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Abstract

The presented investigation includes a combined
experimental-numerical approach to quantify the
wake vortex system of a high-agility aircraft from
the near field up to the far field. Detailed near
field data are obtained by low-speed wind tun-
nel tests on a delta-canard configuration of 1:15
scale. The measurements are performed at sever-
al angles of attack applying advanced hot-wire
anemometry. For a wake distance of up to 16
wing spans, mean and turbulent velocity fields
are measured. The upstream data are used to in-
itialize Implicit Large-Eddy Simulations (ILES)
aimed to compute the velocity fields of the wa-
ke vortex system over a wake distance of up to
50 spans. Here, a validation case is shown com-
paring measured and calculated wake data over
a distance from 4 to 16 spans, with the ILES
computations initialized by the measured quan-
tities at a position of 2 wing spans. Compared to
the experimental data, the numerical results show
the expected lateral and vertical movement of the
wake vortex system due to the interaction of the
single vortices. The distributions of axial vortici-
ty, cross flow velocities and turbulence intensities
match well with the experimental data. In additi-
on, the dissipation process can be observed, re-
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sulting in a reduction of circulation. In context
of this study, the measured and computed veloci-
ty fields will be used to determine unsteady ae-
rodynamic loads acting on a fighter aircraft en-
countering the wake. This is of great importance
as wake induction may result in critical structural
dynamic loads.

Nomenclature

AR = aspect ratio

A = area of the measured cross flow
plane, m?

b = wing span, m

lu = wing mean aerodynamic chord,
m

Rey, = Reynolds number, Usl,/V

Us = freestream velocity, m/s

U, v, w = axial, lateral, and vertical veloci-
ties, m/s

u,v,w = mean axial, lateral, and vertical
velocities, m/s

u',v,w' = fluctuation part of u, v, and w,
m/s

X, v, 2 = coordinates in x, y, and z directi-
ons, m

x* = nondimensional distance in x di-
rection, x/b

v, z* = nondimensional distances in y
and z direction, 2y/b, 2z/b

o = aircraft angle of attack, deg
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v = kinematic viscosity, m> /s

£ = nondimensional axial vorticity,
0,0/ (2U)

p = density, kg/m?

[OF = mean axial vorticity component,
(dw/dy —dv/dz), 1/s

[h = root circulation, [[®(y,z)dA,
m? /s

f = frequency, Hz

unms = axial turbulence intensity, \/;,
m/s

vims = lateral  turbulence intensity,
\/v7 , m/s

Wpns = vertical turbulence intensity,

\/ W, m/s

1 Introduction

Structural dynamic loads of civil and military
aircraft due to maximum velocities and velocity
fluctuations associated with wake vortex systems
are not sufficiently investigated [1]. Although,
comprehensive wake vortex investigations have
been performed, they are mainly aimed on wa-
ke vortex characterisation and control and safety
issues related to wake vortex encounter [2-7]. In
this context, reducing separation distances whi-
le maintaining the safety standards may help to
increase the capacities on major airports. In con-
trast to civil aviation, high-agility aircraft have to
cross or to fly in the wake of a preceding air-
craft under certain circumstances. The scenari-
os include, for example, formation flight, air re-
fueling and combat maneuvers. Conducted flight
tests show a strong dynamic response of the ela-
stic structure, which indicates critical loads ac-
ting on the aircraft [1]. The total aerodynamic
load on an aircraft penetrating the wake results
from the mean velocity distribution, the velocity
fluctuations and the response of the elastic struc-
ture. Due to the relative movement and the partial
large distance between the aircraft, experimental
and numerical investigations covering the who-
le problem can hardly be performed. For this re-
ason the problem is broken down to a crossing

and a flying in the wake problem. First assumes
a difference in the heading angle of the two air-
craft. If it is big enough the following plane will
only remain for a limited time in the wake. If
the mean velocities in the wake are known the
loads which occur during crossing could be com-
puted following the strategy of the discrete gust
problem [8-12]. Velocity fluctuations in the wa-
ke may be considered based on measured or cal-
culated turbulence intensities. In the following it
will be called the “discrete” wake problem. To
calculate the dynamic response of an aircraft that
flies over a longer time in the wake the problem is
similar to the “continuous” gust problem [8-12].
In contrast, the mean velocity of the wake can
be neglected if there is no or only a minor diffe-
rence of the heading angle. Using the frequency
and amplitude of the velocity fluctuations in the
wake the resulting unsteady loads on an aircraft
flying in the wake could be calculated based on
Potential [13]] or Euler methods [14]. Furthermo-
re, the mentioned loads cause an excitation of the
elastic aircraft. These structural vibrations lead to
unsteady aerodynamic loads as well.

A determination of the unsteady aerodynamic
loads requires detailed information of the velo-
city distribution in the wake. For this purpose
Large-Eddy Simulations (LES) of the wake vor-
tex system are conducted [15]]. To provide detai-
led and precise flowfield data the LES calculati-
ons are initialized with experimentally obtained
near field quantities of the wake generating air-
craft. The necessary velocity fields are measu-
red using advanced hot-wire anemometry. The-
se quantities serve also as validation data consi-
dering cross flow stations located further down-
stream.

2 Experimental Investigation

The necessary data to initialize the numerical si-
mulations include mean velocities and turbulence
intensities. Therefore, hot-wire anemometry as
measurement technique which is able to resolve
the temporal flow-field at a high sampling rate is
applied [16]. Experimental investigations of the
wake vortex system are conducted in the wind
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tunnel facility C of the Institute of Aerodynamics
at the Technische Universitdt Miinchen. A 1:15
scaled detailed full-model of a delta-canard con-
figuration is investigated (Fig. [T)) serving as the
wake generating aircraft.

Fig. 1 Delta-canard configuration mounted in the
test section of wind tunnel C

The model has a wing span of 0.740 m (. =
2.45), a wing mean aerodynamic chord of 0.360
m and a wing leading edge sweep of 50 deg. The
wind tunnel has a long-range test section which is
21 min length, permitting theoretically the inves-
tigation of a wake distance up tp 19 spans down-
stream of the model. The cross section of 1.8 m
x 2.7 m reduces wall interferences to an accepta-
ble magnitude. A quadruple-wire probe operated
by a multi channel constant-temperature anemo-
meter system is used to measure the time series
of axial, lateral and vertical velocities. The wires
have a diameter of 5 um and are arranged perpen-
dicular to each other to achieve best angular re-
solution. An additional temperature probe is em-
ployed to correct anemometer output voltages if
ambient flow temperature varies. A sampling ra-
te of 3000 Hz (Nyquist frequency 1500 Hz) and
a sampling time of 6.4 s has been chosen. The
sampling time corresponds to 19200 values per
survey point.

All of the investigations are performed at a free
stream velocity of U. =25 m/s, corresponding to

a Reynolds number of Re;, = 5x 10°. As wing re-
ference point, from which the downstream positi-
on of the measured plane is determined, the wing
tip trailing edge at an angle of attack of @ = 0.0
deg is chosen. Referring to the balance reference
point of the model as the center of rotation to
adjust the angle of attack, all downstream positi-
ons can be clearly identified. A three-axis traver-
sing system is used to position the hot-wire probe
in the test section during the measurements. The
vortex wake is captured at cross flow planes ori-
entated perpendicularly to the free stream direc-
tion at distances x* = x/b = 0.5, 1.0, 2.0, 4.0, 8.0,
12.0 and 16.0 for the angle of attack of o = 8 deg.
Due to the increasing induced downwash and the
associated descent the wake at higher angles of
attack, namely o = 15 (Fig. 2)) and 20 deg, is on-
ly investigated to x* = 12.0 and x* = 8.0, respec-
tively, cf. Table 1.

Fig. 2 Measured cross flow planes at x* = x/b =
0.5, 1.0, 2.0, 4.0, 8.0, and 12.0 for oc = 15 deg

The characteristics of the flow around an aircraft
with low aspect ratio and high wing sweep are
presented in Figs. [3|and 4]

The wake of the investigated delta-canard-
configuration is influenced by vortices emanating
from the wing, the canard and the fuselage. The
wing and canard flow separates already at the
leading edges for small angles of attack. The 3-
dimensional boundary layer forms a wing leading
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Canard Leading Edge Vortex (CLV)

Fig. 3 Schematic representation of the vortex
system of the delta-canard configuration.

Burst CLV + CTV
Burst WLV

WLV

u/u

06 07 08 09 1 11

“0.73 078 0.83 0.88 0.93 0.98

Fig. 4 Nondimensional axial velocity distributi-
ons %/Us at x* = x/b = 0.5 for o = 8 and 15 deg.

WLV Wing leading edge vortex
WTYV Wing tip vortex

CLV Canard leading edge vortex
CTV Canard tip vortex

FW Fuselage wake

Angle of attack, o
8 deg | 15 deg | 20 deg
0.5 X X X
Down- 1.0 X X X
stream 2.0 X X X
positi- 4.0 X X X
on, 8.0 X X X
X* 120 X X
160 X

Table 1 Position of measured cross flow planes

edge vortex (WLV) and a canard leading edge
vortex (CLV) [[17]. The wing tip vortex (WTV)
can be identified in the most upstream measured
cross flow planes but then rolls up into the WLV.
Similar counts for the canard tip vortex (CTV)
with the difference that the roll-up process is al-
ready finished before reaching the trailing edge
of the wing. As the main interest is on the wake
further downstream the term WLV includes the
WTV and the term CLV the CTV in the followi-
ng discussions.

3 Numerical simulation of the wake vortex
system

To catch the spatial and temporal development
of the wake far downstream the use of an ap-
propriate numerical method is necessary. The ex-
perimental investigations showed the wake vor-
tex system is accompanied by unsteady turbulent
flow with a broad range of spatial and temporal
scales. For that kind of flows only Large Eddy
Simulations (LES) are able to obtain sufficient
accurate results by justifiable costs. The nume-
rical code uses implicit modeling for the sub grid
scales (SGS) which leads to the notation Implicit
Large Eddy Simulation (ILES). The truncation
error of the discretization of the convective terms
acts as a SGS model which is therefore implicit to
the discretization. The used code INCA was de-
veloped at the Institute of Aerodynamics (AER)
at the Technische Universitat Miinchen (TUM).
The implementation of ILES is here the Adaptive
Local Deconvolution Method (ALDM) [13]].
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3.1 Grid generation and numerical setup

The ILES flow solver INCA uses a Cartesian grid
method with adaptive mesh refinement by zo-
nal embedding. All calculations are performed on
the High Performance Computer HLRB2 on the
Leibniz-Rechenzentrum. The domain is split into
a number of sub-blocks which are then calculated
each on an own processor. For effective calcula-
tions, all of these blocks should consist approxi-
mately of the same number of cells. For that pur-
pose a grid generator is programmed aimed to op-
timize the dimensions of the blocks to fulfill the
mentioned requirements. In Fig. [5] the flowfield
domain divided in blocks for the “validation ca-
se”” is shown. This case refers to the delta-canard
wake at o = 8 deg taking into account the wind
tunnel test section dimensions as domain boun-
daries for the ILES calculation. The ceiling, the
floor and the walls of the wind tunnel are model-
led as slip walls. At the outflow of the domain a
constant static pressure condition is set.

Fig. 5 Flowfield domain for the validation calcu-
lations for =8 deg

The simulation under free flight conditions requi-
res an enlargement of the lateral and vertical di-
mensions to reduce the influence of the domain
boundaries. In Fig. [6] the domain for the free
flight simulation for o = 8 deg is shown.

Outside the regions with high gradients the re-
solution of the numerical grid can be reduced.
Therefore, the overall domain consists of three
different mesh sizes which are listed in Table 2.

Fig. 6 Flowfield domain for the free flight calcu-
lations for =8 deg

Validation simulations \

Free Flight simulations

fine middle coarse

50 mm 150 mm 450 mm
Ax | Ax/(b/2)=| Ax/(b/2)= | Ax/(b/2)=

0,135 0,4 1,2

5 mm 15 mm 45 mm
Ay | Ay/(b/2)=| Ay/(b/2)= | Ay/(b/2)=

0,0135 0,04 0,12

5 mm 15 mm 45 mm
Az | AZ(b2)=| AzZ/(b/2)= | AzZ/(b/2)=

0,0135 0,04 0,12
At ~ 0,0001 s

Table 2 Chosen grid resolution and timestep for
the validation case and the free flight simulations
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The red colored blocks have the finest, the black
colored blocks a medium and the blue colored
blocks the coarsest resolution. The time step At
is adjusted dynamically according to a Courant-
Friedrichs-Lewy (CFL) limit depending on the
mean velocity u, the grid size and the kinematic
viscosity v [15]. With the chosen time step fre-
quencies up to 5000 Hz can be resolved in the
ILES computations. Fig. [/| shows an example of
the spectral content of the axial velocity fluctua-
tions measured at x* = 16.0 and o = 8 deg in the
vortex center.

/
resolved
frequencies
LES

. | .
10 10 10 10 10
f[Hz)

Fig. 7 Power spectral density of u’ in the vortex
center at x*=16.0 and o.=8 deg

The low pass filter set at 1000 Hz due to the Ny-
quist criterion limits the experimental frequency
range which is below the ILES resolved frequen-
cies.

Free flight simulations include downstream po-
sitions which are not measured during the wind
tunnel investigations. Therefore, information of
the descent of the vortex system is missing. Ac-
cordingly, the vertical dimension of the high re-
solved grid region is unknown. This could be esti-
mated by using the induced downwash of a po-
tential vortex with:

I
Wind - 2ypv ( )

The positon (ypv,zpv) of this vortex can be found

by
1 _
Ypv = F—O//y-wx(y,Z)dA
1 _
va — r_,O//ZO)X(y7Z)dA

The vorticity distribution of the most downstream
located measurement position is used. Together
with the known freestream velocity U.. and the
axial dimension of the domain the vertical de-
scent of the vortex system can be estimated.

(2)

3.2 Preparing experimental data to initialize
ILES

Besides the advantage of the highly temporal re-
solution the hot-wire anemometry has a huge ef-
fort of time. Assuming symmetry of the model
only one half of the wing span is measured. Fur-
ther, only regions close to the vortex system are
resolved. For initialisation of the numerical simu-
lation a much bigger region has to be set in the
inflow plane. Two different kinds of numerical
simulations are performed. In the scope of vali-
dation calculations the objective is to reproduce
the wind tunnel conditions as close as possible. In
this case the ceiling, the walls and the floor of the
wind tunnel are the boundaries of the simulation
domain. Furthermore, the influence of the model
mount has to be considered. The cross flow com-
ponents v and w are not as easy to reconstruct as
the velocity u and the turbulence intensities 1,
Vrms and wy,s. The influence of the vortex system
on the cross flow velocities is also present across
the boundaries of the measured cross flow plane.
In the outer regions the cross flow velocities of
the vortex are modelled by a potential vortex. The
velocity field induced by the calculated potential
vortex is used to set the cross flow velocities in
the not measured or mirrored regions (Fig. [g)).

Thus, high gradients between the known and the
reconstructed regions are avoided. Accordingly,
the values for the vertical velocity w are determi-
ned. In contrast, the turbulence intensities i,
Vrms and w,,,,s are set to the test section minimum
values for all unknown regions except the region
between the ground and the measured and mir-
rored area. Here, the wake of the model mount is
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reconstructed
1.8

16f 1 o15
1.4F 1 0.1
1.2f mirrored |
measured 0.05 —
L v
< . - o U
oo o0
o 0.8 $
3 f.:»
0.05
0.6
0.4r 4 -0.1
0.2 1 -0.15
0 L
-1 0.5 0 0.5 1 15

width

Fig. 8 Lateral velocity distribution v/U.. at the
inflow plane for the validation calculations of the
delta-canard wake vortex system at o0 = 8 deg

considered by copying the values from the lowest
measured grid line to the total unknown area.

4 Results and Discussion

The discussion is focused on the comparison bet-
ween the experiment and the validation calcula-
tions. The major interst regarding the wake pe-
netration is the spatial development of the wake
vortex system and the velocity distribution, espe-
cially of the vertical component w. As given by
Eq. 1 the sink speed of the vortex system depends
on the lateral position and the circulation of the
WLVs and the CLVs. Contour plots of the non-
dimensional axial vorticity & are shown for both
the experiment and ILES at x* = 4.0, 8.0, 12.0,
and 16.0 in Fig.[9

At the downstream position x* = 4.0, the CLV
and the WLV can be identified both in the ex-
periment and in the ILES. A shear layer exists
between the two vortices which indicates a cir-
culation exchange. While the maximum vorticity
values of the experiment and the ILES are nearly
the same for the WLV this does not hold for the
CLVs. In Fig.[I0] the nondimensional circulation
of the single vortices is plotted as function of the
downstream distance x*.

In the experiment the CLV dissipates earlier as

x*=4.0

Experiment Large Eddy Simulation

-0.5 -0.5

z*

(=] = N w » a1

7*

-1.5

0.5 1 5
y* y*
A x*=8.0 o
Experiment Large Eddy Simulation

o
©
o0
=
o

o
o
ol
iy

x*=12.0

Experiment Large Eddy Simulation

0.5 1 f
y*

o

X x*=16.0 X i
Experiment Large Eddy Simulation

0 0.5 1

0 1 0
5
. ] . 4
3
] 2
1
: 1 : 0

. . §

Fig. 9 Contour plots of nondimensional axial
vorticity & at x* = 4.0, 8.0, 12.0, and 16.0 for
Rej, = 5x10° and o = 8 deg
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~o WLV (LES)
ool -e -WLV (Experiment)
——CLV (LES)
08 —— CLV (Ezperiment)
0.7
oo TR O oo
0.6 e
o T Tt =
i 05 Tl a
—

Fig. 10 Nondimensional circulation I"/Ty of the
WLV and the CLV at x* =4.0, 8.0, 12.0, and 16.0
for the experiment and the simulation

it does in the ILES. Due to the downwash close
to the plane of symmetry the CLV sinks much
faster than the WLV. Fig. [I1] and Fig. [I2] show
the position of the WLVs and the CLVs in the x-z
and y-z plane respectively.

The spatial development of the WLV and CLV
in the y-z plane is similar in the experiment and
the numerical simulation. Since the CLVs are lo-
cated closer to the plane of symmetry, the verti-
cal displacement is much higher as it is for the
WLVs. The negativ curvature of the WLV in Fig.
indicates that the induced downwash increa-
ses with the downstream position. For an isolated
vortex pair a decrease is to be expected due to
dissipation effects and therefore an reduction of
circulation. The lateral movement of the WLVs
shown in Fig. reduces the distance between
the WLV pair, thus increasing the induced down-
wash. This influence could be seen in the nondi-
mensional vertical velocity w/U. shown in Fig.
[13] Additionally, the nondimensional vertical ve-
locity W /U ist plotted in a horizontal cut through
the vortex center in Fig.

In the ILES and the experiment the typical verti-
cal velocity distribution for a trailing vortex pair
is shown. Due to the fact that the lateral positi-
on is slightly different in the experiment and the
ILES the maximum and minimum values vary
because the same scale is chosen. This difference

-1.2+

~o WLV (LES)
-8 -WLV (Experiment)
——CLV (LES)
—— CLV (Experiment)

6 8 10 12 14 16
*
x

-1.4¢

-1.6
4

Fig. 11 Vertical position z* of the WLV and the
CLV for the experiment and the simulation

M
" x*=4.0 !

¢ x+=16.0

-¢-WLV (LES)
-e-WLV (Experiment)
——CLV (LES)

—e— CLV (Experiment)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
*
Yy

-1l.4r x*=8.0

Fig. 12 Lateral position y* of the WLV and the
CLV for the experiment and the simulation
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Experiment

x*=4.0 ) )
Large Eddy Simulation

o

0.5 1
y*

Experlment

x*=8.0

Large Eddy Simulation

jn

05 1
y*

o

Experiment

x*=12.0
Large Eddy Simulation

i

o
o
35
[

Experiment

0
y*

X*=16.0 ) .
Large Eddy Simulation

Fig. 13 Contour plots of nondimensional vertical
velocity w/Us at x* = 4.0, 8.0, 12.0, and 16.0 for
Re;, = 5x10° and o, = 8 deg

12 14

—— FEaperiment
- = = Large Eddy Simulation|

Fig. 14 Nondimensional vertical velocity w/Us
for a cut through the vortex center for Re;, =

5x10° and o = 8 deg



JAN-ULRICH KLAR, CHRISTIAN BREITSAMTER, AND NIKOLAUS ADAMS

can also be seen in Fig. [[4] Close to the vortex
center the velocity distribution is similar to the
rotation of a rigid body. Due to high viscosity
the velocity increases with the distance from the
vortex center. Considering an aircraft which en-
counters the wake, the unsteady angle of attack
is mainly defined by the vertical velocity fluc-
tuations w'. To identify the regions of high ver-
tical fluctuations Fig. [I5] shows contour plots of
the nondimensional vertical turbulence intensity
Wrms/Us. To allow a direct comparison of the ex-
periment and the numerical results, Fig. E shows
the nondimensional vertical turbulence intensity
Wrms/Us for a horizontal cut through the vortex
center.

In the most upstream cross flow plane, the CLV's
exhibit the largest w,,,s for both the ILES and ex-
periment. Together with the reduction of circula-
tion as shown in Fig. [10] it indicates the accele-
rated dissipation process compared to the WLVs.
As the vortex system moves further downstream
the turbulence inside the WLV increases faster
for the experiment as it does in the ILES. Peak
turbulence intensities exhibit a level of 3.5 % at
x* =4.0 increasing up to a level of approximately
6 % (experiment) and 5 % (ILES), respectively.
While the CLV is nearly completely dissipated in
the experiment at x* = 16.0, it still has an influ-
ence on the turbulence structures in the ILES.
The comparison of the experiment and the nu-
merical results demonstrate that the ILES com-
putations, initialized with near field experimental
quantities, predict very well the wake vortex de-
velopment in the near field and the upstream mid
field. Vortex positions as well as mean velocities
and turbulence intensities are up to a certain ex-
tent in good agreement with the wind tunnel re-
ference data. For further improvement wall boun-
dary layers will be considered by means of wall
models. Based on this study ILES computations
will be carried out to predict the wake vortex de-
velopment up to a distance of 50 spans down-
stream.

xX*=4.0

Experiment

Large Eddy Simulation 007

0.06

0.05

0.04

z7*

0.03

0.02

0.01

wT’fTLS
0 0.5 1 0 0.5 1 U
y* y* =
. x*=8.0 . .
Experiment Large Eddy Simulation 0.07
0.06
0.05
0.04
0.03
0.02
0.01
0 05 1 Wrms
. y* UDO

x*=12.0

Experiment Large Eddy Simulation 0.07

0.06

0.05

0.04

0.03

0.02

0.01

Wrms

Uso

o
o
3
i

x*=16.0

Experiment Large Eddy Simulation 0.07

0.06

0.05

0.04

0.03

0.02

0.01

Wrms

Fig. 15 Contour plots of nondimensional verti-
cal turbulence intensity w,,s/Us at x* = 4.0, 8.0,
12.0, and 16.0 for Re;, = 5x10° and o = 8 deg
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FExperiment
- = = Large Eddy Simulation|

y/(b/2)

Experiment
- - - Large Eddy Simulation|

Experiment
- - - Large Eddy Simulation|

—— Ezperiment
- - -Large Eddy Simulation|

0 0.2 04 D;/(b/QD)B 1 12 14

Fig. 16 Nondimensional vertical turbulence in-
tensity wy;s/Us along a horizontal cut through
the vortex center for Re;, = 5x10° and o = 8 deg

5 Conclusions and Outlook

The performed investigations determine the ve-
locity distribution in the wake vortex system of a
high-agility aircraft experimentally and numeri-
cally. The numerical approach is based on Impli-
cit Large Eddy Simulations with the experimental
data providing the initial and reference conditi-
ons. Using hot-wire anemometry the wake vortex
system is investigated from the near field up to
the mid field. The conducted validation calculati-
ons match well with the data of the experimental
investigations. That makes ILES a suitable tool to
predict the wake vortex system far downstream of
the generating aircraft. Except small differences
in the absolute values of the mean and turbulent
velocity distributions, the spatial development of
the wake vortex system is covered well. That can
lead to the definition of flight areas behind a pre-
ceding aircraft which should be dodged by a fol-
lowing aircraft. This way critical unsteady loads
due to the wake could be avoided. The results
may also contribute to consider the associated
loads during the design process. That counts for
the discrete wake problem and for the continuous
wake problem.
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