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Nomenclature
b = wing span, m
Cl = rolling moment coef� cient, L=q1 Sb
L = rolling moment, Nm
LRT = matrix of direction cosines
Oxyz = axes � xed in aircraft
P; Q; R = angular velocity components about Ox , Oy,

and Oz, rad s¡1

q = dynamic pressure, Nm¡2

S = wing area, m2

U; V ; W = velocity components along Ox, Oy, and Oz, ms¡1

v = resultant velocity, [U V W ]T , ms¡1

y = sideways displacement from the plane of symmetry
of the tanker wing, positive to starboard,m

z = vertical position below tanker wing apex, m
µ = pitch angle, rad
Á = bank angle, rad
Ã = yaw angle, rad
r = gradient operator, [@=@ x @=@y @=@z]T

Subscripts

R = receiver aircraft
T = tanker aircraft
w = (tanker) wake
1 = free-� ight condition

Superscript

T = transpose of matrix
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Introduction

T HERE is active interest in the United Kingdom in setting up a
real-time air-to-air refueling � ight simulation for training pur-

poses with work carried out by the � ight management and control
group at the Defence Evaluation Research Agency (DERA), Bed-
ford. The work has initially been aimed at the simulation of the Tor-
nado combat aircraft making contact with the VC10 tanker aircraft
and with aerodynamic modeling provided by the present authors.
The purpose of this Note is (1) to outline the approximatemodel of
the receiver used in the real-time simulation to reduce computing
time and (2) to justify its use by estimating the accuracy of pre-
diction of one of the main aerodynamiceffects, namely, the rolling
moment induced on the receiver by the tanker wake.

The approximate receiver model adopted is the single-point
model as applied by Etkin1 in the case of wind effects on aircraft.
This model is based on the tanker wake conditions at the receiver
center of gravity and determines the effect of the tanker wake-
inducedvelocityon the receiverair speed.All six of the translational
and rotational air speed components are considered. An advantage
of this simple model is that it applies to any receiver aircraft us-
ing the aircraft aerodynamicdata stored in the � ight simulation. To
validate the approximate model, the tanker wake and receiver air-
craft model developed previously by Bloy and West2 is used. This
model incorporates a line vortex model of the tanker wake rollup
with the vortex lattice method applied to all lifting surfacesand with
the effect of the tanker wake on the receiver represented by equiv-
alent twist distributions of the lifting surfaces. Linear distributions
of downwash and sidewash are assumed in the single-point model
comparedwith variabledownwashand sidewash in the exactmodel.

Tanker Wake Results
The DERA � ight simulation required wake velocity data for the

VC10 tanker at typical � ight conditions corresponding to a � ight
Mach number of 0.544 and an aircraft lift coef� cient of 0.335.As in
previous work,3 the VC10 is representedby its wing planform with
the vortex wake rollup calculated to a distance of � ve wing spans
downstream.Over the tankerwingwith a downstreamstepsizeequal
to one-eighth of the wing mean chord, 60 equally spaced spanwise
with two chordwise line vortices are taken. To avoid chaotic motion
where vortex lines intersect each other, the smoothing factor pro-
posed by Krasny4 is used with the value of this factor taken as 1%
of the wing span.

In the DERA simulation, the wake conditions are speci� ed by a
three-dimensionaldata arraygiving the downwash and sidewashve-
locities togetherwith three velocitygradients required in the single-
point model described in the following section. Figure 1 shows
typical spanwise distributions of downwash velocity at a position
one wing span downstream. At this downstream location, which
correspondsapproximatelyto the point at which the receivermakes
contact with the center hose and drogue, the wake rollup is only
partly complete. Figure 1 shows the large gradients of downwash
near the tip vortex with the induced � ow changing to an upwash
outboard of the wing tip.

Single-Point Model of Receiver Aircraft

Etkin2 considers the aircraft as planar with simple expressions
given for the wake-inducedroll, pitch, and yaw rates in terms of the
velocity gradients over the lifting surfaces. When receiver aircraft
axes are used as the frame of reference, the equivalent rotational
velocity components of the tanker airwake Pw , Qw , and Rw are
given from Etkin2 by

Pw D @Ww

@y
; Qw D

¡@Ww

@ x

R1w D
¡@Uw

@y
; R2w D @Vw

@x
(1)

as shown in Fig. 2. The effective roll, pitch, and yaw rates of the
receiver aircraft relative to the air are (P ¡ Pw ), (Q ¡ Qw ), and
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Fig. 1 Spanwise distribution of downwash behind VC10 tanker at one wing span downstream.

Fig. 2 Relation between wake rotational velocity and wake velocity
gradients.

(R ¡ Rw ), respectively, whereas the translational velocity compo-
nents are approximately (U ¡ Uw ), (V ¡ Vw ), and (W ¡ Ww ) along
the Ox , Oy, and Oz axes respectively.

In Etkin’s model,2 the effective rate of roll applies to the planar
lifting surfaces,namely, wing and tailplane/foreplane, and excludes
the � n. Applicationof this rate of roll to the complete aircraft, there-
fore, implies some error in the predicted rolling moment, although
calculations indicate that the error is relatively small. The effective
rate of yaw considered by Etkin includes two terms. The � rst term
¡.@Uw=@Y / relates to the variation in air speed across the wing and
tailplane producing the main componentof the rolling moment due
to rate of yaw. The second term relates to the variation in sidewash
along the receiver � n and fuselage producing the main component
of the side force and yawing moment due to rate of yaw. Ideally
the � rst component of the rate of yaw should be used in the estima-
tion of the rolling moment, and the second component used in the
estimation of the side force and yawing moment.

Etkin’s relations2 are given with respect to receiver aircraft body
axes, and to complete the rotational model of the wake effect on
the receiver, it is necessary to transform the wake velocity gradi-
ents from tanker to receiver aircraft axes. Etkin and Etkin5 give the
appropriate transformation.There are nine velocity gradients in the
tanker aircraft axes, namely, @Uw=@x , @Uw=@y, @Uw=@z, @Vw=@x ,
@Vw=@y, @Vw=@z, @Ww=@x , @Ww=@y, and @Ww=@z, although these
can be reduced as follows. At the typical separation distances be-
tween tanker and receiverused in refueling the inducedwake veloc-
ity components are essentially downwash and sidewash, that is, the
inducedvelocitycomponent in the freestreamdirectionUw together
with the velocitygradients@Uw=@x , @Uw=@y, and @Uw=@z are con-
sidered to be negligible.The conditionof zero vorticitycomponents
in the wake gives

@Ww

@y
D @Vw

@z
;

@Ww

@x
D @Uw

@z
»D 0;

@Vw

@ x
D @Uw

@y
»D 0

(2)

Three nonzero derivatives remain, and these are

@Vw

@y
;

@Ww

@y

³
D @Vw

@z

´
;

@Ww

@z

Etkin and Etkin5 gives expressions for the transformation of the
tanker airwake translational velocity and velocity gradient com-
ponents from tanker aircraft axes to receiver aircraft axes. The
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translational velocity vector in receiver axes vw;R in terms of the
correspondingvelocity vector in tanker axes vw;T is given by

vw;R D LRTvw;T

where

LRT D

2

4
.cos µ cosÃ/ .cos µ sin Ã/ .¡sin µ /

.sin Á sin µ cos Ã ¡ cos Á sin Ã/ .sin Á sin µ sin Ã C cosÁ cos Ã/ .sin Á cos µ/

.cos Á sinµ cos Ã C sin Á sin Ã/ .cosÁ sin µ sin Ã ¡ sinÁ cos Ã/ .cos Á cos µ/

3

5 (3)

The transformationof the wake velocity gradients rvw is given as

rR vT
w;R D LRT

¡
rT vT

w;T

¢
LT

RT (4)

where r is the gradient operator and LT
RT is the transpose of the

matrix LRT. This appearsto be a complex transformation,althoughit
is simpli� ed byneglectingthewakeU -velocitycomponentin tanker
axes, and in any case, only four of the nine elements of rR vw;R are
required, namely, @Uw=@y, @Vw=@x , @Ww=@ x, and @Ww=@y.

Accuracy of Single-Point Method

An estimateof the accuracyof the single-pointmethod applied to
the Tornado aircraft was made as follows. The procedure involved
application of the vortex lattice method computer program devel-
oped by Lea6 to a wing–� n–tailplane representationof the Tornado
in its air-to-airrefuelingcon� gurationas shown in Fig. 3. The lifting
surfaces are divided into panels as follows: 32 spanwise£ 2 chord-
wise on the wing, 18 spanwise£ 2 chordwise on the tailplane, and
10 spanwise£ 1 chordwise on the � n.

Downwash and sidewash velocity distributions determined pre-
viously from the tanker wake rollup calculations are then superim-
posed on the receiver. In the vortex lattice method, the spanwise
variation of downwash on the wing and tailplane and the spanwise
variation of sidewash on the � n are representedby appropriatetwist
distributions. The method does not allow a spanwise variation in
sidewash on the wing or tailplane, but instead assumes a constant
value equal to that at the centerline of the wing or tailplane with a
similar condition applying to the spanwise variation in downwash
on the � n. A set of equationsin matrix form are then solved to obtain

Planform view

Side view

Fig. 3 Actual and modeled Tornado aircraft in its air-to-air refueling
con� guration; all scales are in meters.

the resultingcirculationdistributionand,hence, the six aerodynamic
force and moment components acting on the receiver, namely, lift,
drag, and side forces and pitching, rolling, and yawing moments.
These arise from the position and attitude of the receiver within the
tanker wake.

The accuracy of the single-point method is determined by com-
paring results from 1) the vortex lattice model with variable down-
wash and sidewash from the tanker wake rollup calculations and
2) the vortex lattice model with linear variation of downwash and
sidewash on the receiver lifting surfaces.

The latter model is the single-point model utilizing the tanker
wakevelocityandvelocitygradientcomponentstakenat theposition
of the receiver center of gravity.

The following typical cases are considered.The receiver is posi-
tioned with zero yaw and bank at a distance one wing span down-
stream of the tanker and at various points in the vertical Oyz plane.
The vortex lattice method requires the receiver pitch angle to be
input and then proceeds to calculate the receiver lift coef� cient.
The receiver pitch angle is adjusted to maintain its lift equal to its
weight with the controls � xed in the neutral position. Several iter-
ations of the time-consuming calculations are required to achieve
convergenceto the steady � ight lift coef� cient within an acceptable
tolerance.

Figure 4 shows the induced rolling moment. As the receiver is
displacedsideways from the wake centerline,one wing experiences
more downwash than the other with the induced rolling moment
increasingto a maximum as the receiverapproachesthe tanker wing
tip. At this point, the inboard wing experiencesdownwash, whereas
the outboard wing experiences upwash. To give an indication of

z = 0

z = b/8 (5.57 m)

Fig. 4 Predictions of induced rolling moment on receiver.
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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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Different Flap Hinge-Line Positions
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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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