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INDIRECT EVAPORATIVE COOLING OF LOW ENERGY BUILDING 
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University of Ljubljana, Faculty of Mechanical Engineering 
Askerceva 6, 1000 Ljubljana, SLOVENIA 

With the growth of living standards, there is an increasing demand for the cooling of 
living space. Rational energy use demands the use of alternative ways of cooling 
because the energy consumption of compressor cooling is high. In this article a new 
cheap and efficient paperboard compact heat exchanger and indirect evaporative 
cooling are presented. Indirect evaporative cooling is the most suitable way of cooling 
for low energy buildings especially if combined with heat recovery ventilation system. 
Operation simulation of an indirect evaporative cooler installed in a low energy house 
is also shown. 

1 INTRODUCTION 

Energy efficient buildings are nowadays constructed so that because of their shape, 
thermal insulation, windows quality, active and passive solar energy use, they need less 
energy for heating in the heating period, but they offer greater living comfort. Enlarged 
building tightness causes the decrease in fresh air inflow and the problem of poor indoor 
air quality. Because of that ventilation of the building is necessary and installation of a 
system for heat recovery. The decrease in fresh air inflow actually causes the problem of 
poor indoor air quality. The concentration of pollutants (C02, odours, smoke, volatile 
organic compounds) increases, and so human comfort drops significantly. 
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FIGURE 1: Concentration of C02 in the room depending on ventilation 



For complete hull1an comfort, air h3;S; .to be cqoled in the ,sµµnner petjo~. G.onwr~s&Or· 
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For energy efficient buildings indirect e'raporatijVe cro.qfo.).g,..~s , t_J::ie m,ost suitable .. be.v~ll-~,Gl, 
it is an environmentally :friendly and energy efficient cooling method that only uses 
water as th.e working fluid: Comprnsso,r, cpoling qevice ,,r~qll,ite,~ aiJmost.1 si~ ti~e.s,:the 

electricatd~rp,and of the e~apor,iati;v~ _Cf?Oler. ,., . !. : ' I ; .;:· l1:, ' , 1, ri :; , I :'.:'.- f , • 1'; 

• i. ( -~. , ·. 1: i I 1 , ~·!;: :. : I · · • : t ' J j ' • r 1 1 ··, ~ J 1 ~ t :~. 

Another advant(lge, .of ~¥dir~ct evapi;>ratiY~ cqoling is t}J.at ~~e ,J;ieat, recorieiy1 : ~11nJil,flt\GW: 
system could be adapted, with small supplements, into a device which also enables 
cooling of hot outside air, and h~nce cli~~ti .z<1tion of the ljving, spaces. Such fly-st.el)l , ~o 
operates trough all year. 
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Evaporative cooling is one of the oldest cooling methqds : kno~n. Y;(e ! ¢.i,~~ingui~.Q 
between direct and indirect evaporative cooling. In not arid regions, for living space 

cooling, indirypt ~vaporat,ivtt :. cool~~g iis ,m9re .~ppropri<µ:e! r [flJ . J3y!;!n4irf(ct . ev;~poxativti 
coc;>l.Wgi :~ir ~~ :coql,ed sp; .th~,q~ !is Passed Qv,e~ ~\1-e are~, rhat is ,, ~Y:flPOrat.ively.1poH~~q; pn iP.!1 
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On the secondary side of .the .heAt ex~ iange1t there -ls 1a-thin water film m addition to the 
air flow. The water is d(sttjbuted _.by~.kpray ~oizl~s. ~ecati'se of:the difference between 
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watet steam iptirtial pressure on 1 the Water 'surface and in the , air stream, water 
~vapbratibn!ofcd1ts. The ·air temperature drops·: and ~the water film also cools. 
Th~ · tlleoieffcal temperffltlr~''of the water'. filitr ·alrrcf also the supply air equals the 
secondary air wet bulb temperature at the heat exchanger inlet. Compared to compressor 
cooling systems, increased air flow rates are used for indirect evaporative cooling to 
e'dllipensate for" higlifa stippfy~ ait temperatures [ 5]. ~ ' iJ :: ' ., 
( .. -=-: 1: 1 :_~ l /• ;: '· 1 ~ ~ :·) '.J ':): .• ~ . .. , .. 1 · ~j . ~~:. . 

Becausb of that · indirect evaporative Coolers afe ·larger and more expensi\te .. A more 
compact and, above all, cheaper heat exchanger -design would dimensionally reduce the 
size of the device and make its price more acceptable for wider use. So we have focused 

oUi r~~.earch~srdciau~:on. the developm~~t of c~gaP.'. compad1 ~~at exchangers. . 
hl·b '-• !J 11 ) . . If .. !. . .Jf _.,, j'J. 'J'o " 1 ,- , .:)) tJ !, . I, 
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Compac~. heat exchangers, with a high heat tra1~sfer are8: density, are most widely used 
f6r'h.e~ftrtffilsfef b~tween two 'air streams ·[7J£Tlie:heit trab·sfer.Jar'ea 'ts usuaFfy finned, 
and this gives the necessarY' i compa'.~fuess'°to the neat exthiriger:· The smalf·aiSfanee 
between plates, and the high fin density, also mean small hydraulic radius (magnitude 
order of 10-3 m). Laminar flow of both' fi!ids is_;th'us a~snrhli: 'For m'anufadfufi.'n_g 
compact heat exchangers, aluminium sheet or foil is usually used. The second most 
vVidety 1nsetl rl1aterial iil'plastrn~] · ,: 1

0 , ~ 1-' : • • .: • .) :v:~ 
' ' • _1J ' )t ·1; . " l :lu .::, , !Jr; 10•._: •,. . ,L 

hr designing otfr· heat •J5'.chahget ·we> used material that is cheaper th~ khown mallerials 
fot' lieat ~changed, compact eh~ugh, and enableS0 t¥re Sillipfo ;~nd quiek m~ufaefuring 
of . crm/sDflow . heat exclian'gers -Of: I any .dimensions: Tins. material is') 'double layei· 
papefOoai:d; 'which ~as''ari alieady de'sigued lfoirlsfer area:· arid wffilc!Y costs only 6be fifth 
of the price of an aluminium heaf ei~haiiger fl] }'B.y si:tiipie:'.lstickilig· arid· layering of the 
transfer area a cross-flow heat exchanger, with any dimensions, could be quickly and • 
cheaply made. 
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Paperboard . ~s ~10t suitable fo/ ccjfit
1

~ct wit~ w~tei;:. The~efore , i ' ~ust pre_viousi§ be 
adequately/ impregnated and so made resistant to moisture·' and bacteria. Trough 
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experiment we found the optimabimpregnating material~' which also enables good 
wetabili~y of the transfer area [I]. ., · · ~:; !.)'/ :• 

Two types of double layer paperboard suitable for a compact heat exchanger exist on the 
market. From these we have (tnade . two different heat exchangers. Table I showsr 1the 
parameters of both types of double layer paperboard used, and computed values for the 
hydraulic"1diameter Dh and heat transfer area density A/V. 

parameter ·i; unit> paperboata ·type; · rr .... 

waveB waveC 

I b . ' . " . . . .. :wm -~ , . 3,7.3 
' " ~.;{8 , 

-
·1 d . \]).- r mro ... . , .0,J5 ' '.Q.15 ' ~ {/ { \ ~ i ' 

dr mm 0,1 0,1 

Dh mm 2,81 2,16 
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TABLE 1: Heat transfer area geometjdata 
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Tl\-e·: chltraetedstics 1 lf6f .iboth · paP'etboard 1 h6at' · eX.changets ·have b~e~f deterrrl.ineH·: '&y 
measuremetttS [1 ]'} ! 1'theSe . d:iaract6rlsffo~ ''.enabl~ ;'detethiinatio11 1

' ofi tth~ I :heat• tfansfer 
coefficient and pressure drop for a known air flow rate through the heat exchanger. 
:·!\l/r.:1r-~ :i"j~ ,,'"' ;r _;"HJ 'I(;:\ 1)-I ;; 1·1;1 _·,iii'' 'It)' (:i(Ji""' ... < ·--!~',/! '• 'i/')·. c !.1~h .:~ ('. -~r 1 >' 

Th6' 'irieasru\friferrts iiave ~lidw!Y:adequate impregnatidtl1 bf thWp~perbo~d an'd very 1 gbod 
wetability of the transfer area on the secondary side of the heat exchanger. Good 
wetability is very important for high efficiency of indirect evaporative cooler. Namely a 
poor wetability of the heat exchanger heat transfer area could reduce the overall 
efficiency for a few percents. 

A mathematical model of heat and mass transfer in the indirect evaporative cooler has 
been developed for conditions study in the heat exchanger and for dimensioning. A 
computer program has also been made to enable calculation of the outlet parameters 
from the known inlet parameters of air and water for the chosen dimensions of the 
cross-flow heat exchanger. The computer program also allows for calculations of heat 
recovery. The mathematical model and computer program have been verified by 
measurements [ 1]. 

As the supply air temperatures are relatively high, for a corresponding cooling power 
high air flow rates are necessary. Because of that indirect evaporative cooler unit has to 



be large and thus expensive._ The same is vaj~d ,_ fc:>_r :air channels. To optimize the unit 
needed in an energy efficient one family J;i9µse,. r~henergy analyse shou;l!f always be 
made. An optimization should be made regarding comfort level. 
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Indirect evap~fllti;ve c?.gle,. ~00Jin~~:6~we1: ·depend on the) eat e~9fianger dimensions 
(efficiency) aiJJ o ·' the.,~r-qcmditj,on •Of .the rooms .:coo1er ~ which would cover the 

complete b~]?ihg. ~q.~.r{l,'.-1.~~~d '.:11~u~~'b~ ,pig·~~1 '.e~ .:e_nsive:· ~her~~?· ~ .we havt? m~de 
energy analys1~ .of qne .arwix ho.~se c~oI~d by two: ffi..ffeFfnt1y ~}zed md1~~:ct evaporative 
coolers, of s'uit~ble c:lir:neµ~\qns art"d at ,~ · a qe~;aoJe,price . . ~1~; . . ; 
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We analysed the .. !emperatures ;;) n :"t!le : b~i\dirag .and t'the ,, comfort Jeyel ·'lttained. For 
comparison · sirr:ip-k vent~lation {iftl~~~b~ldihg: w}tl1·';fo\l!. . ir. 'chang~s per hour was also 
analysed. .•: · · 11· ... • ._. ~,;r:• ; ~ 1 ' l.' · .. '.- ... : {1.' .. 
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The experim:ental buildi!ig . p~o~tlcep by ;;M~l:~ :!roJ:n .. 0Wi.bor ~. ch~sen [3]. The 
building has ,15een'' .~esigned ,for: tile ··Suriny ~Ulage "Ka~ca proje~t. Simulations were 
made using ' theF.TRNSYS .siu)ula:tion prqgli~i.rn; 1 W:hie'h~·· is ,. aiso . used .for computer 
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simulation of'.building heat;respon~~· A mqdule'for,comfort anftlysis, m,ade according to 
. . l. ' .. ·' , , .. 

the ISO 7730 standard J1as''been aClded · ' :~ 1 • ·!·,.\,,..~. -..;« 1t)' 
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Building heat gains consist of solar gains and internal building gains which are defined 
by heat gains from human bodies '¥_1.q 1:; fr~lll ~ight~ .. , .. fo~;?~p,le ' . "Y~p.qow shadiQ.g was 
ignored. The complete solar gains are obtained by simulation. The analysis which has 
been made thus represents extreme living conditions. In real living conditions 

l;l:t;~hj.t<;W~rFfll sha~~;qg, '}'jndo~~) sl¥,i;~ingi and r:V~&~t~5iP"1i' ~pul~ sign;· ficEJ:Ptlx_red!we. sol~ 
gai~1 ~fthe ~uilding and thrf?ugh th!fo the Jin3,Xip:i;wn ~~per~tU!,e ~~thyhuiJq!~1g .. 11 •_;·· · 
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Figures 4 and 5 show analysis results for July. Data for only one week are shown 
becau~.e ._of ~lte b_ett,er r~~gab_jp~y, oqheJ:l:raph jq. c~p:p?}9,~9µ,,,to the ,~µ.oLe wonth graph. ; • 
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The results of the analysis show that already a simple ventilation (T04) to some extend 

rep~~sen~s, a r~a~ of c?oli~g, ~vef-1 ~o~:?h t~s . i~ R~r~ct~~~~ ~~~~\~c~~t.- ~~t~ Mpirep 
evai;>c;>ra1:J.ye c~_oJmg (T3.0 _TS.O) ~e~p~ratw-,es m ~~e b;wl~~ ~oul~ be ~~Pf~~- ~o ~ 0 c1 cbmparJ~g 'tO ,a (simple 
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The temperatures of the air supply (Tvpih) do not differ much between each other. So 
coolin,g power or room temperature could .be regulated only by increasing air supply 
floW' 'Ni 2'.br ·~ 9liangg~ pe I houi.' 1The ~e~ bulb1 t~ii1P.'~~atute 9f room' air is" eqi'.i~1 'to 'or 
"· ·· ,. .:.H. ·· '·1 , , · irh' · ., ., ~u · 1 ' · · ·, c · ~ · 1 011• ,. • • r 
even,h~~~ ~h~: tne_. ~unbi~ , ~,!~diB~~~t~!e ~!,o,~ . ~~I~~~- t~~ .-ni.g~t, s~ .it i ~ ~o:re s~~~a~le"~~; 
u e Venfila'fi0tl inst~afi 1bf nili~ect evaporative qooling at hat fune: The roorti .a1r could.m 
thr~' way1be~~igd.1W6antlf9ooled dui:ll~g 'the ·ilighf 1 Y/ l j : : /; • I , I ' ,. : I 
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tile' !nos:f important :an.a1fJ1~ is that' 8f thi cotRforl' att~ided'. 't<lmfoilt is' expi-ess.ed,.by th'6~ 
PMV (predicted mean vote) index which represents human comfort ex~t~ssed ._.b;y 
numbers. EMV moves . .from +1.(hot) to .. -3 (cold) . . A. comfort.analysis was made. for a 
persdn1d1~ssed~1 ligbt 'wor&g clotb.~ and carryf.ng'Hut li~'.hali~ehold acti 'ty: Figure 
5 shdws the PMV' ind_ex f6r Jv.l · · ' · ., t 'I' ____ :-1 • · 
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~~~~f1~ 1 .90Jldi~fe!1s ~h,il~ ,fu.e :~N?IJ,le1 v,ep~iatw~. g1x,~s ~.¥i1l?i 1 1P,ld .thus w1plea~-~~ , ~v1!1~ 
condl.tions. In hot sunny slimmer days an uruts ·have to operate through all day to 
minimize daily peak temperature. "· 
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: " , .'.i ~yY,j,q~ · I ,..._Ir a~,;)yl:iijnge~h-91.1T.' ' /'' 1PMV:dt, i. j, );i.ot~H/d~y. PMVmaxr· 
' 4 -0,5<PMV<+0,51 11 : •. !O,S. 1,pr '' , .. ~,38 . ' 

ventilation -l<PMV<+l 16 
3 -0,5<PMV < +0,5 11,5 1,86 

indirect -l<PMV<+l 19.5 
evaporative 

cooler 5 -0,5<PMV < +0,5 17,5 1,52 
-l<PMV<+l 23 

TABLE 2: Comparison of average number of comfort hours in the analysed building 
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5 CONCLUSIONS 

Indirect evaporative cooling is gaining more and more importance worldwide. With 
development of heat exchangers indirect evaporative coolers are becoming smaller and 
smaller, their size being until now one of their main disadvantages. The energy crises, 
knowledge about the harmfulness of CFC's and new materials have also helped towards 
a new thrust in the development and use of indirect evaporative coolers. Worldwide 
there are nowadays over 20 million residences that use one of the evaporative cooling 
device to meet their cooling needs [5]. 

In individual buildings for our climatic conditions this device becomes economical if it 
is combined with a heat recovery unit. As the energy analysis of energy efficient 
building show, the supply temperatures range between 18 and 22 °c. These are high 
temperatures for climatisation. So for optimal comfort conditions, corresponding 
building shading has to be assured. Solar energy gains are thus reduced, and hence also 
the necessary size of the cooling device. The cooling device thus becomes acceptable 
both in size and in price. 

Our research work on paperboard heat exchangers shows that paperboard is an 
appropriate material for heat exchangers. H is light weight and cheap. Used 
impregnation ensures a good wetability and thus efficient operation and a suitable 
working life. 
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