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FOREWORD

The Symposium on Aeroelastic and Dynamic Modeling Technology, sponsored by the
Air Force Flight Dynamics Laboratory of the Research and Technology Division, Air
Force Systems Command, in association with the Dynamics and Aeroelasticity Research
Panel of the Aerospace Industries Association, was held in Dayton, Ohio, on 23-24-25
September 1963, The purposes of the Symposium were to: (a) review the state-of-the-art,
(b) present the latest developments and applications for solution of current problems,
(c) determine the maximum extent to which modeling techniques can be employed for
efficient design and substantiation of full scale vehicle safety and reliability and (d) pro-
vide a basis for future applied research for aeroelastic and dynamic modeling technology.
The symposium subject matter covers the theory, design and testing of both static and
dynamic elastic models used in the development of aircraft, missiles, aerospace vehicles
and equipment.

The proceedings are arranged in two parts: Part I contains the unclassified papers
grouped by subject as presented, and Part II contains the classified papers and is Confi-
dential. The authors’ names and company affiliation are given at the beginning of each
paper.

An effort has been made to minimize errors and omissions, however, if any serious
discrcpancies are noted, they should be orought to the attention of Mr. M. H. Shirk, FDDS,
AF Flight Dynamics Laboratory, WP AFB, Ohio. Necessary errata sheets will be prepared
and distributed.

The success of the Symposium in attaining its purposes and the subsequent compilation
of this report for wide distribution as a reference document were made possible by the fine
contribution of the Symposium speakers, session chairmen and authors of the technical
papers. The AFFDL and the AIA gratefully acknowledge these contributions and express
their appreciation.

This report is classified CONFIDENTIAL because it contains information from which
performance of military weapon systems under development can be obtained, the unauthor-
ized disclosure of which is considered prejudicial to the defense interests of the United
States.
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ABSTRACT

The Confidential proceedings of the Air Force Flight Dynamics
Laboratory and Asrospace Industries Association Symposium on Aero-
elastic and Dynamic Modeling Technology are presented in this report.

Modern day aerospacecraft requirements are calling more and
more for systems which are greatly influenced by aero and thermo-
elastic effects. In line with this trend, model testing technology
has been required to keep pace by advancing the state-of-the-art
in the simulation of elastic, thermal, aerodynamic and dynamic
effects. The objective of this symposium was to bring together the
members of the scientific community who are intimately concerned with
this area of endeavor, thereby promoting a mutual understanding of
current developments and problem areas. The papers presented at the
symposium were divided into appropriate technical area sub-groups
and individual sessions were devoted to each. These sub-groups were:
Theory and Design, Model Testing Techniques, Dynamic Loads and Aero-
elastic Applicatlons, and Structural Design Applications with two
classified sessions on Aerospace Vehicle Applications and Aircraft
Applications.

PUBLICATION REVIEW

The publication of this report does not constitute approval by
the Air Force of the findings or conclusions contained herein. It
is published only for the exchange and stimulation of ideas.

WILLIAM C, NIELS
Colonel, USAF
Symposium Chairman
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DYNAMIC STABILITY EQUIPMENT AND TECHNIQUES
FOR TESTING AT HYPERSONIC SPEEDS*

By
L. K. Ward and R. H. Urban

von K{rm4dn Gas Dynamics Facility
ARO, Inc.

ABSTRACT

Dynamic stability balances, both free and forced oscil-
lation, developed at the VKF specifically for hypersonic
measurements are described and discussed. Problems encoun-
tered in measuring hypersonic model damping, and their solu-
tions, are mentioned in addition to defining areas in data
reduction procedures where caution should be exercised. Data
obtained on several re-entry configurations, primarily at
Mach number 10, are reviewed, pointing out trends found with
variation of Reynolds number, model frequency of oscilla-
tion, model amplitude of oscillation, and model geometry.
Finally, areas of interest for future dynamic stability re-
search programs are discussed.
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*The research reported in this paper was sponsored by
the Arnold Engineering Development Center, Air Force Systems
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Further reproduction is authorized to satisfy needs of the
U.S. Government.
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NOMENCLATURE
A Reference area (wd2/4), ft?
Cm Pitching moment/qud
Cmq acm/b(qd/sz), damping-in-pitch derivative, 1/rad
Cma Slope of the pitching-moment curve, 1/rad
+
Cmg, 9Cp/3(ad/2V_), damping-in-pitch derivative, 1/rad
CyR Cycles to damp to amplitude ratio R, cycles x
d Reference length (noted model diameter), ft

4

CONFIDENTIAL




CONFIDENTIAL

f Frequency, cycles/sec
1 Mass moment of inertia, slug-ft®
in Natural logarithm
M°° Free-stream Mach number
Me Angular restoring-moment parameter, ft-1b/rad
Mé, Angular viscous-damping parameters, ft-lb-sec/rad
q Angular velocity
" Free-stream dynamic pressure, 1b/ft2
R Ratio of the amplitude of a damped oscillation at a
given time to the initial amplitude
Re Reynolds number, based on model reference length, d
Ty Model base radius, in.
r, Model nose radius, in.
T Input torque, ft-1b
t Time, sec
v, Free-stream velocity, ft/sec
a Angle of attack, rad
a Time rate of change of angle of attack, rad/sec
] Angular displacement, rad or deg
6 Angular velocity, rad/sec
) Apngular acceleration, rad/sec?
W Angular frequency, rad/sec
SUBSCRIPTS
a Atmospheric conditions
o Maximum conditions
v Vacuum conditions
w Wind-on conditions
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RTD-TDR-63-4197, PART II
1.0 INTRODUCTION

The need to simulate the dynamic motion of proposed
flight and re-entry vehicles in the supersonic and hypersonic
speed regimes and thus provide data to properly evaluate the
damping characteristics of sucih vehicles has led to the de-
velopment of several dynamic stability balances at the von
K4rm4n Gas Dynamics Facility (VKF), Arnold Engineering De-
velopment Center (AEDC), Air Force Systems Command (AFSC) for
use in the supersonic and hypersonic wind tunnel facilities.

Initial development provided sting-supported, low ampli-
tude, forced oscillation walances for use in the supersonic
wind tunnels. Modification of this equipment by the addition
of air and water cooling allowed testing in the hypersonic
tunnels. Parallelling this hypersonic capability was the
development of several free oscillation balances which pro-
vided model oscillation amplitudes ranging up to %90 deg.
Problems encountered with balance tare damping in the hyper-
sonic speed regime prompted development of a high amplitude
forced oscillation balance and a gas bearing pivot for free
oscillation measurements.

Dynamic stabiiity data have been successfully obtained
for numerous test configurations in the Mach number range
from 1.5 to 10 in tests sponsored by the Ballistic Systems
Division (BSD) and the Aeronautical Systems Division (ASD) of
the AFSC, the Army Ballistic Missile Agency (ABMA), now known
as the Army Missile Command, and the National Aeronautics and
Space Administrations Manned Spacecraft Center (NASA-MSC).
Results of some of these test programs will be presented.

Dynamic damping data obtained in the hypersonic speed
regime have indicated several areas of disagreement with the
predicitions of the Newtonian impact theory (Ref. 1). These
data are presented and briefly discussed along with work pro-
grams now in progress at the VKF.

2.0 APPARATUS

2.1 WIND TUNNELS

The 40-in. supersonic and 50-in. hypersonic wind tunnels
are closed-circuit, variable density wind tunnels, whereas
the 12-in. supersonic and 12-in, hypersonic wind tunnels are
of the intermittent, variable density type.

6
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The 40-Inch Supersonic Tunnel (A) (Fig. 1) has a flexi-
ble-plate-type nozzle which is automatically controlled to
produce Mach numbers from 1.5 to 6. The tunnel operates at
maximum stagnation pressures ranging from 29 to 200 psia at
M, = 1.5 to 6, respectively, and at stagnation temperatures
up to 300°F (M, = 6). Minimum operating pressures are about
one=tenth of the maximum.

The 50-Inch Mach 8 Tunnel (B) (Fig. 2) and the 50-Inch
Mach 10 Tunnel (C) (Fig. 3) have contoured axisymmetric noz-
zles. Tunnel B operates at stagnation pressures ranging
from 100 to 900 psia and at stagnation temperatures up to
900°F. Tunnel C operates at stagnation pressures ranging
fromOZOO to 2000 psia and at stagnation temperatures up to
1450°F.

The 12-~Inch Supersonic Tunnel (D) (Fig. 4) has a manu-
ally adjusted, flexible-plate-type nozzle. The tunnel oper-
ates at Mach numbers from 1.5 to 5, at stagnation pressures
from about 5 to 60 psia, and at stagnation temperatures of
about 80°F.

The 12-Inch Hypersonic Tunnel (E) (Fig. 5) has a nozzle
formed by manually adjusted contoured throat blocks and
flexible plates. The tunnel operates at Mach numbers from
S to 8 at maximum stagnation pressures from 400 to 1600 psia,
resgectively, and at stagnation temperatures up to about
940°F,

A complete description of the tunnels and airflow cali-
bration information may be found in Ref, 2.

2.2 DYNAMIC BALANCES

Several one-~-degree-of-freedom dynamic balances are
available at the VKF and are summarized in Table. 1. Both
the free oscillation and forced oscillation techniques are
used for measuring the damping-in-pitch or damping~in-yaw
derivatives.

2.2.1 Forced Oscillation

Figure 6 shows the sting-balance assembly of the low
amplitude, forced oscillation balance. In the case of the
high amplitude, forced oscillation balance the identical
sting support system is used. Each system is forced to os-
cillate through linkage by an electromagnetic shaker motor
located in the enlarged portion of the sting. The low am-
plitude (+3 deg) system (Fig. 7) uses-a cross-flexure pivot

7
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which provides exceptionally low values of structural damp-
ing. The angular displacement of the model is measured by
the use of a strain-gage bridge mounted on a cross-flexure.
The input torque to the system is measured with a strain-
gage bridge mounted on the torque beam (Fig. 7); hence, the
damping torque contributed by the shaker motor, push rod,
and linkage assembly is not measured.

The high amplitude (£12 deg), forced oscillation bal-
ance (Fig. 8) has an oscillating shaft, supported by t o
angular contact bearings, for the model pivot axis. The
bearings are spring loaded axially to eliminate bearing
free-play. The shaft is forced to oscillate by a flexure-
connected push rod which is driven by the shaker motor pre-
viously mentioned. The push-rod-to-shaft connection is
made by means )f a small flexure, thus eliminating the use
of pin joints. Removable I-beam section torque members are
connected to the shaft on the model side of the bearings and

supposrt the model mounting bulkhead. Balance restoring moments

are produced by the two tapered beams which are fixed to the
sting and connected to the model mounting bulkhead by two
sets of flexures. Points B are the attachment points of one
set of flexures to the bottom restoring-moment beam, and
points B’ are the attachment points of these flexures to the
model mounting bulkhead. This connecting flexure arrange-
ment was designed to minimize the high stress levels that
are present in flexures of a shorter length when forced to
bend through the large displacement angles required in this
system. View AA shows the balance displaced 12 deg. Model
angular displacement is measured with a strain-gage bridge
mounted on the restoring-moment beam, and the input torque
to the system is measured by a strain-gage bridge mounted on
the "I" section of the torque member.

Both forced oscillation balance systems are equipped
with an electronic feedback control system (Ref. 3) to pro-
vide positive amplitude control for either dynamically sta-
ble or unstable models.

2.2,2 Free Oscillation

Several free oscillation balances have been developed
at the VKF capable of both low and high amplitude measure-
ments. Both cross~flexures and bearings have been used as
the pivot. Ball bearings may be used at the lower Mach num-
bers for configurations having a sizable amount of damping,
but their adverse damping characteristics make ball bearings
unsuitable for hypersonic measurements.

Because of the need for a more feasible free oscilla-
tion pivot, a gas bearing (Ref. 4) was developed at the VKF.

8
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Figure 9 shows a sketch of the bearing, and as may be noted,
the plenum is located in the fixed portion of the assembly
and the gas escapes through eight equally spaced orifices

to "float" the outer ring to which the model may be attached.
The bearing will easily support a 300-1b axial load at a
plenum pressure of 300 psig and may be sting mounted or
mounted by a transverse rod support to allow free oscilla-
tion measurement of model damping. The tare damping of the
bearing is extremely low, as may be seen by inspection of
Fig. 10 which shows that for a typical re-entry configura-
tion at M, = 10 the gas bearing damping is two orders of
magnitude lower than the tare damping of a cross-flexure
pivot. The gas bearing balance, when mounted on a sting
support, is restricted in oscillation amplitude only by the
model's physical size with respect to the bearing. By sup-
porting the bearing on a transverse rod, there are no ampli-
tude restrictions on the model, as may be seen in Fig. 11.

The angular transducer (Fig. 12) designed for the bear-
ing is similar to the one used in previous VKF free-oscilla-
tion balances. The transducer simply consists of an eccen~
tric mounted on the movable portion (outer ring) of the
bearing and the two "E" cores mounted 180 deg apart and over
the eccentric. As the bearing is rotated, the air gap be-
tween the eccentric and the coils in the "E" cores changes
and produces an analog signal proportional to the angular
displacement. No torque is produced by the transducer.

3.0 PROCEDURE

3.1 FORCED OSCILLATION

The motion of a single-degree-of-freedom, forced oscil-
lation system may be defined by the equation

16 - Mée - Mee = T cos wt (1)

It may readily be shown that, for constant amplitude
motion at the undamped natural frequency of the model-balance
system, the required forcing torque (T cos wt) is precisely
equal to the damping torque (M3d). The method for computing
the dimensionless damping-in-pitch derivatives for constant
amplitude, forced oscillation tests is as follows:

T cos ot (at the undamped natural (2)

Méé
frequency of the system)

Méeow =T (3)

9
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My = T/Bow (4)
My = Mg, - My, - o fog (5)
Cmg + Cmg = Mz * 2V, /q Ad® (6)

The expression for obtaining the aerodynamic viscous
damping parameter M; is based on the fact that the structur-
al damping of a flexure pivot varies inversely with the fre-
quency of oscillation, as was shown by Welsh and WarAd in
Ref. 5. Further experiments at the VKF have revealed that
all pivot systems investigated, having strucftural stiffness,
have this inverse relationship with frequency.

A1l forced oscillation balance systems are equipped
with transducers which provide continuous time resolved out-
puts which are proportional to the model oscillation ampli-
tude and input torque of the system. The signals are digi-
tized by a Beckman 210 high-~speed digitizer and relayed to
an IBM 7070 computer for data reduction.

Operation of balances in the hypersonic tunnels requires
that balance and balance support assembly be adequately
cooled to withstand the necessarily high stagnation tempera-
tures. Water jackets provide sufficient cooling for the bal-
ance supports; however, water may not be used to cool the
balance since the structural damping of the system would be
affected. Cooling of the balance has been done with the use
of high pressure air sprays directed on the model attachment
bulkhead, as indicated in Fig. 13. The cooling air is turned
off during time periods when data are being obtained. In the
case of tunnel C the model is retracted from the airflow
during the air cooling periods.

As indicated by Eq. (5), structural damping values are
evaluated at vacuum conditions. This is done to eliminate
the still-air contribution encountered at atmospheric condi-
tions. Normally, the still-air contributions may be ignored
when testing at the lower Mach numbers (M, < 4) but must be
considered when testing at the higher Mach numbers because
the results will be in error, as is indicated in Fig. 14.

3.2 FREE OSCILLATION

The equation of motion of a model suspended in an air-
stream and restricted to one degree of freedom and small am-
plitudes can be written as

16 - M

g8 -~ M8 = 0 &)
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This equation, of course, is true only for a completely
linear system with viscous damping. The damping parameter
for motion defined by Eq. (7) can be written as

21f/nR (8)
Cyr

My =

From this expression it is seen that, knowing the model mo~
ment of inertia, it is only necessary to determine the pum-
ber of cycles to damp to a given ratio (Cyg) and the fre-
quency of oscillation (f) to evaluate the damping parameter
MG'
In a true, viscous, damped system the amplitude of the
motion will decrease exponentially, e.g., a plot of the
natural logarithm of the envelope curve against cycles of
oscillation will be linear. In reducing data for models
oscillating over large amplitudes and subject to non-line-
arities, it is necessary to ensure that the amplitude range
can be approximated by the linear expression in Eq. (8).

In the case of ball bearing damping, the procedures for
evaluating their damping characteristics is given in Ref. 6.
After the damping has been evaluated at the proper frequency
and amplitude, the subtraction may be made from the wind-on
value to yield the aerodynamic value.

To this point it has been assumed that the model bal-
ance system has no structural stiffness. In the case where
structural stiffness is present the aerodynamic value must
be determined as follows

My = 21R[(£/Cyp)y, - (£/Cyg), * £./f.] 9

This expression provides the necessary correction for the
variation of structural damping with frequency as previously
discussed.

Most free oscillation measurements to be made in the
future will be made using the gas bearing pivots; therefore,
the balance tare damping will be extremely low and in most
cases may be ignored.

As with the forced oscillation systems the full data
reduction may be done on the IBM 7070. Cooling of the free
oscillation equipment is also handled in the manner previ=-
ously described.

11
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4.0 EXPERIMENTAL RESULTS

Numerous dynamic stability test programs have been con-
ducted at the VKF over the past several years on ballistic
re-entry vehicles, and, in general, results obtained at the
higher Mach numbers have agreed reasonably well with the
Newtonian impact theory (Ref. 1). 1In addition, no appreci-
able effect was found on the damping derivatives which was
attributable to changing the reduced frequency parameter
(wd/2V,). Tests conducted on a model of the Pershing re-
entry vehicle configuration (Ref. 7) in the 12~Inch Hyper-
sonic Tunnel (E) showed excellent agreement with impact
theory, as may be noted in Fig. 15.

Data obtained on models of a typical, second generation
re-entry vehicle in the VKF tunnels A, B, D, and E at Mach
numbers 4 through 8 are presented in Fig. 16. The reduced
frequency parameter, wd/2V,, was varied by changing both
model scale and frequency and ranged from 0.0039 to 0.007.
No apparent effect was noted. A point of interest here is
that, in order to produce a dynamically stable configuration
at the lower Mach numbers, nose roughness was needed to pro-
vide a turbulent boundary layer and eliminate the flow sepa-
ration on the cylinder caused by the 10-deg flare.

Investigations of three model configurations of the
Skybolt re~entry vehicle at Mach 10 in the 50-Inch Mach 10
Tunnel (C) (Ref. 8) indicated a pronounced Reynolds number
effect (Fig. 17). During the tests the distance from the
model base forward to the pivot axis was held constant while
the model nose radius was varied. The impact theory for
Models A, B, and C shown in the band did predict a reduction
in stability with increasing nose radius although not of the
magnitude found by experiment. The theory should become in-
creasingly valid as Reynolds number increases, yet the dis-
agreement with the experimental data is the greatest at the
higher Reynolds numbers.

In a more recent test program, damping derivatives were
measured on a proposed re-entry vehicle and variations caused
by Reynolds number, angle of attack, and model oscillation
frequency were investigated for low oscillation amplitudes
(2 deg) at Mach number 10 in Tunnel C. Data were obtained
at model frequencies ranging from about 4 to 18 cycles per
second and over the full Reynolds number range of the tun-
nel. These data are reported in full in Ref. 9, and the
zero angle-of-attack values are presented in Fig. 18. As
may be noted, the higher value of Cp_ + Cmd occurs at the

lowest Reynolds number and the highest oscillation frequency

12
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and is an order of magnitude higher than data obtained at the
reverse of these conditions. These data show that, for values
of wd/2V, & 0.0019, Reynolds number has no appreciable effect
on the damping derivatives. As wd/2V, is ifcreased above
0.0019 the damping derivatives increase and, in addition, in-
crease with decreasing Reynolds number. The dotted line,
represeating a '"plane" corresponding to the impact theory,
shows fair agreement at all Reynolds numbers corresponding

to values of wd/2V, & 0.0019.

It should again be pointed out that the above variatiomns
with the reduced frequency parameter (wd/2V,) were made by
holding the model scale (d) constant and the free-stream ve-
locity (V,) essentially constant. Additional experiments
should be conducted to determine if the abovementioned trends
with wd/2V, are valid for conditions where model frequency is
held constant and geometry is varied.

5.0 FUTURE TEST PROGRAMS

In a continuing effort to provide necessary test. equipment
for use in obtaining dynamic damping data at the VKF, several
internal development programs have been initiated. One such
program proposes the mneasurement of model damping by obtain-
ing continuous, time-resolved, model surface pressures on a
model oscillating at constant oscillation amplitudes. Data
will be obtained at amplitudes rarnging from 12 to 10 deg
with initial testing being done in the tunnel! A tfacility at
Mach 4. Variable reluctance, dual coil, pressure transducers,
as described in Ref. 2, will be used and will be located at
the model surface to minimize lag times.

The effects of ablation on the aerodynamic characteris-
tics of re-entry vehicles has prompted the study of a method
to provide damping data using mass ianjection at the model
surface. Investigations are currently beiug conducted to
determine a means of transporting the mass across the balance
pivot axis without appreciably effecting the tare damping.

6.0 SUMMARY

A relatively large selection of test equipment is avail=-
able at the VKF for obtaining model damping data at Mach num-
bers ranging from 1.5 through 10. Both the free oscillation
and the forced oscillation techniques are employed. The mod-
els may be supported by either a sting or a transverse rod.
Experimental dynamic stability data obtained at hypersonic

13
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speeds point out the inadequacies in the present-day theory
and indicate the need for continued wind tunnel investiga-
tions in support of the development of proposed flight and
re-entry vehicles.
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Fig. 3 The 50-Inch Mach 10 Tunnel (C)
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Assembly

- Nozzle and Test Section
Fig. 4 The 1l2-Inch Supersonic Tunnel (D)
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A SIMPLIFIED INERTIA-COMPENSATED BALANCE
TECHNIQUE FOR WIND TUNNEL MEASUREMENT
OF LAUNCH VEHICLE RANDOM BUFFET EXCITATION

by C. V. Stahle, C. G. Stouffer and W. Silver

Space Systems Division
Martin Company
Baltimore 3, Maryland

Abstract

A simplified technique for measurement of launch vehicle random buffet
excitation is presented which uses a rigid model of the forward portion of
the vehicle. The technique combines the signals from a standard two-point
moment balance with the signals from two strategically located accelerometers
to provide an inertia compensated measurement of the aerodynamic moment
at two points on the model. By proper design of the model and balance, the
forward accelerometer will completely compensate for the inertia effects at
the forward balance location, and the aft accelerometer will compensate
for the inertia effects of the first three model-sting modes at the aft balance
location. For the frequency range usually investigated, this provides
adequate compensation of the model inertia effects permitting the moment
of oscillatory aerodynamic forces to be measured by the Inertia Com-
pensated Balance.

It is shown that, with a linearized partial mode representation of the
vehicle bending modes, the modal excitation can be approximated by the
integrated moment of oscillatory aerodynamic forces over the forward
portion of the vehicle about the nodal points. These moments are determined
from the balance measurements. Both the Power Spectral Density of the
modal excitation and the Cross Spectral Density of the excitation between
modes are obtained. From these spectra, the mean square loads can be
evaluated using an extension of the Thompson-Barton approximation which
includes the effects of the correlation in the vehicle response resulting from
the simultaneous excitation of the modes.

The adequacy of the technique is verified experimentally by comparing
the random moment applied to the model by an electromagnetic shaker with
that measured by the balance. The close comparison of NASA Model 8 wind
tunnel buffet measurements with previous pressure integration measure-
ments verifies the adequacy of the pressure approach over the frequency
range investigated, The Inertia Compensated Balance technique can be ex-
tended to measure simultaneously the excitation in two planes and is applic-
able to other similar investigations.
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Nomenclature

Cross spectral density of the aerodynamic moment about the
node of mode n and mode m

Cross spectral density of the generalized modal excitation of
mode n and mode m

Structural damping coefficient in mode n

Constant relating the inertia moment at the bridge location to
the acceleration at the accelerometer location

Distance from the nose of the vehicle to the node of mode n
Sm(x) hrz1 (x) dx, the equivalent mass for the nth mode
Moment at station X in the nth mode

Aerodynamic moment at the balance location

Inertia moment at the balance location due to model vibration
Total moment sensed by the balance bridge

Fourier transform of the effective pressure force acting on an
axial element at X

Complex conjugate of the Fourier transform of the effective
pressure force on an axial element at X!

Time, used to denote limiting process
Time, used to denote time variations
Power spectral density of the bending moment

Power spectral density of the generalized modal excitation

Power spectral density of aerodynamic moment about the nodal
point of mode n

Acceleration of the model at the accelerometer location
Distance aft of the nose of the prototype vehicle or the model
Impedance of the nth mode of the prototype vehicle
Deflection shape of the nth mode

Effective modal slope over forward partion of the vehicle
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Tan-1 gnll - -“-’2— the phase angle associated with the impedance
W,

n
of the nth mode

Resonant frequency of the nth mode

Modal coordinate indicating time variation
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Introduction

This paper presents a simplified experimental technique for the measure-
ment of the random buffet excitation of launch vehicle transverse bending
modes using a rigid model. As a launch vehicle passes through the transonic
region, it is subjected to large random pressure fluctuations due to boundary
layer separation and shock wave interaction. These pressure fluctuations
occur primarily over the forwarcd portion of the vehicle and particularly at
locations of abrupt change in shape. Because the effects of these fluctuating
pressures cannot be predicted to the required degree of accuracy by ana-
lytical methods, they are investigated experimentally by wind tunnel tests
using scaled models. The model similitude requirements and the scaling of
the test results have been the subject of other papers presented at this sym-
posium and will not be discussed in this paper.

There are two fundamentally different approaches to the wind tunnel in-
vestigation of the transonic buffet excitation of launch vehicle bending modes.
One approach is to use dynamically scaled models; the other is to measure
separately the modal excitation due to fluctuating pressures and the motion
dependent unsteady aerodynamic effects. This paper is concerned only with
the first part of the latter approach, tine measurement of the modal excita-
tion due to random pressure fluctuations.

The excitation of the vehicle bending modes is defined by the integral of
the instantaneous pressure fluctuations over the surface of the vehicle,
weighing each area element by its associated modal deflection. The Power
Spectral Density and Cross Spectral Density of these integrated pressure
fluctuations provide the desired measure of the modal excitation. The ap-
proach used in previous wind tunnel tests has been to determine this modal
excitation from measurements of the fluctuating pressures acting on the
vehicle. Although pressure fluctuation measurements are necessary for the
determination of local structural excitation, these measurements are not
amenable to analysis of the overall vehicle response. It becomes an im-
possible task to cdetermine the modal excitation if only uncorrelated pressure
measurements are made.

To provide more meaningful data than offered by the measurement of
pressures alone, Cole and Coe developed a pressure integration technique
for measurement of the integrated modal excitation, Ref. 1. Their tech-
nique utilized the signals from a large number of pressure transducers lo-
cated over the forward portion of the model. By assigning effective areas
to the transducers and electronically summing these signals, the integrated
modal excitation was obtained. The difficulties with this technique are due
to the approximations made in assigning effective areas to the transducers
and to the complexity of the instrumentation and data reduction systems.

A large number of pressure transducers and associated electronic equip-
ment must be used even for measurements on simple bodies of revolution
and cannot be confidently applied to more complicated payload shapes such
as the Dyna-Soar. Because the excitation of only one mode at a time can
be determined with this system without doubling the already complex data
reduction system, the cross spectra of the excitation between the various
vehicle modes cannot be obtained.
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Because of these difficulties and the necessary approximations made, a
simplified technique for more accurately measuring the integrated excitation
of the vehicle modes and the cross spectra of the excitation between modes
was desired. Extending the work of the Cornell Aeronautical Laboratory
(which had developed an Inertia-Compensated Balance for measurement of
static moments in a hypersonic shock tunnel) and in conjunction with the Aero-
space Corporation, an Inertia-Compensated Balance (ICB) technique has been
developed by Martin which fulfills these requirements.

The present Inertia~Compensated Balance technique uses the combined
signals from two strategically located accelerometers and a two-point moment
balance to measure the modal excitation of the vehicle bending modes. The
arrangement of the model and the instrumentation is shown in Fig. 1. The
accelerometers provide inertia compensation. Each accelerometer is lo-
cated and its signal sensitivity is adjusted such that its electrical signal is
equivalent to the inertia bending moment at its associated balance bridge
location. Hence, the difference between the signals from one balance bridge
and one accelerometer provides a measure of the integrated moment of the
aerodynamic pressures acting over the forward portion of the model, com-
pensated for the model inertia effects. From the simultaneous measurement
of the integrated moment of the fluctuating pressures about two points on the
model, the Power Spectral Density and the Cross Spectral Density of the
modal excitations can be determined using a linearized partial mode repre-
sentation of the prototype bending modes similar to that of Ref. 1.

In the first section of this paper, the determination of the modal excita-
tion from moment measurements will be discussed. Then, the principle of
operation of the Inertia-Compensated Balance and the final adjustment and
calibration of the ICB system at the wind tunnel will be presented. Random
vibration test results verifying the adequacy of the system will be presented.
Measurements of buffet excitation obtained from wind tunnel tests using the
ICB technique will be compared with data obtained previously by NASA Ames
for a similar model using the pressure integration technique. The use of the
ICB measurements for the determination of mean square loads will be dis-
cussed and, finally, the use of this technique for similar investigations and
possible extensions of it will be mentioned.
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FIG. 1. TYPICAL MODEL ARRANGEMENT FOR INERTIA COMPENSATED BALANCE
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Determination of the Modal Excitations from Moment Measurements

The vehicle load due to random buffet excitation in which the designer is
generally interested is the magnitude of the mean square bending moment.
To determine this load, the power spectral density of the bending moment due
to the response of the vehicle in its bending modes must be known, This bend-
ing moment power spectral density, WBM (w, x), can be defined by the follow-
ing equation from Ref, 2:

M (x) M! (x) 6 O
' (x X) e
W , - n m"
BM W, x) Z Z} N mw
. SS‘% Fp(w, x) Fp*(w, x') ¢n(x) ¢m(x') dx dx! (1)

The first portion of the right-hand side of this equation represents the "bending
moment admittance' of the vehicle's structure in its various modes, while the
second portion defines the generalized modal excitation. The modal excitation
due to random forces can be further defined as:

WQ {w) n=m

2 n
= F (w, x} F *w, x") ¢ _(x) ¢_ (x') dx dx' = (2)
SST P P n m CQQ(w)n#m
n~m

Hence, the Power Spectral Density of the bending moment is equal to the sum
over all modes of the 'bending moment admittance" times the Power Spectral
Density or Cross Spectral Density of the modal excitation., The purpose of the
ICB technique is to experimentally evaluate these Spectral Densities of the
modal excitation,

The integral of Eq (2) can be approximated by integrating only over the for-
ward portion of the vehicle because the pressure fluctuations and the modal
deflections are generally large only over this portion of the vehicle, In addi-
tion, the vehicle mode shape can be represented by s straight line for the for-
ward portion of the vehicle with reasonable accuracy as shown in Fig, 2. With
this linearized partial mode representation, the integral of Eq (2) can be written
as;

gg% Fow, x) F ¥, x) of £, [1 --IX;]% . [1
2 -
X [‘%] WM (w) n=m
- 2—] dx dx' = n (3)

' 1
m ¢n m CMan((") ntm
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where

2 2 - X X
WMn(w) = g g T Fp (w. X) Fp*(w, X') fn [1 - Ir'l_] [1 -];-1'] dx dx!

2 - « X X' '
CMan(w)=ggT Fp(w, x) Fo*w, x) L [ 'T;] £ [ T] dx dx

m

Hence, with a linearized partial mode representation of the full-scale vehicle
modes, the modal excitation is proportional tc the Power Spectral Density of
the moment of fluctuating pressure forces about the nodal points of the modes

and the Cross Spectral Density of the moments about the nodal points of two
different modes.

——-~ACTUAL MODAL DEFLECTION

Lo ~—PARTIAL MODE REPRESENTATION

15T MODE
-~ ¢ ¢1 - -
-4 — ——
; Wd?‘ X e——— VEHICLE STATION
S Pt
g 1o
g
z 2ND MODE
< '
) 0 ¢2 T T~
g —
z l ] &S — — — — ~
N
2
z
g 1.0

3RD MODE

o — e

#3
0 < — -

FIG. 2. LINEARIZED PARTIAL MODE REPRECENTATION

Having established the properties of the buffet pressure fluctuations that
are required to define the modal excitation using a linearized partial mode
representation of the prototype bending modes, now consider the capability
of the ICB system to measure these properties. In Appendix A of this paper,
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it is shown that the Power Spectral Density and Cross Spectral Density of the
moments at the two ICB balance locations can be used to determine the Power
Spectral Density of the moment about any other point as well as the Cross
Spectral Density between the moments at any two points, Because the modal
excitations have been defined in terms of the Power Spectral Density and the
Cross Spectral Density of the moments about the nodal points of the modes,
these modal excitations can be completely determined from the ICB measure-
ments at the balance locations,

A method for determining the mean square vehicle loads from the Power
Spectral Density and Cross Spectral Density of the modal excitations is pre-
sented in Appendix B which extends the Thompson-Barton approximation to
include the load contributions due to the simultaneous excitation of the vehicle
modes.

Principle of Operation of the ICB System

If a standard balance without inertia compensation were used to measure
the moment at a point on the model, the balance would measure both the in-
tegrated moment of pressure fluctuations and the moment due to vibration of
the model. The dynamic sensitivity of the balance would reflect the impedance
of the model-sting dynamic system having peaks at model resonances and low
points between resonances as shown in Fig, 3, If the model inertia effe:ts
were compensated, the calibration curve would be approximately a horizontal
line with the input and output moments of the balance system being nearly equal.
This type of compensation is accomplished by eleetronically combining an ac-
celerometer signal with a balance signal to eliminate the inertia effects of
mgodel vibration on the measured moment.
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FIG. 3. DYNAMIC SENSITIVITY OF UNCOMPENSATED BALANCE

The principle of operation of the ICB system can be explained by consider-
ing one accelerometer-bridge combination of the typical model arrangement
shown in Fig. 1. The moment measured by the strain gage bridge of the bal-
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ance will be the sum of the aerodynamic moment and the moment due to model
inertia effects, This can be written as:

MT(Xb, t) = MA(Xb, 1) + MI(Xb, t) (4)

where the effects of damping are neglected because the damping is generally
small and would affect the bridge moment only in narrow frequency bands

near the model resonances, Considering a flexible model, the inertia moment
at the bridge location, Xb’ can be written in terms of the model modes and the

acceleration at a point on the model, Xa' as:
1
1
Mi(Xb).. S- [Mi(Xb)

MKy =) —5— & =) 3———} w(X,, ) (5)
1

i i W 4’1 (Xa)

i
where ;‘;i(xa’ t) is the modal acceleration at Xa'

If by proper selection of an accelerometer location, the term in parentheses
can be made constant for all modes, Eq (5) can be written as:

M(X,, 1) = KZ WX, 1) = Kwo(X,, 1) (6)
]

where

MI(X,) MI(X, *) M!(X, ¥)
K = 21b :ZZb =23b___._. (6a)

That is, the inertia moment at the balance bridge will be proportional to the
total acceleration at a point on the model. Then, from Eq (4), the aercdynamic
moment can be obtained by subtracting the inertia moment which is propor-
tional to the model acceleration at Xa:

My (X, 8 = Mp(X,, 1) - K wolX, 1) (7)

Hence, by subtracting the acceleration measured by a properly located accel-
ercmeter and multiplied by an appropriate '"gain constant, " K, from the mo-
ment measured by the balance, the moment of aerodynamic pressure fluctua-
tiors is obtained.

The instrumentation system used to accomplish this is relatively simple
and is presented in Appendix C. Of prime importance are the amplitude and
phase characteristics of the transducers which must be carefully matched to
assure adequate compensation,

If only one mode of the system is to be compensated, the requirement of
Eq (6a) can be relaxed and Eq (6) becomes:
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Mi(xb)

MI(Xb’ t) = [m] Wl(Xa, t) = Kl Wl(Xa: t) (6b)
1 7"1"a

This means that for any point of acceleration measurement, Xa’ the inertia

effects due to model motion can be compensated by proper determination of a
"gain constant, " Kl’ relating the moment at the balance bridge location, Xb'

to the point at which the acceleration is measured. This, in effect, is what
was accomplished previously by the Cornell Aeronautical Laboratory,

In order to provide compensation of two modes, the requirement imposed
is that:

M (X, )
5 1" b _ 72 (6c)
wy 61X wy (X

For a given model and balance configuration, this relation determines the lo-
cation of the accelerometer, The accelerometer must be positioned at a point
such that the ratio of modal moment at the balance location to the modal ac-
celeration at the accelerometer location is the same for both modes. If the
modal bending moment at the balance bridge location is considered to be

fixed (i, e., the model dynamic characteristics and the balance geometry are
not variable), a unique accelerometer location is determined.

Extendin~ the compensation to include three modes, the requirement in-
dicated by E _ (6a) becomes

M{(X,) i Mé(Xb) ] Mé(Xb)
- s = 7 (64)

Now, to provide compensation of three modes, the modal moment at the bal-
ance Jocation must be a variable. During the design of the model, the solu-
tion to Eq (6d) can be determined using analytical mode shapes to evaluate the

modal moment at the bridge location, M{(Xb)‘ The accelerometer and bridge

locations at which the ratio of modal moment to modal acceleration are equal
for the first and second modes and for the first and third modes are deter-
mined for the model-balance configuration being considered using relations
similar to that of Eq (6c). The results are plotted as shown in Fig. 4 and the
design is varied until the first three modes are compensated at the balance
locations as indicated in the figure,

If the portion of the model forward of the balance bridge location is effec-
tively rigid, the accelerometer will be located at the center-of-percussion of
the model about the bridge location and the inertia effects of all modes will be
compensated. By proper model design, this can be accomplished for the for-
ward balance bridge location for the frequency range of interest, However,
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the flexibility introduced by the forward balance flexure is sufficient to in-
validate this center-of-percussion relation for the aft bridge. Since the low
frequency range is of interest, compensation of only the first three model
modes will generally be adequate for the aft balance bridge. This is ac-
complished by varying the model and balance configuration as discussed
previously, Although guided by the design analysis for compensation of the
first three model modes, final adjustments of the accelerometer locations

and the mass of the model are made at the wind tunnel to achieve optimum R

inertia compensation,

Final Adjustment and Calibration

After assembling the model and balance on the sting in the wind tunnel,
final adjustments and calibrations of the Inertia Compensated Balance system
are accomplished. First, the accelerometers are located for a nominal mass
of the model and the adequacy of the compensation determined, If the compen-
sation is not within acceptable limits, the model mass is altered by the addition
or removal of ballast and the first step repeated. Finally, the dynamic sen-
sitivity of the balance is determined over the frequency range of interest, The
procedure and results obtained are discussed below.

To determine the optimum accelerometer location, the model-sting system
is sinusoidally excited at its first three resonances with an electromagnetic
shaker attached to the sting aft of the balance., With the model excited at the
sting as shown in Fig., 5, the moments measured by the balance bridges are
due entirely to model inertia forces. With the system excited in its funda-
mental mode, the amplitudes of the accelerometer signals are adjusted so that
the difference between each accelerometer signal and its corresponding strain
gage signal 1s zero, i.e., the amplitudes of the accelerometer signal and the
bridge signal are made equal. The second and third resonances are then ex-
cited in the same manner and the signals recorded, The accelerometers are
then relocated and the procedure repeated, The optimum locations of the ac-
celerometers are then determined by plotting the ratio of acceleration to strain
as shown in Fig. 6. As mentioned previously, an accelerometer location at
which this ratio is equal for all three modes is desired. Although there will
be some response due to nonresonant modes (i, e., first mode response when
the system is excited at the third mode resonance), this should be unimportant
in that the ratio is finally made equal for the first three modes, the modes
which should contribute the majority of nonresonant response,

If the compensation is within acceptable limits, the gains and locations of
the accelerometers are fixed and remain so for the duration of the test.
Otherwise, the model ballast is varied and the preceding steps repeated until
adequate compensation is obtained,

With the proper position of the accelerometers established and the gains
adjusted and locked into position, the dynamic sensitivity of the Inertia Com-
pensated Balance can now be determined. The shaker is attached to the model,
forward of the balance, through a calibrated force transducer. The output of
the ICB system (the difference between the balance bridge and accelerometer
signals) should measure only the osciliatory moment applied to the model,
since inertia effects should be cancelled. Hence, by sinusoidally forcing the
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model through the frequency range of interest, the dynamic sensitivity of the
system can be obtained.

Typical results are shown in Fig, 7, which indicates that the sensitivity of
the system is constant well above the first three resonant modes of the model
and sting support system. A maximum deviation of 10% is indicated through-
out the frequency range of 10 to 140 cps, which was the range of interest for
this particular model. Similar results were obtained for both sums for two
different shaker locations. In contrast to the ICB system, the inability of an
uncompensated balance to measnre the sinusoidal input moment was shown in
Fig. 3.

Verification of the ICB System

A final verification of the adequacy of the ICB system to compensate for
inertia effects was accemplished by applying a random excitation force to the
model forward of the balance through the calibrated force transducer. A typ-
ical comparison of the Power Spectral Density of the random input moment
measured with the focrce transducer and the output moment measured with the
Inertia Compensated Balance is shown in Fig. 8, Similar results were ob-
tained for both balance locations with excitation at two different model loca-
tions. The results indicated the capability of the ICB system to measure the
Power Spectral Density of the applied random moment within approximately
+1 db. The adequacy of the system calibration is also verified by this com-
parison.

Comparison with Pressure Integration Measurements

Having proven the capability of the ICB system to compensate for model
inertia effects, wind tunnel tests were conducted to obtain buffet excitation
measurements comparable to those obtained previously by NASA Ames using
the pressure integration technique. For this comparison, the NASA Model 8
hammerhead configuration was selected because of the large buffet excitation
measured by Ames. The model was of the same scale and was tested in the
same wind tunnel facility, the Ames 14-foot transonic tunnel, as was the model
used for the pressure integrz “ion measurements,

The model configurations are shown in Fig, 9, which compares the two
measurement systems. The pressure integration measurements utilized the
signals from 76 pressure transducers located at 17 stations over the forward
portion of the model, Four or eight pressure transducers were used at each
station and combined in a bridge to give the moment contribution over a small
span. The transducer locations were selected to provide approximately equal
area moment contributions about station 64. 85, one point about which the mo-
ment was measured, The signals from each section were then combined
through a series of operational amplifiers to give the total integrated time cor-
related moment about either of the two reference points indicated in Fig. 9.
The frequency range of interest was from approximately 20 to 140 cps, which
would cover the simulated frequency range of structural bending modes for
typical flight vehicles.
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The relative simplicity of the Inertia Compensated Balance is evident from
Fig. 9. Only four transducers are required to measure simultaneously the
moment at two model locations as compared to a single location with the pres-
sure integration technique. In order to be assured that the buffet excitation
was the same, pressure measurements were made at the three model locations
indicated in Fig. 9 for comparison with previous measurements.

The Power Spectral Density of the aerodynamic moment about the forward
reference point, Station 43. 25, is shown in Fig, 10 for Mach 0. 90, Comparison
of the ICB data and the pressuie integration data indicates negligible differences
in the low frequency range (10 to 80 cps) and a maximum difference of 2 db at
110 cps. This is considered to be well within the expected accuracies of the
data considering the necessary approximations included in the pressure integra-
tion technique and could possibly be due to differences in the pressure fluctua-
tions as indicated by the comparison of pressure measurements shown in Fig.
11. The Power Spectral Density of the pressure fluctuations at this measure-
ment location also differed by approximately 2 db at 110 cps. Good repeatibil-
ity of the ICB data is evident in Fig. 10 which includes data points obtained
from two test runs. Similar comparisons were also made at Mach 0, 95 with
comparable results,

A comparison of the Power Speciral Density of the aerodynamic moment
at the aft end of the model, Station 64. 85, is shown in Fig. 12 and was ob-
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tained by transferring the ICB data to that point. Although the comparison
with the pressure integration data is not as close as for Station 43. 25 (having
larger differences below 30 cps and above 120 cps), it is considered to com-
pare favorably.

On the basis of these tests, it is evident that the Inertia Compensated Bal-
ance technique provides a considerable reduction in the complexity of the in-
strumentation even for a simple body of revolution, The comparison of the
buffet excitation as measured by the two techniques provides increased con-
fidence in the ICB system and verifies the capability of the pressure integra-
tion technique to measure the integrated buffet excitation over the frequency
range investigated. For more complicated shapes such as a glider configura-
tion, the Inertia Compensated Balance provides the only practical approach.
In addition, more meaningful data is obtained with the Inertia Compensated
Balance,since the simultaneous measurement of the moment at two points is
obtained enabling the modal excitations to be completely determined as dis-
cussed in the first section of this paper,

Conclusions

On the basis of the theoretical and experimental results of this investiga-
tion, the following conclusions can be made regarding the Inertia Compensated
Balance technique:

(1) A relatively simple experimental technique has been developed for the
wind tunnel measurement of the modal excitations due to random buffet pres-
sures which reduces by more than an order of magnitude the number of trans-
ducers and amplifiers required,

(2) This technique enables the simultaneous determination of the excita-
tion of several modes as well as the correlation of the excitation between
modes,

(3) The adequacy of this technique has been verified by several vibration
tests of a model indicating an accuracy of approximately +1 db for the Power
Spectral Density of the measured moment,

(4) Wind tunnel measurements of the NASA Model 8 buffet excitation agree
almost identically with previous measurements using the pressure integration
technique verifying the adequacy of that technique over the frequency range in-
vestigated.

(5) A method of analysis has been indicated for use with the experimental
data obtained and includes the correlation effects between modes in one plane,

Extensions and Applications

This paper has been directed at the specific problem of determining launch
vehicle transverse bending loads due to transonic buffeting and has considered
loads in only one plane. However, the ICB technique can be applied to other
investigations which impose similar measurement requirements and can
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readily be extended to include two planes of measurement, Generally, this
technique is applicable to any investigation in which the integrated effects of
random excitation are to be determined for modes that can be linearized.
Wind tunnel investigations of oscillatory ground wind loads present an almost
identical measurement problem and could be investigated with this technique.
By simply duplicating the balance system in an orthogonal plane, the modal
excitations in both the pitch and yaw planes could be investigated simultane-
ously. This would enable the correlation of the modal excitations between
planes to be determined, which would be of prime importance for vehicles
having axial symmetry whe the - i0dal frequencies in two directions are
equal, Hence, the Inertia Compensated Balance technique can be used for
investigations other than buffet and can be extended to measure the correla-
tion between modal excitations in two directions,
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Appendix A
Determination of the Power Spectral Density and Crosé SpeétraL Den31ty
of the Modal Excitation from ICB Measurements ~

A. The ICB system provides the moment at two locat1ons as mchated in Fig.
1 . ‘ i/ [
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FiG. A-l. MODEL BALANCE SYSTEM

—

The modal excitation has been defined in terms of the Power Spectral Den-
sity and Cross Spectral Density of the moment about the prototype nodal
points. Because the points at which the moments are measured with the ICB
system do not necessarily correspond to the prototype nodal points, it is nec-
essary to define the spectral densities at the nodal points in terms of the
spectral densities at the measurement locations. This is developed in this
appendix for two arbitrary nodal points, Xl and X2.

The moment at any point, X, can be defined in terms of the measured mo-
ments, M_(t) and M,(t) as:
F R
= x T E - x -
My = [3+1] Mg - [ § IMp {a-1)
where X is the distance aft of the rear measurement point as indicated in Fig,
A-1,

The Power Spectral Density and Cross Spectral Densxty for the two meas-+
urement points are defined as - ..
; F*(f) Fr(f)
W (f) = }lfr_n. l_,r_l—. (A:2a)

R0 Rp(f)

_lim
Wg( = 72 ST (A-2b)
*(f) Rn(f)
lim T T (A‘ZC)

0 L T
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where

T
i ~2rift
Fop (D) = S Mg (1) e dt
1
T

Rp(0) = Sr M) e 278 gt

and the asterisk denotes the complex conjugate,

Then the Power Spectral Density at any arbitrary nodal point, X, can be
written as:

w3 A+ 2] mpn - [3) oo} 3] o

- [g] FT(f)* (A-3a)

2] waos 2 wpo - [+ [£] cppo0

- [“ %‘{J (3] Ccrpt® (A-3b)
but,
Cpg® = Cpg*®)

therefore,

2 2
- X X - X X .
Wx(f) = [1 + H] We(D) + [3] WF(f) 2 [1 + a] [3] CFR(f. real)
(A-3c)
Consequently, the Power Spectral Density at any arbitrary nodal point can be
determined from the Power Spectral Densities of the measured moments and
the real portion of the Cross Spectral Density (Co-Spectrum) of the measured
moments,
Similarly, the Cross Spectral Density between any two nodal points, X 1

and X2’ can be determined in terms of the measured spectra by defining

X X
AT(f) = [1 + -a-l-J RT(f) - [-a}-] FT(f) (A-4a)
X X
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Then, the Cross Spectral Density between the moments at Xl' and X2 be -
comes, by definition:

lim Ar*f) Bp()
— T

Cx x0T,

1%
. X X X
'11}:, % “:1 + ‘dl] Rp*(1) - [?l] FT*(f)‘ ;[’ *‘32‘] R(f)
X
B e
X, X, x,] %,
R of B T] We® + [5=| |7 Wg®

x] %] X1 %,
- [ L‘EJ Crp® - 1+5| |F| Cpr® (A-50)

Separating the Cross Spectral Density into its real and imaginary parts (the
Co-Spectra and Quad-Spectra), this can be written as:

X, X, [Xl] [xz]
Cxlxz(f) = |1+ - 1+ — WR(f) + = - WF(f)
X X X X
- 3[1 + 'dl] [_.62_) + [1 + 'dg] ["di]; CFR(f: real) (A-5d)

X X X X
- 3[14-3-1] [3—2] - [1 +"'Hg] [-dl—]‘ Cpg(f: imaginary)

From the relations developed in Eqs (A-3c) and (A-5d), it can be seen that
the Power Spectral Density at any nodal point, X, and the Cross Spectral Den-
sity between two arbitrarily selected nodal points, X1 and Xz, can be deter-

u

mined from the moment Power Spectral Dersities at the balance bridge loca-
tions and the Cross Spectral Density of the ineasured balance moments.

Appendix B

Determination of the Mean Square Loads

Having established the capability of the ICB system to measure the Power
Spectral Density and Cross Spectral Density of the modal excitation, the de-
termination of the mean square vehicle loads from these data will be discussed.
The mean square load at each vehicle location is determined from the integral,
over frequency, of the Power Spectral Density of the load of interest. Because
the bending moment is usually the desired load, the following discussion will
be directed toward the determination of the mean square bending moment, al-
though the same approach can be used for other loads. By combining Egs (1)
and (2), the bending moment Power 3pectral Density can be written as:
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(w, x) = ‘ [M'(x] WQ (0
n

iZ (w)
) ( -1 (_Bn -Gm)
M!I(x) M! (x) e .
+ y 2= C W) (B-1)
,Z-;, 7o P 4l
n#m

In this equation, the Power Spectral Density and Cross Spectral Density of
the excitation are determined from the Inertia Compensated Balance meas-
urements using Eq (3). The modal moment coefficients are determined from
the vibration analysis of the vehicle, and the modal impedance is determined
from the vibration analysis including the effects of motion-dependent aero-
dynamic forces (i. e., aerodynamic damping, mass, and stiffness effects).

The mean square bending moment is determined by the frequency integral
of the bending moment Power Spectral Density as:

- W (w)

—2— 2 Qn
M%x) = M'() S d
R
x '1(6 - )
+Z§‘ M’(x)M' (x)Sv QnQ (w) dw (B-2)
n m I
ntm

For small damping and significantly different modal frequencies, this inte-
gral can be approximated as

[M‘ (x)] Wo (o)

M) = 3 53 h
n €n Mn “n
M‘(x) M' (x)
+ I Z [ (u : imaginary)
2 Zm M m Y (wrzn - wg) Qan
_¥n . ]
—_ (w : imaginary) (B-3)
T, CQ,Q, Ym 1M

The first term of this equation is the Thompson -Barton approximation, Ref. 3,
reflecting the resonant response in the various vehicle modes. The second
term reflects the correlation between the response in two modes due to the cor-

CONFIDENTIAL




CONFIDENTIAL

relation of the modal excitations and can be derived in a similar manner as
the first term,

Appendix C

Inertia Compensated Balance Instrumentation

The instrumentation used in the ICB system is depicted in Fig, C-1.

ADJUSTMENT OF
ACCELERATION
SIGNAL AMPLITUDE

MATCHED A
ENDEVCO LOW PASS __,\ °
(D e FILTER -~
(6254
s 10
TAPE
RECORDER
CEC CARRIER sk e s
(5)— aweLiFier HIGH PASS s o
(ZoKC) FILTER PR

500 \ADJUSTKNT OF PHASE

L BETWEEN SIGNALS GLOW
- FREQUENCY ONLY)

F1G. C-1. TYPICAL ICB CIRCUIT SCHEMATIC

The symbols used indicate the following:

Af Forward accelerometer signal

Ar Aft accelerometer signal

Sf Forward strain gage bridge signal
S

r Aft strain gage bridge signal

Ze ICB moment measured at the forward bridge location
Er ICB moment measured at the aft bridge location

Of these, Af, Sf, Ar’ and Sr are primary measurements; Zf and Zr are

produced by summations of their respective accelerometer and strain gage
bridge signals,

Sf and Sr were obtained from a standard two-point balance instrumented

with four active arm bending bridges. The strain gages used were Baldwin
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Lima Hamilton Type AB7. These bridges were excited and the signals were
amplified by a CEC, Type 1-127, 20-kc carrier amplifier,

Af and A ¢ Wwere obtained using Endcvco Type 2235 piezo-electric accel-

erometers, Signals from these transducers were amplified and matched to
the remaining system by Endevco Type 2617 amplifiers.

The choice of a piezo-electric accelerometer was dictated by the need for
a transducer with a high resonance frequency and low damping. This is re-
quired to avoid a large phase shift at high frequencies between the actual and
indicated acceleration. At low frequencies, a phase difference existed due to
the roll-off characteristic of the accelerometer-amplifier combination al-
though no amplitude roll-off existed in the frequency range of interest. This
phase difference was removed by determining the roll-off and matching it in
the bridge circuit with a high pass filter, With this device, the phase differ-
ences in the strain and accelerometer circuits were eliminated without causing
an amplitude roll-off by adjusting the filter corner frequency well below the
frequency range being investigated. In addition, Af and Ar accelerometer-

amplifier combinations were matched in phase roll-off characteristics so that
instrumentation phase shifts between T £ and Er were kept negligibly small.

The amplitude effects of roll-off were outside the frequency range of interest
for all components,

Amplitude adjustments were made by fixing the S and S signals at con-

venient levels and adjusting the amplitudes of A and A as requ1red during
the calibration of the system, £

Matched low pass filters were used in the Af, Ar’ Sf, and Sr circuits.

These eliminated undesired high frequency signals from the data. These sig-
nals were primarily 20-kc noise from the carrier amplifiers and acoustically
induced accelerations during the wind tunnel tests. Care was taken to assure
that these filters did not produce undesirable phase and amgiitude effects.

Figure C-1 shows several operational amph! crs other than the summing
amplifiers, These were used primarily as impedance matching devices for
the circuits and also as points where the various signals could be monitored
during the calibrations. Both the operational and summing amplifiers were
fabricated by NASA-Ames personnel from commercial components. The ac-
celerometer and strain gage bridge were wired so that the strain signals
were 180° out of phase with the acceleration signals. These signals were
then summed.

All data was recorded on a Precision Instrument Type PI 214 14-track
FM Type Recorder-Reproducer, Calibrations were made to determine the
phase shifts inherent between critical tracks of recorded tape. These tended
to increase with frequency and were held to less than 2° in the range of in-
terest. Two-minute records were taken at each data point.

Data reduction was performed by the Dynamics 1L.aboratory at Martin-
Baltimore. The data were reproduced on an Ampex Type FL200 Tape Loop
Reproducer. Power Spectral Density and Cross Spectrai Density plots were
produced using a Technical Products Company Type 627 Analy zer with 645

Multiplier. CON FlQZENTIAl-
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THE EFFECT OF MODEL SCALE ON RIGID-BODY UNSTEADY
PRESSURES ASSOCIATED WITH BUFFETING
By Charles F. Coe

National Aeronautics and Space Administration
Ameg Research Center
Moffett Field, Calif.

ABSTRACT

The question of the effect of model scale on launch vehicle dynamic
nmeasurenents is one which invariably arises in connection with the applica-
tion of measured unsteady pressures on wind-tunnel models. The scaling of
unsteady pressure measurements is discussed in this paper which presents
comparisons of results of pressure-fluctuation measurements on both wind-
tunnel models and on full-scale Ranger 5 and Mercury vehicles. In addition,
results of tests using different sized models are shown in order to cover
some of the different types of local flow associated with buffeting. The
effects of scale on the root-mean-square fluctuations of pressure, the
longitudinal correlation of the fluctuations, and on the power spectral
densities are shown for selected transonic Mach numbers where the fluctua-
tions are most severe.
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THE EFFECT OF MODEL ECALE ON RIGID-BODY UNSTEADY
PRESSURES ASCSOCIATED WITH BUFFETING

By Charles F. Coe

Hatlonal Aeronautics and Space Admindstration
Amee BResearch Center
Moffett Fleld, Calif.

DTROTJCTION

The unsteady serodynamic loads on launch vehicles at transomic speeds
have recently received considerable attention. These unsteady loads result
from pressure fluctuations that occur 