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INTEGRATION OF A CODE FOR AEROELASTIC DESIGN OF
CONVENTIONAL AND COMPOSITE WINGS INTO ACSYNT,
AN AIRCRAFT SYNTHESIS PROGRAM

By Joseph Mullen, Jr.
Nielsen Engineering & Research, Inc.

SUMMARY

The integration, correlation, and documentation of the program for
Wing Aeroelastic Design (WADES) of conventional and composite wing struc-
tures for use with the aircraft synthesis program ACSYNT is described.
A comparison of program estimates of wing weight, material distribution,
structural loads and elastic deformations with actual Northrop F-5A/B data
is presented. Correlation coefficients obtained using data from a number
of existing aircraft are computed for use in vehicle synthesis to estimate
wing weights.

The modifications necessary to adapt the WADES code for use in the
ACSYNT program are described. Basic program flow and overlay structure
is nutlined. An example of the convergence of the procedure in #~stimating
wing weights during the synthesis of a vehicle to satisfy F-5 mission
requirements is given. A description of inputs required for use of the
WADES pnrogram is included. Possible extensions and modifications of the
structural model and analysis methods are identified where improvements
in overall weight prediction and correlation with existing aircraft may
be obtained.

INTRODUCTION

From 1972 to 1974, under the sponsorship of the National Research
Council, structural optimization techniques were developed for the design
of simplified conventional and multilayered composite winags for strength,
stiffness, frequency, and flutter requirements. A computer program for
wing aeroelastic design {(WADES) was generated as the result of that
investigation. The desirability of incorporating this capability into
aircraft synthesis was identified so that the full impact of advanced
concepts could be studied. Under Contract No. NAS2-8558* to NASA/Ames
Research Center, Nielsen Engineering & Research, Inc. (NEAR) was funded

*
Technical Monitor: Dr. G. N. Vanderplaats.
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to incorporate the WADES program into ARC's ACSYNT program for vehicle
synthesis. This is a final report summarizing that work.

The primary purpose of thie report is to present the results of the
correlations and of the integration of the WADES program as a module in
the ACSYNT program. A user's guide for the operation of the program is
also included. Detailed comparisons of estimated weights, material distri-
hutions, and general assumptions with thuse of the F-5A/B wing are contained
in this report. Correlation of the prograr-estimated weights with a
broader group of U, S. fighter aircraft wing weights is also summarized.
The program integration into ACSYNT was completed, and the results of a

sample vehicle study are shown.

SYMBOLS

(A] matrix containing the aerodynamic influence coefficients

(B] matrix containing the unsteady aerodynamic influence coeffi-
cients as derived for piston theory

b/2 semispan

c(é,n) polynomial function describing the shape of the wing camber
surface

d(é,n) polynomial function describing the wing semi-deptl. distribution

E ,E arthotropic moduli of elasticity in x-= and y-directions,

Y respectively

Flg force on the landing gear on ground impact

g acceleration due to gravity

{g)} vector of design constraints

GLR gross lift required

G..,,G,..,G orthotropic shear moduli of elasticity in respective coordinate

Xy’ “xz’ “yz
plane

h altitude

(KR} reduced stiffness matrix

M free-stream Mach number

o
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(MX]

t(E,n)

W
cm

wfuel

consistent mass matrix

bending and torsional moments about structural axis

bending and torsional moments along airplane x,y reference
axes

load factor
distributed aerodynamic Lressure loading

fraction of lift on winge at landing as fraction of total
weight of vehicl=

free-stream static pressure
distributed inertial loadings due to skin, core, and fuel

fraction of volume of structural planform available for fuel

work equivalent load vectors due to aerodynamic, distributed
loadings, and concentrated mass lcadings

stress gross weight

wing planform area

polynomial function describing the thickness of the skin
over the wing planform

wing depth to chord ratio

"effective" skin thickness including distributed thickness
of spar caps

skin thickness of wing cover sheets only

displacement vector
shear load normal to wing surface

function describing the transverse deformed shape of the
wing

total weight

total weight, all components located in the body
weight of concentrated mass

weight of fuel located in winys
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WGTO vehicle gross weight at takeoff

wlg weight of main landing gear
, i
F wwing weight of wing g
f X,¥,2 spatial coordinates of wing

(]

} x/c local streamwise fraction of chord

Xem'Yem coordinates of concentrated masses
I X, location of total weight as a percent of mean aerodynamic

g9
: chord
l a function describing the internal structural rotaticns about
} the y-axis
i Qg root angle ol attack of wing
| B function describing the internal structurval rotations about ‘;
f the x-axis §
: A angle of sweep of wing quarter chord ]
! £y nondimensionalized coordinates of the wing; ¢ = y/R and ]
n = y/SPAN
GLE’QTE leading-edge and trailing-edge sweep anglus for wing
ox,oy in-plane stress components in x- and y-directions

shear stress components in respective coordinate plane

w dynamic frequency
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| PROGRAM METHODOLOGY

| The program used in the following study is the computer code for Wing
' Aeroelastic Design (WADES) developed under the sponsorship of the National
Research Council. The program was ceveloped for the preliminary design of

conventional and multilayered composite aircraft wings to satisfy strength,
stiffness, dynamic and flutter requirements. It models the structure of '
the wing as an equivalent orthotropic plate. The skin material distribution
airfoil depth, and internal structure (core) are approximated by polynomial

| functions thac are continuous over the planform of the structure. The

various static, dynamic and flutter analysis are performed using a Ritz type
analysis with assumed polynomial modes. The program contains subsonic and

4
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supersonic aerodynamic and inertial static locads. Supersonic piston theory
unsteady aerodyramics are used for flutter calculations.

The design algorithms used in “he WADES program are based on the mathe-
matical programming technigque known as the Method of Feasible Directions.
The program employs either a direct search algorithm for the combined strength
and dynamically constrained wing design, or a more efficient iterative proce-
dure which uses a sequence of nonlinear approximate designs to converge on
the least-weight design for strength constraints only. In each of these
search techniques the parametric nature of the constraints on strength and
minimum gage is converted to explicit form by evaluation only at discrete ,
points on the structural planform. The program searches for the minimum
weight materjial distribution by searching for the optimum combination of the 2
coefficients of the functions describing the material distribution and '
their orientation for fibrous composites.

g i i v iecm

F-5A/B CORRELATIONS

The detailed comparison of skin-thickness distribution, estimated loads
and structural response used in the WADES design process with those of the
F-S5A/B fijhter aircraft was first undertaken. This vehicle was chosen to :
coincide with the ongoing Computer Aided Design Report and Evaluation Stuiy
(CADRES) currently being conducted by the Advanced Vehicle Concepts Branch
at NASA/Ames Research Center. It is the intent of this section to validate
the assumptions concerning the externally applied loads and forces and to
compare the material distributions and weights obtained in the following
analysis and design with those of an actual aircraft. In this manner a
detailed breakdown can be obtained of the factors contributing to discrep-
ancies in the estimation of prinary structural weight. From this information

both nonoptimum weight coefficients and areas of analysis or design improve-

o aits g

ments are identified.

In response to a request for structural design information to Northrop
Corporation, Aircraft Division, a number of pertinent reports were obtained
from Stanley R. Murnane, Manager, F-SA/B Structural Analysis. These reports
contained information on the F-5 masg and moment of inertia distributions,
flutter tests, wing section properties, shear flow and bending stress distri-
butions, weight and loads data, and tip deflection data. The reports con-
taining this information are listed in references 1 through 9.

The F-S5A/B correlations are developed generally along the following
lines: first, comparisons of results from a simplified model with the




analysis of the actual configuration and its resulting response; and
second, correlations of the results from a redesign using the same geo-
metric model and externally applied loads. In the first part, the F-5
structural planform and substructure properties were approximated, and
three critical flight conditions were selected. The upper skin-thicknes:
distribution was then surface fit with the approximate polynomial function
to be used in the WADES program to analyze the wing. A separate lower
skin design was not considered. The program assumes equal upper and lower
skin thicknesses that are computed using an average of the tensile and
compressive allowable stresses., Actual and approximate wing parameters
were compared. In the second part, this «ame configuration was recesigned
to satisfy the load requirements of the first part. The same comparisons
with the wing parameters of the F-5 were made again. The details and
comparisons of this procedure follow.

Summary <¢f F-5 Geometry and Flight Conditions

Selection of the gvometric model and the choice of the critical
flight conditions for ananlysis and design of the F-SA/B structure are
sensitive factors if accurate correlations are to be obtained. Because
of the current restriction of the WADES program to trapezoidal wing and
structural planforms, the cesign tends to be very sensitive to the place-
ment of the structure itself. Similarly, the selection of the critical
loading condition directly affects the resulting weight estimate, The
choice of these loading conditions is often a function of many of the
parameters in the mission requirements., The particular geometric and
flight loading conditions used in this comparison to represent the F-5A/B

are descriped here.

The particular choice of the structural model of the F-5 depends
upon the positioning of the internal and external configuration of the
wing. Fiqure 1 is a cutaway pictorial representation of both the struc-
tural and non-structural components that make up the F-5 wing. It can be
seen that the choice of the structural planform is affected by the posi-
tioning of both the leading-edge and trailing-edge flaps and the volume
of the wing that ic occupied by the landing gear and aileron operating

mechanism,

Figure 2 is the structural idealization used by Northrop in the
generation of their internal loads (ref, 2). Superimposed »n that figure
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also is the structural planform used by ths “ADES program to model the
F-5. Because it was desired to include the wing carry-through structure
in the analysis, the structural planform was restricted to between the
15-45-percent chord lines. The nominal extension of the wing tip beyond
Wing Station (WS) 142.6 was derived from the baseline choice of the F-5
semispen to be 151.5 inches with the inclusion of the Sidewinder (AIM-9B)
missile ¢cn the wing tip. This choic-: of the structural planform was
considered to best modal the load pai.s of the major bending loads into
the fuselage.

The major discrepancies of this model are the neglect of additional
structural material aft of the 44-percent chord line and the misrepresen-
tation of the wing-fuselage junction. The first restriction in modeling
of the structure represents a 27-percent reduction in equivalent struc-
tural planform area if only that additional structure outboard of WS 101
is counted and a 44-perce.:i area reduction if the additional material out-
board of WS 26 is incluivd. Tha second restriction at the wing-fuselage
junction hzs a twofold effect. 1t distributes the aerodynamic pressure
loading over an incre&se in exposed wing area (27 percent in the case of
the F-5), and it reacts the resulting shear load at the airvlane center-
line rather than at the wing-body intersection,

A summary of the F-5A/B wing geometry used in this study is given in
Table I. The theoretical root chord and semispan were obtained from the
baseline configuration in reference 10. It is also noted that the F-5
stores no frel in the wing.

The flight conditions used in the correlations with the F-5 were
chosen to satisfy the critical symmetric maximum wing bending and landing
loads encountered. Because of internal program restrictions only three
simultaneous loading conditions derivable from static equilibrium may
currently be used in a single design sequence. A s'ummary of the three
critical flight conditions used is found in Table I1I.

These loading conditions were derived from a combination of infor-

mation in references 1, 7, and 10. The first two loading conditions reflect

the identification of the symmetric pull-up and dynamic landing conditions
in the Group Weight Statement (ref. 10) as being critical. The Wing Stress
Analysis (ref. l) identified the first condition as being critical for
wing stations inboard of WS 114. The second condition was critical in
sizing of components in the region of the main landing gear trunion. The
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third condition, a symmetric pull-up 2t sea level, was also identified in
reference 1 as critical inboard of WS 64 as a result of flight testing.
The particular a: ‘angament of external stores on the wing for these flight
conditions was primarily obtained from information in the F-5A/B Wing
Design Loads (ref. 7).

Reference 1 identified po..nts outboard of WS 85 us being critical
for several different dynamic store ejection conditions. These were not
included in this analysis because of WADES' inability to reproduce the
dynamic loading profile. The use of a negative landing gear weight in
the second condition was implenented in order to obtain a statically
equivalent impact load on the landing gear strut. The use of a non-zero
value for the concentrated loads is indicative of the positioning of the
appropriate external store at that wing location,

Equivalent Core Propertiec

The WADES program does not include a resizing algorithm for the core
(substructure) properties. The program allows for the input of equivalent
distributed properties. These equivalent material constants may be obtained
directly from such materials as aluminum honeycomb or by the calculation of
a distributed modulus for s spar-rib type of construction.

Since the F-5A/B used a spar-rib type of internal construction, an
equivalent density and set of orthotropic moduli were derived to give the

model the approximate stiffness and weight properties of the actual aircraft.

To facilitate the development of some averacre-distributed properties the
following assumptions were made:

® The equivalent material constants to be computed for > trapezoidal
plate in hending with semi-depth, d(¢,n), are E, Ey, ny, Gy o
Gyz' and p core.

® The relations between actual and distributed core cross sections for
each of the component moduli are

Equivalent Distributed

Cross Section Actual F-5

, 4
(Exly)c (EIy)ribs + (EIx)spatBSLn 6s

4
(EYIX) C (EIX) sparscos 68
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Equivalent Distributed

Actual F-5
(zeay)c (th)rib webs
(Gyzhy)c (G“y)l;ar wobl°°'29|
with nyc = (), and vhere 9. = sweep angle at x/c¢ = 0,35,

® The average P-5 cross-sectional properties between WS 64 and WS 89
are used to compute equivalent properties in the y-direction.

® The average cross-sectional properties &t x/c = 0.4 are used to
compiite equivalent proverties in the x-direction.

® 1In the calculation of equivalent bending moduli, both the flange and
web material in the spers and ribs are used.

® In the calculation of equivalent transverse shear moduli, only the
web material of spars and ribs are used,

® The equivalent weight density is obtained by averaging the estimated
weight of the spars and ribs over the net volume of the WADES
structursal planform.

The calculation of the distributed material constants for the core of
the F-5 used representative dimensions obtained from reference 1. A
summary of the estimated equivalent core properties is found in Table III.
The details of the calculations and the values used are found in Appendix A.

Surface Fit of P-5A/B Thickness Distribution

To best evaluate the ability of the WADES program to predict both tle
required material distribution and its corresponling weight in comparison
with the actuazl -5 data, a function was fitted to the actual upper wing
skin-thickness distribution. A special-purpose program was written to
compute the least-squares fit of a ten-term polynomial function used to
describe the distrihbuted skin thickness. The actual skin-thickness values
were obtained for representative locations on the structural planform from
the summary table of the critical wing loadings in reference 1. The
details of the calculation of the least-squares fit are found in Appendix B,
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The resulting functional fit of the actual F-5 skin-thickness distri-
bution is shown in figure 3. Only the basic skin thickness, without the
additional material due to the presence c® spar and rib caps, has been
included in this fit. The contours represent the shape of the resulting
surface fit. A detailed comparison of the actual and calculated values
at the input locations is in Appendix B. With this functional fit, a
complete analysis of the F-5 was performed vithouvt resizing.

For the previously described structural planform geometry and core
properties, the calculated value of only the structural weight was 507 lbs
for both wings. This compares to an actual structural weight for the
F-5A/B of 838 lbs, excluding flap and aile~on weights. The calculated
weight breaks down into 76 lbs for skir uanaterial and 221 lbs for core
(substructure) weight. 1.is computed weight results in a 1.65 non-optimum
weight factor based on the ratio of actual structural weight to computed
structural weight. If the flaps and other attachments are .included, the
ratio of the total wing weight to that computed becomes 2.05.

Since this computed weight was quite low as compared with the actual
F~-5 wing weight, it was further decided to estimate the effect on the
computed weights and responses of including the additional material in :
the spar caps and skin-spar attachments. To do this an "effective" skin
thickness, teff’ was formulated, and a surface fit of this material dis-
tribution was made. The effective skin thickness was defined to be that

thickness which would contain the same average cross-sectional area as
the original skin/spar-cap combination. The equation used to compute
t

e ke aiad ey d

eff is
At °w
" caps av (1)

t = t

TY I WP PO TR PP

eff skin

where t_ .. in the local panel skin thickness, Atcaps is the nominal

thickness of the extra material in the spar caps and spar attachments,

L is the average width of the spar caps, and b is the local width of

a panel over which the spar cap is to be distributed. A norminal value of

Vay = 1.0 inches was used in the following analyses.

The resulting functional fit of tlhie F-5 effective skin thickness
distribution is shown in figure 4. The contours represent constant values

of thickness for the resulting ten-term polynomial surface fit. An
analysis of the F-5 using this functional fit was then made.

10
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For the same geometry and core properties used in the previous fit,
a structural weight of 552 lbLs was computed for the fit of tagsr This
split into a structural skin weight of 331 lbs and core weight of 221 1lbs.
This is a ratio of actual structural weight to that computed of 1.52 or a
ratio of 1.89 when compared with the total wing weight (1,041 lbs).

To obtain a more detailed breakdown of the discrepancies in the weight
distribution, the spanwise distributions of cross-sectional material area
and moment of inertia were examined. This was accomplished by chordwise
integration of material distribution within the structural planform at
various stations along the span to obtain the structural material area and
the moment of inertia. To compare directly with the corresponding values
from the actual F-5, the areas and inertias were resolved into a component
perpendicular to the x/c = 0.35 reference line,

Figure 5 is a plot of the computed and actual structural material
cross-gsectional areas versus span. The areas for :he actual F-5 were
obtained from the tabulated inputs in reference 2. In general, the
computed values from the functional fits for both ¢t and teff are below
the actual values. The major source of error contributing to this .iscre-
pancy is the poor correlation of the actual structural planform and that
in the WADES model. This is most noticeable at the tip as shown in fig-
ure 2. An exception is at the root, where the trapezoidal model includes

more material than necessary. The fourth curve showing the WADES redesigned

material distribution will be discussed later. Figure 6 is a plot of the
computed and actual structural moments of inertia versus span. The WADES
program most noticeably overpredicts the inertia at the root where there
is additional structural planfoirm, and underpredicts it outboard where
some planform is excluded.

Calculation of External Loads

Computation of the externally applied forces and pressures was broken
into three phases: the reduction of the given aircraft configuration into
a set of statically equivalent loads, the estimation of the distribution
of aerodynamic forces and pressures, and the summation of these external
loads into equivalent shear and moment distributions on the wing in a
form appropriate for comparison.

11
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The WADES program accepts as input a breakdown of the aircraft con-
figuration into the body weight and a set of attached discrete masses,

and the density of the internal material distribution. From this summation

the program generates the balancing set of aerodynamic pressures required
for static equilibrium. This static balance of forces and pressures is
graphically shown in figure 7. The aerodynamic pressure distribution, Pa»
and the mass distributions corresponding to the weight of the skin, p
core, P., and fual, Pg, are calculated internally. The presence of a
landing gear load, Flg’ is input as a negative concentrated mass. (Note
that stable dynamic eigensolutions cannot be calculated for this flight
condition.) The center of gravity is assumed to be located at the aero-
dynamic center and the balancing tail load is neglected. Only symmetric
loading conditions are considered.

The WADES program uses three methods to estimate the external distri-
bution of aerodynamic forces. These methods are currently available at
program load tirme and may not be intermixed. A first-order approximation
of the loads is obtained by the use of a uniformly distributed cnnstant-
pressure loading. This loading is independent of Mach number and is the
simplest to compute. However, it only begins to approximate the loading
on a thin wing in high supersonic flight. The equivalent pressure loading
is computed from the ratio of the gross lift required at the maneuver
loading condition to the wing area:

P, =35 {2)
Since the constant -pressure method does not include the flexability
of the wing in the loads calculation, a second method for supersonic loads

generation is available using piston theory to derive the pressure
distribution. The equation describing this steady-~state pressure loading

is
) (3)

where a, is the angle of attack from the zero-lift line, w is the dis-

oV oV
%

- y+ 1 ad)( _gc _
Py = 27M P, (l + 3 Mg 5% ) \%% T Sx

placement of the wing due to flexibility, and v, My Pg» d, and ¢ are

respectively the free-stream ratio of specific heats, Mach number, static
pressure, and the wing depth and camber functions.
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Because these two aerodynamic loadings are intended only for super-
sonic flight, a third method is needed for subsonic flights. The major
discrepancy of the first two methods in modeling subsonic flow involves
positioning the aerodynamic center at the semi-chord rather than at the
quarter chord. For the third method, the methods of reference ll were
used to derive a modified strip-theory load distribution. The details
of the corresponding equilibrium conditions associated with this loading
are developed in Appendix C.

The static equivalent of a dynamic landing condition was derived to
attempt to model the maximum landing loads. This load is approximated from
a knowledge of the total lift on the wing and the impact load factor, The
force on the landing gear then becomes the weight of the aircraft times
the ultimate load factor less the net lift on the wings at the moment of
impact with the ground. Therefore, for both main gear the ianding force
becomes

Prife
Fy ---scw(1-——-—)+ wlg (4)

N

9 2z

where Prift is the fraction of SGW due to aerodynamic lift at impact.
The equivalent body weight is that computed from the statics for the gross

lift required:
NCM

Priee5 = N(Ypody * Weuel * Wying * :E: Wem, * F1g) (5)
im1

where is the only unknown.

wbcdy
The summation of each of the above external loadings into equivalent
shear and moment distributions on the wing was then undertaken in order to
present the results in a form for comparison. This summation included not
only the aerodynamic distributions but also the discrete masses and the
distributed weight due to skin and core material distributions. The
resulting spanwise moments and shears have been integrated and then
resolved along the 35-percent chord line. This reference line was chosen
to correspond with the data from Northrop on the F-5. This resolution of
pressures and forces into shears and moments is typical of beam modeling
of wings. 1Its meaningfulness for wings of “ery low aspect ratio is of
questionable value for other than a standard of comparison.
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The integration of the shears and moments is carried out explicitly
for the constant-pressure and piston-theory loadings and numerically for
the modified strip loadings. The integral equations used to compute the
shears and moments for the constant-pressure and piston-theory loadings
in the reference axis system along the centerline are

l TE - é
v, -./. p dx dy ?
Vo LE é
E
M)" - Ply - vy )dx dy, } (6)
Yo LE
l TE
M;{ = -f plx - x(e)]dx dy
Yo LE J

where the pressure, p, is the sum of the distributed pressures due to ihe
aerodynamic, skin, core, fuel, and concentrated masses, and e is the
x/c location on the reference chord about which the momernts are taken

(e = 0.35). Similarly, the equations used to numerically integrate the
shear and moment distributions for the modified strip theory are

Vzi - Vzi_l + -]2=(wai +wai-1)(yi 'yi-l)\
M'l = M;(i"], + % (Vzi +Vzi_1)( Y; - Yi_l) ? (7)
M;(i ) M;(i"l ) %(vzi+vzi-1)(xi - xi'l)_J !

The remaining shears and moments due to material distributions, etc., are
obtained from explicit integration as in equations (6). Since the lift
due to the constant vortex strip is reacted as a discrete load at the
quarter chord, the resulting torsional moment, My, is translated to the

reference axis as follows:
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The relative senses of the forces and moments for the F-5 wirg are shown
in figure 8. The resolution of the moments into the axis system referred
to the 35-percent chord reference line is then made by

- ' -M!
Mx Mx cos 8. MY sinG.

[ ] & (9)
My - Mx sin 65'*My cos 6

Here the angle 6, is the angle of sweep of the reference chord line.
The calculation and plotting of these distributions has been included
as an optional output in the WADES program., Their calculation is made
independent of other program functions and does not affect the internal
force distribution.

Comparison of Assumed Loads with F-5A/B

In order to establish the sources of the discrepancies »netween the
WADES program results and actual F-5 data, a comparison of the calculated
load distributions with the values of the Northrop wing design loads was
undertaken. The Northrop design loads used here are summarized in refer-
ence 7. The original design loads were computed by superposition of rigid
lift and twist distributions computed for the linear aerodynamic range.
After completion of the 80-Percent Fligh% Loads Survey, the measured
flight data were reduced to provide unit wing shear, moment and torsion

airload distrikutions that included the rigid and twist lift distributions.

These flight data were used for all subsequent loads analysis, and the
original wing-tunnel distributions were discarded.

Data from only two of the flight conditions input to the WADES program

to analyze the F-5 are compared here (see Table II). They correspond to
the maximum symmetric pull-up at sea level (Northrop #123C-5) and the
dynamic landind condition (#358B). A comparison of the gpanwise loadings
computed by the WADES program with constant-pressure loadings and with the
modified strip analysis is presented.

15
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Figure 9 shows the comparison of the spanwise shear and moment dis-
tributions for the maximum symmetric pull-up case as calculated by the
WADES program using constant W/S pressure loading. Two discrepancies are
noted here. The first major discrepancy is the change in sign of the
torsional moment, My. This is the effect of the assumption of constant
chordwise pressure distribution. The center of pressure, which is then
located at the 50-percent chord line, produces a negative torsional moment.
The second discrepancy is the deviation of the shear and bending moment at
the root. Where Northrop shows a constant bending moment from the wing-
fuselage junction inboard, the WADES program shows an increasing value,
This is due to the failure of the model to account for this interface. A
secondary effect of this assumption is the inboard shift of the shear and
moment curves due to the distribution cf the pressure loading over the
entire wing area as opposed to just the exposed wing area. The lé-percent
increase in pressure corresponding to the difference in theoretical and
exposed wing area would bring the shear and bending moment much closer
together. The wrong sign on the torsional moment is unaffected by this

shift.

Figure 10 is a comparison of the same symmetric pull-up flight condi-
tion except that the loads have been computed with the modified strip
loadings as described in Appendix B. The torsional moment, My, now has the
proper sense due to the location of the local aerodynamic center at the
quarter chord. The slight underestimation of the torsional moments is the
result of improper placement of the chordwise centroids of the attached
concentrated masses and the distribution of the spanwsie loading over the
theoretical planform instead of the exposed wing area. A proper choice of
chordwise centroids would increase the root torsional moment by 100,000
in-1bs. The recalculation of the spanwise loading, as noted previously,
would create an outward shift of each of the bending and torsional moment
curves and of the shear loading. The resulting shear load at the root is
currently within 5 percent of the actual F-5 data. Only its relative loca-
tion is in error.

Figure 1l shows the comparison of the ultimate spanwise wing loads for
the dynamic landing flight condition. The results from the calculation of
loads by the WADES program using modified strip loadings are compared
with the Northrop loads calculated at the reference time, t = 162. A
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landing gear force as computed in equation (4) was used to estimate the
equivalent static loads. 7The moments and shears are generally within
10 percent of the F-5 data inboard of the landing gear. However, an
earlier Northrop reference time, T = 118, produced the critical landing
loads. When compared with this case, the current WADES landing loads
were about 30 percent below the actual dynamic loads.

Deflections

Since the flexibility of the wing almost always affacts the distri-
bution of load over the surface, the spanwise deformation of the actual
F-5 was compared with that calculated by the WADES program. Figures 12
and 13 show comparative plots of the spanwise vertical deflection of the
F-5 wing for a test limit load for Northrop flight conditions #104 and
#123C-5, respectively. The loads have been reduced to limit load factor,
and the deflections have been referenced to the aft wing trunion. The
wing flexibility was calculated using the material distribution obtained
from the surface fit of the ¥-5 skin-thickness distribution shown in
figure 3.

The deflections at the 35~ and 44-percent chord lines are compared.
The Northrop spanwise deformations at the 44-percent chord line were
obtained from static ground tests. The Northrop deflections at the 35-
percent chord line are their calculated predictions. 1In both cases the
deflections given for the WADES program were estimated from theory using
a constant-pressure type of loading. It is noted that the Northrop pre-
dictions always overestimated the actual deformation. The deformations
calculated by the WADES program using the surface fit of t are within
2-1/2 inches of the measured Northrop values. The use of the effective
skin-thickness distribution (not shown in fig.) generally results in a
10-15-percent reduction in calculated deflections.

Summary of F-5 Analysis of Surface Fit
Material Distribution
Thus far, in order to analyze the F-5A/B, equivalent ccre properties
have been estimated, surface fits of the upper skin-thickness and effective

skin-thickness distributions have been made, and three flight conditions
have been chosen to model the critical loading conditions. With these
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models of the actual F-5, the ability of the WADES program to predict the
structural response and compute the weight of a given configuration was
evaluated. :

The comparison of the externally applied loads showed that better
! results may be obtained if the modeling of the wing-fuselage junction is
b changed. A switch to a subsonic wing loading from a constant-pressure loading . 5
produced an improvement in the toursional loading. The deformations computed ;
from the surface of the skin thickness showed good correlation with j
Northrop data. The surface fit of the upper skin panels generally was ‘ 3
within 0.03 inch of the actual skin thickness at any point on the wing.
The integrated cross-sectional area distribution perpendicular to the
35-percent chord line for the effective skin-thickness function showed
the best results inboard of the landing gear. However, poor correlation
was obtained outboard of that spanwise station due to improper modeling
of the structural planform. The total weight computed from a surface fit
of the actual F-5 skin was significantly in error bectuse of the presence
of "non-optimum” weight and because of the reduced structural planform.

:
;

Redesign of F-5 Thickness Distribution

In the first phase of the F-5A/B study, each facet of the structural

S T T T W T T T T TN T —ms  “Wmm——m—m—

and aerodynamic analyses used by the WADES program to model the structure ;
and loads was compared. In order to evaluate the design capability of é
the program, a redesign of the original thickness function was undertaken. :
y This entailed designing the wing for strength using the thickness function :
and loads of the previous analysis as the starting point. The previous :
geometric representation, flight conditions, and equivalent core properties
were used. During this design the coefficients of the function describing
the thickness distribution were optimized to obtain the minimum-weight ’
structure to satisfy the strength and m.nimum-gage constraints in the wing. 4

Though the F-5 wing presumably satisfies all the design requirements,
because of modeling differences such as using a d.stributed core and

thickness function and a different structural planform, the analysis model
with the initial surface fit did not satisfy the set of WADES constraints.
This is apparent in figures 9 and 10, where the bending moment at the root

significantly exceeds that of the actual F-5 due to improper modeling of
the wing-fuselage junction., The resulting redesigned thickness distribution
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overestimates the material requirements at the root. The plot of the WADES
redesigned cross-sectional area of structural material versus span in
figure 5 exceeds the actual area at the root but still underestimates it

at the tip.

The resulting redesignad F-5 wing weighed 670 lbs when designed for
the constant-pressure loadings, Of that weight, 449 lbs was in the upper
and lower skins. The core weight was the same as before. That total
computed weight yields a non-optimum weight factor of 1.25, based on the
ratio of actual structural weight to computed structural weight. A
similar design using the loads computed from subsonic strip theory (in
fig. 10) weighed 602 1lbs, reflecting the change in spanwise load distri-
bution. Though these weights appear to be closer to the actual F-5
weights, their spanwise distribution is actually worse than the surface-fit
values. The major part of this discrepancy comes from the difference in
bending moments at the root as evidenced in figures 9 and 10. The displace-
ments of the redesigned thickness distribution are about 8 percent less
than the effective skin-thickness displacements.

GENERAL WEIGHT CORRELATION

For the WADES program to provide accurate estimates of wing weights
over a broad class of aircraft, a general non-optimum weight factor based
on the ratio of actual wing weights to computed values must be statisti-
cally established. Previously, such a ratio was computed for a specific
aircraft, the FP-5A/B. 1In this section such a factor will be computed for
a class of aircraft and a regression analysis performed to attempt to
establish its value.

The class of aircraft used in this wing-weight correlation consists
of U. S. Air Force and U. S. Navy fighters. This grouping was chosen
because of the adaptability of medium-to-low-aspect-ratio aircraft to the
plate theory structural model used in the analysis. Because of the high
performance requirements of these aircraft, their designs display a high
dependence on the strength reauirements and loads imposed on the wing
structure. Because many were boarderline on incurring weight penalties
for required aeroelastic stiffening, the computed "non-optimum" factor
may also reflect such additicnal material.
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The approach taken tv develop this weight correlation factor was to
first perform a design of the given configuration based on the best esti-
mate of the structural model. and then secondly to perform a linear
regression analysis with the computed optimum weight to find the best
factor or factors to correlate with the existing aircraft wing weights.
Several combinations of wing component weights were tried to asse<s the
depende.cy of the total wing weight on them.

Preliminary examination of the estimated component and total wing
weights indicated that the best correlations were obtained by comparing
only the weights of the structural planform. Because the function
describing the thickness distribution is continuous over the entire plan-
form, the computed weights are misleading in that they dc¢ not account for
the discontinuity in material between primary and secondary structure such
as flaps and ailerons. As a result, the integrated material volume is
grossly overestimated in these regions. Subsequent correlations were made
using only the weights of the material contained in the structural planform,

Aircraft Used in Weight Regression

The aircraft 'sed in the wing-weight regression analysis tc determine
the non-optimum weight factors were U. S. Air Force and U. S. Navy
fighters., Tables IV and V contain a summary of the wing parameters for
the vehicles considered in this analysis. Table IV contains alist of the thick-
ness-to-chord ratio at the wing root and tip, the root chord, semispan,
leading-edge and trailing-edge angles, an approximate chord fraction of
the leading-edge an1 trailiig-edge structure, and an estimate of the frac-
tion of the structural planform available to contain fuel for each of the
aircraft studied. Because the structural planform does not always align
itself with the constant chord lines assumed by the program, chord fraction
of leading-edge and trailing-edge structure was selected to approximate an
equivalent structural planform area., If the volume fraction of the avail-
able fuel was not known, a defau)c value of 0.5 was used. If the weight
of the fuel in the wings is hnown, this value may be later computed.

Table V is a summary of the critical loading conditions input to the
WADES program toc design the various aircraft wings during the correlation,
The component weights and load factors were obtained from the vehicle
group weight statements in reference 10. The F-5 loading conditions are
a composite of the group weight statement data and information in
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reference 7. Where the design altitude and Mach number were not available,
default values of 25,000 feet and 0.9 were used. The use of negative con-
centrated loads indicates application of the landing wheel load as computed
in equation (4).

Regression Analysis

Because of a lack of direct correspondence between computed and actual
wing weights during preliminary examinat!on of design weights, four sepa-
rate regression analyses were made to determine the best non-optimum
weight factors based on various components of the structural weight. 1In
addition, the weights were computed for two types of applied loadings: a
constant-pressure lcad, and the subsonic modified strip loading described
in Appendix C. The correlation factors generated here were obtained on
the basis of the total wing weight, including the additional control-surface
weight. Another valid non-optimum weight constant might be computed based
only on the ratio of actual to computed structural weight. This was not
undertaken here, since the estimation #: the total wing weight was of
primary interest.

The variables used in this regression analysis were the weight of the
skin structure, WTSS, the weight of the core structure, WICS, and the plar-
form area of the wing, swg‘ The weight of the core structure was computed
from the product of the average core density and the volume of the cora.

Swg Wwas included to chack for the dominance of control surfaces and sub-
structures. The four equations used to fit the wing weight data were:
W = B(l)WTSS + B(2)WT:S (10)
W, = B2 WISS + WTCS (11)
W, = B3 WTSS (12)
w‘ = BS(1)WTSS + BS(Z)swg/ZBB (13)

All weights are in pounds and qu is in square inches. 1In all cases tha
weight of the skin structure was used as one of the independent variables,
Percent errors based on the actual wing weight and the weight computed in
equations (10) to (13) were computed as follows:

P

= 100 (W, /W -1), i=1,2,3,4 (14)

i actual
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The regression analysis for eacli of the above equations was performed
using a least-squares functional fit,

The four equations used in the regrecsion analysis were selected in
order to evaluate the sensitivity of the computed weight to the various
components, Trs weight of the skin structure was used in each of the
equations, since it contains the only component designed by the WADES
program and carries the primary load in the wing., The first equation was
selected tO establish the relative significance of the weight of the core
(substructure) . Because the core volume is directly proportional to the
volume contained within the structural planform, the free coefficient on
WTCS then becomes an estimate of average density of the substructure.

The regression analysis using the second equation was made on the basis

that the value of the density of “he core was computed from the estimation
of the equivalent distributed properties of the FP-5 as derived in AppenciixA.
The thicd equation was used to evaluate whether the wing weight was directly
proportional only to the weight of the skin., Since most minimum-gage
effects in non-primary structure are proportional to the planform area of
the wing, the regression analysis using the fourth equation was performed.

The parameters used to describe the geometry of the wings were not
included in the regression analysis, It was assumed that their effect was
included implicitly in the design of the wing itself,

Regression Results for Isotropic Wing Design

The regression analysis using the four weight equations was carried
out for the two types of static loading discussed previously. 1In each case
the minimization of the weight of the skin structure was taken as the objec-
tive of the design. The results of the regression analysis for the weights
computed using constant-pressure loads are shown in Table VI. The results
generally show a dominance of the core weights and the term proportional
to the planform area. The third equation demonstrated the weakest
correlation. Table VII contains the results of the regression analysis for
the wing weights computed using the modified strip loads. The results show
a strong dominance of the weight of the skin structure in the first three
equations. The wing area still exhibits a strong correlation in the fourth

expression.
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Upon consideration of the weights computed from the surface fit of
the thickness distribution of the F-5 winc and the 2.liciencies in modeling
the structural planform, it is recommended that the first ragression equa-
tion be used with the coefficients B(l)=2,6 and B(2)=0.75>. These values
correspond to coefficients computed for the weights estimated using the
modified strip loads. They also compare very closely to the values that
would be computed from the surface fit of the effective skin-thickness
distribution. The current program deficiencies in modeling the structural
planform suggest that the estimates of the weight component proportional
to core volume may be erratic; and therefore, the lower corralation
.vefficient for B2 should be used.

Regression Results for Composite
Material wing Design

An attempt was made to obtain detailed information on specific wing
comp~nents built from composite material. The information received did
not contazin sufficient information to check weight estimation directly.
In lieu of specific data, an alternate procedure based on ohbtaining a
fixed percentage reduction in weight over existing aircraft was undertaken.
Weight correlation factors based on the spacified percent raduction were
then obtained from the previously described regression analysis.

To iuplement this procedure the group of U, S, Air Force and Navy
fighter aircraft wereredesigned using composite materials in the wing
cover panels. The structural skir and core weights were recomputed. No
modification of the estimated core density was made. The current wing
weight was multiplied by a constant fraction, and the regression analyses
using equations (10) to (l13) were carried out,

The correlation coefficients were determined for three wing weight
percentages: 100, 70, and 60 percent of the original wing weight. The
wings were designed using constant-pressure loadings. The vesults of the
regression analysis for an estimated 7--percent wing weight are shown in
Table VIII. The regression results for 100 and 60 percent were generally
within a constant of these values. The coefficients shown here 4o show a
strong correlation with the computed skin weights. 1If the correlation
coefficients developed for the design of wings with isotropic wing skins
are used, the weights are generally between 60 and 70 percent of the actual
vehicle weights. In view of the current state of technology, it is
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recommended that the slightly higher coefficients derived here should be
used,

INTEGRATION OF WADES PROGRAM INTO ACSYNT

The primary programming task accomplished in this study was tha adapta-
tion and incorporation of the prior work of Dr. Mullen, involving structural
optimization techniques for automatic resizing of low-aspect-ratio wings,
into Ames Research Center's ACSYNT program for vehicle synthesis. This
task was completed and a test case involving the convergence of an aircraft
to satisfy the mission requirements of the F-S5A with ACSYNT was run, Some
of the modifications required to interface the WADES program with ACSVNT
are summarized here.

Operation in ACSYNT Overlay Structure

The primary programming task to integrate the WADES program into
ACSYNT v.as its conversion to an OVERLAY structure. ‘This was necessary in
order for the WADES program to reside simultaneously in core with ACSYNT
within the CDC 7600 core limitations. The WADES program was sufficiently
modularized so that no major adjustment in the program flow was required.
The problem then became one of maintaining as many of the program features
as possible without sacrificing program generality.

In arriving at the current overlay structure two subdivisions of the
program were considered. In each case the WADES program was required to exist
as OVERLAY 5,0 within the ACSYNT overlay structure and maintain its own sub-
overlays. In the first attempt, the program was set up with an executive
main overlay to branch to the appropriate function depending on the
request from ACSYNT, and three sub-overlays which provided three functions:
input, analysis or design, an! detailed output. This information was
provided according to the request for information from the ACSYNT param-
eter ICALC. This breakdown provided the most direct program flow with
the least exchange of overlays in and out of the machine during execution.
This version was made operational initially for only the strength design
of isotropic wings. Because of the heavy demand for core space at that
time for the analysis and design overlay, it was determined that it would
not be possible to have the composite strength design code or its stiffness
and flutter design code reside in core without significant reduction in
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the core storage required by ACSYNT overhead. The initial load with this
version required about 168K octal core locations to load. This limit
proved to be unacceptable in view of machine access requirements imposed
by the computer opsrating system,

The second and curreut overlay structure again used OVERLAY 5,C mainly
as an executive function with the sub-overlays providing the three func-
tions: input/output, wing analysis, and design for strength only. 1In
this manner the analysis code and the design code, which used CONMIN
(program for CONstrained function MINimization), could be separated. The
main routine that organizes the sequence of analyses and designs also
resides in the same overlay as the WADES executive routine. The loss of
generality resulting from this choice of overlays is the inability to
perform a combined strength and flutter design simultaneously with the
ACSYNT program. A flutter analysis is still possible in this mode; however,
the requirement that the analysis and design code both reside in core pre-
cluded this method of operation. The possibility of design fcr flutter is
gtill available in a stand-alone mode. The decision to implement this
overlay breakdown was made on the basis that the only mode of operation in
which the WADES program would be used with ACSYNT in the near future would
be in the design for strength only. A return to the first overlay structure
outlined above, to permit combined strength and flutter design, would be
possible given a 25K octal reduction in OVERLAY 0,0 core requirements.

The flow of calculations through the wing design executive routine,
OVERLAY 5,0, is controlled by two parameters, ICALC and ICONTR., The first
is the ACSYNT control parameter, and the second is 2 user-specified
control input. ICONTR determines the branching to either an analysis-only
mode or to the wing design for either an isotropic or a multi-layered
composite wing. The flow chart in figure 14 outlines the basic subroutine
and OVERLAY flow of the WADES executive routine STRUCW (OVERLAY 5,0) with
the branching determined by the two control parameters, ICALC and ICONTR.
Similarly, in figures 15, 16, and 17 are the basic flow of OVERLAYS 5,1,
5,2, and 5,3, respectively, and their corresponding subroutine usage.
Included in figure 15 is the branching according to the value of ICALC,
and similarly in figure 17 is the branching as determined by ICONTR. 1In
figure 16, the basic subroutine usage in the analysis of the wing stiff-
ness, loads, stresses, e%c., is shown. The call to the various analysis
routines are determined by the control parameter IANAL(I,IFLT) as required
by the IFLT'th flight condition.
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The design of both the isotropic and multilayered composite wings
employs a sequence of minimization problems to arrive at the design weight
of the wing. The relative error in the skin weight below which this con-
vergence is forced is at the discretira of the user. The basic subroutine
and overlay flow of the WADES program as it exits with ACSYNT is shown in
figure 18 for the design of isotropic wings and in figure 19 for the design
of multi-layered composite wings. The number of iterations necessary to
obtain the wing weight may be specified either as the number of iterations
required to converge the weight to within the desired error or as a
rnaximum number of iterations (NRAT).

Geometry Interface with ACSYNT

In order to interface the geometric descriptors of the WADES program
with those of ACSYNT, the equations describing the relationships among the
appropriate variables were derived. The WADES program is currently
limited to trupezoidal planforms and uses the root chord (R), semispan
(SPAN), and leading-edge (THET1l) and trailing-edge (THET2) angles to
describe the geometry. ACSYNT, on the other hand, uses a nondimensionalized
description with an arbitrary reference line, which is usually the quarter
chord. The remaining variables, t/c at the root and at the tip, are
identical,.

The basic external planform description of the wing used in the WADES
program is shown in figure 20. The equivalent geometric values were derived
in terms of the appropriate ACSYNT descriptors. The WADES geometric values
are summarized in terms of their ACSYNT equivalents in figure 20,

Loads Interface

In order to interface the loading conditions used by the WADES program
with the changing weight and flight information generated by ACSYNT, some
method had to be devised which could update the loads during execution,
Further, this method had to reflect the nature of the critical structural
design conditions and not necessarily just the mission flight profile.
Because of program limitations, it also had to be limited to a maximum of
three such critical conditions. Three approaches are outlined here that
may be taken to generate the n.cessary structural design conditions to be

met.
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The first approach is to read in the critical structural flight con-
ditions directly. This method was used in generating the correlation
information presented later in this report. In this case the atmospheric
and weight information is included in the input data. 1In the particular
instance of the vehicle correlations, these design conditions were obtained
directly from the Group Weight Statement furnished by the airframe manu-
facturers. These included the structural gross weight, ultimate load tac-
tor, and fuel contained in the wings at the design conditions. The ccidi-
tions generally contained the design flight and landing weight, maximum
gross weight with zero fuel in the wing, a catapulting condition, where

appropriate, and the minimum flying weight. Usually, the particular arrange-

ment of external stores and maneuver conditions for the configuration were
not included. 1In most cases, an estimate determined by working back from
the gross weight and fuel condition to a configuration had to be used.

This approach of reading in the design flight conditions is valid
only if a known configuration is being analyzed, Even then, it remains
true only if the remaining body and fuel conditions are constant through-
ou”. the design. Since the convergence portion of the ACSYNT program
cperates in a mode where most of the individual components are continually
being updated, a direct input of the structural dccign flight conditions
would lead to erroneous results,

The second approach to providing the critical structural flight
conditions is to incorporate a special-purpose subroutine to compute the
appropriate loading conditions. 1In this manner the structural loads can
be made to reflect the particular configuration and mission requirements.
Such loading conditions can then be made to include such items as partial
fuel conditions in the wing and the positioning of empty fuel tanks on
the wing during landing. This method is used later to update the loads
for the F-5A/B case study, checking the convergence of the WADES program
with ACSYNT.

In the F-5A/B study a specific routine, FLTLDS, was written to
specify the approximate flight conditions outlined in the Group Weight
Statement (ref. 10). 1Instead of specifying the loading condition directly
from the design structural flight conditions, the criticdl loads were
written in terms of the general gross takeoff weight and various fuel
weights. Only the relative proportions of fuel at maneuver and landing
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critical stress gross weights and loads were updated during the ACSYNT
convergence cycle. The particular relationships used to compute the
appropriate WADES loads inputs are summarized in Table IX. Though the
N maximum symmetric pull-up and the landing load condition are two of the
F major design considerations, routine FLTLDS is F-5A/B aircraft-dependent
“ because of the inclusion of such factors as the values of the fuel
fractions considered and the positioning of fuel tanks on the wing tips,

[ were maintained similar to those in the weight statement., Thus, the
!

The third approach to the specification of the structural flight
' conditions would be the derivation of a general routine to find the
i critical conditions. In general this would entail a survey of the
critical gust, maneuver, landing, and eventually flutter conditions. It
i would also require a check of the possible external store configurations.
i An interim approach would be to utilize the outline of a routine such
| as the F-SA/B-derived FLTLDS with the ability to input all fractional
F relationships. If wing-mounted engines are to be considered, their
) positioning on the wing should be included. At the moment no such geo-
; metry descriptor exists within ACSYNT to locate their chordwise and span-
? wise locations on the wing. Such interfaces would have to be either
| generated or input to obtain their impact on wing design.

Optional Material Properties

The WADES program uses two modes to input material properties for use

in analysis or design. 1In the first mode, the material properties are

read as part of the normal input data stream. In this case the elastic

f constants and density are input through the namelist MATERL and the failure

' stresses are input through the namelist CNSTR. In the second mode, the
WADES program generates the required properties and failure criteria

i internally. In this case the appropriate material constants are defined
for three materials: (1) aluminum, (2) titanium, and (3) graphite/epoxy.

? The last defines only the appropriate lamina properties and is used in

multilayered composite analysis and design.

The second mode of material property input is available optionally
by the input of a non-zeroc value of the program parameter, ITYPES, in
ramelist OPINS. In this mode of operation the appropriate miterial
properties are defined prior to their input in the normal data stream.,
Thus, any of the isotropic material constants defined in this manner may
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be overwritten by its appropriate redefinition in the namelists MATERL
or CNSTR. The definition of these material properties is performed in
subroutine MATRLS. A summary of the values availabie by option is shown
in Table X.

Special Version of CONMIN

The WADES program uses the mathematical-programming technique called
the Method of Feasible Directions (MFD) to perform the optimal resizing of
the wing structure. This technique was originally outlined by Zoutendijk
(ref 12) and demonstrated for use in structural optimigation in refer-
ence 13, This MFD algorithm has been programmed in a general form in
the Fortran program for CONstrained function MINimization (CONMIN),
reference 14.

Since this program also acts as the resizing algorithm for aircraft
optimal design in the ACSYNT control program, it was necessary to include
a second version, This version provides a sub-level optimization function
and has to reside simultaneously in core. To avoid a Fortran naming
conflict the name was changed to CONMN with subroutines ~ZNMNJl,....,CNMNJ9.
This version was redimensioned to handle thirty design variables and up
to forty active constraints,

Convergence of F-5A/B with ACSYNT

To check the operation of the WADES program with ACSYNT the two
programs were connected and several test cases were run to test their
convergence properties in an iterative mode. The connection to the October
1974 version of ACSYNT using a temporary buffer routine and the F-5A/B
version of FLTLDS was made. In figure 21 are the results of a WADES/ACSYNT
convergence cycle. In the figure the convergence characteristics of three
typical variables, WWING, WFUEL, and WGTO, are plotted versus the iteration
number. The wing weight, WWING, in this figure was computed by the WADES
module. The remaining two variables, the fuel weight and the gross takeoff

weight, were computed in the current trajectory and weights estimation parts

of ADSYNT. This wing weight was computed using the preliminary correlation

relationship

WWING = 2.4 WTSS + WTCS (15)

where WTSS is the weight of the skin structure and WTCS is the weight

of th: internal substructure as computed by WADES. These correlation
29
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coefficients do represent a good value for the F-5A/B using constant W/S
wing loadings because of the additional detail comparison, but they are
not the sst of correlation coefficients as determined earlier in this
final report for a broader class of aircraft,

A detailed examination of the convergence cycles shows that the
trends exhibited by the wing weight do follow closely the weight of fuel
and gross takeoff weight. The first five iterations in figure 21 are
spent bounding the limits of WTSUM=WGTO. In the next three iterations
the design has essentially converged. A total of twelve vehicle analyses
were used to converge the aircraft to the necessary tolerance specified
by ACSYNT. An average of four analysis and design cycles were used by
WADES to converge a wing design during each of the ACSYNT iterations.
This average convergence rate should drop significantly when redesign,
which uses the previous design for the starting point, is implemented.

The horizontal line on each curve in figure 21 represents the initial
estimate of each particular parameter, which is equal to the actual value
obtained from the F-5A/B Weight Statement. 1In each case the final weight
does converge to a value lower than the actual. It is noted that the wing
weight was slightly overestimated on the first iteration when this set of
correlation coefficients was used.

WADES PROGRAM DOCUMENTATION

The purpose of this section is to describe the basic usage of the
wing aeroelastic design program, WADES, with the ACSYNT program for
vehicle synthesis and in a stand-alone mode. Included are the basic
description of parameters, a sample input, a sample of the printout from
routine WOUT, a short description of the purpose of each routine, and a
description of the use of alternate analysis and design routines. The
program computes the stiffness and mass properties for a wing using an
"equivalent-plate" Rayleigh-Ritz model. The structural response is cal-
culated for the application of both steady and unsteady aerodynamic loading,
and the material distribution of the wing skin can be resized to satisfy
both strength and aeroelastic requirements. The theoretical background
for the development of the analytical model was originally determined under
sponsorship of the National Research Council, and the report summarizing
this effort is in preparation.

30

s N AT I A L S A e ot e o S ket o mmt e o e b

B T T T T R T R Y o VT T TN T TN Thah vy rE: | ST T




Description of Parameters

The geometric description, material properties definitions, flight
conditions, and design constraints are detailed in this section. The
descriptions in this section pertain to those definitions affecting the
determination of input parameters. All information required to derive the
inputs for both the stand-alone program version and the integrated version
used as a module for the ADSYNT program is explained. Only minor modifi-
cations in several routines have been made to adapt the WADES program to
operate in the ADSYNT overlay structure. The current version of the stand-
alone program version will execute with all options in 142K octal words of
core.

Since both programs use esgentially the same routines, only minor
omissions in the input data must be made to execute the WADES program with
ADSYNT. Both programs use the same input subroutine. Only the variables
describing the geometric shape of the wing and those weights which vary
with changing gross weight need to be omitted. In subsequent analyses
those values will be overwritten by values supplied by the ADSYNT main
program. A basic user's guide to the WADES program inputs is given in
figure 22,

Wing geometry.- The geometric planform analyzed in the WADES program
is trapezoidal and consists of superimposed aerodynamic and structural

regions. The structural planform is always contained within the aerodynamic
planform. 2.1 material contributing to bending strength is contained within

the structural planform. Nonstructural material within the aerodynamic

planform is considered to contribute only to wing weight and mass properties.

Core properties are considered to be distributed over both structural and
aerodynamic planforms. Fuel is considered to be distributed only within
the structural planform.
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Aerodynamic
planform

Structural planform

where
R = root chord (length)
SPAN = semispan (length)
THET1 = leading-edge sweep (degrees)
THET2 = trailing-edge sweep (degrees)

XLE = location of leading edge of structural planform
(fraction of chord)

XTE = location of trailing edge of structural planform
(fraction of chord)

Thickness and depth functions.- Thickness, and depth and camber distri-
butions are represented as continuous functions. The particular depth or
camber function used in the program is a polynomial with zero depth enforced
at the leading aid trailing edges. This results in a symmetric airfoil
section with sharp leading and trailing edges. The resultant function is
formed as the pruduct of the planform polynomial, WF(£,n), which enforces
zero depth at the edges, and a user-supplied polynomial, FD(£,n). An
approximation to a biconvex wing section is available as a default within
the program. The shape of the cambered sarface is also specified in the
game form as the depth function through the variable, FC(¢,n). The thick-
ness is similarly the product of the planform polynomial and a polynomial
distribution function plus a minimum thickness constant. For multilayered
composite design each lamina may be described by a separate function.

These polynomial functions may then be written:
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Planform polynomial - WP:

X,

WP (€, n) = (€ -n*TAN (THET1) *SPAN/RN) * (~¢ +n*TAN (THET2) *SPAN/RN+R/RN)

Depth and thickness functions - D,T:

D(E,n) = WP(E,n)*(FD, + FD; € + ... + Fnhngj“

+ FD_n + FD; €1

L] i-
+ FD ot

)

i=1,IFD; 3= ,JFD

T(E,n) = WP(E,n)*(FT, + FT, & + ... + ”"rnm"ij-1

*ETN 4 P e

. i-l
+ T
Fqu ) + Tmin

i=1 ,IFT;j=1 ,JFT

Alternate depth representation (approximate):

(t/c)root thickness to chord ratio at root

(t/c)tip thickness to chord ratio at tip

XTCR location of maximum ¢/c along root
(fraction of chord)

XTCT location of maximum t/c along tip

(fraction of chord)

33

|
|
|




oo - S TR T AT TR e T T L
it et cot AR AN R St e o e it " s ket —-——v'—-”'-—j

This approximates a linear t/c and linear XTC distribution to the
surface of the wing as a depth function. The number of degrees of freedon
11 this approximation is determined by IFD. If XTCRsXTCT=0, a biconvex
section is fit with JFD=1 and NFD=IFD. If XTCR>0, a linear fit to the
location of maximum t/c is included with JFD=2 and NFD=2*1FD-1<11,

Material property definition.- All material properties are considered

to be distributed and continuous throughout the wing section. All properties
are given with respect to the global reference system. Isotropic materijal
properties are considered constant throughout the planform. Composite
properties similarly maintain the properties of the discrete ply over the
entire planform. Core properties are also considered as distributed and
continuous throughout the section. The core may be modeled as either
conventional or sandwich construction and appropriate properties averaged
through the section.

Ban

T

CONVENTIONAL HONEYCOMB SANDWICH

Material properties

skin: EXS,EYS,GXYS,GXZS,GYZS,RHOS
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Core: Conventional Sandwich
(EI ) Et
EXC = —Y ACT s —XE EXC

% d’dxc Ay

(EI)
EYC-——&-M.—.KS EYC

% d?clyc dyc

GXYC = 0 GXYC
(GA_) el
A
XC Xc
(GA ) oL
ovzc = AT o e avzc
ye yc

t t
* - ye Xc
RHOC = pgpprs ( .. ) * PRriBs (d ) RHOC
yc

Loads.- The effects of inertial, diacrete, and distributed preassure
loadings are considered. The discrete loads are incorporated as concen
trated masses. Their effect is included as a discrete inertial force
loading in the static analysis. They are included as discrete inertial
masses in the generation of mass properties. Discrete loads are located
at fractions of chord and span. Allowance is also made for the inclusion
of certain weights (such as external fuel or armament) as a function of
flight condition. Similarly, the effects of the inertial loading of the
skin, core, and fuel weights are included in both the static analyses and

mass properties.
Inertial loading of discrete loads:
PCM(£,n) = ~ANZ = WCM(XCM,YCM)d (€ (XCM) ,YCM)

I=1,NCM
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Similarly as a function of flight condition for
J=1,NOTC
I=]l NCMFLT
Inertial loading of skin, core, and fuel:

Pg(&,n) = -ANZ p T(§,n)

over aerodynamic planform
pc‘e.q) - '2 ANz pcD(e.fl)
over aerodynamic planform

Pge(64m) = =2 ANZ p PVA D(g,n)

over structural planform

where

ANZ = ultimate load factor
pa,c,f = densities of skin, core, and fuel (#/L**3)
PVA = fraction of volume available containing fuel<PVOL
WCM = discrete inertial load
T(E,n)

D(€,n)

thickness distribution of skin cover plates

depth distribution of core

Distributed pressure loads are incorporated in two forms: second-
order piston theory and constant-pressure loading. The piston theory
pressure distribution is computed iteratively as a function of the angle
of attack required for gross lift and the displacement shape., A constant-
pressure distribution is available as an alternate loads subroutine. This
routine computes a constant-pressure loading from W/S.

Pa(£,n) = GLR/SWG = W/S
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Second-order piston theory pressuce distribution:

P (E,n) = [zwovo( 1+ y—'éi Mo %ﬂ)] [“o B gf B ?ﬁ]

2vP
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The term including the rate of change of displacement with time prov.des
the basis for the aerodynamic forcing or damping i: the calculation of the
flutter Mach number and frequency conditions.

A modified strip theory for subsonic, static loads is also available.
These loadings per unit span are integrated and applied as discrete forces
along the quarter chord. This form of the aerodynamic loads is based on
the method of Grey and Schenk (NACA TN-3030, ref. ll) and is restricted to
small angles of attack at subsonic speeds.

The general method for computing the static balance of external
forces is by the satisfaction of the requirement that the gross lift
available, GLA, is equal to the gross lift required, GLR. Two mathods
of computing the gross lift required are included which are independent
vf the type of pressure loading used. The choice of method of calculation
is specified by the parameter, IANAL(2,IFLT), for the given flight condi-
tion. For 1IANAL(2,IPLT)=l, GLR is equal to the summation of body, skin,
fuel and concentrated mass weights times the maneuver load factor.

GLR = ANZ (WBODY+WTWING+WFR+NWINGS (SUM WCM (1)
+ SUM AMPFLT(I));

For IANAL(2,IFLT)=2, GLR is computed from the input of the specified
wing loading required.

GLR = (W/S) *SWG

The WADES program is organized to consider NOFC flight
environments and loading conditions during both analysis and design.
The speed of sound, Mach number, static pressure, and ratio of specific
heats are the environmental factors which vary with flight condition.
The discrete loads, load factor, body weight including the payload and
fuel not in the wings, and fuel weight in the wing are the loading
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conditions which vary with flight conditions. The encl:sed program version
is dimensioned to handle three such flight conditions of various combina-
tions of the above environmental and loading conditions.

Behavioral constraints.- The behavioral constraints considered are:
stress, displacement, fundamental frequency, and flutter Mach number,
frequency, and dynamic pressure. The behavioral coastraints are checked
at each required flight condition. For an isotiopic material the
strength constraints are the maximum allowable von Mises' stress resultant,
SMAXT. The stress is evaluated at a grid of NXSIG by NYSIG points over
the wing planform. This grid is restricted to points within the estructural
planform of the wing. The displacements of both the leading and trailing
edges at the wing tip are constrained tc be less than the allowable, WMAX.
The fundamental frequency is constrained to be above its minimum, EIGMIN,
The flutter frequency, Mach number, and dynamic pressure must be greater
than their corresponding minima, FFMIN, FMMIN, and QFMIN,

For multilayered composite materials, the strength constraints are
in the form of a modified distortional energy criterion for the failure
of the individual plys according to their direction of orientation. This
constraint is evaluated at each of the points in the structural grid. This
constraint takes the form

2 2 2
12 «snll) (snzzf ~KL12 ( S:,,Jfl) (szjzl2> * (s‘;ﬁyz) * (E%%) + (ETE.}%)

wher_ the SLIJ a.+ the uni-directional failure stresses for tension or
compression in the appropriate direction (ref. 15).

Geometric constraints.- The geometric constraints considered are for
minimum gage material thickness of the wing cover sheets. The thickness
function is written as a function plus a constant. The constant has been
prescribed as the minimum gage and the remaining functional is constrained
to be positive at all points. The functional is evaluated at a grid of
NXGC chordwise by NYGC spanwise points over the planform of the wing.
Thz number of points in each direction must be greater than the order of
the polynomial in the appropriate direction to insure a non-trivial
solution for intermediate points.
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For multilayered composite materials an additional constraint of
the material stiffness in the various principal directions of the composite
has also been imposed because of the highly orthotropic nature of the
fibrous composites. This constraint takes the form

NPLXS

AcM, <

i ty.Eaii
o

b

where tg, is the thickness of the jt! ply and Eliij is the consti-

tutive relation of the lamina in the ith component direction of the
th
ply.

For the design of isotropic material wings for strength, only the
von Mises' stress and minimum gage cons:raints are used. Similarly,
for the design of laminated composite wings, only the modified distortional
energy laminate strength failure criterion, the minimum gage, and the

compogite for the j

minimum stiffness failure criterion are considered.

Y
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-
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ORIENTATION OF COMPOSITE PLY ANGLES
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Ooptions and integer control variables.~ A number of integer variables

are included to control the flow of the program. These are split into
two types: (1) those that determine the number or highest order coeffi-
cient of various inputs; and (2) those that provide optional control for
flow of the problcm. The latter are also used to aroid unnecessary
computations.

The following are definitions of a number of inputs which are under
the control of the user: NX,NY - numbers and highest order of chordwise
ond spanwise polynomials, respectively. (Default: NX=3, NY=5) their
product determines the number of diaplacement and rotational degrees of
freedom in the structural analysis, For the function describing the
displacements, NX varies from 1 to NX; while NY varies from 3 to NY,
reflecting the clamped-fixed boundary conditions at the root in the
spanwise direction.

NX NY
0, (&0 = D D P (E)H, ()

iml j=3

The resulting degrees of freedom for displacement (NW), and rotation about
the x- and y-axes (NB ana NA) become:

NW = NX*(NY-2)

NA = (NX-1)*NY

NB = NX*(NY-1)

Description of Sample Input

This secticn describes the output from a sample input case. It is
intended to act as a basic guide to many of the WADES input default con-
ditions. The actual input data and the program copy of the input data with
all the defaults included are shown.

Figure 23 is a direct copy of the input to the WADES program required
to execute a minimum-weight strength design in the stand-alone program
mode. Figure 24 is the output of the input data in figqure 23, In most
cases default values for program options have been used to demonstrate
the minimum input required to execute the program. The input block
designation as given in the input user guide has been written in the right
margin at the start of each block.
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Block 1 is a summary of program options. The multiple values of
IFT,JFT,etc., are reserved for prescribing a different number of thickness
function coefficients when designing multilayered composite wings. 2Zero
values of a given parameter usually indicate a non-active option., Block 2
contains a gsummary of the variahles used to define the initial geometry.
The values for the thickness function, FTT, used in this sample data have
been a good first estimate to the thickness distribution on a variety of
aircraft. The value of zero for the depth function will later be replaced
by a value computed from the alternate depth representation indicated.

Block 3 and Block 4 contain the required material properties and
design flight conditions, It is noted that the wing loading shown in the
input is not used in the program, but is later computed according to the
option, IANAL(2,j). Block 5 contains the concentrated load information
that varies with flight condition. The value of the load at each station
corresponds to the location of an external store or force on the wing.

The only Block 6 constraint used is the maximum allowable stress, The
cther values are representative constraints but are not used in a strength
design., Block 7 defines the optional parameters for the optimization
routine, CONMIN. A zero value in this irput returns to the prescribed
default value on execution. No Block 8 or Block 9 information was read.
These blocks are read only for the design of multilayered composite skins.

Description of Output

This section describes the output for the wing design program, WADES.
The particular output obtained by the user is a function of the value of
the print control options, IPRNT and JDUMP in namelist OPTNS. The amount
varies from nothing for IPRNT=0 and JDUMP=0 to a debug level of print
including a dump of the various program matrices for IPRNTYO and JDUMP=5.
A brief outline of available output including a sample case is given here.

The basic arrangement of the output follows the calculation of the
design. For a given analysis of thke wing, and depending on the value of
the print controls, the available output includes a printout of the
matrices K, A, B, MX, xTKRx, XTMX X, and the vectors {ul, {E16}, ana {x}
for each of the flight conditions in which it is used, and a dump of
weights, stresses, and design variables contained in the common blocks.
The output of variables contained in common blocks is performed by routine
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WOUT. A sample case from the F-5 design is shown in figure 25. For a
given design cycle, the above output is optionally available for every re-
analysis or just for the first and last designs. See the user's guide for
the input of appropriate values of IPRNT. At the completion of the design
cycle a summary output of common variables, and plots of the depth and
thickness distributions, the statically loaded deformed shape and the
normal modal shapes, the value of the flutter determinant versus Mach
number and frequency, and the shear and moment distributions versus span
are optionally available.

Figure 25 contains the basic summary of the current design. The
print control required to obtain the appropriate output has been designated
on the right side of the printout. The first line contains the title of
the prescribed run. The root chord, semispan, and sweep angles are a
repeat of the input. The total wing area is the theoretical planform area.

The weights shown contain the total weight computed from the skin and
core weights for the designated number of wings. The skin and core weights
are those computed by integrating the material and core distributions over
the total wing area. The fuel-available weight is the product of the
volume contained within the structural wing box, the density of fuel, and
the fraction of structural volume available for fuel. The skin structure
and core structure weights are those computed by integrating the skin and
core material distributions over the structural planform. These structural
welghts are the weight components from which the regression analysis deter-
mined the wing non-optimum weight factors. The locations of the centers
of mass of the various weight components of a single wing are included
with respect to a reference coordinate system located at the junction of
the wing leading edge and the root chord.

The thickness, depth, and camber coefficients are the values of the
coefficients in the polynomial functions describing the corresponding wing
properties. See the definition of each function to determine the power of
£ and n to which the coefficient is attached. 1If the value of the wing
thickness-to-chord ratio is prescribed, the functional distribution for
the depth is obtained from a linear fit of the maximum chord depth.

The stress distribution with respect to £ and n as computed from
von Mises' stress resultant is printed next. The values for each of the
design flight conditions are shown. These stresses and their locations
are the values used to design the thickness coefficients for the isotropic
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material wing. The component edge loadings shown next are the component
loads per unit inch at each of the stations at which the von Mises' stresses
are computed. These are used to design the thickness coefficients for the
multi-layered composite material wing. The values of thickness or ply
thicknesses as determined from the functional distribution are also given

at each station.

A summary of the number of computed aerodynamic and structural responses
versus the flight conditions for which they were analyzed follows. For the
static analysis using a constant-pressure loading the value of the angle
of attack is only estimated from an approximate value of the lift curve
slope. The tip deflections, natural frequencies, and flutter Mach number
and frequency (not shown in figure 25) are the values use.l to compute the
appropriate design constraints,

The last item is a summary of the CPU time used during the computation
of each of the various functions.

Program and Subprogram Descriptions

The following are brief descriptions of each of the routines in the
WADES program. These descriptions are not intended to provide a detailed
breakdown of program flow, but should only indicate to the reader the
basic usage of each routine.

Routine Description and Comments

Main Stand-Alone Program

WADES Main calling program to organize reading of input and
execution of analysis or design routines. Branching
to the appropriate routines is governed by choice of control
parameter, ICONTR.

Basic Structural Analysis Routines

ANLYS Routine to organize the various analyses of the equivalent
plate model of a trapezoidal wing. Sets up following
solutions:

Static:

[Kg +Al{w} = {@}, also {o}, Wgr Yo
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Natural Frequency:
((K) - «®[M)){w} = O

Flutter:
| -w?(M] + iw[B] + [KR+A]| = 0

Divergence: (not available in ACSYNT version)
(1kg) + AA){w} =0

Print controls IPRNT, JDUMP and control matrix IANAL are
used to control execution of each phase of the calculation
of the various analyses and output. S<2e figure 26 for flow
chart of basic subroutine flow through routine.

WINIT Routine to generate established boundary conditions, initial
geometric variables, composite properties, and weights.
Also computes approximation to depth function, d(é,n), as
a function of t/c and the location of maximum t/c at

root and tip.
STIFF Routine to build the trapezoidal wing stiffness matrix.

Constitutive Relation:

(o, ) [Dil D12 1 )
v D12 D22 ey

ﬁ Ty >- D33 <ny g- (D] (€}
Tz D44 Yxz

kTYz./ - DSS- \_sz_,

Strain-pisplacement Relationship:

roz & )
oxX
- -}
oy
el ﬁ -2 (L + &) ) = ro1{ul
X
ow _
LSy - 8 J
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Combined Skin and Core Orthotropic Properties:

2 3
D11 = 4, a7t + % dg,,d

D22 = d___d°t +£4_ d

822 3 Tcae
2 2 3

D3 = dlasd t + 3 dc:md
ca_ dtela o
D12 dsxzd t + 3 dcaad

D44 = d__ .t + 2d__.d
DSS = 4___ .t +2d _.d

Stiffness Matrix in terms of the Component Degrees of

Freedom:
wa Kwa KwB

(K] = Kaa KaB

For multilayered composite, material properties are summed
through depth.

STDC3 Routine to generate the thickness, depth and camber functions
from the coefficients of polynomials.

NTL

tt - pr(ein)'ft[ (€,n) + t:m
b=l 3 3

Q.
]

Wp(gtn) -£d (¢, n)

(¢]
L]

Wp(ﬁﬂl) +fc(é,n)

w

P (6 = TAN1 n) (-¢ + TAN2 n + RR)

LOADS Routine to compute the work equivalent loads on a trapezcidal
wing planform using a constant-pressure loading. Also
solves for static equilibrium displacement vector from
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(Kpl{w} = {an} + {Qu} + (Qcmi

with substitution to obtain {u).

Routine to computs the displacement of the leading and
trailing edges of the wing tip.

v " {ow(gLE,l.O)}T{w}

Vi = {@w(gTE,l.O)}T(w}

Routine to compute the von Mises' stress and component
strains as a function of €1 Mk from the displacement
vector, lu}. Component skin loads at each station are
also computed for use with multilayered composites.

(€he = [@lexomo ] {u)
(o) = (D) {ely

(Nl = tefo)y

Routine to generate the steady and unsteady aerodynamic
matrices A and B from piston theory.

30, |7
[A) = 2yM_p_ f(l + 1_; 1 M, g%){cbw} {—a-f’ dx dy
Sa

2vYp
31 = 52 [ (1 L5, 2o ) {0, Tax ay

00

Sa

Routine to generate a consistent mass matrix for the trans-

verse inertia of a trapezoidal plate.

=L [ (o) ( 7 dz)m}%x oy
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NATFR2 Routine to set up and solve for the natural frequencies and
eigenvectors of the free vibration of a trapezoidal plate.

((Kgl - o?(M1){w) = 0 :

FLUTER Routine to compute the flutter frequency and Mach number by
minimization of the flutter determinant. This routine
estimates the gradients of the determinant by finite diff-
erence and uses a Fletcher-Reeves conjugate direction algo-
rithm to solve the minimization problem., The one-dimensional
search is solved by ODM.

ODM Routine adapted from Miura (ref. 16) to perform the one-
dimensional search for :he minimization of the flutter

determinant using the golden section technique.

FLTMTX Routine to generate the complex flutter matrix used to
compute the detarminant of the flutter equations.

Basic Structural Design Routines

MWT Routine to organize the analyses and the generation of
information for the minimum weight design of isotropic
cover sheets on a trapezoidal wing. Routine calls for
analyses of the wing, computes gradients of the objective !
function and initial information for geometric ard
strength constraints, and controls printing of output.
Two versions of this routine are available:

(1) uses the feasible Adirection search - CONMIN f
(2) uses a linear programming solution - SIMPLEX

MWT43 Routine generates the gradient and constraint information
calculations for MWT.

FMWT Routine to generate the objective function, minimum gage,
and strength constraints for the CONMIN version of MWT.

FMWTZ2 Routine to calculate minimum gage constraints on the func-
tional distribution of the thickness in the form to be
used by CONMIN. It contains logic to by-pass calculation
of non-active constraints,
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MWT4
MWTSTF

FWTSTF

FMWT3

MWTC43
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MWTCS

FMWTC
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Routine to compute the gradients of the objective function
(weight of the skin) with respect to the thickness design
variables.

Routine to compute the location of minimum gage or strengih
constraints on a trapezoidal wing planform., NSIG (£,n)
locations are generated using even chordwise and spanwise
increments.

Routine to initialize CONMIN parameters for the minimum
weight stiffness and strength constrained desiyn of isotropic
face-sheet wings. Routine prepares control options, print
controls, and makes initial call to CONMIN.

Routine to organize analyses for the calculation of the
objective function (wing weight) and the minimum gage,
strength, deflection, frequency, flutter, and divergence
constraints. [t serves as the subprogram called by CONMIN
for the isotropic stiffness design, MWTSTF.

Routine to compute stiffness (deflection, natural frequency,
flutter, and divergence) constraints.

Routine to initialize and organize analyses for the mi.imum
weight design of multilayered composite cover sheets on a
trapezoidal wing. It calls for analyses, gradients of
objective function, initial information for geomatric
minimum gage and strength constraints, and the generation
of output,

Routine generates the gradient and constraint information
for MWTC.

Routine to initialize CONMIN parameters for the number of
design variables and the number and type of constraints,

Routine to initialize the minimum gage, TL(i,2) and TLMIN.

Routine to serve as the subprogram for the evaluation of the
objective function and strength, stiffness, and minimum
gage constraints for the design of multilayered composite
wing cover sheets., The routine is organized to compute
the analytic gradients of strength and minimum gage con-
straints. It is also set up for the calculation of finite-
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PMWTC3

MWTCST

FWTCST

SWITCH

SWTCHS

SWTCHC

SWTCHD

difference gradients of displacement, frequency, and
flutter constraints. This is an adaptation of routine
COMPOS .

Routine to compute the analytic gradients of the geometric
minimum gage constraints with respect to the thickness
function design variables and store them in the A matrix
in common block CNMN2,

Routine to initialize CONMIN parameters for the minimum
weight design of multilayered composite cover sheets to
satisfy stiffness and strength constraints. It prepares
the control options, print controls, and initializations,
calls CONMIN, and controls the generation of output.

Routine to serve as the subprogram for the calculation of
the objective function (wing weight) and strength, minimum
gage, deflection, frequency, flutter, and divergence con-
straints for the design of multilayered composite cover
sheets of a trapezoidal wing. Routine calls FMWTC to
calculate constraints.

Routine to store and retrieve analysis control parameter,
IANAL. IANAL is stored and retrieved as a function of
flight condition when calculating the analyses corresponding
to active constraints.

Routine to test for active isotropic strength constraints
and to set appropriate control parameter, IANAL, on or off,
This is used only during stiffness design by FWTSTF.

Routine to test for active composite strength constraints
and to set appropriate analysis control parameter, IANAL,
on or off. This is used only during stiffness design by
FWTSTC.

Routine to test for .ictive stiffness (deflection, frequency,
flutter or divergence) constraints and to set appropriate
analysis control parameter, IANAL, on or off.
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Input/Output Routines

WINPUT

WOUTPT

WOouT

MATRLS

COMP14

COMP25

COMP30

MXOUT

DISTRB

PLTDFL

PLTFLT

PLTLDS

50

Routine to read and make a copy of the input. The first
pass through this routine sets the program defaults, See
WADES user's manual for a description of variables read.

Routine to organize printing of detailed output and plots.
Amount of output is determined by choice of control param-
eters IPRNT, JDUMP, and IPLOT.

Routine to output all variables in common blocks BWSAV
and BSTRCW.

Routine to initialize material properties for three different
wing cover sheets: (1) aluminum; (2) titanium; and

(3) graphite/epoxy.

Routine to read the analysis/design variable transformation
for composite material thicknesa variables of ply orienta-
tions,

Routine to read and write a copy of the composite input
data for direct input of lamina propsrties.

Routine to read and initialize the adiitional optional
parameters of CONMIN, Program is initialized to default
values on first call.

Routine to generate the output of a general matrix, A(N,M).

Routine to produce a contour plot of the thickness, depth,
or camber functional distributions versus (x,y) on the wing

planform,

Routine to produce a contour plot of the lateral displace-
ments or mode shapes versus (x,y) on the wing planform,

Routine to produce a contour plot of the flutter determinant
versus w and Mach number.

Routine to generate plots of the loading per unit span due
to the weight of the skin and core and the aerodynamic
spanwise loading. An output of the area and moment of
inertia of the structure is also included.
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PLTS8HR Routine to generate a plot versus span of the shear distri-
butions due to skin, core, and aercdynamic loadings on a

trapezoidal wing. The resulting bending-moment distributions,

including discrete loads, are also output.

COMP19 Routine to output a table of active constraints during
composite design.

General Utility Routines

These are general routines for matrix analysis and algebraic function
manipu:lation. Those routines which operate on functions of (x,y) assume
the polynomial function is of the form

p(x,y) = }E:Pijxj'lyi'l, i=1,1P, and j=1,JP

where i+3-2 < max(IP,TP)-1, and where the coefficients Pij are stored
as a single vector. For example, if IP=3 and JPw4, the polynomial is
written

- 2 3
p(x,y) P, + P‘x + P,x + P.x

+ Py + Psxy + Pexay

2 2
+ Pay + Pexy

Routine Description and Comments
MULTC, Routines to multiply two poiynomials together:
MULTC2

C(E,n) = A(é,n)x B(E,n)

ADDC, Routines to add two polynomials together:
ADDC2

C(e’n) .A(Q.n) +B(E,)n)

DXIC Routine to generate the derivative of a polynomial with
reaspect to ¢ :

C(E,n) = OA(E,n)/d¢
VALUE Routine to evaluate the polynomial feor a given value of
RESULT = P(£y)
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VALUE2

X>0LY

PMLT

HMLT

WINTG

CVLI

FPLAN
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Function to evaluate a polynomial of two variables for a
given valuce of gk,qk:

Routine to evaluate a polynomial of two variables along a
line of constant  to form a polynomial function only
of £:

AX(E) = A(E,m)

Routine to generate a set of polynomials, their first two
derivatives, and the product of any two comhinations of the
above. These are used as the chordwise displacement func-
tions. Both ordinary and orthogonal polynomials are
available.

Routine to generate a set of spanwise polynomials, their
first two derivatives, and the product of any two combi-
nations of the above. These aire used as the spanwise
displacement functions. Both ordinary and orthogonal
polynomials are available.

Routine to perform the double integration over the wing
surface of the product of three polynomials:

RESULT = R.S fn(q)o(g,q)p(g)dg dn
A

where H and P are products of the displacement functions
and D is a function distributed over the wing surface,

Routine to generate a table of integrated values of gl“l,
qj-l over a given trapezoidal planform:

1
BINTG(i,j) = R-S If g+ n37tae an

Function to evaluate the planform polynomial:

FPLAN = (g, - TANl M) (=€) + TAN2 n, + RR)
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I

FXI

SOLVEl

EIGENR,
TRED2,
TQL2

PAS003

PAS030

CPUTIM

BUFFER

Routine to compute the ¢ location in the nondimensional
Cartesian coordinate space of a constant fraction of chord
on the trapezoidal wing planform:

FXI = TAN1 n, + ¢[RR - ny (TAN1 - TAN2)]

Routine to solve a system of equations by Gauss elimination:
AX = b
Routines to solve the real eigenvalue problem in the form:
AX - \B-X = 0

where A is symmetric and B is symmetric positive
definite.

Routine adapted from program PASS to reduce a positive
definite MxN matrix contained in A to an NRxNR matrix:

All Al2 (All - A12-A227%A21) Al2
A= -
A21 A22 (A22-'A21) 1

Routine adapted from program PASS to calculate the absolute
value of the determinant of a complex NxN matrix by Gauss
elimination without pivot search.

Routine to putput the complete set of common blocks of the
WADES program .n the event of a major error return from a
subprogram. Program is terminated in case of error. Routine
may also be us»d to obtain a dump of the common blocks in
certain cases. ACSYNT version of routine only sets the
return error code.

Routine to compute the absolute and relative CPUTIM during
execution,

connects the analysis and design variables in routines MWT
and MWTSTF.

Composite Analysis and Design Routines

These routines are obtained directly or adapted from the COMPOS

program,

i e | Wep WSt o 1
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COMPO? Computes the transfohrmation:
[Ry] = [Rey]T(EBL][Rey])
) coMpPO8 Sums the composite stiffneas from lamina properties:
‘ NL 1
| (] = ; t, [Ry]
| cCOMPO9 Computes gradients of composite strain with respect to
| lamina thicknesses; d{eg}/dt .
i COMP10 Computes gradients of strength failure criteria with respect

, to lamina thicknesses; d{g}/ot,.

s coMPll ransforms ply or thickness design variables into analysis

variables by appropriate transformation.

COMP12 Transforms thickness design variable of polynomial function
intc respective lamina thicknesses, j

- T

COMP17 Routine to multiply gradients by analysis/design variable
transformation and store in A matrix of CONMIN.

coMPl8 Multiplies gradients by analysis variable/thickuness function

transformation and stores in A matrix of CONMIN.

, COMP20 Computes the gradients of the composite strain with respect ;
to the lamina ply orientations; J|e€.}/d6.

COMP21 Computes gradients of strength failure criteria with respect
to the lamina ply orientations; 3{g}/36.

COMP26 Computes constituent properties and makes a summary output
of composite and lamina properties.

COMP27 Computes gradients of lamina transformations with respect
! to ply orientations; aazj/ae.

CcOoMPpP28 Computes gradients of composite stiffness Ao with respect
to thickness variables; OAc/dt,.

| COoMP29 Computes gradients of composite stiffness A with respect
to ply orientation; JA./36.

COMP31 Computes composite failure criteria, {g}.

54




Character Plotting Routines

] ARPLOT Routine generates a three-dimensional character plot of
) vectors of X, Y, and 2.

PLOTA2 Routine to plot NY curves of Y versus X.

PLOTAS Routine to provide rounding of scaling variables to a
specified exponent.

PLOTA6 Routine to round off scaling to nearest acceptable plotting
scale,
PLOTA? Routine to initialize a row of plotted output including

location of X and Y axes,

doc-riax tr. 0. .. ..

PLOTASB Routine to select scales, round maximum and minimum values y
to acceptable values, and locate X and Y axes.

PLOTAS Routine to generate linear and logarithmic scaling of the
Z coordinate variables to acceptable values for use with
contour plotting.

Numerical Optimization Routines

CONMIN Subprogram and associated routines for the solution of

constrained minimization problems. Called by MWT, MWTSTF,
o MWTC, and MWTCST. See reference 14 for user's manual and

1 description of parameters.
‘ SMPLX1, Subprograms for the solution of the linear programming
‘ SMPLX2 problem. Routine is called by alternate form of MWT.

| Use of Modified Strip Loading Routines

! In order to use the codes for the modified strip loadings described

i in Appendix C two routines used to generat? loads in the current WADES %

| program have to be replaced with their corresponding equivalents before ‘
the start of execution., The codes for the cstrip loads are arranged such

: that nco program changes have to he made in order to accommodate them in

' the present program flow, The two routines to be substituted for are %
DAERO and LOADS. Seven additional routines are also called by the above

| two substitute rcuatines.
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Since the modified strip analysis is limited to subsonic flight
conditions, the use of the corresponding computer codes also restricts the
program to the consideration of Mach numbers perpendicular to the quarter-
chord line of less than unity. That is, the free-stream Mach number must
be such that

<1
Mo cos A

Though this is an absolute limit on the program, practical considerations
suggest that M, cos A should not be in the transonic range either. This
Mach number restriction has also led to the elimination of unsteady aero-
dynamic codes using piston theory, and thus the calculation of supersonic
flutter is no longer a program option in this mode. The only input modi-
fication required to use the modified strip analysis code is for the
generation of the spanwise shear and moment plots. The plotting control
option must be changed to IPLOT(8)=3 to obtain plots. All associated
panel geometry and transformations required to interface the discrete
loadings with the plate model are generated internally.

Description of Modified Strip Loading Routines

The following are brief descriptions of each of the modified strip
analysis routines in the WADES program. These routines are inserted at
program load time.

Routine Description and Comments
DAERO Alternate routine to compute and invert aerodynamic matrix,

[Sl], and to generate the transformation (T,] and [Ta]
for modified strip static load analysis. Transformation
(Ty] defines the relations between the local angles of
acttack, ia}, and the lateral displacement, {w). Transfor-
mation ([T,] defines the relation between the work
equivalent load vector and the strip panel lift. The
matrices are stored as:

YOA(i,3,2) = [T and

A(i,3,1) '[\““‘OJ(SJ- al»
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LOADS

EQUILK

MXS1

PLOAD3

SHEAR

PAS001

PAS002

PASINV

Substitute routine to compute the work equivalent modified
strip loads using a Ritz-type analysis and to solve for the
static displacements vector, {u). Spanwise shear and moment
distribution plots are called for here because of data
transfer limitations.

Routine to compute the values of the root angle of attack,
tail load, lift distribution, trim aileron deflection, and
structural deformation required for static equilibrium in
maneuvering flight for symmetric and nonsymmetric planforms,
Routine has been adapted to accept the stiffness form of
structural and aerodynamic matrices.

Routine to compute the aerodynamic influence coefficient
matrix, S1. This matrix is computed for symmetric and
nonsymmetric planforms and for symmetric and antisymmetric
loading conditions. For symmetric planforms, y=0 is the
centerline, and the plane of symmetry is the X-Z plane.

Routine to generate plots of the loading per unit span due
to the weight of the skin and core and due to spanwise
loading from modified strip theory. An output of the area
and moment of inertia of the structure is also included.

Routine to generate spanwise plots of the shear distributions
due to skin, core, and modified strip aerodynamic loadings
on a trapezoidal wing. The resulting bending-moment dis-
tributions, including discrete loads, are alsc output.

Routine adapted from the PASS program to {orm the LU
decomposition of the positive definite matrix A.

Routine adapted from the PASS program to solve the system
of equations LU*X = B, by forward and backward substitution.

Routine adapted from PAS002 to form the inverse of matrix A
by forward and backward substitution on the identity matrix.
The forward substitution initializes the identity matrix.
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Use of Supersonic Piston Theory Loads

In order to use the codes for the supersonic piston theory loadings,
only the LOADS routine in the current WADES program has to be replaced
with its corresponding equivalent. This direct substitution is made prior
to start of execution. The codes for the piston theory leads are arranged
such that no program changes have to be made in order to make the substi-
tution. This LOADS routine uses the information from the default routine
DAERO directly.

The theory in this routine is generally limited to aerodynamic flow
fields in which supersonic Mach numbers exist everywhere on the wing
surface. The aerodynanic pressure distribution is defined in the section
on loads in the WADES user's manual., The equations solved to obtain the
deformed shape of the wing are:

Vertical equilibrium: GLR = LSA(ao) -{PSA}T(w}
Matrix equations: [KRg+A]\w} - {QSA(GO)} +{Qw}-+‘0cm}

The two equations are solved iteratively to obtain |(w)} and ag,. The
remaining displacements, {u}, are determined in terms of |{(w},.

Implementation on the Computer

The WADES program has been written in standard ANSI FORTRAN IV
language. It has been run on both the CDC 7600 and IBM System 360/67
computers. Though the language is standard FORTRAN IV,minor changes in
the codes must be made in order to make the program operational on both
systems. These generally have to be made to account for the machine-
dependent functions of the two computer systems. A summary of the diff-
erences between the codes for the two computers follows,

(1) Because the calls to the system clock vary between computers,
the routine CPUTIM must be modified to call the machine-dependent clock
of the particular computer.

(2) Routine MXOUT passes an eight-character title of the matrix to
be printed. Because ¢f the differences in word lengths between the two
computer system, MXOUT must be modified to accept either two four-byte
words for the IBM 360 or one ten-byte word for CDC by changing the
dimension of PAR.
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(3) Because of the differences in computer word length and the
resulting loss of accuracy for the smaller word size, it is recommended
that routines performing the polynomial integration be convsrted to double
precision. All lines requiring switch changes for precision in the present
version contain CDC or CDBL in the first four columns. Removal of the
comment character on the appropriate double precision statements indicated

e ol D A
—

is sufficient.

(4) Alternate routines for use with the CDC overlay systems were
written in a number of cases. The non-overlay routines should be used
with the IBM 360.

- &

CONCLUSIONS AND RECOMMENDATIONS

1 The primary objectives of this study were the incorporation of the
WADES programs as a wing design module of the ACSYNT program and the cor- %
} relation of the weights and material distributions with existing aircraft. *
The first objective, integration of the WADES program into ACSYNT, was ;
! accomplished, and a demonstration case using the F-5A was executed to

- T T T e T R TR TR e TRAR———

demonstrate program convergence. Default values for a number of optional
parameters were defined and programmed to increase the program useability.

Similarly, interfaces were written for variables used to define the wing
geometry and loads in terms of ACSYNT descriptors.

The second objective, the correlation of weight and material distri-
butions with existing aircraft, was investigated with two simultaneous
» { approaches. In the first, a detailed comparison of material distribution
| and loading conditions was undertaken. This included a surface fit and

| detailed analysis of the thickness distribution of the upper skin of the
. P F-5A. Comparisons of the assumed design loading conditions with the actual
values were shown for maximum symmetric pull-up, and landing. The data

P i were then recomputed using the design algorithms defined in the WADES
program. In the second approach, the statistical determination of a basic
non-optimum weight factor was undertaken using data from U. S. Air Force

P and U. 3. Navy fighter aircraft. This included the analysis and design by
> the WADES program of the aircraft wings. A regression analysis using the

i actual and estimated values was made to correlate results for several wing-
weight approximations.
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It is concluded that the comparisons demonstrated in the F-5 study

show reasonably good correlation for the estimation of the loads and material
distributions, but do not show strong statistical correlation for the break-
down of weights considered. The subsonic loads in figure 10 show the best
correlation with actual F-5 data, especially for torsion. The results of
the surface fit of the thickness distribution show good correlation with
the deformed wing shape in figure 13, but they indicate a program deficiency
in modeling the structural planform. Though the function fits the thick-
ness distribution closely, the inability of the structural model to repre-
sent the discontinuity in the e=t{:uctural planform results in grossly
underestimating the material distribution at the tip (fig. 5). Conversely,
the lack of modeling of the wing-fuselage junction produces the excessive
bending moment at the root and a major discrepancy in the loads in fig-

} ures 9 and 10. The resulting design of the F-5 wing by the WADES program
similarly overestimates the required material distribution at the root :
as indicated in figure 5.

Though the material distributions do show some correlation with actual
F-5 values, the calculated weight, even when the functional fit of the
data is used, are typically 25 to 50 percent low on the weight of the
structure. The even higher coefficients obtained in the regression
analysis in Tables VI and VII, which also reflect the additional weight
of leading-and trailing-edge structure, indicate the relatively high pro-
portion of non-optimum structural weight. The values of the non-optimum
weight factors recommended for usage with the present program are found

- e

in the sections on regression results for isotropic and composite wing
» designs.

As a result of the present correlation activity, a number of defi-
ciencies and omissions were identified. They include deficiencies both
in geometric and structural modeling and in critical capabilities for |
minimum acceptable aeroelastic modeling. The recommended corrections and
improvements that can be made within the framework of the current program
are as follows.

(1) The current modeling of the wing-fuselage junction is inadequate
as seen from the loads in figures 9 to 1ll1. The assumption that the wing
is clamped at the centerline rather than at a finite body radius can
seriously misrepresent the spanwise shear and moment distributions,
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especially for low-aspect-ratio configurations where a significant portion
of the planform area is contained within the body. This effect is twofold:
first, the aerodynamic load is considered to be distributed over the theo-
retical planform rather than the exposed planform; and secondly, the
increased structural span produces higher bending moments and therefore
higher required mater:al gages at the root. The modifications recommended
to correct this modeling deficiency are first to use two concentrated
loads located at the wing-fuselage junction to react the shear and torsion
at the root and secondly to reformuiate the atatics to distribute the
pressure load only over the exposed planform,

{2) Over half of the F-5 wing panels were identified as buckling
critical as seen from the stresses in Table B-II in Appendix B. The only
strength failure criterion currently used with the WADES program is an
nltinate failure criterion on the material itself. The modification
recommended to correct this deficiency is to include a simplified buckling
failure criterion such as the ones in figures B-l1l and B-2. This could be
effected by modification of the failurz2 criteria in the design phase to :
include a buckling stress interaction curve. 5

(3) The current stractural model of the skin is that of an isotropic
cover plate which ignores the effects of stiffeners and spar flanges, It
is recommended that this be reformulated as an etfective skin-thickness ,
model. The effective thickness would then be computed on the basis of §
stiffener spacing and size, This modification would complement the inclu- i
sion of the previocusly recommended buckling constraint by establishing the 2
buckling panel size. It will also be used to improve the estimation of
non-optimum weight,

gy

(4) The estimation of the cross-sectional area of structural material
in figure S5 identified a program deficiency, namely, that the restriction
of the structural planform to a single trapezoid severely restricts the
modeling of the actual planform, The mismatch is most obvious in figure 2
and is similarly reflected in the estimated stiuctural weights. The modi-
fication recommended to improve this problem is the division of the plan-
form into three trapezoidal segments. This should allow the flexibility
to include a wing carry-through structure and the cutout for the landing-
gear structure. It may be implemented by modification ot the integration
tables and the geometry necessary to describe them,
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(5) The correlation coefficients determined from the regression
analysis for the group of U. S. fighters considered did not show a con-
clusive trend for the combinations of variables considered. A further
breakdown of the weights computed by the WADES program should be made. It
is recommended that the regression on the weights be repeated with more
attention toward obtaining correlations of component weights as well as
of the total weight,

(6) The integration of the WADES program required the generation of
the critical structural design loads from the flight profile of the aircraft
mission. The temporary implementation of this was to design a specific
routine to compute the critical conditions based on previously determined
requirements of the aircraft. 1It is recommended that this routine be more
generalized and that a check of FAR-25 or appropriate MIL requirements be
made to determine a critical flight profile.

(7) The preliminary flutter analysis indicated that supersonic piston
theory available in the current program version was not applicable for the
flight profile of the F-5. It is recommended that an available subsonic
flutter calculation be added to the étogram to fill this gap.

NIELSEN ENGINEERING & RESEARCH, INC.
Mountain View, California
August 1975
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TABLE I

SUMMAFY OF F-5A/B WING GEOMETRY

Aerodynamic Planform Description

Engineering Fortran
Symbol Name value
(t/€) oot TCR 0.048
(t/c)tip TCT 0.048
x/c at (t/C)pax XTCR 0.50
€ root R 134.5 in
b/2 SPAN 151.5 in
Structural Planform Description
Engineering Fortran
Symbol Name Value
(x/C)LE XLE 0.15
(l-x/C)TE XTE 0.55
PVA PVA 0.

Vs i R e

i O N LR T T e vt e

63




Tl i e

s o

utEpen=

S T T T T T T m——
- — ——————— —

TABLE Il

SUMMARY OF THREE CRITICAL FLIGHT CONDITIONS

Northrop Identification: #104 #358B #123C-5
w. Symmetric Dynamic Symmetric
Maneuver Description™: Pull-Up Landing Pull-up
light Condition
Engineering Fortran Fllg :
Symbol (units) Name 1 2 3
h (ft) ALT 21,500 0 0
Mo XMO 1.05 0.22 0.90
SGW (1lbs) -——- 11,543 12,200 11,591
Weuel (1bs) WFUEL 0 0 0
Wying (lbs) WTWING 1041.7 1041.7 1041.7
Wphody (1b8) 9,597 10,432 9,359
Xcg (% MAC) 11.4 10.2 10.7

Concentrated Mass (w.,) Weight Information (lbs)

o Flight Conditions Location
Description

1 2 3 x/c n
Landing Gear (main) 248 -4327** | 248 0.55 0.40
AIM-9B/Tip Tank 204 115 115 0.10 1.00
Pylon WS 85 0 0 112.75 0.30 0.56
Pylon WS 114 0 0 119. 0.30 0.75

-

*speed brakes are closed during all flight conditions.
**percent of lift ac landing equals 100 percent,
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TABLE III

SUMMARY OF EQUIVALENT F-5A/B CORE
MATERIAL CONSTANTS

Property

value

xc
yc
xyc
xzC
yzc

pCOte

429,000 psi
778,000 psi
0.0
39,400 psi
118,600 psi

0.00848 1lbs/in>
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CCNSTANT
AIRCRAFTY Wi ING
F-5A/8 10e¢l.7
F-SA/B 1041.7
A=6A “178.2
A-TA 3275.8
F=4C 4671.0
A4D=2N 1587.3
FBu-1 2765.8
F9F-o 2600.1
F=104A 1183.8
F-1C58 3404 .v

ORIGINAL PAGE IS
OF POOR QUALITY

WISS
sl.l
3l18.8
1475 .8
1145.9
1682./
322 .5
965.1
679.6
340 .3
2843 .8

TABLE VI

W/S LOADS = 0BJ=wWTSS

wTCS S

221.8 24403.0
221.8 2640G3,.0
3318,3 713766.0
1736.8 53944.,0
1796.9 16607.0
1C95.1 37293.0
1352.6 53147.0
1554.9 42814.,0
409.8 30612.0
879.6 5331040

SUMMARY OF REGRESSION RESULTS

CONSTANT w/S LOADS = QBJ=wTSS

Bll)=
RS (1) =

AIRCRAFT
F-54/t
F-54/8
A-6A
A-TA
F=4C
A4D=-2N
Fau-1
F9F -6
F-104A
F-1C5R

68

Wi=B(1)*WTSS+B{2 )=WTCS
W2=B2"WTSS+wTCS

w3=B83%wTSS

ne=BS{1l)*WTS55+BS(2)%5/288.

JeS9971 B8(2)

WWING Wl
104l.7 b4l.8
1041.7 579.7
alT8.2 5388.0
327%.8 3192.5
4ell.0 3798.6
1587.3 1l1b6l4e.l
27658 25548.7

260C.1 2512.8

1180.3 823.0
3404.0 3873.0

1.1803
0.,3269 B5(2)= l4.06781

Pl
'38.‘
-“‘0.4

12.8
~2+5
-18.7
l.7
°705
-3.4
-30.3
13,8

82=

we
666.9
594,1
5042.0
3075.2
37162.2
1471.8
2479.8
2348.6
807.3
4201.0

1.1680 83=

P2 w3
=360 806, 4
-43,0 6745

55 3122.6

'()ol 2424.6
=19.5 3560.4
'703 082+ 4
=103 2042.V
9,7 1437.9
-3l.6 720. C
23.4 6017.1

L s RZ” in

241159

f3

=22.6
-35.2
=34.6
-2640
-23.8
'57.0
-cbed
°‘0407
-36.0

16.8

A et T L g e ama

REGRESSION ANALYSIS ON WEIC:T PREDICTION OF i ‘ES PROGRAM

UL
1368.3
1347.5
4241.9
3123.56
445444
20C6.1
3024.1
2404.2
1671.4
3646 .6

P4
3l.4
29.4

-11.2
-4.6
"‘0.6
2644

Se3
-7 05
4le5

Tel
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TABLE VII

REGRESSION ANALYSIS ON WEIGHT PREDICTION OF WADES PROGRAM

-

ATRCRAFT
A-€A
A-TA
F-4C
Fau-1
FOF =6
F=106A

VIADIFIED

[ W =] e [oew

MODIFLIED STRIP THECORY LOADS (TN3030) - OBJ=wlSS

" WAING WTSS WTCS S
4178.2 942.2 3318.3 13766.0
3275.8 863 .6 1736.8 53944,0
4671.,0 1156.4 1796.9 16607.0
2165.8 178.9 1352.6 53147.0
2600 .1 376.1 1554.9 4281«.0
1180.8 223 .0 «09.8 30612.0

SUMMARY OF REGRESSION RESULTS

STRIP THEORY LOADS {TN3C30) - CORJ=WTSS

Wl=8(l)ewisSs5+8(2)%WTC>

] W2=02%wWTSS+WTCS
) w3=A3I*WTSS
We=035(1)=wTSSeBS (2)%5/288.,

| B(l)= 2.5891 Bl2)= 0.7553 B2= 2.04}4 B3=

q BS(1)= 0.,7588 BS(2)= 14+2054

| AIRCRAFT wwiING wl Pl w2 P2 w3
A-6A 477842 4945,.9 3.5 5241.9 9.7 4032.1
F-aC 4671.0 4351,.3 “6¢8 4157.8 =11.0 4948.8

! Fou-1 2765.8 303843 9.9 2942.8 6e4 3333,.3

4 FO9F =6 2600el 214842 <~1Te4 2322.7 =10.7 16U9.5
F-104A 1180.48 8B6.9 =24.9 865.1 =-26.7 954, 3

|

]

i

]

]

"

m&w;mm};_:...,_.nta.'“ U Y T S A )

D

*02795

P3
~-15.6
12.8
5«9
«Ce5
"38».1
~1%.2

wée
4353.4
33ls.1
«656.1
3212.5
2397.2
le.-7 1

P&
~8e$S
1.2
~Ce3
16+2
'708
“2.2
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ORIGINAL PAGE 13
OF POOR QUALITY

TABLE VIII

REGRESSION ANALYSIS ON WEIGHT PREDICTION OF WADES PROGRAM

CUMPOSITE DESIGN = CONSTANTY

AIRCRAFT
F-54/8
A=-6A
A=-TA
F-«C
AcD=2N
Fau-1
F=1CaA

Wi ING

129.0
3345.0
229C .0
3270.0
1110.0
1935.0

825.0

W/S LOADS - 702 wWWING

ATSS WTCS S

89 .0 221.8 2644930
368.5 3318.3 73766.0
33246 1736.8 53944.0
Jel.8 1095.1 37293.0
284,06 1352.6 53147.0
191.6 409.8 3661240

SUMMARY OF REGRESSION RESULTS

COMPOSITE DESIGN = COUNSTANT w/5 LCADS - 70Z WWING

Wl=d(1)*WISSeB(2)"WTICS
W2382*"WTSS+nTCS
Wi=B3I®WTSS
Wez=05{1)2wl55¢BS (2)=5/288

B(l)= 3,1780 8(2)= 0.617506 82= 1.6218 B3= 6,4188
BS(l)= -1.00l5 BS(2)= 14,5329
Al RCRAFT WWING Wl Pl W2 P2 w3 P3 hé
F-5A/8 729,90 43247 =40.6 3J60.l -49.8 5Tle3 -21.6 1083.5
A-¢A 336450 34l12.9 2.0 3915.9 17.1 2365.3 =2%.3 3l110.1
F=4C 3270.0 2722.9 =-16.7 2566.9 -21.5 3047.7 -5.8 3076.8
A4D=2N 1110.0 1826.1 64.5 1649.4 48,6 2194.0 S7.7 1314.0
Fgu-1 1935.C 181803 -6.0 1814.2 -6e2 1826. & -5.6 22(-9.0
F-104a 825.,0 885.0 1.4 720.5 =12.7 1229.8 49.1 1226 <4

70
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48.6
‘7.0
'8.9
5.9
18.4
1402
48,7
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TABLE X

OPTIONAL MATERIAL PROPERTIES DEFINED IN MATRLS
BY CHOICE OF PARAMETER, ITYPES

ITYPE 1 - 2

Material 2024-T3 Aluminum 6Al-4v Titanium
Ex 10,500,000 psi 16,000,000 psi
Ey 10,500,000 psi 16,000,000 psi
Gxy 4,000,000 psi 6,200,000 psi
Gx2z 4,000,000 psi 6,200,000 psi
Gyz 4,000,000 psi 6,200,000 psi
vXy 0.3 0.3

vyx 0.3 0.3

SmaxT 63,000 psi 117,000 psi
SmaxcC 63,000 psi 117,000 psi

P 0.100 1bs/in3 0.160 1lbs/in®
*Reference: MIL-HDBK-5, August 1962.

valid to 20"°F for 1000 hours.

Composite Material Lamina Properties

ITYPE
Material
EL1ll
EL22
GL12
GL13
GL23
v1ll2
v1l21
pl
SL11lT
SL1llC
SL22T
SL22G
SL12s
SL23S
PHIDEL

3

Graphite/Epoxy*

21,000,000 psi
1,700,000 psi
650,000 psi
650,000 psi
650,000 psi
0.21
0.017
0.056 lbs/inS
180,000 psi
180,000 psi
8,000 psi
30,000 psi
12,000 psi
12,000 psi
0.0104

*single-ply thickness, toly
void fraction, kv
fiber fraction, k

72
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Spanwise direction, y (inches)

T T "]
150 L- -
Contour values are :
in inches :
100 -
|
;
g
50 -
0 ;—

0 50 " 100 150

Chordwise direction, x (inches)

Figure 3.- Contour plot of thickness distribution, t, obtained
from least-squares fit of F-5 upper wing cover plate,
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Spanwise direction, y (inches)

I
150 pra— L
Contour values are
in inches
100 p=— —
rd
020
i 0.24° =
0.28”
/ 0.3
/
0.36
0 |
) 50 100 150

Chordwise direction, x (inches)

Figure 4.- Contour plot of effective thickness distribution, teff,
obtained from least-squares fit of F-5 upper wing cover plate.
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Area, sqguare inches

35

30

25

I 1 T T | 1 1 ¥ | 1 1 BB
h\\\‘
= s -
Northrop (ref. 2)
w—— == WADES surface fit of ¢
\
o \ L2 "] —
WADES surface fit of t‘ff
e WADES redesigned
(Material area measured perpendicular
-/”-‘\\ to x/c = 0,35 line)
0 50 100

Wing station, inches

Figure 5 - F-5A/B cross-sectional area of structural material versus span.
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Figure 7.- Static balance of forces and pressures on wing.
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Figur~ 8.- F-5 wing geometry and force reference axes.
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Condition 123C-5

. i M = 0,90, h =s.L.

. 50 M, N, = 6.5, Wt = 11,591 lbs 1
. Empty tip tanks and pylons only i
; at WS 85 and wWs 114 ;
| ! !

s=—m== F-5A/B (Northrop,

! 3 ‘ ref, 7)
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50 M Condition 123C-5
M = 0.90, h = S.L.
N, = 6.5, Wt = 11,591 lbs

Empty tip tanks and pylons
only at WS 85 and WS 114

1.0 2k 40\

F-S5A/B (Northrop,
- ref, 7)
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Figure 10.- Ultimate spanwise wing loads resolved to 35~percent
chord axis.




S wee T R TR TN ey TATEN———

)
|

—

—

A $  caam s

in-1bs)

- Torsional moment (10

M

Ll

T

2 4o
Condition - Dynamic landing
358B T = 162
M= 0,22, h = S,L,
N, = 4.0, Wt = 12,200 lbs
3ok Empty tip tanks
)
=
\ F-5A/B (Northrop, ref. 7)
51pF 20F
o —————eWADES modified strip loads
o
~
o )
[+ Q
Q -
=
9 o
o
(]
m S
e
= H
e d
S ol
2O0Fa
| |
% N
= > M
Y
-10} Wing station, inches
1% -20*

Figure 1l.- Ultimate spanwise wing loads
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Pigure 17.- Subvoutine flow, OVERIAY s,).
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Pigure 18.- Basic subroutine and OVERIAY flow for the strength design of
isotropic wings, M¥T, as called from OVERLAY 5,0 (ICONTR = )J),
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The equivalent values in terms of ACSNT program parameters are:

Description WADES ACSYNT
Root chord R ROOTWG *S PANWG ;
Tip chord CTIP TRWG « ROOTWG»S PANWG*SCALC (NCHORD) i
Semispan SPAN SPANWG/2. j
Reference sweep angle A A J
Leading-edge angle 91 ARCTAN ['TAN.~EWING (NCHORD) *CTIP/SPAN

+EWING (1) *R/SPAN]
Trailing-edge angle 92 ARCTAN [TAN 81 + (CT1IP-R' /SPAN]|

Figure 20,- WADES/ACSYNT wing geometry.
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Figure 21,- WADES/ACSYNT convergence for F-3A vehicle synthesis.
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STRUCTURES MODULE
ssess9s WADES (WING ANALYSIS AND DESIGN) sssnseas
sssessses VERSION DATED 13 SEPTEMBER 1975 sssssssse

THE FOLLOWING IS A BRIEF DESCRIPTION OF THE INPUT NECESSARY FOR
OPERATION OF THE WADES STRUCTURES MODULE wITHIN ACSVYNT, THE DEFAULTY
VALUES ARE INDICATED IN PARENTHESES. WADES USES A SYSTEM OF CONSISTENT
UNITS INTERNALLY, THAT [Sy, ALL UNITS USED THROUGHOUT THE PROGRAM ARE
OEFINED AND NAINTAINED AS THOSE UNITS WHICH ARE SPECIFIED AT THE TIME OF
INPUT., BECAUSE AVAILABLE MATEwRIAL PROPERTY VALUES ARE GENERALLY IN
INCHES ANO POUNDS THIS SYSTEM HAS BEEN ADAPTED FUR OPERATION WwITH
ACSYNT. ACCOROINGLY, THE PROGRAM INTERFACE ROUTINE CONVERTS ALL ACSYNT
OIMENSIONAL VALUES YO INCHES FOR INVERNAL USE. THEREFORE, ALL FOLLCWING
REFERENCES FOR LENGTH (L) AND WEIGHT ‘#) WILL USE INCHES AND POUNDS
RESPECTIVELY.

I TITLE I ALPHANUMERIC HEADING FOR QUTPUT FORMAT (1944) 1

1 BLOCKI I NAMELIST £OPTNS ' I

OESCRIPTION (DEFAULT)

GOPTNS
[PRY

INPUT PRINT CONTROL OPTIDN Q)
0 = 00 NCT PRINT COPY OF INPUT DATA

1 = PRINT COPY OF INPUT
QUTPUT PRINT CONTROL {0}
0 = DO NOT PRINT OuTpUT

1 = PRINT FIRST ANO LAST DESIGN QUTPUT

2 = PRINT QUTPUT ONLY OURING 1-0 DESIGN STEP

3 = PRINT ALL OUTPUT DURING DESIGN
DEBUG LEVEL PRINT CONTROL (0}
= DO NOT PRINT OQUTPUT
PRINT MINIMAL WEIGHTS AND CURRENT DESIGN
PRINT ABQVE ANDO SUMMARY OF FLIGHT RESPONSE
PRINT ABOVE ANO STRESSES
PRINT ABOVE AND REDUCED VECTOR AMD MATRIX
J ouTeUuT

5 = PRINT ABOVE AND FULL STIFFNESS AND MASS

MATRICES

ANALYSIS OR DESIGN ROUTINE OPTION (3)
CHOOSES ROUTINE WITH wHICH VEHICLE wilLL BE
ANALYZED OR DESIGNED UNDER ICALC=2,
= AN'YS =~ SINGLE ANALYSIS PASS
M/ ISOTROPIC STRENGTH CESIGN
MMTSTF 1SOTROPIC STRENGTH & FLUTTER DESIGN
MWTC COMPOSITE STRENGTH DESIGN
MWTCST COMPOSITE STRENGTH & FLUTTER DESIGN
WINPUT READ NEwW INPUT DATA

IPRNT

JOUMP

T T e T T e .

S VWO

) [CONTR

-
-0 =~ & W

(a) Page 1.
Figure 22,- Inputs for WADES program.
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lANAL

{PLar

NX
NY
NR AT
NPLYS
IFOPTY
gef
IFT
JET

[FD

JFO

ANALYSIS CONTROL CPTION ¥S FLIGHT CONDITION
USER MUST [INPUT ANALYS!S OPTIONS REQUIRED FOR
EACH OF *NOFC' FLIGHT CONDITIONS (NOFC<4)3 LASY

FIVE OPTIONS CONTRUL SEPARATE ANALYSIS FUNCTIONS.

FOR J= ]l ,NOQFC EXECUTE FOLLOWING COMPUTATION
(Led)oly STIFF <~ COMPUTE STIFFNESS MATR[X
(2+J)=1y LOADS =~ COMPUTE WORK EQUIVALENT LCADS

GROSS LIFTe(wBODY*WTWINGoWFUEL )*ALOAD
=2, LOAOS CONSTANY w/S LOADS
(3001 MADSMKX CONSISTENT MASS MATRIX
{a,J)=’ . NATFR2 NATURAL FREQUENCY ANALYSIS
{5¢J)oly FLUTER
2y OIVERG

FCR TANAL (1.4):

(le4)e0, USE ISOTROPIC MATERIAL PROPERTIES
wly USE MULTILAYER COMPOSITE PROPERTIES
#2, USE MULTITHICKNESS FUNCTION COMPOSITE
{2+4)w]y USE FINITE OIFFERENCE STIFFNESS MATRIX
(NOT AVAILABLE [N ACSYNT VERSION)

CONPUTE DI VERGENCE Q.

{3i4)ml, DAERDO - RECUMPUTE AERCDYNAMIC MATRICES

(4e0)m], STOC3 -~ RECOMPUTE T, D,y € C.
(S¢4)al, WINIT = RECOMPUTE PLANFORM GEOMETRY
PLOT CONTROL UPTICN

(1)=s0y DU NOT PLCT APPROPRIATE FIGURE

(l)el, PLOT OEPTH FUNCTIUN DISTRIBUTION

{2hel, PLOT THICKNESS FUNCT:UNI(S) DISTRIBUTION
(3)al, PLOT Ww=DISPLACEMENT VS FLT,.CON.

(¢)e=]l, PLOT FREQUENCY MODE SHAPES 1-3.

(5)el, PLAT FREWUENCY MODE SHAPES 4-6.

(6d=1l, PLOT FREQUENCY MODE SHAPES T7-9,

ONLY UP TO NEIG FREQUENCIES ARE PLOTTED

COMPUTE FLUTTER FREQ & MACH NO.

(lo%0,ae])

{8%0)

{T)=], PLOT FLUTTER DETERMINANT VS FREQ & MACH NOQ.

(8)oly, PLOT PISTUN THEORY SPANWISE SHEAR ANC
MOMENT Ol AGRAMS,
a2y PLOT CONSTANT w/S DIAGRANMS.,
=3y PLOY STRIP THEORY DIAGRAMS,

NUMBER OF CHORDW!SE OISPLACEMENT FUNCTIONS
LIMITS: 1 TO 6 FOR 'pPMLT!

NUMBER CF SPANWISE OISPLACEMENT FUNCTIONS
LIMITS: 3 TO 8 FOR *HMLT®

NUMBER (OF STRESS RATIO [TERATIONS

NUMBER CF COMPOSITE PLYS

FLUTTER PLOT OPTIUN FOR X,Y SCALING

wING PLOT QPTION FOR X,Y SCALING

NUMBER OF SPANWISE TERMS IN THICKNESS FUNCTION,
FTTy VS MULTIPLE THICKNESS FUNCTION

NUMBER OF CHORDWISE TERMS IN THICKNESS FUNCTION,
FTT, VS MULTIPLE THICKNESS FUNCTION

NUMBER OF SPANWISE TERMS IN FD & FC.
IF TCR>0, IFDaNUMBER TERMS TO TO USED IN C'RVE
FIT OF UPPER SURFACE OF WING.

NUMBER OF CHORDWISE TERMS IN FC & FC.
LF TCR>0, IFD IS INTERNALLY DEFINED.
TUTAL NUMBER OF COFFICIENTS OF FD & FC MmusST

(b) Page 2,

¢« igure 22.- Continued.

(3)
(s}
(o)
(0)
(2)
(3)
(5%3)
(Se3)

(5]

(1)
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N2VTH
NXSIG
NYSIG
NXGC
NYGC

NOFC
NwINGS

NCM
NCMFLT

NE IG
1TOPTY

ITYPES

[BUFF

EEND
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BE LESS THAN 10.
NUMBER OF PLY ANGLE DESIGN VARIABLES
{.SED ONLY wITH COMPOSITE ANALYSIS)
NUMBER OF CHOROWISE STRESS LOCATIONS CHECKED
NUMBER OF SPANWISE STRESS LOCATIONS CHECKED
NUMBER OF CHOROWISE MINIMUM GAGE CONSTRAINT
LUCATIUNS OF THICKNESS CHECKED DURING DESIGN
NUMBER OF SPANWISE MINIMUM GAGE CONSTRAINT
LOCATIONS OF THICKNESS CHECKED DURING DESIGN
NUMBER OF FLIGHT CONDIYIONS ANALYZED
NUMBER OF wINGS
THES EFFECTS ONLY THE WEIGHY CALCULATIONS (IE.
WING WEIGHTS ARE NWINGS®WT )y ALL INPUT WEIGHTS
(WBOOY,wFUEL) ARE BASED ON THE PARTIAL VEHICLE
wE IGHT INVOL VED.
NUMBER OF CONCENTRATED MASSES ON WING
NUMBER OF CONCENTRATED MASSES THAT MAY BE VARIED
OURING FLIGHT CONDIT IONS
(NCMeNCMFLTC1L ) o INCMFLTLS)

= NUMBER OF EIGENVALUES TO BE COMPUTED

CCMPOSITE 9LY TRANSFORMATION OPTION
U = GENERAL TRANSFORMATION
1 = VECTOR TRANSFORMATION

MATERIAL TYPE OPTION OF WINC SKIN
0 = INPUT MATERIAL PROPERV (ES
1 = USE ALUMINUM DEFAULT PROPERTIES
2 = USE TITANIUM DEFAULT PROPERTIES
3 = USE GRAPHITE/EPOKXY DEFAULT PROPERTIES

{SEE TABLE 1l.1)

ANALYSIS/0RSIGN VARTABLE LINKING FOR MWT-MWTSTF
CEFINES VARIABLE LOCATION IN COMMON/BWSAV/ TO
B8E TRANSFERED TO X~VECTOR [N /CNMN2J/ DURING
OESIGN. DEFAULTS TO THICKNESS VARIABLES-FTY

(c) Page 3.

Figure 22,- Continued.

(0}
(&)
(&)
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1 8LaCK2

I NAMELIST ENDESGN

GNDE SGN
FTT
THin

F1L

™

FO

FC

TFR

XTCR

XTCT

THET

SPAN
THET]
THET2
TCR
TCrT

EEND

s INITIAL THICKNESS FUNCTION (L)
e MINIMUM GAGE THICKNESS (L)

(15%0.)
(Q.)

s8¢ [F IANAL(1o4)=2, USE FOLLOWING REPRESENTATION sse

s INITIAL MULTILAYERED THICKNESS FUNCTIUNS (L)
s MINIMUM GAGE THICKNESS (OF LAMINATES (L)
s [
= DEPTH FUNCTION OF DISTANCE OF UPPER SURFACE
FROM MIOPLANE. IF TCR>0, FO IS COMPUTED
FROM T/C(ROOT) AND T/CLTIP). 19
= CAMBER FUNCTION OF DISTANCE OF CAMBERED
SURFACE: USED ONLY IN CALCULATION OF PISTON
THEORY LOADING. i)
s THICKNESS FRACTION OF EACH LAMINA WITH RESPECT
TO TOTAL THICKNESS (TL(I)/TC) (USED ONLY FOR
LANAL (Ly4)=1),
X/C LOCATION OF T/C(ROQT)
IF XTCR=Q.; USES XTCR=0,50 (BICONVEX WING)
IF XTCR>0.: USES INPUT VALUE IN CURVE FIT OF
SURFACE
= X/C LOCATION QOF T/C(TIP)
IF XTCT=0.; USES XTCR FOR ENTIRE WING

IF XTCT>0e: USES LINEAR TAPER FROM XTCR TO XTCT

COMPOSITE PLY ANGLE ORIENTATIONS IF NOVTH=Q,
ONLY ThE FIRST NPLYS LOCATIONS ARE USED.

®*% THE FOLLOWING VARTABLES MUST BE READ swsa
®% ONLY WHEN USING THE STAND ALONE VERSION ss
RCOT CHORD (L)
SEMI-SPAN OF WING (L)
SWEEP OF LEADING EDGE OF WING (DEG)
SWEEP OF TRAILING EOGE OF WING (DEG)
T/C OF WING AT ROOT
T/C OF WING AT TIP
[F TCT=Q, ASSUMES CONSTANT T/C VS SPAN

IF TCT>0, ASSUMES LINEAR TAPER FROM ROOT TO TIP

(d) Page 4.

Figure 22.- Continued.

S(10%0.)
(0.)
e

(10%0.)
(10%0.)
(1./NPLYS)

{0.)

(15%0)

(0.1
(0.)
(0.)
(0.)
(0.)
{0.)

OEITORT TP
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f BLUCKI | NAMELISY CMATERL 1
GMATERL
RHOS s DENSITY OF SKIN MATERIAL ! "/L003) W)
RHQC » DENSITY OF CURE MATERIAL  /Le#3) (0.)
ANQF s OENSITY OF FUEL (s/L003) (0.)
PVaA = FRACTION QF WING VOLUME AVAILABLE TC CARRY (0.)
FUEL IN.
Cuvs s FRACTION CF NON-OPT IMUM WEIGHY FOR SKIN (0.)
(WTS o wTSe(leCWIS)
CwrC = FRACTION OF NQON-OPT IMUM WEIGHY FOR CORE (0.)
(WTC s WTCe{)eCNTC))
GRAVTY s GRAVITATIONAL CONSTANT [N USER UNITS (L/SECee2) (0.)
XLE o LOCATION OF LEAOING EDGE OF STRUCTURE (x/C) t0.)
XTE s LOCATION GCF TRAILING EOGE OF STRUCTURE (Xx/C) (0.)
EXS s CHOROWISE MOODULUS OF SKIN (9/L892) (0.)
EYS = SPANWISE MOOULUS OF SKIN . (0.)
GXYS = [NPLANE SHEAR MOOULUS OF SKIN " (0.)
GXx21S = TRANSVERSE SHEAR MOOULUS OF SKIN " (0.)
GYLS s TRANSVERSE SHEAR MODULUS OF SKIN . (0.)
XYNUS = POISSON’S RATIQ OF SKIN {0.)
YXNUS = PCISSON'S RATIO OF SKIN (0.)
EXC = CHORO®WISE MODULUS OF CORE {8/ Le82) (0.)
EveC = SPANWISE MODULUS OF CORE " (0.)
GXYC = [NPLANE SHEAR MODULUS OF CORE e (0.)
Gx2C = TRANSVERSE SHEAR MOOULUS OF CORE " {(9.)
6Y1C = TRANSVERSE SHEAR MODULUS OF CORE " {0.)
XYNUC = PCISSCN'S RAT IO OF CORE 10.)
YXNUC = PCISSON'S RATIO OF CORE (0.)
GEND

(e) Page 5.

Figure 22.- Continued.
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[ BLOCK4 | STRUCTURAL DESIGN FLIGHT CONOITIONS H
READ THE FOLLOWING STRUCTURAL OESIGN FLIGHT CONOITIONS
1=} ,NOFC FORMAT (S5F10.5)
SS(l) xXMO(1) PO(I) GAMNALL) ALT (L)
ANZ (1) wBOCY(l) wFUBLIL) ws(l)
WHERE:
SS = SPEED OF SOUND AT FLIGHT CONDITION (L/SEC)
XMO o FREE STREAM MACH NUMBER
PO s STAYIC PRESSURE (#/Ls=2)
GAMMA = RATIO OF SPECIFIC HEATS OF AIR
ALT a HEIGHT ABOVE SEA LEVEL (L)
ANZ ® ULTIMATE STRUCTURAL LOAD FACTOR
w8ODY = TOTAL B800Y COMPONENT WEIGHMTS (LBS) TO BE CARRIED 8Y NWINGS,
EXCLUDING WING LOCATED WF:GHTS, AND FUEL TO BE LOCATED
IN WINGS.
WFUEL = TOTAL WEIGHT OF FUEL TQO BE LOCATED IN WING (#)
wS s W/Se WING LOADING (#/L9%2)
USED AS INPUT ONLY FOR "ANAL(2,1)m2
I SLOCKS | CONCENTRATED MASS INFORMATION 1
READ THE FOLLOWING CONCENTRATED MASS IMFORMATION
IslyNCM FORMAT (3F10.5)
XCM(]) YCM(T) WCM(l)
WHERE:

XCM™ * CHORDOWISE LOCATINN OF CONCENTRATED MASS (Xx/C)
Y(M = SPANWISE LOCAYION OF CONCENTRATED MASS {v/(8/2))
wiM ® WEIGHT OF MASS (#) TO 3E LOCATED ON A SINGLE WING

READ THE FOLLOWING CONCENTRATED MASS INFORMATION THAT VARIES
WITH FLIGHY CONOITION
[=1 s NCMFLY FORMAT (5F10.5)
XCM(l) YCM(I) AMFLT(1+J)eJ=1,NOFC
WHERE @
XCM a CHOROWISE LOCATION OF CONCENTRATED MASS (Xx/C)
YCM = SPANWISE LOCATION OF CONCENTRATED MASS (v/(B/2))

AMFLT = WEIGHT OF MASS (#) VS FLIGHT CONDITION TO 8E
LOCATED ON A SINGLE WING.

(f) Page 6.

Figure 22.- Continued,
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I BLOCKS | NAMELIST &CNSTR 1
: CCNSTR
SMAXT = MAXIMUM TENSILE STRESS (ISOTROPIC) (#/Les?) {0.)
WMAX = MAX[MUM ALLOWABLE DISPLACEMENT CONSTRAINT (L) (0.)
EIGMIN = MINIMUM ALLOWABLE NATURAL FREQUENCY (CPS) (0e)
: FFMIN = MINIMUM ALLOWABLE FLUTTER FREQUENCY (CPS) (0.)
FMMIN = MINIMUM ALLOWABLE FLUTTER MACH NO. (0.)
QFMIN o MINIMUM ALLOWABLE FLUTTER DYNAMIC PRESS (#/0®%2) (0.) ;
XMAX = MAXIMUM CHORDUWISE SCALE VALUE OF WING PLOT (L) |
‘ XMIN w MINIMUM CHOROW'SE SCALE VALUE OF WING PLOT (L) (0.) ,
YMAX s MAXIMUM SPANKISE SCALE VALUE OF wING PLOT (L)
k YMIN = MINIMUM SPANWISE SCALE VALUE OF WING PLOT (L) (0.)
| FOR TRUE SCALE USE (XMAX=XMIN)/(YMAX=YMIN) = 1.5
XMAXFM = MAXIMUM MACH NO. OF FLUTTER DETERMINATE PLOT (6.)
XMINFM = MINIMUM MACH NO. OF FLUTTER DETERMINATE PLOT (1)
L YMAXFF = MAXIMUM FREQe OF FLUTTER DETERMINATE PLOT (CPS) i5.)
YMINFF = MINIMUM FREQ. OF “LUTTER DETERMIMA™S PLGT (CPS) (l.)
EPSF = VARIOUS CONVERGZNCE TOLENANCES
1-3 s FLUTTER CONVERGENCE 1OLERENCES (3%0.001)
! 4 = SCALE FACTNQ FOR FLUTTER DETERMINANT (0.5)
5 = WEIGHT .ONVERGENCE OF MWY AND MWTC (0.0001)
. 6-8 s NOT CURRENTLY U SED (3%0,)
' FF » ON INPUT: INITIAL GUESS TQ SLUTTER PREQUENCY (CPS)
FM = ON INPUT: INITIAL GUESS TJ FLUTTER MACH NUMBER
| LEND
} [ BLOCKT | NAMELIST SCNMN (READ BY COMP30) t
: GCNMN
| IPRINT s PRINT CONTROL OPTION (NO=0Q,YES>0) (0)
| NOV s NUMBER OF DESIGN VARIABLES j
| I[TMAX = MAXIMUM NUMBER OF ITERATIONS (10} i
} NSIDE = SIDE CONSTRAINT OPTION (0) <
r NSCAL = SCALING CONTROL PARAMETER (0)
. NFDG s GRADIENT CALCULATION CONTROL (o)
| FOCH = RELATIVE FINITE OIFFERENCE STEP (0.01)
! FOCHM = MINIMUM RELATIVE FINLTE OIFFERENCE STEP (0.01)
cT s CONSTRAINT THICKNESS PARAMETER (0.10)
CTMIN = MINIMUM ABSOLUTE VALUE OF CT (0.004)
cTL = LINEAR-CONSTRAINT THICKNESS PARAMETER {0.01)
, CTLMIN = MINIMUM ABSOLUTE VALUE OF CTL (0.001)
THETA = PUSH-OFF FACTOR (1.00)
PHI = PARTICIPATION COEFFICIENT (5.00)
| DELFUN = RELATIVE CONVERGENCE OF OBJECTIVE (0.001)
, DABFUN = ABSCOLUTE CONVERGENCE OF OBJECTIVE {0.001)
i ITRM s CONSECUTIVE ITERATIONS OF REQUIRED CONVERGENCE (3) g
l VL8 = VECTOR OF LOWER BOUNDS ON X! {30%0.)
vue = VECTOR CF UPPER BOUNDS ON *X° (30%0.)
L VUB & VLB ARE USED ONLY FOR NSIDE>OQ
, SCAL = VECTOR OF SCALING VALUES FOR *X* {XsX/SCAL) {30%0.)
USED ONLY FOR NSCAL<O
' EEND

(g) Page 7.

Figure 22.- Continued,
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T T e -

1 BLOCKS | COMPOSITE PLY MATERIAL PROPERTIES (READ BY COMP25) l

W IR D B BB - D W WD DI D DU D D DD M T S B D WD T Y W WS B G SR B D W PP W T W WD B W W W W

READ THE FOLLOWING COMPOSITE MATERIAL PROPERTIES FOR
IANALIL,4) > O AND ITYPES=Q, FORMAT (5F10.3)
READ MOOULI AND POISSON'S RATIOS

ELLL EL22 NLLZ NuUL2lL GLl2
GLI3 GL23

READ LAMINA DENSITY, PLY THICKNESS, VOLUME RATIO, FIBER CONTENT
RHOL TPLY Kv KF
"EAD LIMIT STRESS/STRAIN CONSTANTS

SL1L1Y sL11cC sLaar sL22c sL12s
SLa3s PHIDEL

WHERE THE VARJABLE ENDING IN T OR 'C* DENQTES TENSION QR

COMPRESSION IN THE APPROPRIATE COMPONENT OIRECTIONS AND °S5°* INOICATES
SHEAR. FOR PURPOSES OF DESIGN SL13S=5L23S. PHIDEL IS THE STRAIN
ALLOWABLE FOR OELAMINATION, WHICH IS NOT USED I* THIS PROGRAM VERSION.

-aw 9as - — -

I 8LOCK9 I PLY ORIENTATION DATA (READ 8Y COMP14&) 1

IF NOVTH=Q, SKIP INPUT PLY ORI ENTATIONS IN NAMELIST ENDESGN
IF NDVTH>Oy READ COMPOSITE ANALYSIS/OESIGN VARIABLE

TRANSFORMATION ACCORODING TO ITOPT. TRANSFORMATION LINKS

PLY ORIENTATION AND THE OESIGN VAR(ABLES ACCORDING TO:
1TOPT=0, THET(I) ®» SUM Tl ,JIeX(J) ¢ THET{IeNPLYS)
ITCPY=l, TAET(L) = T(L)SX(I) ¢+ THETLIeNPLYS)

FOR 1TOPT=Q,
READ J=]1 ,NDVTH
T(led)sl=]l  NPLYS

FOR 1TOPTs},
READ TUI)eImslyNPLYS

LEAD CONSTANT PORTION OF ANALYSIS VARIABLES
THET(1eNPLYS) o I=]1,NPLYS
READ INITIAL CESIGN FOR THET

THET{I)sI=14NOVTH

(h) Page 8,
Figure 22,- Continued,
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SAMPLE DATA FOR F=3a INPUT TO ACSYNTY

F-5A/8 ACSYNT-WADES WING WEIGHY CORRELATION

SOPTNS [PRTel,IANAL®L¢1¢0¢000¢ 191¢04s040, 5204 Os0s},
IPLOT®Ls1014000:s0,0002y IPRNT®L, 0UMP=}, |CONTR®],
1FToéya0,JFTat, 480, [FOnS NCHeQ  NCMFLTu2,NUFCe2,ITYPES=]l, SEND
SNDESGN FTT20.490600e90000¢0e4¢1020,, TMINSQ,02y SEND

SMATERL RMHOF=0.0%0+PVA®0.,0,GRAVT '=380.307,

RLE®O 1S o XTECD55,CWTIS®0,04CWTC20.0¢XYNUC=0,0,YXNUC=0,.0,
EXC2429000.+EYC=T78000.9GXYC®Q,,GX2C=39400.,GY2C2118600.,
RMOC*0.00848., SEND

12360.0 1.05 6.3) leé 21500.

9.8 9597.0 0.0 0.0

13392.0 0.2¢ 1e.7 let 0.0

.0 1032.0 0.0 0.0

0.55 Q.49 248.0 -4327.0 LANDING GEAR
0.10 1.0 204.0 115.0 AINM=-98/TIP TANK

102

SCNSTR TGAGE=0.,02)WMAX230.EIGMINEIQ¢FFMIN®3I,0,FMMIN®2,50,QFMINS23, 2,

FMe3I8I 0¢FF'13%12.00 XMAXFM55 .0 +XMINFME] 0 YMAXFFelb.0)YMINFFu6,0,
SCNMN IPRINT=Q,NSCAL =0, ITMAX230,NFOG20,NSIDE=D, SEND

(i) Page 9,

FPigure 22.- Concluded.

S$END




. ORIGINAL PAGE 1S
’ OF POOR QUALITY

1 FugB/R WINUG ABIGHY CORRELBTIUN o NEFALILT STAKTIMG FTY
o sSOPTNG IPRYN ]y IPANTe ¢ JJNUMPELeICUNTREY,
i TANAL®Y ol o) oloUs 1010009000y LoleCeOede NDebs]y
IPLNISOe o) oieuiaciigt ey

NOLYSBI G JFDRR g nCMe) g VCMELT B4 iUPCul [TYPESSYy BEYN

SMOESON HelVee5eSP2 a8 o8y TIETI 032400 THETR005,0sTCRuNGS,

FTT0U U001 g el gileUeB01N8UNeTHINBULI2e SENG
' IMATERL KRHUCBLANNNIPHIRMHUFBI1eN809PVARNGNeHRAVTIYEIBHeANToXLESQ1BsXTESOeSS,
, EXCRL2900U0,¢EYCRTTNNNO 4o GRXYCEN Ny GX2C®IFNN o GYICO]L 18600, RHOCOO0,0NBGH,
; XYHUC®Q Qe YRNUCSH oLy SEMD
i
L

12360,N 1.5 6,33 loé 21500,
) 9,8 9897, 1Y) N0
\ 13392,0 ne22 1607 1o Oe0)
o) 1003240 Qe 1e0
13392,0 049t Vog,? 1.6 NN
| 9,4 93%9, 90 NN
: ‘ 0.55 ’\.6() ?‘“. .“327| 2‘“.
Nel0 1ot! 214,40 11%5,0 11800
I‘ Ned 0,56 NN 0,0 112,78
' 043 NeT5 AN Dol 11940
,’ $EASTR TGAGESN N2 9wvaXe 100,y

FIGMINSB G gFR A lNE el gFAMIMEI oS owFP]NB2342y FMBIBILN0IFFEIB] 240,
xMAxFr 800 x VINFM) (O yyMAxEFalheNyvyMInNEReh Uy SEND
sCnmr. [PRINToOgITMAXEY )y SENL

Figure 23.- Sample of input card to WADES program,
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@ Pegas/n winG oCJgnT COMAELATIAN o PEFaULY §14PTINg FTY

InPUT CONTRAL PanangTERS

ANA', Y819 CONTROL OPTIONS (lanal)(nCeo,YL820)
STIFP  LOa0S walB8ma nNaTFAQ PLUTER
] 1 | ] 0

! 1 v v (]
A 1 ) 0 v "
j CU%PNS  eee  pakPO BTOC  GeO™
, 0 1 1 ) '
} PLOT CONTANL OPTIuUND (IPLOT)(N0E0,YEBRA)
0€PTh THICK AFLCTN FOE0) Pegald
0 | \ v )
FREWY FLY OET LOADS
' 0 0 é
ESCAIPTINN (0EFAULT: (VvaR)  vaLul
NUMpkH OF CMORDWTIE POLYNUMIALS () (n2) 3
NUngER OF SPAve]NE POLYNO™laLS ty) (NY) 5
NUMHER OF STRESS QATTO [TERATINNG (o) (NRRT) °
) NU“pt® ur COMPOSTITE P Y9 (NPLYH) 0
K, Y SCALING OPT[nnemiInG PLANIAGN (3) (100T) s
i K,7 SCaLliG OPYIANSFLUTTER DEY, (2) (1PueT) ‘
NUMpt= UF gTa TERmD « FTLL]) (3 (iet) I 0 0
NU“nEd OF X TEAME = FTLLLD) (B3 tJret) ) () 0
TOTaL ~UMuBR OF TeRng « FIL(]) (neY) ° 0 0
NuMgkd OF ETA TEAMD e« PQ,FC tirn) [
NUMgER UF Y] TEWRE © 5D,F(C (4#0) )
‘ TOTAL NUMgER OF 1ER~g = KO, pC (we0) S
OgGHEES N8 PNERDNM QF - (NK) 0
NUNBEw UF CHOKNeTBE 488 L9, (@) (v¥816) ¢
NUMBEw UF SPANw(gE STeC88 LOC, (e) (NYI1G) "
p NUMBESR UF CnORQetTBE GRUNETRIC L0P, (S  (vEAC) 5y 0 0
NUApEY IF SVANm[gL LEUmETRIC (Oc, (9) (NYGC) S 0 0
| Nusnt = UF =INGS (2) (NwINRS) 2
’ NUMgts UF BLLGLmT CONNITIONS vy (~nORC) )
NUMBER UF CONCENTwATEC ma8S8gY (NC™) v
NUMgeR UF CONC, mASEES 7/ FLIGWT eDN, (NCWPLT) M
NUMBEN UF FIRENVECTURD wETaINgD (3) (™ve16) 3
: Nuwek~ U6 PLY anaLE NESICH vaeTunLES (NOVTYM) 0
ANALYST5/0E01GN vARIAnmLE LINt NG (1pvrf) v 3 T ]
(a) Page 1.

Pigure 24.- Input copy generatad by computer.
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BLocK 1
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E 000000000000000000000°0000000000030000000000000000000000000000000000000000000000000¢
’ . © 0 v &0 TULARIL0AL «THG INTTIAL INPUT o vRMBLIUN /177y

{ ¢ Fonh/n ning aplarT CLONELATIAN o NEPAyLY STaRTING 01T
000000000000 000000000000000000000,00000000000040000000000000000000000000000000000000

PLANBQA™ VR AG N

' wyyl CwORQ o 16,9 80AN o 191,89
CLADING RUGE ikl Se.v TOMILING COUF SnEL” ® 9,0
TRICHwpds | "EPTH CoErs (CIENTS
8 (AN ]
80008, 0 Ve o, 0,
«P000L. vO 0,
3 T™n s 200060
) '° L "0 vV, ". °.
E ) o. 6. 0. Ve
0, v,
’C o 0, Ve 0, Ve
0. o. °. 0.
o. 0.
]
ALTRONGIE rgP T BgpapsenTaTINN
i T/C(ANUT) 8 ,Neduou T/6(TIP) & 4,000000
teedC T/C(") 8 0,000900 1eL0C /C(T) & ,u00000
{ : WaTERTaL PuLREwTIgS
| ' VENSTTIES (velGuT/LENGTR 0y
CCee ] subL
) ; 0008w 0100000 VS0000
| VULUME FwyCT A avaTLAGLP o A, NOQU
NUNSOPTY [ “iim afIGmT, BnlN o NeNAJL  (OWE o 0,000
GRAVTY (LenNETN/8ECeed) - ;..;‘”,o
| LUCATIUN NB oINR A0V, L,k,* 1840 T leo . 3%00
)y | »sTeR4L ~OcULUD PUIASUN'S WaT 08
Cuwg L LAY coeg
€ . +,6%00€009 107800 en? NUBY N,000000
| €y 7,7800E409 1,0900€en7 NUTY 0,000V0V
Gxv v, 0400nEen?
| Gxl L LLITY: ) 400nFe0?
i Gvil JJ180geve e“Qunkon?
! PLIGHT CONNITIUNS o wnee 8 '
$PELD 0F yciiun 123a0,0 HACw yumage 1.V8EV0 $T471C PHRSS
VAN, 14000V alLr]v00E FAR LI’ Lua0 PACIOR
] W00y =pluw? 9%q/ v RELUIGED FLEL N0 rive LIAUING
S$PLED OF 3Nuwn 13502, MACH NU'mAE R ,2200 STaTiC PRESS
| TR 1,a0vy aALTIVERE Ve L0a0 FaCTOR
| U0 =g [imT 10utd, 0 EGUInEn FUEL Aev “ive LUADING
| SPELD CF S0unD  1330¢,0 vaCn vuraEw «9900  STaTIC rRedS
wa s 1,4000 aLTITUDE Ve 0au Facton
BUDY *glGer 2389,0 QEGUIPEY FBL 0.0 alrG LOaY ms

tem
: «5%00
01000 1
«3000
+JV00

CONCENTNATEL 03868 vs FLIGRY CUMOITION o NCHPLT o

e AMAdY

L4000 208,00 e4327,00 26¢ 0

L0060 €0v 00 118,00 119,00

%000 0,00 0,00 i1¢,78

.7%00 0,00 n,00 119,00
(b) Page 2.

Pigure 24.- Continued.

ORIGINAL PAGE IS
OF POOR QUALITY

LN
300000
0300000

BLOCK 4

eo3300
9,0000
V,0000

1d4,7v00
$,0000
149V00
14,7900
99,0000
0,0000
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000000000000 0000000000000 00000000,0000%0000000000000000000000000000000000000 00000000
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0 Uk Y TORRQTUIQN wine Tl

INPUT o vgedlun J2177y

bogasu slNy b o OO LATIAN o O00Pa L BT08T N B TT

CONBTOAINTS, aLaLl Ge o T s@anCES sLock 6
MaR[Mum oLl (malL s N w(BR'Y TerS (omont) osuvo.0veo
MINIPUS aLLumenLr TRICc ol t13ea¢) YT
waElmue s Umanr VISP LaCRYENY (=rgd) 100,000
MINpAue sl umamp aluday Fupausng? (FJGeT™) Jo000
MINIRUM aLLumanLe FLOTTES Fagquengt  (FFATk) bovvo
NIVImL e g Lueangp FLUTTES «4Cu wNA, (FHatn) ¢ 90y
win AL veaklE FLTTe® NYNgege Pusss, (QFMIN) €3.440
MIN ALLTcamMbt NIVemuE «CE LYhamle #8851 L0™IN) 0,000
I50T0o0 LoV aTE v i lnat CONPITION
PLUTTEE BapQuUENCY 1douvo0 19,0000 12,0000
PLuTTe® macm N0, 3,n000 4,200 35,0000
COMvp by ver TOLFmanCES & SCaLING
™ b Leule 0EY SCAL  #TGm!
03100 JAulun RTINRY %0000 s IV0LN
COmm N CUNTRLLY Corpaig) (veR) veL s BLOCK 7
PNt Curtuuy J0TIUN (08N, vplA)  (1OWINT) & 0
“aklrum enER gF I TERATILNS (10)  (1way) & 3o
$I0t LOngrealnr Povargten (Nglur) o 0
.C‘L‘~“ coNran PavargTed ("S$rdy ) » O\l
GUALLIE T (aLeviataun CINTwO (vFug) @ 0
NgLaTIvE PiIntTpenl®s  qrgw (L31) (FLCm) 8 yvOLuv
WIN[MUM B[N Treutbs  §TeP (,01) (PyCmm) 8 00,0000V
CoNBImalr I Tm]Cantdd Pada Eten (,19) (C?Y) 8 yudcuy
MINLPUm abs, vaLik CF o CT (,A00) (CT=INY 8 y,vOuUNY
LCINL AW STHAIAT Thl(avEDY t,1) (FT1 Y 8 v,00vuY
MINpwUm amg, vaLIIR NF L (JI1V(CT “In) 8 0,v0000
PyuSmeLFs s4CTUNR (VM) (T=€Ta) 8 y, 00000
PaRTICIPaT1uw CusPPlCLE T (%,9) (Pm1) 8 0,00v00
qpLative (Ivveanente o Lol (A0L)(0RLPUn) 8 00,0000V
ARBULUTE CNNVvEu(EN e 7F Omy F,3901)(0a4FuUN) 8 VvedNyuY
CONSEC LI Tvs [T1PmaTlung (%) (1Y) 8 v
NO BLOCK 8 OR BLOCK
INFPORMATION WAS READ
\c) Page 3.
Pigure 24.- Concluded.
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Crmmgatl Chalen

PoSa/h winGg agllmt CummLar’yn o SEPaLLY START NG b T

YLANE Oan SalfkP AnuLLd
ROOT cmuwn . 13¢,%0 LEOOING OGE degtkP “
L ILIY LTY] [ 191,90 TAOILING BNGE SnieP o
TOTaL «lNy awga . 2060),)
WEIGnTS (NminABe Q) (PUACE) wn e
TOTAL wiNg «g(GrT o 1923,2 8,7 0,2
[ LIRS PLL ® 14,7 72,2 “0,¢
CORE »tlu-r [y nub, e 79,0 ve,?
PUEL avarLene o 0,0 0,0 0.0
SRIN STHUCTURE ot o 00,9
CONE STWUCTURE w' o 221,08
THICKNEDS CNEPPICTIENTS o F1IT
«€1874€401 001226000 o,00771€400 o,331% 6000

01203%€¢00 o

«100%t ey

NINIMUR GAGE o THIN

.‘0000!-0!
TRICKNLS3/CHna0 (POAT) @ L) (1ge) o 90,0000
OEPTH COEPFICIENTS « FD
W1891¢2F 002 329010000 088 (002 «,17010€40)
l¥210E40)
CARGEA COEre CIENTY = 5C
0, 0, 0, 0
0
VON MISkS' STRESS QUSTH[wUTION v8 ¥] aND kT4
€12 y,00u0 at L I 2800 + 3800 u8V0
{49 1 STHESS 11aed,2 lyagy, 0 1ead0,0 030%6,9
{43 d STNESS does, v v704,2 17919, Sav0¢,9
LIS S STRESS 11727, 17101,0  38674,9  o1b00,?
ers 250 At ALY 1780 ,uese 9397
}'u } sTalss  ¢¢%,) 3a038,.5  S00ue,? 0184b,)
Pur 2 sretyy 11228 ,4 17642,0  231¢9,1 204%¢,0
1fur 3 sratlsy 22194,y LR AT “88)y,90 §96%4,0
€Ta %000 xl Juu)? 8010 9018 0214
1 {19 1 STHESS  27714,9 jenge 8 §07% 1,9 oevbed,u
 { S S STHESS 0n%e,9 02y ,9 77,0 1,780410
1{ ]S 3 STAENS  204u%e, $1197 ¢ Sa008,} €002,
€14, 78y0 3 870 0274 .007) JJ071
Ier STORESS  J2uws,n 32008,F 39267, U779,V
107 P YT=ESS 11600,9 3779,2 $9%a,2 Se00,!
1119 3 STheas 117, Insrg . § 40jva.t Se1%0,d
COMPONENT ENGE L0aINGS
ITAY P T N& NY Ny NAlY vrl
{ 1 329,03 L LIL] 3,30 <10%¢, 39 <1934,39
1} e 211,00 7¢3.00 33,00 430,39 e)le,ss
| | voe,% 11770 1,00 <1099,31 ejuey,08
d 1 «072,08 <3247,9% <183 33 .1329,7% e)}370,0)
¢ 2 «2%2,31 010,70  e13p,72 037,03 e15u),0!
3 ! «709,958% <«¢007,02 e100,9) <1220, 20 <320v,¢¢
3 1 =3292,%9 11302,10 epif 0) 130,12 <0923, ,0¢
) 2 e1019,01 «5¢0u, ! 223,7° 707,07 e3ude,d?
} 3 e3105,12 .llO\'.vu ol.|.|s .[“..l‘ e0733,01
4 1 «Se67,42 o19302,71 e1n%e,43 072,00 =11909,00
¢ @ <3386,13 11182,31 «379 40 800 46 %474, 79
(a) Page 1.

Pigure 25.- WADES summacy output.
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Pigure 25.- Concluded.
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APPENDIX A

CALCULATION OF F-5 EQUIVALENT CORE PROPERTIES

The rib and spar material and structural properties shown in the fol-

lowing tables were used to ca.culate the egquivalent core properties in the
The values =e)ected here are only represertative of actual
the actual substructure varies with location on

F-5 correlation,

section properties, since
the wing. The general approach taken in selecting these properties was

either to pick a location which was typical of the rtiffness or mass in a
critical region of the wing or to obtain an average value of the particular
property if applicable. For example, the average density of the ribs and
its equivalent distributed value could be calculated directly, since the
weight of each rib was known. The general assumptions used in deriving

the equivalent distributed section properties are outlined in the section
on equivalent core properties. Tables A-I and A-II contain a summary of
the representative F-5 spar and rib section properties used in these
calculations.

The equivalent core shear stiffness in the y-direction was computed
as a component of tho shear stiffness along the structural reference axis,
x/c = 0,35, The actual shear stiffness of the core is approximated as the
product of the shear modulus with the sum of the material areas of the F-5

spar shear webs at WS 64:
GAYI - szvob
- (4.0%10%psi) (0.562 + 0,288 + 0,288
+ 0.428 + 0,759 + 0.324)in?

= 11.76%x10°1bs (A=1)

The equivalent distributed cross-sectional area at WS 64 is:
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Ayc - 0,3 ct.vc0l 6

s
= (25.78 in) (3.6 in)cos 20.5°

- 86.9 in? (A=2)

Alfter rotation to the structural reference line, the equ.valent core shear
modulus in the y-direction becomes:

GA
G - X8 ~5g29
Ave s

YXxc
7X° 9 o, 2
86.9 in”
= 118,600 psi (A=3)

The equivalent core shear stiffness in the x-direction was computed
as the sum of the shear stiffnesses of the iraividual ribs at (x/c) = 0.4.
All ribs were aluminum except the landing gear rib ct %S 64, which was
steel. The shear stiffness of the F-5 ribs is:

(GAx)PS - GAwob
= (4.0X10°pli)(1.329 + 0.63 + 0.216 + 0.22 + 0.84)in?

= 1,935X10" 1bs (A=4)

The equivalent crcss-sectional area of structural core in the x-direction
is:

A = (t

- t )b/2

tip © “root

= (1,42 in + 5.5 in) (142 in)

= 491.3 in? (A=5)
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The equivalent core shear modulus in the x-direction becomes:

" . (GA“):=

xXzc AX c

= (1.935x1071bs)/491.3 in?
= 39,400 psi (A=6)

The equivalent core bending stiffness in the y-direction was computed
as a component of the bending stiffness along the structural reference
axis. The structural bending stiffness of the core is computed as the
product of modulus of elasticity with the sum of the moments of inertia
of the F-5 spars:

(EIx)PS ok (Ix)spars

= (10.4X10°psi) (1.884 + 0.867 + 0.867
+ 0.867 + 1.343 + 2.233 + 1.062)in"

= 9,488x10"1bs in? (A=7)
The equivalent distributed moment of inertia of the core at WS 64 is:

e = 0.3c(tav)°(co- 6')/12

= (25.78 in) (3.6 in)2(cos 20.5°)/12

= 93,88 in* (A-8)

After rotation to the structural reference line, the equivalent bending
modulus in the y-direction becomes:

(ET)

yc Ixc

= (9.488x10" 1bs in3) (cos 20.5)*/93.88 in*

= 777,900 psi (A=9)
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The equivalent core bending stiffness in the x-direction was computed
as the sum of the bending stiffness of the ribs and a component of the
bending stiffness of the spars along the structural axis. All ribs were
aluminum except the landing gear rib which was steel. The rib contribution
to core beanding stiffness is computed as the sum of the products of the
moments of inertia of the F-5 ribs with their moduli of eleasticity:

(zxy)!s - (!Iy)ribl

= (10.4%10°psi) (5.69 + 5.28 + 4.79 + 0.997 + 1,504
+ 0.509)in* + (25%10°psi) (5.28 in*)

= 2,722X10°1bs in? (A=10)

The equivalent distributed cross-section moment of inertia for a trape-
zoidal area integrated from the root to the tip is:

I,o = 657.4 in* (A=11)

The equivalent bending modulus of the core in the x-direction becomes the
sum of the components from the ribs and the spars:

(EI1,) (EI.)
g womxps, Elgips e
xc b d X L
yc xc

= (2.722X10%°1bs in?)/657.4 in* + 15,200 psi
= 429,400 psi (A=12)

The equivalent coie density of the F-5 was computed as the sum of the
densities of the ribs and the spars. The density of the ribe was computed
from the weight of the ribs distributed over the volume of the structural
planform. The density of the spars was computed from the cross-sectional
area of the material in the spars at WS 64 distributed over the cross-
sectional area of the win¢ structure. All spars are considered to be made
of aluminum, pP,; = 0.10 lbs/in®. The area of spar material at WS 64 is:
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A.p‘r = 0.940 + 0.460 + 0,460 + 0,460 + 0.678 + 1.259 + 0.544

= 4.801 in? (A=13)

Then the density becomes:

= (0.10 1bs/in3) (4.801/86.9)

= 0.00552 1lbs/in® (A=-14)

The estimated volume contained in the structural planform from the WADES

program is:
Vaore = 27,200 in? (A=15)

The total of F-5 rib weights is:
Neoihg ™ 80.6 lbs (A=16)
The equivalent density of ribs is then:

- wtibl/vcoro

Pribs
= 80.6 lbs/27,200 in?

= 0,00296 lbs/in?® (A=17)

Thus, the net equivalent density of the core for the F-5 becomes:
Pe ® Pripg * plpars

= 0.00848 1lbs/in3 (A-18)
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Representative
—iocation

19% epar
at WS 64

21%, 2™ & %
spars at W8 64

I spar
at W8 64

44% spar
at WS 64

66% spar
at W8 64

Dimensicas
""};3!"'

-I-T:Jl- 0.18%6"

3.6

0. 10"

me WY 1o

—ge =0, 110"
3.6"

L

0. 128"

—{1. A

I —t— 0,22"
J.e5"

=

—{1. o

I e 0,09

3.6

1

0.110"

TABLE A-I

Aven
Ata®)

0.759

0.324

0.460

0.678

1.2%9

Dimensions obtained from reference 1.

0.087

1.343

2,23

1.062
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Representative
—lesasion

s 2
(Root Rib)

L 1}
(Landing Gear Rib)
Heat Treated Steel

ws &
(Pylon Rib)

ws 101
(Alleron Rib)

ws 114
(Pylon Rib)

ws 142
(Wing Tip)

ile

TABLE A-11
SUMNARY OF REPRESENTATIVE P-3 AID SSCTION PROPERTIES

4.4

0. 1s0"

t 2,0

TLim

0. 100~y |

3.7

0.10% ~ego—

LI T s 2.20°
4 b
0.13°
o .0"—+f
0.60° -: ‘7‘_.
4 i
o 10°

1.)29

0 6e)

1.9

.55

0.592

1.6

1.504

0.509

12.48

.0

11.88

13.30

14.00




APPENDIX B

CALCULATION OF F-5 MARGINS Of SAFETY AND SURFACE FIT
OF UPPER WING SKIN-THICKNESS DISTRIBUTION

The analysis described below was used to calculate the st face fit of
the upper wing skin-thickness distribution and to calculate the margins of

safety for the critical loadings specified in reference 1. ‘The calculations

and results of this section were used to generate the equal skin-thickness
contour plots of the surface fits in figures 3 and 4. The points used in
this analysis contain only a representative portion of the total number of
panels examined by Northrop.

Table B-I is a summary of the input used in the following calculations.
The first three columns contain the panel number and the nondimensional
chordwise and spanwise locations on the wing surface. The above locations
are ratioed to the root chord and the semispan respectively. In the fourth
column is the Northrop flight condition number identifying the critical
load condition used to size the particular panel. The parameters B and T
are the local panel width and thickness. 1In all cases the length of the

panel wil) be considered along with respect to the width for the calculation

of the buckling stress. The columns FCL and FS give the critical edgewise
stresses on each of tine panels obtained from examination of all the F-5
loading conditions. The negative sign on the values of edgewise stress
represents compression. The last column, TCAP, gives the average total
skin thickness at the adjacent spar locations. This value includes the
wing skin thickness, the spar cap material, and the skin landing material.

The basic strength design and check of the margins of safety of the
F-5A/B wing skin were carried out on the basis of a combined buckling fail-
ure analysis. The wing skin was idealized as a series of individual panels
bounded by the spars and ribi., Each panel is assumed to be a long, flat
rectangular plane of unit>rm thickness with simply supported edges loaded
in shear and compression. Allowable panel buckling stresses have been
determined using center panel thicknesses and panel widths between rivet
lines. The effects of taper in panel width and thickness were approximated
L checking stresses at each end.
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The allowables used and margins of safety were obtained from the
following equations:

Buckling stress - Edde compression

:ﬁx - (gjf (B-1)
where
E = 10.5%10%psi
K= 3.62
Buckling stress - Shear
il;fi - K.:(g)' (B=2)
where

HELE, 578

based on b/a ratio.

The allowables Foy and Fs.,, (the compressive and shear allowable
stresses), are obtained from interpolation in figures B-l and B-2, F.,
versus For/N and Fsoy versus Fscr/N.

The margins of safety are computed from the interaction equation for
a panel subjected to combined edge shear ar.l compressive stress (ref. 1):

a-
Rcl* R. 1,0 (B-3)
where
£
R 1 = -.EL
(] 'max
and
f
R .—L
8 Fger
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The margin of safety becomen

M.S, = = - -1 (B=4)
(’cl *YRa 's)

Tabie B~-II present a summary of the calculation of the allowable
stresses and margins of safety for a number of representative panels on
the upper skin of the P-5 wing. The values of the ztressen and margins
of safety essentially duplicate the values showr. in the Nor:hrop F=-9% wing
analysis (ref. 1).

To obtain direct comparison with the P-5 material distribution, a
least-squares fit of a polynomial function in the spatial coordinates
¢ and 1 was made of the upper skin thickness and of the effective skin
thickness as defined in equation (B-l). The polynomial coefficients from
these functional fits were then used in a detailed analysis of the P-5
by the WADES program. The thickness function used to approximate the
material distribution was of the form

€14 (6N = w (6,MPT (6, + by (B-5)

where the function wp is defined by

e = (4= can o, §0) (-t o, fo-f) oo

For the F-5A/B wing configuration, the following values were used:

R=Rel13.5", se=1515", 6 = 32°, and 6, = -5°

The following analysis two functions rrij were used in order to evaluate
the sensitivity to the number of free coefficients necessary to establisa
a good fit. The two functions were:

a2
FTsa - Ct -~ C‘g - ceg

+ €N+ Cuén
+Ccn? (B=7)
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and

a . 3
PT.. - C‘ - C'( - C.Q C‘OQ

+ €N+ Cen e+ Ctin
' a a
+ C’ﬂ . C,Qﬂ

+ c‘n' (B=8)

The second [unction was also used to compute the surface fit of the effec-
tive skin-thickness distribution.

The least-squares functional fit of the above equations is obtained

by solution of the weighted set of equations which minimize the residual
error:

- Z f z ) Z
2y.£x t1 £‘ w. te £.£; + + ty ‘N‘;

: : (B-9)

T '3 r
Iygy = t I€ £+ € I L0+ L.+ e ThE

Here the svmmation is computed for the number of observations and the f,

are the spacial functions corresponding to the k'th free coefficient of

-1 i-1
fx = "p(l-ﬁ)ﬁj n (B=10)
The function y is computed from the actural F-5 skin-thickness values:
¥E L= B (B=11)

Values of t corresponding to the actual F-5 panel thicknosses were used
for the initial surface fits. For the surface fit of the effective thick-
ness distributicn, values of ¢t = tegs Were used. The system of equa-
tions (B-9) is solved as a linear system bv LDU decomposition.

Table B-III is a summary of the results obtained from the least-squares
surface fit of functions described in equations (B-5) through (B-8). The
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coefficients have Leen computed for a nominal value of Ratn ™ 0.02. The
tabulated parameters T33 and T44 are the computed values of t corre-
sponding to equations (B-7) and (B-8). The column FTE contains the
computed values of tges using equation (B-8) to generate the surface
fit., The column SIG(VM) is the von Mises' stress as computed from

f.) and £, obtained from reference 1.
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B . _dbiil sttt e e R o

| X/C
1 0.290
2 04340
3 0.390
6 Jebe)
5§ Q6490
o J.240
7T (e300
8 Ca360
9 OQ.%l5

10 Ue 2640

11 0.3C0

12 V360

13 0.4l5

lé Je2¢0

15 06300

lo 00300

17 Q.415

18 U.550

19 0. 189

20 0,240

21 C.370

22 Q. 360

23 (C.4l5

26 0Q.195

2% 0.285

26 Je375

2T Qe475

28 0.565

29 00620
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TABLE B-I

PAGE 18
QUALITY

TABLE OF CRITICAL DESIGN PARAMETERS

ETA

Veud
Oeuv
Jeuld
5.00
Ve UV
Jelv
Oel9
velYy
OelYy
Jebb
Qe45
Jeeb
Ve 5
OenY
Je59
Je5Y
Ded9
259
Je 72
Ve 12
Vell
0072
Oo7£
JVebd
Ve 34
Je.od
0005
o.dd

Ceuwd

FLT CON B
123C-5 6.27
IZSC-5 6.49
123C=5 6.52
123C=5 5,75
123C-5 5,51
123C=-5 6.53
123C=5 0460
123C-5 5.77
123C=-5 5.51
LU« “e73
Lue 4.86
l0e el
Ve 4.15
Ve 396
lve @.Vd
lue 3.31
10« Jobe
382 7.50
3ol Jeol9
3ol 3.32
Jol 3.50
Jol 202
Jol 2490
Jol el
3ol 3.71
3ol J.94
Jol Jolé
dol 3.51
3ol J.o8

T

0.208
ve232
Q.65
0.258
J.2838
0.242
V255
Je258
J.288
U185
0.205
vel69
O.182
Je 151
O.165
O.133
Q. 145
vellO
Jel25
0.130
v.l30
Vel35
Jel35
O0.128
Ue 32
Jde 130
Jdel224
Velll
Uell2

FCL

=409l .
-48261 .
-52103,
-548117,
-5669¢.
=461 84,
=-50745,
-55530.
-570137.,
-45263.
-“67°lc
-4787S.
-4 8248,
-35706.
-37005.
-43701.
-“321’.
-1287,
’262750
=3072V.
=34304.
-358960
‘36065.
-154607.
'1663‘.
=1Y9040.
-lé434l,
-le313,
-133062.

FS

1530
-293.
=303,
=-2980.
=-2la4.
1372,
7918,
0%3V.
3l18.
-5643,
“00>&4 .
-76600
-5508.
=-30060.
-4915,
“00lT,.
2545,
07217
0496 .
‘d525o
'VZbQQ
=9Vl
-d995.
13523,
lol2l.
lo7S2.
li)o’.
19947,
l7«2b.

TCAP

Celd57
velds
Je4l9
Ce508
ve538
COQZQ
Co461
J«508
Ce500
Veld9l
veddl
Je325
Je355
Je257
cel73
Ce287
veld2z7
veldC8
J«250
(250
vel50
Jed 52
ve289
vellC
vel270
Cel7C
C.270
Ce270
veldSS
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FCR/E

©1830,
“©8572.
53670,
76525,
1038 4.,
52204,
56740,
75995,
103844,
581l«o6.,
67629.
62431,
731035,
54537,
62165,
6l368.
67533,
81 7e6.
58363,
53278,
52438,
100917,
82379.
63162,
«8117.
41380.
59276,
39395,
35208.
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TABLE B~-II

COMPUTED CRITICAL STRESSES AND MARGINS OF SAFETY

FCk FMAX F3CLR/E FSCR

«13830. ©9545. 06443, 386131.
«4572. 51071. 77151. ©0058.
22936, 53282. 845250. 41030,
639517, 63957, 121552, “w4T24.
69000. 09000, 164945, %6000,
51763, 52490, 82920. ©0750.
551lla. 5511le. 90126, @lolSe.
0379v. 63799. 12v1710. 44657,
69000, 69000« lo494S5. «6000.
SoJdl3. 56013, 92359, “ldy3l,
003804, 6080«. 107422, ©3642.
>04l5. 58415, 99105, “2616.
628506, 62856, 1l6ll7. «4290,
53029. 53750, 80626, “l195.
5d28<. 58262. Yo 743, 42574,
57884, 57884. 97477, 42443,
60764, 6070«. 107269. @3627.,

01700 2“217. L2987, 12937,
J0l52. SolS52. 921703. 1924,
S00Y%8. 56096, 92569, ©l9V8.
>1951. 52617, 83293, ©0795,
09000, 69000, 160290, ©6J00,
05711, 65711, 130836. 45450,
587ole. 5878l. 100327, 42733,
«3l17. 50999, 75«29, 39971.
+138V. 4914, 55728, 385106,
So737. 67317, 9«154., «©2099.
39395, 48782, 02575, 38012,
35208, 47275, 55924, 36866,

Tatad

RCL

Ve826
0.945
0.978
0.857
Ve 822
Ve 880
Oe921
0.870
0.827
O.8v8
Q.736
Oed2V
Velo8
Qe b0«
0.635
Q.75
Q.711
VeJ@o
Vebod
Ve ded
Ve052
Je 5V6
Qe 5«9
Ve269
Qe 365
Ve3vld
Vedr]
Ve l93
O.283

TR N Y

RS

Jedul
0.907
v.0C9
0.007?
VeO@7
Cel93
Cel90
Cel55
C.Co8
0.135
0.153
0.180
O.126
CeC94
JellS
Jel57
0.151
0.687
0.155
0.199
J.227
V.204
O.198
0.316
Ce4V3
Q.436
0.%60
Je525
0.473

MeSe

C.210
C.058
0.023
Cel60
0.213
CeCHO
C.043
vell$
Ce202
0.205
0.3uée
Qelbo
V209
0.477
Ce.5206 ‘
0.272
Qo348
Veou?
Ve943
Ceb34
Ce382
Ce730
Ce632
1.091
Ce599
Ce4l5
Je057
Coeuo
0.575
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TABLE B-III

SUMMARY OF SURFACE PITS

SURFACE FIT OF THICKNESS FUNCTIUN

IFT = 4 JFT = @ WNFT s 10 TMIN = 0,020
l.«2811 lle«lSo -ve52732y 33.8763 =3.Je( 55 =29 .4222 .
-6001035 @e.lUZ8BT7 27.2395 1020670

e e o i i L

SURFACE FIT UF THICKANESS FUNCTION
[FT = 3 JFT = 3 NFT = o TMIN = 0,320
l.36769 e 99152 Teb3aT2 -2.38482 -15.9313 3.tldMe

SURFALE FIT Ut EFFECTIVE SKIN THICKNESS FUNCTIUN

IFT = @ JF1 = @ NFT = 10 TMIN = 0.020
Q0.7)u530 T.2695%3 =-léeuée 39,5250 3. 755328 ©¢3500«
27,4964 ~leel 0 “llell?9i 18.5278

TABLE UF THICKNESS FIT VALUES
x/C ETA xl T T3) Taée SIGLVM) TEFF FTE |

e e R R P R R N PR 1 RN, | | R T
—

1 Ve290 0400U Ve29V 0.2080 Je 2218 0e2V90  09«l. Ve2318 0.2317
2 0,340 0.00) Veda 0e2320 0.,2337 d.2256 @8202. Ue25171 V.2%524 :
3 0.390 04000 Jed9u Je.2650V Je2548 0.2631 52104e Ue2732 0.21745
4 Qedwl UedUU Va4l 0.2580 .2708 0.2033 54098. U.3015 0.3C04
§ 04490 2edUY Uev90 0e2880 Je20866 0.2862 56/36e Ueld334 0,2339
() QOZ“C Oolvu 0033, 002“26 002255 0.2“30 ~o830. 002706 0.2668
7 0300 JelYu Ue3db 02550 Ve2350 0.2591 913599, G.2671 0.2556
€ 06360 VelY0 Je@d7 0e.2500 Je2353 De27'4 9596le Ue3CLl3 0.2171 1
9 0,415 0190 Jewd? 0.2860 0.2299 0.2830 357122« Le338B 03342 1
10 UoZ*U Qe*DU Vene 0.1650 002000 0."98 “5°13. 002C16 00199~
ll Q.BJO 0.~5u VedUJ 0.2050 002012 0.1803 “5253. 002289 O.ZC78
| 12 Ce36U GewS. JeSwi 061690  Ve2064 041750 «B84d7. U.2004& V.207b
| 12 Vo415 Qo35 Qo570 De1820 Cel949 0.1678  «d571. Ue2237 Ve2u30C |
14 04240 0e590 Vo534 0.1500V Ve l6T4 JelS61 3591lwe VelT770 01832
15 0300 0e290 Ue5060 Jelo50 Je 1751 O0e.1l506 37330. UelbT0 VG1901 i
16 Uedbd Jo590 Je594 Uel1330 Vell47 V.l5u7 +92Ube Uel165 0. Lltoé |
17 U.“lS Ve DYV J.027 O.lﬁsc 0.1065 J.l#lﬂ “’,J’o UOLQ?Q Q.lalk
| 18 0e850 0.5vU Je098  0.1100 0,1368 0.1157 9U19« Uel3oe 0.1515 |
L 19 Cal80 Lei20 0.573 0125V Dellol J= 0292 270606e¢ Uel€42 VelS6e |
' 2C 0.2“0 0.780 0.599 Celduu 001307 O.l“ln 3ledo Uolcol O.l’o) ‘

21 0.300 04750 Uebl4« Vel300 01383  0OelaSe 39534, Lelte3d 0.13864

22 Ve300 06720 Veo5U Del350 Je 1400 Jelw32 3o0l38e ULITST 0.1883
] 23 0.@15 720 Jeb1l3 Vel350 u.l372 0.1372 3717Ce UelB88l Ueldel |
26 04195 0808 VebOS vel2d80 V.0771 d.1066 2UBU2. (o1732 G.1378 1
25 Ue285 UsBoU Ueb92 0.1320 J.0886 D.1220 240640. U.1692 0.1628 |
20 0.375 Qo880 V719  0.1300 Je 0927 0.1271 25864 U1655 0411730 .
27 C.e75 088U J.749 vel2e0 0.0901 01222 24CS9. Ce17C5 Q. 1701
28 0.545 V.000 JeT69 0.1130 0.0847 O.llel 264551le UlS7T Uelbus |
29 0620 Je.88V 00’92 Jell29 Je U705 0.102“ 2190l . 0;1617 0.1656
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125




- critical buckling stress in KSI
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APPENDIX C

STIFFNESS FORMULATION OF SUBSONIC
STEADY-STATE WING LOADING

The purpose of this appendix is to explain the derivation of static
equilibrium conditions required for the calculation of the subsonic steady-
state wing loadings on a flexible wing. The derivation of the aerodynamic
principles underlying this appendix are summarized here and are explained
in depth in reference ll. The assumptions common to airfoil theory that
apply include: (1) the flow is potential with negligible effects from
boundary layers, separation, or shocks; (2) the wing thickness is small;

(3) a stagnation point exists at the wing trailing edge; (4) the angle of
attack, a, is small so that tan a ® sin a ® a (radians); and (5) the span-
wise lift distribution due to a given horseshoe vortex is constant over its
span of application. The equations used to describe the steady-state equi-
librium are outlined below.

The lift or circulation distribution, which varies along the span of
a wing, can be visualized as resulting from a system of hcrseshoe vortices,
each of which is of constant strength. Such a system of horseshoe vortices
is illustrated in figures C-1 and C-2. It is obvious from the figures that
the shape of the actual load distribution may be approximated to any degree
of accuracy by a suitable number of horseshoe vortices. The relationship
used to describe the lift of each vortex due to the local angle of attack
at a given spanwise station is

(e} = [y J(o:]8! e

where [Sx] is the aerodynamic-induction or downwash matrix, which contains
the effects of wing planform geometry; q is the free-stream dynamic pres-

sure; fmol is a matrix of two-dimensional section lift-curve slopes; (/|

is a vector of section lifts per unit .span; and {af} is a vector of final

section angles of attack.

The final angle-of-attack variation across the span, {af},:an be
considered to be composed of four parts:

{at} “{a.} + {a ) + {a.} + {ag} (Cc=2)
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Here ‘Grl is the angle of attack of the root-section zero-lift line;

|a,} is the section angle of attack due to twist {ae} and due to deforma-
tion resulting from the presence of external stores or forces on the wing
{ac-} H 'a.} is the angle of attack caused by structural deflection of a
flexible wing due to aerodynamic forces; and {06} is the induced angle of
attack due to aileron or flap deflection, 4.

The deformation perpencicular to the plane of the wing is related to
the section litt per unit span as follows:

(k]{w, + V)™ [Tw]{l| (C=3)

where [K] is the stiffness matrix, {wg} and {'cn} are the structural
deformations due to aerodynamic and concentrated mass loadings respectively,
and ['rw] is the transformation relating the spanwise loading to work
equivalent loadings in the structure. This transformation is detailed
later in this appendix.

The remaining equations describing the steady-state equilibrium con-
dition are derived from the static balance requirements of the vanishing
of the summation of forces normal to the wing and for the vanishing of the
resulting moments in pitch and roll. The forces and moments resulting
from the aircraft body center-of-gravity load, W, the tail load, Pt' and
the externally located concentrated masses, W.,, are included as shown in
figures C-1 and C-2. The effects of roll are included in this derivation
by the addition of a loading proportional to a control-surface deflection,
4, When vehicle symmetry is assumed, all terms associated with this de-
flection vanish. The following symmetry constant is defined:

l, nonsymmetric planforms
ﬁ-
2, symmetric planforms

Summation of forces normal to the wing gives

Bl2n)T{L) = =Py + nW + BnDW_ (c-4)

Summation of moments about the pitch (y-) axis gives

Blamx, 712} = ~Ppxy + nx, + Bn(Mxy )+ Bafame|Tle, o e-s)
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Summation of moments about the roll (x-) axis gives

Jany 4T(8) = nDw oy (c-6)

Here h is the semi-width of a given bound vortex, n is the load tqctor, 1
Xy,Yy define the location of the centroid of application of the section ;
lige, Xom'Yem define the location 2f the concentrated masses, c is the

section average chord length, and 30,6‘ is the rate of change of section-

moment ccefficient with respect to control-surface deflection. When £ = 1,

panel coeffients and masses for both wings must be given. If £ = 2, only

the symmetric panel or mass is used.

The following equations relate the components of equation (C=2) to
their appropriate variables:

ot = (1la, (c=7) |
ot = (72t %k 408 {ot = [%a]Ven! c-8) ‘
o0k = 12t + focnl (c-9) |
g} = {ms}s (c-10)

where ,mbf is the ratio of the local lift-curve slope with respect to
control-surface deflection, to the local lift-curve slope with respect to
angle of attack and [Ta] is the transformation relating the local section :
angle of a.tack due to deformation of the corresponding structural displace- |
ments. Th.s transformation has been derived from a least-squares fit of 1
the structural deformation in the chordwise direction at each section and

is detailed later in this appendix.

By use of the equations of thi3 appendix, the equilibrium conditions, j
including pitch and roll trim, are derived as follows. From equations (C-1),
(c-2), (c-3), (c-8), and (C=9), the structural deformation is expressed in
terms of the root angle of attack, local twist, and control-surface deflec-
tion:

(1x] = [ )[sam (s, 17 (T2 ])i¥s * vemt = [T]BamJ[S:]7 (1oet + fact + fosl)

(C-11)
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or

vy * Yemf * [Tk](‘“tt + {8} + %“6‘)

(7 = ([%] - [ 0sama](e,] 7 ("a)) [P ]l0ema){:] ™

The local section lift may then be written as

(C-12)

() = rQQOJ[S;]-‘DG:t + o} + jos} + [Ta][’k](‘ar! * 1%} * ;%‘)]

(C=13)

From equation (C-6) and the results of (C-13), the control-surface deflec-

tion required for trim in roll becomes:
For a symmetric planform (B = 2), 8 = 0

For a nonsymmetric planform (B = 1),

C4 = nmmym h

cs = 32hyv"rt4qn°][sx]-‘[{l} + ['ra]['rk]ug]
s = | any, {"faamo [, ][ aet +[7a][micTioe ]

= Yy "laam (s, I imet + [xa)lmelimnl] |

~"

(C=14)

The root angle of attack is derived from equations (C-4) and C-5) and the

results of (C-13) and (C-14) as
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where

c11 = 5(32’““,“ - "rm"r)p"'o][';]-‘[“f +[ra] [me 12
- 5({-6( *[%][%]i‘af)] + Bajzne®|Tica,| £

12 = o(1ame, 1 - xydont™)Cuam (o, 1| iy e (1 mg + [0 Jmclimgt Jpecoae
+ Jag}+ ['ra][rk]gatg]- AW(x, = Xp) = NBDW . (X = Xy)
- Bqiznc?{Ticn, | S45 S8 ]
The tail load required for static equilibrium becomes, from (C-4),
P, = nW + gnzw_ - BiantT(L) (C=16)

where a positive Pt would result in a pitch-down moment for a rear-
mounted tail configuration, and the lift distribution, {( /), is obta.ined

by substitution of equations (C-14) and (C-15) into (C-13).

Integration into WADES Program

The abave system of equations has been integrated into the WADES
program tc provide it with a simplified subsonic aerodynamic loads capa-
bility. 1his version is optionally available at load time during program
execution., See the program documentation for usage

A number of the aerodynamic section properties are defaulted to
theoretical vi:lues in the January 1975 version of the program. The inter-
nally defined properties are: (1) the lift-curve slope ?mof = 6,28,

(2) the section-moment coefficient 3Cm6f = 0; (3) no control-surface
moment, imbf = 0; and (4) the aircraft body center of gravity is set
approximately at the aerodynamic center. The loads analysis is restricted
to symmetric configurations because of other program restrictions. To
obtain a reasonable estimate of the shape of the spanwise load distribu-.
tion, the number of horseshoe vortices is internally limited to the number
of degrees of freedom used to describe the normal deformation of the wing
surface.
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Derivation of Transformations ?a and ?'

The transformation ['ra] as used in equation (C-8) defines the rela-
tionship of the structural deformation to the change in local section angle
of attack. Since the WADES program uses assumed modes of deformation that
allow for local chordwise curvature, a relationship was derived to approx-
imate the rigid-body motion of the section airfoil. 1In order to make this
approximation, a least-squares procedure was derived to fit a linear func-
tion to the deformed shape. The following equations outline that approxi-
mation and the calculation of the resulting transformation.

The least-squares fit is obtained by assuming that at the k'th control

point on the wing the structural deformation can be approximated by the
linear function

W (8) = a + at (C=-17)
The least-squares problem then is defined as

Iw(g, ™) = an+ a ¢
(C=-18)
Iwig,M )¢ = a,%¢ + a x4

where n is the number of chordwise points at wkhich the function is summed.

This problem may then be transformed to an integral form by multiplying

both sides by the distance between points and taking the limit as the in-
crement vanishes. Then (C-18) becomes

TE N
f wig, m )de = .zfdg . .afgdg
LE
- ? (c-19)
é wig,n)éde = axfgdg + a.fg’dg
)
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or

it t’(v} "= ax +ax
: 1 a aa
(C=20)
)T
gt.’ (w) = ax, +ax
where the functions ‘:x‘ and {!.} can be defined i- terms of the model
shapes of the displacement function as

AR f'{t, (87 )}t N

(£} = [ {ou (&5} at
o

Since the angle of attack is dcfined as the chordwise slope of the function,
the angle due to structural deformation can be expressed as

P (C=21)

ow. a
- - —K - - - -22
TR R i

where the angle is in radians. By solving for the coefficient a in

2
equation (C-20) the angle due to structural deformation at the k'th control
station becomes

T T
- - x;”" - ,El!t;t _
x xx - x: .

(C=23)

The resulting set of equations using the above approximation evaluated at
each of the control points produces the relationship

(a) = [1,]tw) (C-24)

The transformation [tw] as defined in equation (C-3) relates the
section lift to the work equivalent loads generated by applying the lift
as a concentrated force at its appropriate control point. The work equiv-
alent load in terms of the variation of external work may be written as
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-

;g—/zht 8(x yvj)o (¢,m)wd, an

= 2hi, ¢ ,
J "'1(“’3 '\vj)
and therefore the coefficients of the transformation may be expressed as
™™ = 2he ’
19 wi(‘vj '\rj)

where ¢, ,M, 6 are the nondimensional locaticns of the control points

3
xvj.YVj°
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