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ABSTRACT
The following paper explores the flow characteristics in

the test section of a three-quarter, open-jet, closed-loop return
model wind tunnel at York University. The tunnel has a novel
apparatus comprising three subsystems to generate transient
yaw, gusts, and turbulence. The effect of each of the three
subsystems on the resulting turbulent and unsteady flows is
evaluated individually. It is shown that the Turbulence Gener-
ation System can generate yaw distributions with standard de-
viations ranging from 2.1 to 4 degrees, from the baseline pas-
sive case to those with oscillating airfoils. Frequency sweep-
ing by the active yaw subsystem can fill a wide range of low-
frequency spectra, otherwise populated with distinct frequen-
cies and harmonics for discrete frequency forcing cases. The
active gust subsystem causes unsteady gusts of over 15 percent
of the mean flow velocity. In addition, the active turbulence
subsystem generates turbulence intensities from a few percent
passively to over 20 percent when operated actively. Intensity
levels and length scales can be tailored depending on input pa-
rameters to the active grid.

INTRODUCTION
Vehicles operating on roadways are invariably subject

to various dynamic airflow phenomena that can impact their
aerodynamic performance. The airflow characteristics expe-
rienced by a moving vehicle depend on various influencing
factors, including wind speed, wind direction, meteorologi-
cal conditions, traffic density, road surface topography, and
neighbouring vehicles. For a comprehensive review of this
topic, readers are referred to the studies conducted by Cooper
& Watkins (2007), Wordley & Saunders (2009) and Sims-

Williams (2011), among others. The variable airflow con-
ditions on-road vehicles encounter significantly impact aero-
dynamic performance, such as the vehicle’s drag coefficient
(Duncan et al., 2017).

The on-road airflow conditions experienced by vehicles
include variations in turbulence, with values from a few per-
cent to values of 15% (Wordley & Saunders, 2009) or greater
when close to other vehicles (Jessing et al., 2020). Yaw vari-
ations generally are within ten degrees and follow a normal
distribution (Cooper & Watkins, 2007; Wordley & Saunders,
2009) on highways. However, for various driving conditions,
such as following another vehicle or overtaking, broader yaw
distributions are found (Jessing et al., 2020). Streamwise
length scales extend from fine to multiple vehicle lengths, as
shown by Wordley & Saunders (2009). The resulting on-road
spectra reflect the presence of these scales and turbulence in-
tensity. Sims-Williams (2011) demonstrated the importance of
the low-frequency range of the on-road spectra regarding po-
tential unsteady aerodynamic response.

Vehicle aerodynamic testing often employs wind tunnels
that provide uniform and low turbulence conditions that emu-
late the flow experienced by isolated on-road vehicles while
travelling at a constant speed and direction without wind.
However, some wind tunnels intended for land vehicle test-
ing contain systems to produce transient flow behaviour and
turbulence. For example, wind tunnel passive turbulence gen-
eration systems use static drag-based or bluff body flow ele-
ments like spires, bars, or nets placed at the nozzle (McAuliffe
et al., 2014, for example). Another example is a system
with components resembling activated spires that can morph
in width, which was shown to generate a wide range of turbu-
lent flow parameters (Cogetti, 2003). An advantage of active
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input for automotive wind tunnels is the input of energetic low-
frequency turbulent scales that capture elements of observed
on-road flow fields. Given the emphasis on replicating tran-
sient yaw observed on-road, wind tunnel systems with acti-
vated airfoils have been designed to yaw the flow dynamically
(Blumrich et al., 2015; Terakado et al., 2017, for example).
The system of Terakado et al. (2017) further combined shut-
ters, in addition to an active yaw system, to input a range of
gusts in a full-scale automotive wind tunnel, whereas Wood
et al. (2022) recently demonstrated a blockage-type device to
alter a nozzle outlet for gust generation.

Active grids have increased in popularity for generating
turbulence in experimental facilities. Active grids resembling
those introduced by Makita (1991) tend to use a mesh of rods,
which can be rotated and have attached elements or wings that
obstruct the flow. Compared to traditional passive grids, as
Mydlarski (2017) explained, most active grids can generate
length scales exceeding the mesh length of the grid. Influ-
ential non-dimensional parameters affect turbulence produced
by active grids and geometric parameters. One important non-
dimensional parameter is the Rossby number, Ro =U/(ΩM),
where U is the mean velocity, Ω is the rotational rate of the grid
elements, and M is the mesh length. Another significant non-
dimensional parameter is the grid Reynolds number based on
mesh length. Concerning geometry, the shape of the grid ele-
ment, including its size and overall blockage, can affect the tur-
bulent flow generated. Applications for active grid-generated
turbulence are broad, and their capabilities to tailor flows are
diverse. For example, the Makita-style active grid shown in
Dogan et al. (2016) to create a turbulent freestream of vari-
ous scales to study boundary layer behaviour was later used
to generate bespoke shear profiles for experiments on model-
scale wind turbines in a laboratory-scale wind tunnel (Hearst
& Ganapathisubramani, 2017). Whereas Azzam & Lavoie
(2023) used their active grid, formerly applied for turbulence
studies (Hearst & Lavoie, 2015), for unsteady flow generation
in a closed-loop, walled test-section wind tunnel.

The organization of this paper is as follows. The next
section describes the novel TGS, its subsystems and the exper-
imental methodologies. In the section that follows, selected
results for each of the three TGS subsystems are presented and
discussed. In particular, the results presented consider the re-
sulting yaw distributions, gust response, and turbulence gener-
ation. The final section includes the concluding remarks.

SYSTEM AND METHODS
The Turbulence Generation System (TGS) described

herein is a novel system comprising three subsystems housed
within a single unit at the 400 mm x 625 mm nozzle opening
of the 3/4 open-jet closed-loop one-tenth model wind tunnel
at York University. The wind tunnel has a 6.8 to 1 contrac-
tion and a fan/motor capable of producing test section flow
velocities up to approximately 70 m/s. The wind tunnel also
has a heat exchanger to maintain flow temperatures inside the
test section. The first subsystem of the TGS is an active grid
responsible for generating broadband turbulence. The second
subsystem is designed to produce unsteady streamwise flow,
such as gusts. Finally, the third subsystem is designed to pro-
duce time-varying yaw. In the fully open state, the front view
of the TGS can be seen in Figure 1(a). The solid grid ele-
ments used for the turbulence and gusting subsystems were
placed on a mesh with approximately 25 mm spacing over the
nozzle’s height and 23 mm spacing in width. The active grid
elements were nominally diamond shapes, 23.5 mm in diam-

eter and 3.8 mm in width. The grid elements were manufac-
tured using stereolithography printing. They were slid over
3.175 mm diameter steel rods aligned using a jig and glued in
place. Similar in concept to that of the early design by Makita
(1991) or as shown in Larssen & Devenport (2011), each of
the rods was independently controlled. To create gusts in the
freestream, the upper portion of the grid was decoupled from
the lower along the verticle axis. Figure 1(b) shows the upper
portion of vertical elements and five horizontal rows of grid
elements closed. The active grid was designed to accommo-
date a 12-airfoil yaw subsystem between vertical active grid
rods. A section view of the active flaps of the yaw subsystem is
shown in Figure 1(c). Figure 1(d) shows a photograph of TGS
components, such as the airfoils and grid elements. The result-
ing TGS is driven by 54 independent NEMA17 integrated step
motors using custom-designed programs for operation.

Figure 1. a) The front view of the TGS shows the motor,
shaft locations and overall dimensions. b) The active gust sys-
tem in the closed position for maximum gust generation. c)
Section view showing an airfoil and flap and d) photograph of
the grid elements and airfoils.
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Flow measurements were acquired using two-component
hot-wire anemometry. For the instantaneous streamwise and
spanwise flow in the open wind tunnel testing section down-
stream of the TGS, a Dantec probe (55P11) operated by a
Streamline Pro constant temperature anemometer was used.
The hotwire was calibrated using the look-up table method
(Burattini & Antonia, 2005), and the air temperature was con-
tinuously monitored throughout all experiments using a T-type
Omega thermocouple in the freestream. The constant temper-
ature anemometer and the reference pitot-static tube data were
sampled at 20 kHz by a National Instruments cDAQ-9178
frame with two NI-9215 analog input modules. Low-pass fil-
tering of all signals below the Nyquist frequency prevented
the aliasing of each signal. Calibrations were performed im-
mediately before and after each experiment. The uncertainties
associated with the velocity measurements were calculated us-
ing standard analysis methodologies, including the accuracy of
the reference velocity, goodness of the calibration fit and drift
uncertainty. The uncertainty of the velocity measurements was
within 2%. The airflow measurements were generally obtained
at 10, 20, and 30 mesh lengths downstream of the grid. This
covers the range in which a vehicle would be positioned rela-
tive to the nozzle in a comparable full-scale wind tunnel. The
results presented were spatially averaged over 6 points in a
repeating unit of the turbulence generation system geometry,
approximately 5 mesh lengths from the floor of the 3/4 open-
jet, or where would be the approximate mid-height of a vehicle
in a full-scale wind tunnel.

RESULTS
The yaw subsystem underwent testing at various flap os-

cillation amplitudes (φ = ±5◦ to 15◦), to compare the flow
response to forcing. The sample results were taken at an os-
cillation frequency of 1 Hz. Testing up to 15 Hz showed mi-
nor frequency effects in this range for the reference velocity
of 15 m/s at the nozzle outlet. Figure 2(a) displays the phase-
averaged response for these cases, whereas Figure 2(b) shows
the resulting distribution of the flow angles.

As the flap amplitude increased, the flow angle also in-
creased, but the responses began to deviate from the sinusoidal
input waveform, which suggested a potential stall region. This
was particularly noticeable in the larger oscillation amplitude
cases. Tracking the vertical active grid elements with the flap
angle improved the yaw oscillation performance; however, this
result was not included in the figures since only the yaw sub-
system was considered here.

The yaw distribution for the three amplitude cases is
shown in Figure 2(b), in addition to the baseline case where
the yaw subsystem was not activated. The flap amplitude and
standard deviation of the measured distributions were strongly
correlated, with standard deviations of approximately 2.1 de-
grees for the baseline and 3.0, 3.7, and 4.4 degrees observed
with increasing flap amplitude values. On the other hand, a
negative correlation was observed between the flap amplitude
and the kurtosis of the distributions. With increasing flap am-
plitude values, Kurtosis decreased from approximately 2.9 for
the baseline to 2.4 for the active case with the greatest am-
plitude. As previously noted, flow-turning performance was
limited as the flap amplitude surpassed the stall region. As a
result, instead of widening the distribution’s tails, the range of
instantaneous flow angles spread over the central region peak
and, therefore, reduces the kurtosis.

The effect on yaw distribution was relatively minor over
the tested range of yaw oscillation frequencies (not shown).

Figure 2. a) Phase-averaged response plots for yaw subsys-
tem sinusoidal oscillation cases at different amplitudes and at
1 Hz. b) Corresponding flow angle distribution for active yaw
oscillation cases with the additional static flap case.

Each measured distribution’s standard deviation and kurtosis
was approximately 3.8 and 2.5 respectively at φ = ±10◦. As
part of analyzing the effect of oscillation frequency, frequency
scanning or modulation was also tested. This involved oscil-
lating the flaps between φ = ±10◦ with a dynamic frequency
scaling between 0.5 to 12.5 Hz. The flow spectra based on
the fluctuating streamwise and spanwise velocities are shown
in Figure 3. All three fixed frequency cases have prominent
peaks at their respective driving frequency and harmonics.
Higher harmonics may be anticipated from the phase-averaged
response cycle previously shown in Figure 2(a). Meanwhile,
the frequency scanning mode demonstrates a new capability of
the novel TGS, filling out the spectra over a range of frequen-
cies within the scanning region. Thus, this operation mode can
modify the resulting spectra without significantly affecting the
yaw phase-averaged response and distribution.

The gusting subsystem was tested while the airfoils of the
active yaw system were held in a static position with zero an-
gle of attack. Various operating parameters, such as frequency
and oscillation shapes, affected the performance of the gusting
subsystem; however, for brevity, only the effect of the level of
nozzle blockage is included herein. The gust subsystem com-
prises five horizontal shafts and thirteen partial-length vertical
sets of elements. During testing, gusting elements were set to
oscillate between positions parallel and perpendicular to the
flow. For testing concerning the maximum level of blockage,
the number of horizontal shafts making up the gusting system
was reduced from the top five horizontal shafts (shown closed
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Figure 3. Streamwise a) and spanwise b) flow spectra. The
spectra for the static case with flap angles at 0 degrees are
given for reference. Results for the different discrete and scan-
ning frequency cases are shown.

in Figure 1b). The performance of the gust subsystem is dis-
cussed in terms of phase-averaged flow cycles and total gust
amplitude relative to the mean.

The effect of varying the gust subsystem blockage was
explored by varying the number of the active gust system hor-
izontal shafts from one to five. All cases were tested with an
oscillation frequency of 1 Hz, an amplitude between fully open
and fully closed. The waveform applied to the gusting subsys-
tem was a capped triangular type, having linear variations in
position between open and closed, and held in the fully open or
fully closed for a duration of π/2. The phase-averaged results
shown in Figure 4(a) show increasing fluctuation amplitude
with increasing blockage. Figure 4(b) shows a linear relation-
ship between the gusting ratio, defined by the gust fluctuation
amplitude normalized by the mean flow velocity, and the num-
ber of activated shafts. The gust percentage was higher than
predicted based on the system’s open area for the lower block-
age levels, whereas it was slightly lower at the greatest block-
age. While the open frontal area can not capture the effects of
the losses associated with the flow through the gusting system
or possible induced flow patterns within the nozzle, it provided
a reasonable estimate of the gust percentage.

The upper and lower sections of the vertical rods were
synchronized to test the active grid subsystem. The effect of
changing the Rossby number on turbulence intensity, isotropy,
length scale, and flow spectra is examined. For all results, the
active grid subsystem was operated in a double random mode,
a common approach to operate active grids, as explained, for

Figure 4. a) Phase-averaged flow velocity fluctuation cycles
for different blockages. The number of shafts indicates how
many horizontal shafts are actuated to block the flow. b) The
gust percentage for different blockages.

example, in the review by Mydlarski (2017).
In Figure 5(a), the turbulence intensity is expressed as the

intensity of the turbulent kinetic energy, as shown in com-
parison with results from Hearst & Lavoie (2015), where
q2 = u′2 +2v′2. Hearst & Lavoie (2015) showed that for their
system, the turbulence intensity increased sharply for Ro <
30 before asymptotically plateauing for 50 < Ro < 150. The
sharp increase seen in Hearst & Lavoie (2015) is not shown
in the present results since measurements were not taken at
these lower values of Ro. The relatively high turbulence val-
ues observed at 10M were consistent with Makita (1991), who
measured values over 30% based on streamwise velocity fluc-
tuations.

The anisotropic ratio in the streamwise and spanwise di-
rections, I = u′/v′, is shown in Figure 5(b). With the grid fully
open, the grid produces a flow with anisotropic ratios simi-
lar to that produced by a passive grid. The grid produced an
anisotropic ratio of 1.4 and 1.23 at 10M and 20M, respectively,
whereas Vita et al. (2018) reported anisotropic ratios of 1.14,
1.19, and 1.2 at 10M for three of their passive grids. The active
grid produced anisotropic flow in the double random mode,
reaching 2.23 at 10M. Generally, active grids with faster rota-
tions show decreased anisotropy. The active grid used in this
research consistently decreased the anisotropic ratio for each
downstream plane. Performance trends suggest that lower Ro
values can improve isotropy. As with other active grids, the
TGS’s active grid subsystem could affect the large scales (Lu)
with Rossby numbers over a range where turbulence intensity
changes tended to plateau. For example, as shown in Figure
5(c), with Ro > 25, Lu/M increased by over a factor of 2.5,
with Ro number increasing from approximately 25 to 110. A
similar behaviour was indicated by Hearst & Lavoie (2015),
where diamond grid elements and diamonds with holes are in-
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cluded for comparison in the figure, and Larssen & Devenport
(2011).

Figure 5. a) Variation of the turbulence intensity with Rossby
number for cases at 10, 20 and 30 mesh lengths. Compa-
rable data from Hearst & Lavoie (2015) at 30M with solid
diamond grid elements and with holes are included for com-
parison. b) Corresponding measurements of the isotropy with
comparisons from the literature, including results from Makita
(1991) and Poorte & Biesheuvel (2002). c) Variation of the
streamwise turbulence length scale with Rossby number, with
data from Larssen & Devenport (2011).

A sufficiently high Taylor Reynolds number (Reλ , where
λ is the Taylor microscale or characteristic length scale used
for this Reynolds number definition) is needed to achieve a
broad spectrum of scales and to produce a well-defined iner-

tial subrange (Mydlarski, 2017). Most laboratory wind tunnel
facilities are limited to Taylor Reynolds numbers on the or-
der of 103 due to size (Shen & Warhaft, 2000), and are often
less. Nevertheless, the inertial subrange can still be viewed
for Reλ > 250 Makita (1991). At 20M, the grid used in this
research produced a maximum Taylor Reynolds number of
Reλ = 880. The relatively high Taylor Reynolds numbers con-
tributed to spectra with well-defined inertial subranges with
slopes approaching the universal -5/3 slope. The lowest Tay-
lor Reynolds number at 20M produced for the double random
case measured Reλ = 210. The premultiplied spectra for three
different cases and the grid held fully open in passive mode
can be seen in Figure 6. The spectra have been premultiplied
by the wave number (κ = 2π f/U) so that the total energy con-
tent is represented by the area under the curves. The test cases
shown were from the double random mode, at 10M or 20M,
with Ro values of 22, 45 and 111. For reference, with Ro = 45
at 20M, Reλ > 732, whereas for the grid fully open in passive
mode, the produced Taylor Reynolds number was 70 at 20M
for reference. The greater Reynolds numbers produced a wider
inertial subrange.

Figure 6. Premultiplied wavenumber spectra of the stream-
wise flow fluctuations for four active turbulence generation
cases at Rossby numbers of 22, 45, and 111, and two static
(passive) cases at 10M and 20M.

CONCLUDING REMARKS
The present experimental study demonstrates the capa-

bilities of a novel turbulence generation system to produce a
range of on-road flow conditions in a scale model 3/4 open
jet, closed-loop wind tunnel. Three subsystems were designed
to generate transient yaw, gusts, and turbulence to generate a
range of flow conditions. The yaw subsystem was comprised
of an array of airfoils with active flaps. The active grid sub-
system was a Makita-style array of rotatable rods with grid
elements; however, the active yaw subsystem displaced every
other vertical bar of the grid. The active gust subsystem used
five horizontal bars from the active grid, furthest from the floor
of the test section, and the corresponding length of vertical
bars. Each subsystem’s effect on the resulting turbulent and
unsteady flows was evaluated individually.

It was shown that the active yaw subsystem can gener-
ate a wide range of yaw distributions. The baseline open case
resulted in a distribution with a standard deviation of 2.1 de-
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grees, whereas this value increased up to 4 degrees with active
forcing. Compared to discrete frequency forcing of the ac-
tive yaw subsystem, frequency sweeping or modulation could
fill out broad areas of the spectrum while having only a min-
imum influence on the yaw angle distribution. Initial testing
of the active gust subsystem demonstrated streamwise veloc-
ity variations of up to 15 percent. The active turbulence system
produced relatively strong turbulence levels. Rossby numbers
greater than 20 were considered in the present study, and the
turbulence length and length scales demonstrated increasing
trends with this parameter.

The results shown in this study demonstrate the poten-
tial for such a system to generate complex and tailorable flow
fields relevant to industrial problems, such as recreating on-
road flow conditions in wind tunnels for vehicle aerodynamic
testing. Future aspects of the research should include combin-
ing the effects of the subsystems on the resulting flow fields
and modifications to target other moderate levels of turbulence.
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