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uses the same thrust T0, it will not be able to sustain level � ight, but
will have to dive at an angle ° such that

T0 C W sin ° D kcD2 .U0 C ±V2/2 (5)

resulting in a vertical velocity w2 , which can be shown to be (again
assuming small angles) by the earlier procedure
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The loitering maneuver can now be described.The UAV is pointed
westward and � own at constant thrust T0 . At times when the on-
coming wind is weaker than the nominal speed U0, the UAV climbs
with vertical speed w1 while staying at the same position in the hor-
izontal plane. On the other hand, when the oncoming windspeed is
faster than U0 , the UAV sinks at vertical speed w2 , again staying at
the same position in the horizontal plane.

Inspection and comparison of Eqs. (4) and (6) shows that w2 is
always greater than w1 . However, one can always � nd a speed U0,
for which the percentage of time ¿1 at which winds slower than
U0 blow is larger than that of winds stronger than U0, ¿2 , so that
the average vertical excursion can be brought to be zero. Actually,
the � ight altitude and nominal speed U0 for a given mission, or
parts of it, thus should be chosen according to the local windspeed
histogram.

Take as an example,±V1 D ±V2 ´ ±V and cD2 D cD1 D cD0, which,
while admittedly not accurate, allows an algebraically simple solu-
tion with no aircraft speci� c parameters.Then, for zero total vertical
excursion,

w1¿1 D w2¿2 (7)

where ¿1 is the time winds are blowing at U0 ¡ ±V and ¿2 is the time
winds are blowing at U0 C ±V . From Eq. (7), substituting Eqs. (6)
and (4), we obtain for A ´ ±V=U0

Z D ¿2

¿1

D 1 ¡ A

1 C A
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2A C A2
D 2 ¡ 3A C A2

2 C 3A C A2
(8)

The ratio of times required, Z , as a function of the speed excursion
A appears in Fig. 2. In conjunction with Fig. 1 or similar data, this
can now be used to establish the nominal velocity U0 for any given
area and time of year. Obviously, A should be small so the danger
of stall is minimized, but not small enough so that every � uctuation
in windspeed causes a change.

To clarify, a numerical example follows based on the speci� c
conditions measured in the Mediterranean area.4 The worst case in
the Mediterranean area is in winter, where4 at altitudes from 16 to
25 km, the windspeed exceeds 15 m/s 50% of the time, 20 m/s is
exceeded30%,25 m/s is exceeded20%,and37.5m/s is onlyreached
2% of the time (see Fig. 1). Thus, taking a nominal true airspeed for
the aircraft of U0 D 32.5 m/s we obtain, by interpolation, that dives
will be required less than 6% of the time. On the other hand, taking
anexcursionin speedof 5 m/s (i.e., A D 5

32:5
D 0:15, approximately),

we again obtain from the data that windspeeds will be in the range

Fig. 2 Ratio of times required Z vs the normalized speed difference A,
see Eq. (8).

27.5–32.5 m/s about 9% of the time. From Fig. 2, we see that for
A D 0:15; ¿2=¿1 D 0:64, which convergeswithin 1% with the values
obtained from Fig. 1.

Conclusion
Obviously, this loitering maneuver will need further tuning for

speci� c cases using the full Eqs. (4) and (6). For hybrid and fully
fueled long-enduranceUAVs, the design point will also require ad-
justment for the reduction in weight due to fuel consumptionduring
the mission, but this is shared with all other maneuvers mentioned
and easily overcome.
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I. Introduction

T HE value of the use of the Reynolds-averagedNavier–Stokes
methodology for active � ow control applications is assessed.

An experimental � ow control database exists for a NACA0015 air-
foil modi� ed at the leading edge to implement a � uidic actuator;
hence, this con� guration is used. Computational results are docu-
mented for the baselinewing con� guration (no control) with the ex-
perimental results and assumes two-dimensional� ow. The baseline
wing con� guration has discontinuities at the leading edge, trailing
edge, and aft of midchord on the upper surface.

A limited number of active � ow control applications have been
tested in the laboratory and in � ight. These applications include
dynamic stall control using a deformable leading edge,1 separation
control for takeoff and landing � ight conditionsusing piezoelectric
devices,2;3 pulsed vortex generators,4 zero-net-mass oscillations,5;6
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and thrust vectoring with zero-net-mass piezoelectric-drivenoscil-
latory actuation.7

As yet, there is no de� nitive comparison with experimental data
that indicates current computational capabilities can quantitatively
predict the large aerodynamic performance gains achieved with
active � ow control in the laboratory. However, one study8 using
the Reynolds-averaged Navier–Stokes (RANS) methodology has
shown good quantitativeagreementwith experimental results for an
isolated zero-net-massactuator. In addition, some recent studies9;10

haveused RANS to demonstratequalitativeperformancegains com-
paredwith the experimentaldata for separationcontrol on an airfoil.
Those quantitative comparisons for both baseline and � ow control
cases indicated that computational results were in poor quantitative
agreement with the experiments.

The current research thrust will investigate the potential use of
an unstructured grid RANS approach to predict aerodynamic per-
formance for active � ow control applications building on the early
studies.9;10 First thecomputationalresultsmust quantitativelymatch
experiments for the no-control case before proceeding to the time-
dependent � ow control case. This paper documents the baseline
(no-control) case using an unswept airfoil con� guration.

The next section describesthe con� gurationsused for the compu-
tations and the experimentals. The computational approach is then
described followed by results and concluding remarks.

II. Airfoil Con� gurations and Experimental Data
Figure 1 shows the leading-edge and trailing-edge regions of

the con� gurations used in the present study. The midchord regions
for all airfoils are the same and, therefore, not shown in Fig. 1. A
NACA0015 airfoil is used in the study to provide referencepoint re-
sults.The � nite thick trailingedgeof the NACA0015 airfoilmatches

Fig. 1 NACA0015, TAU0015, and TAU0015m airfoils.

the TAU0015. The TAU0015 airfoil model was tested in a low-
speed wind tunnel at the Tel Aviv University (TAU). The model is a
NACA0015 airfoil modi� ed in the leading-edgeregion to acommo-
date an actuation slot. Hence, the airfoil con� guration is referred to
as the TAU0015 airfoil. The TAU0015 model has a 0.3645-mchord,
a 0.3% thick blunt trailing edge, and a 0.4% chord thick notch at
76.6% chord, which results from the � ap/main element connection
used in a different experiment. The actuator for the TAU0015 tests
was located at the leading edge and leads to the 0.3% chord discon-
tinuity (straight horizontal line region).

The previous computational studies9;10 used single-block struc-
tured grid RANS and for convenience ignored the 76.6% chord
notch and trailing-edge thickness and faired over (smoothed) the
leading-edge discontinuity. Here, this altered con� guration is re-
ferred to as TAU0015m; computational results from this model will
be compared with the TAU0015 con� guration. There is no experi-
mental data for the numerically modi� ed model.

The � ow control experimentswith the TAU0015 were conducted
in the Meadow–Knapp Low Speed Wind Tunnel at the TAU.5 The
test section is 1.50 m high and 0.61 m wide. The TAU0015 model
was instrumented with 36 static pressure taps, and measurements
were made using a Scanivalve and a pressure transducer, 5 psi full
scale. The transducer has an accuracy of 0.06% full scale. The
freestream velocity of all tests was nominally 51 m/s. The pres-
sure coef� cient results are accurate to within §0:6%. Lift, Cl, and
drag,Cd, coef� cients are obtainedby integratingthe measured pres-
sures; accuracy in Cl is estimated to §0:01 for prestall conditions
and §0:03 poststall. The drag coef� cient Cd has experimental un-
certaintlyof§0:003 at prestallconditionsandand§10% at poststall
conditions. The experimental conditions are at a Mach number of
0.15 and a chord Reynolds numbers of 1:2 £ 106. The uncertainty
in Reynolds number is §2% due to variations in temperature and
velocity during the tests.

The Cl and Cd for the experimental data are available at angle of
attacks ® from 0 to 24 deg in 2-deg increments. The maximum lift
coef� cient is Cl D 1:056 at ® D 12 deg and Cd D 0:0288.In addition,
pressurecoef� cientsC p at ® D 8 and 22 deg are used for the current
comparison.

III. Computational Approach
The full unstructured Navier–Stokes two-dimensional RANS

code (FUN2D)11 will be used for the current study. The FUN2D
code solves the time-dependent RANS equations expressed as a
system of conservation laws relating the rate of change of mass,
momentum, and energy in a control volume to the � uxes of these
quantities through the control volume. The solver is an implicit,
upwind-differencingalgorithm with the inviscid � uxes obtained on
each face of the control volume with Roe’s � ux-difference-splitting
scheme. The node-based algorithm stores the variables at the ver-
tices of the mesh, and the equations are solved on the nonoverlap-
ping control volumes surroundingeach node.The viscous terms use
a centraldifferenceformulationevaluatedwith the � nite volumefor-
mulation. Time advancement is made with a linearized � rst-order
backward Euler scheme. At each time step, the equationsare solved
with 15 Gauss–Seidel subiteratives,sequentiallysolving for all odd
numbered nodes and then all even numbered nodes. A two-level
V-type multigrid approach is used for this baseline study to accel-
erate convergence.12 A very � ne grid was � rst used to determine
the effect of the geometric discontinuitieson the aerodynamic per-
formance. Then grid coarsening was implemented to minimize the
grid requirements for accurate results and more ef� cient computa-
tions. The Spalart–Allmaras (SA) turbulencemodel13 is used in this
investigation, and all computations involve fully turbulent � ow. A
computer workstation is used for the present study.

The unstructured grids were generated with advancing-front-
type point placement with iterative local remeshing for grid quality
improvement.14;15 Figure 2 shows an initial coarse grid around the
TAU0015 airfoil, resolving all discontinuitieson the con� guration.
Similar grids were generated for the TAU0015m and NACA0015
airfoils. The grids extend from the airfoils to form a far-� eld circle
with a radius of 20 chord lengths around the airfoils.
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Table 1 Number of nodes used for initial computations

Grid1 Grid1 Grid2 Grid2
Con� guration total surface total surface

TAU0015 114,119 1,891 51,150 1,260
TAU0015m 48,063 1,032 21,316 516
NACA0015 62,764 1,100 25,352 550

Fig. 2 Coarse grid for TAU0015 airfoil.

IV. Results
All grids in the initial computations had the � rst near-surface

grid point below yC D 0:7 to ensure the sublayer of the turbulent
shear � ow was suf� ciently resolved. This speci� cation of the � rst
grid point approximation is based on relationships between yC,
Reynolds number, and skin friction for a � at plate boundary layer.
For turbulent � ow, this relationshipyields an analytical relationship
between yC and the � rst wall-normal grid point. This relationship
is yC D 1y ¢

p
.c f =2/Re, where c f ’ 0:455= 2

.0:06Rex / and 1y
is the physical distance for the � rst grid point away from the airfoil
surface. Specifying a midchord yC D 0:102 will keep all near-wall
points below 0.7, as will be shown later.

The number of surface nodes and total grid nodes for the � rst
comparison are shown in Table 1 for each airfoil. The TAU0015
airfoil grid has signi� cantly more grid points because of the grid
clustering near the surface discontinuities,which are not present in
the TAU0015m and NACA0015 airfoils.

Convergenceof the steady-� ow computationswas achievedwhen
the change in Cl was less than 0.015% per iteration. At this crite-
rion, Cd was changing by less than 0.005% per iteration. The only

unsteadiness in the computations was observed at ® D 26 deg; un-
steady vortex shedding was evident.

Figure 3 shows the computed Cl with variation in ® for the
NACA0015, TAU0015, and TAU0015m airfoils compared with the
experimental data. For the NACA0015, the maximum Cl and stall
® are 30% and 4 deg higher than the experimental data. For the
TAU0015m airfoil, the maximum Cl and stall angle are 23% and
2 deg higher than the experiments. These overpredictions for the
TAU0015m airfoil are consistent with the earlier studies,9;10 which
used the same airfoil but a structured grid and two different RANS

Fig. 3 Computed Cl vs ® for TAU0015, TAU0015m, and NACA0015
airfoils compared with experimental data.

Fig. 4 Computational and experimental pressure coef� cients Cp for
TAU0015 airfoil at ® = 8 deg (prestall) and 22 deg (poststall).
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codes. In closer agreement, the computed results for the TAU0015
airfoil approach the experimental results, overestimating the stall
angle by 2 deg and the maximum Cl by 9%. Thus, the subtle differ-
ences in geometry for the NACA0015, TAU0015m, and TAU0015
airfoils have led to large differences in the computed stall ® and
maximum Cl.

A reasonable explanation for the differences between computa-
tional and experimental results for the TAU0015 geometry may be
obtainedwith a careful review of the experimentalresults. In the ex-
periments, Cl and Cd are derived from numerical integration of the
staticpressuremeasurements.Hence,a comparisonof computedand
measuredpressureinformationis necessaryfor this review. Figure 4
shows computed pressure coef� cients C p for the TAU0015 airfoil
compared with experimental results for ® D 8 deg (prestall) and
22 deg (poststall). The computational results show pressure spikes
at the leading edge and near 76% chord resulting from the geo-
metrical discontinuities. No pressure spikes were measured in the
wind-tunnel experiments because no taps were or could be posi-
tioned on the actuator.Therefore, the experimentscould not capture
the additional pressure spike predicted in the computations. Based
on this understandingof the experimentaldata, the computedCl and
Cd are now obtained by integrating the pressure over the TAU0015
airfoil in regions consistent with the experimental pressure taps.
Only the contribution from the leading-edgeactuator discontinuity
are excluded in this new Cl and Cd. The Cl and Cd vs ® are com-
pared with experimental data in Fig. 5. The computed maximum Cl
is now overpredicted by 2% compared with the experimental data,
and the stall ® are in agreement at 12 deg. The overpredictionin lift
results in an underprediction of the drag. The poststall (separated)
conditions show notable disagreement between computational and
experimentalresults.Whereas theSA turbulencemodelhasnotbeen
developed or validated for separated � ows, signi� cant uncertainty

Fig. 5 Computed Cl and Cd vs ® compared with experimental data
for TAU0015 airfoil.

exists in experimental error assessment for separated � ow regions.
Unless the 36 pressure taps used in the experimentswere positioned
to capture all of the essential physics of the separated � ow, large
(unpredictable) uncertainty could exist for the Cl and Cd values.
Such experimental uncertainty for poststall conditions is con� rmed
in results for a simple NACA0012 airfoil.16;17 Hence, the computa-
tional and experimental results have uncertainty in their respective
quantities for highly separated � ow conditions.

In any grid generation process, some judgment must be made
concerning the adequacy of the grids for the computations. This
is usually facilitated by grid re� nement studies. Such a study was
carried out but is not reported due to space limitations. The grid
re� nement analysis con� rms the validity of the reported grids.

V. Conclusions
Results from an unstructured-gridRANS code were used to an-

alyze the possible impact of small geometric differences in airfoils
on aerodynamic performance. Results for NACA0015, TAU0015,
and TAU0015m airfoils were compared with experimental data for
the TAU0015 airfoil con� guration. The TAU0015 airfoil has dis-
continuities at the leading edge, trailing edge, and aft of midchord
on the upper surface.

The TAU0015m was similar to the TAU0015 except the leading-
edge shape was smoothed to make the geometry more continuous
and themidchordnotchwas ignored.The currentTAU0015mresults
are in agreement with previous investigations.

A comparison of the results from the various airfoils suggests
that the midchord discontinuitydoes not affect the aerodynamicsof
the wing and can be ignored for more ef� cient computations. The
leading-edge discontinuity signi� cantly affects the lift and drag;
hence, the integrityof the leading-edgenotch discontinuitymust be
maintained in the computations to achieve a good match with the
experimental data.

The analysis of computed performance vs experimental data for
the TAU0015 airfoil demonstrated that consistency in determining
lift and drag coef� cient quantities was important to achieve quan-
titative agreement. The integration of computed pressure should be
contained to regions of the airfoil consistent with the pressure taps.

Future activities for the validation of RANS for active � ow con-
trol will include an investigationof the accuracyof RANS for time-
dependent � ow problems, the introduction of boundary conditions
to model the oscillatory actuation, and an evaluation of oscillatory
excitation on the aerodynamic performance. The oscillatory exci-
tation results will be compared with experiments for the current
TAU0015 con� guration.
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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


