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An experimental investigation on the wake vortex formation and evolution of a four-engine large transport

aircraft model in the near field and extended near field has been conducted by means of hot-wire anemometry in a

wind tunnel. The half-model used has a scale of 1:19.25 and the tests focus on the high-lift case of a typical landing

configuration at a Reynolds number of 0:52 � 106 based on the wing mean aerodynamic chord. The flowfield is

investigated up to 4.7 spans downstream of themodel, which is investigated with andwithout landing gear. Based on

the measured time-dependent velocity components, the wake flowfield is analyzed by distributions of vorticity,

turbulence intensities, and spectral densities. The landing gear consists of a stay and fourwheels, which create a bluff-

bodywake that interferes with the shear layer caused by the wing andwing junction. The landing gear creates a low-

energy vortex system and a highly turbulent wake. Due to the landing gear, the main vortex centers are located

slightly further outboard and the roll-up process is retarded, especially the inboard movement of the horizontal tail

plane vortex. The velocity spectra of the landing gear wake show broadband characteristics with some moderate

narrowband energy concentrations in the close near field, which do not enhance inherent wake instabilities.

Although the turbulence caused by the landing gear is still present in the extended nearfield, only a small influence on

the overall vortex system of the entire aircraft can be found. The landing gear influence is therefore negligible in the

context of reducing minimum aircraft separation distances.

Nomenclature

 = aspect ratio
b = wing span, m
CL = lift coefficient, 2L=��U2

1b
2�

f = frequency, Hz
k = reduced frequency, fb=�2U1�
L = lift, N
l� = wing mean aerodynamic chord, m
Rel� = Reynolds number, U1l�=�
SNu0 = power spectral density of u0 normalized with

��kU1�=�u02�b=2��
Tuy = lateral turbulence intensity,

������
v02

p
=U1

U1 = freestream velocity, m=s
u, v, w = axial, lateral, and vertical velocities, m=s
�u, �v, �w = mean axial, lateral, and vertical velocities, m=s
u0, v0, w0 = fluctuation part of u, v, and w, m=s
x, y, z = coordinates in the x, y, and z directions, m
x� = nondimensional distance in the x direction, x=b
y�, z� = nondimensional distances in the y and z directions,

2y=b, 2z=b
� = aircraft angle of attack, deg
� = kinematic viscosity, m2=s
� = nondimensional axial vorticity, �!xb=�2U1�
� = density, kg=m3

�� = nondimensional time, x�16CL=��4
�

�!x = mean axial vorticity component, (d �w=dy � d�v=dz),
1=s

Introduction

T HE flight safety of an aircraft may be endangered by
encountering thewake vortices emanating from preceding large

transport aircraft. The trailing wake of a lifting body rolls up into a
pair of strong counter-rotating longitudinal vortices that persist for
many body dimensions downstream [1–4]. A sudden upwash,
downwash, or rolling, alongwith increased structural dynamic loads,
can be experienced by an aircraft encountering a vortex wake,
depending on its position and orientation with respect to the wake.
Maintaining a suitably large spacing between the aircraft during
takeoff and landing, as well as on flight routes, currently ensures
flight safety. These separation distances are regulated by the Federal
Aviation Administration in the U.S. and by the Civil Aviation
Authority in Europe [5]. These distances are often considered as
conservative because they do not account for the varying behavior of
the vortices under different atmospheric conditions. Because of the
severe increase in air traffic, many major airports will experience
their limitations, leading to a critical assessment of aircraft spacing,
especially for takeoff and landing.

In the past, numerous experimental and numerical investigations
have been performed on the wake structure of generic wing
configurations (EuroWake [6], C-Wake [7], and AWIATOR [8]).
Alleviating the wake vortex hazard by modifications of wing
geometry and/or wing loading is the aim of many research activities.
Strategies tominimize thewake vortex hazard concentrate either on a
quickly decaying vortex (QDV) or on a low-vorticity vortex (LVV)
design. Promoting three-dimensional instabilities bymeans of active
or passive devices may enhance vortex decay (QDV) [9,10]. The
LVV design reduces the wake vortex hazard by enhancing the
diffusion of the vorticity field. It is aimed at the generation of wake
vortices with a larger core size and smaller swirl velocities at the core
radius after roll-up is completed. Injecting additional turbulence into
the wake and/or altering the circulation distribution of the wake-
generatingwingmay lead to an increase of the dispersion of vorticity.
The first type of mechanism is related to the use of spoilers or wing
fins, and the second type of mechanism is related to differential flap
setting.

The deployed landing gear, triggering a mechanism similar to a
spoiler, also cause a significant turbulent wake, which may affect the
wake vortex roll-up and the spatial vorticity distribution. Thus,
deploying the landing gear earlier in the approach phase without
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reducing the initial approach speed may result in weaker trailing
vortices and therewith a reduced aircraft spacing. Of course, this
measure cannot be applied for the takeoff and climb phase, but the
duration of the approach phase in comparison is much longer.
Therefore, the influence of the landing gear on the wake vortex
formation and evolution in the near field and extended near field of a
typical four-engine large transport aircraft (LTA) model in landing
configuration is experimentally investigated here [11]. To the
authors’ knowledge, numerical andflight test data on the influence of
a landing gear on the wake vortex system are not available. The
results are obtained within the European community’s Specific
Targeted Research Project “FAR-Wake” (Fundamental Research on
Aircraft Wake Phenomena). To obtain precise information on the
near-field wake vortex structure, the present investigation focuses on
the vorticity and turbulence content, comparing the cases with and
without deployed landing gear.

Experimental Setup

The investigation was conducted in the wind-tunnel facility C of
the Institute ofAerodynamics at the Technical University ofMunich,
using a detailed large transport aircraft configuration and employing
advanced hot-wire anemometry.

The wind tunnel C is a closed-return type and has a long-range test
section of 21 m length, which covers a wake distance of
approximately 4.7 spans downstream of the model. The wind tunnel
has a cross section of 1:8 � 2:7 m.

A 1:19:25 scaled half-model of a typical large transport aircraft is
used (Fig. 1a). The model has a wing semispan of 1.491 m
(� 10:1), a wing mean aerodynamic chord of 0.357 m, and a
fuselage length of 2.907 m. The model is made of steel and is
equipped with fully adjustable flaps, slats, ailerons, and a horizontal
tail plane. The experiments concentrate on the landing configuration
with a typical setting of the high-lift devices. The outboard and
midboard slats are set to 23.0 deg, and the inboard one is deflected to
19.6 deg. The inboard and outboard flaps are extended to 26.0 deg
and the ailerons (inboard and outboard) are adjusted to 5 deg. To
achieve a setting corresponding to straight and level flight, in which
the pitching moment is zero, the horizontal tail plane is set to
�6:0 deg. The engine nacelles are designed as throughflow nacelles.
The model is investigated for the cases without (baseline) and with
main landing gear (Fig. 1b).

A triple-wire probe operated by a multichannel constant-
temperature anemometer system is used to measure the time series of
axial, lateral, and vertical velocities. The tungsten wires are
platinum-plated and have a diameter of 5 �m and a length of
approximately 1.25 mm. The wires are arranged perpendicularly to
each other to achieve best angular resolution. An additional
temperature probe is employed to correct anemometer output
voltages if ambient flow temperature varies. A sampling rate of
3000Hz (Nyquist frequency 1500Hz), a low-pass filter frequency of
1000 Hz, and a sampling time of 6.4 s were chosen. The sampling
time corresponds to 19,200 values per wire and survey point. The
signals are digitized with 16-bit precision through a 16-channel
simultaneous-sampling A/D converter. The sampling parameters
were achieved by preliminary tests to ensure that all relevant
flowfield phenomena are detected. The anemometer output signals
are converted into time-dependent velocity components u, v, and w
using a look-up table previously obtained from the velocity- and
angle-dependent calibration of the hot-wire probe [12]. Data
accuracy and repeatability, respectively, are judged on statistical
error analysis, taking into account the characteristics of the signal
processing equipment and the look-up table procedure used. Based
on random error evaluation, accuracies are in the range of 1% for
mean quantities, 2.5% for rms quantities (turbulence intensities), and
4% for spectral densities [13].

The investigations are all performed at a velocity of
U1 � 25 m=s, corresponding to a Reynolds number of Rel� �
0:52 � 106 based on the wing mean aerodynamic chord, which is an
order of magnitude below the flight Reynolds number. Transition
strips were attached to the model, and inspecting the surface flow

with tufts showed that attached flow is present on the wing and
horizontal tail plane. The angle of attack is chosen to be �� 7:0 deg,
which corresponds to a lift coefficient of CL � 1:43, which is
significantly below CL;max. Taking these aspects into account, the
Reynolds number influence on the wake vortex roll-up process is
small [14].

The model is positioned on the tunnel floor, with the wing
reference point (WRP) at 2.8mdownstreamof the nozzle exit and the
wing tip pointing upward. The WRP is the position of the trailing
edge at the winglet tip at an angle of attack of �� 0:0 deg. A peniche
with a height of 0.095m is used to raise themodel fuselage above the
wind-tunnel-floor boundary layer. The test section is equippedwith a

Fig. 1 Investigated configurations: a) baseline and b) with landing

gear.
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three-axis-probe traversing system. The vortex wake is measured in
seven crossflow planes orientated perpendicularly to the freestream
direction at distances x� � x=b� 0:02, 0.37, 1.0, 2.0, 3.0, 4.0, and
4.7 downstreamof theWRP. In regions of highflowgradients (i.e., in
the areas of vorticity layers and vortex cores), the survey points are
closely spaced, with a relative grid resolution of 0.007 in the
spanwise and 0.010 in the vertical directions, based on thewing span.
Outside these regions, the relative spacing is gradually enlarged to
0.040 laterally and 0.060 vertically. Regarding the susceptibility of
vortical structures to intrusive measurements, it was found that the
presence of the hot-wire probe has no marked influence on the wake
vortex formation and evolution [9].

Results and Discussion

For the configuration with landing gear, axial vorticity and lateral
turbulence intensity fields are investigated for a station close to the
wing trailing edge at x� � 0:02 and �� � 0:0005 (Fig. 2). Four main
vortices can be identified: namely, from outboard to inboard, the
outboard nacelle vortex (ONV), the outboard flap vortex (OFV), the
inboard nacelle vortex (INV), and the landing gear vortex system
(Fig. 2a). The wing tip vortex (WTV) is not clearly visible in this

plane, because the used probe mount does not reach that far. Because
of the presence of the fuselage, it is not possible to measure at
positions y� < 0:144, which is why thewing–fuselage vortex (WFV)
is not depicted. Themeasuring plane is upstream of the horizontal tail
plane, and thus the horizontal tail plane vortex (HTV) is also not
present in Fig. 2. The vortex sheet emanating from the wing trailing
edge with the dominating vortices embedded is clearly shown. Also,
several less pronounced vortices, indicated by smaller vorticity
levels, are present between the dominating wing vortices. These
smaller vortices are caused by slat horns,flap track fairings, and other
geometric discontinuities of the wing. Figure 2b shows local
turbulence maxima in the regions of high vorticity. A turbulence
bubble at the inner edge of the measuring plane is visible, which is
caused by the deployed landing gear. The upper part of the bubble
emanates from the inclined front wheel pair and the lower part
emanates from the rear pair, which is positioned lower in respect to
the front pair. Slightly outboard therefrom is the turbulence caused
by the inboard nacelle, and at approximately y� � 0:7, the turbulence
caused by the outboard nacelle is visible.

At x� � 0:37 and �� � 0:009, the WTV and HTV are also
depicted for the baseline configuration (Fig. 3a). For the
configuration with landing gear, the WFV is additionally visible.
Because of different probe mounts used for the two configurations,
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different parts of the flowfield are visible; that is, for the baseline, the
part 0:08< y� < 1:05 was measured, and for the configuration with
landing gear, 0:0< y� < 0:95 was of higher interest. Further
flowfield data were measured at x� � 1:0, 2.0, 3.0, and 4.0, the data
of which are documented in [11]. Downstream from x� � 1:0, all
dominant vortices are entirely locatedwithin themeasurement plane.
Note that the HTV and the WFV have negative vorticity and are
therefore counter-rotating in comparison with the other five vortices.
The horizontal tail plane is adjusted for negative lift due to trimmed
flight, and therefore the HTV exhibits negative vorticity. The
negative circulation gradient in the wing–fuselage region leads to the
WFV, thus also characterized by negative axial vorticity. Further, the
vortex sheet shed at the horizontal tail plane, which has not yet rolled
up into the HTV, is clearly shown. The entire vorticity region has
moved downward in comparison with x� � 0:02, due to the
downwash caused by the lift-producing wing. The peak vorticity
values of the dominating vortices do not differ significantly in
comparison with the baseline configuration. For the configuration
with landing gear, the HTV is positioned further outboard. The other
vortices only show a minor outboard displacement.

The shear layer from the wing is observable with the higher
turbulence intensities, indicating the vortices (Fig. 4). The kink in the
shear layer between y� � 0:6 and 0.7 corresponds to the position of

the outer flap edge. Further outboard on the wing, the ailerons are
positioned at �5 deg, causing only a small downwash of the shear
layer, whereas inboard, the flaps are positioned at�26 deg, causing a
larger downwash, and hence a kink in the shear layer results. The
bubble at y� � 0:4 indicates the INV caused by the inboard nacelle,
which is positioned below thewing. The fuselagewake is visible by a
large region of increased turbulence intensity close to the plane of
symmetry (y� � 0 and �0:25< z� < 0:05). At 0:12< y� < 0:25
and�0:1< z� <�0:3, a significant difference can be found between
the baseline configuration (Fig. 4a) and the configuration with
landing gear (Fig. 4b). This is again caused by the inclined landing
gear wheel pairs.

Moving downstream, all vortices rotate counterclockwise around
the roll-up center (y� 	 0:73) and the shear layers roll up into the
corresponding vortices. The turbulence emanating from the landing
gear merges with the turbulence from the fuselage at approximately
x� � 2:0.

At x� � 4:7 (�� � 0:105), the vortices have almost turned 135 deg
around their roll-up center. Figure 5a still clearly shows the WTV,
ONV/OFV, and INV. Vorticity intensities have decreased. For the
configuration with landing gear, the HTV is positioned further
outboard, caused by the additional turbulence emanated by the
landing gear (Fig. 6b). In this figure, the additional turbulence caused

y*

z*

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

-0.6

-0.4

-0.2

0

0.2

0.4

y*

z*

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

-0.6

-0.4

-0.2

0

0.2

0.4

Turbulence field
caused by landing gear

a)

b)
Fig. 4 Contour plots of turbulence intensity Tuy distributions at x

� �
0:37 andRel� � 0:52 � 106 (0:02 � Tuy � 0:2 and�Tuy � 0:01) for the

a) baseline configuration and b) configuration with landing gear.

y*

z*

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

-0.6

-0.4

-0.2

0

0.2

0.4

WTV
37.4 ONV/OFV

20.2

INV
2.1

HTV
-1.9

y*

z*

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

-0.6

-0.4

-0.2

0

0.2

0.4

HTV
-1.1

INV
1.6

ONV/OFV
22.7

WTV
37.3

a)

b)

Fig. 5 Contour plots of nondimensional axial vorticity � distributions
at x� � 4:7 and Rel� � 0:52 � 106 (�20 � � � 50 and ��� 1) for the

a) baseline configuration and b) configuration with landing gear; solid

lines are positive values and dashed lines are negative values.

1370 ALLEN AND BREITSAMTER



by the landing gear is still clearly evident. Apart from the
displacement effect, no major influence of the landing gear on the
wake vortex roll-up process can be determined at x� � 4:7.

Power spectral density distributions of the axial velocity
fluctuations are evaluated. The spectral densities are calculated using
a fast Fourier transformation of the velocity fluctuation time series,
with a linear band-averaging based on 1024 frequency bands. The
evaluation is performed to detect characteristic spectral peaks,
indicating that turbulent kinetic energy is channeled into a narrow
band due to quasi-periodic fluctuations.

The presence of instability mechanisms propagating along the
wake vortex in the streamwise direction can lead to a relevant
distortion of the vortex, accelerating its dispersion and decay [15].
Usually, long, medium, and short wave instabilities occur [16–19].

For the configuration with landing gear, the considered time series
are taken from measurement positions located in the landing gear
wake at x� � 0:02 (Fig. 7). These positions are indicated in Fig. 2 by
diamond symbols. Because the leading geometric parts of the
landing gear are related to cylindrical elements, onemay expect some
frequency-dependent energy concentrations linked to periodic-
vortex-shedding mechanisms. Characteristic length scales are given
by d� 0:019 m (landing gear stay),D� 0:1 m (lateral extension of
wheel pair), and h� 0:13 m (vertical extension of inclined wheels).
A Strouhal number of Sr� 0:2
 0:1 is attributed to periodic vortex

shedding for the given Reynolds number range [Re�l� d;D; h��
0:28 � 1:9 � 105: laminar to transition]. Considering the velocity of
U1 � 25 m=s, the corresponding reduced-frequency values are in
the range of kd � 14:9–16:4, kD � 2:8–3:2, and kh � 2:2–2:4. The
landing gear wake spectra show some moderate energy concen-
trations at these reduced frequencies, but there is no significant
increase in the power spectral densities. Further downstream at
x� � 0:37, the spectra exhibit broadband characteristics, the
distributions of which are generally similar to those of the wing
vortex sheet.

Conclusions

An investigation on a LTA model is conducted for a typical
landing configuration without and with main landing gear,
addressing its influence on the wake roll-up process and the strength
of dominating wake vortices and their positions. The landing gear
consists of the stay and the four wheels, which are inclined with
respect to the landing configuration investigated. The stay and the
wheels create a bluff-body wake that interferes with the shear layer
emanating from the wing and the wing–fuselage junction.

Therefore, comparedwith the baseline configuration, the flowfield
features attributed to the deployed landing gear are as follows for
near-field characteristics (x� � 0:02–1:0):
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1) The landing gear wake is associated with additional vorticity
spots of moderate levels, forming a low-energy landing gear vortex
system.

2) The landing gear wake is also indicated by an area of increased
turbulence intensities, which is located within 0:12< y� < 0:25 and
�0:1< z� <�0:3 at x� � 0:02. This area is shaped like an eight,
which corresponds to the two inclined wheel pairs. The upper
turbulence bubble refers to the inclined front wheel pair, the lower
one to the inclined rear wheel pair. The vertical extension of the
landing gear wake turbulence area is therefore about twice the lateral
one, and the turbulence area of the wing vortex sheet also becomes
expanded.

3) The spectral densities of the axial velocity fluctuations show
generally broadband characteristics, with some peaks of moderate
energy concentration attributed to coherent periodic structures of the
landing gear wake. A strong energy concentration at specific
frequencies cannot be detected.

4) At x� � 0:37, the axial vorticity distribution still indicates the
landing gear vortex system. Because of the wing downwash, the area
of the landing gear wake turbulencemoves downward, spreading out
the whole area of high turbulence intensities in the wing–fuselage
region. Again, the spectral densities exhibit a broadband behavior,
with some moderate energy peaks that are similar to the ones for the
wing vortex sheet.

5) The displacement effect of the landing gear wake shifts the
vortex centers of the main vortices slightly outboard, and the
horizontal tail plane vortex (HTV) shows amore noticeable outboard
shift of about �y� � 0:04 at x� � 1:0. The landing gear wake
interference retards the roll-up process and, especially, the inboard
movement of the HTV.

The extended near-field characteristics (x� � 1:0–4:7) are as
follows:

1) The landing gear wake interference continues to retard the
inboard movement of the HTV. Downstream, the difference in the
lateral HTV position reaches a value of �y� � 0:1 (x� � 4:7).

2) The inboard areas of high turbulence intensities are further
enlarged, clearly showing the annularly shaped region of the landing
gear wake turbulence.

3) Despite the overall moderate outboard shift in vortex positions,
the wake roll-up process is not markedly affected by the presence of
the deployed landing gear. The main influence is attributed to the
inboard region in which the area of high velocity fluctuations
becomes significantly enlarged in the lateral and vertical directions.

Summarizing, the influence of the landing gear on thewake vortex
is small. The strength and position of the wake vortices stay almost
unchanged, and thus the impact on reducing aircraft separation
distances is negligible.
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