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Wake Shapes Behind Wings
in Close Formation Flight Near the Ground

Cheolheui Han
Kyungwon Tech, Yatap-Dong, Bundang-Gu, KyungKi-Do 463-827, Korea
Leesang Cho, Jinsoo Cho*

Department Mechaincal Engineering, Hanyang Unversity,
Seoul 133-791, Korea

The unsteady evolution of trailing vortex sheets behind wings mn close formation flight near
the ground is simulated using a discrete vortex method The ground effect 1s mcluded by an
image method The method 15 validated by comparing computed results with other numerical

results, For a lifting line with an elliptic loading, the ground has an effect of moving wingtip
vortices laterally outward and suppressing the development of vortex evolution The gap
between wings 1n close formation flight has an effect of moving up wingtp vortices facing each
other For wings flying in parallel, the ground effect causes the wingtip vortices facing each other
to move up, and it makes the opposite wing tip vortices to move laterally outward When there
15 a relative height between the wings 1n ground effect, right-hand side wingtip vortices from a

mothership move laterally inward.
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Nomenclature

by Nondimensionalized half-span  of the
hitchhiker aircraft by the half-span of the
hitchhiker aireraft, (1}

by  Half-span of the mothership divided by
the half-span of the hitchhiker aircraft

C{(I'. #) Poimt on a lifting line n the complex
plane

C’(I*, t} Pomnt on an mmage liftng line 1n the
complex plane

di ° Time step

&y . Disienee between the methsiship and the
hitchhiker divided by the half-span of the
hitchhiker aircraft

dz  Relative height between the mothership
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and the hitchhiker divided by the half-
span of the hitchhiker aircraft

h Ground height, distance from a mother-

ship to the ground

N Number of point voitices

¥ Distance between the posttion of a vortex
core and a point 1n space
¥e Vortex core 1adius

¥eo  Initial vortex core radrus
R. . Vortex Reynolds number

Ve Distance from the 1* point to the ™ point
¢ + Elapsed ume, sec

T Total elapsed time, sec

o Induced velocity in downstream direction
{2, v} Induced velocity at a wake vortex J on

the mothership atrcraft from other vortices
on the image mothership aircraft

(2, v} induced velocity at a wake vortex 7 on
the mothership aircraft by vortices on the
umage hitchhiker atrcraft

(2, v)®™ Induced velocity at a wake vortex 7 on

the hitchhiker atrcraft by vortices from the
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image mothership aircraft

(2, v)  Induced velocity at a wake vortex 7 on
the hitchhiker aircraft by other vortices on
the 1mage hitchhiker aircraft

(2, v) ™ Induced velocity at a wake vortex 7 on
the mothership arcraft from other vortices
on the mothership aircraft

{2, )™ Induced velocity at a wake vortex 7 on
the mothership aircraft by vortices on the
hitchhiker arrcrafi

(26, v} Induced velocity at 2 wake vortex 7 on
the hitchhiker arcraft by vortices from the
mothership aircraft

(2, 9)™ Tnduced velocity at a wake vortex 7 on
the hitchhiker aircraft by other voitices on
the hitchhiker arrcraft

Y Induced velocity in spanwise direction

w Induced velocity m vertical direction

W Complex velocity potential

X Downstreamwise distance from a wing’s
tratling edge

¥y Spanwise distance from a wing’s mid sec-
tion

z Distance mn vertical direction

z Complex conjugate of z in the complex
plane

Greek

8 Smoothing factor

ot Time step

Vortex sheet strength

Circulation of a hifting line at the pomnt

where the induced velocity s calculated

I Circulation of a vortex at the j™ point

I'*  Circulation of a constant strength vortex
sheet element on a lifting line

I Maximum cireulation

I " Maximum circulation on the mothership
for an elliptic load distribution

I Maxumum circulation on the hitchhiker for
an elliptic load distribution

Af, Growth age

4 Pseudo time

=

Abbreviations

AOA Angle of Attack
AR Aspect Ratio

IGE In Ground Effect

OGE. Qut of Ground Effect
1. Introduction

Recently, there has been great interest 10 engi-
neering research mspired by mimucking nature
{referred to as brommmetics) The behavior of
migratory birds has led to the study on achieving
similar enhanced performance from multiple air-
craft flymng in formation Many military misstons
mvolve formation flight (Magill et al, 2003) Its
primary purpose 1s for defense during rts entire
fhight However, today’s situations require redue-
aon 1n fuel consumpltion n order to increase
range and to reduce operational costs The 1m-
portant challenge i the study of formation flight
18 how to evaluate the aerodynamic mierference
between the awcraft in the formation While the
mcrease 1 hift and drag reduction enhances the
aerodynamic performance, additional yawing and
rollmg moments induce asymmetrical aerodyna-
mi¢ characteristics Compound Aircraft Trans-
port {CAT} flight mnvolves wingtip-docked or
close-formatton flight to utilize the mutual aero-
dynamic 1nteraction benefits Wingtip-docked
flight has the effect of increasing the total span of
the arrcraft system (Magill et al , 2003)

Most of the research mn this area has been
focused on analytical modeling based on poten-
ual flow theory Very few experimental data are
shown 1n the published hterature Blake (2000)
used a Vortex-Lattice Method (VLM) to calcu-
late the aerodynamic characteristics of a large
number of vehicles in close formation flight He
assumed that the wakes behind the aircraft were
flat and parallel to the velocity vector of the air-
craft. Wake-induced effects were investigated by
changing lateral and vertical positions of the mo-
thershup and the hitchhiker Blake and Gingras
(2001) performed a wind tunnel test of two delta
wings flying i close proximity They also cal-
culated the asrodynamic characteristics of those
wings using the VLM They showed that the dis-
crepancy between the measured data and the
predicted results were mainly due to the incorrect
representation of the wake shapes behind wings tn
close formation flight
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Frazier and Gopalarathnam (2003) determined
the optimal dewnwash distribution n the Trefftz
plane using the calculus-of-variation approach of
Jones (1950} The VLM 1s used to determine the
optimum lift distnibutions while satisfying the
constraints on the desired hift and desired zero
rolling moment on each wing Venkataramanan
et al {2003) developed a new technique for the
trailing vortex effect modeling and 1ncorporated
it 1 a six-degree of freedom analysis of close
formation They mcluded the effect of wake vor-
tex decay in the model. The different geometrical
dimension between the mothership and the hitch-
luker was also included. Many of these inves-
tigations assumed a flat wake shape

In most of the published hiterature, not much
has been known on the wake roll-up behavior
behind wings 1n close formation flight near the
ground Recently, Wang and Mook (2003) cal-
culated the aerodynamic characteristics of for-
mation flight of two rectangular wings using an
unsteady vortex—lattice method The calculated
wake shapes represent a possible wake-wake m-
teraction m close formation flight, Han and Cho
(2004a) developed a discrete vortex method
(DVM) that can be used for the simulation of
wingtip vortices behind an elliptic loading or a
fuselage/flap-wing configuration Han and Cho
(2004b) extended the method to the case of wings
1n close formation flight

In this paper, the unsteady wake vortex evolu-
tion s 1nvestigated for wings n close formation
flight near the ground The discrete vortex method
developed by Han and Cho {2004a and 2004b) 1s
extended to the case of formation flight systems in
ground effect Load distributions along the lifting
wings 1 formation flight are represented with
point vortices with finite circulation The trailing
wakes from each wing are stmulated by using the
point vorfices that deform freely with the as-
sumption of a force-free position

2. Discrete Vortex Methed

The roll-up of a wake behind a fintte span
wing 15 a three-dimensional phenomenon For a
high aspect ratio {AR>3) wing that 1s at suffi-

ciently low incidences (A0 A <5 degrees), the
unsteady evolution of the wake vortices from
the trailing edge 1s similar to the time-dependent
self-mduced deformation of an infinitely long
vortex sheet The vortex-sheet approach that 1s
used here 1s appropnate at very high Reynolds
numbers, since the wake vortices are then con-
fined to a very thin region and the viscous effects
are neghgible outside of this region

We follow the formulation of the roll-up of
a vortex sheet as given by Birkhoff (1962). Con-
sider a free vortex sheet which at time #<0 is
stretched along the y-axis, the lines of constant
vorticity are perpendicular to the {y, z) plane
The vortex sheet behind the Iifting surface s
represented as a curve ¢ (", t) =y (I, ) +iz(T,
) m the complex plane The circulation ' 1s
a Lagrangian parameter along the curve The
evolution equation for the vortex sheet 1s

9z _ dW

3t~ dc (1)

where the lefi-hand side 15 the Lagrangian veloc-
ity of a sheet fluid particle and the right-hand
side 15 the Eulenian complex velocity field Equa-
tion (1} represents the convection of a fluid
particle at the local fliid velocity For a vortex
sheet with finrte width, the complex velocity at an
arbitrary point on the sheet 15

ar*
c(l, ) —c(I™, )

aw _ 1
de 2m

{2)

This integro-differential equation yields the
time dependent velocity The vortex sheet 1s re-
presented as a series of straight-line segments
(Fig 1) Each segment is assumed to have a con-
stant-strength vortex This constant-strength vor-
tex element 1s replaced by a single vortex with the
same vorticity On each line segment, a point
vortex 1s located at the 3/4 pomnt In the case of a
Iifting line with elliptic loading, the circulation of
the trailing horseshoe vortices 1s

¢ =L gymry (1~ () 0y
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/' panel element length

—
i ‘3 ‘ o b Y
=4 Point Vortex

Fig. 1 Discrete vortex representation ol a Iifting line
with elliptic loading

Since the complex number is a plane vector,
the velocity components that are induced at the
point (y;. 2;) by a point vortex of strength G
located at (v, 2;) is

Gs(Zj'—Zi)

275

_ Ga(yj“'yg}

2mrs

(4)

V=

.

where #;; is the distance from an [ point where

the point vortex is located, to the j™ point in

space where the induced velocity is cafculated.
The induced velocity at the point (v, ) from

every vorlex can be written as

L Ged ( R e o Tl ;)

TTax 8 ),j?!, )’;.-22-

(5)

However, a real vortex is not a concentrated
singularity of infinite vorticity. Ling ct al.(1986)
proposed a model that is based on the solution
for the actual velocity that is induced by a vortex
in a viscous fluid. The core radius 7. is approx:-
mately equal to the radial distance of the point
where the maximum velocity is induced. This is
expressed

re=ro+317 |/ ‘j\‘; (6)

The second term on the right-hand side of Eq.
(6) provides an estimate for the growth in the
core radius of the vortex, The vortex Reynolds
number is related to the time scale over which the
laminar diffusion processes in the vortex core
region becomes turbulent (Majda and Berwozzi,
2002). In the present work, an infinite Reynolds
number is assumed. The velocity within the core
(ug) 18

L‘a:*zj?';j{ l—exp {71.25643<%)1} (7

QOutside the core region, the induced velocity
is assumed to be thai of a free vortex of strength
I’ This vortex core model is strictly valid only
for a stngle viscous vortex in an unbounded in-
compressible low [Leishman, 2000). Vortex me-
thods therefore use several smoothing schemes
to remove the infinite energy that results from
the point-vortex discretization of the equations.
Krasny {1987) avoids the singularity in the in-
duced velocity of a point vortex through & smoo-
thing factor, §. The Eq. {5} can then be written as
follows

B e N e G A
) e (8)
<7 i=1 i i
For a wing with an elliptic loading, the circu-
lation distribution along the spanwise direction is
as follows.

Fivi=—y7 |v|<1, +=0 (9)

Thus, the strength of the vortex sheet has alge-
braic singularities at ¥y==T1, On the horizontal
axis z=0, the sheet’s velocity becomes infinite
as v— 1 from above and as ¥y — — | from below.
It is commonly known that the two ends of the
vortex sheet rotl-up into counter-rotating spirals.
The non-uniqueness of the solutions to this initi-
al-value problem has not yet been rigorously
proven. However, the rolling-up of the vortex
sheet is known as the physically reasonable solu-
tion (Krasny, 1987).

To enforce the no penetration condition at
the ground, an image method s used. Since the
wake is force-free, the evolution of each vortex
is investigated by tracing the point vortices in
pseudo-time r and by moving the wake at the
local tlow velocity. The local tlow velocity is the
aggregate of the velocity components induced by
all the vortices. To determine the roll-up of the
wake at each time, the induced velocity (a, v);
at each vortex wake poinf j is caleulated, and
then the vortex elements are moved using an
Euler convection scheme.

For a point vortex in the mothership,

(Ay, Az} M=[ (0. )™+ (v, w) ¥ dt (10)
[y, w4 (o, w) ¥ )dt
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And, for a point vortex in the hitchhiker,

(Ay, Az} E={{v, )P+ (v, w)®dt

+[ (o, wyF+ (o, w)*]dt (1)

There are three different regions in the aircraft
wake. In the near field {several wing chords), the
wake vortices are generated and the boundary
layer is wrapped around the concentrated vortical
structures. In the extended near field (several
wing spans), the wake roll-up is completed. The
merger process takes place, and the dynamics are
essentially convective and weakly unsteady. In the
far field, a single counter-rotating vortex pair
begins to be influenced by the external turbulence,
and vortex decay mechanisms starts (Majda and
Bertozzi, 2002) . The present method is an inviscid
method, and the vortex merging or vortex decay is
not applied to the present calculation. Thus, in
this paper, inviscid wake shapes in the near and
extended near field wake will be addressed.

3 Results and Discussion

The nomenclature for two wings in formation
flight is shown in Fig. 2. The leading aircraft is
called a mothership, and the following one is a
hitchhiker. Tn this paper, only the case of close
formation flight between the mother ship and the
hitchhiker is investigated.

Modeling the wake behind a complex configu-
ration is important because of the possible ill
effects of the wake on the control surfaces. Figure 3
shows the simulated wake roll-up behavior for a

o

az

<k

dy

Y

shi Hitchhiker
X Mothership
7 Hitchhiker
TMothership'f]Z_ Y
O Lal
Fig. 2 Nomenclature for wings in close formation
flight

fuselage and part-span flap configuration out of
ground effect. [n Fig.3, the present method is
validated by comparing wake shape behind a
lifting line with an elliptic loading with the pub-
lished result of Krasny {1987). The smoothing
lactor has an effect of filtering the grid-scale
noise and its choice for numerical simulation is
usually based on machine precision. In this case,
the smoothing factor is set to 0.05 [the same as
Krasny's]. [t can be deduced from Fig. 3 that
the present results are in good agreement with
Krasny {1987).

0.30

- Present Method
= Krasny

0.00F

Pag e
ey
- ,,an//

Nosok

-060 — .

0.007 055
Fig. 3 Comparison of the present method to the
result of Krasny {1987)

In Fig. 4, the ground effect on the unsteady
evolution of the wake vortices is shown for a
lifting line with elliptic loading. 1n the figure, the
ground is when z=0. As the lifting line moves
closer to the ground, the wingtip vortex has a
reduced core size with its position moving later-
ally more outward. Because the desingularized
point vortices are confined and coalesced into a
small region, the total circulation decreases as the
vortices evolve.

Figure 5 shows the movement of wingtip vor-
tices when both the mothership and hitchhiker
aircraft are flying close to each other. Their cir-
culation strengths and spans are assumed to be
equal. As the two wings are moving close to each
other (dv=0.2, 0.5, 1.0), the wingtip vortices
generated at the wingtips facing each other move
up. The two opposite wingtip vortices maintain
their positions essentially unaffected by the other
aircraft. It is well known that the positions of

Copyright (C) 2005 NuriMedia Co., Ltd.
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wingtip vortices behind aircraft are the function

of wing leading,

distance between vortices, and

cnvironmental factor such as turbulence. If the

eooe@oo—oooee

h=0.1

Fig. 4 Ground effect on the unsteady evolution of
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L 0.5
Z
0.0
1.5
-1.0
-1.5

Fig. 5

the vortex sheets (N=200, §t=0.01}

T

T

4 f\‘ . . . N
_L_ PSR ~y  position of the wingtips
vy of the hitchhiker

dv . dv a0 ;
()5 dy
x=2b,, 0.1 L“ ﬁ} 0.1 015
. .5
0.5 L |5

20 2.0

Y

Fffect of gap on the positions of the wingtip

0.0

vortices behind elliptically loaded wings in
close formation Right, when two wings have
the same wing loadings (¢ =I{"=1.0, by=
1.0, d2=0.0, d#=0.01, N=400, OGE)

679

wing loadings of aircrafis are equal and the effect
of environment is neglected, then the positions of
vortices from those wings are the function of
distance between the aircraft,

Figure 6 again shows the movement of wingtip
vartices when both mothership and hitchhiker
aircraft arc in ground effect. in this case, the
wingtip vortices generated at the wingtips facing
each other moves more upward while the two
opposite wingtip vortices maintain their positions
unaffected by the other aircraft.

Figure 7 shows the ground effect on the wake
shapes behind both the mothership and the hitch-

hiker. The ground height (h) is defined as a

3
position ol the winghips when x4) h=(1.2
P, dz=0.0
2r l{).5]dy
Al dy
0.2
S ¢(.5
.0
B o @)
E = sec (x=4b,)
“H 1 1 1 I 1 i !
4 3 2 -1 0 1 2 3 4

Y
Fig. 6 Effect of gap on the positions of the wingtip
vortices behind elliptic wings in close forma-
tion flight (J=I=1 and by=by=2.0,
dz=0.0. dt=0.01, N=400, IGE)

position of the wingtips
when x=0

L 32
I{).i}h
A D

T=d sec (v=db,]

(]

Fig. 7 Ground effect on the positions of the wingtip
vortices behind elliptic wings in close forma-
tion flight (J=TF=1. and by=5by=2.0.
dz=0.0, dt=0.01, N=400)
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distance from a mothership to the ground. For a
fixed value of gap {@v=1.0] and relative height
(dz=0.0}, the ground effect has an effect of both
moving those wingtip vortices facing each other
upward and two opposite wingtip vortices later-
ally outward.

Figures 8 and 9 show the ground effect on the
wake shapes behind both the mothership and the
hitchhiker. When there is the ground effect, the
evolution of wingtip vortices is limited by the
ground. Thus, the wingtip vortices are moving
out laterally {See Fig.4}. When the relative height
between the wings is small, the vortices from a
wing induce the upward velocities to the wingtip
vortices from the other wing. The magnitude of
the induced velocity is proportional to [/¥. The

2.0

dy={}.2
T=4 sec. (x=4b,)

Lot S opdz ST

1.5F

0.5
N

0.0

0.5F B8

-1.0F

_1‘5 L 1 i
-1.O 0.0 1.0 2.0 3.0
Y

{a) OGE (h=co)

T=d sec. (x=4by}

(b) IGE (h=0.2)
Fig. 8 Ground effect on the positions of the wing-
tip vortices when the relative height between
the wings in close formation flight is chang-
ed (IM=I7=1. and by=bxy=2.0, dv=0.2,
dt=0.01," N=400}
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wingtip vortices facing each other induce larger
velocities than the two opposite wingtip vortices
(See Fig.5). It can be deduced from Fig.8 and
Fig. 9 that the position of wingtip vortices {Tom
the wings in formation flight near the ground is a
function of both the relative distance between the
wings and the ground height. Figure 9{a} shows
the ground effect on the change of the position
of wingtip vortices behind the mothership. The
wingtip vortices from a wing both in and out of
ground effect move upward in the vertical direc-
tion. However, the wingtip vortices from a wing
in ground effect move laterally inward whereas
those from a wing out of ground effect move
outward. Figure 9(b} also shows the ground
effect on the change of the position of wingtip
vortices behind the hitchhiker. In this case, both
wingtip vortices from the left-hand side of those

2 -1 0 ! :
Y
{a) Mothership
2
e (3.2
sk .........0‘5]&.
-_——1.0
i -
0Spa RS
N B2
Or
0.5 7 WY ]
-05 - LB T T
-p
: dy:()z
15 sl

1 1. 1 [ [ Lisy
1.5 2 Y2.5 3 35 4 45
{b) Hitchhiker
Fig. 9 Reproduced figures from Fig. 8 to show

wingtip vortex movements of the mothership
and the hitchhiker, respectively
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wings 1n and out of ground effect move upward 1n
the vertical direction and outward i the lateral
direction The wingtip vortices from the right-
hand side of the wing 1 ground effect move
laterally outward, whereas those vortices from the
right-hand side of the wing out of ground effect
remain unaffected from other wingtip vortices.

5. Conclusions

A study of the wake shape behind wings m
close formation nea the ground was done using
a discrete vortex method The gap between the
wings has an effect of moving up the wake vor-
tices behind wingtips facing each other. For the
wings flying in parallel, the ground effect causes
the wingtip voitices facing each other to move up,
and 1t makes the opposite wing tip vortices to
move laterally outward When there 15 a relative
height between the wings 1n ground effect, the
right-hand side wingtip vortices from the mother-
ship move laterally mward
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