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EMAPAZH THZ FTEQMETPIAZ ATPOTIKHZ KATAZKEYHZ ZTHN EMIAOIH THZ OEZHZ MIKPHZ
ANEMOTENNHTPIAZ BAZEI AIZAIAZTATOY APIOMHTIKOY MONTEAOY
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O1 pikpA¢-kAipakag avepoyevvATPIES avAKouv aTa XaunAoU KOGTOUG GUOTAPATA AVAVEWTIHWY TIMYWV EVEPYEIQGS
kai Bewpeitar 611 Ba YTOpoUGAV VA IKAVOTTOIOOUV TIG EVEPYEITKES AVAYKEG TWV AYPOTIKWY EYKATAOTACEWY. Katd
ouvémela, To Tedio pong aépa yupw atmd TIC ayPOTIKEG KATAOKEUEG TTaICEl KpioIuo poAo aTnv emmiAoyr TG BEATIOTNG
BEang Kai TG TEAIKAG EVEPYEIOKAG ATTGBOONG TWV AVEUOYEVWNTPIWY, AapBavovTag urréyn v éviacn TG T0ppng o
IO ouykekpipévn ToTroBeaia. H Tapoloa epyaaia Tapouaiadel dia apiBunTIKr TTPOGOU0IWAT TWV XAPAKTNPICTIKWY
¢ digdiaoTarng (2D) poA¢ aépa yupw atmd HIa CUYKEKPIPEVN YEWWETPIKA KATAOKEUN, O€ £va emiTedo £yKapaia
gTov agova g, utroloyidovtag Ta aTiyuiaia peyedn TG pong We v apeon emiluan Twy elowoewv Navier-Stokes
Kal guvéxelag, xpnoipomolwvtag T péBodo memepaopévwy atoixeiwv Galerkin. To pétpo kai n digtBuvan g
TaXUTNTAG TOU avéuou aTnv €icodo Tou utrohoyiaTikoU Tediou AapBavovtal otabepd. Ta amoteAéopara deixvouv
TIWG TO XAPOKTNPICTIKG TNG PONG 0éPa EAPTWVTAI EVTOVA ATIO TO YEWHETPIKO TTPOPIA TNG KATACKEUAG Kal EayovTal
OupTIEPACUATA AVOAQOPIKA E TNV EVEPYEIAK aTTODOCN TNG AVEUOYEVVATPIOG GE Oxéan We Tov TUTTO kai T Béan
EYKATAOTOONS TNG.

Né€eic kAeib1d: Guean apiBunTIKA TTPOCOMOIWAT, QAVAVEWGCIMN EVEPYEID, MIKPEG OQVEHOYEVVATPIEG, QAYPOTIKEG
KOTOOKEUEG

EFFECT OF RURAL CONSTRUCTION GEOMETRY IN SELECTING THE LOCATION FOR SMALL WIND
TURBINE ON THE BASIS OF TWO DIMENSIONAL NUMERICAL MODEL
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Micro-wind turbines are low cost renewable energy devices that could meet the energy needs of agricultural
constructions. Thus, the wind flow field around the constructions taking into account the wind speed and turbulence
intensity fields in a given location plays a crucial role in the optimum placement selection and final energy yield of the
wind turbines. This paper presents a numerical study of the characteristics of a two-dimensional (2D) wind flow
around a specific geometric construction estimating the transient flow magnitudes by solving directly the Navier-
Stokes and continuity equations, using the Galerkin finite element method. The modulus and direction of the wind
velocity at the entrance of the computational domain are taken to be constant. Results show how the wind flow
characteristics are strongly dependent on the geometrical profile of the construction and conclusions are drawn
regarding the energy yield being dependent both on the position and the type of wind turbine used.

Keywords: direct numerical simulation, renewable energy, small wind turbines, rural constructions

1. EIZArQrH kaTavoAwTwy, OTwWG €ival T.X. Twv QyPOTIKWY
Znuepa, n aiohikh evépyeia Ppiokel epapuoyr KOTAOKEUWV.
Kupiwg atnv nAektpotrapaywyn. Auté emiTuyyaveral H xpAon pikpwv avepoyevwntpiwv (400W péxpl
HE TIG AVEUOYEVVATPIEG OI OTTOIEG LETATPETTOUV OPXIKA 10kW) ouviotaralr o¢ pn aoTIKEG TEpIoyéS. H
TNV KIVATIKA EVEPYEIQ TOU QVEPOU O€ WNXAVIKA Kal EYKATAOTAON TOUG amaitel pia eAeUBepn €kTaon
OTN GUVEXEIT TN UNXAVIKA O€ NAEKTPIKN. yUpw atmd auTég, Xwpig eutrodia Tou va mnpealouv
Ekto¢ amd 1a alohk@ TTapka Tou amoTeAouvTal mv ékBeon Toug aTov dveuo, €101 WOTE  va
amd ouaTolyieg TOAWY, PEYAAWY aVEPOYEVVNTPIWY eCao@ahieral n amodoTIk AeIToupyia Toug.
(800kW — 6MW) kai Tpogodotolv ameubeiag ToO O1  pikpég avepoyewATpieg  Xwpilovtal o€
OiKTUO  nAekTpIKAG  evépyelag, uTTopei  va  vivel kaBetou (Vertical Axis Wind Turbines, VAWT) «kal
EYKATAOTAON KOl WIKPWY  OVEHOYEVVNTPIWV  yId opigovtiou (Horizontal Axis Wind Turbines, HAWT)
EQAPHOYEG WIKPAG KAIaKAG, Kupiwg yia Tnv KaAuyn afova avahoya pe Tov TpogavaroAigud Tou atova
TWV  EVEPYEIOKWY  CGVOYKWV  OTTOPOVWHEVWY TIEPIOTPOPAG TOUG, WE TIC BEUTEPEG va gival ol TTIo

ouvnBiopéveg (Shikha Bhatti and Kothari, 2005). H
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KUpia la@opd Toug gival 611 o1 kABeToU GEova £xouv
TV IKavotnTa  va  Oéxovtal Tov  Avego Qo
omoIadhTIoTE KaTEUBUvaT, yI' autd ovopddovtal Kal
YUPOOKOTTIKEG (omni-directional). Autd €xel pepIKa
TIAEOVEKTANATA, OTTWG N Un OTaiTNOn OUCTAPAOTOG
alayrig TpooavatoAdigyol To oToio  autavel To
k6aTOG eykatdaTaong, Asiroupyiag kai guvtipnang.
EmmAéov, 01 YUPOOKOTTIKEG QVEUOYEVVATPIEG OEV
Tapouaiddouv aTTwAEIES 10X00G KaTd Tn dIAPKEI TNG
aMayig g dielBuvong Tou avéuou f Kata Tn
OIGpKEIO BpayEwv PITIWV TOU QVEPOU Ol OTTOiEG
ouvodelovial amd alayég otn diclBuvor Tou
(Roynarin et al., 2002). Zuvemwg, Wi YUPOOKOTTIKA
avepoyevwnATpIa UTTOPEl va eykaragTabei oe pépn
6mou n porl Tou avéuou eival TupfwdNng Kkal n
d1e0Buvon NG aAAadel auvexwgs. ' autd 10 Adyo n
kGBeTou GEova  avepoyeEVVATPIEG TTACOVEKTOUV O€
oxéan e Tig opifovtiou dtova ot TePIOXEG peydAou
UWORETPOU, O€ TIEPIOKEG ME TIOAU 10XUPOUS A
BuehMwdEIC aVEUOUG Kal O€  QOTIKEG TIEPIOXES
(Riegler, 2003). ‘Epeuves éxouv deitel  oOQEg
mAcovékTnpa Twv VAWTs otig otéyeg (Mertens,
2003). EmmpéoBeta, o1 kd&Betou afova eival
AMyoTepo  BopuPwdeig Kal w¢ €K TOUTOU  Eival
KOTOMNAGTEPEG  yIO  EYKATAOTOON Of  QAOTIKEG
mepioxég (Riegler, 2003).

AT Ta TTapaTavw yiveral karavonTo 611 T0 £i00¢
NG PONAG ToU avéuou, av eival TupPwdng f oTpwA,
kabwg emmiong kai n Tax0TTa KOl KT €TMEKTACN N
KIVNTIKA Tou evépyeia diadpayartiouv Kpioipo pdAo
otV  amédoon  PIaG  MIKPAG  OVEUOYEVVATPIOG
avefdptnra Tou TUTOU TnG. Kath guvémela, n
"yaptoypaenon" uiag TeEPIOXAS 600 agopd 10
QIoAIKG BUVAIKOG TNG Kal TTWG auTd ETmPealeTal amo
T QUOIKA A/Kal Ta TeEXVNTa €UTIOdIA, aTTOTEAEI
amapaithTn TPoUTeBean yia T BEATIOTN £TIAOYA TG
Béong  piag  UIKPAG  aveuoyewATplag.  To
OUYKEKPIUEVO ETTIOTNUOVIKG TTEdI0 Exel peAETNOET amrd
¢vav apiBuo epyaciwv BewpnTikd, TEIPAPATIKA KAl
umohoyiaTika (Mertens, 2003; Heath et al., 2007;
Watson et al., 2007; Sunderland and Conlon, 2010;
Ledo et al., 2011; Milanese et al., 2011; Ntinas et al.,
2011; Walker, 2011; Ayhan and Saglam, 2012;
Abohela et al., 2013).

Z1nv rapoloa epyaaia YEAETABNKE UTTOAOYIOTIKG
pe T BoriBeia pabnuarikol poviéAou TTpocoUoiwong
oe kwdika Fortran (Fragos et al., 2007, 2012) n
0100140TaTn por avéuou yUpw ammd I au@ippIkm
karaokeun. Ta v amotiunon e BEATIoTNG Béang
TOTTOBETNONG MIAS MIKPAG QVEUOYEVVATPIAG Kal Thv
amoQuyny  Twv  TEPIOXWY  TUpPwdOUG  POrg
utrohoyigBnkav, yia 6ho 10 umoloyioTiké Tedio, ol
TUPBWOEIG EVTAOEIS TG OpIOVTIAg Kal KABETNG porg
TOU QVEUOU, N TUPBWANG KIVATIK EVEPYEIQ KABWG Kal
n ouvigTapévn pEan taxutnta.

2. YNIKA KAl MEOOAOI

Zmv Tapoloa epyacia o Avepog Bewpeital OTI
egival agupmieoto peuotd oTabepol 1EWAOUS Kal
TTUKvoeTNTaG. MNa TV €miAugn TOU GUOTAPATOS TWV
adlaoTaTWY  UN-YPOMUIKWY  HJEPIKWY  SIAQOPIKWY
eClowoewv (eglowoelg Navier-Stokes kal guvéxelag),
TTOU TIEPIYPAQOUV TV Kivnon autol Tou peuaTou
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xpnoipotolgital n péBodog TETEPATEVIWV OTOIXEIWY
Galerkin (Gresho and Sani, 2000; Zienkiewicz et al.,
2005). Q¢ opiakr) ouvBAkn avavtn g €106dou Tou
utroAoyIaTIkoU Trediou TiBeTal opiCovTia opoIdoPPN
eNelBepn  por]  peuoTol. ZTa  TOIXWHOTA  TOU
utroAoyIoTikoU Trediou Kal yUpw ammd v em@dveia
NG AUPIPPIKTNG KATAOKEUAG TiBevtal ouvBrKkeg [n
oNoBroEwg 6TTOU TO PEUCTO £xEl UNdeVIKR TaxUTNTA.
H opiakq ouvBAkn €fd0ou eivar eAelbepn e

OToTEAEGUO  TO  PEUCTO  va  e&EpxeTal  Tou
utrohoyioTikoU  Tediou  wpi¢ va  UTIOKEITAI  O€
Olarapayxfi. To  umoloyioTIKGO  TTAéyua  TTOU

XpnoidotoIRenke gaivetal atnv Eikdva 1.

0 o
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X
Eikéva 1. To umoloyiotiké  mAéyua  mmou

xpnoiuotmoiénke yia m 8i0d1GoTarn mPOCOL0oiWan
¢ POAS ToU avéuou Kard UNKog ¢ EyKapoiag
TOUNAS TS QUQIPPIKTNG KATAOKEUNG.

MNa Tov  utoloylouo6
XpnoipoToIRonke n oxéan,

TWV  WEOWV  TIMWV
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HE TIG OTIyHIaieg peTaBAnTég TG poig, X, va €xouv
An@Bei amd v dueon emiluon Twy E§IOWOEWY
Navier-Stokes kai guvéxeiag,
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OTIoU  XPNOIUOTTIOINBNKE  TAVUCTIKAS  GUUBOAITUOG
evw Ta i,j eival mhaoparikoi deikteg o1 oTIOIO!
AapBavouv TIpéG 1, 2 o1 OTIOiEC AVTITTPOCWTTEUOUV
avriotolxa TIG ouvteTaypéveg x,y. U; eival ol
aTIyPIgiEG oUVIOTWOES Tou dlaviapaTog TaxUTnTag,
P ¢ival n mieon kai Re eival o apiBudg Reynolds. T,
gival 0 OuvoAikd xpbvog, o oToiog yia TN
OUYKEKpIPEVN TIpogopoiwaon eival 150 adidoTareg
XPOVIKEG povadeg. H TupPwdng opifdvtia taxitnta
U; kai n avrigroixn eyk@poia Ttaxomra U,
utroAoyilovTal avaAlovTag TIG OTIyHIaieG TaxUTNTES

ot¢ ofpoioyata  péowv  Kal - DIOKUMAIVOUEVWY
TAXUTATWY,

U; = U; —(Uy)

Uy = U, —(Uy)



O1 umrohoyigyoi €xouv TpayyatotoinBei yia Re =
1000.

3. ANOTEAEZMATA
3.1. TupPwdeig evraoeig
Ta pey£bn TG opifdvTiag kar kGBetng Tupfwdoug

éviaong, /(U{Z)KGI /(Uéz)(paivovml oTIG Eikbveg

2 xal 3, avrigToixd, Xpwuatika kwdikotoinuéva. H
opifovTia TUpPWANG EVTaOT WEYIGTOTIOIEITAI KATAVTN
NG KOTAOKEURG Kovid aTo emimedo Tng Paong
€XovTag €va €Upog 2.5 TepiTrou PopES T0 TTAATOC TNG
KOTAOKEUAG.

—
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Eikova 2. Xpwuariki ameikévion ¢ opilovriag
TupBwodoug éviaang.

Opoia mpog v TapdAANAN, n eykapaia Tupfwdng
éviaon  €mioNg  PEYIOTOTTOIEITAI  KOTAVTN TG
KOTOOKEURG, WOTOCO, O  WEYIOTEC TIMEC TG
kataAaupavouv peyaAutepn ékTaon 1600 Katé Tnv
opifovTia 60 Kai katd v K&Betn dieubuvan.

18 20 22 24 26

Eikova 3. Xpwuarikri ameikdvion ¢ eykdpaiag
TupBwdoug évraaong.

At v Eikéva 3 eival gavepd 6Tl 10 €0pOg QUTAS
NG ékTaong eivail 4.5 mepimou Qopég 10 TTAATOS TNG
KOTAOKEUAG Kard@ v opifdvria BieuBuvon kai 1.5
TEPITTOU POpEG TO UWOG TNG KATOAOKEUNG KATA Thv
kGBetn dicuBuvan.

3.2. TupBwdng KIVNTIKA evépyela
H Tuppwdng kivnTikA evépyeia (TKE) diverar amd
N oxéon,

1 2 2
k=5 (U +Up)

Kal gival dueca OuvOEBEUEVN ME TIC WETPOULEVES
TUPBWOEIG evidoelg. Kard ouvémela, OTwe eival
@avep6 oy Eikdva 4, n TupPwdng KIvnTIKA EvEPYEIQ
eival oualaaTikd n umépBean Twv Eikovwy 2 kai 3.
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12 14 16 18 20 22 24 26
X

Eikéva 4. Xpwuarikri ameikévion m¢ 1upBwoous
KIVNTIKAC EVEPYEIAC.

3.3. Medio ouvioTdpevng péong TaxuTnTag

H Eikéva 5 mapoucialel m ouvigTapévn g
péang opigovTiag kai kABeTng Taxutntag. Omwg gival
(Qavepd, KATAVIN TNG KATAOKEUNG OTIOU  £XOUME
HEYIOTEG TUPBWOEIC eVTATEIS Kal ETTOPEVWS ITXUPA
T0pPN N ouviaTauevn péan TaxutnTa pofg n oToia
xapakmpidel mn atpwt por, AauBavel TIG HIKPOTEPES
TIEG. AvTiBeTa, pEyIOTEG TIUEG TrOpATNPOUVTAIl OF
onueia OXETIKA ATTOMOKPUOMEVA aTTO TNV 0po@n TNG
QUQIPPIKTNG KATOOKEUAG.

10 12 14 16 18 20 22 24 26
X

Eikéva 5. Xpwuarikij ammeikovion m¢ OuvioTauevns
péang raxumrag 1/ {Uy )* + (U, )?.

3.4. Katavopég ouxvotnTag-rtaxuTnTag

MNa m BéATIoTn emAoyR Tng BEang TG MIKPAS
QVEHOYEWNATPIAG,  WOTE  va  EMITUyXAveTal
peyaAUTepn duvarh ekueT@AAeuon Tou  QIOAIKOU
duvapIkou Kal n péyioTn duvarr Asitoupyikr dIGpkeIa
TOU XPNOIWOTTOIoUMEVOU pnXavohoyikoU eEoTTAIoHOU,
Ba Tpémel va IkavotroloUval  dU0  GnUavTIKG
Kpimpia: (a) To onpeio €kBeang TG AVEOYEVVATPIAG
Va NV XopakTnpicetal amd 10XUpES TUPPWIEIG Poé
OTIG oToieG  OQEINETAl N EUPAVION  ITXUPWV
peTafaANGUEVWY  @opTiwv  TTOU  PTTopoUV  va
odnyhoouv ot yApavan Tou eEomhiopou kai (B) To
OUYKEKPIPEVO ONEI0 va £xEl T peyaAUTepn, KaTd TO
duvatdv,  ouxvotnTa  EUQAvIoNG  pEYIOTWV
emBuunTV TOXUTATWY OTPWTAG POAG avEPoU Ol
0Troieg TPOadIoPICouv Kal To evepyelakd duvapiké
TOU.

210 AiGypaupa 1 @aivovial oI KATavouES Tng
ouyxvoTNTaG  EUQAvIoNS  OlaPOPWY  TIWV  TNG
gTiydigiag  guvioTauevng  Taxitntag  gg  Tpia
B1apopeTikG anpeia Tou utroAoyioTikou Trediou. Eival
@avepd 611 Ta KATaANAGTEPA ONEia EyKATAGTACNS
eival Ta x=8.5, y=1.5 ka1 x=8.5, y=2.5. ZuykpivovTag
TIG KOTAVOUES Twv BUO QUTWV anueiwv TTaparnpoUpe
om evw ot Béon x=8.5, y=1.5 karaypagpovrai
peyaAUTepeg OTIypIaieg Tax0TNTEG avépou U auTh
Kpivetal w¢ akataAAnAn dedopévou 6Tl BpiokeTal aTo
OpI0 TNG TTEPIOXNS OTTOU PEYICTOTIOIETAI N TUPBWANS
KivnTikr) evépyela (BA. Eikéva 4). Eetaoviag Tig
Eikéveg 4 kai 5 yiverar karavontd 6t n 6éon x=8.5,
y=2.5 ¢ivar n mAéov KaTGMNAN €K Twv TPIWV TTOU



efetaloupe  Oedopévou  OTI PpiokeTal  €KTOG NG
meploxic TupPwdoug pofc oe anueio Omou N
ouvioTOUevn péan TaxUTnTa WEYIOTOTIOIEITAL. TNV
Eikéva 5 @aiveral oxnuartika n pikpr) avepoyevvATpIa
yia T BéATIOTN Béan ToTToBETNONG X=8.5, y=2.5.

4, YYZHTHZH

To moo6 TG 10x00G, P, Tou pmopel va
amoppo®nBei amod pia avepoyevviTpia utrohoyideTal
amo T oxéon,

x=8.5y=2.5

ZuxvétnTa

0,0,0,0,0,0,0.0
04 02 03 04 0506 07 08 08 1 14 12 13 14 15 18 17 18 19 2 21 22
TayxutnTa

Aidypauua 1. Karavoués e auxvorntag eueavions
Ola@pépwv TIMWV NG OTIYMIQIaE  OUVIOTAUEVNS
raxumra¢ o 1pia OIAQOPETIKG  onuegia  Tou
utroAoyiaTikoU mediou.

1
P= ECPPAU3

émou Cp eival 0 OUVTEAEOTAG 10XUOG, p gival n
TTUKVOTNTA TOU 0épa, A €ival T0 eufaddv adpwang
NG AVEHOYEVVATPIAE Kal v ) TaxUTnTa Tou avéuou. O
OUVTEAEQTAG  10XU0G  avTirpoowtrelel TV
aepoduvapiky  amddoon TG AVEPOYEVVATPIOG
divovtag éva pérpo Tou Tdon amd Vv 10XU TOU
avégou Jmopei  va  amoppognBei  amd TV
avepoyevvATpIa Kal gival guvaptnan 1ou Adyou Twv
TAXUTATWY, A, GTNV AKPN TWwv TITEPUYiwWV,

wR
A=—
v
6mou w eival N ywvioki  Taxomra g

avepoyevvnATpiag, R n aktiva ¢ kai v n tax0tTa
70U avégou. O BewpnTiKG PEYIOTOG OUVTENEGTAG
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loxUog KaAeital Oplo Betz kal yia pia 18avikA
avepoyevvrTpia éxel Tnv Tiuf 0.59 (Eriksson, 2008).

Kara guvémeia, n tax0tnTa Tou avéEPOU Kal KOT
ETEKTACN N TTOIOTNTA TOU aIOAIKOU duVaUIKOU Twv
UTTIOYNQIWY  TIEPIOXWY  EYKATAOTAONG  (XOMNAG
emimeda  TUpPwdoug  pong,  MIKPR - auxvetnTa
EUOAVIONG  PITIWV  QVEUOU,  XOMNAEG  pEYIOTEG
TaxUTNTEG QVEUOU), OTTOTEAET KPiTIUN TTAPAWETPO yia
TV Hakpoxpovn  Kal - TTapdAnAa  amodorikn
AeiToupyia WIag MIKPAG aveuoyevvhATpiag. Ta v
TTOPOUCTA PEAETN EVOEIKTIKG avapEPOupE OTI av n utrd
€EETa0Nn au@ippIKTN KATaoKeUr €xel UWog 4m kal
mAGtog  6m, Téte n Bdon omipiEng NS
avepoyevvhTpiag Ba mpémel va éxel Uyog yipw oTa
4x2.5=10m kai va eival TomoBemnuévn yipw aTa
6x(4.3/4.5)=5.7m  «katdvin NG  KOTOOKEUN,
AapBavovtag uméyn 611 oTo UTToAOYIOTIKG TTEDIO TO
Uyog Kal To TTAGTOG TNG KATAOKEUNG Io00vTal e 1 Kal
4.5 (adidoTateg TOCOTNTEG), QVTIOTOIXA. 2’ AUTO TO
UYog EyKATAOTOONG Kal VIO EKPETOANEUTIHO QIOAIKG
Ouvapikd pe péan TaxitnTa avépou TG TACEWS Twv
6.5m/sec, n opiovtia TaxutnTa (n kGBetn Aappaveral
ion pe undév) otnv €icodo Tou UTTOAOYIGTIKOU Hag
mediou Ba mpEmel va éxel pia TiPA yUpw OTa
6.5/1.3=5m/sec. Amé Tnv TTpoCopoiwaN gival Pavepod
0TI n TOpoudia TG OUQIPPIKTNG  KOTOOKEUAG
TIPOKAAEI TO QOIVOUEVO ETTITAXUVONG TOU QVELOU
(wind speed-up effect) augavovrag m cuvioTduevn
péon TaxUmra  Tou  avépou  yOpw amd 1O
OUYKEKPIPEVO anueio €KBEONG TNG QVEPOYEVVATPIAG
Katd éva ouvteheoTn) 1.3-1.4.

5. LYMMNEPAZMATA

Zmv  Topoloa  epyacia  peAETABNkE N
digdidoTarn porj aépa yUpw OTO HIa au@ippIKTN
kotaokeury pe T PBoRbeia TG Aueong aplBUNTIKAG

emluong  Twv  eflowoewv  Navier-Stokes  kai
ouvéxelag. H duvardtnta  Tpooopoiwong  Twv
XAPOAKTNPIOTIKWY TG POAG KOl UTTOAOYIOHOU

QVTITIPOTWTTEUTIKWY QUOIKWY TTOGOTATWY Jag £dwae
 Ouvardtnta kaBopiouol G BEATIOTNG BEoNg
EYKATAOTAONG MIKPAG AVELOYEVWATPIOG aVAPEDT OTIC
TpElG  utowneleg  Béoeig  Tou  eCeTAGBNKAV.
Emmpdabera, ektog amd Tov  kabopioud g
BeATiotng B€ang, o1 TAnpogopicg Tou eAfeBnaav
aTé TV TPogopoiwan Bonboulv aTo va KabopiaTouv
emTAéOV onuavTika aTolxeia Tou guvdadouv e
OUYKeKpIPEvn Béon eykatrdoTaong, OTwG eival n
OVOUOGTIK 10XUG TNG aveLOYEVVATPIAS Kal O TUTTOG
mg.

H péBodog UTTOAOYIOTIKAG PEUGTOBUVAMIKAG TTOU
XPNOIPOTIOIRONKE UTTOPEl VA E£QAPHOCTEI Kal OTIG
TIEPITITWOEIG OTTOU €XOouPE oUVBUAOUO dIGdIAoTATWY
N kal  TPICOIACTATWY  KATOOKEUWV/EUTTOdiWY
O10p0pwy  yewyeTpiwv.  Emiong,  pmopei  va
xpnoigomoinfei  wg  epyaleio  TTPOCEYYITTIKAS
amoTiynang g moIdtTag Tou dloAikoU duvauikou
UTTOWAQIWY  TIEPIOXWV  EYKATAOTAONG  Trapoudia
QUOIKWV /Kl TeXvnTWV — euTodiwv  Kal - Twv
Tapaydviwv  ToU  uTTopei va  emmnpedioouv TV
amodoan piag JikpAg avepoyevvhtpiag. QaToao, yia
mo agomota cupmepdopara kaAd Ba eivar ol



TTPOCOHOIWCEIG VO GUVOUAlovTal TIAVTA [E ETTITOTTIEG
METPATEIC.

Ta amoteAéopara ¢ TapoUaag  PEAETNG
KOTOOEIKVUOUV ETTIONG TO Yeyovdg OTI N EYKATAOTOON
MIKPWV QVEUOYEVWNTPIWY TTANGIOV  OTTOHOVWUEVWY
QYPOTIKWY KATAGKEUWY, 6TToU N mlavetnTta Utrapéng
Aoy eutrodiwy eival PIKPA Kal Katd GUVETTEID TO
aloAIKé duvapikd gival kaAuTepng moIdTnTag, UTmopei
va aTroTEAETEI I AEIPOPO TTPAKTIKA YIa TNV KAAuwn
TWV AVOYKWY TOUG O€ EVEPYEIQ.
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AHMIOYPIIA MAKPAZ XPONOZEIPAZ KAIMATIKQN ZYNOHKQN XTO EZQTEPIKO KTHNOTPO®IKQN
KTIPION - EQAPMOIH £TH MEAETH THZ NIOANHZ OEPMIKHZ KATAMONHZHZ
ENTATIKA EKTPEQOMENQN MPOBATQN KATA TH AIAPKEIA HMEPQN ME KAYZQNA

Anunteng K. NatavaoTagiou!, Guogiang Zhang?, Owuag Maptiavag!,
MavayiwTtng Navaydkng?, KwvaTtavrivog Kitrag!
TEBvIKS Kévtpo Epeuvag kai Texvohoyikig Avamruéng, IvoTitouTto Epeuvag kai Texvoloyiag Osaoaliag,
EpyaaTipio Mewpyikig Mnyavikrg kai MepifdAlovrog,
Texvohoyiko Mdapko Oeoaahiag, A" Biounxavikn Mepioxn BéAou, T.0. 15, T.K. 38500, BoAog
avemomuio Aapxoug, TuRua Mnxavikrg, Finlandsgade 22, 8200 Aapyoug, Aavia
ewovikd MavemoTpio ABnvwy, Tufua Agomoinang Puaikwv Mépwv kai Mewpyikng MnxavikAg,
EpyaoTipio Mewpyikwv Kataokeuwy, lepd Od6g 75, T.K. 11855, Abrva
4MavemaThuio Oeooaliag, Tufua Mewmoviag Gurikig Mapaywyng kai Aypotikou Mepipadhovtog, EpyacTipio
Mewpyikwv Karaokeuwv kal EAEyyou MepiBdrhovtog, 08¢ Putokou, T.K. 38446, N. lwvia Mayvnaiag

Av 0TO €0WTEPIKOG €VOG KTNVOTPOPIKOU KTIpiou eTmikpatolv duapeveic KAIMaTIKEG oUVBAKeS, eival TBavé va
€TINPEaaTOUV apvnTIKG N ePeavion Kai n gofapdtnTa opiopévwy acBevelwy, n Bepuikh Avean, 0 pubBuOS avamuéng
Kal n apaywyr yOAAKTog Twv {wwv. LuvhBwg, dev uTrdipXouv OIBETIPEG TUVEXEIC PETPRAOEIS YIa va peAeTnBoUV yia
TOMG Xpdvia o1 KAIUATIKEG guvbrkeg TTou €TIKpATOUY €VTOG €VOG KTIpiou Kai N dlakUuavan Tapayoviwy Tou
oxetiCovral pe v eufwia Twv (wwv, 6Twg n Beppikr karamovnon (OK). H mapoloa epyaaia mpoteivel pia péBodo
yia TNV avamTugn pakpwy xpovoaelpwv Beppokpaaiag (T) kal OXETIKAS uypaaiag (RH) Tou emmikpatolv 10 kKaAoKaip!
EVT0G €vOG TTpofaroaTtagiou e QUOIKS aepiopo. H péBodog TG ypauuIkAG TTAAIVOPOUNONG EQAPUOCTNKE yia TNV
avamruén duo povtéhwv Tou XpnaipotroiRenkav yia My ektipnan g T kai Tng RH evtdg tou kTipiou. O1 Tipég g T
kar TN RH, o1 otoieg kataypdgnkav ae aypotikf Tepioxn (BeeaTivo) ou BpiokeTal kovid aTo TpofaroaTaaio,
armotéAeaav TI aveEaptnTes petapAnTég. O1 TIUEG TTou TTapAXBnoav aTod Ta POVTEAD GUYKPIONKav ue PETPATEIS TToU
KaTaypagenkav eviog Tou KTipiou. H maTotoinon Twv JoviéAwv Baciotnke ae 800 aTaTiaTIKoUg JEIKTEG, Of TIUES TwV
omoiwv £dei€av 6T Ta povTéAa gival Ikava va TTpogopolwaouy Ta emimeda T kal RH TTou emiKpaTodv €viog Tou
kTipiou. Karomiv, oI xpovoaeipég afiomoindnkav yia va utroloyiaTei o deiktng Beppokpaaiag uypaaiag eviog Tou
KTIpiou Kai va amoTiunBolv GUYKPITIKA 01 TIPEG TOU KaTd T OIAPKEIQ NUEPWV LE 1) XWwpPIg kalowva yia Tepiodo 5
eTwv. H avahuan £deite 611 01 ouvBkeg OK emdeIviwbnKav anuavTikd Kard T SIAPKEIN TWV NPEPWV LE KAUOWVA.

Né€eic kAe1dId: kTnvoTpoQIKG KTiplo, TpdRata, Bepuikn Karamovnan, Oeiktng Beppokpaaiag uypaaiag, kalowvag,
TaAivopdunon

DEVELOPMENT OF LONG TIME SERIES OF CLIMATE CONDITIONS INSIDE LIVESTOCK BUILDINGS -
AN APPLICATION TO STUDY POTENTIAL SHEEP HEAT-STRESS UNDER HOT WEATHER
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If adverse climate conditions prevail inside a livestock building, the incidence and severity of certain diseases, as
well as the animals’ thermal comfort, growth rate and milk yield can be negatively affected. Continuous
measurements are not usually available so as to study for several years the indoor climate conditions and the
variation of parameters related to animals’ welfare, like heat-stress. This paper proposes a method to develop long
time series of summer temperature (T) and relative humidity (RH) values that prevail inside a naturally ventilated
sheep barn. Linear regression analysis was applied to develop two models that were used to estimate the T and RH
values inside the barn. T and RH values observed at a rural outdoor site (Velestino area) that is close to the barn
were used as independent variables. The predicted values were compared against measurements recorded inside
the barn. The validation of models was based on two statistical indices, whose values showed that the models are
capable to simulate the indoor experimental data. Then, the time series were applied to calculate the Temperature
Humidity Index inside the barn and to comparatively assess its values during heat wave and non heat wave days in a
5-year period. The analysis showed that heat-stress conditions were significantly deteriorated during heat wave days.

Keywords: livestock building, sheep, heat-stress, temperature humidity index, heat wave, regression
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1. INTRODUCTION

Climate conditions within a livestock facility affect
animal health and welfare. Heat-stress crucially
affects the body growth, the biological functions and
the productive and reproductive characteristics of
sheep, therefore, it is considered as a serious threat
for their short- or long-term thermal welfare.
Silanikove (2000) stated that in the long-term growth,
milk production and reproduction of ruminants are
impaired under heat-stress as a result of the drastic
changes in biological functions. Sevi et al. (2001)
stated that high temperatures induce adverse effects
on the thermal and energy balance, the mineral
metabolism, the immune function, the udder health,
and the milk production of lactating ewes during
summer under the Mediterranean climate. Panagakis
and Chronopoulou (2010) found that under
abnormally hot summer conditions, dairy ewes had
respiration rates above normal, while their shade
seeking behaviour was also affected. A widely
accepted method to study animals’ heat-stress is the
application of the Temperature Humidity Index (THI).

A method commonly used to achieve quantitative
short-term prediction is the application of regression
analysis. This method has been applied in many
environmental studies, including studies concerning
the livestock sector (Haeussermann et al, 2008).

This paper aims to develop long time series of
summer indoor T and RH values so as to study the
variations of the THI during heat wave days inside a
naturally ventilated sheep barn.

2. MATERIALS AND METHODS
2.1. Data

A miniature device (model Hobo Pro v2, Onset,
USA) was used to monitor T and RH inside the sheep
barn. The device was placed in a white plastic shield
with lateral slots for protection. The shield was fixed
at ~1.5 m above the ground in the middle of the
animals’ housing area. Outdoor T and RH were
recorded by a fully equipped automated
meteorological station. Hourly averaged values are
used in the present analysis. Missing values were
negligible. Information about the monitoring sites and
the examined period is presented in Table 1.

Table 1. Information for the location of monitoring sites and for data temporal coverage.

Monitoring site Code name Coordinates Temporal coverage
Sheep barn (indoors) BIPE 22052"E-39°23"N | August 2010, July 2011, August 2011
Outdoor site Velestino 22045 E-39024'N July and August, from 2007 to 2011

2.2. Development and validation of models

Linear regression analysis was applied to
develop two models (eq. 1 and 2). They were both
used to estimate T and RH at BIPE (T, and RH,

in>?
respectively) based on T and RH recorded at
Velestino (T,, and RH respectively). Data

out out
observed during July and August of 2011, were used
to develop the models, while data observed during
August of 2010 were used to validate the models.

Tin:a'-rout"'b (1)

RH,, =c-RH,,; +d (2)

The validation of the models was based (Joliffe
and Stephenson, 2003) on two statistical indices,
namely mean absolute error, MAE, and index of
agreement, d. These indices are considered as good
overall measures of model performance and have
been widely used in environmental studies. The
validated models were used to develop the indoor T
and RH time series for July and August of the period
2007 - 2011.

2.3. Identification of heat wave days

T data observed at Velestino in July and August
during the period 2007 — 2011 were used. The 90t
percentile of the daily maximum hourly values
(DMHVs) of T was calculated. When the DMHV of
temperature exceeds the 90t percentile, a heat wave
day is identified. The criterion is suggested by IPCC.

2.4. Estimation of sheep’s heat-stress
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THI given in equation 3 was applied, whereas
relevant heat-stress categories are presented in
Table 2 (Marai et al, 2007).

THI=T,, —(0.31-0.0031-RH;, ) (T,, —14.4)
©)

Table 2. Definition of heat-stress categories
according to THI values.
THI class
THI<22.2
222 <THI<233
23.3<THI< 256
THI = 25.6

Heat-stress category
absence of heat-stress
moderate heat-stress
severe heat-stress
extreme severe heat-stress

3. RESULTS AND DISCUSSION
3.1. Validation of models

The low values of MAE and the high values of d
(Table 3) reveal that both models are capable to
simulate the indoor experimental data. MAE
illustrates the presence of significant fault predictions,
while d indicates the degree to which the predictions
of the model are error free.

Table 3. Assessment of the models performance.

MAE (% of the mean q
of the observed values)
Model for T 3.7 0.95
Model for RH 10.4 0.85

3.2. Identification of heat wave days
The 90t percentile of the DMHVs of T observed
at Velestino in July and August during the 2007 -



2011 period was found equal to 35.8 °C. The DMHV
of T exceeded this threshold in 31 days, therefore 31
heat wave days (10.2%) were identified. 11, 5, 5, 7
and 3 heat wave days were identified in years from
2007 to 2011, respectively. Figure 1 shows the
distribution of the DMHVs of T during the heat wave
days. The maximum DMHV was 42.8 °C and it was
observed on 25 July 2007, when the peak of a strong
heat wave occurred (Papanastasiou et al, 2010). The
non heat wave days were 273 (89.8%). No data were
available for 6 days.
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Figure 1. Frequency of occurrence of T's DMHVs
during heat wave days.

3.3. Assessment of potential sheep heat-stress
Potential sheep heat-stress was assessed based
on hourly THI values. The frequency of occurrence of
THI classes during heat wave and non heat wave
days revealed that a clear shift to higher classes is
observed during heat wave days (figure 2). The
averaged diurnal variation of THI during heat wave
and non heat wave days (Figure 3) showed that: (a)
heat-stress is always observed during heat wave
days, (b) extreme severe heat-stress is observed
between 10:00 and 24:00 during heat wave days and
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(c) the daily range of THI is higher during heat wave
days than during non heat wave days.
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Figure 2. Frequency of occurrence of THI classes
during heat wave (black bars) and non heat wave