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Preface

The purpose of this study was to experimentally and
analytically determine certain aerodynamic characteristics
of a recently proposed high subsonic, forward swept ving,
with a new supercritical airfoil section. It was my
intention to evaluate the effectiveness of this section
and to compare the aerodynamic characteristics of a for-
ward swept wing to a similar aft swept wing. The root
chord, tip chord, wing epan, and wing area was held con-
stant for each wing.

I wigh to thank my thesis advisor, Major Steve Kooub,

of the Aeronautical Engineering Department of the United

States Air Force Institute of Technology. Without his able

assistance, thig study would not have been possible.

I am particularly grateful to Major Roger A. Crawford,
for his guidance and encouragement during the early stages
of this astudy. ’

I wish also to acknowledge the outstanding craftman-
ship of Mr. Russ Murry; Mr. Jack Tiffany, and Mr. John
Brohas, of the AFIT Model Fabrication Division, for the’
superb model which they produced. I must also thank Dr.
Tom Weeks of the External Aerodynamics Branch of the Alr
Force Flight Dynamics Laboratory for hig technical advice
and support throughout this study.

Finally, I wish to thank my wife, Mary, and my two
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’ ' sons, Kerry aﬁd Keith, for tolerating me in my moments of
despair while accomplishing this research effort.
Kenneth L. Sims
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To Total temperature
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Abstract

This study consisted of modeling and wind tunnel

testing of a high speed, subsonic, low aspect ratio, for-

‘'ward swept wing with an advanced supercritical airfoil

section for the purpose of determining its lift, drag, and
pitching moment characteristics as compared to a similar
aft swept wing. Tests were conducted at Mach numbers of
0.63 to 0.93 in the Air Force Flight Dynamics Laboratory's
Trisonic Gasdynamic Facility located at Wright-Patterson
Alr Force Base, Ohio. Two wing configurations, forward
and aft swept, were tested and compared to computer pre-
dictions provided by the Unified Subsonic-Supersonic
Program (Woodward's Version B). The results indicated
that the forward swept wing was capable of higher useable
angles of attack while maintaining a lower drag coefficient
for angles of attack below elght degrees. Wind tunnel
tegt resulté are presented in graphical and tabular form
for use in future design studies.of similar aerodynamic

configurations.
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y AN AERODYNAMIC INVESTIGATION OF A
FORWARD SWEPT WING

I, Introduction

Background )
This study addresses the problem of determining aero-

dynamic characteristics of a forward swept wing vehicle
proposed by the Air Force Flight Dynamics Laboratory(AFFDL) .
In the pagt, the uge of 2 forward swept wing was geherally
ruled out due to the increased root loads requiring sub-
gtantlal increases in structural weight. With the advent ,
of advanced composites, it is possib;e to negate these
weight penalties (Ref 4:1-4). A study.of a forward éwept
wing was needed to obtain a data base for use in the design
of‘forward swept wing aircfaft. The proposed wing design
wasg genérated to be compatible with an existing half-sgpan
fuselage from AFFDL., Plan and side view model schematics

are shown in PFigs 1 and 2.

Problom
The AFFDL was particularly interested in the aero~

dynamic investigation of a highly cambered, supercritical

airfoll on a forward swept wing design as compared to a
similar aft swept wing design. To maintain similar geom~
etry on each wing, the tip chord, root chord, wing span,
and wing area were held constant. The followiﬁg informa~

tion was required:
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Schematic of Aft Swept Model

Figure 1.
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Schematic of Forward Swept Model
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Figure 2.
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1. Deterﬁination of the effect of sweep on the aero-~

dynamic characteristics., ' $:

i ;
2. Determination of the interference between the : rﬁ

R s e oo S u»wzmqrgm:.ewwj
3 - ™

:

i

H

body and the swept wing.

i' The cambered wing was considered beneficlal in improving |f
é. the stalling characteristics of forward swept wings by fﬁ
EJ delaying leading edge separation (Ref 6i111)., The extent t
g‘ of the anticipated effect on lift and drag was to be é é
ﬁ determined. ' I
G | Scope !
%# The forward swept wing was tested and compared to a {
'%i gimilar aft swept wing over numerous high subgonic speeds. ; ?
égf ! Each model was analyzed over an extenslve range of angles ;
ﬁf of attack., The proposed model and test parameter ranges | 1
%f‘ ¢ includeds { |%
%: Sweep at Quarter Chord 45,0 and +45.0 (degrees) ! !?
? Taper Ratio 0.4 !ﬁ
L Mach Number 0.63 o 0.93 |
tf .. Reynolds Number 2,000,000 (per foot) l,
%}i Angle of Attack -5.0 to +15.0 (degrees) fi
2 | 3
1 Approach , 5
% { Wind tunnel tests were the primary means of determin- ;
5; ing the 1ift, drag, and pitching moment coefficients -on each :

model. The AFFDL's two foot, Trisonic Gasdynamlc Facility
(TGF), located at Wright-Patterson Alr Force Base, Ohio, was

T'E gsclected for the tests. Data roduction was accomplished




o

[ I N

"simultaneously during the tests, via the Control Data

Corporation (CDC) 6600 digital computer tied directly
to the TGF. The force and moment data reductlion program
was provided by AFFDL.

The Unified Subaonic-Supersonic Aerodynamics Progran

(USS Aere) provided analytical predictions which were

utilized in predicting the wind tunnel results. The
computer results were used to estimate aerodynamic char-
acteristics for each model for stress analysls purposes.
The wind tunnel test data would be compared to the USS Aero

Program predictions to indicate the accuracy of this program.

Materials and Eguipment

For this study the AFFDL half-spén fuselage section
was used in conjunction with two swept wings. Each wing
was mounted at the same root chord position on the fusge-
lage and constructed using a 5.5 percent thick, cambered,
gupercritical airfoil provided by AFFDL. The geometry of
each wing ﬁas kept as similar as possible to allow better
comparison. Other modifications to the existing model
included:

1. New center body for wing support.

2. New center fuselage section to allow for

pressure lines.

3. Thirteen pressure taps in each wing.

S b — a1 7 I e s erb et s et eare s e e
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: . ' II. Tacility And Model Description

Facillty Uged for Testing
The Air Force Flight Dynamics Iaboratory's Trisonic

Gasdynamic Facility (TGF) was utilized for the wind tunnel

‘tests, Thig facility was chosen for several reasons. The

i TGF is a closed circult, variable density wind tunnel

capable of contlnuous flow. It may be operated at sub-

e e

*E sonic, transonic, and supersonic speeds through a range of

Mach numbﬁ%s fpom,0;23 to 4.76. The facility's axial flow

e

compressor was maintalned at constant RPM with the use of

P

two synchronlzed motors, capable of up to 11,500 horse-
power, ﬁydraulically gotuated stator blades controlled,
instantaneously, the volume flow and pressure rise. Water .
cooled heat exchangers maintained a stagnation temperature

of 100 F + 1 F,while two dryer systems maintained a dew-

point necessary to prevent liguefacation of water vapor in

the test section. Quantitative data on test section turbu-

lence levels wrre i.»h avallable, but a honeycomb and screen
' arrangement located in the tunnel stagnation section were

uged to reduce turbulence in the test section. The variable

density capability allowed for a conetant high unit Reynolds
Number, approximately 2.0 million per foot, to be uged as
‘the Mach number varied. The charactoristics of the tran-

gonic test section are given in Table I.




T T o Gt gyt

e I e T et

Table I

TGF '"'rangonlc Tegt Section Characterigtics

Mach Number Range 0.,30~1.20
q PSF (Max) 8 1,480
P, PSP (Max) k000
Pg PSF (Max) | - 2,110
R/Ft (Max) 8,250,000
Ty (F) / 100

' Crose Section (in.) 15 x 15
Dengity Altitude (ft.) 50,000
Number of Slots . 56

A (Ref 12:3)

An 11.426 inch dlameter window in the test section
permitted access ‘to the model for rapid configuration
changes an well ag an unobgtructed view of the model during
teating. The wiuduw faclllitated the use of oil flow photo-
graphy as u flow visuallzation method,

The model was cupported by the GeneralL DymamiLn nadld
span rig mounted with ihe center of rotation in the center
of the test eegtion viewing window. The'pitch range wag
negative five to positive fifteen degrees wi.nh an accuracy
of + 0.01 degroes., While maintalning the desired Mach
number, the wide range of possible angles of attack was

varied (Ref 1211-17).

The model oupport system allowed the uge of a five




component internal type straln gage balance to obtain

force and moment data. The balance gelected for testing
was a General Dynamic half-span balance, number ZM-259.

It was capable of measuring normal and axial forces of

250 and 30 pounds respectively. It allowed for roll, yaw,
and pltch moments of 500 inch-pounds to be determined

(Ref 3). The load eensing elements of the balance were
connected to a Wheatstone bridge arranged in such a manner
a8 to give an electrical signal proportional to the defor-
mation., The electrical signal in millivolts was fed to self-
balancing potentiometers and by use of ghaft-to-anolog-to-
dlgital converters were translated to digital outputs. The
outpute were reduced to a more usable aerodynamic coeffi-
clent form by a CRC 6600 computer., These coefficients
were tabulated and plotted. This force measurement system,
thefefore. provided instantaneous visual monitoring and an
automatic digital recording capability (Ref 12:110-17).

The presgsure sensing instrumentation conslsted of differ-
-ential pressure transducers. Each transducer wasg capable
of reading up to 48 separate pressuree as each tap was
electrically s.lected, A serlies of oali?ration tests
Andicated the balance and associated instrumentatlon ocap-
able 6f meaéuring forces and momonts within + 1 percent of
the applied luv.d. The pressure data was calibrated to

wlthin one tenth «f a pound per square foot.
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Models Teuted
For this series of testis, two entirely now wings were

constructed for use with exigting Gencral Dynamics half-span
fuselage. The geometry requirements for each wing were
dictated by the use of the half-gpan fuselage due to con-
gtraints in available construction techniques and time
available. A new fuselage center sectlon was .constructed

to allow support of each wing at the same fuselage statlon
thus requiring minimum time for the interchange of the

wings during testing., As a result, the forward swept con-
figuration teéted had less than ideal pltching moment

3 characteristics. Pertinent model dimensions are given in

Table 2 and the models are shown in Figs 3 and 4.

L Table IX
4 - Model Geometry

avmm— ——— ——
o iy ———— N — N —

Wing Planform Area (sq. in.) 25.725
| Root Chord (in.) ' 6.125
; . Tip Chord (in.) 2:45 |
'g ' Taper Ratio ' . 0.40
'{ Wing Semi-Span (in.) ) 7:58
f O tataries w43, s |
Aspect Ratio 304
Mean Aercdynamic Chord (in.) , 5.62

L The airfoll to bo utilized was a newly developed,high




Figure 3, Art Swept Model ugeq for Wind Tunne] Tegt

Figure 4, Forward Swept Model used for Wing Tunne] peogy
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éamber. gupercritical airfoil section of 5.5 percent local
chord ‘thickness ratio. '"'he maximum chord of 6.125 inches
occurred at the root thus making the thickness of +the
section 0.337 inches. For support purposes, an eighth inch
thick steel plate was embedded in an epoxy mold of each
wing and subsequently mounted to the fuselage center sec-
tion. The chord on ‘each wing was aligned with.the flow
direction thus allowing support of the wings on the same
fuselage center section. This airfoil was used due to its
high 1lift properties in transonic flow and for the reduction
of leading edge separation 1t exhibited. By utilizing
ldentical sectional and planform geometry, the data com-
parison and model design and construction of the two wings
could be greatly accelerated. Although several signiflicant
changes were made to the final design of the models, the

basic half-gpan fuselage with available ZM-259 balance !

could be used with the newly constructed wings (Ref 5).

Pregsures were taken at thirteen separate locations

"on eech wing in one chordwise cut. Tho pressure taps were

aligned at & mid-span location to limit the amount of both
fuselage and tip interference on the pressure data. 1In
Table 3, these pressure tap locations are listed in
percent chord for the 4.3 inch local chord position on

each wing. Only taps 2 and 3 are located on the lower

surface of the airfoil.

AT,
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Table III

Pregsure Tap Locatinas

va—

Tap Number

% Chord

e ———

Inches From
Leading Edge

AT e

2,k
345

10
11
12

13

0.0

5.0
10.0
50.0
55.0
60.0
65.0
70.0
75.0
80.0
85.0

0.0
0.215
0.430
2.15

2.365
2.58

2.795
3.010

3.225
3.440

3.655

12
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I1I. Experimental Procedures

Force Measurements

.

The reduction of data using the half-gpan balance
output voltage was performed on a CDC 6600 digital com-
puter (Ref 12:10). Aerodynamic characteristics are pre-
sented in the form of coefficients in the wind axis
system. The longitudinal moments were computed about
the balance center to enable direct comparison of the
different wing configurations. The mean aerodynamic

chord of 5.62 inches was computed uging:

c = .Zj.c., Lan+ N
. i+
where Cp is the root chord and A is the taper ratio.
It was used as a reference length in the data reduction
program,

An important consideration in obtaining true axial
force measuremehts in most wind tunnel tests is the
treatment -f base drag. This drag arises from the pres-
sure acting on the blunt base of the model. The bage
pressure is influenced considerably by the presence of
the tunnel wali, acting as a boundary to the model base.
This influence normally causes the drag values to be
smaller than they would be if the model could be tested
without a boundary and balance in place (Ref 8i1413).

Therefore, the measurements taken in testing each model

L WAL = W e srmmbi e 1me e

b g

IR L S
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were corrected to remove this bage pressure effect as

follows:
Fic = F;m - Esb (. F)‘— FL‘)

where Fy. is the axial force adjusted to zero base drag,
Fa is the axial force measured, Sp is the model base
area, P 1s the free stream static pressure, an& Pp 1s the
model base pressure (Ref 9i1323). The base pressure was
measured with a pressure probe located in the base of
the model.

Test Procedures

The wind tunnel tests were divided'into_two main
procedures. The first test was to obtain the aerodynamic
characteristics of each configuration to include 1lift,
drag, and pitching moment coefficients. The method of
obtaining these characteristics was to vary angle of
attack over a range of negative four to positive fifteen
degrees while méintaining'a constant Mach number. Each
model was placed in position with tunnel off to obtain
statlc pressure and zero tare readings. Once the tunnel
was stabllized at the desired Mach number; these readings
were again taken and corrected for wind off conditions.
Numerous Mach numbers over a range of 0.63 to 0.93 were
tested. The total pressure was varied with Mach numﬁer

to maintain a unit Reynolds number of about two million,

N - —

o # ot oo B Sl £ b o 4 A F AL o
—
— S ———
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The test settings are given in Table &4,

After force measurements on both configurations
were completed, a brief flow vigualization study was made.
A whité tinted oil was brushed on the models for this
purpose. Flight conditicns representing those tested were
then investigat 1. The oll flow permitted visualization of
the interactions of gtreamlines. Regions of flow separa-
tion are normally detechable using this method of flow

visualization.

Table 1IV.
Test Conditions

Ty =100 F

Data ﬁaken at each Mach number for alpha range of
-5.0 to +15.0 degrees

P, varied to maintain R = 2,000,000 per ft.

M P, (psf)
0.63 1,210
0.70 1,140
0.80 1,070
0.85 : 1,050
0.87 1,020
0.90 1,000

0.93 980

e et E i e L et A e S R AR At

Eri Fo e 2K 3 i i
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IV. Analytical Procedures

In order to obtain initial predictions of the wind
tunnel data, a new method of calculating the pressure
distribution and aerodynamic characteristics of wing-
body~-tail combinations was used. The Unified Subsonic~
Supergonic Aerodynamics Program (USS Aero) performed
the numerical calculations. This program uses subsonic
potential flow theory (Ref 13:2).

Both the forward and aft éwept configurations were
hbdeled by subdividing the wing as well ags the fuselage
into a large number of panels. Each of. these panels
containéd an aerodynamié singularity distribution. The
modeling for the aft and forward swept configurations is
shown in Figs 5 and 6,respectively. A constant source
distribution was used on the body panels and a vortex
distribution having a lirear variation in the streamwise
direction was used on the.wing panels. The planar option,
which uses control points in the plane of the wing, was
used and yielded accurate comparisons with experimental-
data. The non-planar option, which uses control points
on the surface ;f the wing, required double the number of
panels and yielded only slightly better results. This
mode was not used due to the large increase in computer
time with minimal increaée in accuracy. The normal comp-

onents of the velocity induced at specified control points
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e i3 3 i L

IR R




Aft Swept Model Used For USS Aero Prediction

Figure 5.

Prograr.




Fifure 6.
Program.

B i e e e s

Forward Swept Model Used For USS Aero Prediction
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by each singularliy distribution were calculated and make , A

up ‘the coefficlents of a system of linear equations re-

lating the strengths of the singularities to the magnitude
of the normal velocities. B

The singularity strengths which satisfy the boundary | :
condition of tangential flow at the control points for a 3

i ‘“'""'"'*““"dmmn—Mach«nnmpgr end angle of attack were determined by : k-

golving the system of equationa uélng en Lterative- B A
cedure. Once the singularity strengths are known, the o
prresgsure coefficients were calculated, and the forces and 0

mements acting on each conf!~uration were determined by

numerical integration (Rt Y

A skin friction coeffic.ent, Cp, had to be determined

] and subtracted from the experimenta) drag coefficient to 18
1 . obtaln a valid comparison of the relative accuracy of N

1} Woodward's USS Aero progrem. This allcwed comparison of

the Induced drag coefficient computed by the potential _
1 flow analysis to the experimental drag coefficlent without S
{ skin friction. | -
The skin friction drag of each configuration was cal-

culated from the T' method (Ref 7112). The T' method is

q : baged on the calculation of a compressible skin friction
coefficient frém a reference skin friction coefficient, for
a selected Mach number, Reynolds number, and adiabatic

wall temperature, Smooth flat plate,adiabatic.wall, and i?
turbulent boundary layof condlitions were assumed, In »

addition, transition was agsumed to occur at tho lcading

- :
A . A i A bt e i i e ;
. ——ae T ——

B oo W 8




_& edge of each vonfiguration component, Moot of the program

E | is involved with computing wetted ar~as and reference

lengths for each component. Since both configurations had

% , identical wetted areas, Table 5 represents the skin fric-

tg tion coefficlent calculated for each Mach number tested.

g . These values of skin friotion were subtracted from experi-

:? | mental date before comparison was made to theoretical data.

'g Tgble \ l
f{ Skin Frictlon Coeffioients For |
‘E Teat Mach Numbers

| =

%2 Mach Skin Priction

E L - Coefficlent

i

{ 0.63 . 0.01532

1 0,70 0.01523

i 0.80 0.,01509 |
; ' 0.85 0.01502 E
E | 0.90 0.01L49k |
;’ L 0.93 0.01489 ' }
{f l

f Three Mach numbers, representative ‘of the test Mach

éh numbersg, were‘utilized to obtain theoretical data for

1 comparison to the tunnel data for each configuratiop. Good

%r | correlation between theory and experimental data was i:
! achieved, !?




~ V. Results

The wind tunnel investigation of the forward and
aft swept wing models resulted in a series of aerodynamlec
coefflclents for each configuration tested. The coefficients
ﬁetermined for each model included lift, drag, and pltching
moment coeffioients: The coefficients are presented in
the wind exis system as shown in Fig 7. The results
discussed in this section are for Mach numbers of 0.63
eand 0.93. The results obtained for Mach numbers between
these two values are presented in graphiocal form in
Append1¥ B. In uddition..flow visuallzation photographs at
flight tonditions typlcal of those tested are inocluded.

Lift

The coefficlents for the forward and aft swept models
are'plotted as a functien of angle of attack in Figs 8 and
9 for the low and hlgh Mach number tests, respectively.

These values are typical of those obtalned at all remaining

‘Mach numbers tested. The slope of the lift curve is

approimately 0,060 to 0.065 per degree, depending on the
angle of attack and Mach number tested. For all Mach
numbers tegted, the aft swept wing produced a higher lift
coefficlent for a glven angle of attack as compared to the
forward swept wing. As the Mach number was increased to
high subsonic values, the aft swept model 1ift curves

tended to shift toward the forward swept model 1ift curves

until the two curves varied by A Cy, equal to 0.035 at
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M = 0,93. The change in angle of zero 1ift'was the ﬁajor
contributor to the shift of the aft swept model 1lift curve.
At M = 0,63 the zero 1lift angle for the aft swept model was
-3,2 degrees whereas at M = 0,93, 1t became -2.0 degrees.
The forward swept model had an angle of zero lift which
varied between -2.0 and -1.6 degrees. The aft swept .nodel
showed signs of gtalling at a lower angle of attack than

the forward swept model for all Mach numbers tested.

Drag
A typlcal set of drag coefficients is plotted in

Figs 10 and 11 as & function of angle of attack and in
Figs 12 and 13 as a function of 1if%t coefficient. For M =
0.63, the drag coefficient at zero angle of attack, Cpg »
was 0.038 for the forward swept model and 0.042 for the
aft swept model. As Mach number was increased to M = 0.93,
the values of Cp, changed to 0.042 and 0.051 for the for-
ward and aft models, respectively. For all Mach numbers
tested the forﬁard gwept model displayed less drag up to
approximately ten degrees alpha. Above this angle the two
drag curves crossed and the forward swept model produced
more drag for a given alpha.

The maximum 1ift to drag ratio may be determined by
drawing the tangent to the Cp versus Cp curve fromlthe
origin (Ref 91330). TFor M = 0.63, this yields an L/D lmax
for the aft ewept model of 8.3 at a Cp, of 0.51. For the

forward swept model, this ratio was 8.4 at a Cy of 0.48,

25
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‘This corresponds to an angle of attack of 4.1 degrees and i

6.2 degrees for the aft and forward swept models, respec-

i tively. This shows thatethe forward swept model was capable E k
of higher angles of att&ck for the gsame 1lift to drag ratio.
z . The 1ift to drag ratio is plotted in Figs 14 and 15 as a

function of angle of attack for direct comparisgon.

i Figure 16 shows the effect of Mach number on the

| drag coefficient at a constant 1ift coefficient. A point
; on the curve that is sometimes used for reference is the
drag divergence Mach number, Mpp . The Mpp is the Méch
number at which dCp/dM is. equal to 0.10 (Ref 2:12)., The

e o ot et i o sttt = (e |

Mpp decreases with an increase in alpha or an increase in
1ift coefficient. For the aft swept model, Mpp is above
0.93 for alpha less than or equal to five degrees. It is
k; approximately 0.84 at an alpha equal to eight degrees. For

‘J the forward swept model a drag divergence Mach was not

indicated since the drag continued to increase in an approx-

imately linear manner with increase in Mach number.

.Pitching Moment
The pitching moment about the balance center is ;

?; represented in Figs 17 and 18, The glope of this curve

varies little with Mach number for each model., Due to

constraints in model fabrication , the forward swept con-

iiguration resulted in a positive slope to the pitching

moment curve. This indicates the need of shifting the

location of the root chord to a more rearward position to

30
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obtain a stable pltching mément for thig conflguratlon.
Although the glopos of the two onives are opposite,a com-
parison of the relative augnitude of each slope indicated
tha faxword oweps model was leas sensitive to changes in

angle of attack. For M = 0.63, at an angle of attack of

- four degrees, the slope of the pltohing moment curve is

approximately +0.020 per degree for the forward swept model
and -0.038 per degree for the aft swept model, The slope

changes ars, of course, dependent on the angle of attack.

Predigtlong
The 1ift and drag coefficlent curves for both the

USS Aero predictions and experimental data are shown for
oomparisén in Figs 19 to 21 for the forward awept model
and in Fige 25 to 27 for the aft swept model. The lift
coefficlent curves compare extremely well with the USS
Aero program predioting epproximately the same slope and
zero lift angle of attack as obtained from experimental
data. Drag oomparisons'are shown in Figs 22 to 24 for

the forward swept model and in Figs 28 to 30 for the aft
swept model. Note that the USS Aero program only predicte

'induced drag and does not include any skin friection drag.

The exp@rimentgl date was corrected by subtracting out the
computed skin friction drag as discussed previously. Tﬁa
predicted drag curves displayed the pame shape of tho drag
Polar obtalned from experimental values with small diff-

erences In values of Cpy. Ior the panel distrlbutlon used
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on these models, ‘the USS Aoro program provided well-
behaved and consigtent data for comparison to experimental

rosults.

Pregsure Digiributio

The pressure data obtained from this test are pre-
sented as a pressure goefficlent,Cp , plotted as a func-
tion of percent chord as shown in Fige 31 to 34. At M=
6.63. the date produced a smooth curve with no shock pre-
sent, For M = 0.93, for'tha aft swept model, a definlte
shock can be observed between 70 and 75 percent chord
location. For the forward swept model a compression begins
at the 70 percent chord location but is gradual and there=-
fore shouid not be referred to as & shook.

Although not plotted, the five pressure taps located
around ‘the leading edge proQided date which indlcated that
even at the hlghest angle of attack tested, leading edge
separation did not occur. Only at negative alphas did
geparation develop on the lower surface due to the large
amount of camber in the airfoil tested. Due to the thinness
of the airfoll gection, more pressure tape on each wing was
not possible. Therefore, a complete pressure distribution
including data between the 10 and 50 percent chord ;ooa-l

tions ware not obtained.

011 vigualization _
The results of the oil flow study can be seen in Flgs

35 through 40. Tigure 35 shows the aft swopt wing at
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‘&= 4, M = 0.63, Compare this to Fig 36, the forward

swept wing at X = 4, M = 0,63, and it is apparent that
neither wing displays any flow separation. Some spanwlise
flow can be seen on the forward swept oil photograph but
it is not known whether the aft swept model produced span-
wise flow also, Note that a thin section on each wing
appearing about mid-gpan is due to tape used to protect the
pressure taps and ls not an aerodynamic phenomena., Figure
37 and Pig 38 present the aft 'swept model at K= 10, M =
0.53 and the forward swept model at the same conditidns.
The wing tip of the aft swept wing and the root of the
forward swept wing show indications of flow separation.
Note that the flow inward along the trailing edge of the
forward swept wing is more pronounced than before. |
Figures 39 and 40 show the same wings at X= 10,
M = 0.93. The flow separation has developed into a full
gtall on the tip of the aft swept wing and on the root of

the ‘forward swept wing with flow reversal apparent. The

- flow on the outboard section of the forward swept wing

remains attached even at an angle of ten degrees.

The interference of the body on each wing could not
be determined since photograpnhs of each model had to be
taken at an angle from the tip. Flow patterns near the

root chord were not clearly visible on oithe: model,
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* BEST AVAILABLE COPY

Figure 35. 0il Flow of Forward Swept Wing at
M =0.63 , =4, Flow Right to Left -

Figure 36. 0il Flow of Aft Swept Wing at
M= 0.63, &= 4, Flow Right to Lclt

L
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BEST AVAILABLE COPY

Figure 37. 0il Flow of Forward Swebt Wing at
M= 0.63 , =10, Flow Right to Left -

&

1

i

1

i -
i :

Pigure 38. 011 Flow of Aft Swept Wing at

M= 0.63 , <= 10, I'low Right to Left
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Figure 39, i1 Flow of Forward s
i = 0.93 , o= 10, Flow Right to

vept Ving at
Left
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Figure ho, i3 Flow o Art
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M 0,93 r X 2 10, IMlow Rirht 1o Lery
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VI. Conclusions and Recomimendations

Conclusgions

The following conclusions weré drawn baséd upon the
results of the wind tunnel tests as discussed in Section V.

1, It was concluded that the data obtained in this
study was reliable and accurate ag indicated by the
numerous tests for repeatability and data comparisons with
the USS Aero Program.

2. It was concluded that the highly cambered, super-

.ceritical airfoil alleviated any problem of leading edge

separation for this configuration. Since both models
did not experience any leading edge séparation effects,
the stall indications were delayed to the point of neither
wing stalling even at an angle of attack of fifteen degrees.
3. It was concluded that the forward swept wing was
capable of a higher useable angle of attack than the aft
swept wing. For each Méch number tested, the lift coef~
ficient obtained for the aft swept wing was matched by the
forward swept wing ﬁut required a higher angle of attack.
When the aft swept wing began to stall, the forward swept
wing 1ift curve continued to increase up to the highest
angle of attack tested. The actual étall of each wing was
above fiftoen degreed so the extent of increase in useable
angle of attack could not be determined. '
4, It was concluded that the drag coefficient for the

forward swept wing was consistently lower than the similar
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aft swept winé for 1ift coefficients below approximately

0.50 which corresponds to an angle of attack less than
eight degrees alpha. This indicates that the forward i |
swept wing could be used more efficiently than the aft
swept wing for normal cruise flight operations, thus ' 4

requiring less fuel.

Recommendations

{ The following recommendations follow from the results

of the wind tunnel tests:
1. The USS Aero Program correctly predicts the trends V

in the aerodynamic characteristics of the corfigurations

tested, It is recommended that the ﬁsq Aero Program be @

ugsed to predict the effects of small design changes and

-

these predictions be used to.adjust the wind tunnel data.
2, It is recommended that the location of the for-

'é ward swept wing be moved aft of the present location to i
obtain a stable pitching moment configuration. The long-
itudinal stability coefficients could then be studied to
determine the size, shape, and location of a canard
surface. |

3. The oil flow study indicated that a large portion
of the root section cof the forward swept wing had lost its
effectlveness due to flow separation. It is recommended
that the use of a forward swept canard in conjqnotioh with
the forward swept wing be tested to determine its effect

upon maintaining attached tlow at higher angles of attack.
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The use of wiﬁglets should -also be consldered to determine
their effect on the aerodynamic characteristics.

4, 1% is recommended that the data obtained from
this study be used as a basis for a performance study of
a forward swept wing aircraft. Advantages and/or dis-
advantages of the forward swept wing could benidentified

to support the development of a forward swept wing aireraft.
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Appendix A
Model Stress Analysis

A siress analysls of the two newly constructed wings
was required to insure they could wlthstand the loads

expected during the wind tunnel tests. A rather stringent
ultimate factor of safety of 4.0 was required to insure
against model failure. Each model was analyzed and eval-
uated against this criterion. Two basic assumptions, -
which tend to yleld conservative estlmates, were used
throughout this analysis. PFirst, the pressure distribution
aoross the wing wag assumed uniform. Secondly, the entire
load of the wing was assumed concentrated at the centrold
of the wing instead of the theoretical center of pressure.
Both assumptions produce higher bending moments and tip

loads than would be expeotéd.

Degien Loads

The maximum aerodynamic loads expected for each wing
was determined using a value of CLmax = 1.0, which was
obtained from previous two-dimensional tests of the super-

critical airfoil. The maximum aerodynamic lift iss
L = C, %S (1)
MAR

where g is the dynamic pregsure and the reference area,

5 = 0.2393 ftz. The maximum dynamic pressure in this test,
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Which occured at M = 0.93, is given by:

2

9 = K PMm (2)
z

where K is the ratlo of specific heat, M is the Mach number,

and P is the static pressure. The relationship for static

pressure ls given by "

P= R(\a—%z)—“" (3)

where P, is the total pressure. Using Fig 14 of Ref 12.

the total premsure of the tunnel can be found as a function

of Mach number and Reynolds number. The maximum load

for this test occurred at M = 0.93 and R = 2,000,000 per

foot at which P, = 1000psf. Using Eq (2) and Eq (3), the

maximum dynamic presgsure was computed as 346.4 psf.
'Referring to Fig 41, the maximum aerodynamic load is

shown to be a function of angle of attack given by
N = L (%)
Co® X

where N is the maximum normal aerodynamic force, L is 82.9
1bf from Eq (1), and &K , the angle of attack,is fifteen
degrees. This yields a maximum aerodynamic load of 85.8

L, N
1bf.

o
K

Figurc 41, Load Diagram ot | ing Scction.
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The average pressure acting over the entire wing from

assunption one, is

Pwe = N (5)

where S, the reference area, is 0.2393 £t2. In this analysis,
loads were considered at section A-A, where the bending
moment is maximum, and at section B-B, where the steel

ingert ended and only epoxy carried the loads as shown in

Pig 42 and Fig 43.

Section A-A

Bending Stregs.
For both the forward and aft gwept wings, since

the planform area was identical, the force acting outboard

of section A-A is given by:

N, =P

A-A AvVG

S, (6)

where S, the area outboard of A~ A, 1s 0.1786 £42, A
normal force equal to 64.2 1lbf is obtained using Eq (6).
For the bending moment at section A-A, the following
equation was used:
-
M= N_,Y

where Y from Fig 42 and Fig 43 is 2.57 inches for both
winga. This results in a bending moment of 165 inch-1bf

at this section.
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: All Dimensiong in inches
Schematic of Forward Swept Wing

uged for Stress Analysis

Migure 42.
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To evaluate the stresses at section A-A, the gteel

insert wag modeled as a thin beam shown in Fig 4bs

z
— ——
<:E:;_‘_¥ v X .—""‘:::::>,
=%

Figure 44, Wing Modeled as a Thin Beam.

An expression for the moment of inertia about the

x-axis is given by

.
I, = ab (7)

where a and b are the dimensions of the beam. At any point

on the crogs-section, the bending stress ¢ is given by:

Mz (8)
Ty

where 2 = b/2, for the maximum stress at the surrface.

g

Substituting Eq (7) into Eq (8) yields the expressiont

Ouny, = b M (9)
a b :

which gives the maximum stresc on the beam., The insert
dimensions at section A-A are 3.125 by 0.125 inches. .
Thig yields a maximum bending stress of 21,120 1lbf/in2

for both forward and aft swept wings.




Shearing Stress.

The maximum shearing stress, using the same

thin beam model in Fig 44, is given by:

= 3a. + 1.8k
T = T (225080 (o)
where T, the twisting moment is:
T = N,., (K-3.08) (11)

for each wing (Ref 11:1194). From Fig 42, X = 5.18 inches
for the aft swept and results in a twisting moment of

136 in-1bf using Eq (11). Fbr the forward swept wing

from Fig 43, X = 0.1 inch and results in T = 190 in-1bf,
Using Eq (10), a maximum shearing stress of 8921 1bf/in?
ig obtained for the aft swept wing and 12,464 lbf/in2 for
the forward swept wing.

Safety Factors.

For the insert material,SAE 4140 steel,the follow~

ing properties exists

Fpy (yield tensile stress) , 132,000 psi

11

(ultimate shearing stress) 90,000 psi

150,000 psi

FTu (ultimate tensile gtress)

i

791200 psi
(Ref 1 1162)

Fg  (yield shearing stress)

The Factor of Safety (FS),for ultimate and yileld,is computed

A AT e ke S S LUt e S iz A,




using the following interadtion formula (Ref 5120)1

FS = 1 S
xz MANX
\ Gy o (G

The ultimate FS for the aft swept wing was 5.81 and 5.06

(12)

for the forward swept wing. The yield FS was 5.43 for
the aft wing and 4.67 for the forward swept wing.

Section B-B
Bending Stress.
For both the aft and forward swept wings, the
force acting outboard of section B-B is given as:
Ns—a = Ewe Ss .
where the area outboard of EAB. Sg = 0.0427 ftz. This
vields a normal force of 15.4 1bf for each wing.

For the bending moment at section B-B, the equation

L)

MB-B = NB'B Y

wag utilized where ¥ = 0.92 inches for both wings. This
yields a bending moment of 14.17 in-1bf for each wing.
The wing section at B-B is also modeled ag a thin beam
with dimensions, a = 3.2 in. and b = 0.1655 in. The max-
imum bending stress using Eq (9) is 970 1bf/in2.

Shearing Stress.

For both wings, the twisting moment at scction

T TS R
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L. . B-B is given am ' 3

T = N,, (X -"85) y

where X = 2.6 in. for the aft wing and X = 0.80 in. for ' 3
the forward swept wing. The twisting moment for the aft ﬁf
and forward swept wings is 11.55 in-1bf and 15,6 in-1bf,

respectively. The maximum ghearing stress, using the B

Eq (10) and the dimensions of section B-B, was 407.6 1b£/in? .
for the aft wing and 550.3 1bf/in® for the forward swept | &
wing.

Safety Factors.
The aluminum base epoxy used to mold the wings

has a bond strength of 4650 1bf/in®. Using this property

and Eq (12), the ultimate FS at section B-B for the aft
gwept wing was computed as 4.42. For the forward swept wing
the FS was &.24. E
An analysis of the loads on the fuselage was not 4
considered necessary since it was designed for loads much i}
greater than those expécted in this test. The analysis of ;

{
i this component can be found in Ref 5.
i
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APPENDIX B
AERODYNAMIC CHARACTERISTICS PRESENTED

IN GRAPHICAL FORM ,
]
o
!
]
The results of the wind tunnel tests for Mach Numbers ;;
from 0.70 to 0.90 are presented graphically in this appendix. j:
Ha
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