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A quantitative experimental investigation has been conducted to simulate intake ground vortex formation during

aircraft takeoff under headwind conditions. The experiments were performed using a small-scale intake model in

conjunction with a rolling ground plane in a low-speed wind tunnel. The Reynolds number was fixed at 1:26 � 106

based on the inner diameter and average intake velocity. Stereoscopic particle image velocimetry was used to

measure the ground vortex velocity field, and in-duct total pressuremeasurements have been performed to assess the

internal flow. Measurements were taken for an extensive range of configurations, including a static and simulated

moving intake under a variety of headwind conditions. A moving intake was simulated in the wind tunnel by

synchronizing the ground and tunnel wind velocities and using extensive suction to remove the approaching

boundary layer. The results show that at high velocity ratios there are no substantial differences due to the moving

ground plane. At low velocity ratios, the simulatedmoving intake results in a significantly different flowfield inwhich

the ground vortex is weaker, steadier in space, and more symmetric relative to the static ground case. These results

indicate the relative importance of the ground vortex vorticity sources and highlight the importance of including the

effects of a moving ground when simulating an aircraft takeoff.

Nomenclature

Di = intake throat diameter, m
Dl = highlight diameter, m
DC60 = fan face distortion coefficient based on the lowest

average 60 deg sector total pressure, �Pf � P60�=qf
hl = measurement plane height from the ground plane, m
Mi = intake throat Mach number
P = local total pressure, Pa
Pf = area weighted fan face average total pressure, Pa
P1 = freestream total pressure, Pa
P60 = minimum average 60 deg sector total pressure, Pa
qf = fan face dynamic pressure, Pa
r = radial distance from center of vortex, m
�r = nondimensional radial distance, r=rc
rc = vortex core size, m
Ui = average intake velocity, m=s
U1 = freestream wind velocity, m=s
u, v, w = velocity components in the x, y, z axis system, m=s
V� = swirl velocity, m=s
x, y, z = Cartesian coordinate system
� = average vortex circulation, m2=s
�� = average total nondimensional vortex strength,

�=DlUi
�� = approaching boundary-layer displacement

thickness, m
!z = out-of-plane vorticity component, 1=s

Superscripts

� = positive
� = negative

I. Introduction

W HENan aircraft is operating in static or near-static conditions,
a significant vortex can form between the ground and the

intake that could potentially pose a problem to engine operation. It is
well established that vortex formation can result in foreign object
damage [1,2], mass flow, and total pressure distortion [3] and,
therefore, premature lip flow separation [4]. It has also been recently
documented that an ingested vortex can lead to fan vibration [5].
With the current design trend for turbofan configurations of in-
creasing bypass ratio, engine diameters are also increasing and,
consequently, moving nondimensionally closer to the ground plane.
As a result, the likelihood of vortex formation during the aircraft
operating envelope is set to increase. This is illustrated in Fig. 1,
which shows the ground vortex formation boundary and vortex
strength as a function of intake velocity ratio (Ui=U1) and engine
ground height (h=Dl). With the potential for vortex formation
occurring for a longer period during the takeoff run, it is therefore
becoming more important to understand the characteristics and
behavior of the ingested ground vortices.

Previous research has identified two fundamentally different
ground vortex formation mechanisms. The first is the headwind
mechanism in which vortex formation occurs due to the concentra-
tion, stretching, and intensification of ambient vortex lines associated
with the dominant vorticity source [6,7]. Typically, the vorticity
within the approaching boundary layer is the dominant aspect and
leads to the formation of two counter-rotating vortices. The second
mechanism, however, relates to an intake in a significant crosswind
condition (yaw angles greater than 45 deg) in which the ground
vortex is primarily generated from vorticity associated with the
intake external surface [6]. Only a single vortex is generated in
crosswind but it is significantly stronger than the vortices created
under headwind conditions [4]. Previous to the current studies [4]
there has been little quantitative knowledge of both formation
mechanisms. Brix et al. [8] provides perhaps the only previous
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research containing significant quantitative information. However,
this study was conducted at a single ground clearance and no distor-
tion datawere taken. In addition, only a limited range of approaching
wind speedswas examined. To determine how the vortexwill behave
during takeoff, it is important to understand the strength and
characteristics of the vortex across a range of speeds from a static
condition to a speed at which the vortex no longer forms.

In a related study to the currentwork,Murphy [4] provided thefirst
extensive parametric study of ground vortex formation under head-
wind conditions. Within this research, both external velocity and in-
duct distortion measurements were presented with a static ground
plane. The effect of both velocity ratio and ground clearance was
examined, which enabled critical operating points to be quantita-
tively established for the first time (Fig. 1). In addition, the locus of
maximum strength vortices was also established, as indicated in
Fig. 1. It was shown that a vortex can form at lower than previously
reported velocity ratios, which also highlights some inadequacies in
much of the previous work that relied primarily on flow visualization
methods only. The results from the static ground experiments will be
summarized in Sec. III.

In practice, an aircraft engine is likely to experience the ground
vortex ingestion for a range of conditions, such as static at the end of
the runway and during taxiing, aswell as during the important takeoff

along the runway. To date there is no quantitative study of the ground
vortex behavior for a moving aircraft. All known quantitative
research has been conducted with a static ground and it is the results
from such experiments that are used to interpret the vortex behavior
for a moving aircraft. However, this is a significant simplification.
During aircraft takeoff the headwind speed is generally constant
while the aircraft accelerates down the runway. Because of the
increasing aircraft speed, the indicated airspeed increases, which
therefore leads to a reduction in the velocity ratio and, consequently,
a reduction in the sucked stream tube size. Hence, as thevelocity ratio
reduces, the total ingested vorticity decreases and it is anticipated that
the ground vortex circulation should decrease. This is considerably
different to the static ground case in which, as the airspeed increases,
the approaching ingested vorticity also increases and there is a large
increase in the ground vortex strength (Fig. 1). For this reason the
static ground results, such as those included in Fig. 1, are expected to
lead to overly pessimistic results when applied to a moving aircraft
configuration. This research therefore attempts to address this current
lack of understanding and to reveal detailed information on the
complex ground vortexflowmechanisms. For thefirst time, quantita-
tive measurements of ground vortex formation using a rolling road to
simulate forward aircraft movement are presented using stereoscopic
particle image velocimetry (SPIV) and time-averaged in-duct total
pressure measurements. This data set forms the last part of a large
program that, to date, has explored the ground vortex characteristics
under no-wind, headwind and crosswind configurations [4]. The
results within this paper are compared with the previously attained
static ground experiments in an increasing headwind, presented in
[4], to understand the differences in the vortex boundary, strength,
and formation characteristics.

II. Description of Experiments

A. Test Facility and Model

The experiments were conducted in the Cranfield University low-
speed wind tunnel, which has a 2:4 � 1:8 m working section. A
cylindrical model intake of approximately 1=30th geometric scale
relative to a large-diameter modern turbofan engine was used with
inside and outside diameters of 0.1 and 0.14 m, respectively. The
intake Reynolds number was fixed at 1:26 � 106 based on the inner
diameter and average intake velocity. Because of the low Reynolds
number, transition strips were placed on both the inside and outside
of the intake lip to promote transition and to avoid premature laminar
separations. In addition, the lip geometry was modified relative to a

Fig. 1 Headwind vortex strength map (��=Dl � 0:11, Mi � 0:58) [4].

Fig. 2 Plan view schematic of tunnel working section illustrating the rolling road dimensions, intake position, and boundary suction locations (the PIV

equipment has not been included for clarity).
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large-scale intake and consisted of elliptical elements, with a major-
to-minor axis ratio of 2. The model did not include a central hub or a
rotating fan. The intake mass flow was provided by a suction system
that was connected to a 60 m3 vacuum tank. The flowwas controlled
using a quick release shutter valve and the required steady mass flow
was achieved approximately 2 s after initiation. A run time of
approximately 20 s was achieved at a constant maximum mass flow
of 1:49 kg=s (Mi � 0:58). The mass flow was monitored for the
duration of the experiments using static pressuremeasurements in the
intake and was found to be steady throughout with a typical variation
of 0.1%.

To simulate a moving aircraft over a stationary surface, a rolling
ground plane was used in the wind tunnel and a schematic of the
tunnel layout is shown in Fig. 2. The rolling road is 2.75 m long and
1.2 m wide. To remove any approaching boundary layer upstream of
the rolling road, two substantial boundary-layer suction methods
were used in the form of a slot and a perforated plate (Fig. 2). A
discussion of the effectiveness of the rolling road operating in
conjunction with the suction methods to removing the approaching
boundary layer upstream of the intake is discussed in Sec. II.D.

B. Intake Total Pressure System

The intake was fitted with four total pressure rakes, each com-
prising nine total pressure probes with a head outside diameter of
1.5 mm. Total pressure measurements were taken at a location
equivalent to a nominal aerodynamic interface plane 0:7Di from the
highlight plane. A set of 36 equispaced static pressure ports were also
positioned around the inner circumference at an axial location in-line
with the total pressure measurement plane. The pressure measure-
ments were taken using a set of 40 Omega PX139-005D4V differ-
ential pressure transducers. Each pressure transducer had a range of
�5 psi with a typical repeatability of 0.1% full scale and the
measurementswere acquired simultaneously.For eachconfiguration,
an acquisition time of 5 s was used with a sampling frequency of
600 Hz. A total of 432 measurement points were obtained for each
configuration by rotating the model around its axis (Fig. 3).

C. Particle Image Velocimetry Methodology

A TSI stereoscopic PIV system was used to acquire the three
components of velocity on a plane. The PIV system consists of two
4 megapixel cameras orientated at �45 deg to the measurement
plane, with both operating in partial scatter with respect to the laser.
For the static ground plane experiments, the cameras were equipped
with a 60 mm focal length lens and were positioned underneath the
wind-tunnel floor. For the rolling ground plane experiments, the
cameras were positioned inside the tunnel working section using a
105 mm focal length lens. A New Wave Solo 120XT Nd:Yag laser
with a wave length of 532 nmwas used and a 1.5 mm light sheet was
generated using a combination of a spherical planoconcave and a
cylindrical planoconvex lenses. The position of the light sheet

relative to the intake is shown in Figs. 2 and 3. The resulting flowfield
snapshots were acquired at a frame rate of 7.5 Hz. The flow was
seeded using a Laskin-type seeder using di-2-ethylhexyl-sebacate oil
that delivered a mean particle diameter of 1 �m. The seeding rake
was fixed in position for all experiments andwas located upstream of
theworking section ahead of thewind-tunnel boundary-layer suction
slots (Fig. 2).

D. Experiment Test Matrix

This investigationwas primarily conductedwith the intake fixed at
a nondimensional height of h=Dl � 0:25, with a subset of mea-
surements also taken at an h=Dl of 0.4. All experiments were
performed at an intakeMach number,Mi, of 0.58. The velocity of the
rolling road is denoted byUg and can bevaried from5 to40 m=s. The
difference between the tunnel (or freestream) velocity, U1, and the
ground speed, Ug, is given by �U:

�U�U1 � Ug (1)

Experiments were conducted to simulate aircraft takeoff under
quiescent (no ambient wind) and headwind ambient conditions. To
simulate takeoff with no ambient wind, the tunnel and ground speeds
were synchronized and increased from zero while keeping �U
constant and equal to zero (see Fig. 4b). It was impossible to simulate
the aircraft acceleration; therefore, the tests were performed at a
number of discrete points during the acceleration phase as defined by
the velocity ratio (Ui=U1). The configurations examined for these
synchronized rolling road cases are summarized in Table 1. This
experiment is of particular interest because it aims to remove the
approaching vorticity source, which has been identified as a primary
vorticity source for ground vortices under headwind conditions [6].
Any approaching boundary layer developing upstreamof themoving
belt was removed using both the primary and secondary suction
systems (Fig. 2). Ideally, for these configurations, there should be no
boundary-layer growth on the rolling ground plane, but in practice it
is difficult to completely remove it. Dimitriou [9] measured the
boundary layer over the moving belt rig in the Cranfield University
2:4 � 1:8 m wind tunnel with the tunnel flow (U1) and ground
speeds (Ug) synchronized at 35 m=s (i.e., �U� 0 m=s). The
boundary-layer thickness, �, was found to be approximately 2 mm
within the central portion of the road at the approximate intake
highlight plane location. The vorticity flux associated with this
vestigial boundary layer is at least 2 orders ormagnitude smaller than
the resulting ground vortex system.

To simulate an aircraft takeoff for which there is also an ap-
proaching headwind as well as the relative speed of the intake, the
tunnel (U1) and ground (Ug) speeds are not synchronized (i.e.,
�U ≠ 0 m=s) (Fig. 4c). For these cases the ground speed is
increased from zero, with the difference between the ground and
tunnel velocity, �U, being kept constant. The value of �U repre-
sents the effective approaching headwind speed of the ambient air.
Two unsynchronized configurations were investigated with �U
equal to approximately 10 and 20 m=s, respectively (Table 2). This
configuration differs from the synchronized experiments (Fig. 4b) as
there is an approaching boundary layer developing on the ground
upstream of the intake. But it also differs from the static ground
experiments (Fig. 4a) as the wall shear stress and, hence, the
approaching boundary-layer vorticity are smaller. The configura-
tions for the unsynchronized experiments are summarized in Table 2.
For this case the aim is for the approaching boundary layer to be as
large as possible; therefore, no boundary-layer suction was
implemented upstream of the intake. The thickness of the boundary
layer in these conditions is similar to that for the static ground cases
with no boundary-layer suction (i.e., ��=Dl � 0:11). It should be
noted that, given the tunnel setup, it was impossible to simulate an
atmospheric boundary layer. The intention of these experiments is to
examine the effect of an approaching vorticity source in conjunction
with the rolling road for a single boundary-layer thickness. None-
theless, experiments by Murphy [4] have shown that the boundary-
layer thickness has little impact on the total strength of the vortex
system. However, if a very large boundary layer is considered, care is

Fig. 3 Intake schematic arrangement and total pressure measurement

locations within the duct.
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required in defining the effective velocity ratio. As the sucked stream
tube size is determined by the average approaching velocity within
the sucked stream tube, if this is significantly different from the
freestream velocity then the approaching boundary layer may have a
notable impact. This is not addressed in this work.

E. Analysis Methodology

The PIVimageswere postprocessed using TSI Insight3G software
version 8.0.5. It was found that a deformation grid, alongwith the fast
Fourier transform (FFT) algorithm, was the best method to use for
this flowfield. The method allows the procedure to be recursively
implemented so that a multigrid approach can be used to further
increase the signal-to-noise ratio. A 64 � 64 interrogation spot was
used initially, with 50%overlap tomaximize the correlation peak and
ensure good subpixel accuracy in the displacement estimate for the
windows’ offsets. A pass validation was also implemented that
included a median filter to remove spurious vectors and 3 � 3
smoothing to remove any small-scale noise present. The final
iteration used a 32 � 32 (with 50% overlap) spot area to improve the
resolution. This resulted in a measurement resolution of 0.78 mm.

The position of maximum vorticity was successfully used to
identify the vortex center. This parameter was preferred to more-
advanced identification parameters such as the swirling strength, Q,
and the eigenvalues of the velocity gradient tensor,�2 [10], because it
candiscriminate betweenpositiveandnegative rotatingvortices. This
therefore enables such vortices to be identified and their respective
characteristics to be determined individually. The vortex parameters
were identifiedusing thevorticity diskmethod [11].Theoutput of this
method is a circumferentially averaged swirl velocity distribution as a
function of radial distance from the center of the vortex. This method
was applied by first identifying the vortex center location and then
integrating vorticity over circular areas with increasing radial
distance, r. The swirl velocity distribution was then obtained by
dividing the local circulation at each radial position by 2�r:

V��r� � ��r�=2�r (2)

Fig. 4 Schematic of the ground arrangements: a) static ground conditions, b) synchronized ground and tunnel speeds, and c) unsynchronized ground
and tunnel speeds.

Table 1 Summary of configurations investigated for the

synchronized road and tunnel velocity experiments

(�U � 0 m=s,Mi � 0:58, h=Dl � 0:25)

Config. U1, m=s Ug, m=s Ui=U1

A.1 0 0 1
A.2 9.9 10 19.5
A.3 15.2 15 12.7
A.4 20.3 20 9.5
A.5 25.7 25 7.5
A.6 30.9 30 6.2

Table 2 Summary of parameters for the unsynchronized

rolling road configurations (Mi � 0:58, h=Dl � 0:25)

Config. U1, m=s Ug, m=s Ui=U1, m=s

�U	 10 m=s
B.1 9.8 0 19.8
B.2 15.6 5 12.4
B.3 20.8 10 9.3
B.4 26.1 15 7.4
B.5 31.3 20 6.2
B.6 36.6 25 5.3

�U	 20 m=s
C.1 19.1 0 10.0
C.2 26.1 5 7.4
C.3 31.2 10 6.2
C.4 36.6 15 5.3
C.5 41.9 20 4.6
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The total individual vortex strength was obtained by integrating all
positive vorticity over the whole circular domain for the positive
vortex and vice versa for the negative vortex. The total average non-
dimensional strength of the vortex system, ��, was then determined
by averaging the vortex strengths over all snapshots, summing the
magnitudes, and normalizing by the intakevelocity,Ui, and highlight
diameter,Dl (for further details see Murphy [4]):

�� � �� � ��

UiDl

(3)

F. Experiment Uncertainties

The measurement uncertainties comprise a combination of
sources, such as those due to themodel location, transducers, random
errors, and the data acquisition system. Following the method of
Taylor [12], these elements have been assessed to provide an estimate
of the overall uncertainty for each measurement type.

The nondimensional height was set with an uncertainty of
h=Dl � 0:25� 3:6%. The freestream velocity ranged from 10 to
40 m=s with a typical overall uncertainty of �1:1%. The average
intake velocity was measured using total and static pressure
measurements within the intake duct and was typically found to be
185 m=s� 2:4%. For the duration of the run the intake velocity was
reasonably constant throughout, with a typical deviation of 0.15% of
the average. Thevelocity ratio,Ui=U1, ranged from1 to 4.6 and for
a typical median velocity ratio of 6.1 the uncertainty in Ui=U1 was
�2:6%. The rolling road velocity, Ug, was measured to within
0:05 m=s. Belt suction was applied throughout the testing to ensure
that the rolling road did not lift or move laterally during tests.

For the PIV velocity measurements an uncertainty band was
estimated following the analysis presented byRaffel et al. [13],which
isbasedonsyntheticPIVimages.TheanalysisusedanFFTcorrelation
engineanda three-pointGaussianpeakfit algorithm,which is relevant
to this research. The correlation peakwas estimated to bemeasured to
within�0:06 pixels for each camera.Misalignment of the light sheet
with thecalibrationplatewasexpected tobe the largest sourceoferror,
with thecenter of the light sheet being, atworst,�0:25 mmoff center.
Usingerror estimates fromPetracci et al. [14], this is expected to result
in a maximum error of 0.13 pixels. The total error was expected to be
noworse than�0:15 pixels.This equates toan in-planevelocityerror
of 1:61 m=s or a typical error of �3:2%. Because the half-angle
between the cameras was at 45 deg, the out-of-plane velocity error is
equal to the in-planeerror inmeterspersecond[15].Thevorticityerror
was therefore estimated to be approximately �1875=s based on the
maximum velocity error. This leads to a worst-case error in the
circulation of approximately �0:3 m2=s. Further details on uncer-
tainty analysis and also the experiment apparatus and procedures are
presented in Murphy [4].

III. Static Ground Experiments

In this section the aerodynamics of ground vortex formationwith a
static ground plane (i.e., static aircraft) with an approaching head-
wind are summarized. The results from this section will provide a
reference for the takeoff simulations presented in Sec. IV. For a more
detailed discussion of the static ground headwind results, see
Murphy [4].

A. Flow Topology

Under quiescent conditions (U1 � 0, Ui=U1 �1), a pair of
contrarotating vortices form ahead of the intake highlight plane
(Fig. 5a). The vortex topology is such that the right-hand vortex has a
negative rotational sense. This is due to the flow being dominated by
the vorticity bound in the flowfield induced by the suction between
the intake and the ground. The source of vorticity for this
configuration is generated by the intake-inducedflowfield interacting
with the ground, creating an induced boundary layer. When a small
approaching headwind speed is applied, an additional source of
vorticity is also introduced into the flowfield that is associated with

the approaching boundary layer. With the introduction of a modest
headwind (U1 	 10 m=s, Ui=U1 � 19:8), the flowfield immedi-
ately enters a single vortexflowmode (Fig. 5b). At this velocity ratio,
(Ui=U1 � 19:8) and nondimensional height (h=Dl) of 0.25, a
contrarotating vortex pair rarely forms with a positive rotating vortex
prevailing for the majority of flowfield snapshots. The flowfield for
this configuration is still expected to be dominated by the induced
vorticity associated with the flow underneath and behind the intake
highlight plane. This is indicated by the time-averaged vorticity field
(Fig. 5e), for which the vorticity topology is still primarily the same
as the quiescent condition case (Fig. 5d).

As the approaching wind speed increases further, the flow
topology changes again with the return of a pair of contrarotating
vortices (Fig. 5c). In comparisonwith the vortex pair generated under
quiescent conditions (Fig. 5a), the vortices are stronger and with a
reversed sense of rotation. This is a result of the source vorticity now
being associated with the approaching flowfield [6,8].

Figure 6a shows that, with no approaching headwind, the suction-
induced velocity field from the intake leads to the occurrence of two
loss regions within the intake duct. This indicates the formation and
ingestion of two vortices. With the introduction of a modest head-
wind, Fig. 6b shows that these loss cores havemoved closer together;
however, two regions can still be identified (Fig. 6b). As the head-
wind is further increased, only a single loss region can now be
identified (Fig. 6c) and this pattern remains largely unchanged until
the blow-away condition is reached, at which point no localized loss
region is observed. Further details of these results are presented in
Murphy [4] as well as in supporting computational fluid dynamics
studies by Zantopp [16].

B. Vortex Strength Quantification

The effect of increasing the headwind velocity on the total average
nondimensional vortex strength is presented in Fig. 7. The individual
vortex strengths as well as the total nondimensional vortex circula-
tion are shown in Fig. 7. Also included in the figure are the results
from the quiescent configuration indicated by theUi=U1 �1 data
point. It is clear from Fig. 7 that, relative to the quiescent
configuration, the introduction of a modest headwind velocity leads
to no notable change in the overall vortex strength. However, the
instability of the flowfield results in a change in the flow topology
from a twin vortex to single vortex system that is dominated by the
positive vortex element (Figs. 5 and 7). As the headwind velocity is
further increased, and the velocity ratio reduced, the vortex strength
increases and eventually reaches a local maximum. The two vortices
are of equal strength at this point and both similarly decrease rapidly
with a further reduction in velocity ratio until the blow-away con-
dition is reached. The change in total vortex circulationwith reducing
velocity ratio is a result of a balance between the increase in vorticity
production and the reducing sucked stream tube size. When the
capture stream tube size reduces sufficiently such that it no longer
interacts with the ground plane, no ground vortex forms and the
strength therefore reduces to zero. The velocity ratio at which this
occurs for these conditions (h=Dl � 0:25, ��=Dl � 0:11) has been
predicted from continuity considerations assuming a circular
axisymmetric sucked stream tube and is indicated in Fig. 7 (see [4]
for further details).

IV. Rolling Road Experiments

A. Synchronized Configurations (�U � 0 m=s)

1. Particle Image Velocimetry Velocity Flowfield

This experiment indicates the role of the approaching boundary
layer on the formation and strength of ground vortices under
headwind conditions. To establish the effect of the rolling road, the
experiments are compared with the static ground configurations at
the same respective velocity ratios over a range of increasing head-
wind speeds until the vortex is no longer seen. This comparison is
conducted using a series of figures that show the effect of increasing
headwind speedwith andwithout amoving ground. Themetrics used
to compare these configurations include snapshots of the in-plane
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velocity vectors (Fig. 8) and a map of the vortex spatial unsteadiness
using the locus of individual vortex core locations over all flowfield
snapshots (Fig. 9), as well as the 2-D in-plane limiting streamlines of
the time-averagedflowfield (Fig. 10). The ensuing discussion uses all
three sets of figures to describe the influence of the rolling road.

At a relatively low headwind speed, U1, of approximately
15 m=s (Ui=U1 � 13:3) with a static ground (Ug � 0 m=s), only a
single vortex is observed, which is approximately in line with the
intake axis (Fig. 8a). The vortex generated under such conditions is
relatively steady in space (Fig. 9a) and the time-averaged in-plane
streamline agrees well with the individual snapshot, which shows a

single anticlockwise rotating vortex (Fig. 10a). To examine the
effect of ground speed, the rolling road is switched on, whereas the
tunnel velocity is kept constant and its speed is set equal to
the tunnel freestream velocity, U1 (i.e., it is synchronized with the
tunnel velocity, U1). As explained earlier, the boundary suction is
also switched on to remove any developing boundary-layer growth
upstream of the moving belt. For this configuration (A.3 in Table 1,
Ui=U1 � 12:7, Ug � 15:2), the velocity ratio remains approx-
imately the same as the static ground case; however, there is now
effectively no approaching boundary layer upstream of the intake.
In theory, for this configuration the primary source of vorticity

Fig. 5 Effect of increasing headwind speed from quiescent conditions over a static ground plane (Ug � 0 m=s): a–c) snapshots of the in-plane u–v
velocity vectors (only every third vector shown), and d–f) time-averaged vorticity field (h=Dl � 0:25, ��=Dl � 0:11, Mi � 0:58).
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should only be associated with the intake-induced boundary layer
along the ground plane. Figure 8e displays a typical snapshot of the
in-plane velocity vectors for this configuration. A single vortex can
still be seen; however, in comparison to the static configuration, it is
closer to the highlight plane and has an opposite sense of rotation.
The change in rotation of the vortex is expected to be a result of the
flowfield now being dominated by vorticity approaching the intake
that has been induced by the intake suction.

In contrast to the static ground configuration, a pair of counter-
rotating vortices was occasionally observed; however, a dominant
vortex still exists. An examination of the sequence of flowfield
snapshots reveal that when a second vortex forms its existence is
short lived and is quickly engulfed by the stronger dominant vortex.
This can be inferred from the locus of vortex core locations illustrated
in Fig. 9e, in which there are fewer positive rotation vortices. In
comparison, the prevailing vortex is very steady in space relative to
both the weaker second vortex (Fig. 9e) and also the single vortex
generated with a static ground plane (Fig. 9a).

The change in the flowfield structure is further illustrated by
comparing the time-averaged 2-D streamlines in Figs. 10a and 10e.
This shows the difference in the flowfield structure and also shows
the importance of the flow emanating from underneath and behind

the intake for the static ground case (Fig. 10a) in comparison with the
moving ground results, which show the flowfield to be dominated by
the approaching flow (Fig. 10e). It is also evident when comparing
the two figures that the region of flow emanating from aft and
underneath the intake is also significantly smaller for the rolling road
configuration. As a consequence, the balance between the aft and
approaching flowfields leads to the vortex being closer to the intake
highlight plane. This feature is also expected to be due to the reduced
sucked stream tube size, a result of the absence of the approaching
boundary layer.

As the headwind velocity, U1, increases to 20 m=s, a dramatic
difference is now seen between the static ground (A.4,Ug � 0 m=s)
and the equivalent rolling road configuration (C.1, Ug � 20 m=s).
For a static ground plane a single dominant vortex is still usually
observed (Fig. 8b), with a counter-rotating vortex pair also spo-
radically seen that possesses the headwind rotation mode (i.e., the
vortices rotate in accordwith Fig. 5c). Evidence of this is presented in
Fig. 9b, which shows the snapshot positions of both the positive and
negative vortex cores. This figure also reveals an increase in the
spatial unsteadiness of the vortex relative to the higher velocity ratio
of 13.3 (Fig. 9a). In contrast, for the moving ground case, two equal
strength counter-rotating vortices are consistently observed for all
flowfield snapshots (Fig. 9f). The difference can be clearly seen in the
time-averaged flowfield, in which a single large vortex is observed
for the static ground case (Fig. 10b), whereas for the rolling road two
counter-rotating vortices can be visualized (Fig. 10f). The flowfield
for the moving ground configuration now has symmetry about the
intake axis. This differs from theUg � 0 cases in which a symmetric
flowfield is never observed across the range of headwind speeds
shown in Fig. 10. Finally, at a low-velocity ratio of approximately
6.6, the static ground configuration shows a still-stronger pair of
contrarotating vortices (Fig. 8d) that again increase in spatial
unsteadiness (Fig. 9d). However, with a moving ground plane, no
clear vortices were now observed (Fig. 9h). Indeed, with the rolling
road in operation, the critical blow-away condition will be reached at
a higher velocity ratio in comparison with the static ground case due
to the nonexistence of the approaching boundary layer. Nevertheless,
there is some small evidence of flow disturbance just at the intake lip
(Fig. 8h), whichmay indicate that the diminishing vortices have been
blown underneath the intake itself.

2. Effect of Synchronized Rolling Road on Vortex Strength

To quantitatively establish the effect of the moving ground, the
total nondimensional vortex strength of the vortex system, ��, has
been determined for all rolling road configurations. This enables
direct comparisons to be made with the static ground results pre-
sented in Sec. III. The effect of increasing the ground speed (Ug)
synchronized with the tunnel freestream velocity (U1) on the total
average nondimensional vortex strength is presented in Fig. 11. The
static ground configurations for an increasing headwind are also
included in the figure for comparison. For low ground speeds

Fig. 6 Total pressure contours within the intake duct under quiescent

and headwind conditions and with a static ground plane (h=Dl � 0:25,
Ug � 0): a) Ui=U1 �1, b) Ui=U1 � 19:8, and c) Ui=U1 � 10:0.

Fig. 7 Average nondimensional vortex strength against velocity ratio

for a static aircraft (Ug � 0 m=s, h=Dl � 0:25,Mi � 0:58, ��=Dl � 0:11).
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Fig. 8 Example flowfield snapshots of the in-plane velocity vectors for increasing headwind speed comparing a–d) static ground, and e–h) moving

ground cases (h=Dl � 0:25, Mi � 0:58).
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Fig. 9 Locus of vortex core positions over all flowfield snapshots for a–d) static ground, and e–h) rolling ground cases for an increasing headwind

(h=Dl � 0:25, Mi � 0:58) (x: negative vortex; circle: positive vortex).
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Fig. 10 Time average 2-D bound streamlines for an increasing headwind, U1, for a–d) static ground and e–h) moving ground cases (h=Dl � 0:25,
��=Dl � 0:11, Mi � 0:58).
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(Ug � 0–15 m=s), and correspondingly high velocity ratios
(Ui=U1 � 12:7 �1), the total vortex strength is almost identical
to the corresponding static ground configurations (Fig. 11). Because
there is very little approaching boundary-layer vorticity flux, this
indicates that the dominant vorticity source, for a static ground
(Ug � 0 m=s), at intermediate-to-high velocity ratios, is the suction
induced vorticity. As Ug increases further and the velocity ratio
(Ui=U1) reduces, a deviation in the strength from the static road
configurations is seen, at this nondimensional height (h=Dl � 0:25),
when the velocity ratio reaches about 9.5 (A.4, Fig. 11). At this
headwind speed, for the static ground plane, the approaching
boundary-layer vorticity becomes influential on total vortex strength.
With a further increase in the ground speed, Ug, to 25 m=s (A.5,
Ui=U1 � 7:5), there is approximately a 50% reduction in the
strength in comparison to the static ground case at the same velocity
ratio (Fig. 11). As the ground speed increases further and the velocity
ratio, Ui=U1, reduces to 6.2, no vortex was detected in the
measurement area; therefore, no additional measurements could be
taken. Overall, this shows that there is a large reduction in the ground
vortex strength and notable differences in the flow structure when
comparing a static and a moving ground case.

A small set of PIV measurements were also taken to quantify the
effect of ground clearance for the synchronized wind and road
velocity configurations. Velocity ratios, Ui=U1, of 19.5 and 12.7
were examined (A.2 and A.3) at a nondimensional height, h=Dl, of
0.4. The vortex strength at this higher height-to-diameter ratio is
illustrated in Fig. 12 and compared with the static ground cases at the
same h=Dl along with the measurements at the datum height of 0.25
(h=Dl). As with the low ground clearance configuration, removing
the approaching vorticity source has little effect on the total vortex
circulation at relatively high velocity ratios. Because the vortex
strength is higher at the larger h=Dl, this indicates that the induced
vorticity increases in strength as the ground clearance increases. As
discussed in [4], this increase in strength is postulated to be associated
with an increased flow emanating from below the intake, as h=Dl is
increased. At lower ground clearances the increased proximity to the
ground plane restricts the airflow from beneath the nacelle, forcing a
larger proportion of mass flow to be ingested from above the intake.

3. In-Duct Total Pressure Survey

In addition to the PIV measurements, an in-duct total pressure
survey was also conducted to quantify the flowfield inside the intake
duct as well as to support the velocity measurements. To characterize
the level of distortion generated by the vortex, theDC60 parameter is
used, which is defined as follows:

DC60 �
Pf � P60

qf
(4)

Figure 13 compares the DC60 trend with increasing headwind
speed (reducing velocity ratio,Ui=U1) for both static (Ug � 0 m=s)
and moving ground (�U� 0 m=s) cases. In general, the distortion
coefficient decreases with increasing ground speed and the
concomitant reducing velocity ratio (Ui=U1). The trend is com-
paratively different to the circulation measurements at the PIV plane
where the vortex strength remains roughly constant (Fig. 11). The
reduction in DC60 is associated with the changes to the loss core
immediately adjacent to the duct surface (Fig. 6c) gradually dimin-
ishing as the velocity ratio reduces. As mentioned earlier, it has been
observed in previouswork [16] that this localized loss region is due to
the interaction of the two vortex loss cores with the intake wall. This
interaction will depend on a number of features such as the vortex
ingestion location, the vortex strength, and also the separation
between the two loss cores. It is clear from the PIV velocity mea-
surements that the vortices move progressively closer together and
also closer to the intake highlight plane as the velocity ratio reduces
(Fig. 9), which could therefore result in a smaller loss core. In
addition, becausemeasurements can only be taken at a finite distance
from thewall, measurement resolution close to the duct surface could
also be a contributing factor in the DC60 trend.

B. Unsynchronized Wind and Road Experiments

In this section, results are presented to simulate an aircraft takeoff
for which there is also an approaching headwind velocity. As
explained earlier, to simulate the various moving aircraft configur-
ations with a headwind velocity (�U), the ground speed is set to
match the required intakemovement (Ug), and the tunnel wind speed
(U1) is set to maintain the required additional effective headwind

Fig. 12 Average nondimensional vortex strength, ��, against velocity
ratio,Ui=U1, for synchronizedmoving groundand static ground cases at

two nondimensional heights.

Fig. 11 Average nondimensional vortex strength, ��, against velocity
ratio, Ui=U1, for a moving ground with comparison to a static ground

(h=Dl � 0:25, Mi � 0:58). Note the labels represent the test configura-

tions in Table 1.

Fig. 13 Fan face distortion for increasing ground speed synchronized

with the freestream speed (�U � 0 m=s) with comparison to a static

ground (Ug � 0 m=s) in an increasing headwind (h=Dl � 0:25,
Mi � 0:58).
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Fig. 14 Effect of ground velocity, Ug, on the time average: a–d) 2-D bound streamlines, and e–h) the nondimensional v-velocity contours at
approximately a constant velocity ratio (h=Dl � 0:25,Mi � 0:58,Ui=U1 � 7:5). Note b and f are configuration C.2, c and g are B.4, and d and h are A.5

(Tables 1 and 2).
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velocity (U1 ��U�Ug). A range of increasing magnitudes of
U1 and Ug are examined while keeping �U constant. For the
unsynchronized experiments two data sets were conducted with�U
equal to 10 and 20 m=s (Table 2).

The effect of unsynchronizing the ground speedwith respect to the
tunnel velocity for varying magnitudes of �U ranging from zero
(i.e., a fully synchronized configuration) to 25 m=s (a static ground
configuration), on the time average flowfield is shown in Fig. 14.
(Note that Figs. 14a and 14d are the same as Figs. 10g and 10c). This
sequence is at a fixed velocity ratio of approximately 7.5 and shows
the 2-D bound streamlines (Figs. 14a–14d) as well as the non-
dimensional v-velocity contours (Figs. 14e–14h). For a synchron-
ized configuration at a velocity ratio of 7.5 (Ui=U1), the flowfield
has a symmetric vortex topology that is also symmetric relative to the
intake axis (Fig. 14a). For this configuration the vortices are
relatively steady in space. However, as the ground speed is reduced,
at fixed headwind speed,U1, the local footprint of the sucked stream
tube increases due to the increase in the interaction with the ground
plane (Figs. 14a–14d) and the reverse flow emanating from under-
neath and behind the intake gets progressively stronger (Figs. 14e–
14h). In turn, the time-averaged 2-D bound streamlines become
increasingly asymmetric (Figs. 14a–14d). The above observations
indicate that the asymmetries relating to the ground vortex flowfield
for a static ground plane are related to the induced flow emanating
from underneath and behind the intake, rather than asymmetries
associated with the tunnel flow.

The vortex strength as a function of velocity ratio for all three
magnitudes of�U is shown in Fig. 15a for the rolling ground plane
experiments. The results are also compared to the baseline static
ground configurations (Ug � 0 m=s). The trends observed are in line
with expectations. As the difference between the road and tunnel
velocity (�U) increases, the vortex gets stronger with vortex
formation being observed at increasingly lower velocity ratios
(Fig. 15a). The increase in strength of the vortex system is a direct
result of the approaching vorticity increasing, as�U increases. The
reduction in the lowest velocity ratio at which a vortex is observed is
due to the average velocity within the sucked stream tube reducing
for a givenvelocity ratio. In turn, the capture stream tube increases for
a given Ui=U1 and, because vortex formation is dependent on the
sucked stream tube interaction with the ground, an ingested vortex
system is observed at lower velocity ratios. Similar characteristics are
also seen for the distortion coefficient (Fig. 15b). In general, the
trends clearly indicate that the higher the ambient headwind during
takeoff (i.e., the larger the value of �U), the higher the level of
strength reached by the vortex system.

V. Conclusions

A study has been conducted to examine the effect of a moving
aircraft over a stationary surface on ground vortex formation under
headwind conditions. Two types of rolling road experiments have

beenperformed. Inthefirst, thegroundandtunnelvelocitieshavebeen
synchronized and, in the second, they have been unsynchronized. In
theformercase, there isnoapproachingboundary layer,whereas in the
latter there is an approaching vorticity source; however, its strength is
lower than the static ground case.All rolling road configurations have
been compared to the experiments performed with an intake with a
static ground plane in an increasing headwind.

Overall this study has shown the importance of simulating the
moving ground plane when considering the characteristics of an
intake ground vortex for an aircraft during takeoff. The effects are
primarily seen in the low-velocity ratio regime in which large
differences are observed between static and moving ground cases in
terms of the vortex topology and spatial and temporal unsteadiness,
as well as the important vortex strength. In particular, much of the
previous ground vortex studies and guidelines have focused on static
ground configurations in which the ground vortex strength has now
been shown to increase sharply as the velocity ratio reduces before
the important blow-away condition is achieved. These latest inves-
tigations show that, for a moving aircraft situation, it is overly
pessimistic to rely on the static ground database, as the ground
vortex formation characteristics are altered and the resulting vortex
potency is significantly reduced when the moving ground is taken
into account.
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