
396 J. AIRCRAFT, VOL. 38, NO. 2: ENGINEERING NOTES

the magnitude of the rolling moment, it is estimated that a rolling
moment coef� cient of 0.001 produces a steady rate of roll of about
3 deg/s. Taking this value as the acceptable error, the results show
satisfactory agreement between the exact and single-point method
predictionsexcept close to the tanker wake downstream of its wing
tipvortex,where thevelocitygradientis high,anddownstreamof the
wing trailing-edgekink, where a signi� cant change in the spanwise
gradient of the wing loading and downwash occur.

A similar conclusion applies to the prediction of the other aero-
dynamic parameters, namely, the induced drag, pitching moment,
side force, yawing moment, and pitch angle. In the case of the side
force and yawing moment, the present single-pointanalysis extends
the planar expressions of Etkin2 to include two components of the
wake rate of roll. These are

P1w D @Ww

@y
; P2w D @Vw

@z
(5)

The additional term P2w relates to the variation in sidewash across
the � n. Applying P1w to all of the lifting surfaces, namely, wing, � n
and tailplane, results in errors in the side force and yawing moment
of up to 30% in the present case.

Further calculations, not presented in this Note, have shown that
the single-pointmodelof the receiveris essentiallyrestrictedto cases
where the ratio of the receiver wing span to the tanker wing span is
much less than one. An alternative multipoint model is, therefore,
requiredfor other practicalcasesof interestsuch as the refuelingof a
tankeraircraft in � ight from another tankeraircraft.Span ratiosvary
from 0.91 in the case of a Hercules tanker refueling from a VC10
tanker to 1.12 in the case of a Tristar tanker refueling from a VC10
tanker. The single-point model, however, is consideredadequate in
simulating typical approachesof the Tornado combat aircraft to the
hose and drogue trailing either from the centerline hose drum unit
or the wing-mounted pod of the VC10 tanker. Although the single-
point model is less accurate near the tanker wing tip vortex, this is
of little concern because the combat aircraft would not be expected
to � y in this region, and in any case, the combat aircraft would roll
quickly on entering the tip vortex with the lift force displacing the
aircraft sideways away from the tip vortex. For training purposes it
may be useful to demonstrate this effect.

The validity of the exact vortex lattice method that equates the
rotation of the leading aircraft vortex wake to variable downwash
and sidewash over the following aircraft lifting surfaces has been
investigated by Rossow.7 Lift and rolling moment measurements
were taken on a series of models of varying wing span located
downstream of a B-747 aircraft model and traversed through the
tip vortices. The data were then compared with results from the
vortex lattice method using measured downwash distributions in
the wake of the B-747 aircraft model as input to the vortex lattice
code. Three following wings of span 0.19, 0.51, and 1.02 times the
span of the wake-generatingmodel were tested, and Rossow7 found
that the predicted loads on the following wings are reliable as long
as the span of the followingwing is less than 0.2 times the generator
span. As the span of the following wing increases above 0.2, the
vortex lattice method continues to predict correctly the trends and
nature of the induced loads, but it overpredictsthe magnitude of the
loadsby increasingamounts.Rossow7 concludesthatthewakeof the
generatingwing is suf� cientlyalteredby the large followingwing to
account for the discrepancybetween theory and experiment.For the
case considered in this Note, the wing span ratio is 0.30, although
the wake interaction effect is less severe than that of Rossow7 with
the receiver located below the tanker tip vortex.

Conclusions
An approximate single-pointmodel of the receiver aircraft in air-

to-air refueling has been adapted from the planar aircraft model of
Etkin2 for � ight in non-unformwind. The model is simple and easy
to apply and has been validated in the case of the Tornado combat
aircraft refueling from a VC10 tanker aircraft.Acceptableaccuracy
is achieved using the single-pointmodel in all regions of the tanker
wake except close to the tanker wake downstream of the wing tip
vortex although this limitation is of little practical concern.

The single-point model becomes less accurate as the span of the
receiver aircraft is increased and is unsuitable for cases involving
large receiveraircraft such as a tanker refuelingfromanother tanker.
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Introduction

T HE leading-edgevortex � ap is a de� ectable surface at the lead-
ing edge of a delta wing. A leading-edge separation vortex is

formed over the � ap surface, which helps to reduce the drag and to
improve the lift/drag (L/D) ratio of the delta wing.1 Many studies
have con� rmed the bene� t of the vortex � ap.

There are several factors that affect the vortex � ap characteristics:
� rst, sweepbackangleof thedeltawing; second,leading-edgeshape,
i.e., sharpor roundedleadingedge;and third� aphinge-lineposition.
The � rst author has carried out experimental studies using delta-
wingmodels thathavedifferentsweepbackangles� ttedwith tapered
vortex � aps.2 The bene� t of the vortex � ap was con� rmed, and the
effect of the sweepback angle was revealed. The � rst author also
conductedwind-tunnelstudies to determine the effect of the second
factor, i.e., the difference between sharp and rounded leading-edge
vortex � aps.3 It was shown that de� ecting the rounded leading-edge
vortex � aps improves the L/D at relatively higher lift coef� cients
when compared with the sharp-edged vortex � aps.
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Fig. 1 60-deg delta-wing model with different fr.

The third factor, the effect of the vortex � ap hinge-line position
(i.e., spanwise length of the vortex � ap) is investigatedin this paper.
The relationship between the spanwise length of the leading-edge
separationvortex and that of the vortex � ap plays an important role
in the performance of the vortex � ap. Therefore, wind-tunnel tests
using 60-deg delta wing models with four different � ap hinge-line
positions were conducted.

Experimental Details
Figure 1 shows details of the delta-wing models. The 60-deg � at-

plate delta-wing models with sharp leading edges that have four
different � ap hinge-line positions were used. The centerline chord
length Cr is 0.5 m. The thickness of the model is 0.009 m. The
upper and lower surfaces of all of the edges are beveled. The delta
wing has vortex � ap hinge lines running from the wing apex to
the trailing edge. The vortex � ap de� ection angle ± f is de� ned as
the angle measured in the plane normal to the hinge line. The � ap
hinge-line position f r is de� ned as

f r D h=.b=2/

where h is the length between the � ap hinge line and the wing
centerline at the trailing edge and b=2 is the semispan length at the
trailing edge. As for the plain delta wing without vortex � aps, f r
equals 1. Models having f r D 0.6, 0.75, 0.9, and 1.0 were tested.
Flap con� gurations of ± f D 30 deg were tested.

The experimentswere carried out in the 2-m-diam open test sec-
tion of the Gottingen-type wind tunnel at the University of Tokyo.
All of the tests were performed at a tunnel speed of U1 D 20 m/s.
The Reynolds number based on the wing centerline chord ReCr

was 6.7 £ 105. The models were suspended by wires from a three-
component balance.The lift, drag, and pitching moment were mea-
sured using this balance. The wire tare drag effect was taken into
account, and the tunnel boundary corrections were applied to the
measured data. The angle of attack ® was increased from ¡5 to
20 deg. Because of the tunnel balance geometry, angles of attack
greater than 20 deg could not be used. All aerodynamiccoef� cients
were based on the same datum wing area ( f r D 1.0, i.e., plain delta
wing). Flow-visualization tests using surface oil � ow were con-
ducted to describe the surface � ow patterns. The estimated overall
accuracy of the aerodynamic coef� cients is §3% at 20:1 odds.

Experimental Results
The measured lift coef� cient CL showed that the CL decreases

as f r decreases, that is, as the vortex � ap area increases at constant
®. The CD –® curves showed that the CD decreases for most of the
positive ® region, as f r decreases. These trends in CL and CD are
similar to those when ± f is increased at constant f r as are reported
in Refs. 1–3. In Refs. 2 and 3 the delta-wing models that have
f r D 0.75 � ap hinge lines were tested.

Figure 2 shows the L/D vs CL :. A large L/D improvement for
± f D 30 deg is seen over the CL range of 0.15 to 0.5. The maximum
L/D is attained when f r D 0.9. However, the bene� t of f r D 0.9 is
only seen for the CL range between 0.2 and 0.25. When CL > 0.25,

Fig. 2 L/D vs CL for different fr.

f r D 0.75 indicates the best performance. Although all of the con-
� gurations ( f r D 0.9, 0.75, and 0.6) show bene� t in the L/D when
compared with f r D 1.0 wing (plain delta wing), it is seen that the
f r D 0.6 wing is the least effective. Reference 4 reported the effect
of vortex � ap hinge-linepositions for a 60-deg delta wing when the
f r D 0.5 and 0.75. The results indicated that the f r D 0.5 wing is
less effective than the f r D 0.75 wing.

Figure 3 shows the surface � ow patterns sketched from oil � ow
tests of the upper surface of the right wing at ® D 8, 10 and 12 deg
for f r D 0.75 and 0.6. The patterns de� ne the vortex positions on
the wing and � ap surfaces. In these � gures HL denotes the � ap
hinge line. The hatched region denotes a small separationbubble, in
which the oil moved very little. At ® D 8 deg for both the f r D 0.75
and 0.6 wings, there are only small separation bubbles (hatched
regions) at the leading edge of the � ap and at the � ap hinge line.
The � ow attaches on the � ap surface without any large separation.
At ® D 10 deg for f r D 0.75, a leading-edge separation vortex is
formed. Near the apex the vortex reattaches inboard of the � ap
hinge line. Near the trailing edge the chordwise length of the vortex
reduces, and the vortex reattacheson the � ap surface.At ® D 12 deg
for f r D 0.75, the reattachmentof the vortex occurs inboard of the
hinge line for all chordwise stations. On the other hand, for the
f r D 0.6 wing reattachment of the leading-edge separation vortex
occurs over the � ap surface at both ® D 10 and 12 deg.

Figure 4 shows the cross� ow patterns plotted against ® and f r .
Flow patterns are deduced from the surface oil � ow tests. The wing
con� guration,when theL/D attains its localmaximumfor a constant
f r , is shown by the symbol *. This � gure shows that the � ow in
cross� ow planes can be divided into four different regimes. First,
[in regime (A)] the leading-edge separation vortex is not formed,
and only a small separationbubble is formed at the leading edge or
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Fig. 3 Surface oil � ow patterns at fr = 0.75 and 0.6.

Fig. 4 Cross� ow patterns for different fr.

at the � ap hinge lines (at low ®, all f r ). Second, in regime (B) the
leading-edgeseparation vortex is formed only over the � ap surface
(at ® D 10–16 deg, f r D 0.6 only). Third, in regime (C) the large
separation vortex is formed, and its reattachment line is located
inboard of the � ap hinge lines (at high ®, all f r ). Finally, there is
a fourth regime, a combination of regimes (B) and (C), in which
the reattachment of the vortex occurs on the � ap surface near the
wing apex, but the reattachment occurs inboard the � ap hinge line
near the trailing edge, as was seen in Fig. 3 (at about ® D 10 deg,
f r D 0.75 and 0.9). Figure 4 shows that the formation of a leading-
edge separation vortex for the plain delta wing ( f r D 1) is seen at
® > 3 deg for the � rst time when® is increasedfrom 0 deg.However,
once the � ap is de� ected, even though its spanwise length is only
10% ( f r D 0.9), the angle of attack when the vortex is formed for
the � rst time is ® D 7 deg. This indicates that a large change of
� ow pattern occurs even when a vortex � ap that has small spanwise
length is de� ected ( f r D 0.9). This may be related to the fact that
the maximum L/D was attained for the f r D 0.9 wing when CL was
relatively small, as was shown in Fig. 2. The spanwise length of

the vortex � ap should be designed not only from the view point of
aerodynamics but also from the results of wing structural studies.

Conclusions
In this note the effect of � ap hinge-linepositions over the perfor-

mance of the leading-edgevortex � aps has been discussed. Differ-
ences of the vortex � ap hinge-line position affect the performance
of the vortex � ap. The best L/D ratio is attainedwhen the delta wing
has vortex � aps with a relatively small spanwise length. The forma-
tion of leading-edge separation vortex over the wing is suppressed
at relatively low angleof attack,even when the vortex � ap with only
a small spanwise length is de� ected.
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Nomenclature
CD = total drag coef� cient of wing
CL = lift coef� cient of wing
e = span ef� ciency factor
Re = Reynolds number of � ow based on wing chord,

wind-tunnel airstream velocity, density,
and dynamic viscosity

® = angle of attack or incidence

Introduction

H UMANKIND’S dream of powered � ight became a reality
when, in 1903, the Wright brothers demonstrated that high

lift and structural rigidity of the biplane was essential to lifting man
and engine into the air. However, with improvements in structural
materials and technology, decreasing speci� c engine weights, and
higher � ight speeds, designers began to opt for the monoplane con-
� guration.

In recent times, to meet the demands of an ever increasing air-
cargo and transportationmarket, integrationof any new aircraft into
existing airports is becoming a signi� cant consideration. The need
for faster and more ef� cient aircraft with increased load carrying
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