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ABSTRACT

Control of indoor temperatucal andnbemndfby tentrolled en
regions. Evaporative cool ienfgf iicsi eantt eccchmloil mgg ya nud i Hu mnziedi ffioa
the evaporative cooldiemgbproaamdu nd ¢gn 9% a0t fe otntsea swantuecrh facso t
food production in these regions. The use of saliearet iwalt er
solution for greatliytyi nmpfrotvh emge tdhyestsaumsst.ai nHbweé wdra,n dtah a
cellul ose pad systems can cause premature clogging of th
media repl aecevmernvtapor at i veo rtcoiod ti inrgg a zefcchdmlzon aorgigead r oc k f or me
bricks was evadtnutat @ldl ddreuwier a mmeisriag a g €l wea tbte wi rcek  sdyessti egnmss
for proof of conceptalcomoti @¢grelwdautseosmde rcEaaapi ng ef ficienci
achieved that are comparable twmased | ludioslks pallewed ni ragrde ¢
water and harsh environments, r etghuel rd xnpge rniomer retpd la cternieanlt s .o
pozzolan evaporative <cooling systewmavuesgngrewiangprt eéaharce
recirculating aquaponics or hydroponi csof sfhooowms rpariosned ei rf

dry environment9sO %y as much as 80
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INTRODUCTI ON

To grow crops in controlled envirioommenadaf atghe cwdrtlud,e g im
required to make the indoor environmesdd smettladd ef drorgrce o
worl dwi de is evaporative cooling. E vmaeroa tau ri ev eo fc oaoil ri nvgh ii |

relative h@uDdijdtigaki nl,evikdr aca, & Yeldez, 2009; Koca, Hugh

Shari fian, & BehraveshumkOiltly BSabedde@800d)the i ncoming a8

medi a t hautr fhaacse hairgeha sper unit vol ume. As air comes into
state into its gaseous state. Heat energy from tuha itroco
gas to oMertcemmme hterag of vaporizati on. When this happens
hi gher humidity. Evaporative coolers are known by a num
and fan, adi athaetrisc cool er and o

Evapor at ihvaes @o oduinibfeerr eofc es wherm dd d mpoamgpdrdewwsigtaohn @i r condi

1) Of significance for evaporative cooling arepbhentowkerva
in -momi d vs. humi d climates. Effective coelal mgeidni fetime
cooled by the evapiomnaotmirergipiroeelBsmhaist a. | ow

Tabl@ormpari sonsbfatctegi esfailm ddcndbisttiadedciénagni cal vapor compressio

Evaporative Coo Air Conditioni
+Energy effici -Hi gher energy
~Ef fect thweniidn cdiadm +Effective in an
+Fresh outdoor ~Arecircul atio
~Adds moi sture t ~Removes moi st
-Hi gh water use +No water use
+Economical to ¢ -Hi gher cost to

Cellul ase pa@dscurr enteviapdu att ritye eshtoaprbdoagnydy i nfhese pl astic
a very high surface area per wunit volume and are easy to
relatively 1 ilgdbwSssshs WHERi perc osdupaardes noeftfeerr) .e x cNedwWw ent humi
of dry, hot air, withof®0&bkdap eamdiendg coomno lainrg sé¢pkebeacda i aenhdc gpl a d,

Mal | i et Hawe wd i2ddy amd lalgwel msfet praaglgltdigyand | ose cooling ef
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they are not mRai go)aé n 2Ad rproomer Idus(t and particul ates mix
cementbd otctkkatai r f 1 ow thempmamgdi ndheonCPt he environmendelalndl a he
patissstom 3 mont,hsa tcomk@®@ eggeiamms anecdotal evidence from use
Ameri ca. Oekhapot gpanealo @o@®lxiigd on the market, including |
rope palomds, and (Athhmerd , mAtbharaisg |, A2ned;, Gunhnlana, | Demir, & Y
Hoyano, 2010; Johnson, -MYa\wu atou r& ,Ch& uRr wRi09D,2 ;2 CQ 3HMWE.kiea o,

none of these mat er isdlagscechmtsr aalsl ddaregrev iorfo mmematr kaegr i cul t ur «

ad installed at a greewlrause®| adn ptalde i KABSD
hard crusts of dust and salts, and requires repl ac:¢

Evaporative esaodolmangegd to ©0608/t ofbube fsbmpciwads ob55crops g
(Lefers et al .l n2b4aét, SabehetvR@OWant dnseu smar dfuideerg i n t he t o
of hcer op produced, the & cbutp uxinaniastreal pyplpendtu aplfertt duys igtracoen o u't
(SabehA ROO®F)bl e solution i s dwapcerpdtaioned hdcaeeo Ifihregs hs evat er
(Davies & Paton, 2004 ; Dawoudr i Ziug,i g2a® 0 6 ;K| Gh aAirfadpuyi r, A | 2E0eld]
Goosen et al ., 2003:WaMatbmo Bdib,] a&pahiks Goldlsewl, 2010; Ma h m
Pat on, Shhiynyaai,, & 0WA3; TaMahiabp, Ddmanor a, Alkdellet tAanh adrp,o u2Q 1 X; F.
201Brnackish groundwat ear eanwdi ;e as wrad eed, rtelseomuefcerse, t he use
the dqWelket |, Reckman, GHowe \&e rKe ntpheen ,u 6820 O®®8t ar hsghrsal carr
of salt precievamdriaothipwen ctemtgh etnhgeal i ni ty i s not monitored
evaporates, the salt c¢onceunttrpamaicoentgbitaartm hso |sifod tutt 8 yomb a kmsmn te

of any salt reaches its crystallization pojwitt.h slan tad &iu
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calcium carbonate in sea or brackissh aweatrearrt(eL eanslh scppd ecdl t eh |

201(0Kel |l ermeier et al ., 2013)

The cl ogwaomngt ovmeadiomdlinga concern for two reasons. Fir
reduced, increasing the velocity of the air that fimusesw pa:
rate. Thi sl amictrye als edpmlrse stsou rien clr cesassees corresponding to hi
vel ocity also |l eads to a shorter air/ewapordatmewd a¢ @omi¢ @G |

the expect edatouurtep.ut Steesnmorebdvuink Ih ei !l toigmge dr equi re repl acemen
management and time burden upon the owner.
Due to the ienvcarpeoa saad dmea iseko edlfioggi ng, al ong withftbkoaddy

monitoring the conewapgoradati iowd oddo @lailngnany ghewesrad i m&v evad e

For example, in areas of Saudi Arabia where brackitahl wat
s masliclal e desalination plants to desalinate the brackish
process. This situation is not l'imited to Saudi Ar abi a
desaltii on of the brackish water before use in the evapor e
is commonly used in connection with reverse osmosis syst

MATERI AL SMANW®ODS
To address concernscekl atedetpatbenedh pgygamglyv @ foc dalritrheger

bracki sh andadgrri csuelatwsappseted fh owas devel oped and tested for ¢
2( AMadhounQf 9@ &) i mportance inevhpodavmedpmewhsofonigel né
to harsh environmertost,| eaasle a¥aicloalsitlIriutcyt i on, and ease ¢
void media bricks were fashioned from a | ocal pozzol an v
i ndustry, and i s knomet of chrarisths eaxwd & p{heSwwad Il araengli |Abehngahj f
2016; Khan & AThpaeczaiomyeak 2040Wrced from scori@Sduwuadim Arhaebil
crushed and formed into permeable bricks with intentiona
has been recommended eftcer awss d iigrhtpnvez zgdlta migo rceagractre, t her ma
for other archi(tMowtfurn giM8adpylain&a tEihAelmtaht oau,g h2 0tOhOg)s t @ g hnioé @ gly c

using pozzolan from Harrat Rahat, the technology can be
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FigB8reType 1 p6é oxrod akni sshviagadseat i el e oflf omgair passage are cylindrical.

allow Iliquid passage tUmnoughatdédei bomm of the brick.
50 A o
p— ©
ll—@@@@@@@@ 777
glof—@@@@@@@@ . s
00000000+ r7 7777777
9008900 BO g‘
| 350"7\ | SECTION A-A
SCALET1:5
I
\
I
400 200
Figdiigpe 2 pozksl|l drorbibracki sh water evaporative cooling. Hol es for a
area for air/liquid contact and evaporation as comparieck tsoertuhcst ucyl i n
permeable to allow Iiquid passage through the body of th

To prove the concept of wusing the pozzolan bricks for
conducted (Table 2)ingThgstiemswasvapor aphusi egeffTéambwasks
on Kihreg Abdull ah Universi KAUS§Ta Bp vienn cTeh vawadl ,TweRawndil pAgriya bgida
saline sea wahenmrewiwmsm ianinteyarl epat ss ap eumpaihheed 8samadl e of t h
mi rrored fhatcddfladiundr abhi an agwiitcheVamoeastlyesregetoisodferl2 m and
2 m. The syst emTli nberleecdkdsdninOwiud e r@@ivmshgadp 1bO0et ween e@Tmmr ow

total thhekhass)and water pump in the KAUST system ran c
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Table 2. Pozzol an brick evaporative cooling experir
Evaporative
Pozzol an BiI Experi ment Ar ea Not es

KAUST, Thuw 2 Seawater source |iqu

Type 1 Ar abi a 24°%m 40 cm porous medi

Gharbiya F¢ Bracki slouwateerd i qui ¢

Type 2 Ri yadh, Sal 11 climate, 40 cm por
Figure 5. Type 1 pozzolan brick evaporative cooling system insta

T2 pozzolan bricks were used to construicn thaewvamoramnit\
pl ateau near Riyadhe Ghadbi Aaabyatem was installed on an
using batekiwiht lw a .BlaB2 npiotzyz cold@m 83 yipteamof bwiock et ows, eac
wi tohmb of spaceociwsfloed wettawmh at hDdrinThes T2 pygzrzetmpeaassitceal by

siiheparahbhl efradet haohabke padssgsapomenitveoo@oguegnboBeeh t
pozzolan and cellul ose padsreocloinmgcs gslt ¢ s gateeGhauisiey &
t uedonandf f based on internd&hemereednhomase comdirtoilonssy.st em
temper arteuvers opeéeta¢ nmétnhepoi nt, ohbewabel a ptghnep gfsatnesm at t he
the greentrrousug n®theant he gr etemémudreop pengped ta taantap e ,r tulserc
systemtherpectps and faonsseffempeéeri at the tahgea iesmehienpoerienatsee d (e

cooling 9sypst o@er ditsgguydb ut -rene dhend alsasi s.



147

148

149 Figure 6. Foolmomopilgédftt a) out doorsyvsiteemmsso Alekpeap 0o meani aeé Ghoaerlein mygau sf easr na t
150 neamRityadI$SaudiGrAg emrbh crueslel Wllorsieg lp@lde eamiouse #2 Type 2Thpozakll @l dbrsiyck £ m( i
151 |l ocated insiddiestarf iilinbele® dg rtheee nv inse d ho seaniadpo ssuhrcewi)n ¢ )t hceu e nadd It i wino sod pehce 4
152 ofexperimenandi cpsoi ndiccewl nf ose pad Pobotakees Fedt s, 2015
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171

Fi guEep@eri mental Gharbiya full scale system utilizing typ€1l1l8.pozzol a
Pareatmer s of interest for monitoring included the change
throughapodrat.i VAe Tee ¢ lodk mioadteal 1403gbger equi pped with an inte
hPa ftrom+2D hPa, N1% of measured value up to +25 hPa) and
# 0636 9736, NO0.3 ACc, N2 % RH) and hot wire air veelroeecity
empl oyed f orondalTthaé |cooaltleeactte over the bricks was adjusted s
were consistently wetdriAiern fblyow iinng |teh es pseyesdt egm eveanshous e e
the evaporaceivameomadremei nas$ hi s common i n pad cand uflaan egdr eue
the methodéWhaeel éemedl. BoAhYanrRt0®d®@e Pr o2 weat hensusnfeanttiso nw ansa
utilized to capture outdoor and indoor <climate dat a.
Theoolpiemd or mamrciewaksd etviaed uat ed Ibgsetvilneg otcaamp einegt @egiddsy s h own

in Equation 1.
. o s momae < m s x oo U SO
4A|DA0A@@6MAD|@A@Em,clzquiA|ZAre4—@pnnp
Wher e
TexFt doruyl b t emperature of air exiting the evaporative coi¢

Tar= dbruyl b t emper at ureev agpforaaitribveendd&esroilnign gt h e

Two= woeuwl b t emperature of air entering the evaporative ci¢

9
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Al temperatures input into the cooling efficiency equ:

station and tHde dadsat ¢t odgekel wW43h associated probes.

RESULTS DINSDCUSSI ON

EVAPORATCOELI PERFORMANCHYPHBRI CKS

Resuldwapdr at iuse ngo cleidimapr ti ecrk sa mdTa b $EBwaBmo ri ant ievfef i ccd celnicnyg o
bricks was evaluated(®nhKohae dtasals. oflIehPedal ud eehe abr i c
| ower percent agCR ,0ofi tvoiid ismpmpacret drhtant o conasivrdeoci egul tBaag
describes the velocity exfitaifmrm obne ftdiree,iceteltoguyaairrnftdaoiva ikddi wan ficdckee
brick area in a 2D direction. Vibe i lovreid abke i vt oyi diss, twhhei cehx pie
face velocity. Voi d bwe ltohcei ttyotiasl tshuer faicrifallow odidviadeeda i n

compari fawewotihti es measured ®F. ot her authors when using

Tabl@ompari son of KAUST system using seawater and type 1 pozzoMaarerbric

Type 1 Pozzol a

Seawater Evaporati Cellul ose Pa
KAUST Freshwater Ev&po
Number of porous 4 1
Total porous medi a 40 cm 10 cm
Space between ro 10 cm Not Applicab
Tot al system t hi« 70 cm 10 cm
Face air veloci 0.5'm s 3.9'm s
Pressure drop 17 Pa 87 Pa
Void air veloci 3.9t'm s N A
Temp abased cooling 52 % 70%
Pressure drop/ medi 0.43 Pa cm 8.7 Pa c¢cm
Cooling efficiencyl/ 1.3% cm 7.0% cm
(4lj terat Kecmrestl ab., 1991)

As can beTlashd echeekfpream ment al Tds poarz ot auwmcwsagsd traomh KaAsU SeTf f i c i
of eemppased coolyi n(gh2e4)f iwchheeotnccompared wiyshi §@d®%h éncmheebv b
velocity of thefdceécksl oci teyyuafl &Joe tthewWéuetosei patdbe (BuBb
brick rows had been i nicrgeatsketddi fg oenf f4i ctioe n6c ywhpielre uhnoiltd o f
cm ipbsistshbalflelt pezzomalyavgshemi eved a miolodrn ntgo paerdiomrgrae creo

pad sygtsB&fxc@® r ows X=eDt idnmectoeo Wi n go f7e86)fHioawieaitayyeusn k nown i f t

10
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cooling efficiency per unit of media thickness remains ¢
only configuration tested druaw ngo nfhieg ,srcaotpieom fo ft hTils pwvoz Zo |
work will be requiresi n ocoeovlail nuga teef fpioctieenntcays | phesrh laungilete onfe dnn e
and the number of rows .of bricks increases or decreases
EVAPORAVYEOOLI PNERFORMANCHYPEBRI CKS
Results of evaporative cooling using brackish water and
shown i nhBakkloml4.ng Bystems wer davp @ mengr @l £3b.n3b rpgpak i s h
TablExpleri ment al irnegs uclotosl icnogmpsayrs Gle ar bieysh off mamce at
Cel l ul os
Type 2 Po Brackish Cellulos
Bricks Bra Evapor a- Freshwa
Evaporativ Cooling ¢ Evapati
System at Gharbiy Coollflng
Number of porous 2 1 1
Tot al porous medi 40 cm 10 cm 10 cm
Space between 1 6 cm NA NA
Toteavlapor atisyeste®aoolt i 46 cm 10 cm 10 cm
Facevediorci ty 1 mm s 2.81Tm ¢ 2.8tTm ¢
Pressure drop 53 Pa 46 Pa 52 Pa
Average void air 5.4 m s N A NA
Temp abased cool ing 73 % 71% 71%
Pressure drop/ mec 1.3 Pa c 4.6 Pa 5.2 Pa
Cooleifnfg ci ency/ med 18% tm 71% €tm 71% ¢tm
Porous media fa 11.% m 4.2 m N A
(q9]i terat gKecaestl ab., 1991)
Results from side by side sysowthh pperataonbdembknsysatmnd
cellul oget pmder ms of coobingleé&jfaodepcgsédBe®w drop (53 Pa
I n this experpibneegmyanesnetwap si zed with e efldaud smgredad dds. 7 ;

i nst aldreae mtno wiseédent i cal

s ifz & haen dp pxdestarhlaadt ibcere.n si zed eve

that the cooling efficiency would have slightly i nkcrreasect
drop awapdceadiswesg em coul d have been achi elvha s wixtphe ca agri eoan
upon the fact that the velocity of the air througrhe.t he b
From litewathr €Psesal ttower air velocity through an evapo
with a correspondiiMalllowet @piess20d4al1drop.

11
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217

DURABILITY OF NPBRIMKAS USMAGERAEDR EVAEORBSODLVNG
t he

Whi |l e

Gharhi ppespasedmfwas h KRAWGSITt swasst ieanpde recdd nttdi nmewg onit s |

from May 2013 through WearDR)0.L @ g ( aglpts ovkd smaeit eisgntdi onal | y g
seawatte@ert loatb wviac k © u st htei nteosu rdsuer ionfg system operation (i.e.,
salt |l evels exceeded their respective crystallization pc
and/ or manual SCFup®reg d\wiamlyea bnuslys¢em efficiency or ¢
bricks were noted as a result of s®uriagctumel aaimenpandosd
system utilizing fresh waayt ecrl cagtg ead gwietehn hdouusste aomnd ys B-I3tksm aar

12



218

219

220
221

222
223

224

225

FigB8BSea salt accumulation and removal/cleaning
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Tab3d@ompari son of pozzol anpkrifok mauogeri mental system
KAUST Gharbiy
System System
Pozzol an brick 1 2
Porous media fa: 2 4 116
Number of porous 4 2
Tot al porous medi 4@ m 4@ m
Space between r 1@ m 6c m
Tot al system th 7@ m 4& m
Face air veloc 0.nd s im s
Tot al pressur e 1Pa 5PFa
Average void air 3.m1s 5. s
Temperature based ¢ 52 % 73 %
Prersesudrop/ medi a 0. Ra cm 1.P3a cm
Cool ifngiefncy/ medi ¢ 1. Tuh 1. &uh

Sur faceaivaoieds /ohedi a 0.25%5mMm 0. 3fcnm@m

I nmsewof cool i n@h aerflfii yca iesngcsyT, p ehbhfeoc kned better, both in ter
Vs. 52%) and in terms of efficiency per. Thmiig iordcrmeada it
efficiency was expected, aasc et haer eTa2 fborri cakisr /hHavgeu i 245 % omd rae
compared with thk®. 2Bokkmhoks 6 aohdafc amheadieaas woelry ktemd d Bdlfc a m
hol e sur f atoef ameeda ap evroldunmehoulad dlhs e becmetasde tim cool ing
of the fact that the average air veMloci tlyn tthhreo ulgiht etrhaet uTr2e
that a faster air velocityefhtouMahlclgCtPsalFles u @ &1 )i mhat | tohw
performed better is |ikely due to t hleowerc raefalsteme tshurraf cakcies
used at Gharbiya (~3 ppt) as compahmhavde wal ©oseawtatiebuiuescedt
efficiency, however, further experi mermstad iowia utlyde bwea treerqg ua fri
cooling efficiency in comparison to the difference in br

The KAUST tshysTtlebrwicks had a much | ower pressure drop (1
T2 bricks (53eP&AdSSIMemesiezedt with doubl d etaldé hpowbaauitst me d
vel ofcrigtiye bosi(dSk 'vm. 8Yalndn tsherefore a Heolwexi tpreaefissaudykl mc o
from thghapallesalin the T2 brick desiogns5ilasimogheibn beamluda e ¢
the diameternt hef exhée @l esn)ati s smaller than the diameter
4 Based upon results with CPs recorded in |Iiterature, the

14
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262
263
264
265
266
267
268
269
270
271
272
273

274
275

approxi matel ylx1.ibnxcrfeamrseeverr ywel 6Mat i tbtUcadgiy, t RO sy =t am.

expected pressure drop at the KAUST system would have i n¢

that at the Ghad®)biyahnkysetemiag 8vdl me smatches exactly with

(53 Whae)n. the cooling efficiency is considered and compar

pressur el anrkpgeNSsTy $ hemv i dedf fhiigiheewrcy per unit of pressure ¢

Thimetirdrci wvyent he tayi rt hwreoluogchi t he brviedksx,i twh dreatdsokkibgmer eaicry

anad | aregsrsuTe acloipeve 4a tlyower oaligrh Meleodri cks whil e maint
the cooling system, the size of the symdams cranr é ec a mictr ela
front for isstxlpleatiednerobaveerualtl icno callibnege t-p d romogomanatei agd

duel adwer fan enetrog yo vreerqcucimee npernetsssur e drop through the sys

When thespeogaerodoap ar ecde | wiutl hadsiea bpaatdisc cool i ngesegstémsa, f €l

Pozzol srystireimsk have a | ower coolingRef fTihdméiorv elewrmeau nd ft i\

bricks is regudeedolikibn g odhidaived empahr@E&@Rsw ructi on of a poz:

co

Th

(o]

Isiyrseg em wi | Isurrdopwier earmocar e han a cell ul ose pads system

me fan At ewshatlkd O€sitghkenodsr zagidec gaylsizedmesn aplpaep@Ird te

C

S

e

e

e

e

€ aneavapor atyiswes cnogo | Ti2e gorrei ccoknsmezh.85xd | tao gdeel I[tuhlasng eat pand s
igned for t h@f fssaemet ianigr ftlhoiws ,r appoez z ol asube idkoms ype¢re mgnih
n the void air veThoecineyc e sss a@rayk einn crnetaos a&d @ dnd gmotr. obuys tnhed i
bricks are rigid, and as such camr. betised da@ngbdeteed ni r
a | ong QPesr,m isno |l cuctnstorpapsotr,t ému sbgdti thehoet ur e fardureapll igice dn |
l ul egystpamazsol sy slhreimsk are not damaged structurally i f/

r epfoozrzeo,l an brick systoams faamnrad!| eorf vird aurseedcwil tt il mis & c ki

systwhnesn/ i f salt pr adiipiet adtond iomg tmea ia@avapdrmn addition, ag

when c¢cleaning pozzolan brick systems.

Suggdattud seebaeeycohnd t he pr oadfncdfudcessnncept testing

1

Cooling e&dfiesewcyh air vel oai tsyt Utdlenresaduaglhl atthieo npso roonul sy m

of cooling efficiency at one air ckel aohdeigthetv apleura tseidt eat

vel ocities such that <cooling efficperaeypl asa. baickspeer

curves found i n( Kootchae re tw ddrdK.,l, i sl®ddhlgds , 2011)

Pressurtehrdoruggph t he cooling system is directlgndebhstoeod
t e

structur al design requirements for h greenhouse. \
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