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FDL-TDR-64-16

ABSTRACT

Results are presented of additional nonlinear structural-aerodynamic inter-
action experiments and analyses conducted on a 45° delta wing. The aerocelastic
simulation scheme developed and described in FDL-TDR-64-16 Part II was used to
experimentally determine the static aerothermoelastic behavior of the subject model
wing. Test data have been compared with theoretical predictions using the digital

computer program developed and described in FDL-TDR-64-16, Part II.
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SECTION 1.0
INTRODUCTION

The purpose of the study described herein and in References 1 to 3 is to deter-
mine, both experimentally and analytically, the combined influence of nonlinear
aerodynamic and nonlinear structural behavior (through geometric large deflections
and thermal effects) upon static aeroelastic interactions and attendant ''flexible'
stability and control derivatives. The overall objectives of the study were:

(1) To develop a technique for the simulation and measurement of static aero-

elastic behavior in the presence of both aesrodynamic and structural non-

linearities and elevated temperatures, as well as the actual measurement
of data under such conditions.

(2) To formulate the governing mathematical relationships and development of
a method and related computer program for the analysis of nonlinear static
aeroelastic behavior.

(3) To conduct analyses and comparisons with test data obtained through
objective (1).

(4) To develop a method for obtaining hypersonic aerodynamic influence
coefficients,

(5) To conduct an exploratory examination of an experimental technique for
measuring the slopes over the entire "field' of a deformed surface.
References 1, 2, and 3 describe previous experimental and analytical work
associated with the ahove five objectives. Studies reported in Reference 1 showed
that additional static aeroelastic interaction tests and analyses should be accomplished
in order to further assess the present usefulness of the computer program developed
under objective {2). Thus, a series of aeroelastic interaction tests and analyses
were conducted on a 45° delta wing under both room and elevated temperature con-
ditions. The simulation scheme developed under objective (1)‘ was employed in these
tests. The experimental program reported herein complements those tests previously

conducted on an unswept wing model and introduces two important differences, namely;
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swept wing structural behavior and associated analytical idealizations. The

latter is of particular significance since the triangular plate elements and associated

matrix relationships formulated under objective (2) can be evaluated.

The interaction tests described in this report provide additional experimental
evidence of the importance of including nonlinear phenomena in static aeroelastic and
stability and control analyses. The only other known efforts undertaken in this field
are those tests and analyses reported in References 4 and 5. These research

activities however, pertain only to linear aerodynamic-structural static interactions.

Section 2.0 of this report briefly discusses the simulation scheme developed in
Reference 1 and its application to the subject test model. Test data are presented for
a number of simulated dynamic pressures and angles of attack at room and at
elevated temperatures. The analysis phase of the subject study is described in
Section 3.0 and consisted of comparing selected test results with predicted test values,
These were obtained from the digital computer program of Reference 1. Section 4.0

presents conclusions and recommendations.



SECTION 2.0
EXPERIMENTAL PROGRAM

2,1 SIMULATION TECHNIQUE

Figure 1 illustrates a representative lifting surface under test. Numerous
reference points have been defined on the wing surface, but attention is directed
toward instrumentation concentrated at a typical point, i. This same instrumentation
would be located at all the reference points in an actual test setup. Figure 2 details
the devices, instrumentation, and circuitry associated with the application of load

and measurement of angular displacement at point i,

The static aeroelastic simulation technique described here pertains
only to conditions where the aerodynamic load versus angular displacement relation-
ship at each point is independent of such behavior elsewhere. The following expres-

sion is chosen as a representative applied load versus angular displacement relation-

ship:
P =P +Q a,+Q a 2 M
Z. Z 1, i 2, i
i o, i i
i
where
P =
Z qRiQo_
o, i
i
Q TaR;Q
i i

Q TaRQ,
i i
Ri is the amount of surface area assigned to a reference point and Qoi, Qli, in are
aerodynamic coefficients pertinent to the point in question. Pg oi is an initial load
used to simulate angle of attack distributions at various dynamic pressure levels.,

{See Reference 1, pg 10).
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Prior to test, the circuitry at each point (Figure 2) is provided with settings
for Py 0y’ 611 and Ezzi. These settings are selected, using convenient analysis
procedures, to represent aerodynamic conditions at a certain time in a flight profile.
Since Py o4 produces the effect of a geometric angle of attack the specimen may
remain horizonfal during test while angle-of-attack variations are introduced by

proper adjustment of PZoi'

An interaction test begins by imposing the system of initial loadings, { on } R
which immediately causes angular displacements, {a 0} , at all points. The magni-
tude of the initial angular displacement at point i, for example, is sensed by an
accelerometer arrangement specially designed for this purpose and is transformed
into a signal proportional to this magnitude. This signal, in turn, produces a signal

for a new load P, _ .and compares this load with the initial load P, . The resulting

21 04

signal, proportional to A Pzi’ actuates a servo control valve and accordingly
modifies the loading PZOi' Thus, a first change in the load is produced as shown in
Figure 2 and this change A PZi is, from Equation (1)

— - 2
AP, =Q a; +Q a ®
I 1 1

The load change, A PZl, causes additional angular displacements at the reference
points. Hence, further adjustments of the load are obtained and the static aero-
elastic process continues until the surface reaches an equilibrium position. A test
cycle concludes with the measurement of equilibrium loads and slopes (i.e., angular

displacements).

A basic instrumentation requirement for the above technique is a device which
will accurately measure the chordwise angular displacement at a point on the surface
of a wing in the presence of elevated temperatures. This requirement was met
through the development of the arrangement shown in Figure 3 where the accelero-
meter is the critical element in the system which senses the direction of the gravity
vector, The positioning of the accelerometer's sensitive axis in a horizontal plane
produces a response in consequence of the acceleration due to gravity when the

accelerometer undergoes an angular displacement. This measured acceleration



varies as the gine of the angle of displacement and has a maximum value of 1.0
(times g) when the sensitive axis is vertical. For the circumstances of interest,
the angular displacements are quite small ( < 3°) and the accelerometer reading is

proportional {o the slope itself,

Since elevated temperature tests were fo be conducted and the devices would
not function properly in the resulting intense heat field, it was decided to mount each

accelerometer at a distance from the wing surface. Figure 3 shows that the acceler-
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Figure 3. Angle Measuring Device

ometer is mounted on a 3-1/2 by 5 inch platform, which in turn is attached to the
wing surface by means of three rods and a linkage system. The chordwise attach-
ment to the wing surface occurs at two points that are 1-1/2 inches to either side

of the associated reference point. The freedom of the platform to move was
restricted to a vertical translation and rotation about a spanwige axis. From this
arrangement, the accelerometer signal is proportional to (d2 - dl)’ the difference in
deflections at the two rod-wing specimen attachment points, rather than at the point i
itself. Measurements taken for the purpose of establishing the accuracy of the above



scheme verified that it produces errors of less than 1 percent for angular displace-
ments up to 5 degrees. Alternative schemes, involving the use of variable permeance
extensometers were tried and found to yield slope measurements of insufficient accuracy.
Furthermore, those on hand would '"bottom-out' under displacements much smaller

than those anticipated for actual testing.

The heating apparatus, load application system and data reduction equipment
and techniques utilized were identical to those described in Reference 1 and hence

are not discussed here. Figures 1 and 2 show their placement in the testing scheme.
2.2 TEST SPECIMEN

The specimen proportions, material properties, etc., were chosen as a com-
promise of a number of conflicting requirements, including*the need to demonstrate
low aspect ratio and large deflection effects while retaining a measure of simplicity
for the sake of subsequent test-theory comparisons. Also, it was necessary that the
large deflections neither exceed the "travel' limitations and capacity of available
instrumentation nor introduce inelastic behavior. After reviewing these factors
and the performance of preliminary static aeroelastic and stress analyses, it was
decided that the model be of clipped delta planform with semispan of 32 inches, a
root chord of 34 inches, and constant thickness of 0.528 inch. The specimen material

is a steel alloy similar in compositios: to heat treated AISI type 4140 steel.

As shown in Figure 4, a total of 10 reference points is employed on the
clipped delta semispan. All imposed loadirig and temperature conditions represented
symmeitric behavior of the wing as a whole, thus the same array of points was also
delineated on the semispan not shown in Figure 4. The areas assigned to each

reference point differ from point to point and are listed in Figure 10,

The specimen support assembly, pictured in Figure 5, consists of structural
shapes which are welded together for rigidity. Screw jacks are used to maintain a
clamping pressure on the 2 inch wide specimen support area. This arrangement
was designed with the intent of minimizing root flexibility - i.e., to preclude vertical
displacement or "roll" rotation of the wing root - while providing a small specimen

contact area to minimize heat transfer from the model during elevated temperature tests.
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To provide accurate information for subsequent analytical studies, tests were
performed to obtain the material mechanical properties and the coefficient of thermal
expansion. Tests were performed at temperatures of 70, 350, 550, and 850°F., on
coupons taken from the specimen sheet stock. Interpretation of the resulting data
showed that the modulus of elasticity (E} can be satisfactorily represented as a
function of temperature by the expression:

E = 30.79x 106 ~ 1,099 x 104 T + 6.693 Tz. {3)
Equation (3) is valid in the range of 70 to 800°F.

The average coefficient of thermal expansion was found to be essentially
constant throughout this range of temperatures at a value of 7.0 x 10'_6 in./in.°F.
The material property tests were used to determine the yield stress and inelastic
behavior characteristics of the parent material. This information was compared
with the results of stress analyses to assess the possibility of inelastic deformation
during test; it was predicted that no significant inelastic deformation would be

sustained.
2.3 TEST RESULTS
Tests of the delta planform consist of:

(a) Interaction tests, at room temperature and also in the presence of elevated
temperature for three dynamic pressures over the range of the thxfe aero-
dynamic coefficients { on} (pounds) I.Ql-l (pounds/degree) and [ Q, 'I

(pounds/degrees)z) listed in Tables 1 to 3. Note that an abbreviated nota-
tion is used in these tables. For example, at room temperature test con-
ditions, Table 1, q = 6 psi, only the diagonal elements of '_ 51] and [Ejg]
are listed. { on} is an initial loading column and {a 0} is the resultant

initial angle of attack distribution. The equilibrium angles of attack {in
degrees) and loads (in pounds) are denoted by 1 a and {Pz}respectively.
(The results of these tests are described below.)

(b) Tests at room temperature for deflection and slope influence coefficients,
{For convenience these coefficients are presented and discussed in Section
3.3.1 and Figures 11 and 12.)

As indicated in the discussion of the analytical basis of the static aerothermo-

elastic problem (see Reference 1) a reference point angle of attack (a ;) is a function

10
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of the aerodynamic parameters q and @ g’ the deformational characteristics of the
structure, and the temperature environment, Since if was intended to isolate, insofar
as possible, the relative significance of the respective aerodynamic parameters and
the temperature effects, a large number of tests on the delta planform specimen

was performed. .

Variations of the aerodynamic parameters q and @ g are accomplished through
variation of the aerodynamic coefficients { on} . [ @1] . [az.' . Equation

(1), written in matrix form, shows that

{r,} -alm] |
| @ =q‘[R. [
[l

4

Different values of g can be simulated by simply raticing the values of the
aerodynamic coefficients fo certain initial values, As previously described the
"effective’ angle of attack is varied by simply changing the initial loads { on} .
Initial loads were imposed on the test specimen at reference points 1, 5, 8, and 10,
The aerodynamic coefficients listed in Tables 1 to 3 were obtained by ratioing an
initial set of aerodynamic coefficients as determined by preliminary static aero-

elastic analyses performed for specimen design purposes.

Eleven room temperature tests were conducted followed by eleven elevated
femperature tests. Each set of data in Tables 1 to 3 represents the selection of test
points obtained from two or more test runs. It was found necessary to increase
the number of runs at elevated temperatures in order to achieve an acceptable degree
of datarepeatability, Study of all data recorded showed that the repeatability of the
simulation scheme is within 3% at room temperature and 11% at elevated tempera-
tures. The percentage increase at elevated .emperatures was due fo increased

difficulty in maintaining initial accelerometer zero levels and servovalve settings.
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The desired temperature distributions were to possess a significant nonlinear
variation in both chord and span directions with maximum temperatures occurring
along the leading edge. Figure 6 illustrates the temperature profile obtained
{temperature values at the planform reference points are tabulated in Figure 10).
This profile was continually reproduced within 10-15°F for each of the test conditions
cited in Tables 1 to 3, Thermocouples affixed to the test specimen indicated that
there were small temperature differences ( < 6°F) across the specimen thickness

and only a small drop in temperature (< 20°F) through the root support.

Variation of the measured equilibrium angles of attack at the leading edge
reference points is shown in Figure 7 for both room and elevated temperatures
and represent typical results. Study of Figures 7a and 7b will show that large
increases in the equilibrium angle of attack were obtained as q was increased., The
change in these angles due to elevated temperature is displayed in Figure 7c; it is
evident that significant percentage increases were obtained. 1§ is to be noted herethat
thermal effects have been introduced in the manner shown in Figure 7 since the loss
in torsional stiffness parameter, @ , as used in Reference 1 cannot be realistically

defined for the subject test specimen.

Figure 8 displays the variation of the equilibrium angle of attack at reference
point ten, @ 14, as a function of load condition and dynamic pressure. The dashed
lines in this figure represent a probable extrapolation path to g = 10 psi, load condi-
tion No. 4 test point. Data at this test condition was not obtained since the accelero-
meter platform at reference point ten '"bottomed-out' resulting in a nonequilibrium
state. Recalling that sets of initial loads are utilized to simulate an initial angle of
attack distribution, it is seen from Figures 8a and 8b that this parameter has an
important effect on the equilibrium angle of attack. However, larger increases in
@, are obtained by varying the dynamic pressure levels. The effect of tempera-
ture upon Q@ 10 is shown in Figure 8c and is seen to be substantial at the higher load

conditions and dynamic pressure levels.

Additional test results are shown in Figure 9 by displaying the ratio of flexible

to rigid lift coefficients as a function of ioad condition, dynamic pressure and
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temperature environment. This ratio was derived from the equilibrium loads by
summing the loading columns at each load condition. Study of these data shows that
the rate of change of CLF/ CLR with initial load (initial angle of attack) increases as
the dynamie pressure is increaged. The effect of temperature, of course, is seen to
increase the subject ratio above the room temperature value. The dashed lines

indicate, as in the previous figure, data extrapolation.

It is concluded from the tests conducted that the interplay between aerodynamic
and structural nonlinearities (through geometric large deflections and thermal
effects) is significant and of importance in determining the static aercelastic behavior
of a lifting surface. The series of tests conducted also provides additional evidence
that the technique for simulation of nonlinear static aerothermoelastic behavior is a
feasible and successful one within the limitations of the original assumption regarding

the exclusive dependence of additional aerodynamic load on local angle of attack.
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SECTION 3.0
THEORY-TEST COMPARISONS

3.1 GENERAL

The objectives of the subject study contract, as described in Reference 1,
included the development of an analytical method and related computer program for
the analysis of nonlinear static aeroelastic behavior and comparisons of the results
of such analyses with selected test data of the previous section. Analyses were
conducted at room and elevated temperatures for several values of the dynamic
pressure. Both linear and nonlinear structural behavior in combination with nonlinear

aerodynamic behavior was considered.
3.2 INPUT DATA

Input to the computer program consists of structural and aerodynamic analysis
data, respectively, Two major options are available in connection with the structural
analysis portion of the program: (1) the basic material properly, geometric and
temperature data is given so that the computer automatically develops the set of
structural influence coefficients; or (2) the structural influence coefficients are pro-
vided as input. In the case of option (1), the input specifically consists of the
coordinates of the reference points, the type and location of the discrete elements
of the structural idealization, material properties, temperatures, boundary condi-
tions, and initial displacements. The structural analysis input also includes a
specification of a convergence criterion and the number of iterations allowed for

convergence before the program will stop.

Aerodynamic input consists of sets of matrices defining aerodynamic influence
coefficients, angle of attack distributions, assigned reference point areas, wing
geometric properties and numerical integration techniques. Codes in this portion
of the input control output format, convergence criterion on alpha, allowable
number of iterations, choice of solution type, and correspondence between the aero-
dynamic and structural reference points,
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Figure 10 shows aerodynamic reference point location, assigned reference
areas, planform dimensions and coordinate system. Twenty-eight structural node
points, defining a total of twenty-two rectangular and triangular plate elements were
selected to analytically deseribe structural behavior. The material properties and
temperatures associated with each node point and structural element are based on
expetrimental data of the previous chapter. For the analyses being considered, the
initial loads (both in-plane and out-of-plane), initial displacements and thermal
moments are zero. Boundary conditions associated with the analyses are specified

by assigning zero linear and angular displacements to the root node points.

Aerodynamic influence coefficient matrices are proportional to those
coefficients given in Tables 1 to 3. The initial angle of attack distributions for the
planform under study are zero since the specimen remained horizontal during test
and in addition had no buili-in camber or twist. Integration matrices normally used
in static aeroelastic analyses are replaced by special matrices pertinent to this
analysis and are given in Table 4. Also included in this table are certain geometric
and aerodynamic influence coefficient matrices, As previously mentioned, twenty-
eight structural node points were specified. Ten of these correspond to aerodynamic
reference points; thus, a distinction between these sets of points must be made. This
is accomplished by listing, as program input, those points which are not common to

the aerodynamic-aeroelastic analysis.

The analysis method of Reference 1 stipulates that either a closed form or
series type solution may be used to obtain the equilibrium angles of attack. In the
subject analyses, series type solutions were used and results are designated by
types m = 0 and m = 1 respectively. (See Equation (2.20), Reference 1). The closed
form solution cannot be used in the present case since the initial angles of attack,

a
g» re zero.
3.3 DISCUSSION OF RESULTS

3.3.1 Imfluence Coefficient Matrices

Deflection and slope influence coefficients were determined experi-

mentally and serve as comparators to determine the adequacy of the angle measuring
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device used in the simulation scheme and {o determine the accuracy of the theoreti~

cally derived matrices to be used in subsequent theory to test comparisons.

Three sets of experimentally derived influence coefficients were obtained. The
first two sets consist respectively of deflection and slope influence coefficients deter-
mined from dial gage measurements. Fifteen dial gages were equally spaced about the
planform reference points and deflection readings were taken at various load levels. These
data were converted to deflection and slope influence coefficients at the planform
reference points by applying suitable curve fitting and differentiating techniques.
Results are shown in Figures 11 and 12, The third set of experimental coefficients
were determined by using the accelerometers mounted at each planform reference
point and recording the angular deformation at increasing load levels. Application
of a least squares curve fitting technique to the raw data resulted in the slope

influence coefficients displayed in Figure 13.

Theoretical deflection and slope influence coefficients were obtained from the
plate discrete element relationships developed in connection with the computer pro-
gram- of this study (See Reference 1). Such relationships lead directly to the desired
result through matrix inversion techniques. The gridwork of Figure 10 was used

to derive the sets of influence coefficients shown in Figures 11 and 13.

Comparison of theoretical and test deflection influence coefficients are shown
in Figure 11. Study of these data shows that agreement is within 15% and that the
theoretical method of Reference 1 consistently underestimates test values. Although
these data are not used in the theory to test comparisons discussed in the next section
they do serve as a guideline and indicate that the method of Reference 1 has certain

inadequacies. These are discussed further in the next section.

Both sets of experimentally derived slope matrices are compared in Figure
12, Inspection of this figure shows that agreement is within +10% except for points
near the root as would be expected since the angular displacements at these points
are relatively small in magnitude. It is pertinent to note that due to the manner
in which these data were obtained, a portion of the percentage disagreement can
be attributed to data reduction procedures and recording errors. Based on these
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comparisons it is concluded that the accelerometer--load cell combination should
adequately measure the structural behavior of the test specimen. Thus the
"accelerometer™ slope influence coefficients shown in Figure 12 serve as a good

base for comparisens with theoretically derived slope influence coefficients.

Figure 13 displays a comparison between theoretical and test slope influence
coefficients. Study of this figure indicates that an erratic degree of correspondence
exists between the sets of data. Certain points are in excellent agreement with test

data, while the majority of points are within +10% of the test values.

The existing disagreement between sets of theoretically derived and experi-
mentally determined deflection and slope influence coefficients may be attributed
to several factors. Foremost is the fact that in the present analyses only a limited
number of triangular and rectangular plate elements could be used to describe the
structural behavior in a region of rapidly changing geometry and spanwise curvature.
Increasing the number of gtructural elements and nodes would demand a revision
of the subject computer program and attendant core storage capability. Another
posgible factor influencing theoretical results is the presence of root flexibility
effects. These were seen to be of some consequence in the analyses of the
rectangular wing of Reference 1.
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3.3.2 Aeroelastic Theory to Test Comparisons

Results of room temperature aeroelastic analyses are shown in Tahle 5 and
Figures 14 to 20. Table 6 displays a schedule of these analyses. All analyses shown,
except those of Figures 14¢ and 1l4d, were accomplished using the digital computer
program of Reference 1. Analyses A, B, A, and B represent solutions using the slope
influence coefficients shown in Figure 13 and do not include the effects of large de-
flections. It is assumed that these effects are not significant for the test conditions
shown in Figure 14 and thus provide a means for determining the accuracy of the
nonlinear aerodynamic-linear structural analysis portion of the computer program.
Analyses C to E represent solutions wherein nonlinear aerodynamic and nonlinear

structural behavior was considered. Test data are shown by the various symbols.

Figure 14 shows a comparison between test data at the leading edge reference
points and Analyses A to B. Analysis A used accelerometer slope influence coef-
ficients; Analysis B used the theoretical coefficients of Reference 1. It is to be

noted here that all other analysis inputs were identical in Analyses A and B.

Examination of the comparisons show that Analysis A results are in close
agreement with test points at certain reference stations and, generally, are above
test data. Analysis B comparisons range from fair to poor, the latter grade applying
particularly to the tip reference points at the g = 10 psi load level. This was to be
expected based on the comparisons shown in Figure 13; however, not to the degree

shown.

Additional analyses were conducted by calculating equilibrium alphas using
test equilibrium loads and the slope influence coefficients of Figure 13. Results are
shown in Figures 14c and 14d and are designated as Analyses A and B. (These
analyses are counterparts to thoge shown in Figures 14a and 14b}. Examination of
these data disclosed that they are generally in closer agreement with the test points.
Also, comparison of Figures 14a to 14d reveals differences in theoretical values for

each counterpart analysis.

It is apparent from the above results that the disagreement between theory and

test values can possibly be attributed to two major factors; namely,
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TABLE 6
SCHEDULE OF ANALYSES

Data Source

Analysis [ 3o z] { Pz } { a }
A Accelerometers, Program Ref. 1 Program, Ref. 1
Figure 13
B Program (Ref. 1) Same as A Same as A
Figure 13
A Same as A Measured Loads,
Table 1 - 3 [aaz] {Pz}
B Same as B Same as A Same as A
C Program, Ref. 1 Same as A Same as A
D Same as C Same as A Same as A
E Same as C Same as A Same as A
TABLE 7
PREDICTION OF "INITIAL ESTIMATE"
{ a 0} . q =10.0, Load Condition No. 1
Analysis

i A B Test

1 -0.0499° -0.591° -0.0500°

2 -0.0297 -0.01055 -0.0286

3 -0.0157 -0.01763 -0.0113

4 +0.0073 +0.0148 +0.0075

5 -0.1235 -0.148 -0.1225

6 -0.0609 -0.0516 -0.0650

7 -0.0123 +0.00302 -0.0075

8 -0.1307 -0.1381 -0.1316

9 -0.0619 -0.0450 -0.0588

10 -0.1110 -0.0868 -0.1041
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(1) Errors in the numerical iteration technique used in Analyses A and B.
(2) An inadequate structural idealization used to determine slope influence
coefficients.

The following paragraphs discuss these two factors.

Additional analyses were performed using test and theoretical slope influence
coefficients in a comparable digital computer program which uses the Newton-
Raphson technique to solve for the equilibrium alphas. Identical results to those
obtained in Analyses A and B were found thereby verifying the existing iteration
technique. Further investigation of the numerical iteration technique of Reference 1
showed that the "first-estimate'” for alpha is obtained from the following relation-

(oo}-0 [o B [0) 0} [2,]5) o

If this "first-estimate" is in error due to deficiencies in the matrices in Equation
(5), particularly [ 3 a z] , the solution point or equilibrium angle of attack will be
in error since succeeding estimates or iterations will be incorrect as the solution
procedure continues. Sets of { ] o} were measured during test and comparison of
these data with theoretical "first-estimates" are shown in Table 7 for q = 10.0 psi.
Analysis A gives clogest agreement with test data since all inputs are based on
experimental data. Analysis B results are generally below test values. Thus, it
would be expected that the numerical iteration technique will not yield correct
equilibrium alphas. This is explicitly shown in the sketch of Figure 15a where the
"true-case' represents laboratory conditions (see Reference 1 for further discus-
sion). The sclution point represents the equilibrium condition attained by satisfac-
tion of the structures and aerodynamic equations. If the slope of the structures
equation is in error or deficient in some manner, the solution point will shift from
the true case. This effect will be more pronounced as ¢ is increased. Additional
investigations into the iteration technique attendant with Analyses A and B produced
the results shown in Figure 15b. Examination of these results clearly shows that
the iteration technique is highly sensitive to changes in the slope influence coefficient

matrix.
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Based on the above discussion, several imporiant conclusions can be stated.

These are:

1. The nonlinear aerodynamic-linear structures analysis portion of the
computer program of Reference 1 can be used with confidence providing the analyti-

cal representations of structural behavior and aerodynamic loads are precise.

2. The theoretical slope influence coefficient matrix of Figure 13 is adequate
enough in a linear load situation as exemplified in Figure 14d. However, consideration
of a nonlinear load situation coupled with an aeroelastic analysis shows that the pre-
sent formulation of slope influence coefficients can lead to substantizl differences
between theory and test values. This is explicitly shown in Figure 14b. It is felt that
this is due to the triangular-plate elements relationships used and the number of

permigsible elements in the present computer program.

3. Nonlinear aeroelastic analyses results are very sensitive to changes in the
[ 3 a z] matrix. Although the experimental and theoretical slope influence coef-
ficients agreed within +10% (see Figure 13) use of the latter matrix in the present

noniinear aeroelastic analyses yielded much greater percentage differences.

4. The differences between test and theoretical alphas become more pro-
nounced as g (or the simulated @ g_) is increased due to the presence of the nonlinear
aerodynamic terms. This situation becomes critical, of course, as q approaches the

divergence dynamic pressure,

It is of interest to note here the work done by Messrs. Durgin and Bartlett
(Reference 4). They measured the static aeroelastic deformation and loading of a
rectangular wing in supersonic flow where it was assumed that the aerodynamic and
structural relationships are linear in nature. Results of their study program showed
that the linear aerocelastic solution is sensitive to the aerodynamic matrix [Q] and
the area resolving matrix [RJ . This is not the case in the present study since
these matrices were determined from test conditions. Attempts by Durgin and
Bartlett to predict angular deflections in the same manner as shown in Figures 14c

and 14d of this report were not too satisfactory. As discussed in Reference 4,
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improvements in theory-test comparisons were effected by deriving elements of the
LR] matrix based on bending moments rather than use of Simpson's rule as sug-
gested in Reference 6. The above investigators also suggest that use of more node
points to experimentally derive slope influence coefficients would perhaps improve

their theory-test comparisons.

Results of attempts to include large deflectional behavior in static aeroelastic
analysis will now be discussed. Room temperature test results for q = 10 psi,
load condition number three, indicated that the subject test specimen apparently sus-
tained "large deflections" (ratio of tip deflection to plate thickness approximately
5.2), thus this set of test data was chosen for comparative purposes. Analysis
results are shown in Figures 16 to 19 in terms of the eguilibrium angle of attack at
reference point 10, and are denoted as Analysis C and D respectively. Also included
deformations as obtained from the

are the translational, w_ , and angularg

10 yio°
structures portion of the subject cmnputer1 (;Jrogram.

Figure 16 displays results using the originally coded convergence criteria and
iteration technique. In this instance convergence in the structures loop is based on
an absolute value test which is applied to each element in the { w, 8 y,B X }matrix. A
relative error test is used in the alpha loop. Exam ination of the resulis show that a
"non-convergent" solution was obtained in the second structures loop; thereby
terminating the entire solution procedure. Study of these data and performing addi-
tional analyses indicated that the convergence criterion used in the structures loop
was perhaps too severe and that more efficient solutions could be obtained if this
criterion were relaxed. Actually g Y10 had converged in accordance with the stated

criterion.

Based on the above observations a relative error test was coded in the struc-~
tures subroutine. In addition the iteration technique was changed such that the
criterion was applied only to the { Sy }matrix since this is of direct interest and
has the additional effect of improving the efficiency of the computer program. Re-

sults of these changes are depicted in Figure 17 as analysis D.
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Examination of and comparison of Figure 17 with the preceding figure shows
that a "convergent" sclution was obtained in the structures loop and a “'divergent"
solution in the second alpha loop. This would indicate wing divergence. Further
examination reveals that the final values of & Y10 and W, , are approximately the
same as those obtained in Analysis C. The small differences in these values results
in changes in the slope influence coefficient matrix which of course affects the static
aeroelastic solution. Table 8 shows the main diagonal elements of this matrix for

the analyses cited.

TABLE 8

MAIN DIAGONAL ELEMENTS OF SLOPE INFLUENCE
COE FFICIENT MATRICES

Analysis (x 10_6)

Ref. Test D
Points {(x 10-6) B C Loop 1 Loop 2
1 0.467 -0.218 -0.2159 -0.2158 -0.2137
2 0.035 -0.044 -0.0448 -0.04465 ~0,0459
3 -0.041 -0.052 -0.0547 ~0.,544 -0.0574
4 -0.597 -0.274 -0.2855 -0.2853 -0.2978
5 1.089 0.674 0.747 0.7537 0.8660
6 -0.659 -0.704 -0.8425 -0.8338 -1.001
7 -4.038 -3.302 -3.612 -3.423 -3.585
8 -1.289 -1.043 -1.3971 -1.3538 -1.570
9 -8.889 ~8.408 -9.618 -9.571 -11.08
10 -14.594 -13.752 ~15.303 -15.17 -16.42

- The lahoratory tests conducted demonstrated significant static aeroelastic
behavior for the largest initial test conditions but of course did not demonstrate wing
divergence. Figure 18 displays an analytical representation of the equilibrium angle
of attack at reference point ten versus the ratio of the nonlinear divergence dynamic
pressure to the linear divergence dynamic pressure. This figure was prepared with

the use of the test coefficients in Figure 13 and Table 4. Examination of Figure 18
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shows that wing divergence is an explosive type of instability for the present test
specimen and nonlinear aerodynamic relationships used. Analyses C and D conditions
lie in a critical region and as discussed in Reference 7 divergence will rapidly occur
for slight increases in { r g}' It is felt that the results of Analysis D are caused
by the relative changes between test and theoretical slope influence coefficients and

the closeness of test conditions to the analytical divergence conditions.

Additional study of Figures 16, 17, and Table 8 reveals that the stiffening effect
of large deflectional theory is present. The w loops of Figures 16 and 17 show that
the deflections have decreased from their initial values indicating that the plate is
stiffening (through decreasing magnitudes of elements in the w - Pz portion of the
master stiffness matrix). Inspection of the & y loops however shows that the angular
deflections have increased which would appear to be a contradiction. The increase or
decrease in & v due to large deflectional behavior apparently is a funetion of the
relative decrease in the translational deflection w and wing geometry. In the present
case these factors have combined to produce increases in 8 v as shown in Figure 19.
In this figure the initial and final deflections at node points 21, 22, and 23 (see Figure
10) are displayed for each iterative loop. The local slopes at these nodes are shown
in parentheses. The inclusion of large deflection effects is clearly shown on this
figure. Nonlinear structural analyses of the rectangular wing model of Reference 1
displayed the opposite results; that is a decrease in translational deflections pro-

duced decreasing angular deflections.

In summary, Analyses C and D show that the resulting slope influence coefficient
matrix is sensitive to the convergence criterion used and that the equilibrium alpha
solution again demonstrates reliance upon accurate slope influence coefficient
matrices. It must be remarked that none of the above difficulties were experienced
in the analysis of the rectangular wing model as reported in Reference 1, except
perhaps for the elevated temperature cases. It can only be concluded that the main
difference lies in the inclusion of and the relationships used for the triangular plate
elements. The proof of this is beyond the scope of the present study. Additionally,
the inclusion of large deflection effects will prove to be significant and can affect

static aeroelastic solutions to a great degree as shown below.
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The final set of theory - test comparisons obtained, Analysis E, are displayed
in Figure 20, The open symbols represent initial "rigid" wing values; the closed
symbols represent final "flexible" wing values. Convergence in the major alpha
loops was not obtained due to a one hour time limit imposed on machine computations.
Examination of the fourth and fifth loops however show that the convergence condition
was being approached. The present analysis overestimates the cutboard test points
by a significant amount, however each set of alpha values progress away from the

rigid wing condition towards the flexible wing condition as expected.
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Figure 15a. Illustration of Iteration Technique
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Figure 15b. Typical Iterative Solutions

Figure 15. Numerical Iteration Technique
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SECTION 4.0
SUMMARY AND RECOMMENDATIONS

This report has described the simulation and measurement of static aero-
elastic behavior in the presence of aerodynamic and structural nonlinearities and
elevated temperatures. The simulation scheme described was successfully em-
ployed in the measurement of aeroelastic data under the cited conditions. It was
concluded from analyses of test data that the interplay between aerodynamic and
structural nonlinearities {through geometric large deflections and thermal effects)
is significant and of importance in determining static aeroelastic behavior and
attendant "flexible" stability and control derivatives. Additionally the test data

collected provided an excellent basis for evaluation of theoretical methods,

Comparison of theoretical results, based on the digital computer program of

Reference 1, with selected test data showed that:

{1) The computer program is dperationally correct.

(2) The nonlinear aerodynamic - linear structures portion of the program
can be used with confidence providing that the representation of structural
behavior and aerodynamic loads is precise.

(3) The nonlinear aeroelastic analysis solution procedure is very sensitive to
small changes in the slope influence coefficient matrix and convergence
criterion. This is especially evident for the delta wing model.

(4) The theoretical slope influence coefficient method coded in the computer
program is satisfactory for linear load situations. Consideration of non-
linear load situations coupled with nonlinear ueroelastic analysis indicates
that the present formulation of slope influence coefficients can lead to
substantial differences between theory and test values.

(9) Inclusion of severe deflectional behavior in nonlinear static aeroelastic
analysis has resulted in erroneous predictions or no prediction at all.
Thus an inadequagy is present in the formulation of the nonlinear terms
in the structural analysis portion of the computer program.

{6) Consideration of "large deflection effects'' may result in an increase in
local streamwise angular deflections although the above effects theoretically
stiffen the structure. This phenomenon apparently is a function of the
relative decrease in the translational deflections, aerodynamic load dis-
tribution and wing planform geometry.

The results of this portion of the study program and those cited in Reference 1

define the present usefulness of the digital computer program. In its present form it
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is capable of furnishing acceptable resulis for linear structural behavior. Its use in
nonlinear structural-aeroelastic analysis, in cases of severe deflectional behavior,
apparently will not be satisfactory. Based on these conclusions it is recommended
that:
(1) The nonlinear strneture-nonlinear aerodynamic interaction computer pro-
gram should be improved so that it can be used with confidence.

(2) The accuracy and convergence characteristics of the digital computer
program should be improved by the development of more satisfactory non-
linear terms in the discrete element force-displacement equations.
(Present developments are detailed in Reference 1).

(3) The efficiency (i.e., speed) of the developed computer program should be
improved through a study of the iterative solution processes, the conver-
gence criteria and the improvement thereof.

(4 Additional theory-test comparisons, utilizing information and developments
from Items (1) to (3), should be accomplished in order to check the
"improvements'" made in these and other computer programs.

This report concludes a series of efforts on hypersonic aerodynamic-structural
interactions as they affect static stability and control. The overriding theme for the
series (partly reported in References 1 and 8) has been the definition of an appropriate
analytical model simulating the interaction. Thus far attempts have not been rewarded
with complete success but a solid foundation of useful data and techniques has been
gained and the nature of future difficulties in obtaining adequate structural element
relationships and convergent solutions has been pointed out. The immediate steps for
future work have been listed above. In addition to these, some of the more obvious
problems needing attention are:

(1) Development of methods for testing vehicles in the hypersonic regime for

specification compliance and verification of engineering design criteria.

(2) Development of methods for including the effects of cumulative structural
change and damage in the estimates for flexihle vehicle characteristics.

(3) Extension of current methods to include the effects of advanced structural
concepts (e.g., cryogenic structures, non-plate-like wing body combinations).

(4) Improvement in current aerodynamic analysis techniques to include inter-
ference effects, the interaction of various points in the flow field, the
effects of mass addition to the boundary layer and many other aspects in
the hypersonic aerodynamic spectrum.
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