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Abstract

Wind erosion is an important problem in many lomasi, including the Great Plains, that
needs to be controlled to protect soil and landugses. This research was conducted to assess
the effectiveness of vegetation (specifically, diag vegetation and tree barriers) as controls for
wind erosion. Specific objectives were to: (1) measand transport and abrasion on artificial
standing vegetation, (2) determine porosity ang dfaa single row of Osage orandéaclura
pomiferg barrier, (3) assess effectiveness of Osage oraagirs in reducing dust, (4) predict
airflow through standing vegetation, and (5) predidlow and particle collection through
Osage orange batrriers.

Wind tunnel tests were conducted to measure wieddprofiles, relative abrasion
energies, and sand discharge rates for bare sahimatvo vegetation heights (150 and 220
mm) at various densities of vegetation. Resultsvglibthat vegetation density was directly
related to threshold velocity and inversely reldtedand discharge. The coefficient of abrasion
was adversely affected by saltation discharge lauhadt depend on wind speed.

Field tests measured the aerodynamic and opticakfii@s of Osage orange trees using
wind profiles and image analysis, respectively, aneémpirical relationship between the two
porosities was derived. Vertical wind profiles watso used to estimate drag coefficients.
Optical porosity correlated well with the drag domént. Field measurements also showed a row
of Osage orange barrier resulted in particulateentration reduction of 15 to 54% for PM2.5
and 23 to 65% for PM10.

A computational fluid dynamics (CFD) software (Op&AM) was used to predict
airflow in a wind tunnel with artificial standingegetation. Predicted wind speeds differed

slightly from the measured values, possibly duestllatory motions of the standing vegetation



not accounted for in the CFD simulation. OpenFOAMRbwalso used to simulate airflow and
particle transport through a row of Osage orangadyaPredicted and measured wind speeds
agreed well. Measured dust concentration redueidwo points (upwind and downwind) were

also similar to the predicted results.
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CHAPTER 1 - Introduction

1.1. Background and Rationale

Wind erosion is an important problem in arid anchisarid regions of the Great Plains in
the United States. High wind speeds, relativelystiy surface, and low vegetation production
potential due to high temperatures and low prediijpih make the state of Kansas particularly
susceptible to wind erosion. Preservation of vageta@over is a common method to control
wind erosion for agricultural lands. As an econamhalternative management practice for long-
term wind erosion control, many Kansas farmers lestablished aesthetically pleasing
vegetative barriers, also known as windbreaks elteibelts, along the perimeter of their
agricultural lands to shelter crops from wind evosfAndreu et al., 2009).

Considerable research has been conducted to sktéjpes and species of shelterbelts;
however, quantification of how and to what extesndfits of specific tree species affect
agricultural lands is limited. Historically, eadgttlers of Kansas used Osage orange hedgerows
(for land protection aside from wood source (Baraatl Burton, 1997)), and these species are
still commonly found on Kansas farmlands. Altho@bage orange is commonly used as a
shelterbelt in Kansas, research on its aerodynaisgxsarce. Additional evaluation of airflow

and particle transport through a vegetation barsiatso needed.

1.2. Research Objectives

The overall goal of this study was to assess tfezfeness of vegetative barriers
(artificial standing vegetation and Osage orangedy as controls for wind erosion using
experimental measurements and computational fiandushics (CFD) simulations. As shown in
Figure 1.1, the specific objectives of this disson include the following:
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1. Determine sand transport and sand abrasion alsiigudated standing vegetation
canopy;

2. Determine the porosity and drag of a single rods&ge orange barrieMéclura
pomiferg;

3. Measure the effectiveness of Osage orange banriexducing dust;

4. Predict airflow through artificial standing vegetat; and

5. Predict airflow and particle collection through fdeage orange barrier.

Obijective 3 — Effectiveness of Osage orange barrier
Objective 2 — Osage orange porosity and drag détation R ; 4 in reducing dust
i J 77y
£) . Objectlve 5 — Numerical simulation of airflow and

particle flow throuah Osaae oranae bal

Objective 4 — Numencal S|mulat|on of a|rﬂgw Ihgm
staridmg vegetation "

Osage orange barrier Standing vegetation Osage orange barrier

Figure 1.1. Research overview.

For standing vegetation, laboratory wind tunneéegsh was performed to observe the
effects of abrasion and sand transport on land sptrse vegetation canopy (simulated by the
insertion of artificial standing vegetation inttv@d of quartz sand) (specific objective 1). In

addition, open source computational fluid dynanfi€8D) software, OpenFOAM, was used to



model airflow through the simulated standing vetjeta(specific objective 4). This open-source
software eliminated the software costs of comméycavailable CFD packages.

For shelterbelts, this research addressed the @sagge Kaclura pomifera vegetative
barrier commonly found in Kansas. The Osage orapgeies was chosen as the tree type for
study because it satisfied the requirement of m™helterbelt (i.e., a shelterbelt in which wind
variation throughout is negligible due to the smatio of shelterbelt width to its height (Wilson,
2005; Bouvet et al., 2007)), which is essentialtésting the applicability of optical porosity
measurements to define aerodynamic propertiesgdtagve barriers. A single row of Osage
orange served as an application of optical poragtgrmination (specific objective 2) and of
dust control measurement (specific objective 4)adleed aerodynamic parameters were used as
input values for numerical simulation of airflowdaparticle collection, using OpenFOAM,
throughout the Osage orange vegetative barrieesifgpobjective 5).

The studies done in this dissertation providesrteeth information regarding the benefits
of maintaining surface vegetation (i.e., abrasmpacts, wind speed reduction, and saltation
discharge) and establishing vegetative barriees, (Nind speed reduction, dust concentration
reduction) for preventing wind erosion. The aeraayics of Osage orange barrier in two
different stages of foliage (leaf-on and leaf-aff)l be helpful to scientists, engineers, and
landowners in providing technical information redjag the benefits of the specific species of
vegetative barrier against wind erosion. Experitaemeasurements of airflow and dust control
combined with numerical simulation using OpenFOAM gerve as a basis of comparison and

help develop future numerical simulation usingehént tree species.



1.3. Organization of Dissertation

This dissertation contains eight chapters. Chapttates the objectives and significance
of the research. Chapter 2 is a review of liteeatur wind erosion and strategies of wind erosion
mitigation using surface vegetation cover and \aget barriers. Chapter 3 describes the effects
of abrasion on artificial standing vegetation aiamas configurations in the wind tunnel. Chapter
4 presents aerodynamic measurements (optical andyaemic porosities, effective drag
coefficients, and wind profiles) for the Osage gabarrier. Chapter 5 details the effectiveness
of the Osage orange barrier in reducing particleceatration downwind of the barrier. Chapter
6 contains numerical simulation of airflow throutipe artificial standing vegetation, and Chapter
7 contains numerical simulation of air and partitdev through the Osage orange barrier taken

as a porous region. Chapter 8 includes conclusiodgecommendations for future work.
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CHAPTER 2 - Literature Review

2.1. Wind Erosion Problem

According to estimates of the United States Depamtrof Agriculture Natural Resources
Conservation Service (USDA NRCS) compiled for thaidhal Resources Inventory (NRI)
(USDA NRCS, 2007), the most significant wind erospyoblems have been recorded in the
Great Plains region, as shown in Figure 2.1. Kaisslxated in the Northern Plains, a region in

which estimates show large contribution to windseso.
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Figure 2.1. Wind erosion estimates for agriculturalands from 1982 to 2007 in the United
States (USDA NRCS, 2007).



2.1.1. Factors Affecting Wind Erosion

Factors such as vegetation cover (Wolfe and Nigkli®93; Lancaster and Baas, 1998;
Li et al., 2007), climatic factors (Chepil et dl962; Wang et al., 2006), soil structural factors
(Zobeck, 1991; Larney and Bullock, 1994), and aalttactors (Smith and English, 1982) affect
the occurrence of wind erosion. Vegetation covéarseto the amount of soil cover due to crops
and stubble available to minimize effects of wimdston and are responsible for altering the soil
microclimate, thus affecting the heat and watangpart (Flerchinger et al., 2003) to the soill
surface and soil susceptibility to wind erosion.

Meteorological parameters such as precipitationgvgipeed, evaporation, and
temperature comprise the relevant climatic fact®8osl dryness, controlled by the amount of
precipitation and evaporation through soil moisttoatrol, also contributes to soil vulnerability
to erosion. According to a study by Fécan et &9@), increased threshold wind velocity for
soils in arid and semi-arid regions can be attadub soil moisture (i.e., the drier the soil, the
less tendency to form aggregates, leading to iseakarodibility as evidenced by a lower
threshold wind velocity). Soil aggregate sizesadfected by the amount of soil moisture, but are
heavily dependent on current temperature of thgisei, high temperatures dry out the soil,
thereby reducing aggregate sizes and increasihgusmeptibility to wind erosion (Webb and
Strong, 2011). In addition, wind erosion is infleed by wind speed; the greater the wind speed,
the more soil surface particles are potentiallydeth

Soil texture is classified as a soil structuratdachat affects wind erosion. The ability of
soils to form clods and soil looseness are saicstire parameters (Belnap and Gillette, 1998).
Sandy soils are loose solils that are more promertd erosion compared to cloddy soils or soils

that form large aggregates, such as loam soilslySswils are coarse-textured, lacking in clay



and silt components that bind particles togethéomm aggregates. However, loams, silt loams,
and clay loams have sufficient silt and clay comgras that form aggregates which are resistant
to wind erosion. Particle size at the surfacenignv@ortant soil property that dictates soil suefac
vulnerability to wind erosion. Different particleze ranges that dictates the soil wind erosion
processes (i.e., creeping, saltation, suspensmmjong was discussed in detail by Saxton et al.
(1999). Creeping is a process where large soilghestmove through surface creeping; saltation
is a process that occurs close to the surface amig€ particles or lift to a certain distance with
hopping movement of soil particles due to wind whtauses entrainment and subsequent
particle transport at the soil surface (RaupachRndlater, 1993); and suspension is a process
that carries particles farther distances away fsonrce (Raupach et al., 2001). Although silt
and clay more readily form aggregates when theisaioist, thereby minimizing soil
vulnerability to saltation, dry conditions favorilsparticle release and tendency to undergo
saltation even if wind speed is low. Sandy soitpuree greater wind speed than other soil types
to initiate saltation or movement of particles, they are more susceptible to wind erosion
because of their looseness and low aggregateistdBiélnap and Gardner, 1993; Belnap and
Gillette, 1997) compared to silt and clay, whicinficaggregates when water content is high in
the soil.

Cultural factors correspond to the types and metlodaultivation, field orientation, field
size, and wind barrier use. Higher tendency of varasion occurs over a smooth, wide, non-
vegetated surface as compared to a surface ttrauigh," as defined by the presence of ridges,
large aggregates, or residue cover that tend taceethe effects of wind erosion. Field size
contributes to wind erosion by providing an amgdace in which the "avalanche effect" can

occur (likened to a snow avalanche where soil velumreases as a result of soil aggregates



rapidly rolling across the soil surface as wind spgethrough the surface) (Fryrear and Saleh,
1996). The avalanche causes additional soil pastid be carried away by the wind over a
farther distance. Tillage, animal, and machineoastiaffect the soil surface by intervening with
surface roughness such as ridge formations, smik¢land soil aggregates. Repeated tillage
(especially with use of tandem disks, offset diskg] harrows) pulverizes and smooths dry soils,
consequently increasing soil susceptibility to wardsion (Nordstrom and Hotta, 2004). The
type of tillage implemented in an agricultural laswlld influence roughness of the soil surface
as dictated by sizes of soil aggregates that anedd (L6pez et al., 1998; Zhang et al., 2004).
Investigation of the relationship between aerodyicaoughness and aggregate size of cultivated
soil by Zhang et al. (2004) showed that large dotls caused a decrease in the value of the
roughness length paramet&) thereby minimizing wind erosion. An investigatiby

Betteridge et al. (1999) on the effects of animahding on the soil surface showed that
compaction due to animal hooves smooths the syniagking the soil more vulnerable to wind
erosion. Hamza and Anderson (2005) verified tradfit and a large number of machinery
passes within an area of agricultural land incréas@ susceptibility to wind erosion by wind,

proving that soil compaction results from overusenachinery in croplands.

2.1.2. Effects of Wind Erosion

Wind erosion has many ecological impacts and sreern for croplands because it
causes loss of soil nutrients (Gomes et al., 20B8)dies have shown the amount of nutrients
lost through wind erosion by comparing remainingrieats in the soil surface after wind erosion

(Larney et al., 1998; Nuberg 1998; Sudmeyer andt2002).



Wind erosion also negatively affects evapotrangpmawithin the soil. If the soil is
subjected to high winds, increased temperatureJamdhumidity, moisture stress is
demonstrated by shallow rooted crops and vegetatesequently preventing the
photosynthetic process due to closure in stomeaalimg to crop wilting (Andreu et al., 2009).
Khan et al. (2015) showed that dust depositionedry wind erosion reduced the yield,
stomatal conductance, photosynthesis, and evagpiration within the leaf and increased the
leaf temperature of cotton.

For sparse vegetation, high wind speeds causdisagttiphysical abrasion (Hagen and
Casada, 2013). Young crops or small crops (seasjlif@gpker et al., 2009) and flowering stages
of some crops (Brandle et al., 2004) are proneatoabe caused by abrasion. Abrasion to crops

also causes contamination and quality reductidnuats and vegetables.

2.1.3. Control Strategies for Wind Erosion

Wind erosion minimization ultimately requires reddcsurface wind speed and increased
soil surface resistance (Funk and Riksen, 2007trGbstrategies such as crop diversity and
crop rotation (Vomocil and Ramig, 1976), crop regsl (Siddoway et al., 1965), sprinkler
systems (Cary et al., 1975), strip cropping (Ch&@b7), no-till (Thorne et al. 2003), trap strips,
annual crop barriers (Fryrear, 1963), sparse végat@/Nolfe and Nickling, 1993), vegetative
barriers (Ticknor, 1988), manure application (Wadtlet al., 1974), and treated sewage sludge
(Koda and Ozinski, 2011) are employed to alleweaited erosion problems. However, these
practices depend on economics that govern usecbf@antrol practices in addition to the

interest and perception of farmers and/or landosiner



According to Guan et al. (2003), shelterbelts carlbssified as artificial (e.g., fences
and thin screens), termed as “non-thickness” lrarimeaerodynamics analysis, and vegetative

(e.q., trees and shrubs), termed as barriers dssegs internal structure and width.

2.2. Use of Vegetation as a Wind Erosion Control &ttegy

Protecting soil fertility and crop yield is the prary goal of sparse vegetation on the soil
surface. McGowan and Ledgard (2005) stated thagtatign is the most significant factor for
minimizing wind erosion. They enumerated effectsedetation as a factor for: (1) reducing
sediment availability for transport by covering gwl; (2) lowering wind velocity below the
threshold for sediment transport by absorbing gddemel wind momentum; (3) filtering
airborne sediments and protecting vegetation teqmesediments from being re-entrained; and
(4) lowering the near-surface wind speed and istngadust deposition rate by increasing fluid
drag in the air. Namikas and Sherman (1995) anddgjd and Leys (2003) stated that alteration
of soil and atmospheric properties, such as saitgiral stability and near-surface air moisture
through the presence of vegetation, could alsormz@ wind erosion. A vegetative barrier is a
row of vegetation that shelters the downwind paortd the land from wind (Heisler and

DeWalle, 1988), dust (Liu et al., 2013), or snowdksand Black, 1971).

2.2.1. Effects of Using Vegetation

2.2.1.1. Effects on Micrometeorology
The compound effect of changes in wind directiomdaspeed, temperature, relative
humidity, and air turbulence due to the presendeaofiers drastically alters the plant, soil, and

aerial conditions (Campi et al., 2009). Scatteand diffusion of solar radiation by vegetative
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barriers (limited by barrier height) could alsoitmgortant for promoting improved
photosynthetic processes that yield healthier c(8gglmore, 1976). Vegetative barriers' control
of thermal radiation losses (within the vicinitytbe barrier) could cause a warm environment
for forage crops during the night (and possiblesengéion of frost incidences) and cool
conditions during the day, thereby promoting lesspetranspiration and less moisture loss from
soil surface, causing faster germination, growth,rand more efficient use of water by plants
(Cleugh, 1998; Zhu, 2008).

Downwind air temperatures are dictated by a contlwnaf effects, such as barrier
height (Skidmore, 1976) and eddy zones, withirvibimity of the barrier (Woodruff et al.,
1959). Warm zones were found to exist near thedyaand at the soil surface where they
originate; these zones are predicted by multiptésaier height (occurring from 5H to 10H
downwind of the barrier, where H is the averagglieof the barrier). Changes in microclimate
within the barrier vicinity are results of reducesttical air diffusion and mixing, which cause
cooler nighttime and warmer daytime air temperagkidmore et al., 1972).

Humidity was found to vary significantly due to cbmed effects of air mixing,
diffusion, radiation, wind speed, air temperats@| moisture, and evapotranspiration (Van
Eimern et al., 1964). Marshall (1967) found thasheitered and sheltered areas did not show

significant changes in relative humidity.

2.2.1.2. Effects on Soil Characteristics

In relation to microclimate, changes in soil chéeastics and ambient conditions above
the soil surface are the major contributors to mnpd yield of crops due to controlled and
efficient light, moisture, and nutrient exchangesa®en the soil and the plant. Improved

protection against wind erosion that lessens orgmts crop damage also contributes to
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increased crop yield (Kort, 1988). Factors suchrap type, shelterbelt design, soil properties,
and management practices should be consideredhievadncreased yield and crop quality
(Brandle et al., 2004). Stoeckeler (1962) assdhatdthe maximum amount of land occupied by
shelterbelts within an area should be 5% of tha xtea, and lvanov (1984) stated that the
maximum amount of land shelterbelts should occupyg %6 to provide ample sheltering effect.
Many studies have described the downwind distarfeerevland is effectively protected by
vegetative barriers to be at 10H (Brenner et 8051 Cleugh et al., 2002; Vigiak et al., 2003;
Cornelis and Gabriels, 2005). Although shelterbafesadvantageous as control for wind
erosion, other studies (Lyles et al., 1984; Kesd41892; Mayus et al., 1999) have noted that

shelterbelts compete for soil water, nutrients, emgh space.

2.2.1.3. Aesthetic Benefits

Preservation of crop yield and crop health is tlesthimportant factor for farmers, but
improvement of landscapes and aesthetic valudiefdaalso contributes to the establishment of
vegetative barriers. Burel and Baudry (1995) disedghe maintenance of greenways (i.e., land
networks that provide ecological, recreationalfuall, and historical benefits) with a focus on
visual, scenic, and aesthetic values of hedgerowanidscape planning as well as benefits of
vegetative barriers to animals.

A classification of shelterbelts was studied tcedetine visual impacts of shelterbelts in
lowa. Grala et al. (2010) found that 73% of 1,58(fers and 2,000 non-farmers agreed that
shelterbelts were necessary for visual diversificetwhile 67% those surveyed agreed that
lands with shelterbelts are more visually appediam lands without shelterbelts. Their study
showed that approximately 59% of respondents (priynaon-farmers) considered conducting

recreational activities (e.g., watching birds, Wit within landscapes with shelterbelts. Their
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study also showed that farmers preferred conifeth@ shelterbelt species and non-farmers
preferred mixed conifers and hardwoods. In addjtiba presence of shrubs alongside trees
within rows of shelterbelts was preferred by nomHers. Overall, farmers showed more interest
in productivity benefits of shelterbelts that atfeconomics, such as operational costs in farms,

while non-farmers are more focused on aesthetidpportunities for recreation.

2.2.1.4. Effects on Animal Welfare

Vegetative barriers can also provide habitat, f@wd] shelter to many types of animals
(i.e., livestock, wildlife, aquatic organisms) (Hiott, 1998). Mader et al. (1999) reported that
shade provided by vegetative barriers improvedecptirformance in the summer, especially
when the cattle are not yet acclimated to hot werathheir study also showed that cattle
response was prominent during the first year afigpsubjected to the effects of vegetative
barriers, but the effect of barriers decreased theesubsequent two years once the cattle
become acclimatized. However, as heat load is nizeid cattle productivity increased and
cattle health improved, potentially leading to @amice of cattle deaths, especially during
extremely hot weather conditions.

For wind erosion purposes, vegetative barriersbganseful for livestock protection in
open areas, as discussed by Gregory (1995). Alththegystudy mentioned disadvantages of
vegetative barriers, such as (a) lower capacistadk due to less grazing area, (b) reduction in
herbage, (c) soil compaction, (d) creation of aitiaélior pests that could poison the stock, and
(e) risk of trapping stock during extreme weatharditions, these disadvantages could be
generally controlled so that the advantages waal@xceed the disadvantages of use of

vegetation in pasture lands.
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2.2.1.5. Improvement of Air Quality

The state of Kansas produces large amounts otdigkegi.e., beef cattle, swine, and
poultry) and, as a consequence, Kansas experiairogsality problems such as dust, ammonia,
odors due to volatile organic compounds (VOCSs), gregnhouse gases (GHGs) that emanate
from large commercial feedlots. To minimize odooldems, vegetative barriers have been
established around the perimeter of these feedbtislies have shown the efficiency of these
barriers in odor dissipation (Tyndall and Colle207).

Another study enumerated the effects of vegetdtareers on GHG mitigation.
Kulshreshtha and Kort (2009) identified improvensecdused by the presence of vegetation,
such as carbon sequestration within trees, farh éa@a reduction that effectively reduces the
source of GHG emissions (e.g., farm machinery) engfficient heating and cooling of nearby
human and livestock houses, and provision for @étiere fuel sources such as woody biomass.

Vegetative barriers can also reduce harmful agucall or spray drifts that remain
immediately following application of chemicals, lnding herbicides, fungicides, and
insecticides, that could negatively affect humad animal health and the environment (Coye,
1985). Wenneker et al. (2005) discussed the benafiatural shelterbelts for reducing chemical
drift from orchard spray, and Ucar and Hall (206@hducted an extensive review of the use of
shelterbelts in pesticide drift mitigation.

Previous studies (Chepil, 1957; Stoeckeler, 1968)ern and Skidmore, 1971; Plate,
1971, Heisler and DeWalle, 1988; Ticknor, 1988; filee et al., 1992; Raupach et al., 2001,
Brandle et al., 2004; Cornelis and Gabriels, 200&et and Wilson, 2007; Buccolieri et al.,
2009) have established that the primary use oftagige barrier is to minimize wind erosion,

especially in sandy, erosive soils and arid and-seit regions. Vegetative barriers primarily
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reduce wind speed below the threshold for erodiblks, thereby suppressing dust generation
and suspension and lowering health risks assocratadiust emission (Dockery et al., 1993;

Saxton et al., 1999; Pope et al., 2002; Gilmowl.e2006).

2.2.2. Design Considerations of Vegetative Barriers

The initial step prior to vegetative barrier desiguletermination of the prevailing wind
direction at the location of the agricultural lafiddmang et al. (2009) stated that barriers placed
perpendicular to the wind promote the greatestatiedy efficiency. They also suggested that if
the wind comes from every direction, an enclosesiesy of vegetative barriers surrounding the
target area is appropriate.

Barrier height is another important characteri&ircconsideration of vegetative barrier
design. Cleugh et al. (2002) stated that reduaifomind speed downwind of the barrier is
achieved up to a distance of 10 to 30 times thghtef the barrier (10H - 30H). Tamang et al.
(2009) added that if multiple species of treespmesent (representing different heights), the
tallest species dictates the extent of shelterifigency. According to Dong et al. (2010), this
sheltering efficiency is dependent on the downwdigflance to which wind velocity is reduced
below the minimum required for saltation (effectsleelter distance), wind velocity, and state of
turbulence within the area under study.

Barrier width should also be considered in suclag that it will not exceed
approximately 10H or else wind speed reductioroisomger effective because the wind flow
behaved similarly to a forest with considerableuctabn in wind speed (Straight and Brandle,
2007). Yusaiyin and Tanaka (2009) came to the samelusion by investigating the effects of
varying shelterbelt width on the values of dragéand bulk drag coefficients using wind

tunnel tests and validating results using numenuoadieling. They found a nonlinear increase in
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drag force with increased shelterbelt width. Thisp dound that effective sheltering existed up
to a distance of 10H - 15H downstream.

The most important vegetative barrier characteristat determines sheltering efficiency
is porosity, sometimes referred to as density éwetative barriers. Barrier porosity is dependent
on the arrangement of trunks, branches, and legdvagby presenting a complex geometry
because of three-dimensionality of each comportanaight and Brandle, 2007). Porosity can be
categorized in two ways: aerodynamic porosity)(and optical porosity ( ). Aerodynamic
porosity or volumetric porosity is the true porgdiased on the complete three-dimensionality of
vegetative barriers, and is a parameter that fdif to compute (Yusaiyin and Tanaka, 2009).
On the other hand, is limited to a two-dimensional (2D) approximatiohthe true porosity.
Straight and Brandle (2007) defined as the background space visible through the lvarrie
consequently considering only the 2D geometry efitbgetative barrier (USDA-NAC, 2007).
The two porosities differ in values, especially lwoad-leaved vegetative barriers (Vigiak et al.,
2003), but for thin and narrow barriers, valueragtporosity is approximated by (Heisler and
DeWalle, 1988). As porosity increases, the baailws more wind to pass through, thereby
lowering reduction in wind speed but causing lesbulence downwind and effectively
increasing the distance protected by the barriewéVer, if porosity decreases, the opposite
phenomena are true; therefore, optimalof vegetative barriers was recommended to be at
values within 0.35 - 0.45 (Loeffler et al., 1992).

The long-term objective of research of various sypeshelterbelts is to provide a
foundation for optimal design of shelterbelts basedusively on crop protection (Lyles et al.,
1984, Norton, 1988; Kowalchuk and de Jong, 1993sbdvi, 1997; Boldes et al., 2001; Campi et

al., 2009), animal welfare protection (Bird et 2002; Sanford et al., 2003), human and
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household protection (Raupach, 2000; Lin et al0&0vind erosion protection (Funk et al,
2004; Gregory et al., 2004; Dong et al., 2010; Bial., 2009), transportation and facilities
protection (Scanlon et al., 2000), and agricults@hy interception (Ucar and Hall, 2001;
Mercer, 2009). However, Cable (1999) stated thatgdcultural shelterbelt benefits such as
wildlife habitat (Johnson and Beck, 1988), fuel Wprecreation, and aesthetics must be
considered as distinct from agricultural bene8ts;h as erosion control, increased crop yield,
livestock protection, and snow control (lverser81,.9Shaw, 1988) and improved energy use in

cooling/heating of nearby housing structures (Dd&Vahd Heisler, 1988; Swistock et al., 2005).

2.2.3. Determination of Optical Porosity of Vegatad Barriers

Geometric characteristics of trees largely influetie efficiency of vegetative barriers
with respect to particle collection and wind spesdiction (Lee et al., 2010). The height of trees
(Van Eimern et al., 1964; Loeffler et al., 1992ndth of trees (Mulhearn and Bradley, 1977;
Loeffler et al., 1992), width of shelterbelts (VBmmern et al., 1964; Loeffler et al., 1992), and
shelterbelt susceptibility to airflow (porosity)eagxamples of geometric characteristics of trees.
Aerodynamic porosity is the ratio of airflow thagses through barrier pores (“through flow”)
and diverges over the barrier (“diverged flow”)eteby making porosity a measure of minimum
wind speed and position at which the wind recogpeed (Vigiak et al., 2003). Raine and
Stevenson (1977) defined aerodynamic porosity @satio of pore space to the occupied space
of tree stems, twigs, leaves, and branches, asawellfactor that affects the shelter extent and
reduction of wind speed leeward of shelterbelts.

Because of the complexity of living shelterbelt gedry, measurement of poses a

great challenge to researchers (Kenney, 1987). |IDgweent of techniques to determine living
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shelterbelt porosity has progressed. Detectiorcpi@s such as volume and density (porosity)
can be employed to deduce geometric character@fticees. The current techniques include
image analysis, stereoscopy photography, lighttspecanalysis, infrared thermograph,
ultrasonic sensors, and laser sensors such agfieétection and ranging (LIDAR) (Palacin et
al., 2007). Use of the individual techniques vadesording to cost of instrumentation required

to obtain parameters that enable the user to determ and/or

2.2.4. Airflow through Barriers

The presence of wind barriers influences airflowvinal, within, and downwind of the
barrier. These three locations correspond to tht@ges of the effect of wind barriers on airflow.
Airflow changes abruptly upwind of the barrier, sang a change in the microclimate (surface-
plant-air level) and soil climate that differs frahe airflow observed in the open field, such as
intermittent changes in heat and water vapor tranggleugh, 1998; Campi et al., 2009). The
altered soil climate and microclimate causes aubfit response for the sheltered area
downwind.

As shown in Figure 2.2, approach flow is determibgdhe stability of atmospheric
conditions and aerodynamic roughness of the upwortion of the field. If the upwind portion
of the field is relatively flat and sparsely vedethor without vegetation, the approaching flow
may transport dust or particulate matter (PM) (pktbearing flow) as induced by soil wind
erosion processes such as saltation and suspembieffects on the approach flow is important
in determining the type or species of tree necgdsarender protection downwind from

deposition of particles carried by wind.

18



A - Approach flow C - Bleed flow E - Mixing zone

B - Displaced profile D - Quiet zone F - Re-equilibration zone

Figure 2.2. Airflow regimes around a shelterbelt psitioned normal to airflow (adapted
from: Judd et al., 1996).

Various airflow regimes were described by Judd.gt1896) and illustrated in Figure
2.2. A majority of air flows through the top of hedterbelt (magnitude determined by porosity of
the wind barrier), as shown in the deflection oéaimline in Figure 2.2, denoted as displaced
profile B. An immediate increase in wind speedassed by the presence of barrier in this
region, thereby satisfying the requirement for floantinuity.

The wind barrier exerts a force on the wind viadheg it creates which is compensated
by a loss of momentum in the air. This loss of motam corresponds to a reduction in wind
speed, as shown in the bleed flow region C in lEduR. Drag exerted by the barrier is
converted to wind speed reduction necessary fod wimsion sheltering, thereby decreasing the
wind’s tendency to transport surface particles imiately downwind of the barrier, through
quiet zone D in Figure 2.2. Region D in the figig¢he sheltered area in which minimum wind
speed occurs; the length of this region is detegchiny the porosity of the wind barrier.

Although decreasing barrier porosity increasesiéadrag, wind barriers with the greatest drag
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are not necessarily the most effective barriersotlvaff et al. (1963) determined that vegetative
barriers may be too dense or too porous to beteféeshelters from wind erosion. Excessive
drag on wind barriers (corresponding to low pores)tcauses minimum downwind wind speeds
close to the barriers, but these wind speeds tenecbver their magnitude more quickly than
wind speeds downwind of more porous wind barrikliging zone E in Figure 2.2 is a turbulent
layer of air that occurs at a distance greater fitdth and eventually develops into an equilibrium
zone F, a region that re-establishes the wind lprofiapproach flow A).

Figure 2.3 illustrates the process when assumimgifiprm particles that occupy a height
greater than the barrier are carried by approansi A from Figure 2.2. Depending on the
porosity of the barrier, some particles are filtetieroughout the height of the wind barrier,
corresponding to particle deposition on wind barelements (e.g., leaves, trunk, branches). As
shown in Figure 2.3, no change in particle coneiatn is observed in the displaced region B
(described in Figure 2.2). Particle concentrat®reduced in the bleed flow region C (described
in Figure 2.2) due to particle filtering by the wibarrier that, in addition to reduction in wind
speed, reduces the amount of particle depositiah@downwind sheltered region or quiet
region D (described in Figure 2.2) caused by wipeksl reduction in the region. As the distance
away from the wind barrier increases, particle emi@tion recovery occurs at the mixing layer
E (described in Figure 2.2), eventually reachirg\ualue of its initial particle concentration

(approach flow A concentration).
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2.2.5. Research on Vegetation as Wind Erosion Cohtr

2.2.5.1. Research on Sparse Vegetation

Buckley (1987) studied effects of wind on aeoliamels by using a wind tunnel to
simulate the natural vegetation pattern of erguead, and rounded herbaceous dune plants.
Threshold velocities were predicted by the valugegfetation cover with which the sand
transport was also dependent (i.e., the highevelgetation cover, the greater the threshold
velocity that reduces the sand transported aturface, where vegetation cover is defined as
area covered by vegetation divided by total area).

Li et al. (2007) studied quantitative effects ofjg&ation cover on wind erosion. They
found that grasses more effectively reduce windierocompared to sparsely distributed
mesquites within the field. Their results also skdwhat aeolian flux increased throughout their
three windy tests, thereby causing a 25% reductidatal organic carbon and nitrogen on the
top 5 cm soil surface; approximately 60% of theutshn occurred during the first test.

Burri et al. (2011) evaluated the effects of vasiaensities of Perennial ryegraksl{um

perenng compared to that of a bare sand configuratiorirT$tudy showed an exponential
21



decrease in mass flux of sand at the end of theetuas the canopy density increased. They also
analyzed the vertical profile of sand discharge faehd that minimal sediment fractions were
recorded on heights below the canopy (< 10 cm)lyimg a more efficient trapping of particles
within the canopy as compared to heights abovedhepy (10 cm < h <20 cm). The decrease
in sand mass flux above the canopy height was feoihé dependent on shear stress velocities

(forces that lift particles as compared to foradated to gravity settling).

2.2.5.2. Research on Vegetative Barriers

2.2.5.2.1. Wind Tunnel Measurements on Vegetatiariers
Guan et al. (2003) studied shelterbelt drag aarasdel trees in a wind tunnel. They used

narrow, realistic models for wind tunnel data asgign, and they proposed the following
empirical relationship between and : = %% They also determined a relationship

1.8),

between drag coefficient and optical porosily, Cpo(1 C where @ is the zero-lift

drag coefficient that is a constant equal to 1l@8heir study, denser canopies resulted in a
smaller difference between values ofand

Bitog et al. (2011) conducted a wind tunnel expenirin which a black pine tre®ifius
thunbergi) was used to determine and resistance factor of a tree shelterbelt. Toegd that
mean porosities for one, two, and three treesraustree densities were 0.91, 0.69, and 0.42,

respectively, and drag coefficients were 0.55, 0aB2l 1.08, respectively.

2.2.5.2.2. Field Measurements on Vegetative Barsier
Grant and Nickling (1998) evaluated wind drag difieial trees on a farm. They placed

artificial Scots pine Christmas trees in a flagggy field (sod farm) and measured wind drag.
They also used cup anemometers for wind speedndietEion and developed a relationship
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between (determined using photogrammetry) and(determined using water displacement

technique), which was found to be = %782 where the exponent for was 0.4, similar to

0.36 in the study by Guan et al. (2003). Their gtoucedicted that the equation is different with
various species of vegetation and that the expasetgpendent on leaf structure and depth to
width ratio of the barrier. Taylor's (1988} value of 0.6 agreed well with observéd values

of surface-mounted cone and cylinders in their arpent althoughCp values of the model
Scots pine trees were close to twice the magnitaperoximately 1 to 1.6) to that of the cone
and cylinders.

Nelmes et al. (2001) proposed a simple approacheaisuring sheltering efficiency of
Hawthorn hedges. They used two cup anemometerectathto data loggers that measured
wind speed. Data acquisition was based on winddiuexperiment optimization to gather
information on optimal upstream and downwind lomasi for their anemometers and evaluate
the velocity ratio parametes, which is a ratio of downstream to upstream tatdbulent kinetic
energy in the horizontal wind component. They fotimat the interpolatestvalue from wind
tunnel experiments ranged from 0.4 to 0.5, whiédddfmeasurements showed a value of 0.46.

Tuzet and Wilson (2007) studied the effects of @lprus hedges on wind flow. Profiles
and transects were found to be qualitatively caestsvith available literature profiles and
showed promise for predicting behavior in relatMelss ideal regimes for dense shelterbelts.
They also observed that minimum wind speed of apprately 20-25% of the upwind value not
affected by changes in wind speed direction andrtakstratification occurred at a distance

0.25H downwind from the shelterbelt.
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2.2.5.2.3. Numerical Simulation of Vegetative Bagrs

Schwartz et al. (1995) studied a model of foragghaam in various configuration
patterns with  ranging from 7 to 39%. They placed four rows afgbum 1 m apart in a wind
tunnel patterned to their field measurements. ReseVvealed a logarithmic profile at distances
<0.2H windward and 4H leeward of sorghum model with porosities gretitan 30%. In
addition, wind speed tended to decrease or rent@rcansistent magnitude as barrier porosity
decreased up to 20% since no increase or decreaged speed was recorded at porosity values
below 20%.

Hipsey et al. (2004) studied the effects of she#krtypes (artificial and natural) on
evaporation in small agricultural reservoirs neariers. In their developed model, they deduced
that wind speed was minimized above the water sardie to shelterbelts that effectively
reduced evaporation on these water bodies by 25 &b (artificial shelterbelts) and 28%
(natural shelterbelts).

Gromke and Ruck (2008) evaluatéd of small artificial tree-like structures in a wind
tunnel and modeled the airflow to create simulatifor various configurations. They varied
crown porosities of the tree-like structures by asipg various types of crown materials as
models, and they tested their effectsQyy which were evaluated in a wind tunnel with
velocities of 5 m$to 14 m &. Observed:;, values for the materials were 1 to 1.2 (wood wool)
0.8 to 1.1 (sisal fiber), and 0.9 to 1.0 (foam d@gs per inch (p.p.i))Cp were found to be
velocity dependent at wind speed values of 5'rtosl4 m &. Compared to naturally occurring
coniferous and deciduous tre€s, values corresponded to wind speeds less than<b m

Buccolieri et al. (2009) simulated the effects wém@ue-like trees planted along urban

street canyons by comparing numerical simulaticulte using porous obstacles such as lattice
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cages of known porosity, as detailed in GromkeRuadk (2009). They used various crown
porosities and stand densities in the model wisimulated buildings to assess the effects of
these parameters on perpendicular pollutant anitbair Findings showed that the ratio of width
of canyon street to building height (W/H) indicateallutant accumulation at the pedestrian
level, where larger values of W/H caused less efiépollutant concentration at low wind
speeds and slight suppression of pollutants direés subjected to high wind speeds.

Mercer (2009) modeled spray drift capture effickensing three vegetation models
1 mm (pine), d= 10 mm (intermediate) & 50 mm (poplar)] with three droplet diameters, (20
50, and 100vm). Results showed that efficient droplet captuwreuos with  between 0.1 and
0.4, with optimal capture at 0.25. The pine modelveed the largest capture efficiency, but
droplet diameters less than 2 were not captured at all, and diameters grehgar or equal to
100mm were well-captured or settled out of the flow.

Salim et al. (2011) used FLUENT (2010) softwarelfarge Eddy Simulation (LES) of
dispersion and flow of street traffic pollutantsctampare an unoccupied street canyon to a street
canyon with trees planted with pore volume of 96¥ey found increased concentrations of
pollutants at the leeward side of street canyortis tiees, as evidenced by a decrease in air
ventilation, or momentum sink, within tree crowns.

Rowing competitions inspired Ferreira (2011) tadgtand determine optimal shelterbelts
to protect a long channel area within the vicimtyowing events. In the study, a wind tunnel
equipped with model trees resembling Lombary pspRopulus nigra were placed on one row
in the field site and bamboo or canes were placedriother row of shelterbelt. Various
combinations with different were investigated, and results determined thamaptvind
conditions with nearly constant wind speed acrbeshannel row were attained using a single
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row of poplar trees (crowh, = 60% and trunk& = 87%) downwind of the bamboo row (=

35%).

2.2.6. Osage Orange (Maclura pomifera)

For the purposes of this study, a thin windbre&fingd as a shelterbelt in which wind
variation was negligible due to the small raticsbélterbelt width to its height (Wilson, 2005;
Bouvet et al., 2007), was selected to allow valaabf aerodynamic parameters (e.g., optical
porosity) using numerical modeling in accordanchwuggestions by various authors (Tiwary
et al., 2005; Raupach et al., 2001; Wilson, 2005).

Osage orange is historically native to southerra®&ima, a limited region in Arkansas,
and parts of east Texas. However, in an exploratidi$73, Jacques Marquette and Louis Joliet
discovered Osage orange trees in Osage Indiaigedlbcated on what is now southern
Missouri, Arkansas, eastern Kansas, and Oklahoima.species of tree proved to be very useful
for early settlers of the United States as soufeeond, shade, and protection (Barnett and
Burton, 1997). In addition, native Indians usedhhenches for bows that were superior weapons
for fighting and hunting. These bows were so pregithat a barter transaction for a bow would
cost a horse and a blanket. The characteristingttieof the bows prompted the French explorers
to call the Osage orange trees bois d'arc, medniagd of the bow." With increased knowledge
of the durability and strength of Osage orangestreettlers realized that the trees were great
sources of timber for anything that required héwdi-shrinkage wood. Osage orange trees
constituted the rims and hubs of farm wagons bectheswood could withstand heavy loads
while maintaining flexibility to be bent into a cle. Osage orange tree wood was also found to
be a good "shock absorber" without splitting orckrag and the trees were highly resistant to

rot, allowing utilization for structures such agrcad ties, telephone poles, mine timber, street
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paving blocks, bridge pilings, tool handles, aratrails. Consequently, vast harvesting of Osage
orange trees occurred in parts of Texas, ArkarssabOklahoma for the purpose of selling the
wood wholesale.

Averaging approximately 9.1 m in height upon maiora(Harrar and Harrar, 1962),
Osage orange trees were eventually determined salistantial field borders because they can
contain livestock within the field without providirexcessive shade for the crops. Between 1865
and 1939, approximately 64,000 km of Osage oraeggérows were planted by private
landowners in Kansas, and a majority of those dar@sage orange trees still serve as
vegetative barriers for parts of Kansas. The Osagege tree species paved the way for
agricultural settlement because early settlers hsddes of Osage orange to fence out the

animals for farming (Barnes, 1960).

2.3. Numerical Modeling Using CFD

CFD is a process of discretization and conversiatfterential equations that govern
transport of mass, momentum, and energy to thgabahic equation equivalent which are easily
solved and are helpful in facilitating numericalgmns using computers (Figure 2.4). The
inception of CFD occurred during the advent of cating technology during the 1960s.
However, CFD did not become a significant compoméistudy areas specializing in
engineering problem solutions until the 1970s wlererging programming languages became

the foundation for the creation of commercial saitgvpackages.
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Comparison

Mechanics wﬁmalysis
Physics of Fluid Simulation Results
Mathematics C F D Calculation
Transport Equations Computer Program
Numerical Programming
Methods Geometry Language
Discretization Scheme | Region/Grids Model

Figure 2.4. CFD process (Zuo, 2005).

What really made CFD special was it is more ecogahthan performing actual
experiments to provide essential information teagineer for a solution to a specific problem
(Date, 2005). During the past three decades, thkcagion of CFD to engineering problems
became prominent (Lee et al., 2013) and a neceadsiyo the requirement of "scaling” (a
process of ensuring similarity of results desgie difference in size parameters (Krishna and
van Baten, 2002), i.e., laboratory size reactorg€@simercial size reactors) from laboratory use
of equipment towards use at the industrial scateg.dxly did the scaling impose difficulty in
design but it also increased uncertainty as to indrehe large scale equipment was feasible or
not. With this situation, CFD became useful in itifgimg and applying proper scaling laws to
ensure geometric, kinematic, and dynamic simiksibetween models (pilot-scale) and the full-

scale equipment.

28



2.3.1. Turbulence Modeling

Turbulence is a measure of disorderliness in flla@s. AlImost every naturally
occurring flow that is disturbed is considered tuemt. A general form for the transport equation
of mass, momentum, and energy can be written &sv®l(Predicala and Maghirang, 2003;

Patankar, 1980):

D D D D
o H FG%—8HE1_6 FICD—8HJ D—8HKLC2 (2.1)

wherer is air density/ is the transported fluid property (e.g., mass, mamm, energyl; is
the velocity component in thedirection,i is the subscript that represents three direciigng
andz), G is the diffusion coefficient, an§:is the source term. Terms on the left side of eqnat
are accumulation, convection, and diffusion terorsf A detailed definition oG andSrwas
presented by Predicala and Maghirang (2003).

Bonifacio (2013) described intermediate stepsifaving the Reynolds-Averaged
Navier-Stokes (RANS) equation, the basis for tughaé models (e.gs;emodel k-wmodel).

The resulting RANS equation upon derivation is@®ws:

D&Yy D D
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The average viscous stress component given bydeegrand Peric (2002) was

WC L G

.
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wherei is the subscript for all three directionsy, andz), j is the subscript for the evaluated
direction §, y, orz), P is evaluated pressure force in fkdirection, #; is the viscous stress

componentand /ms the dynamic air viscosity (Glasgow, 2010). BamsEgs. 2.2 and 2.3 are
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average component values resulting from use oRthaolds decomposition method. The

continuity equation is given by (Bitog et al., 2QRbsenfeld et al., 2010)

%\

o5, (2.4)

Another commonly used two-equation RANS-based higdbe Re-Normalization

Group (RNG)k-emodel. This model is given by the following eqoas (Yeh et al., 2010; Bitog

et al., 2012):
D D D5
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D D D _ 79
DBHEL 6 FLCD8UJ + D8HK G 5CE[ FIC "1 z (2.6)
[CLC]+252;5 (2.7)
where2 ; is the shearing-rate tensor ands the turbulent viscosity.
‘cLc GccW (2.8)
W r.Q_\ aEb'c dF
CLG Cocra (2.9)
5\
+. CLC1 — @.10)
gCLC2 2.11)
2CLEJ2 323 (2.12)
& LGPy, % (2.13)

where>), is average velocityyds turbulence intensity, ar&dis turbulence kinetic energy
(m? s?).

|C] 5ac\
k
where is turbulence dissipation rate {isr°).

LC (2.14)
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Many studies have found the RN&G  model to be the most applicable turbulence
model for investigating complex wind flows arouratters (Lee and Lim, 2001; Packwood,
2000; Lee et. al., 2007; Li et al., 2007; Santiagal., 2007; Bourdin and Wilson, 2008; Yeh et

al., 2010; Bitog et al., 2012).

2.3.2. Governing Equations

2.3.2.1. Airflow through Artificial Standing Vegatm

Airflow through standing vegetation is three-dimiensal (3D). As such, equations are
based on 3D RANS steady-state, incompressibldyasamial assumptions for the airflow and the
turbulent atmospheric layer was taken as neutsatgtified (Guo and Maghirang, 2012). The
continuity equation (2.4) and momentum conservagiguation (Cheng et al., 2003; Endalew et

al., 2009) are given as

D
—BHG%—8U+>§ G;MZCDSUPG@E& (2.15)

2.3.2.2. Airflow through Porous Barrier
Representation of vegetative barriers as porouszoequires the addition of a sink term

to the Navier-Stokes equation, resulting in théofeing:

PH16 FGCs2E6 FCLCIE-CGERCGC?2 (2.16)
D- D8y, D8, D8y

The sink term in Eg. 2.16 accounts for the reductibwind momentum due to vegetative
barriers, which is the pressure loss within themitig of the canopy (Guo and Maghirang, 2012,

Bitog et al., 2012).

2.3.2.3. Particle Collection through Porous Barrier
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For the simulation of particle collection and aivfl, the convection-diffusion equation
for a passive scalar is implemented, modified waat for dispersion turbulence, given by the

following equation (Takano and Moonen, 2013):

D
= I e
~ CLCIQ%CG—%Cd GC_q pr (Jf:>)8HK (2.17)

where is concentration, is diffusivity, _ is turbulent kinematic viscosity, ad. is the
turbulent Schmidt number. Tominaga and Stathopo{@087) conducted an evaluation of the
effects of values of turbulent Schmidt numbersvimous types of flow fields and it was found

that a value of 0.63 is desirable in numerical niadeand comparison with experimental results.

2.3.3. Open-source Field Operation and Manipulatig®@penFOAM)

CFD software is widely used in engineering becatuakows the end user to solve
transport phenomena problems, mathematical problentselectromagnetic problems. As
shown in Figure 2.5, OpenFOAM is structured toude preprocessing and post-processing
utilities and allow customization of numerical sais to solve problems in continuum

mechanics. This software is coded under the objéented C++ programming language.

Pre-Processing Processing Post-Processing
Geometry Physics Mesh N Solve Post-
" g Processing
Select BlockMesh Transport Graphs
Geometry Salome Equations Tllustrations
Blender using

Turbulence
Model

Solver

ParaView
and/or
MS Excel

Figure 2.5. OpenFOAM structure (Date, 2005; OpenCFD2011).
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OpenFOAM contains built-in geometry, a meshing {@oddckMesh and
shappyHexMesh), and a post-processing tool (Pavg\eeenable animation of computed
results. Included in the C++ library is the apiltf OpenFOAM to convert mesh from other
software packages (e.g., Blender, Salome). Therdagas of OpenFOAM include its versatility
for solver capabilities in which numerous builtexample modules are readily available based
on the type of solution required (e.g., incomptassilows, compressible flows, multiphase
flows, electromagnetics, solid dynamics) and thioopof customizing available solvers that
fulfill needs of the end user. Although OpenFOAMuges knowledge of programming in C++,
the user is not required to be an expert in prograng the language as long as the basics of C++

are known.

Representation of equations in OpenFOAM resembkestiginal differential equation

given in the following comparisons (OpenCFD Ltd]12):
Differential equation: DD;_ICG CuvCIC u+:CLCI (2.18)

OpenFOAM representation (written in C++ code):
Solve
(
fvm::ddt(rho,U)
+  fvm:div(phi,U)
- fvm:laplacian(mu,U)

- fvcigrad(p)
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OpenFOAM is run in a Linux-based system (also amegource operating system (OS)
environment) such as the ones readily availabtiotenload (Ubuntu, Fedora, and OpenSUSE).
For Windows OS users, the virtual machine optiat tbns Linux as an interface is an option
that enables the user to download and run OpenF@AMindows. Unfortunately, limited
documentation is available for OpenFOAM, therelmureng the evaluation of already-available
solvers for use in various types of transport pheswa problems and modification of those
solvers based on user needs. Practiced use obtloeis solvers is essential to increase
knowledge of numerical modeling using OpenFOAM mtéarn and document processes and

options tweaked within the solver libraries.

2.3.3.1. OpenFOAM Preprocessing

The OpenFOAM structure includes a tool for creasimgple geometries and meshing the
computational domain using blockMesh. For compleargetries derived from third-party
software, snappyHexMesh is desirable. Both blockiveesd snappyHexMesh are encoded in
C++. Several third-party software packages (commakand open-source), including the
Salome, are available for creating base computirdailesign (CAD) geometry.

Use of blockMesh requires creation of geometry witeper understanding of the code
that creates the geometry because blockMesh ia gaphical interface friendly tool of creating
geometries where shapes are ready to be insentetthainonly measurements are required for
input. In OpenFOAM, blockMesh is essential for tigg@the entire computational domain to
prepare and set up computation boundaries. Afeeethire domain for simulation is created,
barrier geometry is inserted within the entire domssing the snappyHexMesh tool, which
combines the entire block domain and the barriengry and then creates the mesh necessary

for computation. Because compatible formats otfdee necessary for snappyHexMesh to run,

34



the American Standard Code for Information Intende(ASCII) STereoLitography (.STL) file
format was used for this study (other format cdagdObject (.OBJ) file format) (OpenCFD Ltd.,
2011).

If investigation using checkMesh command reveads shbad mesh is created, ParaView
allows the user to review the faces that is prolaksmduring mesh creation using a command
within OpenFOAM that converts skewed faces intoudigzation ToolKit (.\VTK) file formats
that are read through ParaView for easier manifiaf his then allows the user to manually fix
the face, which is very tedious and cumbersombeadvised regarding adjustments of the

snappyHexMesh file.

2.3.3.2. OpenFOAM Processing

Numerical computation for OpenFOAM requires thraleérs (i.e., 0, constant, system)
to execute a specific type of case (Bonifacio et28l14). The 0 folder contains initial and
boundary conditions for computation. The constaltdr contains files that define the geometry
and boundary of the domain, barrier geometry (.8[€k included), Reynolds-averaged stress
(RAS) modeling properties that define cellzonessodered porous, and type of turbulence
modeling to be used. The system folder dictates ¢mwputation is done, how long computation

lasts, and the number of iterations. Dependinghercase, the three folders require unique files.

2.3.3.3. OpenFOAM Post-Processing

Simulation results can be shown in various typemedia: photos, figures, graphs, and
movies. OpenFOAM can be manipulated by operatingcaeating presentation types depending
on user needs and requirements. Post-processingecdone in Paraview for the simulation,

meshing, and streamline illustrations; graphs @aaorbated using pyFoam (a python library
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available for illustration of OpenFOAM data) anddwisoft Excel (Microsoft Corp., Redmond,
WA). pyFoam can also be used during the processinggutation stage to monitor and visualize
residual values for epsilon and kappa and prestuniag iteration steps of the computation. This

can help predict whether or not convergence iseaeli (Hidalgo et al., 2014).

2.3.3.4. Simulations Using OpenFOAM

Simulation results using commercially available Céaware products have been
widely documented (Parsons et al., 2004; Riddd.e2004; Bitog et al., 2011; Guo and
Maghirang, 2012) and far outweigh the number ofusations done using OpenFOAM because a
significant amount of time and effort are necessartgarn the basics of OpenFOAM and to
extend use of the software to complex problem¥§Sihd Lage, 2011). However, many fluid
fluid dynamicists use OpenFOAM because of its amity. As a result, OpenFOAM is
increasing in popularity and is perceived to be-efective for end users.

Zhang et al. (2011) evaluated various types of egmenmce CFD software, including their
own CFD-WindModel (WEM) based on Stam’s (2003) sewode. Zhang et al. (2011) also
compared other CFD software, such as the Gerrjsgirby Popinet (2003) and OpenFOAM. In
their study, OpenFOAM offered the widest perspectivterms of power to solve fluid
dynamics problems and better accuracy compardteteesults offered by CFD-WEM and
Gerris. The simplicity of CFD-WEM was encouraginge though it is still in raw development
and could only be used in limited numerical simola@applications. The Gerris project failed to
offer solutions to problems involving RANS implentation.

Lysenko et al. (2013) analyzed and validated fltwsugh a bluff-body using
OpenFOAM and Ansys FLUENT. The study involved laamiand turbulent flows across

circular and triangular cylinders in which performea of the solvers in OpenFOAM were
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evaluated and compared to simulation results oy UENT and experimental data.
Comparable results between OpenFOAM and Ansys FLD#Bre obtained by comparing
results of numerical simulation using various typesurbulence models. Solutions obtained by
the two types of software were independent of tiekgjze, an essential finding that enables
users to adapt OpenFOAM as a less expensive api@ancommercially available CFD
software.

Higuera et al. (2013) used OpenFOAM with RANS modgto evaluate many coastal
engineering processes. Their study focused ondhergtion of realistic waves (i.e., wave run-
up, breakage, and tow current) and validation dbse water hydrodynamics that were
measured and compared between laboratory and s$iamutasults. Theé-wshear stress
turbulence (SST) model was the basis for numeanalysis, and the simulation ran for a
reasonable time despite the presence of a comptklaege-case scenario.

Takano and Moonen (2013) conducted flow simulatieer buildings with slanted roofs.
Various shapes of roof within the buildings werasidered to determine their effects on
pollutant dispersion. Behavior differences of flosgime within roof configurations were taken
into account. Single-vortex and two-vortex regimathin the roof depths with air flow showed
contrasting results such that higher pollutant eotr@ations were found near the surface of the
roof for the two-vortex regime, while pollutant ec@mtration decreased for the single-vortex as
the slope of the roof increased.

Bonifacio et al. (2014) compared the results of MEPD to CFD using OpenFOAM for
simulating particle transport from a ground-levaelisce. They found that both methods had
similar responses to wind speed and atmosphebdistaffects, although downwind particle

concentrations were lower for AERMOD than CFD. Hieiggas found to be a variable for
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predicting particle concentration using CFD insteBAERMOD, which showed no effects

along the height gradient.

2.4. Summary

Wind erosion has long been a significant problerarid and semi-arid states in the Great
Plains, especially during hot, dry periods withreased wind intensity. Many studies have
addressed this problem and many management pab@ee been developed to alleviate the
effects of wind erosion. Establishment of vegetabarriers is a common, economical practice
for controlling wind erosion for agricultural lands Kansas, the Osage orantéa€lura
pomiferg deciduous tree species is widely used for veigetaarriers, but limited research is
available regarding the benefits of wind erosiontoa in the aerodynamics perspective.
Although many studies have focused on the effes@ige of vegetative barriers for combating
wind erosion, quantification of the effectivene$specific species of tree has been limited. To
date, a documented account of Osage orange aeragymhas not been provided.

CFD provides a cost-effective method of researdhénaerodynamics perspective.
Although many commercially available software prodihave been used in many types of field
studies, increasing demand of CFD for aerodynane®sarch has caused increasing popularity

inexpensive open-source alternative products.
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CHAPTER 3 - Sand Transport and Abrasion within Simuated Standing

Vegetation

3.1. Introduction

Wind erosion is a prominent problem in arid and isarna areas of the U.S., especially
during the spring and summer. Weathering procesfsasil as a result of extreme temperature
changes and soil degradation have caused wincerosiemperate grasslands (Shinoda et al.,
2011). Wind erosion effects are more pronouncedwiegetative cover is sparse, which has led
to the practice of using crop residues to proteettbpsoil from abrasion and depletion. The
damage that can be experienced by young cropsvhieat can greatly impact their early stages
of growth. At that stage they are susceptible toalge by abrasion due to its not yet fully
developed plant structure and greater exposuraltation caused by gusts of wind. (Hagen and
Casada, 2013)

Previous research has studied the effects of difteypes of vegetation (Farmer, 1993)
and soil (Belnap and Gillette, 1998; Merrill et, d999) on wind erosion. Wind erosion’s
adverse effects include crop damage/loss (Gerk,62012; Baker et al., 2009), soil fertility
reduction (Lyles, 1975), soil degradation (Lal, 20Gsoil nutrient loss (Gomes et al., 2003), and
redistribution of topsoil (Larney et al., 1998).

Wind erosion controls also have been studied (Wdbét al., 1974; Skidmore et al.,
1979; Michels et al., 1995a and 1995b; Bieldera.e2000; Bao et al., 2009). Several wind
tunnel studies have investigated control measunedifferent plant and stubble configurations.
Bisal (1968) used freshly harvested wheat stubbtduding the crown and a small portion of
the root) with a constant height of 15 cm protrgdaiove the sand surface. Densities of wheat
stubble corresponding to different threshold velesiwere determined, and results showed that
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threshold velocities were 5.36 il for a density of 1,200 kg Haand 8.49 m&for a density of
7,200 kg hd. Sand discharges (the mass of sand passing theosgécific horizontal width per
unit time) were also measured in the absence ofttabble and found to be 399 g thiat
5.36 m & and 1,680 g mihat 8.49 m3

Lyles and Allison (1976) studied the protectioni@éincies of simulated standing
stubbles (sorghum, corn, and wheat) with diffetegights, sizes, spacings, and orientations.
They reported that wheat required less stubble masscorn and sorghum to provide the same
wind erosion protection because of its greateriipegea to interact with the wind.

Using live plants in a wind tunnel, Burri et al0@2l) studied three canopy density levels
for perennial ryegras$.6lium perenngwith a configuration of 28 cm (spacing paraltehind)
by 14 cm (spacing perpendicular to the wind) althegwind tunnel. Quartz sand, ranging in size
from 0.4 to 0.8 mm, was used for the entire turfileelr. The authors observed that RM
(particulate matter of aerodynamic diameter < 1Q pomcentrations and sediment mass fluxes
have an inverse relationship with canopy densibe PMg observed during the experiment was
the result of further breakdown of the sand useatienexperiment, and in medium- and high-
density canopies, vertical distribution of sedimmmatss fluxes were influenced particularly by
canopy movement in the wind and sand particle impébin the canopies.

The impact of crop residues on wind erosion wadistuby Toure et al. (2011). The
study showed that in the Sahel, where millet sgal&ntity varies after the harvest season from
less than 2% to 12% within a span of four montkienerery low residue levels (2%) were
sufficient to reduce wind erosion potential by etéa of four compared with bare conditions.

Youssef et al. (2012) conducted a wind tunnel stdthe effects of different

configurations of artificial vegetation on wind sion. They used beach sand along the tunnel
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floor and artificial plants (polyethylene ribborisaahed to iron sticks) representative of the
morphology ofAtriplex halimus(a common plant used for revegetation on degréateds
(Hassine and Lutts, 2010)) at a downscaled ratib%0 to simulate field conditions satisfactory
for the boundary layer conditions existing withine tunnel. The authors found that vegetation
pattern is a factor in creating turbulence, whiahses higher mass fluxes of windblown
particles; that is, if there are patches of vegmtahroughout the entire floor area, the high
values of the mass fluxes were concentrated ctoigetvegetation patches, especially when
wind speeds were very high. This study also repadtie effects of changing canopy
configuration, namely: (a) “street”-type erosioroiker et al., 2008) brought about by a regular
grid pattern, (b) deposition caused by redistrioutof sand within the canopy perimeter and
spatial sequencing of erosion, and (c) satisfactbgjtering zones compared with literature
values of 10 to 20 times the height of windbredksr(ielis and Gabriels, 2005).

Although there are a number of studies on stanskinigble, young plants, and artificial
vegetation, studies quantifying abrasion energyifierent configurations of residue or
vegetation have been limited. In addition, previaursd tunnel studies were either limited by the
space used within the tunnel (Lyles and Allison@;93enis et al., 2012) or the canopy models
used within the tunnel were scaled down (Youssaf.eP012). Hagen and Casada (2013)
studied artificial dicotyledonous plants, which gleal a direct increasing relationship between
canopy leaf area index (LAI) and threshold velgonhereas the opposite was found between
LAl and sand transport capacity. A direct relatipsvas also observed between increasing
wind speeds above the threshold and increasinpatiotasion energy. Because the leaves of the
artificial plants were not uniform, vertical abrasiprofiles were affected by the position of

leaves within the canopy, with leaves close tostned surface deflecting a significant portion of
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the wind stream upward and resulting in an upwaftedtion of impact energy. This deflection
influenced the area just above the sand surfaciehvglustains maximum abrasion impact.
This study examined the effects of standing vegetatonfigurations (similar to wheat
seedlings) on the mechanics of wind erosion anthemmount of abrasion occurring within a
simulated plant canopy. This study was parallé¢heowork of Hagen and Casada (2013) that
was focused on abrasion effects on broad-leavedt{dedonous) plant models, but in this case
abrasion effects for simulated young wheat-like fountyledonous) plant models were
determined. Specific objectives were to:
1) determine the wind profile and threshold velociaesong different plant configurations
for simulated standing vegetation; and
2) compare the relative abrasion energies at the sanfigce and within simulated standing

vegetation.

3.2. Materials and Methods

3.2.1. Wind Tunnel Description
This research was conducted from April 2012 to 20%2 at a wind tunnel facility

(Figure 3.1) of the Center for Grain and Animal He&esearch (CGAHR), USDA — ARS,
Manhattan, Kansas. The tunnel is a variable-sgaesh-type tunnel with dimensions of 15.3 m
length, 1.52 m width, and 1.82 m height. Quartalsain0.29 to 0.42 mm diameter was placed
(40 mm deep) along the entire floor of the tuniiéle wind tunnel was instrumented to measure
atmospheric pressure (Model CS100, Campbell S@emilberta, CA), air temperature, and
relative humidity (Model CS500L, Campbell SciemjfAlberta, CA). The sensors were placed
at the downwind portion of the tunnel where the glams and system of pitot tubes were present.

The tunnel was also equipped with sensors and sasijgr measuring wind speed profile,
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relative abrasion energy, and sand discharge. Thesemeasured for the bare sand surface and

sand surface covered with artificial vegetationgiées and configurations.

Honeycomb Sand catchers

Tunnel floor with simulated plants

Figure 3.1. Wind tunnel schematic diagram.

3.2.2. Artificial Standing Vegetation

Plastic straws (split into 6 segments that corredpdo 80 mm height from the top while
the remaining height corresponds to the stalk, wheépresents the leaf area of young wheat
plants) were attached to a dowel rod (6 mm diam&benrepresent artificial standing vegetation
(Figure 3.2). Dowel rods were then inserted throtinghsand and into the tunnel floor at varying
distances. The model canopy used for this expetimas based on characteristics of young
wheat plants (Masle and Passioura, 1987) and cad@ard modified version to that of model

wheat done by Shaw et al. (1995).
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Figure 3.2 Dowel rods with plastic straws split 80 mm frim the top to simulate younc

plants.

To determine the effects of vegetation density lagidht, three spati configurationsand
two plant heights (150 mm and 220 mfor the standing vegetatiamere comparecFigure 3.3).
The test configurations and aitifil vegetatiorcharacteristics are summarized in Te3.1. The

leaf area index (LAI) and silhouette area index IjS#ere calculated using the followir

equations:
LAl = A (3.2)
FSA
= >N 3.2
SAl = (3.2)

where LA isleaf area per plant, FSA is frontal stem and |leafs per plant, and FA is floor at

per plant.
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100 x 200 mm configuration

200 x 200 mm configuration

300 x 200 mm configuration

Y
o - Unoccupiedposition
T_> X e - Occupiedposition

Figure 3.3 Three vegetation patterns used in the wind tunndbr abrasion and wind profile

tests.

Table 3.1.Dimensions and spacing of artificial standing vegation for wind tunnel tests

X-spacing Y-spacing Maximum | Frontalstem; - ¢ area Silhouette
(perpendicular  (parallel to . and leaves ; .

to wind) wind) plant height area per plant ':?zdex P ar'(?? mdgx
(mm) (mm) (mm) (mn?) (mm™ mm<) | (mm" mm®)
100 200 220 801 0.123 0.0775
100 200 150 141 0.123 0.0137
200 200 220 801 0.062 0.0388
200 200 150 141 0.062 0.0068
300 200 220 801 0.041 0.0258
300 200 150 141 0.041 0.0046

3.2.3. Wind Speed Profile

Wind speedgrofiles downwind in the tunnel were measured usirsgati-pitot tube
system setup composed of 11 pitot tubes positiomadine up from the tunnel floor (Figu
3.4). A separate statymtot tube was used measure the free stream velocity at a height ¢
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cm above the sand surface and horizontally centartte tunnel. These measurements ens
consistency of wind velocities within the differgressure transduce The wind profiles wer:
recorded at 3nin intervals using two wind velocities below tiedshold for each tunn
configuration (bare sand, 10200, 20C" 200, and 300 200 mmartificial vegetatiol
configurations). The statipiot tube pressures were obtained by pressuredumers (Mocl
PX65301D5V, Omega Engineering, Inc.) that operated wigler pressure of 0 to 25.4 m
The instantaneous static pressures measured wagtdaisompute the instantaneous wind sp

within the tunnel using the Bernoulli equati

22.5cm

20 cm —
17.5cm

15cm

12.5cm

10 cm [P ——

| e—
Icm
Zcm 1|:_‘rm —

7.5cm

SANDSURFACE

Figure 3.4. Staticpitot tube system arrangement for measuring wind pofile.

The static pressure@seasured by the pressure transduwere calibrated using surgic
syringes and a Dwyer inclined manomete-filter gage (Model Series 258F) to ensure stabl
pressure and voltage during measuren (ADInstruments, 2009)The values were the
converted to digital output via Labview softwaraflview Student Ver. 2012, Natior

Instruments)Pressure transducers were calikd for every stubble configuration within t
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wind tunnel. Prior to taking vertical wind profileeasurements, the pitot tube system was tested

horizontally to ensure the measurements agreedi@afidw disturbances were experienced.

3.2.4. Sand Discharge

The sand discharge collection system (Figure 3b¥isted of two vertical slot samplers
and vertical sand profile samplers. The slot sampee 96 to 100% saltation catch efficiency
(Hagen and Casada, 2013) wedge-shaped samplera #4thm front opening, 698-mm height,
and 44-mm maximum width (downwind) and side veotgeced with fine screens. The system
was designed to collect the amount of sand disehatr¢he end of the tunnel during 3-min
intervals in tubs beneath the sampler, below theeufloor. Vertical sand profile tube samplers
Figure 5,a) had diameters of 16.1 mm, 13.2 mm, @82 13.2 mm, and 13.2 mm from the
bottom tube to the top. These samplers collected aaspecific heights (8.05 mm, 29.0 mm,
58.4 mm, 108.4 mm, 163.4 mm, as measured fromehtcof the tubes to the tunnel floor
surface). The vertical sand profile tube samplezsawplaced between the two vertical slots.

Five wind speeds with three replicates each weed tm determining saltation discharge
(three wind speeds at 0.25 rhiscrements from the threshold wind speed for @ifipgunnel
configuration were referred to as lower wind speglge two wind speeds at increments of 2.5
m s! from the threshold were referred to as higher véipeeds). Threshold for saltation was
determined by observing the wind speed at whicls#émal grains started to move. The two high
wind speeds were chosen to ensure enough sangdranscurred within each standing
vegetation configuration. One of the lower windexiie (referred to as low free stream wind
speed - about 0.5 nT sbove the saltation threshold wind speed) was fezbmparison while
the highest wind speed corresponding to each amaigpn was chosen for comparison and was

referred to as high free stream wind speed. Thauatraf sand collected without a canopy (bare
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sand) was used as a control to compare the singlteerformance at two different heights fc
specific wind speed (arbitrarily chosen at 11, which is also above the threshold for

configurations).

Figure 3.5 Sand discharge collection system: (a) vertical sd profile tubesand (b) two

vertical slot samplers.

The sand discharge flg ™t s) through the two vertical sampler slogsie) was

calculatedusing the following equatio

R N () 59

where m,, is the mass of sand collected in rectangular tohtéd undrneath the vertica
rectangular slot samplers at the end of the ti; wgo: is the width ofthe vertical slot sample
(0.005 m); and t is the duration of sampling (1}.

Similarly, the sand discharge flux (g* s*) through the five central catch tubewne

was calculatedsing the following equatio
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= (Myyed)

Qe = m (3.4)

where mupeiS the mass of sand collected by the central datot that were connected to sn

containers underneath anggkis the diameter of the central catch ti

3.2.5. Abrasion Energy Assessm

Abrasion energyvas assessed using two hontal abrasion plate sensors mounted a
sand surface and two vertical abrasion stick ssnsmunted in front of thsimulatedstanding
vegetation (Figure 3.6hear the downwind edge of the simulation veget: as described b
Hagen and Casada (20138he vertical abrasion sticks were placed justamfiof the artificial
vegetation to obsenimpact of sand upwin Note that all plantonfigurations follow a patter
of alternating columns (Figu@6) parallel to the wind to minimizthe street efict identified by

Bowker et al. (2008).

Figure 3.6.Measurement of abrasion energy(a) horizontal abrasion platesand (b) vertical

abrasion sensors.
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The soil used for the abrasion sensors was compd#@o Haynie very fine sandy
loam and 10% Kahola silt loam collected near tiseaech location. The soil was mixed with
water to saturation and placed in channels (1.2 @5 cm) and plates (8 cm diameter deep) and
air-dried to form consolidated sticks and platdse Plates and sticks were tested and calibrated
for soil consistency prior to tests by droppingdgrmains at terminal velocity on the tilted
surfaces of the abrasion sensors (Hagen and CaXaiz), Repeatability and consistency
between measured abrasion losses were observed) datibration.

The amount of abrasion was measured from the wdiffetence before and after each
run for each of the horizontal abrasion plates\artical abrasion sticks. This value represents
the effective kinetic energy associated with théage sand impact on the abrasion sensors.
Abrasion losses observed from the vertical andzlbotal abrasion sensors were computed using
the following steps (Hagen and Casada, 2013):

0] Computation of soil mass loss from abrasion (K9 m

Soilmasdossfromabrasion= M,
A (3.5)

where m is the mass of soil loss from the abrasion seasdrA, is the area of soil inside the
abrasion sensor exposed to abrasion. Because tigcedt abrasion sensors were used (vertical

abrasion sticks and horizontal abrasion plates anglas of sand exposed), results were computed

as follows:
Aav = ( av)(Wav) (36)
A

4 (3.7)
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where Ay is the area exposed for abrasion in vertical stegnsor;,, length of soil (0.265 m)
and w, is the width of soil (0.012 m) within the verticgtick sensor; A is the area exposed for
abrasion in the horizontal plates sensor andiameter of horizontal plate sensor (0.08 m).

(i) Computation of predicted sand discharge

This step requires a value of sand dischargehfoslot sampler in relation to the width of

the abrasion sensor; the width used for horizgritakes was dwhile width of vertical abrasion
stick (w,) used was 0.012 m. The sand discharge computed the mass collected by the
rectangular tubs at the end of the tunnel locatetktneath the vertical slot samplers is called the

effective saltation dischargecfd, which is computed as follows:

qeff AV
(Wslot) (38)

The predicted sand discharge for the horizontdaearasion sensorjes as follows:

A = (du () (3.9)
The predicted sand discharge for the horizontae@harasion sensorgjes as follows:

A = (9 )w,) (3.10)

The coefficient of abrasion (¢ was computed from the quotient of soil loss from
abrasion sensors (kg7nand the effective saltation discharge (kg)mderived from the collected
sand by two vertical slot samplers at the end etttimnel, thus  has units of il. This value is
actually a measure of the effective kinetic enexggerienced by the abrasion sensor soil surface

brought about by the emerging impact of sand thnaaitation (Hagen and Casada, 2013).

3.2.6. Wind Erosion Mechanism
Different aerodynamic parameters govern the detetian of the extent of wind

erosion. Threshold friction velocity, the minimunmng speed at which the soil/sand particles
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start to move, is one of the most critical paramsetieat dictate the magnitude and frequency of
erosion (Hagen, 2001; Marticorena et al., 1997yef# factors affect this parameter, namely,
(a) type of soil, (b) the amount of moisture in dud, (c) surface roughness for the location, and
(d) friction velocity.

The log-law form proposed by Greeley and Ivers&8%) to compute wind profile
parameters assumes constant temperature gradeatratensity:

U= h In Z-D (311)
K A

where U is wind velocity, Y is the friction velocity above the vegetation,&tle von Karman
constant (i.e., 0.41), D is the displacement heighs the height above the surface, agdsZhe
aerodynamic roughness. Surface threshold frictelnoity, Uy, was determined for the bare
sand configuration together with equation (11) weheris set to zero. The displacement D was
computed using the conservation of mass methodaleggl by Molion and Moore (1983),
which proved to be better than graphical and diest-square error methods (Dong et al.,

2001):

(Ui +Uia)(Zi -Zi1)+ U2, (3.12)

where Z is the roughness length of the vegetated surtagés the roughness length of the
smooth surface, U is the free-stream wind velotityis the wind velocity at height,Zand N is
the number of height levels. The method incorparatenputation of D using an aerodynamic
roughness estimate together with a trapezoidalfounlmtegrating wind profiles measured for
various dowel canopy configurations and prediatsititompressible bulk flow displacement

brought about by the artificial stubble. After Dkisown, estimation via the least squares method
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detailed in Ling (1976) was done to calculatauZing multiple wind velocity profiles measured
below the sand movement threshold velocity, whiels wlso used for the computation 6f tbr

various inputs of log-law profiles measured dutting experiment.

3.2.7. Data Analysis

Wind profile, sand discharge, and abrasion eneagg @ere screened for outliers using a
distance distribution-based method under the exreamiue analysis method described by
Aggarwal (2013). One outlier from the 4 x 8 220-rhaight configuration was not included in
computation for abrasion energy. The mean values s@mpared using the normality and
homogeneity of variances assumption, and a starsfatidtical test (e.g., paired t-test) was
applied. T-tests using Microsoft Excel (Microsofbr., Redmond, WA.) and Holm’s test
through the MATLAB (MathWorks software, R2011a StatdVersion) code generated by
Cardillo (2006) were used to compare the measuakees between runs at different tunnel
configurations. An analysis of variance (ANOVA) wdane using Microsoft Excel (Microsoft
Corp., Redmond, WA.) for determining the effectldferent vegetation density and heights. A
5% level of significance was used for all casegv€bxpert 1.4 (Hyams, 2013) was used to plot
best-fit curves, which were compared with the cuittig tool in Microsoft Excel (Microsoft

Corp., Redmond, Wash.).

3.3. Results and Discussion

3.3.1. Wind Profiling
The sand used for the study had a mean thresticlibfrvelocity (U ) of 0.24 m & and

was the basis for the computation of surface-tosatmanopy friction velocities (/U",).
Unlike the soil loss ratio (Lyles and Allison, 198fhis parameter is not strongly affected by

wind speed (Raupach, 1992).
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Table 3.2 summarizes threshold wind speeds andréspective standard error of the
mean (SEM) per stubble configuration. As expedieel configuration with a greater density of
plastic straws along the tunnel floor area showedtgr resistance to wind erosion, as evidenced
by the highest mean threshold wind speed valud. (. %").

Table 3.2. Computed dimensionless aerodynamic paraters and SEM of standing

vegetation configurations.

Maximum Threshold
leaf height| e | free-stream Zo/H D/H U'odU'y
(H) 9 wind speed (mm/mm) (mm/mm) (m s¥m sY
(mm) (m s
150 100" 20C 8.96 + 0.02 0.059 + 0.062| 0.147 + 0.004 | 0.261 + 0.003
150 200" 20C 7.24 £0.01 0.088 + 0.0%5| 0.114 + 0.006 | 0.329 + 0.019
150 300° 20C 6.28 +0.01 | 0.068+0.011 0.079 + 0.016 | 0.399 + 0.020
220 100" 20C 9.71+0.01 | 0.105+0.004| 0.166 + 0.008 | 0.221 + 0.007
220 200" 20C 8.16 + 0.02 0.104 + 0.020| 0.135+0.015 | 0.247 +0.019
220 300" 20C 6.67£0.01 | 0.119+0.0®8| 0.121 +0.012 | 0.279 + 0.018

" Different letters in the same column indicate sigiiicant difference (p < 0.05).

As expected, roughness heighg)(iicreased with increasing vegetation height @) f

specific configurations, which was shown by thengigant difference (p < 0.05) between the

relative roughness height (Z/H) values of two h&sgised per configuration. Zero displacement

height (D) also increased with increasing H. Thraf threshold friction (Uy) and friction

(U",) velocities decreased as the value of H increa@adhe other hand, for the same value of H

at different configurations, the value of D decezhas the configuration became less dense, but

no trend was observed in the values fpaZthe same height. The ratio of threshold frictio

(U and friction (U,) velocities increased as the configuration bects® dense, which was

expected because a less dense configuration meamlker value of U.

This differed from the results of Hagen and Cag2043) for simulated dicotyledonous plants

(e.g. soybean plants). They observed an improve@giion brought about by shorter canopies
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compared to taller ones due to the large leaf me@a the ground, which caused better sheltering
and capture of saltating particles. The simulatadding vegetation used for this study did not
intercept saltating particles like the simulateglsan vegetation, especially for shorter canopies
because of their relative difference in leaf stuuet that is, a greater leaf area near the ground

compared to straws absorbs wind energy and inteysgftating grains better.

3.3.2. Sand Discharge

The sand discharge was dependent on the presenaaayies similar to what Hagen and
Casada (2013) observed. For this study sand digelveais also found to be dependent on
canopy configuration. In general, taller standiegetation (220 mm height) provided greater
sheltering than shorter vegetation (150 mm) focaiifigurations, which was evident in the
decrease in sand discharge (g hese differences in sheltering were expectsédan a
larger total area of barrier for a given configioatproviding a larger sheltering effect. Table 3.3
compares sand discharge for the catch tubes at€'1 inwas found that most of the
configurations were significantly different fromreasand except for the 30200 mm
configuration at 150 mm canopy height (p > 0.05).

Table 3.3. Summary of sand discharge for catch tes at 11 m $ wind speed.

Height of Sand Discharge (g Ts?)
p(():retin(;[ga(l)f . 150 mm canopy height 220 mm canopy height
Bare San

catch tube 4x8 8x8 12x8 4x8 8x8 12x8
(mm)
16.1 9.79 2.29 5.96° 9.69° 0.84° 4.51° 7.33°
29.0 5.96 1.54 2.39° 4.23° 0.55° 2.04° 3.39°
58.4 3.53 0.54 1.07° 2.48"° 0.38° 0.80° 1.67°¢
108 1.32 0.26 0.70° 0.95° 0.23¢ 0.44° 0.36¢
163 0.19 0.08 0.14° 017¢ 0.01¢ 0.02¢ 0.03°

" Different letters in the same column indicate sigticant difference (p < 0.05).
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Figure 3.7shows that the lower two catch tubes collected mb#te saltang sand (80-
94%) while the higher two tubes collected minimaid (-5 %). The same behavior w

observed up to a wind speed of about 15, which was the maximum tested wind spe

—tp— bare sand
30 4 —8 =100 x 200 150 mm

1 = - 100 x 200 220 mm
25 1

=== 200 ¥ 200 150 mm

20 + = =200 x 200 220 mm

-« 300 x 200 150 mm
15 1

Mass of Sand (g)

1 =+ 300x 200 220 mm

10 4

0 20 40 60 a0 100 120 140 160 180 200

Center Tube Height (mm)

Figure 3.7. Center tube sand catch profiles (mez value for three replicates) at 11 m™
wind speed.
A comparison ofvind speed with sand discharge (Fig3.8) showed difference in

level of shelterindpetween the two (150 and 220 mm) leaf heights biethn heights, less sal
discharge was observedtivthe denser configuratic Lesssteep curves were observed for ta
leaf height configurations, which indicates greateelterincwasprovided by all configuration
with taller standing vegetation,; taller vegetatresulted irreducedsand dischargat the end of

the tunnel.

80



140 -

120 -
#Bare Sand

2100 x 200 150 mm

g

A100x 200 220 mm

-]
=

0200 x 200 150 mm

m200x 200 220 mm

&
=

300 x 200 150 mm

Sand Discharge (g m* &)

@300 x 200 220 mm

&

20 -

16 18 20

Wind Speed (m s)

Figure 3.8 Mean sand discharge (three replicates) at variousind tunnel free stream

velocities.

The greater the wind speed, the taller canopi@€ (@m) potential for reducing frictic
velocity was obseed compared to the shorter canopies' (150 mmiwsiiowed a potential
retard saltation at the sand surface. This is brbalgout by better sheltering by the ta
canopies. This potential to decrease surfacednotelocity is evident in the retively less steep
curve produced bthe taller canopies in Fig. &. The same trend for reducing surface frict

velocity was observed by Hagen and Casada (201/&) asnulated dicotyledonous plar
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3.3.3. Abrasion Energy Assessment

A comparison of the mean abrasion losses for alfigorations for both low and high
wind speeds are given in Table 3.4. The majoritgarffigurations differed significantly (p <
0.05) from bare sand except for the 3000 mm configuration for both heights, 150 and 220
mm, and the 200 200 mm configuration at 150 mm height.

Table 3.4. Mean abrasion mass loss per unit masssdnd abrader for six configurations.

Maximum Low _ Low High _ High

leaf height Tynnel_ frge stream wmd'speed frge stream wmd'speed
(mm) configuration| wind s_;l)eed abrasu?ln loss| wind s_;l)eed abrasu?ln loss

(ms’) (99) (ms’) (99)

bare sand bare sand 8.84 0.609 10.75 0.015
150 100" 20C 12.48 0.005 14.15 0.008
150 200" 20C 10.59 0.006 12.53 0.009
150 300" 20C 9.63 0.008 11.61 0.013
220 100" 20C 12.91 0.003 14.89 0.008
220 200" 20C 11.28 0.002 13.37 0.008
220 300" 20C 9.89 0.006 11.91 0.01%

" Different letters in the same column indicate sigticant difference (p < 0.05).

Table 3.4 shows a decreasing trend in total kiretergy (mass loss) for each specific
height with increasing standing vegetation densithe tunnel. Even at low wind speeds (8.84
m s%), abrasion loss for the bare sand was high (0g0§% compared with other configurations
(except the 300 200 mm configuration at 150 mm canopy height).oddjexample of greater
sheltering by vegetation is the 10200 mm configuration at 220 mm height, where béthe
abrasion loss experienced at the bare sand coafignrat 11 m$was experienced at a wind
speed value of 15 m's

The presence of artificial standing vegetation withe tunnel produced lower values of
Can (Table 3.5). G, of the bare sand configuration differed signifitpigp < 0.05) from all other

configurations, indicating that artificial standisggetation minimized abrasion, which is the

82



same observation as Hagen and Casada (2013) folaseéd dicotyledonous plants. The densest
configuration (100 200 mm) was significantly different (P < 0.05)rfrahe two other less

dense configurations. This difference ig, @alues resulted in a significant decrease in the
abrasion coefficients, which could be associatdd lewer saltation discharge due to better
sheltering. However, there was no significant défee between the taller (220 mm) and shorter
(150 mm) heights in terms of abrasion coefficieslues.

Table 3.5. Mean abrasion coefficients (§) and SEM values of standing vegetation

configurations using horizontal abrasion plates.

. : Abrasion coefficient (i)

Configuration 150 mm vegetation heic 220 mm vegetation heic
100" 20C 0.00425 + 0.0000° 0.00420 + 0.0000°
200~ 20C 0.00485 + 0.0001° 0.00479+ 0.0002"
300" 20C 0.00540 + 0.0000° 0.00515 + 0.0000°
Bare san 0.00648 + 0.0002°

" Different letters in the same column indicate sigiiicant difference (p < 0.05).

The values of ¢, were evaluated in relation to wind speed in T&ote There was no
significant difference (P > 0.05) in the value<Gaf between the two wind speeds (low wind
speed refers to measurements at 0.75 absve threshold while high wind speed to
measurements at 5 m above threshold) for the tested configuration®r€twas also no
significant difference between,Qralues between the two heights with the same gordtion.
However, the most dense configuration (10200 mm) was significantly different (p < 0.05)
from the least dense (300200 mm) for both heights tested. The lower vahfeS,, for the
most dense configuration reflects the better stirieffered by the dense configuration that
was able to impede the movement of saltating pestidess kinetic energy transfer) more
effectively than the least dense configurationaAsgsult, less abrasion was experienced, which

could be due to the reduced amount of saltatintigbes hitting the abrasion sensor.
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Table 3.6. Comparison of abrasion coefficients (§) of standing vegetation configurations

at various wind speeds using horizontal abrasion ptes.

Configuration

Abrasion coefficient (i)

150 mm vegetation heic

220 mm vegetation heic

Low wind spee

High wind spee

Low wind spee

High wind spee

100° 20C 0.00424 0.0043.° 0.0042(° 0.0043(°
200" 20C 0.0047(° 0.0050°° 0.0045¢" 0.0050:"
300" 20C 0.0053¢" 0.0054:° 0.0051:° 0.0051¢"

" Different letters in the same column indicate sigticant difference (p < 0.05).

3.4. Conclusions

Wind erosion parameters such as wind profiles, sigstharge, and abrasion energy were

measured for simulated standing vegetation in ar&tbry wind tunnel. The following

conclusions were found:

In general, canopy aerodynamic roughness was grfeatine taller (220 mm) standing

vegetation, which effectively promotes greater ggrnsheltering downwind. This was

evident from the greater threshold wind speedsetdller standing vegetation for the

wind tunnel configurations used in the experiment.

Sand discharge depended on canopy density andt lgtbim the tunnel; the denser the

canopy, the less sand discharge was observedefféct of canopy density on sand

discharge was true for both canopy height configoma.

The abrasion coefficient was independent of wireeslp but was more dependent on the

density of canopy. As the canopy density incredseth, the wind profile and saltation

behavior were changed, which caused less impagaltaHting particles on the canopy

and, thus, lower abrasion coefficients.

It was also observed that simulated young monoedtyious plants did not intercept

much of the saltating particles compared to sineglgtoung dicotyledenous plants because of

their relative difference in leaf structure for ymunger stages of the plants. The measured wind
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profiles for this experiment will be used in thdidation of the numerical simulation study of
airflow around canopies at different heights andfiguration for the actual three-dimensional
structure of the artificial standing vegetationcBstudy will be essential in determining the
needed structure to further protect young canopitrgn a field setting that will minimize

abrasion damage to it by wind erosion.
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CHAPTER 4 - Porosity and Drag Determination of a Sngle Row Shelterbelt

(Maclura pomifera

4.1. Introduction

Arid and windy regions, such as the Great PlairthéenUnited States, are susceptible to
wind erosion. Methods such as conservation tillagg cropping, and vegetative barriers have
been implemented to minimize wind erosion effeEtgmers often use vegetative barriers (also
called windbreaks or shelterbelts) because thepeneeived to improve aesthetics of farm land
and shelter downwind crops from wind erosion. Othesrefits of shelterbelts include changing
microclimate of soils (Cleugh, 1998; Campi et 2009), increased crop yield (Sun and
Dickinson, 1997; Sudmeyer et al., 2002), crop ptxte (Kort, 1988; Bird et al., 1992),
restoration of soil fertility (Sudhishri et al., @8), livestock protection (Gregory, 1995; Ffolliott
1998), increased livestock performance (Mader.etl8B9), and aesthetic benefits (Burel and
Baudry, 1995; Grala et al., 2010).

Shelterbelt effectiveness is commonly measuredssheltering efficiency downwind of
the barrier via reduced wind speed (Kozmar efall2). This effectiveness is dependent on
factors such as the tree species, shape, heiggthlewidth, orientation, canopy density, and
porosity (Brandle et al., 2004; Cornelis and Gdbyi2005; Koh et al., 2014Porosity isan
essential parameter that defines the relative estvadf efficiency of shelterbelts (Hagen and
Skidmore, 1971). Solid barriers promote excess#e@culation (zones of low velocity and
increased turbulence) upwind and downwind of theida(Stunder and Arya, 1988). However,
porous barriers do not experience recirculatiolvag as the porosities would not promote or
limit recirculation (Hagen and Skidmore, 1971; Wiits 1987; Cornelis and Gabriels, 2005).

Excessively low porosity induces fast recoveryagward wind speed, potentially promoting
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increased turbulence similar to a solid barriet,dxcessively high porosity is unnecessary
because it does not effectively shelter the leewsatd of a shelterbelt.

Both aerodynamic ( ) and optical ( ) porosities of the shelterbelt can be defined.
Aerodynamic porosity (volumetric porosity) is thiae porosity, which considers the complete
three-dimensionality of shelterbelts but is diffido compute. According to Heisler and
Dewalle (1988), can be approximated from for narrow and thin shelterbelts. Thus, optical
porosity is a two-dimensional approximation of thee porosity. A thin shelterbelt is defined as
a shelterbelt across which wind variation is neglegdue to the small ratio of shelterbelt width
to its height (Wilson, 2005; Bouvet et al., 200@uan et al. (2003) gave the following equation

for

v@/Mx:
Lv@'m,x:

where$ is the height of the barrie®is the leeward (bleed speed) wind speed,@nd the

4.1)

mean windward wind speed. Optical porosity is ot#difrom the following equation:

0g5 (M xCo(0 F
LCEZ E{-0CO(0 F (4.2)

Guan et al. (2003) obtained the background argeigsenting gaps outside the area
occupied by the tree including leaves, branchespstand trunk) from image analysis of
digitized photographs. They used a systematic ambrof taking photographs of tree sections in
accordance with guidelines proposed by Loefflaalef1992). Although is convenient to use
because it does not require wind measurementatamhip between and is necessary,
especially for deciduous trees that experiencegiyrgariations throughout the year.

Accurate choice of barrier species is essentiadlfieviating the effects of wind erosion

(Hagen and Skidmore, 1971; Steffens et al., 204i)ough numerous studies of shelterbelts
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have been conducted, the structure complexity nbua tree species has led to limited research
on shelterbelt types that have been establishedeoperimeter of agricultural lands in Kansas.
Barrier porosity is specific to the tree type (Haged Skidmore, 1971; Wang and Takle, 1996;
Vigiak et al., 2003; Bitog et al., 2011; Koh et @012) due to variety of shape, height, and
porosity dictated by various foliage structurese Thsage orangd@clura pomiferd tree, or
hedge apple, a common shelterbelt in Kansas,pe@es that does not shed its leaves during the
dormant season (deciduous). This tree can grovwh@mght of 8 - 15 m with round, bumpy fruit
that measures 7 - 16 cm in diameter. Although fi€@sage orange as a shelterbelt is prevalent
in agricultural lands in Kansas, limited informattis available on its sheltering efficiency and
aerodynamic properties. In addition to definingseeal changes that this species of tree
experiences yearly, a need exists to define thedgaamic parameters that characterize Osage
orange’s effectiveness as shelter for crops aridisainwind during its two leaf conditions: leaf-
on and leaf-off.
Specific objectives of the study were to:
1) determine optical porosity of Osage orange baseetion using image analysis;
2) determine aerodynamic porosity and drag coeffisiemtOsage orange during leaf-on
and leaf-off conditions using wind profile measuests; and

3) measure the effects of shelterbelt leaf conditiomvnd speed reduction.

4.2. Materials and Methods

4.2.1. Site Description
This research was conducted from October 2013 teiber 2013 at a farm near Riley,
Kansas $9°18'49.1"N 96°54'29.2"\Wwhere Osage orange was used as the shelterlgpltdF

4.1).
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Figure 4.1. Aerial view of the field site (via Goolg Maps): (a) north side and (b) south side.

The site was chosen based on the following crifgmogposed by Loeffler et al. (1992): (a)
flat terrain to avoid topographical effects on wspked patterns close to the shelterbelt; (b)
absence of obstructions such as buildings nearitimaty to avoid adverse effects on wind
speed patterns along the shelterbelts; (c) simégetation height on both sides of the shelterbelt
to maintain constant surface roughness; and (dijmim length:height ratio of 10:1 to avoid
edge and vortex effects at the ends of the shelterb

The chosen fields were not completely flat (slighgle of 10), but the towers were
placed at angled regions and the cup anemometeesheezontally aligned as wind

measurements were taken. The two fields with hiedterbelt separating them in the middle was
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located at an elevation of 508 m, had total dinemsibf 300 m in length (north to south), 200 m
(east to west) in width. Field crops grown in th&tion included winter wheat, corn, and
sorghum. In addition to a shelterbelt within thedi no-till management was employed to
minimize the effects of wind erosion and improvadiproduction. The experimental shelterbelt
row (running from east to west) was located betweenfields designated as south side (upwind
field) and north side (downwind field) (Figure 4.The average measured tree height (H) was H
=8.5m = 0.6 m, which was used as a basis inatabysis. During the field measurement for
the leaf-on stage of the Osage orange barriemyést side of the downwind field was planted
with wheat, so wind speeds were determined atdaltem portion of the downwind field where
live soybean stubble was present at the time (fydsrvested soybean about 0.1 m height); the
upwind field was bare at the time of sampling. Dgrihe leaf-off stage of testing, the downwind
field had dead soybean stubble at the east sidé thie east side of the upwind field was
freshly planted with wheat (0.05 m). Figure 4.2whahe leaf-on and leaf-off stages during
measurements.

Prevailing wind directions for the field site weseuth-southwest for the summer and
north-northwest for the winter. Data were colledtethe presence of a direct south wind or a

south-southwest wind for both tests (summer aryl fal
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Figure 4.2. Leaf-on (a) and leaf-off (b) conditionsested for the Osage orange barrier.

4.2.2. Wind Profiles

Two towers were positioned with one on each sidb@shelterbelt. Given the
prevailing winds, the north side was chosen asltvenwind side and the south side was chosen
as the upwind side. The downwind tower was a meavadwer placed at 1, 2, 4, 7, 10, 15, and
20H away from the chosen barrier section, basedisiances used by Stredova et al. (2012).

Distances of 15H and 20H were included to deterrthieeextent of wind speed recovery
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downwind. This tower was equipped with Sierra Mid€®5 DC (NovalLynx Corporation, CA)
cup anemometers installed on mounting arms aloagpéiight of the tower (Figure 4.3) at
heights of 1.5, 3.35, 4.9, 6.4, 8.2, and 15 m algweend. The upwind tower was a stationary
tower located 85 m upwind from the barrier. The uquistower was also equipped with cup
anemometers installed along the height of the t@weilarly to the downwind tower (Figure

4.3) but including an additional cup anemometer8ain above the ground.

—_°

XX =

!

6.4m

|__of° - H=8.0m

><><><><><><ﬁ<><><><><>< X

Figure 4.3. Schematic diagram for the cup anemomet@laced on upwind and downwind

towers.

Anemometer heights in the field were similar toghms used by Sellier et al. (2008).
Wind profiles were recorded continuously for 10 ramd replicated three times for each distance
downwind from the shelterbelt. The set of six cm@rmometers was connected to a Universal
Serial Bus (USB) Data Acquisition (DAQ) Board (Mod108, Measurement Computing) that

was then connected to a laptop loaded with LabVseftware (LabView 2012, Professional
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Edition) to monitor and record real-time wind spelada. The DAQ board had 16 single-ended
(8 differential) analog inputs, 24-bit resolutioor fultra-accurate voltage measurement up to 1

kS/sec.

4.2.3. Calibration of Anemometers

Prior to mounting on the towers, the cup anemorsetere calibrated to wind speeds
measured with pitot-static tubes in the outdoordattmnel of the USDA — ARS in Manhattan,
Kansas. Pitot tubes were attached to pressuraltraess calibrated using surgical syringes and a
Dwyer inclined manometer air-filter gauge (Modeli8g 250-AF) to ensure stable pressure and
voltage readouts during measurements. Values \Wweredonverted to digital output via a
Labview program (Labview Student Ver. 2012, Natidnatruments, CA). The anemometers
were individually tested as well as side by sidéhimtunnel through a range of velocities (2 s
to 15 m §). The anemometers that were placed adjacent toather within the tunnel during
calibration showed a noticeable effect to the reedrfree stream velocity (recorded wind
velocities were lowered for each anemometer tisteteside by side). Therefore, the calibration
data for individually placed anemometers within tinenel were used. Voltage corresponding to
the degree of spin (i.e., voltage ranging from\i e 3.3 V, corresponding to 310 to 630 rpm)

for each cup anemometer was the basis of caliloratio

4.2.4. Porosity Determination

Optical and aerodynamic porosity measurements a@rgared. To estimate , two
image analysis methods done using both softwarmdugtse (SigmaScan Pro and MATLAB) were
evaluated, and porosity values were compared &rdae and leaf-off conditions of the Osage

orange tree barrier. Photographs (captured usifglamega pixel Panasonic Lumix ZS20

97



camera (Panasonic, Corp.) with a 24 mm wide argls that has a 14.1 mega pixel 1/2.33"-type
metal oxide semiconductor (MOS) sensor and opzcam lens of 20x (24-480 mm)) of trees
were taken in accordance with Kenney’s (1987) dinde in which photos were taken one tree
height away from the barrier strip and during cabnditions. As mentioned by Zhu (2008),
photos were not taken in the presence of excebsigktness (light condition which could
increase reflection from tree elements thus pramgadtverexposure and unbalanced color of
photographs when processed). Photographs condiftere computation were cropped from
the ground to the apex of the Osage orange cramilasto the method of Vigiak et al. (2003).
Figure 4.4 shows examples of digital image analysisg SigmaScan Pro and
MATLAB. Sigmascan Pro was used to analyze digitages of true red, green, blue (RGB)
model color and determine optical porosity valuesbgarating the background (white) from the
foreground (red) areas represented by the numhbaxels. Total area determined to be the total
number of pixels in the original photograph andkgaound area was obtained by the difference

between the total area pixels of the original image the foreground area pixels.
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Figure 4.4. Optical porosity determination using SymaScan Pro and MATLAB.
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In contrast, the MATLAB image analysis toolbox (grammed and executed to analyze
binary images) converted the original image to gcale and then to binary images of specific
pixel numbers that comprise the total area, backytarea, and foreground area in which
computation is performed.

The two image analysis procedures differ in thatTMAB uses the original color
photograph that must be converted to a grayscagenand then to a binary image (black and
white) before recognizing the background (white)rirforeground (black) areas. SigmaScan Pro
performs an immediate identification of foregroymxlels after identifying the representative
pixel color for the foreground that serves as thieghold pixel value. The selected object and
other objects that surpass the threshold pixelevate then filled with red color. If some portions
of the original image are still not separated fittve background, further separation can be done
by continuously clicking the desired object to beluded as the foreground. Foreground
selection is often dependent on the type of pidbh&ieg considered (i.e., presence of small
branches greatly affects picture threshold selektio

Computation for was based on the ratio of the mean downwind tangbwelocities
(Guan et al., 2003; Bitog et al., 2011). For thelterbelts (single row), Heisler and Dewalle
(1988) stated that and values can approximate each other. Discrepancieseba and

values occur due to inherent porosities and olbsicur of light elements by leaves and
branches (Grant and Nickling, 1998). In a fieldiagt wind velocities vary from the ground
surface upwards; therefore, values ofalso vary depending on the selected H value (kb=8

for this study).
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4.2.5. Shelterbelt Drag Coefficient

Based on measured values of wind velocities, sthelledrag is measured by how much
resistance the trees offer towards the incomirfgpair(upwind air) in terms of the drag
coefficient (). Raine and Stevenson (1977) stated that changedlow through shelterbelts
are described by momentum shifts within the baagethe barrier resists the incoming airflow.

From available literature, can be computed as the ratio of wind load and niyma
force upwind of the barrier (Cullen, 2005; Koizuetial., 2010; Bitog et al., 2011). For field
conditions, the method of Hagen and Skidmore (1®a%ged on Woodruff et al. (1963)
methodology was adapted due to its simplicity goylieability, where the drag coefficient is

estimated using the following equation:

CL S (4.3)

where s the drag force of the shelterbéitjs the shelterbelt heighty ( is air density, an@®
is mean upwind wind speed over the wake depth.

Wake depth is the vertical distance at which upwieldcity is equal to downwind
velocity. Drag force was obtained using the diffee of momentum transfer between the
upwind and downwind sides of the barrier, as exgldiby Woodruff et al. (1963) and defined

by the following equation:

G LwJoy G-1o(6yrloe ¢ G-1lg(6 KB (4.4)
where is drag force of the barrier, is drag force of the ground, z is vertical diseatong
the barrier height, @nde,, are pressure values upwind and downwind,&pcand6,e

are wind velocities upwind and downwind of the sérddelt. To calculate the drag coefficients, a

simplified equation derived by Hagen and Skidmad@/() was used to neglect pressure effects
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assuming that the ground drag was negligible coatptrr the barrier drag (Eq. 4.5). Values for
the drag coefficients computed for this study weased on drag forces calculated using
downwind velocities at the 7H and 10H distancesyafn@n the barrier to obtain a valid
assumption that pressure forces are negligibletl@atcho end effects were present for the

shelterbelt (Hagen and Skidmore, 1971).

L w oX——Z1 X% 7' B (4.5)

_ m-My _m-M gy

4.2.6. Meteorological Data

To monitor weather data at the site, a weathéostéModel Vantage Pro2, Davis
Instruments) was equipped with a solar panel andtagrated sensor suite consisting of
temperature and humidity sensors, anemometer,aamdauge. A weather-resistant shelter
housed electronic components within the sensoe siierated via solar power. A battery-
operated wireless console (with a range of wiretessmection up to 300 m) gathered data from

the weather station.

4.2.7. Data Analysis
Data for wind profiles were screened, and windesgigehat corresponded to situations

with stoppages of the cup anemometer (limited hyirimum of 2 m 8) were eliminated from
analysis. Wind speed reductions were obtained ftome replications of wind profiling tests at
each cup anemometer level per distance away frerbdlrier downwind. For comparison of the
two image analysis methods, optical porosities vebtained from three photographs at each
location (North and South sides) for each of tlad-ten and leaf-off conditions. To compare

porosities and , the photographs originally used for image analgsimparison were each
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divided into five sections corresponding to theileagr height at which the bottom five
anemometers recorded data for wind speeds (aaiosat anemometers were used during field
tests). Computation of the drag coefficients wasedaon velocity profiles at the 7H and 10H
profiles, corresponding to three replicates eacHge¢ condition. Mean values of wind
velocities, optical porosities, and drag coeffiteewere compared using the normality and
homogeneity of variances assumption, and a starsdatidtical test (paired t-test using
Microsoft Excel (Microsoft Corp., Redmond, WA)). Alysis of variance (ANOVA) was done to
determine the effect of vegetation density andHisigA 5% level of significance was used for
all cases. CurveExpert 1.4 (Hyams, 2013) was usetbt best-fit curves, which were compared

to the curve fitting tool in Microsoft Excel (Micsoft Corp., Redmond, WA).

4.3. Results and Discussion

4.3.1. Wind Profile
Windrose plots during the entire field tests faflen and leaf-off conditions are shown

in Figure 4.5. The percentages represent the anodtime the wind blew from a specific
direction, and the colors indicate the magnitudeiofd speed. Tests were conducted with
ample wind (3 to 7 m™Y to obtain wind profiles for the various distanesgay from the barrier
for the two leaf conditions of the Osage orangeibar During tests for the leaf-off condition,
the wind direction and speed changed more than priofiles taken during the leaf-on condition
of the Osage orange barrier. Wind speeds ranged érto 7 m 3 during the leaf-on condition

and from 3 to 6 m'5during the leaf-off condition.
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Figure 4.5. Windrose plots during field tests for &) leaf-on and (b) leaf-off conditions of the

Osage orange barrier.
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A comparison of normalized wind speeds betweenvtiodeaf conditions demonstrating
the effects of Osage orange barrier height downwirttie barrier strip is shown in Figure 4.6.
Normalization was completed by dividing the leewagtbcities (throughflow velocities, ) by
the windward velocities; xH is the distance awanirthe barrier at multiples of height H. The
plot was derived from the mean of three replicatiohwind profiles at various distances away
from the barrier. Without leaves, a deciduous baeier, such as the Osage orange barrier, is
able to lower wind speeds downwind, although natféectively as with leaves, as evidenced by
increased throughflow velocities () with respect to approach velocities (joqw, ) Within the
barrier. In addition, velocities downwind recovaster (velocity values almost similar upwind
and downwind of barrier from 12H onwards) for thafloff condition as compared to the leaf-
on condition. In general, the Osage orange bagffectively shelters downwind agricultural
land beyond 10H which is considered a common estimiashelterbelts’ sheltering

effectiveness.
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Figure 4.6. Normalized mean wind speed comparisorebveen leaf-on and leaf-off stages of

the Osage orange barrier. H is the mean tree height

Wind speeds at heights and distances perpendicutae Osage orange shelterbelt were
taken, and speed reductions are shown in Figure@eaf-on condition) and 4.8 (leaf-off
condition). According to the wind profile of the &g orange barrier with leaves (Figure 4.7),
the reduction in wind speed occurred primarily lo@ middle part of the barrier at the crown
(portion of tree where leaves and branches extemd the trunk). This was expected because
the presence of leaves provides more obstructi@iriddw compared to the lower portion of the
Osage orange tree where the trunks are locatedapwexist, thereby providing less reduction
in the lower portion of the barrier. Figure 4.7 wisahat, for the 1H distance from the barrier
row, the upper portion of the barrier (8.2 m abgv@und where mean barrier height is 8.5 m)
had lower wind speed reduction than the middle arpartion, potentially due to faster recovery

of wind speed at that height because of less leinatsetard airflow.
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Figure 4.7. Percent reduction in wind speed downwihof the Osage orange barrier (leaf-on

condition). H is the mean tree height.

For the leaf-off condition, Figure 4.8 shows the tower portions of the barrier bring
about greater lowering of wind speeds downwinchef@sage orange barrier. Because leaves
were absent on the lower portion of the treesptieeence of larger branches and the trunk
provided significant reduction in wind speeds, esgby close to the downwind side of the
barrier row as compared to the upper portion ofoédagier where thinner branches did not
provide significant wind speed reduction. SimilaFigure 4.5, faster re-establishment of the
wind profile was achieved for the leaf-off conditibecause less elements (i.e., lack of leaves
and presence of more gaps) hindered the flow aradrinduced the formation of a recirculation

zone behind the shelterbelts (Schwartz et al., 1995
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Figure 4.8. Percent reduction in wind speed downwihof the Osage orange barrier (leaf-off

condition). H is the mean tree height

4.3.2. Porosity Determination

The two image analysis methods showed no signifidéierence (p > 0.05) with respect

to the computed mean of the Osage orange barrier for a specific baoogrdition, but they

showed significant difference (p < 0.05) betweenttho leaf conditions (leaf-on and leaf-off)

(Table 4.1).

for both locations (north and south sides) wheeepictures were taken also did

not show any significant difference (p > 0.05) éospecific leaf condition. Values presented in

Table 4.1 indicate the overall mean ofvalues measured based on image analysis of thre ent

tree.
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Table 4.1. Comparison of mean optical porosities () obtained using MATLAB and

SigmaScan Pro.

Photo Orientation MATLAB SigmaScan Pro 5
Leaf-on N Side 27.2%° 23.1%
Leaf-off N Side 64.0° 63.0%
Leaf-on S Side 28.42 22 82
Leaf-off S Side 59.9° 58252

*different letters indicate significant differencesfrom each other (uppercase letter between

rows and lowercase letter between columns)

No significant difference (p > 0.05) was observedrheasured values between the
monochrome (MATLAB) and color (SigmaScan Pro) asalynethods. Discrepancies in

computed values of could be due to overestimation of thevalues using binary images in

the monochrome method analysis. Results showedddinary image produced by the
monochrome method did not include portions of thegimal image, especially small branches
and leaves that were part of the foreground. Howeise of the color method allowed
adjustable separation of background and foregramades by filling every pixel based on the
desired RGB color model value set. (RGB calibrateodone automatically by the SigmaScan

Pro software when the target object or pixel inithage of specific shade is chosen). As a result,
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values of that were considered for the rest of this studyeviEased on the color method

analysis.

A relationship between and is shown in Figure 4.9. Curve-fit results (L cSE

ande L SZe) show a good correlation between computed valfies aising wind profiles
from the leaf-on and leaf-off stages of the Osagege barrier with observed values ofusing
image analysis. During curve-fit tests, the empirequation obtained by Guan et al. (2003),

LC <§j, was found to differ slightly from the empiricajation obtained in this study. An
exponent of 0.65 rather than 0.4 was found to betir fit for the Osage orange tree batrrier.
The difference could be attributed to the varigymes of measurements that were done: Guan et
al. (2003) used a wind tunnel with highly contrdlieonditions, while this study conducted full-
scale tests within a field setting. In additiomeal tree shelterbelt was used for this study
compared to the artificial custom model used byrGetaal. (2003) and the artificial Scots pine
Christmas tree used by Grant and Nickling (1998) Gkant and Nickling (1998) stated, the
exponent for the empirical equation depends orcdimeposition of leaves and the breadth and
width ratio of the shelterbelt under consideratibnis study showed that the methodology of
Guan et al. (2003) can be applied in a field sgttig long as field conditions are conducive for
obtaining wind profiles (not too strong nor toornadnd within 6-12 m'§ similar to the Hagen
and Skidmore (1971) experiment). Photographs fadetermination should be taken during
calm winds (based on Loeffler (1992) and Kearn®8{) suggestions) to prevent excessive
motion of leaves and branches that allow more gajsss gaps in photos and potentially lead to

inconsistent readings.
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Figure 4.9. Relationship between measured aerodynaen( ) and optical ( ) porosities of

the Osage orange barrier.

The scatter of points in Figure 4.9 from measur@deas during the leaf-on and leaf-off
stages could be a result of difficulties encourttetering the field tests. This study was limited
by availability of anemometers because no measuremeere taken for wind speeds along the
width of the shelterbelt section with vertical gextt measurements. During the experiment, only
a single location (along the width or section & tarrier strip) was chosen and only various
distances away from the barrier and vertical gratdiend speeds were collected and considered
to obtain aerodynamic parameters. Even if multipEasurements are present along the width of
the barrier with simultaneous vertical gradient sm@aments, acquisition of representative

values for s difficult because of intermittent changes ima/speeds upwind of the barrier,
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especially during field experiments during leaf-ofinditions, as evidenced by the windrose plot
(Figure 4.5). In addition, the presence of holes gaps within the barrier at locations of
expected increased bleed wind speed (same obsemesiGuan et al, 2003) and the structure
complexity of the Osage orange barrier during #a-bn stage with the presence of leaves and
tiny branches causes changes in wind speeds aath@gcillating. As such, the presence of
dynamic movements of leaves and branches complicatmeasurements of downwind profiles

close to the barrier that are necessary to comlte of

4.3.3. Shelterbelt Drag Coefficient

A comparison of values @ (based on Hagen and Skidmore (1971) methodology)
between leaf-on and leaf-off conditions of the @saange barrier is shown in Figure 4.10.
Throughout field measurements, wind speeds varied # m & to approximately 7 m's
similar to Hagen and Skidmore (1971) and Meron®&g8) tests. Drag coefficients were
independent of wind speeds, especially those essé to 8 m'S. ExpectedCp's based on
Hagen and Skidmore (1971) for a given shelterbmibgity were close t€p values pertaining to
specific  values of the Osage orange tree barrier. Despit&ed differences between rigid
shelterbelts and trees having continuously moweayés and branches during field te€ks,

values obtained were similar over the range of veipeleds tested during experimentation.
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Figure 4.10. Plot of drag coefficient vs. optical grosity.

The trend of decreasir@, with increasing shelterbelt porosity could be lertexplained
by changes in wind momentum as it encounters takeshelt and flows continuously downwind
of the barrier. Schwartz et al. (1995) detailed twieppens behind various types of model
shelterbelts, where they found some portions haidctdation phenomenon leeward of the
barrier while others did not. This recirculatiomeocould cause large eddies immediately
downwind of the shelterbelts, thereby greatly affegwind behavior behind the shelterbelt. The
presence of gaps or large holes within the shaltedause jetting of air through the barrier
which forms eddies behind the barriers. Upwindhef barrier, loss of air momentum is caused
by the presence of vegetative elements (i.e., Edwanches, trunk) during leaf-on condition of
the barrier, consequently amplifying multiple trears of momentum among elements within the

shelterbelt (Grant and Nickling, 1998), especialighe crown portion of the Osage orange tree.
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This momentum transfer creates a barrier resistemagflow that causes drag coefficient values
to increase. As the leaves fall off, porosity irases, resulting in a decrease in the drag

coefficient.

4.4. Conclusions

Deciduous trees such as Osage orange are comnsedyag shelterbelts in Kansas.
Aerodynamic ( ) and optical ( ) porosities of this species were estimated usimgl wrofiles
and image analysis, respectively, and an empiegahtion relating the two porosities was
derived ( LC <SG L SZ.). Vertical wind profiles were also used to estiendtag
coefficients that determined how much resistaneebtirrier offered incoming airflow to protect
agricultural lands downwind of the barrier duriegf-on and leaf-off stages of the tree. A good
correlation between optical porosity and drag doiefiit was also obtained (L S—e).
Aerodynamic parameters (porosities and drag coeffis) obtained in this study are essential for

validating numerical simulations for further optration of shelterbelt sheltering efficiency.
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CHAPTER 5 - Dust Reduction Efficiency of a Single Bw of Vegetative

Barrier (Maclura pomiferg
5.1. Introduction

Agricultural lands that are exposed to dry, windynditions are susceptible to wind
erosion. Vegetative barriers (also called windbseakshelterbelts) involving a row or multiple
rows of trees are typically used to prevent or miae wind erosion.

Vegetative barriers are beneficial aestheticallsa(&et al., 2010) and for reducing wind
speed that causes changes in the microclimatelsf(§&deugh, 1998), thereby affecting
productivity and soil fertility (Kort, 1998; Birdtal., 1992, Sudmeyer et al., 2002), and livestock
health and recreation (Ffolliott, 1998; Mader et #099). Vegetative barriers can also mitigate
odor (Tyndall and Colletti, 2007), sounds (Harmsl&ohn, 1985; Ozer et al., 2008), spray drifts
(Lazzaro et al., 2008; Vischetti et al., 2008), airdpollutant emissions (Kulshreshtha et al.,
2009; Brantley et al., 2014).

Previous studies have assessed airflow (Hagen kdch8re, 1971; Fryrear and
Skidmore, 1985; Gregory, 1995; Brandle et al., 2@l Zoysa, 2008; Guo, 2008; El-Flah,
2009) and particulate matter (PM) mitigation (Geaet al., 1998; Dierickx, 2003; Burley et al.,
2011; Lin and Khlystov, 2012) with vegetative barsi. A good sampling methodology by
Tiwary et al. (2008) evaluated the effectivenesa blawthorn hedge for collecting ambient PM.
Two gravimetric PMo (PM with equivalent aerodynamic diameter ofrk or less) samplers
were placed at a height of approximately 70% ofttital tree height, at the crown of the tree
(consists of foliage and branches extending froenttiink), for upwind and downwind locations.
Their study quantified filtration collection effemcy (— _o.; ) of the Hawthorn tree, and

they found 30-38 % of ambient R/
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Complexity of flow within the canopy is importarRgupach et al., 2001). Complex flow
through canopies results from great turbulenceeggtative elements hinder the incoming flow
and initiate tortuosity and effective mixing of RiViwary et al., 2008). Details of flow through
canopies for various species differ because elesrtbat comprise them differ. Most vegetative
barrier species are not documented with respebieio aecrodynamic characteristics and resulting
ability to reduce wind and collect or mitigate PWissions within their surroundings.

One of the oldest species of trees used as vegetarriers against wind erosion in
Kansas are deciduous trees known as Osage orlsliagtu(a pomiferg. Known for their relative
strength and durability, Osage orange became thenaterials for weapons (bows for American
Indians who inhabited the Kansas region in the $800agon wheels, and fence posts (Smith
and Perino, 1981). Although these trees are commadd as barriers, their effectiveness in
terms of PM mitigation has not been quantified.

The objective of this study was to quantify theseté of the presence of Osage orange
trees as vegetative barriers for wind erosion abn8pecific objectives were to:

1) determine effects of the presence of Osage oraagibon particle size distribution

(PSD); and

2) determine particle concentration reduction effickeQ w yvgq.¢ ) due to the Osage

orange barrier.

5.2. Materials and Methods

5.2.1. Site Description
This research was conducted from August 2014 téeBdper 2014 at a farm near Riley,
Kansas (39°18'49.1"N 96°54'29.2"W). The experimieirgéls, located at an elevation of 580 m,

had a combined dimensions of 300 m in length arfidr20n width where the vegetative barrier
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runs from east to west that separates into twindisfields for sampling - the upwind and
downwind fields. The fields were planted with a temwheat, corn, and sorghum rotation. No-
till management was employed on the crop rotattomaintain soil productivity and decrease
soil vulnerability to wind erosion. The vegetativarrier row used for the experiment was
located between two fields referred to as the nsidh and south side (Figure 5.1). The
vegetative barrier strip measured 2.5 m in widtthwin average height (H) of H=8.5+ 0.6 m.
During the dust tests, both sides of the field Wheat stubble cut to a height of approximately
0.1m.

Prevailing wind direction for the field site wasuslo-southwest for the summer and
north-northwest for the winter. Data were collecteth direct south wind (summer test) when

the Osage orange batrrier retained foliage.

Figure 5.1. Aerial view of the field site (via Goolg Maps): (a) north side and (b) south side.
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5.2.2. Dust Generation
A fluidized bed dust generator was developed tpeatse dust particles into the air

upwind of the barrier. The generator consists séraw-type feeder, centrifugal pump, electric
generator, and dust outlet. The feeder has cosgttihgs to generate the desired amount of dust.
The centrifugal pump, powered by the electric gatuer forces air through a bed of dust

particles and moves the generated dust to theodtist (Prenni et al., 2000). The dust particles
were obtained by grinding soil (25% clay, 9% sat 66% silt) and drying the ground soil in
the oven for at least 24 h at 80 prior to grinding.

To ensure the efficiency of the barrier, a dust Bource was needed. Two designs were
tested in combination with the fluidized bed dusterator. The first involved mounting the dust
generator with one dust outlet on a moving truBkeliminary tests were conducted in which the
truck that was driven back and forth along a 10istatice to create a line-source of dust
generation. The truck was driven at a distancevedgnt to 5 times the average tree height (H =
8.5 m). Preliminary results indicated that an ifisignt amount of dust sample was collected
even upwind of the barrier (1H away from barriemiq) possibly due to non-uniformity in the
dust plume. Difficulties in controlling the speefitioe truck with the mounted dust generator
were also encountered, and the location availairledmpling had ridges that caused an up and
down motion of the truck, promoting non-uniformitythe plume. Feeding soil into the dust
generator required full stoppage of the truck, egugntly promoting bias for regions along the
designated line of dust source where concentratigrarticles may have increased. In addition,
use of vehicle posed a challenge because of imstaotis changes in wind direction at the site

during sampling. Therefore, this approach was ataad.
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Figure 5.2. Dust generator showing major components

In the second design, a dust distributor (Figugy Was fabricated and connected to the
fluidized bed dust generator to provide multiplénpsources. The distributor was designed to
have approximately equal pressure drop from pipesar all emission points producing equal
emission and concentrations from each emissiont.p8omputations of velocities of dust within
the dust distributor were based on airflow rate sneaments made with a flow meter for the

inlet. Velocities were obtained with the followieguation:
\
/o LC6 oéfj_—r (5.1)
where/ o ( is the air volumetric flow rate (™), 6 is air velocity (m 8), and is pipe

diameter (m). Sudden but minor wind direction tshifiten occurred during the course of the

experimental runs and, at such instances, theldigtr ensured that the source of dust remained
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aligned with the upwind and downwind samplers.lifiaary tests with this dust distributor
were successful in generating measurable amouhistfupwind and downwind of the tree

barrier and was then used for the remainder ofdabie

5.2.3. Field Sampling

The field was equipped with a weather station (MatGtage Pro2, Davis Instruments)
that had a solar panel and an integrated sender(sombination of temperature and humidity
sensors, anemometer, and rain gauge). The weathiensvas operated by battery and solar
power and was connected to a wireless receivecthdtl be operated up to 300 m away from
the sensor for data collection.

Wind profiles for Osage orange barriers were ole@iprior to PM sampling, as
discussed in Chapter 4. Sampling layout is showFigare 5.3. Towers were positioned close to
the barrier approximately 1H away on both sidess @istance was chosen to prevent effects of
recirculation regions before and after the row sa@e orange barrier that could induce particle
re-entrainment and affect measured particle conggons (Huang et al., 2005). Heights (1.5, 3,
4.5, and 6 m above ground, as shown in Figuredi.dhemometer and PM samplers were based
on the methodology used by Tiwary et al. (2008) &allier et al. (2008). PM sampler inlets
were placed using metal brackets along the towtteasame heights as the Sierra Misco 1005
DC cup anemometers (NovaLynx Corporation, CA) (FegbL3) on each tower at the north and

south sides.
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Figure 5.3. Field experiment layout.

Dust was collected using low volume samplers (Mddehetrics Minivol™ TAS,
Oregon) equipped with total suspended particle$|Tislets. Due to restrictions from the
amount of dust generated as affected by the maxifeading rate of the feeder and amount of
sample the laser diffraction analysis requiresstegre set at 1.5-h runs. This length of time was
long enough to collect sufficient amount of dust®&D analysis given the maximum feed rate
of ground soil that was possible for the dust gateer The sampling technique followed Tiwary
et al. (2008), except with additional samplers gthat various heights 1H away from the tree
barrier with the topmost level of sampler repreatwe of the majority of the crown portion of

the Osage orange batrrier.
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Figure 5.4. Schematic diagram of PM samplers and guanemometers.

Polytetrafluoroethylene (PTFE) filters used for géing were conditioned for 24 h at 25
°C and 40% RH in a chamber prior to weighing betord after sampling for mass
determination of dust particles (Cavanagh et 8092 Gonzales et al., 2012). Mass of dust
collected was the difference of mass of conditiofileel before and after sampling, while
concentrations were derived by dividing the mas3dust collected by the total volume of air

sampled and then recorded by the PM sampler.

5.2.4. Particle Size Distribution (PSD) Analysis

Sampled particles were characterized using a Beckbaaulter LS 13 320 laser

diffraction instrument. Dust collected in the fibewvas washed using isopropyl alcohol and
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individually placed in plastic 50 mL centrifuge ggh The mixture was then centrifuged using an
Eppendorf centrifuge (Model 5810 R) at 4000 RPMSanin. A vortex mixer was also used to
prevent formation of aggregates. The laser diffoacinstrument conducted sonication during
measurements for PSD of the soil sample (Gonzalals, 2012).

Ground soil from the Kansas State University Né&gronomy farm was analyzed using
wet analysis (LS 13320 Beckman Coulter laser diffoan instrument). PSD of the original dust
sample is shown in Figure 5.5. Large particles aateid as evidenced by the skewness of the
graph towards the larger sizes. The geometric deaneter (GMD) of the original sample was

79.2mm with a geometric standard deviation (GSD) of 4.3.

Figure 5.5. Particle size distribution of the dussample fed through the dust generator.

To ensure uniformity and sample quality, the saersgn always ground the soil. The
feed to the grinder was executed slowly to betégregate small particles. Prior to field work,

aggregated soils formed, even after soils passeddh the grinder, if the soils did not have
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enough time for drying (typical drying at 8CQ for two days), especially if soils were takemfiro
a relatively moist or damp region of the farm ie ttase of significant precipitation at the time of
soil sampling.

The GMD and GSD were obtained using laser diffaactata, and PM and PM 5
concentrations were estimated using the partieletitn method (Gonzales et al., 2012).
Aerodynamic diameters were obtained using partietesity of 1.4 + 0.1 g ct identical to
Gonzales et al. (2012). Based on values of dusterdrations upwind and downwind the Osage
orange barrier, the equation for particle concéimnareduction was parallel to the collection
efficiency of filtration from previous studies (Tamy et al., 2005; Tiwary et el., 2008), computed

using the following equation:

f bC 41

where \ @nd ,, are the dust concentrations upwind and downwirti@Osage orange

barrier.

5.2.5. Data Analysis
Mean values of mass concentrations were obtaired 12 filter samples each for

upwind and downwind positions and were used fotyasmarepresenting three replicates. The
filter samples with dust were used for laser ddfien analysis, and values of velocity reduction
and collection efficiency were compared. Analydisariance (ANOVA) and paired t-test were
done using Microsoft Excel (Microsoft Corp., Redrdpi/A) to determine differences in mass
concentrations, wind speed reduction, GMD, and¥yq-; - A 5% level of significance was
used for all cases. CurveExpert 1.4 (Hyams, 20E3) wsed to plot best-fit curves that were

compared to the curve fitting tool in Microsoft Ekx¢Microsoft Corp., Redmond, WA.).
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5.3. Results and Discussion

5.3.1. Particle Characterization

A summary of the PSD of sampled dust at variougHtsifor each of the two locations
(upwind and downwind of the Osage orange barrgeshown in Figure 5.6. A majority of large
particles were dominant at the lower level (Level 5 m above the ground), while most of the
small particles were dominant at the highest I¢ielel 4, 6 m above the ground) for both
locations.

Figure 5.7 shows the comparison of PSD at each &wrg the tree height between
upwind and downwind locations. In general, reductblarge particles occurred more
efficiently, as indicated by the shift of the sdistribution plot towards the left (towards small
sizes). This trend was more pronounced for the igeetions of the tree (Level 1 and Level 2),
as evidenced by the sharp decrease in sizes wiheteta were skewed towards the small
particles. However, although large particles wése aollected in the upper levels (Level 3 and

Level 4), particle size changes were not as prooedias the lower levels.
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Figure 5.6. Comparison of collected dust particleize distribution between various heights
for each location: (a) upwind and (b) downwind.
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Figure 5.7. Particle size distribution comparison aspecific heights: (a) Level 1 = 1.5 m, (b)
Level 2 =3.0m, (c) Level 3=4.5m, and (d) Levél= 6.0 m above the ground.

A comparison of the GMD for the various heightsusnmarized in Table 5.1. GMD
values for the uppermost levels (Level 3 and 4hatwindward portion of the barrier were
significantly different (p < 0.05) from GMD value$ the three other heights. This was expected
because the dust was distributed into the air aqmtely 4.5 m above the ground (in line with
the PM sampler of Level 3 for comparison, as showiigure 5.8) and the samplers were
located 4 H away from the source (Figures 5.3@#A)l meaning that large particles were not
expected to dominate the topmost sampler leveldLéybecause the particles were expected to
have settled as explained by Lundgren et al. (138dyvever, no significant differences (p <

0.05) were observed between GMD values betweeonusheights for the downwind portion of
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the barrier, indicating that most large particlesttdominated the lower three levels compared to
the topmost level upwind of the barrier were cdbedoy the Osage orange barrier.

Table 5.1. Mean GMD, GSD and standard error of thanean (SEM) at various heights

upwind and downwind of the Osage orange barrier (thee replicates per run).

Height Above GMD *= SEM (m) GSD + SEM
Ground (m) Upwind Downwind Upwind Downwind
15 65.6+7.8 446+ 0.5 3.2+0.7 36=+0.1
3.0 61.4+103 40.3+4.4 3.5+0.2 36=+0.1
4.5 49.3+12% 38.3+0.9 40+0.2 39+0.1%
6.0 34.4+59 34.4+4.0 43+0.72 3.7+0.3

"different letters within a column indicate significant difference (p < 0.05)
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Figure 5.8. PSD of dust source and collected dustidapart upwind of the barrier.

The relationships between wind speed and GMD &réifit height levels are shown in
Figure 5.9. From a previous study by Gonzales.€pall 2), the GMD was expected to increase
or decrease depending on wind speed. For this ssudilar trends for all heights were observed
in which a decrease in wind-induced resuspensicaroed at lower wind speeds, as explained
by Jones et al. (2010), consequently leading tecasised GMD (Lundgren et al., 1984) because
large particles settle faster than small particdegn after a short distance. For greater wind
speeds, a higher probability existed that largéges were suspended by wind at greater

distances, resulting in higher measured GMD.
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Figure 5.9. GMD and wind speed relationship at di#rent heights.

5.3.2. Measurement of Dust Concentrations and Comication Reduction

Measured concentrations summarized in Table 5.2a@treepresentative of the local
ambient dust concentration, but they were usednopeite collection efficiency of the Osage
orange barrier. In addition, a correction derivehf PM concentration values with and without
barriers downwind was introduced to compute the doascentration reduction efficiency of the
Osage orange barrier, similar to the approach tsamyi et al. (2008), to ensure that decreases in
concentrations were due to the presence of théebavtass concentrations of BMand PMg
were also taken downwind of the source withoutitheier and the corresponding value
decreases are the correction factors used foraiheeatration reduction efficiency computations.
Original dust generated from the ground soil wasetd for PM s and PM, compositions and

found to have 1.9% and 5.8%, respectively.
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Table 5.2. Mean mass concentrations and SEM of PM&.PM10, and TSP upwind and

downwind of the barrier.

Height Mean Mass Concentrationsy m®)
Above
Ground
(m) PM; s PM;o TSP
Upwind Downwind Upwind Downwind Upwind Downwind
s 145 +25° | 123+ 14° | 483 + 84" 374+ 36 | 10815 + 226fF 8017 + 368°

226 + 31° | 146 +27° 779 + 74¢ 479 + 659 | 14042 + 2358 8952 + 302°

3
45 288 +54° | 131+23° | 825+206" | 460+78° | 16331 + 3076 6056 + 695°

6 136 +47° | 102+37° | 516 +158° | 360+ 127" | 10417 + 250(f 7523 + 698°
Overall | 199%39 126 + 25 651 + 129 418 + 77 12901 + 2549  637% 515

*different letters indicate significant difference from each other (uppercase letter between rows and
lowercase letter between columns)

From the values in Table 5.2, the highest reduatfo®dM, s and PMo which
corresponded to highest decrease in TSP occurragdynoa Level 3 (4.5 m) above the ground,
differing significantly (p < 0.02) fromw yyq-; Of the other levels. Lower values for the two
lower levels (1.5 m and 3 m above ground) couldieeto the fact that during sampling, the
tested vegetative barrier (limited by field availdy at the time of sampling) was full of gaps
throughout the lower portions of the tree barr@ershown in Figure 5.10, potentially due to

intermittent changes in wind direction during saimgpkhat caused some of the dust source to
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drift away from the line of samplers. The highesiue of w,y4.; occurred at Level 3, whic
is the portion of the tree crown in which a sigrafit amount of vegetation elements w
present to filter out the dust particles. Howevewel 4 was also part of the tree crown and
not show the samiggher collection efficiency, possibly due to tleeel of dust source whic
was at 4.5 m (Figure 5.8) and insufficient resuspemof dust by the wind during tests t

could have lifted dust particles to greater heigc

Figure 5.1Q View of vegetative barrier tested for particle ctiection experiment

Velocity reductions measured using cup anemomeiter tthat represented identis
heights as PM samplers at the Osage orange beorgrared to compud concentratiol
reduction efficiencies of Ppk and PN are shown in Table 5.3. As shown in the table
greater the reduction of wind speed due to thegmass of the Osage orange barrier, the gre
the probability of the barrier to collect dust jicles. However, Level 4 (6 m) did not exhibit t
trend although that region was the canopy crowioregpossibly due to insufficiel
resuspensionf dust that originated from 4.5 m above the gro(kid. 5.2. Although the value

from Table 5.2 were naepresentative of the ambient concentration st duthin the
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agricultural land tested, the overall dust reductdficiency of the Osage orange was
comparable to the performance of a Hawthorn heegfed by Tiwary et al. (2008) where the

range of collection efficiencies were 30 to 38 %.

Table 5.3. Comparison of speed reduction with PM péicle concentration reduction.

Height ™ _ %
Speed Reduction xMa-{ ()
Above
0,
Sround (m) (%) PM, s PM;o TSP
1.5 20.6° 15.4¢ 22.8°¢ 25.9¢
3 30.7¢ 35.8'¢ 38.8¢ 36.2¢
45 37.8° 54 ¢ 65.4¢ 62.9*¢
6 54.6¢ 24.9¢ 30.7¢ 27.8°¢
Overall 35.9 32.6 39.1 38.2

*different letters indicate significant difference from each other (uppercase letter between

rows and lowercase letter between columns)
5.4. Conclusions

A dust generator was fabricated and connecteditstabutor to simulate a line source of
dust to assess collection efficiencies of the Osmgege barrier. Ground soil (measured with
GMD of 79.2mm and GSD of 3.8) used as a dust source was conhpbdde9% PM s and 5.8%
PM;o. Results showed that a single row of Osage oraagtired 15 to 54% of PM and 23 to
65% of PM, from the simulated dust. Reduction of dust pkesioccurred better at the crown
portion of the tree. The overall reduction effiagrof the Osage orange barrier (33 to 39%) was
comparable to that of a published data for Hawthaage (30 to 38%). Also, PSD analysis

using the laser diffraction method showed that molvaf the barrier, larger particles were
136



collected on the lower portion of the barrier anthler particles dominated collected dust from
the upper level samplers. Downwind of the barfR$D analysis generally showed a decrease of
GMD values at all heights within the barrier (1354.5, and 6 m), indicating the presence of the
Osage orange barrier removed passing dust partedpecially large particles. However, small
particles, such as PMand PM,, were removed most efficiently at the crown arkthe tree

(4.5 m and 6 m).
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CHAPTER 6 - Computational Fluid Dynamics Simulationof Airflow through
Standing Vegetation

6.1. Introduction

Wind erosion poses a significant risk to agricudtdands despite numerous mitigation
strategies employed for erosion reduction. Onerobstrategy is the maintenance of vegetation
cover at the soil surface. Previous studies focoseeffects of sparse vegetation as a result of
harvesting (Wolfe and Nickling, 1993; Hagen, 19Bé&ncaster and Baas, 1998), land
degradation as a result of land conversion (Li.e2805), dry land conditions, and low
precipitation (Musick and Gillette, 1990; Toureakét 2011) - conditions that make the soill
surface vulnerable to wind erosion.

Previous studies have used wind tunnels to idepafameters and conditions that dictate
the extent of wind erosion damage. Lyles and Alligp976) compared spacing and orientation
of standing stubble for mitigating effects of wiatbsion. Their study showed that a
perpendicular stubble orientation was more effecthan a parallel stubble orientation for
sheltering against wind erosion. Densities of sated plant stalks with various diameters and
heights were employed by van de Ven et al. (19&3)lting in up to 82% soil loss reduction
due to the presence of stalks. Hagen and Armb1@84( proposed a theoretical approach of
including surface friction velocity reduction amderception via saltation in standing stalks to
predict the amount of soil loss. They found a higtrelation (R = 0.89) between soil loss
reduction and plant area index of stalks. Standtials for their wind tunnel study were used by
Dong et al. (2001) to demonstrate that height aidy of standing vegetation influences

roughness length and drag coefficient. They alstuded that the height/spacing ratio is the
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most essential structural parameter that influenekses of drag coefficients and roughness
lengths.

Field studies have also been conducted to detertiheneffects of vegetated surfaces on
wind erosion. Stockton and Gillette (1990) evalddteee test sites, and they found that dense
vegetation corresponded to large area for sheffersnevidenced by small ratios of threshold
friction velocities of vegetated surface to bari sarface. Their measurements showed a range
of 0.27 to 0.44, in which a value of 1.0 denote®lsand configuration. A study by Li et al.
(2005) on degraded grasslands in China showect#nbt stages of vegetation were more prone
to wind erosion, while established grasses showeater resistance to wind erosion. They found
that wind erosion reduction could lower wind erosiate to 1/47 of that of the fixed sandy land.

Field testing (Fryrear et al., 1991) is desirablemsure realistic conditions, while use of
wind tunnels is necessary to control a set of metegical and soil parameters (e.g., soil type,
wind speed, vegetation element type, and vegetabafiguration). Both On-site field testing
and wind tunnel testing are expensive and timewoinsy. Numerical simulation with
computational fluid dynamics (CFD), combined withfiient validation, provides an
alternative approach to wind erosion research {{Bef al., 2008; Quiao and Liu, 2008;
Defraeye et al., 2010; Bonifacio et al., 2014).

Numerical simulation using commercially availablE[Csoftware (e.g. Fluent) on
various types of vegetation models (natural anfi@al) has been studied extensively. Tiwary et
al. (2005) used three tree species (Hawthorn, Halig Yew) to implement the turbulence
model described by Menter (1994) as the shearsstrassport (SST) with which they modeled
airflow across the Hawthorn hedges. Lin et al. @0fudied airflow and odor dispersion across

tree shelterbelts, and they employed&hle turbulence closure model to accurately model
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dispersion plumes. Rosenfeld et al. (2007) invastig airflow through various configurations of
Cypress trees where they used individual treesvauitiple rows of shelterbelts to compare to
their experimental results. They concluded thaticed flow and lateral variations in wind speed
were caused by canopy density. Gromke et al. (200@}ptigated airflow and exhaust dispersion
across trees planted along roads in an urban stnegbon. They found that the Reynolds stress
model (RSM) was better th&l as a turbulence closure model for predicting dspe
occurring within trees. Endalew et al. (2009) agéad to model 3D architecture of leafless plant
canopies using commercial CFD. They employed thedstrd& |  turbulence model and found
that predicted velocities agreed with experimergallts. Bitog et al (2012) compared wind
tunnel measurements of the airflow across black pwes and CFD simulations. They used Re-
Normalization Group (RNG& |  turbulence model and assessed the effects ofayapsows
between trees. Guo and Maghirang (2012) comparneeriexental values of Tiwary et al. (2005)
to the CFD simulation using the stand&d¢ and realizabl& |  turbulence closure models;
they found good agreement between the two models.

Open-source codes, including Open-source Field &iperAnd Manipulation
(OpenFOAM), has been gaining popularity in mangigines because of the high cost of
commercial CFD packages. Lysenko et al. (2013)rteddhat the performance of FLUENT and
OpenFOAM in simulating flows across a bluff bodyreseomparable. Higuera et al. (2013) used
OpenFOAM to simulate realistic surface waves fatrogynamic simulation. Bonifacio et al.
(2014) compared results of AERMOD to OpenFOAM sitioh to simulate particle transport
from a ground-level source.

This study aimed to numerically model airflow thgbuartificial standing vegetation

using OpenFOAM. A specific solver of OpenFOAM atebture (simpleFoam) was tested to
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simulate airflow through canopies using actual &Dcture of canopy in the wind tunnel created
using another open source CAD geometry softwarlSaplatform ver. 7.2, 2013). This study
included the following specific objectives:

1) Model airflow through standing vegetation usingmseurce CFD software; and

2) Compare results of wind tunnel investigations sutes of the CFD model for tested

wind tunnel configurations.

6.2. Materials and Methods

6.2.1. Wind Tunnel Experiment

A detailed description of the wind tunnel experimirat was the basis for the
comparison with a CFD simulation is discussed iafitér 3. A majority of comparisons were
based on wind velocity measurements from the pito¢ system within the artificial standing
vegetation. Velocity profiles from the experimerdgre used to determine effective drag
coefficient () values within the standing vegetation that wenepared to the results of CFD
simulation. A detailed derivation of the equation f was shown by Endalew et al. (2010), and

the resulting final equation used in this study is

(6.1)

where BBFis the value of at various vertical position¥;is the distance (m) between
upwind and downwind positions of measurements afiwielocities, is leaf area density (M),
; v EBRare mean vertical velocities in the upwind posifiand; ,,c EBFRre mean vertical
velocities in the downwind position. Mean valuesipfvind and downwind locations include

velocity measurements taken at a single line ab#wok or front of the canopy. For example, at a
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constant value of, velocities must be taken at differgrpositions upwind and downwind along

the vertical height7) of the canopy, as illustrated in Figure 6.1.

6.2.2. Computational Domain

The computational domain (Figure 6.1) is based easurements of wind velocity
profiles in the wind tunnel; the maximum heightloé domain corresponds to freestream
velocities measured within the wind tunnel (i.eegtream velocities were measured at 0.9 m
from the tunnel floor). Length and width of the dmmwas limited by the number of standing
vegetation elements chosen to represent the sioml&t minimize computation time but able to
represent and show changes between wind profilagifitial vegetation setup. For this study,
seven elements were chosen to illustrate the behat/vind velocities between rows for

various artificial standing vegetation configuraowithin the tunnel (100 200, 200 200, and

300" 200 mm spacings for two heights of vegetation5& hm and 220 mm).
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Figure 6.1. Computational domain for airflow through artificial standing vegetation using
ParaView.

Table 6.1. Computational grid for the artificial standing vegetation.

Cells 1046096
Faces 3258462
Nodes 1172843
min -0.5
€ coordinate (m)
max 0.5
min -0.5
A coordinate (m)
max 0.5
min 0
E coordinate (m)
max 0.9
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6.2.3. Numerical Simulation

CFD modeling involves three steps: preprocessirg;gssing, and post-processing.
Preprocessing requires creation of the geometrydanthin for the mesh. Requirements for the
mesh are also dependent on the type of solutiamnezt) whether an internal flow (within the
3D CAD model) or an external flow (outside the 3BECmodel). This study was an external
flow, and the geometry and domain were createdrdoogly. OpenFOAM (ver. 2.2.2, ESI-
OpenCFD, openfoam.org) was the CFD software uséusrstudy. Processing requires a
specific solver within the OpenFOAM solution bireiprogrammed using C++. Post-processing
was performed using ParaView installed with OpenFMDgoftware that automatically visualizes
the simulation solution. Values generated fromsbl@tion were also exported and visualized

using Microsoft Excel (Microsoft Corp.) for croskexking and validation.

6.2.3.1. Governing Equations

This study focused turbulent airflow through a ar¢standing vegetation). The
Reynolds-averaged Navier-Stokes (RANS) method wWaptad because it is representative of
turbulent components of instantaneous velocitighefluid. Equations were based on 3D
RANS steady-state, incompressible, isothermalntakie turbulent atmospheric layer as
neutrally stratified (Guo and Maghirang, 2012), #mel mass transfer was neglected. Continuity
and momentum conservation equations used (Chealg 2003; Endalew et al., 2009; Yeh et

al., 2010) were as follows:

%
D—8HCL C (6.2)

B, CLC IO, GEGE+ G G 71 C oo FTBES (6.3)
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wherei is the subscript for all three directionsy, andz), j is the subscript for the direction
evaluatedX, y, orz), 6@ the velocity (m$), ds the pressure force (Pa)iidirection evaluated,
1@ the fluid density (kg i), andmis the fluid viscosity (N s /).

The RNGk-emodel was used (Yeh et al., 2010; Bitog et al1,220

D D D5
D D D _ 79
B8 FLG-J + —KG -@FIC "1 (6.5)
[CLC]+252;5 (6.6)
5\
+. CLC1 — (6.7)

where& is the turbulence kinetic energy{sY), s is the Prantdl number of the turbulence
kinetic energy, is the turbulence dissipation rate’(?),  is the Prantdl number of the
turbulence dissipation rateé, is the effective viscosity (N sl 25 is the strain rate tensor,
+_ is the turbulent viscosity (N s and s a turbulence model constant equal to 1.42.
is defined as follows:

‘cLc GccW (6.8)

where s a turbulence model constant equal to 1.68 whifds further defined by the

equation:
“@Ebc 4F
Wl A= d
CLe=——= (6.9)
whereg; is a constant equal to 4.38 ayés further defined by the equation:
gCLC2 (6.10)
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2C LBJZ 324 (6.11)

The equations that define the turbulence kinetergynand turbulence dissipation rate are

as follows:
& LGPy, % (6.12)
o ac\
LC © 5k (6.13)

where>), is average velocity arfidis turbulence intensity.

Previous studies (Lee and Lim, 2001; Packwood, 2066 et. al., 2007; Li et al., 2007;
Santiago et al., 2007; Bourdin and Wilson, 2008y ¥eal., 2010; Bitog et al., 2012) indicated
that the RN& | model was the most suitable turbulence modelnfeestigating complex

wind flows around barriers.

6.2.3.2. Geometry and Mesh Generation

For OpenFOAM, geometries for internal flows arei¢gfly created using a meshing tool,
blockMesh, which creates fully-structured hexahkdr@shes. For external flow as in this study,
however, that tool cannot be used. For this stBBygeometry was based on geometry of the
artificial standing vegetation used in the windrtah(Figure 6.2). A third-party software, the
Salome Platform (Open Cascade, Guyancourt, Frawes)used to create the geometry to be
"snapped" or overlapped with the block domain usiegother mesh tool of OpenFOAM,
snappyHexMesh (built-in meshing tool suitable frating internal faces within a domain
necessary to evaluate external flows). The creaiiethodels were exported as sterelitography

(.stl) file in ASCII format (file format recognizeday snappyHexMesh).
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Figure 6.2. Actual standing vegetation model used ithe wind tunnel.

6.2.3.3. Use of OpenFOAM for Simulation

SimpleFoam was used for this study because thersishapplicable to steady-state,
incompressible turbulent flow. It utilizes the seimiplicit method for the pressure-linked
equation (SIMPLE) algorithm developed by Patank&B80) for decoupling pressure and
velocity (OpenCFD, 2011). For a specific solverimas types of files are necessary. For
simpleFoam solver, the three major folders (0, tamisand system) are necessary.

The 0 folder requires files necessary for initiatldboundary conditions for, & +_, p,
and U. The constant folder requires files for teemgetry (i.e., blockMeshDict, STL files) and
the type of turbulence model to be used, definatierfile named RASProperties (Reynolds-
average simulation properties). The system foldetains files necessary to control the extent of
iteration runs via the ControlDict file (controlationary file), parallel decomposition for parallel
runs defined in decomposeParDict file, snappyHexies file that contains the file for setting
up the mesh for the geometry, solution mechanisntisd file fvSolution (i.e., defines solvers for

turbulence parameters and sets up relaxation valugsesidual control values), and numerical
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schemes in the file fvSchemes (i.e., defines theerical approach for various operators in the
main equation: steady-state, Gauss linear, upwiifetencing) (OpenCFD, 2011).

Table 6.2. Input parameters and their values for CPB simulation of airflow through
artificial standing vegetation (OpenCFD, 2011; Gu@and Maghirang, 2012; Bonifacio et al.,
2014).

Parameter Symbol Value
Air density (kg n?) 1 1.225
Air dynamic viscosity (kg i s%) + 1.79 x 10°
Kinematic viscosity (rhs™) 1.46 x 10°
Turbulence model constant 1.42
Turbulence model constant 1.68
Turbulence model constant 0.085
Turbulence model constant 0.012
Turbulence model constant O 4.38
Turbulence Prandtl number f&r 4g 0.719
Turbulence Prandtl number for 4 0.719
von Karman constant ' 0.4187

6.2.3.4. Boundary Conditions

Boundaries for the entire domain were set in tmméd read by the OpenFOAM solver.
Initial values for , & , and; were necessary to initialize the solver, and thege placed as
separate files in the O folder. These values wetréos regions in the domain, namely, inlet,
outlet, upperWall, lowerWall, front and back regioinlet values for and& were based on the

equilibrium boundary layer assumption (describedRiphards and Hoxey, 1993; Santiago et al.,
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2007; Bourdin and Wilson, 2008; Yeh et al., 2010p@&nd Maghirang, 2012), obtained by the

following equations:

& L hM’_A (6.14)
L ¢ﬁ (6.15)

where6- is friction velocity far upstream of the vegetatielement (from previous wind tunnel
tests 6, = 0.24 m 8). Pressure was initally set as zero (0 Pa) insidelomain (internalField in
OpenFOAM) and was given zero gradient for inlepeVall, front and back; symmetry
condition for upperWall; and constant outlet valder other regions in the domain, outlet flow
was given a fully-developed flow condition (i.eera velocity gradient), symmetry condition at
the upperWall, back and front regions, no-slip ¢bod at the lowerWall, and near-wall
conditions for and& (i.e.,£ n¥e|78 ««"67sC¥|Z and&3«8 «*'62sO¥|Z , respectively) for all
other domain regions were utilized.

Initial values inside the domain (internalField@penFOAM) for all parameters were set
to zero. Wind velocity measurements during the wiunthel experiment served as input values
for x-component inlet velocitie$§); other velocity component;, and6. were assumed to be

Zero.

6.2.3.5. Post-Processing

Visualization of simulation results was done in&®@@w 3.40. During computation
(iteration steps), OpenFOAM intermediary resultseneross-checked for stability,
unboundedness, and residual behavior by instatiagsNUPIot that aids visualization of results
to ensure that parameters computed during numesiicailation are acceptable and whether or

not convergence is met.
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Velocity profiles measured during the wind tunngberiment of various standing
vegetation configurations were compared to simoitatesults. The option was available to
export data from the ParaView contour plot to & (c®mma-separated values format) that can
then be read through the preferred spreadsheetgmod/buntu has freeware Libre Office Calc,
although some visualizations are limited but cdaddconducted using Microsoft Excel
spreadsheet for Windows users. A useful option fRarmaView was to filter out desired points
or region within the domain to export data withier&View; failure to do so causes an error
because the entire set of data exceeds the maxatiowable rows in the spreadsheet program,

especially if the mesh contained millions of cells.

6.2.3.6. Data Analysis

Mean values of wind velocities, optical porositiasd drag coefficients were compared
using the normality and homogeneity of variancesiagption and a standard statistical test (e.g.,
paired t-test using Microsoft Excel (Microsoft Cor@edmond, Wash.)). An analysis of variance
(ANOVA) was done to determine the effect of vegetatiensities and heights. A 5% level of
significance was used for all cases. CurveExpdr{Hyams, 2013) was used to plot best-fit
curves that were compared to the curve fitting todicrosoft Excel (Microsoft Corp.,

Redmond, Wash.).

6.3. Results and Discussion

6.3.1. Geometry and Mesh Generation
Figure 6.3 shows the 3D model for the artificiarsting vegetation created using Salome
platform. The (.stl) file format of the 3D geometmas called within the dictionary of the

snappyHexMesh meshing tool of OpenFOAM. In additmgeometry reconstruction, much of
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mesh parameters' conditioning (i.e., level refinetnkayer refinement, angles) was needed and
evaluated as a result of a trial-and-error solutgoabtain an accepted mesh (Figure 6.3) to
proceed with iteration steps of the simulation. (Mery fine mesh led to a very long
computational procedure). Although mesh qualityeased with the addition of sublayers,
especially at edges of geometries in the snappyHéskitep, the decision was made to ignore
adding sublayers because the geometry was too soredld more layers and that the mesh
created when sublayers were added almost always glure in mesh checks. During mesh
creation, the mesh size of the domain (throughkdlitesh) dictates whether or not problematic
faces would be created since, by default, snappytdsk creates a very fine mesh. Therefore, if
blockMesh has a coarse mesh and the "snappedéfitag a relatively fine mesh, failed mesh

checks would be present, resulting in unboundedaedslivergence of the solution.

a b

Figure 6.3. (a) Geometry created using Salome ant)(mesh created using snappyHexMesh

for the 100" 200 mm configuration at 220 mm standing vegetatioheight.

6.3.2. Use of OpenFOAM for Simulation
Applicability of the simpleFoam solver was testedd rectangular block with simulation
parameters and domain based on the study by Gublagdirang (2012)Good correlation

existed between simulation results around a poieuse for the Guo and Maghirang (2012)
155



study and results obtained using OpenFOAM showsiylar horizontal velocity contours
downwind of the rectangular block barrier, as tifated in Figure 6.4. As shown in the figure,
the two figures demonstrate parallelism with tridlag-shaped wind speed reduction zones that
extend far downwind of the barrier and a slightuettbn of wind upwind of the barrier block.
OpenFOAM simulation was also able to simulate #Hraes observation as Guo and Maghirang
(2012) with an increase in wind velocities above block and a decrease of velocities further
from the barrier as wind become close to the graluelto the mixing zone resulting from the

wind profile being displaced at such regions.

Figure 6.4. Horizontal velocity contours for (a) retangular block using OpenFOAM and

(b) fence simulation by Guo and Maghirang (2012).

6.3.3. Comparison of OpenFOAM Results with Experintal Results

Values of for the various standing vegetation configuratiars shown in Figure 6.5.
As shown in the figure, although numerical values odid not differ significantly (p > 0.05)
between results of the OpenFOAM simulation and erpental results, profile shapes were

slightly different, especially for denser configtioas (100" 200 mm), possibly as a result of
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pertinent oscillations of airflow that created essige turbulence as the density of standing
vegetation increased. Slight discrepancies of lgrahiapes could be caused by the difference in
what occurs during the experiment when the upp#grquoof the standing vegetation is subjected
to bending motion as air travels through it - tseilbatory motions of the standing vegetation,

which were unaccounted for during OpenFOAM simolati
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Figure 6.5. Vertical profiles of effective drag cokicient () for the different artificial
standing vegetation configurations: (a) 100 200 at 220 mm ht; (b) 100 200 at 150 mm ht;
(c) 200" 200 at 220 mm ht; (d) 200 200 at 150 mm ht; (e) 300 200 at 220 mm ht; and (f)
300” 200 at 150 mm ht. Error bars represent values whin 5%.
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A plot of the comparison of the normalized windfpeois shown in Figure 6.6 for the
100" 200 mm at 220 mm standing vegetation height condition. The comparison was made at
velocities measured at 100 mm from the back otHmpy. This measurement essentially is half
of the constant row spacing (200 mm) between carditipns. Vertical height was normalized
with the height of the canopy, while velocltywas normalized by maximum velocity for the
simulation or experiment. OpenFOAM simulation madimmvelocity occurs at the topmost of
the boundaryz = 0.9 m, which is the height of freestream velpdiiring the wind tunnel

experiment, coinciding with maximum velocity withtine tunnel.

Figure 6.6. Comparison of normalized velocity profes from the wind tunnel experiment
and OpenFOAM simulation (measurements at the backfacanopy for the 100" 200 mm at

220 mm height configuration). Error bars representvalues within 5%.
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Slight differences in the shapes of velocity pexibetween measured values during the
wind tunnel experiment and simulation results ardent in Figure 6.6. Simulation results
showed a dramatic decrease of velocities at thghhef the canopy where the split portion of
straws were systematically present. However, foasueed values, this was not the case. Actual
measurements showed limited decrease in velo¢itneted drastic change in profile shape) at
the wake of the canopy, but fluctuating values ofdwelocities were evident. This could be
attributed to the canopy behavior during the actxaleriment. For simulation results, split
portions of the straws were stationary and stramdlvgy or oscillatory motions were not
accounted for during simulation. However, duringexmentation, continuous oscillatory
motion of plastic straws within the canopies waslent when the standing vegetation is
subjected to wind, potentially leading to overfloarsund the standing vegetation (above and at

the sides of the canopy).

Airflow direction

Fmm————
[N
o
o
3
=2

Figure 6.7. Top view of positions considered for Vecity profile comparison (100" 200 mm

configuration illustrated).
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Figure 6.8 shows comparisons of normalized predieedocity profiles within the
canopy at various regions (illustrated in Figurg) @&cross the domain for all standing vegetation
configurations. The same regions were selectedlfather configurations, that is, regions that
represent in-between rows (C, D, F, and G), in-Betwcanopies within a row (B,E, and H), and
upwind of vegetation (A). Normalization was achig\sy dividing vertical velocities with
maximum velocity (velocity at the height of domairs 0.9 m, which represents maximum
velocity within the tunnel and measured as freastrgelocity).

The plots in Figure 6.8 showed expected behavioooalized velocity profiles at the
wake of the canopy identical to the observatioprevious studies (Cionco and Ellefsen, 1998;
Katul et al., 2004; Pyles et al., 2004; Endalewlgt2010). Regions B and D had identical log
profiles for velocity, similar to the upwind regi@dy) as expected because no obstructions were in
front of region A, B, and D even if they were witlthe canopy region. Figure 6.8 also showed
that a reduction of wind velocities occurred witkine canopy height and, as shown in Figure
6.8, the resistance resulting from the presensplitfstraws (approximately 0.15 to 0.22 value
of z/H) were causes of a drastic decrease of wedscias demonstrated by the sharp skewness of
the profile towards the left as the wind hit theapgy for locations in which standing vegetation

was an obstruction.
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Figure 6.8. Comparison of predicted velocity profies within the canopy for standing
vegetation configurations: (a) 100 200 at 220 mm ht, (b) 100 200 at 150 mm ht, (c) 200
200 at 220 mm ht, (d) 200 200 at 150 mm ht, (e) 300 200 at 220 mm ht, and (f) 300 200

at 150 mm ht.

The same type of velocity profiles was observedtber configurations for the same

regions portrayed. The difference between profieshe same height configuration was that
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wake velocities at Regions E and F were slightlydofor denser configurations (lowest for the
densest configuration 100200 mm) compared to other density types. Obstmstdue to
presence of vegetation can be seen as a greatérafggot towards the left of the graph (more
skewed to the left) at the region of velocity retilut, implying that the presence of additional
standing vegetation would lead to better sheltediomgnwind. In addition, comparison of the
same density with different heights (150 mm ve22@ mm) of standing vegetation
configuration showed that the area of velocity aun was greater for taller standing
vegetations.

Investigation of contour plot of predicted veloegi(Figure 6.9) within the standing
vegetation showed that a majority of the displgmediles (due to standing vegetation above and
at the sides of the vegetation) were responsilslen&tantaneous increase of wind velocities,
explained by the fact that since canopies wereepiegheir resistance was compensated by the
presence of overflows and instantaneous incredsema velocities around the standing
vegetation (Endalew et al, 2009). This region, kn@s the roughness sublayer (Georgiadis et
al., 1996), dictates turbulence in airflow due ¢onplexity and three-dimensionality of canopy
structures.

A detailed discussion of the regions that compribedroughness sublayer is given by
Endalew et al. (2010). The region in which a mayoof velocity reductions occur, as seen in
Figure 6.9, is the canopy flow region where ostidias in airflow occur, rendered by increased
entropy of the fluid at the wake and within the @ay Therefore, turbulence kinetic ener&y (

and turbulence intensit$}{are both increased.
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Figure 6.9. Slice view of the velocity contour fo€CFD simulation of the artificial standing

vegetation.

Figure 6.10 shows a plot of typical profiles formalized& as observed within the
standing vegetation for the various configuratiortse value o& was normalized by the square
of the velocity ( ), while vertical height®) was normalized by the height of the canody. (

To identify the region being considered as the pgritow region, vertical boundaries for plots

in Figure 6.11 were set at 1.6 times the heighhefcanopy because transition flow is believed

to occur beyond this height (Cellier and Brune®Q2;9%Vieringa, 1993). Comparisons included in
Figure 6.10 are for regions that were well withie tanopy and were obstructed by the presence
of standing vegetation. The plots show that astaeding vegetation density increases, the
value ofé& for the same region at different standing vegetationfigurations also increases,
proving that resistance employed by vegetation efempromotes greater turbulence in airflow
within the perimeter of the standing vegetation.

As expected, disturbed regions were regions théiblean obstructed by the presence of
the canopies (all regions except region A, B, anddbe plotted). The plots also imply that
increased turbulence in airflow primarily occuradegions in which split straws were present

(z/H = 0.6) to a height that extended above th@ggimeight to approximately 25% of its height
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(z/H = 1.25). Because of the structure complexitthe modeled standing vegetation, the
argument could be made that specific regions wergtlsndisturbed within the canopy as shown
in Regions C, G, and H. In general, however, regiogtween rows within the canopy were
disturbed portions of the flow field that were dttated by skewness and fluctuations in the line
plots of Figure 6.10.

Because the same type of normaligagrofiles were observable for all other standing
vegetation configurations, evaluation of differembetween values obtained during the
experiment and those from the CFD simulation iguls€igure 6.11 compares normalized
profiles of& and OpenFOAM simulation and computations usinglte®f the wind tunnel
experiment. A large difference exists between tiapss of the two profiles, especially the ones
at the lower portions close to the ground. Endadéewal. (2010) obtained the same observation,
stating that such phenomenon could occur due torttigtion of all turbulence models derived
from RANS equations to illustrate large number eloeity fluctuations that occur within
investigated regions because of their dependenpa@meter inputs, constants, and basic
assumptions made during the iteration procedukéstigns of the split straw portion were not
considered for the simpleFoam solver because tis mged was not a dynamic mesh.) In
addition, the difficulty in assessing and recrea®®D geometry, mesh, and boundary conditions
also limited the domain considered in calculatidhas hampering results of airflow modeling

around the standing vegetation.
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Figure 6.10. Normalized profiles for standing vegetation configurations fo CFD
simulation: (a) 100° 200 at 220 mm ht, (b) 100 200 at 150 mm ht, (c) 200 200 at 220
mm ht, (d) 200" 200 at 150 mm ht, (e) 300 200 at 220 mm ht, and (f) 300 200 at 150 mm
ht.
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Figure 6.11. Comparison of normalized profiles between experimental and CFD

simulation results. Error bars represent values wthin 5%.

6.4. Conclusions

Wind speeds measured from the wind tunnel expetiwtiffiered slightly from the
numerical simulation using OpenFOAM, especiallpattions in which split straws were
present. Such discrepancies could be a resultaifatery motions unaccounted for during the
simulation because the geometry used was stati@mayot as dynamic as geometry observed
during the experiment. Effective drag coefficiecdsnputed using wind profiles did not differ
significantly (p > 0.05) between experimental amdugated results. In addition, differences
found in normalized profiles between the simulation and experimenadlies could be due to
limitations of the turbulence model to simulateoggty fluctuations within the split straw

regions. Results of this study will allow possitiés for research of other types of simulated
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stubble or sparse vegetation during wind erosi@nesy Employment of dynamic motion using

dynamic mesh in CFD simulation is recommended &bidation with experimental results.
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CHAPTER 7 - Numerical Simulation of Air and Particle Flow Across a Single

Row of Vegetative Barrier (Maclura pomifera)

7.1. Introduction

Vegetative barriers are often used on the perintdtagricultural lands to prevent
complications arising from wind erosion. Benefifgleese barriers have been widely
documented (Bird et al., 1992; Cleugh, 1998; Fbtt}i1998; Kort, 1998; Mader et al., 1999;
Sudmeyer et al., 2002; Grala et al., 2010; Lazeaad., 2008). Studies have determined factors
that promote these benefits (Hagen and Skidmoré&l ;I ryrear and Skidmore, 1985; Gregory,
1995; Brandle et al., 2004; Tiwary et al., 2005nt&ago et al., 2007; De Zoysa, 2008; Guo,
2008; El-Flah, 2009; Rosenfeld et al., 2010), hatstudies have been limited only to specific
types of vegetative barrier. Osage orange trigleslura pomiferd, a commonly used vegetative
barrier in Kansas agricultural lands, are knownthair relative strength and durability. Osage
orange trees also were used to successfully famt@mtect agricultural lands, as detailed by
Smith and Perino (1981).

Although Osage orange is commonly used as a vegetarrier in Kansas, limited
information is available on its properties for eiint sheltering of crops. As a deciduous tree,
foliage density variation occurs throughout theryd@erefore, effectiveness of the tree as a
barrier during its leaf-off stage compared to @aflon condition is expected to differ.

On-site field tests are necessary to determineabbghavior and measurement
parameters (i.e., flow patterns, filtration andtdilection measures, aerodynamic parameters),
but these tests are limited by weather conditiovstrument availability, and cost. An alternative
approach is numerical simulation using computatifinal dynamics (CFD) (Norton and Sun,

2006). Use of CFD software to run simulations hesolne increasingly popular because of its
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power to optimize characteristic parameters forapglied process. Many fields of study
(Parsons et al., 2004; Norton and Sun, 2006; Zhetra),, 2008; Schlegel et al., 2012) have
utilized this technology. In addition to growth©FD, advancement in the use of open-source
software (freeware under the GNU Public Licensel(yRas also grown.
This study aimed to predict airflow and particldlection through Osage orange barriers

using open-source CFD software. Specific objectivere to:

1) simulate airflow through a porous region using Gff@AM;

2) simulate particle collection efficiency of Osagamge barrier using OpenFOAM; and

3) compare experimental results to simulation results.

7.2. Materials and Methods
7.2.1. Computational Domain

Field measurements were conducted at a farm néay, Kiansas, to differentiate airflow
across the Osage orange barrier. The study wasictatifrom August 2013 to December 2013
during leaf-on and leaf-off stages and between Aug014 and September 2014 to test ability
of Osage orange barrier during leaf-on stage ttucamlust particles. Aerodynamic properties
(i.e., aerodynamic and optical porosities, dragfaonents) of the Osage orange barrier obtained
in Chapters 4 and 5 served as input parametersufaerical simulation. Mean wind profiles
from the field study were also used as input véilesifor the simulation. The vegetative barrier
row considered for the simulation had dimension2.6fm in width and an average tree height
(H) of 8.5 m and length of 50 m. To simplify nuncat analysis, end effects were neglected and
the vegetative barrier was considered as a unifomnof barrier (Rosenfeld et al., 2010). The
computational domain had an upwind distance of 80kh the barrier row, downwind distance

of 80H, and height of 8H.
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7.2.2. Governing Equations

Airflow was assumed to follow a steady-state, isattal, two-dimensional (2D)
turbulent flow (Yeh et al., 2010; Guo and MaghiraB@12). Continuity and momentum
conservation equations used (Santiago et. al.,;Z03enfeld et al., 2010; Bitog et al., 2012;

Guo and Maghirang, 2012) were as follows:

i

BsCLC (7.1)
P @ {TO \C,, D

m@CLCt@CGC%%I 5e PHHSCGC2 (7.2)

wherei is the subscript for all three directionsy, andz), j is the subscript for the direction
evaluatedX, y, orz), 6@ the velocity (m $), <& the pressure force (Pa)iidirection
evaluated/is the fluid viscosity (N s if), and2 is the source term. Bar symbols in Eq. 7.1 and
7.2 are average component values resulting fronoiigee Reynolds decomposition method.
The RNG& 1 model turbulence closure model described in Grept a model used
by numerous studies regarding simulation of vegetdtarriers (Lee and Lim, 2001; Packwood,
2000; Lee et. al., 2007; Li et al., 2007; Santiagal., 2007; Bourdin and Wilson, 2008; Bitog et
al., 2012) was implemented for this study. Equatifumn the RNG& | model were given in

Chapter 6.

7.2.3. Simulation of Vegetative Barrier as Porousehllia

A momentum sink (pressure discontinuity) was impated in the rectangular block
geometry to simulate the porous vegetative baf@eio and Maghirang, 2012), incorporating
viscous and inertial losses. By assuming that treys region is fully homogeneous, the Darcy-
Forchheimer equation for porous media, which actofor viscous fluid effects, can be

implemented as the momentum sink, given by
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| LC -6 G 1-6-6 (7.3)

where s the pressure gradient due to the porous mediumpermeability (f), s
inertial coefficient (nf) and1 is density of fluid (kg ). Implementation of Equation (7.3) in

OpenFOAM is given by the following equation:

2LC+6 G -1-66 (7.4)

where and are porosity parameter inputs within the OpenFOgtMcture that were solved

through the permeability and inertial resistandei®s, given by the following:

L - (7.5)

_

L] (7.6)

7.2.4. Simulation of Particle Transport
Particle transport through vegetative barriers svamilated using the convection-

diffusion equation (scalar transport equation) thedited particle concentration as passive scalar

(Bonifacio et al., 2014):

P fcl

o, o B FL (7.7)

where is particle concentration and is effective diffusion coefficient of particles.
Furthermore, LC, GC. where , is the laminar component, while is the turbulent

component., is computed using the Stokes-Einstein equatioro(&@wd Maghirang, 2012):

, CL % (7.8)
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wherez is the Boltzmann constartt, is absolute temperature (K)q is the slip correction

factor, and s particle diameter. ; was computed with the following equation:

<Si,X f

cLC? Gx-'gJ]Suﬂ G35 £@ ol rK (7.9)

where) is the mean free patmfi). Computation of, gave a value of 7.70 x 1&m?s™ for a
32-mm patrticle diameter (based on computed GMD of dastl during field tests in Chapter 5).

» was computed using the following equation:

10 1;\»r
" CL% (7.10)
Hp

where2S. is the turbulent Schmidt number. Tominaga and Stpthulos (2007) summarized the
choice of value fo2S. ¥“ndicating that specific types of flow fields recgidifferent values of

2s.. For this study, a value of 0.63 was used basdti@Riddle et al. (2004) study that showed

values lower than 0.7 gave better predictions oiff@ dispersion. Computed showed values

in the range of 7.58 x 1o 22.9 M s*, proving that. >> , simplifies the definition of the
effective diffusion coefficient to be equal to tteebulent component only. Gravitational settling
of particles was not accounted for in this study.

Eq. 7.7 solves particle transport concentratiomigglementing a user-defined stationary
velocity field. Thus, for this study, the velocfigld was obtained from results of the
porousSimpleFoam solver that was then used as fapuelocity fields in the OpenFOAM
solver (scalarTransportFoam) modified based on &mud.7.

Convergence was set up by assuring that residbalddsbe less than 1 x 1pand it was
reached for approximately 10,000 iterations fordwelocity simulation, and approximately

2,300 iterations were required for the concentrasionulation.
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7.2.5. Geometry and Mesh Generation

Because the Osage orange barrier was representecebtangular block for the
remainder of the simulation, the blockMesh tool wasd to generate the mesh shown in Figure
7.1. A porous zone was created to represent thmupaegion. In this case, the topoSet utility
(topoSetDict file) within OpenFOAM structure wasedgo set up and create sets of faces that

were bounding regions for the porous zone (i.e.région in which the tree barrier exists).

Figure 7.1. Mesh created using blockMesh tool in GMFOAM as visualized in ParaView

(zoomed-in version to show grids).
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Table 7.1. Computational grid for porous barrier.

Cells 12800
Faces 51450
Nodes 26102
min -255
€ coordinate (m)
max 680
min 0
E coordinate (m)
max 68

7.2.6. Use of OpenFOAM for Simulation (Processing)

For this study, the porousSimpleFoam solver wad tsenodel steady-state,
incompressible turbulent flow of air with porousdietreatment. It is based on the semi-implicit
method for pressure linked equations (SIMPLE) atgor developed by Patankar (1980) for
decoupling pressure and velocity (OpenCFD, 201%)pé& OpenFOAM requirements, three
general folders (0, constant, and system foldeesewequired to run the solver, but an additional
dictionary file for porous media treatment was urgld. A porosityProperties file was necessary
to define and create the porous region named lgutteds cellZone. This region was set up so
that the porosity parameters followed the Darcyckbeimer equation (Equation 7.4).

The 0 folder included files for initial and bounglaonditions (i.e.,, & , and; |
@rmed epsilon, kappa, p, and U files, respectjivialPpenFOAM). The constant folder
included files for geometry (i.e., blockMeshDidile for creating the porous zone (i.e.,
porosityProperties), and file that dictated theetgb turbulence model to be used (i.e., Reynolds-
average simulation properties (RASProperties)). ystem folder included files that dictated

the extent of iteration (i.e., ControlDict), decomsfiion of solution for parallel runs (i.e.,
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decomposeParDict), solution mechanisms that detundxilence parameters, relaxation,
residual control values (i.e., fvSolution), and ruriwal schemes that defined the numerical
approach for various operators in the main Naviek&s equation (i.e., fvSchemes). A summary
of input values for CFD simulation is shown in Te@l 2.

The porousSimpleFoam solver results in velocitid8eecessary for input to another
solver (scalarTransportFoam) used for the partiolction simulation. An arbitrary uniform
concentration of 1.0 was chosen as the initial eatration at the inlet.

Table 7.2. Input values for CFD simulation (OpenCFD2011; Guo and Maghirang, 2012;
Bonifacio et al., 2014).

Parameter Symbol Value
Air density (kg n?) 1 1.225
Air dynamic viscosity (kg ni + 1.79 x 10°
st
Kinematic viscosity (rhs™) 1.46 x 10°
Turbulence model constant 1.42
Turbulence model constant 1.68
Turbulence model constant 0.09
Turbulence Prandtl number| 4 0.719
for &
Turbulence Prandtl number| 4 0.719
for
Von Karman constant ' 0.4187
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7.2.7. Boundary Conditions

Initial values for , & , and; were placed as separate files in the O foldersé&halues
were set for regions in the domain, namely inlatled, upperWall, lowerWall, front, and back
regions. The equilibrium boundary layer assumpfaescribed by Richards and Hoxey, 1993;
Santiago et al., 2007; Bourdin and Wilson, 200&; ¥eal., 2010; Guo and Maghirang, 2012)
was used as an assumption to obtain inlet valuesdad&, which were obtained by the

following equations:

& LM (7.11)

N

M
Lo

(7.12)
where6- is friction velocity far upstream of the vegetatielement (from previous field tes6s,
= 0.11 m ¥ obtained using equations enumerated in Chaptédre3ersimultaneous wind profiles
were accounted for to compute value$9t Pressure was initally set as atmospheric pressur
(101325 Pa) inside the domain (internalField in @f@AM) and given zero gradient for inlet,
upperWall, front and back; symmetry condition fpperWall; and constant outlet value. For
other regions in the domain, outlet flow was giwefully-developed flow condition (i.e., zero
velocity gradient), symmetry condition at the uppail, back and front regions, no-slip
condition at the lowerWall, and near-wall condisdor andé& (i.e.,£ o¥e|28 ¢« 62S0O¥,z
and&2«8 <« 67s©C¥,z , respectively) for all other domain regions wetiéaed.

Initial values inside the domain (internalField@penFOAM) for all parameters were set

to zero. Wind velocity measurements during fiektgeserved as input values for the

component inlet velocitie$§); other velocity components, and6. were assumed to be zero.
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7.2.8. Post-Processing
Visualization of simulation results was done ind&®@@w 3.40. A graphical interface

(GNUPIot) was run simultaneously with the solvectoss-check results and preview behavior

of residual values.

7.2.9. Determination of Resistance Coefficient of&ye Orange Barrier

Methodology of Tiwary et al. (2005) was adopte@dmpute resistance coefficients)(k
within the Osage orange barrier necessary for dnecfe collection method. The method was
based on studies of Raupach et al. (2001) whetesaif throughflow velocities () obtained
at various height levels (z/H values were 0.18380(5, and 0.8) during the experiment were

incorporated into the following equation:

ccekCICAL (7.13)
% N

Ady

whereA is bulk drag coefficient, .- is freestream velocity at various height levets] a

& =1+2. (7.14)

The value forA used for the computation was 1.07, based on bsirie field
(Raupach et al., 2001). For this study, a valu@.b7 was assigned for the roughness parameter,

, because = 0.17 denotes the presence of tall grasses eviréme field under study

(according to Raupach et al. (2001) value abuld range from 0.14 (short grass) to 0.3
(orchards) adjacent to barriers). Values;for were obtained from field measurements using the

anemometer stationed upwind at the height of thedrg@= -10H and®&H = 1).
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7.2.10. Data Analysis
Normalized wind velocities measured during fielst$ewere compared to CFD

simulation results using the normality and homoggrad variances assumption and a standard

statistical test (e.g., paired t-test using Micfo&xcel (Microsoft Corp., Redmond, WA.)).

7.3. Results and Discussion

7.3.1. Aerodynamic Properties

Essential aerodynamic parameters (i.e., porosiaig doefficient) needed for simulation
are discussed in Chapter 4. For this study, ordyié¢hf-on condition of the Osage orange barrier
was addressed for dust transport because no ésiat dust transport was conducted during the
leaf-off condition of the barrier.

The profile of&, for the Osage orange barrier (Figure 7.2) is simi that presented by
Tiwary et al. (2005) for Hawthorn hedge. Most resise of the Osage orange tree was
concentrated at the middle to the upper portioaKpalue of kwas observed &H = 0.8,
identical to the observation by Tiwary et al. (2P0Bhere canopy density was high due to the

presence of the leaves.
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Figure 7.2. Resistance coefficients of the Osageaoge barrier based on wind speed

measurements at four heights.

7.3.2. Numerical Simulation Using OpenFOAM

A comparison of mean normalized wind speeds betdiehresults and OpenFOAM
simulation is shown in Figure 7.3. Normalizationsiabtained from the ratio of instantaneous
velocities §) and approach velocitie§) and the ratio of vertical tree heighB @verage tree
height ¢ ). Results of the OpenFOAM simulation were not Bigantly different from results of
the field experiment (p > 0.05). Slight discrepasadn wind profiles could be due to the inherent
difficulty in measuring wind velocities. During feétests, gathering of anemometer data spanned
approximately 30 minutes per run and was condufctethree runs per downwind distance.

Changes in wind speeds occurred between runs, tibkgpromoting differences in values.
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Figure 7.3. Comparison of normalized mean wind spes between experimental results and

CFD results. Error bars represent values within 5%

Velocity fields from the porousSimpleFoam solvex ahown in Figure 7.4.
Unfortunately, ParaView generically shows axeslgbs X, y, and z and for the figure, x =
distance (m) from the barrier and z is height ahdm (m). As shown in the figure, the extent to
which velocity is reduced extends more than 10 dithe height of the barrier used for
simulation (8.5 m), as evidenced by the roughbngular shaped contour on the velocity fields
right after where the Osage orange barrier is &atg@= 0 to@= 2.5). In addition, Figure 7.4
shows that approximately 1H upwind of the barrevelocity reduction was also evident in

Figure 7.3 for the normalized wind profile using@Bimulation.

185



Figure 7.4. Velocity fields used as input for partile transport simulation.

A plot of normalized® within the height of the porous Osage orange &aisishown in

Figure 7.5. Normalization was done by taking theraf & with the square of the velocity ]()

and the ratio of vertical height (z) with barriezight (H). Because the region considered for
Figure 7.5 was the canopy flow region (Endalew.e809), they-axis for Figure 7.6 was set at
1.6 times the height of the canopy because it welisued that above such height, transition flow
already occurs (Cellier and Brunet, 1992; Wierir293). The plot shows that resistance
employed by the presence of the Osage orange baramoted greater turbulence in airflow
along the height of the porous tree model. In aolditas the distance downwind from the barrier

increased, turbulence caused by the presence bfthier also decreased.
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Figure 7.5. Normalized predicted profiles downwind of the Osage orange barrier.

Reduction of dust concentration could extend up2id distance downwind the Osage
orange barrier, as shown in concentration contotiFsgure 7.6. This region of reduced
concentration of particles is called the scrublaged (Raupach et al., 2001). A majority of the
reduction in dust concentration occurred at thedteido upper portion of the porous Osage
orange tree region (where vegetation elements asitdaves and branches are dominant),
implying that the presence of vegetation elemergsraportant for increasing effectiveness of
the vegetative barrier and reducing dust. A deer@gagust concentration was observed slightly
above the Osage orange barrier (part of the disglaggion of airflow) where there could have
been lowering of wind speed at such region whicluced dust concentration. This is due to the

limitation of the study where the solver used didl consider gravitational settling and that the
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magnitude of wind speed dictated the value of dastentration. Figure 7.6 also implies that
height of the vegetative barrier is a good indicatigparticle removal efficiency of the tree

barrier because reduction extended to approximat,

L p]CAACEAAZECONEECCEIICTICACAADNCFC

Figure 7.6. Simulation of particle concentration frg m®) through the Osage orange barrier

taken as a porous region.

According to Figure 7.7, horizontal variation ofsticoncentration was significantly
lower within the vicinity of the Osage orange barrifx = 0 to x = 2.5) and reduction also started
upwind of the vegetative barrier. Guo and Maghiré@L2) observed the same shape of the
concentration profile at the mixing zone (desalibg Judd et al., 1996) occurring further
downwind (within the sheltered zone) of the vegetabarrier. The near-surface dust

concentration approached equilibrium with the dispt profile as flow continued to evolve
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downwind through the sheltered region of the velgetdarrier. Experimental measurements
were also compared in which the source was coresiderhave a concentration of 1.0, while PM
samplers (located upwind and downwind positionsattdy from barrier) showed a decrease of
concentration similar to the CFD simulation. Padgticoncentration was reduced downwind of
the barrier to approximately 0.70 of the originahcentration obtained during field tests, while
CFD simulations lowered the concentration to appnaxely 0.62. Discrepancies could be due to
instantaneous changes in wind speed during expetatiens that potentially affected the
concentration of particles upwind and downwindhaf barrier. Also, aside from gravitational
settling not considered for the simulation, theipk collection/capture mechanism was also not
considered for the simulation which could have aoted for such discrepancy in experimental

and numerical simulation values.

Figure 7.7. Horizontal variation of normalized dustconcentration at z = 0.75H.
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7.4. Conclusions

Numerical simulation of airflow and dust transpactoss an Osage orange tree
vegetative barrier was conducted. The model iroffen-source CFD software, OpenFOAM,
predicted airflow and dust transport using simptek geometry to model the Osage orange tree
as a porous region. No significant difference (@.65) was observed between measured values
of mean wind speeds during field tests and refudts OpenFOAM. CFD simulation showed a
lower value of concentration 1H downwind of thertear(C = 0.62), while field tests showed a
value of C = 0.70. Inherent difficulties in mainteag wind speeds during tests could account for
the differences in values.

Further research on the effect of multiple row®©shge orange trees and validation
through experimental results are needed to fudghantify aerodynamic effectiveness of Osage
orange trees. Use of dynamic mesh and more congelexetry of actual trees could also be
attempted as development of OpenFOAM progressesable more realistic modeling of

vegetative barriers.
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CHAPTER 8 - Conclusions and Recommendations

8.1. Summary and Conclusions
Vegetation (i.e., standing vegetation and sheltesare commonly used as control
strategies to prevent wind erosion in Kansas. Rekas needed to quantify aerodynamic
properties of Osage orangddclura pomiferd and assess abrasion attributed to saltation
through standing vegetation. This research wasuwiad to: (1) measure sand transport and
abrasion on artificial standing vegetation, (2)edetine porosity and drag of a single row of
Osage orangeMaclura pomifera barrier, (3) assess effectiveness of Osage onaaugeers in
reducing dust, (4) predict airflow through standuagetation, and (5) predict airflow and
particle collection through Osage orange batrriers.
The following conclusions were drawn from this @®é:
Tall (220 mm) standing vegetation had higher caregrgpdynamic roughness,
showing greater canopy sheltering downwind tharstt@ter canopies. Sand
discharge was dependent on canopy density andtheitjiin the tunnel. The
abrasion coefficient was independent of wind sgmédvas dependent on canopy
density. As canopy density increased, the windilgrahd saltation behavior changed,
causing less impact of saltating particles on teopy and lowering abrasion
coefficients.
Leaf-on condition of the Osage orange barrier waseneffective than leaf-off

condition in reducing wind speeds downwind of therier. Aerodynamic ( ) and
optical ( ) porosities of this species were determined usimgl profiles and image

analysis, respectively, and an empirical relatigms¥as derived ( LC SGc. L
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SZ.). Optical porosity correlated well with drag caeiént ¢ L S—e) for the
barrier.

Field measurements showed that a single row of ©seange removed 15 to 54% of
PM less than 2.5m (PM,5) and 23 to 65 % of PM less than @ (PM) of the
incoming dust source. The crown portion of the vatyee barrier also removed a
majority of the dust particles. PSD analysis shotad upwind of the barrier, large
particles were dominantly collected by lower lesamplers, while most small
particles were collected by upper level samplemwnéler, downwind of the barrier,
PSD analysis generally showed a decrease of GMiesadt all height levels within
the barrier (1.5, 3, 4.5, and 6 m), meaning that@sage orange barrier removed dust
particles that passed through it, especially lp@icles. However, small particles
such as PMs and PMo were removed more efficiently at the crown aretheftree
(4.5 m and 6 m).

Use of OpenFOAM as CFD simulation software with iempentation of the RNG

& 1 C turbulence model was able to simulate air flovotigh artificial standing
vegetation. Discrepancies in wind speed valuelseatviake of standing vegetation
between experimental and CFD results could be duability of OpenFOAM

model to simulate oscillations occurring within theggetation.

OpenFOAM also simulated airflow and particle fldwdugh the Osage orange
barrier considered to be a porous region. No 8agmt difference (p > 0.05) was
observed between measured values of mean wind speedg field tests and results
from OpenFOAM. Particle concentration was reduteagnwind of the barrier to

approximately 0.70 of the original concentratiotiasfeed during field tests, while
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CFD simulation lowered the concentration to apprately 0.62. Discrepancies

could be due to instantaneous changes in wind ety experimentations that

potentially affected the concentration of partiaksvind and downwind of the

barrier. Also, there was no gravitational settloopsidered for the simulation.
8.2. Recommendations for Further Study

Wind erosion control using standing vegetation badiers of specific tree species must

be established to determine their specific advasaftanding vegetation patterns and canopy
densities within a field are important for increggeffectiveness of wind erosion control, but
study of specific types of stubble and sparse \&iget is also ideal. Understanding dust
transport through Osage orange barriers requirdisi@aal validation by taking into account
lateral changes of airflow and particle flow withihre barrier. Therefore, the following
recommendations are included for future studies:

Employ multiple PM samplers and anemometers ag¢difft locations parallel to the

row of vegetative barriers (in addition to PM saemplat different heights) to account

for lateral changes of particle concentration réidns as influenced by changes in

wind speeds.

Determine effects of weather parameters (i.e., Hityniprecipitation) on dust

transport through an Osage orange barrier in acwdgrral land.

Determine effects of various heights, widths, amgths of Osage orange barriers on

particle concentration reduction.

Improve the OpenFOAM code to enable multiphase ksitimn of air and particle

flow through vegetative barriers that could alsektended for use in actual tree

geometry.
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