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ABSTRACT

Stiffness and vibration data were obtained on inflatable Airmat¥®
models for various internal pressures from two to ten psil and temperatures
up to 650°F. The semi-span 65 degree delta wing models were woven from
stainless steel monofilament wire and coated with high temperature
silicone elastomer. Deflection and vibration characteristics were predic-
ted using shear theory. Vibration predictions were alsc made using
measured influence coefficients.

Shear theory was found to be in gocd agreement with experiment for
deflections due to uniform load except near the leading edge where
experimental deflections were smaller than predicted due tc the stiffen-
ing effect of the rounded edges. Correlation of shear theory prediction
fer vibration freguencies with experiment improved as internal pressure
inecreased to 10 psi. Vibration calculations using measured small de-
flection influence coefficients were in good agreement with experiment.

Temperature effects on model vibration characteristics were deter-
mined. Model frequencies decreased as temperature was increased from
TO°F to about 300°F. For temperatures from 300°F to 650°F, vibration
frequencies increased. At 650°F the vibration frequency for a model
without ceramic frits in the silicone elastomer coating was as much &s
32 percent higher than the room temperature freguency. For a model
with ceramic frits in the silicone elastomer coating the frequency at
650°F was as much as 10 rercent lower than the room temperature
frequency. Mode shapes did not change appreciably with temperature.
Structural damping coefficients decreased with increasing temperature.

¥Trademark of Goodyear Aerospace Corporation

iii



SECTICHN

11

I1I

IV

VI

TABLE OF CONTENTS

INTRODUCTICN

MODEL DESCRIFTTION

INSTRUMENTATION

A.  DEFLECTION TRANEDUCERS
B. THERMCCOUFPLES

C. ACCELEROMETERS

D. PRESSURE TRANSDUCER

TEST PROCEDURES

A,

B.

C.

UNIFORM LOAD

INFLUENCE COEFFICIENTS

VIBRATTION TESTS

SHEAR THEORY

A. BSTRAIN-ENERGY APPROACH
B. VIBRATION PREDICTION
C. OEFLECTION PREDICTION
RESULTS
A, GSTATIC TESTS AND CORRELATIQN
1. UNIFORM LOAD
2. INFLUENCE COEFFICIENTS
B. VIBRATION TESTS AND CORRELATION

iv

Page

10
11
1l
11
11

12



VII

VIII

1. EXPERIMENT

e,

f.

Temperature Effects
Structural Damping

Effect of Shaker Weight
Effect of Vibration Amplitude
Mode Shapes

Model Three Failure

2. VIBRATION PREDICTION USING SHEAR THEORY

3. VIBRATION PREDICTION USING INFLUENCE
COEFFICIENTS

CONCLUSIONS

REFERENCES

APPENDIX -~ VIBRATION ANALYSES USING FLEXIBILITY
INFLUENCE COEFFICIENTS

12
12
13
i3
14
1k
1k
15

15

1T
19
61



FIGURE

10

11

12.

13
1k

15

16

LIST OF ILLUSTRATIONS

Inflatable Delta Wing Model and Base Plate

Model One in Test Jig Showing Location of Lead
Deflection Points on Upper SBurface

Trailing Edge of Mcdel One in the Test Jig
Pressurization Equipment Schematic
Pressurization Equipment

Mcdel Two Demonstrating Test Procedures for
Determining Influence Coefficients

Model One in Test Jig Showing Location of Load
Measurement Points on Lawer Surface

Vibration Test Setup for Model One
Vibration Test Setup for Model Two

Model One with a 20 Pound Distributed Toad and
Internal Pressure of 2 psi

Trailing Edge of Model One with a 20 Pound Distributed

Lead and Internal Pressure of 2 psi

Typical Roocm Temperature Flexibility Influence Coefficient
Plot, Deflection at Point 37 with Load at Point 37, 10 psi

Vibration Test Eguipment for Model One

Vibration Test Equipment for Model Two

Comparison of Experimental and Shear Theory Predicted
Deflections for Models Cnedand Two with a Total Load of
20 Peounds Uniformly Distributed and an Internal Pressure

of 2 psi

Effect of Temperature on the First Vibration Mode

Frequency at 10 psi

vi

PAGE

21

22

23
24
25

26

27

28
29

30

31

32

33
34

36



FIGURE

17

18

19

20

el

22

23

2L

25

Experimental Effect on the Natural Vibration Frequencies
of Model Three from Additional Masses Attached to the
Excitation Equipment

Comparison of Experimental Node Lines with Those Reported
for the Flutter Models of Reference 5

Model Three After Failure During 800°F Vibration Test
at 10 psi

Trailing Edge of Model Three After Failure During 800°F
Vibration Test at 10 psi

Comparison of Predicted and Measured First Vibration
Mode Frequency for Mcdel Three

Comparison of Node Lines for the Second and Third Modes
from Shear Thecry Predictions with Experiment

Room Tempersature Vibration Freguencies vs Pressure for
Model One

Calculated Vibration Irequerncies vs Pressure for Model
One Based on Influence Coefficients Measured at 650°F

Compariscn of Node Lines Interpolated from Vibration
Calculations Using Influence Coefficients with Experiment

vii

38

39

ho

41

4o

43

L

L5



TABLE

10

12

13

14

LIST OF TABLES

Location of Loading, Deflection M=asuring, and
Acnelerometer Attachment Points

Location of Thermoccuples

Vibration Frequency Predictions (cps) for Model Ore
Based on Shear Theory of Reference b

Vibration Frequency Predictions {cps) for Model Two
Basea on Shear Thecry of Reference L

Vibration Freguency Predictions (cps) for Model Three
Based on Shear Theory of Reference k

Predicted Uniform Load Deflections (Shear Theory -
Reference 4)

Measured Vertical Deflection Due te a Uniform Load for
Model One

Measured Vertical Deflection Due to a Uniform Load for
Model Two

Measured Rocm Temperature Vibraticn Frequencies and
Mode Shapes for Model One

Measured Reom Temperature Vibration Frequencles and
Mode Fhapes for Model One after 650°F Test

Expcrimental Natural Frequencies and Damping for
inflatzble Mogel Two

Measured Room Temperature Vibraticn Frequencies and
Mode Shapes for Model Two

Measured Elevated Temperature Vibration Fregquencies
ani Mode 3Baapes for Model Two

Experimental Natural Frequencies (cps) for Inflatable
Model Three at Room Temperature

viii

PAGE

46

Wt
48

48

48

kg

50

o1

52



TAELE

15

16

17
18

19

20

21

22

23

24

25

26

27

28

29

30

Experimental Natural Freguencies (cps) for Inflatable

Model Three at Elevated Temperatures

Experimental Natural Frequencies (cps) for Model Three

With Weight Added to Shaker
Mass Matrix for Inflatable Model One

Measured Flexibility Influence Coefficients,
p = 2 psi, Room Temperature (Tangent-Curve)

Measured Flexibility Influence Coefficients,
p = 4 psi, Room Temperature (Tangent-Curve)

Measured Flexibility TInfluence Coefficients,
p = 6 psi, Room Temperature (Tangent-Curve)

Measured Flexibility Influence Coefficients,
p = 8 psi, Room Temperature {Tangent-Curve)

Messured Flexibility Influence Coefficients,
p = 10 psi, Room Temperature (Tangent~Curve)

Measured Flexibility Influence Coefficients,
p = 2 psi, 650°F (Tangent-Curve)

Measured Flexibility Influence Coefficients,
p = 6 psi, 650°F (Tangent-Curve)

Measured Flexibility Influence Coefficients,
p = 10 psi, 65C°F (Tangent-Curve)

Measured Flexibility Influence Ccefficlents,
p = 2 psi, Room Temperature (Straight-Line)

Messured Flexibility Influence Coefficients,
p = 4 psi, Room Temperature (Straight-Line)

Measured Flexibility Influence Coefficients,
p = 6 psi, Room Temperature (Straight-Line)

Measured Flexibility Influence Coefficients,
p = 8 psi, Room Temperature (Straight-Line)

Measured Flexibility Influence Coefficients,
p = 10 psi, Room Temperature (Straight-Line)

ix

in/1b.,

in/1lb,

in/1b,

in/lbo,

in/1b,

in/1b,

in/1b,

in/lb,

in/lb,

in/1b,

in/lb,

in/1lb,

in/ib,

PAGE

59
60

62
63

an
65
66
67
68'
69
70
T1
T2
73
Th

75



TABLE PAGE

31 Measured Flexibility Influence Coefficients, in/lb, 76
p = 2 psi, 650°F (Straight-Line)

32 Measured Flexibility Influence Coefficients, in/lb, TT
p = 6 psi, 650°F {Straight-Line)

33 Measured Flexibility Influence Coefficients, in/lb, 78
p = 10 psi, 650°F (Straight-Line)

3 Room Temperature Vibration Frequencies Calculated from 79
Tangent-Curve Influence Coefficients for Model One HNot
Including the Shaker Rod Mass

35 650°F Vibration Frequencies Calculated from Tangent- 79
Curve Influence Coefficients for Model One Not
Including the Shaker Rod Mass

36 Room Temperature Vibration Frequencies Calculated from 80
Tangent-Curve Influence Coefficients for Model One
Ineluding the Shaker Rod Mass

3T 650°F Vibration Frequencies Calculated from Tangent- 8o
Curve Influence Coefficlients for Model One
Including the Shaker Rod Mass

38 Room Temperature Vibration Frequencies Calculated from 81
Straight-Line Influence Coefficients for Mcdel One Not
Including the Shaker Rod Mass

39 650°F Vibration Frequencies Calculated from Straight- 81
Line Influence Coefficients for Model Cne Not Including
the Shaker Rod Mass

40 Room Temperature Vibration Frequencies Calculated from 82
Straight-Line Influence Coefficients for Model One
Ineluding the Shaker Reod Mass

41 650°F Vibration Frequencies Calculated from Straight- B2
Line Influence Coefficients for Model One Including
the Shaker Rod Mass

bp Calculated Room Temperature Eigenvectors for the First 83
Vibration Mode of Model One



TABLE PAGE

L3 Calculated Room Temperature Eigenvectors for the 8L
Second Vibration Mode of Model One

Ly Calculated Room Temperature Eigenvectors for the 85
Third Vibration Mode of Model One

s Calculated Room Temperature Eigenvectors for the 86
Fourth Vibration Mode of Model One

Lo Calculated Room Temperature Eigenvectors for the 87
Fifth Vibration Mode of Model Cne

Y Calculated Room Temperature Eigenvectors for the 88
Sixth Vibration Mode of Model One

L8 Calculated 650°F Eigenvectors for the First 89
Vibration Mode of Model One

Lo Calculated 650°F Eigenvectors for the Second 90
Vibration Mode of Model One

50 Calculated 650°F Eigenvectors for the Third 91
Vibration Mode of Model One

51 Calculated 650°F Eigenvectors for the Fourth g2
Vibration Mode of Model One

52 Calculated 650°F Eigenvectors for the Fifth 93
Vibration Mode of Model One

53 Calculated 650°F Eigenvectors for the Sixth gL
Vibration Mode of Model One

xi



SYMBOLES

Flexibility influence coefficient, in/1b.

Root chord, inches

Load intensity, psi

Structural damping coefficient
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Mass, 1b secg/in
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SECTION I

INTRODUCTION

The use of inflatable structures for winged entry vehicles is
attractive because of the good packaging characteristics during boost
and reduced aerodynamic heating provided by low wing loading during
re—entry. The highly flexible nature of inflatable materials means that
their structural dynamic properties must be given special consideration.
Thermoelsstic properties of inflatables are reguired to evaluate dynamic
characteristics at hyperscnic speeds.

A process of weaving metal fabric structures, developed by Goodyear
Aerospace Corporation, has the trade name "Airmat". Severazl investigators
have studied the stiffness and vibration characteristics of inflatable
structures constructed of nylon, dacron, or metal fabric. Analytical and
experimental investigations of inflatable fabric platelike structures
were performed by Leonard, et al {Reference 8), McComb (Reference 9) and
Stroud (Reference 10). Influence coefficients have been determined for
inflatable delta wing models and used to predict vibratlion characteristics
by Seath (Reference 7), Martuccelli, et al (References2, 4 and 5) and
Mar (Reference 3). Aercelastic characteristics of inflateble Airmat
delta wing models have been determined for subscnic through hypersonic
speeds by the Aeroelastic and Structures Research Laboratory of the
Massachusetts Institute of Technology (Referenceshd4 and 5). All of the
previcus investigations, except those by MIT, were for inflatable
structures at room temperature. The prediction and evaluation of dynamic
characteristics of inflatables at hyperscnic speeds requires a knowledge
of the effect of temperature on stiffness characteristics. Since
material properties of this relatively new construction have not been
established, this effect must be determined through tests. This program
extends results obtained by MIT on smaller models to higher temperatures.
Also, more detailed vibration dataz, more extensive influence coefficient
data, and deflections due to a uniform load were obtained.

The purpose of this investigation was to determine the static and
vibration characteristics of inflatable Airmat models at temperatures
up to 650°F for various model internal pressures. The 65 degree sweep
delta wing models with a root chord length of 51.1 inches chosen for
this Investigation are geometrically similar to the flutter models of
Reference 5, which had a root chord length of 24 inches. Stiffness and
vibration properties of three inflatable delta wing mecdels were deter-
mined by uniform locad, influence coefficient, and vibration tests at
temperatures up tc 650°F. Deflection and vibration predictions using
available theories and measured influence coefficients are correlated
with experimental results,



SECTION II

MODEL DESCRIPTION

The Airmat models investigated had a nominal leading edge sweep angle
of 65 degrees. The root chord was 51.1 inches and the trailing edge span
was 24,5 inches. The models were 3 inches thick and had rounded leading
and trailing edges. Figure 1 is =z sketch of the model and base plate
showing the ccordinate system used in the repcort.

The model structure consists of two basic materials; woven stainless
steel Airmat, and a silicone elastomer coating. The Airmat material is
the basic wing structure when inflated and the elastomer coating makes
internal pressurization possible.

The Airmat material was woven from Type 304 annealed stainless steel
wire ,0045 inches in diameter. The Airmat faces have 98 wires per inch
in both the warp and fill direction. The drop wires are of the same
material and there are 31.2 drop wires per square inch. The warp direc-
tion of the Airmat is oriented parallel to the base plate.

Models one and two were ccated with S-2077 silicone elastomer while
model three was coated with C8-105% silicone-ceramic elastomer. Dow
Corning Corporation's S-2077 silicone elastomer is a proprietary com-
position of a siliccne polymer, filler, binder, plasticizer, and vul-
canizing agent. The CS8-105 elastomer consists of 8-207T7 loaded with
Harshaw Chemical's AW-35 ceramic frit. Reference 6 contains an eval-~
uation of the coatings. The white 5-2077 coating is considered adequate
for temperatures up to 80C°F while the black CS-105 coating is used for
higher temperature applications.

The first step in the model fabriecation is cutout of the Airmat
material. The drop wires in the leading and trailing edges are then
clipped back to allow the top and bottom faces to be brought together,
lapped, and resistance spot welded. This provides semi-cylindrical
leading and trailing edges when the models are inflated. The drop
wires in the base plate area are then clipped back tc the inside of the
plate and the base plate inserted. Airmat attachment to the base plate
is by resistance spot welding. A clamping bar is provided around the
periphery of the base plate after the Airmat has been attached and
coated. This clamping bar prevents tension lcading on the spot welds
that attach the Airmat to the base plate. The clamping bar is Type 410,
Condition A, stainless steel 5/16 inch thick and 15/16 inch wide. The
clamping bar is attached to the base plate by No. 8 stainless steel
screws with approximately two inch spacing.



A number of stainless steel disecs are welded to the upper and lower
surfaces of the Airmat models prior to ccating. The location of these
discs is given in Table 1. The discs on the upper surface are 1/4 inch
in diameter and approximately 1/8 inch thick. The discs on the lower
surface are 1/2 inch in diameter and approximately 1/16 inch thick. The
Airmat assembly is next cleaned and coated with elastomer. After the
coating is cured the clamping bars are fitted and attached. Further in-
formation on model properties and construction is contained in References
14 and 15.

The actual weights of the three models, not including the base plate,
were:

Model One - 2.83 lbs.

Model Two 2.86 1bs.

Model Threes - 3.65 1bs.

Figures 2 and 3 are two views of model one in the test jig. The
base plate for attaching the models to the test jig is of type 410
stainless steel bar stock one-half inch thick. The material was heat
treated to a minimum of 125,000 psi tensile ultimate strength. Sixteen,
three-eighths inch diameter, tapped holes are provided for attachment
to the test jig. Pipe threaded holes are also provided in the base
plate for attachment ¢f air inlet and pressure gage fittings. The
pressurization system is shown schematically in Figure L. Figure 5
is a view of the pressurization equipment showing the manometer used
to monitor pressure in the models during tests.



SECTION TII

INSTRUMENTATION

A. DEFLECTION TRANSDUCERS

Standard deflection potentiometers were modified by removing the
spring and adding a pulley and weight system to reduce the load on the
model. The wires from the transducers were attached to the lower sur-
face of the models by hocks welded to the 1/2 inch discs discussed in
the previous section. Figure 6 shows ten transducers attached to model
two for measuring static deflections. Twelve deflection transducers
were used for mcedel one, and ten transducers for models twe and three,
Figure T is a view of the lower surface of model cne showing twelve
hocks.

B. THERMOCCOUPLES

Thermocouples were installed on the models by Goodyear Aerospace
Corporation for use in controlling and monitoring the model skin
temperature. Additional thermoccouples were installed by the Air Force
Flight Dynamics Laboratory personnel to cbtain better temperature
control. The thermocouples are Chromel-Alumel (ISAK) type.

C. ACCELEROMETERS

kEndevco Model 2226 accelerometers were attached at six of the
loading points on the upper surface of model one by Eastman $10 glue.
These accelerometers weigh only 0.1 ounce each and shouid not signifi-
cantly affect the model vibration characteristics. Figure 8 shows this
accelerometer installation for room temperature vibration tests on
model one.

Modified accelerometer meounting studs were made interchangeable
with the deflection transducer hooks on the lower surfaces of models
two and three. Ten Endevco Model 22U5B accelerometers were attached
to the lower surface of model two for the room and elevated temperature
vibration tests as shown in Figure Q. These accelerometers are capa-
ble of operation at temperatures up to T50°F and weigh about one ounce
each. OSince there are ten of these accelercmeters on the model and the
madel weighs less than three pounds, the accelerometers have a signi-
ficant effect cn vibration characteristics. For the inflatable model
considered as a simple spring-mass system, the resonant frequency 1is
reduced by about ten percent due to the added mass of the ten accelero-
meters. 3ince only qualitative information on mode shapes and fre-
guencies were regquired, no corrections were made to the measured
vibration data. In order t¢ cbtain vibration data on model three at
temperatures above TS50°F, an accelerometer was attached at the bottom
of the shaker where it was shielded from the high temperatures.

N



D. PRESSURE TRANSDUCER

Pressure was recorded by a Data Sensors, Inc. model PB536G-1 pressure
transducer with a range of O - 15 psig. The transducer Inaccuracy 1is
+ 0465 psig.



SECTION IV

TEST FROCEDURES

A, UNIFORM LOAD

Uniform load tests were conducted on models one and two (silicone
elastomer coating without ceramic frits) at room temperature with in-
ternal pressures of 2, 4, 6, 8, and 10 psi. The uniform loading was
accomplished by means of small bags containing lead shot placed over
the planform of the wing. The deflections were simultanecusly recorded
for all of the transducers. Figures 10 and 11 show model ohe al an
internal pressure of 2 psi with a total load of 20 pounds uniformly
distributed over the model.

B. INFLUEKNCE COEFFICIENTS

Influence coefficients were obtained for mocdel one at internal
pressures of 2, 4, 6, 8, and 10 psi at room temperature and 2, 6, and
10 psi at 650°F. Twelve load points for influence coefficient tesgts
are located on the top surface of model one as shown in Figure 2.
Figure & shows the method of loading. Loading plates with diameters of
2.75% inches were placed on the lcading points in order to agvoid exces-
sive local deformations. The loading plates contained a depression to
allow accurate positioning of the lecading rod.

Deflection readings were taken at all 12 points on the mcdel for
zerc load and three other loads applied at each point. Only deflections
measured for increasing load increments were used to determine influence
coefficients. From these data the deflection versus load was plotted.
A typlcal pleot is sheown in Figure 12. This procedure was repeated until
loads had been applied at all 12 peints. A total of 1152 plots were re-
quired to establish 12 x 12 flexibility influence coefficient matrices
for five different pressures at room temperature and three different
pressures at 650°F. As shown in Figure 12, the deflection versus load
relationship was not linear. Alsc, deflections measured during unloading
were significantly different from those obtained during load applicatien,
indicating the presence of large hysteresis effects. The same behavior
was reported for the delta wing models of Reference 5.

C. VIBRATION TESTS

Vibration tests were conducted on all three of the inflatable models.
A five pound force electro-magnetic shaker was attached near the tip of
the meodels as shown in Figures 8 and 9. A long rod was attached to the
shaker and to the model. The fundamental freguency of the rod was not
within the range of excitation frequencles used during the vitration
tests. The cutput from the accelerameters was observed cn a veltmeter

&



or an oscilloscope and the fregquency obtained from an electronic counter.
The data were recorded on a tape recorder and/or on an oscillograph for
analysis. Some of the vibration test equipment used for model one is
shown in Figure 13 and some of the equipment used for model two is shown
in Figure 1L. Vibration tests were conducted at room temperature on all
of the models. In addition, model two was tested at SOC®F and 650°F.
Model three (silicone elastomer coating with ceramic frits) was also
tested at 300°F, S50C°F, 650°F, and 800°F.

Damping was determined by shutting off the excitation of the model
at the shaker. The damping coefficient was determined from the
logarithm of the ratioc between the amplitudes of successive cycles in
the decay curve.

Node lines were obtained at room temperature by sprinkling white
sand, coffee grounds, or sunflower seeds over the surface of the model
and observing the nodal pattern for the various modes. At elevated
temperatures, mode shapes were obtained from the accelerometer data.



SECTTON V¥V

SHEAR THEORY

A. STRATN-ENERGY APPROACH

A simplified methed of computing deflection and frequency character-
istics of inflatable plates is derived in Reference 4. This secticn
contains a summary of the method and results of its application to the
delta wing mcdels. The strain energy expression for an inflatable Alrmat
plate of uniform thickness, h, undergoing small deformations is

2
z 2
A + A + (A + A
gf{ 11 ax 29 By ( 12 21) ax B

(a, + 80"}

U, =

Ity

+ A
¥ 33

dx dy + 12 J]bh { (o + wx)2 + (B + wy)z} dx ady
g

where the pressure, p, has been substituted for the shear wmeodulus, G,

in the stress-strain relations. The drop chords remain straight and
rotate to an angle o from the vertical in the x-direction and B from

the vertical in the y-direetion. Subscripts x and y represent differen-
tiation with respect to x and y, respectively. If the surfacesg are
treated as orthotropic with the x- and y- axes aligned with the
principal directions then

L = _El_ﬁi_._ A = A = LE]L
11 12 21 -
L-uyy wal LD
E ot
g = —
A, I:;z——;“- A33 Gt
1z 21

El t, and E?t are the extensional stiffnesses in the x-~ and y- directions,
respectively. K2 (or “21) is the Polsson's ratio associated with a
contraction in the y- (or x-) direction caused by a tensile stress in the
x- (or y-) direction.



If the bending deflections are considered negligible in comparison
with shear deflections, that is, deformations are purely of the shear
type then ¢« = B = 0 and the strain energy becomes

U, _Z_J'Jp (Wx wy)dxdy

Using the Rayleigh-Ritz method, the deflection, w, is represented by

N
w (x,y,t) = :E: a, (t) v, (x,y)

where the quantities q {t) are generalized cocordinates and v, (x,¥)
are assumed displacement functions that satisfy the gecmetric boundary
conditions. The following powers of % and ¥ are chosen

w, = ¥ v, = %§ Wy = 72 w, = %°F

_ 252 _ =3 - g2s2 - =33
W, = XF w =7 w, = X°F v, = XF
and Wy = F*  where ¥ = x/c and ¥ =Y/,

B, VIBRATION PREDICTION

The kinetic energy is formed and the homogeneous form of Lagrange's
equation is applied to give an eigenvalue probiem. The eigenvalue is
given by

w? fic?

A= ph vhere m is the mass per unit area.

For a 65 degree delta the first three eigenvalues are found in
Reference U to be:

= 147.32 with the associated eigenvectors:

A, = 19.224, X, = T7.549, A

3
1) Cro.on a{?) = 0.035 al?) =(-0.037
0.106 -0.313 -0.533

-0.198 -0.167 0.6k2

0.053 0.30k $ 0.962

1.000 1.000 1.000

-0.873 -0.253 -2.943
-0.906 -0.964 -2.71h

0.772 0.7h6 0.808

0.031 -0.567 J 4.851



The vibration frequencies from the predicted eigenvalues are presented
in Tables 3, 4, and 5 for the first three modes of models cne, two, and
three, respectively. The node lines calculated from the eigenvectors are
shown in Figure 22 for the second and third modes.

C. DEFLECTION PREDICTION
The deflection under a uniform static load can be calculated from the
solution to the non-homogeneous lLagrange's equation given in Reference b,

For a 65 degree delta wing this equation reduces to the following:

w {x,y) = EEEE. { 0.3698 7 - 0.0622 %F - 0.5338 2 - 0.3139 %25
P

+ 0.2795 % 72 + 0.2084 73 - 0.3383 %2§2 - 0.3426 %§3

- 0.0173 y* } where f is the lcad intensity in psi and

=v/e.

i
it
i1

x/ e

Predicted deflections are presented in Table 6 and compared with
experiment for models one and two at an internal pressure of 2 psi in
Figure 15.

10



SECTION VI

RESULTS

A, BTATIC TESTS AND CORRELATTON
1. UNIFCEM LOAD

Uniformly distributed static loads were applied at room tempera-
ture to models one and two, which do not have ceramic frits in the
coating. Model internal pressures were 2, 4, 6, 8, and 10 psi. The
resulting static vertical deflections are presented in Tables T and 8 for
mcdels one and two, respectively. The results were essentially the same
for both models at the same loading and pressure conditions.

Figure 15 presents vertical deflections from the uniform load
tests, together with shear theory predictions for an internal pressure
of 2 psi. The only significant differences cccur for points 36 and 36N
which are leocated near the leading edge of models one and two, respect-
ively. The experimental deflections for these points are always lower
than predicted. This is caused by the stiffening effect of the rounded
edges which is not accounted for by the theory. It should alsc be noted
that the predicted deflection at point 36N is higher than that at 36,
since 36N is one inch farther from the root than 36. However, the
experimental deflections are always less for point 36N than for point 36.
This is a further demonstration of the stiffening effect of the rounded
leading edge. Good agreement was obtained between experiment and shear
theory predicticns for points away from the edges of the models.

2. INFLUENCE COBEFFICIENTS

The flexibility influence coefficients obtained from the measured
deflection-load data are presented in the Appendix. The technique for
obtaining the influence coefficients from the data is illustrated in
Figure 12. Two sets of influence coefficients were calculated. The
first set of influence coefficients represented a straight-line approxi-
mation to the measured data, omitting the zero icad point. When used
in vibration analyses these influence coefficients predicted first mode
vibration frequencies which were as much as 12 percent lower than
experiment. This indicated that the calculated flexibility influence
coefficients were tco large, causing the predicted stiffness to be lower
than the actual model stiffness. Therefore, the influence coefficients
were recalculated by drawing a curve through the measured deflection-
load points and using a tangent to the curve at the zero load point.
Since the model was vibrated at small amplitudes, these tangent-curve
influence coefficients yielded more accurate vibration predietions.
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By Maxwell's law of reciprocal deflections for an elastic struc-
ture, Cij = Cji where Cij is the influence coefficient for the deflectlicon

at 1 due to a load at j and Cji is the influence coefficient for the

deflection at j due to a load at i (Reference 13). The experimental
values for Cij and Cji differed considerably in some instances. Since

the structure did not obey Maxwell's law, the inflated wing is not be-
having elastically. Similar behavior was reported in Reference 3 for

the inflatable delta wing models of that study. The largest discrepancies
were for stations near the root on the forward part of the model, Some of
the influence ceoefficient matrices were made symmetrical by averaging the
Ci' and C,. terms. When these symmetrical influence ccefficients were
usgd in vi%ration calculations, no appreciable difference was noted in the
predicted vibration frequencies or in the eigenvectors as compared to
caelculations using the unsymmeirical measured coefficients.

B. VIBRATION TESTS AND CORRELATTION
1. EXPERIMENT

Measured vibration freqguencies, structural damping coefficients
and mode shapes are contained in Tables § through 16.

a. Temperature Effects

The measured room temperature vibration characteristics for
nmodel cne (no ceramic frits in coating) are presented in Table 9.
Table 10 gives the same characteristics after the model was held at 650°F
for approximately five hours to obtain influence coefficient data, then
cocled to room temperature, When the models are exposed to temperatures
of 650°F or higher crazing occurs after cooling. The coating becomes
flaky and tends to crack if flexed. The first mode frequency was about
16 percent higher for an internal pressure of 2 psi after the 650°F test.
However, at internal pressures of 4, 6, 8, and 10 psi the first mode
frequencies after the 650°F test were essentially the same as before the
test. The relative amplitude iIn the first mode was the same except near
the leading edge where it was reduced to about 1/4 the value prior to
the 650°F test for all model internal pressures. There was Fractically
no change in the second and third mode frequencies or mode shapes.

Figure 16 shows the effect of temperature on the first vib-
ration mede frequency of models two and three at 10 psi (model two was
coated with S5-2077 elastomer without ceramic frits and model three was
coated with the C8-105 elastomer which ccontains ceramic frits). Data
were obtained at about T0°F, 300°F, 500°F, and 650°F. Vibration

12



frequencies decreased from about TO®F up to about 300°F and then increased
from about 300°F to 650°F. The vibration freguency varies most rapidly

at room temperature., The first mode frequency of model three at an
internal pressure of 2 psi changed by six percent as the room temperature
changed from 68°F to T3°F. The trends with temperature were generally
found tc be similar to those cbserved in Reference 5. In Reference 5 it
was determined by tests at small increments of ftemperature that the
minimum frequency cccurred at about 300°F. The curves of Figure 16 were
drawn to incorporate these previously observed trends. At 650°F the first
vibration mode frequency for model two was as much as 32 percent higher
than at roocm temperature while the frequency for model three was about

ten percent lower than at room temperature. The mode shapes for medel
two at S00°F and 650°F do not change appreciably from room temperature
values as can be seeun from the limited amount of data presented in

Table 13.

b. Structural Damping

The structural damping coefficients for model twe are pre-
sented in Table 11. Tn the first mode the damping ccoefficient at roonm
temperature was about 0.15. This is higher than most conventional
structures. In higher modes the damping ccefficient decreased to as
low gs 0.02 for the fifth mode. At 650°F the damping coefficient de-
creased to as low as C.0L in the first mode and .008 in the fifth mode.
The damping coefficient, g, depends on the amplitude of vibration and is
higher for higher amplitudes.

c. Effect of Shaker Weight

Since the models weigh less than four pcunds and the effec-
tive weight of the vibration equipment attached to the models was about
0.6 pounds, tests were conducted to determine the effect of this addi-
tional mass on the natural vibration freguencies. Figure 17 shows the
effect on the first two vibration mode freguencies of model three for
three different pressures due to weight added to the shaker at the peint
of attachment to the model. If a curve is drawn through the experimental
points and extrapclated to zero the first mode test freguency is lowered
by an average of nine percent and the second mode test fregquency is
lowered by an average of seven percent from the system with no added
weight. The decrease in freguency due to the added mass calculated for
a simple spring-mass system is slightly over eight percent. The vibra-
tion data in this report are presented with no corrections for the added
mass ¢f the shaker attached to the tip of the models during vibraticn
tests. However, this could be accounted for if desired.

13



d. Effect of Vibration Amplitude

The vibration frequency was found to depend nonlinearly on
amplitude of vibration, being higher at lower amplitudes. The amplitude
of excitation was kept small during the tests in order to minimize
variations in the frequency due to amplitude. This nonlinear behavior
was also reported for the flutter models in Reference 5.

e. Mode Shapes

Figure 18 presents a comparison of node lines observed for
models one and two (no ceramic frits in coating) with node lines pre-
sented in Reference 5 for inflatable flutter models. Both the models
of this study andé the Reference 5 flutter models are geometrically
similar. However, the flutter models contained 49 drop wires per square
inch, were coated with the CS-105 elastomer containing ceramic frits,
and were excited acoustically using a speaker while models one and two
contained 31.2 drop wires per square inch, were coated with the 35-2077
elastomer without ceramic frits, and were excited using a shaker attached
to the model. BSince the models were all cantilevered for vibration tests
the node iine for the first mode is along the root and is not shown in
Figure 18. Node lines for models one and two are somewhat similar to those
of the Reference 5 flutter models except for the fourth mode.

The measured mode shapes for models one and two were
normalized and the results are presented in Tables 9, 10, and 12. The
relative amplitude in the first mode for model twc at point 36N is less
than that at point 35 at all internal pressures although 36N is five
inches farther from the root than 35. This is due to the leading edge
stiffness effects previcusly discussed.

. lModel Three Failure

Model three (ceramic frits in coating) burst during hot
vibraticon tests. The conditicns at failure were an internal pressure of
10 psi and a uniform temperature of approximately 80C°F., The temperature
distribution pricr to failure is given in Reference 11. Smoke was
observed before the explosion and the drop cords appeared to have failed
in tension. This type failure was unexpected since the calculated
internal pressure for average ultimate strength of the stainless steel
drop wires was about 32 psi at 800°F. Two views of the failed model
are shown in Figures 19 and 20,
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2. VIBRATION PREDICTION USING SHEAR THEORY

Figure 21 presents a comparison between shear theory predictions and
experiment for the first vibration mode frequency versus pressure for
model three (ceramic frits in coating). These results are for room tem-
perature conditions. The vibration frequency predicted by shear theory
is 40 percent lower than experiment at a model internal pressure of
2 pesi. As internal pressure is increased, agreement between shear theory
and experiment improves and the predicted value for the first mode fre-
quency is 20 percent lower than experiment at 6 psi and 9 percent lower
than experiment at 10 psi. For pressures investigated in Reference 5
(up toc 6 psi), similar results were obtained. Agreement between shear
theory predictions and experiment was better for the first vibration
mode fregquency of model one which had no ceramic frits in the coating;
the predicted frequency was only 17 percent lower than experiment at
2 psi and two percent lower at 10 psi. Similar results were obtained
for correlation of predicted second and third vibration mode frequencies
with experiment.

In Figure 22 the node lines predicted from the vibration analysis
using shear theory are compared with the experimental rnode lines for
the second and third modes of models cne and two {no ceramic frits in
coating). The predicted node line for the second mode is in good agree-
ment with experiment, but the predicted node line for the third mode
deviates somewhat from experiment.

The vibration fregquencies plotted versus pressure on z log-log scale
in Figures 23 and 24 are straight lines. This indicates that the fre-
quency is an exponential functicon of the model internal pressure. The
exponent is about 1/4 for the first mode and approaches 1/2 for the
higher modes. Shear theory predicts an exponent of 1/2.

3. VIBRATICN PREDICTION USING INFLUENCE COEFFICIENTS

The calculated vibration frequencies and eigenvectors using flexi-
bility influence coefficients,which were measured only for mcdel cne
{coating without ceramic frits), are presented in the Appendix in
Tables 34 through 53. A brief description of the vibration analysis
method is also presented in the Appendix. The predicted room tempera-
ture vibration frequencies are compared with experimental frequencies
in Figure 23. Vibration predictions were made using influence coeffi-
cients based on both tangent-curve approximation at the zerc lcoad point
and straight-iine approximation omitting the zerc load point as des-
cribed previously in part A2 of this section. Calculated vibration
frequencies for the first two modes using influence coefficients based
on tangent-curve approximations were about five percent higher than
the corresponding caleculations for straight-line approximations. This
five percent Increase in frequency greatly improved the correlation
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between calculated and experimental frequencies. The predicted first

and second vibration mode frequencieg using tangent-curve influence
coefficients are below experiment by 6.0 and 4.5 percent, respectively.
This is believed to be within the accuracy of the experimental techni-
ques. Some uncertainties in the measured influence coefficients used in
vibration predictions were caused by nonlinear load~deflection character-
istics, large hysteresis effects, and inelastic behavior of the structure.
Measured vibration freguency uncertainties result from nonlinear depend-
ence on amplitude of excitation and extreme sensitivity to variations in
temperature around TO°F,

The first mode vibration freguencies calculated with the shaker rod
mass included in the mass matrix averaged 17 percent lower than the cor-
responding values without the shaker rod mass included. Higher mode
frequencies were reduced by a smaller percentage. Experimental results
indicated that the shaker mass lowered the first mode frequency by about
nine percent. Vibration predictions using the model mass matrix, not
including the shaker rod mass, are used in the correlations with
experiment.

Figure 24 gives the first three vibration mede frequencies calcu-
lated for model cne based on influence coefficients measured at 650°F.
The predicted first mode frequency at 2 psi and 650°F is about 11 percent
higher than the predicted room temperature value. At 10 psi and 650°F
the predicted first mode frequency is about 1.5 percent higher than the
predicted room temperature value. This predicted rise in fregquency from
room temperature to 650°F was observed during vibration tests of model
two which has the same type of ccating as model one. For model two the
increase in the first vibration mode frequency at €50°F was 32 percent
at 2 psi and 9 percent at 10 psi. The predicted and observed increase
in second and higher vibration mode frequencies at 650°F was less than
for the first mode. The predicted vibration mode shapes are contalned
in Tables 42 through 53. A comparison of Tables 42 and 48 indicates
that the mode shapes predicted for the first mode of model cne at 650°F
are not significantly different from the room temperature mode shapes.
However, from Tables 43 through 47 and 49 through 53, the second and
higher vibration mode shapes at 6S0°F are altered considerably from the
comparable values at room temperatures.

In Figure 25, node lines interpolated from wibration calculations
using influence coefficients measured at room temperature are compared
with the corresponding experimental node lines. Agreement between pre-
dictions and experiment is reasconable for the first five modes except
for the fourth mode. The node lines for the fourth mode predicted by
calculations based on influence coefficients are similar to the experi-
mental node lines observed for the fourth mode of the models of
Reference 5.
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SECTION VII

CONCLUSIONS

From this analytical and experimental investigation of inflatable
Alrmat delta wing structures, it is coneluded that:

1. Vibration calculations using influence coefficients, based on
drawing a tangent to the measured deflection-load curve at the zero
load point, gave satisfactory correlation with experiment. The tangent-
curve approximation was required because of the nonlinear deflection-
load behavior and the small vibration amplitudes. Locating some of the
stations for influence coefficients closer to the leading and trailing
edges of the models wouléd probably improve correlation of wibratien
predictions with experiment since these rounded edges act as stiffeners
or spar-beams.

2. ©Shear theory predictions for the first vibration mode fregquenc-
ies were lower than experiment by as much as 40 percent at 2 psi, but
only 9 percent at 10 psi. This indicates that shear theory provides a
relatively good structural representation for higher internal pressures;
but for low internal pressures, metal fabric bending terms must also be
included in the analysis for good vibration prediction.

3. For deflections due to a uniformly distributed load good
agreement was obtalned between shear theory predictions and experiment.
Some local discrepancies occurred close to the leading edge where the
experimental deflections were smaller than predicted. This again
demonstrates the stiiffening effect of the rounded leading edges, which
is not accounted for in the theory.

4, When inflatable structures with silicone elastomer coatings
are exposed to temperatures above 500°F, and then cooled te room tem-
perature, the coating becomes flaky and tends to crack if flexed.
After cooling to room temperature, the first vibration mcde frequency
is considerably altered while higher mode frequencies are relatively
unaffected. TFor a model without ceramic frits in the silicone elastomer
coating the first vibration mode frequency was about 16 percent higher
at 2 psi after the model was heated to 650°F and then cooled.

5. The effects of high temperature on vibration were somewhat
different for the two types of coating. For the model with the CS5-105
elastomer coating (with ceramic frits), the first mode frequency at
650°F was about 10 percent below the room temperature value, whereas
for the model coated with the S5-2077 elastomer the frequency was as
much as 32 percent above the room temperature value. Similar results
were obtained for the second and higher vibraticn mode frequencies
although the percentages were less.
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6. Additional analytical and experimental work on inflatable
structures is needed in the following areas to improve accuracy of
prediction methods and increase ccnfidence in the design of inflatable
structures for re-entry applications:

a. The free edges of the delta wing models with rounded
leading and trailing edges act as stiffeners or spar-beams. These
edges should be included in the structural analysis as discrete ele-
ments to attempt to improve agreement between theory and experiment.

b. A better knowledge of the stiffness properties of the
surface material is required so that bending~type deformations can be
included in structural dynamic analyses for low internal pressures
where these bending terms may become important. Bending terms were
not included in the analyses of this report.

¢, The determination of scaling laws for inflatable struc-

tures is required so that these results can be used in preliminary
design of full-scale inflatable wings.
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Figure 3 - Trailing Edge of Model One in the Test Jig
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béflection Transducers

Figure 6 - Model Two Demonstrating Test Procedures for Determining
Influence Coefficients
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Figure 10 - Model One with a 20 Pound Distributed Load and
Internal Pressure of 2 psi
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Figure 11 - Trailing Edge of Model One with a 20 Pound Distributed
Load and Internal Pressure of 2 psi
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Table 1 - Location of Loading, Deflection Measuring, and
Accelerometer Attachment Points

Foint Number Location
Models Two
Model One and Three X, inches v, inches

28 28 3.75 3.00
29 29 3.75 11.00
30 30 3.75 19.00
31 31 11.84 2.50
32 32 11.84 8.50
33 33 11.84 15.50
3k 3k 21.56 2.00
35 35 21.56 T.00
36 21.56 11.00
37 29.65 7.00
38 32.89 2.50
39 L0.99 1.50

36N 21.56 12.00

38N 3h.51 3.50
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Table 2 - Location of Thermocouples

Thermocouple
Model
Yo, x, inches v, inches Surface
101 4.50 6.50 Top
201 4,50 6.50 Botton
102 1L4.80 4.50 _ Top
202 14.80 4.50 Bottom
103 26.20 4.00 Top
203 26.20 4.00 Bottom
104 36.50 4.00 Top
20k 36.50 L.oo Bottom
105 .00 16.50 _ Top
205 4,00 16.50 Bottom
106 14.30 13.50 Top
206 14,30 13.50 Bottom
107 2k .00 Q.70 Top
207 2L .00 9.70 Bottom
308 C 1.50 Center Line
109 8.50 1.50 Top
110 29.66 1.50 Top
311 Lé .06 - Center Line
312 0 12.50 Center Line
313 0 ok ,92 Center Line
314 18.33 - Center Line
315 32.90 - Center Line
116 6.50 13.00 Top
117 15.8L4 10.50 Top
218 6.50 10,00 Bottom
219 15.8k 7.50 Bottom
220 1.50 - Bottom
221 10.10 - Bottom
Lo 8.00 20.00 Top
1L1 19,00 15.00 Top
3kp 0 7.00 Center Line
343 0 18.75 Center Line
344 5.00 - Center Line
345 26,20 - Center Line
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Table 3 - Vibration Frequency Predictions (cps) for Mcdel One
Based on Shear Theory of Reference 4

Frequency, cps

Mode
p=29psi |p=LU4 psi p=56psi |p=8psi|p =10 psi
1 9.4 13.2 16.2 18.8 21.0
2 18.9 26.7 32.7 37.9 L.l
3 25.9 36.8 45.0 52,0 58.0

Table 4 - Vibration Frequency Predictions (cps) for Model Two
Based on Shear Theory of Reference k4

Frequency, cps

Hode p=2psi |p=21.4 psi p=6psi lp=28ropsi|p=10 psi
1 8.6 12.0 14.8 17.1 19.1
2 17.2 2,2 29.8 3.k 38.5
3 23.6 31.L hi.0 L7. 4 52.9

Table 5 - Vibration Frequency Predictions (cps) for Model Three
Based on Shear Theory of Reference U

Frequency, cps

Mode
p=2psi |lp=2=.4 psi p=6psi {p=28psi|p= 10 psi
1 8.h 11.8 1kh.5 16.8 18.7
2 16.9 23.8 29.2 33.8 37.8
3 23.1 32.8 Lo.2 46.5 51.9
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Table 6 - Predicted Uniform Load Deflections (Shear Theory - Reference U4)
Vertical Deflection, w (x, y), inches
p=2 psi | p=4 psi | p=6 psi | p=B psi | p=1C psi Jp=10 psi
Defl. Pt. | q=20 1bs | g=30 lbs | q=501bs | =60 1bs| q=80 ibs |q=60 1bs
28 262 197 .218 .197 .210 157
29 754 .566 .628 .566 603 452
30 .989 .The .82k STk 791 .593
31 .206 .155 172 .155 165 1ok
32 .58k 438 486 438 467 .350
33 831 .623 .692 .623 .665 499
34 143 107 119 .107 .11k .086
35 415 311 346 311 .332 .2L9
36 .553 415 JA61 415 ko .332
37 .308 231 257 231 .2k6 185
38 .119 .089 .099 .089 .095 .071
39 .0L5 034 037 034 .036 027
36N .578 J43h 481 Ju3k 62 34T
38N L1hk .108 .120 .108 .115 .086
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Table T - Measured Vertical Deflection Due to g Uniform Lead for Mcocdel QOne

Vertical Deflection, w (x,y), inches

p=e psi p=t psi p=b6 psi p=8 psi| p=10 psi p=10 psi

Defl. Pt. | 9=20 lbs| q=30 1bgd q=50 lbs q=60 1bs| ¢=80 1bs =60 lbs
28 .19 .21 .2k .23 .25 .19
29 .76 .63 72 6T LTh .56
30 1.02 .83 .95 89 .59 .73
31 - .18 - 17 .19 Sk
32 .58 L6 .52 U8 5D .39
33 VT .60 .68 .6k .70 52
3k .13 .10 11 .10 11 .08
35 .38 .29 .33 .30 .33 .24
36 .50 37 41 .39 e 31
37 27 .19 21 .19 .21 .15
38 12 .08 - .06 .07 .05
29 .0l .02 .03 .03 .03 .02
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Tatle 8 - Measured Vertical Deflection Due to a Uniform Load for Model Two

Vertical Deflection, w (x,¥y), inches

p=2 psi p=lt psi p=6 psi p=6 psilp=8 psi p=10 psi]

Defl. Pt.| q=20 1bs q=30 1bs g=30 1bs q=501bs| q=60 1bs g=60 1bg
28 .26 .20 .16 .26 .23 .18
29 .76 62 L6 .75 BT .53
30 .66 .T9 .58 .96 .85 .68
31 .18 .15 .10 .18 .16 .12
32 .22 45 .32 .53 AT .38
33 .73 .60 43 .T1 .6k .50
3k 13 .10 .07 12 L1l .08
35 .37 .29 .21 .3b .31 2k
36N A .36 .25 b2 .38 .29
38N .09 .09 .06 .10 10 .07
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Table 9 - Measured Rcom Temperature Vibration Frequencies and

Mode Shapes for Model One

[Mfode Saape
Press.! Freq. Accelercometer Mimbe
Mode | psi cps 29 30 31 33 35 36

1 2 11.3 Not recorded

1 b 15.0 .95 1.0 .22 .92 1.08 .58
1 & 18.0 .82 1.0 AT .82 Ll .52
1 8 20,4 .79 1.0 .16 N .32 hs
1 10 21.h 1T 1.0 .15 .73 .32 43
2 2 22.3 .63 68 .53 A1 1.0 L8
e 4 29.4 .62 1.10 .55 .95 1.0 .76
2 6 35.3 .18 .38 .15 .30 1.0 .60
2 8 39.9 . 3L .38 .1k .29 1.0 .69
o 10 L1 .52 .52 17 .36 1.0 .92
3 2 27.9 1.0 L2 .39 .21 .78 e
3 4 35.2 1.0 .30 .19 .1k A .56
3 6 L1.9 1.0 .23 .18 b (3 .53
3 8 Lr.1 1.0 .19 .16 .12 .59 s
3 10 53.0 1.0 AT .18 11 .39 .39
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Table 10 - Measured Room Temperature Vibration Frequencies and Mode
Shapes for Model One After 650°F Test

Mode Shape
Press. Freg. Accelerometer Number
Mode| psi cps. 29 30 31 33 35 36
1 2 13.1 .88 1.00 .16 LTh 43 .16
1 Y 14,2 73 1.00 .12 .58 .28 .09
1 6 1.6 T4 1.00 11 .59 .25 .12
1 8 16.1 71 1.00 .10 Sk .22 .12
1 10 17.0 .73 1.00 .10 .55 .20 .12
2 2 oL .3 .29 .56 .29 .26 1.00 .60
2 L 29. 4 .1k L6 .27 49 1.00 .95
2 6 3k.9 .16 .53 .25 Lo 1.00 1.02
2 8 39.8 .25 .59 .21 .33 1.00 1.0k
2 10 h2.3 .16 .58 .2k U5 1.00 1.06
3 2 28.5 1.00 6 .32 .15 .79 71
3 L 37.8 1.00 .30 .27 .06 .62 .6l
3 6 43.0 1.00 .31 .23 .07 .65 .68
3 8 W7k 1.00 .34 .19 .08 .76 7
3 10 52.0 1.00 .27 .19 .08 .69 .71
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Table 10 {Cont'd)

Mode Shape
Press.| Freq. Accelercmeter Number
Mode | psi cps. 29 30 31 33 35 36
L 2 37.9 1.05 1.00 .93 .66 .52 .50
b L 50.3 .Gh 1.00 BT Ye .52 ki
L 6 59.8 1.02 1.00 9T .35 L5l s
b 8 €7.3 .86 1.00 .00 .28 6 .36
L 10 TL.3 .89 1.00 .92 .29 Ak .33
5 o hé.3 45 T .49 .23 .00 13
5 i 61.9 .26 .61 .3k .13 .00 .19
5 6 73.1 .23 17 .35 .08 .00 .21
5 8 82.1 .19 75 .29 12 .0C .21
5 10 90.1 11 .52 17 .15 .00 .15
6 2 54.4 .24 1.00 .38 .25 e .19
6 W 73.2 .32 1.00 .39 .31 .50 A3
6 6 87.1 .50 1.00 .65 Rt I .13
6 8 98.2 .52 1.00 62 e .68 11
6 10 108.3 .62 1.00 .66 .19 .75 A7
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Table 12 - Measured Room Temperature Vibration Frequencies and
Mode Shapes for Model Two

Mode Shane

Press.| Freq. Accelerometer Number

Modd psi cps | 28 20 { 30 31 32 1 33| 34| 35| 36N ]38N

1 2 16.0 ) .23} .76 1.00( .10} .57| .79f .o7| .32 .15 .07
1 4 11.8 | .23 .55 1.00f .13 | .53] .73] .14f .=28] .13} .06
1 6 13.4 | .21} .75) 1.00) .13 ¢ .u2{ .67} .o07) .26] .10| .06
1 8 13.8 | .18 .66f 1.00¢)] .12 | .hol .66| - - | .09 | .ck

1 10 15.5 .20 71 1,004 .13 dezloies) Loel .23] .13 ] .07

2 2 18.1 .19 .35 .h9| .36 .92] .59] .27|1.00] - ].28
2 L 23.7 | .22 .39 .43| .36 | .94| .69 .kor.00| - |.30
2 6 26.9 .21 | .36 .e6| .21} .68) .57 - | - {1.00|.2b
2 8 3L.1 | .ek} b2t .35 .37 [1.05( .80 - |i.00|1.k1 {.37

o 10 33.7 .23 L .300] .35 950 781 .3511.00101.56 | .36

3 2 23.3 }.s8 1.00] .45 .26 | .53 .13§ .32{ .60 - |.ok
3 4 30.9 |.56 |1.00] .32].29 | .38} .12| .19{ .59 .53 | .2k
3 ) 36.4 | .62 tr.00) .25 .27 ] .361 29| .2k .60 - |.31
3 8 heoo | .61 {1.00) .18 |.21 | .u5] .13 .17 .49} .59 |.25

3 10 Lo, 2 .61 |1.00 A7 ] .24 361 .07 .20 | .56 .81 |.29

4 2 3.1 | .B3 ) .88 b5 .68 |r.oof .73 45| - ) .59 |.Lo
4 L bi.7 .07 | .s7] b2 .62 11.00] .30 .19 | .17 .47 |.42
4 6 51.1 |.46 | .83} .25 |.85 |i.c0|1.15] - - |.79 {.61
4 8. 57.1 .24 | .61 .27 .60 |1.00f .25}) .17 | - | .39 |.47

I 10 62,4 .05 .52 .39 .66 [1.00] .20} .15 |.13 ] .37 |.L1
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Table 12 (Cont'd)

Mode Shape
IPress. Freg. Accelerometer Number
Modd Psi cps | 28 29 30 {31 |32 33 |34 |35 (36N |38BN
5 2 37.1 p.15(1.13| .74} .72 |.11 f .48 ¢.12 |.30 |.06 }1.00
5 4 ho b | .84} .68} .hs| .s& {.1b § .45 .19 (.38 ].06 |1.00
5 6 59.1 | .62§ .52 .26| .48 .26 | .41 |.21 |.bb |.11 |1.00
5 8 66.6 | .53 .37 .19% .41 |.28 | .34 |.25 |.45 .08 |1.00
5 10 T2.1 { .69} .30} ko] .32 }.24 ] .24 ].38 }.5h |.04 |1.00
6 2 bi.2 t.32] .86f1.00}).74 .22 | .15 |.22 |.25 | - .05
6 L 55.7 {.37 1 .70 |1.00f.52 .16 | .ok | - }.a7 | - .06
6 6 68.8 | .06 | .42 {1.00].57 |.19 |.0o7 }.07 {.13 |.06 | .01
6 8 77.9 L.06 } Lk ]1.00 .56 f.14 | .16 |.14 1.09 .09 | .02
& 10 84,1 {.49 | .64 [1.00 .42 [.18 [.35 .53 [.11 |.37 | .22
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Table 13 - Measured Elevated Temperature Vibration Frequencies
and Mcde Shapes for Model Two

Mode Shape
Press .| Freq. |Temp. Accelerometer Number

Mode] psi cps | °F 28 129 1 30 |31 |32 33 |34 |35 |360 |38W
1 2 10.0 |500 - -1 1.000 .11 }.59 f.72 |.11 | .32 .10
1 2 10.7 1650 - - | L.o00f .27 |.25 | .88 -~ |.43] - .20
1 6 15.9 {650 37| .79 1.000 - W7 ] - .12 }.45].30 | .45
1 {10 14.9 |500 .13} .63¢ 1.00| .11 |.15 }.59 {.06 |.16 | .18 | .07
2 2 17.6 [S00 431 - | 46 3.36 .93 |.73 | .34 [1.00].69 |.35
2 2 19.7 [650 .06] .10} .62 .32 |.74 |.49 §.41 |1.00].10 |.36
2 |10 32.3 |500 281 .57| .28 §.39 .09 }.95 {.34 [1.00].95 }.35
3 2 24,8 650 61100} .19 |.23 |42 |.20 |.23 |.62 |07 .26
3 |10 45.0 {500 381.00} .12 §.15 }.05 |.07 {.21 }.55 }.60 |.30
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Table 14 - Experimentsl Natural Frequencies (cps) for Inflatable Model
Three at Room Temperature

Fregquency. cps

Mode p=2psi |p=4 psi p= 6 psi p =8 psilp = 10 psi
1 1k.2 16.8 18.1 19.3 20.6
2 2h .7 31.2 35.1 38.2 10,6
3 - 38.9 46.1 51.7 56.8
Y 38.1 50.7 59.9 £6.8 73.8
5 47.6 58.5 69 .4 79.2 86.9
6 52.0 72.3 86.9 97.9 -

Table 15 - Experimental Natural Fregquencies (cps)for Inflatable Model
Three at Elevated Temperatures

Freouency, cps
Mode n = kL pai p = 10 psi
300°F 500°F 650°F 300°F 500°F E50°F
1 15.0 bk 15.1 18.5 17.9 18.5
2 28.0 26.6 27.5 37.1 35.8 37.1
3 36.8 36.0 37.6 53.8 51.5 54.1
Y L8.0 L6.8 48.3 70.7 69.2 T0.6
5 56,4 56.2 58.6 83.8 83.2 85.3
6 71.0 T1.0 72.6 100.1 - -
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APPENDIX
Vibration Analyses Using Flexibility Influence Coefficients

The vibration analysis using measured influence coefficients is
based on standard procedures described in Reference 13. The equation
to be solved is usually written as

il =] {+

where w is the deflection of the wing, C is a matrix of flexibility
influence ceefficients, andlm is a diagonal matrix of lumped section
masses. The solutions for-—; are called eigenvalues and the w's

w

associated with the eigenwvalues are called elgenvectors.

The mass matrices for inflatable model one are presented in
Table 17. The influence coefficient matrices calculated from the
mezasured data by the procedures discussed previously are presented
ir Tables 18 through 33. The frequencies calculated for inflatable
model one are presented in Tables 3% through 41. Tables 42 through
53 contain the eigenvectors from calculations using the tangent-curve
influence ceoefficients. ’
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Table 1T - Mass Matrix for Inflatable Model One
Model Mass (1b sec*/in)

Location A. Shaker Rod Not Included B, Shaker Rod Included
28 .000508 .000508
29 000821 .000821
30 L0006LE .001316
31 .0006513 .000513
32 .CO0ETY 000679
33 .C00TOT 000707
34 .000k8YL L0004BY
35 .00CT15 .000715
36 .000570 .C00570
37 .0005L44 .0005k4Y
38 .000661 .000661
39 .0COLTY 000479
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Table 34 - Room Temperature Vibration Frequencies Calculated from
Tangent-Curve Influence Coefficients for Model One Net
Ineluding the Shaker Rod Mass

Frequency, cps
Mode - : -
p = 2 psi p=>U4psi| p=¢6psi =8 psi  |p =10 psi
1 10.6 13.7 17.1 1.0 20.6
2 21.5 28.1 34,1 37.9 hi.s
3 27 .4 3h.h L3,2 L8.5 52.9
I 29.4 ho.9 k9.3 sh.9 57.7
5 33.8 Le.o sh .8 62.1 67.8
6 35.8 L6.9 58.8 66.0 70.h
Table 35 - 650°F Vibration Frequencies Calculated from Tangent-Curve
Influence Coefficients for Model Cne Not Including the
Shaker Rod Mass '
Frequency., cps
Mode
p.=_2 psi = 6 psi p = 10 psi
1 11.8 16.9 20.9
2 22.6 33.8 1.1
3 29.0 43.h 54,0
i 35.2 48.3 60.0
5 37.3 53.9 68.1
6 Wiy 2 56.1 70.3
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Table 36

Tangent-Curve

- Room Temperature Vibration Frequencies Calculated from
Influence Coefficients for Mecdel Cne
Including the Shaker Rod Mass

Mode Frequency, cps
p= 2 psi [p =4 psi p=6psi}] p=8psi |p =10 psi
1 8.8 11.3 1.2 15.8 17.1
2 20.1 26,0 32.1 35.8 39.3
3 25.8 31.9 39.5 Ly ,2 48,8
b 29.3 2.8 hg,2 54.6 57.7
5 32.9 hs5.8 54,0 61.0 66.2
6 35.7 L6.8 58.8 65.9 70.2
Table 37 - 650°F Vibration Frequencies Calculated from Tangent-Curve
Influence Coefficlents for Model One Including the EBhaker
Rod Mass
Frequency, ¢ps
Mode } .
p = 2 psi p =6 psi p = 10 pai
1 2.9 1h.1 17.6
2 21.6 32.1 39.1
3 26.9 39.6 L8.9
L 3.3 43,2 59.9
5 37.3 53.4 67.3
3] k3.9 55.3 69.1
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Table 38

- Room Temperature Vibration Frequencies Calculated from
Straight-Line Influence Coefficients for Model One Not
Including the Shaker Rod Mass

Mode Frequency, cps
p =2 psi p =14 psi|] p =6 psi 8 psi p = 10 psi
1 9.G 13.2 15.8 18,2 20.0
2 19.8 26.8 32.1 36.2 Lo.o
3 23.7 34.6 Le.1 Lh1.6 54.3
L 30.2 41.8 L9.5 55.2 61.0
5 35.3 4.8 55.6 62.7 67.9
& 35.9 hr.2 57.7 6Lh.5 T0.6
Table 39 - 650°F Vibration Frequencies Calculated from Straight-Line
Influence Coefficients for Model One Not Including the
Shaker Rod Mass
Freauency, cps
Mode
p =2 psi p =6 psi p = 10 psi
1 11.6 16.4 20k
2 21.9 32.7 39.4
3 25.8 43.4 54,3
4 35.1 hT.5 59 .4
5 36.9 sh.g £5.2
6 39.5 56.5 £8.9
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Table L0 —

Room Temperature Vibraticon Freguencies Calculated from

Straight-Line Influence Coefficients for Model One
Including the Shaker KRod Mass

Frequency, cps

Mode
p=2psilp=Lopsi | p=6psi|p=28psi p = 10 psi
1 8.3 11.0 13.1 15.2 16.5
2 18.7 25.1 30.2 34.3 37.7
3 21.6 31.L 38.3 43.2 k9.7
4 29.7 Li.7 Lo.5 55.1 61.0
5 3k.9 L. b 55 .4 62.2 67.4
6 35.7 L7.1 57 .4 6L.0 T0.2
Table U1 - 650°F Vibration Frequencies Calculated from Straight-Line
Influence Coefficients for Model One Including the
Shaker Rod Mass
tode ST | e e TR
1 9.8 13.8 17.2
2 20.5 31.1 37.3
3 27.2 39.1 48.9
th 3Lh.3 L7.3 59.3
5 35.4 53.9 6L.5
6 39.4 56.3 68.2
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Table 48 - Calculated 650°F Eigenvectors for the First Vibration Mode
of Model One

m = A Without Shaker Rod Mass
m = B With Shaker Rod Mass
Model Eigenvector
Station p = 2 psi p =6 psi p = 10 psi
m=A m=2RB m=4a m=B m=A m =B
28 .188 167 .196 171 215 .18L
29 . T35 .659 LTLT .663 173 .686
30 1.000 1.000 1.000 1.000 1.0C0 1.000
31 .098 . 080 102 081 .108 .089
32 188 Lo3 L3z 362 LT 376
33 L6 58T 675 .598 663 591
3k .058 .Ohk .048 .03h .053 .0kl
35 .228 JAT5 .218 .168 .203 .155
36 312 .251 .279 .222 .278 218
37 .089 .062 07T .051 .080 .056
38 .015 .009 013 007 013 .0c8
39 .00k .002 002 .001 .002 .001
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Table 49 - Calculated 650°F Eigenvectors for the Secend Vibration Mcde
of Model One

m= A Without Shaker Rod Mass
m =B With Shaker Rod Mass
Bigenvector
Model p = 2 psi p = 6 psi p = 10 psi
Station m=A] m=B| m=4] m=B| m=A] m=28

28 -.068 .026 -.093 .027 -.095 .063
29 -.3L48 -.003 -.376 .020 ~.373 .056
30 -.543 - b7k - b6 - 463 -.5Th -.535
31 113 L170 .113 .184 .10k .168
32 Jihs 711 347 570 391 613
33 172 .323 3k .529 .356 521
34 311 .305 .26k .269 270 263
35 1.000 1.000 1.000 1.000 1.000 987
36 876 .920 815 BT .962 1.000
37 602 .578 579 570 560 .5h1
38 .181 169 167 156 176 162
39 Nelite .0ks5 .0k5 .0kl 046 .0l1
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Table 50 - Calculated 650°F Eigenvectors for the Third Vibration Mode
of Model One

m = A Without Shaker Rod Mass
m = B With Shaker Rod Mass
FEigenvector
Model p= 2 psi p =6 psi p = 10 psi
Station = A = — = A m = B m = A m= B
28 201 .309 .378 .331 .500 Jbks
29 48k 1.000 1.000 1.000 .930 1.000
30 -.831 -.5kT -.945 -.392 -1.000 ~-.470
31 .286 237 254 .153 .258 159
32 1.000 .92k .561 .358 602 409
33 -.123 -.021 -.356 -.104 -.k70 -.163
3k ~.080 -.192 -.021 -.118 -.015 ~.106
35 ~.259 -.587 -.228 -.543 -.015 -.358
36 -.269 ~.k8o -.083 -.319 -.0097 -.294
37 -.305 - b7 -.117 -.308 -.065 -.230
38 -.10}4 -.156 -.06k -.112 -.053 -.095
39 -.03k -.0L8 -.015 -.032 -.008 -.025
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Table 51 - Calculated 650°F Eigenvectors for the Fourth Vibration Mode
of Model One

o Eigenvector

mo= mo= o= A m =B m= A m =B
28 -.284 -.143 .026 -.018 .128 .061
29 -1.000 -1.000 -.521 -.654 -.516 -.705
30 654 .269 - 174 ~.060 -.250 -.092
31 .282 .382 .385 .376 37T 359
32 .653 .955 1.000 1.000 1.000 1.000
33 J1ko .021 . 517 675 .588 .853
3k ~.002 -.001 -.152 -.176 ~.13k -.171
35 -.080 -.101 -.519 ~.58L -.772 -.9hé
36 -.119 -.190 -.313 -.350 -.128 ~.135
37 -.568 -.545 -.359 -.385 ~.heT -.495
38 -.310 -.273 -.13¢9 -.1h7 -.189 -.207
39 -. 068 -.066 -.056 -.061 -.065 -.076
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Table 52 - Calculated 650°71" Eirenvectors for the Fifth Vibration Mode
of Model One

Eigenvector

Model p = 2 psi p =6 psi p = 10 psi

Station e S = D = A = 3
28 -.009 010 -.026 -.155 .110 -.012
29 -.311 -.243 J1h1 .182 .096 .065
30 .131 .039 -.2ky -.158 -.227 -, 184
31 .096 .088 -.155 -.377 -.16k -k
32 . 289 275 - b5k -.948 -.228 -. 667
33 .155 .128 .563 1.000 .368 1.000
3k -.388 -.388 -.172 -.184 -.306 -.331
35 ~1.000 -1.000 -. 697 -.728 -.823 -.882
36 236 .233 -.016 .031 .125 .252
37 .813 870 1.000 .90 OTT .63L
38 610 LELT .525 505 1.000 .696
39 086 .093 .078 .071 .104 061
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Tyble 53 -~ Calculated 650°T Ripenvectors for the Sixth Vibration Mode

of Model One

Eigenvecfor
Model p =2 psi p = O psi p = 10 psi
Station RN - = 1 - I —
28 -2 -.4s57 -.277 —.2kh .021 -.114
29 .013 -.034 .253 119 067 -.029
30 -.212 -.089 -.516 -.128 .521 -.096
21 -.067 -.071 -.399 -.327 384 -.206
32 -.032 -.0k1 ~.851 -.653 618 -.367
33 317 .360 1.000 668 .000 .537
3k -.521 -.522 .0L6 .095 057 119
35 -.715 -.736 162 .382 104 .3h3
36 1.000 1.000 187 17 349 148
37 -.399 -.118 -.845 -1.000 .75k -1.000
38 ~. koo -.Lo8 -.h28B -.505 712 -.971
39 -.026 -.030 ~.084 -.091 098 -.119
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