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Buffet Loads Prediction for a Launch Vehicle and Comparison
to Flight Data

Mohamed M. Ragab*
General Dynamics Space Systems Division, San Diego, California 92186

A comparison of preflight predictions of the Atlas I launch vehicle dynamic response to the values measured
in flight indicates that the current prediction methods are very conservative. An overview of the wind-tunnel
tests performed during the development of the large payload fairing for Atlas Lis presented. The results of buffet
analysis with forcing functions based on the wind-tunnel-measured fluctuating pressures are compared to
previous configuration flight data. Buffet forcing functions based on flight data are also developed. The
exceedence of the flight data at about 10 Hz relative to buffet analysis results is attributed to gust excitation. The
deviation of the transonics flight data-derived buffet forcing functions above 20 Hz relative to the wind-tunnel-
and flight-measured external oscillatory buffet pressures can be attributed to the fact that, in the analysis, the
acoustic excitation was not being applied directly on the spacecraft. Some areas of future research are proposed
to improve the accuracy of prediction of the atmospheric environment and space vehicle response, and,
therefore, provide iinportant opportunities for improving the performance and increasing the reliability of space

vehicles.
Nomenclature

A = payload fairing cross-sectional (frontal) area, in.2
C, = bending moment coefficient, = 0/QAD
D = maximum payload fairing diameter, in.
M = Mach number
m = bending moment, in.-lb
Q = dynamic pressure, 1b/in.2
o = angle of attack, deg
B = angle of side slip, deg
g = root-mean-square bending moment, in.-Ib
Subscripts
B = buffet
D = dispersions
G = gust
LC =limit cycle
p = persistence
WO = wind only

Sub-subscripts

m = mean
r = random

Introduction

O a large extent, space vehicle design is governed by the

severe environments to which the vehicles are subjected
during atmospheric ascent. The success of such designs de-
pends on understanding and accurately predicting those envi-
ronments and the vehicle’s response.

‘In the late 1950s, a series of launch vehicle failures occurred
during the transonic portion of their atmospheric ascent. Buf-
fet had not been considered in the design of these early vehi-
cles. The intensive research on launch vehicle buffet in the
1960s made successful designs possible. A review of the pro-
gress made in the early years can be found in Ref. 1. Reference
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2 is a general survey of the field of space vehicle structural
vibration, which is induced by acoustic and aerodynamic noise
and certain mechanical excitations. Publications describing
work done on individual launch vehicle configurations, such
as Refs. 3-5, can also be found, although the number of recent
publications on the subject is very limited. Reliable methods
for analytical prediction of vehicle stability and buffet re-
sponse by computational fluid dynamics techniques are not
yet available, although significant advances have been re-
ported recently, such as in Ref. 6.

Today, the state of the art of predicting the atmospheric
environment of space vehicles is such that a large proportion
of the predicted loads never actually occur during flight. How-
ever, it is necessary to cover all of the uncertainties in order to
ensure a very high probability of mission success. On the other
hand, the state of the art of space vehicle design, given a
specific set of design loads, is such that relatively small im-
provements in system performance can be obtained without
undesirably large expenses in cost and system complexity.
Research work leading to improved accuracy of prediction of
the atmospheric environment and space vehicle response will
therefore provide important opportunities for improving the
performance and increasing the reliability of space vehicles.

In this paper, a brief description of the different types of
environments encountered by space vehicles during atmo-
spheric ascent will be presented and the relative importance of
the different flight wind load components will be discussed.
The degree of conservatism in the prediction of flight loads
will be illustrated by a comparison of preflight prediction of
Atlas I engine gimbal angle and bending moment time histo-
ries to the values measured in flight.

The prediction of buffet loads for the Atlas I launch vehicle
will then be presented. The use of both wind-tunnel test data
and flight data will be discussed, and the difficulties and
limitations associated with each of these data sources will be
shown. Explanations will be given for an exceedence of the
flight data relative to buffet analysis results, and the deviation
of the flight data-based buffet forcing functions relative to
wind-tunnel and flight measurements of external oscillatory
buffet pressures.

Space Vehicle Environment and Flight Loads
Natural and Induced Environment

The space vehicle environment can be divided into two
major types, the natural environment and the induced envi-
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ronment. The natural environment is that which exists irre-

spective of whether the vehicle is present or not. Examples

include flight winds and ambient atmospheric temperature

and pressure. The induced environment is caused by the pres-
ence of the space vehicle or its operation. Examples include
vibration and acoustics due to rocket engine operation, shock
during staging, and buffet. A major difference concerning the
characterization of those two types of environments is that the
natural environment is common to all vehicles and can there-
fore be studied independently, while the induced environment
is specific to each vehicle, must be the subject of specific
studies, and is a function of the vehicle’s design parameters.
Studies of the natural environment should, however, draw
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Fig. 3 AC-69 L-25 Rawinsonde balloon measurement.

_upon the flight experience gained during the testing and oper-
ation of different space vehicles.

Load Components During Atmospheric Flight ‘

Flight wind load components can be divided into two cate-
gories based on the time at which they are calculated. The
so-called ‘‘wind only’’ loads are calculated based on the wind
profile measured as close as practical before the flight, while
the precalculated loads are, as their name implies, calculated
long before launch day operations. Wind-only loads for At-
las/Centaur vehicles are minimized by using pitch and yaw
steering designed for zero angles of attack and sideslip relative
to a filtered wind profile during the high loading portion of

/the flight. Precalculated loads for Atlas/Centaur are due to
persistence (which accounts for the change in the wind profile
between the wind measurement and the actual flight), gust,
buffet, dispersions of the different analysis parameters, and
control system limit cycling.

To calculate the bending moment at a given flight time and
vehicle station, the following loads combination equation is
used.

m = mwo + mp,, + Mg, + myc, + (mp + mé + mj
2 2 L
+ Y mh+ mic ) 48]

The components that are root-sum-squared are assumed to
be uncorrelated. It has been shown recently that limit cycling
need not be considered during the high loads portion of the
flight. Figure 1 shows a sample relative importance of those
loading components, limit cycle included, as was the case
during Atlas I development. The exact percentage of contribu-
tion of each depends on the flight condition and station con-
sidered. However, this chart can still be used to assess the
importance of the potential benefit to be gained from future
research work in each of the load components, as the relative
importance does not significantly change.

Comparison to Flight Data
First Atlas I Flight

The first commercial Atlas/Centaur, Atlas I vehicle AC-69,
was successfully launched from Cape Canaveral on July 25,
1990 (Fig. 2) carrying the USAF/NASA Combined Release
and Radiation Effects Satellite (CRRES). Figure 3 shows the
launch minus 25 min (L-25) release time Rawinsonde balloon
wind measurement, which is the best available data for the
flight winds encountered during the AC-69 flight since it takes
about 55 min for the Rawinsonde to reach 60,000 ft altitude.
Notice the more severe wind shears that the vehicle would
encounter in the 45,000-60,000 ft altitude range as the dy-
namic pressure has already started to drop with altitude.
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Engine Gimbal Angle Time History

A comparison of preflight prediction of Atlas engine gimbal
angle time history to the values measured in flight is shown in
Fig. 4. The L-150 Jimsphere wind measurement calculation,
which includes allowance for precalculated loads, is the one
used for the flight pitch and yaw steering design and the
primary launch go/no-go decision for flight winds. It pre-
dicted a maximum engine gimbal angle about twice what was
actually measured in flight. The fact that the prediction was
very conservative is quite typical of the Atlas/Centaur flight
experience.” The much closer proximity to flight data of the
maximum engine angle prediction of the L-25 wind only is
also in line with the previous flight experience.

Bending Moment Correlation with Engine Gimbal Angle

Thé booster engine gimbal angle correlates very well with
the low-frequency portion of the flight bending moments.
This can be seen in the two AC-69 flight time histories dis-
played in Fig. 5 as well as the cross plotting of the time
histories shown in Fig. 6. The bending moments were mea-
sured by strain gauges mounted in the maximum bending
moment location in the Atlas LO, tank. The yaw direction was
chosen here because the maximum engine gimbal angle that
occurred shortly before 95 s was mostly in yaw. Also plotted
in Fig. 6 is a straight line through the origin with a slope of
2.19 x 10° in.-Ib/deg, which is the value obtained from the
static aeroelastic analysis at M =1.65 and 8 =1 deg per-
formed for Atlas I development. Although the slope is a
function of the flight condition, Fig. 6 shows that slope prac-
tically at the center of the flight response. That indicates very
good correlation. The maximum bending moment deviation
from that static aeroelastic analysis prediction due to dynamic
responses is about 28% of the maximum bending moment
value for that flight.
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Evaluation of Space Vehicle Buffet Loads
Although the buffet loading component is ot one of the

" three major load components for the Atlas/Centaur, buffet

clearly illustrates the general problem of atmospheric environ-
ment characterization and prediction of space vehicle response
because it is one of the most difficult, if not the most difficult
to predict. Buffet is an induced environment and due to its
nature, statistical methods are used for analysis, and compari-
sons with flight data are used to complement the wind-tunnel
test data. This is necessary because accurate analytical predic-
tions of buffet loads cannot be achieved unless very detailed
measurements of pressure are used, including complete cross-
correlation between all points of pressure méasurement.

Buffet Loads Based on Wind-Tunnel Test Data
Wind-Tunnel Tests

During the development of the large payload fairing (LPF)
and medium payload fairing for Atlas/Centaur, two series of
wind-tunnel tests were performed. The first series used a
1/23rd-scale rigid model in the NASA Lewis Research Center
transonic wind tunnel. Seventy-five Kulite oscillatory pressure
transducers were included in the instrumentation. The second
series. of tests used a 1/10th-scale rigid forebody model with
elastic hinges at the forward nodes aeroelastically scaled to
simulate either the first or the second bending modes of the
full-scale vehicle. The model was tested in the NASA Langley
Research Center Transonic Dynamics Tunnel. The primary
objective of the first series of tests was to collect pressure data
for vehicle loads evaluation while the second series was pri-
marily coricerned with buffet response and dynamic stability.
Figure 7 shows a typical pressure power spectral density (PSD)
vs model frequency from the 1/23-scale wind-tunnel test. The
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model frequeticy of 1200 Hz corresponds to 52.2-Hz full scale.
The data shown is for the bottom of the LPF cylindrical
section for Mach 0.85 and zero arigles of attack aiid sideslip.
Notice the general trend of fluctuating pressure decrease with
frequency with the exception of the peaks around 800-Hz
model frequéncy, which are data anomalies due to wind-tun-
nel compressor noise.® ' '

Buffet Forcing Furiction Development

Buffet forcing functions were derived based on the wind-
tunnel test data with the conservative assumptions that buffet

pressures act on one side of the vehicle only and with unit
correlation. The forces were scaled to an Atlas G 10-ft-diam
fairing for comparison to available flight data. The forces
were applied at points A and B as shown in Fig. 8 as suggested
by the wind-tunnel pitessure distribution. Figures 9 and 10
show the Atlas G transonics and maximum dynamic pressure
(max Q) forcing functions. The general trend of fluctuating
pressure decrease with frequency is the same for both cases.

Daz;a Sfrom Prévi'o_us Configurati()n Flights
The most consistent set of flight data available was from the
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Atlas SLV-3D/Intelsat V and Atlas G/Intelsat VA flights. The
flight data of both configurations are very similar and are
treated here as one set of data. The available data consisted of
launch vehicle/spacecraft interface accelerations in pitch and
yaw for a total of 10 flights and spacecraft forward deck
accelerations for 7 flights in pitch and for 5 flights in yaw.
PSDs were generated for 2-s intervals using a Hanning win-
dow for transonics through max Q and 0-50 Hz for'the
interface acceleration data. An envelope of all PSDs was used.
Peak accelerations for interface accelerometer transonics and
max Q and spacecraft accelerometer transonics data were also
obtained for 99% probability and 90% confidence statistics.

Correlation to the Flight Data

The multimode random response analysis procedure of Ref.

9 was used for calculatmg response PSDs and root-mean-
square (rms) values. Figure 11 shows a comparlson of the
interface response to transonic wind-tunnel test-derived forc-
ing functions relative to flight data. That comparison indicates
a need for a knock-down factor on the order of one-fifth in
the low-frequency range compared to analytical responses de-
termined by applying the fluctuating pressure on omne.side of
the vehicle only and a need for an increase in the high-fre-
quency range. That assessment is conservative, however, due
to the difficulty of separating the portions of flight data due to
different loading sources that occur simultaneously (e.g:, gust,

buffet, and acoustics) including any local shell vibration at the
accelerometer location. Notice that the flight data exceeds the
analysis results at about 10 Hz. That exceedence will be even
larger with the application of a knock-down factor in the
low-frequency range. Therefore, the flight response at about
10 Hz is not buffet-related and is attributed to-gust excitation.

Buffet Loads Based on Flight Data
Development of Forcing Functions

Forcing functions were also developed to envelope the flight
data. The forces were applied at locations 1, 2, and 3 of Fig.
8, where they were found to be most effectlve Pitch input
force PSDs are shown for Atlas G for the transonic and max
O cases in Figs. 12 and 13. A comparison of the responses’ to
the transonic forcing functions vs flight data i is shown in Fig.
14. As before, the exceedence of the flight data relative to
analysis. results ‘at about 10 Hz was attributed to gust excita-
tion. The frequency mismatch at the higher frequendies is
believed to be related to the forcing function magnitude,
which will be addressed in the next two paragraphs
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Limitations of Flight Data-Based Forcing Functions

Although the variation of the magnitude of the flight data-
based forcing functions as function of frequency for the max-
imum dynamic pressure case is similar to the wind-tunnel
méasured data, that was not the case for the transonics time of
flight. Instead of decaying to low values at 20-25 Hz and
above, the magnitude of the forcing function increased again
above 20-25 Hz to values higher than those in the low-fre-
quency range for the transonic time of flight. Figure 15 shows
the AC-69 flight boattail fluctuating pressure PSD for the
60-61 s time of flight (about Mach 0.85). Flight data show
decreasing fluctuating pressures as a function of frequency for
that transonic time of flight. The AC-69 transonic flight data-
derived forcing function shown in Fig. 16 (refer to Fig. 8 for
locations) also follows the same trend. The deviation of higher

buffet forces above 20 Hz is therefore incompatible with the
spectra derived from wind-tunnel and flight measurements of

“ external oscillatory buffet pressures, and applying these forces

externally results in spacecraft forward deck acceleration re-
sponses that ate about 12 times higher than those actually
occurring in flight. It is also interesting to compare the AC-69
first bending mode coefficients to the 1/10th-scale wind-tun-
nel test data.> As shown in Fig. 17, the flight beriding moment
coefficient follows the wind tunnel io data rather closely. The
departure of the wind-tunnel data beyond Mach 1.0 is possibly
due to wind-tunnel facility mechanical vibration.
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Acoustic Environment Contribution

The flight data-derived forcing functions assumed that all
of the response measured in flight was due to buffet. To
explain the deviation of buffet forces above 20 Hz, other
loading sources were considered. The acoustic environment
inside the payload fairing follows the same trend as a function
of frequency as the flight-derived buffet forces and is about 10
dB higher at transonics relative to maximum dynamic pres-
sure, as shown in Fig. 18. Moreover, acoustic loads can pro-
duce high-level responses, as evidenced by the response levels
at liftoff or during acoustic testing. Therefore, the need to
increase the forcing function in the 20-50 Hz region could be
attributed to the fact that, in the analysis, the acoustic excita-
tion was not being applied directly on the spacecraft.

Conclusions
Comparison of Atlas I flight data to preflight predictions
showed that current methods of prediction are very conserva-
tive. Careful examination of wind-tunnel test data and previ-

ous flight data was required to evaluate the contribution of
buffet for space vehicle loads analysis. The exceedence of the
flight data relative to buffet analysis results at about 10 Hz
was attributed to gust excitation. The deviation of the transon-
ics flight data-derived buffet forcing functions above 20 Hz,
relative to the wind tunnel and flight-measured external oscil-
latory buffet pressures, could be attributed to the fact that, in
the analysis, the acoustic excitation was not being applied
directly on the spacecraft. Important opportunities exist for
improving the performance and increasing the reliability of
space vehicles by more accurately predicting the atmospheric
environment and space vehicle response. Additional flight
data and new methods are therefore needed. Some areas of
future research suggested include additional methods for de-
termining the different load contributions to flight-measured
responses, and methods to calculate spacecraft response to
acoustic loads and to evaluate the gust portion of the load
calculated based on the day of launch wind measurement, in
addition to reducing the time needed to get the wind profile
measurement.
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