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Abstract

i mate ahangpohtaant I mpact on the natural e
more variable, which affects cattle breed
prol ongate heat wave periods caused by
se animals, -tattbgctliifge tbhyeitrhedahye at stres:
ecially susceptible to such conditions, d
| actatiHhghpretassee humiodi ttyheanmd rt{ e mhar
racterize t he cowshed environmematt ui al h
hermoregulation processes insufficient in |
otentially serious heaAtt ht,hd esamd ittiymea,n dt hwes
onditions are difficult tobnepdismi aes, wednc e
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consumption of applied systems. Cooling cows
established, eapeouvuat!l yheakimmgneset 6 her mal I
For that reasoonol iamg ameclhaopnmiiameas an effect
applied to the cowshed becomes cruci al for ¢
possi bblosmmemvtial effect. That i s why within th
mattress for cattle, based on conductive hea
circulating inside the water maotltirnegs se n awal se sd
heat removalér@datrimg @peai mad s(for dairqdbhattl e
especially when the applicability of other a
The geometry of tthter edsesv ewaosp esde |weactteerd mai t hi n |
which were simulated as the Computational f
environment . Such a preliminary study enabl e
in terms ofritrhue i watemsdidet t he water mattres
Chosen geometry was then developed as the pr
bot h, | aboratory conditions, as wel |l ds real
campaigns conducted in the summer periods of
was supplied with the chiltlka ovan\ee nlpar soetd ic ed
hydraulic system, supervised bny. tlhte ecnoanbtlreod
regul ation of the operational parameters of

individual needs of the ani mal

Conducted experimental campaigns enabded ob
cool i ng eé&lbbeocdti eosn faonri i f ferent chill ed water
environmental conditions, compaoleddtwat e wma
For this purpose, an infrared ther moGgkamhy w
temperature. Thesusietlaebcltei ofno ro Bo ptehrea bmoosath | ma b t E
became an i mportant aspect of this researct
mechani sms of the cow. For ampaigepawansa, ekhen
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l'y by the second cooling water mattress ap
e comparative results, but al &mh yas i nod voegli cn
sponses, informid@ataoabgutpraacteiswe st. h Srumdr equ
significant in early heat stress detectio
rategy needs to be applied.
e conducted in this PhD thestbBestedgl ppede
ttress, indicating i ts potenti al as a no
vironment al conditions, in which the appli
e to the frontier ncdhacaoncsiede roifng htihse skt nuodwl
sciplines, at this moment there is a | ack
ing into |light, one specific parameter d
net hel esset srucwowl pabe@amsi gni ficant to bett
alth -aedngwet hat occur when COWS ar e exnp
vironment s. The future potential of the d
ematli oal gor it hm, adapting it to the i ndi\
vironment al conditions. Further mor e, it c
newabl e energy sources, such as thenphotov
ibased solely on the use of alternative en
l utions, thereby advancing the state of th



Streszczenil e

WystiApuj Nce zmi agypakNmgt wepgge majp®wodawiNTk o
zar -wno ocieplenie klimatu jak i jego winksz
bydga w r-Unych cznSciach Swiata. Ekstremaln
zmi anami mo gl - lbryile smziczbezpi eczne dl a tych
wystihipuj Ncego u nich stresu cieplnego. Kr ow)
war unki pogodowe ze wzglidu na ich wysokN pr
procesami | Jaekdt naoccyzj enSynmie. wr az ze wzrostem t e
wzgl ndne|j powi etrza zwi Nzanymi z warunkami S
moUl i woSci termoregulacyjne tych zwier zNt t
mogN onenisdvaystsariczaj Nce do zachowaniu r - wn:
przyczynN stresu cieplnego i zwi Nzanych 2z n
reprodukcyjnych oraz powaUnego zaburzenia do
Budynki i nwent ar ckhiag,akt @akiyeuj Bk sbBomwt omi as
poprzez i ch strukturn, Co sprawia, Ue zach
Srodowi skowych, przy jednoczeSnie niskim nak
[ trudne do RdgsitdNadnti rmicodpowi edni ej met ody <c¢chg
kt-ra skutecznie ni wel owagaby wystnpowani e
jednoczesnym niewielkim wpgywie na Srodowi sk
Bi or Nc pod uwagwir zedstcawinoné&jse kri ez p rraonvd vei nd aik
innowacyjny materac chgodzNcy dla kr - w, Kt -
zwi erizpirczieawod gewn iwody chgodzNcej mayekataj Ndaj}
podej Sci ec dpo bz eoriesupozwal a na | okalny odbi

spoczynku (dla bydga ml ecznego noz amswlysmaediziony
1204 godzi rAsrpaakcﬂokIre)n jzonsaitybNoec Neg plomdi amwagn o0
i nmmycec ozwi Nza@E& doistifigpm ysthe seaws tysk&ie i | egowi sk a

Przedstawiony w te]j rozprawie doktorskiej, Cc
przy wczeSniejszym zamodel owaniu w Srodowi s
geometrii, spoSr-d kktryah chwaba&anhaer yoowaga
potencjhfgemNc pod uwahgdediz Nezmpazy ws twowmi e E ci ef
j ego powierzchni. Geometria ta zostaga nast
badawczego, przetestowanego zar - -wnoolwowaeunk
podczas dw-ch r-Unych kampani.i eksperyment al
2022 [ 2023 roku. W warunkach rzeczywistyc
produkowanN przez konwencjonalny agr eigat c h ¢
hydraulicznym, objntym systemem kontrold] [ a
parametr-w pracy chgdjodzNcego materaca wodneg
do indywidual nych potrzeb zwierzncia.
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Przeprowadzone kammaniuenodh s wé Jymemtobser wowar
wspomni anego materaca bezpoSrednio na ciagac
Srodowi skowych i jednoczesnym rozr - -Unieniu
temperatury wodiyeshgoideNceh toodiechdjodzone:
zastosowano termografin, jako narzndzi e, k t
temperatury <ciadga zwierzncia. Wyb-r najbard
pracy mater acka zehdj odiziNcegowzeg-|I nie istotnym
wpgyw zgoUonych mechanizm-w termoregul acyjny
efekt chgodzNcy. DIl atego tedU, druga kampani

strategi nniog ofmizajroolwagi cznych reakcji krowy, I
i procesach wymiany ciepga z otoczeniem. Pon
o drugi mat erac wodny o te] same | geometrii,
uzyskah wyni k- - w. Uzyskane w kampani.i dane, m
wzglidem sprawdzenia uUytecznoSci zaproponow
detekcji stresu cieplnego u kr-w, wpgdgywaj Nc
ss rategii chgodzeni a.

Przeprowadzone w obszarze te] rozprawy dok:
chgodzenia bydga przy uUyciu opisanego wcze
potencjadg jako nowego rozwi Nzani szchh@gdi Ni e
takich warunkach Srodowi skowych, w kt-rych d
j est ograniczone. Bi orNc pod uwagfn interdysc
brakuje odpowiednich czujaj kkw-iamemod!| owb §a
jednego parametru okreSlajNcego poziom doSw
Par ametr t en bygdgyby nat omi ast szczeg-lnie

oddzi agywani e proces-w tnear moe@@uhkaeonjowpagh 1z
dobrostan oraz odpowi ed¥ na procesy chgodz

obci NUenia cieplnego. Przyszgy potencjag t ec
dob-r odpowiedni ej sekwedpnpsfosbwppNamper do | e
potrzeb zwierzncia dla zmiennych warunk -w §
ukgad zasilajNcy materac w wodn chgodzNcN, s
moUl i woSi hybrydowejnipar aocpya r tset onsau j dlccn a woizaw i nNyz
wykorzystujNc do tego systemy fotowoltaiczn
agregatu absorpcyjnego. Takie podej Scie poz
energii, podnosz Nlczyecnhi a wywdzagj! njodS&im ckhognowe ncj on
przyczyniajNc sifn tym samym do rozwoju tego
kl i matycznych.
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Chapter 1

|l nt roducti on

Thcheapttsrcri bes the background of thegeonduct
ofi ndustrial, sdewelassp meht mat e chaogeasiwag een

consumption, and food security proble@@s. Lif
consumer needs and structures. For that r eas
furthhelopment , S8odt wehbatbleatn p@@amisons taken to

presalrvlre bal ance of thehecdephba&ttimmalpo® ephy
resowu@rceeen solutions oriented on water and

i mpl emmeontt eodnl y i antdhagr ndsbbuttoiraal Iddd @ awtraarl and
envirenmemtpe the future worl d,f dfashked bal dmMmoe
bet ween nature, ba&mdgt eamhniontpoogryt ant elllhesme n t

par agirsapti vi ded i nto f,dlre mdiorbak e athiadd s£:ng €|
devel opment wilit bwi lebhtofevmn chhsktgbcdt hliemneedi ng sec
what solaltrieoangsy eamamfdi endd, hdeeyv e lionp edchi s sPH ittt loens i
wibéntroduced, as the innovative approach fo

1. Gl obhaall lcengewsalbf dreevnelus p r

The rapid, and unconscious, in terms of the
worl d devel opmeent wb ¢ ¢ x macsietele d lassntced ecosyst
gl obe. The ongoing cli mathle cvwatngre , s eart ietme, Ww
response to excessi vSa nmaux ptlamietoautsil oyn dfotrhe s d e
the consumer world, as well as, climate chan
i ncrdea®e gy coinsfulmpf# a adsnegc Brr ietak.i ng t halhy vi ci o
sustainabl e dessalso p,mebdncgo men do fc ont most | mport
socilemt y.he fol ltodomeenmgi seedi ohnhdil &t elo gwawiwddlly .be

Cl i ncahtaen g e

Gl obnadlust ri al devel opment in the | ast centu
emi ssions, such 2asamrar meynhrantehxd Oddt HdCeOsd fi nlga li &
nat,urger eenhouse gases ensure the proper | eve

the greenHousehiesf fpénoetc.egpsesonednsfer the sho
emitted by t haen dSuanb stoor bt hteh eFeahrotnlyg etdhvde waardmead i Bo
To maintain the stable temperature of the Ea
and by the greenhenseseregyareai vithad \ebhd & enictrteeads e d
amount of greenhousadaigasbess tihne tnhaet ua tarho sbpah earne
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absorbing more energy and making more diffi

c

-

C

surplus energy is accumulated on the Earth
t emper a&tigruér.et he deviation of a 2023 year's
1921020 mean is presdratfCedntsi eas wohdrdacmaep i z
industrial devel opment are charactedzadhndby

Pol and is close to thad Fwalthe rimiogrit d e tng mp & a &
aver ageeal anednper at ur e anelmMaI0y arveelraatgiev e etnp etr hae

i's pr.eskmda erdapit dgeli mlrxale atsemmpdr at ure started

r

dpachievingvailllue224sae& todCthdheheé¢éohel dtdre I
green solutions, based on reduced greenhouse

Earth.

s
&
':‘:\ x \/‘ -
» ?&}/ﬂii g
=
Poland / &
2023 oD
4 >
1.37°C L
Q.
‘ne
/-'\«‘ wyv Wy
No data 2°C: <15°% 1°C  -05€C 0°C 0:54%€ 1796 1.5°C
a0 | I jE—

Figurel.1l. The deviation of 2023year's average surface temperafuwen the 19912020
mean ¢lata source: Contains modified Copernicus Climate Change Service informiatmon, f
Our World in Data, 202{1]).

Mean

1850 1880 1900 1920 1940 1960 1980 2000 2024

Figurel.2. Global average lanrsea temperature anomaly relative to the 19830 average
temperature baseline, the gray lines represent the upper and lower bounds of the 95%
confidence interval (source: Met Office Hadley Centre, foan World in Data2024[1])
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owever, the increase in the gl obal average
hange. The weather anomalies become more fr
he Haehhb.itshmmdsy noti ¢ eaabyl,elsiiftehdapeat .waves
enerally, i spha® | loppegraitomdh veef a b nor mehlelny theontp ewea
ncreases above the threshold. Tmeg [tt20dr3gs hol d
t 1s a period ofexattearéipppret aBum@Vbrcehased de
eat wave is high atmospheric pressure that
Theompressed warims Fwmapt. har mo rper,e ststua ehisg/lst em
vertically, causing changtems.n Mihei mozued ewi
cover efiftesctpr oMionhfheehebtragteffect becomes
war med, -lneosisstgmreund, which additionally acc
trapped bpyr etstsaur Binghteefrenml i mate change, t he |
magni tude, and exHiegnu3teaeedmoof tohede par amet
2021 are presentled] 8ingnihfei gd rotbh ail n aragpase i n &
within the wonrlSdoutehs pAerceiralclay, Europe, North .

ST QOO0 T

cruci al i n terms of gl lam i @ dEemdhletaitn gwa vteh ee x¢
magnitude are the most i mpot éansittthpecawbmééeade
Itesults with persisting high airafé@Ggmpépgagur
shartenneaf i onal b,r eweidti hnign scercet oreat wave peri od.
Within recent years, the heat wave i1 §$$H6de ha:

Bet weenr 02i030 Owas esti mat ed OtOlDa td eaap fhrso xiamateal Vb
occurred each year (45 % ][of]tlihdevensnpeerr n2@2 P& n 36
Eur o6pB7 2 dheavweéasn esti mated to|] dHecwev armu,e tthe hl
waves are even more dangerous f[o8CQaftddteumral ma
boundarhersmalf comfort are shwhbed tanbewercah
t he source| 9[hkixio rids nign-2 & .Fruarntgheenrarhoeréeo,us her ds
naturally kregpd,i bamartee apepshtitrednot hegui pped wi t
systems,cadmed wiol dihneg samarcthh@adse sl, o anas . I n eff
of chaatllres wer @ heep&Aremimer @@ 0220d4s3L,]]1 2 ]
highlightinigmpaoeithhheade edawng sector.
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a) HW days b) HW duration
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c) HW magnitude d) HW extent
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T T T T _:.""“ BaReses |

(Cdec”) -80 -4.8 -16 1.6 4.8 80 11. 14. (10°km’dec”’) -0.9-0.3 0.3 09 1.5 2.1 2.7

Figurel.3. Trends over the 1958021 period, in warrseason heat wave (HW)
characteristics: a) annual frequency (in days dedids maximum duration in the year (in
daysdecadd) ; c¢) magni t t)dd@angual maxifk@n adeal extedt @rf kon?

decale™). Gray shading identifies regionsmissing datd4]. Source Berkely Earth data set.

Gl obal energy consumpti on
Bot h, i ndustri al devel omerete,dsad owenali ndsaai oV
are the reason for the increased global =ener

increased energy demand f or &i g ldperoelsienngt,s ctah
rising trend in enef2@Y3consdmericoni aved 199
contributes the most20&, ghabalineneagg. cons
aclcerated, reaching 2.2%, bei2®d 9Imgc o whihghaeart e
reached [11.3]%/ year
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. L
29 11 L ]| -
= TILLL
s e
1990 1993 1996 1999 2002 2005 2008 2011 2014 2017 2020 2023
B Eurce: ) CI5 North America Latin America Asia Pacific [ Africa [ Middle-East

Figurel.4. The trend in energy consumption over 12823 (inMtoe) [13].

The main problems with gl obal emnxdrgynedongdunmg
situations amahghtyhwedewehopee@scountries pro

greenhouse gas emissions, contributing to th
there are stildl countries characterized by
limtedoabeass ng energy, ands elliecitmgccogdi t]

heal tFh gluStldne.eG® ssi ons per capita are present
by energyldploverty

Therefore, the devel opment in the energy sec
sources, with high economic accessibility, w
reduce energy poverty. Such damamemt | st lde f & i
of lsacragee energy alternatives to fossil fuel
However, gl obal change can be made by taking
awareness of the probl ems.
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Per capita consumption-based CO, emissions

oSingapore
20t
C02 emiss|ons ® United States
are too high Sanad
15t - Switzerland
South Korea
° L 2
. J.apan
10t Russiae 2! .
® Polands .Umté’d ngdt;m
. e ® -
Energy poverty China  ©  ®g  s5ueqen
yTurkey ®  France
Ukraine @ ° o Spain
5t ® .Mcxlc:'
.Namxbla o9 3
India  ° 5 .
25t : 5 S Y. Energy access with
ppdevs grvnegedd o Q Ele e aonesia pet-zero CO: emissions
$2,000 $5,000 $10,000 $20,000 $50,000 $100,000
GDP per capita (int.-$)
To end climate change the long-run goal is that net-emissions decline to zero.

Bringing emissions down to 2.4 tonnes per person would mean we have halved emissions from their current level (4.8t), a big milestone.
Data: Global Carbon Project, UN Population, and World Bank.

Figurel.5. CO2 emission per capita vs GDP per camairce:Global Carbon Budget
(2024); Population based on various sources (2024)h major processing by Our World in

Data[14])
Al t hough fossil fuels are still dominant in
energy <consumption, the shift to renewabl e
contribution to overal/l el ecitve csblutpiromdsaicb
renewabl e energy sources, |Iimplemented in var
could beneficially contribute to tackIling en

Water scarcity

Anot her signisfiincaretasde magyl lweanh pd ailscewatet ybutige

pressur e, due to anmedli nedt ars Wwirtelsdhmwawalrs t a
surface water sources (permanentl yaohi egmpgr
the 10% of i nt er nadesr efnreovm bil iev (enaad oewsdndd ddamOw ir f
klyepa5]The | evel whiwhteccutrseswhen water der
amount in a certaingeareirad eadandycand Fcegraedrasr
16.Al t hough, the average water scarcity on t
variations danrther @mbdbartvaad.e al contribution

caused bhygrthu] twhiptlkesedgt gidla@omparing both ma
worth noticing that regj osaaCdwtarbala Asiigah, WMtk
Western Asi a, and NoatdeahsAdfuscag ar |l ahge USE
withdrawals for tTherafgoreul ttthrealsodadtimm.s ba
desal ismatuiladnr kea dy apaptieicaalclee airre awe  tMe drd | & s iEa
However, such contribution | evel @sghuifgbhbhs,
providing water savings in this sector.
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[7] Nostress(0-25%) [ ] Low (25%-50%) [] Medium (50%-75% [l High (75%-100% M Critical (100%)

Figurel.6. Level ofwater stress of all sectors by major basin, Z053.

[ o-10% [J1o%-25% [ 25%-50% [0 s0%-75% M 75%-100%

Figurel.7. Level of water stress due to the agricultural sector by basin,[20]L8

wr

W Extremely high\d -
(>80% 1

W High
(40-80%)
Medium to high

Low to medium
(10-19%)

N Low

L1
) ‘n

Figure1.8. Projected ratio of human water demand to water availability (water stress level) in
2050, according to Abusfithemaddutue sshere tempedatare s ¢ e n ¢
increase by 2& to4.60cC by 2100 (datasource: World Resources Institfies], [17]).
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Foll owing, the global devel opment and popul a
water demand wi || increase significantly by
projelct,jdbPpedi cti onBi gh8peienednitceadt et t hat 51 of |
regions are expected to Isd rafsfsegctwhd clhy ceoxtrree
of the poAlt meugm for Poland waterpstedessele
consumption rat%t wi40%refacdvdirloanbl|2® resource

a high consumptoonAuvustealpradi ehedh i s al so o
devel oping breeding sector, with a | arge cat
the I mportance of the sustainabl e approach t
nesasy for . future | iving.

Food security

The definition of food security evolved with
meaning of the ability to ensure biological

its nutaliittiyoonaandgu he s us(taacicnoarbdhienigdit oahdf o b d
and Agriculture Organi z atSiionmrc eo f2 0tlMe UWrhiet endu m\t

i n hunger i s (gTrhaed uraelad syo n nfcorre atshiantg.i s a cont i
(from 2.6 mld in 1950 to 8.2 mld in 2024), \
as wel |l as excessive food production in hig!
wast © EAtimation indicates, that about 8. 9%

hundercordi ng td 1BA® Afndity¢ 3 tibg sd ofoech mtd eacluga t

such regionsSoash AdAaeBrmd&ainl numerous Eur opean
char acalebry zeedl arge cattle popul.dhsost aiamablde
terms of gl obal needs, food producti on, as \
breeding, sy e htecat d rwoaweebhst, and water scarcit
contributors toTdhleordlorfegod hiensecunriinya.bl e ap
of -oconventional, green solutions,wiall etvaikaet i
significant role in future food systems deve

Chal lfearpes breeding sector

The breeding sector has been under intensive
for food, with a speciaals egdrndtvirereesrt n a imb cdaati trlye g
wor.l dn

Tabllléeop 10 world and European countries in t
are pr[els®emdBeag zitthe alWSIA ar ewitthieu gceo unnutnmrbieers o f
Thyarad slmar acterized by the hot climate, and f
change. Fium tthreo sn® rqar etl mite sy eltyhéeingh | evel of

water scarcitypr alml®be chbo.oado nsdeictuiroantsy malbse catt |
regions very chall engli omlgal edeoeslFafmdaretrmion en d
countries such as India, which are affected
sectotondeddbased on solutions that could pro

Hot weather conditions are difficult to tack
shifted to | ower &A€C asd@pAdai siesal bgt wdanr
more metabolic heat ndédoes 9 dratt hBucera preialnk cpruand L
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charact éowered shymmer s u @ WGeea snalryar,necse, , as wel |l P2

which also | eadlyncoenaitdesntiicg ,t lespeeenxailty of
sqularleometer), need tobhhacbrekhdi sgmeechall en
Tabllldop 10 world and European countries in t
No World No of cattle An Europe No of cattle, An
1 India 55640213 Russian Federation 6268581
2 Pakistan 15764000 Germany 3809720
3 Brazil 15740153 France 3230860
4 China, mainland 12176453 Poland 2037280
5 United States of America 9377000 Italy 1865000
United Kingdom of
6 Ethiopia 9054213 Great Britain and 1850000
Northern Ireland
7 Bangladesh 8645000 Netherlands 1570000
8 Sudan 8326629 Ireland 1510310
g  YnitedRepublic of 7850658  Ukraine 1483800
Tanzania
10 South Sudan 7382078 Belarus 1447300
The increase in air tempeomatwr @l anh@iheaanli ab aly

cow produces more heat than canuddesi paat $0
increasing her body tempEradwses mTdgatince eas

t he d@snihngaalOt]o tackl e that issue, animal act.
whi ch wiflolc u@Geaptibetr PhhDeWhesn the air temperat
|l evel of skin temperature (35AC), the main h
processes. The prolongate heat starkeeasrimandi t
unable to regener a&tua tehveeamod wer,i rntd et theo rnmoghatl . ¢
stapotccluaXlowtands for a |l onger time tf®R.2ilncre
Furthermore, she reduces 2R freducattake, mamn
produlctn i einffect, numerous health problems, su
[ 2bing the cause of economic | osses for the
mi |l k producti on. I n extreme conditi o[n25] heat
whi c hglwihbyae por t ed dcwmnmeg rmpecdaratdies t his | ssue
ter mswof | tfthoeodde security probl em.

Therefore, the effective cooling bBgat emmbr ap
prohl edmwever, due to the stharcadaawutreraod eldihtketyl | a
insul ation, and apehiabtadintriodhalk i anr c¢c¢bedit
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gener amerd mwisheassn benefits, espedioal Ity aite rtelae o
cool i ngawygislt abasemammleettbased on | ocal cotw!l ing,
heat dissipation through convective and eva|

usually based on fan systems, @amidsopgyesswyamer
Such solutions are characterized by high el
application in terms oft he&nigmalbaweli Intgiermag.e Cc
anwdater ,sbaer detvel opmesactliuvstéi ons, which coul d t
i ssuamebecuci al f ofrhef utewriee w roefe dihneg.avail abl e
wi || be descri bsdbsectebail in the next

1. ool ing technologies i n thi
The basiucs ende tfhoord | mproving the ther mal comf o
shading to reduce the Beah gaiagpptbrarobghsr aeé
terms of their ,pmygspobdgfg]l2.d9@®hdowever, it d
provide proper ther mal conditions for the ar
stliil mihte abmiamal s I abilitl]3.0olrthodmdsayt adpped s dcipedl ieo
me t huosde d foaurt dtolo e ehwidoomnmanett . hods are focuse
constructiondiofgd i mad ¢wisedve nihla angaitrug al ventil

me tdhdo3.Hlo we vag s i wesanmeotnheeodt suf fi ci ealt| & wira thieaar
especially ongocegnichgmbahe chadegweel dcpmenthadf r
sol sheoomme cr uciTdli si mp atrtaigg afpihelwd .I | syes tfeomaus e
installed insidel adnaelatbar @moaaldT bewdaceai @dndd: eb y
t he heat di ssi pation mechani sms. Convective
evaporoatlibwep rci nkl er asgdgstemsdusctisveaidcdaleang ty
exchanger s ilnn btelda ifnogh laaveaaisgabkeet s 0l uti ons wi
precisely

Convecti vaei rcosoupipnlgy systems

Livestock Iduwteh eeiongfunctionality need to be
hygiene conditions. Both, the digestive and
such as metamdean@PpdHd,2apd( NBlducti on of their c
for ani mal wel |l beanhgr aFoor t me sshypsotrepnask eayireen t ui sl
which fresh air is supplied by the speci al (o
anused aihrarigsedditshr ooghot her chTih@eyét thal baen
process is based on thermal oai t hmoypemsBUr ean
forced ek naftahtes y s(¢ erimmoey wal | fans) . Th®3]c omb

(cFifgl9,e in which the natur atthhreee htaini,@mrad windhe an
better mamnage memtrioclessomand r educedAledlheocutgrhi c
such systems regulate the air quality, t he
sufficient in terms of convective cooling.
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Hot air out -
Mechanical mode

Fresh air in —
Natural mode

Fresh air in —
Mechanical mode

Hot air out —
Natural mode

Fresh air in —
Mechanical mode

Figurel.9. Combined natural and mechanical ventilation systapplied tahe barns

(Figuresourcei34]).
Thefa@airced occoomovecntgi veef f ect I s achieved by dir
|t I st lceoemmmfn |l y used meotphtaenmavlit oo mmae mttaali ncond
mi tigate[ B, Bighset rmnossst t € o mmawpnIgiycabl e i n cowsh
on designed d$arfamgsy Hpmesser , to cover =eac
fan's opersaitgmigf ircaafgte meambmust be i mpl ement e
installation costs and electricity consumpt

det er mit maeidr falya@dw di recti on, whi d&ho da&aff 5.&lhe amor
effectiveness ofi 1¢d gmeec tfaavre |coevwmgbrésnad ge £tsi n g
applicability t[o3.®]lihgllrporcetsues mtiast maaroaanld pahot o o
c omméelry i av fa &bhaasbebde ut i on

[
{

8-12m

l¢
[«

i

Figurel.10. The £heme andhe pictureof acommercially availabléan-basedconvective
cooling systenfFiguressource]40]).

The alter nsatdievvee Isoopleudt iionn r ecent pyreeacriss iarne cfoooc
systems.Ther pcews si on [adidrd nssu psptlsy osfy sttheem mai n
subsidiary distribution tubes, (diFrfegditrded t o t
Theer forducectdi mg 42WMsBthednrjusual ly i s based on du
orifices along theirdloecnagti ho na djmssetdeed biime r tbhaen |
avail abl e s okbkesapipormupamhasietdi wen prhess@uckef grierng  t 1
11311t consifsrtess-hiafapltrihed tubes, fitted to the
suspended directly above the ani mal s. Each t
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endiwhh i1s delivered ditheditéy t lor ¢ tgohrapfeeceics e
The pegietsiswea e precision vdmtbifl atnitem dseys tt eom pi
flows inside the -ppraersns uusei nfgantsh ei nporsoidtuicvieng
chamber, which is then [p6dci sely distributed

Figurel.11l On the lefthandside the £hemeof a precision air supply systemmdon the
right-handsidethe pictureof acommercially availabl@ositive pressure vent tube system
used for convective coolin@riguressources[41], [47]).

Therefos®,| usubdst ear eadaplreede dtsg amipmalvs ng t
effectiveness, and reducing cost s, and ener
However, the cooling effectiveness of that s
the tubebsysantgemg it applicability only for n
activated convective heat |l osses are stildl

adding the evaporative cooling padisdetroedr efdourc
hi gher ambi en4d5]t emperatures

Evapor at i-opee nc owaltd énegs

Convective cooling methods becomextirndhnuelfyi ci
enviroonmedt ai ons especitampgrahenet heaambsehh
t he @msikmal. For us anathleyye aasoeen,combi nedc owil tihn gt h «
met hasls mi stfia&]hé& ame dtel yeviapeod at iive metiihokl e
sysfé8m]lwhich provides wdast erovedyi triercd | tyw loeénr et hier
heat can be di ssi pabreodpdsveirtehiins tah ec reuvcd pad r gtair ce
cool i nened fweictthivn[ 4.%9]iTshemelt hodbe | arge enough
penetrationaovlett hiekvbsaniat | cdaobpl ets are used i

mai n goal i's to reduce theHdwenpenr atiotc eleadd ¢ bt
air humi di ty, and for t hat t heerays oo, b.thfoBeatrh ap
systems increase the water demand in the |iwv
cycFest her mor e, due to the hygiene conditi on
[ 52 ]which Timits their appUduwalbliy,i ttyhay darhee
feeding Hiigtetkge, ( @a.nfd. bef oA er @ dheerf thh2 dthisdhidlee e d

suppl emental cooling method. based on provid
inhahd thus bevhdidel éedidcaggwhbaveduncef t e wat er
consideration of the Gxttewvwndl esnwnierradn menthbean
contr ol [a3.3JoFrtihtehrmsd efv etl logptmesnd | wt i ont hpeocpsred
control system, owht bk system only when the a
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and wor ks i port iwmee ni natneirnvaall smovement i[$$.4det ec
Lastly, evaporative systems can be used only
contribution aondiits ehteewaskbi mited heat di s:
studied psychologi cal t eaporndhe sotmee heddicms it ¢
preferphBBbe one

Post
Feed Line .
- . Speinkler Line . 1\ KA

Spray Diameter/Wetted Surface Area

_ A\_l_oid Spraying into Freeslalls
Figurel.12. The £hemeand thepictureof the sprinklers system applied in the feed line
(Figuressources[55], [54]).

Freestalls

The innovative pad cooling solution, develo
evaporatidm®lepgrooccesst s appl i ctate otnu bteo styhset ebnasr.r
it can reduce the air temperature, it is sti

Conducti VeRea@atooé¢xomlganger s

Limitations of the previously described solu
teohmgi ecson dudthieve hDeaata ykiespsti pant ifonrecedt bl r bs
in the |l ying pdhsipe fon@dFhiyrtome rl@dr € ,0 tlhe | yi ng
convective cooling, due to reduced skin sur
solution that would enabl e hazapotremtoival alnt &
t he -kwneolwn sdéldbwevems.the conduction efficienc:
surface between the cow and the bEdemnmnigr e wiho
[ 5.8 hi s aspect cannot be ctamgtdaianmdsi ki mherae
The develamped xper i merotl ashvéi nbeavseeiah doante de xwa@ h daanger
cCircuwaatteirngouri ed .Dndetrothkebmddhagicald | i mit
comfort, it Wwiatsh ta tlki clovieayaeTheftlypetand( da
the |litter were $H69diwbd HegvRadperd eda @FD ( Co
Dynamic) model in which they txocohka n gne ob ectowese r
co® body and the bedding (a mattress with ru
bedding had a higher heat flux thartgt®loagw an

h
[
0

studihed heat exchanger operation, conZhiadoeri ng
et [®ldpnsi dered conductive cooling using 3 w;
exchanger, for whifcehctt hemet washaatpotsn amvfeeref
simul ated cow.6,2Momdacasiet lalr. sol uti on, pr ove
heat ewmchdrdidern ency and the thicknatssexdhamge
and the animal. The model they created was c:

from the cow bwhicacdndwacstfii®® OtOh W/ rmmegvei ousl y r
also by BastbBAdidtf ealenti mype of heat exchan
proposed and siffBBllwt ed bymRbagranwval uefShiod t he
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idea was | ater de[veed]dpgedvalsy bRerealn @ neta alo.mmer
mattress for daby ycuwtattitd g, dimogla t aleldgyn saupr peo sti
circuliacte owasofde t heematutftrascss.of etrlea ma tt thr es s
|l ayer of bedding, providing greater ther mal
under tFue tsheemrd study indicated alsespebighlly
considering the insul &8ihwe CgrDo preordteil e § r@fm tt thee
results was developéd]diyn e btr eenelddastn ex pad i m

ar¢aoonductivecboet obgveommeoamieal,l yopmadvyaid naeb |
beicnogol i ng solution dbaebhopaddizteido walt epibpas , f
cool ant 1 mmer[s6erd i n its design

Thet er epsrtoipnogs i t itohnea pesw adtlidwdeed uccoobnng, i n wh

conductiwvercogdumwatieed mats iescapombiinkeaer wu g d.
to coole cawn tdh r ect] 6l hteorwea rodr et,h es uccchw sy st ems
commonly used combination of soakers or spri
preseii giilr3en

m—
Fans Targeted
'e N ' N Cooling
° ° ° ° Air

..... 8 D) «— Inlet Water ——> | um—mmm——
SWEC and Air -m-
J O Evaporative

Cooling

Return Chilled
Water / : Water

Cooling Mat and Bedding
BASELINE APPROACH (A) CONDUCTION COOLING (B) TARGETED CONVECTION COOLING

Figure1.13. Proposed the evaporative chiller conduction cooling as the alternative to soakers
and fans combinatiofiigure source[68]).

Al t hoaogtductive co@priogimed digoaetp of rutteudr eshsa ppéa i el t
mat tr eses pedieglalfynhei wgt er di stribution syste
in terms of dNowleitmegl efsfsi,cilardey.e nr ¢ hdBarsald elaans
t he st altiet eorfat tulrhee roerelaiyse w4 t618Bd wihciocnlsi dered t he
exché&angdeersi gn, with ndafsedu sTold aurt & fb@is®@wat bebed
ian ansewdrat i vteo atphpirso akkrhowl edge gap and progr
devel opment, described previously.

1. Moti vation and Contributi ol

Thentroduction outllinmdteaedamper t mpaet obnc
sector, iasp ecemzlalby st hess phebedgnaegmiaf ii marctatpr
for numerous cdWnt hiaestihe 1 hetwdelkade, t he
cattle increased rapidlhy ghhi ghhtei nsgcitemda i f mp c

i nterdi sciTphlei nsacrayl ef ioefl dt.hi sanp vead® Ee@am@encompas
headdmseqgluembygsdfhfei ci ency of cooling methods
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causedgbgattemenalt hi otshgabitstr uatsumwe | laitass | oimi s pec
coolsiongamadnsheir overall i mpact on the envir

As presentedt hdowelsoopeadhy oas f or heat stress
based on convective and evaporative heat di
sprinkler syssctoanmbd ,ni agmmdimlieys eo p@®d attii @ams ar e

accessible andhef tleamsdiedm@diprer ati on i s connec!H
electricity and water consumpti on. Further mc
conditions in the bedding area, as wel |l as
reistrs the heat | Dssemaifmombijtdet iane mafi .t hi s
i nnovati wmat cfoer § aatl tolwé Jjatg gan f the effect o f t
phenomenon, covering the research gap rece
interdisciplinary field.

Therefore this aPhnDowaehleisng Polobaisied Dor tbat tcl
water matasr etstse uleydidnigngt, o tackl e thef af bemei

conventional cooling technologies in the bre
conductive heat transfer from the ani mal t
citauing chn Itlheed rweasteear.ch community, there a

on this subj&kento.wlTeod gtehde oanu tthhcerolnif gyeiratwumi @ er s v
in the entire world, @an@GotniVlV &fhseittlye mv & m ®imt W
Ari zbm@ani ver si t y-Mafli, WioHElc@ri g é nsCatly fRdrvwiea e

so far, itnvdl sedcckinead yabout the condpetiyveagcoc
some sort of heat sexdtaemndgem, tvwhei oh ewdroarsdes ub
The main drawbacks highlighted by those stu

ani maldt ha ck Il myelsatoiflv ec b hheeraitnagegeths t o achi ev
comfort a@aflWotrh ed wa miem nliy lomecreeaséygr oh group
mattress application for this purpose. Howe\

on the heat transfer wadamtodt icom safdetrtea , o0 mer
of the water mattre$sthei aheeamdi vfdubakineted
mechawhsmh | sclkeapaci at imetde mtyi aal hfig8hu cshucdn a
approach waisn atptpild eRIhvittthesi s bringing a new

For thi,sopurposéerent geometries of ,ahe& cool
Ssi mul attheteth sys Fl uent tEmhemroomepated in terms
di str,i bsudrifoance heat Hlluexegels aeicimdlol wgedEat ech
knowl edge, such aat taepnppetbeadc B was t hbos ,interd
contributing with new concepts for t he coo
' i mitations of i ts di f ffeorrefnuth eg eeo ndeetvreil eosp, mee i
solution.

Selected geometry was devwenklgpedi ment hel pr oee

| aboratory and real barn conditions. The wat
in i1ts interior, whi ch enabclheid | telde wad retri ntueo
di stribution. Fursbheppimpireg thel wad ewatmart tr e
di stributed by dedicated hydraulic I nstall a

acqui sit,i eemasbhyisitnegmr egul ati on of the operatic
it stougpt e omrwoyaB8O0O and 29 days | ong experi mer
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barn conditions enabled the practical asses
di fferent <chilled water temperatureSusktpoi n:
system enahblhaeda mtpipd e i ammp dcooaocl hi ntga & mil malws ng |
needs of the cow, being a nnowelntaarbadptngf dro
further devel opment and future application i
To &ssstethecdolriecy effedt bommbyti mg damiemacxRper i me
ther moguaap huyseeedn,g a sudoeptsikdilne tteonoper at ur e
correlated with i1t ther moregul @t okreya gite,c hsand Is
observations in terms of conductive cooling
transfer, caused by the nat thsed!| & dhteadnad hirlelsqg
temper at ur e s ectopnosiirdtedr,@ geeorvei dre@t a new persp
practicaloflisnidhhtaos®!| ution, highlighting t
temperature suitably selected for .ani mal nee
Furthermore, to condfphysoosbgi mahi respansmal $
the experienced heat stress | evel, a novel

heart rathnek sensanrd body twemge ragtpuries ds ednusrarn g
experi mentialn 2ZGhdedmp Iginc at i on dwiadsetiloicrimadrveabl t e r

t he r eeanlvilraomemetnrti, ca d cnwga stshgesisrnteonwt e webrs,e rtviad i o n

made during timadieapedi méretig potenti al for 1
appl iicmtproenci si wé ilcrheediungl be especially use
It I's hoped that the results preséemeed eisrea

communi ty, provi di exgp &0 itshieundtydreodvreetthieccad | ianngd s
for cattl e.

JCRi st journal armsaoinefnetriefniccesaarti cl es

J. Bgotny, S. Rosi ek. Heat transfer efficien
sustainabl e cooling sol uBnieothgy X @22, tlhkek4d dai
https://doi.org/10. 19 F®6GLM: 206686rgy. 2022.123243

J. Bgotny, A-Bi 8gekep®&n&wyplkWaylTszkak , AS. BRasiye k
effectiveness of the sustainable cAppliingd so
Scieadoed, 4.2t ps: A/ doi . org/ 120.F53130/ appld219

J. BgotnyawgowRksai.elVpgyw geometri.i mat er aca
efektywnoSI wymi any ciepga na .ddodckzalée tprone wd
Conference 'gdidgatz2z2WrocKraewr, Pol and.

J. Bgotny, A. SzczepanowskacoBduBRbsvekcoB&adn
as the daihreyatc astttrleess mi ti gation strategy fo
Climate Change: 220i2€nc R &Icmdvi et y

A. Szczepanowska, J. Bgotny, S. Rosiek, The
component of-babed reoelwnbfesystem for t he |
Project, EuUnb&unatidaal Conf er engcse aonnd S onldaurs t
2022, ®&ersmeeny,.

24


https://doi.org/10.1016/j.energy.2022.123243
https://doi.org/10.3390/app14219678

Chapter 2

Resehyphesi s and ou
conducted study

This whadapt emr esent t handege aroas itthreBd shtohsh at s i
as wel |l as the research questiowlkectianosewi db
focuseduobinkede conducted study.

2. Resehyphesi s and questions

The main goal of this PhD thesis wag hteo daie v ¢
sector, which could reduce the effect of he
solution i s bapedi @Inl waptrperg iiMmagtetdr ess wor ki ng
water mriawiuditng conducti.veTlceooh g plyadmbh tthleatar
experimentally proved within this study is a

Theodm fi&asweadt er matrt casgshheeffectiald owaenlgi ng
reduwomn &hfeactovstress

The nterdisciplinarity of that topic area c¢om
chall,emgeswel | Zaswetl i@ara@ani Mdale noveltyappfl itelde «
wi thin métehbmrdausiptvter al chal | enngsihg masmeaech q
as foll ows:

1T Whagteometry oWwatmdare tc@clsi mgnproves hhélleat
watend aoobomplHBro kmowducti s© otwthbiheg ensur i
ani mal comfort?

f Whastet points of 0dpper avtaitregq pnand metsesr s ensur
of aomobm@li ng

T How does the developed waterphmaditalesgi cial
behavior al reathieomal i coméoms 2o f

Answetdseg guastt er mhaeedext stages of the con
described ioislebe¢ei Dol odbwit hgs chapter.

2. 0ut |l itme aofonducted study

I n oradeoutli amecfhrek he study, as well the ado
foll eswiag@ f twiiel Isthued yc on evi ¢ thapshbdseescctrii dore d
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First, the geometry of the water mattress wa
carefully considekrledtli owt ehenat of r athef eonhcepa
and ani mal wel far®. mbaeh eaddfo ptt eedm twa st h Ans)
moduCemput ati onal Fl ui d Dynamic ( CFED) si mul
Environment provided i nformati on ablbaige pot
geometries, on which the selection process Ww
t he study Chsa pdteesrc P3h Ddefd sti hai. s

Next, the prototype water mattress was buil't
acehniietssmoot h onp etriegthii dn ed wat er prodysctiedfn an
detailed description of thChapntirrd odoltihng «F

Such a teappbitaddt wababorTameoirny geoxaplerwarse ntte
cool i ngwiptrhoicne stshe devei mipraglbiwfained nghawh lo@ls s
wermssumed for. thlee sobmudianednresults were the
si mul atRuornt t hremoa kes enad &t ifoors di fferent chil |l e
setpoints used faorangfeol hing pamaumaeherrt texepder i
campaTlTlgins .st age i si fheaspctretrbhid Ddifeas idet ai |

Thel fowepi@assti mpl ementing the devel oped water
order to cheakargetoprvatoomennh aod ofasrer ge
di fferent cool i ng WwWatreatpipadtmppeRr aher magemlpdaignt
The experiment al cdunrpian ¢g ns uwwase PcOopnedruecat de dl ast e
month, within several experiment al series. A
are desGnrniphed PhnDhfeWiitshsnt t heangxt he-upx wasi me
extended by building,thwtheddrdvmaaitnfgyhgomdt t

repeatability PUrtthree moresul tas new mondtori nog
physiological reactiodhsapmwl icoedl i hgr wtalsatd epyed |
for skin temperature, rumen temperature, and

second experi mentaldurcianmg aisgummmeoofd & ticodet ai |
concerning the nsetchaond od eo gan aspot of ra Bnsdlfet sti si. s

Additi oonabl ypgtkel ution was compared with tF

cattl e t her mal bal ance, di stinguishing bet
evaporative heat | osses. For that pur pose, t
us ed. Results with the analysis of Ghmipielr t he

of PhbDlseGe secroanlchaseoganhepedsented with prop
expanding t hii@h arpg g a 8¢ h baoifmapshtDhe sfiisn al one
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Chapter 3

Mo d-b & sceodo lwiatggr mat t
desi gn devel opment

This chapter presents the designing and mode
the main subjecTheffitrhats Pthdp tdfestilse pr opose
devel opment of the water maptpliiiemdbtlegrerosmed fr yt, h
transfer between cool i Abgeiwiagt eorf atnhde tahnei naanli, mas
of that sol uttihore.e Tm noceeépd wranh g g8 @ meetsr i es, base
of the commer ci alrleys saevsa iw earbeE epcrhwapgoespenimtt ¥ wa s
as-D3model using Autodesk I nveEmd ocorPdwdtesd i @t
considerded feommeér ci ally available mattresse.
Wat erbed, Singlod € a mbbeod de df rrsoin@ modn eA gcucanspt aanry , mi
framotdmpary. Each proposed geomemershi w@gs toloé
and developed as a computational fluid dynai
The presenstet atstead pmtrbbi,c antaibbera ¥ : t r ansfer eff
the determinant of the water mattress design
Bgotny J.(,20%F2pERogtyihenlsnals di r ectadle xpgrgoepgodniseetdr ¢ n s
and its model wil!/l be described in detail,k t
final geometry for further development in re

3. Proposed gecmoo®twainesr ofattthree

Alplresentmad dked mawd nl et on the uppeampattetof nt
t he botlteans omalritt.it ddedk dslbype of dthrefi amancs et ef st
c ows heodwse,vwearéini tonsi dered i n numerical simul at

The first propapsededessga M&additic channel [
the Iliquid flow path and makes the water fl o
effective heat tr avmdfesi gk dsidioppglmtdben Wwiaker t mk
modi fication, addi ngayrmslropeex tferronma It .hpgea yeelr & ifcie
3) The sl ope oriented to the bottom of the me
of the bedding, by ITheuipdedissichargle cth@a mbleea ss
caal smprove the cushioning capabilities of ¢t
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inlet

Figure3.1. Water mattress with meandric channel (majel

The sgeomdtarsynt ended -cthambar dwatlt er mattress |
avail abl e DCOvaaant eerxbteedn)s,i oanndof t he modi ficat.
[ 64] The innovative asemerctt lod mihb et i dlissdgyns t e
compgai sdd stri butor and mmcadil & et egnd.d) (eeaancdh twiot
rows of 22 omrmafidenghsS,d i wmimtehi et 3 | respectivel y.
the chambers | imits the primary cushioning |
vol ume achieved by separating the chambers a
(2m@m) mi g¢hso create a sufficient effect.

inlet

Figure3.2. DCC Waterbed with water distribution system (mdael

The third dddsei gramep pMaiteer di stri bution syste

chamber water mattress: the commer ctAglrliy av
companki g8¥fe The selected model i's equi pped
in foil. I n the assembly procedure, the rubb

panahdg placed on the foam, ensuring addition
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Figure3.3. AquaStar water mattress with water distribution system (nz)del

I n the | ast design, a grooved rwhpeopaosued ac
(cHi.g3% e The structure entslue ematthreesvateeveémhomn
with the ani mal |l yiGmgcomf o otp 0o mai ntTdienad i h

beneath the channelis AchneVedmbywat@menitiedoawab
di stributor with 110 mmidi ameat gre)a.c hThv t holal ec
singmedi5®&met er .outer orifice

Figure3.4. Water mattress with grooved rubber bottom and water distribution system
(modeld).

The water distributiodi sybasedpopobppasedeihol
di stributor. This system provides a more uni
compl ex due to the higher demande osny sttheem.c oToh
di ameters of the distributor and the orifi

calcul ation, considering the technical guide
di ameter of the ®&=13imm tpd cagigaindye atl tlheoagth a
woul d be acceptable in clean instalupatiTomes w
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maxi mum orifice diameter is e@uahneo O6i @amet
provide sufficthenmi pimemstdrengnbe (edge to e
Sshould be approxi mately equal to the hole di
the di sOrbBbudanmoa tilse orifice diameter is 10
cleanss of the instakGl adDommahenghba. dSsthi pat
inl et mass fhkopws eglucal atweldo 5ty m/mss.i de the d

The pressure drop requiredmesasgrcaaceivat éan a
bet ween the Oktcaktutbaeprdr3 gli)n@nkiElgu &ntei @em e(ssur e
by friction and momentum r3®@Qovery calcul ated

O WYpd W O (3.1)
YO tmToeo B O] D p D (3.2)
whefies t he fannibig ftrhiec tdii®sn rdi ibautt @rrh @ a&d glt dis s

The kineDecgpeesesgy as kPa per volume was der
formul a, where the mass wadapregtéehdedot amehey
velocity was extended ®ECi nharedgs ke cofrlodsvst Ise c$
defined bg timheealOarimmerentmgr,, i n agreement with
The correchtiakre sf @acnttoor ,account the flow frict
number .

The minimum value of t hle tpag ek.slUu5 ek Rla otpo sdrosud
di stribution; this value was assumed for sut
determined by <calculating the total area re
Reynolds number whitheakbObOdyedetermines the

3. omputational FIl uid Dynami

Il it he foll owlentgai $ edt iionnftohtreateill op e db @HED trhmedel
previously describedgeowet higbwapeevedhdt e o U
conditions, which were applied for the condu

3. 2Mels.h devel opment

The geometries presented above were create
di stinguishing the assumed domaiwmentanMe sthhienng
modul e.aMgdedosdnt ain a water fluid domain an:t
the water distribution syste@iaed the Frublkgu
the shape of the geomet reinds samrdst hd hei dme sh
separately for each model wusing meshing unde
The energy transfer bet ween the el ements wa
condition. Additieomeldegen tdhef imeed sy ztelse hel e
size of the el ements defined using the same
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The values vary between models due to their
domai iasb3dleModel s wi th simpler geometries are
el ement sizes. Views ofabicheameasrhe sprca searteadd f
3. 5838, showidmognatime afnlduizbomi ng in on the inlet
that have been used.

Table3.1. Mesh fluiddomain statistics for the geometry models considered

Model Number of Number of Max. size of Defeature
nodes elements elements size
a 93753 454935 10 mm 5 Om
b 249946 1269685 6 mm 15 Om
c 256913 1310369 10 mm 50 Om
d 727127 3679359 8 mm 250 O
The meshes have been checked in terms of th
bet weenl OO0WOmostly being achieved. The skew
di stributed between 0 and O0.50 witihs tahles ohiagn
acceptable result. The aspect ratio is stabi
18, which is in | ineLewietlh otfhep ort eecna mnad n deartrioor
acceptable at this stmgehofuahehgtaompusodomgi
consumptinant he preliminary character of the

Figure3.5. Mesh generated for all the Modetlomains, zooming in on the inlet area fleéind
side) and the mesh generated only for the fluid domain of the same modehémghside).

31



Figure3.6. Mesh generated for all the Modedomains, zooming in on the inlet area deft
hand side) and the mesh generated only for the fluid domain of the same modélainidjht
side).

Figure3.7. Mesh generated for Mode] zooming in on the inletrea (lefthand side) and the
mesh generated only for the fluid domain of the same model-frayid side).

Figure3.8. Mesh generated for Modd| zooming in on the inlet area (ldfand side) and the
meshgenerated only for the fluid domain of the same model thahnid side).
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The solver description and t hewibl odueniedeal royp ecdo nid
t he foddbswaoftgsolmbapt er.

3. 2As2s.umpti ons and boundary condi

The dpedl moldealnslf ocus on a water mattress des
conductive heat transwemeot Coongictteoadand thd
assumpt ieannealtloowanal yze the influence of t he
temperature changes and hewbasflwouixalf |l fuect uapt io
water mattress desidinhe AtdmesiemvVviat o @mmeasn taasls u|
werae ground t &fpearnadt uane aonfibi eh%. t Empewat er e cc
temperature assumedd¥sf oTfheal heatodetl an wfaer Coe
considering natural convection, waseétstnmmbe
t he thermal conductivity of the air and the
a val Wefkof This procabdouvkatienggitke Grashof an
their product as the Rayl eigh number.

outlet O

Qground ’

tinlet = 4.5°C tground = 17°C
Minletabe = 0.10 kg/s (model a, b, ¢)
Minler,a = 0.85 kg/s (model d)

Figure3.9.Si mpl i fi ed scheme explaining the si m

The modekddhe@enswviode&ri ng fluid to be cold water
made from aluminium and the mattress to be r
summar iTabéllei n

Table3.2. Summary of the assumed materials in the simulations performed.

Material Density Specific heat co-l;lr(]jeur(r:rt]ii:ty Viscosity
=] TE C + 7+ . @

Water 998.2 4182 0.60 0.001003
Rubber 1100 800 0.10 -
Aluminium 2719 871 202.4 -
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Al | the models were simplified with the ass:!

cont act wist hb otdhye (0/\/d1vmse3§2¢mpd:ruarttmreer mo B e, t
def ormati onumwaeerghthendowhe sl ope of the bec
the simulations. Nonet hel ess, these aspects
process. Tphree vdi eoaucstl ogb eidnwcelruded as the boundar
these simulationsTabBddicdy ma s pfrleas,wabiged r dod e |
assumed to be 0.1 kgl s, which is opti mal i n
cool ant, the smal/l di stributor diameter, ano
Modddi stributor requires a Ihieglperocmass ef pow
Sect3idn The described assumptions, which det
been set, are presenfEidg@lyeep rseisnepnltiifnige dalslc ht
models. The pressure of the coolant supplyir
at mospheric pressure to cover I|inear and | o
mattress, whichl ast asebemedttbebereéhehe tank.
mattress are al so di f fai,c @alntt od, ob @ rseidmpclti.f il d at
an outlet gauge pressure equal to 0 Pa.

Table3.3. Boundary conditions assumed for all the water mattress models.

Model Inlet Outlet Top Bottom Walls Coupled wall
interfaces
a Mass flow  Pressure Wall Wall Wall Waterrubber

a=0.1kg/ls nN=0Pa 0=35cC 0O=17C 0=27cC

0=4.5C | =4 W/nftK
b Massflow Pressure Wall Wall Wall Waterrubber
4=01kgls A=OPa &=35C o=17C  o=27cc ‘' atercollectors
0=4.5C | =4 WIntK
C Mass flow  Pressure Wall Wall Wall Watercollectors

a=0.1kg/s n=0Pa 0=35C ©=17C 0=27cC

0=4.5C | =4 W/nPK
d Mass flow  Pressure Wall Wall Wall Waterrubber
4=0.85kg/s N=0Pa 0=35C o=17cC  0=27cC Vatercollector
=450 | =4 WIneK Collectorrubber
3. 2Mo3d. e | formul ati on
Al |l the simulations were performed in the A
under theaseeaodowndition. The water was model

turbul ence in the f | ukilh eaarl daz avwal seo s Euhn ubkuah pebndcyei
enhanced wallhle tbroeuantdnaernyt .condi ti ons 3vere Thet

SI MPLE al gor i t how dweirt hs cthheemes ewaosnvde 6 edi f gr cob hp
Water fl ow z@ds bghdmwactgeorvieamehg éegelaBipomndui
moment um e3gdhheaatonsr gnsfer bet ween the water
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nvironment was deter mi 8ex) uass ntgh & hgo vweenremrigryg
econder upwind scheneet iwaast iuosne dneatsh otdh e Adips cel
he equations applied aAel pgstebkrdeadd i nc h drme n
sed to calcul ate -rtédleaxgartaidoine nft act ofrhewausndset
al cul ati onsi nwepeer glelrlormoedde on a peb)somall w
ntel (R) 8666 U( TMU i1790GHz 2.11 GHz processo

- 0O Cc T unw O

Continuity equation

The gener al form of the continuity equation,
fl ojws9]can be expressed as foll ows:

T—‘ ny”"3dp Y (3.3)

T O
wheties the waisrtthensiet i ¢epr eeemntos tame sour
massFor incompressibl e falsewcwiatthe dhaevatt ht t dares fc
correlated with the fluid velocity, i's equal
the influence of heat transfer.

Momentum equation

The momentum equation for t u¥rShuwlkeenst efgluoaw iiosn
foll ows:

re ‘ ,
” o ®A® nn ‘n @ (3.4)

Energy equation

The gener al 8n5er gwa se quusaetdi ofnor( t[h&9 Jwef@etri ¢ r an s f
the effective conductivity, defined accordin
anBi s the diff udd oTnhef |tuexr-osf n dsnpseiclieeso&éf t he equ

the pressure work and kissetbie ¢éhemwgy,r ewhil ovha"
during the modeling.

TT_C)” O nO®” O no'Q nvy P f d Y (3.5)
The ter ms -hoann dt hsei drei gohBt 5t)h er eepg ueasteinan t(he ener
conduction, species diffusion, and viscous d
presbbasseed sol ver has been used whereas the t
in the flownkcdsdedt i beemé¥Yi nal aodkatibes hedaer

reacti on, and any other volumetric heat sour
source of energy in the created model , so tt
model, this element iIis going to describe the
to the wall boundary condition on the mattre
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Il n Eqg®8adt,i anhe total energy,3 @&, can be defi nec

v
o ol L (3.6)
C
where, for i ncompressible flow3,7.sensible en
Qw7 (37)

| n Eqdatjisont he mass fQr aXoitdi stemesf bk peenebal py o

Transport equations

Closure of etqhhatgownesr miemag i res additional forn
mod el uses transport equatiloB3 Bhod ihe Wusbki

(3. 9) .
1 Q

] x r . o~ “ .
o o 5 T o O O - w Y (3.8)

—n

wheOeés the turbulence kinetic energyOigener at
the turbulence kinetic emnmeigyhegemertatiddt doe
fluctuating dilatation tihre tohvee r@d rhp rdd si&sd tplag i t
the PrandtandMumpbeestaoti ng] 8&%hle source term

T_”_ T_”é
T o Tw

'|' - ] ] (3.9
o Tife °F o tw ? Y

—n

wher e:

- Q
6 [ A@R 6——n- "ENY QY'Y (3.10)

6 anid are the cloinst dmtes Pamadd W, nruenpbreers eéfrotri ng t
source term.

The eddy viscosity in the3 hadel i s calcul at e
o)

‘ n X

o} (3.11)

The s-ecoded upwind for momentum and energy Ww:e
cal cul at ed wietlhoctihtey pcroeuspsiurneg al gor Hitnprhifcaltl c
Met hod for Pressure Linked rmagtutate Dnswas caseane
turbul ent and c-8rlealliaz @l eu smade It hei tkh enhanc
walls. The gravity onatf hbBpndmadkdlss .walst ail ss op rse
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di fferent f | dvhrtowpmersouwi Itlheoddwri d domain, cau

of the mattress, especially when the fluid d
Addi tional pressudemcaemedt bwotthe hbhnkewilse b
t bul ence in the f1l ow.

3. BResults of t he si mul ati ons

The main purpose of the simulati ofs tpmer fwartn

mattresses andhéaw thaysfred a¢fefitoi ency i n or
sel ect ider ed focptebei ng teeclmolodgy.atAmfacti on of
was achieved. Convergence of the energy cons

order® of 10

The proposed water distribution isnyst eamd werl @
vectors gener @dreals si ns etchtei oomosdellsnsi ght i nt o t
velocity | evel and the water fl ow pattern, t
temperature i a), ctrbesibBleetit empéfYaturxetbheadi
heat tir dasfleheadt gailnsi(hdicate the thermal e
solutions. Speca bicc amblded ss aofe Pphesented i
par pgsa

Table3.4. Average thermal efficiency indicators for the proposed models.

Model %|’| BHTT "1 y% TR TT 1 ||F"|T 1 ||f"HT T
3 3 7 7H
a 7.52 2.00 519 49.3
b 10.03 3.49 536 43.1
c 11.53 3.10 509 118.9
d 5.14 0.66 715 134.3
The meandric sadeaeitce umiened tMoededsi nusoi.dal S h e

Fi gBIrAs expected, the best thermal efficien
because of the higher temperature gradient i
incrdagdedlsy, reaching an7.a‘@@.’(rF&igg@1]r):d:‘uvtdreyt tt Lermmp
in the fflFaw3fret peferates | ow energy swirl s,

650 AV/nmthe main str¥yamid@iupel it eos 68 50r Mhimsi ng r
chall enged by the potential risk of | eaks or
external el ements.

The water distributi ®dmesystemiprapadsadiai nc Mc
(from O0.B0s)o Wi 0@3insufficientFipo3deBe.i nldiosf
phenomenon, i n combination with stream def|l
turbul ence occurrence. Adding the <collector
returning watevwe.di@dnsaduenttod yachihee t her mal
chambers differ betwbEﬁ:ntempeaadufrtFéiegierGblheasé))
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and a 3Fdecwéamsef FngBI®xcadmpared to the uppe

thermally beneficial conditions 1 n the wuppe:
available on the. Taobdledfi velme tmatt ntdes bottom
| argest contact surface with the animal, suc
Velocity (ms-1] Temperature K] Wall Heat Flux [Wm"-2]
SEFFHFESS n.\“\" 8 ¥ SRPEIEENIRAI IR AHR RIS
mlet = _
outlet
1‘) =
Figure3.10. Surface Figure3.11. Temperature  Figure3.12. Heat flux on
streamlines generated in the contour in the cross sectio the top surface of Model
cross section of Moddal. of Modela.
Wall Heat Flux [Wm"-2]

Temperature K]

9 A e 2D, N 00
SRIADEOAE DD DF NS PPN AN Y eE RS Ny P N T
ST b AN o AN AT AR (P T2 Y TS (25S B AR R S S RN R
BRI A E L R O R SO SO N N A S Sk S o SECOR

inlet

s

J |
0 0500 1.000 (m) - ‘
Figure3.13. Surface Figure3.14. Temperature  Figure3.15. Heat flux on
streamlines generated in the contour in the cross sectio the top surface of Modél.
cross section of Moddl. of Modelb.
The same water distribution system apcplied 1
changes the water flow pattern andf Fixgtuerned s
31p. Al though higher collecting capabilities

sufficiently power eednthbeyd tihne tchoeo |taéhng 8Xakst urreep r
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This divides the water imhette$ss bDneohbwoanhe
valfue4s@6wWe meas the right one has 2486Fagaerage
318, making this soluti@@nneedgddgibpohnat eyfoth
are doubl e tahold e tidrfucsrMoadsxilsg t he average temp

thermal efficiency of the design.
Velocity [ms*-1] Temperature K] Wall Heat Flux [Wm"-2]
o & & N N 5 D D SO DDA 1O A S S S B3 B2, YD 8,50
RIS F &P 5%%%%%@%%%%%%%&%&%@3 @@&§5$&@@&¢&§@$@@

| | outlet

Figure3.16. Surface Figure3.17. Temperature Figure3.18. Heat flux on the
streamlines generated in th contour in the cross sectiol  top surface of Modet.
cross section of Model of Modelc.
Velocity [ms*-1] Temperature K] Wall Heat Flux (W)
[ e |
& & & & o = 2 BE LRRRED AL IR RN DR

BB O 0N SR S PN ANACY o
O SRS LRSS RO RT

outlet

(] 0500 1.000 (m) 0 0500 1.000 (m)

—
0250 0.750 0250 0.750

Figure3.19. Velocity vectors  Figure3.20 Temperature Figure3.21. Heat flux
for the cross section throug! contour for the cross sectic  contour on the top of the

the channels in Model. through the channels in mattress in Moded.
Modeld.

The dual geodeerterayt eosf tMwod edli st i nct sections: t
chamber beneath it, charact ertilzee ds gegcsidaylhléyd r e

di stributor, the channels straighten the wat
velocity, whicmh/ o athoy ¢6.F4 49 8Inpe.1 . T’/hve wat er cham
more stable flow character with | ower veloci
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temperature contour in crosm Wietch i @ans madlrloulgé
the |l eft corner caused O¥igazeffAcdmaltl wtad rap
di ffedeBBet ween t he i+cloetf iamds ttthé so utelleatt i ons
heat flux profile is unifo@Fi g, atnhiasv eirs ¢
hi ghest value of all the presented model s.

1622
*
: >
1520
xV

811
910

510 510
1020 1020

Figure3.22. Contours of the mattresses with the shape of the cow lying on them, with the
marked lines showing the sources of the collected data: on the left (in light bloslelsa,
¢, andd; on the right (dark blug) Modelb.

A ther mal c o mp aroidsed ,s bmeatswecearr rtilreed out by col |
from two |ines: over the |l ength (E)g®&aan2d wi dt
The coordinatebstyattesn Wwiorh Mioolde | bot t om ¢ hambe
contact with the ani mal . H eonfc et, h atth ec dedridbtehr . | i

a and b present the heat fl ux diasbtcrainmut i on

expressed as the ratio of the y or x coordi
Mo dails characterized by a | ower contact sur f:
which introduces discont i nuiitgy32 @&avyer Dielva alt e
ranging -20W/not@@r between the adjacent peaks
heat flux distribution over t}hewiwtihltaeh desc rmeoa:
l eft side off Fitghd dmat tTrhees sc h(acr a ®( eFii gB2idx s of

and b) highlight the Heatthéukudbobewnde upr ¢ a

3.4, a similar tendency can cbheAolbhesa&tr vieldux na'l
Wi (t he highest resul td;obtthaisneids) ohcacruacst eirni z|
profile over the |l ength and width of t he ma

efficiency.
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Model ¢ 800 S
700 A
600 o
Meodeld: 75500 ¢
= 400
300
200
100

800 4 |

700 4 " | \//‘|
600

500 4 1

= 4004

< 300

200

100 4

0 T T T T T y 0-t — — T T - —

-0.6 0.4 202 0.0 0.2 0.4 0.6 -0,6 -0,4 -0,2 0,0 0,2 0,4 0,6

m-

Up y/L. - Down Left edge X/W, - Right edge

Figure3.23. Heat flux distribution over: athe length of the mattress expressed as y, and the
total length (L) of the mattress ratio for all models; anaber the width of the mattress
expressed as X, and the total width (W) of the mattress ratio for all models

3. &Geometry selection

The following sectiont hpereysemntus| go@lridisg otwa &
mat tbpesmetries in terms of t heir <sHwelhfnaod o gi
ori entaetdagesdvamtda,dgdaiss @ @ 8 e It eoc t t he final geon
devel opmentttoypeot eEkaec hptpamd.osed desizgd was$ cC
only in terms of the obtained in théeusimokat
but al so t has pseeccthimiod b ge @wlld 1 nf |l uenese atnlde f «
devel opment . It took into consideration the
cause tightness or endurance probl emsi wift h t
the devel oped solution, intended féaweld areal
aspecssch as proper & ubsdd yo,nisntga boifl itthye oafn itnhael
as hygiene conditions. Theo sseudmndaersiizgends ciommptae

t hese gagpresctisabdisei n
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Table 3.5. Comparison of the proposed models in terms of the technological, thermal and

welfare (dis)advantages (+ advantageisadvantages).

Model Technological Welfare (dis)advantages Thermal
(dis)advantages (dis)advantages

a - possible leakage at the + liquids naturally run off + high potential heat
rubberpanel connection the mattress in the flow from the resting
+ modification doesnot di r ect i on of cow
require opening the corridor - high heat flux
vulcanized mattress - possible leg injury fluctuation over the
+ shaped channel direct: caused by the panels mattress
the flow and reduces the - reduced contact surfac
risk of flow blockage with the animal

b - possible difficulties - flow connection betweer - heat accumulation in
modifying the mattress the chambers negates the the larger mattress
due to limited access to primary function of the chamber
t he mat tr es DCC Waterbed, whichis + intensive cooling in the
- difficulty implementing to provide greater support upper water chamber
a largescale application to the front limbs
- possible flowblockage

c - possible flow blockage + latex foam layer would - high coolant
- small distributor and  give additional support to temperature in the area i
collector, whichmakes t he cowbés krcontact wit
coolant distribution body
uneven - high heat gais from the

ground
d + modification concepts -/+ channels inside the + a more even

offer the possibility of
locating sensors inside
the mattress

+ the created channels
ensure flow through the
laden mattress

mattress might be
uncomfortable for the
cow; however, thavater
chamber above the
channels should

compensate for this effect

temperature contour of
the coolant

+ ahigh and uniform
potential heat flow from
the cow

- formation of a heat
zone in left bottom
corner

- high heat gains from th
ground
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As the resul tdiosfc utshrsd omd gddkdesteand e e s ii ggn wi t h t

structure inside the cooling watdr wmast tsreel sesc t
for further devel opment i ntacttérei zpeedotmodty pen
hi ghest heat flux, and the most uniform temp
simulation results, but also character of th
in its interiwaterThfalnkw dmoultd Hehemdi bbdiyned
weight, being a cause of | ocal mattress defo
this design was characterized by its usefuln
water temperature in its interior could be m
geometry i s presented in detail i n Chapter 4

3.8o0nclusions from the water
devel opment

This chapter of s8herpseseértérdehsBunlBismhboefa tti hoen so
CFD models for four differenmteowhiteg madeéyfetas
cool surfaces for dai rsy madttdtteleef Itoow Ipiaet temr.n T
mattress, the temperature distribution, and
mattressitemassumimBlygel rece contact with the coy
of a@)5. The pr excisctfeod Hhehaet pfrloposed model s ( a,
518, 536, 589 reemsd e7dlttbevW/lany i onal ity of the obt
heat flow ranges compared to r edtelne cphr esltiumdii re
val i dity afn ttbfe mmoedierl su sheetuddgpe s meti my Thel ect i

ther mal character of theacomdiudcdteltiteiodmdgoyfc ad or
chall enges, as wel |l as anianmad btlhsed If aa tei ocans paefc
cooling waterbamsaead rers sc ldaetshragint estsrtuecrtiuorre a nnd

di stribution system ({(emodebpddl, awhacpawasofut
t his PhDQ st hdeestiasi.6 @ dwidlelsclhb e pt he 4mai hhifesecb&b&Dofl

For further i nterpretatl ahorodt otrhye exlpteaii med
condycdedi mpdehi wdrsal dlssawiddmprariddedct ed dat a
observaite¢ nwbe whhescri bed in Chapter 5 of thi:
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Chapter 4

|l nnovati ve cool il ng

The following chapter provides a detailed de
based on the innovwliemmewwayewamaptbeenvgboyt :
CFD simihatcbapter consistwabér 3maubsess i oes
presented, focused on the desdalne ngr @atnat yope |l
applied mpatéemriegan integr al part of the di
chill ed water production andtdistwbbuhi mensy

t he maesir@msisngd awedr eb uiitledriantdiuw ew g ra dtd e chark is

chall enges wet égqpecoomefrr oonpteerda twiiocnh of the entire
The noVvethgt soallutoi cemtmardeed yi thew i n terms of
designing step was ver.i faihdegv e [scod ead Im®menff o ¢ si
this @ahlapaetoremainlte ogpgesd wi Il be also discuss

4. Cool mmgrwmattress design

Desi grmdbong!| dnnegs pwenrcees sdhowee main directions

a)uni form water di stribution awcaht-searp p t y ibnyg
di stributor

b)durabl e and | eakproof construction with m
c)det achabl e construction s tihn,toegre@mno r ac creessse
purpose only.

Furt her mor e, t he omontihteor i mmo vsattrvaad eexgtya nh € r v enlay
analyzed, and it wil |l shec alitetsBchrhi hbeesdi si.n det ai |
The basis of the deswagastedmeo cl iamhryuywmavtretir| essdst te
destined to be filled withutwawierh ama nuastteheer ac
cowshSeudkcsh. a mattress iIis characterized by el as

the same time its durabrieinfyonscecdnhamocend ftha
and finally chpeactguarcaedt by @i MMddwadbyus de @
coating surface ohPkbbedsdsiesi goeli mightetvabhoetrt oma
surface ofwatsme i matetgreads part dfhsee lhectcdhdngmped me
Commer ci al production of such cfoamproswbhnth <€ an
be direct hpgr owdsuecd i om hliignhe .c oHsotwse voefr such a for
| asbcal e prototype buil di ng npmw otche scsk. |lanysetre aodf,
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vul canized witbhapétedamaewmpdent )i @ ihe walsoi ce
justit heldoallkg or bi ng properties odustcheeptfidndadrt
deformation under ani mal weFiughtth eamsourei,n g hteh e
shape of the fender reduces the insul ative
defl ecti on&Bumweerghthe cow

g

ﬁ///l/ llll 177777771]17gpnmm’nnp H\ll\\l\ H i\ \\ \\\\\\\\\\\\\\&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ NN
10" 2lo alo / 3\C to 3D AQ

Figure4.1 Channel structure inside the water mattress shaped by 10 fenders distanced by
46mm from each other.

Tenm 1l ong f endeardsr owdeindea & ipsidc.Emgdil)fer om each ot h
shapihmgi n channels of the coolingtwat emrumblea w
of chanwiedtghheo® hoof to ensure safe standing
t hreattress sur f aoctei,s Iwactahtoiuan tonfe a ilsikmb

To achieve wuniform water di st r iwaustuipopn iierds ibdy
50m di ameter di sctersi bwmtohd i nient e waankiafeiht ioo m & d
in the centdrcFdfgdad).Ebecldansvaemiabdet of stainless
The collector which cowdae csthsorwa tsetraifnrloens st hpe
di ameter as a distributor

Figure4.2. View on the water distributor: on the Kifand sidé in the preparation process,
on the righthand side: distributor fixed inside the water mattreiist theimprovements
appliedafter the preliminargxperiments.
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The main technical chall enge of that solutic

mattress, to unable its dislocation, and to
For that reason, speeral desppgoedi ng ddmpon or
printed using PLA filament.

Figure4.3. Improved witlin the second design supporting element for the distributor located
inside the water mattress, on the-ledindside 3D model, and on the rigittandside 3D
printed element fixed inside the mattress.

The first one was | ocatlediinmgsitdhe owfaFelge destt &
43) , i mproved in the second water mattress, i
was added in the Ffiogrid) eof t he trough (c. f.

Figure4.4 Added as the design improvement, supporting element for the water distributor
located inside the water mattress, under the pipe, on tHealefiside 3D model, and on the
right-handside 3Dprinted element fixed in the water mattress.

Anot hewasohnhei de the water mattress in the for
rubber <collar vulcanized to the rubbe® coat
connection, whiicgdusxTesepcsdmmpekld biomt om rubber
rubwerpd aced on the wooden chipboard for ne
connection between them, consisting closed d
chall enge was to achieve simultaneous!|lgndeak
its demountable character in case of necess:
achieved with silicone and the aluminum part
connection.
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Figure4.5 From the lefthandside: 3D printed element supporting teellectorin cooling
water mattress built in 202andits connection between tliabber collar and distributan
the real prototype.
s hi

t hewhe&g eéc opof lwieningart t,a rdpsl & mPeed at i on
pl,aced ¢

Due to
| abor attorey waot @rh ematotwrsehsesd ,wa s
of the wa

from a
wh cehnsured the
preseii gda ien

|l ogistic elasticity

Figure4.6. Assembly of thdirst developed cooling water mattress.
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4. RMlonitoring svbeemaapp! madt

One of 't he tadyv asnetlaegecesado fo bemetosyw i bi Il ity of a
system to the whié¢as unomfinétnhees st e nmpteerratourr.@ a mo n ¢
verification of the wat eranddicotnrpiabmbongnot het ¢
with the rdadulotuglheaualli evedti omporftromivda healrec e
point ,ofsiwicewt he real experiomentha&l amo mail t ic@n
reason for | ocalf f eicbwatgerstacacboamge e f f Bac t i ven
monitor water distributiewonl Weatpon htehd ideswel c
and | ast channel s, couoti gogeméui pypetdhevi t hl dti |
temper at rceefgdragorkour,dsen2@medom eawbr et her
| ocated on two bundles and 5 sensors were on
The sel ecttypen off jdésatioffr i evdhsby i1 ts high accur
does not influence signi fikoawmetvieyr ,t hdeu ef Itoow ti
application of waheoosnen escetnesdo rwsi,t hwhtihceh -mgpesur en
( Ni-NCirY) h er mo cwoi utphl ensi n(e nwil t i nl3oun gmmta nedh dlef pombe s
RS Compemeg al so placedoundit wg t€ hleminse balrl esau pwme
selected as mahemormtnaec twi willt hbhtehy, awhsigcahh cwoautledr b

tempednf i eHeoewnecveer , t he susceptibility to dame
of fi ber opsteincs otresmpneerraet wrbes er ved 1 n the cowsh
campaign of 2022. For that reason in the se

sensors were replaced with thermocouples r ect
( cFif ga7be .

Sensor selections were justified with its op
needed in the.®&Xperdureanldi Iwiatsy,4 amd ekast iaci tt
possibility of continuous Baehaproéed wabell
mi ddl e area of the channel and placedsat the
| metamey,addieti onal thermocoupl e was placed i

mattress hotveoeeEplefia theilsdamabaermvmedealsul
condiDatoamsfrom thermocoupl-ésdweaceclagbec&eth
sampl i nDge ttaiilermesd@ s aftaronbot h cooling watesenmad
Fi ga7 e
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Figure4.7. Scheme of temperature sensors locaggth the firstcoolingwatermattresgused in the experiments in 202022)interior (TH-
thermocouple, TO fiber optic temperature sen3dn) in the second water mattress (used additionally in the experiments in 2023).
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Figure4d8.Gr aphi c il lustration of the sensorso ar
temperature sensors (monitoring points are marked with yellow dotdhe first water
mattress.

The monitori ndalsstor attheeg yt hionucg hutd epl acement of t
surface of the water mattress. Their applic
received from the ani mal t oc otnhpeawricdado | § inmMu Isaytsi
res ulotiset experi ment s;5 tsheens Ome gvaa s HISEtl yerd e d,
t her mocTohuep lseesl ecti on process took also into

whiwapl aced on thelhrubkhafrat®seamns awaesl ofc@ad u e d

apywilhbgem t he areas ofi ghthe ate cp rraadfuedstaitcdire wietrh h
heaand udder d&fostsherisa@orismali buti on witllmhnmdar ked
resting posi ttihans wafs tcloen sardiemalgr ws ekt gdt Bns

48. However, due to taweailbabBerds namdb edi foffi cul
application to the r ubbefrgr-sgtrakoes eedx p eerlianset ntcs
senwe®r uasred i ts | ocati oOmawideflr Pbied lsdeessicsr.i bed i n
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Figure4.9. Consideredheat flux sensor arrangement on the water mattress sustatso(d,
2, 3, sensor 4arelocated on the bottom of the mattresshich takes into consideration
animal organs characterized by high heat production rate (from the top: heart, liver and
udder), and different positions on ttlesignednattress.

An addhe¢atonfallwaxa pspelniseodd under the bottom | aye
gains fromFdrhet giroumpudr postki gshpercmall easdec twii?
applLiassda | y Tt gpbehmo@d&pm®®d eé€Fr pm Ter moApar atur a
wagsed as téoer freder teneasalrr &atmemd f ol naggfhet heher
coolwanger nrautrttrheesrsmart tegmp dhreat ur e i ndcerveeal soep eadmec
water mame¢e aessetdgnper ature seatlsiolrlsesdu pwatyerd nalt
return di s(Morritbeuxt iSO 20X 5 0LKO@/ & Scur ML ACyr aanad g
ifm TA2ad¢6urblCyt®wapenygively

Figure4.10. Omega HF heat flux sensqsource]70]) and its location on the chipboard

under the bottom |l ayer of mattressoé rubbei
4. 88hi |l 1l ed water production al
The cooling water temper atber enaiimgiademetdhat wd
set pooyi mé¢ chilled water production and distri

syswamoni tored by the supervi sADA) conwhernt ha n
enaddaet a col | en¢ hi sra mpiTihieg Ictoiomecrogy smasigrsleyn o f 8
chil |l 8BkWwiaohl i n(gF rcianpeatts MGO2ANAIQ ,col d water sto
anfdowmater circulation pumpss (WHctohc-8Wacn dxalh e3a2x s |
ex c hdhlgfear Lajwai CB3B8Bepar at e 3 hevatt veaxtcehra ncgierrc umMat
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afmettiple experimental tests in the | aborat
the chilled water tank and the water mattre
proper fl ow thThae ghwa the dhamait ftessgdysd.pawiatt v e n
water mattresses.

FI omasegul ated from the | evel of t deelrecautl rad v aolnv
progr ammeld& CIAID A syst ewnasmeRlsauw e Worwigxh -SV7204
SVR34XXX50Kk®a0d8ur alypf t awit eg@®Iinds owat er produc
chiwadaacumul ated in the watwardi stt oti @ gila cettdla nWwa t
mat t r@s shepsdshuppl yi nd i aareds h4e évfaul rwreisreg mount ed, en
the fast demathmess o6fomhéhe system. Furthe
coll ecting hydraulic | i necshi Itlheed bwaptaesrs pwaosd uic
watfelrowr ough tAdkdimaitd melsisy ;waayn veall edcetu eipda yotil Irerg e
and returning water bleAdiag O6Drthempegshbéemre
Fi gar'rndianpl i fi ed scheme of Fihegalizast al |l ati on

Water mattress
interior

Chilled water production
and distribution system

Chilled water mattress
handling module

Figure4.11. Picture of theleveloped within this PhD thesis cooling water mattress (on the
left-hand side) with its supplying system (on the rlghhd side).
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Sensors applied:

@ Flow rate sensor

(P Temperature sensor

% Manometer

&), Differential manometer

)

PUMPZM@ E
2 0y,

MATRESS’

CIRCUIT 2

| |
| |
| MATRESS’ |
CIRCUIT 1
PUMP 1 | 1 1 |
= o
FLOW FLOW | PUMP IM @ . COOLING |
| T~ @ 1 WATER |
j SYSTEM’S | ® LAl TREE s | |
.ﬁN % CIRCUIT1 | e @ |
ﬁ I HEAT |
TANK 200 | EXCHANGERS

LITERS |
T ﬁ l Used in the experimental campaign 2022 |
f{/ \_‘\ | 2 | I

| CHILLER 7/12°C (P PUMP 2 |
\ / kg pka SN N—K |

\ / | )
~ _~ RETURN ™=  RETURN SYSTEM'S | |
X CIRCUIT 2 ©) COOLING

4%44 kg WATER |
/@, | MATTRESS 2 |
| |
| |
| :

Figure4.12. Scheme of the hydraulic installation of the cooling water production and distribution system supgelgtexgeloped water
mattresss, in laboratory conditions and experimental campai@®22 working with one water mattress, and in experimental campb23
with both mattressesnarked withdashed lindrames in orange and green colors respectively).
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4. Accur acdyatod ddlel ecti on

This section presents the main consitddrnattihan
PhD tnmeeassiusr ement s in terms of their uncertai.
sensors. A detailed methodol ogy of the condu
experiments mwedsdurntdmewiplpd ¢ Rat Elopxppi eaGhdapt er

6 ofPhtthhiessi s, Hewpeet|jvehiys akisofi omaboaunmear i z ¢
data coll ection.

Due to the character whmotéel yohdoaoseandhuddp
acquicfitiloe mpareameet,ervshen envi rwerodeanrt qil n gc,o ntdt
mai n measurements wer.dhearcmioégd ngutwatent imau a
included its interior temperature, as well a
fl uxes tooom iand bwpper surfaces. Data coll ecti
using-7Ta dkba | agmiem svampl iFug.t her mor e, i nl et
temperatures fromashweWwht as mambi ereaesstemper at
(bt h, i ndooweaerdmont dtooell and gatherea& t hrou
mi n sapmprL,Bodggl e measurements were trieemlffirae@du:
t her mofnoerhneart t r ess surface te&mpeemamal ei mags uc
wel It heeemopmendcrkat at Mer mometr e rmea@rstuirreunenng s w
reali zed o6pbdysi beogbwal reactions, such as r |
cobedy temperatur e, anod hemart hopatemeBataeme
t hrough t he dendki.catldd odp plhiec arteimt domedt medau:!
excepé cootahgulrated t hroughkathat meamametmem,.t
as core body g eanpereestbubtant bmé assikrseametngmiplee rat
par ameti erhesl,atpnpd nt @ td gor i trhand d as\baiiol diide@m

prodAkeo, the WwWaemasdd uxn vtaHeuet emperaguaer medbs
measureomeegtvbhe output dsignptlt op.esosB@etdeiviad diei nf o
about used sensors aodnmbadiiadhédment i nstr umen
The uncertainty informs about ke caompanrtyme n
the | imitations of the measurement process a
for direct measurements, two types are nor ma
resul t, the total uwcevittdi rtthye. nileyapseu rAe mesntc opr
calcul ated based on the standard deviati on,
carried out with the same external condi tion
thesis experibmemtvatiiom wlkiechto me with changi
their main focus, this type of uncertainty w
t het yBbe uncertaicmtly bcatndcoemnsafntdtdaehenmadyumment
applied to each Tabhgloentme ansurseunmematr i zed | nf c
sensors and instruments used within al/l expe
accuracy, range, and calculated B type wuncer
The | abor aetnotrsy weexrpeerdamduct ed in a stabl e en
wei ght and heat |l oad of t he water mattress,
applied. However, real barn conditions are
chaldgengnvironment al conditions, such as hig
high concentration of har mf ul gases and sol
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ani mal becomes al so i mport aphy$ ioorl ebagcetciacemss.o rF
that reason, results obtained within skin an
not considered in the uncertainty analysis.

Table4.1. Summarized information about sensors and measurement instrappeintsl during
this PhD thesistheir accuracy, rangaccording to their data sheetapd calculatefbr them
theB type uncertainty.

Measured Measurement Accuracy R B type
) ) ange .
parameter instrument rating class uncertainty
. K-type thermocouple .
Mattress interior (RS Pro) with 1mm (first class) A051100 A C 2.6% C
temperature probe 0.4%
Reference mattress T-type thermocouple (first class) i ~ "
surface temperatur TTE500 0.4% 4006200 05AC
Mat t r es s ¢ Omega HFS5 heat 5% R150 %' 4.33KW/R
heat flux flux sensor
Inlet water Vortex SV7204 o )
temperaturéand SVR34XXX50KG/ N1AC -10690, 058C
flow) US-100
Outlet water ifm TA2115 NO.1% 506150 01AC
temperature
Indoor ambient NTC AKO015561 1AC 206125 058 C
temperature temperature sensor
Indoor relative g\ EEqgFpA21 N3 % 06100¢ 173%
humidity of the air
Testo 440 N(O0. 03
Velocity of the air anemometer m v.) 0620 n 0.48m/s
(6351032 probe) '
Surface o ) )
temperature of the Visiofocus 06620 N1AC -7645A 058C
water mattress
Cow and mattress TESTO 890 thermal 0% of m.v. 06350 / 4.04AC
temperature (IR) image camera
smaxXtec ) )
Rumen temperatur: reticulorumen bolus 0. 05A 200660/ 00AC
sensors
Skin and core body CORE body no
temperature temperature sensor 0.21 . manufac -
P greenTEG AG data
. no
Heart rate CardioSport TP.5 manufactured ¢ 306240 bpm -
Heart Rate Monitor
data
TheHI val ue calcul atwals tdetoargmi rEeqd i atdiiret So 1l
measunddor temperature and irmdad u tvigeemeh rui nmi ddiirteyc
uncertainty could be designated. However, th
relative humidity of thdedaeempdrd, ebgeuiantg otnhe acsom
observat ctoewrd| t blearTidhl tvheel uronductbed shoeyt aim
assessment the | ower i mportance in results i
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Chapter 5

Laborexpery mdrntue:nce
changhmag tto gsisat i ona
par amet Bheesatomn r ansf e

The following chapter cohhlaa mesr aat od gtlaeislpeed i
strucdiuviechddrmae n par agr aphs ctohnec ementi mhogd ot lhoeg y
t he r etshodotngd usottudddye | as't paragraph wil/ f ocus
obtained experimental data with thé&heemal tis
aimtbé | abwpatswmgmowt veri fy the cooliungdevater
di f fehielnlt etde nmpaetregrto u,n & ¢ sng@ticiofnida a sisourdnsgprd evi ousl vy
conduscithneud dé¢ s omiChagd4 eof t his BhbDh telmeashilgeadi s
selection of thebéopealaitn @ nahag epda rimantet ealss bar n
during experi méret alaimpd mpbd icdrehgeeol noopdeed focused
t he méctotnrseasasnt temperature of 35A0OMn ebreciarsg tim
r

t
F
t
c
i
a
0

e al conditions, ani mal c owmh o0 lheuweauls | wa rgieense,r ad
emperature is rather a gradileawalsdapandegstt
or t hat reason, pr epariend e naveed rf aytaooirohpen € o od i |
ranstfherroouegdh t he wmhehress bhemastant surface te
hanging chilled water temperature setpoints
nf or mati ont habocuadol b antgbfefteret deenpeodpxe dweloll ut
pplicoafbithéy devdloppedi antoidred potenti al heat
perational par ameters.

5. Outline of the experiments
The expearaimpaviaigmlconducted in the main | abora

Wroclaw University od&nd&cli5aaty2stl.-@087d20082eEcahcnho | 0 g
experi menhwaés tthagyattreeds s openat iown chorldwe#td e r
temperatui @ heetdpeaitrr@tmos{i Ei. Jdaxr 2 4AC, 6ACand AC,
15Md this stagemoflifheasyehem the chilled w:
under the SCADA system control, were | ocated
t heet pawenessel ect edC atsesnupneirnagt utrlredh e ntcr easlea roq
obtaining targetmattdadrpeesrgauti uirkegde rei me h th a | day
temperature of 4eC was focused odn rmeatlt rceosnsd ia

56



For thi,shpurpwseet temper atpwnig ootfa t4dieon3adl® ds pt eheed
rpmere sBPuethedrntdstpeofi mgnhnhal watagr fl ow rate
l evel s, detparmgrionteadt ibognfatbhOe® pepth, 25 0rOp m.p ml h ea n (
plan of the conducted study TWwabShearheekpé&lt omen
par amedrea smoni tor ed:

- enviroomaedt(alnmbnsent teaemhprirdittuy egf the air)

- inlet and outlet temperature from the wat

- chi IWwaetder temperatur e ,i nnseiadseu rtende wwatthe rt hneart
| ocat i Pingdaed if g48) ¢

- the wat esrurnfaacte etsesnmphgee deue@ced t her mocoup
i maging,

- heator [tuke t op aensdt hbeo twatne rs umd tatcr es s .

A detailedcordueneed medasur ements wil/l be di
focusing on the methodol ogy applied during t

Table5.1. Main schedule of the conducted laboratory experimental camipa2§i22.

Day O Day 1 Day 2 Day 3 Day 4
Twates UC 4 6 9 12 15
3500 3500 3500 3500 3500
Rotational speed, rpn 2500 2500 2500 2500
1500 1500 1500 1500
To achicenwdithens assumed in the prepéoatsilgnc

of the wat entaimmattatirneesds swiagtffhax %A € eanp eirtast usruer f ac
heat ed gr @winti 4%/ fmpatwe r out pd0c€ o emp ewhaethu r e )
thermoregulht®rswasctuseeda . eamabmaest fessi®wgi toe

Figure5.1. On the lefthand sidehedevelopedtooling water mattress with a heating naat
the righthand sidebothcovered withthethermal blanket
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However, due to its susceptibility to the wa
mat placed on the devel opiegblwaFert mat moess i
heat | osses to the environment during the he
sheet and t herimgall) ebl anket (c. f.

5. Met hodol ogy

Thelf owing paragraph is focused on the met
experi melnfth.e KBiequtence of the <conduct.ed me 8
Subsequbaetimgasur ementisntwi dtlloupas hgr conpeedcover e
SCADA smesdxur ementtshegrtoeunpper ature and heat f|
but not | east, the ther mal i magi ng.

5. 2Melaasur ement seqguence

The main goal of the conduct edg ewgpteari mamat sr
oper,amoirckni ng under di ff er esnett pcahsinlwseldl wéast etrh et
rotational speed in simplobi aieméadh ceadalbtsy ce
of the operational settings of the water ma:
condiTheonnse aswrqauwearktet he same for each experi.
temperature of 20ACs iwas dachihevenat (@trhemadt are
ther moEouph&®8&hegs).his cond,tthiethm | Wad Wwatérl pe
system with assigned thi lowaeideird & reenp ee xafdseurriemem
rotat i o(nsatla rgtpienédgd Gvaresp m)aunched and worked unt.i
the mattrebhe sehebfddsswdppgensloveadmattress

prcoolDuwmrgi ng t hat process, t her mal i mages of
mi nuSwesh a procedure was applied to monitor t
necessary to achieve a selected chilled wat
t emper atNierxet ,| etvheel .heati ng mat at gtelid etrempéerhal
thermal blanket and the sheet of coftthen |[neadt e

water product isoyns taennd odp esrtatiebdutunodner t hese col
inside the mattressedchie¢veed thkeatl|l agedbumai o
condition wtalkehjid $ wipeiradi by al mode, whenhwhi ch
chigleeturn water tthemh@rae¢etup eivescediiteds wag e
mattresscheasti ng. wBsrceolpiomgers btelh ana | I mages
every 10 mMhnet @y oga@Bisckmoayleimetnd lnéat seg@ mat
temperature distribution directly on the mat

to the | ower value, which was bei-hb@ menuf e e
without the | oad, a fwtaesr rwlpie@h etdme&dwmali ng ma @in
withobBtnaltl.y, the heating mat wi t h I t's acc

measur ement s fwoelrleo wionngd utchiee taf wd arleang yi ,0o nvehdi c h w
t he seri esg froort atthieo npaul m®yateadi |oyf slebguwbe uropenmefnt s
S

w a finalcihazdd eldy wtahseyrsdsteums f i but i on

The main goal of the ther mal i maging applie
possible air cushion insitdefitde kbatprewmaowsl
preliminary trials.
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378°C

Figure5.2. Thermal image from the initial trial of tlteevelopedvater mattress operation, in
which hot water was used.

| Fi gbhZx et he ther mal i mage from the first tria
water at the initial stage of mattress i mproc
air acdocoumulnasti de the water mattress, which r
in further actions.

250
22,5
20,0
17,5
15,0
12,5
10,0

T5

Figure5.3. Thermal image from the second trial of tevelopedvater mattress operation
after applyingventing procedures, in which chilled water was used.

After that, the next trial conducted for the
(cFfgh3e however, its full removal was stil
need for thermal i mage observation during th
the experiment was applied minnthaempleigue nger is
cooling down, and heating with the mat pr oc¢
temperature changes within both, the cooling
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5. 2Me2a.sur g mé hiey eddhieivh eparroduaoatdi on
di stribution SCADA system

Th&CADA systeimi lwheadmeproduction and distril
continuousgniy, swinph iang2 ti me, the inlcetolamdg o
water mattress and wat e ufrlttdgher ilmmrdEod mt wad mpe 1
rel ehtuimvedi ty of the ai rweirnes indeea stuhree dl abbyo rtahteo r
station, which is an integral part of the <c¢ch

5. 2Tle3mperaturemaasuhement | ux

Operatidoeav olfogldidamtger mattr essitnivggs mabs eegsed mor
systwehm,c hb anvsaesid-t ype t hemooaonoboepl de t he Ssvantceer ma
t he aforement i onaend itnhteergnmoaclo uppalrets oafr e¢ he wat er
and desChrapdesdr PhDbe®o smonitor heat transfer
Omega 5HFS n sxoal ewatse d, which was previously d
chapter

Yo

1 = 5.1

N5 (5.1)
The sensor ut i-tlea mpeesr aat udief ftehreernntoipaill e desi gn
through its surfasemedser emeptyhiwhiiacalD Sies slbitrae
proportional[ 7t0ot st hvea |hueea tiwalflsll gl mgil amw ed. 1, i n

sensitivity,wfast appsdersoraccdsr dnangt.@]Jo manuf ac

Figure5.4. The heat flux sensor mounting procedure on the water mattress surface: a)
covering the frame of the sensor with thermally conductive glue, b) covering rest of the
ses0r 6s surface with t he riomfixihgysensoptotdeumattrassy e p a ¢
surface using forced tape.

The selected sensor owarsf anoe nlhi etdweé en t direo ona e $ r
using thermally conddufcrtd Reeg fgldadife. ohetrmal $gnso
paste on its measghbdbeng awmdfatewhs. Becured f1
forced Riagp4e)c. fFurret,hetrhmeot gppe f aber Mocoupl e (
Ter moAparatura Company) was mounted to monit
reference measurement for ther mal i maging.
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Figureb5.5 Location of the surface thermocouple and heat flux sensor aetledoped
mattress surface, covered wilheating mat during the experimemshe laboratory.

Both sensorsFiag®yx pAbkbedatd wear e7 rcatoa dleag guesri

Imin sampling time. To achie@®@e apdopdresdherattac
surfaces, it wakgalagdboaded with a 25

5. 2T.hde.r ma | Il magi ng

Ther mal di stribution on the water mattress s

Test o2 Tth8eB.0 A t her mogram was taken every 10 m
experiment and every pbernind.t efs tdhuerrimmagl tihnea gceo
placed on a trifparchweh ol ¢ hex gpersii geratt @i game ai
56) . Obttrae mmalgr ams weSoétasalf ywmadein | R
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Figure5.6. Experimental setip with markeddn the right upper cornéinermal image camera

The tleeimsmal vity oft erhned erfeuckrdeeptehhvearse rdtes, accor
foll owi ngl ys tvedptse.r Fmartsttr ess was filled with
temperature difference between the surface
measurement. Two @ Ntrbeenrcneo cToTUEIOe0s (Weeur e p |l ac ¢
surface near the water di sternishuut&adri,s swihveirtey thha
changing on the thermal i mage camer auwsretdi | t
ther mowasmBbgu o the one meRalulr@ewiprogy ctetthhiese s e n
emi ss-i viddtwas el ewhiedh siaseehihesi vity oiftiehdat der u
l'iteratpure

5. Results and concl usi ons

This paragnaéapmeh maomt arienssul t s achieved Aduring

gat hat ed wd | | be present ede qunea n cbéx paefu 3 tsrieah t fad | o
The analysis wil/ be focused on the ther mal
codo ng, and heating periods, under changing ¢
fl ow.
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5. 3Delv.el mped wvmattreskabpeatdr pn
boundary conditions

The experi ment ali tdweenpiafi igmh ¢ it amit lelffde dnat t r ess o
under boundary conditions applfiiemalodtuoti ynpge twvha
l'imited by the waterGmpétatissenal spai dumeéeti ens .
both, the temper amadleossik.t D i kad sufmedA G nand e
were not posslinbltehitso eaxcpheireivneedbto,u ntoblpeey &wd ti exrg
condiptoisossnisbl e t o be ach,wdved hizm eti hha hmiesbdecr t e s
temperature, and maxipmhumdwatcerorfdli g, tiwoertehe |
Subse®td2font hi s PirbDgéhtelmdaver age water temper at
monitored channels of t he& uwdtaere metnpregxas,ur ar
the area of the heat flux sensor and on the
Temperatures atrlkee jhuxadtapfolsiexd medshured on t he |
|t can be obmielnvetdert teetmptema@at are f or both «cft
val ues, which indicates uniform water fl ow
setpohet SCADA sysSt efinhmvals tlempéenatddir e Swaf adbe
temperature, on the other hand, maintained s
and started tdardinfgf erhebyhedati ng perhedt flbuxai
sensors area. The reason kBotoandapresbkbatreownfi
which could affect the graphite distribution
of the air gapsatdimmat we e s Sehbee .tneantper at ur e i nsi ¢
increaced ub yhrogpft hheeat i ng, swhtamed®beartc hiiddreaga:
corresmdmbe htsd antmehaesaatt dflau x6s essace with the
20W/ fmHowever, it needs to be highlidgbt €d mt ha
reacshiegdni fi cant in terms oValtihe onfedt L @ s s mh
decreased to tHFevheal wat ef 66 mpWw tmaleaulr cer aitnocrrye
conditions heat exchange was .masedlomacaonncean
the mattress is intended to |l ay down ren a c
occurs conductive heat transFerr wahtebaett tgha i girso
Howevt daoeht ai ned ratshuel tismpi awdti acnackee sofi nsul ati on
surface.

The si gmisfeirovariti on i n &t elryngsi eonfe tchoen doietdidonsg f o
moi sture condetntsradd 0 ns wrnf &chgeb.Horieaes enhatd T eaaso
alternative l-abserbiwig hprmoperttuirees was consi
under such operational par ameters.
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Day 0 - 4°C temperature setpoint, 3500 rpm

56 1 Preel| i ng|Heat

4- - - - Surface i /—\/_
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Figure5.7. The bp chart presesthe temperature measured at the water mattress surface, in
the area ofheheat flux sensor (Surface 1), and in the left bottom corner of the mattress
(Surface 2) juxtaposed withe average temperature of the cooling water in two monitored
channels (Av_Ch1l and Av_Ch2hebottom chart presents heat flux measured a the bottom
and on the top of the water mattress.

Figure5.8. Water mattress with visible moisture condensation on its surface.

64



Ther mal wiamagidadg for three stagesiaoffy the ewnpt
peri od ,carhtehaetpiergviod hg rtahpghatt,e and af theeatmanmgovi ng
Therimdges as wel |l as the tempstageseadespre
in F5g%ighr 3.

M1=9.
M2 =9.
M3=13.
M4 =14.

Figure5.9. The hermal image of thevater mattress cooled down to the setpgust before
covering it withthe heating mat.

Pl1ine (Fi

14,9

13,9

< 12,9

10,9

99

89

79

P1 | ine amod ¢ ntg

Figure5.10. Temperature distribution amotige water mattresscooled down to the setpoint
just beforecovering it withthe heating mat

One of the observations is a | ower temperatu
heat flux sensor, which indi taoaegcthe EBingue
Furthermore, the irregular contact of t he h

observed, visible as the Fungélrden t emperature
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M1275A
M2 39A @
M331A®
M4 25AG
M5 =28C
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200 >
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10,0

Figure5.11 The thermal image of the water mattress at the end dietdteng periogdjust
after removing the sandbag from the heat flux sefisoation marked in white frame).

exi stence of t h

The main observation was the
in its significant i rufrleue@mcea hars
after the heating period, when
temperature (c. f. Figure 5. 12

M1 £4AC
M2 £3A@®
M3 £5AG
M427A@®

S————

trlreggi owr. f dde

t he
and

temperat
Figure 5.1

. 420°C

40,0
350
30,0

—
250 .
20,0 s,
15,0
10,0
50

50 °C

Figure5.12. The thermal image of the water mattress just after removing the heating mat.
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ol P1 i ne (Fi

26,6

< 22,6
—
| P1 | ine amod ¢ ntg
Figure5.13. Temperature distribution among the water mattress justaftering it withthe
heating mat.

5.3Waz.er mattress operation under
parameters

During tpherfomentilndaytshentestdghhphaeridi hgas he w
mattress operati ohalwagtdeara medmper, atswrceh, asndc w
ornr hree | evebs roy att heinlgalh mismpfelewdda n cter atnlsed er on

Furthermore, the operation of t he water ma t
chilled water sd&thtei mas nwgroal omdertvheedbd.esekpet.i
chilled water temperature setpoiinnt sr euasledbar
condi Fi gls&andi gblI®resenbt atheed!| ts for four
set p,oinatsCIAE A2 andl wWasshG er v et 6eCh & te ttiplwe nsta, me
as fCqrcF4 ghM,e the temperature difference with
achi evWhle2d&Lshi gloer tistetapcoh idedM@wch i ccrhl ywas al so &
assumpbteiionngg mor e opti mal from the opedatiitagna
suppl yi nAg ssiynsitleawm. conclbasieadn onambler madeon o
character of the differteemperhéuweemndhimaltec
[

ncreasing t e nfuerrtahtefironeo rsee, 6P Ci rstes poi nt, the
FigbhWhe during the heating with a mat period,
water temperature, which WwagbWwaerskli bglbd atss t e my
infl uentess vVvi siulmlde g ftdermpoepseartapioe@mtmul t aneousl
sur face heat fleaxds wat leire veednpfeomat ure Setpoi.l
varying within this vlhueex piec htelide ¢ mergodod N
pursp rot at iwarsalo bespbkwdA@2dAC15i ncreasiwvgl ade h
whenhi Whedr flow was reduced. Théwhas ghelbitewnhe
for the 12AC temperafForelSACpoithe dndf a@bence
1500mrwas ndabkregibfle, concerning wat e& flow
suppl viiinlgutdars i nsi de the ®806rrpemt seepsi Nt W
for higher waRocerr tthearipereaduagre,s .t thhesxepviameiret ava s
campaign ias @22 as higher chilled water ten
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Day 1 - 6°C temperature setpcﬁint
28 Preol ing e ¢ °¢ ®

8::- = = Surface 1
Surface 2
44- = =Av Ch1

a)

400

|= = = Bottom
300 Top

“E 200+

= 100
U 4

0-

-100+

-200-++——— L e e LA B e L B L o LA e B o
L 09:00 10:00

J—
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Figureb5.14. Mattress surface temperature, measured in the area of the heat flux sensor
(Surface 1) and the left bottom corner (Surface 2), and average water temperature inside two
channels (Av_Ch1l and Av_Ch2), juxtaposed with the surface heat fluxes obtained during 1s

and 2nd day of the laboratory experiments.
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30 ’Day 3 - 12°C temperature setp¢int
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Figure5.15. Mattress surface temperature, measureddrarea of the heat flux sensor
(Surface 1) and the left bottom corner (Surface 2), and average water temperature inside two
channels (Av_Ch1l and Av_Ch2), juxtaposed with the surface heat fluxes obtained during 3rd

and 4th day of the laboratory experimgent
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5. 3Ma3icroncl usit dlmssb drraothnrory exper i me

Conducted | aborat otr pveea x @ @ rciah e wm $wagt sedr bhl eeadt t r e
operatiomgouwmmderncomesalderi ng the hydraulic and
and di sdpdrbauttiioom constraints, whioh t hei wwade
mat t.ress henerwesvualltuues of assumed chil wWwede wat e

det er mifnuerdt haenrd appl i ed to t he desieghiabp@sefry bui
t his PhDahtdesHisudkkhygeyvrceamet erctsi Iweatde rt e mper af
of6 AC, and tmenwaobeedf Ba@hmea psu mpl ow.Alfl 0. 72
col | edcutreidng t he expiemponttdarnstf dat hewecempari son
obtai nadnemt thhered si meVvatuandeeabvnftéetig mattr e
working in ,whatchcdvehdldntibeend i nsedéetaobh in the

Thmai n goakbcohdtpart owad htea detpedyf heeerims e of

operational pdaervaenheobpeeeds mhAt t hess on the surf
observed, that higher A@tAB2 atredimpleb®ateu ro@ t s entap
in terms of the thermal operation of the wat

preferabl e t e o peexipaetridaome nitnallhlec ggrheait grhse.at |
achievéeénee fsern poi nt ofl &tamedh e hgrhidnpa s pve e l@dr 0o f

rpm Howevéde smal h dOewndlchietsivkeecesn 1500 and 2500
smal | foolri Ihli gk evpaetreartvhee € t he 2500 rpm, was n
the operatibe, cabosasl derbng ©bfprtehsee iGhuepglg léyni Bg
of t hi s HohrD tthhaetstihsésa proontpat | @b5&I0 g peane dassft sheel e ¢
one usedreéeateb@aemnhment al .campaign in 2022

5. Wat er mat evastgamodal i n | ab«
conditions

I n this section results of the CFD sntoelati
condi titome Ifadoop @t omgmntes cwii ble db @ n d hceool m peacrt eedd

datTae nmofdetthe devel oped ,deodri idlge dGhitargit e ma 3t rod
t hPsDbDhewas modi f ioefd itirheet eramsd wal | boundary

valaelsi eved during | aboratory experimenamsd F
mass f | owboaw2([@.B5 )antd7 20o0krge/ssp,e ¢ cT By Labo)y atory
The temperwdlulre, fiogclbuakidngalt hewas set to the

the | aboratory, measured by the meheoholwagi
2 3cC32(09 6 K)eAsl | ot her assumpt i onlsdg evea reiChi ahpet ésma n8e
of this eadabDculhatsiens were proceeded achievi
conservation | aw for% residuals in the order
5. 4Rels.ultthe ofi mohducbad for | abor
Analysis of the results i ncloufdetshe hceh nvletl boac iw
cross section through the channel structur e,
the mattress. Their graphicIFPoespr eSsoefnttwaatrieo

presenRiegdb.ii@Gomparing them with the results
descriChedtemn 3 of, thi sc &®mh Db ¢ hcehbi sl sl r ewde diwoatt heart
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vecd oprofile isnmrubeurcehanembFingedi pdihmi Iwaart et c
temperature profile is also similar bat main
t hese caTlheulhataitonfsi.ux on the top s@atW ate ach
whi canliys dloiweht Ityhan liyn otbhteaipnreadeisaidnsus at i ons

Nevertialse slaglji iswg e p daebctyai ned i n tfhleux i vraull lae i vo
the one measur gd wadditthieo nlwelras shji doattaskaelInl yi nt o
consi dfeoratfeomt her r é&soul ttsh ajittnwpeurnpmoesteads i mul at i
been conducttheed ,c hiin éwelgdiecaonnpbeneé watd mass fl ow \
respectivel y. Si mhleatdiewad ep e é@nmdtcdietl e alseasion f i c at
terms gfenisitivity to those changes.

a) b) C)

Velocity [ms1] Temperature K] Wall Heat Flux Wm-2)

AL S A T AN R N S Rt b 2] o o 2., % ,
N e A e L N S S R RNA SAES 500, 0 NV S % 6 %,
A D KA 20 e TR IR Ry

inlet
A8

outlet

a ——

Figure5.16. Results of the CFD simulation for tdevelopedvater mattress working in
conditions from laboratory experimentg the velocity vectorsb) the temperature in the
cross section through the channel structcyé&e heat flux on the top of the mattress

Therdoncern wddher plostsed | teo me-chgpeembat mecoopl
1°cl ass of accuracy, used for tempBo avtarrief ye sit
possi bl e i nfl uweinec emoane tsh emurlceastdil atrislttaksiea kcene n
temperatur et av@lbo®d 2@ 6 u B(&cdTK b32d a b o r a.tT dvseyc oln)d
concernmewpossi bl €ehei swatéepra diclyow nmoni t ored on
al so fluctuated while the pumpowavgnhigun marig) e
i nlTehte. contehsamens omf the flow rate was not [
experiments, due t antdlya rfalud w € ro antaidlhi ey s @6deimo n s
circuit 2, insteddwatfer tded trtaruafedr 2 |tchcaat irocena sion
rate val uGr otoart iao npaulmpp & € dfr & 3dbaDt0a clhadmrct ed
experj megmémse it achieva2dldthme Tnoahgeress byl al uef b1
of chamge&biedr fl ow, one more simulation was
the inlet was a¢somedsponbé&rhg.f8 6 wk fyéBtdxh [0earh u e
52Laboratory 2).
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| mabi2¢ haever age values of t ecnopuenrtaetdh dersoorms d die e
surfaces havef ooreedu¢ ued alstiosceadna th eocnedoecn gcee di 1 h
t teempenatdumassfflbewced the heat flux on the

bynB@W/ AThe mass flhawesaamsal mo st negligible
resul ts, sugges©olionwg stuhsec ewpattiebri Imattyt rteos st hat p.
flux values. However, consider i nglcxbhet meaamnm ow

simuli ohscan be assumed that for higher chil
could be much Tmoreev agiy@roi@fei cnanrte sdi miwead teiron v
t empemwatsurceo (ccurchtbB2e Laborbnhodoegd 3)or t his ass
obt aiemtedf lauvwaes si gni f,i camhilevilnogwetrh\W/ fdinf f er e
comparison to Wheeetheussnedwminredglsexpedii e mtost v
change signi fedCaammtCltyni b ¢ ewde myaet i@t poe Rt gun(e . .
518 andulr®e, respectively). Sudhk aomed drddadldogry |

for the heat fl ux measur ement I n | aborator
consideration, regarding the fac,towlsicwhwiclhl
presented in the following paragraph.

Tabi2Adverage temperature and heat flux val ue:c
conductedasiidmuleatt i ecneasur ement s

T L . e
Considered model boundary conditions i Mt [P
7T 7
Preliminary asumption  (4.50¢C, 0.85 kg/s) 5.1 715 134
Laboratory0 (6.0cC, 0.72 kg/s) 6.5 678 1A
Laboratoryl (7.5¢C, 0.72 kg/s) 8.0 643 177
Laboratory?2 (6.0cC, 0.55 kg/s) 6.7 671 191
Laboratory 3 (16aC, 0.55 kg/s) 16.4 441 81
Firstt lopér odloiayge matrkiegsin the | aboratory v
slightly semispherical surface, due to the r
reasbhe air accumul ati bthei nentsngoprpaess. wh
wadgi fficult to estimate i f dlhlulsgre wasamposd
that the heat f | uwi b nsheedautc efdleorvwe db eahadeeedni oan h
water. Fustldemexeper imeintdaseheating foil cove
to the water mattress surface, creating air
measurement area, the heat flux sensadrttwas I
air zone probl em, the pressure could infl u
especially visible in heat flux pelB&se@avtet he
the |l iquid graphite trehtadagferi hwvaesdmmanit mge m
area resulting in a | ower surC.@Qerec erenmpreg att hu
aspects, the obtained in medsur dren tts ulee ats sf

terms of their ametthadgl odghewebhbvy st dfadne &2 nd
i ncr eaamslkear of siempoovettolupafetahe oaf or menti on
Howe,méhre conapnlde xd d gfsluianeassu rsé megheconsi watr ed

mat tos estace flarmdabitlhaetrya toefd usruec hwi t he ;ip & dii asl |Pyn
consi dafeamtg t hat the functional prototype of
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sever al i nser Medhsdeeitimge pHBo uthlei neasiafriegsr at i o
then the devel opmenstcadfe tpwwitdbhpwaagt drayel Dwlkl
rebuil ding (reconstruct benhigtosarnd thigvaenfdpmca & ooy |

experimental testing in realthk@drn hdondiptpiromgs
to answer to all research questions raised
interdisciplinary character of this research

Thmeasur ement on t hewatoatatt t mlesadulf dckbe of nfthee
severalt hmapdctoe beoutnaak eenn itnhted naacacer poatdat i on:
mattress was fixedmratdditthe ndhiopnmecdaired,e nlyve irogq me
was not considered in the simulation. Furth
mattress could be | owdrhmdthdamr o ale. Tsathaetnigoena 8 t D
accoumet abl e operatirmessofandceewan ewatmart tdi str
water temperature measur ement t hrcoosnghai hhe

connected with heat fl uadoaonmiarsamtcome mp | Glieteans
di scr.epancy

5. 4Co2n.cl usi ons hdohadtolbe moedseaull tas
compari son

Thenducted sttuh@FDbasmd| ani ons enabled the e
water mattmuegseropdrateixprer i ment il mibvanidamy f
system applied totthieet enmattitalesBedtnffiluencedce]
reduci rag il3tda/lMmt d 2V/ fm dependi ng w©a&mp ehrdahtausrseu. me
comparison of the sbmaéeéasurmoead rieswthithst dvad énd 4 the
eval uate thet hogy elpitreealbiioluistlyy oafChda pd es c r3i boefd tihn
themodel for a heat flux prediction for diff
Theodrel wad oc rfeatigddlaitmi ntahrey study in terms
geometry. skedrectthtosn feasboohabp d yeamoe ed @ad eci s
st ukloowever, challenges descri beaonmedtheéade pwietvh
hefat ux measurements had a signi f it tcaonntp a rmpsaocnt
di ffiicout ¢ér poeit adeiroren rancd he u keabpoprieydiinfg er ent hea
systweam,ch woul d Gsdih ¢dacse enpeainttrraessssi ng t he number
sensors appliedtionadiofifdermaent nlf o uetnicenof t he
could enhance the precisiowooffadtuthier e blt ari qnee df
outl ays, andeanoohnnoasapttahfaotr choeuasdi cibge cappli it € d n s

Alt hewgfiuncti on of the model woul d be an ac
experiment al camEgaiog n piacoovin pdiece b @& rhvei, envetatd d r an s
real condi ti ontshtel ¥he ip entt ol astt upduyc psohsbeudrtdevdh i & h

amounthreedei ved from the ani mal heatbotoh,é d be
sys@GBeimerimealr tti keenaghthh er mor egul at Su@mmecthani B (s
seup and prsoaedihrae |l enge, consideéesi agpmeasti e
tried within the hbahemate xfpleu x meerd dyupt cckbbdesd. emmr o t
information about t hi €£h apGoadfu PdMDeretsi can be f o

Considering the complexity ofcdglleyrsi neséaraht
to obtainfptaeckeisamedibeieadnor e erxrpaltl mebased app
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Chapter 6
Experi ment alt hreamaarp ahb

condili til ons

The main aim oftf hPBPhdeovel op@ dwaweesr tnoa ttvsa reisfsy
operation and c oarleianl gw ibeafinf nacoatt et viseeéhreeasss i.cnolntd i t i
all awesd i ng of the devel oped, pdenmoon spmeagiiinnigetis
future | mplementation on the industrial | ev
envirohumenttos t he hight hueni @dfi ttyhanai t ,e mpreesaenc
and dust pol |l ut dewe |wbapteethh ewandoirree & stlhye confr on
a

ni mal weiigth#t vé mant ammd t he mattress, the pre
wel | as thaitapenl obeddAhyg smeohi asedstfraawt o
significantly water mattress operation, as w
For that reason, an experimental casepedudy
solution. I n this chapter two experimental <c
and 2023 wil |l be described in detail

6. Description of the experi m

This paragraph provides detail edeidnfexmpmat imem
campaimgn®&022 and 2023, and the applied plar
subsections, where each experiment al campai
l eading reseatercipeq ucmeemmptaa hggnesnkBlasgaleed i n t he co
Research and Didactic Station in Swojczyce w
and Life SciemcssammerWpescgaws 2022 antdhe2023.
result of cooperlataxme rwist hf rzoono Wneilchenia dcrair yegne n t
both experiment al campaigns animals had cons
underegbblae of zootechnical staff from the L
chairmaneohi ¢$ commietvtieeew, atnhde aeptphriocvaall wer e
due to routinely measured indicators of dair
St udvieeeey al U atl éd dcwirmgent European | egiEg(taheéon |
European Parl i ament andercdbnsheerCodincut si 2éd 1
application.
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6. 1IExIp.er i ment al campaign 2022: cC
verification of the water mat:t

The first experiment al calepait @mmbwakscd coabiedd ct e
2022as80ndlalyes main aim of itmhmaeéeéstciagprea himeavas I
devel oped wantdeerr mraetatlr ebsasrwe raidfred ictoiod 1 sn ga red ftea@
terms of Gt ibodgmpiomaleonductFiowe tda ol hdeaug losee d
cool i ngatwtan ess supplied by the dhiglaleydh swat er
juxtaposed with two reference mheoddoivgtlierthe
mattress working Bbet sec watdreadipti iwvhmavd hsetnrda w
cowshed in which animals werkndaotuemdt wasr agt]l
of environment al par ameters.

BT T

W@'!?W“'"' , 2

Figure6.1.The experimental test stand with the chilled water productiomisitribution
system (on the rigkhand side), as well as two reference beddings: convectional water
mattress and straw (looking from the 1b&ind side).

Experi ments were carried out with t#r geamisl k
ol d.h bdc them was | ying on different bedding
and J-zia on respectFiig@&ree fThree remd ilreed diersgs s(t

before the experiments, during which ani mal s
the new type of beddi ng rassene | ¢ r causp T hineeembperr ¢
acclimatization period | asted fsowi tacbhoeustu o3h fd a
a period was indicated by the Gui fdg&astot hehe
mi ni mum redommehdre minor procedures, whi ch
invasive procedure was applied.
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Commercial non-cooled Cooling water mattress supplied by its
water mattress hydraulic system

s N

Fruzia

/

femaeses PR DRSS, TS WG |
Commercial non-cooled water
mattress

Cooling water mattress Cows resting on their beddings

Figure6.2 Three types of beddingsatwereunder investigatioduring the experiments: the innovative cooling water matteeisls ¢ooled cow
Zuzid), the commercial water mattresgith Fruzig, and the conventional straw beddimgth J - 2, wheere the last two are the referenced ones.
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The experaimpantdarlvivd®dx pet iome dtualwhygehi ep.er at i

p

ar amet a@rrey edwoaptedtte ma tatsruepspsl,y isnugc hwat er amemper a

water flow regul atedwdre oalgah gawarpairl ewdo | sucthieo

e

e T e o T e e 7, T ¢ e B o T )

- =

e
1
0

xperiments Tash@lrbesieams etl, i A3dBYy om@deds wree et
nigaladapt atwoaond ipd ntidfoesus @ ds t wodfyt thiee 1 tnhé uenc
hi wWwaedr mattress supgmlaynigng gt/ dotyd @3zt wrlie 1 9
especCGhivwkier temperatures were assigned t
nvironmentapp bpbtalrea gled veea sstf ot € mpee rhaottureest days,
emperature tdSetrhescal deést adhalys. were al so 3
pplying water teoafaentdheuf bveamat a treg m2,& 0PHMO

nd dApmMmOr espaéadt icoaneddogd.adyoh g observatioh omhet he
emperature setpoint, which Nagveutmal aahimlal e
emper at ur eC wass tsteea rteos 210t of the zootechnic
rom the Wrocgaw University of Environment g
emperatur e was justifiendt btye mpdedclcardl s oct u
haracterized by no i cef eraaursceed dbfy tthhe mMmemasnuga
hde ur nal atheammpercdtuu mel waash ds eotn | tyo pluGmp r evol ut
e mo tDe luy .n a | a ntde mpectadrumrael setpoints were <ch
especctuichelay.t i me f r ameh ewaadh ieseed iescg eadn dd unea nt aog e
n the morning hours, as well as theflmal cor
ottest hdayegtnning o0fl9tbhewaE&kpPEodcmead son tt
nvestigation of t he cooling effect on C 0\
nvironment al condi ti otnksr e eh rvaumaroaitt e tchaey sd awe
6€C ichl ed water temperature setpoint and di
bservation made for these conditions.

Table6.1. Schedule of the experiments conductethesummer periodf 2022 between the
12" of August and the T1of Septembe(30 days ofthe experiments).

Date Series No of T day, T night, Pump Mode
(2022) days AcC AC revolutions,
rpm

12.08 0 1 16 20 2500 Continuous
13-15.08 1 3 16 20 2500 Continuous
16-18.08 2 3 10 16 2500 Continuous
23-25.08 3 3 13 20 2500 Continuous
29-31.08 4 3 19 20 2500 Continuous
01-04.09 5 4 19 20 3500 Continuous
05-08.0 6 4 19 20 1500 Continuous
20-21.08 2 2500
27-28.08 Weekend 2 16 16 1500 Continuous
09-10.0 2 3500

22.08 rpom 1 3500 .

26.08 vaﬁable 1 16 20 1500 ~ Continuous
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6. IEx2p.er i ment al campaidgavelbegedi i
water mattreds heaatt esthrse o &alolv

The second experimental campaign was dbnduct
AugasntiS&Ept emberl a2s0t2idfge2madaygoal of this ca
the repeatability of the res-upftsfohrwbhghbhaana
cooling water mattress wasFbwuti her mode | nshealin

ot his campai gn twhaes i ftad atn vsatslri acsgstdbiensf | o énae
devel oped coolamgt hweatsetrb gmaeat ddsrpeascsmal |y devel oy
strategy for observatioh obhetaei pmalysi as$ oghea
The expected conclusion from this experi menit
opticrmdlivhedr temperature setpoint flbastopebat i
not | east,davemead mo d enad ft r ecsasl fcogpdelr vaet ai locnh e ¢ k e d
wher evat e f |l ow through the mattress was cycl
previously waterctteempdbatiede gaedtepeopient nitnosi ght
the thermal exchangwatheat weman rtehses asnuirnhiaalc ea n dan
due t o teixmee nfdoerd heat accumul ation. Further mor
in terms of el exftritet gntcoomspmpd i beidornwaand
system.

Due toanarde»epxperuipmenitnalt hsiess campai gn, t wo
devel oped cooling water mattress, and two ot
nonoolwatder mattrefseraenaéc b gl aa)yylsl of them w
covered with a | ayer of straw to improve hyg
of beHdEXpee&rgi. mecnatrsr iwveedr eout i n the same cowshed

same three Fri{ebfghb3bed)aiarnyd Tceonvesekvd )y adapt ed t
experi(memg@dceFr uzd aZanihe coaasse i n the previ ous
wer e t hckowmodwidihaksudiaéd aer enhbaesdsdigmg dt wpoe d
the entire expAltliensetncteanhp ocdaemmptass gwd. rleed i n t he
the expkeoli mewtsg the same methodol ogy previo
campaiugn,ng which the meteorol ogalslahgdemaatwer
rate, core body and s kimmo unetmepde roant utoheea nedl nadsltkinc
bodi esmoniphysitohledgs catlesencbhbudsiectdeoemnaibl 2i @
PhD theapplbwdde e theltexempabkmedtus accl i mati z
ani matlheel aet acndbevlatss i nt etnhdee dr etfoe rcemliclee cdtat a f ©
beddi nagp ptlyi peed .

Thfeirst researchlh xpgendn@nd ean s ind ehch@erd rdeahitattye f ar r

results of cooling with the milk yield of t
possi bttt Idaegi st jamtdec hfniincaadcilailmi tati ons for
Neverthel ess, future studies in thisthaerea v

devel oped solution.
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Figure6.3. Water mattresses installed in the bajthe preparation stagb) with an
additional layer of strawn the top counting from thedft-hand sidenewly builtcooling
water mattressjon-cooledwater mattressandpreviously builtcoolingwater mattressc)
fourth cow (Tereska) lying on tm®ncooledwater mattress.

As in the heeseoosdyeapertiment al campaign wa
the first 6 were groupesdpphtyong§ wat éeymempé
with changing mMbdeeoWweoe@petht eenl evel sc/of i n\

16/ amd, 1Wwhere the noct wC(nian zt ceartpeecr hartiucrael wecaosn
the researchers from the Wrocgaw Wmoinvéd rnsuiotuys
cooling was edalyomlgi spee d folwld t daxgdéinbypar Bod of

cool i swgeaeleend darganweed with no humane presert
of the series wiheé fcloomw i matoar sf ommoedgl V a tod d h dr i <
SCADA system as t e peawdrentr ecfulthefpemmanges
algorith resulted&i notbadiod@Balle srppempdi mp compar i
previous Thamprmaii gqon.go al of these expseuiitmaebnltes
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consi derniving otntmee nt,sad p loyidn g i omisl | e dt eweartiefry tiefm
t hwat er Orahtitirleesds wat er product®i onycandcadi sotprei
mai nt ddemns! i ng effectwhentthlere amli onblewd e dty Uir. ne d
and 4. 3gwedet aseme group because theird main
f otorhneai nt ai ned supplying water temperature se
275 @an21200.Ar pdne tsacihleeddul e of the experiiment al
T a b6l2.e

Table6.2. Schedule of the experiments conductethesummer period of 202detween the
11" of August and the™8of Septembe(28 days othe experiments).

Date Series Noof Tday, T night, Pump Pump Mode
(2023) days AC AC revolutions, revolutions,
% of power rpm
11-14.08 1.1 4 16 20 80% 3300 Continuous
1517.08 1.2 3 16 16 80% 3300 Cyclical
18-21.08 2.1 4 13 20 80% 3300 Continuous
22-24.08 2.2 3 13 20 80% 3300 Cyclical
25-28.08 3.1 4 19 20 80% 3300 Continuous
29-31.08 3.2 3 19 20 80% 3300 Cyclical
60% 2750
01-03.09 4.1 3 19 20 40% 2200 Continuous
60% 2750
04-05.09 4.2 2 16 20 60% 2750 Continuous
16 16
06-07.09 4.3 2 13 20 28?;2 ggg Continuous

6. Met hodol ogy

The nature of the conducted experiments mad e

met hodol ogy and measurement strategy, traver
where energy, engineering, and nnooiaéechei calo
solution. E ddee t dhlad p gk ampmmhiod® | agpgypyr oaches fro
di sciplinmewameagiur @egle,ane sspecaiteelglyy i n ter ms

reactions of ani mal s.

The first eppéegnmgawvel experience in data col
for a continuousl! yi nchaawschierdgt dfFmeva srboohnametnihie met
applied in the second experimental campaign
i n toefr mshe new goal of conducted campaign. | r
willdilva ded into four me a s ud & snematrbvegdr @ vn pne N A &
par ameter s, cooling water mattress opheer ati or
cooling effect, and physiological reactions
the foll owing paragraphs.

80



6. 2Enlv.i r onme mt al

Environment alr ep anreacngestsearrisydfeda rormatoiudimetalie t r ansf
conditions between animals and the surroundi

temperature and humidity (THI) indemambagwi de
ani mahsliterature severawever multhse mwese wpg
moderate climates is the National Research

guide to environment al7,3]gs ea@&mc BydrEqamit malns ,

THI = (1. 8@O55DdW06H6532) RHRE)L (1 (6.1
wher e:

Tdbdry bulb temperature (AC);
RHrelative humidity (%) .

Temperature and humidity of the air

To est hTeralt ei,tnamxe ( wi t he NTC AKO©Oalcbcsubrla csye nrsaotri n
ACand r éluanti ifiwé y h SONEE16 F&HAQUr asceyn ) aveir eg N
cont i mueccwsridye thi,pvuesriyn g2 a metecomtod olgli €eda | wistt at $
and Control B gt aTehAecsqgeu i dsa ttd omer e ud aloloe c taend fi
envir en(feingdbdae ajrde shp e cdtuirvienlgyx)pet hment .alhecampa
out door gdathae rwedr emai nl y ttroe rod scefr vteh & shee paernaeme
area of the barn wi tphemoneebmpoenra s a6i oms heBtr wi
gat heéateal wer e al so c ohhnedaasrtoeldo gwiclabl c aktadadt iiformo t
Observatorpandf HAdr @maWr eoccr§oaaladpgyh i chunider t he
supervision of Wrocgaw University of Environ

z

-
=
=
\-.

"

Figure6.4. The meteorological statiarsed during both experimental campaigns in the barn:
a) for outdoor environment, b) for indoor environment, monitoring.
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