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Alsstract

* Basad on testing results of aercdyramic forces and
pressures from a wind tunnel, the longitudinal aerodynamics
tharacteristics of a forward swept wing are discussed imn
this paper. The results are also compared with the data of b
an associated aft swept wing. Measures of improving the
imboard flowfield of a forward swept wing are also A
invegtigated, and the results are discussed. Under a low
speed situation, an appropriate sweptback of the root

g section can improve the flow characteristics at that place
for & forward swept wing, conssquently obtaining higher "
agradynamic performances.. In addition, if canards are also 3
installed which can further improved the inboard flowfisld r
ard obtains a higher lift-drag ratio. Foir instance, when t
Cyz=0.5, the lift-drag ratic of the swept forward wing .
which kas canards and an appropriate sweptbhack at its root !
: saction (fairing) is 24% higher than that of the strake aft
" swept wing with canard configuration (both configurations F
. have the same lifting areal. e e ] 1
l
I
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In a transonic regime, the forward swept wing
possesses less zero-lift drag and lift induced drag than
the aft swaept wing. When Mazl.l,a= 6%, the lift induced
drag of the forward swept wing is 12.5% less than that of
aft swept wirg. The measures of improving the inboard
flowfiseld in a low speed situation can still be applied at
thise regime. The forward swept wing with an appropriate
aftt swept inboard (fairing) accompanied by canards can alsno
provide mare improvemgnt to the khigh specd characteristics.,
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I. Preface

As early as the mid 40’°s, an airplane with 15° forward swept
wings had been magde (JU-287). However; the aeroelastic civergence
problem stopped its further development., Until the mid 70's,
technology breakthrough in the areas of both composite material and
alto-control systems provided the means of solving the aercelastic
divergence problem, thus the forward swept wing concept could be
widely applied. Therefore, its'aerodynaﬁic characteristics

recessitates for further studies.

In order to understard the basic aerodynamic characteristics of
a forward swept wing, low spaed experiments for both forward and
att swept flat plate wings were conducted) flow visualizations were
also taken. We observed that the flow separation occurs freguently
on the forward swept wing (21, Therefore, in the following
studies, fTorward and aft swept wings which ooth have the same
abgolute swept angles at their 1/74 cord line are used, and the

study foocuses on the perfornant s upgrade for a forward swent 9o

configuration by impy ring 1te inbeord flowfield.
Im order to examine an . ~ogynamic intevfersznce cccurring
tetween a2 canard and the main wing in 'hie cmg 4 confutation, a

dual-balance synchronized measuring technique is adopted for both

low and high flow speed experiments.
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All coefficients in this paper are presented by taking the

basic wing area as a reference.
II. Model and Experiment Eguipment

1. Model

A model sketch is shown in Fig. 1. Wing parameters arei A=s
2.2, 0= 5.08, Xf 40° for aft swept wing and &f =-22945* for forward
swapt wing;‘xir 32011? for both wing configurations. Leading edge
flaps and stakes are installed on the wings; a fairing can also be

added at the root section of the forward swept wing.

The fuselage of the model has two sections, and they are
connected by a strain balance, The front section can have canards
installed. This arrangement can allow us to mzasure aerodynamic
forces between the front section of the fuselage and the canards

while a main balance measures aerodynamic forces for the sntire

mociel .

The high speed model is similar to the low speed one; the

parameters of model attachments are given in Table 1. The

crosgs-section at the location of pressure measurement is also shown

i|'-l Fig- 1-

The airfoil used in experiments is NACAES -0045. The
A
Lomgituwdinal cross-section of the strake is wedge-shaped.
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Fig. 1 Sketch of model

key: (1) Strain balance) (2) Low speed model) (3)
Cross-section of pressure measurement locaticny (47
Strake; (5) Fairing; (67 High speed model.

Takle 1 Geometric parameters of model attachmemis

(): o Xe Xime X " A H(mt)
(2) mBR | 40 UL 0 8,08 ) 5.2 0,083
(3) MRR -33°4¢’ —31'1y’ T st 5.08 3.2 0,033
. iﬁ(&)*lllﬁ 39044’ -43°10’ —s1'ay’ 2,04 3.3 0.0
"EA”'J-?E(5)¢IlIﬁ =888’ L —st3’ 15,8 5.1 0,033
e (6)xmmma| ~ne -5’ " 3.3 0,033
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Key: €1) Model; (2) aft swept wing; (22 forward swept
wing; (43} Swept angle of large leading edge) (&)
Zwapt angle of small leading edge; (6) Swept angle of
large 4raining w=dge) (72 Swept angle nof small
training edge.
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2. Experiment. Equipment

Low speed experiments are conducted in an open type, circular
flow wind tunnel whose test sectiom is 1.5m in diameter, wind speed
':’
20 m/s, experiment Reynold?’s number Re = 0.51 x .. and whose the

characteristic lengtﬁ is based on the average aerodynamic chord.

The teset section dimension of the transonic wind tunnel is
Q.52x0.64 m. On the four sides of the tunnel wall, there are
plates with throttle contralled obligue holes and single point
supported semi-flexible nozzles. Experiment Mach number, Ma is in
the range of 0.4 and 1.5, the Raynold!s number, Re = 0.96 ~

1.74x10 whoge chavacteristic length is based an the average

agrodynamic chord,

For the low speed experiment, the aerodynamic forces of the
e#ntire model are measured by using a platform type mechanical
balance while the loading on the canards is measured by a strain
balance. For the high spesd experiment, two strairnm balances are
used Lo neasuve the aerodynamic forces of the entire model and the

i canards, respectively. An additional, small loading strain balance
is alsa used to check the aerodynamic measurements for the entire

model ih the case of a small angle of attack (% 493,
Pressure measurements are conducted by using sensors and scan

valves., Measurements can be recorded and processed automatically

through the wind tunnel checking system.
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ITI. Low Speed Aerodynamic Characteristics of a Forward Swept
Wing

1. Aerodynamic characteristics of a forward swept wing

Since the spanwise flow dirzction and the leading =dge vortex
flow direction of a forward swept wing are opposite to those of an
aft swept wing, flow separation occurs at the inboard sectiocn near
the leading edge of a forward wing first [Z]. Consequently, this
phenomanon affects the aerodynamics loading distribution on the
wing surface. Fig. 2 shows typlical pressure distribution at
imboard and outboard sectiong of & forward swept wing. At a low
angle of attack (wf 49), a relatively large suctién peak occurs at
the inboard gection near the leading wdge; the pressure gradient is
alss large hehind the peak. Furthermore, the flow travelling
distance in this reversed pressure area is rather long, and
consequantly, flow separation accurs quite easily. This explains
why flow separation appears first at the inboard secticon for a
forward swept wing. When G/? ;E=°, the suction ;::ne-:\l-c near the leading
edge disappegars. As the angle of attack increases ¢ the suction at
the front is gradually reduced while it is increased at the rear,
and levels off the churdwise pressure digtribution, This indicates
that the inboard flow of & forward swept wing hasically is a
geparated flow at a high angle of attack) however, the low pressure
region near the leading sdge at yhe outboard can hold up to a

ligher angle of attack. This is becauwse leading edge vortices are

generated from the wing tip for a forward swept wing, and theair
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‘dimensions are small and thus do not affect the leading edge main

stream at a middle angle of attack; consequently, a relativaely
large leading edge low pressure zone and peak are maintained. As
the angle of attack increases, the swept angle of the vortex axis
increases. Consequently, the afterward vortices induce a low
pressure region on the wing surface. The leading edge swept angle
of this particular forward swept wing is not large enough, the
created leading edge vortices are not strong enough, and breakup
occurs early. This results not only in reducing the vortex lift,
but alsn im decreasing the suction peak near the leading edge and
aggravates the flow separaticon near the leading adge at the inbocard

sgction.

Fige 2 Typical surface pressure distribution on
cross-sections of a forward swept wing.
Key: (1) Crogs-section I[I5 (2) Cross-section IV.
Effects of the flow features stated above orn asvodynamic forces
are shown in Fig. 3. When the angle of attack is small, the
lift=dvrag ratio of a forward swept wing is a bit larger than that
of an aft swept wing. On the contrary, as the angle of attack

7

)

e~ o o m e M. —a—

-



increases, the flow separation region at the inboard expands; thus
the lift-drag ratio of a forward swapt wing is smaller than that of
an aft swept wing. Therefore, it is essential to find a means to
glow down the Tflow separation which occurs at the inboard section

of a forward swept wing.
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Fig. @ Lift-drag characteristics for a wing-~fuselage

assemblead body.
tey: (1) Forward swept wingj (2) Aft swept wing.

2. Ihprovement of inboard flow for a forward swept wing and '
Ferformance increasing

From the discussion above, we realize that the flowfield at the

inboard section of & forward swept wing canm be improved iy

increasing the kinematic energy inside the flow boundary layver or

P Sy

pushing the leading edge vortices forward.
s
)
a. Imboard strake: Installing strakes at the inboard section
for a forward swept wing to control its flowfield can rioticeably <

improve the lift-drag characteristics (for a high angle of

sttackl). Under a mid or high angle of attack, the strengtk of

stoake vortices is large, and the nonlinear lifting vortices can

impecove the lift-arag ratio dramatically. However, the angles

oy weeh the axis of strake vortexr and the flow direction of the
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leading edge vortex is quite large, and thus both flows block each
other which limits the development of the vortices. Therefore,
although strake vortices can improve the inboavd flowfield, their

efficacies can not be fully wtilized.

b. Leading edge flap: The leading edge vortices of a forward
swept wing are developad from its wing tips. The development of
these leading edge vortices can be deferred by lowering the leading
arge Flap At the outar wing section, thus reducing their effects on
the inboard flow, and conseguently, improvirg the inbosed
flowfield. As shown in Fig. 4, a leading edge flap can increase
the 1ift-drag ratio at a high angle of attack situation. Howsver,
under a higher angle of attack, separated vortices could possibly
developg from itg leading edge or even from its hinges line.
Therefm;e, what shape is the best for a leading edge flap recguires

further gstudies.
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Fig. 4 Various means of improviong Lafh-odvag cacio.

Fey: (1) Forward swept wing; (2) Forward swept wing plus a
leading edge ftlap; (2 Forward swept wing plus leading
gdge strakes; (4) Forward swept wing plus & fairing.
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t. Inboard fairing: RAc.ing a swept backward fairing at the

intoard section for a forward swept wing is to duplicate the

intoard flow characteristics of an aft swept wing, thus improving

the performahce of a forward swept wing.

Figure 5 presents the pressure distributions at three inboard

cross-sections of a forward swept wing after an inboard fairing is

Ged et ™ Mt ol mme a b mrea catie

installed. The figure shows that the leading edge low pressure
zone as well as the peak are recovered aftsr an inboard fairing is
added, especially at the two most imboard cross-sections. This can
undoubtedly improve the lift-drag characteristic. Its lift-dvrag
characteristic is shown in Fig. 4. Although its improvement at a
high angle of attack is little less than a strake, the improvement

is better under a mid angle of attack situation,
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Fressure distribution of a fairing. Gz =01,
Feyi (1) Original forward swept wing; (2 Faiving.
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3. Aerodynamic characteristics of a canard configuration

The interference between the downwash flow and the vortes of a
canard can defer the inboard flow separation for a forward swept
wing or a forward awept wing with a fairing. The pressure
distribution on the wing surface will also be changed. Fig. &
showe that the canavd decreases the 1ift at tws invboard
cross~sections howevear, the leading edge low pressurs zone and its
peak are recovered. These charnges not only make up for the partial
lift loss, but alen reduce the drag. Moreover, the lift at the
ouber wing section is noticeably increased. On the contrary,
effects of a canard on an aft swept wing not only lose & largsr
lift, but ales decrease the leading adge suction peak. Its Lift
inprovenent onh outer wing section is also marginal. Consagquently,

this configuration of arn aft swept wing could not only lase 1if

cmnsiderably, but also increase drag. i

— ENR(3)
cemees AHR(4)

o L d - ———

Fig. & Effect of & canard on prossure distribution
Cof= 129)

Fay: (1) Aft swept wing) (&) Fairimg; (32 Withouwt
canard; (4 With canard.

11
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—— ANR+NR (2)
cmeee= KM MR+MR(3)

.
- m et . mmen e
-

| s p—

0.8 6.8 C.

Fig. 7 Lift-drag characteristics and moment charac-

teristics of a canard configuration.

eyt (1) Fairing plus canardy (2) Aft swept wing plus

canard; (3) Aft swept wing with strake plus caranrd

Figure 7 shows the polarizing curves of canard configurations

for three different types of wing. The canard configuration for a
fairing is noticeably better than that for an aft swept wing inm the
gntire range of angle of attack. This not only reflects the

difference of two types of wing-fuselage combination, but also

shows that the interference of a canard is favorable for a

fairing. Comparing with an aft swept wing with strakes (botin




lifting surface areas are egual), the lift-déag characterigtic of a
forward swept wing with a fairing is the best when @i 17° (Cy =
1.05). Urnder the same lift coefficient, the comparisons of drag

ra@duction and lift-drag improvement are listed in Table 2.

In consequence of the improvement of the inboard flowfield for
a forward swept wing with a fairing, the linearity of the pitching
moment curve of a canard configuration is even better) however, its

focus moves forward,.

Table 2 Comparison of aerodynamic chavacterispips of oa
canard configuration for an aft swept wing with strake
and a forward swept wing with a fairing.

¢y R 0.4 0.8 0.¢ 0,7 0.8 0.0 1.0
CLIM AW | 1088 | 1018 | 10,08 | 1838 | 16,98 | 13008 ne 3.48
(2) HTRALAN 17% so% us 1ne 108 e 120 Y )

key: (1) Drag reduction; (23 Lift-drag ratio improvement

IV. High Speed Aerodynamic Characteristics of a Forward Swept
Wing

1. Aerodynamic characteristics of a forward swept wing

The varying trends of agrodymamic forces vergsus Ma for Doth

forward swept and aft swept wirngs are similar.

a. Lift characteristics! In the subsonic range, Cy increases
with Ma as shown in Fig. 2. Under the testing Mach number and

o
forward swept angle rarnge, all Cy values of the forward swept wing

are less than that of the aft swept wing; however, the variation

« o




amplitude of c? versus Ma for the forward swépt wirg is smaller.

—"—x.-l-ﬁ.'“' T
—— Y -0 4e’
[} ol 1

——— -fr b
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. X . 0.8 0.8 e 2 1.4
Ma

Fig. & High.speed characteristics of a forward
swept wing. .

e Drag chavacteristice (Fig, %)% The varying trend of the
zers Lift drag coefficient, Cxo versus Ma is basically similar to
that of an aft swept wing (Fig. 8). From the pressure distribution
shown in Fig. 10, despite the fact that the increment ie small, a
sudden increase of praessure at the dashline on the forward swept
wing surface indicates the existence of a shock wave whick results

in the sudden increase of Cxo. Whan Ma = 1.1, Cxoreaches its

maximum, and a bow shock is developed at this moment. .
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Fig. 9 Drag characteristics of a forward
swept wing.
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Fig. 10 High speed pressure distributions of a
forward and an aft swept wings {Mewo,e8)
Faeys (1) AfL swept wing; (2) Forward swept wing.
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From the pressure distribution of the o=z 0° case (Fig. 10), the i
low pressure zone is close to the leading edge and its amplitude is i

|

large for a forward swept wing. Becauss the maximum thickness of
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the airfolil is located at 35% of the chord, such a pressure %

‘!

distribution characteristic makes Cxoof a forward swept wing 53

smaller than an aft swept wing. In supersonic regime, a bow skhock .$

ed

appears in front of the leading edge, and also because the strangth '

1, 4]

£

2f the bow shock is related to the leading edze swept angle, f:

therafore, C:-:o-:f this testing forward swept wing is larger than ;iﬁ

?Q'

that of the aft swept wing. ﬁ

)

K\

The airfoil model wused in this experiment ie symmetrical, when f

the angle of attack &= O¢, Cy = O thus Cn = C::»co. Whan O m 0%, Lhe

&

[

wing generates lift as well as induced drag c:u:1 Cincluding &

lift=induced wave drag at high speed). The induced drag ::

. 2]

tgeneralired induced drag) can be written as: ::

.. o

- Cl‘-CD-‘ClV.-AC. \

[

“

where values of C:-:o and Cx are obtained fromn esperiments. The drag f

:‘

incrament ACy: thus can be calculated. *

¢

@,

(]

Table 3 Induced-drag coefficlents whichkh are wanduced by §

Wit lift coefficients of forward, aft swept wings f

(e increases from O° to £9) N

i

:: NS Y m | ACy | acy |ACKAC, i

0.al3IMUR | o0 | 0u 0.108 ?

’ (3)rER | o040 1| a7 0.104 "

(1) WR | o000 | 0.4 0.111 .

[ 1Y) it

: ) MR | o0 | o.80 0.8 ::
j (2)man | oo | v 0.107

: "'(z)nﬂl 0084 | o8 | ouan X u

' bey il Type of wing) (23 Forward swept wings; (E) Aft r

swept wing. '

X

= X

v
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Tabble 3 shows that when Ma = 0.9, the drag coefficient
increments which are induced by the unit lift coefficients of the
forward swept and the aft swept wings are sgquivalent. However,
whan Ma = 1.1 and 1.2, the drag coefficient induced by the unit
1ift coefficient of the forward swept wing is larger than that by
the aft swept wing., It is reduced by 12.5% at Ma = 1.1.

Figure 10 indicates that the low pregsure mone neav the lesding
adge of the att swept wing suffers damage, thus suction near the
legading edge at the niddle of the span i sealler than that of tkhe
trailing section. This also indicates that strencth of the shock
at this location is lavgevr. For the case of 2 forward swept wing,
shock wayis alan appeav &t the same location, however, they are
dispersed, and the suction near the leading ecge is s8till larger
than thgy;at the trailing section. Consequently, the transomic

induced arag of a forward swept wing ie smaller.
The maximum Lift - drag ratio, Kmax is skown in Fig. @,
we Improvement of high speed agrodynamic characteristic for
B forward swept wing

@a. Effects of leading and trailing edge swept anglewy

(1) Leading edge swept angle! Under wunchanging conditions of

the trailing edge swept angle, the aspect ratio as well as the

&
tntal wing area, Gy decreases when the leading edges angle

lneoreases ) Cxocan alesn decvessg especially beyornd the transonic



w e . . 1o ame o4

regime. For instance, when Ma = 1, Cxynf x,i =39944* ig Q.00
smaller than that of A= -8°55'; when Ma = 1.2, it is 0.008

amallar.

The maximum lift-drag ratio, Kmax, decreases as the leading
adge swept angle increases in subsonic) however, the variation is

snall in supergonic.

(2) Tralling adge swept angle! Urnder unckhanging conditions of

the leading edge swept angle, the aspect ratioc as well as the total
%

wing arwa, Cy decreases when tha trailing edge angle incrzages) Gmo

alsn decreages as shown in Fig., 1l.

Under unchanging conditiony of the aspect ratio as well as the
total wing area, increasing the trailing edge forwerd swept angle
resullts in the increasing of the root-Lip ratio, the wing arss
Brlmceked by the fuselage increases, the wing arvea inmerged in
aivf iy derreases, thus reducing its friction drag. RBeyonod the
transonic, increasing the trailing edge forward swept angle resulls
in increas’mg the swept angle o0 the maximum thickrnass line, thus
the swept ang!e of shock waves on Lhe wing surfacse incrosases, hhe

shack strength decreases, congenquently, reducing the wave drag.

Al though the drag of a large tralling edge forward swepl angle

o
ia smaller, Cy is small, and therefore, the lift-dvag ratio is

small .
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Fig. 11 Effects of trailing ecdge forward swent angle
on the performance of farward swept wirng.

By Effect of inboard strake (Fig. 13

Rzt C? and Cmo of & forward swept wing with strakes are larger
than that of & forward swept wing without a strake. Howsver, the
maximam lift-drag vatio in transonic is amaller C(in the range of a
small angle of attack)y this is consistent with results of the low

spaad case. Only when Ma » 0.9, Emax of the former is then larger

than the lac =y,
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- Fig. 12 Effects of atrakes ard faivings

Key: (1) Forward swept wing) (2) Forward swept wing
plus sbtrakeg) 3 Wing with fairings.
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amge

Fig. 13 PFressure distribution of a fairing wing, Maz0.9%
eyt (1) Forward swept wing; (2) Fairing wing.
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¢. Effect of inboard fairings

e Al B e B

S

Figure 12 shows that effects of fairings are remarkable. From

the pressure distribution on the fairing wing surface (Fig. 13,

the fairing add additional loading at front parts of the first twa

Py

intboard crosg-sections (A= Q9), ite resultant force location

corvesponds to that of a forward swapt wing, and therefore, effect
o the drag ls small. Howaver, the low prassure zone (as well as
its amplitucde) near the leading edge at cuter cross-sections shows
larger increments, consequently, reducing Cmomf the fairing wing.
When 6k 4°, besides of tha additional loading pecause of the
fairing, it alegn increases the loading st the original leading
wrige, @has increasing Ce.

3. Aevodynaniec characteristices of & canarvd configuratian N

Figure 14 presents the characteristics of camavrd contigurations
for three different main wings, of which the values of bolh C% arud
‘ Emax include the contributicns from camards. Comparved with Fig. @, j
the canavd contiguration makes C? increase for both & forwvard and
»:e e afb sawept wing. It increases 0003 Y O.0L18 for the forward
swenl winy whils dneveasing around G5 for the att swepl wing.
T echdition, the mooccdmum increment accurs when Ma » 1 for the
5 tfovwars swept wing with a canard configuration, which indicates
that & forward swept wing with canavd contfiguration can gain the

most beneflt in the transonic regime. Foroa fairing wing with

21

e e A Y T Vg I T AL OIL O R ST I AT, Y. e AR St Bar A Sur | A S st S b S 4 & Fr 8 Ard Aur LA A A L S A LS LA e L A L AN L AP L W W W W W [T LA



I - S e

canard configuration whose c? is 0.001 ~ 0.002 higher than a

forward swept wing with canard configuration, and 0,008 ~ 0.12

higher than a fairing wing without a canard

L}
0, "/:.\

n.0§

b.08 — N R L
——ee G MER(2

e RN (3]

Kﬂ.l

'

_ 8
0.8 0.8 L0 1.3

Fig. 14 Asrodyramic characteristic of canavd comfiguvration
Fay: (1) Forward swept wing) (23 AfL swept wing) C3) Fairing
wing.

Figure 1% shows the effect of & canard on the pressure
distribution of the main wing. When a carard exigts, the pressuve
variation at the root section of a forward swept wing is amall, andd
the suction peak near the leading edge at outer wing sectian
increases. For an aft swepl wing, the suction peak near the

leading edge decreases over the entire wing. Although the loading

incremaent at the trailing sectiom can make up this loss, overall




» 0 4 + I3 0} ' Iy .
, drag increases. For & fairing wing, since its inboard section is

: sweptbhack and closes to the canard, therefore, it is strongly
[ influenced by the canard, and conseguently, the suction peak near
) the leading edge in this area increases which makes up the loss at

the ront section.

Fig. 15 Effect of canard on pregeure distribution of

& main wing (Ma = Q.935, = 4%

CHeyid 1) Aft swept wings (2) Forward swept wing) C3) Witk
canard; C4) Without canard) (5) Fairving wing.

Vo Lift of Canard Under Main Wing Influence

Figure 16 shows the Lift coefficient curves under the effecls
of different maim wings. [t clearly illustrates the cdifferences of
wackh main wing interfervence on the lift of the camard. The faiving
wing 13 the best, the forward swept wing is nest, and the afti swept

wirg is the woarst.
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Fig. 16 Lift of canard under different main wing influence.
key: (1) Forward swept wingj (20 Aft swept wing) (3) Fairing
wing .

VI. Conclusion
1.7A forward swapt wing possesses less drag, especial the high

speed induced drag.

2. Under a small angle of attack, the lift-drag characteristic
of a forward swept wing is good. At a higher angle of attack, the
early flow separation ogccurring at the inboard section limits the
improvemnent of a forward swept wing performance. This esplains the

importance of inboard flow improvement for a forward swept wing.

A Adding a fairing at the inboard section is an effective way
to improve the flowfield at the wing root which can increase the

entire, lifl-drag ratio.
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4. Adopting the canard configuration can create better
intarference effects for a forward swept wing than for an aft swept

wing., It is aven better for a fairing wing.
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