ABSTRACT

HOOKS, MAX MATTHEW . Development and Validation of a MuRiosition Round Seed
Cotton Module Moisture SensdtJnder the directionf Dr. Jason Warj

With cotton being a majarop for the southern United States, maximizing profit is
essential. To maximize profit, preserving the quality of lint cotton and reducing input cost is
important. Moisture Content (MC) of seed cotton can have a large effect on both of these. Higher
MC degrades fiber quality and reduces ginning efficiency thus reducing the value of the lint
cotton.

Modern cotton harvesters have the ability to create modules on board the hawaster
the harvesprocessThese unitized modules are smaller than coneemtiodules and completely
encompassed in a specialized wrap with unique serial numbers and associated RFID tags. The
modern modules provide the opportunity for extensive traceability through the use of RFID
technologies. Téserial number allows the module be traced from the time the cotteas
harvested to the time the seed cotton is ginned.

This project focused on creating arsitu moisture sensing device thedsable to assess
the MC of a round seed cotton module while it is being handled by apear system. The
project usd four resistance based sensors attached to the end of the round module handling
spears to analyze the MC in four locations of a module while it is being moved.

Benchtop testing was conducted to determine the optimal spaaiwgdn contact points
for the resistance measurement. The contact point spacing that provided the best results was 6.99
cm.

Four spears were constructed with moisture sensors incorporated. The moisture sensing
spears were then tested in a real use situatioa single round module in various applications.

This provided insight to the variability of MC within a single module. It was determined that



there was a potential for MC variability within a module and four spears aoaldately
provide useful data.

The moisture sensing spears were then calibrated to seed cotton ranging from 5% to 13%
MC. This range was used as it is the expected range of module MC beteumskIC isabove
13% fiber degradation occurs and the seed cotton should not be harvestethigexposure
range a calibration for each spear was created.

The moisture sensing spears were then implemented at a North Carolina cotton gin on a
four wheel loader that unloads round modules when they arrive at the gin. The spears were also
paired withan RFID reader for moduldentification.

The spears successfully handled 42 modules before a structural failure occurred. Eleven
of these handled modules were used to analyze the accuracy of the moisture sensors. These 11
were used because they were lated by a cooperating grower that allowed access to the data
for the modules. This allowed the moisture sensed by the spears to be compared against the
moisture at the time of harvest.

The moisture sensing spears were able to accurately #ssbfS of these 11 modules.

The accuracy of the spears were heavily influenced by external conditions. The RFID system as

implemented requires further development.
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CHAPTER 1

Introduction

Cotton is a majocrop in the southern United States. Each year the United States
produces approximately 20 million lint cotton bales, making the UiStates the leading cotton
exporter by providing approximately 35% of the cotton irbglaexport marketsA lint cotton
bale is approximatel227 Kg 6001bs.) of cleaned cotton, which can produce 200 pairs of jeans
or 1200 shirtgMeyer, 2022)

Lint cotton bales is the commanetric for cotton productigrhowever, this isiot a direct
representation of the volume of cotton harves8akd cotton is the form of cotton tieat
harvestedrom the field by a mechanichhrvesterLint cotton is the product of seed cotton that
has beeithrough the ginning proces&inning is tke process of removing the seed and
extraneous matter from seed cotton.

Modern Cotton Module

The way that seed cotton is stored and hanfdéad the time of harvest in the field until
it is ginnedhas changed in recent years. Previously seed cotton modules were rectangular prisms
approximately9.75 m(32 feet) long by.44 m(8 feet) wide an@.44 m(8 feet) tall. The
modern modul es that are produced bhatatkdin Deer
m (8 feet) in dameter an@.44 m(8feet)) ong. Case | HE al so makes a |
its own modern moduléhatare rectangular prismgith dimensions of.88 m(16 feet) long by
2.44 m(8 feet) wide an@.44 m(8 feet) tall. A visuhcomparisonrs shownin Figurel.1.
Though modern modules are becoming more popularecdimnal modules are still common.
This meangins must be pepared to handle all types of modules. Until the entire industry shifts

to modern modules there will still be some inefficiencies related tteoldologies that cannot



be solvedas long as there is a mixed input stre#rthe industry capitalizes wheitecanfrom

modern modulest can still increase efficiency and profitability.

Front View Side View John Deer
I Cover
Deer ekE 2.44 ¥, of Conventional
Conventional
Cover

244 244

2.44 % of Conventional
Case | HE

244 | 4.88

2.44

Conventional

2.44 9.75

Figure 1.1: Comparison oturrentseed cotton module dimensiansneters

The biggest change in efficiency regarding both styles of modern modules is the change
in labor cost during harvest. Conventional modules requitedraof at least three people or
more depenidg on the number of harvesters, ananingthe harvester, oneperating the large
stationary module builder, and one running a boll buggy. The boll bugggpsmsible for
transporting the seed cotton from the harvestéine module buildefHardin & Searcy, 2011)

The modern John DeereE and the modern Case



harvester, whiclhheduceghe number of employeesaquired for the harvest processone per
harvester.

The advantages to drarvester module building for the cotton industry extends past the
reduction of labor cost. Conventional modules are built on the edge of fields and fed by the boll
buggy. If moreghan one harvester is in the field, then the boll buggy will be transporting cotton
from multiple areas of the field and combining it into a single module. Even with a singular
harvester, the variety and blending that comes from a conventional modylkes, hiecause the
module is packed vertically and then fed into the gin longitudinally, which causes more blending
of field variations(Van derSluijs et al., 2015)

Since the modern modules are built on board, they only contain cotton from the area the
harvester was operating. The slaakize creates less variatidoe to field conditions in each
module.This allowsthevariety, envirorment,soil conditionsgrowing practicesandtheir
relationshipto fiber quality to be further investigated.

The other advantage that the John DeereE r
module and its competitor is tlkase of handling and placemeddbnventional modules and the
Case | HE mini modul es are bot h ratectedpatbet ed r ect
ground and areovered by a tarp. The only way they can be relocated once thieyraesl and
depositeds by a specialized vehicle callearedule truck. A module truck tiliss bedup and
uses a live bottom floor to walk the modulesamglinto the back of the truck. This is how they
are moved from the field to the gin yard and then from the gin yard into the gin.

The John De e rles &e completeld encomgdad in a specializgdastic
module covefASABE S615.2 whichallows them to be relocated by less specialized

equipment. They can be moved around fields and theagthwith large tractors avheel



loaderswith various handlig attachmentssimilar to how round hay bales are handled. This
mobility allows them to be transported by conventional module trucks as well agseksiand
flatbed trailers. This versatility allows farmers to be able to transport modules themsetives wit
equipment they likely already have on the fafineJ o h n  Dieestedfsohas the ability

to carry one module on the harvester whahother is being constructedig allows the operator
to drategicallydecidewhere and when to place the round module, without unnecessary travel
across the field.

Modern modle systems are not withodtawbacks, such as increased risk for plastic
contamination. If round modules are pobperlyhandledthe plastic module covemgncan tear
andbecome mixed with the seed cotton. This creates problems transporting and ginning the
module. If plastic becomes too incorporated with the seed cotton, the contamination can have
negative effects on the lint bales and potentiediyse proldms during the spinning and weaving
process, leading to issusclothes made from the contaminated cotton.

Effects of Moisture on Fiber Quality

There are many factors that determine the quality of lint bales: fiber length, micronaire,
fiber strength, nep(knots of tangled fiber), and col@mong othersMany of these are
dependent on the variety of the cotton that was grown. Lint quality can also be altered based on
how difficult it is to gin the incoming seed cotton. Moisture content (MC), seed size, a
extraneous matter aedl aspects of seed cotton tlzaecorrelate with the ginning difficulty
Seed size is a result of the cotton variety grown, but the MC and extraneous matter levels are the
result of management decisions and equipment usedvashar

Harvesting practices influence the condition of seed cotton modules in multiple ways.

Since lint bales are a prociwof seed cotton modules, tlecisions at harvest can affect the



quality of lint baleqVan derSluijs & Long, 2016) The quality ismfluenced by weather, time,
and equipment. If cotton is harvested at a high MC from the fledeh that high MC wilbe
incorporatednto the module. It wilbedifficult to harvestthe seed cottowith high MCand
difficult to create ajuality module aswell as increase the weight of the moddlene and
weather conditions are large influencers on the MC of seed cotton at the time of (farmk st
al., 2020) The choice oharvestingequipmentan influence the amount of extraneous matter
that makes it into the module. Though the method of tmtton bolls are removedoim the stalk
has not changed muciver the years, modern harvesters are more efficient at removing
extraneous matter and producing cleaner modWas derSluijs et al., 2015)

The MC in a seed cotton module will have effects all the way thrtutte final lint
bales MC greater than 12% a compressed module can cause the cotton to change colors and
prodwce excessive amounts of heat. The discolorati@result of molgrowing on the fibers in
wet condgtions (Pelletier & Byler, 202Q)Thediscoloration will result in poor color grades of the
final lint cotton.High MC also means that the gin must thrg cotton taa MC below 7% This
drying processesults in complications in the ginning pess that can result in poor iegade
high micronaireand reduce overall lint cotton collected from the seed c{#an derSluijs &
Long, 2016) In some casesiber strength is also lowered when seed cotton MC is (Jigime et
al., 2013) This is likely due to the excessive heating required to dry the cottam fdo ginning
(Funk et al., 2020)

Current Moisture Sensing Technology

With moisture playing suchsignificantpart of postharvest cotton quality, finding a
way to accurately determine the MC of seed cotalways of great interest to the cotton

industry There are currently four common coraroial methods for sensing MC in seed cotton:



gravimetricstandardmethod formoisturecontentdetermination (Oveibased) resistance
sensing ofmoisture microwavesensing ofmoisture and rearinfraredlight (NIR) sensing of
moisture(Pelletier & Byler, 202Q)

Oven based moisture sensing uses weight by gravity to detetmindG ofa seed
cotton sample. A sampis weighed and then dried in an oven to remove all moisture from the
sample, and then weighed again. The difference in the weight is equal to the weight of water
removed and can be used to determine the MC before drying. There are two standard methods
for oven drying:American Society for Testing and Materials (ASTM) standard D24@bthe
method documented by Shepard (1972). Shepard (1972) is the method used PPAARS
Gin lab in Stoneville, MS, and is the method used for the duration of this prefgch results
in a MC on a wet basiFhe Shepard methadquires samples of 50 g to be dried at 105 f o r

five hours. The MC can then be determined using the equation:

06

ZpmT (1)

Where
MC = Moisture content of sample on a wet b#%$
W, = Weight of sample before dryir(g)
W4 = Weight of sample after dryin@)
Resistance sensing of moistur@sthe nonconductive properties of cotton to determine
MC. Since water is more conductive than cottorthadIC of a cotton sample increases i
becomes more conductive, thus having less resistance. By measuring the resistance between two
fixed points MC can be determined. Higher MC will have less resistance between the two points,

while lower MC cotton will have a greater resistance betweetwih@oints. The resistance to



MC relationship has an exponential relationship and thus makes it easier to read Higl&1C
1998)

Microwave sensing of moisture also rslien the nonconductive properties of cotton to
deted moisture Sincelint and seed cotton are nonconductive the microwaves will pass through
them with littledisruption, but water will befiected by the electrmagnetic field and absorb
energy. Microwaveensing is able to sense MC without contactirgsiéred cotton, which allows
sampling to occufrom inside a mass of cotton without disturbing the mass to assess the MC in
the cente(Pelletier et al., 2016)

Nearinfraredlight (NIR) sensing ofmoisture uses light energy with narrow frequency
bands to estimate the MC on the surface of a mass. Water absorbs wavelengths that have certain
energy levels. Using this information NIR sensors emit wavelengths of various frequencies and
measures the wavelengtimat are reflected back to it, this is witiys methodcan only asses MC
on the surface. Since water will absorb some of these wavelehfihsan be estimatelly
measuringhewavelengthghat are reflected ba@nd whichwavelengths arabsorbed by water
(Pelletier & Byler, 202Q)

With MC having such a sigficant effect on the faal quality of lint cottonphysical
properties and ginning operations, proper identification of MC doelldpreserve the quality of
lint cotton.lt is currently difficult to accurately measure module lé&tausehere is a limited
number of opportunities to access the MC of seed cotton between harvest and ginning. To
analyze the moisture during theseebopportunitiegequires an extra amount of labor that many
operations cannot accommodate. Being able to properly access thiesgétiaotton during
normal handling practices could provide value to farmers, ginners, and the cotton industry as a

whole.



Objectives
Thegoalof this projectwasto develop a system that can assess the MC of a round seed
cotton module while being handleétweerthe harvest and ginningrocesseto preserve fiber
guality and improve gin efficiency.he main objective was completed by the following
objectives
1. Determinethe optimunmcontact point spacing for resistance baseisture sensing
within standardound module density
2. Confirmand validate thaccuracy of MC sensors emodernmodulesin various
applications and assess spatial variability of Wi@in a round moduleand
3. Calibratethe developednoisture sensors fohe expected range of M@ithin round
modules
Materials and Methods
SystemDesign
Due to the current equipment commonly utilized on gin yards for moving and staging
modules, the current design of the MC detecting system was designed around a loader that
utilizesfour spears incorporatedto a steel rack that attaches to a JCB-fgheel loaderThe
steel rackvas designed to be completely separable from the JCB loader. This allows them to
detach from the module moving spears and attach to other implements as needed.
Thefour spearsarearranged symmetrically in a squanéentationasshownin Figure
1.2. The two spears on the upper portion of the rack have a diamét@Bafm(2 inches) and a
length 0f198.12 cm(78inches). The twdower speardiave a diametesf 5.72 cm(2.25 inches)

and a length 0213.36 cm(84 inches). All four spears are madeAd1 1144 carbon steebund



stock and have aniform crosssectioral area The spears are secured in the rack by a singié

cm (1/2 inch) boltinsertedthrough the racland throughhe diameter of the speéFigurel.3).

Figure 1.2: Four spear design incorporated into custom rack to attach to JCB wheel loader



Figure1.3: A 1.27 cm (0.5 in) bolt that secures the spear in the custom rack

The moisture sensing systamnsiss of four spears to penetrate, lift and relaeMC of
the module and a shelf containingthlk electronic components and power supplies. The spears
built for this project were designed to be interchangeable with the spears currently in operation
on the loademo part of the moisture sensing system could be attached to the loader itself to
allow thesteel rack to be detachable in the same manner as before.

From the multiplenethodsavailable for seed cotton moisture sensegypreviously
discussedit was determined that the best method for atvaard moisture sensor would be to
measure the resistee between two contact pointithin the moduleThe decision to use this

method was based on it being the most cost effective and robust system for the environment it
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would be expose(Pelletier & Byler, 202Q)Contacts, between which resistance could be
measured, would need to be integrated into the spdascontact points had to be loeditnear
the tip of the spears to be able to sample the MC of the seed cotton in the center of the module.
The contact points required a wired connecti@ncoaxial cabléo therequiredsensing
instrumentatiorandfor datalogging The contact poistmustbe isolated from any metal
surfaces so that the current would pass through the seed cotton and not the more conductive
metal.

Since the spears wefabricated from solid materighe coaxial cable could not be
routedinside the spearA specialized piece &f.76 mm(3/16 inch)thick steelchannel was
added along the length of the sptarconceablnd protecthe coaxial cabke The contact points
were7.94 mm(5/16 inch) stainless steel carriage bolts. The bolts were separated atedl isola
from thesteel channel with a custasolator 3D printed out adcrylonitrile butadiene styrene
(ABS). Custom bushings were also printed out of ABS to isolate the bolts as they passed through
the piece of steel chaal where the wire was attacheasdthe nuts secured the bolts to the

channel Figurel.4). Each spearantained its own contact points and moisture sealdmwing

for four individual measurementisiring any module handling activities

Figure 1.4: Cross sectiowiewfrom the 3D-model of moisture sensing spear, tubing, isolators, bushings, and contact points

11



The moisture sensors selected weetmhorst MTXC (Delmhorst Instrument Co.,
Towaco, NJsensors, a moisture sensor for fibrous materials, which measures the resistance
between two points and then outputs either a voltage or current signat5Nmtbutput was
selectedThe outpus from the Delmhorst MTXC6 wiere recorded bg Campbell Sentific
CR1000xdata logge(Campbell Scientific Inc., Logan, UTThe datadgger recorded the output
signalsfrom the MTX-C6 at a 5Hz rate The contact points were connected to the MI X
devices using the coaxial cable from a Delmhorst 1986 Bale Séngdhe other components of
the 1986 bale sensor were not utilizEHdough the comonents were not utilized, ti®86 Bale
Sensowses’.94 mm (5/16 inch3tainless steel carriage badts contact points and influenced
the decision to use the carriage bolts for the moisture sensing spears.

Module Replica Tube

The Delmhorst MTXC was not originally designed for use in tajplication, on a
material handling speasp the contact pointserded to be positioned at an appropriate distance
so that the MTXC wouldoutput the correct reading. This was also very important betagise
seed cottomlensitycan affect the MC reading when using resistance se(iRelistier & Byler,
2020) Todetermine the best distanc@ny contacpoints p a ¢ wereggteéstedh a contolled
environment using the module replica tube.

The module replica tube is a sectionsf24 cm(6 inchnomina) schedule 40 polyvinyl
chloride (PVC) pipe. Along the length of the pip&4 mm(5/16 inch)stainless steel carriage
bolts were inserted atcrement®of 2.54 and 3.81 cr(il and 1.5 ioh) (Figurel.5). The bolts
were inserted from the inside othius thecarriage bolt headsere inside the pipe and the
threads were exposed on the outside of the pipe. This allowed the moisture sensors to be attached

to the bolts from the outside while the contact surface, ¢hd bf the bolt, was in continusu
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contact with seed cotton thaitéd the tubgFigure1.6). PVC was used because it has-non

conductive properties, which insured that pla¢h of leastesistance was beingeasured

through the seed cotton.

rPRS

Figure 1.5: Bolt spacing optionsf themodule replica tube

Figure 1.6: Delmhorst MTXC connected to contact points at various spacingf¢

A flat metal cap was fitted to one end of the pipe, and a ram rod was fabricated to be used

in the other end. This allowed the available volume inside the testing compartment to be
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determined. The ram roglasalso be used to compress and hold the inseded cotton at a

density comparable to that of a round mod#igurel.7).

Figure1.7: A) End cap for module replica tube B) Ram rod for compressing and containing seed cotton

The ppe had an inside diameter of 15.24 cm (6 in), thus a cross sectional area of 182.322
cn? (28.6 irf) and a volume of 463.098 ér(28.6in%) per2.54 cm (1 in) of pipéength The
distance between the flat cap and the bottom of the ramvhied inserted intthe PVC had a
length of 90.17 cm (35.5 irfFFigure1.8). This compartment created the available space for seed

cotton to be compressed and had a volume of 16,488196.003.23 if).
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Figure 1.8: Cross section view of a 3D model of the module replica tube, with the ram rod inserted to operational depth.

The density of a round module was determined by taking the average diameter, width,
weight and MC of 1,257 modules that were harvedtethgthe 2019 seasomith a John Deere
CP69® by a cooperating grower in eastern North Carolirfee mass of the wateras subtracted
to determine the mass of seed cotton at 0% ®ICaveragethe density of a round module was
approximately0.199 g/cm (12.42Ib/ft®) at0% MC.

A sample of loose seed cotton donated by Cotton Incorporated was measured, using oven
methods, tdhavea MC of 5% Water was addetb the seed cottoandleft in a water tight
containerto equalize over a 72 hour period. After the seed cotton had achieved a unifgren MC
sample wasollectedand oven dried. Theew oven dry sampledicated theMC of the seed
cotton wasncreased to approximately.83%

Using the calculated available voluyie,439.98 cfh(1003.23 irf), and average module
density 0.199 g/cri(12.42 Ibft3) at0% MC, it was determined th&,274.08 g of cotton would
be requiredo achievahe module density inside the tube if the seed cotton had 0% MC.
Knowing the seed cotton now contained a MC of 13.83%, it was calculated that 3,799.522 g of
seed cotton would be required to achieve module density.

Once the cotton had been congsed into the tube and the ram rod secured in pasition

the Delmhorst MTXC was connected to two of the bolts protruding out of the pipe. The
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connections were moved to various bolts to create different distances between the two active

contact pointsThe autputs from the Delmhorst MTXC wererecorded by the Campbell

ScientificCR1000x After recording measurements from

the MTX-C were converted to MC readings using a calibration supplied by the manufacturer.

The spacig that returned a reading closest to the MC of the seed cotton thiaéiwggestedn

the pipe wa$.99 cm(2.75 in) ancchosen to be used in the final construction of the system.
Before construction of the spears beghe module replica tube was udecconfirm that

each Delmhorst MTXC unit respondedhe same for the givetontact point spacind he seed

cotton was momentarily removed from the replica tubethadube wasotated so that eight

more holes could be drilled. These eight holes were drilled in pairs of two along the length of the

pipe where the seed cottarmscompressed. The distance between the twa lokach pair was

6.99cm (2.75 in), which was the deteined contact point spacing from prior testing. Then all

four MTX-C sensors were connected to a pair of contact pamtthe seed cotton reinserted

into the tubeThen two more holes were drilled between the contact point®sbréhorst G

200Q CS digial moisture meter foratton, with a Delmhorst 3€E/C electrodeould be used to

analyze the seed cotton at each locatiorcéonparisor(Figurel.9).
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Figure 1.9: Four Delmhorst MTXC hooked to contact points with spacing identified from earlier test and access holes to use
Delmhorst CS2000 with Delmhorst-82C electrode

Test Module

After construction of the spears it was determined that lab testing on a real module would
be beneficibbefore field deployment. A late harvested module that was available for sale was
acquired from a gin in southern Georgia. It was retrieved on a rollback and custom constructed

pallet so that it could be handled with equipment available at Weaveupabseturn(Figure

1.10).
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Figure 1.10: Purchased module on custom constructed pallet

Since no implemerthatwas availabldor testingwascomparable to the JCB wheel
loader used at the cooperating gin, other methods had to be used to insert the spears into the test
module. A forklift was deerminedto be the best solution to adequately control, lift, and insert
the spears into the test mdeluAn adapter was fabricated to join a single spear to the end of the

fork so that the spear could be fully inserted into the test m¢gigere1.11 andFigurel.12).

Figure 1.11: Adapter to couple spears to fork of forklift
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Figure 1.12: Single spear attached to forklift using custom made adapter

Since the forklift could only carry one spear at a tisaehspear was labeled for a
guarant of the module. This identification remained coestshroughout the duration of the
project This identification would also be used when the spears were incorpanatéie steel
rack at the ginEach spear was also agted a single MTXC unit that it was paired with for the
duration of the project.

The spears were inserted into the test module at various depths and locations to determine
how the noisture sensors responded to various conditions. These conditions initladeshsor
insertion duratiorand pressure applied to simulate lifting the module.

The top rght spear was used for preliminary testrighe effectsvhenan upward force

wasapplied. Ths testing was important to determine if the pressesaltingfrom lifting a
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module had an effecbn the densitpr contact pressusrghere the moisture sensors were
located, which would in tureffect the moisture sensor readiragspreviously desibed

Thetop rightspear wassertednto two location®f the test modulat three different
depths45.72, 91.44, and 137.16 5, 3.0, and 4.5 jtandsensomeasurementsere
recordeccontinuoslyfor five minutes at each depth. In the firstdtion on the test module no
lifting force was applied. The spear was then moveithéosecondbcation and insertedeach
of the three depths again for five minutes each, this dimepward forcevas applied by the
forklift to simulate lifting the modie.

A final test to analyze theffects otontact pressun@as peformed by inserting the top
right spear to a singular depthi87.16 cm(4.5 ft) and app}ing no pressure, medium pressure,
and high pressur@he variation was created by altering teetical travel of the spear with the
forklift. The no, medium, and high pressure scesasiere indicated by no strain being applied
to the spear from the adapter, vertically raising the forks until the entire system was under load,
and Then further raisg the forks until the fork had a deflection of approximetely four inches
respectivelyThe spear was left in each state for five minutes. This allowed the moisture sensors
to continuouslysample the same cotton under different pressure scenarios.

The net stepwas to hsertall four spears into the module éosure thewll operated
correctly. Al four spears were inserted into the module for three different testing scenarios. The
first consisted of the spears being inserted the full depth for a ducdfime minutes. The
secondscenariovas to leave the spears fully inserted in the test neddulanextended period
of multiple days During this test the data logger only recorded a reading every 10 minutes. The
lastscenariaused each spear as it wdlde used in the field. The spear was inserted into the

corresponding quadrant of the test module at full depth,rtteshumupwardpressure was
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applied for two minutes, and lastly the spear was removed. This procedure was meant to simulate
the modulébeing unloaded from a truck and placed in the gin yard.

Once the spears had been inserted intéetstenodule and then removédereneededo
bea way to compare thmeasurenmentsom themoisturesensorgo the actal MC of the
module.The sensebasel MC readings and samples for comparison should be collected from
the same location within the module to eliminate any variability effects within the mddhige
required samples of seed cotton to be removed frompdime within the modulevhere the
confact points were locate@ollected samplesouldthenbeoven dried and comparedttoe
sensomeasurenments

To do this asample collectiospear wa$abricatedby welding a solid piece of stock that
had been cut to a point into the end of a gipeh that the total length wake same as the
spearsThe pipe had an outside diamete6@5 cm 2.5 in), which wascomparabldo that of
thelargerspears and would fit into the adapter made for the forklift. Theypaning was cut in
the top of the pipe atdistance from the tip equivaletat the distancéhe moisture sensing
contact pointsverefrom the tipon themoisture sensing spediEigurel.13). A small piece of
flat bar was welded iotthe pipe at an angle to creatst@pping point and ramp retrieve the

seed cotton samplé¢Bigure1.14).
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Figure 1.13: Solid piece of stock welded into end of the pipe and hole cut in thegsampfe collectiospear at same distance
from the tip as moisture sensing spears.

Figure 1.14: Piece of flat stock steel weldedo pipe to act as a stop and ramp.

22



Thesample collectiospeamnwvasinsertednto the test module to the same degatlalin
the same locatiothe moisture sensingpear was removed frofar each testThesample
collectionspeamwasthenremoved from the apter on the forkliftleaving the spear inserted into

the test moduleThis allowed access to the open end of the pipe. From this opem dnaih

auger(Milwaukee Tool, Brookfield, Wilwas used to collect the seed cotton sam(flegire

1.15).

Figure 1.15: Replica spear inserted intbetest module and forklift removed e drain auger can be inserted into open end of
pipe

The drain auger wgsushed througthe pipe where it would hit the ramp installed at the
opening which redirected the end of the drain augeang out of the pipandinto the module.

The auger was thewtated until seed cotton had wound itself around the end of the drain auger
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and then the auger was pulled back through the pipe, bringing the seed cotton sample with it
(Figurel.16). This method was repeated untiledst 50 gamsof seed cotton had been aogd

for oven dryingfrom the location that was measured with the moisture sensing $pankset

al., 2018) Then the recordings from the moisture sensing spears could be compared to the

moistue content determined by oven drying the sample.
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Figure1.16: Seed Cotton removed from center of test moduteeendthe of drain auger

With the data logger recording the output of the MT>every 200 rtliseconds,during
most test, a largedataset could be collected in a short period of tilisample output is shown
in Figure1.17 of a test where the top right spear was insertedonédocation athreedifferent
depthsas described previouslyhe portions of the graph that alevateds where the spear was

in contact with seed cotton, using these discrete sedtiors possible tgeparate the readings
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into their respective testhe voltage readings from the Delorkt MTX-C were theraveraged
across the duration of each tastithenconverted into MC readings using a calibration eurv
supplied by the manufacturdthe MC readings were then compaveth their corresponding

oven dried saples
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Figure 1.17: Output forthetop right spear during single location, 3 depth test

Two TypeT SLE thermocouples (Omega Engineering Inc., Norwalk, CT) were also
added to the system teasureéemperaturand wergecorded by the Campbell Scientific
CR1000xat the samsamplinginterval as the moisture sensors. One thermocouple was placed
inside the weatherproof enclosuhat housed th€ER1000xand the Delmhorst MTXC6 s . The
other was placed outside tbeclosurdo measure the ambient temperature.

Calibration Box

The test module was very useful for proof of concept, but it provided limited MC

conditions andit did not expose the moiste sensingpears to as widaf a range oMC asthey
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would be exposed to dugrfield operation. It was also determined that each spear would require
its own custom calibratioim account for slight systematic differences between eattte of
moisture sensing spears

The spears needed to be expaseskeed cotton with MC ranging fro6% to 13%
because at 6% the cotton is considered dry and acceptable for ginning and above 13% the seed
cotton is considered to lveet (Pelletier & Byler, 202Q)The lack of concern for MC above 13%
was because John Deere harvestag reading moisture above 13% aahehtify the module as
toowet andsuggesthat further harvest should beldyed The harvester tags modules as wet
because oncile MC in a moduleexceedd2% the potential for yellowing and degradirg the
fiber quality is high(Curley et al., 1987)As long as the spears could identify modules that were
above 13% with confidence, the accuraeyondthat range was less important tliha
accuracypbetween 6% and 13%.

Since itwasvery difficult to alter the MC of the test module or thedule replicdube a
new solution was required. Thestdevice needed to be able to be easily applied to eack of th
four spears, contain seed cotton at module density, and be able to alter the MC of the seed cotton
samples.

The solution to this problem was to use a waterpraastia container with two holekat
were spaced at the same distance as the contact poitite moisture sensing spears. This
allowed the container to be filled with seed cotton and then placed on top of the contadmoints
thatthe contact points would pass through the holes to come into contact with the seed cotton

inside the containdiFigurel.18).
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Figure 1.18: A) Two holes drilled in the bottom thfe plastic containerB) Contact points passing througte holes into
container

The container was selected basedt®heavy duty design and latches. This allowed it to
withstand the forces required to compress the seed cotton to module density. The box had an
unusual shapenaking it very difficult to calculate the volume of the container when closed. To
determine the&olume, the container was weighed dnyd then water was added until the
container was full and then weighed again. Using the density of water to be 3 tgecunlume
was determinetb be 927 cri The cotton available for the test had a MC of 6.74%s 198.8 g
of seed cotton asrequired in the plastic container to remcmparablenodule density.

Five samples of 198.8 g were put into separate plastic bags. Then it was calculated that
for every 4 g of water added to a sampfoportionatencreaseof the MC of that sample
would be equal tapproximately2%. The samples received increasing amounts of water in
increments of 4 ¢p reach target MCThe samples were sealed and left to equalize for 76 hours.

After the samples had equalized they were resddvom the bagnd compressed into the
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container, creating thealibration box Figure1.19). Once they were in the calibration box it was
placed onto each of the moisture sensing speafwéminutes Figurel.20). After the samples
had been applied to the spears they were oven dried to confirm their MC. The MC of each

samples shownin Tablellwher e AX0 represents 4 g of water

Figure 1.20: Calibration box being held on tie contact points
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Tablel.1: MC ofthecalibration box samples

X Expected MC (%) Actual MC (%)
0X 6.7 5.8
1X 8.6 7.6
2X 10.3 9.3
3X 12.0 10.6
4X 13.7 12.0

Thevoltageoutputs for each spear were separated and then sectioned by each seed cotton
sampleusing the same method as the test moduie outputs were then converted to MC
readings using the manufacturers supplied calibration. The MC readings for each spear were
compared to that of the oven dried sangiea scatter plot with trend lines, the scatter plot for
thetop right speais shownin Figurel.21. An equation was deridethat adjusted each MC
reading from the speas®thatthe trend line woulanatch the line of the oven dried samples as
shownin Figurel.22. Each spear received ibsvn calibrationequation.Then thecalibrations
were applied to the measurements from the test module to seseiftiigstments were

applicablefor measuremenisollectedfrom an actual round module.
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Figure 1.21: Measured MC of top right spear compared to actual MC of calibration box samples
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Figure 1.22: Measured MC after adjustment of top right spear compared to actual MC ofataibbox samples
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After calibration some of the measurements from the test module were stiléading

atan acceptable accuradywashypothesizedhatthe causef thiswas fluctuatiosin
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temperatur®f the moisture sensing components. The catibn box was then used to analyze
these effects.

The calibration box wasecuredo the end of one of the moisture sensing spehile
containing seed cotton at module densitye system was set tontinuouslyrecordthe MC of
the seed cottoat a rate of 200 millisecondswo type T thermocouples wetssedto record
temperatureandthe measurementgererecordedwith aCampbell Scientifi€€ R1000xat the
samesamplinginterval as the moisture sens@ne thermocouple was placed inside the
wedaherproofenclosurdghat housed th€R1000xand the DelmhordITX-C6 s . The ot her
placed outside thenclosurdo measure the ambient temperature.

Theenclosurevas then sealed using duct tape except for a port that allolheat gurto
be insertecdrd a port for air to be exhauste@heheat gurwas used to rapidlyncrease the
temperature athe enclosuravhile the moisture sensing spear was attached to the calibration
box. The test was performed inside so the seed cotton would remain at room tiem@er no
effectsfrom elevatedseed cottoemperaturevould be preserPelletier & Byler, 202Q)

Theheat gurwas continuously applied to teeatherprooenclosurgo ensure the
temperature of thelectronic componeniacreasegdnot just the air inside thenclosureThe
heat gurwasintermittently applied to the coaxial capées well as down the piece of channel
attached to the top of the speline cable and channel were heatedee if heating of the cable
causé a change in resistandfus altering the measuremenitput by theMiTX-C.

After analyzing the effects of temperatuadjusments to themillivolt outputs for the test
module samplesere madeThis was done by normalizing the temperatureaeh measurement
backto26.5. Thi s temper at ur e wapsratwesoétide sénsos amthe e it

multiple MC test with the calibration box. Sincalibrationequations were derived from those
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measurements, all othealibrationsneeded to be performed ateguivalent temperature of
26.5
Resultsand Discussion

Module Replica Tube

The module replica tubgrovidedthefirst testing and exposure to how the Delmhorst
MTX-C worked and reacted to seed cotton. The MI K designedo be used with a Delmhorst
electrode, but ithis applicationthe electrodevasthe two carriag bolts and ABS isolator
attached to the end of the spdawas unknown how the MT>C wouldrespond using thé.94
mm (5/16 inch) stainless steel carriage bolts as contact pbiebsihorst does makalectrodes
that user.94 mm(5/16 inch) stainlessteel carriage bolts as contact points, but they are used for
other applications than seed cotton.

By moving theconnections to different bolts on the module replica,tdiferent
readingswere continuously monitored in real time usthg Campbell Scidifiic CR100&x data
loggeranda laptop connected to the data logger via USB c@yleising themanufactures
suppled calibration curve and a known MC of the seed cotton sathglexpectednillivolt
output from the MTXC was known

It was observed thatlven thespacing between the contact points wgsal to or less
than5.08 cm(2 inches)he readings wenaconsistent and produced noise in the data stream.
When the spacing was greater tha®2 cm(3 inches)the data also became very inconsistent by
mainly indicating an open circudr no contact with occasionadadings The most consistent
readingswere observedt 6.35 cm(2.5 inches) an@.62 cm(3 inches)but neithereflected the

known MC of the seed cotto®neread higher thatheactual MCandonereadlower than the
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actual MC As a resultit was decided tgetthedistance between the tveontact pointat6.99
cm (2.75 inches), whickvas halfway between the original two options.

Thetube waghenrotated and the four pairs of contact points were addé®atcm
(2.75 inches) and all four MT-C devices were connected. The same cotton was put back in the
tube, so the desired output was still the sarhes time the MTXC systems were also compared
to the Delnforst CS2000 MC reading®nce again readings were observed ussafjtime
observations from the laptop connected to the data logjgereadingsvereconsistent enough
to begin construction with tH&99 cm(2.75 inch) contact point spacing.

Test Module

The test module produced data for whfferentanalysse. Onewasthe MCmeasurement
from the moisture sensing spears compared to that of the ovdrsdnles. By preformintipe
tess for the moisture sensing speassen dried samples wetellectedfrom various locations
and depths throughout the module. This allowed for analysis on the spatial variability of MC
within the module.

A total of 24 measuremenigerecollectedwith the moisture sensing speaisese
include variety of locatios depths, and pressuge The first threespeartess were not usable for
analysis of spear performance due to an equipment matfionbut did provide information
about MC within the moduld@ablel.2 shows the combined results of each tesh wie
moisture sensing spears. The effects of applying upward pressure, as well as the systematic
differences between each moisture sensing spear are .dhaigo show$ow themoisture

sensors resportd varying exposure times.
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Tablel.2: Combined information of test performedtbetest module

" Depth . Sampling Upward Measured Sampled
Spear Position (cm) Duration Interval Pressure Average MV MC (%) MC (%)
Top Right 1 45.72 10.7
Top Right 1 91.44 11.1
Top Right 1 137.16 10.9
. . 200
Top Right 2 45.72 5 Min Milliseconds None 2660.523 14.25 10.4
Top Right 2 91.44 5 Min il Szggon i None 2840.251 13.25 97
Top Right 2 137.16 5 Min il Szggon i None 2712.306 13.96 10.4
. . 200 .
Top Right 3 45.72 5 Min Miliooon s High 4380.614 7.13 103
. . 200 .
Top Right 3 91.44 5 Min Milliseconds High 4128.237 7.89 10.2
. . 200 .
Top Right 3 137.16 5 Min Milliseconds High 4407.168 7.05 9.6
Top Right 4 137.16 5 Min il Szggon i None 2985.522 125 104
Top Right 4 137.16  5Min il Szggon 4 Medium 2984.95 1251 10.4
Top Right 4 137.16 5 Min il Szggon i High 3050.195 12.18 104
Top Left 5 137.16 égggo'v'u'rrs‘) 10 Minutes None 3019.036 12.34 9.74
Bottom 1680 Min .
oo 6 13716 oohours L0 Minutes None 2612.834 1453 103
Bottom 1680 Min .
it 7 13716 Govoury L0 Minutes None 2508.142 15.15 105
Top Right 8 137.16 (268830'\"“';5‘) 10 Minutes None 2866.651 13.12 105
Top Left 9 137.16 (742320H'\é'$s) 10 Minutes None 2890.802 12.99 11
Bottom 4360 Min .
oo 10 13716 e Hoursy 10 Minutes None 2890.503 12.99 109
Bottom 4360 Min .
Right 11 137.16 (72.6 Hours) 10 Minutes None 2784.876 13.56 10.8
Top Right 12 137.16 (74232%2"st) 10 Minutes None 3289.361 11.06 10.8
Top Left 13 137.16 2 min il Szggon 4 Medum  3697.929553 9.39 10.54
Bottom 14 137.16 2 min 200 Medium 4143.099533 7.85 10.66
Left Milliseconds
Botiom 15 137.16 2 min _ 200 Medium 3887.489761 8.70 11.22
Right Milliseconds
Top Right 16 137.16 2 min e . Medum 3301695886 11.01 10.21

From these testnoconsistentrendswereobservedrom applying upvard pressureThe

table does indicathatduring one test the measured MC was lower, but this did not hold true in
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the following test when upward pressure was applids likely means that the action of lifting

the module will not create a change in density severe enough to alter the accthacseofsors.
Some systematic differencegtween each speenuld be observedt is unknown whether this

is due to MC of the locations sampled or variance between each moisture sensing spear and its
accompanied MTXC.

The readings from the moisture segsspears dishot have an acceptable accuracy or
precision This could be due to using the sensors with a cugirelopecelectrode and contact
pointsresulting in the need for a new calibration curve compared to the manufacturers
calibration

It wasobservedthat in thedata streams themerespikes on both ends of the individual
test data. An example of thisshown inFigurel.17, where all three teshave periods of high
millivolt readings on either end of the data streimuas hypothesized thtis wascaused by
the action of inserting an@moving the spearshis action could cause thiscause as the spear
is moving through the module it creates a momentary point of higher density at the contact
points which wouldaffed theresistance, thus skewing the measurements for that time period.

For everyexperimenperformedon the test moduleith the moisture sensing speaas
sample wasollectedfrom within the module for oven dryin@hisprovided24 samples from
various pints within the moduleThe locationsre showrnn Figurel1.23, which demonstrates
location and depth from where teamples wereollected The oven dried MC of each location
is displayed inTablel1.2. After aralyzing all 24 oven dried samples it was determinedtheat
test module had an average MC of 10.5% and a rangle®br minus 0.75% in terms of ME.
is to be considered though that these samples were collected approximately 6 months after the

module vas harvested. This means there would have been time for the MC to equalize
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throughout the moduldhis information is the reason tdecsionto create the calibration box

was made. The moisture sensing spears need to be expa@seiter range of MC.

45.72 cm (1.5 ft)

91.44 cm (3 ft)

137.16 cm
(4.5 ft)

Figure 1.23: Location and épth of each test dhetest module

Calibration Box

The calibration boxlisplayedhe differences in each moisture sensing spear and
accompanied sensor a controlled environmenThe output from the speassshownin Figure
1.24. Where each group of four millivolt readings represents each sample that was compressed
into the box. The variation in each of the readings in a section can be attributed toaimatys
differences between the spears because they were all exposed to the exact same samples of
cotton. The spikes on either end of each section of readitigslisdue to the moments when
the box is being put on and removed from the contact pevhtre they are not in full contact,
thustemporarilyskewng the measurementEhe reason for this hypothesis is due to the

difficulty in properly aligning the holes in the box with the contact point on the spears.
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Figure 1.24: Output fromthe moisture sensors during calibration box test

Once all the measurements had been converted to MC readingghe same process as
the test moduldata,they were compared to the oven dried MC. Then the adjustment equation
was applied to the measurements from each spear and comjithrdte oven dried samples

again. The resultare shownn Table1.3.

Table1.3: Moisture readings fronthe calibration box compared to oven drisdmpledefore and after adjustments

Samples Top Right Top Left Bottom Right Bottom Left
ID MC Measured Difﬁa ?esnce Measured Diff'i?esnce Measured Dif?e ?esnce Measured DiffAe?eSnce
0X 5.80 6.61 0.81 5.02 0.78 5.15 0.65 5.00 0.80
1X 7.61 7.07 0.53 6.57 1.04 6.97 0.64 6.72 0.88
2X 9.30 8.40 0.90 7.98 1.32 8.50 0.80 8.22 1.08
3X 10.62 11.82 1.20 11.07 0.45 11.82 1.20 11.22 0.61
4X 12.02 16.63 4.61 15.71 3.69 15.77 3.75 15.94 3.93
Adjusted Dif'foc\a?;ce Adjusted Diff/-e\e?esnce Adjusted Dif'r?e?esnce Adjusted Diffpz;?esnce
0X 5.80 6.82 1.02 6.48 0.68 6.36 0.56 6.43 0.63
1X 7.61 7.12 0.48 7.42 0.19 7.46 0.15 7.43 0.18
2X 9.30 7.97 1.32 8.28 1.02 8.38 0.92 8.32 0.98
3X 10.62 10.17 0.45 10.17 0.45 10.38 0.24 10.12 0.50
4x 12.02 13.25 1.24 12.99 0.98 12.76 0.74 12.93 0.92
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The adjustments corrextthe measurement® be within 1.0% td..5% in terms of MC
to that of the oven dried sampl&¥ith this accuracythe adjustments wegplied to the
measurementsollectedfrom the test modulélhe adjustments were applied to the test module
under the theory thdt5% MC was accuranough ® make management decisions in a real
world application and these measuretsemere as accurate @ current [Imhorst CS2000 to
be duringtesting. The 21 measurements from the test meodlare adjusted and are shoiwn
Tablel.4. When these adjustments were applied the accuracy was not suitable for management

decisiondor all samples

Tablel.4: Samples from the test module with adjustments applied

Spear M';"iiisr‘ér?(g) Samp'e(f,j/o'\g"’iswre D'FFABDEJFORE Adjusted DIFF AFTER ADJ
Top Right 14.3 10.4 3.9 11.7 1.3
Top Right 13.3 9.7 3.6 11.1 1.4
Top Right 14.0 10.4 3.6 11.5 1.1
Top Right 7.1 10.3 3.2 7.2 3.1
Top Right 7.9 10.2 2.3 7.6 2.6
Top Right 7.1 9.6 2.6 7.1 25
Top Right 12.5 10.4 2.1 10.6 0.2
Top Right 12,5 10.4 2.1 10.6 0.2
Top Right 12.2 10.4 1.8 10.4 0.0
Top Left 12.3 9.7 2.6 10.9 1.2

Bottom Left 14.5 10.3 4.2 12.1 1.8
Bottom Right 15.2 10.5 4.7 12.4 1.9
Top Right 13.1 10.5 2.6 11.0 0.5
Top Left 13.0 11.0 2.0 11.3 0.3
Bottom Left 13.0 10.9 21 11.2 0.3
Bottom Right 13.6 10.8 2.8 11.4 0.6
Top Right 111 10.8 0.3 9.7 1.1
Top Left 9.4 10.5 1.2 9.1 1.4
Bottom Left 7.8 10.7 2.8 8.1 25
Bottom Right 8.7 11.2 25 8.5 2.7
Top Right 11.0 10.2 0.8 9.6 0.6

It was determined that theeasurements that did resthievedesired accuracy after

adjustment wereollectedat higher temperatureShe major concern was the inaccuracy of the
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test when the spears were used in the manner they would be used in tAd&dddttom 4 rows
in Tablel.4 display the results from this experiment. The top left and top right spears were tested
early in the day when temperatures were lower. The bottom left and bottom right spear however
were tested in latefternoon after the temperature had increased, and these are the two
measurements that do not achieve an acceptable level of accuracy after adjdstimeatised
concern because temperatures during cotton harvest can still be rather warm, with a nheaningfu
solar load to consider as well.

Due to concers with temperature effectise calibratiorbox was further used in the
temperature study with theat gunThe temperature study showed that when the sensors were
in constant contact with a single sampleseéd cottonan increase in temperature would change
the millivolt output of the MTXC as can be seenkiigurel1.25. Thus changing the MC reading

after conversion.
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Figure 1.25: Milliv olt output from MTXC as temperature increases
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Since the millivolt output increased with temperatitres hypothesized that this ike
reason that some of the measurements fromethlestic useexperiment were inaccurate even
after adjustmenias show in Table1.4. After normalizing the temperature and nwdlit outputs
to their 26.5 e g u i, theddjestments were-eppled to the measurements from the

realigic use experimenilablel.5 represents the results from the temperature adjustments

Tablel.5: Measurements from realistic use experiment against oven dried sample, with no adjustment, adjustment, and
temperature adjustment

Measured Oven Dried DIFF DIFF TemoRanoe Normalized DIFF
Spear Moisture ~ Moisture =~ BEFORE  Adjusted  AFTER (p ) 9 TempMG (%) AFTER
(%) (%) ADJ ADJ P ° TEMP
Top Left 9.4 10.5 1.2 9.1 1.4 26.26- 27.52 9.7 0.8
Bottom Left 7.8 10.7 2.8 8.1 2.5 38.46- 39.54 11.4 0.8
Bottom Right 8.7 11.2 2.5 8.5 2.7 33.72-36.55 11.0 0.2
Top Right 11.0 10.2 0.8 9.6 0.6 25.25-25.95 9.4 0.8

After adjusting for the temperature, the measurements from the moisture sensing spears
werewithin one moisture @rcentof the oven dried sample. It was determined thitlevel of
accuracywassuitable to make a management decisidrere is a possibilitthat the need for
thisadjustmentvould be lesseverdn a field use environment becausajority of cotton is
ginned during the fall and winter. The temperatures the system would be exposed to would be
lower than that of the summevhen many of thesexperiments were performed.

Conclusions

The construction of the moisture sensing spears was an overall success. They have
contact points with a spacing ®99 cm(2.75 inches) with an ABS isolator. TB€9 cm(2.75
inch) spacing successfully reduces edisthe data stream from thentact pointdeing too
close, while still remaining close enough to capture every measurement. The isolator
successfully prohib&dthe moisture sensors from reading the resistance of anything other than

the seed cotton exped to the contact points. TA&6 mm(3/16inch) thick steel channel
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provided suitable protection of the coaxial cable, without impeding the ability to insert the spear
into a round module. The module replica tube was helpful in determining contacspexitig

as well aglisplayingthe performancef the Delmhorst MTXC. The replica tube was also very
helpful in diagnosing problems when they arose in early experiments with the moisture sensing
spears.

Acquiring a round module for lab testing wagical in preparing the spears for field
deployment. It alsprovided the opportunitip determine if four individual speangere
necessary. Based on the multiple locations that samplesuolégetedfrom, the test module had
a variability of 1.5% in tans of MC. This is not a wide enough range to change the management
decision for a single module, but the test module was in storagx foonths before sampling
took place. This gave the MC of the seed cotton time to equalize throughout the modsidi, and
had variability greater than 2OMC. Thisindicatesthat four individual sensorrerelevant and
could be more beneficial wittnodulesmore recently harvested.

The test moduldisplayedwhere the systeéa defects could arise in a real use
environmet. The main potential defect being the temperature fluctuations during use. By using
the sampling tub#& was possibléo confirm the accuracy of the system against another proven
MC monitoring technique, oven drying. Comparing the system measuremerentdried
samplesreated an opportunity identify and resolve these issues before field deployment.

The calibration box was successful in identifying systematic differences within each
moisture sensing spear. The calibration box exposed the sendw<tdire range of moisture
content at module density that would be seen in a field use situation. It also helped to isolate the
effects of temperature on the measurements from the moisture sensing®pesesvere things

the test module did ngirovidethe opportunityto do.
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The moisture sensing spears went through several levels of lab based experiments in
preparation for field deployment. These experiments allowed the system to be thoroughly
analyzed for accuracy and robustness. The spears do reguieealibrationsdue to external
factors that could affect them in field use, but are ready for field deployment for more extensive
testing.

Future lab testing could be done to further analyze the temperature effects on the output.
This could help to isalte the specific component in the system that is susceptible to temperature
fluctuations. A replacement part compensatiorould eliminate the need for temperature
adjustments to the readings from the moisture sensors. Exploring alternatives to the use o
resistance to analyze MC could also provide new opportunities to the project. Other methods
could be more robust against the effectexdérnal temperature aséed cotton density

variations.
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CHAPTER 2
Introduction

Radio-Frequency Identification (RFID)

The storage of seed cotton in round modules produced by John Deere cotton harvesters
hasimpactedthe postharvest cotton industry when compared to conventional modules. Many of
the immediate benefits are ease of handling and transpoytgiandl as reduction in labor cost
harvesing seed cotton. The other large advantage the round mduhesnorporated ito the
industry is the ability to track the module from harvest, through transportation and storage, then
into the gin through radifrequency identification (RFID). Round modules are encased in a
specialized plastic wrap that contains four REdgs thatllow the round modules to be
identified by a unique serial number.

Since round modules are constructed onboard the harvester all the seed cotton contained
in a module is fronknownlocatiorsin a field, unlike conventional modules that likelyntain a
blend of seed cotton fromultiple parts of a fieldThis paired with modern yield mapping
technology allows the seed cotton within each module to begfeenced back to a location
and spatial data referenced within the yield ¢d&tanjura et al., 2020)

Many gins have begun to use thEIR tags for module identification. They uthgs
information for things such as inventdrackingandmanaging transportation from the field to
the gin but no system currently exists that compiles all the module information into one system.
Some gins ha begun to usBFID and module trackingp trace lint bale data back to a specific
seed cotton modul@Vanjura et al., 2020)

The RFID tag also offers the ability to monitor the transportation efficiency. When an

RFID reader is connected to a Global Positioning System (GPS) the modules can fieddenti
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and then geoeferenced. If this happens several times throughout transport of the module, then
the modules movement can be traced back over the course of (Waifiget al., 2022)By

attaching an RFID reader and GPS to a wheel loader and module truck, Wang et al. (2022) were
able to determine how far a module traveled, as well as its respcte on the truck and its

time being relocated by the wheel loader.

Using this new information, Wang et al. (2022) pointed out inefficiencies in the operation
by tracking the run time of the wheel loader in comparison to the time that the wheel loader was
carrying a round module or making a return trip. The data showethéwaheel loader was
idling 46% of the time. There is a need for handling logistics in the gin yard to be optimized
(Wang et al., 2022)

Round modules can be tikaxd from the field and located in the gin yard. The seed cotton
that is containeaithin that module can be identified. The resulting lint balesar@aproduced
from the module can be linked to the moddike knowledge of what happens to the seed cotton
while it is in the module is minimabut with RFIDtraceability more data points could be paired
with specific modules to analyze change inside the module during transport and storage.

Effects of Moisture on ginning process

Themoisture contentMC) mustbe monitored at each step of the ginning process to
retain and maximize fiber quality agih efficiency. Current recommendations state that pre
cleaning machines should process cotton with a MQefdb6% and then cotton should have a
MC of 6% to 7% atthe gin standMayfield et al., 1994)Gins shoud not process cotton under
5% and not bale over ¥to preservéiber quality(Pelletier & Byler, 202Q)

Energy cost is responsible for 25% of the total cost of processing seed cotton once it has

been harvested. The gin drying system is responsible f&r6.8.5% of the cost of ginning
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(Funk et al., 2020Jsable fuel types to power these dryers include propanier fossil fuels,
which have increased in price substantially in recent y&ars.has led to an increase in drying
costs

The majority of the fuelks used to dry seed cotton when it first enters the gin before pre
cleaning. The actual drying procespesformed in pneumatic conveying systems. The air
flowing through the system is heated, which then causes the moisture in the seed cotton to
evaporate. These parallel flow pneumatic systems are not highly efficient due to heat losses to
the environmenfMayfield et al., 1994)

Parallel flow of the air mass and the seed cotton limits drying efficiency. Ductwork for
conveying the seed cotton incorporates elements that slow the aottalhow more air to pass,
thus increasing the drying capabilities. This works well to accomihlesheeded drying, but it
increases fuel requirements due to the increased volume of air that must be heated. The drying
capabilities are also limited by temperature thresholds. If the air were at a higher temperature,
drying would be more effective anelsls air would be required, but if the cotton is heated too
much, fiber damge can occufFunk et al., 2020)

With incoming modules containing variable MC, unpredictable fuel usage is a
predicament that ginners often try to overcome. Since the MC is a factor that cannot be
controlled, attempts havieen made to understand fuel burning inefficiencies. Understanding
and being able to address these inefficiencies is difficult since gins only run for a few months out
of the year. This means the return on investment for materials and installatiortiohsakia
long-term process.

Funk et al. (2020) observed the fuel efficiencies of 26 commercial gins to determine what

variables in ginning caused the most inefficiencies. Samplesoakeeted frommultiple points
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to determine where MC changed the minghe gin Figure2.1). It was concluded that
insulating ducts near the burners would reduce energy lost to the environhigmriclusion
was based on tH&6 ginssampledwhich had a variety of duct lengthgjad insulations and
burner types. It was also established that analysis was difficult due to the fluctuating drying
requirementseededo accommodate inconsistent incommgdule MC. Which means if
inconsistent module MCould be eliminated fuel burner efficiency could increase.
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Figure 2.1: Seed cotton moisture samples at various point in the ginning process (Funk et al., 2020).

Therefore, since MC is important to ginning capacity, fuel efficiency, arltipheu
aspects of fiber quality, adding additional sensing opportunities should peaveseled benefit.
If this information can be collected while handling seed cotton modules, then the number of
opportunitiefor making informed management decisiong@aseslt would also provide an
opportunity to stage incoming modules by MC for the gins preference. Opportunities could
involve grouping modules by like MC for increased drying efficiency, or strategically separating

modules of high MC to increase theagjibales per hour.

48



Objectives
Thegoalof this project was to incorporate an onboard moisture semacrdmmercial
round module handling device to determine if the MC of round modules could be assessed and
paired with their RFID number to make managenaeuisions at the gif.he main objective
was met by completg the following objectives:
1. Install the moisture sensing components in place of stamdand module handling
spears,
2. Record the RFID numbemnd the MCof roundmodules while they arebeing handled by
the device, and
3. Compare theneasuredC from the handling device with known MC of the module
from industrystandard MQneasuringlevices.
Materials and Methods
Location
The system was implemented at the Coastal Carolina Cotton Gin egBaNC. This
location was chosen as they have cooperated with several university research projects in the past
and are willing to adapt to research requireméeFhg location is also the gin that receives and
gins the round maules from a cooperating grew who shared machinetdaincluding MC of
modules at the time of harvest.
Loader Configuration
The loadewused at the cooperating girasa JCB 35-95 agriplus four wheetele
handler(JCB Inc., Pooler, GA)The JCB has the ability to switch betweenmas attachments
for the front of the loader. One of these attachmematsthe steel rack containing four spears that

wasused to unload round modules when they agratethe gin on flatbed trailers.
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The four spearsntheround module handlintgack werereplaced with the moisture
sensing spears that were fabricated and tgg®dously The four spears were the same
diameter and length as the original spears but contained an additional plet@ mim(3/16

inch) thick steelchannelon the top which atainedmoisture sensing contact points and wires

(Figure2.2).

Figure 2.2: Four moisture sensing spearstireround module handling rack

A shelf was also added to the back of the steel rack above ivh#sehed to the
machine Theshelf was used to hold all tleéectronic components so that gpgear assembly
would still bedetachable from the loader without having to disconnect the moisture sensing

system Figure2.3).
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Figure 2.3: Electronic components shelf mounted to the redn@found module handling rack

The moisture sensing system veasnprisecf two contact pointand a custom isolator
(Figure2.4) on the end of each spear with a coaxial cable routed under the steel channel and
down thelength of the spear and onto the sh@lfice the wires had been routed along the length
of the speato the components shelf it was passed into a weatherpnatdsureand attached to
four Delmhorst MTXC (Delmhorst Instrument Co., Towaco, Ndpisturesensors, one for each
of the spears. The Delmhorst MIXis a moisture sensor for fibrous materials which measures
the resistance between two points and then outputs either a voltageent signal. The-5 volt
output was selecte@he output from théour MTX-C devices were recorded byCampbell

Scientific CR1000xdata logge(Campbell Scientific Inc., Logan, UT)
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Figure 2.4: Contact points on the end of a spear witaspecialized channel attached

Two typeT thermocouples were also added to the system. One thermocouple was used to
measure the ambient air temperature. The second thermocouple was used to measure the
temperature inside theeatherprooenclosureghat contained the four MToC sensors and data
logger. Theemperatureneasurementsererecordedvith the Campbell Scientifi€R1000x

data logger.

52



The components shelf also contained two uprightgibat extended past the top of the
rack where two RFID antenn@RFID Solutionsinc., LakeWorth, FL)were attache@Figure
2.5). These RFID antennas were then connected via coaxial cable into a seegatherproof
enclosureon the components shelf which housedrapinj SpeedwayR420RFID reader

(Impinj, Seattle, WA)
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Figure 2.5: RFID Antennas mounted tbeelectronic components rack

The components shelf contained six different electronic components in total that had
various power requirements. Threevi®t 9 amp hour batteries were placed between the two

weatherprooénclosure®n the components shelf to power the moisture sensors and the data
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logger.The MTX-C moisture sensors required-28 volts, so two of the batteries were wired in
series to supplg4 volts to all four MTXC devices. The data logger required 12 volts and was
connected to the remaining 12 volt battery. The systems were powered separately due to
different voltage requirements and to eliminate ground loops. The RFID reader was poyered
a 24 voltpower toolbattery located inside the sameatherprooenclosureand was wired
separately from the MT>C power supply as to not drain the power needed by the-&TX
devices.

Data Collection

The Delmhorst MTXC devicesontinuouslyoutput a voltage signal if they have power.
Using the data sheet supplied with the deviitegascalculated that the four MTXC devices
would be able to run for approximately 8 hours when attached to the two 12avoft Bour
batteries. The output siglsfrom the MTX-C devicesvererecorded by th€R1000xdata
logger.

The CR1000xwas programed to recordsggnalfrom the four MTXC devices and the
two thermocouples every 200 milliseconds. If the contact points ane contact with a
resistive mateal, which causes an open cirguhie outpussignalfrom the MTX-C is recorded as
ANANO t o i ndi c a tdsplageplee points where the system waskedly s
handling a round modul@he CR1000xrecords a timestamp from aternal clock

Thelmpinj RFID reader constantly reads the data from the RFID antennas when it is
powered. The Kobalt 24V battery used on the first day was a 4 amp hour battery and lasted
approximately six hourso an 8 amp hour battery was purchased so the RFID reatiy bat

could be replaced the same time the 12 volt batteries were replaced.
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The data from the Impinyerecontinuously recorded onto a local U8Bve plugged
into the Impinj in acommaseparated valug€SV)file. The CSV file contains information
about tke RFID tag how many times it read that tag, and a time stamp for when it read that tag
the first and last timelhe RFID antennas were positioned to be higher than a module when the
spears were inserted. The antennas were then angled toward the civgteaci and slightly
down. This orientation was chosen to minimize the number of RFID tag recordings from nearby
modules and record only the RFID number from the module the system was currently handling.

While the system was in use an individual was tatsi observe the operation. After
each truck was unloaded the RFID numbers were manually recaitdad withthe load
number, number of modules in the load, and the time the load was handledstéme. This
provided a way t@onfirm the accuracy ohe RFID reader and ensure the modules handled by
the moisture sensing spears could be identified.

The MC of round modules were collected and recorded at two locations from
commercially available MC readers. The finsiswhen the modulevasharvested and wrapped.
John Deere harvestezguipped with harvest doc phave the capability of making round
modulesand recordinghe MC of the module and paig it with the serialnumber of that
module.The second locatiowasimmediatelybefore theseedcotton from the modules dried
prior to ginning

A cooperating drmerprovidedaccess to hisohn Deere data from the 2023 harvest
season. The dataenecollected from a John Deere CP770 and the resulting modules were
unloaded by the moisture sengspears when they arrived the cooperating gin. The
cooperating girprovidedaccess to their MC data that is collected from a Samuel Jackson

Moisture Mirror Il (Samuel Jackson Inc., Lubbock Y X
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Data Processing
Datafrom the Campbell Scientific wagocessed anglottedusingMicrosoft Excel.The
data stream from each spear was graphed, as well as the temperature from both thermocouples.
From the data stregraach module handled could be identified by the location whesetisors
were no longer readinopen circuits. An example of thsshownin Figure2.6, where the
millivolt readings are zero to represent an open circuit and each individual seaienaiéd
values is an individual modul&éhe RFID data and MC dataevealigned using timestamps and

manual records to assign MC data to specific modules.
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Figure 2.6: Data stream for one load of round modules containing six modules as indiyetieel six sections of elevatem
readings

The data seam was sectioned by loads frtime timestamgg and module counts
manually collectean site for each load. Th@®0readings from each sensor per module were
averaged together and converted into M&dings using theatibration techniques described in
chapter 1This gave fouuniqueMC readings per modul®ne for each speafhe decision to

use 200 data points was based on the average length of contact with a module producing between
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300 and 400 da points per module. During this exposure some skewed readingseappear
during insertion and removal of the spearseg®rtedn the datdrom chapter 1as well as the
data stream ifrigure2.6. Using 200 data poisprovideda ansistent measure across each
module as well as redwedthe effects from skewed readings during insertion and remdved.
200 data points ereequivalent to approximately 40 seconds of the 60 to 80 seconds a module is
normally handled
Resultsand Discussion
Module Handling System
The system was able to be used at the gin on three different occasions. The system was
used to unload incoming modules that arrived at the gin by flatbed. The cooperating gin receives
modules for approximately 10 hours in a day. Between 7:00 a.m. ang.t00atbeds arrive
with six to eight modules per load. The moisture sensing system was active during these hours.
Batteries were changed once ity to prevent data losBuring one test the system was
left to run over nighfrom the 25" to 26" Octoker 2023where it was storehsidea module
(Figure2.7). Thisprovided the opportunitio analyze how long thmoisture sensdratteries
lasted. Since the moisture sensors were inserted into a module they were sending readings
continuouslythrough the nighto theCR1000x It was discovered that the batteries connected to
the MTX-C were able to last through the night. The battdaeboth the RFID and moisture
sensing systemwere changed and the systamsleft to be used at the gimot monitored by a

research representative thre 26" October 2023.
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Figure 2.7: Moisture sensing spears inserted iatmodule and left through the night

The system was #implemented omthe 15 November 2023, whenrasearch
representativevas able to accompany the system at the gin to monitor battery consumption and
hand scan each module unloaded by the system. The system succeskjatigdlO0 modules
that day before the structural integritiytwo spears on the left side of the raokre
compromisedKigure2.8 andFigure2.9). After the fracturetwo of the original module handling
spears were used to replace the two moisture sensing speardefnithed side. Twenty more
modules were handled with the two spears on the right collecting moisture data. The decision to
remove the system from operation came when one of the original spears bent and rendered the

module moving rack unusable. The moistaensing spears were removed and the original
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spears replaced so the rack could continue to be used until the cause of failure could be

determined.

Figure 2.8: Two moisture sensing spears broken in a tboodule
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Figure 2.9: Pieces of themoisture sensing spears that remained attached to the module handling rack

The module that was being handled at the time of failure waglalenfsomthe
cooperatinggrower. This allowedaccess to information about the mod#i&er later analysist
was determined that the spears broke while handling a module that was made by a John Deere
CP770. This is the latest in John Deere harvetitattias the ability to makiarger round
modules compared to previous versions of John Deere harvesters.

After determining which module caused the failure it was found to have a diameter of

239.98 cm(94.48 inchesand a weight 02766 Kg(6098 Ibs.) This is the same diameteras
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