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Abstract 1 Wing span
Voo Velocity of the free stream
Experiments were conducted to investigate the p Pressure
aerodynamic characteristics of a 74° swept delta-wing I Free stream dynamic pressure
model equipped with an apex-flap and leading-edge t Time
vortex-flaps for the study of steady state with the angle CL Lift coefficient
of attack varying from 0° to 90° and for the unsteady Cd Drag coefficient
pitching state with the frequencies 0.4 ,0.8 and 1.2 Cn Normal force coefficient
Hz. The corresponding “nondimensional pitch rate” Ca  Axial force coefficient
parametersK were to vary from 0.02 to 0.15, which Cm  Pitching moment coefficient
are typical of airplane maneuvers. These tests were Cm, Rolling moment coefficient
conducted in a low-speed wind tunnel of 2.25m in di- Ck CL/Cd, Lift-drag ratio,
ameter with Reynolds number ca. 1 x 10% , supple- aerodynamic efficiency
mented by colored water visualizations conducted in X Cartesian x-coordinate
a 0.4m x 0.4m water channel. The relations of the y Cartesian y-coordinate
static aerodynamic coefficients varying with the angle z Cartesian z-coordinate
of attack are analyzed according to the flow phenom- Re Reynolds number Re = Vb, /v
ena which are different in three zones of angle of at- a Angle of attack, incidence
tack. The dynamic hysteresis of the aerodynamic loads aqq  Angle of attack where hysteretic loop ends
in unsteady state and the effects of deflecting flaps on df Deflection angle of AF
the vortex control are discussed. Comparisons between dv Deflection angle of LEVF
the results of experiment and computation by solving Pitching angular velocity
the Navier-Stokes equations are made. The unsteady B Coefficient of artificial compressibility
pit:,ching motion of the r{xodel causes the hysteret'ic vari- Subscripts
ation of the aerodynamic coefficients but can still keefp 0 Initial condition
the advantageous effects of flap on vortex control as in cr Critical condition

the steady state. The fact that part of the results of
the calibration test of a basic delta wing with no flaps
are in agreement with the corresponding values found

min  Minimum
max Maximum

in references may enhance the reliability of the present oo Free stream
tests.
Introduction
Nomenclature As the current operational fighters have experi-
enced the angle of attack over- shooting 60° in maneu-
Cr Root chord vers at combat!, the next generation of aircraft being
S Wing area considered is to fly at angles of attack far over its crit-
Sf Area of AF ical value which is in general 25° to 35°. It is well
Sv Area of LEVF known that the flow over a delta-wing at constant an-
AF Apex flap gle of attack is dominated by two large bounded vor-
LEVF Leading-edge vortex-flap tices that result from the flow separation at the leading
LE Leading edge edge. However the vortices will break down causing
b, Aerodynamic chord the passing flow unsteady when the angle of attack in-

creases approaching a critical angle. There are many

* The project supported by National Natural Science Foun-  unanswered problems on the behavior of the wing not
dation of China
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only in steady state but also in unsteady state after the
vortex breakdown and the ways suitable for controlling
the development of vortices. These problems have led
us to a growing interest in the investigation of the aero-
dynamic characteristics of highly swept wings at very
high angle of attack as well as the control of vortical
flow. There need both an increase in the physical in-
sight and an improvement of the understanding of all
relevant phenomena. For several years the first author
had led investigations?* to find ways that can avoid
the decrease of lift and can increase further the aero-
dynamic efficiency of a highly swept (74°) delta wing
equipped with vortex flaps. It was found in the in-
vestigation that if the forepart of the delta wing called
apex flap deflectable about a transverse axis is to droop
down, then the vortices separated from the apex flap
and the leading-edge vortex flaps will interact to yield
a higher lift and larger lift-drag ratio than that pro-
duced by a wing without an apex flap. These previous
investigations were carried out for steady states with
the angle of attack less than 35°. Based on this back-
ground the objectives of the present test program were
plotted to involve the study of steady state with the
angle of attack varying from 0° to 90°. and the un-
steady state caused by a sinusoidal pitching motion of

the wing under an excursion of angle of attack between
0° and 73° .

Experimental model, setup and test procedure

The planform of the present model and the instal-
lation of the apex-flap(AF) and leading-edge vortex-
flaps(LEVF) are as shown in Fig.1(a) with its geomet-
rical data listed in table 1. This model is modified from
that used in the former investigations (Fig.1(b)). The
difference is in that the LEVF of the present model are
located out of the main delta part instead of within it.
In the previous case the leading edge of the LEVF is in
alignment with that of the AF, therefore the LEVF are
to occupy the limited wing space. The relative areas
of the present AF and LEVF with respect to the whole
wing area are 5.65% and 25.7% respectively. The AF
and LEVF can be deflected up and down about hinges
at their trailing lines with respect to the main delta
wing. In the tests, the AF was deflected to —15°,0°
and 15°. and the deflections of LEVF were —30°, 0°
and 30°. (negative means to droop down). The model
used for wind tunnel tests was made of 6mm thick alu-
minum plate with the leading edge (LE) sharpened by
an upward cut from the lower surface to fix the flow
separation there but the trailing edge was blunted. The
thickness of LEVF is Imm which is relatively thin and
can be treated as zero in computation. The model was
mounted on a sting-type six-component strain gauge
balance (Fig.2) connected to a frame which can be ro-
tated to vary the angle of attack from -4° to 90°. in the

present tests. The origin of the Cartesian coordinates
system was located on the aerodynamic center of the
wing with the x-axis set in the direction of oncoming
flow and the y-axis directing upward. The model for
flow visualization in water channel was made of plas-
tics and had its size 1/3 of the model used for wind
tunnel test. The low speed wind tunnel of the Peking
University has a circular test section of 2.25m in di-
ameter with Reynolds number 2 x 10° to 2.7 x 10°
per meter for wind speed of 30 m/sec to 40 m/sec
respectively. The water channel of the Beijing Uni-
versity of Aeronautics and Astronautics has a 0.4m x
0.4m square test section with a Reynolds number of
7x10% at flow speed 4cm/sec. In steady state tests,
the angle of attack varied from -4° to 90° with data
points recorded at intervals of 2° for @ = —4° to 10°
and 5° for « above 10°. In the unsteady state with
the model in pitching, three cases of a excursion i.e.
0° = 40°,20° = 60° and 0° = 73° were adopted for
purpose of looking changes with the change of ampli-
tude. The sinusoidal pitching motion were proceeded
according to the rule of @ = ap+ (Amar — @o)sinwt, in
which w is the angular velocity. In wind tunnel tests,
the adopted pitching frequencies were 0.4, 0.8 and 1.2
Hz. Correspondingly the reduced frequencies were k=
0.03, 0.06 and 0.12 with the nondimensional pitch rate
K varied from 0.02 to 0.15. These values are typical
and comparable to those happened in maneuvers. For
the flow visualization tests held in the water channel,
it was to keep Vi = 4cm/sec with the Re=7x10° and
the pitching frequencies 0.012 to 0.06 Hz correspond-
ing to k=0.2 to 1.0 and K=0.3 to 1.5 respectively. The
visualization records were employed for assessing the
influence of various flow parameters. In wind tunnel
tests, the pitching motion was actuated by a computer
controlled D.C.motor. The analog signals sent by the
balance, pressure transducers, etc. were prefiltered by
using an analog low pass filter with 30 Hz cutoff fre-
quency. Electronic coordination between data acqui-
sition system and apparatus control system was used
to allow efficient operation and sychroneous collection
of electrical signals. During data collection, signals of
120 points were drawn in a sample for every cycle of vi-
bration and 10 samples were taken to make an average
value for every point i.e. for every angle of attack. Af-
ter the data were converted and corrected for balance
interactions etc. the structural modes of vibration were
to be filtered out by a low pass filter with 17 cut-off
frequency. The aerodynamic forces and moments were
extracted to calculate the aerodynamic coefficients af-
ter the static data from wind-off runs were subtracted
from the wind-on data. Finally, results of the force
measurements were plotted in form of coeflicients in-
cluding the coefficient of normal force Cn, axial force
Ca, lift force CL, drag force Cd, pitching moment Cmz
and the aerodynamic efficiency Ck=CL/Cd vs. the an-
gle of attack.
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Steady Aerodynamic Characteristics

The experimental results show that the variation
of the static aerodynamic behavior is quite different in
three regions of angle of attack, therefore the steady
aerodynamic characteristics may be discussed as fol-
lows:

(1) The first region, 0° < a < 30°

In this region , the flow over the wing is basically
dominated by the two primary bounded vortices sep-
arated from the leading-edge of the flaps as shown by
the visualization results (for a below 5° the influence
is small). In company with the increase of the angle of
attack, these vortices move inboard and grow in size.
They become stronger and their influence on the total
forces and moments grows till the breakdown of the
vortices merges as the a approaches to 30°. However
the breakdown of vortices can be delayed when the AF
droops down (§; < 0°) and vice versa if AF tips up
(67 > 0° ) as can be seen in the flow visualization.
Taking the pictures of Fig.3(a) and Fig.3(b) for exam-
ple, they display the patterns of flow around the model
for 6, = 30°,8; = 5° and -15° respectively at o = 30°.
It can be seen that at 6; = 5° the bounded vortex
suddenly expands over the aft part of the wing indi-
cating the happening of vortex breakdown which how-
ever doesn’t appear at §; = —15°. Therefore it is clear
that the delay of vortex breakdown is contributed by
the action of drooping down the AF.This happens also
in other cases of é, deflection.In addition, as AF droops
down,the AF vortices will move toward LEVF to merge
with the LEVF vortices after leaving AF, which will
strengthen the negative pressure acting on LEAF and
in turn to reduce the drag because of increase of the
thrustwise axial force in forward direction. It is well
known that the advantage of employing vortex flap on
wing to produce thrustwise force component is effec-
tive on reducing the drag and increasing the lift-drag
ratio at a cost of slight lift reduction®®. Neverthe-
less to droop AF down will enhance the advantageous
function of LEVF but with less lift loss. In contrast,
ifé, > 0° i.e. to tip LEVF up, the thrustwise force will
reverse its direction to produce drag. The other result
of drooping AF down (§; < 0°) is the reduction of ad-
verse pressure gradient along the streamline, which is
conducive to delay of vortex breakdown and to increase
of Crmax as well as the critical angle of attack c,.
In other words, the phenomenon of vortex breakdown
emerges earlier at §; > 0° than at §; < 0°. Many
experiments and computations show that the weaker
vortex will be drawn toward the stronger vortex rotat-
ing in same sense and merging together, if the distance
between them are smaller than a certain critical value.
For this reason, the LEVF of present model was de-
signed to tape at its front part for sake of diminish-

ing the interval between the cores of the two vortices.
Flow visualization(Fig.3(b)) has verified the concept
that the separated vortices of AF and LEVF merged
earlier as the vortex of AF became weaker when AF
drooped down. Correspondingly,the force measure-
ments can verify that the coefficient of axial force Ca
decreases more negatively with the increase of a by
deflecting AF downward(Fig.4(b)), while it can keep
the curve of normal force coefficient Cn vs. « nearly
unchanged (Fig.4(a)). As a result, the curves of lift
coefficient CL vs. « , drag coeflicient Cd vs. « and the
polar curve CL vs. Cd will be of the form as shown in
Fig.4(c),Fig.4(d) and Fig.4(e) respectively because of
existing the relationship: Cyq = Cycos(a) + Casin(a),
and Cp = Cycos() — Cysin{a).

(2) The second region, 30° < a < 55°

In this range, following the movement of break-
down point from the trailing edge to the tip, the flow
field gradually becomes disordered as can be seen by
comparing the visualization pictures for ¢ = 30° and
45° (Fig.3(c) and Fig.3(d)). The effects of disordered
flow field are to be reflected on the aerodynamic char-
acteristics such that the positive gradients of the Cn
and CL vs. « curves will gradually become negative
after a = 35°. Moreover, the down droop of AF will
cause the Cnnaz, CLmaes and ag to increase and the
Ca to decrease further because of the delayed break-
down of vortices.

(3) The third region, 55° < a < 90°

In this region the stable vortices disappear com-
pletely and the flow becomes like wake-type and un-
steady, which causes the aerodynamic forces acting on
the wing nearly unchanged with the change of angle
of attack, therefore the variation of Cn and Ca are
only slight with the increase of « till the CL and Cd
approach to the value of -Ca and Cn at a« = 90°
(Fig.4). In accordance with that,the result is to cause
the CL/Cd curve less effected by the deflection of &;
and nearly perpendicular to the Cd axis (Fig.4(e)).
As to the variation of pitching moment coefficient Cm
vs.a, the tendency is similar to that of the Cn vs.«
throughout the whole 3 regions.

Unsteady Aerodynamic Characteristics

The experimental study of the unsteady aerody-
namic characteristics of the pitching wing was con-
ducted for three ranges ofc excursion. They are 0° =
40° for low to moderate «, 20° 2 60° for middle @ and

® & 73° for low to very high a. Correspondingly the
amplitudes are 40°,40° , and 73° respectively. Samples
of Cn and Ca vs. « are presented in Fig.6,in which
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curves related to k= 0.03, 0.06 and 0.09 are drawn and
for each k three curves corresponding to 4 K-values
are illustrated. The curves of Cm vs. a for k=0.03 are
drawn in Fig.7. It is worth to note that for a definite
k, larger K means having larger amplitude. Taking the
Fig.6 which is drawn for 6, = —30°. and §; = —15°
for example, the curves of Cn vs. « (Fig.6(a)) show
that Cn has an increment (ACn > 0) at pitching-up
and a decrement (ACn < 0) at pitching-down forming
a hysteretic loop to enclose the static Cn vs. « curve
(K=0) in. The loop looks like a leaf with its maximum
height diminishing as k increasing from 0.03 to 0.09.
The pitching motion is to enhance the a¢,, Cnpmqes and
the CLpqz also. This phenomena appear in the Cn
vs. « curves for the o excursions not only in 0° 2 40°,
but also in 20° 2 60° and 0° = 73°. It is apparent
that for a definite k, the hysteretic loop expands with
the increase of amplitude or K such that the loop of
larger K is to enclose the loop of smaller K, which re-
sults in increase of Cnmax and the slope of Cn vs. a at
pitching-down. In table 2 and table 3, there are data
of cter, Cimaz aind (qq corresponding to various k and
K for the basic delta model with and without flaps
respectively. These data show straightforward the ad-
vantageous tendency of the variation of aerodynamic
behavior. The reason behind that is the breakdown is
delayed at pitching-up, which can cause the increment
of a.r even to 20 deg. as K increases. The angle ayq
is the angle of attack at which the loop ends or the
pitching-up branch coincides with the pitching-down
branch. When « reduces to a,4 during pitching-down,
the pattern of flow dominated by the bounded prime
vortices recovers and the wake-type flow disappears.
Moreover, g is to decrease with the increase of K.
In addition, as o approaching to auq in pitching-down
motion a small peak appears, which indicates that one
bounded vortex has rebuilt before the other one re-
built at & = a4q. The feature of unsteady characteris-
tic curves of axial force coefficient Ca vs.a (Fig.6(b))
is first that the Ca curve with larger K will enclose
that of smaller K but the increment ACe < 0 is for
pitching-up and ACa > 0 for pitching-down with its
form looking like a piece of slender leaf. The second
feature is that the hysteretic phenomenon is less promi-
nent at the first region (0° < « < 30°) than that at
the 2nd and 3rd region , because in the latter two re-
gions the flow fields are gradually dominated by that
of wake type. The last feature is that the minimum Ca
is to appear at larger o where the gradient changes its
sign for larger amplitude or larger K. Moreover the ab-
solute value |Camin| is to decrease with the increase
of 8§, and 6;. The hysteretic phenomenon appears
also in the curve of pitching moment coefficient Cm
vs.x , as can be seen for example from the curves of
6, = —30°andéy = —15° in Fig.7. The characteristic
Cm curves show that in the 2nd and 3rd region, the
hysteretic region grows with the increase of K, which

differs somewhat from that of the Cn vs. « curves.
The variation of the unsteady CL and Cd vs. «a is sim-
ilar to that of Cn and Ca vs. « since CL and Cd are
in function of Cn and Ca (Fig.8).

Flap Aerodynamic Control

In the steady state the strength of the bounded
vortices will be greater for 6, > 0° than §, < 0° be-
cause the bounded vortices are at places nearer to
the LEVF as can be seen in the visualization pic-
tures(Fig.3), and the local angle of attack is higher
there than in the case of §, < 0. These may the reason
that the updeflection of LEVF( 6, > 0°) will enhance
Cn and CL as well as Ca and Cd as compared to the
case of downward deflected LEVF(é, < 0°). Based
on the above explained action of the §, along with
the effect of 6; discussed in the previous paragraphs,
the effective contribution of using AF and LEVF to
the wing aerodynamic characteristics can be summa-
rized(refer to Fig.4 and Fig.5) as follows:

(1) In the first region, increasing §, will cause Cn
and CL as well as Ca and Cd to increase. However in-
creasing &y causes only a little increase of CL and Cd
compared withthat of decreasing 6. (2) In the second
region, increasing 8, will cause Cnmar and CLpy,, to
decrease and Ca to increase. Corresponding to the de-
crease of Cn, Cd will decrease also. The CL,q, and
ey are higher for 6; < 0° than that for §; > 0°. The
tendency that CL and Cd are smaller at §, > 0° than
at §, < 0° will continue on in the third region. (3)
In the third region, increasingéy will cause a little de-
crease of CL and Cd compared with that of decreasing
64. Throughout the regions from a = 0°t090°, the po-
lar curve CL vs. Cd for 6, > 0° at definite 67 shrinks
to locate within that corresponding to 6, < 0°. The
distance between these two curves becomes larger in
the third zone than in other zones (Fig.5(e). However,
for definite §,, the interval between polars for 6; > 0°
and 65 < 0° at the third zone is trivial(Fig.4(e)), which
indicates that the effect of deflecting 6; has lost in this
region. Reducing é, and §; will cause the lift-drag ra-
tio CL/Cd to increase in the 1lst region, although the
variation of §, is less effective than 6;. The data of
aerodynamic coeflicients CL and Cd corresponding to
a = 15°,65° and 90°. representing the flow in 1st,2nd
and 3rd region respectively are listed in table 4 for the
cases of6, = —50° ,560° andé; = —20°. The data of
CL and Cd related to the case of é; = —15° and 15°
and §, = —30° listed in table 5 together with the data
listed in table 4 are both conducive to confirmation of
the effects of AF and LEVF control as described above.
The data for unsteady pitching motion as listed in ta-
ble 2 and 3 indicate that the present model with flaps
has a. ca. 3°. greater than that of the pure delta
wing(é; = 0 ) besides having little decrease of Cnmax
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and with smaller axial force. These results can illumi-
nate the advantages of employing AF and LEVF flaps
on the control of vortical flow around highly swept wing
at large incidence both in steady and unsteady cases.
It seems that the knowledge of flap control in steady
state is worthy for the prediction of the effect of flap
control in unsteady state.

Comparison of Experimental
and Computational Results

For the convenience of making comparison be-
tween the experimental and computational results, the
model supporter was modified to locate symmetrically
with respect to the wing plane at near the trailing edge
than beneath the wing. Experiments were conducted
for this modified model and the resulis are drawn in
parallel with the computational values as shown in
Fig.9. The computational results were obtained by
solving the 3-D Navier-Stokes equations for incom-
pressible flow by the pseudo-compressibility method.
In this method an item Bdp/Pt was added in the
continuity equation, where 3 is a constant, p and ¢ are
pressure and time respectively. In the computation?
an approximately factorized implicit scheme of Beam-
Warming type was used. Artificial viscosity of 0(0.1)
was employed to keep the computation stable because
of using 2nd order central difference scheme. However
comparison was made with respect to the results got by
using the 3rd order upwind compact difference scheme
which needs no artificial viscosity in computation. No
apparent difference between them had been found. In
the Fig.9, apparent difference between the experimen-
tal and computational Cn and Ca vs. « curves can
be found in the region ofa = 20° to 40°. The reasons
concerned may be that the computational Re = 10% is
much smaller than the Re = 10° in the experiments
and no consideration concerning the turbulence have
yet been taken. However the agreement of computa-
tional and experimental CL/Cd curves seems satisfac-
tory. All of them have confirmed the advantage of
using flaps to control the vortex flow because of hav-
ing the effect of reducing the drag and increasing the
CLmax and ¢, etc. by drooping down the AF as
found in the experiments with their explanation given
above,

Accuracy of Experiments

The accuracy of the experiments was verified
through testing a calibration delta-wing model with
74° swept angle which is same as that of the origi-
nal main part of the flapped wing model. The aspect
ratio of the calibration delta-wing is A=1.135. The
CL~a and Cd-a curves for the calibration model are

as shown in Fig.10. Generally the curves for 6; = 0°
should pass through the origin point at a = 0 in steady
state, because the model is symmetrical with respect
to the wing plane. Nevertheless there is a small devia-
tion of 0.002 which is however merely 0.15% and 0.11%
in error relative to the CLmax and Cdmax respectively
and is permissible to be neglected. The gradient of CL
-a curve for a < 5°. is 0.022 per degree which agrees
with the corresponding value found in the reference [8].
For a > 5°, the gradient % increases because of the
appearance of the bounded vortices which will reduce
the viscous lift as generally called. The CLjer = 1.3
at o, is a little greater than the average CLjqp = 1.2
for A = 1.15 delta wing at Re = 1 x 10° as found in the
reference, in which Cp = 1.3 is for A=1.5 delta wing.
According to the statistics, CL,,4,=1.3 is on the upper
bound. However a. = 34° is well in agreement with
the statistical value of 35° for A < 1.2. For the case
of & > der, the Cn is 1.28 fora = 65°. and 1.19 for
a = 90° which are quite fit with the 1.22 and 1.06 for
a = 65° and 90°. respectively atA = 1.0 as found in
the literature although being a little greater. For the
unsteady state, the data listed in table 6 are Cn g,
ey and agq as well as the corresponding data found in
reference [9] for A=1 delta wing. It is apparent through
comparison that the values of the calibration Cnmax
are somewhat greater for all K, which is reasonable if
the Reynolds no.effects is considered, since the calibra-
tion Re = 1 x 10° is greater than the Re = 4.5 x 10°
found in the reference. The disagreement of some «gq
to their counterparts in the reference is related to the
difference of their amplitude of angle of attack dur-
ing pitching motion. The comparison has shown the
degree of accuracy and the reliability of the present
investigation.

Conclusions

Experiments including the flow visualization and
force measurement for steady flow and unsteady flow
around a pitching 74° swept delta-wing model with
flaps were conducted. Comparison between the ex-
perimental and computational results based on solving
Navier-Stokes equations was made. The aerodynamic
behavior of the present flapped delta wing and the ef-
fects of flap control can be summarized as follows:

1. The variation of aerodynamic characteristics
with the increase of angle of attack can be divided into
three regions i.e.a = 0° to 30°, 30° to 55° and 55°
to 90° according to the flow phenomena dominated by
leading-edge vortices, vortex breakdown and wake type
flow respectively.

2. By the increase of LEVF deflection, CL and Cn
increase apparently and Ca increases too in the range
a = 0° to 30°, while CL and Cn decrease in the range
a = 50° to 90°. CLmax,Cnmax and a., decrease with
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the increase of LEVF.

3. By the decrease of LEVF deflection, Ca de-
creases apparently while CL4z,Cnmer and o, in-
crease. However the effect of flap deflection on CL and
Cn is slight in the ranges of « = 0° to 30°. and a = 55°
to 90°

4. For the CL vs. Cd curves, the effect of
drooping down the AF is to increase the value of
(CL/Cd)mas in the range of a = 0° to 30°. But the
effect of AF control is trivial in the range ofa = 55 to

90°, however can use the LEVF instead of using the
AF for more effective control in this range.
5. Following the variation of angle of attack from

increase to decrease, the aerodynamic hysteresis be- -

havior of all coefficients appear in the unsteady state
during the sinusoidal pitching of the model. The hys-
teretic region of the coefficients like CL,Cn,Cd and Ca
are deformed to be more slender as the reduced fre-
quency k increases, while for a definite k the area of
hysteretic region expands as the nondimensional pitch
rate K increases.

6. The agreement between the calibration testing
data of the delta-wing model and the corresponding
data found in the literature is conducive to confirma-
tion of the reliability of the present experimental re-
sults.
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Tables

Table 1. Geometrical parameters of wings (length unit: meter)

kind of root | mean aero- | wing | aspeet | span | area ratio area ratio-
model chord | dymic chord | area | ratio AF to wing | LEVF to wing
delta-model | 0.590 0.393 0.10 | 1.153 | 0.34 7.35 % —
delta-model | 0.590 0.380 0.13 | 1.623 | 0.46 5.65 % 25.7%
with flaps

Table 2. Unsteady aerodynamic characteristic data of the calibration delta model (§; = 0°)

a 0° —90° { 0° —40° | 20° —60° | 0° —73°

k
K ) 0.02 0.04 0.06
0.03 | g 26° 17°
Cer 34° 39° 46° 50°
Clumas | 150 1.85 2.00 2.05
K 0 0.03 0.06 0.09
0.06 | cuq 220 16°
Cter 34° 490 51° 55°
Chimaz | 150 1.85 2.10 2.15
K ] 0.04 0.08 0.12
0.09 | craa 24° 20° 120
Ceer 34° 41 530 60°
Climas | 1.50 1.85 2.10 2.20

Table 3. Unsteady aerodynamic characteristic data of the experimental model with 6, = ~30°,6; = —~15°

o 0° —90° | 0° —40° | 20° —60° | 0° - T73°

k

K 0 0.02 0.04 0.06

0.03 Cer 38° 42° 48° 54°
Chmaz 1.50 1.80 1.92 2.03

K 0 0.03 0.06 0.09

0.06 oy 38° 42° 52° 55°
Chmaz 1.50 " 1.86 2.06 2.13

K it 0.04 0.08 0.12

0.09 Qer 38° 42° 54° 63°
Chimas 1.50 1.91 2.10 2.20

Table 4. Steady aerodynamic characteristic data of the experimental model with 6, = —-20°6, = 50°
and -50°. (4 : increasing, { : decreasing)

s s ¢, C ol | <, |
v gl1s° {65° |90° 15° |« [65° 190°

er

~50° | 0.415 | 0.490 [ 0.060 | 1.380 | 40° [0.070 | 1.100 | 1.070 | 1.130
50°  |0.6750.345 | 0.010 [ 1.230 | 35° |0.220 | 1.020 | 0.875 : 0.860

+0.260|-0.145( ~0.05 [~0.150| ~5° |+0.150/~0.080 ' ~0.195 ~0.270

Increment . R ! i |
i v LI ‘ L O

Table 5. Steady aerodynamic characteristic data of the experimental model with 8, = ~30°,6; = 15° and
-15°. (4 : increasing, §: decreasing)

5 s o Comes | %0 <,
! af15° 65 90 ° 15° @, 65° 90 °
~15° 0.530 | 0.560 | 0.01 140 | 37° 0.09 1.09 1.10 1.11
15° 0.600 105101 000 | 1.23 | 135° 0.15 1.00 1.10 1.10

+0.070{~0.050| ~0.01 {-0.176] -2° |+0.06 {~0.09 —0.01

Increment
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Table 6. Data comparison of the model with flaps and the calibration delta-model

arameter | Cou j a; i a:‘ I a® Zone | Re no.
X ‘ : : ;
o | Present 165 1 36 | Poe-90 | 1xi0t
Ref. (9) 15 ¢ 34 fo0-90 [ 45x10°
ooy | Present | 186 Loa0 0 19 | 0-40 | 1x30°
' Ref. (9 | 186 | 47 20 0 0-90 | 45x10°
0.04 Present | 2.0 x 45 1 24 1 20~60 . 1x10°
Ref. (9) 197 L 48 1 18 0-%0 | 45x10°
oo LTt 21 6 | 2 20-60 1x 10°
Ref. (92 | 192 50 | 12 0-90 4.5x 10°
Figures

£ N, VLML 4 =
60" =340 g e -4, 057 s, o

(a) ()

Fig.1 Planeforms of the experimental models
(a) Present Model (b) Previous Model (¢) Delta-Wing

Fig.2 Coordinates and sketch of the sting-support

(1) apex flap (2) leading-edge vortex-flap (3) main wing

(4) wing supporter (5) strain-gage balance and sting-
support
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I
‘L] CL~%¢9 1.40

Fig.4 Experimental results showing the variation of Cn,
Ca, CL, Cd and Cmz vs.a and Cl vs.Cd for the model

with various flap deflections (6, = —30°) in steady
state 500 §=15°"0F &=-15°-
Delta Wing -A-

=35°

0.4 0.9 °

1

fe5 CL~Cd 1.40

-0.10

Fig.5 Experimental results showing the variation of Cn,

Ca, CL, Cd and Cmz vs. « and Cl vs. Cd for the model

with various flap deflections (&, = 50°) in steady state
4,=-30°  §=0°-O- 5,=-50"
9,=50° 3,=20° -A~ Deita Wing

§=—20""LF
_A_
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-0.3}
1 x=103

L
o @
e
—D.Z:-
0.3 .
-0.1F
(3) x=0.09 .
0.3 -0.4r
0.2 e e i . .
5 T 5 04 . o ~a
(a) C,~a (b) C,~u

Fig.6 Experimental results showing the variation of Cn
and Ca vs. a for the model pitching with various fre-
quencies and amplitudes in unsteady state 5 =-30°

a 0°—90° | 0°=240° | 20°=60° | 0°=73°
de=-15°|steady -} -O~ -@- ~A-

-Conz
0.2}t
2.0
o
-0.2 WS S S S S ra._O'z 3‘(“ 50 '.\é
0 30 80 30 ) ] ;

(@) f=0.04 1/ sec, k=0.03 (b)f=0.08 1/ sec;, k=00

Fig.7 Experimental results showing the variation of

Cmz vs. « for the model pitching with various fre-
quencies and amplitudes in unsteady state

(a) K=002-O- K=004-@- k=006 -A- steady-TI-
{b) x=0.03 K=0.09 K=0.12

o o

: ) DY R A S S S

0 33)(: 60 90 © 30 60 50
LT . (&) Cd"'u
f=0.04 1/sec , k=003

Fig.8 Experimental results showing the variation of CL
and Cd vs. « for the model pitching with reduced
frequency k=0.03 and various amplitudes in unsteady
state ‘

K=002-0O- K=004 -@- g -006 -A- steady-[+

]
18 =
]
1.0
Cn )
0.5 -
j seess §= 15 deg, bv=—30 deg
i e = O deg, Sv=-30 ceg
0] e §y=-—15 deg, sv=-3C deg
: a
OSTTTTTTTTS s 35 s 55
Alpha
Figure 2 (a) normal force
.20 5
3
0.15 3
] seess dp= 15 deg, v=-30 deg
] e 3= 0_deg, dv=—30 deg
0193 e §=—15 deg, sv=—30 deg
0.05 -
Caq =0.00 3
~0.05 4
~0.10 4
~0.15 7
E - o
20,20 T e e T
-5 15 25 35 45 55

Figure § (b) axial force
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f cdeg, Sv=-30 deg

v
Q
o

S 6r1= ¢ ceg, dv=~30 dec
W5f=—1

5 deg, dv=—30 deg

£.00

~3
o
o
Lapsad eadabasatlasiad
T

25.00

[ {)
1~ e

S O
U400 2 ) 5 - s
1 (@) CL""a
a3
3.00 3
j . . .
200 Fig.10 Aerodynamic characteristic Cl and Cd vs. «
: curves of the calibration delta-model
1.00 g
i . .«
0.00 _;5 ,I é 11: T 7»5 = 435 515

Figure 9{d) lift /drag ratic

Fig.9 Comparison of the aerodynamic characteristics
between the experimental and computational results
solid lines: experiment; dashed lines with larger sym-
bols: computation.
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