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ABSTRACT

A portable wind tunnel has been designed and constructed by senior ge-
ological engineering students enrolled in the capstone course ‘Geological En-
gineering Design II’ at South Dakota School of Mines and Technology, Rapid
City, SD. The project involved research, design, analysis and implementation
phases under the constraints of a budget. The experience offered students a
first-hand view of an actual design process where critical design decisions were
required at various stages of the project. The result was a research quality field
wind tunnel that will be used to research wind erosion of soil and sediment
from numerous landuse categories across western South Dakota.

The tunnel has an overall length of 8.5 m with a working section 4.5 m
long, 0.5 m high and 0.5 m wide. Power was supplied using a 6.5 kW gener-
ator driving a 0.62 m axial fan. An in-line power inverter allowed a variable
current to be supplied to the fan thereby controlling wind speed. A diffuser
was used at the downstream edge of the working section to recover pressure
losses. Aerodynamic stability was achieved using a 2:1 expansion of the flow
immediately downstream of the fan and passing it through a perforated plate
and a plastic honeycomb at low velocity. A subsequent 4:1 constriction in-
creased velocity to the working section where it passed over the natural sur-
face. The tunnel was constructed of composite aluminum-honeycomb fiber-
glass panels that were cut to size and fiberglassed together yielding a total
weight of less than 50 kg. The tunnel consisted of 6 sections that were each
1.5 m long which were connected in the field using an external frame and latch
system. The tunnel was transported and moved in the field using a 1.5 x 3.0m
trailer and a 1.0m crane. 

INTRODUCTION

Wind erosion of soil is a world-wide concern and has been addressed by
numerous studies, e.g., Stetler & Saxton (1996, 1995), Stetler et al. (1994), Nick-
ling & Gillies (1993) and Schütz (1980). These studies have focused primarily
on degradation of arable lands and reduction in air quality. On the Great
Plains, severe drought conditions during the 1930s led to soil erosion on large
tracts of arable lands affecting food production and quality of life nationwide.
These climatic conditions also stimulated the development of wind erosion re-
search and control practices. In recent years, potential health-related concerns
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associated with wind erosion of soil, specifically emissions of particulate mat-
ter (fine dust), has become a driving force behind soil erosion studies
(Schwartz et al., 1996). The 1990 Clean Air Act (US-Environmental Protection
Agency (EPA), 1990) established National Ambient Air Quality Standards
(NAAQS) based on acceptable levels of respirable dust defined as particulate
matter less than a specified aerodynamic diameter (referred to as PMX, where
the subscript denotes particle size in micrometers). Revisions to NAAQS in 1997
(Federal Register, 1997) specified both primary and secondary standards for
PM2.5 and PM10 that are based on annual arithmetic mean and average daily con-
centrations, respectively. Primary and secondary annual standards for PM2.5 and
PM10 are mean annual arithmetic concentrations ≤ 15 µgm-3 and ≤ 50 µgm-3, re-
spectively. Primary and secondary 24-hour daily standards are based on a 98th
percentile 24-hour concentration ≤ 65 µgm-3 and a 99th percentile 24-hour con-
centration ≤ 150 µgm-3, respectively.

The potential for wind erosion of soil is highest in arid and semiarid cli-
mates. Western South Dakota has a climate characterized by average annual
precipitation of 40 to 60 cm, annual average evaporation of 75 to 90 cm (Lins-
ley & Franzini, 1979) and average annual temperatures of ~16 °C. Using the
scheme of Wilson (1968), this climate can be classified as semiarid. Dominant
surface processes in such a climate include running water, mass movement
(landslides, etc.) and wind action that produce pediment, fan and deflation sur-
faces, debris slopes and badlands. Fortunately, South Dakota’s climate gener-
ally provides sufficient precipitation to form stable vegetated land surfaces that
are unaffected by wind processes. However, once a stable surface has been
disturbed, wind erosion processes can potentially mobilize substantial amounts
of sediment until such time as a cover becomes reestablished. Agricultural and
rangeland management practices as well as various types of construction and
commercial activities can exacerbate the wind erosion process by mechanical-
ly altering the surface and stripping vegetation. As such, predicting where and
when any surface may be affected by wind action is problematic. In addition,
airborne particulates are transported in the upper atmosphere by turbulent dif-
fusion and can remain aloft almost indefinitely. Recent modeling of windblown
dust originating from agricultural fields (Lee et al., 1998) has shown that an ac-
curate dust emissions rate is a critical component of the model and is often de-
pendent upon soil properties, surface conditions, vegetation and soil moisture
(Hagen, 1999; Saxton et al., 1998).  

Portable wind tunnels are recognized as valuable research tools for col-
lecting in situ soil erosion and dust emissions data from many soil types, sur-
face and moisture conditions and vegetation levels in an efficient and timely
manor. In addition, field wind tunnels provide a repeatable and controlled en-
vironment where years of equivalent naturally derived field data can be ex-
perimentally generated in the course of a few months. Pietersma et al. (1996)
describe numerous wind tunnel studies that have solidified the importance and
economics of their use in soil erosion research. However, Fryrear et al. (1988)
identified unique problems when using portable wind tunnels in the field in-
cluding: 1) the containment of particles being transported in saltation com-
pletely within the height of the boundary layer generated in the tunnel, 2) the
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difficulty in duplicating a natural boundary layer over various test surfaces and
3) the difficulty in translating soil losses from the wind tunnel to equivalent soil
losses in the field. Solutions to problems 1 and 2 are derived through sound
aerodynamic design and construction methods for the wind tunnel test section
and by utilizing various flow manipulation devices (Pietersma et al., 1996).
Problem 3 has received much study (Horning et al., 1998; Fryrear, 1984; Lyles
& Allison, 1981) that has produced solutions for soil loss by analytical means.
In addition, these studies have shown that soil loss equations are stable as long
as field and wind tunnel data are collected consistently.

PORTABLE WIND TUNNEL DESIGN AND AERODYNAMICS

Design and construction of a portable wind tunnel was achieved by senior
Geological Engineering students as part of the course Geological Engineering
Design II at the South Dakota School of Mines and Technology, Rapid City, SD.
Research assignments were delegated to two teams, each of whom were re-
quired to submit a competing design. Team 1 was required to research and de-
sign a blowing tunnel (Fig. 1) and  Team 2, a suction wind tunnel (Fig. 2). The
primary difference between these two designs is in the placement of the fan.
A blowing tunnel has a fan placed prior to the working section and blows air
across the test surface. A suction tunnel has a fan at the end of the working
section and pulls air through the front end of the tunnel and over the test sur-

Figure 1.  Design drawing of the blowing, or push type, wind tunnel.
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face. As a result of fan placement, there are many advantages and disadvan-
tages of each type, a few of which will be briefly discussed.

For example, since the working section of a suction tunnel is located up-
wind of the fan, air moving across it is unaltered by the fan. Therefore, uni-
form aerodynamic flow characteristics are achieved without the need for flow
conditioning equipment and the overall tunnel length is reduced. By contrast,
the fan of a blowing tunnel is located above the working section and air flow-
ing across the test surface has been chopped by the fan which introduces se-
vere swirl to the flow. Left in this condition, the flow across the test surface
would not be representative of a natural wind and erroneous data would be
collected. The problem is rectified using flow conditioning prior to the work-
ing section but requires additional equipment and tunnel length. This scenario
favors a suction tunnel design. For an additional example, testing of the sur-
face (erosion rates and velocity data) is performed after the air has moved
across the test surface a sufficient length to develop a uniform velocity profile.
In a suction tunnel, the measurement point is located prior to the fan which is
a difficult place to access to remove samples, place equipment, etc. In a blow-
ing tunnel, the measurement point is located just inside the tunnel exit which
has easy access. This scenario favors a blowing tunnel design. Many addition-
al considerations exist where each design factor will favor one design over the
other. In short, any decision that is made must be based on both tangible (de-
sign, economics and requirements) as well as intangible factors (knowledge of
operation, personal preference and expected future applications). For addi-
tional details, the interested reader is referred to an excellent book on wind
tunnels and design by Rae and Pope (1984). 

Figure 2. Design drawing of the suction, or pull-type, wind tunnel.  Also shown
are working section and sampler schematics.
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A major concern each design Team faced was the constraints of a budget.
A limited resource base was available which narrowed the design focus toward
production of the best quality research instrument allowed. As work pro-
gressed during each phase (research, design, evaluation and construction), re-
alities imposed by the budget forced decisions to be made, often requiring ‘on-
the-fly’ adjustment to the design. In this way, each student was exposed to not
only the challenge of design but the realities of implementation of that design.  

Design Criteria

Initial research by each design Team was directed toward making a de-
tailed analysis of the literature and establishing a guiding design criteria. This
phase produced numerous concerns that must be addressed in order for a re-
search quality portable wind tunnel to be constructed, all of which can be sum-
marized by the following list of 7 factors from Zingg (1951):
• Production of an air stream free of swirl possessing known and steady flow

characteristics
• Generation of variable wind speeds that are comparable to a natural wind
• Durability
• Safety
• Sufficient size to ensure representative sampling of eroding material over

field surfaces
• Possesses true portability from plot to plot within a field
• Easy assemblage and dismantling 

Of these, flow characteristics, projected design performance, size and
weight factors were deemed the most important criteria to be considered with-
in budget constraints.

Aerodynamic criteria

Flow characteristics developed in a wind tunnel dictate how representative
transport of eroded soil particles agree with natural processes. Therefore, a ba-
sic understanding of the fundamentals of particle transport is necessary. Parti-
cles move as a function of the interaction between stationary grains and the
passing air flow. These interactions lead to three modes of particle transport,
creep, saltation and suspension (Bagnold, 1941; Greely and Iverson, 1985). For
a dry, unconsolidated surface, initial particle motion is achieved when wind
forces become instantly greater than adhesive forces that attach the particle to
the surface. A small number of grains are ejected into the airstream at a veloc-
ity and angle which are dependent on particle size and wind speed (Ciccone,
1988; Reeks et al., 1988). Once airborne, these particles follow long, high en-
ergy (ballistic) trajectories back to the surface. Upon impact of the saltating par-
ticle, additional particles are ejected from the surface through a process de-
scribed as a ‘splash function’ (Unger and Haff, 1987). Each splashed particle
generally follows a short, low energy trajectory, termed ‘reptation. This process
continues to cascade until the carrying capacity of the wind is achieved (An-
derson, 1987). Both the long and short trajectory particles are moving in salta-
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tion which accounts for approximately 75% of all eolian (wind blown) trans-
port (Bagnold, 1941). Saltation is most pronounced for particles between 0.1
and 1.0 mm in size. For particles >1.0 mm in size, the wind force is not suffi-
cient to pick them up and instead they are pushed and rolled along the sur-
face by both the wind and impacting grains. These particles are moving by
creep which accounts for <25 % of all transport. Particles whose diameter is
small enough (<0.1 mm) to respond to the turbulent fluctuations in the
airstream are moving in suspension. All three transport modes operate simulta-
neously given the particle size distribution of the sediment is inclusive of grains
in each mode. Most soils are of this type whereas dune sands may be missing
the finest particles.

Successful modeling of these transport processes depends upon the wind-
generated air flow correctly representing the natural wind. This can be
achieved by placing design focus on the following aerodynamic criteria as out-
lined by White and Mounla (1991), Raupach and Leys (1990) and Owen and
Gillette (1985):

• The generated logarithmic velocity profile close to the surface should be
characteristic of the natural atmosphere. This ensures realistic aerody-
namic forces act on saltating grains and thus, the entire transport process. 

• The stream-normal turbulence intensity in the lower boundary layer must
be realistic to ensure vertical turbulent dispersion of suspended material
is properly modeled. 

• The flow must be spatially uniform.
• Turbulence structure, e.g., large-scale eddies, characteristic of atmo-

spheric flow (wind gusts) should be preserved in the tunnel as an initia-
tor of particle motion.

• Shear velocity profiles must meet aerodynamic constraints for velocity
and saltation profiles to reach equilibrium conditions and assure the flow
is unaffected by boundary conditions.  

• For natural saltation processes to be reproduced in the tunnel, capability
to introduce particles at the leading edge of the working section should
be incorporated in the design.
The first five of these criteria cannot be assessed until the end of the con-

struction phase. However, they are purely aerodynamic in nature and thus, are
highly dependent upon tunnel design. Raupach and Leys (1990) state that these
aerodynamic conditions are all satisfied if a well-developed equilibrium bound-
ary layer exists near the ground over a uniformly eroding area and is suffi-
ciently deep to contain all particle motion in the logarithmic layer. Therefore,
the design Teams focused on theoretical design factors and subsequent analyt-
ical evaluations to ensure the development of a uniform flow. Most of these 5
criterion are met by construction of a uniform working section that has no re-
gions of flow separation and having sufficient length for fully turbulent flow to
develop.

The last criterion is physical and effects aspects of particle transport on the
field surface being tested. As such, it was not critically analyzed during the de-
sign phase. A literature search of past research involving field wind tunnels
showed that only a few tunnels (Pietersma et al., 1996; Raupach & Leys, 1990)
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included particle feed mechanisms in their experiments. We concluded that un-
less identical comparisons were to be made with actual transport processes,
particle feed would not be a necessity.

Physical wind tunnel design

Based on the above aerodynamic and design criteria, each Team submit-
ted a full design and engineering analysis for a portable wind tunnel (Fig. 1 &
2) complete with engineering plates of joints, hinges, fan selection data and
cost estimates. Evaluation of the engineering and a comprehensive design anal-
ysis were conducted by the author and the degree that each design meet with
the specified criteria were noted. Discussions with the design Teams consider-
ing construction materials, functionality, aerodynamics, portability in the field
and intended use led to the selection of the blowing tunnel for the construc-
tional phase.

A major concern in the design was the field weight, specifically, the tun-
nel should be able to be handled easily by one person. As such, we selected
1.25 cm thick aluminum-honeycomb fiberglass composite panels as the con-
struction materials. This material fulfilled the weight requirements plus had the
additional feature of being water-proof. Total finished weight of the tunnel was
<50 kg (less the fan and generator) and was built in six sections each weigh-
ing <10 kg. During construction of each section, the individual pieces were
joined together using small angle brackets and the entire joint was fiberglassed. 

Major tunnel components were, in order from the upwind side: infuser,
fan, diffuser and flow conditioning, contraction, working section and diffuser.
The working section was 0.5 m wide, 0.5 m high and 4.5 m long. Power was
provided by a 6.5 kW Honda gas generator connected to a 0.62 m diameter ax-
ivane fan driven using a 5.0 Hp industrial duty electric motor. Precise velocity
control was possible using a power inverter between the generator and the
electric motor that allowed discrete increases of current to the motor. Using this
power system, velocities in the working section could be varied from ~0.5 to
>22 ms-1. 

All tunnel components were stored on a 1.5 x 3.0 m trailer equipped with
a small 1.0 m crane. In field use, the generator remained on the trailer and the
crane was used to lift and rotate the fan section into place on the field surface.
The working section was separated into three sub-sections each 1.5 m long and
were carried from the trailer and connected in place on the field. Sections were
connected using an external frame and latch system designed specifically for
this tunnel. 

The tunnel has a common base which extends the entire length from in-
fuser to diffuser. The upper surface includes a 2:1 expansion from the fan to
the flow conditioning section and a 4:1 contraction back down to the working
section. The diffuser has a 1.5:1 expansion at the tunnel exit. All flow paths
were designed to be smooth and gradual over the necessary distance required
to avoid flow separation. The first 0.25 m of the working section was equipped
with a floor prior to the flow encountering the soil surface. Length of the tun-
nel from the upwind edge of the infuser to the downwind edge of the diffus-
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er was 10.0 m.
Moving the tunnel in the field consisted of unlatching the working sub-sec-

tions from the fan, lifting it with the crane and driving forward to the next test
plot. Assembly of the entire tunnel can be achieved by a single person in <30
minutes and re-assembly after a move in the field can be made in ~15 minutes.

Aerodynamic design

Aerodynamic design was a multi-step process which continued throughout
the entire design phase. The initial step of the process involved calculating a
wind tunnel system pressure curve for design dimensions and components uti-
lizing the expected pressure losses in the wind tunnel as a function of airflow
volume as defined using ASHRAE air duct design methodology (ASHRAE,
1981). This method consisted of calculating the flow resistance caused by the
wind tunnel components (flow manipulators) and was utilized to place such
components within the flow. 

The second part involved designing a flow that would generate and sus-
tain a uniform mean velocity profile with low turbulence levels (Raupach and
Leys, 1990; Zingg, 1951). This was achieved by 1) providing smooth transitions
to avoid flow separation and 2) passing the air through strategically positioned
flow manipulators. Specific equipment used was, from the upwind direction,
an infuser, guiding vanes on the fan, a perforated plate and a honeycomb.
Spacing between all flow manipulators was calculated to allow for turbulence
decay prior to passing through the next device.

At the upwind edge of the tunnel, smooth transition of incoming air was
achieved using an  infuser having a 1.5:1 contraction over a 1.5 m length. Flow
diffusion occurred continuously for 0.5 m downstream of the fan blades prior
to encountering the perforated plate that was located at the upwind edge of
the flow manipulator section. The plate served two functions: 1) it effectively
reduced the mean size of turbulent eddies and 2) it reduced turbulent fluctua-
tions in the stream-wise velocity component (Mehta, 1977; Wigeland et al.,
1977). 

At the downstream end of the flow manipulation section, the flow was
passed through a honeycomb which consisted of 6.35 mm diameter and 50.0
mm long plastic straws that were packed and glued together. Spacing between
the plate and the honeycomb was 0.75 m which provided space for the flow
to stabilize prior to entering the honeycomb. Honeycomb has been shown to
be an excellent device to remove lateral mean velocity variations and reduce
the scale of turbulence to a uniformly low level (Loehrke and Nagib, 1976;
Scheiman and Brooks, 1981). Thus, as the airflow exited this section, it was es-
sentially turbulence free.

The airflow then passed through a 4:1 contraction reducing to the 0.25 m2

flow area of the working section. Thus, a high velocity laminar flow was effi-
ciently delivered to the start of the working section where turbulence was re-
built into the flow using a trip and a roughened floor. A canvas flap attached
to the bottom edge of the working section was sealed with soil to prevent air
escaping under the tunnel bottom.
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VELOCITY AND DATA MEASUREMENT

Significant classroom time was spent on the characteristics of wind and tur-
bulent boundary layers generated inside wind tunnels. Using literature and ex-
perience, we chose to measure velocity using four Pitot pressure tubes that
were placed 0.5 m inside the downstream edge of the working section com-
pletely within the boundary layer. Each pressure tube was sensed by a dedi-
cated pressure transmitter that was read, in turn, by a digital flow meter. A
switch box was used to step through each tube in sequence. The flow meter
was connected to a laptop PC and the data were acquired to the hard drive. 

Several designs were submitted for construction of a particle sampler.
However, time was a factor and this was not able to be completed as part of
the overall project. Work has been initiated to construct a small, passive sedi-
ment sampling system. Concentration of fine dust particles are measured and
collected using two TSI DustTrak aerosol monitors. These instruments are
laser-based and measure the flight time of aerosol particles through a light
beam and calculate concentration on a continual basis. Quartz fiber filters col-
lect the particles that can subsequently be analyzed. 

CONCLUSIONS

A portable field wind tunnel has been designed and constructed by senior
Geological Engineering students at the South Dakota School of Mines & Tech-
nology, Rapid City, SD. The project offered these students first-hand experi-
ence in initiating a project, conducting research, performing engineering anal-
ysis and design and ultimately, seeing the design come to life through its con-
struction. 

The tunnel has an over all length of 10.0 m with a 4.5 m long work-
ing section. The implementation of a unique current control system enables
flow velocities ranging from <0.5 to >22 ms-1 to be achieved within the work-
ing section. Simultaneous collection of eroded soil particles as well as emitted
dust provide the means to characterize and compare erosion losses and dust
emissions from wide varieties of soil and surface conditions on the Northern
Great Plains.
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