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1. Introduction

Wind tunnels for investigating the effect of wind on sand and soil movement have been constructed
by many groups since Brigadier R.A. Bagnold build one of the first wind tunnels for investigating the
threshold of motion of sand (Bagnold 1941). Initiated by the serious soil erosion in the American
Midwest during the 1930’s another wind tunnel facility was set up later in the decade at Kansas
State University at the USDA-ARS Wind Erosion Research Unit for soil erosion research. A wind
tunnel for studying particle motion under fluid densities as on the planet Mars was as the first of its
kind build at the NASA Ames Research Centre, California in the mid 1970’s under guidance of Dr.
Ronald Greeley (Greeley et al. 1981). The wind tunnel laboratory at Aarhus University was started
in the 1970’s and have to day two sand transport wind tunnels and two low pressure wind tunnels
for studying sand and dust transport under Martian conditions. This chapter will deal with
descriptions of the materials used in wind tunnel experiments and research lay-outs for the wind
tunnels at the Aarhus University wind tunnel laboratory.

2. Sand and dust size materials in wind tunnel experiments

2.1 Particle size classification

Over time a number of slightly different scales have been used in dividing of loose
sediments or soils in particle size fractions (Krumbein and Pettijohn 1938, Pettijohn 1957,
Scheffer & Schachtschabel 1998). In European context the logarithmic ¢@-scale which is the
same as 2n or V2 are widely used and refer to sieve openings in millimetres. Here the limit
between gravel and sand is set to 2mm, the limit between sand and silt to 0.063 mm and the
limit between silt and clay to 0.002 mm. In USA these limits are slightly different and set up
by the US Bureau of Soils. In this scale the gravel/sand limit is also 2 mm. The sand/silt
limit 0.050 mm and the silt/clay limit 0.002 mm (Klute 1986, Ulery & Drees 2008).

In the field of Aeolian transport there are clear physical definitions for the descriptive terms
of dust and sand. Dust grains are referred to as those which can be suspended by the
atmosphere (i.e. turbulence within the flow is comparable to that of the gravitational settling
velocity). Sand grains refer to particulates which can be entrained from a surface by the
wind flow, but cannot be suspended. They therefore perform saltation, with repeated
entrainment events and ballistic return to the surface. These definitions are physically
meaningful in a particular wind flow environment, however they vary depending on the
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52 Wind Tunnels and Experimental Fluid Dynamics Research

properties of the particulates and the flow conditions and generally do not correspond to
well-defined size categories. On Earth, in a typical natural environment, dust grains are
typically less than 10um as they are on Mars.

2.2 Particle size concept

Particles used in wind tunnel experiments are normally single grain particles if they are
of sand size. But will often aggregate during transport if they are of silt and clay size. If
the particles were all spheres, no special difficulty would arise in defining and
determining their size. The diameter would be a well defined parameter. However,
natural particles are of irregular shape, and generally more irregular the smaller the
particles are.

Measurements of the particle diameters are commonly made though the irregular shape
causes difficulties. A particle could be regarded as a matchbox 50x35x15 mm or a triaxial
ellipsoid and it is obvious that the 3-dimensional form is not easily described by one
unique number. The term diameter varies widely in meaning with respect to the way in
which it is measured. All methods of measurements end up with regarding the particles
as spheres, or that the measurements made can be expressed as diameter of equivalent
spheres. However, as sand, silt and clay particles from nature are not spheres the reported
sizes are incorrect or inaccurate. In the laboratory we have different methods of
measuring particle sizes.

Sieves are commonly used to separate and measure particles of loose single grain
materials. But sieves do not measure size alone. Long cigar shaped particles may pass a
sieve and be weighed with particles of a smaller volume but a more regular shape. Thus
sieves classify particles on the basis of their smallest cross section. The holes in sieves
have a certain size distribution and laboratory experiments show that the longer sieving
times the bigger particles get through the sieves (pers. com. Dalsgaard, K.). They find the
bigger holes.

Sedimentation after Stoke’s law is another way of sorting particles. This is a classic statement
of settling velocity of spherical particles. Under standard conditions, constant temperature, a
given fluid, and a known specific gravity of the spheres v = Cr2, where v is the velocity in
cm pr. second, r is the radius of the sphere in cm, and C is a constant equal to (2/9) (di- d»)
g/n. di and dy are the densities of the sphere and the fluid, respectively, g is gravity
acceleration, and 1 is the viscosity. Stokes law has been shown to hold for particles of silt
size and smaller down to where Brownian movement influences the settling velocities.
Sedimentation of the silt and clay size fractions for particle size determination is often done
in sedimentation cylinders (Andreasen pipettes). However, if we look at particles collected
in dunes of wind blown sand we can see that the equivalent diameter is a debatable
expression. Figure 1, 2, 3 and 4 are from dune sand samples (Nornberg 2002). An assumed
density of 2.65 g/cm (quartz) is often used for natural particles, but talking about a nominal
diameter as we do in Stokes law can be far away from realities, and when it comes to
sedimentation in media that do not have a homogenous density like planet atmospheres this
have to be taken into account.

In wind tunnel experiments glass spheres can be used to overcome problems with irregular
particle shape. If we look at a single sand grain like Figure 5 it is obvious that there are a
number of different answers to giving the size.
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Fig. 1. Sand fraction 250-125 pm Fig. 2. Silt 63-20 pm

Fig. 3. Silt 20-2 pm Fig. 4. Clay <2 pm
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Fig. 5. A 100 um sand grain.

It could be 1) a sphere of the same maximum length, 2) a sphere with the same minimum
length, 3) a sphere with the same weight, 4) a sphere with the same sedimentation rate, 5) a
sphere passing the same sieve aperture, 6) a sphere with the same surface area, or 7) a
sphere with the same volume.

This also tells us that particle size standards for e.g. sand grains are defined by the technique
used for the determination. Sieves are often used to split up sand fractions and
sedimentation used for silt and clay size fractionation. This is however, two very different
techniques if used for particle size distribution measurements, and it is often difficult to
inter calibrate the two methods. An alternative method widely used in industry production
and research laboratories is the laser diffraction method. This method is based on Low
Angle Laser Light Scattering (LALLS).

A laser source of coherent light like a He-Ne gas laser with a wavelength of 633 nm is the
most commonly used in laser diffraction (LD) instruments. A parallel beam of light is
sent through a cuvette with suspended particles, either in water or air and a Fourier
Transform Lens focuses the light scattered by the particles on a ring formed multi
element detector. The advantage of using this method is that the whole particle range
from <2 pm to > 3.5 mm can be measured by the same technique. The laser diffraction
system generates a volume distribution of the sample which is directly equal to the
weight distribution if the density is constant. The volume is calculated to an equivalent
sphere with a certain diameter. Data determined by LD is not directly comparable with
sieving or pipette methods. However, the LD method based on volume is a valid,
reproducible method that is very little time consuming (Eshel et al. 2004 and Beuselinck
et al. 1998).
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Examples on sand size materials used in the terrestrial wind tunnels, and silt size (dust)
used in experiments in the low pressure Mars wind tunnels is seen in Table 1 (all LD
determinations).

500- | 250- | 125- | 63- | 32-
Sample >5£10 250 | 125 | 63 | 32 | 16 16:13 8;41 4;21 ii
M wm | pm | pm | pm | pm | M M p p
%
Sand
(125um) 152 | 8036 | 1524 | 0.78 2.10
Sand
(242,m) 099 | 7449 | 2296 | 1.08 | 0.40 0.08
Glass balls
200300 um | 277 | 6453 | 3116 | 142 | 008 0.04
JSC-1 486 | 3659 | 25.89 | 14.02 | 7.66 | 420 | 272 | 1.99 | 2.07
Salten Skov 025 | 595 | 914 | 810 | 1037 | 1413 | 20.92 | 31.14
I <63 um
Clay (WB) 074 | 346 | 536 | 584 | 863 | 21.43 | 2545 | 29.10

Table 1. Particle size data for wind tunnel materials

2.3 Mineralogy and chemistry of sand and dust
The sand material for experiments in the terrestrial wind tunnels is quartz sand from

Miocene deposits. It contains traces of mica, but >99% of the sand is quartz. This material
resembles dune sand in Denmark which has also very high quartz content.

The dust materials used in wind tunnel experiments under Mars conditions are chosen for
mechanical physical properties reasons like particle size, magnetic properties, colour.
These are properties which can be close to Mars dust conditions, while the chemistry is in
most cases different from the chemical properties of the Martian dust. As seen in table 2
the chemical composition of JSC-1 described by Morris et al. (2001) and Moroz et al.
(2009) and Salten Skov I (Nernberg et al. 2004, Nornberg et al. 2009) are very different,
and as we have at present no quantitative chemical analyses of the dust on Mars the
samples can not be compared with Mars samples. A number of other Mars analogue dust
samples used World wide in experiments are described by Marlow et al. (2008). The
magnetic properties of the atmospheric dust on Mars is estimated to have a saturation
magnetization Js of 2.5 Am2/kg (Morris et al. 2001), which is not far from the Js of dust
captured by Morris at al. (2001) on the Mauna Kea volcano, Hawaii which was 2.5+1.5
Am?/kg. This is significantly lower than Js of the Salten Skov I, that is 3.9 (1) Am2/kg
(Nornberg et al. 2009).
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SiO, |TiO; [Al,O3|Fe2Os; [MnO [MgO |CaO |NaO [K;O |P,Os Xlzl:' Sum

%

JsC-1 |37.73 |3.43 |21.06 |15.28 |0.25 |3.01 [5.20 |1.97 (049 |0.76 (10.73 |99.91

SS-1

16.10 |0.29 320 [61.92 |1.66 |0.16 |0.20 [0.19 |(0.52 |(0.47 (14.43 |99.14
<63 um

Table 2. Examples on chemical composition of silt size dust material

3. The one bar sand transport wind tunnels

3.1 The boundary layer wind tunnels

Before dealing with flow in aeolian wind tunnels it is expedient to introduce a few concepts
and assumptions. Thus while the velocity field of flows in Nature is 3-dimensional (3-D) it is
often simpler and described using a 2-D approximation in the wind tunnel. Thus for a wind
tunnel with a rectangular test section, we may assume a 2-D flow having average horizontal
velocity component u parallel to the tunnel (x-)axis and average velocity component w in
the vertical (z-)direction. The corresponding fluctuating velocity components are u” and w’.
The boundary layer flow in the region immediately above the bed has shear stress t defined
as

1= —pu'w’ = pu?

where u- is the friction speed. The boundary layer has a logarithmic wind profile with u(z)
given by

Uy Z
u(z) = ?lnz

with x being the von Karman’s constant (0.4) and zo the aerodynamic roughness length. The
friction speed at which grains can be dislodged from the bed under fluid force is the
threshold friction speed (u«) while the equilibrium velocity of a particle settling through a
fluid under gravity is the terminal speed (ur). Both u« and ur are functions of particle
diameter (see e.g. Greeley and Iversen, 1987), and particle transport will take place if
u, > u,¢. Suspension will dominate for particles having ur < u, while bedload (saltation or
creep) will be the dominant transport mode if up > u, (Bagnold, 1941).

A boundary layer wind tunnel designed for testing the physics of the windborne
transport of sand and dust is often referred to as an aeolian wind tunnel. Horizontal
aeolian wind tunnels such as the primary wind tunnel at Aarhus University (figure 6)
have been widely used to study in the laboratory processes related to sand drifting in the
terrestrial as well as in planetary environments. A variety of issues have been studied
such as the threshold for initiation of movement (Bagnold, 1941; Chepil, 1959; Iversen and
Rasmussen, 1994), effects of grain impact and inter-particle forces (Iversen et al, 1976;
Iversen et al, 1987) and the interaction between wind flow and sand transport rate
(Bagnold, 1941; Williams, 1964; Owen, 1964; Rasmussen and Mikkelsen, 1991; Iversen and
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Rasmussen, 1999). In nature, much sand transport (on sand dunes for example) takes
place on sloping surfaces, but relatively few laboratory studies have been made in order
to study the effects of slope. Therefore a second wind tunnel of variable slope was built at
the Aarhus University (figure 7) and this has been used to investigate threshold and mass
transport characteristics for sands of different grain sizes.

Both wind tunnels at Aarhus University are primarily made of wood. The horizontal aeolian
wind tunnel (HW) is a 15 m long open circuit, suction type tunnel and the test section is 0.60
m wide and 0.90 m high. A small bell-mouth, with a screen attach to it, is placed at the inlet
in order to reduce the effect from low frequency fluctuations distorting the natural
turbulence characteristics of the internal boundary-layer. A sand feed mechanism follows
one meter downwind of the inlet to maintain a constant transport rate downwind under the
influence of a pre-designed boundary layer. Sand transported in the HW is trapped in a
sand collector in the downwind end of the tunnel, just in front of the fan and motor. The
working area is the section from 10-13 m downstream of the entry. The side panels of the
tunnel body consists of a set of gates (windows) that can swing up thus permitting access to
the interior. Another set of gates in the ceiling of the tunnel above the working section offer
an alternative access to the working section. The latter set of gates is primarily used to install
instruments which must be operated partly from the outside or connected to an external
power supply or recording system.
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Fig. 6. The horizontal wind tunnel with main sections indicated: 1 - entry with screen (S)
and bell mouth (B); 2 - boundary layer modification with turbulence spires (T), roughness
array (R) and sand feed (F); 3 - working section with laser Doppler (LD) and Pitot-static
tube (P); 4 - expansion box (sand collector) with screens (S); 5 - fan (F) and exhaust.

The variable slope wind tunnel (VSW) is attached to the primary wind tunnel via a tower at
the sand collector. A pair of shutters can open or close either of the tunnels permitting that
the sand collector and the motor-fan units are utilized for both tunnels. The cross section of
the VSW is smaller than that of the HW - only 0.35 m by 0.50 m. The length of the VSW is
only 6 meters which for the + 25° variation of slope (upslope and downslope) uses the full
height of the laboratory. The front of the tower is covered with gates which, when moved
one by one from below to above the tunnel (or vise versa), permits the slope of the tunnel to
be varied in 5° bins. A small bell-mount is placed at the inlet as in the primary tunnel. The
side panels of the tunnel is made of glass panes which cannot be opened. Access to the
interior of the tunnel is limited to gates placed almost continuously in the tunnel ceiling
between the entry and the tower. The working area is from 2 m to 5.5 m downstream of the
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entry. The VSW has a sand feed similar to that of the HW and sand is trapped in the
common sand collector except during downslope experiments where most of the sand is
trapped in a box at the bottom of the tower rather than in the sand collector.

Sloping
Wind Tunnel
Exit Tower s
| Sand rofile
Modifier Extrance
Cale / Eivol : Fan Contractiion

Collector

N[ SOAC /
=\ H

) SR \
\ \/\ // : \ \\ Roughness Array
L i VT ST B /Y’ S iy Ty e il

Sloping A-Frame
Tunnel Support
Test

Section

Fig. 7. Schematic diagram showing the sloping wind tunnel. The exit tower permits the
slope of the tunnel to be varied in 5" increments from - 25" to +25". The tunnel is suspended
in the A-frame with a pivot point at the center of symmetry. It is balanced by adjusting a
counterweight with respect to its distance from the pivot point.

3.2 Boundary layer modification in the tunnels

When sand is introduced from the sand feed, it carries the momentum that is necessary for
the chain reaction of saltating grains to create an equilibrium sand transport rate. However,
both the horizontal and the sloping tunnel are too short and too shallow to allow the
development of a natural boundary layer which is sufficiently deep and has turbulence
characteristics equivalent to those above a sand surface in Nature. While the turbulent
spectrum in a wind tunnel can never fully simulate that of the atmospheric boundary layer
the average wind profile and the high frequency part of the spectrum can be artificially
“designed” so that it makes a reasonable analogy to atmospheric surface layer flow.
Therefore immediately downwind of the entry we aim to construct a wind flow which will
be in fair equilibrium with the saltation boundary that develops downstream of the sand
feed (figure 6 and 7).

Observations made in a previous, smaller wind tunnel indicated that for a high friction
speed (u* = 1 m/s) the aerodynamic roughness zo will increase by a factor of thousand as
compared to the quiescent surface. For windblown quartz sand Rasmussen et al (1996) find
that zo typically falls in the range 4x10-5 to 1.1x10® m when friction speed ranges between
0.2 m/s to 0.75 m/s. No single static roughness can therefore represent this enormous range
in dynamic sand roughness. It has thus been considered necessary to create, with turbulence
spires and roughness blocks, a boundary layer which for some selected friction speeds
matches the dynamic saltation layer roughness and required boundary layer in the test
sections of the two wind tunnels. We have selected nominal values of the friction speeds
u-=0.2, 0.3, 0.4, 0.6 and 0.7 m/s u~ at which all experiments must be conducted, and in the
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next section we shall explain how spires and roughness blocks are used to control the state
of the boundary layer.

Spires and roughness blocks

A thick boundary layer which assures dynamic similitude with natural surfaces of drifting
sand and which permits measurements of the velocity profile is created with triangular
turbulence spires which are inserted in the flow immediately after the bell-mouth. In our
test section of height Ho, the shape of the log-linear wind profile is determined at the entry
by the spire geometry i.e. spire height H, base width b and spacing L;. We have aimed for a
boundary layer thickness & = 10 cm at approximately 1 m downwind of the entry and the
single steps in the design follows the procedure summarized by Irwin (1981). A spire design
corresponding to u- = 0.40 m/s is shown in fig. 8.

On the first 2.4 m of the test section between the spires and the fully developed saltation
layer we control the boundary layer by an array of cubic roughness blocks, of block size h
and spacing D. Somewhat subjectively we have preferred to base the roughness arrays on 3-
dimensional roughness elements (Wooding, 1973) rather than 2-dimensional elements
suggested by e.g. Gartshore, 1973).

Raupach et al. (1991) have proposed that for sparse roughness arrays

zo/h =% 1)

where A is aspect ratio (frontal area/areal block density). They find that zo/ h | max = 0.1.
Rather than using one block size for the entire set of nominal roughness values we use cubes
with sizes of 10, 15, 20 and 25 mm placed in a cubic geometry and then control the particular
roughness value by the A-value. An array design corresponding to u- = 0.40 m/s is shown in
figure 8. One could point out, that Irwin's method gives higher values of the exponent n in
the power law profile which is fitted to the boundary layer profile than suggested for
example by Counihan (1975) but this is of minor importance because of the long working
section.

Fig. 8. Turbulence spires and roughness array for a nominal friction speed of 0.4 m/s.
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Fig. 9. The sand feed system.

3.3 Sand feed

In order to avoid depletion of sand from the upstream part of the bed sand must be supplied
continuously during experiments. When the airflow is above the threshold of movement
saltation is initiated through the collisional chain reaction governed by the splash function
(Anderson and Haff, 1991). However, when the fetch is short, such as in a wind tunnel it is
imperative that an external source initially supplies momentum to the saltation cloud in order
to start the saltation process almost momentarily from nil to its fully saturated value. Although
the range of particle size in wind-blown sands is usually narrow it also appears that the sand
feed is necessary to stimulate transport until the friction velocity is above its threshold value for
almost the entire grain population (Rasmussen and Mikkelsen, 1991). Otherwise the coarser
grains in the sample will slowly armour the bed and reduce or even stop saltation transport.
The sand feed used for the VSW is only 350 mm wide while for the HW it is 600 mm (figure
9). However, the cross section of the two sand feeds is the same. Sand is stored in the upper
funnel from where it drops into the grooves of a rotating drum which then carries the sand
to the lower funnel. The lower funnel is divided into five chambers from where the sand
slides into a 10 mm steel tube and then into the wind tunnel (visible above the roughness
array on Fig. 8). Depending on the wind flow (friction speed) in the tunnel the tubes stop at
0.4 m above the wind tunnel floor (us < 0.5 m/s), at 0.2 m (0.5 < u+ <0.75 m/s) or at 0.1 m
above the wind tunnel floor (0.75 m/s < u+). Thus for the higher friction speeds it is
necessary to release the particles shortly above the bed in order to prevent them from being
caught by the air flow and impacting with the bed at some distance within the working
section where they will create a local scouring of the bed.

The speed of rotation of the drum is controlled with a potentiometer which allows the
amount of sand being released from the sand feed to match fairly well the amount of sand
leaving the tunnel in the downwind end. A calibration curve for the transport capacity as
function of potentiometer setting is based on many experiments with quartz sand of
different grain size distributions.
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3.4 Sediment capture

The sand arriving to the sand collector at the downwind end of the tunnel is exposed to a
sudden drop in wind speed because the cross sectional area expands by a factor of almost 10
when the wind flows from the tunnel into the centre part of the sand collector. One screen
(S) halfway into the expansion (figure 6) results in some divergence of the flow from its jet-
like behaviour when exiting the tunnel. The screen has a 50 % porosity and 100 micron holes
so it catches most airborne grains. Because of the drop in speed between the exit and the
screen grains then fall to the sloping part of the floor in the first part of the sand collector.
Here a 5 mm gap between the screen and the wall allows the particles to slide down to
bottom of the wall. Despite the overall drop in average speed in the collector, at high speed
in the tunnel some of the finer grains in the collector are occasionally picked up from the
floor by forceful eddies and swept around. Eventually they are caught by the screen with 50
micron openings which is placed halfway into the downwind exit of the sand collector.
After an experiment both screens must be cleaned for particles which can then be brushed
up from the floor.

3.5 Traps

Sediment transport rate in the tunnels is estimated in two different ways. The simple way to
do it is to collect the total amount of sand arriving to the sand collector during an
experiment and then estimate the average flux (¢sc) of sand by normalizing it with the
duration of the experiment and the width of the tunnel. A thin boundary layer of the order
of 5 cm is present along each side of the tunnel. Here the transport rate is lower than that
(dix) measured along the centre line of the tunnel using an isokinetic trap (Rasmussen and
Mikkelsen, 1991). However, a comparison of flux values measured in the two different ways
show that independent of wind speed the ratio between the two quantities is fairly constant
at O /(])sc =1.16.

An isokinetic trap, i.e. a trap through which air is flowing at the same speed as that of the
surrounding air, is a more precise method for measuring the transport rate. The one that has
been used for many years in the Aarhus wind tunnels has six 80 mm long compartments.
Each compartment is made from brass tubes with a rectangular cross section. All
compartments are 8 mm wide; the lower two are 4.5 mm high, while the other four are all
9.5 mm high (Fig. 10a). Each tube is sharpened at the leading edge so that the aperture
facing the flow has a well-defined cross-section. Air is sucked through each tube at
approximately the same speed as that of the undisturbed air flow upwind of the trap. The
apertures are positioned at 60 mm upwind of the location where the tubes go through the
bottom of the tunnel, thereby reducing the obstruction to the wind, even when the lowest
tube is close to, or at, the sand surface. Because the lowest tube can be placed directly at bed
level, particle creep is included in the transport rate measurements. The trap is adjusted
carefully during experiments so that the bottom of the lowest compartment is always kept at
the same elevation as the local sand surface. The vertical position of the sample tubes can be
adjusted individually. Air drawn through the tubes goes through a container where the
sand grains are trapped. The air exits by a nozzle valve with which we can adjust the flow
rate through each tube to an accuracy of about 10% in the range 1.3-10 m s-1. The sample
containers are weighed after each experiment (+10 mg), and then cleaned with compressed
air.
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Fig. 10. a) Schematic view of the isokinetic trap with the suction flow control and six sample
tubes; b) Flux-density profile measured with the isokinetic trap at a friction speed u- = 0.49
ms1.

3.6 Air and grain velocity

In an aeolian wind tunnel the purpose of measuring speed is twofold requiring that the
velocity of the air as well as the velocity of the particles is recorded. The bombardment of
the sensor with saltating grains requires that only rather robust sensors can be used. Yet at
the same time they must be small and very sensitive so that precise measurements at precise
elevations can be made within the shallow wind tunnel boundary layer. A velocity sensor is
usually fixed in space and therefore it will only record the instantaneous and local velocity
of saltating grains. Information about the displacement of grains during the saltation
process has also been attempted and will briefly be discussed, too.

For air speed we have mostly used a pitot static tube, but occasionally a robust hot wire has
been used, too. A small diameter pitot-static tube (3/16" diameter) connected to a precision
barometer is used to measure detailed wind profiles. The instrument measures the pressure
difference between the dynamic and static pressures at a given location. Readings are
typically taken at a frequency of 2-50 Hz depending on the duration and purpose of the
experiment and then converted to instantaneous wind speed. The precise manometer
readings combined with the high precision of the elevation at which the orifice of the pitot-
static tube can be set, allows us to record quite detailed and precise wind speed profiles
(figure 11). However, the pitot-static tube is sensitive to direction of the flow and it is mostly
used in simple one- or two-dimensional flows which are parallel to the centerline of the
wind tunnel.

A robust, omnidirectional steel clad hot wire (Dantec 55A76) connected to a constant
temperature anemometer system (Dantec 55K01/) has occasionally been used to measure
wind speed in the tunnel when flow conditions are complex so that the wind vector is not
parallel to the axis of the wind tunnel. For any two-dimensional flow this sensor only needs
to be placed with its support parallel to the invariant flow direction then it will always
measure the local or instantaneous wind vector. Besides for wind tunnel studies with
complex flows this also makes it a useful sensor for field studies.

Grain speed is measured using a one-dimensional laser-Doppler instrument with a flow
velocity analyser (LDA, FVA, Dantec Floware). Mostly we use optics with a 400 mm focal
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length which allows measurements to be made from the outside with the beam pointing
through the glass panes perpendicular to the direction of the flow. The beam height is 200
pum so it is possible to set precisely the height of the measurements. In the direction
perpendicular to the flow the crossing between the two beams is just over 4 mm so the
transverse position of the beam is much less well-defined. Irregularities of the bed and the
increasing number of grains makes it difficult to come quite close to the bed and the
movement of the ripples continuously changes the local elevation of the bed and therefore it
is difficult in practise to acquire good quality data much closer to the bed than 2-4 mm
(Rasmussen & Sgrensen, 2008). Two examples of grain velocity profiles recorded with the
LDA-equipment are shown in fig. 11.

- u=0.27 m/s - u=0.47 m/s
_ N Y
100 — - 100 5 *a
— ] — — & A
E E & A E : L'y A
: - ¢ A : 10 — * A
— = - *
D 10 — ¢ A D 7
@ 3 @ ]
I 3 + I 1
1 l | T T T | T T T | l | T T 1 | T 171 |
0 5 10 0 5 10
Grain/air speed (m/s) Grain speed (m/s)

Fig. 11. Wind speed (blue triangles) measured in the horizontal wind tunnel above saltating
320 pm quartz sand (red diamonds) at two different friction speeds (ux).

Finally we shall mention a few examples of techniques that have been applied to follow and
measure the displacement of grains during active saltation. In the sand population approach
one studies the transport characteristics of a whole population of sand grains. This may be
done by dyeing samples (e.g. using Coomassie Brilliant Blue) of the grains and investigating
how these are distributed by the wind along the wind-tunnel, the bottom of the wind-tunnel
being covered in advance with a sand bed. The alternative individual approach to the
question of the celerity of the grains consists in observation of the movement of single
grains, which can be done, e.g. by labeling grains with radioactive gold. The element gold is
an obvious choice for the following reasons: it has a very high neutron activation cross
section and the radioactive product, 1Au, has a suitable half-life (2.7 days) and emits
gamma-rays of a convenient energy (412 keV). However, the adhesion of gold to quartz is
poor, but this problem can be solved by covering the quartz with a thin chromium layer
first. Then the gold will stick so well that it is almost impossible to rub it off. So first we have
coated sand grains with a layer of chromium metal, 10nm thick, by evaporation in high
vacuum. Then a layer of gold metal, 250 nm thick, is evaporated onto the grains. These
layers are so thin that the coating will result in an insignificant change of mass, typically 1-
2% of the total mass of the grain. The position of two radioactive grain marked as described
above was determined by means of a portable scintillation detector (for more information
see Barndorff-Nielsen et al, 1985). During both wind tunnel experiments the bed of the
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tunnel was covered with a 1.5 cm thick layer of sand. The wind speed was between 7.0 and
7.5 ms1 in the center of the tunnel. In each run a single radioactive grain was placed 8.0-8.5
m from the intake of the tunnel and followed during its movement. The recorded
movements of two of the marked grains from the pilot experiment are shown in figure 12.
Time in minutes is indicated on the abscissa, while the ordinate gives the distance travelled,
in m. The experiment clearly shows that a sand grain is buried rather often while a ripple
passes over it. However, the grain is not in constant motion while it is not buried. It is at rest
on the surface for a period; then it is launched - either directly by the wind or by another
grain that hits it - and makes a jump or a number of jumps in immediate succession. The
duration of a period of motion is negligible compared to the waiting times, except for a few
of the smallest grains. Grain No. 6 was, apparently, never or only a few times buried under a
passing ripple for some rather long periods.
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Fig. 12. Movement of two radioactively marked grains during saltation.

3.7 Electric field

A uniform electrical field can be created in the entire working section of the horizontal wind
tunnel by suspending all the way down the working section a set of 10 parallel steel wires.
The wires are made of 0.3 mm piano string and suspended at 80 mm height above the bed
thereby creating one electrode with a constant distance to the bed. The inside of the
(wooden) wind-tunnel bed has been painted using a conductive paint in this way forming
another electrode just below the sand bed. The two electrodes can then be connected to the
positive and negative terminals of a high voltage supply unit enabling us to study saltation
under the influence of an electric field (Rasmussen et al. 2009).
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4. Low pressure wind tunnels for aerosol studies

4.1 Planetary environmental wind tunnels

The wind tunnel laboratory at Aarhus University has developed two wind tunnels for
planetary surface experiments. The smaller one has a test section 40 cm in diameter and
about 50cm in length (Merrison et al. 2002, Merrison et al. 2008). The larger wind tunnel has
a test section of around 2 x 2 x 1 m. In these environmental wind tunnel facilities dust
suspension and aerosol studies can be performed. They are both re-circulating wind tunnels
housed within low pressure (vacuum) vessels such that they can be evacuated and specific
gas mixtures re-pressurized. Pressures in the range 0.0lmbar and 1000mbar can be
maintained. In addition a thermal control system has been constructed which consists of an
insulated double walled chamber design. The cooling and fan systems are different in the
two wind tunnels and we will here focus on the bigger wind tunnel (AWTSII). An exploded
view of this is seen in figure 13a.

Fig. 13. a) Exploded view of the AWTSII planetary environmental wind tunnel, and b)
photograph into the fan section.

The wind tunnel has large liquid nitrogen cooled sample mounting platforms. The wind
circulation is achieved with the use of two 1.8m diameter fans and intricate flow steering
plates (figure 13b). The wind flow is designed such that an almost rectangular test section is
provided, though at the cost of a relatively complex two part flow return system.
Turbulence levels, however, are maintained at around 5-15% (typical of Martian surface
conditions). The wind tunnel test section has a cross section of around 1 m height and 2 m
width and with a length of around 7 m. Wind speeds of around 0.5 - 20 m/s have been
demonstrated at low pressure (<100mbar). The wind tunnel simulator has been designed
with the goal of maintaining dust suspension (or other aerosol types), such that low
turbulence and flow uniformity have been prioritized lower than allowing as little
obstruction of the flow as possible to avoid deposition losses. The design therefore differs
from boundary layer wind tunnels or those aimed at low turbulence (laminar flow).

4.2 Dust aerosol generation

A necessary process for the study of aerosols in the laboratory is the generation of
suspended particulates within a simulator. In the case of solid particulates (dust) this will
involve the dispersion of the fine material which will typically be in the form of aggregates.
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The most effective and reliable method for aerosol generation consists of the injection of
over-pressurized gas together with the required granular material such that a rapid
expansion of the gas-particulate mixture causes dispersion of individual dust grains
(Merrison et al. 2008). In the case of wind tunnels the high instantaneous wind speed at the
injection nozzle also helps to distribute the aerosol into the wind flow. Essentially the same
technique is used to generate aerosols consisting of liquids, for example water. In this case
fine streams of liquid are mixed with gas (air) flow at an expansion nozzle such that the high
velocity and turbulent gas flow disrupts the liquid and disperses it into individual
particulates. In this way liquid particulates as small as a micrometer can be generated. With
the use of controlled overpressure and quantified volumes/mass of injected gas and dust
material it is possible to achieve reproducible dust aerosols i.e. controlled concentration of
suspended dust within the wind tunnel simulator.

In nature the wind induced entrainment of dust occurs as a result of surface shear stress
which above a certain threshold value is capable of overcoming adhesion and gravitation
and lifting particulates. The low mass density of (sand sized) dust aggregates allows them to
be entrained at wind speeds lower than other granular materials (shear stress). Subsequent
breakup of the dust aggregates may liberate dust grains into suspension (Merrison et al.
2007). At higher wind shear solid sand grains may be entrained and perform saltation. Sand
saltation is also an effective process capable of entraining dust due to collisional recoil i.e.
during sand grain splash (Greeley and Iversen 1985).

A drawback with the gas-expansion technique for dust injection is that it is unlike the dust
entrainment mechanism found in nature and therefore may not be directly comparable. It
has been shown experimentally that wind induced dust entrainment can be used as a dust
injection method within a re-circulating wind tunnel. This technique relies on accumulating
a thick deposited dust layer within the wind tunnel, possibly localised to a particular
section. Entrainment can then be performed by raising the wind speed temporarily above
the threshold entrainment value. After achieving dust suspension the wind speed can then
be reduced to the required value. This technique is effective, though it is difficult to perform
in a reproducible manner i.e. to achieve a specific entrained dust concentration. For the
quantitative study of aerosols, reproducibility is of primary importance making this
technique unsuitable as a routine dust injection method.

The threshold wind speed at which dust becomes entrained is dependent upon several
factors. Dust particulates of the order of a micrometer in size require extremely large surface
wind shear to be entrained as individual grains. Dust however tends to aggregate into
structures of the same scale as sand grains i.e. several hundred micrometers. Such
aggregated dust structures have a low mass density (typically <lg/cm?®) and can be
removed by surface shear stress as low as 0.01 N/m? corresponding to friction velocities as
low as 0.1 m/s at ambient terrestrial pressure (Merrison et al. 2007). This is significantly
lower than that required for sand transport.

Other methods of dust injection have been studied, for example techniques which rely on
mechanical (e.g. vibrational) dispersal of dust. Unfortunately a fundamental problem with
this type of dust dispersal system, also seen generally in dust feeding systems, is the
tendency of dust to become compacted, adhered and cause blockage. To avoid such
blockages it may be possible to keep the dust fluidized by maintaining a high gas content i.e.
mixing or flowing gas through the dust, however this tends again to return to an injection
system utilising pressurized gas-flow.
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A physical phenomenon which has great importance to the behaviour of aerosols is the
electrification of particulates as a result of contact. Contact electrification is seen widely both
in nature and anthropological activities where granular materials interact, for example
Aeolian transport (Stow 1969, Gilbert et al. 1991, Schmidt et al. 1999). Extensive
experimental studies have revealed that the injection of dust induces a high level of
particulate electrification, typically resulting in the suspension of equal amounts of positive
and negative electrified dust grains (Merrison et al. 2004a). This electrification leads to the
electrostatic enhancement in dust aggregate formation and may be an important factor in
the transport of dust, specifically in dispersal/detachment and suspension/deposition.
Following injection aggregation of dust leads to reduction of the electrification of the
suspended dust. The degree of electrification of the suspended dust decreases with time and
is therefore dependent upon the concentration of dust. Since the suspension time of the dust
is dependent upon the wind speed, the measured electrification of dust also varies with
wind speed.

4.3 Dust suspension

Aerosols, for example suspended dust particulates, are not stable within a re-circulating
wind tunnel. Processes such as gravitational deposition (settling), adhesion and aggregation
lead to loss of suspended dust and reduction of the suspended number density. Typically
the suspended dust concentration falls exponentially with time after injection. The time
constant for this process is dependent upon the wind speed. At high wind speeds (>1m/s)
dust deposition appears to be dominated by collision of dust particles with surfaces within
the wind tunnel, leading typically to the accumulation of dust on wind facing surfaces. This
gives a reduction in the suspension time with increasing wind speed. At wind speeds of
around 10m/s the dust suspension time within the AWTSII facility has fallen to around
30seconds.

As mentioned earlier at wind speeds above around 7m/s, depending on the pressure, thick
depositions of dust (dust aggregates >50pm) can lead to the wind shear induced re-
suspension of deposited dust. At these high wind speeds and given large amounts of dust
within the wind tunnel both dust suspension and deposition can occur at the same time
making dust concentration a complex function. At the lowest wind speeds (around 1m/s)
gravitational settling appears to dominate the deposition rate and the dust suspension time
becomes independent of wind speed. In the case of AWTSII this suspension time is around
300 seconds at around 15 mbar (i.e. Mars simulation conditions) in agreement with
estimated gravitational settling time. Dust suspension as described above is relevant for
dust grains of the order of a few micrometers in size and bulk mass density of up to a few
thousand kg/m3. Larger or denser dust grains will typically lead to decreased suspension
times due to enhanced gravitational deposition. This will naturally lead to a mineral
(compositional) dependence of dust suspension time as a result of variation in grain size,
morphology, mass density and possibly cohesiveness (difficulty in dispersion). Higher gas
mass density within the wind tunnel will also allow increased aerodynamic drag and
therefore increased dust suspension times. However wind tunnel pressure may also affect
the dust injection system, specifically the gas-expansion system will become inefficient at
reduced pressure differential.

It is useful here to present a basic fluid dynamic relation relevant to the suspension of dust
particulates within a (low pressure) wind tunnel. For dust particulates of the order of a few
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microns Stokes relations will be valid as indicated by the low Reynolds number (<0.1). Dust
grains can typically be assumed to follow the fluid flow well (the same wind speed and
turbulence). Under the action of external forces (F) such as gravitation, electrostatic or
magnetic affects, the particulates can be assumed to accelerate within a short period of time
(<<1s) and therefore given a uniform field achieve terminal velocity, that is to say reach a
drift velocity at which the external force is balanced by the drift induced drag (Ur) (Hall
1988, Fay & Sonwalker 1991). Values of the electric field induced drift velocity Ur have
typically been calculated to be around 1cm/s for fields of order 10KV/m.

The value of this terminal velocity is given in equation 1;

; | f . . |\ s
Equation 1 (field induced drift velocity); Ur =F X p—

Here p is the molecular viscosity (for air p = 1.8x10-5 kg/ms) and r is the dust grain radius.

At the low pressures used in most Mars simulation studies the suspended particulate size is
smaller than the collision distance between gas molecules (the scattering length, ). Here an
empirical relation can be used to correct for the non uniform nature of the gas, called the slip

factor; S:1+£(1.257 +0.4-exp(—1.1%)). This factor is of the order of 10 in most Mars
r

simulation studies, though is typically negligible at ambient pressure.

The simplicity of this relation allows the accumulation of dust within a wind tunnel
environment to be used to quantify (estimate) the force(s) applied to the dust particulates.
This simplicity however relies on the assumption of average particulate properties such as
size, mass, morphology as well as the external forces applied. It also neglects effects of the
flow such as turbulence.

4.4 Dust deposition

At low turbulent flows dust deposition is dominated by gravitational settlement as turbulent
wind speed is small compared to the gravitational terminal velocity. In this case dust deposition
within a wind tunnel will be dominated by settlement onto upward facing surfaces. At higher
wind turbulence it becomes more likely that suspended grains can impact surfaces and
deposition on wind facing surfaces begins to occur. This process of dust deposition is
dependent upon details of the boundary layer flow around surfaces within the wind tunnel.
This near surface boundary layer is conventionally divided into two regions. A region close to
the surface within which the flow velocity increases linearly from zero (at the surface) and shear
stress is transferred by viscous interaction. Outside this region turbulence becomes dominant as
the mechanism for transferring shear stress and the flow velocity increases logarithmically. The
transfer of stress through turbulence occurs through variations in the properties of
macroscopically sized volumes of the fluid. Turbulence is a fundamental property of fluids and
related to variations in velocity, pressure, temperature, etc. Turbulence occurs on all spatial and
temporal scales above the molecular level (Monin & Yaglom 1973.) The concept of an ideal
viscous region (of molecular flow) at the surface is likely to be a simplification and at odds with
the inherently statistical nature of turbulence such that in reality suspended particulates can still
be transported to a surface though with low probability.

At higher wind shear the boundary layer is expected to shrink (spatially) and the turbulence
is expected to increase in agreement with the observed increase in surface impacts by
suspended grains. It is interesting here to note that increased dust deposition (due to high
turbulence) and increased dust removal (due to high surface shear stress) can occur, and in
fact is expected, at the same regions within the wind tunnel.
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Fig. 14. Aggregated quartz grains (<2pm) deposited on an upward facing surface after wind
tunnel aerosol exposure.

4.5 Dust capture and sensing

Experimentally it is useful to collect suspended dust onto a surface. This could be for use in
compositional or structural analysis or for the determination of concentration. It is not
always sufficient to rely on gravitational or turbulent deposition of dust either because of
the amount of material required or the flow conditions. Methods of enhancing dust
accumulation include applying (attractive) force to the particulates. This could involve the
use of electrical or magnetic fields in the case of electrified or magnetic particulates. This
technique has been used to great effect to study the electrical/magnetic properties of
suspended dust on Mars and in wind tunnel simulators. An alternative technique which is
used industrially and in environmental sciences is the use of a pump system to extract
specific volumes of gas. Suspended particulates can then be accumulated within filters or
onto surfaces. Such systems have not as yet been used in wind tunnel studies, however an
important application of wind tunnels is in the testing and calibration of environmental
sensors and it seems likely therefore that wind tunnels will be used for this purpose in the
future.

Different techniques can be used to quantify the amount of dust captured onto a surface.
Microbalances can be used to determine the accumulated mass (and therefore mass density)
of the suspended dust, this however requires a high degree of detector sensitivity.
Alternatively optical systems could be used to quantify dust deposition. This could involve
the use of imaging or the reflection/transmission of light using optoelectronic systems.
Optical (also laser based) systems have been used successfully here (Merrison et al. 2006).
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Fig. 15. Left dust capture on a NASA Phoenix camera calibra-tion-target magnets and a
model of the MSL calibration-target magnets for uni-directional wind. Right quartz dust
capture on an electrostatic electrode (voltage 300V).

4.6 Suspended dust sensing
The scattering of light by suspended particulates is the obvious and by far the most

widespread technique for studying suspended dust aerosols. Modern techniques which are
applied in meteorology include determination of the optical opacity (scattering of sun light).
Such measurements tend to be simple to carry out, however detailed modelling of angular
scattering intensities are required to determine suspended grain size, morphology and
concentration. More advanced and direct systems for determining the spatial distribution of
dust aerosols include the laser based technique LIDAR which is successful both
commercially and in research for example in the study of clouds. This technique is,
however, not well suited for wind tunnel operation.

Within wind tunnels other laser based techniques are used to study dust aerosols. Laser
Doppler Anemometers (LDA) are primarily used for wind velocity sensing. They function
by scattering light from suspended particulates and hence have the added benefit of being
able to quantify the aerosol concentration (number density) typically for particulates of
above around one micron. Further modifications of LDA systems enable the spatial
distribution (multiple dimensions) and grain size to be quantified. In addition to such
commercial sensor systems prototype (miniaturized) instruments are being developed in
order to detect suspended dust and measure flow rates (Figure 16) (Merrison et al. 2004b,
Merrison et al. 2006).

5. Modelling

Computational Fluid Dynamic modelling is in principle a useful technique for identifying
and solving problems with the design of a wind tunnel by detailing the wind flow. It is
however extremely time consuming (compared to typical measurement and even
construction time scales) especially if three dimensional modelling is employed (Peric and
Ferziger 1999). CFD models are also prone to inaccuracies resulting from insufficiently high
time/space resolution (pixelisation). A combination of measurement and modelling is
however a powerful combination to achieve a full understanding of the flow dynamics
within a system (Kinch et al 2005).
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Fig. 16. Prototype laser based sensor system operating in a dust aerosol within the 40 cm &
diameter environmental wind tunnel.

As explained in the preceding sections there are fundamental differences in the physics that
control the movement of sand and dust. Therefore the approach to model (analytically or
numerically) the transport of dust and sand follows different principles. In aeolian
transport, saltation is an important link by which momentum is transmitted from the air to
the bed through grain impact, but momentum transfer, impact and subsequent entrainment
take place in a very shallow layer at the air-bed interface with large velocity gradients.
Consequently, in addition to experimental evidence obtained from few and simplified
studies of the splash (e.g. Willetts & Rice 1986, 1989, Mitha et al. 1986) theoretical reasoning
and numerical modelling has played an important role (e.g. Owen 1964, Sgrensen 1985,
Anderson & Haff 1988, 1991, McEwan & Willetts 1991, 1993, Shao & Li 1999, Spies &
McEwan 2000). After the sand grains have left the surface they are accelerated by the wind
with trajectories influenced by fluid drag, gravity, particle spin and fluid shear, and electric
forces. This process has been modeled by several authors (e.g. Anderson & Haff 1991,
McEwan & Willetts 1991, Sgrensen, 1991, Sgrensen 1995, Sgrensen 2005 and Kok and Renno
2009). The physics governing the splash, the grain trajectories and the momentum exchange
between the fluid flow and saltating particles has been specifically formulated in the models
mentioned above and is not traditionally dealt with in a CFD-context.

For aerosols where with CFD modelling it is possible to inject virtual particulates within the
flow and trace their transport. It may then be possible to apply external force fields
(gravitational, electrostatic or magnetic) and thereby perform a faithful reconstruction of the
physical conditions within the wind tunnel. In this case an extremely detailed physical
description of an observed phenomenon can be obtained and therefore the dependency
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upon for example grain size, mass, electric charge, magnetisation, etc. Also physical
parameters not easily varied in laboratory experiments may be modelled such as varying
gravity (Kinch et al. 2005).
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