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Nomenclature

Symbol
C

0O Z 5 I m

@
GreekSymbols
D

r

w

Subscripts
Amb.

d.a.

DB

Definition

Proportionalityconstantrelating Twsto the internal
energy risq°C/(kJ/kg))

Energy (kW)

Metabolicheatrate (W/kg)

Specific EnthalpfkJ/kg)

Liveweightin the ventilation zongkg/m?)

HeatLoad(kW)
Temperaturg°C)

Volumetric Flowratém?®/s or m¥hr)
Definition
Changegor Difference)

Density (kg/m)

AbsoluteHumidity,massratio betweenwater vapourand

dry air (Kgv./Kga.2)
Definition

Ambient

Dryair

DryBulb

Environment
Supplyfans
Saturatedvapour
Input

Latent

Output

Pen

Spaceeferringto deck
Sensible

Total

Volumetricto PenArea
Equallydistributed fresh aivelocityon penfloor

Watervapour

WetBulb
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Abbreviations

AEH
DHM
HCU
HSRA
LFM
PAT
RDCs
RH
S&E

Definition

Air Exchangeper Hour(1/hr)
Dehumidifier

Humidity ControlUnit
HeatStressRiskAssessment

Linear Feeper Minute (ft/min)

PenAir Turnover(m/hr)

Researctand Developmen€Corporations
RelativeHumidity (%)

Supplyand Exhaust
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INTRODUCTION
About LiveCorp

The AustralianLivestockExport CorporationLimited (LiveCorp)is a not-for-profit industry
body, funded through statutory leviescollectedon the live export of sheep,goatsand beef
cattle, and a voluntary levy collectedon live dairy cattle exports. LiveCorpis one of the 15
Australian ruraResearctand Development CorporationdkDCs).

LiveCorpis the only RDCfocusedsolelyon the livestockexport industry and works hard to

continuouslyimprove performancein animal health and welfare, supply chainefficiencyand
market accessLiveCorpdeliversthis by investingin research,developmentand extension
and providing technical and marketing servicesand support to enhancethe productivity,
sustainabilityand competitivenessf the livestockexportindustry.

LiveCorpworks acrossseveralprogramareas,often in closeconsultationwith other industry
stakeholders,includingthe Australian Government, but doesnot engagein agripolitical
activity.

LiveCorpworks closely with other RDCsresearchproviders and industry stakeholdersto
achievestrategicoutcomesfor the industry and leveragehigherreturns for investmentsthat
demonstrate value for money for livestock exporters. This includes engagingwith the
technologystartup and innovationecosystento solve major industry challengesand exploit
opportunities.

LiveCorpwould like to thank and acknowledgethe contribution made by the importing
company/ vesselowner, the Universityof Sydney,Herd Health, BeanstalkAgTechand the
dehumidification technology company. This project was funded by the Australian
Government.

Overviewof the Project

ChallengeStatement: to find a proven and scalable solution for managing the on-board
vesselenvironment to mitigate heat stressrisk, optimise stocking rates and maintain
licenseto operate.

Australiaexports sheepto the Middle Eastand North Africavia sea. Theseexportsrequire
the shipment of livestock through and into areaswhere there is a risk that wet bulb
temperatures(heat and humidity) will reachhigh levels.Suchclimatic conditionscan present
a riskof heatstressfor livestock whichrequiresmitigation.

At present, the livestock export industry uses a heat stress risk assessment(HSRA)
framework developedby LiveCorpand Meat and LivestockAustralia. The HSRAisesa range

of weather, animal and ship related data ¢ applied within a framework of logical

assumptions.estimationsand acceptedrisk thresholds¢ to determine the risks from a

particularvoyage If the HSRAredictsthat the riskthresholdswill be exceededexportersare

required to decreasethe numbersof animalsexported or are preventedfrom exporting at

all.

In 2018, LiveCorpundertooka challengeled Openinnovationprojectto exploretechnologies
that could mitigate wet bulb temperaturesfrom reachinglevelsthat exceedthe heat stress
thresholdsof sheep, but which also provide an environmentthat supports acclimationto
destinationcountry conditions.
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From the initial technologyscouting and assessmenprocess,severaltechnologieswere
identified that ¢ either individuallyor in combination¢ could potentially reducethe risksor
improvemitigation of heatstress.

Theseancluded:

1 dehumidification

9 route optimisation

1 environmentalmonitoringdataloggersand
1 datanetwork connectivity.

It is worth noting that the scoutprocessand subsequentmediaattention of livestockexport
has seen a continued organic stream of interest from technology providerswith potential
solutions.Thiscontinuedattention from the innovationecosystemnis welcomedand LiveCorp
continuesto review any credible solutions presented. This broader technologyinterest will
continueto beimportant asthe next stagesof researchactivitiesare considered.

Trial ProgramOverview

A technology trial program was developed to assessthe effectiveness, viability and
commercialscalabilityof each of the identified technologiesthat reduce the risk of heat
stress.

A key aim of this approachis to de-risk the trial programby havingfive separatetrials over
four phaseswith distinct go/no-go decisionmaking points (Table 1) ¢ nominally between
each,but particularlybetweenPhase2 andPhases.

Thetrial programwasdesignedo be agileand adaptiveto maximisethe LINE 2 Gygaditgdod
pivot asrequiredin light of new information and data obtained. Thisapproachprovidesthe

most efficient pathway and likely chanceof identifying a successfutechnologysolution that

is cost effective, timely and scalable.Importantly, this approachalso ensuresLiveCorphas
the line of sightto determinewhetherto perseverewith the project, changedirection, try a

different approachor ceasst.

Tablel: Trial ProgramStructure

Live sheep expottial program Trial3 staticdehumidification

Phase | PHASH PHASRE PHASB PHASE
Pretrial StaticTrials DynamicTrials Reporting
Trial Pretrial | Triall Trial2 Trial 3 Trial4 Trial5 Posttrial
Details | Pretrial Route Network [ Static Dynamic | Dynamic | FinalReport
Planning | Planning Trials Dehumidification | Chamber | Sea
Trial Trials Trials

StaticDehumidificationTrial

Throughthe previouslymentioned OpenInnovationtechnologyscout and consultationwith

industry, a specifictype of dehumidificationtechnology,known as DryCoolwasidentified as
a technology with the potential to meet the objectives of the project. DryCool
dehumidification removes moisture from air passingthrough the machine by using a
desiccantwheelto absorbthe water vaporand condenseit into liquid water. However,unlike
most other dehumidificationtechnology, DryCodallsoconductsa smallelementof coolingto
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the air, which resultsin the outlet treated air having a lower relative humidity level and
temperaturethan theambientair whenit enteredthe unit.

The dehumidificationtechnologycompanyconducteda desktopanalysisusingits proprietary
performance simulation software to estimate the likely output of treated air based on
ambientinput conditions.Thissoftware was usedto approximatethe expectedtemperature
and humidity given ambient conditions and, basedon these results, it was identified that
DryCooltechnologywould be well suitedto the proposedlive export application.Assuch,in
2019LiveCorpentered Phase? of vesselheat stresstechnologytrial programand performed
theW{ (13 SIRAYARATFTAOFGA2Y ¢NAIf Q®

A Trial Working Group was establishedwith experts in HVACthermodynamics,scientific
research trial methodology, statistical modelling, animal physiology/ veterinary science,
epidemiologyand engineering.The Trial Working Group developeda trial methodologyand
protocol to scientificallytest the performanceof dehumidificationon an empty livestock
vesselwith the objectiveto:

1. Developa proof of conceptof deckdehumidificationand establishpredictive effects
on Wet Bulb Temperature(Tws), and ventilation (Air Exchangeper Hour [AEH]/ Pen
Air Turnover[PAT]).

2. Collectbaselineautomatedenvironmentaldata (temperatureand humidity) during a
commerciakheepvoyageto the Middle East(May2019).

3. Provide a proof of concept for livestock vessel dehumidification for heat stress
mitigation (without livestock).

4. Provideclearinformation, includingidentifyingbarriers,risksetc., to guidea decision
onwhether,and how,to proceedwith live animaltrials (i.e.stop/go).

Metricsfor determiningthe succes®f the experimentalrial were developedanddefinedas:

1. Dehumidified air mixed with ambient air at reduced airflow rates provides an
effective option to reduce the risk, magnitude and duration of wet bulb
temperatureson acommercial vesséivithout livestock).

2. Dataand information are obtainedthat allowsthe effect of dehumidificationon pen
wet bulb temperatureto be quantified.

3. Dataand information are obtained that allows the combined effects of ventilation
and dehumidificationon pen wet bulb temperatureon a commercialvessel(without
livestock)to be quantified.

4. Environmentaldata collection technologiesoperate effectively on-board a livestock
vessel and withstand the relevant challenges(e.g. water, dust, livestock), while
effectivelycollectingrelevantinformation.

5. Sufficientdata and insightsare obtainedto enablepreparationof a trial report and
outline for how to proceed to the potential Phase3 animal trial program for
commercid validation.
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METHODOLOGY
Trial Setup

Vessel

The trial was conductedaboard a vesselprovided with the grateful assistanceof a Middle
Easternimporter and shippingcompany.It was a closeddeck vessel,with 12 decks(10 of
which could hold animals).The lower deckswere separatedinto forward and aft, with a
water-tight bulkheadbetweenthe holds. Thetwo lowest deckson the vesselwere usedfor
the trial; 2 Forward(2F)and 3 Forward(3F).These werdhe smallestdeck spacesavailable
onthe vesselnd werethe mostsuitablefor the trial for several reasonsncluding:

1 Thesmallerspaceincreasedthe rate at which air turnover occurredand, asa result,
increasedthe rapid changeto deckconditions and faster equilibration following
changeto either fansor dehumidificationsettings.

1 Therewere fewer spaceshrough which passiveair flow could occur (leakage)g for
example,cooler air sinkingand hotter air rising¢ and the spacewas easierto seal,
therebyreducingthe riskof thesevariablesmpactingon testing.

Priorto the trial commencingthe vesselwasde-stocked, cleanedndwater troughsemptied.
Location
Thetrial wasconductedin Dubai,with the vesseldocksiden the water.

Severatayswererequiredto establisharrangementsat the dockandaboardthe vesselin
preparation forthe trial. Thetrial subsequenthoccurredbetweenthe datesof 24 and 28
June2019.

During thetrial, the vesselasorientatedin aWestNorth-Westerlydirection, with the
starboardsidein the full sunfor the majority of the day.

Expertise

To ensurethe trial was scientificallyfeasiblewithin the constraintsof a working vesseland
dockyards,engineersfrom the University of Sydneyadvised,supported and observedthe
developmentof the trial methodologiesandtheir delivery.

Equipmentand operationallay-out

DryCoolunits

Thetrial usedtwo HCU300Gand two HCU6000
DryCooldehumidifier units. The four Humidity
Control Units (HCU)were located on the west

side of the ship on the dockside (Figure 1)

while the vesselwasmoored. Theseunits were

placedat an angleoffset from eachother, with

plastic sheeting installed between each
exhaustand theadjacentdzy” Ainle€xd@ prevent
re-ingestion of heated exhaustair. Eachdeck
was ducted from one HCU6000(10,000n%hr

output) and one HCU300Q5,000n¥hr output)

with a combined theoretical flow rate of

15,000nd/hr of treated air.

Figurel: FourHCUunits
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Ducting

Usingpolyethylenelay flat tube, treated air wasducted directly into the vesseliathe deck?
loading opening,with no loading ramp deployeddue to site constraints. Thisarrangement
requiredthe treated air to travel at anacuteinclinationfrom the docksideto the vessel From
entry into the ship, the ducts separated,with those treating deck 3Frunningto the loading
ramp (Figure2), makinga 90-degree bend (Figure3) and running down the rampsto the
constructedtimber sealingbetweendecks4F and 3F (Figure4). For deck 2F, the ductswere
directed to an accesshatch, makinga 90-degree bend and running vertically down to the
deck 2F (Figures5 and Figure6). The ducting entered deck 2F with a different orientation

from 3F,entering verticallyFigure7).

Figure2: Ductingsetup Figure3: Ductingsetup

Figure6: Ductingsetup Figure7: Ductingsetup
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Ductingflow releasecaps

It was recognisedthat the DryCoolunits have an approximate10-minute lag time between
beingswitchedon and reachingfull output. To avoid thislagimpactingthe quality of the trial
data, eachduct was fitted with a W slfapeddiverter join with a removablecap, fabricated
from sheetmetal (Figure8). The cap was removedto divert the air from the ducting while
still maintainingfull operationalcapacityof the DryCoolunits and then replacedto instantly
supplytreated air downthe ductingto the decks.

The diverter joins for the HCU300Qunits were both locatedon the dock, while the diverter
joinsfor the HCU600@nits were locatedon deck?.

Figure8: Yshapeddiverter in the ducting

Sealingof the Decks

The deckswere sealedat the loadingramps between decks3F and 4F, as well as between
decks2Fand 3F.Air cannotmove betweendecks2Fand 1Fasthere are no livestockpenson
1F, henceit was alreadysealedoff from 2F. The sealingof the decksisolatedthe two test
zonesto preventthe cold air from sinkingand accumulatingon the lower deck and the hot
air rising to the higherdeck (given the different environments between the other deck
spaceswhereno treatmentwasoccurring).

Eachof the test zoneshad plywood boardingthat wasthen sealedwith siliconearoundthe
openrampsand entry points (Figure9). Theductingentered through cubuts andwassealed
with ducttape (FigurelO).

In addition to sealingthe loadingramps, the stairwaysbetween 4F and 3F and between 2F
and 3Fwere sealedin a similarmanner.All supplyand exhaustfanswere left unsealedfor all
trials.
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Figure9: Plywoodboardingaroundducts FigurelO: Sealedducts

Fans

Thevesselhad a total of 8 supplyand 8 exhaustfansfor decks2Fand 3F. Thevesselowner
provided the pen air turnovers, air exchangeand air flow figuresfor the decks,which were
used by the engineer advisingthe project to calculatethe sequencingof the supply and
exhaustfansfor eachof the trials. Further air flow and exchangemeasurementsvere taken
to underpinthe calculations anéhform the analysis.

Data Loggind=quipment

KestrelD3FWDrop m

TheKestreD3FWDrop waghe primarydataloggerusedfor
capturing thetemperatureand humidityfor the trial (Figurell).

The D3FW is a small, portable, battery powered logger that
measuresdry bulb temperature (Tog), relative humidity(RH),and
wet bulb temperature (Tws). The D3FW Drop has Bluetooth
connectivity whichwasusedfor datatransfer.

Figurell:Primarydatalogger
Kestrel5400Cattle HeatstressTracker

Ahandheld Van€rop Anemometewasusedfor air velocitymappingon the test decks.
Tinytag
TheTinytagUItra 2 wasusedto log indoortemperatureand relativehumidity data.

Vaisala Temperaturand Humidity

TheVaisalaHM42handheldwith HM46PROB¢€alibrated3 May 2019)wasusedto measure
the temperatureand humidityinsidethe ducting.

VaisalaAir VelocityMeasurement

TheTesto4354 with hot wire probe, article No.05604354,and Hot wire Probearticle No.
06331025(calibrated2 May 2019),wasusedto measurethe air velocity insideghe ducting.

FLIRThermallmaging

Ahandheld thermalmaging cameréModel: FLIRC2)wasusedto capturesupporting data
onthe impactof radiantsolar heaton the vessel.
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Data Loggetayout

29dataloggerswere arrangedin a lineararrayacrosghe two trial decks(Figurel2 andFigure
13).Allloggersthat madeup the lineararraywere suspendedn the sheeppensat a heightof
approximately93cm (Figurd4).

Individualloggerswere mounted directlyat the openingoutlet of all four ductswherethe air
enteredthe trial decks(Figurel2,13 andl5b).

Oneloggerwasinstalledin the Stevenson screeoutsideon the upperbridge deck(alongside
the @ S a avétbulbdhermometer Figurel6)and anothemwasinstalledat the air intake of
one of the DryCoolnits at the dockside(Figurel7).

Afurther fiveremaining loggersvere placedat varying locationgonsistentwith the linear
arrayto providemore detailedmappingof the movementof dehumidifiedair.

HCU 6000

i ducting
outlet
HCU 3000 / b Z

. HCU 3000 ducting -
1 ducting outlet A
| R! outlet !

) e~

HCU 6000 |
ducting L
outlet 9e

I

;j (“)q k') (311

r ¥

?’";3
IR

. | 'F'
@) —4(

Figurel4: Sheeppenloggerlocations Figurel5: Ductloggerlocations
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EXTERNAL MONITORING In Stevenson screen

@;ﬁv@) At dockside air intake

Figurel6: Stevensorscreenlogger Figurel7:Docksiddoggerlocation

TR

_——

Pre-trial loggerand equipmenttesting

Beforethe trial commenced,a validation exerciseof the Kestrelloggerswas undertakento
identify their rangeand patternsof operation and confirm their fitnessfor useon the vessel.
Thisinformation subsequentiinformedthe analysisof the trial data.

Thevalidation processincludedthe bundlingof the devicesand keepingthem within a cool,
dry environmentfor a period before movingthem to a hot, humid environment. Theresults
identified that there wasvariationof potentially +/- 1 degreein the dry bulb temperaturesof
the loggersasthey adjustedto the changesbut that overtime this narrowedto a smaller
range. Similarly, relative humidity recordings revealed a range of around 7% between
individual loggers. The trends of the loggersin operation were consistent. It was also
identified that ¢ particularlywhen moved between extremesof temperature ¢ the dry bulb
temperature recorded adjusted more slowly than the humidity readings,which were very
responsive.

Onelogger(#35)startedto recorderratic data on the secondday of the Trial,and hencethis
wasremovedfrom the subsequent analysisf the trials.

Velocitymappingand thermalcamerarecordings

VelocityMapping RecordingMethodology

Kestrel5400unit wasusedto performthe mapping.Eachair velocity reading watakenat a
position nearto eachKestreldatalogger(positionedat pen height¢ approximately93cmhigh).

wallsand steebulkhead wereaalsoincluded.Thefollowingoutlinesthe methodologyappliedto
this process.

Thepurposeof thistest wasto verify the airvelocityfrom the ventilation systenon deck3F.The

Theair velocity, Tosand RHwere recorded.In additionto takingreadingsin the penarea,the side

exhaustfansin operation. Thistrial will serveas abasevalidation case.

() Objective: Toperform mappingof velocityandtemperatureprofile with only supplyand

Live sheep expottial program Trial3 staticdehumidification Pagel4 of 92



(i) Setup:

- Deck3Fonly

- All supplyand exhausfansswitchedon
- DHMrunningat 0%

- Sealing between de(3 and3/4

- Safetyreview

(iii) Treatments:

Stagel: Base(validation)
1: 0%DHM+ 100%Supplyand ExhausFang20min)
2: Mapping velocityprofile on the 15 grid points (30min)

(iv) Replicates:

3 x20mincyclest+ 3 x 30min (mapping)=L50min (2.5hr)

(v) Recording:

- Date, Timeof trial

- Airflow from duct (LFM Linear Feet/Minutecorrectedto m®/hr)

- Datalogging: WBRH,°C

- Hotwire anemometer:Air velocityand Tos

- Infrared ThermometerTps

- InfraredCamera: Temperatureontourfor ground (centrelindeaningto
bow) and wallgcentreof the deck)

- Stable Temperature movement0°Cover5min

ThermalCameralmagingMethodology

Thermalimagesweretakenat the centre of deck3F,including thebow andstern direction
steelbulkheads andhe two sidewalls.To capturegroundandceiling thermaimagesthe
thermalimagecamerawaspositionedat the steelbulkhead(from stern direction facing bow
direction).Thefollowing summariseshe methodologyappliedfor the thermalimagecaptures.

(i) Objective: Toperform mappingof velocityandtemperatureprofile with supplyand
exhaustfansand DHMunits running.Thistrial will serveasa basevalidation
case.

(ii) Setup: - Deck3Fonly

- All supplyand exhausfansswitchedon
- DHMrunningat 100%

- Sealing between de(3 and3/4

- Safetyreview

(i) Treatments:

Stagel: Base(validation)
1:100%DHM+ 100%Supplyand ExhausFang20min)
2: Mapping velocityprofile on the 15 grid points (30min)

(iv) Replicates:

3 x20mincyclest+ 3 x 30min (mapping)250min (2.5hr)

(v)Recording:

- Date, Timeof trial

- Airflow from duct (LFM Linear Feet/Minutecorrectedto m%hr)

- Datalogging: WBRH,°C

- Hotwire anemometer:Air velocityand Togs

- Infrared Thermometer:Tps

- Infrared CameraTemperaturecontourfor ground (centrelindeaningto
bow) and wallgcentreof the deck)

- Stable Temperature movement0°Cover5min
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Trial Design

Thetrial seriesaimedto developa proof of conceptof deck dehumidificationand establish
predictive effects on Wet Bulb Temperature(Tws), Dry Bulb Temperature(Tog) and Relative

Humidity (RH)with no livestockon-boardthe vessel.

Forthe purposeof the trials, it must be noted that latent heat load is the heat required to
turn a solid into a liquid or gas,or a liquid into a gas,without changeof temperature. The
energyreleasedby the thermodynamicsystemcanaffect the state or phaseof the air but not
the temperature e.g. removes the amount of moisture in the air, but not change the
temperature. Sensibleheat is heat exchangedy a thermodynamicsystemthat changesthe
temperature of the system(air) e.g. air being cooled by cooling coils or heated by heating
coils.

The following sectionsoutline the trial methodologiesthat were developedand applied
duringthe project. It is noted that alltimesidentified in the followingmethodologiesare pre-
trial estimatesof the time requiredfor arate responseto be observed. Whereate responses
variedduring thepracticaltrial, the actualtimeswere adjusted accordingly.

Trial 3A - Sequentialambient baselinedehumidificationrate response
(i) Objective

Theaim of this trial wasto establishan ambientbaselinefor sequentialdehumidificationrate
responseunder sealedconditionsto supportthe modellingof predictiveimpact on Twe, RH
andTDB.

(ii) (ii) Setup

Decks2F and 3Fwere sealedand Supplyand Exhaust(S&E)answere controlled via the fan
control room as per the required sequence.The highest DHM rate (15,000 m¥hr) was
selectedasthe first treatmentin order to determinethe impactof full dehumidification.

(iii) Treatments

All S&B-answere switchedon for 15-20minbetweentreatmentsin orderto achieve
ambientconditions.

Treatment DHMCapacity Units Time

1 15,000n% 1xHCU3008 1xHCU6000 | 30min
2 10,000n% 1xHCU6000 30min
3 5,000n% 1xHCU3000 30min

(iv)) Replicates
3 x40mincycle=120min (2hr).

(iv)) Recording

- RateResponsand Timetakento achieveStableTwsandRH
- RateRespons@&nd Timetakento achieveAmbientTwsandRH
- Dataloggers(Tws, RH,Tog): 40 x Kestrel D3FW2 x Vaisala Prob&nits
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Trial 3B- Cumulativedehumidificationrate response

(i) Objective

Theobjectiveof this trial wasto establisha cumulativedehumidificationrate response
under sealedleckconditionsto supportmodellingof the predictiveimpacton Tws, RH and
Tos

Thistrial containedsimilartreatmentsasoutlined in Trial 3A, the key differencebeingthat
S&E fans were not switched on between treatments so that each deck received an
accumulateddehumidificationload starting from 5,000n¥hr, buildingto 10,000n#/hr and
then 15,000n%/hr.

Followingthe completionof eachtrial, the time takenfor eachdeckspaceto returnto
ambientwasrecorded.

(i) (i) Setup
Deck2Fand 3Fwere sealedand S&Eanswere controlledviathe fan controlroom, as
perthe required sequence.

(iii) Treatments

Treatment DHMCapacity Units Time

1 5,000m?hr 1xHCU3000 30min
2 10,000m%¥hr 1xHCU6000 30min
3 15,000m%¥hr 1xHCU3008 1xHCU600( 30min

(iv)) Replicates
3 x80mincycle=240min (4hr).

(iv) Recording

- RateResponsand Timetakento achieveStableTwsandRH
- RateResponsa&nd Timetakento achieveAmbientTwsandRH
- Dataloggers(Tws, RH,Tog): 40 x Kestrel D3FW2 x Vaisala Prob&nits

Trial 3C- Ambientairflow dehumidification dilution

(i) Objective

Theobjectiveof this trial wasto establishthe dilution impacton dehumidifiedair of
introducing sequencedmbientventilation fansundersealed deckonditions.

(ii) (ii) Setup

Decks2F and 3Fwere sealedand dehumidificationunits were operatedat 100%for this trial
(ie. 15,000 n¥/hr for eachdeck).S&Efanswere controlledvia thefan control room asper the
required sequence.
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(iii) Treatments

Treatment DHMCapacity FanCapacity Time

1 100% 25% 20min
2 100% 50% 20min
3 100% 100% 20min

(iv)) Replicates

3 x40mincycles=120min (2hr)

(iv)) Recording

- RateResponsa&nd Timetakento achieveStableTwsandRH
- RateResponsandTimetakento achieveAmbientTwsandRH

- Airflow mapping (LFM,inearFt/Min correlated tom®hr) at setlocations
- ThermalCamera
- Dataloggers(Tws, RH,Tog): 40x Kestrel D3FW2 x Vaisala Prob&nits

Trial 3D- Ambientairflow rate responsgno dehumidification)

(i) Objective

Theobijectiveof thistrial wasto establishan ambientairflow rate responsebaselineunder
sealeddeck conditionsto support modelling of the predictive impactson Tws, RHand

Toe Thiswould assistcomparisons to Tri@C.

(ii) (ii) Setup

Deck2Fand 3Fwere sealedand S&Eanswere controlledviathe fan controlroom, as

per the required sequenceNo dehumidification (DHMyvasoperating.

(iii) Pretrial

- AllS&Eanswere turned ONfor ambientconditions.

- Note that treatments in Trial 3D were reversedfrom Trial 3C as the vessel
engineerrequestedlessgeneratorload on the sequencedan start-up. In this
way, all fans could be initiated progressivelyprior to the start of the trial and
then turned off asrequiredwithout impact tothe cut-out switches.

(iif) Treatments

Treatment DHMCapacity Fan Capacity Time

1 0% 100% 20min
2 0% 50% 20min
3 0% 25% 20min

Live sheep expottial program Trial3 staticdehumidification

Pagel8of 92




(iv)) Replicates

3 x75mincycle=180min (3hr).

(iv)) Recording

- RateResponseandTimetakento achieveStableTwsandRH
- RateResponsa&nd Timetakento achieveAmbientTwsandRH

- Airflow mapping (LFM,inearFt/Min correlated tom%hr) at setlocations
- ThermalCamera
- Dataloggers(Twe, RH,Tog): 40 x Kestrel D3FW2 x Vaisala Prob&nits

Trial 3E- Cumulativeexhaustfan rate response

(i) Objective

Theobjectiveof this trial wasto establishthe effect of cumulativeexhaustarrangements

on dehumidificationconditionsundersealed deckonditions.

(ii) (ii) Setup

Thevesseklectricalengineerswitchedthe polarity of selectedsupplyfansin orderto
reversethe fans to exhaust. Three exhaustfan sequences(i.e. treatments) were

then selectedin orderto increaseair velocityacrosshe deck.

The position of the DHM outlets varied between 3F (supply from ramp) and 2F
(supply from the accesshatch). It was acknowledgedthat 3F was a more
representativedeck setup as the DHM outlets were located at the opposite end of
the deckfrom the exhaustfans.

(iii) Treatments

DHM air (100%,15,000n#/hr) was introducedto decks2F and 3F and allowed to
stabiliseat the start of the trial. Switchingof fan sequencesoccurredimmediately
betweentreatmentswithout alteringDHMairflow.

Treatment DHMCapacity FanCapacity Time

1 100% 2 20min
2 100% 4(2t0 4) 20min
3 100% 8(4to 8) 20min

(iv)) Replicates

2 x80mincycle=160min (2:40hr).

(iv)) Recording

- RateResponsandTimetakento achieveStableTwsandRH
- RateRespons@&nd Timetakento achieveAmbientTwsandRH

- Airflow mapping (LFM,inearFt/Min correlated tom®/hr) at setlocations
- ThermalCamera
- Dataloggers(Tws, RH,Tog): 40 x Kestrel D3FW2 x Vaisala Prob&nits
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Trial 3F- Sequentialexhaustfan rate response

(i) Objective

Theobjectiveof this trial wasto establishthe effect of sequentialexhaustarrangements

on dehumidificationconditionsundersealed deckonditions.

(ii) (ii) Setup

Thevesselelectrical engineer switched the polarity on selected supplyfans in orderto

reversethe fansto exhaust.Three exhaustfan sequenceqi.e treatments) were selectedin
orderto increaseair velocityacrosshe deck.

The position of the DHM outlets varied between 3F (supplyfrom ramp) and 2F (supplyfrom
the accesdatch).It wasacknowledgedhat 3Fwasa more representativedecksetup asthe
DHMoutletswere locatedat the oppositeend of the deckfrom the exhaustfans.

(i) Treatments

After eachtreatment wascompleted,all thefanswere switchedon and thedeckswere allowed
to stabilisenearto ambientconditions.

Treatment DHMCapacity FanCapacity Time

1 100% 2(0to 2) 20min
2 100% 4(0to 4) 20min
3 100% 8(0to 8) 20min

(iv)) Replicates
2x80min=160min (2.40hr).

(iv) Recording

1 RateResponsandTimetakento achieveStableTwsandRH
RateResponsandTimetakento achieveAmbientTwsandRH
Airflow mapping (LFM,inearFt/Min correlated tom®hr) at setlocations

ThermalCamera
Dataloggers(Tws, RH,Tog): 40 x Kestrel D3FW2 x Vaisala Prob&nits

= =4 —a -8

Preparationof data for analysis

The averag@ps RHand Tweare presentedfor eachdeckin the followinggraphs. Theverage
properties(Tos, RHand Twe) of eachdeckare reported, rather than the individualdatastreams
from eachof the 17 Kestreldataloggerson eachdeckfor three primaryreasons:

1) Plotting all 21 curvesfor eachdeck (17 space+ 2 ambient + 2 dehumidifier duct
outlet) on asinglegraphwould beverydenseandalmostimpossibleto interpret.

2) The measurementsfrom each data logger contains a combination of noise and
systematicbias. By averagingover severalloggers(17), the effects of noiseand bias
areminimised.
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3) Thereis expectedto be small variationsin the spacewhile at steady state. The
primaryguantitiesof interestare the averagepropertiesat steadystate in the deck.

Where available the data capturedby the two dataloggersat eachof the dehumidifierduct
outlets on each deck were not averaged. As expected, there were variations in the
performance of each dehumidifier, and capturing this difference was important for
interpretation of the results.

Likewise the two ambienttemperature measurementfrom datalogger40 (LC04C; located
onthe @ S & abfdpyeNaid data logger39 (LC039 located next to the dehumidifier intake
grill) havenot beenaveraged A smalldifferencebetweenthe vesselbridge temperature and

the temperatureat groundlevel (wherethe dehumidifierunits were located)is expecteddue

to the differencein elevation and radiant temperaturesbetween the locations. The bridge
temperatureis most likely indicativeof the freshair supplyconditions.Thedehumidifierinlet

Tosand RHneededto be determinedas accuratelyas possiblefor the dehumidifier sensible
and latentload calculations.

Cleaningthe Data

Whenall the datawascollatedfrom the loggersat the end of the trial, somevariationin the
timestamp of the data was identified, althoughthis was resolved.In terms of loggerfailure
rates,dataloggerNo. 35 (LCO35¥tartedto showsomeproblemson the afternoonof 24 June
2019. After analysingthe data from that logger,it was concludedthat it had failed to record
data correctly and was completely removed from the trial. On 27 June 2019, data logger
No0.32 (a supplementarylogger that was proving unnecessaryin its current location) was
takenfrom deck2Fto replacedataloggerNo. 35.

RESULTS

Introduction
AssessinddHMunit performanceand potentialinfluenceson duct work

To determinethe operatingperformanceof the dehumidificationunits and any possibleheat
transferor airingressfrom the deliveryductwork;

1 adataloggerwasplacedat the ambientinlet of eachdehumidifierunit

1 a probe data logger measuredthe output conditionsdirectly at the outlet of the
dehumidifiers,and

1 adataloggerwasplacedat the exit of eachof the ducts supplyingdehumidifiedair
to the deck.

The air flow rates measuredat the outlet of each dehumidificationunit with a probe were
within, at most, £20%of the rated flow rate for the unit, whichis within expectedrange of

operation. However,the data collecteddid not fully correlatethe Tosand the RHmeasured
from the units, with the conditions measuredin the trial deck space.This suggestedthat

there was potentially someheat transfer or air ingressoccurringfrom the deliveryduct work
(i.e.the dehumidifiedair wasbeing influenced durings movementfrom the unit to the deck
space,for exampleby radiant heat). This also indicatesthe results from the trial reflect a
worst-case scenarioin terms of the efficienciesand performanceof the dehumidification
units, as comparedto a situation where they could be actuallyfitted on a vessel(e.g. with

lessductingloss).
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There were some difficulties due to time stamp variations between some recordings ¢
particularly with regardto when the flow rate measurementswere taken. However,there
were severalcaseswhere the measurementof temperature and relative humidity at the exit
of the dehumidifier could be consideredreliable and permitted the cooling load of the
dehumidifierand heatload calculationsalongthe supplyductworkto be obtained (although
without simultaneousneasuremenbf the flow rate).

The total heat load, together with the sensible and latent heat loads for both the
dehumidifiersand the supplyductworksacrossvariousdays,are computedand tabulatedin
Table2. Thesensibleand latent heat load of the dehumidifiersand ductworksare calculated
basedon comparingthe conditionsof the air at the inlet and outlet of the dehumidification
units, and the air conditions at the inlet (dehumidifier outlet) and outlet of the ductwork
respectively.Due to the failure of data logger#35, the ductwork heat load could not be
computed forthe duct connecting fromHCU3000to deck3F.

Notesrelatingto the data reportedin Table2.

1. Thereisa4-minutedelayturning off the fans.

2. TheHCUG600@nit capwasremovedandthe Y-branchwasplacedsideby sidewith the otherduct,
andanair shortcircuitissuspected.

3. Ductissuesolvedat 11:41.Thisreadingis obtainedwhenthe 15,000ni/hr stepin 4 minutes
prior. Thermalequilibriummaynot bereachedat thisstate.

4. FromTrial3C,both RHand Tws, after 17:21are still reducingin valuebeforethe fansare increasedo
100%at 17:35.Thermalequilibriumisnot reachedfor thiscase.

5. Thehighloadin the ductworkmaybe attributed to the trial just starting 2 minutes
prior. It takesmorethan 5 minutesto cooldownthe ductoutlet. Thermal
equilibriumnot reachedfor thiscase.

6. TheHCU300@nit capwasremoved.

7. TheHCU600@nit capwasremovedandthe Y-branchwasplacedsideby sidewith the otherduct,
andanair shortcircuitissuspected.

8. Thelogger#34isplacedbetweenthe ductoutletsandisfurther downthe ramp.Hencethe higher
RHvalueisexpected.
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Table2: Sensiblelatent, andtotal heatload calculationsfor the dehumidifierand supplyductwork. Onlydata where partial (only dehumidifier)or complete(dehumidifier
and supplyductwork) heat load calculationscanbe madeare shown.

Deck Time DHMintake |DHMdirectoutput| Ductoutletto Rated DHMHeatLoadgkW) |DuctworkHeatLoadgkw)  Trial TrialPeriod Note

& (Dubai) (LC039) space Flowrate (Replicatg (time 24hr)

Unit 2019 Tos| RH| Tws | Tos| RH | Tws| Tos| RH| Tws Sensibl¢ Latent| Total| Sensibl{ Latent| Total

(©c)| (6| (o) | () )| (c) )| ()| @& Q)

2F 25/06/2019 |35.9(65.2| 30.0 |35.7| 45.80( 25.8 36.4| 44.0, 25.9 5000 0.32 | 30.60| 30.92] 1.12 | -0.11 | 1.01| 3B(R1)| 1915-1935 |5000m?3hr - Cumulative
3000 19:29 DHMrate response

2F 25/06/2019 |35.9/67.5| 30.4 |36.5| 45.70( 26.5/ 35.8/ 45.4) 25.7 5000 -0.96 | 31.13| 30.17| -1.12 | -3.15 | -4.26| 3B(R2)| 2101-2121 [5000mshr - Cumulative
3000 21:09 DHMrate response

2F 26/06/2019 |36.2/58.0| 28.8 |36.3| 42.30| 25.6/ 36.1| 44.5/ 25.8 5000 -0.16 | 24.04 | 23.88 -0.32 2.66 | 2.34| 3B(R3)| 1118-1138|5000m3hr - Cumulative
3000 11:29 DHMrate response

2F 26/06/2019 |35.9/63.9| 29.7 | 36.8| 41.20| 25.7| 35.1| 41.2) 24.2 5000 -1.44 | 31.56 | 30.13] -2.70 [ -5.82 | -8.53| 3B(R3)| 1158-1226 |15000m%hr - Cumulative
3000 12:13 DHMrate response

2F |26/06/201917:26|37.8|51.1| 28.6 |35.3| 41.70( 24.6| 34.5/ 38.2 23.0 5000 4.01 | 25.05| 29.06| -1.28 | -7.54 | -8.82| 3C(R3)| 1735-1810 |15000m3hr +50%fan
3000

2F | 25/06/201920:01| 36.3| 64.6| 30.2 | 36.2| 44.00| 25.9/ 35.4) 44.0f 25.1 5000 0.16 | 32.72| 32.88 -1.28 | -2.92 | -4.19| 3B(R1)| 1955-2015 |15000m3hr - Cumulative
3000 DHMrate response

2F |27/06/201918:39| 36.5| 54.8| 28.4 | 35.5| 45.50| 25.6 36.2 42.3| 25.3 5000 1.60 | 18.56 | 20.16] 1.12 | -2.29 | -1.17| 3F(R2)| 1840-1901 |15000m3/hr +2 exhaust
3000 fans(9.1& 9.4)

2F |25/06/201915:33| 37.0| 58.5| 29.6 |38.0| 42.00( 26.9| 36.0| 45.7| 25.9 5000 -1.59 | 22.92| 21.33] -3.18 | -1.73 | -4.90| 3A(R1)| 1510-1540 [5000m3/hr

3000

2F |25/06/201916:27(39.9| 54.6| 31.3 | 37.2| 40.80| 25.9 36.0| 42.6| 25.2 5000 430 | 36.88| 41.18 -1.91 | -1.47 | -3.38| 3A(R2)| 1620-1652 |5000ms/hr

3000

2F | 25/06/201917:45| 36.5| 60.8| 29.6 | 35.4| 44.60| 25.4{ 37.6| 44.2| 26.9 10000 3.52 | 59.78| 63.31 7.07 | 15.57#2| 22.64 3A(R3)*| 1732-1753|5000ms/hr

6000

2F |25/06/201919:31| 36.4|67.3| 30.8 | 35.3| 45.20| 25.4{ 36.5| 45.7| 26.4 10000 3.53 | 78.54| 82.07] 3.86 | 10.65%| 14.50 3B(R1)| 1915-1935 |5000m?3hr - Cumulative
6000 DHMrate response

2F | 25/06/201921:10| 35.9| 67.8| 30.5 | 35.6| 44.80| 25.6| 36.7| 45.8 26.6 10000 0.96 | 73.11| 74.07] 3.53 | 11.52#2| 15.05 3B(R2)| 2101-2121 |5000m?3hr - Cumulative
6000 DHMrate response

2F |26/06/201912:02| 35.4| 65.3| 29.5 (34.7| 41.50( 24.1| 36.8| 43.4{ 26.1 10000 2.25 | 76.05| 78.30| 6.77 | 20.57%3| 27.34 3B(R3)| 1158-1226 [15000m3/hr - Cumulative
6000 DHMrate response

2F |26/06/201917:21| 38.8| 50.3| 29.3 |34.5| 40.00( 23.6| 36.6 42.1| 25.6 10000 13.81 | 67.38 | 81.19] 6.78 | 20.47#4| 27.24 3C(R3)| 1715-1735|15000m3hr +50%fan
6000

2F | 25/06/201920:02| 37.465.2| 31.4 (35.2| 44.10( 25.1| 36.4{ 44.0, 25.9 10000 7.05 | 87.66|94.72| 0.64 | 1.13 1.78| 3B(R1)| 1955-2015 |15000m3hr - Cumulative
6000 DHMrate response

2F | 27/06/201918:42| 38.2|54.9| 29.8 (34.7| 41.20( 24.0, 36.8/ 44.0| 26.2 10000 11.24 | 73.00 | 84.24| 6.78 | 23.35"| 30.13 3F(R2)| 1840-1901 |15000m?3hr +2 exhaust
6000 fans(9.1& 9.4)
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3F [25/06/201919:39] 35.5(65.6] 29.6 | 31.6] 60.50] 25.4Thelogger #34s 5000 6.33 | 25.82 | 32.14|Theductwork loadsannot be] 3B(R1)*| 1935- 1955 |10000m3/hr - Cumulative

3000 initially placed on th determinedasthere isno DHMrate response

3F | 25/06/201921:07| 36.2|67.6] 30.7 |32.0| 57.80| 25.2duct outletof the 5000 6.81 | 34.65 | 41.46| nformationatthe duct outlet ™3 Ry 2101- 2121 |5000m3/hr - Cumulative

3000 HCU3000.1t is later to space dueo the DHMrate response
swappedwith logger malfunction oflogger #35 -

3F |26/06/201911:43| 35.5(62.8] 29.1 |31.4] 59.10| 24.9.:35 (originally place| 5000 6.66 | 24.06 | 30.72 3B(R3)%| 1138- 1158 [10000m/hr - Cumulative

3000 inthe outlet of HCU DHMrate response

3F | 26/06/201912:04] 35.4] 65.7| 29.6 | 31.6| 58.30| 24.9/6000in deck3)due | 5000 6.17 | 28.11 | 34.27 3B(R3) | 1158- 1226 |15000m%hr - Cumulative

3000 to malfunctionof DHMrate response

3F [26/06/201912:31|35.5/61.4| 28.9 |31.4] 58.70| 24.9/0gger# 35.No data 5000 6.66 | 22.39 | 29.05 3B(R3) | 1158- 1226 |15000m%hr - Cumulative

3000 avallabllefdlueo v DHMrate response

3F |26/06/201917:16(38.2|51.4] 29.1 [29.7) 58.80[ 23.4 . . “28° " 5000 | 13.87 | 26.22 [ 40.10 3C(R3) | 1715- 1735 |15000m@hr +509%fan

3000 '

3F | 25/06/201920:06| 36.4]65.6| 30.5 |32.0| 58.40| 25.3 5000 7.13 | 31.85] 38.98 3B(R1)| 1955-2015 |15000m%hr - Cumulative

3000 DHMrate response

3F |27/06/201918:51|37.3[56.8| 29.5 |30.5| 59.10] 24.1] 5000 | 11.07 | 27.57 | 38.64 3F(R2) | 1840- 1901 |15000m3/hr +2 exhaust

3000 fans(9.1& 9.4)

3F [25/06/201915:35| 36.8|59.2| 29.5 |33.2] 55.50| 25.7 5000 5.81 | 22.32] 28.13 3A(R1)| 1510-1540 |5000m%hr

3000

3F [25/06/201916:24| 37.6|54.7| 29.3 |32.8| 52.00| 24.8 5000 7.76 | 25.17 | 32.93 3A(R2) | 1620- 1652 [5000m%/hr

3000

3F [25/06/201917:45| 36.5/60.8| 29.6 | 34.7| 56.80| 27.335.8/54.8 27.8| 10000 | 5.79 | 29.81| 35.60] 3.54 | 4.10/| 7.64| 3A(R3)| 1732-1753 |5000md/hr

6000

3F [25/06/201919:33| 35.8/64.8| 29.8 |36.7| 45.30( 26.5(36.2/48.7 26.8| 10000 | -2.87 | 52.43| 49.55 -1.60 | 6.62#7| 502| 3B(R1)| 1915-1935 |5000md/hr

6000

3F [25/06/201921:06|36.1/67.1| 30.5 |36.9] 46.80| 27.1/35.8/50.6/ 26.8| 10000 | -2.55 | 56.48 | 53.92] -3.51 | 2.70%7| -0.81| 3B(R2)| 2101-2121 |5000md/hr

6000

3F [26/06/201912:07| 35.7|65.8| 29.9 | 36.6| 42.90| 25.936.4 43.3 25.7| 10000 | -2.87 | 62.84| 59.97] 0.64 | -0.22 | -0.86| 3B(R3)| 1158-1226 |15000md/hr

6000

3F [26/06/201917:18|38.7/50.9| 29.4 |35.7| 42.40/ 25.1/35.2/48.5] 26 | 10000 | 9.60 | 53.22 | 62.82] -1.61 | 14.38%| 12.77| 3C(R3)| 1715-1735 |15000m3/hr +50%fan

6000 #

3F [25/06/201920:04] 35.9) 64.8| 29.9 | 36.6| 45.20| 26.5/36.5) 46.4 26.6| 10000 | -2.24 | 54.66 | 52.42] 0.32 | 2.99 | 2.67| 3B(R1)| 1955-2015 |15000mé/hr

6000

3F |27/06/201918:46|37.256.9] 29.4 | 36.7| 41.00| 25.536.6| 42.5| 25.7| 10000 | 1.60 | 55.86 | 57.46] -0.32 | 4.01 | 3.69| 3F(R2)| 1840-1901 |15000m%¥hr +2 exhaust

6000 fans(9.1& 9.4)
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Formatting of figuresand diagrams

The following sectionscontain graphicalrepresentationsand descriptionsof the findings from
the different trials. The information presentedin the figures for each trial reflect the most
representativereplicatesthat were conducted.

In terms of formatting the figures (graphs/ diagrams),they have all been given a consistent
ordinate axis increment for the respective variable (Tog RH, Twg) to aid in a consistent
comparisonbetweentrials and replicates. The following summariseshe detailsfor eachof the
variables:
1 TheTpefiguresin the figuresareall scaledo havearangeofn ¢10'C.Mostofthe Tog
figureshavelimits from 30°Cto 40°C,with only a few ranging betweer82’'Cto 42°C.
f The RHiguresareall scaledto havearangeof p w | 40%.Most of the RHfiguresrange
between30to 70% with only afew ranging betweert0to 80%.
1 TheTwefiguresareallscaledio havearangeofn ¢s=15C.Allofthe Twsfigureshavea
rangebetween20'Cto 35C.
Toaid in the interpretation of the figures,a consistentcolour schemehasalsobeen usedfor all
figures,whichis outlined below.

Referencego W & LJin @& fdllowing sectionsrefersto the trial decks(e.g.the spaceaveragejs
the trial deck average).Asthe spaceaveragegets nearerto the DHM outlet measurementsit

suggestsa greaterinfluencefrom the conditionedair providedfrom the DHM. Where the space
averageis closerto the ambientor intake datarecordings,jt showsthat the spaceis nearerto an

unconditionedstate. Within the graphs,a closenesbetweenthesefigurescould suggesthat the

influenceof the DHMconditionedair islower or showthe periodswithin the trials where the fans
were usedto return the deck spacesto the baselineambient conditions between trials. The
following results and figures presented demonstrate the most representative replicates
completedfor the varioustrials.

Plot Interpretation

Deck3Fplots (top figureof eachpage)

Logger Marker Properties

LoggeB4 at deck3 (LC034) Tos, RH,TWBof the dehumidifierair at the supplyduct
outlet in the space

Logge2 (replacementor Tos RH,Tweof the dehumidifierair at the supplyduct

loggerLC035at deck3 (LC032) outlet in the space

Logger0(LC040) ——J—— | Tos RH,Twsof the bridge (outsideair)

Logger39(LC039) Toe, RH,Twgof air intakefor a dehumidifier (outsideair)

Averagepropertiesof the space seees Tos RH,Tws

Deck2Fplots (bottom figure of eachpage)
Logger Marker Properties

Toe, RH,Twsof the dehumidifierair at the supplyduct
outlet in the space
Toe RH,Twgof the dehumidifierair at the supplyduct
outlet in the space

Logger30at deck2 (LC030)

Logger3lat deck2 (LC031)

Logger0(LC040) —_—f— Toe RH,Twsof the bridge (outsideair)
Logger39(LC039) Toe, RH,Twsof air intakefor a dehumidifier (outsideair)
Averagepropertiesof the space LA L L Tos, RHor Twe
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Trial 3A - Sequentialambient baseline dehumidification rateesponse
The aim of this trial wasto establishan ambient baselinefor sequentialdehumidificationrate
responseunder sealedconditionsto supportmodellingof predictiveimpacton Twes, RHand Tos

Decks2F and 3F were sealed and all supply and exhaustfans were switched on between
treatmentsto achieveambientconditionsbefore applicationof DHM.

Three treatments were applied: 15,000n%/hr; 10,000n¥hr and 5,000n¥/hr ¢ with the highest
DHM rate (15,000ni/hr) selectedasthe first treatment in order to determinethe impact of full
dehumidification. Figure$8,19 and20 providethe resultsfrom the 15,000n¥hr treatment.

Dry bulbtemperature results

Deck 3 Average Ty vs. Time on 27th June 2019
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—o— LCO034 (Duct outlet for HCU 3000) LCO32 (Duct outlet for HCU 6000) ~ eeeeeee Average in space
——Tinytag logger in space - LC039 (DHM intake) —=—1.C040 (Bridge)
Deck 2 Tpg vs. Time on 27th June 2019
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Figure18: The Dry Bulb Temperature(Tog) rate responsefor dehumidifier units delivering15,000m3hr of
dehumidifiedair to deck3 (top) and deck2 (bottom)
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1 During thigreplicate,whenthe dehumidifierunits were switchedon at 21:30,thereis a
decreaseof 0.3°Cto 0.5°Cof the averagelpgin both decks for20min.
{ Thevariation betweerthe Kestrelf 2 3 Th$Mgepactsand theTinytagdatalogger

Toswasapproximately0.5°Cfor deck3.

1 Althoughthe Bridge(LC040)psis lower thanthe spaceaveragefor both decks the Tpgof
the dehumidifierintake (LC0O39)s verycloseto the averagespacelpgacrossalldecks.

1 Theductoutlets (LC03Q,C031L.C032ndLCO034)egistereda dropin Toedifferently.

Relativehumidity results

Deck 3 Average RH vs. Time on 27th June 2019
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Figurel9: TheRelativeHumidity (RH)rate responsefor dehumidifierunitsdeliverinng,OOOm3/hr of
dehumidifiedair to deck3 (top) and deck2 (bottom)
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1 TheRHfor both the dehumidifierintake (LC039andthe Bridge(LC040haveavariation
of nomore than 5%for both decks.

1 Thereisareductionof averagespaceRHof 9%and 12%for deck3 and 2, respectively,
with DHMapplied.

TheTinytagloggerdatashowedconsistencyvith the Kestreldataon deck3.
Thedeck3 averagespaceRHeventuallysettled betweenthe RH of thawo ductoutlets.
TheaveragespaceRHon deck2 converged nicelwith the RHof one of the ductoutlets.

Whenstahlised(after 21:43),the RHof the two ductoutletsin deck2 areonly 2%
different.

= =4 —a -

Wet bulb temperatureresults

Deck 3 Average T,y Vs. Time on 27th June 2019
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Figure20: TheWet Bulb Temperature(TWB) rate responsefor dehumidifier units delivering15,000m3hr
of dehumidified air to deck3 (top) and deck?2 (bottom)

Live sheep expottial program Trial3 staticdehumidification Page28 of 92



9 After the DHMunits are switchedon, there is a3.0°Crecordedreductionof Twson deck
2 within 20min.

1 Thespaceaveragelwson deck2 convergedwith one of the duct outlets towardsthe end
of the 20minperiod.

1 The Tyedifferencesbetweenduct outletsin deck2 rangedfrom 1.0to 1.5°C.

f The deck3 Twedecreased®.0°Coverthe 20minperiod. Most of the duct2 dzii fTidisd Q
droppedaccordingly.

1 Inthe final phaseof the trial, the spaceaverageTlws in deck3 showeda difference
between
1.0 to 2.5Cwith respectto the two ductoutlets (LC034ndLC032).

1 Therewill be no comparisonbetween Kestreldata loggers(spaceaverage)and Tinytag
dataloggeron deck3 becausethe Tinytagdataloggeronly recordsTps, RH,and Top(Dew

PointTemperature).

Trial 3B- Cumulative dehumidification rateesponse

Theobjectiveof this trial wasto establisha cumulativedehumidification rateresponseunder
sealeddeckconditionsto supportmodellingof the predictiveimpacton Tws, RHand Tos

Thistrial containedsimilartreatments asoutlined in Trial 3A, the key differencebeingthat fans
were not switched on between treatments so that each deck received an accumulated
dehumidificationload starting from5,000n¥hr, buildingto 10,000n¥hr andthen 15,000n/hr.

Insteadof immediatelyswitchingon the full flowrate capacity(15,000m®hr) of the DHMunits at
the initiation of eachreplicate (asin Trial 3A), the flowrate was increasedby sequential5,000
m¥hr incrementsevery20minutes.

Todeliverthesesequencedncrementalincreasesg , bfanchesand capping were usedto either
enabledehumidifiedair from a unit to flow to the deck,or to divert that air onto the dockside
areaor deck7 space(wherethe ductwork enteredthe vessel) It wasadvisedby the technology
provider that the DHM units may require 5 to 10 minutesto reach steadyoperating condition
onceturned on from a shutdownstate. Thediversion/ cappingarrangementwasimplementedto

overcomethis limitation.

At the commencemenbf the trial, one DHM unit (HCU3000yvas usedto supply5,000m?¥hr of
dehumidifiedair to eachdeckfor 20 minutes. Theair from eachHCU300@nit wasthen diverted
usingthe & , bfanchin the ductwork. The DHM units continuedto run, but the dehumidifiedair
was expelledinto other spaceqdocksidefor the HCU300Qunits or onto deck? for the HCU6000
units). Asthis occurred,the diversioncapon the & , branchin the ductwork for the DHM unit
HCU600@vasremoved,supplying 10,00n%hr to the deck.

After another 20 minutespassedthe diversioncapfor HCU300Qinit was removedso that both
it and the HCU6000vere concurrentlydeliveringa total of 15,000m%hr or dehumidifiedair to
the deck.Thisprocedurewasthe samefor the units usedacrossboth decks.

Live sheep expottial program Trial3 staticdehumidification Page29 of 92



Dry bulbtemperature results

Deck 3 Average Tpg vs. Time on 25th June 2019
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Figure21: TheDryBulb Temperature(Tog) cumulativerate responsefor dehumidifier unitsdelivering
15,000m%hr of dehumidifiedair to deck3 (top) and deck2 (bottom)

1 WithincreasingdHMflowrate, the Tpgfor both deckshad minimalkchangeghroughout
the replicate.
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Relativehumidity results

Deck 3 Average RH vs. Time on 25th June 2019
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Figure22: TheRelativeHumidity (RH)rate responsefor dehumidifier units delivering15,000m%/hr of
dehumidified air to deck3 (top) and deck2 (bottom)

1 Throughoutthe replicate,deck 3 recordeda 17%decreasein RHand deck?2 recordeda
20%RHdecrease.

1 The spaceaverageRHrecordedin both deckswas consistentwith readingsfrom the
TinyTaglataloggers.

1 ThespaceaverageRHin deck 2 was 5% higher than the duct outlets at the end of the
trial. Fordeck3, the RHdifferencebetweenspaceaverageand ductoutlet was7%.

1 Whenthe cumulative step-up to 15,000ni/hr of dehumidified air being deliveredinto
the decksoccurred,the decreasein RHwasnot asmuch comparedto the applicationof
the lower flowrates(5,000n%/hr and 10,000n%/hr).
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Wet bulb temperature results

Deck 3 Average T, vs. Time on 25th June 2019
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Figure23: TheWet Bulb Temperature(Twe) rate responsefor dehumidifier units delivering15,000m®/hr
of dehumidified air to deck3 (top) anddeck2 (bottom)

1 Thedecreasen the spaceaverageTwsthroughoutthe trial in deck3 was3.0°Cand
4.0°Cin deck?.

1 At the end of the trial, the spaceaverageTwswas 1.0°C higherthan the duct outlet
for HCU3000unit for both decks.

1 Indeck2,the HCU600Qnit duct outlet Twswasoverlappingwith the spaceaverage
Twsduring themiddle of the 10,000m%hr session.

1 Asobservedfrom the RHplot, when 15,000m?%hr of dehumidifiedair was supplied
to the decks,the decreasein Twswas not as great when the deckswere supplied
with 5,000m*hr and10,000m3hr of dehumidifiedatir.

1 TheDHMintake andBridgerecordedTwswereconsistent.
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Trial 3C- Ambient baseline dehumidification dilution

Theobjectiveof this trial wasto establishthe dilution impacton dehumidifiedair of introducing
sequencedambientventilation fansunder sealeddeckconditions. The DHM units were operated
at 100%for this trial (ie. 15,000ni/hr for each deck). Three treatments of fan capacitywere
applied (25%,50% and 100%),with sequencingof specificsupply and exhaustfans calculated
prior to the trial.

Dry bulbtemperature results

Deck 3 Average Tpg vs. Time on 26th June 2019
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Figure24: TheDryBulb Temperature(Tpg) rate responsefor ambient baselinedehumidifier dilution in
deck3 (top) and deck2 (bottom)

1 Thechangef Tosin deck3 were morethanin deck2, whichwas0.7°Ccomparedwith 0.3°C.

1 Differencesbetweenaveragespacelpsand TinytagdataloggerTpgvariedfrom 0.5°Cto
0.7°Cin deck3 andfrom 0.2Cto 1.2°C indeck2.
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Relativehumidity results

Deck 3 Average RH vs. Time on 26th June 2019
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Figue25: TheRelativeHumidity (RH)rate responsefor ambient baselinedehumidifier dilution in
deck3 (top) and deck?2 (bottom)

' The space average RH in both decks decreasedonce the dehumidifier units were
switchedon at 12:45. Thedehumidifierunits were supplyingl5,000m%hr (PABuv= 18)
of dehumidified air to eachdeck,with no fans operating. The RHin deck 2 decreased
from 52%to 43%,while in deck3 the RHdecreasedrom 52%to 45%.Therates of the
RHdecreasefor both deckswere steepinitially (12:45¢ 12:50)and thereafter, declined
lesssteeply(12:50¢ 13:05).

{ ThespaceaverageRHin deck2 increased7%)when25%(equivalentto 61,000m hr;
PAT/A
=72.3)of supply(31,000m%hr; PAT,»=36.8)andexhaust(30,000m%hr; PAT,a=35.6)
fanswasintroducedto the space.

' The same RHincrease(7%)trend appearedon deck 3 with the introduction of 25%
(equivalentto 60,000m¥hr or PAT;a=71.2)of supply(32,000m¥hr; PAT;a=37.9)and
exhaust(28,000m®/hr; PAT/a=33.2)fans.
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The RHincreasedrapidly on both decksonce 25%fan capacitywas introduced and then
increasedat a lesssteeprate. Thetime frame for the rapidlyincreasedrate of RHwasabout
5min.

It can be observedthat with just 25% of fans introduced, the RHin the spaceis quickly
increased taa levelequivalent tothat whichoccurredbefore the spacewasdehumidified.
Theintroduction of 50%(equivalentto 108,000m?hr; PAT,a=128.1)supply(62,000m? hr;
PATa = 73.5) and exhaust(46,000m®hr; PATa = 54.6) fans further increasedthe space
averageRHin both decksby about 3%to 4%.When100%fans(230,000m¥hr; PATa=272.8)
wereintroduced,the RHIevelin both decksincreased¢o more than 60%.

The spaceaverageRHin both deckssits betweenthe dehumidifier intake (LC039)nd the
Bridge(LC040). Beforgds5%of fanswere introducedto the spacein deck2, the averagespace
RHreducedto the samelevel asone of the duct outlets. Asin deck 3, lowest point for the
averagespaceRHwasstill 2 to 3%different from the ductoutlet.

Wet bulb temperature results

Deck 3 Average Ty vs. Time on 26th June 2019
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Figure26: TheTwgrate responsefor ambient baselinedehumidifier dilution in deck3 (top) anddeck?2

(bottom)
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I Thespaceaveragelws for both decks2 and 3 possessea@ similartrend asthoseshownin
the previousRH plots. When the dehumidifier was initially switched on (before the
additionof fans),the average spac&vsdropped2.0°Cin deck2 and1.5°Cin deck3.

1 Oncethe supplyand exhaustfanswere introduced (61,000m?hr at 25%;PATa=72.3),
the spaceaverageTwsfor both decksquicklyrosebackto the level before the spacewas
beingdehumidified.

1 The rapid decreaseand increasein the spaceaverage Twewhen dehumidifiers were
switchedon, andthe 25%fansintroducedrespectivelyechoedthosein the RHplots.

1 With more supplyand exhaustfansswitchedon, the Twg increasedaccordingly The 100%
fans rose the Twein both decksto be the same as those in the dehumidifier intake
(LCO39and Bridge(LC040).
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Trial 3D - Ambient Airflow RateResponsdgno dehumidification)
Theobjectiveof this trial wasto establishan ambientairflow rateresponsebaselineunder sealed
deck conditions to support modelling of the predictive impact on Twe, RH and Toe NoO

dehumidificationwas usedin the trial, and only the supply and exhaustfan sequencesusedin
Trial 3Cwere appliedin a stagedapproach(at levelsof 100%and then decreasingo 50%and
25%).

Dry bulbtemperature results

Deck 3 Average Tpg vs. Time for Trial 3D-R3 on 27th June 2019
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Figure27: TheDryBulb Temperature(Tog) rate responsefor ambient airflow baselinein deck3 (top) and
deck?2 (bottom)

1 Nodehumidifierunits wereinvolvedin this trial, and henceno relevantduct outlet
temperaturesare shown.
{ Thetrial startedwith 100%supply andexhaustfans(total of 230,000m*hr; PATx=272.8).

1 Thespaceaveragelpgincreasedsteadilyin both decks From08:48to 10:05,anincreaseof
2.0°PCwasrecordedfor both decks.
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1 Whenthe supplyandexhaustfanflow rate wasreducedto 50%at 10:05,the average

spaceTpgon both decksdecreasedrerylittle (0.1°Cto 0.2°C).

1 Thefurther reductionof supplyand exhausfansto 25%also observedery minimal
changes
in Toefor both decks.

1

TheTinytagdata loggerand the Kestreldata loggershad the sametrend throughoutthe

replicate, but levels differed between 0.9°C to 1.3°C. There is also consistencyin the
initial risingtrend of ambienttemperatures(dehumidifierintake and Bridge)with average

spacelpe

Relativehumidity results

Deck 3 Average RH vs. Time for Trial 3D-R3 on 27th June 2019
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Figure28: TheRelativeHumidity (RH)rate responsefor ambientairflow baselinein deck3 (top) and deck2

(bottom)

1 TheRH inboth decksdecreasedvith the introduction of 100%fans.
1 TheRHon both decksdroppedwith deck3 recording7%,anddeck?2 recording9%

decreases.
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Wet Bulb Temperature, Ty (°C)

Wet Bulb Temperature, Ty (°C)

1 When the flow rate capacity of the fans was halved (50%), both decksrecorded a
moderaterise of 5% RH.Whenthe flow rate capacitywasthen halvedagain(25%),both
decksrecordeda small riseof 2%RH.

Wet bulb temperature results

Deck 3 Average Ty vs. Time for Trial 3D-R3 on 27th June 2019
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Figure29: TheWet Bulb Temperature(Twg) rate responsefor ambientairflow baselinein deck3 (top) and
deck?2 (bottom)

1 TheTwsfor the averagespacein both decks,dehumidifierintake and Bridgecorrelatedin
highdegreethroughoutthe replicate.
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Trial 3E- Cumulativeexhaustfan rateresponse

The objective of this trial wasto establishthe effect of cumulativeexhaustarrangementson
dehumidificationunder sealeddeck conditions. Threeexhaustfan sequencegi.e. treatments)
were selectedto increaseair velocity acrossthe deck, includingthrough the reversingof the
polarity of somesupplyfans.At the start of the trial, dehumidifiedair wasintroducedto decks
2F and 3F (100%, 15,000n¥/hr; PABum = 17.8) and conditions allowed to stabilise. The

application of the fan sequences(2, 4 and 8 fans) then occurred immediately between

treatmentswithout altering DHMairflow.

Dry bulbtemperature results

Deck 3 Tpg vs. Time on 27th June 2019
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Deck 2 Tpg vs. Time on 27th June 2019
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Figure30: TheDryBulb Temperature(Tog) rate responsefor ambientbaselinedehumidifier dilution in deck3
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1 The applicatiorof increasing exhausanshadminimaleffect on the Tpgthroughoutthe
trial.
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Relativehumidity results
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sefor ambientbaselinedehumidifier dilution in deck3

1 The DHMunits were switchedon initially to dehumidifythe decksand remainedon for
the trial. A stepshapecurvewasthen observedin deck3, with the increasingnumber of
exhaustfansswitchedon in sequence Eachstep changeincreasedhe spaceaverageRH

Whenall eight exhaustfanswere switchedon, the spaceaverageRHin deck3 wasvery

closeto the Bridge RH. The space averageRH sat between both DHM duct outlets

by5%.
1
readings.
1 In deck2,the stepchangewasnot as

prominentcomparedto deck3. Asall eightexhaust

fanswere switchedon, the spaceaverageRHin deck?2 sat betweenthe Bridgeand DHM

intake.

1 ThespaceaverageRH inboth deckswashigherthan the two DHMductoutlets.
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Wet bulb temperature results

Deck 3 Average Tz vs. Time on 27th June 2019
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Figure32: TheWet Bulb Temperature(Tws) rate responsefor ambientbaselinedehumidifier dilution in
deck3 (top) and deck?2 (bottom)

1 Thespaceaveragelwgin deck3 followedthe same trendof step curveasthosein the RH
plots.

1 Each steghangein exhaust fansncreasedhe Twsby 1.0°Con deck3.

The deck Twedid nothavea distinctstepchangecurveasin deck3.

1 Thespaceaveragelwsin deck2 demonstratedthe sametrend asin the RHplot.

=
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Dry Bulb Temperature, Ty (°C)

Dry Bulb Temperature, Ty (°C)

Trial 3F- Ambient sequentialexhaustrate response

The objective of this trial was to establishthe effect of sequentialexhaustarrangementson
dehumidification conditions under sealed deck conditions. Three exhaustfan sequences(i.e.
treatments)were selectedto increaseair velocityacrosghe deck,includingthroughthe reversing
of the polarity of some supplyfans. Fanswere turned off at the start of eachtreatment in the
trial. The application of the fan sequences(2, 4 and 8 fans) in conjunction with 100%
dehumidifiedair (15,000ni/hr) then occurredasseparatetreatments.

Dry bulbtemperature results

Deck 3 Average T vs. Time on 27th June 2019
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Figure33: TheDry Bulb Temperature(Tpg) rate responsefor ambient airflow baselinein deck 3 (top) and
deck2 (bottom)
1 The Bein both deckshadminimalchangethroughoutthe trial.
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Relativehumidity results

Deck 3 Average RH vs. Time on 27th June 2019
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Figure34: TheRelativeHumidity (RH)rate responsefor ambientairflow baselinein deck3 (top) anddeck

2 (bottom)

1 At the commencemenbf the trial, all supplyand exhaustfanswere switchedon to equate

the deckconditionswith the outsideconditions.

1 Onceoutside ambient conditionswere reachedin both decks,all supplyfans and exhaust
fanswere switchedoff (at 18:40).At 18:40,two selectedexhaustfanswere switchedon, the
DHMwasintroducedand the effectswere monitored. The spaceaverageRHin both decks

reducedby about9%.

1 All supply and exhaustfans were switchedon at 19:01.Oncethe conditionsin the deck
returned to the baselineambient conditions,four selectedexhaustfanswere switchedon
and theDHMintroduced.It wasobservedthat the spaceaverageRH indeck3 dropped7%.
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1 Theprocesswasrepeatedwith eight selectedexhaustfansandthe DHMturned on. A5%
RHreductionwasrecordedin deck3.

1 In deck2, the four exhaustfansand DHMtreatment recordedonly a4%decreasen space
averageRH.Thisdrop in RHwasthe sameas inthe eightexhaustfansaveragespaceRH.

1 For deck 3, the spaceaverageRHduring the eight exhaustfans treatment reachedthe
samelevel asthe outside air condition (DHM intake). Asfor deck 2, spaceaverageRH
reacheghe outsideair RHduring thefour andeight exhaustfanstreatments.

Wet bulb temperature results

Deck 3 Average Ty vs. Time on 27th June 2019
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Figure35: TheWet Bulb Temperature(Twg) rate responsefor ambientairflow baselinein deck3 (top)
anddeck2 (bottom)
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1 The spaceaverageTws in deck 3 reducedwith a distinctive pattern, with two exhaust
fans reducingthe averagespaceTws by 2.0°C, four exhaustfans reducingthe average
space Tws by 1.5°C and eight exhaustfans reducing the averagespace Twegby 1.0°C.
Similarwith the RHplot, the averagespaceTws during the eight exhaustfan treatment
reachedthe sameoutsidevessekonditions.

1 Thedeck2 spaceaverageTws reduced2.0°C during the two exhaustfan treatment and
the subsequenttreatments (four and eight exhaustfans) only reducedit by 1.0°C. The
four and eight exhaustfanstreatment recordedthe averagespaceTwscloseto and same
with outsidevessekonditions.

Performanceof dehumidification units

Thedehumidifiersusedin this trial were optimisedfor moisture removal,asopposedto dry bulb
temperature reduction. Irrespectiveof the dehumidifier performancein terms of total cooling
load, measurementsacrossall dehumidifiersindicateda larger latent heat removalfraction, with
a smallsensiblecooling rate fraction. The larger fraction of the total cooling load from the
dehumidifiersbeinglatent heat removalconfirmsthat moisture removalwasmade a priority for
all dehumidifiersin allcases.

Within eachdeck,all trials that involveddehumidifiersdemonstrateda reductionin RHand Tws,
whereasthe Tpgin all trialsdid notchangegreatly.

The dehumidificationtrial project showeda successfuproof of conceptfor dehumidifyingthe
decksof a livestockexport vessel(without livestock)with the RHbeingreducedby an averageof
15%and the Tws beingreducedaround4.0°C. The deck spaceaveragepropertiesfor Togand RH
obtainedwith the Kestreldataloggerscloselycorrelatedwith the availabledata from the Tinytag
dataloggersduringthe trial.

Deck2Fc¢ HCU3000dehumidificationunit

Theresultsfrom the deck2FHCU300@ehumidifierunit and duct work heat loadswere usedas
the primary reference case for all the detailed analysisand modelling where animals are
considered.The performanceof the deck 2F HCU300Glehumidifier unit is tabulatedin Table2,
with the rated flow rate being5,000n¥/hr. Thefluctuation (-8kWto 1kW)of the duct work heat
loads (sensibleand latent) for this unit is acceptableand can be attributed to heat transfer, air
infiltration (leakage)and measurementuncertainty. As a consistencycheck,for all cases,there
are no large (>1kW) heat loadsindicatingheat loss(sensibleor latent) from the duct. Suchlarge
positive heat loadswould not be consideredealisticconsideringhe ambientair is alwaysat adry
bulbtemperaturehigherthan thedehumidifiedair flowingthroughthe ductwork.

The deck 2F HCU3000 dehumidifier unit total heat load varies from 20 to 41 kW, with the

variation due to different ambient RHand Tos conditions. It was noted that the RS K dzY A RA ¥ A S N&
performanceincreasedwhen higherwet bulbs were experiencedwith moisture removaleasier

at higherhumidity

levels.Thispattern wascommonto all the dehumidifierunits usedduring the trials. Assuch,an

expectedtrend in the performanceof the dehumidifiers ighat it will increasewith increasingvet

bulb temperatures.

Deck2Fc HCU6000dehumidificationunit

Forthe deck2 HCU600@Iehumidifier,the rated flowrate is 10,000n%/hr andthe total heatload
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rangedfrom 63to 94 kW,asshownin Table2. Theduct work heatload wascalculatedto be very
high. Thisis attributed to the W O B EjFa@edureused during the trial, where dehumidified air
wasdivertedinto opendeckspacein deck7. Thecapoff procedure(Figure8) wasappliedto this
HCU600nit when the trial neededonly 5000n¥/hr of treated air to be suppliedthe deck. This
capoff procedureallowedthe unit to be continuouslyrun, without power interruption and the
needto reheatthe desiccantwheel. Thiscapoff procedureled to an air short circuit, whereby
there was a smallvolume of air that was still flowing down the ductingto the deckswhen the
capwasoff.

In addition, becauseof the diversion, the duct work for the unit will not reach thermal
equilibriumwithin the 5 to 7 minutesavailablewhenthe trial begins.Dueto the duct work heat
load being significant,irrespectiveof the source,the deck 2F HCU600Gdehumidifier cannot be
usedas anidealexamplefor subsequenfurther analysis. Theffect of ductwork non-equilibrium
istabulatedin Table3.

Deck3Fc¢ HCU3000dehumidificationunit

Forthe deck3FHCU300@ehumidificationunit, the total heat load rangedfrom 28kWto 41kW;
similarto the deck2F HCU300Qunit. The deck 3F HCU300Gehumidifier unit removed almost
the sameamountof moisture comparedto the deck2ZFHCU300nit, asshownin Figure37. The
Tosrecordedin the DHM output was lower than the deck 2F unit. The time history data taken
overthe periodof the trial indicatesthat the dehumidificationunit maynot havereacheda steady
performance state within 5 to 7 minutes into its operation, potentially causinga reduced
moisture removalrate from the spaceduring the trial. Dueto the unavailabilityof a data logger
in the ductoutlet for this unit, noductwork heatloadcanbe calculated.

Deck3Fc¢ HCUs000dehumidificationunit

Forthe deck3FHCU600@Iehumidificationunit, the total heat load rangedfrom 35to 62kWand
the dehumidifier RH reduction ranged from 15%to 22%. In comparisonwith the deck 2F
equivalentunit, the deck 3F unit underperformedin terms of total heat load (63kW - 94kwW
comparedto 35kW-62kW).The deck3FHCUG00@ehumidificationdzy” Alaie@tdeatloadis also
lower when directly comparedto the deck 2F HCU600Qunit. Thisis supported by the results
outlinedin Figures36 and37.

The deck 3F HC6000dehumidificationunit had its refrigerant rechargedin the afternoon of 25
June 2019, which improved the performance.However,it still did not perform as well as the
sameunit on deck2F.Theductwork total heat loadswere better than that of the sameunit on
deck2F.Thereisonly onevery highductwork heatload (case 12.77kW)yhichis attributed to the
data loggerat the duct outlet initially being placedfurther downstreamfrom the outlet than for
other duct outlets. The logger was placedback at the direct duct outlet when the shortageof
dataloggerswassolved.

Furtherinformation concerningthe dehumidificationunit performance

Figures36 and37 representthe plot of TotalHeatLoad(Qr) andLatent Heat.oad(Q) for eachof
the dehumidificationunits during trialperiod. Forthe smallerDHMunits (HCU3000the Qrand Q.
are quite similaron both decksandmost of the time the plots gatherin the sameregion.
However, forthe larger units (HCU6000)he deck 2Funit had a higher Qrand Q. The
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differencesof Qrand Q.betweendeck2Fand3Frangedfrom 29%to 50%and19%to 50%
respectivelyThisis a major differenceandhencethe HCU600@nit on deck3F isconsideredo
haveunderperformed.

Total Heat Load (Qy) for all DHM units during trial period.
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Table3: Theanalysisof changein Qsand QL is basedon 10,000m?hr flowrate and a baseTDBof 35°C
and RH44%for ductwork heat load.

TDB(UC)
35.0 35.5 36.0 36.5 37.0 375 38.0

RH(%) | Q (kW)] Qs(kW)] Q. (kW)] Qs (kW)] Q. (kW)| Qs(kW)| Q. (kW) Qs(kW)| Q. (kW) Qs (kW)| Q (kW)] Qs(kW)] Q. (kW)| Qs (kW)
49.0 | 14.49| 0.00 [ 1848 1.61 | 2257 | 3.22 | 26.77| 4.84 | 31.07| 6.46 | 3549 [ 8.08 [ 40.02| 9.71
485 | 13.04| 0.00 [ 16.98 | 1.61 | 21.03| 3.22 | 25.18| 4.84 | 29.44| 6.46 | 33.81| 8.08 | 38.29] 9.71
48.0 [ 11.59| 0.00 [ 15.49| 1.61 | 19.49| 3.22 | 23.60| 4.84 | 27.81] 6.46 | 32.13[ 8.08 | 36.56| 9.70
475 | 10.13] 0.00 [ 13.99| 1.61 | 17.95| 3.22 | 22.02| 4.84 | 26.18]| 6.45 | 30.45| 8.07 | 34.83| 9.70
470 | 868 | 0.00 [ 1250 1.61 | 16.42| 3.22 | 20.43| 4.83 | 24.55| 6.45 | 28.78[ 8.07 [ 33.11] 9.70
465 | 7.23 [ 0.00 [ 11.01[ 1.61 | 14.88| 3.22 | 18.85| 4.83 | 22.93| 6.45 | 27.10[ 8.07 | 31.38| 9.69
46.0 | 579 | 0.00 [ 952 | 1.61 | 13.35| 3.22 | 17.27| 4.83 | 21.30| 6.45 | 2543 [ 8.07 [ 29.66| 9.69
455 | 434 | 0.00 [ 803 | 1.61 | 11.81| 3.22 | 15.69| 4.83 | 19.67| 6.44 | 23.75| 8.06 | 27.94| 9.68
450 | 2.89 | 0.00 | 6.54 | 1.61 | 10.28| 3.22 | 14.11| 4.83 | 18.05| 6.44 | 22.08| 8.06 | 26.22| 9.68
445 | 145 | 0.00 | 505 | 1.61 | 8.75 | 3.21 | 12.54| 4.83 | 16.42| 6.44 | 2041 | 8.06 | 24.50 | 9.68
440 | 0.00 [ 0.00 [ 356 [ 1.61 | 7.21 | 3.21 | 10.96| 4.82 | 14.80| 6.44 | 18.74[ 8.05 | 22.78| 9.67

Table3 demonstratesthat when the ductwork is in non-equilibrium condition, the Togand RH
obtained may have a large impact on the calculatedheat load, be it sensibleor latent. A base
conditionof 10,000m%hr flowrate with 35 °Cand44%RHwasusedto simulatethe changingheat

load conditions.An increaseor changeof 0.5 °Cin Tpg is enoughto generatel.6 kW of sensible
heat. Asfor the RH,an incrementof 0.5%will increasethe latent heat to about 1.5 kW. Forthe

5,000 m¥hr flowrate, the SensibleHealth Load (Q9 and Q.is halved. The magnitude of the

changeis thesamewhenthe baseconditionsare changedo a different TopgandRH.

DISCUSSION

TechnicaDiscussion oResults

Trial 3A - Ambientbaselinedehumidificationrate response

Trial 3A examinedthe rate responseof dehumidificationwhen both decks2 and 3 were initially
floodedwith outsideuntreatedair usingthe fansprior to the treatmentscommencing.

Duringthe trial, the changesn Tosobservedwere very minimal (< 0.5°C)as shownin Figurel8.
Thisin turn meantthat there wasa very smallsensibleheat load during the trial. Giventhe main
function of the dehumidifierswasto removemoisture,this resultis not unexpected.

The averageRHin both decksrecordeda reduction acrossa period of 20 minutes, as shownin
Figurel8. Thedecreasean the averagespaceRH indeck2 waslargerthanin deck3.

The HCU600Qunit usedfor deck 3 (Figurel9) did not perform aswell asexpected,asthe duct
outlet (LC032yeduction and stable RHwere not aslow as comparedto the other duct outlet
(LC034pn the samedeck. While differencesin performanceare expected,these should be not
be aslargeas10%.

The smaller capacitydehumidificationunit (HCU3000pn deck 2 showeda drop in RHwhen it
was switchedon. TheRHof the two duct outlets in deck2 alsodemonstratedconsistencywhen
the dehumidification units were both switched on. This provesthat the two units in deck 2
performed consistentlyand reliably. Thisis also supportedby the heat load figuresfrom Tablel
and the Qrand Q_plots in Figures36 and 37. Comparisorof the decayingof spaceaverageRH
betweendecks2 and 3 showsthat the deck2 spaceaverageRHwaswithin the duct2 dzii fRE G & Q
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levels.Aswith the deck3 case,comparingonly the LC034duct outlet for HCU3000there is still a
5% RHdifference. With a longer running time (> 30 minutes), it could be expectedthat both
spaceaverageRH andluctoutlet averagewould converge.

Asseenin Figure20, a largerdecreaseof Twg is recordedin deck2 (3.0°C)than in deck3 (2.5°C).
The spaceaverageTlws in deck3 doesnot reduceto alevelaslow asthe Tws of the duct outlets.
Thedeckvolumefor deck3 is 2505m? and 2393 m? for deck2. With only a 4%increaseof deck
volume and the samedehumidificationunit type supplyingtreated air to both decks,the deck3
spaceaverageTws s higher than deck 2. It is expectedthat this could be attributed to the duct
layout, whichwere asfollows:

1 Fordeck3, the outlet ductswere placedalongthe ramp next to the bow steelbulkhead.
Theconceptwasthat the treated air from the duct outlets would travel downstreamhit
the bow steel bulkhead and deflect towards the stern steel bulkhead direction. It is
possiblethat some of the treated air may have been trapped at the corners of the
bulkheadand that this could have an influence over the dehumidificationof the rest of
the deckaccordingly.

1 Fordeck2, the ductspasseddown from deck7 to deck2 throughan accessatchlocated
nearthe centreof the deck.Thetreated air then travelledradiallyandwould therefore be
expectedto haveanequalRHand Twsdecreasén alldirections.

Trial 3B- Cumulativedehumidificationrate response

The purpose of this trial wasto examinethe cumulativerate responsefor the DHM units. As
such,insteadof immediately switchingon the full flowrate capacity(15,000m*hr) of the DHM
units at the initiation of eachreplicate (asin Trial 3A), the flowrate wasincreasedby sequential
5,000m%¥hr incrementsevery20minutes.

Asobservedin Figure21, there were minimal changesn the Tpgduring the trial, which implied
that there was small Qspresent. Thisis clearly shown in Table 2, with all small Qsin normal
operatingcondition (no diversion/ cappingand thermal equilibriumcondition)in deck2. Forthe
deck3 case the Qsislargedueto non-thermalequilibriumcondition.

The RHreduction trend for both deckswas similarto those recordedin Trial 3A, exceptthat a
largerreductionwasrecordedin 3B. In this trial, the RHin deck3 reduceda total of 17%andin
deck 2 reducedby 20%,while in Trial 3A, deck 3 recordeda RHreduction of 9% and deck2 a
reductionin RH 0f12%.Thereductionrate ofthe RH wasalmostsimilarfor both trials in the first
20 minutes. In Trial 3B, asthe treatment switchedfrom 5,000m?hr to 10,000m?hr, deck3 and
deck 2 recorded 8% and 11% reductionsin RH, respectively. The RH reduced further when
allowedto run for alongerperiod andwith increasedDHMflowrate.

In deck 3, the Twe dropped 3.3°C at the highesttreatment rate and in deck 2, the Tws dropped
4.0°C.In Trial 3A, the comparativefiguresfor deck3 was a reduction of 2.3°C and for deck2 a
reductionof 3.0°C.

Trial 3C- Ambientbaselinedehumidification dilution

The purposeof Trial 3Cwasto study the effect of DHM treated air diluted with untreated air
(outsideair deliveredvia fanson the vessel)In generalthe plotsin RHand Tws showeda serious
dilution effectevenwith only 25%of fansswitchedon. With 25%of supplyfansand exhaustfans
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switched on, the dehumidified spaceswere quickly brought back to the pre-dehumidified
conditions.

At the commencementof the replicates, the dehumidification units were switched on to

dehumidifythe space. TheRHand Twswere closeto (deck3) or reached(deck?) the spaceaverage
condition before the applicationof the fans. This dehumidification processstarted with rapid
decreasesin RH and Tws in the first five minutes, followed by less rapid decreasesin the

remaining15 minutes (Figure25 and 26). Thisobservedreductiontrend wasthe sameasthose
reported in Figure 19 and 20, which proves consistencybetween Trial 3A and 3C when the

dehumidifierswere in operation.

After the stabledehumidifiedconditionwasachieved exhaustand supplyfansequivalent to25%
of the total capacitywere switched on. The introduction of outside air quickly increasedthe
spaceaverageRH andlwsback tothe levelof pre-dehumidifiedcondition.

With the addition of supply and exhaustfans to capacitiesof 50% and 100%in subsequent
treatments, the spaceaveragecondition RHand Twewere reported to be the same as those

outsidethe vessel However this field trial wasconductedin an empty vesselwherethere wasno
within pen sensibleand latent heat load presencen practice,whenlivestockare loadedinto the
vesselt cancontribute somesensibleandverylargelatent heatloads. Thismeansthat the RHand
Tws in the space(or pen)will further increase andthe impactof nature of the dilution effect may
shift. Further detailed analysisis outlined in the PracticalDiscussiorand Next Stepssectionto
modelthe effectsof adding livestocko the scenario.

The layout of the supply fans and exhaustfans for the 25% and 50% capacity casesused for
decks2 and3 are shownbelow (Figure38 and 39). Selectiorof fan combinationsvere madebased
on avoidingair short circuits and balancingthe flowrate between supplyfans and exhaustfans.
No fanswere selectedin the middle of the deckto try and allow the treated air to maintainand
dehumidifyit.

Bow Bulkhead Bow Bulkhead

Q D
‘ 9068 CE> ®13026 @
® oo ® ‘s

Q 9975 .
®

~— 6430
Steel Bulkhead Steel Bulkhead

Figure 38: Supplyfans (S), Exhaustfans (E) and duct outlet layout in deck 3 (Left) and deck 2 (Right).
Solidcircle representsswitched onfansduring 25% total capacityand diagonalline circle representfans

not switchedon. Thenumberslabelledto the switched-on fansare respectiveflowrate in m3/hr.
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Figure39: Supplyfans (S),Exhaustfans (E)and duct outlet (D) layout in deck 3 (Left) and deck 2 (Right).
Solidcircle representsswitched on fans during 50%total capacity and diagondine circle representfans

not switchedon. Thenumberslabelledto the switched-on fansare respectiveflowrate in m3/hr.

Trial 3D- Ambientairflow baseline(sealed& no dehumidification)

Trial3D did not involvethe use of the DHMunits and only focusedon the resultsthe supplyand
exhaustfans being switchedon. The purposeof this trial wasto examinethe actual condition
insidethe deckwithout DHM intervention, and only relyingon drawingin freshair from outside
the vesselto coolboth decks.

With the absenceof treated andthe presenceof untreatedfreshair, there wasa high correlation
between the spaceaveragewet bulb temperature and the DHM intake and bridge wet bulb
temperatures.However,the spaceaverageTps was below that of the bridge and DHM intake
measurementsand the spaceaverageRHwas recordedto be higher that the RHoutside the
vesse(DHMintake and bridgecondition).

Trial 3E- Cumulativeexhaustfan dehumidificationrate response

The purpose of this trial was to create a pulling phenomenonto determine its influence on
regulating the deck condition. As previouslyindicated, on deck 3 the dehumidified air was
deliveredthroughduct outlets positionedin the ramp. Duringthe trial, all fansin row 5, 6 and 7
were switchedoff, and only fans (normal and modified) in row 8 and 9 were switchedon in a
cumulativemanner.

It wasobservedthat the spaceaverageRHand Twgin deck 3 possessed distinctive step curve
shapedue to increasesin exhaustfan numbers. Thisdistinctive step shapecurve is not clearly
shownin deck2 andwill be discussedurther below.

Severabupplyfansin rows8 and9 on the vessefor decks?2 and3 were reversedto actasexhaust
fans through simple electrical circuit modification in the switch board room. However,this
modificationdoesnot guaranteethe same flowrateis achievedwhenthe supplyfanis converted
to exhaustfan, there is a reduction of flowrate). The positions of all fans for both decksare
shownbelow (Figure40). Thesefansare arrangedin a zig-zagform for supplyandexhaust.
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Figure40: Schematidayout of supplyfans(denoted Sandblue colour),exhaustfans(denoted Eand
greencolour),and duct outlets (denoted D) for deck3 (Left)and deck2 (Right). Thenumberson top of
fansarethe coordinatenumberrespectivefan.

As noted earlier, on deck 3 the dehumidified air was releasedfrom the duct outlets and then
reflected by the bow steel bulkhead. The dehumidified air was then dispersedthroughout the
deckand stabilised.Two exhaustfans (9.1 and 9.4) were then switchedon near the stern steel
bulkhead.Thedehumidifiedair was subsequentlypulled towardsthe stern steelbulkheaddue to
the runningof the exhaustfansthere. Fourexhaustfansin row 9 and later eight exhaustfansin
row 8 and 9 were then switched on. The subsequentFigures4l (two exhaustfans), 42 (four

exhaustfans)and 43(eightexhaustfans)showthe airflow pattern in both decks.
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Figured1: Dehumidifiedair flow when exhaustfans9.1and 9.4arerunningfor deck3 (Left)and deck2
(Right).Fanswith diagonallinesare switchedoff.
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Figure42: Dehumidified air flow when exhaustfans 9.1, 9.2, 9.3 and 9.4 are running for deck 3 (Left)
anddeck? (Right).Fanswith diagonallinesare switchedoff.
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Figure43: Dehumidifiedair flow when exhaustfansin row 8 and 9 are runningfor deck3 (Left)and
deck?2 (Right).Fanswith diagonallinesare switchedoff.

With the dehumidifiedair suppliedin one end of the deckand the exhaustat the other end of
the deck 3, it is not surprisingto see the step shapecurve shownin Figures26 and 27. The
dehumidifiedair was not directly extractedby the exhaustfansasit flowed acrossthe spacein
deck3. Evenwith eight exhausfansand DHMrunning,both the RHand Tws were still lowerthan
the outsidecondition.

In deck 2, the dehumidifiedair was directly extracted by the exhaustfans when four and then
eight exhaustfans were switchedon becauseof their proximity to the DHM unit outlets. In this
regard, it is noted that the entrance for the duct work to deck 2 was via an accesshatch
(different to deck3) andthat it wasnot possibleto apply different fan configurationson a deck
basis(e.g.one built in fan and duct work supplyor exhaustall of the decksvia a seriesof outlets,
but thesecannotbe adjustedor turned on or off at an individualdecklevel). Deck3 wasusedas
the basisfor determiningthe overridingfan configurationfor both decksfor this trial and Trial
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3F.Assuch,Figures26 and 27 showeda lessdistinctive step curve shapefor deck2. Whenthe
four-exhaustfan treatment reachedstable condition, the RHand Tws were closeto or similarto
outsidecondition.

Trial 3F- Ambient SequentiaExhaustRateResponse

Thistrial wassimilarto Trial 3E,with DHMrunningand exhaustfansswitchedon in a sequenced
mannerto expelair from the decksout of the vessel.Outsideair wasinitially introducedto the

decks by switching on all fans until the condition in the deckswere equal to the outside
conditions.Oncethis was achievedthe DHM units and two exhaustfanswere switchedon for

20 minutesto examinethe reduction of the RHand Tws on both decks.Thiscyclewasrepeated
for four andeight exhaustfans. Theair flow patternsof treated air from the DHMunits acrossthe

decksare shownin Figurestl1to 43.

In Figures29 (RH)and 30 (Twg), the shape of the curve resembleda distinctive damping
waveformin deck 3. There was also a damping waveform in deck 2 but in a lesserdegree
comparedto deck3. TheFigures29 and 30 for deck3 showedthat evenwith up to four (39,963
m?hr; PATa= 47.4) and eight (86,311 m%hr; PAT;a = 102.4) exhaustfans running, the space
averageRHand Tweswere still lower than the outside condition. Asin Trial 3E,when four exhaust
fans were introduced on deck 2, the spaceaverageRHand Twewere the sameasthe outside
condition. Asmentionedin the earlier Trial 3E discussionthe deck?2 outcomesreflectedthe subr

optimal layout of the fans and DHM outlets (due to practicallimitations) and showedthat the

treated air wasbeingexhaustedbefore reachingthe centre of the deck. Thedifferencesof the RH
and Tweresultsbetweenthe decksis solelydue to the location of the duct outlets relative to the

exhaustfans.

PracticalDiscussion and Nex3teps
Interpretation of trial resultsand developmentof an environmentalmodel

Thetrial in Dubaiprovided invaluabledata describinghow fans and dehumidifiersoperate in a
range of ambient wet bulb temperature conditions. However,there were severalfactors that
couldvaryin realworld situationsincluding:

1 the dehumidifiersand theiroutputs

1 the fansandtheir outputs

1 the ambientwet bulb temperature dry bulb temperatureandhumidity, and
1 the presenceof live sheep.

Recognisinghat the proof of conceptfor the dehumidificationof an empty livestockvessel
had been achieved,the analysisfocused on extrapolating that data to model how the
variables and their influence on the pen environment would change in a wider set of
circumstances.

Therefore,a simple thermodynamicanalysiswas performedto estimatethe spaceproperties

(Tos, RHand Twe) with the influence of sheepheat load generation,DHM treated air supply
and supplyfanssuppliedfresh air. Thescenariocanbe compareddirectlyto the Psychrometric
simplemixinganalysisin the current scenario there are two inflowsinto the deck(space)and

the mixingresultwill be thosein the space. Theresultsfrom the trial are providedasan input

conditionfor DHMandambientair.

Theconservatiornof Energy(1) is defined astotal energyof massenteringthe control volume
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(inour casereferredto deck3) subtracttotal energyof masdeavingthe controlyolumeequal
to net changein energyin the control volume. Assumingsteadyflow (%_}che YO term
5%qléjalto zeéroandthe equation is simplified shown in equation (3). The dot above the

denotesrate of changewith respectto time and the equationis in rate form (2 and 3) and
usuallycarriesthe unit of J/sor kJ/s.

0Oy O =YOu (1)
Oq O =Y04=0 (2)
0gq="0 (3)

TheOq andO  terms arethen expanded4) to includeinput andoutput forwork () and heat
(), enemy flow (& "Q, kinetic (*
)andpotential( ) energies.

2 .
. C @y yze o+ +Ba 0%+ ) @)
wot+t ot B (DR —

o 2
Not all terms are suitableto applyin the analysistherefore, the equationis further simplified (5)
2

to equatea few termsto zero,whichare® o, @ 7 and . TheE, (Energyinput)term

EEJWWBHHQ%?\%@PQQHMfF?ﬁS%@&H&{@ﬁyﬂow and fresh air intake energyflow. The

0 + 9. g QO + Q, "gg’ o= o .G > | & ' (5
The massflow rate, & In (%) |_sthemproduct of dézn_é‘fy multl(faly vﬁth volurie flow rate (). Em_e
mgssflogv rate carriesthe unit of kg/s. The density, r (kg/m?) is dependenton atmospheric
pressure,

Pam (usually101.325kPa),saturatedvapour pressure Py (kPa) relative humidity, RH(%)and dry
bulb temperature, Tws (°C). The massflow rate for both DHM and fresh air are calculatedwith

respectivedensity,RHand Tps

G ="m=] 1000 6 (6)

0.287("Y + 273.15)

T I A o ' n jorof m ion f

A e S SRAT theoufier oS Eomo O el o eSS below
. 0, @ Q, @ ® , .0

Thespecificenthalpyfor space hspace,a.acoOntainedboth the sensible(c, Tog) andlatent (why)

componentsshownin equation (7) Specifieenthalpycarriesthe unit of kJ/kg.Theconstantspecific

heatis denoted byc, (kJ/kgK)andthe absolutehumidity is representedoy w (Kgw.v/Kg ¢.a)

Qg o=0Y +1 5 oG 7
The saturatedrapourspecificenthalpy,hgis asummationof saturatedvapour specific enthalpygeo
degcand the sensibléeat, ¢, Tos, Where hyaodeqc has thevalueof 2500.9kJ/kgat 0°Cand ¢, hasthe
valueof 1.82kJ/kgK.

Q= Qg + 182Y ®)
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The absolutdhumidity in space Wspace,d.aCanbe solved byassuming thevater vapourmassis
conserven the control volume(deck)shownin equation (9).Theabsolutehumidity isthe ratio of
water vapourmass andiry air mass.

& q , +& o  FlUgq =0 4 ©)
T o a0 o ot 0,00 o atl go &%
_ , (10)
=1 ® ad ) @
1 oo, ad o, atl g ol ae o=l o, af o a (11)
Q
"1 0. al o, atl ao o (12)
1 % Q

The kyand hpace a.atermsarethen substituteinto equation (5) and becomes equation (13). The
equationisthen rearrangedo obtain Tpog (14).

ot 0, aRo,at 0 &%

, * . : (13)
=a o , @@Y 41 o o o *+1.82Y)]
at o, a0, at 0 & o
o b (14)
T o, e Qoo )
"y ot 182 4 o
The saturatedrapourpressureg(in kPa)sthen determinedby equation (15)where Tpgis main
variable. . .
[(pw8s X 05
(15)

= 0.61121 2345 25714+"%6s

The Relativédumidity, RH(%)is then computedfrom equation (16Yhrough substituting theP,
from equation (15). 0

= 1 o, a0

(16)
100 (0.622+71 4 @)
The Tysisestimatedby a novelmethod (Lee& Wang2018') whichgivesbetter than 0.1°C
accuracy. Aftecomputingrelevanttermsof e(Tog) andf(Twe) representedby equations (17)
and(18)respectivelythe Tws canthen be calculated ashownin equation (19).
~ N _ g ¢4 4,3

10

+ 1.41951x 10 2'Y + 0.444226°Y + 6.1078
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('Y )=001"0 (Y)+10 ¢ Y (18)

I ChienLeeand Yu-JenWang."A novelmethodto deriveformulasfor computingthe wet-bulb temperature
from relativehumidity andair temperature."Measurement,128(2018),271-275
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Y =7.438995x 10 [ ("Y )]® 4.063282x 10 ‘[ ("Y )] (19)
+9.16616 x 10 5[ ("Y )]® 1.15133x 10 ?[ (Y )]?
+1.02533 ("Y ) 5.85331
The calculatedws is assumedo bethe penTwe Thedifferenceof Tws betweenambientfreshair
andthe pen,the DTwsisthencomputed.

Within the wider combinedmodel, considerationwas also givento how the ventilation provided
from the fansand thedehumidifierswasrepresented.

Theindustry usedterminology (from the HSRADf PenAir Turnover(PAT)was consideredfor the

model.PATis the ratio betweenvolumetricflowrate (m*s or m¥hr) and penarea(m?). Theresult
of sucha ratio equatesto velocity (m/s or m/hr). Therelationshipbetween PATand dimensions
of the livestockhousingcanbe explainedasif the freshair is introduced equallythrough the pen

floor and extractedevenlythrough the ceilingaboveit. Thisverticalair velocity canbe defined as
the PAT.Previousindustry researchrelating to HSRAmodel suggestghat the rangefor PATfor

vesselss commonlybetween100and300m/hrs,

Theuseof Air Exchangeper Hour (AEHWwasalsoconsideredas ameansof expressing/entilation
of the spacein the model. AEHis the ratio betweenvolumetricflowrate (m®s or m3hr) and deck
volume (m?®). Giventhe same stockingdensity and heat load but a spacewith twice the deck
height,would requiredoublingthe volumetricflowrate to equatewith thet | ¢AQ @M y IS & ¢

It was concludedto usea refined definition of PATin the model. Assuch,the calculationof the
ventilation in the following model simulationsdefined Wt !a¢ &xatio betweentotal air supply
volumeflowrate (DHMtreated air and/or freshuntreated air from fans)and deck3 penarea. This
is different to the current PATterm usedin the HSRAmodel, which carriesthe unit of m/hr. To
differentiate between these different PATforms, the PATterm used within this documentwill
take the form of PATa andthe HSRAlignedPATwill takethe form of PAT.. Forthe DHMPAT |t is
denotedasPATBum

Modelling the impact of animals

Thefollowing sectionoutlinesthe developmentof the animalsubmodelthat integratedinto the
environmentalmodelandwasusedfor more detailedsimulations.

Fromthe information gatherduring thetrial onthe performanceof the dehumidifiersand fansa
thermodynamicmodel of vesselpen spacewas constructed.Within this overarchingmodel, a
sheepanimal submodel was developedto predict the combinedeffect of heat generationby
sheep ventilationand dehumidificationon pen conditions.

The sheepheat production submodel was developedusinginformation on the heat generation
characteristic®f sheep takerfrom literature®#and expert opinion.
Theanimalheatgenerationmodelhastwo key concepts:

1. Sheep metabolibeatproductiong estimated at3.2W/kgliveweight(i.e. 3.2 Joulesper
kg ofliveweightper second) and

2. heatlossor dispersion fractiongssensibleandlatent heat.

3LIVE112,Salmonellosisntrol andbestpracticein live sheepexportfeedlots(2003),LiveCorg Meatand
LivestoclAustralia(MLA).

‘Ameset al. J. An. Sci.32(4) 784-8; LiveCorp/MLAesearchreports ¢ LIVE116Developmentof a Heat Stress
Risk AssessmentModel (2004); SBMR.002)nvestigationof the Ventilation Efficacyon LivestockVessels
(2001).
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In summary,animalscan lose surplusmetabolic heat via radiation, conduction,convectionand
evaporation.In general, as ambient temperatures increase,evaporative cooling becomesthe
predominantmethod for expellingsurplusheatin livestockg especiallyin sheepdue to their wool
cover. The proportion of heat loss via evaporativecooling (i.e. panting) in relation to ambient
temperatureusedin the animalsub-modelis presentedin Table4.

Table4: Percentageevaporativeheat lossby sheepat variousambienttemperatures

AmbientTemperature Percentagéevaporative
(Top) HeatLoss
20 40
25 55
30 70
35 95
40 110*

* Whenambienttemperaturesare abovebodytemperature,animalsmustexpelsurplusmetabolicheatandanyextra
heattransferredto them from the environmentin orderto maintainbodytemperaturewithin normalrange.Forthis
reason,evaporativeheatlosspercentagesreabovel00%.

Theindustry heat stressrisk assessmeninodel (HSRAjs a thermodynamicmodel that combines
voyage variables, such as class of livestock, ambient wet bulb temperature conditions and

ventilation fan output to calculatea recommendedstockingdensity and risk of heat stressfor

voyagedravelling toor through theMiddle East.

The calculationin the HSRAmModel is based upon estimating the elevation in deck wet bulb
temperature (Tws) aboveambientwet bulb temperature (i.e. the delta Twe), due to the presence
of livestockand afteradjustingfor the applicationof interventions(i.e. ventilation fans).

Typicalestimated DTwgs are understoodto rangebetween1.0 ¢ 2.2°C.Thiselevationin pen Twgis
combinedwith estimatesof expectedambient Twsto estimatethe risk of a heat stressevent for

the proposedvoyage.
The equation usedithin the HSRA modédbr calculating theDTwgis’:

Twe=3.6x Cx Mx h/ (r xPAT)where:

1 Twsis thewet bulb temperatureincreased ¢ / 0 T

q CistheW O 2 y dfiplopbriicRality relating Twsto the internalenergyrise,takenas
0.230C/(kJ/kg);

1 Misthe liveweightin the particular ventilation zong¢kg/m?) (M =beastweight darea
per head) (275kg/rhfor cattle, 180kg/n? for large sheepetc.);

1 His theW LIS INdradtedf metabolicheat. This isvariable howeverhere we will take
2W/kgfor Bosindicuscattle, 2.4W/kgfor Bostauruscattle and3.2W/kgfor sheep;

1 r isthe densityof air (1.2kg/n?) PAT the penair turnoverin m/hr, isthe ratio of the
freshair flowrate (Q)in m/hr to the penarea(A)in m?;

1 Thefactor 3.6 at the front correctsunitsfrom W to kW and hourso seconds.

5Note, within this versionof the HSRAquationH s equivalentto h.
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The information from HSRAwas used to help verify the animal thermodynamic sub-model
developed for this project within the overarching thermodynamic model. The animal
thermodynamicsubY 2 R Sl€isito predict the combined effects of livestock, ventilation

(fans) anddehumidifierperformanceon deckTws(i.e.DTwe).

Verificationof the sub-model was undertakenby estimatingthe required fan performance(asa
proportion of maximum)in the absenceof dehumidificationthat would be requiredto limit the
increasein pen Tweto 2.2 degrees(i.e. an assumedtypical estimate for DTwgarisingfrom the
presenceof livestock).

Theresultsof this verification activity are presentedin Table2 and show that the fans on this
vesselmust operate at or above75%maximumcapacityin order to limit the Tweelevationto 2.2
degrees. This verification is reflective of reality and suggeststhat the animal sub-model
developedfor use here is also reflective of the animal model used within the (proven) HSRA
model.

This verification offers confidence that the animal submodel, when included into the
environmentalthermodynamicmodel, providesaccuratepredictionsof deck Tws conditionsfrom
acrossthe expectedrangeof combinationsof livestockclassand type, stockingdensity,ambient
conditions,fansand dehumidifieluse.

It shouldalso be noted that this sub-model reflects, but is not the same,asthe industry HSRA.
Onedifferenceis that a different metric for ventilation is used. Thisis referred to as PATa, or
volumetric Pen Air Turnover.The figures presentedtherefore are not the sameas the Pen Air
Turnoverfiguresusedin the HSRAnodel.

Modelling the effect of dehumidificationon a vesselktocked withsheep

The combinedanimalenvironmentalthermodynamicmodel was subsequentlyusedto simulate
the effect of dehumidificationon vesselsstockedwith sheep(to the level required under the
Australian Standard®r the Exportof Livestockversion 2.3).

Deck3F ofthe vesselwasusedfor the simulationand thekeyinformation usedin the calculation
in relationto this spacewasasfollowed:

sheepdensity(sheep/nt) 3.45
Sheepeatload (W/kg) 3.2
Sheepweight(kg) 40
LatentPercentag€%) 84.557
Penarea(m?) 843.25
DeckArea(m?) 1237
Deckvolume(m®) 2505

The baselinesimulation ¢ effectively being the trial scenariowith sheepadded ¢ allowed the
effect of dehumidificationon deckwet bulb temperatureto be defined acrossvaryingambient
wet bulb temperatures and fan ventilation rates (fans operating at 100% capacity provided
PATa of 162.5 [equivalent to 54.7 air exchangesper hour] in this case).The results of this
simulationare summarisedn Table5. Theysuggesthat the addition of dehumidificationto fan
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ventilation would reducedeckwet bulb temperaturesby between0.5¢0.6°C when comparedto
the use of fan ventilation alone from acrossthe range of expectedambient temperatures.The
actualobserveddifferencesfrom specificallynodelled combinationare presentedin Figure44.

DH PAT
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Figured4: Penwet bulb temperature by ambient temperature and dehumidifier (DH)PAT,a (at 100%fan
PATWa -54.7)from animalthermodynamicmodelling

Using the model, further simulations were able to be completed that extended the DHM
maximum PAT,a beyond the trial limits (e.g. basedon PAT,s 17.8 for DHM). This included
doubling and tripling the volumetric flowrates to PAT,,= 35.6 and PAT;a= 54.7. It was also
possible toook at how the increasesn DHMPAT,xbeyond thetrialled rateswould beinfluenced
by fan rates beyondthose trialled. Theresultsof these simulationsare shownin Tables5 to 10,
with comments provided on each. Figures45 to 47 plot the changein TwsagainstPABumin
different ambientconditions.

Table5 setsout the baselineeffectsof fansand dehumidifiersastestedin the trials (i.e. 100%of

fan PATa= 162.5;and 100%o0f DHMPAT,a = 17.8)againstvariousambient conditions,with the

modelled addition of live sheep.In summary,the recordedn ¢sfor the baselineapplicationof

fans (Fans100%and DHM 0%)in the selectedambient conditionsrangedfrom 1.62to 2.04 °C.
The n Gefor the dilution case,with maximum flow capacityfor fans and DHM applied (Fans
100%and DHM 100%)for the selectedambientconditions,wasestimatedto be 1.06to 1.47°C.
Then &ewith only two DHM unitssupplyingl5,000m®hr (PATxw=17.8) to deck3, andno fans,
rangedfrom 8.42 to 11.73 °C, with the RHin the pen exceeding100%,acrossthe ambient
conditionsmodelled.
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Table5: Baselinefansand two DHMunits (supplying15,000m%hr). TheTwe differencebetweenpenand outsideconditionis estimatedfor four different outside
conditionsrunning with two DHMunits (one HCU300@nd one HCU6000peratingin deck3 (equivalentof PATyy=17.8).

Operating T?gér)nb. RHAmb, TweAmb. | AEHras | AEHDHM PATvA PATpHMm ToBPen RHpen Tws pen (°C) DTwe (Pen-
Configurations (Const) (°C) (1/hr) (1/hr) (m/hr) (m/hr) (°C) (Const.) Amb) (°C)
Fans100%,DH0% 36.0 0.547 28.0 54.7 0.0 162.5 0.0 36.14 62.90 29.76 1.76
Fans100%,DH100% 36.0 0.547 28.0 54.7 6.0 162.5 17.8 36.00 60.61 29.19 1.19
Fans0%,DH100% 36.0 0.547 28.0 0.0 6.0 00 | 178 36.01 | 111.97 37.76 9.76
Fans79% DHO%(+2.2 T 36.0 0.547 28.0 433 | 00 1286 | 00 36.16 | 65.06 30.20 2.20
Fans48%,DH100%(+2.2 Tyg) 36.0 0.547 28.0 26.2 6.0 77.9 17.8 36.01 65.79 30.20 2.20
Fans100%,DH0% 35.9 0.652 30.0 54.7 0.0 162.5 0.0 36.06 73.21 31.62 1.62
Fans100%,DH100% 35.9 0.652 30.0 54.7 6.0 162.5 17.8 35.98 70.51 31.06 1.06
Fan90%,DH100% 35.9 0.652 30.0 0.0 6.0 0.0 17.8 36.20 118.20 38.82 8.82
Fans73% DHO%(+2.2 Ts) 35.9 0.652 30.0 39.8 | 00 1181 | 0.0 36.10 | 76.24 32.20 2.20
Fansh19% DH1009(+2.2Twg) | 359 0.652 30.0 224 | 60 665 | 17.8 36.04 | 76.59 32.20 2.20
Fans100%,DH0% 35.0 0.400 24.0 54.7 0.0 162.5 0.0 35.34 48.10 26.04 2.04
Fans100%,DH100% 35.0 0.400 24.0 54.7 6.0 162.5 17.8 34.99 46.78 25.47 1.47
Fans0%,DH100% 35.0 0.400 24.0 0.0 6.0 00 | 178 34.98 | 105.12 35.73 11.73
Fans93% DHO%(+2.2 Twe) 35.0 0.400 24.0 50.8 0.0 1508 | 0.0 35.36 | 48.72 26.19 2.19
Fans$52%,DH100%(+2.2 Tyg) 35.0 0.400 24.0 34.2 6.0 101.6 17.8 34.99 50.20 26.21 2.21
Fans100%,DH0% 39.9 0.546 31.3 54.7 0.0 162.5 0.0 39.90 62.43 33.00 1.70
Fans100% ,DH100% 39.9 0.546 31.3 54.7 6.0 162.5 17.8 39.66 60.59 32.40 1.10
Fand90%,DH100% 39.9 0.546 31.3 0.0 6.0 0.0 17.8 37.50 114.90 39.72 8.42
Fansl2%,DH50% 39.9 0.546 31.3 6.6 3.0 19.6 8.9 39.14 95.52 38.42 7.12
Fans77%,DH0%(+2.2 Twg) 39.9 0.546 31.3 41.9 0.0 124.5 0.0 39.90 64.80 33.49 2.19
Fans42%,DH100%(+2.2 Tywg) 39.9 0.546 31.3 23.2 6.0 68.9 17.8 39.41 67.02 33.50 2.20
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Table6: Baselinefansandfour DHMunits (supplying30,000m3/hr). TheTwsdifferencebetweenpenand outsideconditionis estimatedfor four different outside
conditionsrunningwith four DHMunits in deck3 (equivalentof PATrm=35.6).

ToB Amb.

Operating (°C) RHAmb. TweAmb. | AEHFans AEHDHM PATviA PATpHM ToB Pen RHpen Tws Pen DTws (Pen - Amb.)

Configurations (Const) (°C) (1/hr) (1/hr) (m/hr) (m/hr) (°C) (Const.) (°C) (°C)
Fans100% ,DH0% 36.0 0.547 28.0 54.7 0.0 162.5 0.0 36.14 62.90 29.76 1.76
Fans100%,DH100% 36.0 0.547 28.0 54.7 12.0 162.5 35.6 35.89 58.73 28.72 0.72
Fans0%,DH100% 36.0 | 0.547 28.0 0.0 12.0 0.0 35.6 35.66 75.86 31.72 3.72
Fans79%,DH0%(+2.2Twg) 36.0 0.547 28.0 43.3 0.0 128.6 0.0 36.16 65.08 30.20 2.20
Fansl7%,DH 100%(+2.2 Twg) 36.0 0.547 28.0 9.3 12.0 27.6 35.6 35.75 67.04 30.21 221
Fans100% DH0% 35.9 0.652 30.0 54.7 0.0 162.5 0.0 36.06 73.21 31.62 1.62
Fans100%,DH100% 35.9 0.652 30.0 54.7 12.0 162.5 35.6 35.91 68.29 30.59 0.59
Fan90%,DH100% 35.9 0.652 30.0 0.0 12.0 0.0 35.6 35.94 82.16 33.07 3.07
Fans73% DHO%(+2.2Twg) 359 | 0652 30.0 39.8 00 | 1181 0.0 36.10 76.19 32.19 2.19
Fans9.4% DH100% (2.2 Twg) 359 | 0.652 30.0 5.1 120 | 152 35.6 35.93 77.13 32.20 2.20
Fans100% DH0% 35.0 0.400 24.0 54.7 0.0 162.5 0.0 35.34 48.10 26.04 2.04
Fans100% DH100% 35.0 0.400 24.0 54.7 12.0 162.5 35.6 34.73 45.58 25.00 1.00
Fan90%,DH100% 35.0 0.400 24.0 0.0 12.0 0.0 35.6 34.32 68.23 29.13 5.13
Fans93%,DHO%(+2.2Twe) 350 | 0.400 24.0 50.9 0.0 | 1511 0.0 35.36 48.71 26.19 2.19
Fans33%DH 100%(+2.2Twg) 35.0 | 0.400 24.0 18.2 12.0 | 54.1 35.6 34.55 51.97 26.20 2.20
Fans100%,DH0% 39.9 0.546 31.3 54.7 0.0 162.5 0.0 39.90 62.43 33.00 1.70
Fans100%,DH100% 39.9 0.546 31.3 54.7 12.0 162.5 35.6 39.47 59.04 31.90 0.60
Fan90%,DH100% 39.9 0.546 31.3 0.0 12.0 0.0 35.6 37.50 79.11 34.02 2.72
Fans12%,DH50% 39.9 0.546 31.3 6.6 6.0 19.6 17.8 38.75 83.46 35.98 4.68
Fans76%,DH0%(+2.2Twg) 39.9 0.546 31.3 41.9 0.0 124.5 0.0 39.90 64.86 33.50 2.20
Fans7.0%,DH100% (2.2 Tweg) 39.9 0.546 31.3 23.2 12.0 68.9 35.6 38.08 73.22 33.49 2.19
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Inthe simulationshownin table 6, four DHMunits (equivalentto 2 HCLB000and2 HCUs000
units) supplying 30,000%hr (PABLm=35.6)are incorporatedinto the model and theeffect
assesseth concertwith fans,ambientconditionsandlivestockheatgeneration.

Then &efor the dilution casegfans100%and DHM100%)are considerabljjower comparedto
thosein the PABnw=18 casegintable5). Then gsrangedfrom 0.59°C¢ 1.00°C.

With 100%DH(PATB=m=35.6),noneof the caseshavea pen RHhigherthan 100%(unlikethe pen
RHin the PABuv=18case). Then ¢israngedfrom 2.72°C¢ 5.13°C.Toreducethe p ¢sto 2.20°C
would require 100%DHto be combinedwith areduced farflow capacity.

Forreference the recordedn @sfor the baselineapplicationof existing fangFansl00%and DHM
0%)in the selected ambientonditionsrangedfrom 1.62to 2.04°C.

Live sheep expottial program Trial3 staticdehumidification Page64 of 92



Table7: Baselinefansand sixDHMunits (supplying45,000m3/hr). TheTwedifferencebetweenpenand outsideconditionis estimatedfor four different outside
conditionsrunningwith sixDHMunits in deck3 (equivalentof PATum=53.5).

Operat!ng T?gér;b' RHamb. | TWBAmD. | AEHeas | AEHDHM PATvia PATbHMm TosPen | RHpen Twe pen DTws (pen - Amb.)
Configurations (Const) (°C) (1/hr) (1/hr) (m/hr) (m/hr) (°C) (Const.) (°C) (°C)
Fans100%,DH0% 36.0 0.547 28.0 54.7 0.0 162.5 0.0 36.14 62.90 29.76 1.76
Fans100%,DH100% 36.0 0.547 28.0 54.7 18.0 162.5 53.5 35.80 57.15 28.32 0.32
Fan90%,DH100% 36.0 0.547 28.0 0.0 18.0 0.0 53.5 35.44 63.56 29.27 1.27
Fans79% DHO%(+2.2Twg) 36.0 0.547 28.0 43.3 00 | 1286 00 | 36.16 65.09 30.21 2.21
Fans0.04%DH100%(+2.2 Twg) 36.0 0.547 28.0 0.0 18.0 0.1 53.5 35.44 63.55 29.27 1.27
Fans100%,DH0% 35.9 0.652 30.0 54.7 0.0 162.5 0.0 36.06 73.21 31.62 1.62
Fans100%,DH100% 35.9 0.652 30.0 54.7 18.0 162.5 53.5 35.86 66.43 30.19 0.19
Fand0%,DH100% 35.9 0.652 30.0 0.0 18.0 0.0 53.5 35.78 69.88 30.76 0.76
Fans73%.DHO0%(+2.2Twe) 35.9 0.652 30.0 39.8 00 | 1181 00 | 36.10 76.17 32.18 2.18
Fans0.04%DH100%(+2.2Twg) | 359 0.652 30.0 0.0 18.0 0.1 535 | 3578 69.87 30.76 0.76
Fans100%,DH0% 35.0 0.400 24.0 54.7 0.0 162.5 0.0 35.34 48.10 26.04 2.04
Fans100%,DH100% 35.0 0.400 24.0 54.7 18.0 162.5 53.5 34.50 44.58 24.60 0.60
Fang0%,DH 100% 35.0 0.400 24.0 0.0 18.0 0.0 53.5 33.85 55.92 26.40 2.40
Fans93%,DH0%(+2.2Twg) 35.0 0.400 24.0 50.9 0.0 151.1 0.0 35.36 48.71 26.19 2.19
Fans3.1% DH100%(+2.2 Twg) 35.0 0.400 24.0 1.7 18.0 5.0 53.5 33.89 54.73 26.21 2.21
Fans100%,DH0% 39.9 0.546 31.3 54.7 0.0 162.5 0.0 39.90 62.43 33.00 1.70
Fans100%,DH100% 39.9 0.546 31.3 54.7 18.0 162.5 53.5 39.30 57.72 31.47 0.17
Fang0%,DH100% 39.9 0.546 31.3 0.0 18.0 0.0 53.5 37.50 66.78 31.73 0.43
Fans12%,DH50% 39.9 0.546 31.3 6.6 9.0 19.6 26.7 38.51 75.80 34.37 3.07
Fans77%,DH0%(+2.2Tyg) 39.9 0.546 31.3 41.9 0.0 124.5 0.0 39.90 64.80 33.49 2.19
Fans0.04%DH100%(+2.2Twg) | 39.9 0.546 31.3 0.0 12.0 0.1 35.6 37.50 66.76 31.73 0.43
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A further reductionof overall DTwgcomparedto PABnv= 18 andPATBrm= 36. In somecases,
the DTws=2.20°C cannobe achievedn this simulation,the p §sfor the dilution casegfans
100%and DHM100%)yangefrom 0.17°C¢ 0.60°C.

With 100%DH(PABrm=53.5),the p ¢eisfrom 0.43°C¢ 2.40°Candagainthe NB O 2 NJg®R p ¢

the baselineapplicationof existing fangFansl00%and DHM0%)in the selectedambient
conditionsrangedfrom 1.62to 2.04°C.
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