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Abstract. The bi~flap—system is a device
comprising an apex—flap and leading— edge—flaps
located on the forepart and after partof a 74 © del-
ta wing respectively in this study. Through control-
ling the separated
leading—edge—flaps by that from the apex—flap, the

aerodynamic characteristics of the wing can be im-

vortex from the

proved on enhancing the ability of reducing drag ,in-
crease of lift—drag ratio and the improvement of the
nature of wing stall. This concept of vortex—control
is based on using double vortex system in domi-
nating the flow past wing, which differs from that by
using single vortex like the wing—strake and
vortex—flap. The superiority of using bi—flap—sys-
tem to others and its principle of vortex control are
interpreted in this paper through comparisons
among exprimental results which were verified by
the numerical solution of the Navier—Stokes equa-
tions with the turbulent effect preliminarily consid-
ered at Re=1x10°. According to our former investi-
gations, the bi—flap—system is effective even at high
speed up to Mach no.=2.0 and in the case of
wing—body combination.

Introduction

The flow past highly sweptback wings mounted
on high speed aircrafts generally separates at the

leading—edge and rolls up into two large vortices -

over the wing, which will induce an additional nor-
mal force or lift at the cost of some drag reduction
due to the loss of leading—edge suction resulted from
the flow separation (fig.1a). Therefore, besides the

increase of lift, much attention has been paid since
early seventies on how to suppress the drag rise. Af-
terwards there appear devices capable of controlling
the flow field for reducing drag, such as the
leading—edge projection, wing slots! ete. In general,
they were developed under the principle of domi-
nating the flow by controlling a single vortex system.
Round about the year of 1980, the concept of
vortex—flap attached to the leading—edge of
swéptback wing was proposed by the scholars!?® in
NASA. Tt was to droop down the vortex—flaps for
producing a forward inclined force exerting on the
flap with its tangential component capable of com-
pensating the drag—rise induced by seperation. Its
concept of vortex control was also based on the con-
trol of single vortex system (fig.1b), which differs
from the control by using two—vortex system as per-
formed in the bi—flap—system case (fig.1c).

Since, besides the beneficial activity of the lead-
ing—edge vortex—flaps mentioned above, the down
drooped apex—flap also possesses the ability of de-
laying the breakdown of main vortices over the wing
and in turn to increase the critical angle of
attack(AOA) « and the corresponding maximum lift
(coefficient C)) as described in our former
papers“][sl[(’] and recently by the scholars in Virginia
Polytechnic Institute and State Universitym. There-
fore it is promising as was confirmed in our former

investigations to install both the apex—flap and lead- --

ing—edge vortex—flaps on a same sweptback wing (a
bi—flapped wing, i.e. a wing with bi—flap—system) as
shown in Fig.2c,d. In this paper, the effect of using
bi—flap—system and the physical idea concerning
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Fig.1 The Patterns of Flow past Various
Sweptback Wings

(a) delta wing, (b) delta wing with rectangular
vortex—flap(NASA), (c) delta wing with apex flap
and leading—edge {laps(wing—1).

the control of vortical flow are considered. The
bi—flap—system here considered is a device com-
prising an apex—flap (AF) and leading—edge—flaps
(LEF)
pattern[zm(Fig.Zb). They are situated respectively on
the forepart and after part of a 74 ° delta wing (Fig
2.a). Actually,the apex—flap is the foremost part of
the delta~wing which can be deflected up and down
about a transverse axis. The first vortex system is the
vortex separated from the leading—edge of AF to
interact with the second vortex system separated
from the leading—edge of the LEF behind the AF.
The interaction makes the first vortex system to
merge with the second vortex system causing a
change of load acting on LEF. The two models
(Fig.2c,d) designed for the study of bi—flap system
are different in form. The difference is in that one
has its LEF located within the region of delta~wing,
called WING—I“HS](Fig.Zc), which seems proper for
missiles, while the other is to locate the LEF out of

similar to the vortex—flap

the main delta—wing, called WING—2!"11"(Fig 24d) -

which seems suitable for airplanes because of having
larger aspect ratio and occupying less inner space
within the main delta—wing.

In the following, the basic property of the flow
past the wing and the principle of vortex control are
explained followed by a comparison of the charac-

teristics among wing with ‘NASA patterned

Xin

of NASA.

vortex—flap, the wing—1 and wing—2 under the con-
trol of bi—flap—system . Through comparison, the
effe::ts of using bi—flap— system on the improvement
of the aerodynamics of sweptback wings can be
understood.

-t
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Fig.2 Wing Planforms
(a) delta wing, (b) wing with NASA patterned
vortex—flap, {c) wing—1, (d) wing—2

Basic Characteristics of the Flow past Wing and
the Principle of Vortex Conirol via Bi—Flap—System

Basic characteristics

In the case of bi—flapped wing, there are two ef-
fects that account for the downward drooped AF to
have the ability of reducing the drag. The first is the
direct effect resulted from the pressure acting on
down drooped AF, which is inclined forward having
a thrustwise component opposite to the drag. The
second is an important effect indirectly resulted from
the beneficial interaction of the two vortex—systems.
In fact, one vortex—system separated from the down

'drooped AF having local angle of attack (AOA) less

than that at the main delta wing is weaker and
would be entrapped by the stronger vortex system
separated from the LEF located behind. The more
AF drooped down, the weaker the strength of the
vortex separated from AF and the earlier the
mergence will occur at a place nearer to the wing
apex. This phenomenon can be observed clearly in
the pictures taken from the flow visualization tests
carried out in a 400x 400 mm water channel at
BUAA as shown in Fig.3a,b,and c. In these pictures
the vortex merging points denoted by the arrows are
to move towards the apex as the AF droops from
0 ° ,~10 ° to—20 ° for the wing—1 at =30 ° .
Correspondingly, a larger extent over the upper sur-
face of LEF is covered by the combined vortex be-
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hind the merging point, which is conducive to the
enhancement of the induced suction acting on LEF
causing the total drag to reduce further. The latter
effect can be testified again by the experimental

Fig.3 Vizualization Pictures with the Arrow
Showing the Mergence Happened on the
Leading—Edge Flap of Wing—1 ata=30 °

(@) 6¢=0 ° (b) 6,=~10 ° (c) 5,=—20 °

and computational results of the sectional load dis-
tribution shown in fig.4 for the wing~1. It can be
seen that due to the greater extension of the area in-
fluenced by the merged vortex and the increase of
strength of the vortex after mergence, the local load
acting on the LEF region is increased as the AF de-
flects more downward (more nagative), while
simultaneously the local load acting on the main del-

ta—wing is to decrease, because the
o 8;=0°
X 8p=—10° —C,
A op=10° 1.2

-0. 8

o It
By g2

1.0 0.8 0.6 0.4 02 0
y/s
Fig4 «=15° , Spanwise Pressure Distribu-
tion of Wing—1 at 50% Chord ( Cp——pressure
cocfficient, yy $< 1——at main wing, y / s> 1——at
LEF)

increase of local flow—~downwash will cause the local
AOA and the local load to decrease at mian delta
wing, which will in turn offset theiincrement of the
local load acting on the AF to keep the total normal

force of the whole wing nearly unchanged. On the
contrary, opposite results will be obtained when the
AF deflects upward. According to this explanation,
other arodynamic characteristics of the bi—flapped
wing such as the lift is only slightly less than the del-
ta' wing for AOA=25° to 30 ° or below with no-
regards to whether the deflection of AF is downward
or upward as can be seen from the curves of
lift—coefficient C, vs. AOA in Fig.5a. However for
AOA greater than 30 ° the C, will be greater espec-
ially in the case of downward drooped AF (d;<0)

L2r o delta wing

[ J (5,:0 3

0.9 A dm=9.4°

© delta wing

® 5=p°
A §5=—94"°

Fig.5 Characteristic Curves of Delta Wing
and Wing—1 wth Various Apex—Flap Deflection (a)
Cra, (b) Cja, (c) K-C,.
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because of the delay of the vortex break—down. The
curves in Fig.5b show the advantageous effect of us-
ing bi—flap system on improving the drag character-
istics, where the drag coefficient C; vs.AOA curves
are drawn to indicate the reduction of C, by droop-
ing down the AF. In Fig.5c,
the corresponding lift—drag ratio K=C,/ C,

vs. C; for both the experimental and computational
(by panel method!"!ly results are drawn for compari-
son, which reveals the advantageous increase of K
Similar
phenomeon is to occur in the case of wing—2 as to

by using bi—flap—system on wing—1.
explain later.

Principle of vortex interaction under the control of

bi—flap—system

The basic principle of the bi—flap—system used
for controlling the separated from
sweptback wing is that a weak vortex would be
entrapped by a stronger vortex and merges into a
new single whole, as mentioned, if the interval be-
tween the two vortices is smaller than a certain criti-
cal value. According to the hydrodynamic study, the
mergence of two rectiliner vortices with equal
strength and rotating in same sense will take place if
the nondimensional critical distance D /d equals
about 1.71"% is attained, where D and d are the in-
terval between vortex centers and the diameter of
vortex core respectively. Numerical investigations

vortices

were also made in BUAA based on solving
Navier—Stokes equations by using pseudo—spectral
method to simulate the process of vortical mergence
in 2~D and 3-D cases!" ' It was found, besides
the mergence of a pair of equally strengthened
vortices with D / d=<ca.l.7, there will be mergence
for D /d larger than 1.7 at first but reduced to
ca.l.7 afterwards due to the increase of vortex diam-
eter d by diffusion. In addition, when D /d is less
than the critical value, more severe stretch of the
vortex will occur, which leads first to a quicker de-
crease of vorticity before the mergence and then fol-
lowed by a more gradual slop of vorticity change aft
ter the mergence in comparison with those having
D / d larger than the critical and without mergence
as shown in Fig.6, where only the curve of
D/ d=1.67 pertains to having mergence. Therefore,
the total strength of the vortex after mergence is

larger than those containing two isolated vortices
without mergence as time goes on. The computation
verified further that the stronger vortex always
entraps the weaker one, causing a much stronger
single vortex to appear after mergence just like that
happened in the mergence of two vortices with equal
strength. ‘

60, 0‘— o 1.67
A 2,24
o 24924
40.0} v 33
o — Lamb vortex
3]
o
S
20.0r
0.0 \ X T]!me
0.0 0.5 1.0 1.6 2.0

Fig.6 Decay of Vorticity at Vortex—Center for
Two Vortices With Same Sence under the Action of
Mergence (D=D / d)

Aerodynamic effect of the vortex control on delta wing with sin-
gle—flap(after NASA) and bi—flap—system(wing—1)

Aerodynamic effect of the bi—flap—system on
wing—1 and on the wing with NASA patterned LEF,

Most of the experimental results discussed be-
low were obtained from the tests carried out in a low
speed wind—tunnel at the Peking University having a
circular test—section with diameter=2.2 m. The ex-
perimental Reynolds no. was about 1x 10° for all
tests. For the delta wing with single leading—edge
flap we used, was a 74 ° delta wing equipped with
downward deflected LEF (8,=-30 ) after the
pattern of NASA, which is very effective on vortex
control as can be found in NASA papers!2!® . In
Fig.7,the Ci~a and K—C,; characteristic curves are
drawn for two wing—planforms with different n;
which is the area ratio of AF to the wing, but with
their LEF equally downward deflected to dv=-30
° .Here the wing with n=0 is the wing equipped
with NASA pattered LEF but without AF, while n
= 0 is the wing—1, i.e. the bi—flapped wing with
straight leading—edge and AF., The AF is deflected

downward to d;=—10 ° . It can be seen that by
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drooping the AF, the lift—drag ratio
K
14 7 A .
¢ _ 9,=-10
b 12 O n=13.6%
121 10 1 0 n=0Y
1.0
8- 81
6 6 7
4 4 "|
2
«® 2.7
—ig 10 20 30 40—‘Jr ——— r——|c'
0 2 4 6 8 10 1214

Fig.7 Characteristic K~C; and C/~a Curves
of the Wing—1 with §,=-10
apex—flapn=0 and 3.6%

for the rauo of

K increases but without apparent change of lift,

which means the effect of bi—flap—system on re-
ducing drag is more prominent than that with single
LEF. By changing the value of n,an optimum
plan—form of the wing—1 can be found.

Aerodynamic effect of the bi—flap system on wing—2
and on wing with NASA patterned LEF ’

In this paragraph, the aerodynamic characteris-
tics of the wing —2 (i.e. delta—wing equipped with
out—stretched  flaps having broken lined
leading—edge) is to be discussed in comparison with
that of the NASA wing (i.e. delta—wing equipped
with the NASA patterned LEF) and the main wing
(ie. 74 °
arc as sketched in fig.1 with .their geometrical
parameters noted in Table 1.

swept delta—wing). The wing—planforms

Table] = Geometrical parameters of wings (length unit: meter)

kind of root mean acrody— wing aspect area ratio of area ratio of
model chord namic chor area tatio span AF to wingn | LEVF to wing
delta~wing 0.592 0.395 0.100 1.160 0.340 7.4% -
wing —9 0.592 0.380 0.130 1.520 0.444 58% 223%
NASA wing 0.592 0.447 0.134 1.160 0.394 - 23.7%

The aerodynamic C,—a, C,~« and K—x charac-
teristic curves of the wing—2 (with AF deflection
d=-15 ° ) and the NASA wing are drawn for
3,=—30 ° asshown in fig.8, where C, and C, are
the coefficients of normal and tangential force with

the negative signs denoting the cfownward and
backward direction respectively. It is obvious that
the wing—2 can keep the characteristics of normal
force in same level as that of the NASA wing
(Fig.8a) while having larger tangential force

20 - 0.2 3¢y +H++ wing—2 expt. 10.3
Cu 1 B SR wing —2 con:\pt K 10N 4+ wing—-2  expt.
3 : ] =8808 NASA w.expl. 8 3 ] § CEEEE] NASA EJ_expt_ .
1.\,ji C.1 4 eaaeA NASA w.compt. - I M\S«QA w.gg;;‘&f
o] - 6.0 [ i
1O -j 7 1 Y
j —OO ': 1 R
a5 . 4.3 ]
5 ] ]
. -0.1 - ]
- 4+ wing—2 expt. . ]
0.0 G NASA. W.oxpt. B 2.0 44
¥ NASA w.comput - 1
0.5 wing—2 comput. 5 - o 0.0 3
-t T T T T —U, LN L S IR I . LNt S L B S B LI S SN S R A
0 10 20 30 40 5¢ —-10 0 10 20 30 40 50 g 1 20 30 40d 50
alpha deg alpha degq.

alpha deg.

Fig.8 Characteristic C,,C, and K—a Curves of the NASA—Form wing and the Wing—2 with the Com-

parison of Computational and Experimental Results (d;

S

=—15deg ° )
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directing forwards (Fig.8b). This would be true, be-
cause the downward droop of the wing—2's
apex—flap can bring an additional forwards directed
force acting on the apex—flap with the decrease of
normal force being compensated by the increase of
normal force acting on the after part of the wing
caused by the reduced downwash of flow passing
around. Since C; and C, are obtained through the
trasformation from €, and C,, the wing—2 can have
its C; larger and C; smaller than that of the NASA
wing at same AQOA, resulting an increase of lift~drag
ratio (Fig.8¢). The superiority of wing—2 to NASA
wing reflects the prominent
bi—flap-system. By the
computational curves representing the solution of
N-S equations are drawn in Fig.8, which shows the
tendency of variation agreeing well with that of the
experimental curves. The computation for the nu-
merical simulation is to be described in next para-
graph. In Fig9, the aerodynamic characteristic
curves of wing—2 with ;=0 ° and the NASA wing
are drawn to compare with that of the main 74 ~

swept delta—wing. In this case, the reduction of the
drag of wing—2 is purely due to the effect of LEF
since AF is not deflected( i.e. 3,=0 ° ). Moreover,
here the mergence of the two separated vortices is
delayed for the strength of AF vortex is now strong-

merit of using

way, correesponding

er than that in the case of d;=—15 ° . The delayed
mergence will weaken the effect of vortex interaction
and the corresponding ability of reducing
drag,which can be verified by the fact that the
declination of the tangential force coefficient Ca vs.
AOA of the wing—2 with ;=0 ° is less steeper as
shown in fig.9b than its counterpart with §;=~15 °
(Fig.8b), but is still steeper than that of the NASA
wing(Fig.9b). In addition, as it can be found in
Fig.9a, although there are reduction of o, and
Cimax s the downward drooped angle of AF is to
decrease from 6;=—15 ° 10 0 ° in comparison with
that of the NASA wing (however still much greater
than that of the pure delta—wing), the normal force
coefficient C, is comparable to that of the pure
delta—wing and larger than that of the NASA wing
in the medium AQA range (Fig.9a). This verifies an-
other superiority of wing—2 to NASA wing in en-
hancing the normal force and in turn the increase of
lift. Herewith appears the C; of wing—2 at §,=0 °
smaller than that of NASA wing at the same C,
while both are less than the corresponding C,; of the
pure delta—wing (Fig.9¢c). All these have proved the
fact that the bi—flap control has advantageous ef-
fects on reducing drag and enhancing the lift—drag
ratio of the sweptback wing even when ;=0 °

9.2
=07 Ca 157
n ] Cl A
1.5 4 0.1 .
] 1.0 4
1.0 + 1
4 ~0.0 4
a5 :
] 0.5 -
g s V| N
A0 e ur aaesa dv-30 NASA win - s=ten of=0, Deita wing
] T TRl s, EoAAA df 00 dettowing ¥ 75959 G=—30Nosa wirg
3 ateas  df=0,Delio wing dv—30,df 00 wing—2 £ =+ dv=-—30,d*=0,wing—
—ftS AR AR AL ERA T -—02 1,—:—;.[.”:1:. g T T T TTTTT T C.D < SR S s e e e e e e L L L N
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Fig.9 Characteristic C, C, vs. « and C~C, Curves of the Delta—Wing, Wing~2 and NASA-Form

Wing

Numerical simulation of the action of bi—flap—system

on vortex control

The numerical simulation was carried out by compu-

Xan

tation using the pseudo—comprgssibility method in

solving the 3—D Navier—Stokes equations which can
be expressed in conservative form as:
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Here, B is the pseudo—compressibility factor, J
the Jacobian of the
to[15] for detail). In discretization, the Euler back-
ward difference to the time—derivative was applied.

transformation (referring

After completing the linearization with regard to the
previous time step, an equation of implicit delta
form was obtained. By using an approximately
factorized implicit scheme of Beam—Warming type,
the above equation can be expressed as:

LeLLo(QH - Q) = RES™. 3y

where L,,L,,L,are operators, whose expressions
can be found in related references!'” and therefore
are omitted here. The spatial derivatives in the
left—hand side are discretized in central difference,
however for the terms in right—~hand side, the spatial
derivatives of the inviscid term are approximated
with the TVD scheme!® shown as follows:
RES" = ~Ar|(DeB + D, F + D.8) ~ (3B, +5,F, + kea” (@

DeE = Eiysja— Einypa (5)

where the numerical flux is defined as:

1{~ =
Eiyip2 = 3 [Ei + B+

R{+1/2@i+1/2} ] )

Jiz1y2

Here R;;,,, is a matrix whose column vectors
are the right eigenvectors of the flux Jacobian 4
=aFE / aQ evaluated at some symmetric average of
Qi and Q\‘,H‘ We take an arithmatic average be-

cause of the incompressibility and use the
Harten—Yee seconder—order upwind TVD scheme.
Free—stream condition is specified at the upstream
inlet (i=1) and the farfield boundary (k =k,,,). At
the downstream exit plane, the pressure is fixed to
free—stream value and velocity components are

linearly extrapolated from the interior points. Sym-

Xin

metry conditions are enforced on the symmetry
planes (j=1 and j=j,,). On the wing surface
no—slip condition u=v=w=0 and zero normal
pressure gradient ap/ an =0 are used. Behind the
trailing—edge, the flow variables on the surface k=1
are obtained by averaging the values extrapolated
from the upper and lower interior points. )

An H—O grid for computation is obtained by
stacking along the streamwise ¢ direction the
two—dimensional grid generated in the cross—section
plane. In each cross—section plane, a body—fitted
"O" type grid is generated by using a parabolic pro-
cedure, marching from k = 1 to the outer boundary.

Because the flow field is symmetric with respect
to the x—z plane, only half flow—field needs to be
computed. The grid size is 51({)x51()x49(¢). The
extends 1.0 and 1.5
root—chord length to the upstream and downstream
respectively and extends 2 root—chord length from
the x—axis to the outer boundary. Grid clustering is
used in { (normal) direction with a minimum spacing
7% 107° at the wing apex edge. About half of the
grid points in the ¢ direction are placed on the wing
surface. Fig.10 shows the sketch of the cross—plane
grid.

computational domain

ST

]

o /[/_l////

Fig.10 The Sketch of the Sectional Grid.

For laminar flow, as we had computed for

Re=1x 10* and described in[10]{18], we used two --

schemes in discretizing the spatial derivatives: one
was the central difference scheme which requires the
artificial viscosity terms added to make the compu-
tation stable; the other was the upwind compact dif-
ference scheme which was more accurate since no ar-
tificial dissipation was needed. Through comparison
between the computational and experimental results,
it seemed that although the lift—drag ratio X vs. a
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curves can fit better with cach other, however the
C, and C, vs. a curves can fit well only for a<25 °©
. There are lower computational valus of C,,,, and
o, which may be due to the effect of lower
computational Re number and without taking the
turburence into consideration. As concerns this mat-
ter, now we borrow the second order total variation
diminishing(TVD) scheme of Harten—Yee type[ 6]
from the compressible flow to compute the flow for
Re=1x10% and taking the effect of turbulence into
consideration preliminarily by employing the
algebraic turbulence model of Baldwin—Lomax.
Here the description about the Baldwin—Lomax
model of turbulence is omitted too, since it is a quite
wellknown model having the advantage of requiring
less information about the edge of boundary layer.

2.0 0.2

seeen df=15 degm'o
deg

In turbulent flow computation, the viscosity v
is, presumably, a sum of the coefficients of laminar
flow and turbulent flow, i.e. v= vi+v,. The field of
turbulent flow is divided into inner and outer regions
with different set of equations used in each region to
determine the turbulent viscosity v,. Curves in fig.11
are to show the comparison for Re=1x 10° be-
tween the experimental results and the
computational results obtained by solving the Na-
vier— Stokes equations with the influence of turbu-
lence considered preliminarily by the
Baldwin—Lomax model. Here the agreement is bet-
ter than that comparing with the computation of
laminar flow in lower Re=1x 10* as we had done
and described in Ref.10.

OEH¥F] df= 15 deg
oASA df= O deg
Foololek df=—15 deg

~
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Computation and Experiment

Effects of Using Bi—~Flap—System on the Vortex
Control in High Speed and Wing—Body Case

The effect of using bi—flap—system on vortex
control can appear in high speed up to Ma= 21 and
in the case of wing—body combination''® as we
have studied before. Taking the lift—drag ratio K of
the 74 ° swept delta—wing for example, the experi-

mental curves showing the variation of K vs. C, for

Ma=0.8 and 2.01 (Fig.12) as well as for that of
double delta wing--body combination(Fig.13) with
its planform shown in Fig.14 are depicted. It is ap-
parent that K for compressible flow and in the case
of wing—body combination are to increase by droop-
ing down the AF{(d;<0) at constant AOA similar to

Xin
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Comparison of the Characteristic C,..C, and K vs. o Curves of the Wing—2 between the N—§

that in low speed and pure wing respectively.
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Fig.12 Charucteristic K—C, Curves of the
Wing—1

(a) Ma= 0.8, (b) Ma=2.01
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Conclusions

The effectiveness of using bi—flap—system on
improving the caracteristics of sweptback wing is
verified to be superior to single flap by experiments
and the computation through solving the
Navior—Stokes equations.

By controlling the deflection of flaps, the
aerodynamic improvements such as lift—rise, drag
reduction, delay of vortex break—down and the in-
crease of maximum lift coefficient and critical AQA
can be achieved, in which the vortex interaction in
lowing the rate of decay of vortex strength and pro-
moting the mergence of separated vorteices play an
important role. The superiority of using bi—flap—sys-
tem appears also in high speed range up to Ma=2
and in the case of wing—body combination. It is our
purpose that the promising vortex—control tech-
nique can be extended to practical use and to im-
prove the performance of aircrafts in aeronautical
and astronautical fields in future.
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