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High-Lift Devices for a Delta Wing Installed
Around a Trailing-Edge
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Three devices to improve the aerodynamiccharacteristics of a delta wing at low speeds and high angles of attack
are computationallyexamined. These are two types of blowing at the trailing edge and a slotted � ap. All three are
commonly employed on rectangle wings. They all show favorable effects, namely, chordwise blowing increases the
lift considerably. The effectiveness in strengthening the leading-edge vortex is higher for chordwise blowing than
lateral blowing. It is observed that, although the jet slots are installed at a trailing edge, the blowing strengthens
the leading-edge separation vortex over the delta wing. This motivated an investigation of the use of a slotted � ap.
The � ap also increases the lift of the wing, as well as the total lift due to both the wing and the � ap, but the effect
on the leading-edge vortices is smaller than both types of blowing.

Nomenclature
CD = drag coef� ecient
CL = lift coef� ecient
CP = pressure coef� ecient
C¹ = nondimensionalmomentum of jet
L = total length of the fuselage of wind-tunnel model
q1 = freestream-dynamicpressure
Swing = surface area of wing
V = velocity magnitude
® = angles of attack
½ = density

Subscript

j = properties at jet exit

Introduction

A IRCRAFT with delta wings are usually designed to achieve
good aerodynamicperformancein the transonic or supersonic

� ight regimes. At low speeds and high angles of attack, the perfor-
mance of these aircraft is not favorable, and consequently, a long
distance is necessary for takeoff and landing. The � ow over a delta
wing for such conditions is mainly governed by a pair of leading-
edge separationvortices.Various typesof blowing,or jets,havebeen
proposed in previous studies (for example, in Refs. 1–5) aimed at
strengtheningor maintaining the vortices.In Ref. 4, Miyaji et al. nu-
merically clari� ed the mechanism of trailing-edge lateral blowing
on a con� guration whose good performance had been experimen-
tally veri� ed.5 The bene� ts of blowing were increase in lift at all
angles of attack, improvement of the lift-to-drag ratio, and recov-
ery of the leading-edge vortices at high angles of attack near stall
conditions.The favorableeffects of blowing at high angles of attack
motivated the present work. The objectivesof the present paper are
to examine new blowing strategies through the use of numerical
simulations and to compare their effectivenesswith previous work.
Furthermore, the performanceof a slotted � ap is examined because
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the gap between the wing and the � ap is expected to play an impor-
tant role. Our � nal objectiveis to determinewhether it is practical to
use blowingor the slotted� ap for short-distancetakeoff and landing
on a delta wing con� guration.

Flow Con� guration
The previous trailing-edge lateral blowing, and the new blowing

schemeare schematicallyshown in Figs. 1a and 1b. In Fig. 1a, the jet
is injected under the trailing edge in the lateral (outboard)direction,
whereas in Fig. 1b the jet is injected in the chordwise direction
from a slit opening at the trailing edge. This is similar to a jet � ap
or augmentor wing that were originally proposed for rectangular
wings. The new blowing scheme is termed trailing-edgechordwise
blowing.The slotted � ap, which has a gap between the wing and the
� ap, is shown in Fig. 1c. This is also usually used for rectangular
wings.

The wing–bodycon� gurationshown in Fig. 2 is studied.This sim-
pli� ed supersonictransport con� gurationwith doubledelta wings is
the same as the wind-tunnelmodel examinedin Ref. 6. The leading-
edge sweep angle of the inner and the outer wing are 72.7 and
52.2 deg, respectively.The airfoil in the spanwise cross section is a
6% circulararc. The experimentswere conductedto study the effect
of the trailing-edge lateral blowing.

The � ow conditionsare as follows. The freestreamMach number
is 0.3, and the Reynolds number is 1 £ 106. The angles of attack
are 0, 10, 20, 30, and 35 deg. A sonic jet is speci� ed at the jet
slot for both types of blowing. The stagnation pressure of the jet
is 9:8 £ 105 N/m2, which is the same as in the experiment. The
stagnation pressure determines the nondimensional momentum of
the jet C¹ given by the following formula:

C¹ D

R R
A j

½ j V j V j ¢ dA j

q1 Swing

Numerical Methods
The three-dimensional thin-layer Navier–Stokes equations are

numericallysolvedby a � nite differencemethod.The inviscid� uxes
are calculated by Roe’s � ux difference splitting, and the MUSCL
interpolation is used to achieve spatially third-order accuracy. The
viscous terms are calculated by second-order central differencing.
The time-integration algorithm is a lower–upper alternating direc-
tion implicit factorization method7 and the local time step is used.
The standardBaldwin–Lomax turbulencemodel is used for the slot-
ted � ap con� guration to avoid numerical � ow separation.The eddy
viscosity is computed only near the body surface because includ-
ing the leading-edge separation vortices results in excessive eddy
viscosity.
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a) Trailing-edge lateral blowing (TELB)

b) Trailing-edge chordwise blowing (TECB)

c) Slotted � ap

Fig. 1 Schematic of high-lift devices.

Fig. 2 Model con� guration, dimensions in millimeters.

Figure 3 shows an algebraicallygenerated H–O grid that is typi-
cal of that used for all of the simulations. The grid dimensions are
91 £ 91 £ 41 points, resulting in about 340,000 grid points in to-
tal. Overset grid methods8 are used. In the blowing simulation, the
overset grids are used to increase the local grid resolution around
the jet,4 whereas in the simulation of a slotted � ap, they are used to
avoid the dif� culty of generatinga singlecomputationalgrid around
a wing and a � ap.

Results and Discussions
Numerical accuracy was � rst examined by comparing the avail-

able experimental data with the simulation. Then the effects of the
� ow control devices were studied in the simulations by comparing
the different numerical results.

Fig. 3 Computationalgrids.

Trailing-Edge Lateral Blowing
The results for the lateral blowing are shown � rst. As shown in

Fig. 2, the diameter of the jet slot is 2 mm, and the center of the
slot is 2 mm below the trailing edge, the length of which is about
1% of the root chord length. A � ne overset gird, of dimensions
25 £ 41 £ 27 is used around the slot. Figures 4a and 4b show the
effect of the blowing on the aerodynamic forces. The experimental
and numerical results compare well for nonblowing cases, thus,
verifying the accuracyof the simulation.The grid resolutionaround
the jet exit is not suf� cient to resolve the turbulent boundary layer
inside the jet slot; thus, a laminar velocity pro� le is speci� ed as
the boundarycondition.However,with this boundarycondition, the
integrated momentum of the jet

Z Z

A j

½ j V j V j ¢ dA j

is smaller than the actualvalue; thus, a one-and-one-halftimes larger
diameter is used in the computation to specify properly the jet mo-
mentum. Then the value of C¹ is 0.045. The results in Figs. 4a and
4b show the blowing effects and con� rm the suitability of the de-
scribed jet condition. The drag, as well as the lift, is increased at
all angles of attack. The reason for the change of the aerodynamic
forces and the features of the blowing can be seen in the surface
pressure distributions in Figs. 5b–5d. The pressure coef� cients at
the three chordwise stations at 30-deg angle of attack are shown
(Fig. 5a). As observed previously,4 the pressure increases on the
lower surface of the wing and decreaseson the upper surface.These
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a) Lift

b) Drag

Fig. 4 Lift and drag distribution with and without TELB.

a) Chordwise locations

b) X/L = 0.5

c) X/L = 0.68

d) X/L = 0.87

Fig. 5 Spanwise pressure distribution with and without TELB, ® = 30 deg.

changes are apparent up to the leading edge (Fig. 5a), although
the blowing is applied beneath the trailing edge. This large change
is due to the blockage effect ahead of the jet core on the lower
surface and due to the acceleration effect just below the trailing
edge, namely, between the jet core and the main � ow. These re-
sult in a pressure decrease. The low pressure near the trailing edge
also accelerates the upper surface � ow. Figures 6a and 6b show the
streamlines from the apex of the wing and the reverse � ow (neg-
ative velocity in X direction) region over the wing. The reverse
� ow completely disappears with the blowing. Although the lift in-
crease is not as large, the more uniform vortical � ow is apparently
favorable from the viewpoint of aircraft stability. However what is
important for short takingoff and landing is an absolute value of
the lift.

a) Without blowing

b) With TELB

Fig. 6 Streamlines and reverse � ow region, ® = 35 deg.
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a) Lift

b) Drag

Fig. 7 Lift and drag distribution with and without TECB.

Trailing-Edge Chordwise Blowing
The bene� cial effects of lateral blowing motivated the study of

a blowing approach, namely, chordwise blowing. As already dis-
cussed,theeffectof lateralblowingis to prevent� owreversalaround
the trailing edge, which disturbs the smooth � ow over the wing. A
similar effect is expected from the trailing-edgechordwiseblowing,
which is schematicallyshown in Fig. 1b. The jet boundarycondition
is prescribedalong the trailing edge with the velocitydirected in the
X direction(Fig. 2). Althoughthe stagnationpressureof the jet is the
same as in the lateral blowing case, the value of C¹ becomes 0.127
because the jet exit areas are much larger than the lateral blowing
case.

Figures 7a and 7b show the effect of chordwise blowing on aero-
dynamiccoef� cients,andFigs. 8a–8c showtheeffecton thepressure
distributions. The lift is considerably increased at all angles of at-
tack, and the increments are much larger than the lateral blowing
case. It is dif� cult to compare the two types of blowing because the
total momentum of the jet is quite different. In this paper, the ratio
of the lift increaseto the momentumof the jet, 1CL=C¹, is used as a
measure of the ef� ciency. The C¹ can be interpretedas the increase
in the lift coef� cientwhen the jet is directly injecteddownward.The
values of 1CL=C¹ are larger than unity for both types of blowing,
as is shown in Fig. 9. This con� rms the high ef� ciencyof the present
blowing.

The drag increasesover the rangeof angle of attack except for the
0-deg angle-of-attack case in which the thrust of the jet works di-
rectly to reduce the drag. The drag increases are, however, smaller
than the lift increments, and thus, the lift-to-drag ratios improve.
With blowing, the aerodynamic forces acting in the normal direc-
tion of the wing surface (Z direction in Fig. 2) get considerably
larger. The reason can be seen in Figs. 8. The decrease of pres-
sure on the upper surface is larger with chordwise blowing than the
lateral blowing at every chordwise station. In addition, an almost
� at pressure distribution near the trailing edge for the nonblowing
case is substantiallychanged.With chordwiseblowing, the negative
pressurecoef� cientpeakdue to the leading-edgeseparationvortices
is recovered at the most downstreamstation in Fig. 8c. On the other
hand, the pressure increase on the lower surface nearer to the lead-
ing edge (Figs. 8a and 8b) is barely seen. This is because chordwise
blowing does not have the same blocking effect as lateral blowing.

a) X/L = 0.5

b) X/L = 0.68

c) X/L = 0.87

Fig. 8 Spanwise pressure distribution with and without TECB,
® = 30 deg.

Although reversed � ow region is not eliminated with chordwise
blowing, it is observed that the � ow reversal is moved downstream
and the smooth � ow is maintainedover the wing. In the preliminary
computation for a simple delta wing alone, the chordwise blowing
also diminished the reverse � ow, and it is thought that the vortex
breakdown is sensitive to the pressure changes due to the existence
of the fuselage.

Slotted Flap
The computed results of the two types of blowing suggest that

a slotted � ap, which is commonly used for rectangular wings, will
have an effect similar to blowing. This concept has been examined
in Ref. 9, but in that work the effects at high angle of attack were not
studied in detail. The presence of the slotted � ap causes a pressure
increaseon the lower surfaceof thedeltawing.The high-momentum
� ow from the gap between the wing and the � ap induces the up-
per � ow to move downstream more smoothly. This is expected to
strengthen the leading-edge vortex. An overset grid method that
treats the wing and the � ap simultaneously is required for the com-
putation.The con� guration of the � ap is a simple rectangularwing,
the cross section of which is a NACA0012 airfoil. Various locations
of the � ap were examined, and the results for the location shown in
Fig. 10 are presented here.



936 MIYAJI AND ARASAWA

Fig. 9 Ratio of lift increase ¢CL to momentum of the jet C¹.

Fig. 10 Slotted � ap locations.

a) Lift

b) Drag

Fig. 11 Lift and drag distributions with and without slotted � ap.

Figures11aand 11b showaerodynamiccoef� cientsfor the slotted
� ap case. The increments of lift and drag are similar to the trailing-
edge lateral blowing case shown in Figs. 4. However, the pressure
distributions shown in Figs. 12a–12c are rather different from the
lateral and the chordwise blowing case. In Fig. 12c, the pressures
increased on the lower surface and decreased on the upper surface
as expected, but these changes are limited to the trailing edge. This
result suggests that the slotted � ap works to increase the lift at
moderate angles of attack, but it is not effective in strengtheningthe
leading-edgevortices at high angles of attack. It is thought that this
is because the � ow accelerationbetween the wing and the � ap is not
as substantial as compared with the blowing cases. A simple airfoil
is used in the present study, and it is thought that careful design
of the � ap may increase the performance of the � ap. However, the
present results show blowing to have better effectiveness.

a) X/L = 0.5

b) X/L = 0.68

c) X/L = 0.87

Fig. 12 Spanwise pressure distribution with and without slotted � ap,
® = 30 deg.

Summary
The performanceof three types of high-lift devices, trailing-edge

lateral blowing, trailing-edgechordwiseblowing, and a slotted � ap,
are examined. Simulations clarify the mechanism of the change in
the aerodynamic forces and in the � ow features of each device. The
lift is increased at all angles of attack, and the lift-to-drag ratios are
improved. In addition,both typesof blowingstrengthenthe leading-
edge vortices at high angles of attack. Two factors are observed to
delay the vortex breakdown. The � rst is that the � ow is prevented
from turning from the lower to upper surface of the wing at the
trailing edge. The second is � ow is induced downstream by the jet
stream. Trailing-edge lateral blowing causes pressure changes on
both the upper and the lower surface of the wing: These changes
act to increase the lift. Trailing-edge chordwise blowing mainly
affects the � ow on the upper surface, but the pressure decrease is
larger compared with that of lateral blowing. The resulting increase
in lift is much larger. Although the slotted � ap is also effective in
increasing the lift at moderate angles of attack, it is not effective in
strengthening the leading-edgevortices.
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