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ABSTRACT

A tactical supercritical flow research model was designed
to achieve high aerodynamic efficiency at Mach number 0.90 and 1ift coefficient
0.50 using numerical transonic design procedures. A wind tunnel model was
built and tested in the Rockwell International Trisonic wind tunnel at Mach
numbers of 0.40, 0.85, 0.90, and 0.95. Lift-drag ratio at the design condition
compared favorably with theoretical upper bound levels for the test arrangement
and conditions. Six component force measurements for the joined wing are well
behaved and near linear over an angle-~of-attack range of =-4< a < 10 degrees.
Stable stall is naturally achieved for the arrangement. Weak changes in longi-
tudinal and lateral-directional stability and control with pitch angle exist.
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i NOMENCLATURE

! General Symbols

g a.c. Aerodynamic center

i AR Aspect ratio, bz/Sref

! b Wing span

% 8.P. Buttock plane, inches

! c Surface chord

! T, MAC Mean aerndynamic chord

ﬁ Ca Center of gravity

% ce Center of pressure
cD° | 0 Percent suction drag or drag at CL =0
choo or chtx 100 Percent suction or vortex drag
cbichz Drag due to 1ift factor
Cy Sectional lift coefficient, 2/qc
cLa Lift curve slope, dCL/da. per degree .
cL° Lift coefficient at a = 0 degrees
cMa Pitching moment slope, dCM/dn, per degree
cMa =0 Pitching moment at a = 0 degrees
c"CL =0 Pitching moment at C, = 0
C, Sectional normal force coefficient
Cp Pressure coefficient, CP-P@)G .
Cp* Critical pressure coefficient
ch/ch Static longitudinal stability
100 Trefftz plane spanload efficiency
FP Full potential

F.S. Fuselage station, inches
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1w Wing incidence, negative nose down
L/D Lift to drag ratio, C, /Cp,
M Mach number
M, Local upper surface Mach number
p Static pressure
Dynamic pressure, psf
Q Total velocity
RN, Ry Reynolds number per foot
Rc Reynolds number based on mean aerodynamic chord
S ’ Reference area, ftz
Sa Aft wing reference projected trapezoidal wing area
SF Forward wing reference projected trapezoidal area
t/c Wing thickness ratio
TSD Transonic small disturbance
wp Water plane, inches
WS Wing station, inches ‘
X,Y, 2 Cartesian body axis axial, lateral, vertical

coordinates

Greek Symbols

o Angle-of-attack, degrees

B Angle~of-sideslip, degrees.

A Increment

6 Surface Deflection, perpendicular to hinge
line, degrees

€ Downwash angle, degrees
Fraction of span, 2y/b

A Sweep angle, degrees
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Coefficients

NOMENCLATURE (CONTINUED)

Twist angle, positive nose up

Taper ratio

Yaw angle, (-B), degrees

Chord force coefficient
Drag Coefficient,

Lift coefficient,

Ro11ing moment coefficient,
Pitching moment coefficient,
Normal force coefficient,

Yawing moment coefficient,
Pressure coefficient,

Side force coefficient,

Aft wing panel
Attachment line

Body axes

ix
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Chord Force
q

Dra
ad
Lift
a5

Ro1lin§;Moment
qSo

Pitching Moment
qS

Normal Force
q

Yawing Moment
q3b

P-P,,

———

q .
Side Force
q
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Section I

INTRODUCTION

The joined wing is a general concept which combines two wings, a fuselage
and a vertical fin. The wings form a diamond shape in hoth planform and front
view. A limited amount of low speed design, wind tunnel test and evaluation,
and several structural studies are discussed in reference 1 and in references
cited therein. Joined wing aerodynamic technology offers potential for
improvad induced drag efficiency for transonic flight. An aerodynamic study. of
the application of the joined wing concept to a fighter can be used to explore
this potential and to define the unique characteristics of a joined wing
arrangement. A Mach number of 0.90 1ift coefficient of 0.50 design point
was selected to focus the study and corresponds to a condition between cruise
and high g maneuvers. Contour definitions by numerical transonic design, and
experimental validation by subsonic/transonic wind tunnel test, are required to
validate the highly=nonplanar, strongly-interacting generic joined wing
arrangement.

Configuration aerodynamic development, numerical wing design and experi-
mental test validation are described in the text of the report. Specific
methodoliogy used, viscous drag analysis and model design and construction
details are presented in appendices A, B, and C, respectively.
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Section Il
CONFIGURATION DEFINITION

‘Representative geometric data from current fighters (e.g., body length
to wirg span, body width to wing span, tail volume etc.) were used to define
a reference monoplane and a joined-wing configuration. A common body was used
for both configurations. Standard longitudinal locations of the aerodynamic
surfaces were used for the monoplane.

- The joined wing configuration was selected to have the same span as the
reference monoplane and a projected total (i.e., to the plane of symmetry)
plan aréa of both panels equal to the total wing area plus exposed horizontal
tail arsa of the reference monoplane. The joined wing panel leading edge

‘sweep was nominally selected to be 145 degi , based on transonic perpen-

dicular sectional 1ift coefficients (C, = C, + coszl\c /2) and supersonic wave

drag considerations. Ten degrees of diﬁbdral and 20 degrees of anhedral were
used for the forward and aft wing panels, respectively, to achieve substantial
reductions of vortex drag due to nonplanar effects. The vertical tail size
was a geometric fallout of the 30 degrees included angle of the joined wing.

‘Nominal thickness ratio t/c = 0.05 was selected based on current fighter design

practice. Configuration arrangement of the reference monoplane and the joined
wing are shown on figures 1 and 2, respectively. Note that the dimensions
shown correspond to & 1/10th scale. The wind tunnel model tested was a 1/15%th
scale as described later.

Arrangement considerations for the joined wing included a level of low
speed static longitudinal finstability and lateral-directional stability that
were similar to the reference monoplane and consistent with current tactical
advanced design studies. A comparison of the various linear aerodynamic
characteristics computed by the method of reference 2 are presented on table I.

The pitch damping derivative, CM , is typically twice that of the reference
monoplane. 9
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Section III
JOINED WING DESIGN

Ry

Cﬁ‘ The numerical aerodynamic design methodology used for the present study
by is summarized in appendix A.

R LINEAR INITIALIZATION

ﬂ: Two 1linear nonplanar finite element models were used” for the study.

The analysis model consists of a slender body {not shown), interference shell, e
~ forward and rear wings, and a vertical tail as shown in figure 3. Vortex drag RIS

minimization (referance 3) uses a flat plate fuselage and forward and aft-wings :

as shown in figure 4. The vertical tail is not simulated because it has no

influence on the optimization. In order to maintain solution consistency

batween models, 10 uniform chordwise by 10 uniform spanwise panels were used

for the forward and aft wings.

' AUV S SN

Linear vortex drag optimizations were performed to satisfy necaessary J-'
(far field) design objectives at M = 0.90 and C, = 0.50. The following R
constraints were considered to insure a practical result: R
1, cM = 0 at the design CL

High 1ift stable pitching moment break

2

3. Moderate supersonic longitudinal stability levels
4, Moderate twist
5

Sectional loadings that are consistent with moderate upper
surface supercritical Mach numbers (M2 < 1.3)

Equal joined wing projected panel areas were considered initially (cases 1
through 4 of table II). The impact of longitudinal balance on trimmed span
load efficiency and the relative peak sectional 1ift (cases 1 through 3) are
presented on figures 5 and 6 respectively. As shown, unstable balance fis
indicated which was compatible with low speed stable stall (since the forward
wing panel progressively separates from tip to root and is located ahead of
the center of gravity) and moderate supersonic longitudinal stability.
Attempts to more uniformly balance the loading between the forward and aft
panels (case 4), in the interest of reducing the supersonic upper surface Mach
number on the forward wing, resulted in unacceptable span load efficiency
penalties (figure 5) and excessive twist. Two alternative approaches were

i examined to reduce the loading on the forward panel:
:ﬁ 1. Reduce the sectional design 1lift coefficient (which is uniquely
»J related to the gross T1ift coefficient for a given optimum
solution).

ﬁﬁﬁf; 2. Redistribute wing area to 60 percent on the forward panel and
Ty 40 percent to the aft panel (case 5).

........................................

...............................................
.............
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The results of the latter trade are presented on figure 5 and indicate
penalties on span lcad efficiency relative to the equal area case. The
reduced design C, option was consequently selected. A local upper surface
Mach number of "1.25 on the +torward panel was tentatively selected and
corresponds to a gross design C, = 0.45 for the 20 percent unstable M = 0.90
balance (case 6). Table II p#ﬁsents a summary of the initial optimization
cases considered.

The design C, was subsequently increased to 0.50 to reflect a constant
more positive lower surface candidate pressure than originally assumed (see
figure 7). As indicated, this raevision allows an increase in sectional 1ift
coefficient for a fixed upper surface Mach number. :

A series of linear vortex drag optimizations were subsequently performed
at M = 0.90, C, = 0.50 with a longitudinal instability of 0.20%. Several
design refinements were incorporated subject to maintaining the previously
derived potential drag due-to-lift. They were: smooth variation of spanwise
twist, low root chord incidence, and supercritical type camber on the Forward
surfaca., The resulting linear design is presented on figure 8. The impact of
the previously cited constraints on span load efficiency was negligible.

LINEAR INDUCTION EFFECTS AND EFFECTIVE TWIST

The method used to account for the wing-wing interaction in the Transonic
Small Disturbance (TSD) analysis is an immersion or apparent twist philosophy.
The upwash/downwash distribution of the aft wing on the front and the front
wing on tle aft are calculated with linear theory and then applied as twist
increments to the geometry used in the TSD code.

The induclion effects are calculated for the candidate 1inear design case
using a mixed boundary condition analysis (reference 3). The process imposes a
c 4

Pne
defined, and maintains the design Cp

t = 0 constraint on the surface where the downwash effects are to he

net's N the other surface(s). The induc-

tion effects of the aft wing on the front wing are negligible. The effects of
the front on the rear wing are given on figure 9. Induced camber is negligible
for either panel.

DESIGN PRESSURE DISTRIBUTION

Evaluation of M = 0.90 candidate sectional supercritical pressure distri-
bution for the forward and aft wing panels was performed for the nominal model
test Reynolds number. The design sectional 1ift coefficients were 0.60 and
0.33 for the forward and aft panels respectively, for a design gross 1ift
coefficient of 0.50. These pressure distributions correspond to midspan values
resulting from minimization of the trimmed vortex drag for the full three
dimensional arrangement. Flat top upper surface distributicns with a linear
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recompression beginning at 60 percent chord were initially considered. Local
Mach numbers of 1.19 for the swept aft wing and 1.07 for the swept forward
panel resulted for the sectional C, of interest considering representative
lower surface pressure distribution™levels. The resulting candidate design
pressure distributions are presented on figures 10 and 1l1. Local sonic ard
leading edge attachment line “'e"QAL = Q, s*inALE) conditions are indicated.

An integral laminar/turbulent yawed wing boundary layer analysis
(reference 4) was performed for a joined wing mean aerodynamic chord Reynolds
number of 4.1 x 10° which corresponds to a minimum dynamic pressure tunnel
operating condition to reduce model stress levels. Transition was enforced at
approximately 3.5 percent cherd. The results of figure 12 indicate the flow
remains fully attached for the forward surface with separation occurring down-
stream of 95 percent chord cn the upper surface of the aft wing. Although the
latter panel is more 1ightly loaded, its higher trailing edge sweep offsets the
reduction in adverse pressure gradient.

The rasults of the viscous analysis indicate the candidate design pressure
distributions of figures 10 and 11 satisfy the sufficient condition of good
tiow quality considering real fluid effects. The potential far field optimi-
zation results of figure 3 satisfy the necessary design conditions. Taken
together, both necessary and sufficient considerations are met and provide
satisfactory initialization of the three dimensional transonic design. The
boundary layer displacement thickness growth for the upper and lower surface of
f1?urs 12 indicate a candidate airfoil should have a nominal trailing edge
thickness of 1.5 percent chord to permit undercutting of the design contour to
minimize weak viscous interaction effects on the transonic potential design.

CANDIDATE SUPERCRITICAL AIRFOILS .

The ncwinal airfo’l design conditions for M = 0,90 cL = 0.50 trimmed
condition with a 20 percent longitudinal unstable balance “and a thickness
ratio of 5 percent are summarized on table III. The candidate streamwise air-
foil sections for the forward and aft swept wings are presented in figures 13
and 14 respectively. These contours in conjunction with the effective twist
distributions of figures 8 and 9 are used to initialize the three dimensional
potential transonic small disturbance design of the aft swept wing-body and
forward swept wing vertical tail fairing described in the next section.

TRANSONIC SMALL DISTURBANCE DESIGN
FORWARD WING

The transonic small disturbance (TSD) model for the front wing-body
combination §s shown on figure 15. Figure 15a shows the wing planform and the
prism used to satisfy the body boundary conditions. Figure 15b shows the
fuselage modeling. The forward wing was inftially modeled with the candidate
airfoil of figure 13 across the entire span in conjunction with the lesser
:gtinum Gtwist of figure 8. The resulting analysis (reference 5) is shown on

{gure 16.

ST
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To reduce the aft loading of the inboard airfoils the camber was progressively
_decreased. The inboard span stations have a relatively strong shock at 90
percent chord which required further design work to weaken. The mid-span
region developed the desired flat top pressure distribution although terminal
upper surface adverse pressure gradients exceed the candidate distribution and
required mcderation. The outboard region meets the design goal and required
no additional refinements.

Further design effort attempted to eliminate the inboard trailing edge
:ghock. The target upper surface pressure coefficient was specified aft of
‘20 percent chord at each of the inboard TSD defining stations. The resulting
.airfoils were unreaiistic. Subsequent eftort was directed at more modest root
shock weakening movement of the shock towards the trailing edge. A candidate
5 percent airfoil was derived from inverse analysis (reference 6) in conjunc-
tion with twist adjustments to approximate the linear optimum sectional normal
force distribution. Comparison of the results indicate:

. 1. The strength of the inboard shock and adverse pressure
gradient has been moderately reduced.

et e et s
PGl TS 2 e L)

¢. The inboard change of airfoil caused a degradation of the
flow quality in the midspan region of the wing.

s 2 v

3. The outboard section of the wing was unchanged.

Al e

The impact on the center section was not considered serious since subsequent
design effort was to be directed at reducing the trailing edge recompression
problems in this region.

PR
il ol

The midspan refinement effort concentrated on the area from 47 to 61 percent
of the span. An inverse design was performed for the target upper surface
- pressure distribution defined from approximately 1 percent chord to the trail-
: ing edge. This solution defined an airfoil that exhibited improved center
section flow quality. At this point in the design, the model stress analysis
jndicated the wing tip area required an increase in thickness from 5 to 7
percent with a linear variation to 5 percent at the midspan. Subsequent analysis
of this modification indicated only a minor impact.

o
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A three dimensional finite difference boundary layer analysis (reference 7)
was perfq;med at the tunnel test wmean aerodynamic chord Reynolds number of
4.1 x 10" to verify fully attached flow would be achieved except inboard
near the trailing edge on the upper surface. The airfoils resulting from the
potential design were undercut by this boundary layer displacement thickness
to minimize weak viscous interaction effects. The resulting trailing edge
in the outboard region had insufficient structural thickness. The lower sur-
face was subsequently modified for x/c > 80 percent. The increased trailing
edge thickness had the additional benefit of reducing the adverse pressure
gradients on the lower surface. The rinal forward wing transonic design
geometry is shown on figure 17. The design flow quality is presented on
figure 18. Figures 19 and 20 show the boundary layer displacement thickness
and undercut airfoils, respectively,
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AFT WING

The aft wing was initially modeled as a trapezoidal planform with the
candidate airfoil of figure 14 across the entire span. The initial twist is
given in figure 9. As a result of not achieving the desired flow quality when
matching the linear theory optimum span load shape, several modifications were
made to the camber, twist and planform. The camber was decreased at the root
and the tip to increase the forward loading of the lower surface. The twist
was also adjusted to give the desired sectional 1ift distribution across the
span. The revised planform incorporates an inboard glove to reduce the
strength of the flow singularity at the root, and a central body fairing of
circular cross section was added due to model structural wing-tail attachment
considerations, figures 2la and 21b. The status airfoil at n = 0.04 (the side
of the fairing) is presented in figure 21c. The section varies linearly to the
airfoil at n = 0.25. The airfoil of figure 21d is used from n = 0.25 to
0.80. The airfoil then varies linearly to that of figure 2le at the tip.
Status geometric twist is compared with the linear optimum on figure 21f.
Transonic small disturbance (reference 5) span loading and upper and lower
surface pressure distribution isometrics are given on figures 21g and 21h
respectively. Figures 21i through 21k show sectional pressure distributions
at three representative span stations. The inboard span stations stil)
indicated a shock while the midspan region develops the desired flat top
pressure distribution with a mild leading edge peak.

Further design effort was directed at eliminating the root shock,
reducing the leading edge peak pressure in the center section, and increasing
the upper surface leading edge pressure at the tip. A transonic small distur-
bance inverse (reference 6) analysis was employed to determine changes to the
airfoil geometry to eliminate the root shock and used to reduce the upper
surface pressure peak at‘®the leading edge of the wing center section. Tip
airfoil redesign was directed at increasing the loading in the leading edge
region. Since further increase in twist was undesirable based on tip fairing/
attachment considerations, effort concentrated on decambering the airfoil
section while maintaining the linear optimum sectional normal force
coefficient distribution.

A three dimensional finite difference boundary layer analysis
(reference 7) wassthen performed at a test mean aerodynamic chord Reynolds
number of 4.1 x 10" to verify fully attached flow was essentially achieved and
define associated boundary layer displacement thickness distribution for the
upper and lower surfaces. Separation occurs nominally in the last 5 percent on
the upper surface and is fully attached on the lower surface. The inviscid
design airfoils are corrected for weak viscous interaction effects by under-
cutting the coordinates by the displacement thickness.

A 7 percent thick tip section was subsequently investigated due to model
pressure instrumentaticn/structural considerations. The design flow quality
was not significantly affected. The final design geometry incorporating a
7 percent thick tip section linearly decreasing to a base 5 percent airfoil
at 50 percent semispan is summarized in figure 22 and 23. Figure 24 presents
the final design loading and flow quality. Figures 25 and 26 present the aft
wing boundary layer displacement thickness and undercut airfoils
respectively.
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;: THEORETICAL DESIGN PERFORMANCE

l A theoretical figure of merit for the joined wing will now be defined.
Specifically, it is the highest (or ultimate) L/D that would be expected at the

j design condition. The evaluation includes fully turbulent skin friction,

profilc and potential wake losses but does not account for viscous component
interference or separation drag. As such the performances is upper bound in
nature., Skin friction drag is evaluated (reference 2) for a flat plate condi-
tion in conjunction with a component build up approach. The result (figure 27) K
is corrected to account for the design pressure distribution and sweep using WL e
g the profile drag method described in appendix B. Induced drag is calculated e
35 using trimmed potential theory lifting efficiency. The drag is then the sum

of skin friction (ch). profile drag (ch) and the induced (cDi) drag.

" The constituent drag pieces and the trimmed upper bound L/D at the design
T 1ift coefficient are summarized in figure 28.

TRANSONIC REDESIGN

i The results of the first wind tunnel test are presented in reference 8,
e appendices C, D, and E. Pertinent design results are shown in figure 29. Lift
u gurve slﬁge and longitudinal stability were as expected while the intercepts
:ﬁ Lo and Mo were not matched by linear analysis for the design twist and
ﬁl as built camber. As a consequence self-trim was not achieved.

5 Examination of the wind tunnel pressure data revealed the forward wing was

more heavily loaded and the aft wing more lightly loaded than intended. This
resulted in the forward wing devaloping a swept shock (figure 30) at the design

C,. The front wing center section was intended to operate at lower angle-of-
- aftack and the rear wing airfoils at higher angle-of-attack due to the elastic
twist increments (figure 31). When structurally bench tested, (see appendix
c) dt%he model was not nearly as flexible as a beam structural analysis had
predicted.

- .

Calculations were subsequently performed for the as built (i.e., jig)
twist. The linear spanlcading (figure 32) showed this was indeed the cause el
of the loading anomalies observed. The jig twist was then analyzed using "o
transonic small distribution theory at the wind tunnel angle-of-attack for oo
the design 1ift coefficient. This result (figure 33) produced the anomalous e
results that no shocks would be anticipated for either the design or jig twist
on the forward wing. Conservative full potential analysis (reference 9) was
subsequently performed.

These results (figure 34) indicate an essentially shockless condition on Lo
the forward wing with the design twist and angle-of-attack and a shocked flow LT
for the jig twist and test anglie-of-attack for C, = 0.50. A comparison of the
forward wing numerical shock capturing differehces between transonic small
disturbances and full potential theory at the design C, = 0.50 for the as
built twist are summarized on figure 35. The latter analbsis was consequently
used for redesign effort. The aft wing flow (figures 36 and 37) was adequately =
predicted by TSD and verified to be shockless at the design cendition. R
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Differences between design and jig twist for the aft wing are offset by
the increased angle-of-attack required to achieve C, = 0.50. The opposite is
true for the forward wing. This consideration in cohjunction with substantially
higher design loading accounts for its elastic sensitivity.

"~ Since the twist of the high strength steel wings could not be readily

. changed, the. use of negative wing incidence to reduce the forward panel load-

ing was examined as an alternative. Linear theory indicated a 1 degree nose

down incidence on the forward wing and a 0.25 degree nose up change on the aft

wing would approximate the design span load shape. The resources available
did not permit incorporation of the aft wing modification. The 1inear span load

- for a ~1 degree change on the forward wing is presented on- figure 38. The
predicted longitudinal results are presented on figure 39. The self trim condi-

-~ -tion at tho'design~cL is essentially realized. Full potential analysis of the

. modified design  is “presented on figure 40 and indicates an essentially
- shockless flow.

: Tha results of the sacond wind tunnel test are presented in appendices G,
H, and I of reference 8. Pertinent design results are shown in figure 41.
Lift curve slope and 1ongttudina1 étabi11ty were unchanged from previous
results. The intercepts, “L_ and “M., again were not matched by linear
analysis for the jig twist, wfhg incidefce change, and as built cambers. The
design 1s considerably closer to achieving self trim. As before, a swept shock
exists on the forward wing but appears to be weaker for the center section due
to the forward wing stil) being more heavily loaded than desired. A detailed
‘discussion of the second test entry surface pressure measurements and
- associated oil flow data is presented in section VI. Further flow quality
o prograss (i.e., shock weakening) requires achieving the design twist on both
the forward and aft panels to realize the intended loading distribution between

A the two gurfaces.

)

h The arft wing flow quality is good and consequently does not require
further attention. This 1s due in part to the panel being more lightly

loaded for the design condition.
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Section 1V
REFERENCE MONOPLANE DESIGN

The reference monoplane of section II was derived from representative
geometric data of current fighter aircraft. The resulting arrangement is shown
on figure 1. Representative geometric properties included: body length and
width to wing span, and horizontal and vertical tail volumes.

LINEAR INITIALIZATION

Necessary monoplane 1ifting conditions were satisfied by optimizing the
far field vortax drag at M = 0.90 and €, = 0.50. The drag minimization model
uses a flat plate fuseiage, wing and thizonta] tail components. A vertical
tail was not simulated since it has no infiuence. The arrangement was paneled
in a similar manner as the joined wing with 10 uniform chordwise and spanwise
finite elements for the wing (see figure 42).

The following constraints were imposed to insure a practical result:
1. CM = 0 at the design CL

2. Section loadings consistent with moderate upper surface
supercritical Mach numbers ("z < 1.30)

3. No fuselage twist or camber
4. Horizontal tail deflection only (that is, no twist or camber)

The effect of longitudinal balance, on constrained span load efficiency
is presented on figure 43. A 20 percent unstable balance was subsequently
selected. The saction loadings for this case are presented on figure 44,

DESIGN PRESSURE DISTRIBUTION

Evaluation of the design sectional supercritical pressure distributign
(figure 45) was performed for the mean chord test Reynolds number of 7.3 x 10°.
The reference monoplane operates at a higher Reynolds number due to a longer
chord than the joined wing. The sectional 1ift coefficient for the wing at the
design point is 0.55. This pressure distribution corresponds to a near midspan
value resulting from the minimization of trimmed vortex drag and is comparable
in magnitude and shape to the distribution on the forward panel of the joined
wing. A local upper surface Mach number of 1.16 resulted.

10
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o A laminar/turbulent yawed wing boundary layer analysis (reference 4) was
g initially performed for the same unit Reynolds number and a wing mean sweep of
33.6 degrees corresponding to the same leading edge swaep as the joined wing.
A revised reference monoplane having the same mean sweep was subsequently
analyzed in order to achieve similar transonic perpendicular sectional 1ift

coafficients (cz =Cy ¥ cos? A /2) and comparable supersonic wave drag which

is a function o+ the maximum thickness 1ine which is approximately equal to
the: mean sweep line. Transition was enforced at approximately 3.5 percent

-chord. for both cases. The analysis indicated fully attached flow would be

-expected  for the design pressure distribution of figure 45 for either
gla]mfom. Profile drag results using the analysis of appendix 8 are summarized
‘ ow‘

o Me Aesa
~ Planform (deg) (deg) Rea' CDF ch

Initial 45 33.6 7.3x 1% §.01098 0.01170
- ] Revised §3.2 45 73x 105  (.01008 0.01288
:
i
|
|
|
|
|
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|
»‘. : 11
AN T T

o et Mt e . LRI A R Y v s
B e N LT NG NE N R /R R SN AR N T IS S S T T



NA-84-1434

Section V
JOINED WING/REFERENCE MONOPLANE.COMPARISON

Theoretical induced drag and fully turbulent profile drag were calculated
at M = 0.90 and C, = 0.50 for the two configurations for the same wind tunnel
test unit RaynoIdk number. The results are summarized in figure 46a. The
Joined wing has an 11 percent induced drag advantage compared to the monoplane
of the same span due to the nonplanar nature of the arrangement. Viscous
comparison indicate the joined wing has 15 percent higher viscous drag than the
monoplane as a resuit of 12 percent higher surface area for the same plan area
and a 42 percent lower mean chord Reynolds number. Ultimate L/D's at the design
C, = 0,50 for the joined wing and reference monoplane are 12.97 and 13.24,
rbspective1y. These levels neglect viscous component interference, separation
drag, etc., and consequently are upper bound in nature.

K similar calculation was performed for full scale conditions as a function
of flight altitude. The results are presented on figure 46b and indicate the
Joined wing and reference monoplane have essentially equal upper-bound aerodynamic
efficiency between sea level and 50,000 feet altitude. Fixed altitude compari-

M sons correspond to constant normal load factor in order to maintain C, = 0.50.*
R Constant Reynolds number comparison corresponds to variable load fac%br due to
the change in altitude required to operate at the design 1ift coefficient.

"B The previous results do not weigh more extensive passive laminar flow
extents for the joined wing relative to the monoplane that may result from
operating at lower chord Reynolds number.

o #Wing area variations were not considered in the construction of the results of
i figure 46b.
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ER Section VI
‘ JOINED WING COMPARISON WITH THEORY

FORCE_DATA

The chord plane finite element models of figures 3 and 4 were used to
gr:digt 1the longitudinal and lateral-directional characteristics of the
oined wing.

LONGITUDINAL

Measured 1ift and pitching moment are slightly nonlinear in the angle-of-
attack range -4 < a +10 degrees. The stall is stable because the outboard sec-
tion of the forward wing stalls first and {is forward of the moment reference
point. These characteristics, and the effect of the forward wing incidence
change have besn presented earlier in f‘lguEes 29 and 39. The measured
longtudinal derivatives of 1ift curve slope, L., and pitching moment siope,
dC,/dC,, are expected to agree most closely with results of linear theory
ca cuﬁtions at angle-of-attack and sideslip near ¢ = 0 and B = 0 degrees.
These measured derivatives and 1ift and pitching moment at zero angle of
attack are compared on table IV with linear theory calculations. Measured
1ift curve slopes exceed linear theory ca1cu1a§10n by 3 to 9 percent. Measured
11ft coefficients at zero angle of attack, “L_, are 40 to 60 percent lower
than predicted by linear analysis using as-Built cambers. The neglect of
boundary layer displacement thickness decambering effects for supercritical
type pressure distributions is believed to be responsible for this discrep-
ancy. The intent was to select the moment réference point so that the joined
wing model is 20 percent unstable at M = 0.90. The dC,/dC, comparison of
table IV shows that the moment reference point should "havé" been selected
é percent T further forward. Measured pitching moment at zero angle-of-attack,
5 M_, was within 0.008 of 1inear theory prediction.’ The boundary-layer induced
o 11%t loss 1s in the same direction on both wings, with the pitching moment
contributions being of opposite «ign on the two wings.

g LATERAL-DIRECTIONAL

;-‘, Comparisons between linear theory calcylation and measurement are shown
N in figure 47 for a forward wing incidence, We, of ~0.27 degree (first test,
y TWT-438) and on figure 48 for 'w. = -1.27 degrees (second test, TWT-487).

Yawing moment and side force derivatives cn and cy show weak variations with
angle-of-attack and sideslip in the ranges -4 (¢ a { + 8 and =10 < B { + 10

degrees. Rolling moment derivative cz shows a variation withcang1e og attack
characteristic of a sweptback wing. ‘lﬂe measured derivatives “n, and "y, were
within 210 percent of the linear theory calculation as showna in tafle V.

The predicted derivative C“,’B at o = 0 degrees was satisfactory.
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LONGITUDINAL CONTROL

The 1ift and pitching moment effectiveness of 20 percent chord trailing
edge flaps showed relatively weak variations with angle of attack in the range
=4 degrees { a { +8 degrees and are lower than the linear theory calculation as
shown on figures 49 and 50, on tables VI and VII and in reference 8. Measured
increments were generally in the range of 60 to 90 percent of iinear theory
predictions. The difference between calculation and measurement is attributed
to viscous and nonlinear compressibility effects.

LATERAL CONTROL

The rolling moment effectiveness' of various combinations of 20 percent
chord trailing edge flaps showed weak variations with angle of attack in the
range -4 ( a { +8 degrees and were substantially lower than the 1linear
theory calculatien as shown on figures 51, on table VIII and in reference 8.
Measured increments werz 41 to 62 percent of the linear theory rolling
moment increments.

DIRECT SIDE FORCE

The maximum side force flap configuration is with the trailing edges of
all three flaps deflected toward each other on one side of the joined wing
and away from each other on the other side, i.e., with:




=
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NA-84-1434
-ﬁﬁj For 6F = 6A = +10 degrees and 6F = GAL = =10 degrees, .compariscns
Ear ca'Bcu'iation and measur-emeﬁt are (M = 0.90, o = 0 degrees):

qﬂl betwean 1in

7{ ' Linear Theory Measurement

" A0, 0.0 -0.026
acy 0.0 -0.016
aty +0.0306 +0.018
AC +0.0059 +0.0055

n

AaC +0.0043 +0.00385

2

As with other flap deflections, the measured increments are less than
calculated by linear theory. Since it is of interest to consider flap deflec-
tions to reduce the yawing and rolling moments to zero while maintaing a side
force increment, the linear theory results are given in equation form as:

C, = +0.0053456 +0.005798 +0.0053455 +0.005798
L FL AL FR AR
C,, = +0.010606 -0.0084356, * +0.010606 =0.0084356
M FL AL Fr Ap
Ly = +0.000736FL -O.GOOBOGAL -0.000736FR +0.000806AR
C, = +0.0006356F +0.000346 4 ‘0.0006356F =0.000345
L L R R
Cp = +0.001006,  +0.0007856,  =0.001006¢ -0.0007856A
- L L R R

£

By inspection it can be seen that the flap deflections

6. _ -6, _ -0.5535, _ +0.5538
L™ fr*= A= AR

give zero yawing moment, and:

F

+6 _ =6 . -0.7876, . +0.7878

give zerc rolling moment.

Both of these combinations give positive cideforce. The flap deflections
on the aft wing are greater than on the forward wing to produce direct sideforce
with either zero yawing moment or zero rolling moment.
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SUMMARY

Chord plane linear theory comparisons reported here have successes and
deficiencies that are similar to monoplane correlation experience. That is,
slopes are satisfactorly predicted and intercepts and control effectiveness
are marginal.

SURFACE_PRESSURE DATA

Pressure data from{the first wind tunnel test with the forward wing at
nominal zero incidence ( 'w. = -0.27 degrees) have been discusseéd for the design
condition M = 0.90 and Eift coefficient 0.50 in the section on transonic
redesign. The shock on the upper surface of the forward wing was predicted
by the full potential analysis, but was not captured by the transonic
small disturbance. analysis. wifh a one degree nose down change in the
incidence of the forward wing to 'wo = -1.27 degrees, the full potential pre-
diction indicated the shock would bg eliminated on the forward wing. Surface
pressures measured on the forward wing during the second wind tunnel test with
this one degree incidence change are compared on figure 52 with calculations.
Figure 52a shows that the measured inboard shock was further aft than calcu-
lated. Figure 52b indicates that the midspan shock was weakened but not
eliminated by the incidence change. Figure 52c shows reasonable agreement
between calculation and measurement at the outboard station with a suggestion
of trailing edge separation. The measured lower surface pressures were
slightly more positive than calculated at all three spanwise stations.
0i1 flow photographs, figure 53, corroborated the upper surface shock positions
at the inboard and midspan stations.

Surface pressures measured on the aft wing are compared on figure 54 with
pressures calculated using transonic small disturbance analysis with effective
twists considering downwash from the forward wing. The measured pressure data
at the inboard station, figure 54a, from the second wind tunnel test are
suspect for reasons which will be subsequently stated. - Also shown at the
inboarc station are pressure data from the first wind tunnel test at the same
total 1ift coefficient. To produce a 1lift coefficient of 0.5, the angle-of-
attack was 6.0 degrees during the first wind tunnel test and 6.5 degrees during
the second. The measured pitching moment was more negative during the second
w.nd tunnel test so that at the same 1ift coefficient, the aft wing should
carry more lift and the forward wing less 1ift. The measured pressures at the
inboard station on the aft wing show substantially less 1ift load being carried
during the second test and, for this reason, are questionable.

Measured pressure data from the second wind tunnel test are compared with
TSO calculation at the midspan and outboard statiuns on figures 54b and 54c at
an angle-of-attack of 6.5 degrees. The mid-span of the aft wing is carrying
less 1ift than calculated, while the outboard station is carrying about the
same 1ift as predicted. Measurement and calculation are in reasonable agree-
ment for the more 1lightly loaded slightly supercritical aft wing. Both
pressure measurements and oil flow cbservations indicated an absence of shocks
on the aft wing at the design condition.

Complete sets of tabuiated and plotted pressure data are available in
reference 8.
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Section VII
CONCLUSIONS

The joined wing supercritical design achieved 88 percent of the fully
turbulent theoretical upper bound L/D of 12.97 which neglects compo-
nent viscous interference and separation.

Weak drag divergence was achieved at the design condition. A swept
shock exists on the forward wing upper surface as a result of not
achieving the anticipated twist change due to model elasticity. The
impact of this effect is estimated to be 0.5 in L/D and was deduced
from the measurements between M = 0.85 and 0.90. Elimination of this
degfement results in achievement of 92 percent of the ultimate 1ift/drag
ratio. :

Theoretical turbulent upper bound aerodynamic efficiency for the reference
monoplane and joined wing are essentially the same for the same mean
sweep, The vortex drag advantage of the nonplanar joined wing of the same
span is offset by viscous penalties resulting from higher surface area for
the same plan area and lower chord Reynolds number,

Joined wing longitudinal trim is impacted by elastic effects on CMO
resulting from differential twist between the front and aft surfaces.
Out of balance pitching moment will be typlcally reduced at high dynamic
pressure for unstable balances.

Six component force measurements for the joined wing are well behaved and
near linear over an angle-of-attack range of -4< o < 10 degrees. Stable
stall is naturally achieved for the arrangement. Weak changes in longi-
tu?12a1 and lateral-directional stability and control with pitch angle
exist.

Chord plane linear theory comparisons have successes and deficiences
that are similar to monoplane correlation experience. That is, slopes
are satisfactorily predicted and intercepts and control surface
effectiveness are marginal.

Approximate and simplified theoretical structural analyses underestimated
the stiffness of the joined wing wind tunnel model.
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’B Rockwell international ' NA-84-1434

TABLE III JOINED WING AIRFOIL
DESIGN CONDITIONS

- 0'90
= 0.50
0.20 '

i’ Bla & F
L]

= 0.05

FORWARD PANEL. AFT PANEL

“ Co = 0.60 ;-_.- 0.33
b Acg, = 41° Kty = 480
My = 0.68 My = 0.602
Cig = 1.5 ‘ Gy, = 0.74

ch 0.66 L - 0.747
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Table IV
LONGITUDINAL CHARACTERISTICS
a=0°g=20°
( C
L L dc,,/dC
§ Linear ¢ Linear* © Lineapl L

WE M Theory Meas, Theory Meas. Theory Meas.
-0.27 0.90 0.0687 0.071 0.1200 0.0736 0.200 0.243
-1.27 0.90 0.0687 0.075 0.0991 0.0445 0.200 0.236
-1.27 0.40 019587 0.061 0.1080 0.0563 0.140 0.164
*As-built cambar and twist |

Table V
LATERAL DIRECTIONAL STABILITY
a =0 -5° { B +5°

C

Y C
i Linear B Linear np

L M Theory Meas. Theory v Meas.

-0.27 0.90 0.01195 0.012 0.0032 0.0028
-1.27 0.90 0.01195 0.013 0.0032 0.0028
0.40 0.0117 0.0116 0.0028 0.0030

NA-84-1434

c

M
Linear* ©
Theory Meas.
+0,0030 =-0.0041
-0.0635 =-G.0569

=0.0510 =-0.0439

(

2
Linear P
Theory Meas.
-0.00053 -0.00092
-0.00053 -0.00055

-0.00053 -0.00052




Table VI

LIFTING FLAP EFFECTIVENESS

M=0.,90, a = 0 degrees

NA-84-1434

Flap . ¢
| Com;}:gtion ?gzéggzlgn* W %Aggi; Measutgment
4+5 +10 -1.27 0.00760 0.0047
4+5 +10 -0.27 0.00760 0.0058
4+5 -10 -0.27  0.00760 0.0044
1+2+4+5 +10 -0.27 0.01721 0.0144
i; 1+2 410 -0.27  0.00961 0.0087
3 Table VII
é&" PITCHING MOMENT EFFECTIVENESS
fsi M= 0.90, o = 0 degrees
x Flap Defslzzion* ’ Linear Cn
& Combination (degrees) ¥E Theory Measurement
o 445 +10 -1.27  0.01264 0.00780
. 4+5 +10 -0.27 0.01264 0.00801
» 445 -10 -0.27  0.01264 0.01070
’53 1424445 +10 -0.27 0. 00565 0.00220
?33 1+2 +10 -0.27 0.01829 0.01290

*Perpendicular to hinge line




NA-84-1434

Table VIII
X ROLLING MOMENT EFFECTIVENESS

M= 0.90, o = 0 degrees

Flap T
Flap* Deflection** j Linear 2
Combination (degrees) Wg Theory Measurgment
3R +10 -0.27 -0.000310 =0.000127
éR +10 -0.27 =0.000470 =0.000218

3R + 6R +10 -0.27 -0.000780 ~0.000345

3L + 6L +10 ~1.27 +0.001560 +0.000728
3R + 6R ~-10

2L + 6L +10 -1.27 +0.00181 +0.001112
2R + 6R -10

*R - Right side, L - Left side
*% pgrpendicular to hinge line
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Figure 8. Candidate Linear Optimum at M = 0,90, €, = 0.50
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Figure 10. Forward Joined Wing Design Pressure Distribution at M = 0,90
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Figure 14. Aft Joined Wing Candidate Streamwise Airfoil
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Figure 15, Tranconic Forward Wing-body Prism Model
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b) Surface Pressure Isometric
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Figure 17. Final Forward Wing Transonic Design Geometry
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Figure 19. Final Forward Wing Transonic Boundary Layer Displacement Thickness
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Comparison, Forward Wing, M = 0.90
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b) FORWARD WING INBOARD

Figure 53. Upper Surface 071 Flow Photographs M = 0.90, Rec =4.1x 107,
CL = (.507, iw = =1,27 degrees
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Appendix A
AEROCYNAMIC METHOROLOGY

LINEAR DESIGN AND ANALYSIS

The initial design and analysis tool used is the unified distributed
panel method (reference 2). The lincarized small disturbance equation

2 =

is numerically soived for arbitrary configurations by a superposition of
chord plane and body singularities in conjunction with an interference sheli
to account for surface-body inductions. Surface 1lifting effects are
represented by constant-pressure panels. Surface thickness effects are
represented by chordwise 1lineariy varying source panels. The analysis is
applicable to multiple-surface nonplanar configurations at subsonic or
supersonic speeds. Lorgitudinal and Tateral-directional forces and rotary
derivative characterisrics are evaluated.

Inverse lifting sclutions are obtained by specifying the net Toads at
the pancl centroids and determining the boundary conditions by matrix multi-
plication. Problems where boundary conditions are given in one region and
net ‘loads are prescribed in the remainder can also he treated. Wing-on~wing
inductions in the presence of the body are established by this analysis for
subsequent use in the transonic codes to approximately account for surface
inte¥aﬁtions (by use of an effective twist and camber philosophy) not directly
mogeled.

Linear analysis is also used in conjunction with structural inTluence
coxfficients tec estimate static aeroelastic deflections of the model wing
panels,

In the design mode, 1ifting surface theory is used to minimize (reference
3) the far-field (i.e., Trefftz plane) vortux drag and define the optimum
surface span lcads and candidate twist distributions.

SUPERSGONIC PRESSURE DRAG

The tecinique used to evaluate wave drag is the cupersonic area rule.
“The spatial singularities which are a solution to tha linearized equation of
motion are reduced to a series of equivalent linear distributions by applica-
tion of the crtting plane concept. The 3-D distribution is surveyed longi-
tudinally at fixed rull angles by an obligque plane. The drag is then evaluated
with slender boady theary.
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where S is the oblique projected cross-sectional area cut by the system of
Mach planes.

TRANSOKIC DESIGN AND ANALYSIS

The methods used to derive supercritical forward and aft wing contours
in the presence of each other and the body are described in the following
paragraphs. Experience with transonic methods dndicates that the initial
supercritical contours be defined with the transonic small disturbance formula-
tion because of its design capability. The result is subsequently evaluated
and refined using a full-potential analysis.

TRANSONIC SMALL DISTURBANCE THEORY

TSD theories are extensions of the classical small disturbance formula-
tion. The modifications invoive the retention of higher order terms, princi-
pally to capture swept shocks. The governing equation is soived by a mixed
elliptic~-hyperbolic, ralaxation algorithm applied to a finite-difference
approximation. The boundary conditions are 1linearized and appiied on the
surface chord plane and fuselage shell. '

The wing-body ccde (reference %) uses an embedded fine-grid structure
with sweep and taper transformations in addition to a crude Castesian outer
grid. This feature increases computational efficiency by a factor of five
over earlier small disturbance solutions of the same resolytion. The
equation used for computing transonic flow is:

2 2
1-M - - 2
! © -(Y +1) M ‘t’x]d’xx 2 M, ¢Y¢xy

+ [1- (y- 1)M£¢x]¢yy+¢ =0
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The underlined terms are those added to the classical small disturbance
formulation.

Rockwell's wing-body inverse code (reference 6) is used to define the wing
contours for specified design pressure distributions.

farewi Wl
-
M.
RN

RL VKA AN

FULL POTENTIAL ANALYSIS

The Jameson FLO28 transonic wing-body (reference 9) code solves the exact
potential equation.

ot RS

. -
v .

R

okt I
~N

¥y Ppxs T oy " 0

1’ J = 1)2p3

PP

“MKr

LIS

Sh ol

using a conservative rotated differencing scheme for a surface fitted grid
system obtained from a series of analytic mappings.

A
":) €,

WING BOUNDARY-LAYER ANALYSIS

3,
.g
‘ o

A yawad wing integral laminar/turbulent boundary layer analysis (reference
4) is used to assess candidate sectional design pressure distributions from
an attached flow viewpoint at the test condition. The solution is also used to
estimate transition point location considering cross flow vorticity due to
sweep and streamline instability. Finally, the evaluation is used to estimate
the magnitude of the displacement thickness correction that will be required
to eliminate weak viscous boundary layer interactien effects by undevcutting

N Y

s

CACR

) the design section geometry.

" The three dimensionzl Tlaminar and turbulent boundary layer analysis
" developed by Nash /reference 7) is applicable to finite swept wings. An
- orthogonal surface coordinate system is used, and the equations are solved
) with an efficient d{fference scheme., The analysis is used to verify that the
bl final wing desigrn pressure distributions produce attached flew at the test
B Reynolds number and estimatz potential separation problems due to adverse

pressure gradients and shock boundary-layer interactions which czan not be
fully controlled. For the design case the inviscid/vicous interaction is
minimized by removing the three dimensional displacement thickness from the
wing sections,
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Appendix B
VISCOUS DRAG ANALYSIS

Standard techniques {reference 2) for the evaluation of turbulent flat
plate skin friction at compressible speeds are used ‘in conjunction with a
component buildup approach. Fuselage, empennage, and wing fairing cemponent
thickness effects were approximated using experimental data correlations. An
integral infinite ysawed boundary layer analysis (reference 4) is usad to
correct the flat plate wing analysis for the effect of thickness, 1ift and
sweep as follows :

1 P Sher O |y
C
~ 4P|
EEE ¢ :E: Cp
F i F,
i
The mean chord sectional profile drag cD is evaliated by relating the

wake momentum thickness at infinity to the momBntum thickness at the trailing
edge using a Squire-Young analysis appropriately extended fur the effect of
sweep. That {s

20 4]
N T
. TE
where
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The trailing edge properties are evaluated for the design pressure
distribution of figures 10, 11, and 44 at the test Reynolds number. A
summary of the results is presented in tables Bl and B2.

This ca]eu]atioe is perfermad for the upper and lower surface, and
summed i.e., d = "d + (910 . This mean chord sectional flat plate
skin friction dlpag coeY¥iETent dF"‘F! evaluated using the standard techniques
described previously.

Considerations such as separation and component interference are not
accountad for in the present analysis. The evaluation in conjunction with
potential vortex drag is consequently referred to as ultimate, upper bound,
etc. condition.
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:
\} NOMENCLATURE
g CdF Sectional flat plate skin friction drag coefficient
g cdp Sectional profile drag coefficient
:" cDF Strip flat plate skin friction drag coefficient
q CDP Profile drag coefficient N
E Ce Average flat plate skin friction coefficient
: T Mean aarodynamic chord h D
I H Boundary layer form factor. 6*1/911 '
” M Mach humber ;
1 q Total velocity ‘
i Spaf Reference area | - " 1
R a$ Strip area Lt
:1 T Static temperature
! r 4 Ratio of specivic heat, 1.4
&% Bousidary Tayer displacement thickness in potential streamline
: ‘ direction
A 0 Boundary tayer momentum thickness in potential ‘streamline
‘ 1 direction
j A Wing sweep
b SUBSCRIPTS
o
}? /2. Half chord
I”‘t e Edye of boundary layer
.f% i Wing strip i
E; TE Trailing edge
3::‘-" o Free stream
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Appendix C
MODEL. DESIGN AND CONSTRUCTION

STREGS AND FLUTTER ANALYSES

Alr loads for the 1/10th scale joined wing arrangement of figure 2
exceeded availabie force balance capacity so the model scale was reduced to
1/15th. This changed the overall span of both the reference monoplane and the
Joinad wing from 54 inches to 36 dinches. Corvresponding reductions in
reforence area were from 911,25 square inches down to 405.00 square inches and
the reference mean asrodynami¢ chord (m.a.c) from 18.51 inches to 12.34
inches. A 1imit condition of Mach number 0.9, angle of attack 10 degrees,
1ift coefficient 0.785 and dynamic pressure 1120 pounds/square foot gave a
limit 1ift lcad on the model of 2500 pounds.

The redundant structure of the joined wing model required special stress,
flutter and deflection analyses. Simpie beam model strass analyses indicated
excessive stress levels near the wing tips where the two wings joined. To
religve this stress problem and to provide adequate thickness for {nstalla-
tion of pressure orifices near the tips, the thickness ratio at the wing tips
w:: increased from 0.05 up to 0.07, varying lineariy to 0.05 at the model
midspan.

A finite beun alement flutter theoretical analysis was conducted,
reference 5, and it was concluded that wing ¢ip fairings of either aluminum
or steel, must have & width of at least 5 percent the joined wing semispan,
to provide good bearing surfaces and rigid wing-to-fairing attachment for
adequate flutter margin.

AERCELASTIC ANALYSIS

The structural finite beam element model created four the flutter analysis
was adapted to the calculation of static aervelastic deflections by eliminating
the sting and balance flexibilities. first two. The spanwise design load
distributions on the two wings were segmented to give a series ¢f concentrated
loads at the control points of ., the structural finite element model. The
resulting angle-of-attack change due to flexibility (Aaflex) is presented on
figure C1 and was subtracted from the dasign twist distribution to give the
jig shape for wodel construction. The intent was at the design point, the
model would T1ex into the designed twist distribution. .

MODEL LOFT GEOMETRY

Lofted model drawinys are presented in figurer CZ through C8. Figure C¢
presents the configurtion two view and figure <3 the forward wing detail,
Figures C4 and C5 show the att wing detail and rigging respectively. Figure CE
presents the vavtical tail and wing tip fairing details,
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MODEL. FABRICATION

Templates were constructed from the lofted model drawings. . The model
was machined to template contours. Both wings and the aft-wing-to-vertical
attach fitting were built of high strength stael. The fuselage and wing tip
center sections were built of regular strength steel. The nose fairing of the
fuselage and the nose and tail portions at the wing iip center fairings were
built of aluminum. During model assembly, it became evident the original
wing tip fairings of c¢ircular cross section lacked sufficient depth for an
adequately stiff wing tip joining. The circular cross section 'of
0.90 inch diameter was changed to a rounded rectangular cross section of
0.95 inch width and 1.21 inch depth. The forebody lengths of the wing tip
fairings were increased from 1.79 inches up to 2.40 inches and the afterbody
lengths from 2.69 inches up to 3.60 inchas in order to maintain an equivalent
forebody fineness ratio of 2.0 and afterbody fineness ratio of 3.0,

CONTOUR CHECKS

Static pressure orifice's were installed in the right forward and aft
Joined wings at spanwise at stations 2Y/b of 0.18, 0.51 and 0.87. After
model assembly, the twist angles of the wings were measured at the spanwise
stations of pressure measursment and found to be within 0.05 degrees of the
lofted twist on the forward wing and within 0.24 degrees of the Tofted twist
onn the aft wing. The upper surface contour of the forward wing was measured
with a cordax machine and found to agree with the template contour within
lass than a line width on the lofted drawing.

AEROELAST1C MEASUREMENT

Strain gauges to measure bending moment and torque were installed on the
Tower surface of the left forward wing at spamiise stations 8 and 12 inches
off the mode! centerline. These gaugas were calibrated by applying known
loads to the fsolater forward wing mounted in a tast rig. Then with the model
completaly assembled, krown 100 pounds down Toads were applied 11.08 inches off
the modei centeriine at x/c = 0.45 pevpendicular to the planas of the wings as
shown un figure C7. Deflestions and twists of the wings relative to the
fuselage were measured at the midspan and at the tip. A comparison of measured
and calculatecd deflections and twists is presented on table Cl. The "as built"
modal was substantiaily stiffer than calculated by the finite-beam-element
thesretica) calculations and the bending moments and torques measured duyving
{he known Toading and duving wind tunnel test wera substantially lower than
caleulotad (figuves €8 and C9). These differences were attriouted to
inaccuracies in the calculated stiffness coefficients and to inadequacies in
the theoretical formulatisn (for example, langitudinal deflections were
negiected). Substantial hysteresis was observed in the measured bending
mowents and torques due, apparently, to adjustments in the tightness of tho
screw and bolt fasteners at the model joints.
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