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Abstract—A new model has been developed for the calculaticof

the radar cross section and the power backscatteretly wake
vortices of take-off and landing airplanes in orderto better

understand the physical mechanisms involved, to cquare with

the measurements that will be performed in X-band ® Thales
during the SESAR P12.2.2 project and to prepare inpis for

testing a Wake Vortex Advisory System. The model coains a
first part that simulates the evolution of the vorex in stratified

atmosphere, using simplified 2D fluid mechanics eaiions and
uses the pressure, temperature and humidity for thealculation

of the difference between the dielectric permittiiy of the clear

air and of the wake vortex. The second part calculas the power
backscattered by the dielectric permittivity gradients in the

vortex. The input parameters describe the atmospheras well as
the airplane of interest. Simulation results have den compared
with results published in the literature, when all the input

parameters are available.
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. INTRODUCTION

Real-time sensing of wake vortices at take-off Emdling
is a key issue for the implementation of new aaffic
management systems for reduced aircraft separaiion
favourable weather conditions and for increased safety.
Wake vortices consist in two counter rotating swilflows
generated at the tips of the wings and the out@sfl Even if
they are only visible in certain conditions of tesmgture and
humidity, they are always present and could bearsiple for
induced roll movement of the trailing aircraft. Tavoid
damages to the trailing aircraft, the Internatic@idil Aviation
Organization (ICAO) has provided separation critdrased on
a fixed distance or time separation between tworas. To
increase traffic, it is envisaged to monitor thekevaortices in
order to work with a variable separation dependifigthe
meteorological parameters responsible for the xatézay.

In the framework of SESAR P12.2.2 project, a madel
developed at UCL for the calculation of the radaiss-section
of the wake vortices in clear air, for a wide freqay range.
The radar signal simulator is planned to be used Wake
Vortex Scenario Generator that will further be uadtesting
a Wake Vortex Advisory System. The radar simulaior
divided in two parts: the wake vortex simulatorttbalculates
the time evolution of the pressure, temperaturetamdidity in
the wake vortex, in function of the airplane typel arelocity,
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the tropospheric parameters, for a stable atmosphidis part
of the software also calculates the dielectric ttirrity of the
humid air. The second part of the software calesldhe radar
cross-section of the vortex and the power receatettie radar
antenna. This necessitates the calculation of smillating

integral. Two methods have been compared and thst mo

accurate has been chosen.

The radar cross section calculation has been vatdby
comparison with results available in the literatwben all the
input parameters used in the software are giver fEdar
parameters are still to be implemented (antenn@npatpulse
shape, averaging, etc.) to deliver the inputs for Wake
Vortex Advisory System.

. CAPABILITY OF RADAR DETECTION OF WAKE VORTICES

Lidar
measurements but their performances are degradesnhin or
foggy conditions [1].

Since the eighties, radar measurements of wakecesrt
showed an evidence of detection for frequenciesagyfiom
VHF to X band [2][3][4][5]; these campaigns are chdsed in
[6]. Recent measurements with a 35 GHz pulsed Roppbar
[7] or with high resolution 94 GHz radar [8] repattie
possibility to detect aircraft wake vortices in fagd light rain,
with a reasonable power and distances lower them 2500 m
for the W band). Barbaresco [9][10] has shown ttuels
performed with an X-band Doppler radar, are able
continuously detect and characterize the strengtivedl as to
profile wake vortices to a range of 2000m with thdar used.

If the ability for the radar to detect aircraft veakortices in
all weather conditions is now well established, seattering
characteristics of the wake vortices are not waldeted. In
order to optimize the radar parameters and to si@uthe
power backscattered by wake vortices of variouglaies in
various atmospheric conditions, a simulator is elaveloped
for radar backscattering in clear air. Other authare working
on the X-band radar backscattering of wake vorticeain and
fog [11][8].

sensors are currently used for wake vortex

to



Ill.  SIMULATION OF THE DIELECTRIC PERMITTIVITY OF
WAKE VORTICES

A. Dielectric permittivity of the wake vortex

The backscattering of radiowaves depends on tladivel
dielectric permittivity of the wake vortices. In dar to
calculate the backscattering, it is necessary teraene the
relative permittivity of the wake vortices with pect to the
clear air permittivity

(1)

& being the relative permittivity of ambient air asdthe
permittivity of the wake vortex. The square root tife
permittivity is the refractive index of air, representing the

& = &4t Ag,

ambient air when used with “a” subscript. Due he tow
value of the permittivity of air, refractivity issed
N = (n—1)10° 2)

and the relative permittivity variatioke, can be linearized as
Ag, = 2(n —ny) 3)

The accuracy of the linearization has been chefikeextreme
values of temperature and specific humidity. Tthesatage of
the linearization is that it enables to separateetfiects of the
various constituents: dry air, water vapor and eanioxide.

Thayer [12] has proposed a semi-empirical formoladear
air for frequencies lower than 20 GHz:

e

N = 0.776’;—d + 1.33”% + 0.648§+ 3.77610% =

T2

@)
where g is the dry air partial pressure [Pa], T is thechlts
temperature [K], go2 is the partial pressure of G{Pa], e is
the water vapor partial pressure [Pa] and the cessibility
factors of dry air and water are assumed to beyunitwo
mechanisms causing refractive index gradients arerglly
considered, as presented in [6][10]:

* The radial density gradient in the vortex coresiitiga
lower pressure and so a lower refractive index than
surrounding medium.

Ae, ~ 2107° [0.776 (”T—d - ’%) +0.648 (; (Sf’Ti) _

= (2)|

where the “a” subscript indicates the ambient air.

®)

B. Smplified calculation of the pressure, temperature and
humidity in the wake vortex

The general parameters used for the descriptiothef
vortices are the following

s Lo, _mB . _ Mg
"T2mb,” ° T 4 " %7 pVb,
t:—; = —

A ’ to

wherelq is the root velocity, ¥ the descent velocity of the
vortex pair, i the initial vortex spacing, B the wingspan, V and
M are the aircraft velocity and magsis the air density, g the
gravity constant, ois the characteristic time.

The first step is the simulation of the wake vonte&ssure,
temperature and humidity that will enable the dalibon of
space and time repartition of the dielectric petiviiy of the
vortex, as given by equation (5). Vortices are gateel at the
inner and outer flaps, at the horizontal stabiliasrwell as at
the wing tips of the aircraft. At a distance ofeavfwingspans
behind the aircraft, they recombine to produce tthe main
vortices separated by a distangabd having a circulatiof.

The incompressible Navier-Stokes equation with the
Boussinesq approximation describes the movemené vilater
vapor concentration obeys to the convection-diffasi
equation, being considered as a passive tracerdtied not
influence the velocity, pressure and temperatwekldi but is
“carried away” by the fluid. The last equation usedthe
energy equation.

2D pseudo-spectral numerical methods are usedhfor t

This mechanism mainlyresolution of the differential equations, so thhtthe fields

depends on the airplane type that influences théave to be periodical and this is not straightfodvavith

intensity of the flow

* The transport of the atmospheric fluid in the oval
surrounding the vortices. This mechanism transport
the air from one place to another, assuming ad@bat
compression when the oval descents and the ambie

pressure increases.

A third mechanism is linked to the turbo reactoeatn that
seems to influence the refractive index in theaegtlose to
the aircraft due to high temperature. It will howewot be
considered in this preliminary model because we ey
interested in the vortices a few wingspan away frtra
airplane, as explained in the next section.

stratification of the ambient atmosphere. Thisosgs the use
of some mathematical artifacts to represent peripdéssure,
water vapor, velocity and potential temperaturée $ystem of
Tifferential equations is then solved by a Rungété&method
(é[eorder 3. The model for wake vortices necessstatigh

ynolds numbers and a very dense mesh. Due tputem
limitations, the small scales are not modeled. iftr@duction
of a hyper-viscous term in the equations enablesltbsipation
of the high wavenumbers, in a way similar to the aised in
Large Eddy Simulations. So, the dissipation terry affects
the highest wavenumbers.

This combined model has been compared to the models
proposed by Shariff and shows a good agreemeng. Ti

The model presented here does not use the first twehows the comparison between the reduced pressutieei

mechanisms separately but combines the effectate#rwapor
and pressure in the calculation of the dielectecnpttivity.
The combination of equations (2), (3) and (4), eeghg the
dipolar and carbon dioxide terms, becomes

vortex core, calculated with the model presente@ laed the
model of Shariff [6]. The parameters are descrilagdthe
beginning of this section. Fig. 2 presents theatam between
the dielectric permittivity in the oval surrounditige vortices
and the ambient air, in function of the horizomgasition. The



accuracy is good so that the two mechanisms argidened as the combination of scattered contributions of inlbgeneities

well modeled. of various sizes.
The electric and magnetic field refracted by a waduof
T LSS dielectric objects are calculated using the Heetztar
i o~ iKol%r—xl
o} ne) = f (5, ) = DEGO) “ v
»  —isaf
T wherex, indicates the position of the receiver ahihdicates
S| : ST
the local coordinates of the vortex. The Born agjpnation is
2=y used and the total electric field in the vorl&) is replaced
—sal by the incident field. The power received at théar is given
oy by
k3A?
R T C T :-I.r‘:—E 03 0% @4 L& os P.(x,) = %lox_rl‘} |12
Figurel. Reduced pressure in the vortex core (- -) [ = f (,(%) — Df (x,y,2)e~2kos qy
simulation by the model presented and by the method of v -
Shariff [6] 2
10° o, = —|I|2
Whereé is the distance between the receiver and the wwlum
e, element dV, kis the incident wavenumber, f(x,y,z) is the
2 o radiation pattern, A is the amplitude of the incitifeld ando,
R | 1 is the radar cross section. | is an oscillatinggdral because
- ; the exponent is rapidly oscillating with positiohtbe volume
B § 1 dV: the wavenumber is very high, especially in Xathavhich
L o is our frequency of interest. The integration roetiproposed
- 2 1 by Li [13][14] replaces the integral by the reswmat of a
system of differential equations. The method ha&enb
LAR 1 compared to the one of Shariff and Way and is rpegeise.
3 . . L L : V.  EXAMPLE OF CALCULATION OF RADAR CROSS SECTIONS
s 11 fLs 11 25
i Since the simulation of the wake vortex evolutisn2D,

slices of dielectric permittivity are produced uesstime,
Figure 2. Variation of the dielectric permittivitglative to  giving the evolution of the wake vortices. The inparameters

ambient air in function of the horizontal positiofor T=2,  of the simulation are given in Table I.

simulation by the model presented and by the method of

Shariff [6] TABLE . INPUT PARAMETERS OF THE SIMULATION
Parameters Values
IV.  CALCULATION OF THE RADAR BACKSCATTERING OF THE
WAKE VORTEX Airplane mass M=250000 Kg
The electromagnetic signal transmitted by the raidar Wingspan B=68m
backscattered by the presence of gradients ineinectivity of Airplane velocity V =133m/s
the troposphere. The size of the volume observethdyadar Ambient pressure P, = 100000 pa
is defined by the beam width in the transversegbamd by the N T : —
pulse length and shape in the direction of propagafThe moient absolute temperature To =288 K
signal received by the radar is the combinatiothefscattered Water vapor content gradient m, = —8x 10° Kg/mKg

contributions of that large volume. The resolutioh the
generated turbulent volume is determined by the

thermodynamic simulation and is around 50 cm. dBett The evolution of the two parts of the dielectriostant: the
resolution necessitates too large storage capanidybecomes dry air part and the water vapor part are represeint Fig. 3.
also expensive in computing time if we remembert thaThe “2D slice” is taken after 5 seconds evolutionet The
simulation will be performed for various airplanasd radars evolution of the water vapor part is clearly visibh function
types. of time and is given after 20 seconds evolutioretim Fig. 4.
The value ofA¢, increases for increasing evolution time. The
calculation of the radar cross section has beefonpesd for
the geometry shown in Fig. 5. For this first cadtidn, the

The first step is the calculation of the radar sresction of
the wake vortex and the power received by the radech is



elevation angle is assumed to be 90 degrees. T™a caoss
section is calculated for a “slice” of 1m in theedition of the
axis of the vortex. This contribution has to beHar integrated
on the beamwidth of the radar antenna.

In order to compare the radar cross section witulte
from the literature, the radar cross section ha lwalculated
for a “slice” of 1m in the low frequency range ahé results
are in agreement with the results obtained by Bi.[1t has
however to be stressed that the effects of theescahaller
than the resolution are not taken into account. uithér
extension using statistical characteristics forghwller scales
could be envisaged in a further development.

VI. CONCLUSION

A model has been developed for the calculation hef t
pressure, temperature and humidity in airplane waéces,
in order to calculate the dielectric permittivitpside the
vortices and to evaluate the radar cross sectidrtlzn power
backscattered to the radar. This model will beduk®e a
parametric study of the power received by radaris Th
parametric study is needed for the optimizatiorthef radar
parameters and for a better understanding of thesigdd
mechanisms responsible for the signal receivedhbyradar.
It will also serve to the development of a look taple that
will be used used for testing a Wake Vortex AdwsBystem.
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