD criteria, 0,01 g2/Hz. Motion forecasts by AFGL are significantly lower
than previous finite element (FE) model results. 5 The FE model includes thrust
augmentation, which was not considered in this report.

One caveat must be attached to the preceding discussion. The acceleration
levels forecast for the PPR assume that pounding does not occur between the PPR
and PCR. In the event of pounding, higher, but unpredicted, levels of accelera-
tion can be expected throughout the PPR.

4, Martin Marietta Corp. (1980) Payload Requirement Document, VCR-T77-081,
Rev D.

5. Yung, R.C,, and Teegurden, W, T, (1980) Part III, Vibro-Acoustic Study,
Pavload Preparation Room Summary Report, Martin Marietta Corp.,

VCR-70-145,
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2.2.2 PAYLOAD CHANGEOUT ROOM

Based on a measured minimum separation of the PPR and PCR of no more
than 4.0 cm at elevation 276 ft (see Figure 2), a high risk exists that launch gen-
erated side-on pressures on the PCR will cause pounding between the PCR and
PPR. 1 The PCR exhibits a lightly damped sway when driven by acoustic pres-
sures originating over the LM, Westward sway of the PCR towards the PPR will
regularly exceed 2 cm, one half of the pre-launch gap. This was the designated
level of concern. Due to the major structural change in the PPR at elevation
165 ft, it is impossible to estimate the eastward displacements of the PPR
Transfer Tower from the data available at lower floors. It is significant to note
that for one in every 20 to 30 launches the sway of the PCR alone will be sufficient
to close the gap completely without requiring any motion of the PPR tower.

A 4 cm at rest gap between the PCR and PPR is probably insufficient to con-
sistently accommodate sway in both structures. If so, these structures will
pound during launch, Estimation of the rebound characteristics, resulting dam-
age, and subsequent effects are beyond the scope of this study. It can be assumed
that high accelerations throughout the PCR and PPR will be induced by pounding.

Figure 2, Photograph Showing the Separation of the PPR and PCR at Elevation
276 ft, (Scale in Tenths of Feet)
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The Payload Requirements Document4 specifies that PCR/PGHM rail accel-

erations will not exceed 0.5 g in any one direction or 0.1 g over the frequency
band of 2 to 100 Hz. Peak accelerations forecast for the lower PCR/PGHM rail
are in excess of 0.55 g over the narrow frequency band of 0.4 to 30 Hz (Figure 3),
Extension of the frequency range can only increase the peak forecast amplitude.
All individual components on the PCR/PGHM rail approach or exceed the specified
0.1-g criteria. Further, the general PSD level of concern, 0.01 gz/Hz, is
exceeded on the east component of the upper PGHM rail and on the vertical com-
ponent of the lower PGHM rail (Figures 4 and 5).

COMPONENT UPPER RAIL ACCELERATION

0.142
vsmmm.-%h—— g
-0.154
0.155
NORTH MWW g
-0.141
0.291
EAST M—MW,WWM g
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LOWER RAIL
0.551
VERTICALW g
-0.543
0.087
NORTH W 9
-0.078
0.230
EAST NW 9
-0.240

LAUNCH TIME (sec)

T T T .

5 10 15 20
BANDPASS
03=<f=<30.0 Hz

Figure 3. Forecast Acceleration Time
Histories for the Upper and Lower PCR/
PGHM Rails on the South Side of the
PCR
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2.2.3 ORBITER FUNCTIONAL SIMULATOR ROOM

Floor accelerations forecast in the OFS room of the AB indicate peak vertical
accelerations at this location will approach, and might easily exceed 1 g. 1 Hori-
zontal peak accelerations are significantly lower, typically about 0, 15 g. Actual
forecast amplitudes for the vertical peak accelerations exceed 0.7 g (Figure 6),
The forecasts ure based on a source located over the LM. As the Shuttle climbs
and rotates to the south, roof loading will increase on the AB. As a consequence,
accelerations in this building can also be anticipated to exceed the forecasts. The
accelerations exceed both generic and specific levels of concern, First, vertical
accelerations approaching 1 g raise questions about the structural integrity of
any building. Second, vibration tests on equipment similar to that intended for
the OFS room were run only to 1.0 g. The capability of this equipment to operate
after being subjected to accelerations above this level is open to question.

COMPONENT QFS FLOOR ACCELERATION
0.729
VERTICAL 9
-0.697

0.114

NORTH MWMW g
-0 0966
0.140

EAST M&-W&—-—-——- g
-0.144

LAUNCH TIME (sec)

—1
-

BANDPASS
0.3<{<300 Hz

Figure 6. Forecast Acceleration Time Histories for the
OFS Room Floor

2.3 Acoustic Environment

During the AFGL Phase I Sounding Program at VAFB, pressure transducers
were located on the east face of the PPR, the AB roof, and at 49 m west of the
V23 LM. Analysis of the explosion responses from these locations shows strong,
persistent reverberations. 1 These reverberations will significantly alter the
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magnitude, phase, and spectral characteristics of acoustics emitted from any
source above the LM,

Pressure spectral levels forecast for the east face of the PPR and roof of
the AB are as much as 14 dB greater than those observed at an equivalent dis-
tance at an open, flat-earth, launch facility such as KSC (Figure 7). For the
same locations, overall sound power levels (OASPLs) on exposed walls are fore-
cast to be more than double flat-earth values,

The method used to forecast acoustic loads has not been tested in the near-
field. Therefore, no forecasts were made for the site at 43 m from the LM.
However, analysis of the explosion data tuken at this distance also shows a
marked alteration of the flat-earth wavelet. 6 These data indicate that pressures
found at KSC close-in to the LM cannot be directly applied to V23 due to site
peculiar multipathing at V23,

The pronounced reverberations observed at V23 raise questions as to the
usefulness and credibility of OASPL contour maps such as those published in the
Launch Induced Environment Data Book. 7

150

9.0+

3.0 A

d8

-30 4

PCR A2
EOD 858

-9.0 4

-15.0 T T T ™ T —
0.0 83 16.7 250 333 417 50.0
FREQUENCY (Hz)

Figure 7, Spectral Ratio for the Acoustic Loads at the
East Face of the PPR With a Flat-Earth Site at the
Same Distance

6. Crowley, F.A. (1985) Personal Communication, Boston College.

7. Allen, T, (1982) Launch Induced Environment Data Book, Martin Marietta
Corp., VCR-82-293,




a4

>, 3

.
B, 3, o ek

rd
5, A&
Tl

» S W T )

2.4 Seismic Hazards

The AFGL Sounding Program was directed to evaluation of launch induced
environments in GSS facilities. Through this effort, however, certain other
questions have been raised that are not launch related, but should be of concern
to SATAF. Specifically, these questions concern the potential for pounding
between various structures at V23 due to earthquake ground motions,

Vandenberg AFB is located in one of the most seismically active regions of
the continental United States. 8 Historic activity has produced Modified Mercalli
intensities as high as IX in the I. mpoc area. Such an intensity implies consider-
able dumage even to specifically designed structures, including partial collapse.
In addition, numerous faults near the facility have been identified as having
Quaternary displacements, taken to be an indication of continuing potential for
seismic activity.

When subjected to earthquake ground motions, each structure at V23 will
exhibit some level of sway displacement, horizontal motion increasing with the
height of the building, If insufficient clearance is allowed, earthquake-induced
sway will result in pounding between buildings. The potential exists for damage
to equipment due to high accelerations caused by the pounding or even structural
damage.

The building responses obtained in the Sounding Program are for acoustic
loading and cannot be used to evaluate the seismic excitation of the structures at
V23. However, these data do suggest several situations where pounding could
occur during moderate earthquakes. First, it can be anticipated that pounding
could occur between the AB and PPR, It is noted that the maximum design gap
between these buildings (15. 3 cm)9 corresponds to a ground displacement having
a 10 percent probability of occurrence in any 20-year period.8 This is a lower
limit on the probability as the ground displacement will be amplified by the
response characteristics of the PPR and AB. Similarly, earthquake-induced
sway of the PPR and PCR, in launch configuration, could cause pounding. In
this case, the 20-year period probability of ground displacement exceeding the
gap between the buildings is greater than 90 percent. To evaluate the likelihood
of pounding, this probability must also be modified for the effects of structural
responses and for the fraction of time the two structures are in launch configura-
tion, Finally, it is anticipated that some risk of pounding during earthquakes will
also incur due to the close pro imity of structures when at the 1.M, MST,

SAB, PCR, and Shuttle.

8. Battis, J.C. (1979) Seismic Hazards Estimation Study for Vandenberg AFB,
AFGL-TR-79-0277, AD A082458,

9. Johnson, D.P. (1985) Comparison of Launch Induced Vibro-Acoustics:
Analysis and AFGL Sounding Test, Martin Marietta Corp., Draft Report.
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Individual structures at V23 have been designed to seismic zone 4 criteria. 9
However, it is not readily apparent that the seismic hazards of the complex, as
an integrated system, have been fully evaluated. With the possible exception of
the AB-PPR interface, 9 AFGL has not seen any indication that this subject has
been considered in the design of V23. This does not necessarily imply that it
has not been considered. The discussion given above is meant only to highlight a
potential problem suggested by the Sounding Program results. It is the responsi-
bility of the appropriate offices within SATAF to evaluate the significance of this
problem on STS operations.

3. LAUNCH ENVIRONMENT CHARACTERIZATION

3.1 Overview

The vibro-acoustic environment can be characterized using many different
methods of specification. Further, the full implications of any specification are
subject to the computational basis used in evaluating the specific value. In this
report an attempt has been made to adhere to a set of rigid definitions for specifi-
cation nomenclature to insure a clear understanding of the terms used in this
report and the relation to "'like" values reported elsewhere. The definition of
each specification is given in the following sections, Where applicable, specific
computational parameters associated with these definitions are also stated.

Characterization of the vibro-acoustic environment is of little value unless
the significance of the forecast levels can also be judged. For the sites examined
in this report there do not appear to be stated launch induced vibro-acoustic
specifications against which the forecasted motions can be compared. 10 Based
on several lines of argument, however, it is possible to establish '"levels of
concern" for evaluating the forecasts. In the following sections, the levels of
concern used in this report for each of the facilities are defined and justifications

for their adoption are provided.

3.2 Definitions
3.2.1 VIBRATION SPECIFICATIONS

Vibration forecasts for this study were made over the frequency band of 0. 4
to 30 Hz. This bandwidth can be expected to envelop the dominant frequencies of
structural response for the GSS facilities, In reality, higher and lower frequen-
cies will contribute to the vibrations observed within each structure and can be

10. (1983) Station Set Specification for VAFB V23 Launch Pad 1 Station Set,
Specification No., S55-2300B, Modification No. 50.
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::‘-: expected to modify the predicted motions. However, these modifications would

- not be expected to be substantial.
g 1 To characterize the motion environments at V23 the following measures

:'i- were used: i
:::',: (a) Peak Motion - The maximum, single component amplitude of motion
-'*, away from the long term rest value. .
b (b) rms Value - The root mean square amplitude of a single component of
motion away from the long term rest value over a duration T starting at time to.
o All rms values given here are for a duration of 1.5 sec starting 0.75 sec prior
§ L to the occurrence of the peak motion on a given trace.
}:_ (¢) PSD Level (Power Spectral Density Level) - The periodogram average for
J" one component of motion using a sample duration of T starting at time to. For
PSD level evaluations, the duration is fixed at 2. 56 sec starting 1.28 sec

__: prior to the occurrence of the peak motion amplitude on a given component.

LT (d) Pseudo-Velocity Response Spectra - The plot, with respect to natural
:;.i frequency, f, of the peak motion amplitude for a 1-degree of freedom (DOF)
-, system having a natural frequency of [ and driven by a specified single compo-
A nent velocity time history.

-‘,‘J Dampings of 2 and 5 percent were used in all response spectra plots. These
¥ '“ dampings are typical lower and upper limits for most building modes.

-':_:', 3.2.2 PRESSURE SPECIFICATIONS

- The measures of acoustic pressure used in this report are:

A (a) Peak Pressure - The largest pressure deviation from the ambient

‘ observed for any single instrument.

.';: (b) OASPL - The integral of the standard form Shuttle spectrum obtained by

};.-; fitting the spectrum over the band 0. 4 to 50 Hz to forecast spectra,

2 The standard form Shuttle spectrum is given in Appendix B.

. _

‘;.j 3.3 Levels of Concern

‘1\:{'1‘ To highlight the relative severity of the vibro-acoustic environments forecast

>~ at each location, the motions were compared with certain levels of concern.

et After review of the relevant sections of the V23 Station Set Specification10 it
;.:: does not appear that GSS facilities have definitive launch environment specifica-
___l tions. However, a review of various documents dealing with the launch induced
1 vibro-acoustic environment suggests certain motion and pressure values that can
: }_, be cited as levels of concern. In addition, either historical usage or simple

i physical implications are also used to justify these levels of concern,

.::-, It should be noted that the use of levels of concern is merely intended to high-

::3. light relatively severe launch environment conditions, The significance of ‘
! i:: |
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:\: approaching or exceeding these values is a subject that must be determined by
o
p L the responsible offices of SATAF.

L} Levels of concern have been divided into two categories, general and site

:‘ specific. The general criteria have been established on the basis of historical

:: usage. Site-specific levels are typically derived from the literature on V23 or

,\_ based on clear physical implications. As a hierarchy, exceedance of a site-

u specific criterion should be deemed more significant than exceedance of a general

criterion.
3 3.3.1 GENERAL T.EVELS OF CONCERN

_ The first general level of concern is:
(a) Acceleration PSD - An acceleration PSD of 0.01 g2/Hz at any frequency.
This has historically been used as a generic level of concern since AFGL has

been associated with this subject. 11,12

In addition, it has been used by others
- in vibration analysis of GSS facilities to which it does not strictly apply. 13

\ (b) rms Acceleration - An rms acceleration of 0,7 g in the frequency band
. below 50 Hz, This statement is an approximate time domuin equivalent to the
= acceleration PSD level of concern,

(¢) Peuak Vertical Acceleration - A peak vertical acceleration of 0.7 g, Any
vertical acceleration approaching 1 g must bring into question the structural
integrity of the impacted building. 1

(d) Pseudo-Velocity Response - A spectral peak of 254 cm/sec at any fre-
quency. This level is taken to be a pseudo-velocity response amplitude equivalent
to the general PSD level of concern, 14
» (e) OASPL - Exceedence of OASPLs observed at KSC for Shuttle launches.
OASPLs forecast for KSC on the basis of extrapolation of Saturn launch data have
been used to support design and analysis of V23 facilities, 7 The published Saturn
data values are not equivalent to AFGL forecast QASPL values. This is due to
] differences in averaging time used by National Aeronautics and Space Administra-
. tion (NASA) and AFGL. Further, the KSC values are for 97, 7 percent non-

exceedance level while AFGL estimates are expected (50 percent) or mean
15
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values.

'. 11. Crowley, F.A. (1985) Personal Communication, Boston College.
12, Smith, J. (1985) Personal Communication, Aerospace Corp.

13. Zagzebski, K.P. (1978) Launch Induced Vibro Acoustics Analysis, Launch
Control Center, Ralph M. Parsons Co., TOR No., 114,

14, Wheeler, R.H., and Teegarden, W.T. (1982) Launch Induced Vibration
Assessment, Final Report, Martin Marietta Corp., VCR-82-337.

15. NASA (1976) Environment and Test Specification Levels: Ground Support
Equipment for Space Shuttle System Launch Complex 39, Acoustic and
Vibration, Vol. I, GP-1059, Rev A.
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3.3.2 SITE-SPECIFIC CRITERIA
3.3.2.1 Payload Preparation Room

The Payload Requirements Document4 specifies the following level of concern
for the PPR:

(a) Acceleration PSD - An acceleration PSD of 0.01 g2/Hz over the frequency
band 20 to 2000 Hz,

(b) rms Acceleration - An rms acceleration of 4.4 g over the frequency band

of 20 to 2000 Hz. This criterion is equivalent to 0.5 g over the band of 0.4 to
30 Hz based on an adjustment for the different bandwidth used for forecasting. 5

3.3.2.2 Payload Changeout Room

The Payload Requirements Document specifies ""equivalent steady-state

acceleration'" criteria for "induced loads'" on the PCR/PGHM rail, % For the
purposes of this study these steady-state values are assumed to be equivalent to
peak acceleration values. Then, the two peak acceleration levels of concern are:

(a) A peak acceleration of 0.5 g in any one direction over all frequencies; or

(b) Apeak acceleration of 0.1 g in any one direction in the frequency band of
2 to 100 Hz.

Separation between the PCR and PPR in launch configuration has been meas-
ured to be no more than 4,0 cm at elevation 276 ft (Figure 2), This is in con-
trast to the construction drawings that show a separation of 10 cm, ° To prevent
pounding between these structures, the combined westward displacement of the
PCR and eastward displacement of the PPR must be less than this amount, Due
to the curtailment of the Sounding Program, eastward PPR displacement at this
level can not be forecast. Therefore, lacking better solutions, a westward dis-
placement criterion for the PCR was established as one-half of the pre-launch
gap. This level of concern is:

(a) Peak Sway Displacement - A peak westward displacement of 2 cm.
3.3.2.3 Orbiter Functional Simulator Room

Equipment intended to be placed in the OFS room has been tested to 1.0 g
peak acceleration, 12 Any forecast acceleration that approaches or exceeds the

test limits should be of concern. Thus, a level of concern for the OFS room is
established to be:
(a)} Peak Acceleration - A peak acceleration approaching 1.0 g.
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4. FORECASTING PROCEDURE

4.1 Overview

The response, u(t), of a time invariant, linear system to a specified driving
function, d(t), can be expressed as the convolution of the system impulse response

wavelet, h(t), with the driving function16

u(t) = h(t) = d(t) . (1)

In this form, the impulse response wavelet is a unique characterization of the
system, Making a reasonable assumption that structures not close to failure
behave as time invariant, linear systems, it can be seen that Eq. (1) provides a
basis for forecasting launch induced vibration environments at V23, By measur-
ing the vibration response at some location, uE(t), caused by a known driving
function, dE(t), such as an explosion, one can recover the impulse response
wavelet, h(t), for that location. As h(t) is unique to the structure and independent

STS

of the driving function, a forecast of launch motions, u (t), can be made by

convolving the derived impulse response wavelet with an appropriate model for
the STS launch acoustics, dSTS(t). ‘

While providing a simple statement of the forecasting technique used in this
study, this description evades both the details .nd assumptions required for
practical implementation. In the following paragraphs, a derivation of the actual
methodology is presented. While not ull of the nuances of the problem are dis-
cussed, the significant limitations of the forecasting process are presented.

4.2 The Pressure Functions

Before deriving the actual forecasting algorithm, it is useful to consider the
forms that will be used to represent the explosive and Shuttle generated acoustic
signal. In particular, the Shuttle pressure representation will influence the final
form of the forecusting algorithm., Throughout these discussions, consideration
will be limited to that domain of acoustic propagation where attenuation is in-
versely proportional to range, r.

It should be apparent from the nature of the source that the acoustic output of
a small, elevuted charge, observed at distances many time: larger than the
source dimensions, can be represented as emanating from a point (monopole)

source, Further, the acoustic emissions propagate away from the source under

16, Jenkins, G.M., and Watts, D.G. (1969) Spectral Analysis and Its Applica-
tions, Holden-Day, San Francisco.
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the laws of spherical acoustics. For a flat, perfectly reflecting earth away from

any obstructions, the explosive pressures at a point can be modeled as
pE(t r) - (r /r‘)gE(t—[{r—r Hel, r) (2)
' o [o] o '

where r is the source to observer range, r, is a reference range, g (t, ro) is the .

pressure wavelet modeled at r , und c is the speed of sound in air, The term

{{r - ro}/cl defines the propagation time shift of the waveform between the refer-
ence and observation points. Similarly, the spectral form of the explosive pres-

sure wavelet is given by
P - (r /mGaF e ) (3)
)= Ar [ T

where f is frequency and G}‘Z(f, ro) defines the aumplitude and spectral shape of the
acoustic transient at the reference distance. (Throughout the remainder of this
section, a capitul letter is used to represent the spectral equivalent of a time
S( m( s specified by the respective lower case letter.,) The specific nature of

(f r ) is of little (‘onsoquenoe to the theoretmdl development that follows. How-
ever, th( actual form of g “(t, 10), and thus ofG (f r ) was obtained empirically
and is given in Appendix B.

It has been shown in previous studies that the acoustics of a rocket exhaust
can also be adequately described at a flut earth site as an axial symmetric source
that travels with the rocket but somewhat below it in the exhaust plume, 2,3, 17
For an STS launch, significant acoustic loads are observed on the ground for
approximately 30 sec following main engine ignition. Once clear of the ground,
the spectral shape of the acoustic signal remains relatively constant and is well
described by a theoretical form proposed by Powell for undeflected, plume gen-

erated acoustics (see Appendix B). 18

The most significant divergence from this
theoretical shupe occurs early in the launch sequence when the exhaust plume

interacts with the ground and during Solid Rocket Booster (SRB) ignition. At these

times pressures of concern are low compared with peak values and the change in

spectral shape is not expected to greatly affect the forecast results, l
While the spectral shape remains reuasonably constunt throughout the launch, \

the level of the spectrum, as observed at a fixed point on the ground, changes

throughout the launch. In part, this variation occurs as a result of the increasing

17. Crowley, F.A., Hartnett, F.B., and Ossing, H. A, (1980) The Seismo- N
Acoustic Disturbance Produced by a Titan II1-D With Application to the
Spuce Transportation System launch Fnvironment at Vandenberg AFB,
AFGI.-TR-80-0358, AD A100209,

18. Powell, A, (1964) Theory of vortex sound, J. Acoust, Soc. Am, 36:177-195,
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distance to the source., More significantly, the ucoustic radiation pattern of the
rocket source is not spherical but exhibits distinct directivity. 17 For a fixed
observer, however, the source directivity and range effect (for repeated launches
over the same trajectory) cun be equated to a time dependent variation in the
source strength., In other words, a source, stationary in space, can be defined
that, for a fixed observer, represents the moving source by varying the amplitude
of the source emissions.

The STS launch pressures, at a point on a perfectly reflecting earth, can be
modeled as an independent, identically distributed normal process modified to
give the correct spectral shape and time dependence. Mathematically, this model
has the form

STS

p (t,r) = gSTS

(t, r) * [n(t) - e(t,r)] , (4)

where pSTS(t, r) is the acoustic wavelet at the point, r is the source range,

gSTS(t, r} is a shaping wavelet that produces the correct amplitude and spectral
shape at the time of peak pressure loading, n(t) is a realization of a zero mean,
unit variance, normal process, and e(t, r) is an envelope function that controls the
apparent source strength, Again, the exact nature of the individual terms have no
consequence for the derivation that follows.

At this time, the pressures due to a rocket source have been defined at only
one point. What is ultimately required, however, is the distribution of pressures
on a surface, 15 For the explosive source, the required distributions can be
obtained by extrapolation from the pressure at the given point by the laws of
spherical acoustics. This is a consequence of the point source nature of the
explosion. For areas comparable to the exposed surface areas of structures at
V23, this extrapolation process has also been shown to be valid for a rocket source,
including STS launch pressures. 2.3, 17 This implies that the range dependent
elements of pSTS(t, r), that is, gSTS(t, r) and e(t, r), vary only slowly with range.
Over relatively large areas, then, the STS pressures can be viewed as having an
equivalent point source representation, In this case, however, the parameters of
the point source model must be adjusted for gross changes in the range of interest,
Then, the STS acoustic pressures can also be specified in a form similar to
Eq. (2) as

STS B STS
p (t,r) = (ro/r)g (t -[{r - ro}/c], ro) * [n(t) - elt, ro)] , (5)
17
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with the frequency domain representation given by

STS

PTS(, 1) = (e /0GSTS (1 r ) - (N * B r )] (6)

The definition of GSTS(f, ro) is given in Appendix B.

It should be noted that potentially significant information is lost in using this .
representation for the Shuttle acoustic pressures. Consider two point sources,
A and B, and two observation points, C and D, as shown in Figure 8. Using the
stationary point model for the STS acoustics, the phase relationship between the
signals arriving at points C and D will always remain the same, Any pressure
pulse emitted by source A will arrive at C and D simultaneously as both points
are an equal distance from the source. If the source was to move to B, the dis-
tance between the source and the two observation points would no longer be the
same and a pressure pulse from source B reaches the observation points at times
separated by a travel time difference of At. Thus, in the case of a moving source,
the relative distribution of pressures on a surface will vary with time while for the
stationary source the relative distribution will be fixed. As it is the spatial and
temporal variation of the pressures that determine the induced motions of the
structure, the stationary source cannot fully represent the effects of a moving
source, It remains to be seen to what degree this simplification will degrade the

forecast results.

R3

£~ SOURCE
B

R
)
\ I
A SOL‘JARCE

Figure 8. An Illustration of the Effect of
Source Motion on the Phasing of Loads on
a Structure
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4.3 The Forecasting Algorithm

In the simplified statement of the forecasting algorithm given in Eq. (1), the
problem was stated in terms only of the variable time, t. As the driving loadon a
structure can be applied at any point, or set of points, on the surface of the struc-
ture, Eq. (1) must be expanded to include this spatial dependence. Initially, only
acoustic loads on the structure of interest are considered. As will be shown later,
this development can be readily expanded to include induced seismic loads through
a redefinition of the boundaries of the linear system.

Considering a structure to be a time invariant, linear system, Eq. (1) can be
re-interpreted as defining the relationship between the kth component of motion,
U at some location on the structure defined by a coordinate vector x, and the
causative loading function, d, applied at a point defined by the vector y. Then, a
unique impulse response wavelet, hk(t, X, y), exists connecting the motions induced

by the driving function such that
uk(t, x,y) = h, (t, x, y) xdlt,y)y - AS (1)

where AS is the area over which the load is applied. Note that Uy is dependent on
both the location of the observation point and the point of load application., It is
also noted that, as only acoustic loads are considered, the applied load is, by
definition, normal to the surface of the structure and the usual component index is
not required for the loading functior. For the problem under consideration, an
acoustic source external to the structure, the location of the driving force, given
by y, can be restricted to the exterior surface of the building.

Introducing superscript notations to distinguish source type, the equation for
the explosion becomes

uptt, x, y) = h(t,x,y) *d"(t, y) - A8 (8)

and for an STS source by

uﬁTS(t, % y) = hylt, x, y) * dSTS(t, Y 45, (9)

where hk(t' x,y) is identical in both cases., The equivalent frequency domain
representations are

UL, %, p) = (L x, ) - DE(ty) - 45 (10)

19




for the explosion and

STS STS

Uy (£,x,y - Hk(f, x,y)- D (£, y) - &S (11)
for the Shuttle launch. It follows that the impulse response spectrum, Hk(f, X, ¥,
can be evaluated from Eq. (10) as the spectral ratio of the explosion motions to

the explosive driving function. Substituting that quantity into Eq. (11) yields

STS

STS(r, %, 1) = Ulte %,y - (D550, /DB 1 - a8 (12)

U

and relates the observed explosion motions to the STS induced motions.

STS/DE] . For a com-

Consider the spectral ratio of the driving functions, [D
mon atmosphere, spherical acoustic propagation is, itself, a linear time-invariant
system, If the explosion and STS pressures can be represented as propagating
from point sources, as was shown in the previous section, then extrapolation of the
pressures from any reference location to the point of load application can be
represented in the form of Eq. (1). Then, the driving functions for each sourcr

type can be represented by
D(f, y,z) = HP(f, y,z) - P(f,2) , (13)

where Hp(f, ¥, z) is the propagation response spectrum and P(f, z) is the spectral
representation of the pressure wavelet at a location specified by the coordinate
vector z. As before, Hp(f, ¥, 2) is independent of the type of acoustic source driv-
ing the system. The spectral ratio of the driving functions, for a common source

locution, is then seen to be given by

DSTS STS

(f,y, 2)/D™(¢, y, 2) = PPLo(E, 2)/ PEAE, 2) (14)
and is dependent solely on the source location and independent of the point of load
application,

Substituting Eq. (14) into ¥q. (12) provides the frequency domain representa-
tion of a fundamental relationship between the STS and explosion induced motions,
or

STS

DTS, %y, 2) - ULt %,y 2) - (PSTS

U (t, 2)/PF(t, 2)] - as (15)

and, with conversion into the time domain, one obtains
STS

u Cltx,y,2) ¢ uli:(t'i' ¥, 2) * vit,z) - AS (16)

20




where v(t, z) is some wavelet, referred to us the driving wavelet, defined by the

inverse transform of the spectral ratio of pressure functions for the STS launch
and the explosion,

So fur, this derivation hus treated the motions at x due to loads applied at a
single point on the surface of the structure, specified by the vector y. In fact,
the loads are distributed over the entire surface of the structure and the motions
for an STS source locuted at z, uETS(t, X, 5) will be given by the integral of
UETS(I, X,y z) over the surfuce of the structure

S oA

SIS

uy (t, %, 2) f uiTS(t, X,y z) dS (17

or from Eq. (16)

uETS(t, X, #) ul?(t'f' y,z) ®vit,z)ds . (18)

As v{t, z) is independent of the load application point, the integral reduces to

uETS(t,g, 7) u‘]\,"‘(t,g, z) ¥ vlt,z) (19)

where uf\f(t, X, 2) is the total motion produced by an explosion u: z and observed at
%, the quantity observed during the AVGI. Sounding Program,

U'nder this construction, the time invariant, linear system used in the forecust
scheme hus been expanded from just the structure to include the entire propagation
process hbetween the point source und the locution at which the motions were
observed.  As stuted earlier, this derivation wus made assuming only acoustic
loirds,  As with acoustic propagation, seismic propugation can be treated us a time
invariant, linear system, By redefining the surface of the structure to include the
surfice of the ground, woustie coupled seismic louading will also be covered by this
forecusting algorithm. In i strict sense, only the seismie loads generated by
coupling in the fur-field will be aecurately forecast by this algorithm. Seismic
loids induced near the LM, when the Shuttle is not fur above the ground, would not
be expected to be accurately forecast by this method. This results from the
inudequiacy of the Shuttle source model to represent the pressure distributions on
the ground close-in to the .M early in lift -off.
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4.4 The Driving Wavelet

What remains, then, is to define the driving wavelet, v(t, g) used in the fore-
casting algorithm given by Eq. (19). From Eq. (14), the spectrum of the driving
wavelet, V(f, z), is defined by the spectral ratio of the STS pressure model to the
explosive model. As defined, the driving wavelet is a function of source location,
z. In developing the STS pressure model a stationary source was assumed, For
the explosion source, a fixed source location is axiomatic. As a result of these
assumptions and for collocated sources, the dependence on z can be converted to a

dependence on range, r. From Egs. (3) and (6)

V(E, ) = 1GSTS(E, r )/GE(E, x )]+ [N(D * EXE, v )] (20)

STs(f, ro) and GE(f, r'o) are evaluated at the same refer-

with the restriction that G
ence range, r . Under these conditions, that is, fixed sources and pressure func-
tions evaluated at the same reference range and boundary conditions, V(f, r) is, in
fact, independent of r, the range to the point of loading, but dependent on the refer-
ence range and can be reduced to V({, ro). (As stated in the development of the
STS pressure function, this representation can only be used over limited ranges of
r and dependence on ro the reference range, is significant.) The spectral ratio
of the pressure shaping wavelets, the G terms, is defined as the shaping spectrum,
W(E, ro).

In the time domain, v(t, ro) is given by

vit, ro) = wit, ro) * [n(t) - elt, ro)] , (21)

where w(t, ro) is the shaping wavelet and is defined solely by the inverse transform

of the spectral ratio of the source models, W(f, ro). The theoretical form of
STS
G

to assume the phasing of W(f, ro) to perform the inverse transformation. This

(f, ro) used in this analysis provides no phase information and it is necessary

requirement is met by specifying that the operator, w(t, ro), be realizable and of

minimum phase,

4.5 Conclusions

At this point all terms and relationships required for the forecast procedure
have been defined and the final form of the algorithm can be derived. The [inal
formulation is obtained by combining Egs. (19) and (21) and noting the loss of

dependency on the source location, z, as a result of the assumption of a fixed

19. Robinson, E.A. (1967) Statistical Communization and Detection, Griffin,
London.,
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source for both the Shuttle and explosion acoustics, This final construction is

given by

STS

wp T3, %) = ul(t, %) * wit, r) * (n(t) - elt, )] (22)

and is the form used to evaluate the STS launch induced motion environments
presented in this report.

In deriving this forecast method, the most significant single assumption was
that of the stationary source for the STS acoustics. As pointed out in Section 4. 2,
this assumption can be expected to degrade the forecasts as it is equivalent to
stating that the relative distribution of pressure loads on the structure of interest
do not change as the Shuttle moves along the launch trajectory. While this assump-
tion is distinctly not true, it is imposed by the impracticality of detonating charges
along the initial 30 sec of trajectory to establish the proper phasing of loads during

the lift-off sequence.

5. THE PAYLOAD PREPARATION ROOM

The PPR is the main VAFB facility for the preparation and testing of payloads
prior to their transfer to the Shuttle. It is located approximately 250 m west of the
LM. During a launch it can be expected that this structure will house payloads and
support equipment for future launches. A plan view of the structure is given in
Figure 9 and a cross-sectional view in Figure 10. The locations of each three-
component seismometer installation in this study are also shown in Figures 9 and
10. The major elements of this structure are an open transfer aisle along the
north wall, the three checkout cells on the south wall, and the Transfer Tower
located on the northeast corner. The main structure is of concrete construction,
while the Transfer Tower, starting at elevation 165 ft, is a steel frame super-
structure through which the payloads pass from the PPR into the PCR.

Each checkout cell consists of a 15.5 by 11.3-m room enclosed by 0. 4- and
0. 6-m concrete walls in the east-west and north-south directions, respectively.
The north wall is broken by the access doors to the transfer aisle, The floor slab
under the cells varies in thickness from 0.15 to 0.4 m and access platforms are
located up the cell at 3-m intervals. The access platforms are 0.15-m thick con-
crete, Each platform has a 7.3 by 11.3-m opening in which the payload is posi-
tioned for checkout. On the east and west sides of these openings, rails extended
the full height of the cell and serve as mounting supports for the payloads while
they are in the cells. These rails are coupled to each platform by steel brackets
and it is on these brackets that the seismometers were positioned during the
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Sounding Program. At Level 69, the seismometers were placed on the concrete

footings of these rails,

6. PAYLOAD PREPARATION ROOM FORECASTS

6.1 The Shaping Wavelet

The first step in forecasting the STS launch induced motions is to evaluate the
shaping wavelet, w(t, ro), used in Eq. (22). This function is defined from the spec-
tral ratio of the STS acoustic source, at the time of maximum loading, to a 2.3-kg
explosive source at a common reference distance. The power spectra of each
source, at a reference distance of 300 m, is shown in Figure 11. The appropriate
spectral amplitudes and center frequency used to define the STS source had been
determined from prior analysis of the acoustic pressures produced by STS Mission
41B. 3 For the frequency band of 0,4 to 30 Hz, the amplitude ratio of these two
spectra, the shaping spectrum W(f, ro), is shown in Figure 12a, The equivalent
time domain shaping wavelet, w(t, ro), obtained by inverse transformation of the
shaping spectrum under the minimum phase condition is shown in Figure 12b.

6.2 The Envelope Function

The envelope function, e(t, ro), was computed fr om the bandpass envelope of
the pressure emissions recorded at 300 m from Pad 39A at KSC during the lift-off
of STS Mission 41B. 3 This envelope function, shown in Figure 13(a), was generated
using a low pass filter with a corner frequency of 30 Hz, essentially matching the
bandwidth of the shaping wavelet given above. Figure 13 also shows other envelope
functions evaluated using lower corner frequencies. It is significant that as lower
cut-off frequencies are used the persistence of the envelope increases and the SRB
ignition pulse becomes more pronounced. This implies that the broadband envelope,
used in the following analysis, will somewhat underdrive the low frequency modes
of the PPR relative to an actual STS launch. The effect should be rather small as
the relaxation time of the PPR is less than the separation time of SRB ignition and
peak OASPL.

6.3 STS Launch Forecasts

Using distinct normal process realizations, n(t), driving wavelets, v(t), for
six simulated STS launches were generated. These wavelets were convolved with
the observed explosion responses, uE(t, x), to provide a set of simulated STS
launch motion time series. This process was repeated for each of the three shot
elevations. In particular, the explosion responses used were from shots A2, B2,

25

Lo

Ly T RN e SRS

[ PGS oy Wt ALl

.
'
»
[
L]
-
»
v
B
J




A0 e B R RA - i ™ ol S A el avt arh e g |

s
LS
e ,.‘\
-1
53
K 10-3
.y -
10-4 STS
L]
10-5
o = 10-6
a” ~
. - ~N
.‘. . g
-“_q‘ ~— Io_?
EXPLOSION
o 10-8
10-9
o 10-10 [T S R ST S N e ]
Rty ol 1.0 100 1000
- FREQUENCY (Hz)
:_‘.,‘;
s Figure 11. PSD Plot of the STS Acoustic
VEA Source at the Time of Peak Pressure Load-
ing and of the 2, 3-kg Charge Acoustics
e Referenced to 300 m

and C2 (see Appendix A) at elevations of 15, 46, and 58 m above the LM, respec-
tively.

Throughout the following discussion, the data exhibited is derived from the
launch simulation that produced the maximum rms acceleration for that channel.
In general, the waveforms selected represent different launches. The displayed
data should not be viewed as the simulation of any single launch. For any given
channel, however, all displayed waveforms and spectra are based on one launch
simulation, Further, it should be noted that the waveform having the maximum
rms acceleration might not produce the most severe environment in terms of any
other parameter, such as peak acceleration, velocity, or displacement.

It is appropriate at this time to discuss one restriction on the interpretation
of these forecasts, Variations in the peak OASPL of the Shuttle source have not v

been considered in this model. Thrust augmentation or other factors could affect

P

the peak OASPL as well as the spectral shape of the acoustic emissions. Motions
and pressures presented in this report are based on an expected value OASPL for
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= Figure 13. Envelope Functions, e(t,r.), Determined

- From STS Mission 41B for 300 m and ?Jsing Low Pass

) Filters With Corners at (a) 30 Hz, (b) 10 Hz, (c) 5 Hz,

- and (d) 2,5 Hz. The 30-Hz envelope (a) was used for

(. forecasting
¢ :— a standard Shuttle following a trajectory collocated with the shot points. They can

not be considered worst case forecasts.

-'. In Figures 14 through 16, simulated STS launch induced acceleration, and dis- ‘
-::: placement waveforms are shown for each data channel. As stated before, these |
:. traces are for the particular launch that produced the maximum rms acceleration ‘
":- for each channel. Maximums, means, and standard deviations of peak acceleration,

. velocity, displacement, and rms acceleration were evaluated for each channel,

e These statistics are given in Tables 1 through 4. It is apparent from these figures

3 and tables that the forecast accelerations in the PPR Checkout Cell 2 do not
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approach either the general vertical or PPR-specific rms acceleration levels of

concern, Peak accelerations are more than an order of magnitude below the
general level of concern and the rms amplitudes are no more than 4 percent of the
0. 5-g level specified for the PPR.

An examination of Tables 1 through 4 indicates that the structural responses
of the PPR are only weakly sensitive to source elevation, at least over the range
of elevations available to this study. The forecast motions are reasonably stable
across the shot heights. For each component of motion, that is, vertical, east-
west, and north-south, there is no persistent shift with shot height, It would
appear that the assumption of a stationary source location is not unreasonable.

The shot elevations used in this study, however, cover only the first 7 sec of
the Shuttle launch trajectory. Considering the cross-sectional area of the PPR
exposed to loading, it can be deduced that the PPR will be somewhat underdriven
at later times in the trajectory using these shot elevations. This is particularly
true when the Shuttle moves well above the main PPR roofline and to the south.
This fact will be expanded upon in a later section.

Based on the distribution of the motions parameters from these simulated
launches, the 99 percent non-exceedance level for each channel was estimated.
This value can be expected to be reached or exceeded in one out of 100 launches.
Again, this is not an absolute worst chse projection, but assumes mean acoustic
emissions from a standard Shuttle source following a typical trajectory. These
motion levels were determined by fitting a Gumbel Type I extreme value distribution
to the motion levels from the six simulated launches at each shot elevation. 20
Although other distributions were also tested, the Type I distribution provided the
best fii to the data. In Tables 1 through 4, the largest estimated 99 percent non-
exceedance level using any of the charge heights is stated. Again, these values
are well below any established level of concern.

Finally, Figures 17 and 18 show the PSD plots and pseudo-velocity response
spectra for each channel based on the launch simulation that produced the maximum
rms acceleration. As expected from the rms accelerations, virtually all PSD
levels are at least two orders of magnitude below the 0. 01 gz/Hz level of concern,
Maximum pseudo-velocity responses are all below 10 em/sec and well below the
level of concern taken to be 254 cm/sec,

20. Benjamin, J.R., and Cornell, C. A. (1970) Probability, Statistics and
Decision for Civil Engineers, McGraw -Hill Book Co., New York.
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6.4 Forecast Stability

Some indication of the repeatability of these forecasts can be gained by exam-
ining the response functions for each location in the PPR. In Figures 19 and 20,
the spectral ratios of the observed motions to the flat-earth acoustics, referenced
to 300 m, are shown for channels 2 and 8 for two shots at a height of 46 m., Both
channels are vertical seismometers located at Levels 99 and 69, respectively.
These spectral ratios are typical of those for all channels and shot elevations.

For each channel, the spectral ratios below 30 Hz are essentially the same for
both shots., Above 30 Hz differences are noted, but this is above the frequency
range of interest in this report. In any case, the differences at high frequencies
can readily be explained by slight shifts in the shot location and wind conditions
over ''like" shots. It can be concluded that, for a given charge elevation, the site
responses, including acoustic and seismic propagation properties, have been well
established by the AFGL Sounding Program,

In Figures 21 through 23, the average spectral ratios of the observed motions
for each shot elevation to the flat-earth acoustics are shown for the three shot
elevations on selected channels. These channels are located at Levels 69, 99, and
119, respectively, and are east-west components on the east rail of Checkout
Cell 2. Again, they are considered typical examples of all recorded responses.

In each case, the major features of the response function spectra remain fairly
constant and independent of shot elevation, although there are some relative ampli-
tude changes for individual frequency components. As would bc expected from the
shot height differences, the spectral ratios from the two higher shots show less
variation than does the low shot compared to either of the high shots. Again, for
the range of charge elevations used during the Sounding Program, the insensitivity
of the PPR responses to source elevation is supported by these figures.

It is unreasonable, however, to expect that this insensitivity will persist after
the Shuttle attains a higher elevation and rotates to the south. In particular, it can
be ussumed that loading on the south face and on the roof of the PPR will increase.
Although the level of the acoustics will decrease with increasing range of the
Shuttle, the exposed surface area of the PPR will also increase. It is noted that,
in launch configuration with the PCR moved back against the PPR, there is roughly
four times the unshadowed surface area on the main PPR structure exposed to the
south than to the east.

Further analysis of the data provided in Tables 1 through 4 indicates the antic-
ipated effects of a real Shuttle launch. In Figure 24, the mean relative peak dis-
placements on the platforms in the PPR are shown for each component direction.
As would be expected, the vertical peak displacements are all much the same along
the cell rail., For the horizontal components on the rail, the peak displacements

increase with elevation. However, amplification with increasing level is greater
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RELATIVE DISPLACEMENT

Figure 24, Relative Displacements of the East
Rail in Checkout Cell 2 With Elevation in the
PPR

above Level 99 in the north-south direction than in the east-west direction. Basic-
ally, the PPR is a less rigid structure along it short (north-south) axis than along
the long (east-west) axis, It is assumed that the reason this effect occurs above
Level 99 is that below this point the PPR is shielded from acoustic loading on the
south side by the AB and on the north side by grade. A quick look at Figure 9, the
plan view of the PPR, shows that this property is reasonable. Essentially the only
north-south shear resistance in the structure is provided by the roof girders and
end walls. Along the east-west axis, the checkout cell walls and ¢ “orms pro-
vide greater stiffness. The lower stiffness in the north-south direction is also
reflected by the lower frequency of the fundamental mode 1n the north-south as
compared to east-west direction, 2.76 vs 3.15 Hz, respectively.

Because of the relatively low north-south stiffness and the anticipated load
increase on the south face of the PPR, it can be concluded that north-south motions
given in this report are underestimated, While it is anticipated that actual launch
motions should be higher than the forecast levels, it remains unlikely that the
amplification of the motions wouid be sufficient to approach or exceed the PPR
levels of concern.

6.5 Seismic Excitation

One question that has been raised throughout the history of the V23 project is
the importance of acoustic coupled seismic loading on the motion environments in

52
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structures such as the PPR and LCC, The present data provide some insight to
the answer to this question, Distinct seismic excitations were recorded on several
channels of output during the AFGL Sounding Program. In Figure 25, the acoustic
pressure pulse arrival at channel 1, located 67 m west of the center of the LM, and
the seismic arrivals preceding the acoustic excitation are shown for all channels.
A simple propagation model is assumed in which the first seismic arrival is gen-
erated by the load directly under the shot point and travels through the ground to
the PPR, The relative arrival times for the pressure pulse at the channel 1 sensor
and the seismic arrival at channel 8, consistently estimate the speed of sound at
the time of the shots to be 347 m/sec and the seismic velocity to be 1157 m/sec.
The time shift between the arrivals at channels 8 and 11, two vertical
seismometers on Level 69, is consistent with this velocity.

Even considering the amplification of the input motions with elevation, for
example, channel g located at Level 119, the seismic generated motions are no
more than 10 percent of the direct acoustic generated motions and are typically
much less, In fact, on some channels seismic induced motions are close to
ambient noise levels. Neglect of seismic loading is not detrimental to forecasting

motion environments in the PPR and LCC using FE models.

6.6 Other Studies

One previous study has been made of the launch induced vibration environment
in the PPR. > This study used an FE model of the PPR and included the effects of
thrust augmented Shuttle launch acoustics. None of the reported nodes of the FE

model correspond to the locations studied in this report. Yang and Teegarden5
do, however, state that motions forecast by the FE technique for all three check- '
out cells were essentially the same. On the basis of this statement, the FE model
nodes 275 and 277 correspond with the sensor locations at Levels 99 and 119 of
this study. It should be noted that thrust augmentation, as specified by Yang and
Teegarden, would produce a frequency dependent amplification of the forecast
vibrations when compared to the standard Shuttle configuration used in the present
study. 5

Table 5 provides a comparison of the FE model motions with those obtained in
this study. For purposes of comparison, the larger motion forecast for either
cell rail was used. Peak, rms, and PSD accelerations from the FE model are, in
general, substantially larger than those found by the present analysis, The FE
model vertical peak accelerations approach an order of magnitude larger than the
equivalent levels forecast in this report,

It appears that the FE model, as was intended, is a conservative estimator of
the Shuttle launch induced motions in the PPR.
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Table 5.

Comparison of FE Model and Present Analysis Forecasts

Level 99 Vertical E-W N-S
FE Present FE Present FE Present
Peak (g's) 0. 2588 0.0453 0.1023 0.0315 0.1184 0.0377
rms (g's) 0.0812 0.0145 0.0286 0.0102 0.0345 0.0135
PSD Peak 1.3543 0.0561 0.1258 0.0235 0.0871 0.0700
(1073 g2/Hz)
Level 119 Vertical E-W N-S
FE Present FE Present FE Present
Peuk (g's) 0.3337 0.0491 0.0905 0.0475 0.1266 0.0531
rms (g's) 0.0927 0.0177 0.0323 0.0173 0.0383 0.0165
PSD Peak 1.7315 0.2300 0.1161 0.1374 0.1548 0.1273
(1073 gz/Hz)
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Appendix A

AFGL Sounding Program

The AFGL Sounding Program was designed to measure pressures and vibra-
tions produced on major GSS facilities at V23 by small explosive detonations over
the LM, This effort was one of a series of SD sponsored studies intended to up-
grade the vibro-acoustic forecasts for STS launches at the VAFB facility. The
program was planned as a two phase study in which the first stage called for a
limited effort, primarily intended to develop coordination between the numerous
groups that were required to run the experiment. The second phase was to be a
production effort involving a much greater number of sensor locations and charge
detonations.

In April 1984, SATAF reconsidered the need to conduct the second phase and,
subsequently, Phase II was formally cancelled in August 1984. As a consequence,
vibro-acoustic forecasts for V23, of necessity, have been restricted to those
sensor locations used during the preliminary study of March, 1984,

On the mornings of 16 and 17 March 1984, a total of 13 charges were detonated

over the LM at V23 and the induced motions were recorded at various locations on

V23. Coverage during these shots was essentially restricted to the PPR, PCR,

and AB. All V23 structures were in launch configuration during these tests. How- !
ever, construction had not been completed on all facilities. The major construc-

tion work remaining at that time was the installation of roof and wall panels on the

SAB. Completion of this work can only intensify reverberations observed during

the Sounding Program.
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S
‘ The shots were located at three elevations above the LM, at 15, 46, and
7 = 58 m. Two detonations were made at each elevation. Throughout this report
\ these shot elevations are referred to as Shots A, B, and C, respectively. These
~::‘- elevations cover the first 7 sec of a shuttle trajectory. The distribution was
'::': limited by the height of a line connecting the SAB and the MST roofs, from which
:;::- the charges were elevated. The original plan called for higher shot elevations
o using a tethered balloon to suspend the charges. Due to interference from con-
struction equipment on the pad and high winds, however, all attempts to launch
- the balloon were aborted and the suspended line was substituted.
N‘- Measurements were taken by an element of the AFGL Geophysical Data
‘:_'_i:.. Acquisition System (GDAS). Individual channel responses were determined by
- analyzing the transients excited by a step input, with all sensors in place, just
o before and following the shots for that day. Channel scale factors are traceable
.:" to a force produced by a proof mass for seismometers, or a pressure developed
E*" by a column of water of known height for pressure transducers. Noise is domi-
,.".-‘f. nated by ambient conditions with inconsequential system noise.
? For the 16 March shot sequence, the GDAS was installed in the PPR Checkout
_7: Cell 2 with 15 seismometers and one reference pressure transducer located near
<o the LM, On 17 March the sensor configuration was changed and the sensors were
- placed in the PCR and AB. Information on the system configuration for the second
.»:‘: shot sequence is given by Crowley and Hartnett.‘d‘1 Table Al and Figure Al give
Y the locations of all sensors used during the PPR study. Figure A2 gives the system
. responses for each channel. It should be noted that the gains for channels 8 through
:_ ) through 13 were increased by a factor of 2,25 after the first shot, shot Al, The
,. system response functions are given for the system configuration after this gain
':T'. change.
L For each shot elevation, 15, 46, and 58 m, two separate charges were deton-
" ated and the motions recorded. The measured vibration and pressure wavelets
-".:" for each shot and location are shown in Figures A3 through A8. These wavelets
’ establish the site-specific vibration responses to acoustic loading for a source
w-‘ located at the three points along the STS launch trajectory. Each shot in this
sequence was 2,3 kg of C4 explosive.
-")..' Al. Crowley, F,A.,, and Hartnett, E,.B, (1984) Vibro-Acoustic Forecast for
“-_‘-:‘ Spuc(_e _Shuttlg Laun}ch.es at VAFB, The Payload Checkout Room and the
- Administration Building, AFGL-TR-84-0322.
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Table Al, Sounding Test Channel Identification (PPR)
Channel Sensor Component Location

1 pressure -—-- 50 m west of L.aunch Mount
2 seismometer vertical Level 99 - east rail
3 seismometer east~west Level 99 - east rail
4 seismometer north-south Level 99 - east rail
5 seismometer vertical Level 119 - east rail
6 seismometer east-west Level 119 - east rail
7 seismometer north-south Level 119 - east rail
8 seismometer vertical Level 69 - east rail
9 seismometer east-west Level 69 - east rail

10 seismometer north-south Level 69 - east rail

11 seismometer vertical Level 69 - west rail

12 seismometer east-west Level 69 - west rail

13 seismometer north-south Level 69 - west rail

14 seismometer vertical Level 99 - west rail

15 seismometer east-west Level 99 - west rail

16 seismometer north-south Level 99 - west rail
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Appendix B

Flat-Earth Vibro-Acoustics

B.1 SHUTTLE SOURCE SPECTRUM

Previous studies have shown that the acoustic emissions of the STS propulsion
system can be modeled as an equivalent point source having the spectral attributes
described by the theoretical form proposed by Powell for undeflected, plume
generated acoustics, B1-B3 This holds for observations made in a far-field, flat-
earth location, such as at KSC, and for times around peak pressure loading. The
spectral form of the STS acoustic source is given by

STS“.'

G r) = [4Q(r ) /af_(r ){E/E (r )} + {E (e )/ T2

where [ is frequency, Q(ro) is the OASPL about the time of peak loading, and
fm(ro) is the frequency of the spectral maximum. The values of fm(ro) and Q(ro)
used for this study were 7,25 Hz and 147. 6 dB. These values were based on STS

Bl. Crowley, F.A., Hartnett, E.B,, and Ossing, H. A. (1983) Amplitude and
Phase of Surface Pressure Produced by Space Transportation Systems
Mission 5, AFGL-TR-83-0039, AD A125846,

B2, Crowley, F.A,, Hartnett, E.B., and Fisher, M. A. (1984) Surface Pressure

Produced by Space Transportation System Flight 41B, AFGL-TR-84-0213,
AD A150793.

B3. Powell, A. (1964) Theory of vortex sound, J. Acoust. Soc. Am. 36:177-195,
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::::::; Mission 41B acoustic data. A plot of the resulting STS source spectrum, refer-

b ::-::'., enced to 300 m, is given in Figure 11 of the main text.

(-

K *_'_:-;‘_f B.2 EXPLOSIVE SOURCE MODEL ‘
:t““,- Pressure wavelets produced by a 2,3 kg charge were measured at the Explo-
f sive and Ordnance Disposal (EOD) Test Range at VAFB, The range is a flat area .
- largely free of surface obstacles. Boundary acoustics at this site were taken to be
n much the same as those for Pad 39A at KSC. Differences between the pressure
:‘\': measurements of Shuttle launches at KSC and charge detonations at the EOD site,
.":T.*' at the same range, were taken to be attributable to the sources alone.

::T.?: Figure Bl shows the pressure sensor locations during the EOD Test Range

- detonations and Figure B2 shows the pressure recordings of the 2.3 kg charge
. detonation. It can be seen that the pulse propagates over the array without change
'x:-f'_.. in form, a characteristic of spherical, far-field acoustics. Each of these wavelets
j"‘.::' . is a representation of the explosion source wavelet, gE(t, ro), for a reference
range equal to the source to sensor range. The mean phase velocity for the detona-
tions was 344 m/sec, as seen in Figure B3, The explosion source spectrum is
\ _“ given in Figure 11 of the main text.
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List of Abbreviations and Acronyms

AB - Administration Building

AFGL - Air Force Geophysics Laboratory
cm - centimeter

dB - decibel(s)

DOF - degrees of freedom

EOD - Explosives and Ordnance Disposal
FE - finite element

ft - feet (0,305 m)

g - acceleration of gravity (980, 6 cm/secz)
GDAS - Geophysical Data Acquisition System
GSS - Ground Support System

Hz - Hertz (unit of frequency)

kg - kilogram

KSC - Kennedy Space Center

LCC - Launch Control Center

LM - Launch Mount

m - meter(s)

MST - Mobile Service Tower

NASA - National Aeronautics and Space Administration
OASPL - Overall Sound Power Level

OFS - Orbiter Functional Simulator

PCR - Payload Changeout Room

PGHM - Payload Ground Handling Mechanism

'h'n"l— "u
W, w ~..-"

ﬁn)':n-' et Ity r{‘ _L{JA{JA}(L‘(‘_{L( PO N &N 'A_.JLJ‘LB.&LJ‘ L&{h\.ﬁx\& ub-. “HAMALM&MJMM ’

79

e P
" "--'- -u‘_-‘..gll.
v et

~ . Cat s e . N .
QU AR -"\--'_.,- .




R AL AP R MR B Sl e B it deniecooin Aot g A% AR A Aba S AnMe e s ol ot thadl Sl bl e i Rait S Jiae s aar - g -0 f gty |

PPR - Payload Preparation Room
PSD - Power Spectral Density

psi - pounds per square inch (6894, 8 pascals) .
SATAF - Shuttle Activation Task Force

SD - Space Division

sec - second(s)

SRB - Solid Rocket Booster

STS - Space Transportation System

VAFB - Vandenberg AFB
V23 - The VAFB STS Launch Pad Complex
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