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Abstract

The wake vortex formation and devel opment be-
hind a four—engined large transport aircraft mod-
el is studied in detail. Wind tunnel experiments
have been conducted on an 1:22.5 scaled half—
model in landing configuration at a Reynolds
number of 0.47 x 10° and at angle of attack of 9.5
deg. The wake flowfield is carefully surveyed at
six cross—flow planes located over a distance of
6 wing spans using advanced hot-wire anemom-
etry. The results obtained include distributions
of velocity, vorticity and Reynolds stress compo-
nents. Velocity spectra are also analyzed. The
wake vortical structures are characterized by ax-
ial vorticity peaks, axial velocity deficits and in-
creased turbulence intensities. Six main vortical
Structures dominate the wake near field, namely
the wing tip vortex, the outboard flap edge vortex,
the inboard and outboard nacelle vortices, and the
vortices shed at the wing—body junction and the
horizontal stabilizer. The outboard flap edge vor-
tex isthe strongest vortical structure acting as the
roll—up center. Merging with the outboard nacelle
vortex and the wing tip vortex is amost com-
pleted at 6 span dimensions downstream. \Vor-
tex merging due to elliptic instability takes place
when acritical ratio of core radius to vortex sep-
aration distance of about 0.2 is reached. Velocity
Spectrataken at flap and wing tip vortices exhibit
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peaks attributed to specific inherent instability
mechanisms whereas vortex meandering isregar-
ded as a broadband turbulence phenomenon.

Nomenclature

Ar Aspect ratio

b Wing span, [m|

bo Spacing of rolled—up vortex, sb, [m]
cL Lift coefficient, 2L Ar/(pU2b?)

d Vortex separation, [m|

f Frequency, [1/9]

K Reduced frequency, f(b/2)/Ue

L Lift, [N]

lu Wing mean aerodynamic chord, [m]
Ra, Reynolds number, Ucl,, /v

ry Viscous vortex core radius, [m|

ra External vortex core radius, [m|

S Power spectral density of u' normal-
ized with (AkUe)/(u?(b/2))

S Spanwise load factor, ' /T
t Time, [g
t* Non—dimensional time

Uc Freestream velocity, [m/g
u,v,w Streamwise, lateral and vertica
velocity, [m/s|
U,V,w Streamwise, lateral and vertical mean
velocity, [m/s]
u, v, w fluctuation part of u, v, w, [m/g|
xX*, y*, Non—dimensiona distancesin axial,
z lateral and vertical direction,
X =x/b, y* =y/(b/2), 7 =7/(b/2)
I o Circulation, Root circulation, [m?/s]
A Wavelength, [m]
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v Kinematic viscosity, [m?/s]

Wy Mean axial vorticity component,
(dw/dy—dv/dz), [1/9

P Density, [kg/n?]

13 Non—dimensional axial vorticity

component, wy(b/2)/Ue

1 Introduction

Wake vortices emanating from Large Transport
Aircraft (LTA) may endanger theflight safety of a
following aircraft encountering the wake [14]. In
the past the wake vortical structureand related is-
sues have been intensively investigated [13]. Itis
well known that thetrailing wake of alifting body
rollsup into apair of strong counter—rotating lon-
gitudinal vorticesthat persists for many body di-
mensions downstream.  The vortex strength is
proportional to the bound circulation or body lift,
and hence, for steady flight conditionsthisis ap-
proximately proportional to theweight of thegen-
erating aircraft. An aircraft encountering avortex
wake can experience sudden upwash, downwash
or rolling along with increased structural loads,
depending onit’sposition and orientation withre-
spect to the wake. Near the ground this can be es-
pecially dangerous, asthepilot haslesstimetore-
cover from rapid changesintheaircraft’ sattitude.

Up to now flight safety has been ensured by
maintaining a suitably large spacing between the
aircraft during take—off and landing, aswell ason
flight routes [3]. The Federal Aviation Admin-
istration in the U.S. and Civil Aviation Author-
ity in Europe regulate the separation distances.
These distances are often overly conservative to
account for the varying behaviour of the vortices
under different atmospheric conditions [12]. In
particular, wake vortices of the future generation
of Very Large Transport Aircraft (VLTA), beyond
the size of 747—class|ets, are of mgjor concern as
VLTA aircraft weightsdoesnot fit in existing sep-
aration rules, and enlarging the aircraft spacing
would hamper significantly an efficient VLTA op-
eration. Consequently, there is a strong demand
on developing ameans of tracking or eliminating
the trailing vortex hazard [5], [12].

Precise tracking or prediction of wake vortex

locations under all weather conditionsis beyond
therange of current technology. Therefore, many
research activities concentrate on alleviating the
wake vortex hazard by modifications of wing ge-
ometry and/or wing loading. Strategies to min-
imise the wake vortex hazard concentrate either
on a Low Vorticity Vortex (LVV) design or on a
Quickly Decaying Vortex (QDV) [12]. TheLVV
designreducesthewake vortex hazard by enhanc-
ing the diffusion of the vorticity field. Itisamed
on the generation of wake vortices with larger
core size and smaller swirl velocities at the core
radius after roll-up is completed. Also, an op-
timum wing load distribution may minimise the
induced rolling moment for a following aircraft.
Thealteration of the circulation distribution of the
wake generating wing can be obtained by using
differential flap settings. It has been shown that a
wing with an outboard partially deflected flap and
aninboard fully deflected flap produces, at least in
the near field, a smaller induced rolling moment
than a wing with a standard flap setting [4]. An
enhanced vortex decay may be achieved by pro-
moting three-dimensional instabilities by means
of active or passive devices[20], [21], [22]. An
active system tested by Boeing uses periodic os-
cillations of control surfaces to introduce the de-
sired perturbationsleading, after sufficient ampli-
fication, to the breakup of the vorticesinto vortex
rings[7]. Since a multiple—vortex system shows
instabilitieswhich can grow morerapidly, passive
devices aim to promote this kind of instabilities
through the deliberate production of single vor-
tices in addition to those coming from the wing
tip and the flap edge [20], [10]. The efficiency of
these concepts depends on the persistence of sep-
arate vortex pairs which is determined by config-
urational details of the aircraft wing [23].

While the origin of wake turbulence is gen-
erally recognised, its physical characteristics in
gpace and time are still not completely under-
stood. To fill thisgap a Critical Technology Pro-
ject on Wake Vortex Characterisation and Con-
trol, named C-Wake, has been started within the
5t Framework Program of the European Com-
munity (EC) [15]. The wake vortex characteris-
tics are studied using various experimental and

382.2



Investigationson the Turbulent Wake Vortex Flow of Large Transport Aircraft

numerical methods [5]. Tests are conducted on
generic models as well as on detailed LTA and
VLTA models. Wind tunnel, towing tank and cat-
apult experiments give specific and complemen-
tary data resulting in a better description of the
vortical structures of the different wake regions.
Further, flight tests have been performed using tri-
angular lidar measurementsto observe and reveal
the development of an aircraft generated wake
under real meteorological conditions [11]. Also,
several computational methods are used to pro-
vide reasonabl e estimates of thelength of the haz-
ardous wake vortex region [5]. The vortex mod-
els employed depend strongly on the treatment of
turbulent and unsteady quantities. Recent experi-
mental studies have shown the importance of un-
steady effects on the wake vortex formation and
evolution [1], [17], [18]. Therefore, the Insti-
tute for Fluid Mechanics (FLM) of the Techni-
sche Universitat Minchen (TUM) isinvolved in
the C-Wake project by investigating the turbulent
and unsteady wake vortex flow structure subject
to atypical E4-type LTA model. The results pre-
sented hereinfocus on axial velocity and vorticity
distributions complemented by Reynolds shear
stress patterns and spectral densities.

2 Test Techniqueand Test Program

2.1 Description of Modd and Facility

The experiments were performed on a detailed
rigid stainless steel half-model of a typical E4—
type LTA. The model scale is 1:22.5 correspond-
ing to awing half—span of 1.301 m, awing mean
aerodynamic chord of 0.323 m and a fuselage
length of 2.605 m. The wing has sets of fully de-
ployableflaps, aileronsand datsto study take—off
and landing configurations. Further, the model is
equipped with two through—flow nacelles. Two
strakes are mounted on the inboard nacelle and
one strake on the outboard nacelle. Landing gear
and vertical tail plane are not installed.

The tests were carried out in the FLM low—
speed wind tunnel facility C. Thisfacility featur-
ing a closed test section with a height of 1.8 m,
a width of 2.7 m and a length of 21 m is de-

signed and usually employed for civil aerodyna
micsinvestigations. Maximum usable velocity is
30 m/s with a turbulence level less than 0.5%.
Also, the long range test section isideally suited
to conduct wake vortex measurements. With the
model in placethe pressure gradient along thetest
section’s streamwise (axial) direction was set to
zero by dightly increasing downstream the test
section height by means of an adjustable ceil-
ing. The model is positioned on the tunnel floor
with the reference point 2.6 m downstream of the
nozzle exit and the wing tip pointing upwards
(Fig. 1). A peniche of 0.095 m height is used
to raise the model fuselage above the wind tun-
nel floor boundary layer. The model wing box is
attached to the driven shaft of a computer—con-
trolled model support located below the test sec-
tion floor, alowing a precise angle-of —attack set-
ting. The test section is further equipped with
athree—degree—of—freedom probe traversing sys-
tem giving minimum steps of 0.2 mmin axial,
lateral and vertical directions.

Fig. 1 LTA E4-type half model mounted inlong
range test section of FLM wind tunnel C.
2.2 Measurement of Unsteady Velocities

Sophisticated triple—sensor hot—wire probeswere
used to measure the instantaneous flowfield ve-
locities. The sensors consist of 5—um—diam. plat-

382.3



CHRISTIAN BREITSAMTER, CLAUDIO BELLASTRADA AND BORISLASCHKA

inum—plated tungsten wiresgiving alength/diam.
ratio of 250. The measuring volume formed by
thewiresisapproximately 1 mmin diameter. The
wires are arranged perpendicular to each other
to achieve best angular resolution [2]. An ad-
ditional temperature probe is employed to cor-
rect anemometer output—voltagesif ambient flow
temperature varies.

The hot—wire probes were operated by amul-
ti—channel constant—temperature anemometer
system. By means of its signal conditioner mod-
ules, bridge output voltages were low—pass fil-
tered at 820 Hz before digitization and amplified
for optimal signal level. The signals were then
digitized with 16-bit precision through the six-
teen—channel simultaneous-sampling A/D con-
verter of the PC high—speed board. The sampling
rate for each channel was set to 3000 Hz giv-
ing a Nyquist frequency of 1500 Hz. The sam-
pling time was 6.4 s resulting in a sample block
of 19200 values for each survey point. The sam-
pling parameters were achieved by preliminary
tests to ensure that all significant flowfield phe-
nomena are detected. Each digitized and tem-
perature corrected voltage triple was converted
to calculate the time-dependent velocity compo-
nents u, v, and w. The numerical method used
is based on look—up tables derived from the full
velocity and flow angle calibration of the sensors
[2]. Statistical accuracy of the calculated quanti-
tieswas considered aswell. Random error calcu-
lations gave accuracies of 0.5, 2, and 3.5% for the
mean and standard deviation and spectral density
estimation, respectively [2].

Regarding the susceptibility of vortical struc-
turesto intrusive measurements, it was found that
the presence of the probe has no markable influ-
ence on the wake vortex formation and evolution.
Especialy, vortex meandering isnot significantly
modified [17].

2.3 Test Conditions

For the tests reported herein, a high-ift landing
configuration is studied with the inboard, mid—
board and outboard dats set at 19.6°, 23.0°, and
26.5°, respectively, both inboard and outboard

flaps set at 26.0°, and the aileron set at 10°. The
horizontal tailplaneisfixed at —9.5° whilethean-
gle of attack is set to 9.5° related tc a lift coeffi-
cient of ¢, = 1.76. The experimentswere made at
a freestream reference velocity of U, = 25 m/s
corresponding to a Reynolds number of Re, =

0.471 x 10°. Transition stripsare carefully put on
the wing nose section to avoid any laminar sepa
ration. Inspecting the surface flow by tuftsit was
proven that attached flow is present on wing and
control surfaces (Fig. 2).

Fig. 2 Surfaceflow visualization using tufts.

The velocity fields downstream of the model
were measured in planes perpendicular to the
freestream direction at six distancesrelativetothe
wing tip trailing edge ranging from x/b = x* =
0.37+5.56(Tab.1). Thesurvey pointsareclosely
spaced in the wake vortex areas known from pre-
vioustestswith arelative grid resolution of 0.006
in spanwise and 0.004 in vertical direction based
on the wing span. Outside these areas arelative
grid resolution of 0.035 in spanwise and 0.023
in vertical direction was used. Considering the
downstream development a vortex wake can be
devided in four regions: (i) the near field, x/I, =
O(1), which is characterized by the formation
of highly concentrated vortices shed at all sur-
face discontinuities; (ii) the extended near field,
x* < 10, where the wake roll-up process takes

382.4



Investigationson the Turbulent Wake Vortex Flow of Large Transport Aircraft

place, and the merging of dominant vortices (flap
edge, wing tip) occurs, leading gradually to two
counter—rotating vortices; thefar field, 10 < x* <
100, where the wake is descending in the atmo-
sphereand linear instabilitiesemerge; (iv) thedis-
persion region, x* > 100, where fully developed
instabilities cause a strong interaction between
the two vortices until they collapse. However,
comparing different experimental results the pa
rameter x* can only be used unambiguoudy to
describe the wake vortex evolution if the term
cL/(S’AR) is constant. Therefore, an appropriate
parameter related to the wake vortex ageisgiven
by the non—dimensional time t* which takes the
gpanwise load factor s into account [12].
* * CL

" = X TS A D
A typical valuefor anélliptical loadedwingiss=
11/ 4, whereas for a high-ift configuration s may
deviate from 11/4. Here, s=1/4, ¢, = 1.76, and
Ar = 9.302 are used. [1]. The values of x* and
t* referring to the position of the measurement
planes, andthevaluesof y* and z* describing their
spanwise and vertical extensions, are collected in
Table 1. It can be seen from the table that the fol-
lowing results concern thewake vortex formation
and evolution in the near field and extended near
field with a maximum vortex age of t* = 0.173.

‘ Plane ‘ t* ‘ X* ‘ y* ‘ z
4 0.011 1 0.37|0+1.10| 0+0.76
9 0.031/1.00|0+2110|0+0.90
11 |0.062|200|0+110|0-+0.90
13 | 0.093|3.00 0+-1.10| 0+0.90
13a | 0124 | 400|0+110| 0+0.90
15 |0.173|55 | 0+1.10|0+-0.90

Table 1 Position and size of measurement planes.

3 Resultsand Discussion

3.1 Mean Axial Vorticity and Velocity Fields

The three-dimensional flowfield of the model
wake is documented in the six cross flow planes
both by contours of normalized axial vorticities

¢ (Figs. 3 and 4) and streamwise (axial) veloc-
itiest/Us (Fig. 6). The axid vorticity is used
as the main quantity to identify significant vorti-
cal structures and to define their location on each
cross flow plane. The vorticity contents of the
thin shear layer originating from the wing trail-
ing edge is mainly determined by achangein the
direction of the velocity vector across the trail-
ing edge, and not by the vorticity already present
within the boundary layers passing the trailing
edge. Consequently, the interaction between the
vorticity field and the velocity and pressure dis-
tribution on the wing will be weak, and the ori-
entation of the vorticity vector is approximately
perpendicular to the trailing edge [13]. In the
near field at x* = 0.37, the formation of distri-
buted vortical structuresisobserved (Figs. 3, 4a).
Among these structures high levels of peak vor-
ticity indicate six dominant vortices. the wing
tip vortex (WTV), the outboard flap edge vor-
tex (OFV), the outboard and inboard nacelle vor-
tices (ONV and INV), the vortex emanating from
the wing—fuselage junction (WFV) and the hori-
zontal tail tip vortex (HTV). Except the HTV, al
these vortices are embedded in the wing vortex
sheet. The WTV is characterized by a high peak
of positive vorticity (§ = 37) resulting from vor-
ticity generated at the winglet, and vorticity shed
at the wing tip and winglet junction. The OFV
and ONV, located approximately in-ine with the
outboard engine nacelle and the outer edge of the
outboard flap, contain vorticity of the same sign
with pesaks of & = 39 and & = 15, respectively.
The comparison of all peak vorticity values shows
that the OFV is the strongest vortical stucturein
the wake. The weaker ONV is attributed to the
rolled—up shear layer of the outboard through—
flow nacelle and the nacelle strake. The INV
exhibits a much stronger vorticity peak than the
ONV because the inboard nacelle has two strakes
while the outboard nacelle has only one. Mea
surementsperformed in the DNW-LLF wind tun-
nel show the same behaviour of outboard and in-
board nacelle vortices [16]. Note that for a pow-
ered aircraft the jet—vortex interaction must al'so
be taken into account. The two remaining vor-
tices of significant strength are both characterized
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Fig. 4 Non—dimensiona axial vorticity distributions¢ at x*
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b) x* = 5.56 (Plane 15)

= 0.37 and x* = 5.56. The dashed linerefers

to the wing trailing—edge position. Vorticity peaks are marked by numbers.

by peaks of negative vorticity, namely & = —5
for the WFV and { = —24 for the HTV. Focusing
on the WFV region asubstantial amount of nega-
tive vorticity is also generated at the inboard flap
edge. The HTV is located above the wing vor-
tex sheet and fully separated from the descending
wing vortex layer. The horizontal tail was set at
an incidence of —9.5°, thus producing negative
lift corresponding to atip vortex of negative vor-

ticity. Also, several vortical structures of less
strength can be detected, attributed e.g. toaileron
gap, flap track fairings, and dat edges.

At x* = 1.0, the ONV is nearly completely
merged with the stronger OFV. A plateau in the
function of the ONV axial peak vorticity versus
streamwi se distance indicates the merging of the
OFV and ONV (Fig. 5). The OFV-ONV system
then becomestheroll-up centre of thewholevor-
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Fig. 5 Non—-dimensiona axial peak vorticities ¢
as function of x* for various dominant vortices.

Fig. 6 Non—dimensional axial veclocity distribu-
tions /U, for al crossflow planesinvestigated.

tex sheet, all other vortices are seen to be rotating
counterclockwise around it. Due to the induced
velocity field of the OFV—ONV system the WTV
is moved upward and inboard while HTV, WFV
and INV aremoved downward. Atx* = 2.0, afur-
ther merging process between negative vorticity
areas surrounding the HTV takes place, evident

t*
0 0.031 0.062 0.093 0.124 0.155 0.186
0.25 [ LI LA LA LA L L NLANLAN NN L B I N B B

i —@— WTV (FLM)
02} —@— OFV (FLM)
L —A— INV (FLM)

0.05 |

Fig. 7 Axia velocity deficits(Ue — U) /U, Of vor-
tex cores as function of x* for various dominant
vortices.
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levels of
U/Uc

by anincreasein the negative peak vorticity of the
HTV (Fig. 5). At x* = 3.0, the dominant OFV—
ONV system starts to incorporate the WTV, the
strength of which has been reduced sincex* = 2.0
(Fig. 3). The peak vorticity of the INV, still en-
tirely separated from the main vortex system, is
also reduced. Downstream, the vorticity of the
WTV is continuoudly fed into the stronger OFV—
ONV, and hence this vortex system increasesin
strength (Fig. 5). At x* = 5.56, the merging of
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the WTV and the dominant OFV-ONV system is
almost completed (Fig. 4b). The INV and the
HTV continue to move counterclockwise around
the rolled—up vortex system. At this stage, no
merging of these vortices with the OFV-ONV
systemisobserved. The spanwise load factor s=
bo/b a 0.71 calculated from the measured spac-
ing by of the rolled—up vortex system matches
very close the theoretical value for the dliptical
loaded wing, s= 11/4, thus substantiating the val -
uesgivenin Sec. 2.3.

Consideringtheaxial velocity distributionthe
trailing vortices are usualy found to be of the
waketype, i.e. with an axial corevelocity smaller
than the freestream velocity (Fig. 6). The down-
stream development of the axia velocity deficit
(Uw — 1) /Uo, taken at the centre of the dominant
vortical structuresis plotted in Fig. 7. At x* =
0.37, thedeficit at the cores of theWTV and OFV
are 19% and 24%, respectively. From x* = 0.37
to x* = 1.0, a strong decrease in the axial veloc-
ity deficit is detected before further downstream,
after vortices have merged, the vel ocity deficitin-
creases again. At the most downstream station,
thevel ocity defect stabilisesat approximately 7%
for thevanishing WTV and 12% for therolled—up
OFV system. These values are considerable be-
cause they are in the range of 25% - 30% of the
maximum tangential velocities. Consequently,
the wake type profiles of the axia core veloci-
tiesareimportant for wake vortex modelsand the
evolution of instability mechanisms.

3.2 Reynolds Stress Patterns

Reynolds normal and shear stresscomponentsare
computed from the vel ocity fluctuations and typ-
icaly normalized by the square of the freestream
velocity. Here, carpet plots of the Reynolds shear
stress component Vw /U2 are presented, since
it concerns the fluctuations of the velocity com-
ponents defining with their spatial gradients the
axia rotation (Fig. 8). At x* = 0.37, domi-
nant vortical structures are marked by turbulent
shear stress peaks of opposite sign, the vortex
centres are indicated by the position where the
shear stress changes sign. A comparison of vor-
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tex centre positions determined in this way with
thoseidentified by the axial vorticity peaks shows
good agreement (Fig. 8aand Fig. 4a). While the
dominant vortices are manifested by very sharp
peaks of turbulent shear stress, the wing vortex
sheet including vortical structures of less energy
exhibit smoother distributions. The distinct peaks
of turbulent shear stresses can be used to provide
information on the vortex coreregions. The ana-
ysis pointsout that the viscous coreradius, e.g for
WTV and OFV, is of the order of r; ~ 0.01 b,
whereasthe external coreradiusdefined by there-
gion including nearly the total amount of vortic-
ity or circulation of the vortex is of the order of
r, ~ 0.1b. A similar scaling isreported in [17].
At x* = 2.0, high peaks of turbulent shear stresses
are ill attributed to the WTV, the OFV-ONV
system, and the HTV (Fig. 8b). The merging
of the OFV-ONV system with the WTV during
the roll—-up process is a'so documented by study-
ing the changein therelated turbulent shear stress
peaks, along with the turbulent shear stress dis-
tribution between these vortical structures (Figs.
8c, 8d). A double peak of turbulent shear stresses
of opposite sign at X* = 5.56 represents the close
location of WTV and OFV-ONV, demonstrating
that merging of the WTV with the OFV-ONV
system is nearly completed.

3.3 Unsteady Effects
3.3.1 \ortex Merging

Experimental and numerical studies have shown
that at high Reynolds numbers (Re > 10%) three—
dimensional (3D) vortex merging is linked to a
short wave dliptic instability [18]. In compari-
son to the two—-dimensional case, the 3D merg-
ing leads to an earlier merging, and results in a
final vortex of higher turbulence intensity and of
larger core size. The ingtability is sensitive to
the strain effect mutually evoked by two closely
spaced vortices on each other, and this strain is
augmented as the vortex spacing decreases. An
empirical criterion hasbeenformulatedfor the3D
merging process based on a critical ratio of (ex-
ternal) core radius to vortex distance of r,/d ~
0.2+ 0.25. This vaue is reached through the

decrease of d due to the roll-up of the vorticity
sheets while r, remains nearly constant. Typi-
caly, the number of revolutions before merging
isapproximately 1+ 2. The 3D merging criterion
is proven herein by analyzing the merging pro-
cessof the ONV withthe OFV, and the WTV with
the OFV-ONV system. Vaues of r,/d are given
in Fig. 9, which depicts turbulence intensity dis-

tributions /w2 /U @t various downstream sta-
tions for the areas where vortex merging takes
place. While the vortex core regions show lev-
els of maximum turbulence intensity the vortic-
ity sheets are marked by clearly lower levels. It
is demonstrated that the merging criterion holds
for both cases under consideration.

3.3.2 \ortex Instabilities

Power spectral densities of axial velocity fluctua-
tionstakenat WTV and OFV coreregionsat x* =
5.56 are evaluated to detect spectral peaks asso-
ciated with specific instability mechanisms (Fig.
10). The spectral densities are calculated using
linear band averaging with 1024 frequency bands.
The spectraexhibit dominant reduced frequencies
fortheWTV at ky;_4 = 0.38,0.84,1.92, and 4.04
and for the OFV at ky;_4 = 0.36, 0.65, 1.62, and
2.78, indicating that turbulent kinetic energy is
channeled into anarrow band driven by quasi peri-
odic fluctuations.

The presence of instability mechanisms prop-
agating along the wake vortex in streamwise di-
rection can lead to arelevant distortion of thevor-
tex, accelerating its decay and dispersion. Usu-
ally, long and short wave instabilities occur. The
most significant long wave instability for a vor-
tex pair is the Crow instability [8]. This insta-
bility is related to the strain effect induced by
one vortex of a pair on the other one, and ap-
pearsasasinusoidal displacement of thevortices,
it is ultimately responsible for the wake vortex
collapse in the far field. Regarding two vortex
pairs Crouch observed an instability mechanism
with both symmetric and asymmetric modes, the
wavel engths of which are shorter than those of the
Crow ingtability, but large with respect to the ef-
fectivevortex coresize[6]. A Crouch typeinsta-
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Vortex merging parameters Merging of WTV with OFV
Vortex 1 r \ x* = 3.0
& Vortex 2 o R
2 - L D
Merging of ONV with OFV 0.0

rms
levels

Vorticity
sheets

Fig. 9 Vertical turbulence intensity distributions v/ W/ U. indicating the merging of the ONV with the
OFV and of the WTV with the OFV; LTA-E4type high lift configuration, Re;, = 0.47 x 105, a = 9.5°.
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Fig. 10 Normalized power spectral densities of axial velocity fluctuations S{}‘, for OFV and WTV core
stations at X* = 5.56; LTA-E4 type highlift configuration, Re,, = 0.47 x 108, a = 9.5°.
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bility may enhancewake vortex dispersion within
x* < 30 [10]. Wavelengths of Crow and Crouch
type instabilities are Acrow ~ 8bg and Acrouch ~
2.5d + 6d, respectively (here d denotes the dis-
tance between WTV and OFV). For the present
case, these wavelengths correspond to reduced
frequencies of kcrow = b/(2Acrow) &~ 0.18 (&~
2kg1) and Keroueh = b/ (2Acrouch) ~ 0.79 =+ 1.89.
It can be seen that the values of kg 3 match with
therangeof keyouch €MphasizingaCrouch typein-
stability due to the interaction of WTV and OFV.
A typical short waveinstability of the Widnall
typeis characterized by awavel ength of the order
of the vortex core size, depending also on thein-
terna vortex core structure (Awidnall ~ 2+ 3r1)
[24]. This instability can also grow in a vortex
pair, interfering at the same time with long wave
instabilities. The short wave dlliptic instability
dueto the 3D merging has awavelength of the or-
der of 4r,. Thistype of instability is highlighted
by the spectral peaks at kqy4. It may also lead to
changes in the vortex core structure generating
secondary vortex pairs normal to the main vortex
pair axes[18]. The formation of such transversal
vortex pairs can beresponsiblefor the breakdown
of theflow into small scaleturbulent motion. This
effect becomes enhanced when the dliptic insta-
bility interacts with a growing Crow instability.

3.3.3 \ortex Meandering

Vortex meandering can be observed for high
Reynolds number vortices in cases of both high
lift and cruise configurations, and reveals itself
through fluctuations of the vortex core. It is
an important unsteady phenomenon which is not
yet fully understood. Recent investigations [17]
have demonstrated that meandering is not caused
by wind tunnel perturbations or wall effects, as
stated e.g. in[9]. Vortex meandering may be ex-
plained by the propagation of perturbations ema
nating fromtheaircraft turbulent vortex sheet, i.e.
from the flow surrounding the vortex cores at the
very beginning of the roll—up process in the near
field [19], [17]. The spectral densities presented
substantiate that meandering is due to broadband
perturbations sharply localised in the vortex cen-

tres. Therefore, no definite scale is amplified.
4 Conclusons

Comprehensive experimental investigations have
been conducted on the formation and evol ution of
the turbulent wake vortex flow emanating from a
1: 22.5 scaled half—model of afour—enginedlarge
transport aircraft. A typical high-iftlanding con-
figuration is studied at angle of attack of 9.5 deg
and a Reynolds number of 0.47 x 10°. Advanced
hot—wire anemometry is applied to measure the
time-dependent velocity fields. Six cross flow
planes are inspected located at stations in the
range of 0.37 to 5.56 wing spans downstream
of the wing tip trailing edge. Consequently, the
analysis focuses on the near field and the exten-
ded near field. The quantities discussed com-
prise axia vorticity and velocity fields supple-
mented by distributions of turbulence intensities
and Reynolds shear stresses. Spectral densities
are also evaluated. The main results of these in-
vestigations are as follows:

1. The wake near field show six significant
vortical structures, namely thewingtip vor-
tex (WTV), the outboard flap edge vortex
(OFV), the outboard and inboard nacelle
vortices (ONV and INV), the vortex em-
anating from the wing—fuselage junction
(WFV) and the horizontal tail tip vortex
(HTV). Except the HTV, al vortices are
connected through the vortex sheet shed at
the wing trailing—edge. In sense of rota-
tion of the WTV, the OFV, ONV and INV
are co—otating vortices whereas WFV and
HTV are counter—rotating vortices. The
highest level of axial peak vorticity is at-
tributed to the OFV, which is therefore the
strongest and most persistent vortical struc-
turein the wake.

2. Inthe extended near field the position and
strength of thevortices change progressive-
ly because of the wake roll—up process and
vortex merging. At x* = 2.0, OFV and
ONV are completely merged, thus creating
the dominant vortex system which acts as
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the wake roll-up centre. The WTV dtarts
to merge with the OFV-ONV system at
x* > 3.0, and at the most downstream sta-
tion x* = 5.56, the roll-up processis near-
ly completed. A noticeable result is the
strength and persistence of the INV which
a this station is still separated from the
OFV-ONV system.

3. The core regions of the main wake vorti-
ces are characterized by axial vorticity
peaks and considerable axia velocity de-
fects. The turbulent vortex core structure
reveal maximum turbulenceintensities and
Reynolds shear stress peaks of opposite
sign. Progressing downstream the levels
of these peak values change due to vortex
merging and diffusion. Characteristic di-
mensions of the vortex coreradii are found
to be < 0.01 b for the viscous core radius
and =~ 0.1 b for the externa coreradius.

4. It has been proven that three-dimensional
vortex merging associated with an éliptic
short—-wave instability occur when a criti-
cal ratio of externa core radius to vortex
separation distance of r,/d ~ 0.2+ 0.25is
reached.

5. Spectra analysis of the axial velocity fluc-
tuations performed for both the WTV and
OFV core regions shows broadband distri-
butionswith concentrations of turbulent ki-
netic energy at reduced frequencies of kg3
~ 1.6 (OFV), and 1.9 (WTV) and kg, ~
2.8 (OFV), and 4.0 (WTV). These spectral
peaks indicate particularly a Crouch type
instability (kq3) and a 3D merging ellip-
tic instability (kq4), While vortex meander-
ingisconsidered as abroadband turbulence
phenomenon with no amplification of adef-
inite scale.
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