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ABSTRACT

A wind tunnel investigation was conducted to sttity effects of atmospheric instability
on the threshold of aeolian-blown (windblown) dsste particles X-2 xm) under Mars-
simulated pressure. Unstable conditions on Mars&jly arise during the mid to late afternoon
hours due to the accumulation daytime solar-ramhatWhen the surface is warmer than the
atmosphere just above it, vertical turbulence esdased. Thus, loose dust particles can be more
easily lofted and mixed at a threshold wind speedel than that known under neutral
atmospheric conditions.

Experiments were performed in NASA Ames Researcht€€eMartian Surface Wind
Tunnel (MARSWIT), Moffett Field, California. In ost to attain the necessary vertical
temperature gradients that would develop an urestalyker, a test bed was built with aluminum
plates heated by thin-flexible sub-surface heat&lsee surface roughness conditions were
simulated, over which not only dust threshold wasasured but also velocity and temperature
profiles were acquired under various heating lev€lsrrent near-surface turbulent boundary-
layer solutions are limited to identify parametéss only neutrally stratified wall-shear flows.
Surface heating inherently causes buoyant stregcbfnturbulent eddies, thus developing an
additional mechanism for distorting measurementstied near-surface velocity gradient.
Therefore, in order to determine an accurate etitmaof the surface condition parameters,
boundary layer measurements and analysis condwctddr neutral conditions were used to
estimate roughness heighs, and the friction speed?, for the unstable conditions.

Dust threshold tests were conducted using a sueddars soil, Carbondale Red Clay
(CRC), which has a mean particle diameter of aldobtzm in dust form. Tests were also
designed in accordance with current spacecraft spheric observations. Based on data acquired
from the Mars Pathfinder Lander (MPL) site, the mearface pressure was found to@eé5
mb. Thus, simulations in MARSWIT were conductedl@tmbatmospheric pressure using air,
which agrees with a dynamically similar environmeh6.5 mbin a Mars carbon dioxide (CO2)
atmosphere. Unstable surface conditions were at&impased on the negative temperature
gradients recorded by MPL during the mid-afterntmearly evening Mars period. According to
other missions, evidence of highly active dust saspn during this part of the Mars daytime
hours was recorded, including the presence of “degils”.

Boundary-layer analysis revealed that two test lgguherated hydraulically smooth-wall
turbulent flow, while the third bed complied withet classical rough-wall “Law-of-the-wall”
solution. Results from the dust threshold testspating to the corresponding estimated surface
condition parameters, showed that the two smootthslr beds formed a decreasing trend in
threshold friction speed as the surface heatingllexas increased. The rougher test surface,
however, portrayed the opposite effect of increabeelshold for greater instability conditions.
Images of the rough test bed after the dust thidséxperiment did indicate that the choice of
roughness elements might have eluded the truehthicespeed trend.
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Nomenclature

Symbol Description Units
C; correction to traversing flattened Pitot tube dugelocity gradient effects *
Co flattened Pitot tube coefficient of pressure o

outer height of flattened Pitot tube mm
d inner height of flattened Pitot tube mm
gravitational acceleration /s
Pc measured chamber pressure mb
Pr pressure at temperatuie, Pa
Po surface pressure Pa
AP differential pressure Pa
r mixing ratio of water vapor mass to dry air mass o
Ri Richardson number **
Rig bulk Richardson number **
Ric gradient Richardson number *k
T measured wind tunnel temperature °C
U measured wind tunnel velocity m/s
U(z) corresponding wind tunnel velocity at local height, m/s
U corrected flattened Pitot tube velocity due to eiss effects m/s
u* friction velocity m/s
z local height mm
Z roughness height mm
Z geometric mean height between top of boundary leysurface mm
y specific heat ratio *
0 density kg/m
I potential temperature °C
8, virtual potential temperature °C
u dynamic viscosity kg/m s
", kinematic viscosity s

** dimensionless

Vi



Chapter 1:  Introduction

This wind tunnel study focuses on the thresholdndgral movement of Aeolian-blown
dust observed in a low-pressure environment angesidal to not only neutrally-stratified but
also various levels of unstable atmospheric bounldger conditions. Low-pressure conditions
for the investigation were primarily pre-set simyato the surface of Mars. Thus, experiments
were conducted at the Martian Surface Wind TunMARSWIT) located at NASA Ames
Research Center, Moffett Field, California. A sgate dust ofi—2 1m sized particles, made of a
material commonly known as Carbondale Red Clay (FR@s used as the only transport media
released from the wind tunnel floor. CRC dust wassen for this study primarily for its
similarities in density and aerodynamic size totdnshe Martian atmosphere as observed by
spacecraft orbital and lander missions.

Dust threshold experimental techniques includeteparation of aerodynamically settled
CRC-dust onto the wind tunnel floor one day prior the actual test. A low-pressure
experimental run consisted first of an initial Bejtof the sub-surface heating conditions to the
desired stability level and then by engaging thedatunnel speed while continuously measuring
the freestream speed and temperature, the sudaggetature profile, and the signals from a
particle impactor probe. Once the impactor probeaed dust movement, corresponding wind
tunnel threshold conditions were extracted fromviluéous simultaneous measurements.

Procedures also included separate experimental aibsundary layer surveys, which
specifically included the acquisition of wind pieB at neutral stability conditions. These wind
profiles were primarily used to analyze the flownality of the boundary layer turbulence in the

wind tunnel test section so that a valid predictadnsurface shear can be determined at dust



threshold. Two sets of roughness conditions wes® @rranged: a smooth bed of 32-grit
sandpaper and a second rougher bed consistinge@2fgrit sandpaper plus a pre-determined
pattern of one-half inch tall steel nuts. Prelinmnaials of extreme subsurface heating resulted
to a rippling of the sandpaper for the first tastface condition. Dust threshold and boundary
layer survey experiments were made over the rippetipaper. After a reconditioning of the

sandpaper, a much smoother surface was generated, which experiments were also

conducted. In all, three roughness conditions wenellated in the wind tunnel.

The primary objective of this wind tunnel investiga is to determine the effect of an
unstable surface condition on the threshold of dwdy over a given surface roughness.
Theoretically, under neutral stability, the thredshespeed that a loose surface-particle
aerodynamically releases from the ground decretmesmaller particles until an optimum
particle size is reached. In other words, largetiglas tend to be more dense and heavier than
smaller particles, thus requiring higher wind shieartransport. According to Bagnold (1941), a
change in the threshold trend occurs at the optirparticle size of abol80 t/m. From this size
diameter, the threshold speed begins to increasedich smaller particles, thus needing faster
winds sometimes faster than that required by maadlel particles. Since such a condition was
determined over a uniform-size bed of particlegshsa phenomenon was apparently due to the
change in turbulent flow patterns within the tudmil boundary layer from rough-wall flow to
hydraulically smooth-wall flow.

Consequently, the investigators in this study drengpting to prove that by heating the
surface, thereby increasing the buoyancy of thikomimear the surface, there is a potential for
dust-size particles to move at much lower threshspdeds. Hence, threshold would be a

function not only of size and surface roughnessaten of boundary-layer stability conditions.



Little is known about the effects of an unstalite@sphere on the threshold of dust. Field
observations can only theorize on its outcomesgesiather entrainment mechanisms are
generally present. Direct numerical modeling of #teosphere, on the other hand, can isolate
the conditions and provide accurate simulationg, ibulimited to the capabilities and the
accuracy of computer calculations. Thus, a cordoéixperiment is necessary to compliment the
results from both visual observations and numemgcatiels. In the present study, wind tunnel
experiments were conducted to measure dust thieesimaler unstable atmospheric conditions.
Here, solar radiation heating was emulated usirajeldeplates along the wind tunnel test bed.
Perhaps the most interesting case is the unstéblesphere developed by the accumulation of
surface heating from solar radiation during a Mtatian afternoon. The presence of an unstable
atmosphere may explain the spacecraft observatbiartian dust storms initiating at lower
geostrophic wind speeds than previously estimafbe@. investigation described in this report
will primarily focus on dust threshold findings froa Mars-simulated surface in a low-pressure

wind tunnel under neutral to unstable stabilityditions.



Chapter 2:  Background

2.1  Aeolian Dust

Particles in the atmosphere can appear in varibapes and chemical compositions.
Once suspended into the air, they are categorigegkeosols. By definition, an aerosol is the
suspension of particles within a gas medium. Atrhesig particles can measure from as small
as 10 um in diameter up to as large 460 ¢m in diameter. In general, atmospheric particle
size-distributions fall into two ranges: fine, whigpossess diameters less tiabd um, and
coarse, which arg.5 ym or greater in diameter [Seinfeld and Pandis (1p98)e fine-particle
range is divided into two distinct modes: a nuoteide and an accumulation mode. Representing
the smallest sizes, the nuclei mode is primariijpaosed of particles generated from condensed
hot vapors released from combustion processes rant the nucleation of atmospheric gases.
Particles in the accumulation mode are the resaih fthe coagulation of particles in the nuclei
mode and from the growth of nuclei matter by vagondensation. Coarse particles are
specifically mechanically emitted solid matter amaging from either natural or man-generated
sources, and are the primary size elements thait #odust cloud.

Dust is considered as a type of aerosol, consistimgimarily solid, coarse-size patrticles,
commonly known as “particulate matter”. It primgrdriginates from arid and semi-arid regions
where there are abundant sources of bare, loosemaruile sediments [Middleton (1997)].
According to most terrestrial researchers, aeatiast contains particle diameters of less than
62.5 um. Of this size range, suspended dust particlegetathan20 pm in diameter tend to
quickly settle back to the ground as the intensftgtmospheric turbulence decreases. Particles,

smaller thanl0 ym, can transport to great distances and can remepesded in the Earth’s



atmosphere for several weeks [Pye (1987)]. Wheal idenditions are met, regional sand and
dust storms such as those that occur over the &ahaesert can prompt long-term dust
suspension. Such storms have the intensity to migtdamage the environment but also reduce
the local and even regional visibility. Dust suspesh into higher atmospheres also can
contribute towards global climate changes.

Dust particles are not as small as gas-phase agreguch are abundantly released into
the upper atmosphere by thermodynamic and cheimieshctions. They also are not as large as
coarse-size patrticles, such as sand, which are omigriransported near the surface by aeolian
saltation and deposition. However, dust partickes light-weighted solid material, which have
the potential for prolonged suspension into theeupgtmospheres similar to the nature of
aerosols, yet also contribute to the changes ifastifeatures by deposition similar the actions
of course materials. By understanding the natumeofian dust, dust control mechanisms can be
developed to minimize the effect of environmentastdhazards. Since a typical dust cloud can
dissipate quickly into the atmosphere, it can b&lyanisconceived as merely a nuisance. In
reality, most dust compositions pose to be enviremiad health hazards. For example, coal-
mining dust is primarily known to cause “Black Lubgsease”. Dust storms originating from
Owen’s Dry Lake, California have been suspectettansport health hazardous elements into
the populated regions of Southern California. Sitgst falls in the micron size-range, it can be

easily inhaled and settled into sensitive regidn® human pulmonary system [Reible (1999)].

2.2 Aeolian Processes
Dynamic atmospheres are constantly supplied byua @f surface dust. On Earth,

airborne particles can originate not only from maftusources, such as sea spray, volcanic



eruptions, or wind erosion, but also from anthraguog activities, such as industrial combustion,
vehicle transportation, or farming. In populatedioas, ground sediments can be redistributed
over the surface primarily by human activity such \&ehicle travel, farming or industrial
processes. Without the presence of man-made distoels, one of the most effective sediment-
transport processes in dry-desert regions is thdstzaping effect of aeolian winds. The term
“aeolian” originates from the name of the Greek gbdhe winds,Aeoli. Aeolian winds result
from the interaction between atmospheric turbufeew and variable surface features forming
the atmospheric boundary layer. Dust naturally emifrom the surface to the atmosphere is
categorized as an aeolian process.

Evidence of the presence of aeolian processespraaain the form of various-types of
eroded and deposited surface configurations, ssidard dunes. Aeolian-blown surface features
are not only identified on Earth. From spacecnafages, evidence can also be found on Mars,
Venus, Titan (one of the moons of Saturn) and fri(@ moon of Neptune). In particular,
telescopic observations and spacecraft missions Mexs reveal that the even a planet,
possessing a less active surface and atmosphecenigmuously present with aeolian-blown
particles [McLaughlin (1954), Kuiper (1957), Sagard Pollack (1969)].

In general, aeolian processes involve the naturasson, deflation, and entrainment of
sediments due to the turbulent interaction betw#en ground and the wind. Abrasion and
deflation generally involve the erosive release sefdiments from larger solid materials.
Entrainment, on the other hand, is associated thglmovement and transport of loose particles.
In the course of an aeolian process, particles @sobe redistributed over the surface by means
saltation, coagulation or suspension. Saltatiothésrepeating process of a particle being lifted

from the ground into a multi-trajectory path untilsettles to a downstream location, while



coagulation is the event when the traveling pateibeds itself into a surface at the impact
from a trajectory. Suspension is the circumstanbennthe particle lifted from the ground is
released into the atmosphere for an extensive idaraRegardless of the particle removal or
transport method, the presence of dust in the githeye contributes towards the changes in not
only visibility but also in the fluid and thermadteractions within the atmosphere. Such changes
are of major factors towards global warming anth® health of the surface environment. Thus,
there is a need to learn about the movement of dust

Classical studies of sediment transport were iniced by Bagnold (1941) through the
movement of sand. Sand-size grains are generahsported by saltation. As the particles
impact the ground, other sediments are then ejefcted the surface. If the dispersed grains
resume the saltation process, a “saltation clowdhtually develops within the surface boundary
layer. A particle attains “true” saltation when Wertical velocity component becomes less
effective against its forward trajectory forcingetparticle to advance continuously in the same
trajectory [Lancaster and Nickling (1994)]. Bagn¢k941) also defined fluid threshold as the
wind speed at which “sand-size” particles initiagdtation and as the condition at which particle
flux can be determined.

Dust-size grains, however, are much too small gid to fall into saltation trajectories.
Instead, they pass directly into suspension, wiHes been observed in terrestrial field
observations and several preliminary experimentsdgoted at the NASA Ames Research
Center Martian Surface Wind Tunnel (MARSWIT) fatiliA particle becomes suspended when
its terminal velocity becomes less than the upwartulent-eddy velocity [Bagnold (1941)].

“True” suspension occurs when the particle remanghe atmosphere and travels to greater



altitudes and distant locations. Accordingly, apgission threshold is defined and measured, and

“dust flux” is estimated based on the amount ofanat removed from the surface.

2.3 Dust Entrainment Mechanisms

There have been several studies pertaining to tineapy mechanisms that release dust
into atmospheric suspension. On Earth, severalrodisens have indicated dust emissions are
commonly induced by sand saltation impacts. In ofde heavy sand particles to saltate, high
surface friction speeds are generally requiredctoexe the necessary lift [REF?]. On the other
hand, wind tunnel investigations, simulating thefate of Mars, have revealed that dust
entrainment occurs even at wind speeds below $aadHhold [Greelegt al (1980), Iversen and
White (1982), Greeley and Iversen (1985), and Weital (1997)]. Thus, dust emissions could
be solely induced by mechanisms that enhance atredspturbulence near the surface. One

such mechanism is the presence of an unstable boulayer.

2.3.1 Dust Entrainment Due to Saltation Impacts

In most cases, impacts from saltating sand graieseqjuired in order to remove dust
particles from the surface. Over rough surfacegel@bstructions such as rocks or pebbles can
shelter the exposed dust from aeolian transpoven restrain the dust material by surface
cohesion. In order to release the constrained pladicles, the surface must be disturbed by a
bombardment of saltating sand. Dust also can beegexl from the wind even over regions
consisting of a combined soil mixture of dust anddsparticles. Under a calm, dry atmosphere,

gravity allows extremely small particles to siftlween larger particles. As time goes by, the soll



is divided so that a top layer of sand-size gransxposed to the atmosphere sheltering the dust
particles in the lower layers.

To release the dust, sand saltation must be fmstted so that the dust is readily
exposed to particle collisions. Field observatiordicate that surface impacts from the return
trajectories not only eject other sand-size grdos also disperse dust particles beyond the
boundaries of the saltation layer and into the afrhere. Thus, over most terrestrial surface
conditions, impacts from saltating particles are grimary mechanism for dust entrainment
[Middleton (1997)]. One major condition that mustst in order to accept saltation impact as the
primary dust-emission mechanism is that wind sperdst be strong enough to initiate sand
saltation. In order for saltation to occur, highlybulent winds are required in order to develop

the necessary surface shear for lifting sand-sazegtes.

2.3.2 Dust Entrainment Due to Direct Wind Exposure

Loose ground sediments directly exposed to the sjphnere can be entrained simply by
the aerodynamic forces caused by aeolian windhioAlih all atmospheric particles vary in
shape and size, the basic aerodynamics aroundcaltparticle generally can be described based
on the flow around a sphere. At rest, a surfaceigbarfeels only the force of gravity, the
pressure force from the atmosphere, and a normeiofi-force from the ground. When
subjected to airflow, the particle induces resisganagainst the force of the wind. First, a
“surface-friction” drag is applied to resist a lmamtal slip between the particle and the ground.
Second, the particle’s shape applies a “form” ddagacting the wind to flow around the particle
surface. Finally, this flow diversion also genesateskin-friction drag between the wind flow

and the particle’s outer surface. Since the partiglinitially at rest on the ground, the wind is



restricted to flow above the particle generatinipw-pressure region over the exposed curved
upper-surface. Once a critical pressure differébigdween the particle’s upper and surrounding
surface is reached, a suction force or aerodyn#éfhifwrce is produced to resist the hold of
gravity and to eject the particle from the ground.

The critical wind speed at which a particle isadtfrom the ground denotes its threshold
for initial entrainment. Thus, threshold is defiresithe velocity at which sediments are aeolian-
entrained from the surface. Early sediment-trartspablications defined particle threshold as
the velocity at which “sand-size” particles beginsaltate. Since dust-size particles are driven
immediately into suspension without the processalffation, dust threshold is identified as the
velocity at which dust is ejected from the surfd€éhe vertical velocities of the turbulent eddies
in the atmosphere are greater than the settlingdspef the entrained media, smaller particles

can potentially be driven directly into long-terin taansport or “true suspension”.

2.4  Observations of Dust Suspension

Spacecraft missions on Mars have shown that diusesision can occur even in the
absence of saltation impacts, suggesting that carstoe suspended solely by the aerodynamic
lift generated as wind flows over a particle. listbase, dust movement is highly dependent on
surface terrain roughness and atmospheric conditibBrom the first telescopic observations,
aeolian processes have been known to be presaviammincluding the occurrence of seasonal
dust storms. Based on surface albedo changes, readgrchers also estimated that the Martian
atmosphere possesses extremely low pressures nmgpllgat the frictional drag between the

Martian surface and the air is much lower than whdbund on Earth [REF?]. Accordingly,

10



researchers suggested that extremely high winddspewrist occur on the surface of Mars in
order to develop the aerodynamic lift necessargéaliment transport.

In 1972, this theory of high winds was refuted I tfindings from theMariner 9
spacecraft mission during a Martian global dustrstdMariner 9 not only provided the first
regional photos of the surface of Mars, but it gieoformed orbital measurements of surface
pressures, temperatures and wind speeds. Altholightly higher values were previously
estimated, the spacecraft confirmed the preseneeloiv-pressure atmosphere over Mars. The
most puzzling discovery was that wind speeds wesasured to be much lower than what is
expected for a low-pressure environment. Thus, ti@eries were suggested towards aeolian
sediment entrainment over Mars. According to vegifiald and wind tunnel studies, a greater
amount of aeolian activity was found to initiate raaquickly under conditions of high surface
heating under a cool atmosphere, hence atmosphstability.

Unstable atmospheric conditions are typically pastliduring the mid-daytime period
and the near-surface, mid-latitude locations of $VidBased on the results from tivars
Pathfinder Lander (MPL)temperature fluctuations reached as highla20K during the
afternoon where the surface was hotter than thesihere. Acquired data showed also that the
mean surface pressure was found to @é5 mb Thus, simulations in MARSWIT were
conducted atlO-mb atmospheric pressure using air, which agrees wittynamically similar
environment 06.5 mbin a Mars carbon dioxide (GPDatmosphere. Unstable surface conditions
were selected based on the negative temperatudéegts: recorded bIPL during the mid-
afternoon to early evening Mars period. Accordiagther missions, evidence of highly active
dust suspension during this part of the Mars dag/tiours was recorded. More recently, results

from the analysis of the windsock instrumentsMIAL revealed that the landing site represents

11



an aerodynamic roughness heighBafmand friction speeds df m/s[Sullivanet al. (2000)]. In

addition to wind and atmospheric measurements, Mo captured a variety of aeolian
activities along the surface including the preseottédust devils” which were thought to be
another mechanism for the suspension of dust. Theet “dust devil” observations and

measurements will later be investigated in fut@wdment transport projects.

2.5 Previous Experimental Studies on Particle Threshold

Experimental measurements of the threshold forowariparticles sizes were first
pioneered by Bagnold (1941). A graph of the meaktineeshold as a function of particle size
indicated that the required threshold decreases fthe largest particles until reaching a
minimum threshold value at an optimum particle sizapproximateh\80 xm. From this critical
value, the required threshold speed sharply inesee smaller particle sizes. Later verified by
other researchers, this initial trend in parti¢dieeshold has proven to be fundamental standard.
As the particle becomes exceptionally large, itssnacreases, thus, higher threshold speeds are
expected.

In regards to the increased threshold trend foreextly small particles, Bagnold
suggested that it is driven by the change in sarfaaghness formed by the surface distribution
of each particle size. With a uniform layer of fisieed particles, the near-surface wind
encounters an “aerodynamically smooth” surfacectwinduces a weaker skin-friction drag over
the layer allowing the wind to slip much easier rothee surface. Consequently, the chance of
aerodynamic-lift generation between the wind arsthgle particle is reduced. In order to lift the

fine-size particles, faster wind speeds are reduioegenerate greater skin-friction drag. As the

12



surface roughness increases with the increasez@) particles become much easily entrained
signifying an “aerodynamically rough” surface.

Greeley et al (1980) analyzed and compiled various MARSWIT tessults and
concluded that threshold velocities for saltatiragtiples increase for lower ambient pressures
and is further enhanced when the atmosphere beconstable (see Figure 2.1). From a recent
wind tunnel study, Whiteet al (1997) determined that at neutral conditions unili@rs-
simulated pressure, dust particles pass directly emmediately into suspension without
partaking in the process of saltation. In the preseof an unstable atmosphere where the surface
air mass is warmer than the surrounding air, ther@ greater potential for enhanced vertical
turbulence mixing in the near-surface resultinghcreased levels of surface stress. This increase
in surface stress due solely to unstable conditimay provide the necessary mechanism to
exceed dust threshold required under neutral congit Thus, dust injection into the atmosphere

can be attained at lower geostrophic speeds.
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MARSWIT studies by Whiteet al. (1997) suggested two general guidelines towares th
improved methods in Mars Aeolian dust thresholdusations. Based on spectral and presumed
aerodynamic properties, finely ground Carbondald Ry (CRC) material was identified as a
suitable surrogate Mars dust for simulations ofliaaoprocesses. Whitet al. (1997) also
experimented with several methods of surface eraptant for the CRC dust (see Figure 2.2).
By process of elimination, undisturbed aerodynasatiling of suspended dust generated the
best simulation of an aeolian surface distribubbrust. Thus, CRC dust and the aerodynamic

settling procedures were used during the dusthbtdsexperiments presented in this report.

Suspension and Saltation Thresholds at 10 mb on Sanded Floor
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Figure 2.2: Comparison of measured threshold velotiés for various dust
emplacement methods from Whiteet al. (1998).

2.6  Atmospheric Boundary-Layer Flow
In order to transport dust or any other solid jgéet from the surface, boundary layer
turbulence must be generated in the atmospherediiaa winds. Length and time scales in the

full-scale atmosphere accordingly characterize ékistence of a fully turbulent, rough-wall,
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boundary layer flow. Thus, under neutrally stratificonditions, near surface wind profiles may

be described by the classical “law-of-the-wall”g@n, defined as follows [Prandtl (1925)].

U(z) =%ln(éj 2.2.1)

Here, k is the Von Karman constant, is the local height above the surfadd(z) is the
corresponding local velocity at heightz, is the roughness height, and is friction velocity.
Current near surface turbulent boundary layer swist (“law-of-the-wall”) are limited to
identify parameters for only neutrally stratifie@Nvshear flows.

Under neutrally stratified, rough wall turbulenag, and u* in the “law-of-the-wall”
equation generally provide sufficient informationdescribing the turbulent conditions in which
a particle reaches a threshold of movement. In windel studies, however, care must be noted
in the setting of the surface roughness elemente I a short upwind fetch, particularly in
MARSWIT, the facility used for the experiments imst study, there are possibilities that the
boundary layer has not turbulently fully developed,that a turbulent boundary layer did
develop but is hydraulically smooth-wall flow andtmough wall flow. In MARSWIT, the only
method of determining the configuration of roughnissby trial-and-error based on experiments
previously conducted. In which case, a more adwhraned in-depth boundary layer profile

analysis is required.

2.7  Effects of Stability of Atmospheric Turbulence Flow
In addition to the effects of surface roughness)iae processes also are influenced by
the stability of the atmosphere. A critical factbat determines the type of motion a patrticle

exercises and invalidates the direct use of the-8&the-wall” solution is the stability of the

15



atmosphere. Generally, stability is identified hg tesulting lapse rates or temperature gradients
developed by atmospheric heating during the dayéintecooling at night.

There are three main levels of atmospheric bounldger stability: neutral, stable, and
unstable. Figure 2.3 displays a schematic of thalleddy configurations for the three stability
cases along with the respective range of the Rildmer numberRi, the turbulence parameter
that defines the degree of stabilitgi represents the ratio of turbulence production tue

buoyancy to turbulence production due to mecharsicaér.

Neutral Case Stable Case Unstable Case
dri=0 O g0 : 4 <o O
= = =
Pli=e]l O 2li<kel ) & ;:;EEO
T T T
O - 0
!
Velocity Velocity " Welocity

Figure 2.3: General schematic of boundary layer eddconfigurations for
neutral, stable, and unstable atmospheric conditios

Neutral stability conditions are present when #mgerature changes adiabatically with
height within the atmospheric boundary layer. Whieere is no change in virtual potential
temperature with height, density changes with hHeiglso are inexistent, thus there is no
additional vertical fluid transfer, other than thertical eddy circulation naturally occurring due
to wall shear stress. In which case, the local eldahgth scale follows the “mixing-length
theory” and is equal tkz’, the Von Karman constant times the local fluctugtrelocity, and the
velocity profiles and patrticle thresholds or pdetitake-off speeds can be associated directly
with the “law-of-the-wall” solution.

Stable atmospheric conditions are generally prestenight or during the early morning
hours, in which time the surface becomes coolen tha air and the trend of the temperature

profile increases with height. In this case, thelenground and the cooler air-parcels absorb the
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warmer air-parcels directly above, thereby suppmgsshe growth of shear and buoyancy
generated turbulence. Stable cases also are assbuwidh lower levels of surface shear stress.
Therefore, in a stable atmosphere particle threlshelocities are higher that those attained under
neutral conditions.

When the surface temperature becomes higher tharaithtemperature, an unstable
atmosphere exists. Here, a circulation of risingmwvair and falling cool air vertically distorts
the turbulent eddies so that vertical wind speedsgeeater than lateral wind speeds creating a
“lighter” or more buoyant atmosphere. Surface mgatnherently causes buoyant stretching of
turbulent eddies, thus developing an additional mmaasm for turbulence distorting the
measurements of the near-surface velocity gradieniwhich case, due to the added vertical
motions in the flow, buoyancy assumes the domigaforce in turbulence production thus
providing a greater potential for particle movemenbccur at lower wind speeds. An unstable
condition is generally evident between the mid-olagtto late afternoon hours when the ground
in heated by solar radiation. Buoyancy enhancescaéiturbulent mixing thus increasing the
overall level of turbulence present in the flowveal as increasing turbulent shear stress. Thus,
unstable conditions provide the necessary incresmhantrease in surface stress to exceed
particle threshold developed under neutral conuaiétio

Wind profiles generated under stable and unstalelitons are typically distorted from
the “law-of-the-wall” solution. In order to deterna the critical parameters that describe the
surface and flow conditiong, andu*, when the only wind profile available is one theds
collected at stability conditions other than nelytem investigator would have to conduct a
stability correction procedure, which incorporatesiterative process between the valueRiof

andz, andu* [Golder (1972)]. Fortunately, in wind tunnel steslj the experimenter physically
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sets the stability condition over a test bed. THasany test surface configuration, boundary-
layer analysis may be conducted under neutral tondiprior to conducting stable or unstable
atmospheres. Thus, for the current wind-tunnel stigation of dust threshold, applying the

stability correction procedures were not necessary.
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Chapter 3:  Experimental Facility and Setup

For the current study, unstable boundary layer ex@nts were conducted in the NASA
Ames Research Center Martian Surface Wind TunnéRBWIT), which is housed inside a
sealed chamber capable of sustaining the near wapuessures characteristic of the surface of
Mars. Due to uncontrollable facility constraintdl simulations could only be maintained at
about 10-mb air under temperatures rangi@f-310 K From the ideal gas law, such conditions
are equivalent to a C@ich Martian atmosphere of abodtto 5 mb based on an average
temperature 0210 K According to spacecraft data obtained from\fileng Lander landMars
Pathfindersites, surface pressures averaged aréumt+ 2 to 3 mb[Hess et al. (1977), Sutton
et al. (1978), Schofielat al. (1997), and Golombekt al (1999a)]. Thus, the atmospheric
simulations in MARSWIT are comparable to the condis on the Martian surface. The only
other variable that could not be duplicated is Mgnavity, which i1s38% that of Earth. In the
next sections of this chapter, a description ofwined tunnel facility is provided followed by a

detailed presentation of the experimental setupcanditions.

3.1  Martian Surface Wind Tunnel (MARSWIT) Facility

During the early 1960’s, a low-pressure chamber wasstructed at NASA Ames
Research Center, Moffett Field, California. It wasginally used for conducting acoustic and
structural tests on rockets at simulated low pnessaharacterizing high altitude conditions. For
such extreme conditions, the low-pressure chambas wesigned pentagon-shaped with
reinforced concrete walls ranging three to six feethickness. Along the walls inside the

chamber are ports of various types of instrumemtaéind plumbing pass-throughs that extend
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into an adjacent laboratory control room wherestesin be monitored. To accommodate for the
rockets, the chamber also was b8ikm high with a164-nf floor-space totaling td¢058 n in
volume. Using a five-stage steam-ejection systdme, éntire tower can be evacuated to a
minimum 3.8-mbpressure in approximatefyb minutes. Figure 3.1 presents an aerial photograph
indicating the location the low-pressure chambeBiunding N-242 and the close proximity of

the steam-plant facility identified as Building 1842

Bldg N-242
Tower Chamber

Liquid CO2 Seo”
Storage Tank

Figure 3.1: Aerial photo of NASA Ames Research Cent Figure 3.2: Internal schematic of Bldg N-242
low-pressure tower facility in Building N-242. tower chamber with MARSWIT facility.

Later, rocket testing was relocated to anothedifpcand the chamber was vacated. In
1974, the low-pressure chamber was then re-comonisgdias the Planetary Aeolian Laboratory
introduced with the installation of the Martian #awe Wind Tunnel (MARSWIT) facility.
Figure 3.2 above shows a transparent schematiteotdwer chamber with a view of how
MARSWIT is situated inside. For a closer simulataf the Martian atmosphere, the tower was
also outfitted to introduce carbon dioxide (§@to the chamber. MARSWIT was placed at the
center of the floor space with its entrance sedi@mmg the window of the control room. Figure

3.3 displays a photograph of the access door lgadio the low-pressure chamber with a view
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of the inlet section of the MARSWIT facility. Thig.6-m by 7.9-m access door conveniently

permits large experimental apparatus to be platgide the chamber.

8  TOWER TEST CHAMBER
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Figure 3.3: View of MARSWIT entrance contraction
through the low-pressure chamber access door.

Since the steam plant services several other labyes, the MARSWIT tower is
normally accommodated only three out of five stagieshamber air evacuation. At beStmb
vacuum pressure can be attained. For a decent ievguegal time window, a sustainable
atmosphere is generally limited to abdl@-mb pressure. C® also could be supplied for
experiments by first evacuating the existing chanadeto the lowest pressure obtainable.,CO
then can be pumped into the system monitoring itesaputside storage tank does not freeze.
Once the chamber volume is filled and pressurized the desired gas, it must be evacuated to
the desired low-pressure condition. Unfortunatslgam plant time usage also was limited to
accommodate the preparations for a,@@nosphere for the current study. Thus, experimgnt
this investigation were restricted to simulateddibans of10-mbair.

MARSWIT is al4-mlong, open-circuit, suction-type atmospheric bangdayer wind

tunnel with al.1-nf by 2.4-mlength test section. Flow in the wind tunnel istfidrawn into the
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inlet contraction section and then throug®-cm grid flow-straighteners. In order to develop
turbulent boundary layer flow, &mlong “fetch” of slightly increasing cross-sectibs&e with
downstream distance is attached upstream fromestesection. The frame of the tunnel was
constructed out of steel I-beams and wood, whaeintet contraction and the diffuser downwind
of the test-section was made from fiberglass. Bsye&iewing, the “fetch” and test section side
and upper walls were installed wiZ-cm-thick clear Plexiglas. Figure 3.4 presents a schematic

diagram of the MARSWIT facility.
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Figure 3.4: Schematic of Martian Surface Wind Tunné(MARSWIT).

For experiments conducted under Earth conditidms,wiind tunnel is operated with 6-
blade fan system, which is capable of velocitiesupfto 12 m/s At low pressure, winds are
driven by a network-ejector system placed at tifileiskr section. This ejector system consists of
72 equally spaced.6-mmnozzles. It releases high-pressure air op @@ the diffuser section

to induce a high-velocity, low-pressure region,sthdeveloping a form of suction through the
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tunnel. Using the network-ejector system at lowspuee, MARSWIT is capable of attaining
wind tunnel speeds of up 180 m/sat5-mbpressure.

Low-pressure tests are remotely monitored from Eianetary Aeolian Laboratory
control room, located outside and adjacent to thember. Here, experimental data is acquired
with a Microsoft Windows based National Instrumeb&bVIEW data-acquisition system. The
system hardware consists of a National Instrumbdtdadel AT-MIO-16E-1 12-bit, 16-channel
analog to digital (A/D) board. Its channel capdia$ also are further expanded by a National
Instruments Signal Conditioning Extension for Ingtentation (SCXI) chassis, which contains
two multiplexer modules. The first module provid&sthermocouple channels, while the second
offers 16 double-ended 082 single-ended voltage channels. The LabVIEW sofvadlows the
laboratory user freedom to custom design data aitogui programs known as virtual
instruments (VIs), which can be as simple as aoguinighly-sampled analog voltage readings
from instruments from one of more channels. Ushg “block-averaging” technique, a VI also
can be rendered to perform near-simultaneous datiqoisviewing, and analysis of experimental
variables. In MARSWIT, parameters such as bounttrgr thermal profiles, wind profiles,
atmospheric density, pressure, particle impact tdimetic energy of particles, concentration of

fine particles, and wind velocity are commonly nmored and acquired simultaneously.

3.2  Test Bed Construction

In order simulate the surface heating on Marsstdection module was constructed and
installed inside MARSWIT. Th&.4-mlength byl.2-mwidth module was built with foud.4-m
wide and4.76-mmthick aluminum plates centered along the full kangf the bed. These plates

were individually heated by 8.3-m by 0.6-m thin, flexible, silicone-rubber heater (Omega

23



Model SRFG-1224/5). According to the manufacturepgecifications, the heaters were designed
to sustain a maximum operating temperatur@3#C. Each heater was individually controlled
in order to maintain uniform heating as the wir@f$ over the test bed surface.

To ensure that the heat transfer was directed tisvedre test section atmosphere, two
layers of3.18-mmthick fiberglass insulation and one layedof 6-mmthick cork insulation were
placed below the heaters. The test bed structsef ivas built using three layers 6f35-mm
thick masonite hardboard where the two top layesseveegmented to embed the plates, heaters,
and insulation into the floor. This constructiofoaled the aluminum plates to be flushed with
the top surface of the Masonite boards. Figured&plays a top-view schematic diagram of the

test-section module, while Figure 3.6 provides atplof the test bed layers.

Figure 3.6: Photo of insulation, heater, and
aluminum plate arrangement on test bed.

Channels
For Test

Bed Wiring : 1.—

Thermocouple Rake Fiberglass Masonite
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Aluminum Plates
~

Heaters

Cork Insulation

Figure 3.7: Photo of installation of aluminum
plates with surface thermocouples.

Figure 3.5: Top and end view schematic of the tebed.
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As shown in Figure 3.7, twelve Type-T thermocouplese used to monitor surface and
heater temperatures. In order for the aluminumepla maintain full surface contact with the
heaters, for maximum heating efficiency, channeésenmilled at the bottom of the plates to
accommodate for the thermocouple wire thicknes& 3énsing end of the thermocouple was
then positioned at the lowest surface of the pkted was secured with 3M-brand high-
temperature tape. Figure 3.8 presents a schenfatie ainderside machining of the aluminum
plates, and Figure 3.9 displays a photo of a serfaermocouple secured under an aluminum
plate. A photo of the final installation of the ke plates with thermocouples beneath is shown

in Figure 3.10.

High Temperature Tape

Screw
Mounting
Type ‘T’ Holes (12}
Thermocouples

hermocouple Channels (3)

Figure 3.9: Photo of a thermocouple secured
inside an aluminum plate channel with high-

Figure 3.8: Bottom view schematic of thermocouple temperature tape.
channels under aluminum plates.

Figure 3.10: Photo of final installation of heatedlates.
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3.3  Boundary-Layer Fetch Preparation

A naturally turbulent boundary layer occurs instte tunnel at terrestrial atmospheric
pressures. However, at pressures correspondindpetorange of Martian surface pressures,
boundary-layer “trip” configuration is required e inlet of the wind tunnel. This is to ensure
that a fully developed turbulent boundary layedéveloped in the test section. As an initial
roughness effect, 3M-brand No. 36-grit sandpapes flaly secured with heavy-duty double-
stick tape along the floor of the entire tunnebuattseven meters long by one meter wide.

Sandpaper material used in the experiment contaightly spaced synthetic aluminum
oxide (ALO3) granules adhered onto thick woven cloth mateAatording to DeGarmet al.
(1988), the 36-grit classification denotes that saadpaper roughness would pass though a
screen with36 openings per inch, giving a screen numi&ipf 36. The mean particle diameter
of the sandpaper granuld3s, in inches, may then be estimatedas/0.7/S Thus, for the 36-
grit sandpaper used in the experiment, the meanedex of a roughness particlesis0 pm.

Securing the 36-grit sandpaper to the heated plaéssproblematic and could only be
successfully accomplished by using high tempera®iF¥, manufactured by Accumetric, Inc.
Similar to the type used for sealing gaskets imm@abile engines, this type of RTV allows the
sandpaper to remain attached to the aluminum platder severe heating conditions. The only
drawback is that under low-pressure conditionshats tendencies to outgas weakening its
adhesive properties. By ensuring a clean and praypglication of the RTV and roughening the
surfaces to be bonded, the adhesive lifetime mayreatly extended. A photo of 36-grit

sandpaper installed along the wind-tunnel flogressented in Figure 3.11.

26



Figure 3.11: Upwind photo of MARSWIT with initial r oughness of 36-grit
sandpaper installed onto test section and boundargpyer fetch surfaces.

Additional “trip” mechanisms were applied to act sagface vortex generators, which
consist of small pebbles secured to the tunnel fibbe pebble bed extends approximatel m
downstream from the entrance section (see Figur®).3This technique results into a wind-
tunnel boundary layer development that correspémdsneutrally stratified atmosphere in which
the Monin-Obukhov stability length is infinite [Wtai (1981)]. Hence, the ratio of local surface
roughness height to the stability length is zerdinke value of the stability length is achieved i

the tunnel by heating or cooling the tunnel flomr éinstable or stable stratification, respectively.
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Figure 3.12: Downwind photo of MARSWIT displaying
pebble boundary-layer trip.

3.4  Instrumentation

For all experiments, Mars ambient pressure was umedsusing a Tavis pressure
transducer, similar to the instrument used with\fiieng lander missions. Ambient temperature
was monitored using a Type-T thermocouple instalied the wind-tunnel freestream.

Measurements were made to obtain the velocity aerdpérature profiles at the same
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downstream location over the test bed. Velocityfil@® were acquired using a traversing
flattened-tipped Pitot tube connected with a Se220 differential-pressure transducer.
Temperature profiles were obtained using a thermmoleo rake that housed ten Type-T
thermocouples logarithmically spaced above theaserfto a height ol7 cm Figure 3.13

presents the schematic diagram of the thermocaoage while Figure 3.14 shows a photo of the

rake installed onto the test bed.

1 } 1/4-20 All Thread
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Rake TC 1 (surface)

Heater 3 Heater 4

Figure 3.13: Side view schematic of thermocouple Figure 3.14: Photo of thermocouple rake installed
boundary layer rake. onto test section bed.

To determine dust threshold, an electrostatic @arimpact probe was installed at the
end of the wind-tunnel test section (see Figur®)3.This device was connected to a Keithley
Instruments Electrometer Model 602 that indicatadtduspension by measuring the electrical

charge developed around the face of the probe.eldarometer does not necessarily measure
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the strength of the impact, however with great gieity, does detect the presence of dust in the

air stream. This instrument provides accurate apdatable dust-threshold measurements.

Figure 3.15: Photo of electrometer probe situatedtahe end of the test
section and slightly offset from the thermocouple ake.

With a LabVIEW data-acquisition system simultandpullecting and recording all
measurement signals, the electrometer’s readingsbeamatched with the velocities acquired
from the Pitot-static tube. Thus, the time of dilstshold can be determined and traced to a
corresponding threshold wind speed. For the boyAdaer profiles, data were collected from
21 instruments at a sampling rate 180 Hzfor 120 seconds. Averaging0 samples at a time
from each measurement, this acquisition setup geaM860 averaged data sets of the different
measurements. During the dust threshold testsymplsg rate of100 Hzwas applied while
averaging50 samples at a time foB0O seconds. Therefore,200 averaged data sets were
collected containing information on dust threshalid for two separately measured velocity
profiles, which were then averaged to produce glsiprofile. This profile then was used to
measure the test bed condition. Figures 3.16 ahd @isplay a sample LabVIEW front panel

from one of the experiments and a sample LabVIE&g@im, respectively.
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Figure 3.17: Sample LabVIEW wire diagram displayingsteps of the data acquisition and
near real-time calculations of wind tunnel measurediariables.
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3.5 Aerodynamic Dust Deposition

For the dust threshold experiments conducted s ghidy, a material commonly known
as Carbondale Red Clay (CRC) dust was used ascaptad surrogate Martian dust. Carbondale
Red Clay (A$O3-2SiQ,) is a dark or light red colored man-made compotlnad falls under the
alumina silicate chemical family. In dust forrh o 2 4m in diameter), it has a typical specific
gravity of 2.35 To create a dust-covered surface, an emplacemetttod of aerodynamic
settling was developed following the method destdiim Whiteet al (1997). This ensured that
CRC dust was applied uniformly over the test bed ¢ritical that the method be able to imitate
atmospheric particle deposition without imposinghataral disturbances. In order to develop a
continuous “fetch” of particle movement, CRC dustswsettled not only over the test bed, but
also over the full length of the wind-tunnel flodrhis excludes the entrance boundary layer
“trips” which covered one to two meters in lengiine result from this procedure is a top layer
of dust similar to that of a natural aeolian deposiprocess. This dust layer is presumed to

occur on Mars after the settling of airborne péatc

Figure 3.18: Photo of CRC dust being suspended intbe air by being
pneumatically agitated inside a filtered container.
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Aerodynamic dust settling was performed at standamckstrial atmospheric pressures.
This process involves twé-liter containers each approximately holding:& mixture of CRC
dust and sand particles, respectively. Figure 8dd@/e shows a sample setup of dust suspension
method. The containers were covered with a finehm&seen and placed on top of the
downstream section of the entrance boundary-layes. tWith Teflon tubing connected from a
compressed air line and into the bottom of the @oets, air was injected into the containers
allowing the CRC dust to diffuse out of the scre&he larger and heavier sand particles
combined with the dust were primarily used to lopgadividual dust particles from cohesion
and to mix and suspend dust before exiting theasoat. Initially, due to the weight of the sand,
the air-injection tube would become obstructed.sTias avoided by tilting the containers
downwind and slightly rotating the air injectionzzte so that less weight is imposed onto the
compressed-air tube. Therefore, dust and sand easiby circulated and mixed, thus developing

a continuous diffusion of dust into the interiortbé wind tunnel.

Figure 3.19: Photo of experimenter prepping the dussuspension system
just at the end of the pebble-bed boundary layer 1p.
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As the dust travels by suspension into the airwtimel-tunnel fan system was engaged at
a low speed (a few cm/s). Figure 3.19 above shdwswind tunnel preparation of the dust
suspension system. This allowed the airborne dasslowly travel downstream and to
simultaneously settle onto the wind-tunnel floofteA a minimum of four to eight hours of
continuous air injection and dust suspension, rabste dust was expelled from the containers.
The compressed air and the wind-tunnel fan werendigged so that the remaining particles in
the air are allowed to settle over the surface. fleta dust deposition took approximatély
hours per test. As a result, this tedious procesmdd a uniformly distributed and relatively
“thick” layer of dust onto the wind-tunnel floorlfaut0.5-mmthick). An additional advantage of
this aerodynamic settling technique is that it alows the dust to become negatively charged

which is a common occurrence with terrestrial dust presumably on Mars [REF?].

3.6 Test Conditions

All experiments were conducted at 10 mb air presswhich is equivalent td to 5 mb
Mars surface atmospheric conditions. Stability leweere set according to amount of voltage
that can be applied to each silicone heater, whaclged fromO to 120 volts. Two roughness
conditions were tested. The first consisted of phst base roughness used on the immediate

upwind “fetch”, which is the 36-grit sandpaper ($g@gures 3.20 through 3.22).

1-to 2-cm diameter pebble bed
spaced at~ 1D 36-grit sandpaper

Figure 3.20: Top view schematic of first roughnessonfiguration.
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Figure 3.21: Upwind view of test bed and immediate Figure 3.22: Test section view of first roughness
upwind fetch for first roughness configuration. configuration.

The second test surface included an additionaldesl pre-determined pattern of one-
half inch tall steel nuts placed on top of the ¢fétand test section sandpaper beds (see Figures
3.23 thru 3.25). Here, each downwind row of nutsengpaced approximateB.5 cmapart,
where each nut was separated at aBdhitcmapart. Each row also was set staggered from the
previous row (see Figure 3.26).

1-to 2-cm diameter pebble bed
spaced at ~1D 36 grlt sandpaper + unlfnrmly dlstrl buted steel nuts

% ; : .
[ NN TR M TR ‘- ‘- ‘- IR T n I l T R e
fEd & AR EbiTe ErEan e TRt ,-.-',-_-'.-_-',-_-',-.-;}:-:,.-:,.-:._-:..-:

Figure 3.24: Upwind view of test bed and immediate = Figure 3.25: Test section view of second roughness
fetch for second roughness condition. configuration.
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Figure 3.26: Top view of nuts pattern over sandpapebed.

In the initial planning stage of the project, om@adpaper roughness condition was to be

tested. The very first test bed constructed wa®m@dly used for preliminary determination of

heating level capacity and low-pressure effecteshensandpaper RTV adhesive. After several

low pressure and heating trials, the sandpaperrnbegaelaminate and ripple over the heated

plates resulting to another level of roughness. oua reconditioning of the sandpaper over the

aluminum plates, a much smoother surface was asthigith the same sandpaper roughness.

Therefore, the first test surface setup with just tayer of sandpaper was divided into two

subsequent roughness cases. The rippled sandpagerds designated as Test Bed 1, while the

smoother sandpaper bed was identified as Test bdthus, the rougher test surface with a

patterned spread of steel nuts was identified as Bed 3 (see Table 3.1).

Table 3.1: Designations and descriptions of test-desurface configurations.

Eisgigsnuzg%%e Description of test-bed surface configuration
Test Bed 1 32-grit sandpaper with heat-affectepling

Test Bed 2 Smooth 32-grit sandpaper

Test Bed 3| Smooth 32-grit sandpaper with half-itathsteel nuts

For the first sandpaper surface condition, Test Bedoundary layer surveys were

conducted both for an unheated case and for a 40¥at setting on the four surface heaters.
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Such surveys included collection of both wind agchperature profiles at a range of freestream
wind speeds. The purpose of these profiles is tvatherize the turbulent flow condition over

the test surface. Based on the captured trends fherunheated or neutral setting, one can
provide reasonable estimates for dust thresholeh éoe unstable cases. Although the results
were preliminary and acquired under trial and emoist threshold experiments over this test bed
were accomplished for an unheated and fé0¥ heater control setting. Figure 3.27 presents an

overall flowchart of the main types of experimettsiducted over Test Bed 1.

Unheated 40V He ated
Boundary Layer Boundary Layer
Survey Survey

Test Bed 1

Unheated {0Y Heated
Dust Threshold Dust Threshold

Figure 3.27: Flowchart of types of experiments congtted over Test Bed 1.

Experience from the first set of experiments alldvi@ improved planning for Test Bed
2, the second reconditioned sandpaper bed (seeeFR)@8 for experimental flowchart). A
boundary-layer survey of velocity and temperatues first acquired for an unheated or neutral
surface. Based on the range obtained at the Maldiftker Lander site, one neutral and four
unstable atmospheric conditions were simulatediémt threshold testing. For the four unstable
cases, the Variac controls for the four siliconatbes were set for four experiments by varying
the voltage i.e. surface temperatut®\, 80V, 60V-75V and90V). To study the effects of
heating, velocity and temperature profiles werdectéd for each of the various heating levels at

the same wind speed.
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Unheated
Boundary Layer
Survey

Test Bed 2

Unheated
Dust Threshold

50V Heated
Dust Threshold

80V Heated
Dust Threshold

60V-75Y Heated
Dust Threshold

90 Heated
Dust Threshold

Figure 3.28: Flowchart of types of experiments congtted over Test Bed 2.

Experiments over the combined sandpaper and nsttbéel were unfortunately limited
by the availability of the Steam Plant Facility. Noheless, three different stability conditions,
one neutral and two unstable, were accomplishedhfee corresponding dust threshold cases.
For the first unstable case, the Variac controtgtie four heaters were each presé&iQt, while

for the second unstable case, the heater settiegs at90V. For each of the heating levels,

boundary layer surveys of velocity and temperaalse were acquired (see Figure 3.29).

Unheated 50V Heated 90V Heated
Boundary Layer Boundary Layer Boundary Layer
Survey Survey Survey
Test Bed 3
Unheated 50V Heated 90V Heated

Dust Threshold

Dust Threshold

Dust Threshold

Figure 3.29: Flowchart of types of experiments congtted over Test Bed 3.
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Chapter 4:  Experiment Results

4.1 Instrument Calibration and Data Reduction

Several voltage measurements were taken during eaperiment conducted. All
temperature measurements were made using OmegaTTgprmocouples. Voltage readings
from the thermocouples were first converted to ovoits and then converted to temperature in
degree Celsius using calibration conversions gilwethe LabVIEW software. According to the
software reference, the formulas originated frol8 NMonograph 175 and are given as follows:

For a temperature range ®fC to 400 C:

T =v(2592800x107% +V(—7.602961x 107" +v(4.637791x 107" +

(4.1.1)
V(-2.165394x 107 + \(6.048144x 102 +( ~7.293422x 1072 ))))))

For a temperature range-@00 T to0 T:

T =v(2594919% 1072 +v(—2.1316967 107" + v(7.9018692 107 +
V(4.2527777x 107" + v(1.3304473% 107" +v(2.0241446x10° +  (4.1.2)
V(1.266817X 107 )

Boundary-layer height location from the traversiigpt tube system was acquired from a
voltage measurement given by a variable resistaregketo a traverse motor. When the traverse
mechanism was moved to various heights, a spediliage was assigned to that height. This
voltage was calibrated against a precision stedésghere a voltage at some distance above the
surface was assigned to a particular height giwethb scale. Obtaining measurements at two
heights, a slope conversion from voltage to milene was found to b200.65 mm/voltThus,
the height of the Pitot tube can be determinesbewWs:

Heigh{mn = [(Measured/oltage- Offse/oltage x 20065mm/ volt]

. . (4.1.3)
+ P|totTubeGeometr|oCente{mn’]
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The traversing pitot tube was a flat-tipped, custgpe designed by United Sensor
Corporation with tip end cross-section dimensiongem in Figure 4.1. Here, the Pitot tube

geometric center is given as half of its verticaler dimension.45 mm

Figure 4.1: End cross-section schematic of Unitede8sor Corporation flattened Pitot tube.

Chamber pressure was measured at low pressureai3iags Corporation Model P-4AS
total pressure transducer. It is capable of precisneasurement of pressures ranging féota
25 mb From a calibration of the instrument, the resgltconversion from voltage to pressure in
millibars is given by:
P. =5.03720Tavisvoltagg involts) (4.1.4)

Two different velocity-measuring instruments weised inside MARSWIT. One was a
stationary Pitot-static tube placed at a heightvaltbe boundary layer where a freestream wind
speed can be acquired. This Pitot-static tube waserted to a Setra Model 239 differential
pressure transducer with serial number 42893, witerealibration conversion from voltage to
differential pressure in Pascals is given by:

AP = 27.402[ Setra239 voltagd involts) (4.1.5)

The second velocity-measuring instrument was at Rifoe vertically traversed next to
the stationary Pitot-static tube for generating rmtary layer wind profiles. A reference static
pressure was measured from a small orifice in thmediate wind-tunnel ceiling wall, well
above the wind-tunnel boundary layer. The statesgpure was referenced from wall rather than

from the Pitot tube to reduce angular flow effeatsd random changes due to turbulence
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generated from traversing the Pitot tube verticllwen and Pankhurst (1977)]. This Pitot tube
and wall static port system was connected to argse&etra Model 239 differential pressure
transducer with serial number 649464 and with éaion equation given by:

AP = 27.469[ Setra239 voltagg involts) (4.1.6)

Prior to each low-pressure experimental run, a mealtage at zero velocity was
measured from both Setra Model 239 differentiakspuee transducers and was first subtracted
from the voltage measured during an experimental the Setra Model 239 differential
pressure transducers consist of a metallic diaphragrhich is highly sensitive to local
temperature. When the chamber is reduced to neamuwa pressure, the chamber temperature
also decreases, thus an additional offset was netjfor the differential transducers at different
pressures other than at one atmosphere. Detatlseotalibrations of all instruments used in the
current experimental study are presented in AppeAdi Other parameters that were calculated
from the experiment are the dynamic and kinemasicosities, which are explained in Appendix

B:, and the mean free path in Appendix C.:.

4.2 MARSWIT Temperature Readings

Atmospheric instability is fundamentally describbg its negatively sloped vertical
temperature profile, which is evident during dawireolar heating of the surface. Such a
condition generates a local circulation where wamparcels rise from the heated surface, while
cooler air parcels fall from above. At higher aities, rising air parcels expand due to lower
pressures. Based on the ideal gas law, if the aicgb were rise adiabatically (i.e., no heat
exchange with its surroundings), the only sourcetli@ expansion is through the change in

temperature within the air parcel. Such readingshatter represented in terms of the potential
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temperaturef, the temperature an air parcel would have if itenadiabatically brought to the

surface (see Equation 4.2.1).

_(r1)

AR
9—T(P j (4.2.1)

0
Here,T is the measured temperature reading at a parntibalght,Pr is the pressure at the height
of the temperature reading, is the surface pressure, apig the specific heat ratio.

Potential temperature at a particular height essbntprovides a more appropriate
comparison to the surface temperature since tteetsfiof pressure altitude in the temperature
measurements is removed. However, in MARSWIT, tleasared vertical temperatures can be
considered potential temperatures since all measnts were essentially made near sea level.
In this facility, moisture actually contributes arma predominant effect towards the temperature
readings. Due to a lower density, water vapor isembuoyant than dry air at the same
temperature, thus increasing vertical turbulencthenatmospheric boundary layer. To account
for the effects of moisture, potential temperatigadings must be converted to virtual potential
temperaturesd, which is defined as the temperature a dry aicglanust have in order to meet
the same density of a moist air-parcel. Virtualgobial temperature for unsaturated air is
calculated by using following equation.

6, =6(1+ 061r) (4.2.2)
Here,r is the potential mixing ratio of the current wate&por mass to the mass of dry air,
otherwise known as the humidity ratio. Accordingpgychrometrics or the properties of moist
air, the moisture holding capabilities of air iguaction of temperature. From a psychrometric
chart, the humidity ratio increases nearly expaa#ntwith increasing temperature. Thus,

referring to Equation 4.2.2, any measured tempezatarresponds to a higher value of potential
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temperature. This is particularly critical for thastable temperature profiles collected near the
surface of the heated MARSWIT test-section surface.

Water vapor content in MARSWIT can be determinedkbgwing the humidity inside
the low-pressure chamber. A humidity reader wasamatlable for use for the time of the current
study. Although for later experiments not pertajnito the current study, a Vaisala Model
DMP248 humidity reader with a range ®fo 100%relative humidity was added to the standard
measurement capabilities of MARSWIT. Figure 4.2sprds a set of relative humidity readings
conducted during a later but similar experimergat tis those herein. Note that once the pressure
falls below16 mh the relative humidity is less thd®.5% Using a psychrometric chart, if at the
experimental chamber-pressure setting 16f mb maintains at18.5% relative humidity, a
temperature reading @0 T correlates to a humidity ratio 6f47. According to Equation 4.2.2,
such a mixing ratio results to 29% higher value of its corresponding virtual potentia
temperature. For higher temperatures, the differebetween the measured and virtual

temperatures does increase due to the inherenggnextial increase in humidity ratio with

temperature.
Experiment Date: July 26,2001
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Figure 4.2: Relative humidity readings at a range Plow-pressure conditions in the chamber.
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For the particular day given in Figure 4.2, the hdity readings showed a significant
effect against temperature due to humidity. Howgtrezre could be instances were the chamber
humidity is low enough that it may be ignored. Slmk humidity conditions could arise when
the chamber is sustained at near vacuum pressuresgreat amount of time. For longer times
under vacuum or even pressures lower than thogbeaEarth’s surface, there is a greater
possibility that the moisture in the chamber isparated.

During the experiments discussed in this repod, standard procedures for evacuating
the chamber began with an initial pump-down sessiothe early morning and then a final
pump-down session to the desired low-pressure tiondater in the morning. Some pre-final
pump-downs also were sometimes conducted whenaélailIn the periods when pressures
were maintained much lower than Earth sea levebsgpinere, thermodynamic conditions may
provide greater possibilities to remove moisturénm chamber. Thus, since a humidity reader or
hygrometer was unavailable during the time of tkpeeiments made for this project, it was
assumed that the temperature readings collectedotiaequire corrections due to moisture.
However, for future experiments, it is recommentted the humidity is measured at the desired

chamber pressure condition when measuring bouridgey temperatures.

4.3  Corrections for Traversing Flattened Pitot-Tube

Since the traversing Pitot tube travels through whed tunnel boundary layer, it is
subjected to a few effects that may alter the ulaeadings. Thus, corrections may be required
due to the effects of turbulence, the presencevel@ity-gradient, viscosity and wall proximity.
Turbulent velocity fluctuations may cause pressir@anges at Pitot-static tube orifices. Since in

the present experimental setup, the static pressumeasured from a wall orifice where
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turbulence corrections are known to be small, whigeeeffect of turbulence against the flattened
Pitot tube are negligible. When the static portropg is essentially maintained at zero degrees
angle or parallel with the flow, only up 18% errors generate for even angle fluctuations agelar
as20 degree$Owen and Pankhurst (1977)]. Since the probetisrawalled, square-ended type,
it is also insensitive to yaw.

Corrections are also necessary for conditions wiieeePitot tube is placed within a
velocity gradient. When a flattened Pitot tube ey used for measurements within a boundary
layer, it senses a velocity-gradient just in frafitthe mouth of its opening, where a higher
velocity forms at the top of the opening than tiathe bottom (see Figure 4.3).4p associated
with this velocity difference essentially causesshear displacement” shifting the effective

center of the Pitot tube from its geometric cet@rards the region of higher velocity.

-
Effective
Center
|
V,
V. Z

Figure 4.3: Effective center of a flattened Pitotube when placed within a velocity gradient.

According to Young and Maas (1936), the additiverextion, C,, for the measurement
height,z, of the Pitot tube can be corrected accordingpédfdllowing equation.

S~ 013+ 0089 (4.3.1)
D D

Here,d is the inner height of the Pitot tube, whileis its outer height. From Figure 4.1, the
flattened pitot tube used for the current study thesdimensionsg = 0.4 mmandD = 0.9 mm

Thus, ford/D = 0.444, C,/D = 0.17 or the additive correction to the measurement hieig
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0.17D. In a later study, MacMillan (1956) showed tha #bove result fo€,/D is high by0.02
Therefore, for the current study the height measerd was increased IQy15D.

Viscosity at low-Reynolds-number flows also genesatorrections to the velocity
readings. Due to an extremely slow response rataall’ pitot-tubes are generally subject to
viscosity effects, in particular, at low speedser@nt inside a boundary layer. According to
MacMillan (1954), the steps in adjusting the vetpceading requires an application of a Pitot
tube coefficient of pressur€p, correction. First calculate the velocity, using the measured

differential pressurelP, and assumin@, is one.

C, = =1 = U= 24P where:pis the chamber density (4.3.2)
\/ P

The next step is to calculate the Pitot tube ogeRaynolds number.

Re, =% where:d = the Pitot tube inner height amd= kinematic viscosity (4.3.3)
vV

Given the above Reynolds number calculation, tlieectonC, can be calculated as follows.
ForO <Rg =<13.6
C, =-0.067952740g,[Re, | +1.16136140 (4.3.4)
For13.6<Reg <100Q

C, =0.003722934og, [Re, | +0.974282884 (4.3.5)
ForRe >100Q C, =1 (4.3.6)
Finally, calculate the corrected velocitys, using the appropriate correcti@y.

24P (4.37)

U =+
c \/C7p 0

46



A final correction to the flattened Pitot tube vty reading must be applied due to wall
proximity. As the distance between the Pitot tubd the surface closes, the flow between the
two boundaries increases, thus decreasing theifitmathe Pitot tube. According to experimental
data presented in MacMillan (1956), a percent oioe to the measured differential pressure
can be found for a particular Pitot tube size aisthdce from the surface.

Overall, three types of corrections were applieth®velocity readings from the traverse
flattened Pitot tube: 1) velocity gradient correnti 2) viscosity correction, and 3) wall proximity
correction. The specifics in the procedures takeapiplying these corrections to the experiments

discussed in this study can be viewed in detaippendix D.

4.4  Generation and Characteristics of Wind Profiles

All wind profiles were generated from an averagéwal consecutive vertical traverses of
the flattened Pitot tube that spanned the bountamr within 30 to 40 seconds at a single
downstream location in the wind-tunnel test sectone profile was obtained by traversing the
Pitot tube down to the near surface and the otres @btained by traversing back up to the
original test-section centerline position. An aggravind profile was generated by averaging the
wind speeds measured at a matching height of wi#erto 10% difference, giving an average
difference in velocity between the two traversesnof more thatl0% for heights normally
located at the “Law-of-the-wall” region. This avgiiag technique is best viewed by plotting the
up-traverse, down-traverse, and average wind pobh the same plot of logarithm of heigit,

versus local wind speed, (see Figure 4.4).
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Figure 4.4: Sample plot of down-traverse, up-travese, and averaged wind
profiles from one experimental run.

Note that velocity measurements above two centirmetee remarkably similar between
the up-traverse and down-traverse profiles. Howewerthe near-surface region, a slight
variation occurs. This hysteresis-type variationlu® to the limited speed that the Pitot tube is
being traversed through the boundary layer anteditgher degree of turbulence that is inherent
of the near surface region. The single-speed tsaverotor allows the Pitot tube to collect data
though the boundary layer moving at aboutra/sec However, for future boundary-layer
experiments, the traverse speed near the surfacgdsbe reduced so that a slow-response Pitot
tube is able to capture the necessary velocity thatteaccurately quantifies the shape of the wind
profile. Since the traverse Pitot tube was limiteanove at a speed, which varied the data near
the surface, two wind profiles were collected ttadian average.

General parameters that were calculated from thed vaprofiles were the freestream
velocity, Ug, the test section Reynolds numlieg, the displacement heighdt, the momentum-
deficit height, & and the momentum-deficit Reynolds numbRe,.. The only parameter

estimated from the profiles was the boundary-ldngght, o.
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Boundary-layer height), was estimated from the semi-logarithmic wind pecdnd also
from the linear plot of velocity as a function adight similar to the one shown in Figure 4.5.
Such an estimate was verified by a graph of theesppnding non-dimensional velocity/Ug,
as a function of non-dimensional heiglatp (see Figure 4.6). Plotted along with the non-
dimensional profile in Figure 4.6 is the profiler fiaminar flow [Shames (1982)], which was
used to verify that the measured wind profile iisimulated atmospheric turbulent flow. The

equations used to generate the dimensionless lamind profile are provided in Appendix E:.

24 A |y = 1E-11x° - 2E-08x* + 8E-06x° - 0.0021x? + 0.2668x + 5.5999| 0.9

Height (mm)

zI5
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e8] , 06 \
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g 127 Boundary 03
10 Layer Height '
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4 LNLIN L L L L L L L L LB IO B 0\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0 50 100 150 200 250 300 350 400 450 500 0 01 02 03 04 05 06 07 08 09 1

Figure 4.5: Sample plot of velocity as a functionfo

Figure 4.6: Sample plot of hon-dimensional velocity
height both on linear scales.

as a function of non-dimensional height.

A stationary Pitot-static tube was installed to swa a continuous freestream reading
during an experimental run. However, an alternasiverce was used as the reference freestream
velocity value. The freestream velocityr, was determined by averaging the velocities
measured above the boundary-layer height by theersang Pitot tube. This procedure for
designatingUr was done for consistency with the shape of thedvwprofile plots. Since the
traverse Pitot tube static port was located in ¢kding, where it was undisturbed by the
turbulent boundary layer, the traverse Pitot tulzes \able to provide a static pressure reading
without the effects of flow angularities. The sbaiary Pitot-static tube reading was mainly used

as a near real-time monitor of the wind-tunnel sipghgring an experimental run.
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Using the value for the mean freestream velodiky, the test section Reynolds number
can be determined using the following equation:

Ugx
Vv

Re, = (4.4.1)

Here, v is the average kinematic viscosity anid 6.71 m, which is the distance from the leading
edge of the fetch to the downstream position ofttéreersing Pitot tube.

Displacement heightg*, momentum-deficit heightd, and momentum-deficit Reynolds
number,Re; were calculated based on equations found in WhA81). Here, the displacement

height and momentum-deficit height are respectidelined as follows:

* = g —i = N —i —
o _jo (1 UFde ;(1 U j(znﬂ Zn) (4.4.2)

F

o= —(1——jdz 2(&}(1—%}(%—2”) (4.4.3)

where: fon = 1= z=lowest height
forn=ns;=2z=90
The momentum-deficit Reynolds number was then &atied as follows:

U8
v

Re, = (4.4.4)

Using Rey, the value of the Von Karman constakt, which will later be used for
boundary layer analysis sections, may be determikextording to Patel (1965)k was
experimentally estimated as 0.418. White (198¥8rlahowed that such an estimate is valid for
Rey = 600; however, for 425 Rey < 600,k becomes a function dtey and of the wind profile
shape factor according to the following equation:

k =0.0013R, - 0.362 (4.4.5)
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For conditions wher&ey < 425, the boundary layer is considered to be insiteonal flow. The
Von Karman constant is essentially a parameterogoak to turbulent boundary layers only.
Thus, for wall-shear flows in transition, the Vodhan constant is generally inapplicable, and

the corresponding wind profile is excluded frombuwlent boundary layer analysis.

4.5  Test Conditions during MARSWIT Boundary-Layer Syse

Three surface configurations were built and tesfdue initial test bed consisted of
smoothly layered 36-grit sandpaper similar in tgpethe immediate upwind fetch. However,
over the center section of heated plates, the sgedpdelaminated and formed ripples due to
extensive pre-experimental surface heating regulttna rougher surface. A second test bed
configuration was considered after re-adheringsdun@dpaper over the aluminum plates forming
a much smoother surface. The third and final testibhcluded the same sandpaper layer used in
the first two surface plus pre-patterned rows df-imeh tall hexagonal nuts arranged over the
test bed and over the immediate upwind fetch. Thusll, three roughness conditions were

simulated for the current study and were designasefdllows in Table 4.1.

Table 4.1: Designations and descriptions of test-desurface configurations.

Test Surf?‘ce Description of test-bed surface configuration
Designation
TestBed 1 32-grit sandpaper with heat-affectegling.
Test Bed 2 Reconditioned Test Bed 1 forming a smooth 32-gfit
sandpaper surface.
Test Bed 3 Smooth 32-grit sandpaper with a pattern of halfiinc
tall steel nuts distributed over the sandpapeiasetf

Surveys of wind and temperature profiles were ctdlé over the three test-surface

conditions, subjected under various heating levEdhle 4.2 displays a list of the sub-surface
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heater settings attempted over each test-bed cwafign, along with the corresponding mean
surface temperatures. Note that for the heatedscasesquivalent voltage, as given in Table 4.2,

was applied to all four surface heaters for onéiqadar test-bed stability case.

Table 4.2: Surface-heating settings for boundary lger profiles conducted
over the three test bed surfaces.

Test Surface | Voltage Setting for] Mean Surface
Designation Surface Heaters | Temperature°C)
Unheated 15.75
TestBed 1
40V Heated 65.63
Test Bed 2 Unheated 19.15
Unheated 20.48
Test Bed 3 50V Heated 83.83
90V Heated 201.41

The main goal was to try to maintain a constarflasertemperature during one boundary
layer profile run, in particular, for the higherndi-tunnel speeds. Normally at higher speeds, the
leading heated-surface cools to a lower temperdhae the proceeding heated surfaces. As the
heat released from the lead test-bed surface sral@binwind, the latter surfaces become even
much hotter leading to axial conduction. Laterutsswill show that the surface temperatures
nearly were constant for any wind speed even wilaeh deater was preset to the same voltage
level reducing axial conduction.

Wind tunnel and chamber conditions for the unheatedeutral boundary-layer surveys,
of which one set of wind and temperature profileswollected from each of the three test-bed
surface configurations, are summarized in Tabl& 4.4, and 4.5. Here, each of the values
presented is an average reading during a partibglandary-layer profile experiment. Note that

the chamber pressure was maintained at approxiswatage o0 mbduring each profile.
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Table 4.3: Wind tunnel and chamber conditions fromthe unheated boundary-layer surveys over Test Bed 1

wind Tunnel Temporatine| oresns| Denaity’ | vioeatity | Visooaty Mean Free Temperature
° C) (mb) | (kgim) | (kgims) | (mifs) ° C)

19.91 17.46 9.73 0.01167 1.8012E-D5 0.00154 10.06 5.801
30.03 18.67 9.98 0.01191 1.8071E-D5 0.00152 9.81 .8715
39.27 18.66 10.03 0.01198 1.8071E-P5 0.00151 9.8( 5.841
49.81 18.28 10.16 0.01215 1.8049E-P5 0.00149 9.6¢ 5.881
60.04 18.09 10.09 0.01207 1.8042E-P5 0.00149 9.72 5.841
68.97 18.20 9.96 0.01191 1.8045E-P5 0.00151 9.84 .8415
85.70 14.32 9.56 0.01159 1.7865E-P5 0.00154 10.09 5.151

Table 4.4: Wind tunnel and chamber conditions fromthe unheated boundary-layer surveys over Test Bed 2

wra v Yool el o oo Tt o] S0
(° C) (mb) (kg/m®) (kg/m s) (m?/s) (° C)
22.96 22.30 10.08 0.01188 1.824E-05 0.00154 9.91] .4519
30.56 22.30 10.06 0.01187 1.824E-05 0.00154 9.972 4019
42.58 22.08 10.05 0.01186 1.823E-05 0.00154 9.93 3719
50.18 21.07 10.09 0.01195 1.818E-05 0.00152 9.85 .9418
60.13 21.33 10.12 0.01197 1.819E-05 0.00152 9.83 .9618
70.64 20.46 10.08 0.01196 1.815E-05 0.00152 9.84 .9818
85.53 20.20 9.99 0.01187 1.814E-Q5 0.00153 9.91 9818.

Table 4.5: Wind tunnel and chamber conditions fromthe unheated boundary-layer surveys over Test Bed 3

o T W0 v bl Chater | Sy | et | e e
° C) (mb) | (kgim) | (kgims) | (mils) ° C)
38.47 22.62 10.48 0.01235 1.826E-05 0.00148 9.54 .4620
50.88 22.33 10.47 0.01235 1.824E-05 0.00148 9.54 .4620
61.97 22.34 10.47 0.01234 1.824E-05 0.00148 9.54 .4520
75.50 21.93 10.48 0.01238 1.822E-05 0.00147 9.51 4720
88.98 21.28 10.53 0.01246 1.819E-05 0.00146 9.44 5420

Corresponding wind profile characteristics of tmheated or neutral cases for the three
test surfaces are provided in Tables 4.6, 4.7 4a8dNote that the calculated momentum-deficit

Reynolds numbemRRe, for the first wind speed case of Test Bed legslthan 425 (see Table
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4.6). Such condition indicates that the test sadiiow is still in transition. Thus, any boundary

layer profile withRey< 425 was excluded from any further turbulence asigly

Table 4.6: Wind profile characteristics from the urheated boundary-layer surveys over Test Bed 1.

V;/ind Tunnel T;setyig%ison LfyoeL:n::irgyht Dis_placement Mc_)mentum M;emyﬁgltgsm Von Karméan

peed (m/s) Number (mm) Height (mm) | Height (mm) Number Constant
19.91 86490 299.56 38.46 26.52 342 N/A
30.03 132781 300.69 38.53 27.55 545 0.347
39.27 174537 300.45 36.00 26.55 691 0.418
49.81 224817 300.56 38.93 29.08 975 0.418
60.04 269385 298.41 41.56 30.86 1240 0.418
68.97 305304 300.17 42.60 31.87 1451 0.418
85.70 372708 300.75 40.77 30.84 1714 0.418

Table 4.7: Wind profile characteristics from the urheated boundary-layer surveys over Test Bed 2.

Vg/ind Tunnel T;setyi(e)%ison Lfyoeurnlgzight Displacement M(_)mentum Mr\?en;ﬁg}g? Von Karman
peed (m/s) Number (mm) Height (mm) | Height (mm) Number Constant
22.96 100293 300.35 39.92 28.89 432 0.200
30.56 133314 300.06 43.59 31.59 628 0.418
42.58 185707 300.31 45.74 33.78 935 0.418
50.18 221101 299.94 43.38 32.38 1068 0.418
60.13 265333 300.52 45.38 33.69 1333 0.418
70.64 311994 300.90 46.53 34.75 1617 0.418
85.53 375126 299.07 48.90 36.20 2025 0.418

Table 4.8: Wind profile characteristics from the urheated boundary-layer surveys over Test Bed 3.

Wind Tunnel Test Se::c?on Bounda.ryh Displacement| Momentum Momen}gm Von Karman
Speed (m/s) Reynolds Layer Height Height (mm) | Height (mm) Reynolds Constant
Number (mm) Number
38.47 174523 349.75 36.80 26.25 683 0.418
50.88 230976 348.35 41.03 28.95 997 0.418
61.97 281155 350.84 44.53 31.03 1301 0.418
75.50 343977 348.65 47.00 32.91 1688 0.418
88.98 408744 350.00 47.63 33.76 2058 0.418

Unstable or heated boundary-layer surveys also wa@tected over Test Bed 1 and Test

Bed 3. Only one set of heated profiles was colttcteer Test Bed 1, while two were tested over
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Test Bed 3. Unfortunately, due to facility constitaj unstable profiles could not be obtained for
Test Bed 2. Tables 4.9, 4.10, and 4.11 show thel winnel and chamber conditions from the
heated surveys, while Tables 4.12, 4.13, and 4rb&ept the corresponding wind-profile

characteristics. For the lowest wind speed case Dest Bed 1Rey <425 (see Table 4.12), thus

the corresponding wind profile was excluded fromitfar analysis.

Table 4.9: Wind tunnel and chamber conditions fromthe boundary-layer surveys over Test Bed 1 heated
under 40V heater settings.

Wind Wind Tunnel | Chamber| Chamber Dynamic | Kinematic Mean Mean Surface
Tunnel Temperature| Pressure Density Viscosity Viscosity | Free Path| Temperature
Speed (m/s (° C) (mb) (kg/m’) (kg/m s) (m?s) (um) (°C)

20.63 18.66 9.14 0.01091 1.8071E-P5 0.00166 10.76 3.106
33.35 18.28 8.95 0.01069 1.8049E-p5 0.00169 10.97 0.537
46.55 18.09 9.56 0.01143 1.8042E-P5 0.00158 10.26 3.976
59.05 18.20 10.16 0.01215 1.8047E-05 0.00148 9.65 6.7%
83.07 14.32 9.70 0.01175 1.7865E-p5 0.00152 9.96 7673

Table 4.10: Wind tunnel and chamber conditions fronthe boundary-layer surveys over Test Bed 3 heated
under 50V heater settings.

Wind Wind Tunnel | Chamber| Chamber Dynamic | Kinematic Mean Mean Surface
Tunnel Temperature| Pressure | Density Viscosity Viscosity | Free Path| Temperature
Speed (m/s (° C) (mb) (kg/m®) (kg/m s) (m?/s) (um) (°C)
28.79 22.89 10.51 0.01237 1.827E-05 0.00148 9.538 .2485
39.63 22.93 10.51 0.01237 1.827E-05 0.00148 9.538 .9585
50.04 22.60 10.55 0.01243 1.825E-05 0.00147 9.48 .6783
69.42 22.23 10.54 0.01243 1.824E-05 0.00147 9.4i7 .5882
88.33 21.81 10.70 0.01264 1.822E-05 0.00144 9.3 .6981

Table 4.11: Wind tunnel and chamber conditions fronthe boundary-layer surveys over Test Bed 3 heated
under 90V heater settings.

Wind Wind Tunnel | Chamber| Chamber | Dynamic | Kinematic Mean Mean Surface|
Tunnel Temperature| Pressure Density Viscosity Viscosity | Free Path| Temperature
Speed (m/s (° C) (mb) (kg/m®) (kg/m s) (m?/s) (um) (°C)
35.88 26.22 10.43 0.01214 1.843E-05 0.00152 9.73 1.620
47.65 26.10 10.49 0.01221 1.842E-05 0.00151 9.68 1.130
64.82 25.11 10.48 0.01224 1.837E-05 0.00150 9.6b 0.920
88.91 26.50 10.56 0.01228 1.844E-05 0.00150 9.683 1.620
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Table 4.12: Wind profile characteristics from the lbundary-layer surveys over Test Bed 1 heated under
constant 40V surface heater settings.

Wind Tunnel Test Sei:(';mn Bounda.ryh Displacement| Momentum Momen}gm Von Karman
Speed (m/s) Reynolds Layer Height Height (mm) | Height (mm) Reynolds Constant
Number (mm) Number
20.63 83502 300.75 40.93 27.56 343 N/A
33.35 132501 299.92 40.55 28.35 560 0.366
46.55 197741 300.36 40.94 27.23 803 0.418
59.05 266669 301.30 40.94 27.23 1083 0.418
83.07 366404 300.67 41.00 27.30 1491 0.418

Table 4.13: Wind profile characteristics from the lbundary-layer surveys over Test Bed 3 heated under
constant 50V surface heater settings.

Test Section

Boundary

Momentum

Wind Tunnel Reynolds Layer Height Displacement M(_)mentum Reynolds Von Karman

Speed (m/s) Number (mm) Height (mm) | Height (mm) Number Constant
28.79 130707 323.67 37.48 25.74 502 0.290
39.63 179843 324.12 40.18 27.94 749 0.418
50.04 228452 322.72 43.19 30.17 1028 0.418
69.42 317224 323.37 46.41 32.56 1540 0.418
88.33 410747 322.21 45.17 31.60 1935 0.418

Table 4.14: Wind profile characteristics from the lbundary-layer surveys over Test Bed 3 heated under
constant 90V surface heater settings.

Wind Tunnel Test Sei:;on Bounda_ryh Displacement| Momentum Momen;c(ljjm Von Karman
Speed (m/s) Reynolds Layer Height Height (mm) | Height (mm) Reynolds Constant
Number (mm) Number
35.88 158575 301.32 45.02 30.50 721 0.418
47.65 211801 299.40 47.35 32.07 1013 0.418
64.82 289491 302.06 49.69 33.46 1445 0.418
88.91 396951 301.38 50.18 33.99 2012 0.418

4.6

Aerodynamic roughness heiglz, is defined as the height above the ground wheze t
wind speed is zero, not necessarily the heightnofndividual surface element. Variations in
roughness height occur not only for changes inaserfelements height, but also for different

surface coverage and assortment of the roughnéss, erodynamic roughness is primarily a

56

Estimation of Aerodynamic Roughness Height from &\irofiles




function of a particular surface configuration asdindependent of wind speed, atmospheric
stability, or shear stress. Roughness height magppeoximated if the individual roughness
element heights are known along a particular leraftifetch [Stull (1988)]. However, for
conditions where there are step changes in roughnesan best be determined from a neutrally
stratified boundary-layer wind profile measured\abthat surface.

In order to achieve neutrally stratified turbuldmundary layer in the wind tunnel, an
infinite value for the Monin-Obukhov stability lethgmust exist. Stability length is essentially a
function of the three-dimensional fluctuating tudnt velocities, which only can be measured
by fast-response sensors not available for theenustudy. Since the stability length is difficult
to measure, neutral stratification can be deterchiteough a set of temperature and velocity
profiles at various freestream wind speeds. A bauwndayer is neutrally stratified when the
temperature is constant with height and when a commoughness heightz,, can be
extrapolated from the near-surface wind profiles.

From the near-surface wind profile, a logarithmiehar regression curve-fit can be
developed revealing the coefficiets andBy in the following expression:

z=A e (4.6.1)
wherez is the height from the surface ahlkz) is local velocity at height. Rearranging this

equation in terms df as a function of, the logarithmic-linear profile in the near-sudaegion

can be compared to the equation for fully develapeédulent flow over a rough-wall surface.

. 1 z

Rearranged equation: U(z)=—In —j (4.6.2)
B, \A
: u* z

Rough-wall equation: U (z):?In Zj (4.6.3)
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Here, coefficiendy corresponds directly to the roughness heightwhile the slope of the line,
1/By, is equivalent tar*/k, wherek is the Von Karman constant. Due to low-pressuréowor
density effects, the near-surface wind profile, ihé <5 to 7, essentially corresponds to the
viscous sublayer.

In a systematic manner, a logarithmic-linear regjoes line equation was generated for
each of the individual near-surface wind profilengeated from one velocity run, such as the
sample shown in Figure 4.7. Once a close matchoefficient Ay, was achieved, an average
coefficientAy was calculated and was designated as the tesiceurbughness heigts, With
this averagez,, the logarithmic-linear regression lines can bpistdd to the same average
giving the final form of the regression line eqoatifor each individual wind profile. Figure 4.8
presents the adjusted logarithmic-linear regressmumations originally formed from Figure 4.7.
Note that there is little change between the figurEhis suggests that a relatively accurate
determination ofz, has been achieved. Wind profiles generated froen rtutral cases are
presented in Figures 4.9, 4.11, and 4.13 along thlr corresponding temperature profiles in

Figures 4.10, 4.12, and 4.14, respectively, and dstimated roughness heights.
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Figure 4.7: Initial step in finding roughness heigh Figure 4.8: Final step in finding roughness height.
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Figure 4.9: Roughness height estimate from unheated Figure 4.10: Temperature profiles from unheated

wind profiles over Test Bed 1. boundary layer survey over Test Bed 1.
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Figure 4.11: Roughness height estimate from Figure 4.12: Temperature profiles from unheated
unheated wind profiles over Test Bed 2. boundary layer survey over Test Bed 2.
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Figure 4.13: Roughness height estimate from Figure 4.14: Temperature profiles from unheated
unheated wind profiles over Test Bed 3. boundary layer survey over Test Bed 3.
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Boundary-layer surveys also were collected undestalohe atmospheric conditions for
the configurations given in Test Bed 1 and Test Bedlhese measurements not only show the
distortional effects of heating, but also show veetinstabilities generated upon initial heating
of the bed dissipate into fully turbulent flow. Oset of wind and temperature profiles were
obtained over Test Bed 1 with the heater voltagésenstantly at about 40V, while two sets of
unstable profiles were collected over Test Bedspeetively at 50V and 90V constant heater
voltages.

Although values of aerodynamic roughness are besinated and represented by
neutrally stratified wind-profiles, apparent rougke heights were estimated from the unstable
cases using the same previously-defined extrapoladchnique. Since heating alters the shape
of the near-surface wind profiles, the resultinggioness height value from an unstable case will
not be a true representative of the particularagarfconfiguration but rather an artifact of the
surface stability condition. Table 4.15 displays tlesulting mean roughness heights estimated
from the unstable near-surface profiles over Teahd Test Bed 3. The unstable wind profile
over Test Bed 1 is plotted in Figure 4.15, while ttvo generated over Test Bed 3 are graphed in
Figures 4.17 and 4.19. Corresponding unstable teahpe profiles also are respectively shown
in Figures 4.16, 4.18, and 4.20. A comparison efrttean roughness heights from the matching
unheated and heated boundary-layer wind profilesr dest Bed 1 and Test Bed 3 is also

tabulated in Table 4.16.

Table 4.15: Roughness height results from heated anstable boundary-layer profiles.

Test Surface| Heater Voltage| Mean Surface | Estimated Roughness
Designation Setting Temperature°C) Height (mm)
Test Bed 1 40V 65.63 0.35

50V 83.83 0.32
TestBed3 90V 201.36 0.44

60



1000 1000
100 100 + ‘
Ur (mis) oan Ur (mis)
F
- F - iin
E 10 m33.35 E 10 m 3335
= A 46.55 Pt \‘& A 46.55
> #5905 o #5905
[} [}
1 A 14
T Ae A A 83.07 T A 83.07
0.1 4 0.1 4
0.01 evvvrvm o 0.01 Lo
0O 10 20 30 40 50 60 70 80 90 100 0 20 40 60 80 100 120 140 160 180
Velocity (m/s) Temperature (deg C)

Figure 4.15: Roughness height estimate from wind Figure 4.16: Temperature profiles from boundary

profiles over Test Bed 1 for 40V heater setting. layer survey over Test Bed 1 for 40V heater setting
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Figure 4.17: Roughness height estimate from wind Figure 4.18: Temperature profiles from boundary

profiles over Test Bed 3 for 50V heater setting. layer survey over Test Bed 3 for 50V heater setting
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Figure 4.19: Roughness height estimate from wind Figure 4.20: Temperature profiles from boundary
profiles over Test Bed 3 for 90V heater setting. layer survey over Test Bed 3 for 90V heater setting
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Table 4.16: Comparison of roughness heights betweemheated and heated boundary layer surveys
performed over Test Bed 1 and Test Bed 3.

Unheated or Neutral Cases Heated or Unstable Cases
Test Mean Surface Estimated Mean Surface Estimated
Surface Temperature Roughness Temperature Roughness
Designation (°C) Height (mm) (°C) Height (mm)
Test Bed 1 15.75 0.15 65.63 0.35
83.83 0.32
Test Bed 3 20.48 0.18
201.36 0.44

For the unstable condition generated over Test Beah apparent roughness height of
0.35 mm was estimated (see Figure 4.15), a 60%aserfrom its corresponding unheated case
as shown in Table 4.16. A similar trend was notetiveen the unheated case and the heated
cases of Test Bed 3. Such increaseg for the unstable cases are generally charactedsthe
distortional effects of heating or surface stapilfthe convergence of roughness height from the
unstable wind profiles suggests that instabilitgsnerated by buoyant convections were
immediately dissipated in the wind tunnel flow.

Alteration of the roughness height estimate wathéurillustrated from a set of boundary
layer surveys over Test Bed 2 maintained at theesamout the same wind, but varied in surface
temperatures. Five profiles were collected at tiase temperature distributions given in the
following Figure 4.21, which generated the vertiséthd and temperature profiles at a test bed
downstream distance @45 cmshown in Figures 4.22 and 4.23. Note the upwaifl &ir a
predictedz, in the near-surface wind profiles as the surfaoeperature is increased for greater
instability. Such conditions denote that an additixertical component of velocity is present

when the boundary layer is more buoyant.
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Figure 4.21: Surface temperature distributions forfive sets of boundary layer profiles
over Test Bed 2 maintained at the same freestreamind speed of about 85 m/s.
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Figure 4.22: Resulting vertical wind profiles for a Figure 4.23: Resulting vertical temperature profiles
range of surface temperature conditions over Test  for a range of surface temperature conditions over
Bed 2 at the same wind speed of about 85 m/s. Test Bed 2 at the same wind speed of about 85 m/s.

4.7  Friction Speed and Skin-friction Coefficient Analys
To identify dust threshold with a correspondingface-to-wind condition, one must first
decipher whether the physically simulated test teafigurations fall into an aerodynamically

rough-wall or hydraulically smooth-wall turbulence whether the resulting flow is still in
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transition. Such analysis will decide the apprdprianethod to determine the two critical

parameters in boundary-layer flow, friction speat,, and local skin-friction coefficientC,

[Schlichting (1979)]. There were two different medls used to attempt to find these unknown
variables. The first technique was to analyze thewprofiles over rough-wall flow. A second
method involved analysis over smooth-wall flow. Hus latter case, the profiles were analyzed
using the so-called “Clauser Method” (1954).

Since unstable conditions generally overestimate walue for the roughness height,
showing that the near-surface profiles are offisetion speed and local skin friction coefficient
estimates were only estimated from the unheatedeatral boundary-layer velocity profiles.
These estimates later will be used to determiné diweshold conditions for both neutral and

unstable atmospheric simulations.

4.7.1 Rough-Wall Analysis of Neutral Wind Profiles

In the process of estimating the roughness heighich was previously described in
Chapter 4.6, a logarithmic-linear regression liéh@ points associated with the near-surface
wind profile was generated giving a result in tbenf of Equation 4.6.1. Two coefficientay
andBy, were found to define the specific profile. Reagiag this equation in the form shown in
Equation 4.6.2, a comparison was made to the rewajh®law-of-the-wall” formula given in
Equation 4.6.3. Here, coefficieh, was analogous to the roughness height, and the

coefficient By to k/u*, wherek is the Von Karman constant and is the friction velocity.

Therefore, based on a rough-wall estimation, theallskin-friction coefficient,C,, may be

determined as follows:
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c
By definition, u* =U. ,/% (4.7.1)

2
or,C, = 2(3-] 4.7.2)

F
Figures 4.24, 4.25, and 4.26 present the rough-agdiinates of friction speeds and skin-
friction coefficients for Test Bed 1, Test Bed ZdaTest Bed 3, respectively, plotted as a

function of the corresponding freestream wind spealdng with linear trendlines for the

values and polynomial fits for th@, values. Such results also are tabulated in Tables 4.18,

and 4.19 along with the corresponding roughnessn&dg numbers. Here, the roughness
Reynolds number is defined as follows:

U % (4.7.3)
vV

Rezo =

where u* is the rough-wall estimated friction speegljs the mean roughness height over the
test bed configuration, and is the average kinematic viscosity calculated tfe particular
boundary-layer profile run.
Note that for Test Bed 1 and Test Bed 2, the rough-estimatedC, values decrease as

a function of decreasing wind speeds. These obddreads are incorrect since, by definition,
surface drag, hence skin-friction, must increasddaer Reynolds numbers. Thus, rough-wall
estimates ofi* andC, over Test Bed 1 and Test Bed 2 are invalid. Howebe plots of rough-
wall estimated skin-friction coefficient versus mewind speed of Test Bed 3, the rougher

surface configuration, reveals a closer agreen@antdugh-wall turbulence than Test Bed 1 or

Test Bed 2.
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Figure 4.24: Friction speed and skin friction coeftients estimated from
boundary-layer surveys over Test Bed 1 based on rgh-wall analysis.
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Figure 4.25: Friction speed and skin friction coeftients estimated from
boundary-layer surveys over Test Bed 2 based on rgh-wall analysis.
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Figure 4.26: Friction speed and skin friction coeftients estimated from
boundary layer surveys over Test Bed 3 based on rgh-wall analysis.
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Table 4.17: Calculated friction speeds, skin fricon coefficients, and roughness Reynolds
number for the unheated wind profiles over Test Bed based on rough-wall analysis.

Wind Tunnel Friction Speed Skin Friction Roughness Reynolds
Speed (m/s) (m/s) Coefficient Number

30.03 1.17 0.00303 0.11

39.27 2.07 0.00555 0.20

49.81 2.78 0.00623 0.27

60.04 3.25 0.00585 0.32

68.97 3.77 0.00597 0.37

85.70 4,92 0.00659 0.47

Table 4.18: Calculated friction speeds, skin frictn coefficients, and roughness Reynolds
number for the unheated wind profiles over Test Be@ based on rough-wall analysis.

Wind Tunnel Friction Speed Skin Friction Roughness Reynolds
Speed (m/s) (m/s) Coefficient Number

22.96 0.41 0.00062 0.02

30.56 1.15 0.00281 0.07

42.58 1.83 0.00369 0.11

50.18 2.26 0.00404 0.14

60.13 2.77 0.00425 0.17

70.64 3.39 0.00461 0.21

85.53 4.13 0.00466 0.25

Table 4.19: Calculated friction speeds, skin fricon coefficients, and roughness Reynolds
number for the unheated wind profiles over Test Be® based on rough-wall analysis.

Wind Tunnel Friction Speed Skin Friction Roughness Reynolds$
Speed (m/s) (m/s) Coefficient Number

38.47 2.03 0.00558 0.24

50.88 2.63 0.00534 0.31

61.97 3.11 0.00505 0.37

75.50 3.73 0.00489 0.45

88.98 4.54 0.00521 0.55

Although C; andu* of Test Bed 3 seem to correspond to a rough-veainte, the

unusually low values of roughness Reynolds numlbevep otherwise. Based on the resulting
values ofu* from the rough-wall analysis, plots were generdtedhow the non-dimensional

velocity,u’, as a function of the logarithm of the local Regsamumber|ogso Yy, for each of the
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wind profiles collected over the three test bedfigomations (see Figures 4.27, 4.28, and 4.29).

By definition,u” andlog.oy" are calculated as follows:
u"=— (4.7.4)

u* z

log,, y' = log,, (4.7.5)

Here,U is the local velocity measured at the correspandiical heightz. On the same graph,
the experimental non-dimensional plots are compaoethe boundaries for a hydraulically
smooth-wall flow, the upper dashed line, and contepferough-wall flow, the lower dashed line.
Equations for generating these boundaries weranmmatdrom Schlichting (1979) for boundary
layer flow.

Non-dimensional plots for Test Bed 1 and Test BeldigQures 4.27 and 4.28 respectively,
additionally support the previous deduction thabwd over such surfaces are not
aerodynamically rough-wall turbulence flow. Noteatliplots for some of the higher Reynolds
number settings fall between the boundaries foratmand rough-wall flow, while the lowest
speeds predict profiles above the smooth-wall banndAccording to Schlichting (1979), such
profiles do not exist beyond the smooth-wall bougd#deally, if the wind-tunnel conditions
generate smooth-wall flow, the profiles from allyiRelds number conditions should fall onto the
smooth-wall boundary. Though the skin-friction tlerover Test Bed 3 presumed a trend for a
rough-wall regime, Figure 4.29 shows that the radwirnd profiles are in transition from smooth

to rough.
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Figure 4.27: Non-dimensional velocity as a functioof the log of local Reynolds number
from the rough-wall analysis of the neutral wind piofiles conducted over Test Bed 1.
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Figure 4.28: Non-dimensional velocity as a functioof the log of local Reynolds number
from the rough-wall analysis of the neutral wind piofiles conducted over Test Bed 2.
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Figure 4.29: Non-dimensional velocity as a functioof the log of local Reynolds number
from the rough-wall analysis of the neutral wind piofiles conducted over Test Bed 3.

69




4.7.2 Smooth-Wall Analysis of Neutral Wind Profiles

Smooth-wall analysis of the neutral wind-profileassased on a technique defined by
Clauser (1954). Instead of initially calculatingr fthe friction velocity, the skin friction
coefficient is iterated graphically until the wipdofiles non-dimensionally portray hydraulically
smooth flow. In order to accomplish such a taskindral guess ofC; for each wind profile was

first made so that* can be calculated as follows:

C,
u=UL = 4.7.7)

With this friction speed, the corresponding plotnoin-dimensional velocity profiley,
as a function of local Reynolds numbgt, on a linear-to-logarithm scale was generatecé&mh
wind profile. The data plotted in solid red triagglin Figure 4.30 shows a sample profile
corresponding with the left and lower axis scaless then compared to Schlichting’s equation
for a smooth profile, which is shown as the dasbkagk line, and to Spalding’s equation for
smooth wall, displayed as a solid black line. Addially plotted in Figure 4.30 i§/Ug versus
Urz/v, represented in hollow red triangles and compsoesolid red line of the initial guess for
a constantC;. Both of these graphs correspond to the upperrayid axis scales. These are
essentially the plots pertaining to the Clauser @mavall method. Derived in Appendix F, the

key equations used for this technique are as fallow

C C
Y _ &1 Ine2 log,o| 252 [~ |+ 545 (4.7.8)
U 2 | kilog,,2 % 2

U
U:z 4| [ l0g,,2 I /CF
=lo k -545|-lo — 4.7.9
v glO ( |n 2 Cf glO 2 ( )

e

2
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Figure 4.30: Sample plot of non-dimensional velod#s as a function of local Reynolds
numbers over Test Bed 1 for the Clauser smooth-walioundary layer analysis.

In general, the goal of the smooth-wall analysshteque is to iterate for ;Quntil the
experimental non-dimensional data in a plot suchigsre 4.30 converges to the Schlichting and
Spalding representations for smooth-wall flow. Spaj’s smooth-wall curve equation was
obtained from White, F.M. (1991). At the same timeertain portion of the Clauser data in
Figure 4.30 should also converges logarithmic-lilyeto the line of constanC;. Upon final
iteration, the plot ofu” versuslogyy y* from each wind profile should converge onto the
boundary for smooth-wall flow (see Figures 4.3B24and 4.33).

Thus, the smooth-wall results of friction speedd e iterated skin-friction coefficients
for the three surface configurations are plottech danction of the corresponding mean wind
speed in Figures 4.34, 4.35, and 4.36. These seartdttabulated in Tables 4.20, 4.21, and 4.22
with the corresponding roughness Reynolds numbleilesaThe figures also provide the linear
and polynomial regression line equations for thetitm speed and skin-friction coefficients

plots, respectively.
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Figure 4.31: Non-dimensional velocity as a functioof the log of local Reynolds number
from the smooth-wall analysis of the neutral wind pofiles conducted over Test Bed 1.
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Figure 4.32: Non-dimensional velocity as a functioof the log of local Reynolds number
from the smooth-wall analysis of the neutral wind pofiles conducted over Test Bed 2.
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Figure 4.33: Non-dimensional velocity as a functioof the log of local Reynolds number
from the smooth-wall analysis of the neutral wind pofiles conducted over Test Bed 3.
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Figure 4.34: Friction speeds and skin friction codicients estimated from
boundary-layer surveys over Test Bed 1 based on swih-wall analysis.
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Figure 4.35: Friction speeds and skin friction codicients estimated from
boundary-layer surveys over Test Bed 2 based on swih-wall analysis.
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Figure 4.36: Friction speeds and skin friction codicients estimated from
boundary-layer surveys over Test Bed 3 based on swih-wall analysis.
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Table 4.20: Calculated friction speeds, skin fricon coefficients, and roughness Reynolds number fohe
unheated wind profiles over Test Bed 1 based on swth-wall analysis.

Wind Tunnel Skin Friction Friction Speed Roughness Reynolds Wind Tunnel
Speed (m/s) Coefficient (m/s) Number Reynolds Number
30.03 0.00534 1.55 0.15 132781
39.27 0.00476 1.92 0.19 174537
49.81 0.00439 2.33 0.23 224817
60.04 0.00419 2.75 0.27 269385
68.97 0.00405 3.10 0.30 305304
85.70 0.00390 3.78 0.36 372708

Table 4.21: Calculated friction speeds, skin fricon coefficients, and roughness Reynolds number fohe
unheated wind profiles over Test Bed 2 based on swth-wall analysis.

Wind Tunnel Skin Friction Friction Speed | Roughness Reynolds Wind Tunnel
Speed (m/s) Coefficient (m/s) Number Reynolds Number
22.96 0.00580 1.24 0.08 100293
30.56 0.00506 1.54 0.09 133314
42.58 0.00438 1.99 0.12 185707
50.18 0.00413 2.28 0.14 221101
60.13 0.00390 2.66 0.16 265333
70.64 0.00372 3.05 0.19 311994
85.53 0.00356 3.61 0.22 375126

Table 4.22: Calculated friction speeds, skin frictn coefficients, and roughness Reynolds number fohe
unheated wind profiles over Test Bed 3 based on sioth-wall analysis.

Wind Tunnel Skin Friction Friction Speed | Roughness Reynolds Wind Tunnel
Speed (m/s) Coefficient (m/s) Number Reynolds Number
38.47 0.00420 1.76 0.21 174523
50.88 0.00370 2.19 0.26 230976
61.97 0.00340 2.56 0.30 281155
75.50 0.00317 3.01 0.36 343977
88.98 0.00302 3.46 0.42 408744

In the following section, analysis will show thairfTest Bed 3, the calculated skin
friction coefficients based on “Clauser’s technitjtedl below the accepted smooth wall curve

(Schlichting, 1979) for the range of wind tunnelyRelds numbers. Thus, the surface condition

results from the smooth-wall analysis of Test Beate3not correct.
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4.7.3 Comparison between Rough-Wall and Smooth-Wall Asialy

Based on the rough-wall analysis, only results frbest Bed 3 revealed a reasonable
decreasing trend @; as a function of mean wind speed. According tostimeoth-wall analysis,
all three test-bed configurations generated valahds of C; with wind speed. In order to
determine which method appropriately predicts tméase shear stress over each of the test bed
settings, the estimated values ©f from the two analytical methods were comparedht® t
smooth-wall and rough-wall bounds, according tauFég4.37, obtained from Schlichting (1979).

In this plot, values of skin-friction do not exlslow the smooth-wall curve.
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Figure 4.37: Graph of skin-friction coefficient asa function of downstream Reynolds
number obtained from Schlichting (1979).

Figures 4.38, 4.39, and 4.40 presents a compaoistie rough-wall and smooth-walk
estimates as a function of the test section Regnoldmber,Rg, along with Schlichting’s

smooth-wall curve and the boundary for the rougli-vegime.
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Figure 4.38: Comparison of skin friction trends fora range of wind tunnel Reynolds
numbers from the rough-wall and smooth-wall analyss techniques for Test Bed 1.

100

rough-wall flow regime

1000C+

& Rough-Wall Analysis
M Smooth-Wall Analysis
0.1 1 : T
10000 100000 1000000
Rey = Uinixiv

Figure 4.39: Comparison of skin friction trends fora range of wind tunnel Reynolds
numbers from the rough-wall and smooth-wall analys techniques for Test Bed 2.
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Figure 4.40: Comparison of skin friction trends fora range of wind tunnel Reynolds
numbers from the rough-wall and smooth-wall analys techniques for Test Bed 3.
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According to Figures 4.38 and 4.39, flow over Tstl 1 and Test Bed 2 fall just below,
although generally agree, with the smooth-wall eurhus, for within uncertainty in the
measurements, threshold conditions over thesecgudanfigurations may be estimated using
Schlichting’s smooth-wall curve. Flow over Test B&chowever, is not a smooth-wall situation.
It appears to be in the transitional flow regiortlué Schlichting chart. Here, neither smooth nor
rough-wall estimates would be strictly valid. Howeyvthe rough-wall estimates are probably
close to the actual value since in transitionalvflthe flow trends tend to look more like rough-
wall flow than smooth-wall flow. In addition, it isnpossible to hav€&; values less than the

smooth-wall curve.

4.8 MARSWIT Stability Conditions

Stability conditions are designated by the valu¢hef Richardson numbeRi. Based on
the measurements conducted during the experimaltges of the bulk Richardson number were
determined for the boundary-layer surveys andhiogdhold. The version of the bulk Richardson
number applied was that defined in Golder (197Rhoagh a slight wind tunnel variation was
made.

There are several forms of the Richardson nunf®elhe most fundamental form is the
flux Richardson numbeRi. A general equation fdRir can be found in Stull (1988). However,
assuming planar homogeneity, no subsidence (he.ntean vertical velocity is zero), and the
mean wind,U , dominates the flow, the flux Richardson numbebdundary-layer wind tunnel

flows is defined as follows.
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Ri, = (4.8.1)

9«\%

Unfortunately,Ri is a difficult stability parameter to calculatexe it requires a multitude of

simultaneous measurements at high sampling ratdsedfuctuating horizontal velocityy , the

vertical velocity, w , and the fluctuating temperatu@. Even if the opportunity were to arise
that such fluctuating parameters can be measunedvalue ofRir will merely inform whether
laminar flow will evolve, but not necessarily, tutbnt flow will arise. This is primarily due to
the inclusion of turbulent correlations in tRe equation.

A second and more attainable formRifis the gradient Richardson numbRify. In this

form, the mean correlation of vertical velocity aetperature fluctuations)’,\/ 6, , Is estimated

as a vertical temperature gradiefﬁ@/dz, while the Reynolds stressiw , is given as the
vertical velocity gradient,5L—J/5Z. Again assuming wind tunnel conditionRjy is defined
according to the following equation (Stull, 1988).

08, 0z

i =9 8.2
ng HV G(OLTTZ)Z (4 )

A final form of the stability parameter is the buRchardson numbeRig. In this case,
the gradients in the gradient Richardson numbeatsmu are estimated as differentials. Thus, in

the wind tunnelRig is defined as follows (Stull, 1988).

. _ g @Az
Rig == 4.8.3
73 oy “o
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The most critical step in calculatirgis is that the differentials are calculated over saene
particular finite layer, wher@V the mean potential temperature within the layeguastionRig

is essentially a general description of stabildyd thin finite difference layer.
Several other variations of buli. One is given as the surface-layer bRik(Zoumakis

and Kelessis, 1991), and defined as:

16, -8,)-

o 2

Ris, = (4.8.4)

<%”(Q

In this version, the virtual potential temperatatdhe roughness heigla, is required. Another

version of the bullRi is the low-lying bulkRi, presented by Wang (1981), and is given as:

-9 E-»L . -8,) (4.8.5)

Finally, a third variation of the bulRi, obtained from Golder (1972), appears to be theest

estimate for a thick layer. This bulk Ri is givenfallows.

0, -6, )/(z,-

B:iz( e Vi_)/Z(ZZ Zl)ﬁz (4.8.6)
v u,
where:z=,/z,z, (4.8.7)

Here, the mean virtual potential temperature aedntiean dominant velocity are taken from the
mean geometric heigl.

Stability conditions for the experiments in thisidf were described by a modified
version of the bulk Richardson number given by @pol{1972). Instead of using the mean
geometric height, the bulRi was calculated for the height range between sopae surface
height,z, and the height of the boundary layarAccordingly, the pertinent mean wind speed

and mean virtual potential temperature were alkertdrom the corresponding height range.
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Figure 4.41 presents the modified version of th& Richardson number calculated in this study

along with an illustration of where certain paraenstwere taken.

A
0,
9\3 ) Z] =

Uy

(4.8.8)

g .
0,

Figure 4.41: Bulk Richardson number version used foexperiments in current study.

Recall the boundary-layer profiles (Figures 4.2 ah23) for the given surface

temperature distributions in Figure 4.21 conductegr Test Bed 2 at abo@®5 m/s The

following Figure 4.42 presents the correspondinges of stability based on four versions of the

bulk Richardson number. As expected, bRlldecreases with increasing surface temperature.

Bulk Richardson Number
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Figure 4.42; Corresponding calculations of the vadus versions of the bulk
Richardson number for boundary layer profiles colleted at about 85 m/s
for a range of surface temperature distributions oer Test Bed 2.
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Note that the finite-difference layer bulk Ri cdetion given by Stull (1988) denotes an
upturn at approximatelyt42 C. The low-lying bulkRi values given by Wang (1981) also
indicate a slight upturn at the same mean surfapgérature reading. Such trends typically
show that the bulk Ri is sensitive to the thickneskyer in which it is calculated. Values of the
bulk Ri given by Golder (1972) and its modified versionegi in Equation 4.8.8 does not capture
the specific stability condition for a particulaykr, but it does show a steady decreasing linear
variation with increasing temperature. Thus, catah of the bulk Ri based on a thicker layer
gives a reasonable valid representation of stgblhtparticular, for the wind tunnel experiments,
use of Equation 4.8.8 can result to a represeetat@lue of stability for the entire test section
boundary layer.

While Figure 4.42 shows the variation of the b&kfor constant wind and changing
surface temperature, Figure 4.43 presents thetimgubulk Ri values for constant surface
temperatures and varying freestream wind speedsidtdral stability conditions in MARSWIT,
the bulk Richardson number expectedly convergemttideally neutral stability” value for all
wind tunnel freestream speeds. However, once tiacguis heated, the buli value negatively
increases with decreasing freestream wind speedhésvind speed is increased, the bulk Ri
approaches the “ideally neutral stability” conditiorThus, in MARSWIT, buoyant boundary-

layer flow can be suppressed by increasing windrshe
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Figure 4.43: Corresponding bulk Richardson number ér a range of freestream wind
speeds at various surface-heating levels over thierée test surface configurations.

49 MARSWIT Dust Threshold

Dust threshold was determined from the signals ryiblg the electrometer particle
impaction probe. Upon indication of dust movemeatresponding values of the wind tunnel
freestream velocity and rake and surface tempeastwere determined. Figure 4.44 through
Figure 4.53 display the experimental time indicataf dust threshold and the corresponding
freestream wind speed determined for each dusshblé run over the three test surface
configurations. The corresponding wind tunnel ctods at the time of threshold for the three

test bed configurations are given in the followiraple 4.23.

82



55 7 0.05
_ 50 7 —&—Traverse Pitot Tube Velocity ¥ 0.045
) i | =O—Electrometer Voltage r
E 45 - 0.04
> 3 [
5 407 £ 0035
335 Ur,=30.38 ; 2
27 Fu = <% £ 003 S
© 30 ] m/s : 3
EE £ 0.025 &
= 254 E 2
S . 1] F 0.02
£ 20 : =X

| r ]
$ 151 - 0015@
] B C

1 F0.01
g 107 t* = 24.99 g
F 5] sec E 0.005

0 —— T T 0
23 24 25 26 27
Time (sec)

Figure 4.44: Dust threshold indication over Test B& 1 at 20.30°C mean surface temperature.
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Figure 4.45: Dust threshold indication over Test B& 1 at 117.56°C mean surface temperature.
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Figure 4.46: Dust threshold indication over Test B& 2 at 20.05°C mean surface temperature.
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Figure 4.47: Dust threshold indication over Test B& 2 at 76.92°C mean surface temperature.
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Figure 4.48: Dust threshold indication over Test Ba& 2 at 125.35C mean surface temperature.
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Figure 4.49: Dust threshold indication over Test B& 2 at 150.27°C mean surface temperature.
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Figure 4.50: Dust threshold indication over Test B& 2 at 174.97°C mean surface temperature.
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Figure 4.51: Dust threshold indication over Test B& 3 at 20.67°C mean surface temperature.
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Figure 4.52: Dust threshold indication over Test B& 3 at 83.54°C mean surface temperature.
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Figure 4.53: Dust threshold indication over Test Ba& 3 at 200.96°C mean surface temperature.

Table 4.23: Corresponding boundary-layer conditionsat the time of threshold for particular stability
conditions over the three test bed configurations.

Test Roughness| Mean Surface Bulk Threshold Threshold Threshold
Surface Height Temperature | Richardson | Freestream Friction Skin Friction
Designation (mm) (°C) Number Speed (m/s), Speed (m/s)| Coefficient
20.30 =0 30.38 0.0057
Test Bed 1 0.15 1.63
117.56 -0.0137 7.91 0.0846
20.05 =0 30.27 0.0057
76.92 -0.0009 24.76 0.0085
Test Bed 2 0.09 125.35 -0.0019 21.69 1.61 0.0111
150.27 -0.0025 20.44 0.0125
174.97 -0.0034 19.86 0.0132
20.67 = 15.13 0.0051
Test Bed 3 0.18 83.54 -0.0012 20.93 0.77 0.0027
200.96 -0.0024 24.10 0.0020

As the optimum result of the study, Table 4.23 en¢s the wind tunnel freestream speed
at dust threshold for each boundary layer stabdlitydition in terms of the bulRi calculated for
the threshold experiments conducted over the ttesesurface conditions. Recall that the

values of 0.15 mm, 0.09 mm, and 0.18 mm represest Bed 1, Test Bed 2, and Test Bed 3,
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respectively. Based on boundary layer analysis eash of the test surfaces, dust threshold
friction speeds over Test Bed 1 and Test Bed 2 wimred using the smooth-wall bound given
by Schlichting (1979) in Figure 4.37 and using tiheeshold freestream speed at neutral
conditions. Threshold friction speeds over Test Badere determined directly from the “law-of-
the-wall” Equation 4.7.1 and again with the corcegging threshold freestream speed for that
particular roughness condition at neutral stabitinditions. Accordingly, the resulting skin
friction values for each threshold experiment wisen calculated using Equation 4.7.2. Figure
4.54 displays the resulting threshold freestreamdveipeeds and the corresponding skin friction

coefficients for each dust threshold test ovettlinee test bed roughness configurations.
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Figure 4.54: Estimated freestream wind speeds andwresponding skin friction coefficients
at dust threshold for a range of stability conditims over the three test surface configurations.

According to Figure 4.54, results at neutral stghilvhere bulkRi =0, indicate that dust

threshold occurs at a lower wind speed for roughefaces. Such is a valid outcome since
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increased roughness generates greater turbulennostigate particle movement. Note also that
at neutral stability, dust threshold occurs at apppnately the same skin friction coefficient
value. Thus, based on fundamental aerodynamicartitie lift [Bagnold (1954), Fuchs (1964),
Saffman (1965), White (1986), Pye (1987), and ®&ihAnd Pandis (1998)], threshold for CRC
dust ofl to 2 4/min diameter range, occurs at abo@;aalue 0f0.005(see Table 4.23).

As theorized, Figure 4.54 also shows that dustengpn may be initiated at threshold
speeds lower than that at neutral stability whebjesied to an unstable boundary layer
condition, but only for aerodynamically smooth sigds over Test Bed 1 and Test Bed 2. On the
other hand, the rougher condition over Test Bedv&aled an opposite effect. Even though the
roughness heights over Test Bed 1 (the surface tivethrippled sandpaper) and Test Bed 3 (the
surface with the steel nuts) are nearly similastBed 1 generated the predicted trend, while the
threshold wind speed conversely increased over Bedt3. Thus, for transitional or rough-wall
flow, threshold increases with surface heatingsThian unexpected result.

Figures 4.55, 4.56, and 4.57 are photos of thestdton surfaces over Test Bed 3 after
dust threshold experiments conducted at bRIk= 0, -0.0012 and —0.0024 respectively.
Comparison of these photos generally show thaeatgr amount of dust material was removed
from the surface under the most unstable boundaygrlcondition, thus implying that dust
threshold should have occurred at a lower wind gdee increased instability. Based on the
opposite threshold trend from the nearly similangiiness condition over Test Bed 1, dust
threshold may have been delayed over Test Bed 3alseme type of a cohesive interaction
caused by the heated steel nuts initially suppngssust entrainment. Once movement of the top
dust layer initiated due to the increased verticgbulence, instabilities from convective heating

along with other secondary mechanisms allowed tigelying dust to be easily entrained.
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Figure 4.55: Photo of Test Bed 3 after a dust thrésld experiment
at bulk Ri =0 neutral boundary layer conditions.

Figure 4.56: Photo of Test Bed 3 after a dust thré®ld experiment
at bulk Ri =-0.0012 unstable boundary layer conditions.

),

Figure 4.57: Photo of Test Bed 3 after a dust thréeld experiment
at bulk Ri =-0.0024 unstable boundary layer conditions.

g
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Delayed dust threshold with increased surface mgativer the roughest simulated
surface of Test Bed 3 could possibly be due toeia®ed electrostatic phenomena caused by the
heating of the steel nuts. The 32-grit sandpapszd was the initial surface roughness, and the
Carbondale Red Clay dust, used as the Martian gateoparticle-suspension media, were
essentially composed of similar insulation type enat. Recall, that the chemical names are
respectively AlO3 (aluminum oxide) and AD3-2Si0, (alumina silicate), thus implying that the
heat capacities are essentially similar. The stetd, however, are of a conductive material, thus,
when heated, its “free electrons” are excited, amt the wind tunnel flow, “frictional charge”
generates around the steel nuts, which becomedtiactiae force against the surface dust
[Ohanian, H.C. (1989)]. Such a condition essemntiaticurred for only a matter of seconds, since
according to the photos in Figures 4.55, 4.56, 45d, a greater amount of dust material was
removed from the higher heating cases. It seenmotiee dust threshold was reached, buoyancy

effects generally dominated particle entrainment.
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Chapter 5:  Conclusion

Dust threshold measurements were performed overtlets of surface roughness
conditions,z, = 0.015 mm0.09 mm and0.018 mmrespectively designated as Test Bed 1, Test
Bed 2, and Test Bed 3. From boundary layer analgkithe velocity profiles under neutral
conditions, it was determined that wind shear tlece over the first two test surfaces
corresponded to hydraulically smooth-wall flow, Wehihe third roughness condition suggested
that the boundary-layer flow was in transition fremooth to rough. Thus, using wind profiles
collected at neutral conditions, corresponding dimstshold friction speeds for Test Bed 1 and
Test Bed 2 were determined based on the smoothaualle given by Schlichting (1979).
Although the flow was transitional, dust threshiidtion speed over Test Bed 3 was determined
according to the “law-of-the-wall” rough-wall soloh [Prandtl (1925)]. Table 5.1 below
presents the dust threshold results over the ttesebed configurations at neutral stability
conditions. Accordingly, two general outcomes ouTable 5.1 were: 1) dust threshold may be
achieved at lower wind speeds for rougher surfaceer neutral stability and 2) dust threshold

occurs at a skin friction coefficient of approxirigt0.005

Table 5.1: Overall dust threshold results at neutrastability conditions.

Test Surface Surface Roughness| Threshold Freestream Threshold Friction| Skin Friction
Designation Description | Height (mm)| Wind Speed (m/s) Speed (m/s) Coefficient
TestBed 1 | RiPpled 32-grit) 4 1g 30.38 1.63 0.0057
sandpaper
TestBed 2 | SMOoth 32-giit| 4 oq 30.27 1.61 0.0057
sandpaper
Smooth 32-grit
Test Bed 3 | sandpaper with 0.18 15.13 0.77 0.0051

steel nuts
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Including the neutral cases, two stability conaisovere simulated for dust threshold
over Test Bed 1, five settings for Test Bed 2, whiiree for Test Bed 3. Particle impaction
measurements indicated that dust threshold over Bed 1 and Test Bed 2 was achieved at
lower wind speeds for increased surface instabilitgwever, over Test Bed 3, dust threshold
under unstable conditions was reached at wind spleigtier than that at neutral stability. Due to
the application of heated steel nuts as roughrlesseats, such an opposite threshold trend over
Test Bed 3 may have been caused by some type @kieehinteraction with the steel nuts,
initially delaying the movement of dust. Such ae&silie force from the steel nuts may have been
enhancement of electrostatic attraction due taaserheating.

Although dust entrainment under unstable conditionsr Test Bed 3 was achieved at
higher friction speeds than that at neutral coodgj photos of the test surface after the threshold
test did visually indicate that dust flux from tlserface was greater as the boundary layer
instability is increased. Upon initial movement lobse particles due to increased vertical
turbulence, the underlying layers of dust were ymesbly emitted from the surface by secondary
entrainment mechanisms. Such suspension methodd cmlude particle impaction or even
localized vortical motions initiated by convectiand enhanced by roughness elements. Thus,
implying that over rough-dry terrains such as tratMars, buoyancy can play a large part in the
suspension of dust in that it enhances vertichlulence at the lowest wind speeds and that it is a
major mechanism in developing particle-entrainiraytical motions [Metzgeret al (1999),

Metzgeret al (2000), Edgett, K.S. and M.C. Malin (2000)].
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Appendix A: Instrument Calibration Conversions for Data Reducton
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Instrument Calibration Conversions for Data Reduction

Type T Thermocouples

Calibration Date: 2/1/99

Polynomial conversion equation from thermocouple reading [uV] to temperature [deg C]

Polynomial Polynomial For TC voltage For TC voltage
Order Coefficient readings >= 0 readings < 0
7 a 0.00000000E+00 2.59491920E-02
6 b 2.59280000E-02 -2.13169670E-07
5 c -7.60296100E-07 7.90186920E-10
4 d 4.63779100E-11 4.25277777E-13
3 e -2.16539400E-15 1.33044730E-16
2 f 6.04814400E-20 2.02414460E-20
1 g -7.29342200E-25 1.26681710E-24

Range: 0to 400 deg C -200to 0 deg C
Error: 0.03t0-0.03deg C 0.04t0-0.02deg C

Figure A. 1: Calibration equation and performance taracteristics for Type T thermocouples.

Calibration Date: 11/6/96

Linear conversion equation from variable resistor reading [V] to height [mm]

Traverse Height Mechanism

Linear slope: 200.65 mm/V
Linear offset: 0.331982 V

Error: +/-0.5 mm

Length from Pitot tube
center to outer wall: 0.45 mm

Figure A. 2: Calibration equation and performance taracteristics for traverse height measurement.
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Tavis Pressure Transducer Calibration Date: 6/15/00

Linear conversion equation from Tavis pressure transducer reading [V] to ambient pressure [mb]

Transducer Information - - -
= Tavis Transducer Calibration
Manufacturer: Tavis Corp Model P-4AS S/N: 1269 ECN: M112233
Model Number: P-4AS 30
Serial Number: 1269 1
ECN: M112233 ]
Range and Accuracy = 25 ]
Pressure Range: 0 to 0.36 psia £ ]
Voltage Range: 0to 5V % 20 7
Static Error: +/- 0.5% FS @ ]
Thermal Effects: +/- 2.0% FS L 15 +
Output Noise: +/- 2.0% FS = ]
Calibration Conditions S 10 |
Temperature: 20 deg C § ]
Humidity: 48% ? 1
Standard Model: WS 112 ]
Calibration Coefficients 0 } } } }
Slope [mb/V] = 5.0372 ° ! Traznsducer Voltgge ‘ °
Offset [mb] = 0
Measured Errorin % Error in | Calculated Errorin % Error in
Standard Standard Transducer Measured Measured | Transducer Calculated Calculated
Pressure Reference Voltage Transducer Transducer | Pressure  Transducer Transducer
(psi) (mb) Voltage Output Voltage Voltage (mb) Press (mb) Pressure
0.000 0.000 0.400 0.053 -0.347 86.75% 0.267 0.267 N/A
0.036 2.482 0.900 0.923 0.023 2.56% 4.649 2.167 87.31%
0.072 4.964 1.300 1.321 0.021 1.62% 6.654 1.690 34.04%
0.144 9.929 1.700 1.717 0.017 1.00% 8.649 -1.280 12.89%
0.216 14.893 2.900 3.060 0.160 5.52% 15.414 0.521 3.50%
0.288 19.858 4.100 4.141 0.041 1.00% 20.859 1.001 5.04%
0.360 24.822 4.500 4.591 0.091 2.02% 23.126 -1.696 6.83%

Figure A. 3: Calibration equation and performance taracteristics for Tavis Model P-4AS absolute presse
transducer.

99



Setra 239 Pressure Transducer Calibration Date: 6/7/00

Linear conversion equation from Setra 239 transducer reading [V] to differential pressure [Pa]

Transducer Information Measured  Calculated Errorin % Error in
Manufacturer: Setra Systems Standard Transducer Transducer Calculated Calculated
Model Number: 239 Pressure Voltage Pressure  Transducer Transducer
Serial Number: 42893 psid Pa Output (mb) Press (mb)  Pressure
ECN: M110860 0.0000 0.00 -0.030224 -0.83 -0.83 N/A
0.0048 33.10 1.171430 32.10 -1.00 3.01%
Range 0.0084 57.92 2.087025 57.19 -0.73 1.26%
Pressure Range: 0 to 0.02 psid 0.0121 83.43 3.034500 83.15 -0.28 0.33%
Voltage Range: 0to 5V 0.0160 110.32 4.011070 109.91 -0.41 0.37%
0.0202 139.28 5.058000 138.60 -0.68 0.49%
Accuracy 0.0163 112.39 4.075920 111.69 -0.70 0.62%
Repeatability: +/- 0.02% FS 0.0121 83.43 3.040940 83.33 -0.10 0.12%
Hysteresis: +/- 0.01% FS 0.0086 59.30 2.151860 58.97 -0.33 0.56%
Non-linearity: +/- 0.1% FS 0.0040 27.58 0.992376 27.19 -0.39 1.40%
Output Noise: +/- 0.02% FS 0.0000 0.00 -0.027851 -0.76 -0.76 N/A
Thermal Effects: +/- 0.01% FS/deg F -0.0041 -28.27 -1.069245 -29.30 -1.03 3.64%
-0.0079 -54.47 -2.016457 -55.25 -0.78 1.44%
Calibration Conditions -0.0126 -86.88 -3.187970 -87.36 -0.48 0.55%
Temperature: 23 deg C -0.0161 -111.01 -4.074200 -111.64 -0.63 0.57%
Humidity: 48% -0.0171 -117.90 -4.312600 -118.17 -0.27 0.23%
Calib Standard: M051921 -0.0163 -112.39  -4.107100 -112.54 -0.15 0.14%
-0.0123 -84.81 -3.135120 -85.91 -1.10 1.30%
Calibration Coefficients -0.0081 -55.85 -2.046300 -56.07 -0.22 0.40%
Slope [Pa/V] = 27.402 -0.0043 -29.65 -1.095247 -30.01 -0.36 1.23%
Offset [Pa] = 0 0.0000 0.00 -0.024183 -0.66 -0.66 N/A

Setra 239 Transducer Calibration

S/N: 42893 ECN: M110860
150

100

y = 27.402x
R?=0.9999

al
o

n
o

-100

Standard AP (Pa)
o

-150 ++——7—t-r—rr-+t—ttttttt

-1 0 1 2 3 4 5 6
Transducer Voltage Output
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'
(&)]
|
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w
'
N

Figure A. 4: Calibration equation and performance taracteristics for freestream Pitot-static tube Set
Model 239 differential pressure transducer.
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Setra 239 Pressure Transducer Calibration Date: 6/7/00

Linear conversion equation from Setra 239 transducer reading [V] to differential pressure [Pa]

Transducer Information Measured  Calculated Errorin % Error in
Manufacturer: Setra Systems Standard Transducer Transducer Calculated Calculated
Model Number: 239 Pressure Voltage Pressure  Transducer Transducer
Serial Number: 649464 psid Pa Output (mb) Press (mb)  Pressure
ECN: M110861 0.0000 0.00 0.026399 0.73 0.73 N/A
0.0048 33.10 1.224905 33.65 0.55 1.66%
Range 0.0084 57.92 2.137089 58.70 0.79 1.36%
Pressure Range: 0 to 0.02 psid 0.0121 83.43 3.084060 84.72 1.29 1.54%
Voltage Range: 0to 5V 0.0160 110.32 4.059680 111.52 1.20 1.08%
0.0202 139.28 5.105480 140.24 0.96 0.69%
Accuracy 0.0163 112.39 4.124050 113.28 0.90 0.80%
Repeatability: +/- 0.02% FS 0.0121  83.43 3.090130 84.88 1.45 1.74%
Hysteresis: +/- 0.01% FS 0.0086  59.30 2.201898 60.48 1.19 2.00%
Non-linearity: +/- 0.1% FS 0.0040 27.58 1.045124 28.71 1.13 4.09%
Output Noise: +/- 0.02% FS 0.0000 0.00 0.028170 0.77 0.77 N/A
Thermal Effects: +/- 0.01% FS/deg F -0.0041 -28.27 -1.011978 -27.80 0.47 1.67%
-0.0079 -54.47 -1.954545 -53.69 0.78 1.43%
Calibration Conditions -0.0126 -86.88 -3.120310 -85.71 1.17 1.34%
Temperature: 23 deg C -0.0161 -111.01 -4.001250 -109.91 1.10 0.99%
Humidity: 48% -0.0171 -117.90 -4.238900 -116.44 1.47 1.24%
Calib Standard: M051921 -0.0163 -112.39  -4.035170 -110.84 1.55 1.38%
-0.0123 -84.81 -3.068340 -84.28 0.52 0.62%
Calibration Coefficients -0.0081 -55.85 -1.982642 -54.46 1.39 2.49%
Slope (Pa/V) = 27.469 -0.0043 -29.65 -1.035677 -28.45 1.20 4.05%
Offset (Pa) = 0 0.0000 0.00 0.033711 0.93 0.93 N/A
Setra 239 Transducer Calibration
S/N: 649464 ECN: M110861
150
100 +
T ] y = 27.469x
a ] 2
o 50 T R® =0.9998
< ]
° 0+
g
§ -50 E*
? 100+
-150 ++rrrtrrrr it e e
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
Transducer Voltage Output

Figure A. 5: Calibration equation and performance taracteristics for traversing flattened Pitot tube Setra
Model 239 differential pressure transducer.
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Appendix B: Procedures for Calculating Dynamic and Kinematic Vscosities
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Procedures for Calculating Dynamic and Kinematic Vscosities

Procedures for the calculation of dynamic and kiagenviscosities were obtained from
Bird, et al (1960). Accordingly, the method begins by deterngrthe dynamic viscosity, which

is defined as:

<

in units ofg/cm s (B-1)

JM T
[ =26693x10° Y22

o Q

ir=<u

DN

Here,M,;; is the molecular weight of dry air equal28.97 g/molsee Figure B. 1), anf, is the

ambient temperature in units 8 measured in the wind tunnel test section freestriéav. The

variable gy is the characteristic diameter of an air partedeal t03.617 Angstromésee Figure

B. 1), and(, is the function of non-dimensional temperaturejciwhvaries with temperature.

Thus, the dynamic and kinematic viscosities areutated according to the following steps:

Step 1: Solve for the dynamic viscosity using Equation By first calculating the non-
dimensional temperature defined as follows.

KT, (B-2)
£

air

Here, Lar is the energy parameter for air, which is equad7oK (see Figure B. 1).
K

Thus, given the ambient temperatufig, the non-dimensional temperature can be

calculated using the following substitution in Eijoa B-2.

=2 (B-3)

. . KT,
Step 2: Use the calculated value for the non-dimensios@iperature—= , from Step 1 to
air

interpolate for the function of non-dimensional fErature 2, in Figure B. 2.
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Step 3:

Step 4:

With all variables given or defined, solve for tthgnamic viscosityy, in g/cm susing
Equation B-1.
Finally, solve for the kinematic viscosity, using the following equation.
y=*H (B-4)
Pa

: . . . P : .
Here, p, is the ambient density defined as,2—, where P, is ambient pressure

%irTa
measured from a static pressure port just outdidieeowind tunnel inletT, is ambient

temperature measured by a wind tunnel freestre@mmttcouple, andR, is the gas

: . : , R . .
constant for air. The air gas constant is deflrmadMa—, whereR is the universal gas

air

constant equal t@,314.472 kJ/kmol Kaccording to NIST (2001) antf,; is the

molecular weight for dry air equal 83.97 kg/kmo(see Figure B. 1).

TABLE B-|
INTERMOLECULAR FORCE PARAMETERS AND CRITICAL PROPERTIES
Lennard-Jones
Molecular Parameters® Critical Constantsb.c.d
Substance Weight
M g €/x T, Pe Va He ke
(A) K (°K) (atm) (cm? g-mole?) | (gcm='sec!) (cal sec—'cm-! °K-?)
x 10¢ x 100
Light elements:
H, 2.016 2915 38.0 333 12.80 65.0 347 -
He 4.003 2.576 10.2 5.26 2.26 57.8 254 —
Noble gases:
Ne 20.183 2.789 35.7 4.5 26.9 41.7 156. 79.2
Ar 39.944 3.418 124, 151. 480 75.2 264. 71.0
Kr 83.80 3.498 225. 209.4 543 92.2 396. 49.4
Xe 131.3 4.055 229, 289.8 58.0 1188 490. 40.2
Simple polyatomic
substances:
Air 28.97¢ 3.617 97.0 132 36.4¢ 86.6¢ 193. 90.8
N, 28.02 3.681 91.5 126.2 335 90.1 180. 86.8
o, 32.00 3.433 113. 154.4 49.7 74.4 250. 105.3
0, 48.00 — — 268. 67. 89.4 — —
CcO 28.01 3.590 110. 133. 345 93.1 190. 86.5
CO, 4401 3.996 190. 304.2 729 94.0 343, 122,
NO 30.01 3.470 119. 180. 64. 57. 258. 118.2
N,O 44.02 3.879 220. 309.7 7na 96.3 332, 131.
SO, 64.07 4.290 252. 430.7 77.8 122 411. 98.6
F, 38.00 3.653 112 — —_ — — —
Cly 70.91 4.115 357. 417. 76.1 124, 420. 97.0
Br, 159.83 4.268 520. 584, 102, 144, — —
I, 253.82 4.982 550. 800. — —_ — —

Figure B. 1: Table of Lennard-Jones Parameters Scaed from Table B-1 of Bird, et al (1960).
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TABLE B-2
FUNCTIONS FOR PREDICTION OF TRANSPORT PROPERTIES OF GASES AT
LOW DENSITIES*
0, =0, Q, =0,
KkT/e  (For viscosity Qg 48 kT/e  (For viscosity Qg 48
or and thermal (For mass or and thermal (For mass
kTle4p conductivity)  diffusivity) | xT/e,p  conductivity) diffusivity)
2.50 1.093 0.9996
0.30 2.785 2.662 2.60 1.081 0.9878
0.35 2.628 2476 270 1.069 0.9770
0.40 2.492 2.318 2.80 1.058 0.9672
0.45 2.368 2.184 2.90 1.048 0.9576
0.50 2.257 2.066 3.00 1.039 0.9490
0.55 2.156 1.966 3.10 1.030 0.9406
0.60 2.065 1.877 3.20 1.022 0.9328
"0.65 1.982 1.798 3.30 1.014 0.9256
0.70 1.908 1.729 340 1.007 0.9186
0.75 1.841 1.667 3.50 0.9999 0.9120
0.80 1.780 1.612 3.60 0.9932 0.9058
0.85 1.725 1.562 3.70 0.9870 0.8998
0.90 1.675 1.517 3.80 0.9811 0.8942
0.95 1.629 1.476 3.90 0.9755 0.8888
1.00 1.587 1.439 4.00 0.9700 0.8836
1.05 1.549 1.406 4.10 0.9649 0.8788
1.10 1.514 1.375 4.20 0.9600 0.8740
1.15 1.482 1.346 4.30 0.9553 0.8694
1.20 1.452 1.320 4.40 0.9507 0.8652
1.25 1.424 1.296 4.50 0.9464 0.8610
1.30 1.399 1.273 4.60 0.9422 0.8568
1.35 1.375 1.253 4.70 -0.9382 0.8530
-1.40 1.353 1.233 4.80 0.9343 0.8492
1.45 1.333 1.215 4.90 0.9305 0.8456
1.50 1314 1.198 5.0 0.9269 0.8422
1.55 1.296 1.182 6.0 0.8963 0.8124
1.60 1.279 1.167 7.0 0.8727 0.7896
1.65 1.264 1.153 8.0 0.8538 0.7712
1.70 1.248 1.140 9.0 0.8379 0.7556
1.75 1.234 1.128 10.0 0.8242 - 0.7424
1.80 1.221 1.116 | 200 0.7432 0.6640
1.85 1.209 1.105 30.0 0.7005 0.6232
1.90 1.197 1.094 40.0 0.6711% 0.5960
1.95 1.186 1.084 50.0 0.6504 0.5756
2.00 1.175 1.075 60.0 0.6335 0.5596
2.10 1.156 1.057 70.0 0.6194 0.5464
2.20 1.138 1041 { 80.0 0.6076 -0.5352
2.30 1.122 1.026 90.0 0.5973 0.5256
2.40 1.107 1.012 100.0 0.5882 0.5170
* Taken from J. O. Hirschfelder, R. B. Bird, and E. L. Spotz, Chem. Revs., 4,

Figure B. 2: Table of Non-Dimensional Temperature &nned from Table B-2 of Bird, et al (1960).
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Procedures for Calculating Mean Free Path

Procedures for determining the mean free path wbtained from Birdet al (1960).

Accordingly, the definition for the mean free patlgiven as follows.

Aair = 3_/1_ (C_l)
.0

Here, u is the dynamic viscosity ig/cm sandp, is the ambient density ycn?, both calculated
based on the procedures given in Appendix B. Thameateru is the mean speed of an air

molecule incm/s which is defined as follows.

8KT,
ﬂnair

u=

(C-2)

Here, T, is the ambient temperature i, which is measured in the freestream of the wind

tunnel test section, and is Boltzman’s constant, which is equal 18806503 x 16° i or

1.3806503 x 1¢° gzﬂé:r}rj . The parametemy; is the molecular mass of dry air gnams which
S

is also defined as follows.

M.
= e C-3
My = (€-3)

where:M,;; = the molecular weight for dry air28.97 g/mol

Na = Avogadro’s number §.02214199 x 18 mol*
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Procedures for Applying Flattened Pitot Tube Corretions

Corrections to the velocity measurements colledteth the boundary-layer traversed

flattened Pitot tube were based on effects gergerate 1) a velocity gradient [MacMillan

(1956)],

2) wall proximity [MacMillan (1956)], and3) viscosity [MacMillan (1954)].

Respectively, the three types of corrections wegliad to the flattened Pitot tube readings

according to the following “step-by-step” procedure

Step 1.

Step 2:

Step 3:

First, subtract zero-wind voltage offset, taken thé experimental low-pressure
condition, from the measured voltages from Setrad®lld239 differential pressure
transducer connected to the traversing flattengot Ribe. Then, calculate an initial
differential pressure4P;, in Pascals according to the Equation D-1 using the
calibration conversion coefficients of that partaouransducer serial number.

_ (Measured_ Zero—Windj . Conversioni Pa} , Conversion

. . [[Pa] (D-1)
Voltage Voltage EquationSlop EquatiorOffse

Calculate an initial velocityl);, in m/s as defined in Equation D-2 using the initial

differential pressuredP;, calculated in Step 1.

T i (D-2)
Pa

Here, the parametex, is the ambient density kg/nT as calculated in Appendix B.

Calculate an initial traverse height,in mmfrom the traverse variable resistor voltage

reading using the following calibration conversaguation.

Measured Offset Conversion PitotTube
| J T oumaged™  ©9

Voltage Voltage)] EquationSlop OuterRadiu
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Step 4.

Step 5:

Step 6:

Step 7:

Step 8:

Apply the velocity gradient correction definediquation D-4 to initial height;, from
Step 3 to get final height;, in mm

PitotTube
z, =z + 0150 , (D-4)
OuterHeight

Calculate the ratio of the final heigla, calculated from Step 4, to the flattened Pitot
tube outer height or diameté,(i.e.,z/D).

Apply the wall proximity correction given in Equat D-5 to the initial differential
pressuredP;, calculated in Step 1 by first using the ratd), calculated in Step 5 to
interpolate for the appropriatés’ of AP,” value from the experimental data given in
Figure D. 1 [MacMillan (1956)]. Then, add th&“of AP,” value to4P; to get the final
differential pressuredPs, in Pascals

0 .
Y% of AP j (D-5)

AP, =R +| = =1x AP
100

Calculate the wall-proximity corrected velocity;, in m/s using the wall proximity

corrected final differential pressudf, from Step 6 in the following equation.

24P
u,= |2 (D-10)
Pa

Again, p, is the ambient density kg/nT as calculated in Appendix B.

Calculate the Reynolds number at the inlet offtibet tube,Re;, according to Equation
D-11 and using the pitot tube inner height or diganed, and the wall proximity
corrected velocitylJ;, from Step 7 to initiate viscosity correction step

u,d
1%

Re, = (D-11)

Here,vis the kinematic viscosity as calculated in Apprrizl
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Step 9: The viscosity correction is essentially based ba drift of the Pitot tube inlet
stagnation pressure coefficient from the ideal @atf one. In fact, the complete

equation for calculating the pitot tube velocitydefined as:

24P
U, = ! (D-12)
C.P.

Thus, the next step is then to calculate the cpomrding coefficient of pressur€,

using the following appropriate equation accordmghe following range ifRe.

ForO sRe <13.6 C, = —0.06795274oge[Re;, ] +1.16136140 (D-13)
For13.6sRe <100Q C, = 0.003722934oge[Rq, ] +0.974282884 (D-14)
ForRe >100Q C, =1. (D-15)

Step 10:Lastly, the final traverse pitot tube velocity vaJw;, can now be determined according
the following Equation D-16 using the coefficient pressure,C, and the wall

proximity corrected velocityJ;, from Step 7.

(D-16)

u, :ﬁu1
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Wall Proximity Correction

Reference: MacMillan, F.A., "Experiments on Pitot Tubes in Shear Flow"
Rep.Memor.Aero.Res.Comm.Lond. or R.& M., N0.3028,1956.

Z = height of traverse pitot tube from ground
D = outer diameter of pitot tube

Z/ID % of AP
4-8\ . rrrrrrr1rrr1rrt1r1 7171 T 7171
0.4 4.5 4.6 4 e
0.5 31 3-421 \ y = 4.6441x" - 25.301x> + 51.131x” - 46.198x + 16.307[
00-565 22-167 o M \‘ R’ = 0.9994 —
' : g 38
0.65 1.8 S 36
0.7 1.45 o 3.4 \
0.75 1.17 g 3.2
0.8 0.95 5 zg \
0.85 0.85 a5
0.9 0.75 S5y \
0.95 0.68 B 22 *
©
1 0.62 T 2 \
1.8
1.05 0.55 27 X
1.1 0.5 214 \
1.15 0.45 %12 ™*
1.2 0.4 s 1
1.25 0.37 X 08
13 0.32 8-2
1.4 0.24 '
0.2 — "’ﬁ
15 0.17 0 T Ty
16 01 04 05 06 07 08 09 1 11 12 13 14 15 16 17 18
1.7 0.05 .
1.8 0

Figure D. 1: Experimental data obtained from MacMillan (1956) for traversing flattened Pitot tube wal
proximity correction.
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Procedures for Generating Non-Dimensional Laminar Vihd Profile

Generation of the non-dimensional laminar wind ieofvas based on a presentation of
the Blasius’ solution for a flat-plate boundary dayn Shames (1982). In summary, the key

equations for local velocity, boundary-layer hejgntd local height are respectively defined as

follows:
U=U.G (E-1) 5= 9% (£ z=n |2 (E-3)
VU, VU,
Thus, the dimensionless local velocity is thenroef asi =G. (E-4)
F
z 7 LIJOX z
The dimensionless local height is then giversas ——— = = =1 (E-5)
30,0 5 30
UF

To find the dimensionless values for laminar flalag values for; and the corresponding

value forG was collected from the following Figure E. 1, ab&l from Shames (1972).

Grid index N f G H
H 0 0 0 4
i1 0.30 0.014928 0.099513 0.331549
21 0.60 0.059685 0.198788 0.32993¢0
41 1.20 0.237803 0.393651 0.316862
61 1.80 {1.529374 0.574950 0.283715
81 2.49 $3.922420 0.729741 $4.229133
101 i 1.397569 0.847381 0.162165
{21 3.60 1931196 0.924986 0.098317
141 420 2.500709 0.968592 0.050236
161 4.80 3.088908 0.989203 0.021444
181 5.40 3.685280 0.997334 0.007594
201 6.00 4.284639 1.000000 0.002224

Figure E. 1: Values ofp and G for a laminar wind profile scanned from Shames (182).
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Derivation of Equations Used in “Clauser” Smooth-wd Analysis

Equations used in the smooth-wall analysis of tlenblary-layer profiles [Clauser
(1954)] were derived from the dimensionless velopibfile equation for hydraulically smooth-

wall flow defined by Schlichting (1979) and in tf@lowing equation.

ulz) 1|n(EJ +545 (F-1)
u k vV

In general, definitions for the non-dimensional oy, U/Ug, and the logarithm of local
Reynolds numbenog(Ugz/v), can be derived from Equation F-1. First, con\guation F-1

into a logarithmic equation by multiplying tbgg 2/In 2

(Iogzju(*z)zl(logzjln uz +(Iogzj5.45 (F-2)
In2 ) u k{In2 Vv In2
Since, for any variable, Iog(x):[%jln(x), Equation F-2 can be redefined as follows:
(—'OQZJ—U EDWEE: +['°92j5.45 (F-2)
In2 ) u k vV In2
Thus, Y@ 21 n2) (U2}, oo (F-3)
u k{log?2 Vv
: : : . : C,
To obtain an equation for the non-dimensional vigfotJ/Ug, letu* =U - (F-4)

Thus, by substituting the* variables in Equation F-3, we get:

IC
U 1z
vz =%( In2 ]Iog — V2 |isg5 (F-5)
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Then, from Equation F-5, we get an equation fomte-dimensional velocity as follows:

C C
Y _ [ZeifIn2 log UFZW/—f + 545 (F-6)
U 2 | kllog2 v \ 2

To get the logarithm of local Reynolds number, r@age Equation F-6 according to the

following steps of equations.

UM, _1(In2 Uez /Cf ]
C, /2’k(|092j{|°g( v Jﬂog 2 }545 =
UU, _,._1(In2 U,z Cq .
.2 5'45_k(—|092j{|og( v j*"’g\/ 2} o
|ng U/UF _ — UFZ Cf -
k( InZJ[\/Cf/z 5.45J—Iog(—v j+|og,/—2 (F-9)

Therefore, the definition for the logarithm of lb&eynolds number is as follows:

U.z)_ (log2 UU, . | ﬁ )
Iog( ; j—k[ Inzj( Cf/2 5.45} log > (F-10)

To generate the lines of constadi the non-dimensional velocity in Equation F-10the

resulting value otJ/Ug from Equation F-6.
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Uncertainty Analysis

Uncertainty for any parameter in this study wasdeined according to the following
equation for uncertainty.
U =B? +(tS)’
Here,B is defined as the propagation of bias lim8ss the propagation of precision limits, and

is precision limit factor, which is a function dfeé number of samples collected to calculate the

specific parameter in mind.

U, = 24p and p= o
kp RairTatm

Due to the limitations in measurement quantity apdility, most boundary layer

parameters are estimated using bulk aerodynamibadst[Priestly, 1959]. One in particular is
the bulk Richardson number, a dimensionless paentieat defines the degree of flow stability

or instability near the ground.

E(HVF -6, )/(6-2) |

2

B=_J
8, U,

52

This parameter originates from the gradient Rickand number which essentially
requires accurate two velocity and temperature oreasents at two different heights within the
planetary boundary layer. The gradient Richardasamber is defined as:

_g_08/0z

R=7 0U/02)

where g is the acceleration of gravity, T is thetisttemperaturegis the potential temperature,

U is the wind velocity, and z is a height above sh&face. By approximating the partials in the
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velocity and temperature gradients of equationaljinite differences, such 8% = AT =T, -

T4, one can define the bulk Richardson number:

In field boundary layer surveys, the variatZlds normally defined as the geometric mean height
between top of the layer and the surface [Gold@r2l Compared to its gradient predecessor,
this bulk form reduces the complexity of the meaments by only requiring one average wind
speed reading at a single height. With the estimatf the bulk Richardson number and its
relationship to the gradient form, length scaleshie surface layer can be determined and be
further used to pursue other turbulence charattesis

In wind tunnel studies the bulk Richardson numiser provide an accurate preliminary
approximation of the degree of flow instabilityt nhay also be used as a similarity parameter to
match the dynamic conditions of planetary boundasgers. For this report a wind tunnel
experiment was conducted that was to simulate tis¢able surface layer of Mars. In order to
ensure that the desired instability was develoffedicalculated bulk Richardson number must be
less than zero. Since this parameter is critcaimulating the surface of Mars, an uncertainty
analysis was conducted for the calculation ¢f tRidetermine its degree of accuracy.
For the experiment the equation for the bulk Ridean number was also rearranged to expand

the equation for the freestream velocity. Thedtesam velocity can be defined as:

U, = 2P and o= Fam
k,O RairTatm

wherelp is the differential pressure from a pitot tubeés barameter which defines the dynamic

characteristics of the pitot tube, amis the atmospheric density which is calculatecetam
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Patm, the atmospheric pressurey,] the static temperature, ang;Rhe universal gas constant for

air. With these equations the bulk Richardson remehn be formed into:

—2
RiB _ ng:nm z Tz _Tl)

B 2ApRair Tfjtm (22 - Zl)

where T and T; are temperature readings from the most logarithltyitinear temperature

profile within the boundary layer, along with theorresponding heights; and z, andz is the
mean height between the top of the boundary lay#rd surface.

This section presents an uncertainty analysis odedwon results from the highest mean
wind speed. With the scan rate set to 150 Hz amgiang data for 120 seconds while also
calculating averages every 50 samples, the LabVI#@ta acquisition system was able to
provide a sample size of 18,000 for each measuaeaheter. Due to the averaging mode, 360
mean measurements were used for data reduction. thEoanalysis the overall uncertainty

equation for I% at 95% confidence is:

2
— 2 S
URiB _\/BRB +(t RiB)

where t = 2.00 since the sample size was clearlghngreater than 30. Noted previously, the

bulk Richardson number was rearranged to obtaifalt@ving form:

-2
ri = OPmZ (T,-T)

- 2ApRair Taztm (ZZ - Zl)

The reason for this change was to extend the fiessst velocity equation so that only one
governing data reduction equation (DRE) is tackledinding the uncertainty. Note that this
form of Rig depicts all of the measured and property valuethimexperiment.

The first step in the analysis was to estimatectviparameters are found to have no effect

on the uncertainty. In this case the only varidbte out to be the acceleration of gravity. Since
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the test facility is estimated to be near sea leaetje, gravity was assigned with an exact value
found in the NIST website which was 9.80665 in/sTwo other property values were still
included in the uncertainty. The gas constantaioris essentially a ratio of the universal gas
constant to the molecular weight of air. Betwelea two thermodynamic properties, it turned
out that R;; primarily acquires a fossilized bias from univérgas constant. For the molecular
weight of air, it can be safe to assume that i&s Iig fairly stable. Although the bias was in the
order of 1€ it still needed to be evaluated into the analgsixe the experiment involved
evacuating air out of a large chamber. Through theuum process, the thermodynamic
properties of air can change eventhough the expatins deployed only when the chamber
eventually settles to some degree of equilibrium.

For the last property value, k, a parameter tlegtdbes the shape characteristics of the
pitot tube, there was no background material fotimat pertained to its quality, therefore,
through a simple examination of the sensor an eséichbias of +/- 3% was chosen. This pitot
tube has remained as a common instrument insidefdhility where it is primarily exposed to
fine atmospheric dust experiments. Therefore,tdube years of abuse a bias of +/- 3%, which
can possibly be too low, was used for the uncdstanalysis.

The next step in the investigation was to derive $ensitivity coefficients of all the
fluctuating parameters in the DRE. As a resultftilowing set of ten sensitivity coefficients

equations were derived.

R,  gPwZ (T,-T) OR, _ gkZ [%Tz -T)
ak B 2ApRair Tfjtm (22 - Zl) al:)atm - 2ApRair-I—iitm Z2 - Zl)
aR_iB = ngatm_Z [%Tz -T) aRiB — gkpatm_ZZ
62 ApRair-I-fjtm Z2 - Zl) aTZ 2ApRair T:tm( 22 - Z_l)
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aRiB - _ gk atm aRiB - _ gk atm 2 EETZ _Tl)
aTl 2ApRalr atm(zz ZJ.) aAp ZAp R

air atm Z2 - Zl)
aRiB — gk atm [%T Tl) aRiB — gk atm 2 [%TZ _Tl)
al:aair - ZApRezur Taztm Zl) aTatm - Ap Ralr atm ZZ - Zl)
aRiB — _ atm Tl) aRiB _ atm Tl)
o7, - 2ApRa.r Qz “2)? oz, 2ApRa.r Qz “2)?

From the fastest velocity test run, the followingan values were calculated, and the following

property values were applied. These values ween thsed to solve for the sensitivity

coefficients.

Table 4 List of property and set values

g Acceleration of Gravity (mfs 9.80665

Rair Air Gas Constant (J/kg*K) 287.0041664
k Pitot Tube Parameter, k 1

4} Lower Thermal Gradient Height; gm) 0.17

Z, Higher Thermal Gradient Height, @) 0.005

Table 5. List of acquired mean values

Tatm Static Temperature (K) 290.7526349
Patm Chamber Pressure (Pa) 965.3249083
Ap Differential Pressure (Pa) 39.04233968
T1 Lower Thermal Gradient Temperature (K) 331.5761845
Ts Higher Thermal Gradient Temperature (K) 296.1391 65
7 Mean Geometric Height (m) 0.108410725
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Table 6: Sensitivity Coefficients

dR, /ok -1.2613E-05 >
dR, [OP,, -1.3066E-08 Pa
0R, [0z -2.3268E-04 m
dR,_/aT, 3.5592E-07 K
dR,_ /0T, -3.5592E-07 K
dR,_ /oAp 3.2305E-07 Pa
dR, /3R, 4.3946E-08 Jlkg K
dR, /0T, 8.6759E-08 K
dR,_ [0z, 7.6441E-05 m
oR; /0z, -7.6441E-05 m

With the sensitivity coefficients, the precisiomit can be first calculated, using the

following equation for the propagation of precisiordices with following set of calculated

precision indices from the acquired data.

> (R * (oRi, .Y (oRi, . ) (oRi “ (oRi, . ) (oRi, .Y
(SRiB) _((‘)PIB SPa,mj +( aEB Sz) +(0ApB ApJ +(0TIB TPa,mj +(0T28 Ssz +( 0TlB Sle

Table 7: List of calculated precision indices

Tatm Static Temperature (K) 0.216127411
Patm Chamber Pressure (Pa) 0.794995439
Ap Differential Pressure (Pa) 0.294669983
T1 Lower Thermal Gradient Temperature (K) 0.502341649
T, Higher Thermal Gradient Temperature (K) 1.32209034
7 Mean Geometric Height (m) 0.007464616

For the calculation of the bias limits, researdswequired in acquiring the individual
biases for the instruments. As a result the atabklemental bias limits was tabulated, in which

their individual overall biases were also deterrdibg RSS method.
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Table 8 Elemental bias limits from experiment instrumenttion and set up

Manufac Data Data Overall
Measurand| Fossilized Specif. Calibration Reduction Acquisition | Bias Limits
k n/a 0.03 n/a n/a n/a 0.03
Patm (Pa) n/a n/a 15.0496375 0.00110389P0305175§15.0496378%
Zpar (M) n/a n/a n/a 0.005 4.88281E{ 0.005
Ap (Pa) n/a n/a 0.551580588.1378951460.0001683240.56855627f
Rair (J/kg K)|0.002410835 n/a n/a n/a n/fa 10.00241083%
Tam (K) n/a n/a 0.011390606 0.1419 0.0007647§0.142358494
T, (K) n/a n/a 0.011390606 0.1419 0.0007647§0.142358494
T1 (K) n/a n/a 0.011390606 0.1419 0.0007647{0.142358494
z, (m) n/a 0.001 n/a n/a n/a 0.001
z; (M) n/a 0.001 n/a n/a n/a 0.001

Since the temperature readings were calibratednsigéihe same thermometer, were
acquired through the same data acquisition sysasich,were converted from voltage to Celsius
through the same data reduction equation in LabV|Ek¢y were found to be correlated
amongst themselves. One other correlation was alstent which was the use of the same
linear scale to determine the heights and z. With this in mind the equation for the

propagation of the bias limits is defined as fokow

125



. 2 . 2 . 2 . 2
(Bm )2 _ (aRlB Bk) +(6R|B 5 j +(6R_'B sz +(6R|B Baj
o1 ok oP,, ™ 0z oAp
ORI " (@R " (R, _ )
o o[ (e
a R air " a-I-atm " aTZ :
dRi, . ) (oRi,_ ) (oRi,_ )
i) (e (32,
oT, * 0z, ~ dz, *
+2(6R|Bj(6R|BjB.T B + Z(GRIB](ORIBJB} B
oT, /L oT, /) -~ * or, J\oT, ) - ~
+2(6R|Bj(6R|BjB.T B + Z(GRlsj(aRlBjB.z B
oT, /L oT, /) * * 0z, /\ 0z, ) = =

With the calculated precision indices and biasesifthe instruments and the equations

for their propagation. The precision index, with 2, and the bias limit of the bulk Richardson

number can be calculated along with its overalleutainty.

Calculated Rj -1.26 x 10°
t for N >> 30 2.00
Precision Index for Ri(Si) | 1.81 x 10°
Bias Limit for Ri (Biib) 2.22 x 10
Uncertainty in R§ 4.25 x 10
Relative Uncertainty in Bi | 0.3368

Overall, there was a 33.68% uncertainty in thewdaton of the bulk Richardson Number.
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