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ABSTRACT 
This paper describes development of a wind display system for 
the TreadPort virtual environment locomotion interface, which is 
cumulatively known as the TreadPort Active Wind Tunnel 
(TPAWT).  Computational Fluid Dynamic simulations and 
experiments with a scaled model test-bed of the system has 
resulted in a combination of passive and active controls capable of 
controlling wind speed and angle acting on a user in the 
environment. Development of the full scale TPAWT system is 
then described, which requires consideration of system geometry, 
integration, packaging, wind loads, and instrumentation. 
 
KEYWORDS: flow control, computational fluid dynamics, haptic 
interface, virtual reality. 

1 INTRODUCTION 
The latest development of a new type of locomotion based virtual 
environment termed the TreadPort Active Wind Tunnel (TPAWT) 
is described.  The TPAWT aims to improve the sense of 
immersion [1] created by the existing TreadPort Virtual 
Environment [2], Figure 1, by adding wind, olfactory, and radiant 
heat display. The existing TreadPort provides a rich CAVE-like 
visual interface [3] and accurate locomotion forces as a user walks 
through a virtual environment [2, 4, 5]. The TPAWT modifies this 
system by turning it into a controllable wind tunnel (the first of its 
kind) in order to regulate wind velocity (speed and orientation) 
acting on the user.  These wind forces will be integrated with the 
graphical display [6, 7] and the Quick Urban Industrial Complex 
(QUIC) dispersion modeling system [8] to determine the wind 
flow patterns for improved totality and realism of the experience.  
QUIC then allows us to track odor dispersion and transport in the 
virtual environment, which will be recreated in the TPAWT by 
controlled injection of the scent particles into the wind tunnel.   

The TreadPort Active Wind Tunnel is created by first enclosing 
the TreadPort, Fig. 1, with walls, floors, and ceilings with specific 
geometry such that air enters the environment from controllable 
vents adjoining the edge of the side screens, Figure 2.  As we have 
shown with our scaled model of the system, the air streams merge 
at the front screen and then deflect to the user.  We believe that 
this will provide a realistic sense of immersion to the user since it 
will appear as though the wind originates from the graphical 
environment.   

Relative to prior work, the Sensorama VR system in [9] 
considered inclusion of multi-modalities to improve immersion, 

but confined the user to a seat. More recent VR systems 
developing wind interfaces, such as Wind Cubes [10] and blow 
displays [11], involve use of fans in proximity to the user which 
are more intrusive to the environment. Thus, our system is 
intended to remove these physical and optical intrusions while 
providing rich sensory experiences encountered while walking in 
the real world.   

Our initial work on the TPAWT used Computational Fluid 
Dynamics (CFD) in order to evaluate design concepts.  We then 
conducted experiments with a scaled model of the TPAWT to 
validate these concepts and evaluate our proposed control 
algorithms.  This has been a highly iterative procedure where 
CFD simulations and physical experiments have been used to 
arrive at the scaled model test bed illustrated in Figure 2 and 
described later in this paper.  With the scaled system, we proved 
that we could achieve control of wind speed and direction at the 
user position via a combination of passive and active control 

 

Figure 1 Treadport Virtual Environment comprising a 
CAVE-like visual display and locomotion interface 

 

Figure 2  FLUENT simulation of wind flow in the plan 
view of scaled TreadPort Active Wind Tunnel 
showing vortices and the core flow at the user 
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systems [12-14], which results in an entirely novel actively 
controlled wind tunnel.  Previous research on adaptive wind 
tunnels [15-17] only considered open loop wall boundary 
adaptation to control wind speed.  Thus, the TPAWT also 
contributes a new type of wind tunnel that allows real time control 
of localized wind flow patterns acting on a test specimen.   

The description of the paper is as follows.  Section 2 describes 
the design and development of the scaled model test bed, which 
has been used to validate the TPAWT concept, and presents new 
results considering a user in the system.  In Section 3 we discuss 
extension of the scaled test bed for development of the full-scale 
system.  This includes integration and packaging of air flow 
generation hardware, redesign of the CAVE-like display to 
accommodate wind loads, design of the walls of the return-
plenum for flow stabilization, and sensor selection and placement.  
Finally, we discuss ongoing development and future work in 
Section 4.  Section 5 provides concluding remarks. 

2 SCALE MODEL TEST BED 
In order to analyze wind flow in the system, we perform 

FLUENT CFD simulations on a 2D quarter scale model, Figure 2.  
A standard two-equation k-ε model is used for the simulations.  
The model geometry in Figure 2 is chosen after considering 
several alternatives such as [18] which proved infeasible. More 
recent results demonstrate that a different vent configuration 
improves controllability [ref first icra] which is further stabilized 
by a negative pressure return-plenum [14]. The FLUENT 
simulations were then used to develop quasi-steady input-output 
maps between vent velocities and wind velocity at the user [12]. 

2.1 Control System 
The TPAWT requires the capability to control wind flow 

patterns, sustain the wind loads and provide the user a safe and 
non-intrusive environment within the confines of the existing 
system.  This requires consideration of internal aerodynamics 
combined with active flow control methods to regulate wind flow 
at the user position.   

Active flow control can be classified into three categories:  
1) passive control (PC), 2) predetermined active (PDA) control, 
and 3) reactive feedback (RF) control [19].  Passive control 
involves guiding the flow with the aid of geometry.  
Predetermined active control of a fluid flow system involves 
energy input without feedback from the sensors. Reactive 
feedback control involves use of sensor feedback and actuators to 
control the flow in real-time.   

The various components of the TPAWT system contribute PC, 

PDA control, and RF control methods.  The visual display screens 
guide the air flow from the vents and contribute to the PC.  The 
return-plenum is likewise essential for limiting the motion of the 
vortices and helps stabilize the flow.  Since the negative pressure 
in the return-plenum draws air from the test-section, there is 
energy expenditure without regard to the sensors. This contributes 
to PDA control.  The ducts and controllable vents along with the 
sensor are parts of the RF control.   

The reactive feedback control requires regulation of the flow 
discharged by vents based upon sensor feedback. Since 
conservation of mass is observed, the net flow acting on the user 
is a function of the total bulk flow, vTOT, entering in the system 
where vTOT = vL + vR and vL and vR are the left and right vent exit 
velocities, respectively. Vent velocities are then expressed as 
functions of total bulk flow velocity vTOT and vent velocity ratio 
vLR, as given below: 
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where vLR=vL/vR.  
In [12-14, 20], the CFD based input-output maps are developed 

in terms of vTOT and vLR. Wind speed at the user is mapped based 
upon vTOT and wind angle is mapped in terms of vLR.   [12] then 
details the development of an integrated controller using a 
dynamic extension that allows these static input-output maps to be 
used for dynamic control.  The small gain theorem and discrete 
analysis are used to select control gains that assure stability of the 
closed loop system given uncertainty in the input-output maps.   

Vortices on either side of the user dominate the flow response 
and several measures are used to account for their highly 
nonlinear dynamic response and interaction.  A conditional 
angular rate switching controller is used to regulate wind angle at 
the user and essentially limits the rate of wind angle change.  A 
flow conditioning slot is then used to further stabilize fluctuations 
in the air stream acting on the user. This also allows the air stream 
to approach the user from a much wider range of angles.  Thus, 
our prior work demonstrates the capability of generating a wide 
range of wind speed and angles in the scaled model test bed.  

Figure 3 shows the block diagram of the integrated system 
consisting of the various components of the TPAWT system.  In 

 

Figure 3  The block diagram of the integrated control 
system for the TPAWT 

 

Figure 4: Scaled Test bed showing the vents, 
return-plenum, sensors and main plenum 
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Figure 3, yR and θR are the desired wind speed and angle at the 
user while y and θ are the respective values measured by the pitot 
vane, Figure 5. Vact and θact are the vent speed and valve angle 

measured by potentiometers and pitot probes.  The required vent 
speed is determined from the output feedback controller [12-14, 
20].  Vent speed is regulated by PI control loops that regulate the 
valve angles.  Geared DC motors with anti-windup PI controllers 
assure that commanded valve angles are achieved.   

2.2 Experimental Hardware 
Figure 4 shows the plan view of the TPAWT scaled model test 

bed.  The scale model incorporates actuated valves and a number 
of velocity sensors in order to facilitate real-time flow control. It 
is composed of a blower, a main plenum, return-plenum, butterfly 
throttling valves, ducting, and a test section.  The settling plenum 
and blower draw air from the return plenum.  The air received by 
the return plenum is fed back to the main plenum, forming a 
closed circuit as in Figure 4. Throttling valves are mounted on the 
side of the main plenum and are actuated by geared (66:1) Maxon 
DC motors (20 W).  In order to approximate 2D flow, the gap 
height between floor and ceiling was reduced to 13 cm throughout 
the test section.  The details of flow characterization are provided 
in [21]. 

The TPAWT test section has pitot tubes at each of the inlet 
ducts to determine vent velocities.  A pitot-vane sensor, Figure 4 
and Figure 5, mounted at the user position determines wind speed 
and direction at the user.  The vane is designed to orient the pitot 
tube along the streamlines of the flow.  A vorticity-meter [14], 
Figure 5, is mounted in the ceiling above the user position in order 
to detect proximity of the pitot-vane to the edge of the core flow.  
Dwyer 607-21 Differential Pressure Transmitters with a 250 ms 
response time are used to measure pitot tube pressure. 
Potentiometers measure valve angles and pitot-vane angle. 

A dSpace 1103 Controller Board operating at a 1 kHz sampling 
rate is used to control the experimental apparatus from Simulink 
using the Real Time Workshop toolbox. 

2.3 Wind Speed and Angle Control 
The control methods are implemented on the scaled model test 

bed after integrating the wind angle and speed controllers [12].  
We are able to achieve simultaneous control of both wind speed 
and angle.  Figure 6 shows wind speed and angle control at the 
user position when the integrated control system is applied to the 
scaled model test bed.  Wind speed of 4 m/s and a wind angle of 
15o can be observed in Figure 6.  Note that the delay in wind flow 
is the time required for the controller to overcome the strength of 
the stabilized vortices.  Furthermore, sensor limitations due to 
noise in pitot probes, friction in the pitot vane and unsteadiness in 
flow also contribute to the delay and high variance of the wind 

 

Figure 5: Pitot Vane, vorticity-meter and wool tufts 
showing the sensing system for 2D quarter-scaled test 
bed 

 

Figure 6: Wind Speed and Angle Control at the user 
position in the scaled test bed. 

 
 Figure 7: FLUENT simulation of 2D quarter-scaled TPAWT showing headwind and the effect of a dummy user on the core flow.  
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TABLE 1: PERFORMANCE OF VARIOUS WIND ANGLES  
Wind Angle Delay Rise 

Time 
Settling 
Time 

Error 

30o 4s 95s 100s 1-2o 
20 o 2-6s 44-48s 50s 1-3o  
10 o 15s 40s 55s 1-2o  
0 o 25s 20s 45s 1-3o  

-10 o 2s 46s 50s 2-4 o  
-20 o 2-15s 5-7s 45-50s 2-5 o  
-30 o 1-12s 2-20s 45s 1-2 o  

speed.  We demonstrate in [12] that similar control of wind angles 
within +/-30 deg, Table 1, and with varying vent velocities is 
achieved. 

2.4 User in the environment: 
In previous studies [12-14, 18, 20], the tests on scale model 

were performed without considering the user in the system. While 
ideal, this does not prove that the system will necessarily work as 
expected. Towards this goal, Figure 7 shows FLUENT CFD 
simulations of the wind flow in the scaled model system without a 
user and then with a scaled dummy block representing the user.  It 
is important to note that the core flow is stable in both cases.  The 
vortices are oblong without a user.  In contrast, the vortices are 
well-defined and do not have enough room to destabilize with the 
user dummy block in the wind flow. 

In order to evaluate the actual effect of the user on the air flow, 
we again use the scaled model test-bed to perform experiments 
with and without a dummy user.  Figure 8 shows the wind angle at 
the user position without the dummy object where wind angle was 
again measured using the aforementioned pitot vane.  Note that 
after an initial delay of about 40 s, the wind angle was controlled 
to the desired value with an error of ±3o for 10 trials.  Figure 9 
shows the results for the experiment after including a dummy user 
behind the pitot vane.  The results are actually similar to those 
without the user where the error in wind angle is again ~±3°.  
Initial response and settling time, however, are actually much 
faster, which is attributed to the smaller and more contained 
vortices.  Thus, we conclude that with small angles the user has 

minimal effect on the accuracy of wind angle and actually seems 
to improve time response. 

3 FULL-SCALE TPAWT 
We now present development of the full scale TPAWT system.  

Results from the scaled model have been critical for packaging the 
system, creating its geometry, considering wind loads, and for 
selecting sensors, all of which are now described.   

3.1 Packaging and Integration 
One of the biggest challenges in development of full scale 

system is packaging of all of the components with sufficient space 
for conditioning the air flow such that it is uniform at the vent 
outlet and similar to 2D scale model.  Figure 10 shows a solid 
model of the full-scale system.  This model includes the 
controllable vents, ducting, return plenum with filters, fan, and 
decking along with the visual screens and the treadport.  Figure 11 
shows the actual assemblage of those parts into the treadport 

 

Figure 8 Wind Angle at the user position measured 
using pitot vane for 2D quarter-scaled model without a 
dummy object at the user position. 

 

Figure 9 Wind Angle at the user position measured 
using pitot vane for 2D quarter-scaled model with a 
dummy object at the user position.  

 

Figure 10: Solid model showing the TreadPort Active Wind 
Tunnel with various parts. 

 

Figure 11 Full-scale TreadPort Active Wind Tunnel while 
under construction.   
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room.   
Notice that ducts are perfectly symmetric to improve uniformity 

of the flow and they are routed below the decking to minimize 
intrusion.  Valves controlling vent flow are positioned as close to 
the vents as possible in order to minimize time delay associated 
with the air flow while also leaving sufficient room for flow 
conditioning hardware in the vent tower to assure uniform vent 
output.  Also note that the fan, a 45HP vane-axial unit, was 
selected for its high flow rate and extremely quiet operation.  This 
has allowed the fan to become an integral part of the TPAWT 
without intruding on the immersion of the system.   

We also improve sensing by replacing the pitot vane with a 2D 
ultrasonic anemometer, Model 85000, from RM Young Company.  
This sensor reduces noise, eliminates frictional nonlinearities of 
pitot vane, and we expect will provide improved response time.  
The sensor is larger, though, and in order to make it non-intrusive 
to the user, we place it on the ceiling above the user position.  
Furthermore, it has a wind speed accuracy of 0.1m/s, wind 
directional accuracy of ±2o, and it can measure low velocities with 
much more reliability. 

3.2 Wind Loading 
While the air pressure in the system is relatively small, the large 

area of the display screens results in modest forces.  
Unfortunately, the original screens were only intended for 
providing immersion and are only 0.25”thick.  In order to analyze 
their deflection, we perform 2D FLUENT CFD simulations of the 
full scale system to predict nominal pressures acting on the 
screens, Figure 12. As result, we estimate that a pressure of ~40 
Pa acts on the side screens when the vent inlet speed is 6 m/s for 
the left and right vents.  It is also important to note that the 2D 
simulation used here provides conservative estimates for the wind 
loading. 

A finite element analysis using ANSYS for the preexisting 
display screens and its boundary conditions shows that the screens 
deflect by about ~30cm, given the aforementioned loads.  In order 
to reduce such a high deflection, we perform several design 
iterations by changing boundary conditions and screen thickness.  
We improve the structural design by constraining all the boundary 
edges of the three screens, consider fastening of the three screens, 
and increase the thickness of screens to ¾”.  The resulting finite 
element analysis, Figure 13, shows that the deflection of screens 
reduces to ~1.1mm.  Visual experiments on the preexisting 
screens show that deflection up to 3 mm cannot be easily noticed 
by the user. Hence, the new screen design is within acceptable 
limits. 

3.3 Return Plenum Wall Design 
The user position is aligned with the center of the front screen 

and the outlet.  In order to constrain the core flow towards the 
user, the return-plenum walls are designed to act as a nozzle.  The 
geometry of the walls restricts the motion of the vortices and 
stabilizes the flow.  FLUENT simulations for various wall designs 
show that the stability of core flow is not affected by the shape of 
the nozzle formed by return-plenum walls as long as the return-
plenum acts as a nozzle, Figure 14.  Considering the ease of 
manufacturing, we use the straight wall design in Figure 14 (4).  

 

Figure 12 Pressure profile showing dynamic pressure 
acting on the visual display screens of 2D TPAWT 

Figure 13  Resultant displacement of the screens 
resulting from the dynamic pressure of the wind on the 
redesigned screens with ¾” screens and modified 
boundary conditions 

 

Figure 14 FLUENT simulations for various wall designs 
showing stable core flow for vent inlet velocities of 6m/s 
for the left and right vents. 
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4 DISCUSSION AND FUTURE WORK 
While the research presented here is quite promising, quite a 
number of issues remain to be addressed.  While we have shown 
that a user in the environment is actually beneficial for small wind 
angles, we still need to evaluate this over a larger range.  
Likewise, we have presented overall design of full scale TPAWT 
system, but again many details remain.  Reinforcement of the 
frame supporting the screens must be considered and design and  
fabrication of the ceiling and decking must be completed.  
Furthermore, characterization of the full scale system must be 
repeated similar to the scaled model system. 
We are also in the process of integrating Graphics Processing 
Units (GPU) to simulate wind flow and particle dispersion in 
urban areas based upon the QUIC model [6, 7].  While these wind 
flows serve as input to the wind generation system, they are also 
presented in the graphical display to present subtle effects such as 
leaves blowing and trees swaying.  Ongoing work also involves 
inclusion of olfactory display and radiant heat effects into the 
system. We expect that this cumulatively provide a rich multi-
modal virtual experience.  Future work will focus on psycho 
physical experiments, use of the system for emergency response 
training, and for gait therapy rehabilitation. 

5 CONCLUSION 
Ongoing research on wind display in locomotion based virtual 
environments is discussed.  This paper demonstrates that users in 
the wind flow can actually be beneficial to system response and 
describes how the scaled model test bed is used for design of the 
full scale TPAWT system. Issues related to system integration and 
packaging are considered. Important aspects of valve placement 
and system symmetry are presented.  Models of wind loads acting 
on the CAVE-like screens are also presented and solutions for 
remediating excessive screen displacement are provided.   
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